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LITERATURE SURVEY OF PROPERTIES OF SYNFUELS DERIVEL FROM CusL™

Francisco Flores

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

The report contains the results of a literature survey conducted by
WASA Lewis Research Center. The survey objective was to systematically
assemble existing data on the physical, chemical, and elemental composition
and structural characteristics of synthetic fuels (liquigs and gases)
derived from coal. The report contains the survey results compiled to
October 1980. The report includes the following: :

(1) A general descriptinn of fuel properties, with emphasis on those
properties required for synfuels to be used in gas-turbine systems
for industry and utilities.

(2) Description of the four major concepts for converting coal into

liquid fuels (pyrolysis, solvent extraction, catalytic
Tiquefaction and indirect liguefaction).

(3) Data obtained frecm the literature on full range syncrudes and
certain distillate cuts for fuels derived by various processes —
including H-Coal, Synthoil, Solvent Coal, CRED, Donor Solvent,
Zinc Chloride Hydrocracking Co-Steam, Flash Hydropyrolysis, and
Catalytic Liquefaction (These data are segregated into tables
according to the processes by which they were derived, and they
are also tabulated by fuel type so that fuels of similar cut can
be compared for the various processes.).

(4) Description of upgrading processes for coal liquids and
characterization data for upgraded fueils.

(5) Data plots illustrating trends in the properties of fuels derivaed
by several processes.

(6) Description of the most important concepts in coal gasification
(fixed bed, fluidized bed, entrained flow and underground
gasification) and characterization data fer coal-derived gases.

(7) A source list and bibliography on syncrude production and
upgrading programs.

(8) A listing of some Federal energy contracts for coal-derived
synthetic fuels production.

Since information on synfueis is not readily availabie in the
literature, additional information sources were used in compiling the
survey, such as monthly contractor reports from ongoing Depariment of Energy

“A condensed version of this report was presented at the ASTM symposium on
Alternate Fuels and Future Fuels Specifications for Stationary Gas Turbine
Applications, Phoenix, Arizona, Dec. 9-10, 1981.




prejects and private correspondence. These sources are noted in the data
tables where applicable.

INTRODUCTION

Tne work agescribed in this paper is a part of the Department of
Energy/NASA Lewis Research Center (DOE/Lewis) Critical Research and Support
Technology (CRT) project. The program is a Lewis in-house effort with
tfunaing proviaged by the DOE and technical program management provided by
NASA Lewis.

Tnis report presents a literature survey of information on coal-derived
tuels up to October, 1980. It upgraages and renlaces a previously published
literature survey (ref. 1). The physical and chemical properties of liquid
and gaseous fuels being produced in DOE pilot plants ana upgrading programs
are presented. The report also includes descriptions of some coal
liquefaction, upgrading and gasification processes that are at least in the
process development unit (PDU) stage. The fuels that are investigated
include low ana medium-Btu gas, heavy and lignt liquid distillates, and
resicual liquids.

Natural gas.and No. 2 fuel have been used in industrial and utility
applications. These fuels are presently used in open cycle gas turbines for
utiiity peaking service and also in combinea gas-turbine/steam-turbine cycle
for intermediate duty service. However, these clean fuels are becoming
scarce and expenSive and may not be available for future ground-based
turbine applications. Viable future fuels for grouno-based gas turbines are
heavy petroleum oils in the near term and fuels derived from coal. Adapting
gas-turbine technology for the use of coal-derived fuels requires the
development of key capabilities.

To address this need, NASA and the ERDA Office of Fcssil Energy began
the Critical Research and Advanced Technology Support (CRT) project with the
signing of Interagency Agreement EF-77-A-01-2593 on June 30, 1977. Upon
creation of the DOE on October 1, 1977, the project was assigned to the DOE
Division of Power Systems, which was renamed the Fossil Fuel Utilization
Division. The CRT project will provide a gasturbine technical data base for
the DOE Integrated Coal Conversion and Utilization Systems Program, which is
aimed at developing improvea central-station utility power-conversion
systems that use coal and coal-derived fuels.

The technical objectives of the CRT project are

(1) To develep combustor conceptis that will fire coal-derived fuels in
an environmentally acceptable mauner

{2z} To develop a combustion and materials data base to aid in
establishing fuel specifications for aavanced, fuel-flexible
stationary power-conversion systems

(3) To develop acceptable ceramic coatings for use with coal-gerived
fuels

(4) To develop a corrosion data base for combustor and turbine
materials exposed to combustion products of caal-derived 'fuels and
to correlate the data in a corrosion-life prediction model



(5) To study the trade-offs between various gas-turbine technolegies,
operating conditions, and Comnonent designs

The Titerature survey, which is the subject of this report, is being
conducted under the combustion portion of the CRT project. Additional
combustion efforts include analytical modeling to determine combustor
parameters that affect the conversion of fuel-bound nitrogen into oxides of
nitrogen (NOx); flame-tube experiments to evolvz fundamental concepts For
minimizing the conversion of fuel-bound nitrogen into N0x; and evaluation of
experimental combustors with coal-derived fuels at simulated gas-turbine
combustor operating conditions. Results of these efforts have been
previously reported in separate publications (rafs. 2 to 4).

In surveying the literature, it becomes apparent that sufficient
information on cozl-derived fuels is not readily available. Thus,
additional information sources included monthly reports from cngoing
DOE-sponsored projects and private correspondence. These sources are noted
in the data tables where applicable.

DETAILS OF CITERATURE SuRVEY

This survey emphasizes synthetic fuels procasses that are the furthest
along in development. information on both the processes and the fuels is
presented. Since new data are continually generated and published by the
contractors involved in synthetic fuels projects, no survey report can
contain all the latest data on the fuels of most interest. However, this
report gives the general status of characterizaiion data available to
October 1980 and some of the physical and chemical data ngeded for the CRT
‘project.

This report is arranged in the following general format:

(1) ruel properties discussion - this section includes a discussion of
fuel properties of concern to gas turbins users.

(2) Coal liquids

(a) Liquefaction processes — This saction describes the four
major concepts for converting coal into Yiquid fuels.

{b) Upgrading processes ~ This section describes the processes
(mainly hydroprocessing) used to upgrade coal-derivea fuels.

(c) Liquid fuels property data — This section contains
characterization data of coal-derived syncrudes and their
distillation cuts, and properties of upgraded streams. It
also includes a comparison of proparties of different
coal~-derived liquid fuels.

(3} Coal gases
(a) wasification Process — This section describes the four major
concepts for converting coal into gaseous fuels.
(b) waseous fuels property data - This section contains
charactarization data for coal-derived gases and discussion
of this data.




rUEL PRUPEKRTICS D1ISCUSSION

gExamples of the fuel analysis sheets that were used to coliect physical
ang chemical property data for coal-derived syntnetic fuels are shown in
table 1 for liquid fuels and in table 18 for low-Btu gases. The lists of
properties in these tables were taken from a number of sources that
recommended the appropriate fuel properties for applications of advanced
gas-turbine systems.

Physical property data such as pour-point, viscosity, ana distillation
range are important in determining the pumping, heating, and atomizing
characteristics of the fuel. Chemical properties such as elemental
composition and trace-metal analyses are important in determining the
combustion, emissions, and corrosion characteristics of the fuel. An
excellent discussion of the importance of many properties listed in tables 1
and 15 ang the use of these fuels in gas-turbine combustion systems is
contained in reference 5.

Although it would be desirable to know values for all the listed
properties for any given fuel, the current specifications placed upon
gas—turbine fuels by users are much less comprehensive. Table 2, from
reference 5, snows specifications for several types of liquid fuels for
advanced gas-turbine industrial engines. The following comments on the
importance of some of these specifications draw upon material contained in
reference 5. _

The ash and trace-metal contaminants, which are most likely to be
concentrated in the higher boiling fractions during processing, can lead to
turbine corrosion and deposits. Of the trace metals listed in table 1, the
more critical ones appear to be vanadium, sodium, potassium, and lead.

Although no specifications are shown for the elemental compositions (C,
H, N, S, and 0), the values of these are important in determining the
combustion and emission characteristics of the fuel. Hydrogen content is a
critical factor in controlling the smoke emission levels and the radiation
properties of the gases in the combustor. The higher the hydrogen content
of the fuel, the less tendency it has to smoke and the less tendency it has
to radiate heat to the combustor walls. Fuel-bound nitrogen will contribute
to the nitrogen oxide pollutant emissions, since varying amounts of
fuel-bound nitrogen are converted to NOx during the combustion process.
Sulfur in fuel leads to sulfur oxides in combustion that, when combined with
other trace metals, can corrode the turbine. Significant emission problems
also occur with fuel-bound sulfur since it is totally converted to sulfur
oxides in combustion.

The pour-point and viscosity-temperature characteristics of the fuel
are important in determining:

(1) The fuel heating that may be required to pump fuel through the
system

(2) The pump pressure requirements

(3) The fuel temperature required at the fuel nozzle for proper
atomizing. (Maximum viscosities of 10 to 20 cS, depending on the
fuel atomizer used, are set to obtain proper nozzle operation.)

The thermal stability of the fue]b— wnich is the tendency to form
deposits in fuei manifolds, fuel nozzles, and fuel heaters - is a most



important property for the higcher viscosity resicdusl fusls. These fuels may
require heating to high temperatures to meet the viscosity requirements.
The heating reguired for these fuels may lesd to deposit formation.

Table 3, obtained from reference 27, shows somz typical ranges of fueil
properties applicable to current industrial gas-turbine systems.

COAL LIQUEFACTION PROCESSES

Four major concepts have been developed for converting coal to liquids
(fig. 1): pyrolysis and hydrocarbonization, solvent extraction, catalytic
liguefaction, and indirect liguefaction. Each concent is discussed oriefly
here, and the status of the most important processes that use each concept
are sumrmarized. The technology fer coal liquefaction is raviewed in geteil
in references 6 to 9.

Pyrolysis and Hydrocarbonization

Pyrolysis, or carbonization, takes place when coal is heated in the
absence of air or osygen to obtain heavy oil, light liquids, gases and
char. When pyrolysis is carried out in the presence of nydrogen it is
called hydrocarbonization. Pyrolytic processes tyoically convert about 50
percent of the coal to char, wnich presently does not have a ready market.
Thus, these processes appear to be best suited to plants that use char
gasification to produce synthesis gas, hydrogen, or fuel gas. Using short
residence times or pyrolyzing coal in a fluidized bed at high pressures in
the presence of hydrogen improves liquia yieids but may require adaitional
processing to reduce the sulfur in the products. Pyrolytic processes
include Lurgi-Ruhrgas, COED, U.S. Steel Clean Coke, Ccalcon, and Flash
Hydropyrolysis.

Lurgi-Ruhirgas. —~ This low pressure procz2ss was developea for the
liquefaction of European brown coals and is the only pyrolysis process
presently in commercial use (vef. 7). A schematic diagram of the process is
shown in figure 2. Pulverized coal is rapidly heatza to about 450 to 600°C
by direct contact with recirculated char particles previcusly heatea by
combustion with air in an entrained flow reactor. A partion of the
carbonized char is withdrawn as product; the rest is recycled to the
entrained flow reactor. Products of the process (by weight) are 50 percent
char, 18 percent liquids, and 32 percent gases. A 1500 ton/day plant was
built in Yugoslavia in 1963 and is still operating.

COED. - The Char 0i1 Energy Development (COED) process (refs. 7, 10,
and 1T} was developed by FMC corporation. It proguces synthetic crude oil
by pyrolysis of crushed ccal in a series of fluidized bed reactors (fig.
3). Agglomeration is prevented by operating at succassively higher
temperatures. Some of the char is gasified by steam and burned with oxygen
in the fourth stage to maintain the bed temperature and to provide hot gases
for heating and fluidizing the second and third stages. A 36 ton/aay (TPD)
pilot plant in Princeton, New Jersey startsd operation in 1970. It produced
about 6 tons of oil, 18 tons of char, and 4 tons of gas. Pilot plant
operations have been concluded and demonstration plants have been designed.

U.S. Steel clean coke. — The Clean Coke process (ref. 12) developed by
U.S. Steel Corporation combines pyroiysis and solvent extraction processes.
A schematic of the process is shown in figure 4. This process produces
metallurgical coke, and gaseous and liquid fuels. A portion of the coal is




sent to a pyrolysis unit. The char produced is used to make metallurgical
coke. The rest of tne coal is sent to a solvent extraction unit. The
liquica product from this unit 1s cembined with the liquid stream from the
pyralysis unit and treated to obtain product fuels. Part of this liquid is
recycled and used as a solvent in the solvent extraction unit. The gaseous
streams from both units ars also combined and treated to produce gaseous
fuels.

Coalcen. - The Coalcon process (refs. 7 and 11) developed by Union
Carbige utilizes heavy fuel oils and gases. A flow diagram of the process
is shown in figure 5. Average yields from subbituminous coal are 40 wt %
char, 30 wt % Tiquids, 20 wt % gases, and the remainder ash.

Flash hydropyrolysis. - In flash hydropyralysis processes (refs. 13 and
14), cocal 15 contacted with hot hydrogen at high pressure in an entrained
flow reactor. The reaction is terminated by rapid gquenching of the
products, thus preventing denydrogenation, repolymerization, decomposition,
and carbonization. There are two major flash hydropyrolysis processes (ref.
15): the lities Services (fig. 6) and the Schroeder Spencer Chemical Co.
processes (fig. 7). The two processes are very similar and the main
difference between them is that the Schroeder process uses cetalytic
nycaropyrolysis and hydrogenation of the liguid products.

Solvent Extraction

In solvent extraction processes, coal is mixed with & solvent
containing relatively loosely bound hydrogen atoms. This solvent can
transfer those hydrogen atoms to the coal at temperatures of about 500° C
(¥32° F) and pressures of about 275 atm. Heating breaks many of the
physical interactions in the coal sgch as van der Waals forces and hydrogen
bonding forces. It also breaks weak chemical bonds and the solvent promotes
hydrogen transfer to the broken bonds. The recycle solvent, usually a
mid--distiilate of process-derived 1iquids, is continuously recovered and
recycled to the extraction vessel. The ash in the extraction vessel can act
as a catalyst for the solvation process. The solvent exiraction prccesses
included in this report are: Conscl Synthetic Fuel (CSF), Solvent-Refined
Coal (SRC), Co-Steam, and Exxon Donor Solvent (EDS).

Consol synthetic fuel. - The CSF process (refs. 7 and 11} was developed
by Coneco Coal Uevelopment Co. (formerly Consolidation Coal Co.). In this
process coal is slurried with a process-derived solvent in a stirred
extraction vessel that operates at a temperature of approximately 400° C
(750° F) and at pressures of 11 to 30 atm. The recycle solvent is
hydrotreatea in a catalytic reactor at pressures of about 205 atm and
temperatures of 425 to 250° C (8UU to 845° F). A schematic diagram of the
CSF process is shown in figure 8. The process yields about 63 wt % fuel
0il, 25 wt % char and the rest is high-Btu gas.

A 20 ton/day pilot plant was built at Cresap, West Virginia to produce
gasoline from coal. The plant was closed in 1970. It was reactivated in
1976 by the Fluor Corporation for operation to produce boiler and distillate
fuels (ref. 16).

Solvent-refined coal. - The SRC process (refs. 7, 10, 11, and 17 to 19)
was developed by the Pittsburgh and Midway Coal Mining Co. (PAMCO), a
subsidiary of Gulf 0il Corp. The original SRC process (known as SRC-I)
converts high-sulfur, high-ash coal to a nearly ash-free, low-sulfur fuel
that is solid at room temperatures. Typical composition of SRC~I and raw
coal is shown in table 4.




In the SRC-I process, crushed coal is slurried with a process-derived
solvent. Gaseous hydrogen is added to the slurry and the mixture is hzalted
to about 450° C (850° F) and pressurized to about 100 atm, and fed o a
dissolver where extraction and hydrogenation take place. The liquid/solid
mix is separated to obtain recycle solvent, a product light ¢il, and a solid
fuel. A schematic of the SRC-I process is shown in Tigure 9.

In a modified SRC (known as SRC-I11), tnz solidificaticn ang solvent
recovery unit is not required. In this process, a port:ion of the unfiltered
dissolver liquid product (containing undissolved cozl particies and ash) is
used for recycle to slurry the feed coal. This resuits in a higher ash
content in the dissolver providing a pssudocetalytic effect, & longer
retention time and a higher H/C ratio in the liguid with a8 lower sulfur
content. A schematic diagram of ihe SRC-II process is shown in figure 10.
In the SRC-II mode, the product streams include (based on wt % of coal): 40
to 50 percent residual o0il, 6 to 12 percent Tuel ¢il, and 2 tc 5 percent
naphtha. Small amounts of lighter fractions are also produced.

The Electric Power Research Institute and Scuthern Company services
collaborated on a 6 ton/day PLU at Wilsonville, Alabama (refs. 20 and 21).
Success in the PUU led to design construction and operation of a 50 ton/day
pilot plant at Fort Lewis, Washington. Currant plans call for continuesd
testing at both the Fort Lewis pilot plant and the Wilsonvilie PLU into
fiscal year 1981 (ref. 16). .

The Saolvent-Refined Lignite (SRL) process is being developeu by the
University of horth Dakota under contract to UOE. This process is based on
technology derived from the SRC process. The SRL process uses synthesis gas
(Hp + £0) in place of the hydrogen used in the SRC process. Syntnesis gas
is used since low-rank high moisture coal provides the necessary steam Tor
the in situ production of hydrogen by ithe water-gas shift reaction. A
process diagram is shown in figure 11. & 0.5 ton/day PDU has been built in
Grand Forks, North Dakota.

Co-Steam. - The Co-Steam process is designzd to liquify low ranking
subbituminous coals which have high reactivities and high meisture content.
Coal is iiquified by treatment with C0 and water by way of a noncatalytic
reaction with hydrogen formed in the gas shift reaction (ref. 6). A
schematic of the Co-Steam process is shown in figure 12. A coal-recycle-nil
slurry is fed to a stirred reactor which operates at about 425° C (800° F)
and 275 atm. The water required for the reaction is provided by the
moisture contained in the low~rank coal. A & 1b/hr continuocus PUU was built
at the Grand Forks Energy Research Center, Horth Dzkota., The POU started
operation early in fiscal yzar 1379 and should continue througn fiscal year
1982 (ref. 7).

Exxon donor solvent. - The EDS process involves the liquafaction of
coal in a hydrogen donor solvent (refs. 6, 7, 22, and 23). The hydrogen
donor solvent is a catalytically hydrogenated recycle stream fracticnated
from the midboiling range (205 to 455° C) of the liquid product. A process
diagram is shown in Tigure 13. After nydrogenation, the solvent is mixed
with coal and fed to the liguefaction reactor. IMolecular hydrogen is also
added to the reactor which operates at 425 to 480° C (800 to 900° F) and 10C
to 140 atm. The slurry leaving the reactor iz ssparated into gas, naphina,
distiliates, and heavy bottoms. The bottoms are fed to a "Flexicoking® unit
to produce additional liquids and low-Btu gas. The process yields about 20

percent char, 34 percent oil and 25 percent gazs. The thermal efficiency is
about 60 percent.




Catalytic Liquefaction

Cetalytic liquefaction includes those hyarngenation processes in which
catalysts other than the minreral matter natura:ly accurring in ash are used
t0 promote hydrogenation of the hydrogen donor soivent. The catalysts
usually used are Lewis acids such as FeQ, Mo0, ZnClp and NiC10z. These
processes have the aavantage that a separate reactor to rehydrogenate the
solvent is not required. However, catalyst deact1vat10n and separation
nroblems have been eacountered.

Two main concepts a+e employecd in cata]yt1c liquefaction processes. Ia
the first, the catalyst and the coal are in airect contact in the reactor,
nydrogen gas is introcuced, and rapid hydrogenation is achieved. Examples
of these processes are the Schroesaer and L1qu1d—Phase Zinc Chloride. In the
secend concept, the coal and the catalyst are not in direct contact, but the
suspended pel]etized catalyst promotes hydraogenation of the carrier solvent,
which in turn hydrogenates the coal. Examples of these processes include
H-Coal, Synthoil, and Clear Fuel From Coal.

Schroeder. -~ In the Schroeder process, ccal is impregnated with an
ammonium molybdate catalyst ana fea to a hydrogenation reactor along with
gaseous hyarogen (ref. 7). Residance times of 30 sec are used in the
reactor. Products from the reactor are coclea and separated; heavy oil is
further hydrotreated to distillabnle oils and gas. A schematic of the
process is shown in figure 14. Proauct yieias are about 30 percent
distillable liguids, 35 percent residual liquids, 5 percent char, and 30
percent gas. Bencnh-scale tests of this concept were completed in 1962.

Liguid-ghase zinc chloride. — The liquid-phase ZnClp, developed by
Continental 011 Co., 15 designed to convert coal into distillates in the
gasoline range by severe catalytic cracking under hydrogen pressure (refs. 6
and 7). In this process coal is mixed with molten ZnCl; and fed to a
hydrocracking reactor (fig. 15). The products are collected and separated
from the catalyst which is regenerated and recycled. A 1.2 ton/day PDU has
been built by the Conoco Coal Development Co. at Library, Pennsylvania.
Shakedown testing hegan in 1978 (ref. 24).

H-Coal. - The H-Coal process is being developed L’ Hydrocarbon Research
Inc. (HRI). This is a liquid phase process in which coal suspended in a
recycle solvent is contacted with particulate catalyst in an ebulleting-bed
reactor {refs. 6 and 7). A schematic of the H-Coal process is shown in
figure 16 and the ebullating-bed reactor is shown in figure 17. A slurry of
coal and solvent is forced upward through the reactor which operates at 450°
C (850° F) and 150 to 205 atm. The relative sizes of the catalyst ana the
coal particles are such that tne catalyst stays in the reactor. Since
catalyst deactivation has been rapid, osrovision is included to withdraw ang
ada catalyst continuously.

The H-Coal process yields about four barrels of oil per ton of coal
(about 74 percent conversion efficiency by weight). About 5 percent char is
also produced. A self-sufficient plant will be about 64 percent thermally
efficient.

The Office of Coal Research (OCR) and an industrial consortium funded
the building of a 3 ton/day PDU. The experimental results and the economic
feasibiiity studies were used to complete the design of a 600 ton/day pilot
plant {ref. 25). The plant was built in Cattlesburg, Kentucky ana is
oresently 1in operation.

Synthoil. — The Synthoil process is being developed by the DOE
Pittsburgh Energy Research Center (PERC) In this catalytic process, coal
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is mixed with a recycle liquid and passed through & {ixed bead catalyiic
reactor at high flowrates (refs. 6, 7, 10, 11, and 18). [he solid dissolves
in the liquid solvent and the mixture undergoes nyaragenation in the
reactor. A schematic of the process is shown in figurz 18. Projected
overall thermal efficiency of a self-sufficient plant is about 70 percent.
The Synthoil process has been developed at PERC in a 5 1b/day PLU.
Foster-Wheeler has been awarded a contract to design and build a 1U ton/day
pilot plant at Bruceton, Pennsylvania.

Clean fuel from coal. - The Clean Ffuel from Coal (CFFU) process,
developed by U-t Lummus, is designed to convert coal into low-sulfur liquid
fuzl. The main features of this process are: (a) catzlytic
hydrodesulfurization of coal integrated with dissolutian to prooucs a
refined liguid product containing U.5 percent sulfur or less, and (b)
special ash separation to produce & product containing less than 0.1 percent
ash (refs. 6 and 7). A scheratic flow diagram of the UFFC process is shown
in figure 19.

Gulf catalytic coal liquids. — The Catalytic Coal Ligquidgs (LLL) process
is a proprietory coal-liguefacticn development of the wulf Uil Lorp. This
process involves the fixed-bed catalytic hydrogenation of a2 coal slurry with
gaseous hydrogen. A schematic of the CCL process is shown in Figure <U. [t
includes a fixed-bed radial flow reactor containing & nydrogenation catalyst
such as cobalt molybdate. This catalyst iz claimes ©o have j00d resistance
to deposition, prolonged high activity, and tolerance to mstalliic compounas
in the coal. Bench-scale tests led to a 10 ton/day pilot plant at
Hammersville, Pennsylvania. ODesign studies for a demonsiration plant are
being made.

Indirect Liquefaction

Indirect liquefaction involves gasification of coal to produce
synthesis gas (Hp + CO) followed by water—gas shitt and catalytic
conversion to produce liguid hydrocarbons and oxygznated Compounds.

Indirect liguefaction processes include Fischer-Tropscn, methanol synthesis,
and methanol to gasoiing (ref. 7°.

Fischer-Tropsch. — In the Fischer-Trospch process, & synthesis gas is
initially produced via the steam and oxygen gasification of coazl.
tGasification can be accomplished in commercially available reactors {Lurgi,
Winkler, Koppers-Totzek or Wellman-balusha). In situ gasification mav also
be used. The synthesis gas is then converted to liguid hydrocarbons, waxes,
ana smaller quantities of alcohol and ketones over za iron or cobalt
catalyst. The reaction may be carried out in fixed-bed or entrained-bed B
reactors. Total process thermal efficiency including gasification is about
40 percent. A commercial unit at SASOL in South Africa produces about Z000
bbl/day of gasoline. A new facility is under construction in South Africa
that will increase production to 40 000 bbl/day of gasolinz and fuel oil.

llethanol synthesis. - Methanol synthesis occurs according io either

co + Ho ~ CH30H
or
COz + 3Hp = CHzOH + Hp0

The synthesis gas is obtained by coal gasification similar to the Fischer-
Tropsch process. Several commercial-scale plants have been built abroad,
and the technology is considered off the shelf. A feasibility study for the




conceptual design of a commercial plant was performed by Badger, lnc. for
buE (ref. 26).
Methanol to gasoiine. - The Mobil Uil Co., with DOE support, is

developing a process fTor the catalytic conversion of methanoel to gasoline
(ref. 27). This process involves the dehydration of methanol over a zeolite
catalyst to form hydrocarbons that are highly aromatic.

UPGRADING UF COAL LIQUIDS

Existing technologies for upgrading coal liquids come largely from
petroleum refining. Upgrading of coail iiquids includes removal of oxygen,
nitrogen, and sulfur by catalytic hydrotreating, and boiling range
conversion by fluia catalytic cracking (FCC; and hydrocracking. Coal
liquids are highly aromatic and most of the contaminants (0, N, and S) are
contained in these aromatic structures making their removal more difficult
in comparison to petroleum (ref. 28). Concentration of heavy metals (which
deactivate the catalysts) is also much higher in coal liquid than in
petroleum.

Studies of catalytic hydrotreating have been performed using mainly
liquias derivea from the Synthoil, SKU, and #-Coal processes (refs. 29 to
33). thydrotreating was performed on the whole crude and on fractions like
naphtha znu wid-uistillate. fixed-bed and expanded-bed reactors were used
in these studies.

Very 1ittle work has been done on boiling range conversion processes
for coal-derived liquids. Gulf Research a bevelopment Lo., under contract
to DUE, performed a stuay on the processing of coal liquid residuals by
coking followed by FUU {(ref. 34). Problems were found due to catalyst
deactivation by heavy metals present in the coal liquid residue.

LIQUID FUELS PROPEKTY DATA

The characterization data obtained for the coal-derived liquids from
the surveyed literature have been tabulated on the liquid fuel property form
(table 1). The fuels are presented according to the process from which they
were derived. Within any process, characteristics have been tabulated for
gifferent boiling-range fractions, as well as for the total crude. Property
data for some hydroprocessec coal-derived liquids are also inciuded. for
ease of referral to the data, the various distillation cuts have been put
into three general categories: 1light distillates (naphtha, light oil,
etc.), midale distillates (diesel fuels), and heavy distillates (heating
0ils ana resiaual fuels).

A1l the fuel properiies data surveyed are contained in this section.
Tabulations are also indexed according to the sources from which the data
were obtained.

Characterization data are presented in the iollowing tables:

(1) bata from H-Coal processes in table b
(2) Data from Synthoil processes in table 6

(3) Data from SRC processes in table 7
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(4) Data from COED processes in table &
(5) Data from the Gulf CCL process in table 9

(6) vata from the EDS process in table 10
(7) Data from the ZnCl, Hydrocracking process in tanle 11
(8) Data from the Co-Steam Process in table 12
(9) Data from the Flash Pyrolysis process in table i3
(10) bata from a catalytic liquefaction process 1in table 14
(11) bData from the Sea Coal process in table 15
(12) Summary of liquid Tuei properties in table 16

This literature survey emphasizes those processes that are furthest
along in development ana are still active. This criterion could probably
have restricted the search to the liquefaction processes of d-Coal,
Synthoil, SRC, EDS, and COED. However, it was felt that ir:luding gata on
newer processes like the CCL and the Liquia-Phase InCly, could be useful.

It is readily apparent from casual examination of tables 5 to 16 that
many of the fuel properties data of interest %o this survey have not been
determined for the fuels produced to date. In a few specific instances,
where the fuel characterization studies were of fuels Tor gas-turbine
engines, many more relevant property data are available. Data of this type
can be found in references 38, 47, and 41.

Some of the more important property data on liquig fuels nave been
summarized in table 16. Plots of these data are shoun in figures 21 tc 23.
Although different boiling ranges of the fuels are shoun in table 18, all
the data available for each fuel are plotted, irrespeciiva of the type of
process or the type of distillate cut. Table 17 shows proposed
specifications fur tynical coal-derived liquid fuels to be used in
gas-turbine engines.

Figure 21 shows the general trend of increasing wt % of nydrogen with
increasing API gravity of the product, regardless of the process by which it
was produced. Data for only one fuel were significantly different from the
general trend.

Figure 22 shows how the wt % of nitrogen varied with the wt % of
hydrogen. As hydrogenation severity is increased in the fual proauction
process, tae fuel-bound nitrogen is decreased, as would be 2xpecieq, oscCause
some fuel-bound nitrogen is convertea to ammonia (iHs). The data for the
ZnCl, Hydrocracking process (ref. 58), not plotted in Tigure 22, showed
nitrogen levels significantly lower than that of any oiner process-derivad
fuel at comparable hydrogen levels. In the hydrocracking process, the bonds
between carbon and heteroatoms (U, N, and S) are usually broxen resulting in
@ higher conversion to NiHz and a lower nitrogen content in the product
fuel. Nitrogen levels for the ZnCl,-derived fuels were Trom 0.0018 to
0.0019 wt % for hydrogen levels of 8.3 to 9.65 wt %.

Figure 23 shows how heat of combustion for liguia fuels varies with
wt % of hyarogen for those few fuels for wnich such data were reported,
Again, the trend is independent of the processing iype.
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CUAL GASIFICATIUN PRUCESSES

The primary purpose of gasification processes is to proviae clean fuels
in gaseous form that will meet existing emission standards. These processes
are based on thermal decomposition of coal and gasification or combustion of
the resulting char. The products of gasification are classified as low- and
intermediate-Btu gases. Low-Btu gas (heating value below 200 Btu/scf) is
made by gasifying coal with air and steam. Four major concepts for coal
gasification have been developed: fixed bea, fluidized bed, entrained flow,
and underground gasification. The technology for coal gasification is
reviewed in detail in reference ©2.

Fixed Bed

In fixed-bed gasifiers, coal is fed into the top of the gasifier and
moves slowly downward in a bed through which air or oxygen flows upward.
The countercurrent contact permits both the coal and gaseous reactants to be
preheated before gasification, thus increasing the overall thermal
efficiency. Relatively long residence time of the fuel in the reaction
vessel permits high carbon conversion. The long residence time reduces
gasification rates, but because of higher carbon conversions, thermal
efficiencies are high (ref. 63). Fixed-bed gasifiers have certain
disadvantages, mainly the softening, thickening, and swelling behavior of
certain bituminous coals in the upper region of the bed can cause serious
problenis with solids caking and gas channeling (ref. 62).

The Lurgi gasification process was developed by Lurgi Mineratoltechnik
of West Germany to make synthesis gas from noncaking coals in a gasifier
blown with steam and oxygen. A schematic configuration of the process is
shown in figure 24.

Five Lurgi gasifiers began operation in a Steinkolentlektriziat AG
plant in Lunen, West wermany in 1972. This plant uses steam, air, and coal
to produce 160 MM scfd of low-Btu gas for a combined cycle generating
plant. The plant was still operatijonal in the late 1970's. Continental Uil
Company was awarded a contract to design, construct and operate a 250 MM
scfa in Montgomery, l1linois. This plant uses a modified Lurgi process
followed by metnanation to produce pipeline quality gas (refs. 64 and 65).

Fluidized Bed

In fluidized-bed gasification, the particle size is much smaller than
in fixed-bed operation and the gas is passed up thrcugh the bed with a
velocity high enough to fluidize the particles. Fluidized-bed gasifiers
have more carryover of solids than fixed-bed gasifiers, which can lead to
fuel loss and make solids removal more difficult. They also have less soot
and tar production which facilitates gas cleanup and lower gas heating
values due to smaller .yield of hydrocarbon gases. Fluidized-bed gasifiers
can use a wide range of coais but some prefreatment may be necessary for
caking coals that can agglomerate in the bed and lead to loss in
fluidization. This pretreatment usually consists of mild oxidation with
oXygen or air.

Fluidized-bed gasification processes included in this survey are:
Synthane, Exxorn, U-Gas, Westinghouse, and COp Acceptor processes.

Synthane. ~ The Synthane process (refs. 62, 18, 65) was developed by
the U.S. Bureau of Mines for the production of pipeline quality gas. This
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process uses a twe-zone gasifier consisting o0F a dense fluid bed in the top
section and a dilute fluid bed in the bottom section. Steam and oxygen are
injected at the bottom of the gasifier to fluidize ana gasify the coal. The
synthesis gas exits Trom the top of the gasifier and goes to a water-gas
shift reactor followed by catalytic methanation. A schematic of tne process
1s shown in figure 25.

A 72 ton/day pilot plant has been constructed at Bruceton, Pennsylvenia
for the study of pipeline gas production using stzam and oxygen in the
gasifier followed by catalytic methanation. Testing of the plant began
early in 1976.

Exxon. — The Exxon Catalytic Gasification process was developad by the
Exxon Research and Engineering Co. to proguce intermediate-BStu gas from
coal. This process uses alkali metal gasification catalysts to increase the
rate of steam gasification. The synthesis gas produced is recycled to the
gasifier so that the only net products are CHg, COp, and small
quantities of Hp3 and NH3. The product composition closely approaches
that of gas-phase methanation equilibrium. The resulting overall
gasification reaction is Coal + Hy0 + CHg + COz. A schematic of the
process is shown in figure 26.

A 0.5 ton/day integrated PDU at Baytcwn, Texas has been operated by
Exxon for several years {ref. 66).

U-Gas. - The U-~-Gas process, developed by the Institute ¢f Gas
Technology (IGT), is used to produce low~ or iniermediate-Bin gas from coals
of any rank. Coal overflows into the fluidized-bed gasifier where it reacts
with steam and air (or oxygen) at about 1040° C. As carbon is gasified at
the top of the gasifier, ash agglomerates grow at the botteom. When they
become heavy enough, the agglomerates fall countercurrent to the high
velocity gas and are separated from the bed. The dust is removed frem the
product gas and the gas is subsequently desulfurized. A schematic
configuration of the U~Gas process is shown jn figure 27.

Westinghouse. - The Westinghouse process is designad to operate in
conjunction with a combined cycle power plant. Coal is dried and sent to a
fluidized-bed reactor where devolatilization, desulfurization with added
lime, and hydrogasification take place. The reactor opsrates at 700 to
930° C and 20 to 30 atm. The coal is diluted witn largas quantities of
recycled solids (char and lime sorbent) which control tne agglomeration of
coal. The devolatilized char is further gasified in & fluidized bsg in
which char is burned with air to provide gasification heat. After removing
the particulates, the ciean fuel gas goes to a furbine plant. A schematic
diagram of the process is shown in figure 28.

COy acceptor. ~ The COp acceptor process (ref. 67) was developed by
Conoco Coal Development Co. to process western coals into pipeline gas.

This process uses two fluidized-bed reactors (a gasifier bed with steam &nd
a regenerator fed with air) and a circulating lime bearing material called
the acceptor which is fed initially as Yimestone or dolomite. Coal is
initially gasified by the reactions:

g+ Hz0(g) = CD + Hp
and
2C + HaO(q) ~ CHg + CO
Carbon is formed by the water-gas shift reaction:

CO + HyO(gy » CO» + Ho.
2¥(g) 2 2
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The three reactions mentioned above are enaothermic. The required heat of
reaction is supplied by the CUyz acceptor reaction:

Cau *+ COp » Catus.

The limestone is calcined in the regenerator and recycled to the gasifier.
A schematic of the CO, acceptor process is shown in figure 29, and the two
fluidized-bed reactor system is shown in figure 30.

A 40 ton/day pilot plant has been aperated by Conoco Coal Development
with DUE suppert, at Rapid City, South Dakota since 1472 (ref. 68).

Entrained Flaw

Iln entrained-flow gasifiers (ref. 6S), pulverized coal is carried
through the gasifier in concurrent flow by a mixture of air (or oxygen and
steam?. The reactants are usually premixed and fed to the gasifiers through
burners or nozzles. Since the ¥low is concurrent, the reaction rate
decreases as the particles pass through the reactor and high temperatures
are required to achieve necessary conversion with a reasonable reactor
size. High exit temperatures make it necessary to use a neat recovery
system.

The main advantages of entrained flow gasifiers are:

(a) They can use all types of coal since there is little or no
agglomeration

{b) Reaction rate is much higher and, because of particle size, coal
tnroughput per unit volume of gasifier is higher than in fixed
beds or fluidized beds

(c) There is little tar production in steamair or steam-oxygen systems

The main disadvantages are: large carryover of fine particles, short
refractory life and unreliable coal feeding, and the need for a heat
recovery system.

Entrained-flow gasification processes include Bi-tas, Combustion
Engineering, and Koppers-Totzek processes.

Bi-bas. - The Bi-Gas process, developed by Bituminous Coal Research
(BCR), uses a vertical-axis, two-stage gasifier that operates at o8 to 102
atm (100L to 1500 psi) on coals of any rank (refs. 62 and 70). A schematic
of the process is shown in figure 31. vCoal and stsam are fed to the upper
reactor where they come in contact with synthesis gas from the lower section.
Coal devolatilization and hydrogasification take place in this stage. The
products gas and char exit in the gasifier overhead and are then separated.
The char is returned to the bottom stage where it is contacted with steam
and oxygen for fixed carbon gasification.

A 120 ton/day pilot plant has been constructed at Homer City,
Pennsylvania by BCR with DOE funding. This plant includes catalytic
methanation of the synthesis gas. The development work is directed toward
high-Btu gas production (ref. 71).

Combustion engineering. — The Combustion Engineering process was
developed by Combustion tngineering, inc., with suppart from DUE and EPRI to
convert coal into clean fuel gas for electric power generation (refs. 62 and
72). This process is very similar to the Bi~uvas process. 1t uses a
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two-section, airblown gasifier operating at atmospharic pressure. Coal and
recycle char are burned with air in the lower (combustion) section of the
gasivier. OSteam and coal are fed into the upper (reducing) section of the
gasifier where they encounter hot gases leaving the combustion zone. Coal
is devolatilized and gasified by reaction with steam. Raw gases are then
scrubbed and desulfurized. A schematic of the process is shown in figure 32.

Koppers-Totzek. — The Koppers-Totzek process (rafs. 13 and 62) was
developed by Heinrich Koppers GmbH of West Germany. Tnis process uses an
oxygen-blown atmospheric pressure gasifier. Coal is suspended in a steam
and oxygen stream and fed a2t atmospheric pressure to tha gasifier where
partial oxidation takes place. The high operating temperature minimizes the
formation of organic compounds. The gas is then clezned by conventional
methods to remove the ash, COz, and HpS.

" Underground Gasification

Underground gasification (refs. 62, 73, and 74) is achieved by
partialiy burning the coal in situ in the presence of steam-air or
stean~oxygen mixtures introduced into the steam througn boreholes or
shafts. Underground gasification consists of the sams pbasic steps
(devolatitization of coal to form char, reaction of char with steam and
combustion of the remaining char) as other types of gasification. This
process permits recovery of gas from coals that are technically or
economically unattractive to recover by conventional mining techniques.

The present U.S. program is being conducted primarily by DOE and
includes the following concepis: longwall generator, linked verticle wells,
and packed-bed reactor.

" Longwall generator. - The Longwall Generator concept, devzloped by the
BOE Morgantown Energy Research Center (MERC), is specifically designed for
use in thin seams of eastern bituminous coals {(refs. 70, 75, and 76). The
concept makes use of directionally drilled holes nlacad horizontally in the
coal seam. Vertical holes are drilled to intersect the ends of the
harizontal holes. In the linking phase, the coal is ignited along the
length of the horizontal hole and reverse combustion iz achieved by
injection of oxygen or air in front of the combustion wave via a second
parallel borehole. A simplified drawing of the Longwall Generator Concept
is shown in figure 33.

Linked vertical w2lls. — Tnhe Linked Vertical Hells (LVW) concept is
being developed by DUE Laramie Energy Research Center (LERC) to gasify tnick
seams of subbituminous coals (refs. 75 and 768). The process is carried cut
in two stages. In the first stage, gasification paths are Tormed by means
of high-pressure air injection between the vertical boreholes. This is
followed by reverse combustion linkage between two zdjacent bdoreroles. To
accomplish linkage of the wells, a fire is ignited in the borehole from
which product gas is to be withdrawn, and air is injected in the adjzcent
well. The combustion front movas ¥- ird the injection well advencing in the
direction opposite to that of the .5 flow (reverse gasification). Once
linkage of the boreholes is compleced, the second stage bzgins as the
combustion front changes direction and proceeds along the channel formed
during the reverse linkage step. GBasification now occurs in the same
direction as the injection and gas flow. A simplifisd drawing of the LVU
concept is shown in figure 34.

Packed bed. — The Packed Bed concept, developed by Lawrence Livermore
Laboratory, is intended for application in thick, subbituminous coal seams.
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In this process, natural coal permeability is enhanced by expiosive
fracturing to create a well defined, permeable reaction zone. After the
coal is fractured, wells are drilled to the bottom of the fractured zone
around its perimeter. Process gas injection takes place through wells
previously used for explosive fracturing. Gasification begins at the top
and moves downward and outward (forward mode) toward the collection well.
£ssentially the gasification process takes place in an underground packed
bed reactor. A simplified drawing of the Packed Bed concept is shown in
figure 35.

GASEQUS FUELS PRUPERTY DATA

The Tow-Btu gases proposed for use in ground-based power turbine
systems would be produced by airblown gasifiers. As such, they will contain
a large percentage (50 vol. %) of nitrogen, as well as some carbon-dioxide,
neither of which contributes to the heating vaiue of the gas mixture. The
primary combustible gases from such a gasifier are hydrogen and carbon
monoxide and a small amount of methane. To produce medium-Btu gases,
oxygen-blown gasifiers (which will eliminate the nitrogen in the product)
can be used or methanation of the synthesis gas can be incorporated into the
process.

The characterization data for the coal-derived gases have been
tabulated on the syngas property form (table 18). Characterization data for
gaseous fuels are presented in the following tables:

(1) Dbata for low-Btu gas in table 19

(2) Data from the Lurgi process in table 20

(3) Data from the Koppers-Totzek process in table 21

(4) Data from the Hygas process in table 22

(5) Data from the Synthane process in table 23

(6) Data from the Exxon Cataiytic process in table 24

(7) Data from the CO» acceptor process in table 25

Figure 36 shows the relationship between gross heat of combusticn and
vol. % of inerts (N, COp) in the gas. These data were obtained from
tables 19 to 25. This relationship is not linear but can be roughly
approximated for low-Btu gas as )

Gross heat of combustion = 466 - 5.48 (vol. % of inerts) Btu/scf

Some of the references cited in table 19 give "typical" ranges of
properties for these gases, rather than actual experimental data. In none
of the references cited were there any data on the sulfur, alkali metals, or
particulate contamination levels to be expected. These data would

undoubtedly be controlled by the cleanup processes used, rather- than by the
gasifier type or the operating conditions.
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TABLE 1. - LIQUIYU-FUELS PROPERTY FORM

Properly

Tust

Dsullate categories

Gravity, °ADl (specliig)

Bolling range:

Initist bofilng point, °F
5%

10%

209%

0%

0%

0%

50 %

0%

0%

0%

5%

Final bolling polnt, °F

Pour poliit, OF

Fiashpolnt, °F

Viscoully at 3
n Oy
at op

Ash, m%

Ash: melt lemperatura, °F

ticat of combustion, Mu/lb

Carbon realdue

Carbon ramabotlom, wt'h

Thermal wlability

Electrical conductivily

Waler

Sediment

Neutrallty

Carcaslon




62

flydrocacban type:
Saturates
Giefina
Aromalica, lata!
Aromntics, palynuclear

Luminometer number

Anadine patnt, °F

H/C alom ratlo

Elemental anslysrs, wib:
C
]
8
s
o

Trace melal anslyaca, ppm:
v
Ni
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TABLE 2. - SPECIFICATIONS FuR LIQUID FUELS USLD [ ADVANCED GAS-FURBINE [NDUSTRIAL ENGEHES

[Data from ref. 5.

Property Teat _ . Iastalbate catoguries
Ltght Heavy Crade and Henvy
St late diutlilate blendued 1epbiuale
trafdualn
vraniny, YAl {spevitin D-1di8 Rejort Heport 0.96 aax. 0,9 zax,
Boiling range Dt .
Innat bostang powt, “'F ~
[N h
w e —
u
- D S SO,
w
113N T N
) -.‘ B
o '¢
Ju‘i
"'
my 640 gax. Report | =-c-- —————
ety
Final bothay pont, V1
Vewss gt V8 w9l TR autbelow wal. Report Report Hepeot €
Hastgona, VF B-9) Report Report Hepoi t Heport
Vintonity at 100°1, ¢S, min, -445 0.5 1.8 1.8 1.8
a eVt o8, max. U445 5.8 1 160 9w
at 210"1, ¢5, wax. D445
Ash, W'l pax, X 1)-482 0.0050 0.0050 Ruport Huport
Ash: melt wmgreratare, OF
Heit of combustion, Bt b
Cartan resuhie (102 bottoms max.) 1-524 0.25
l._‘:n;bon ramsbottom, wi'l. D-524 1.0 1.0 1,0 Report
Theemal stability  (rube no., wix.) b-1661 - 2.0 2.0 2.0
Elevtrical conductiviny
Water, vol. ¥ max. 0-95 0.1 0.1 Repart ¢.1
Sediment
Neotrality
Corroslon .
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llydrocarban type:
Haturalen
Olefina
Aromaltles, total

Aromotica, polynuclear

Lluniromeler number

Aaglire potm, °F

IC atem ratto

Elrmoental annlyses, wi:

Repart

Report

Repart

fepart

B-129

Repinrt

Repoct

Repnrt

Report

rave mela) analysea, oo
Vo (mar.)
Hi
Na and K
B
Mg
Ca

n.S

2.0

2.0

1.0

1.0

Weter ¢ mediment, vnl I caz.

B-1194

mil

a.1

1.4

1.0

V treated, 371 wiX Hpfv

oo,

500.0

(ther tyare metals, > 5 gpm

Repart

fepart

Bepory

Heport

Filterahle dixt, 17100 HI max.

-2 15

gl

16,6

Ripaa

A ousor




2g

TABLL 3. - TYPICAL PROPEHTIES OF LIQUID FUELS
[Data from ref. 271

Properly

Fuel typo

True disullates

Ash-bearing fusla

Kerosene No. 2 disullate | Blended residuals Heavy residusls
and crudes
Specific gravity at 100° F (38° C) 0.78 - 0.83 0,82 - 0,88 0.80 - 0.02 0.92 - 1,05
Viscosity at 100° F (387 ©), 8 1.4~ 2.2 2.0- 4.0 2 . 100 100 - 1800
Flashpolnt, °F (°C) 130 - 160 (55 - 70) | 150 - 200 (55 - 95) | 50 - 200 (10 - 95) | 175~ 265 (80 - 130)
Pourpolnt, °F (°C) -50 (-45) | -10- 30 (-20-0) | 15- 110 (-10- 45 | 15~ 85 (~10 - 36)

Groas heating valve, kerl/kg
(Bl/1b)

Filterable dirt, percent of maximum

Carbon residue, percenl

10 Percent boltoms
100 Percent boitoms

Sulfur content, percent
Nitrogen content, percent
Hydrogen content, percent

Ash content, ppma:
Fuel as delivored
inhibited

Trace-metal contaminanta, ppm:
Sodium plus potasslum
Vangdium
Lead
Caletum

16 700 - 10 50
(19 300 - 19 700)

0.002

0.01 - 0.1
0.002 - 0.0}
12.8 - 14.6

1-6

0-0.5
0-0.1
0-0.5

0-1

16 500 - 10 850
(19000 ~ 19 60O)

0,005

0.03- 0.3

0.1-0.8
0,005~ 0,06
12,2 - 13.2

10 500 - 10 900
(18 000 - 19 400)

0.06

------

0,06- 0.2
12.0-13.2

1~ 100
0.1-80
0-1
0-10

10 150 - 10 500
(18 300 - 18 §00)

0.2

1- 350
5- 400
0-25
0- 50




TAELE 4. - TYPICAL PRODUCT COMFOSITLON
FRCM SOLVENT-REFINED-COAL FACCESS

Componeant Raw coal | SRC product
Typical analysls, wt %
Carbon 76.7 gz.2
Hydrogen 4.7 3.2
Nitrogen 1.1 1.5
Sulfur 3.4 1.2
Cxygen 10.3 3.4
Ash 7.1 .5
Meistmure 2.7 0
100,90 100.0
Velatile matter 38.7 35,8
Fixed carbon 51.5 63,0
Ash 7.1 .5
Zinisture 2.7 a
100.0 100.0
Heating value, Btu/lb 12821 15 765

33




TABLL

, - FUSL OATA FROM M-1.0AL

Vi) Haungd prom | Hinoss 40 coal {{fuel ol ande); data rvowm ret. Ju,

RRIPRATITEY

Neavy
Jdietrblate

Projierty
Full-range
Tiquid
Gravity, 2APT ppeaidng A
Bothiy ante; .
Inmtea) bashing pownt, UF 180

o
[T
wH
LT
Wi
'y
Yy
0%
CITAN
BTN
m 'l

3
L nal b poant, 1

P

137

796

g

nib

I3

e
Four pout, "1

1 Lashpo, 1

Vineosety at o
w vy
o oy

b, wt'y

Asle el emperature, CF

Heat o combwstion, B, b

Casbon cestthoe

Cabon camsbouont, wi'

Mhermul statnlay

tlectrical conductivity

Water

Seefunent

Seutpality

Corroston




£t

Hyvdrevarban Hype:
Saturates
Olefing
Arcmaths, total

Argmolics, pslynuclear

190.)

8.6

Lumtrometer number

Analine point, OF

H.C atam ratio

Elemenal analysea, wi'-

0

2.0

048

0,35

0.18

0.0

0.1%

Trace metal analysea, {Run

v
M

2.2

t,2

0.2

0.2

0.2

0.2

4.5




1TASLE 5. - Lunlinued,

(L) H-Coal Viguidss data frow Tetler of Feba Vi, W7, Lo Lieyd I, Shure, ,‘m':‘.:} Luvis {osearch Lentor,
from G. K. Fox, General Dlectric dHesearch and Neyetopmentl Loaler

Property Tent eniate categone
Light Kveuidual ol} Heavy
Jdietillate (LU P ; dintillate
(LO- H) Lu-3e2) {(Lo-172-1)
Gravity, CAPT (specidic)
Boiling runge:
Inthial botling pont, °F
91
1'% a4t
'L 490
X 916
4 S8
WL ‘ 6.0
[} 48 0
0% 500 650 _
g K| 540 Uracked .
'L 5l R
95 ¢
Final botling point, vy o
PPour pomt, y 80 25 )
Flashpow, ¥ : 110 20 114
Viscosity &t 10°F,  kin. - - 140 - I R 217 I P v o
at 12PF, xln. wo 0l 1 S
KU P TUR 0.94 8.8 1 R
[ Aeh, il L " 840 2207292
Ashe melt lemperitare, op - |
Heat of combustion, Blu b 18 415 12 Aty 1} 4o |
Carbon realdue, wil 1.0 16,6 2.2
Carbon ramsboltont, wi'l |
thermal sudnliny, 150°F, 6 br i} Poor ut.=) Bk st.e1.9 i
Electrivul conductivaty |
Water, percent nil .1 L1l i
Sedinent 1
Neulraluy
Corrosion
IR PO Ay
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Hydeoearkon type:
Salurales
Clefins
Aromatica, tolal

Avumaties, polyauclvar

Lununomeler number

Analing paint, °F
B/C atam ratlo 1.4 11 1.1
Elemenial sralysea, wi'h: o -
¢
H 0.3 8.0 a1
N 0.22 0.4 0.1
8 I13 0.23 0.1% . P
Q
Trave wnctad analyses, prm: _
v sl cozpositlon 0.7 1.0 u.l; u.b
i3
Na Q.07 1.9,.20.% 1.9; 0.6
K 012 IATR:R) U, 9;0.4;2.1
Mg 0y 4.1)
Ca - B B, 1l A1) 1.1
Vi a.0) 0.06 Lsxes 0,04 I
Cu o
te —eeo 1.0 N
5 (IR o
4n
A2}
Mn
Mo
1\
o P N
21 60,4




IABLE 5. - Continued,

(c) H-Coal from [1linnis #6 coals data from ref, 36.

- Property Lust I*sullate vategorien
Hiphtha niddle Var . gaw oll Kestdial
(1B - 350°F; § Jtetfllace {450 ~ woU"F;|  (BO0FL;
19.4 vi1) (150° - Ss0°F; 11.% wtd) $6.6 wtl)
12,1 W)
Graviny, YAM (spraificy 4.9 5.9 1.9
Boihing vange: . .
Initsal Lollg pomnt, OF =50 217 | 43
2
' 10 J6b 352
Y 148 8 W
w ! 7 195 t2)
LOK 229 408 Uy
ey 56 412 b7%
o 282 3% uy5
Tu's Jub 449 o
', 1301} all 240
oy 35} 500 1
W §
Pl bothig point, 28
Pour pymt. U+ .
I ashpotnt, KB
Viacasity W oy
i o
" N
RTYE A 2.1
sunrefeted coal

Ashe melt lemperawre, UF

1).4)

Huit of vombuation, u/ib

Carbon redikie

Curbon ramshottom, wi'

Thermal stabnlny

Electriead conductivily

Water

Sedimunt

Newteality

Corrosion




6¢

Ivdvavarbon type:
Saturies
Oleltna
Aromatics, wial

Ammaties, palynucloar

Luminameter nwaber

Aaaline potnt, OF

11 C atom ratwo

Elemental analvaes, »lf:

264

83,0

A

12.9

1.2

10.4

0. 347

0.0%4

1.G83)

.20

u.1)

0.1

a.03

0.0358

0.

[

M

Ao

/|




ov

TABLE 5. - Continued,

(d) H-Coal residue from I1lineis #6 coal (hydroclone botloms); dats from memo for record by
John S, Clark, NASA Lewis Research Center, July 19, 1977

Propurty

Test

|
|
|
husullse eategories |
|
|
|

Gravity, AP (specific) -1,
Botling range:
inual boiling potny, °F 400 _ —
54
wi
0%
W
LR §
W 'L
v 'k
0T
LT
w 'L
93°t
Final bothing point, °F
Pour point, or 115
Flashpoun, ¥ 150
Visvasity 2t 200°F, oP 46
a J0PF, P 22.5
al LO(PI-', cP 5.0
Ash, wted 0.2
Ash: melt tlemperature, °F 00 to 200 lowde than g4 coal lfect '
Heat of combustian, Bla/ib Higher 16 700
Carbon reatdue, wel 3a.8
_(;I:bog ramsbotiom, wi'b
‘Fhermat stability {unacabie rbove-) 200°F
Electrival conductivity, ohma/ca b5 x 10°
Water None
Sediment
Neutratity

Cacrosion




Ly

Hydrodarkon typod
Satsrates
Olehing
Aronatics, lotal

Aroinatics, polynucloar

Luninomeler nainbier

Analtne polat, °F

H/C slam ratlo 1.0
Eleriental analyses, wt'ls
[ 88.2
1] 1.1
) 1.1
8 0.48
o 285
Trave metal cnalyses, ppm:
v 2.0
th
Ba 3.1
K 1.2
Mg 1.3
Ca 1.5
b 0.2
Cu
Fe
5
n -
L¥] -
Mn '—
Mo

i




A7

TABLE 5. - Corlinuod,

(1) H-Coal hydroclone undarflo., data from ref. 31,

Property Tost ) asnilsle categories
’_—Ily-lmrlone Hydrac lone
under flov underflov
(f3298-87) fllirale
(#3296-15))
Gravity, AP (apecific) ~16.5¢1. 23073 | 17.7¢1.24)})
Boiling range: 1p-1160
Inittal bolling polnt, ®F %66 49)
5t 533 518
iy 3 560 562
0% 6135 621
o't 690 &40
10'h 170 142
%% 876 822
0% 910
11
40T
%
us'h
Final bolling point, °F
Paur polnt, °F {Sofrening point) 112 240
Flashpoint, °F ’
Viacosity at 250°F,  s¥S 301.3 1684
at  JoF,  ses 154.1
at o
Ash, with
Ash: melt temperature, ap
tteat of combostion, Busib
Canbon restiue (Conradson), wel 3y.4) 13,2
Carbon ramaboltomn, wt'h
Thermal stability
Elecirtenl conduas ivity
Water
Sediment
Neutratly
Currnsion




Ev

Bydrecarton type:
Saturates
Cleline
Arocmalics, toial

Aromatics, polynuclear

Luminameter number

Analine potnt, °F

H/C alem catlo

Flemental anslyscas, wi®:

C 53.3% 87,01
u P }) 5,98
121 | 1)) 1,19
] 1.4) a.65
0 3.92 A.38
Trace mela] analyges, oo

v

N

Na 4
H

Mg 14
Ca 40
273

Cu

Fe bk
fil 26
Zn

Re

Mn

Ho

w

T 164
A 32




Ay

{f) H-Coal fuel 0il mode, from [1linois ¥ coal; data from ref. 37.

TABLE 5, - Continued.

Property

Test

Osnbbate Categories®

Tutsl
overhead

S203°C(391°F);
35.6 percent

1200°C{I97°F);
6).7 percent

Gravity, 2API (specific)

19.8 (0.935)

32,1 {0.854)

13.000.979)

Boiling range:

Inftia! Lolling powt, °F
5%

1%

2%

oL

LLR

Wk

wT

70 L

wh

u '

95 0

Frial Wothny pomt, °F

ERDA

144

144

(Y2

rout Ing

merhad

(311

397

(3.1

Pour pomt, °F

Flashpomnt, °F

Visroslty it 17°F,  sus
a M0OF, S08
a o 100%F, e

L)

15 (2.4¢8)

19 (3.84u8)

-465

1.08

j.al

Ashy wits

Ash: melt teperawre, °F

Heat of combustion, ML

Curbon restdue (Conradson), wil

526

0.4

Carbon ramasbuttem, wt'l

Thermal seability

Eleetrical canductivaty

Water

Sediment

Neutrality

Corroslon




St

Hydrocarkon type:
Saturates

Clefine

Arumatics, fotal
Aromatica, polyauclear

19.%6

3.9

12.0

2.1

5.9

52.9%

4.2

18.0

25.93

Trace

46.2

Laminometer number

Anaf(ne pelnt, OF

11/C atom ratlo

Elemental anglyaes, wils:
[
H
H
8
0

Bieldalil

Q.44

0,440

0-129

¢.21

8.29

Trace metal analyoea, ppm:
v
M
ta

A'mnllhw, 21.9 prreeor of «gule.



ay

(g) u-Coal syncrude mode, from [1linnis 46 coal; data from ref. 3/,

TABLE 5, - continued,

Broperty

Tent

Easullale o .m-xuru'h"‘

<192°C(387°F):
15.6 vtx

Total
overhead

DTN EEIM 2 B
65.3 wel

ticauaty, YAPL spectlig

17.010.99)) e J(0.838)

B.b{1.U2%)

Boalangg vange:

Insnial basbing powt, UF
0 I

w1l

20

[N

't

w 'l

w 'l

wl

LUK

w {

w1

. an
Final bosling point, uy .

g |

138 134

th!

Lkba

ot hod

soul oy

9%

poe- e -

187

tU)

Pour point, *F

Flaaapoint, *F

Viscosity at no, sy
10001, sus

at 1W0%, es

59

46

D-44h

1.9

Aah, wt'{

Ash: melt temgeritre, UF

Irat of combustion, Duslb

Carbon resibe  (Conradson), wil

2.1

Carbon ramsbottomn, »{'l

Thermal stalnlity

Eleetrieal conduetivity

Water

Sedinent

Neutrality

Corroston




LV

Hydrovarbon tyjo:
Saturaten
Gleltng
Aromatlra, tola)

Arvmatles, polynuclear

19.44

42.6

1.4

1.24

3.4

sb.1)

N4

80.3

32.57

Trace

66,0

Lunitrameter nuniler

Analine point, °F

t.C aton rollo

Elementa! analyses, wi'l:
v

Kjeldal)

n.633

H.212

6.811

1-129

0.27

9.05

0,19

Trace metal apalyaca, ppm:
‘I
N

"

hmull!nle. 28,2 percent of crade,
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TABLE 5. - Continued,

(h) H-Coal syacrude mode, from [1linois #6 coal; data frow meeting handout, Panl H. Kydd
of General Electric,Schenectady, i.Y., Jan. 9, 1976,

Property Teat Iystallate categories
Totsl crude | 180° - 380°F | 180° - 650°F | 650° - 97%°r
Graviy, PAPI (specific) 6.4 3.6 15.0 R
Bolling range:
tniuat bothng point, °F 180 140 112 63y
5 22 420 652
10% 28 440 (2]
T 184 414 124
H iR 280 Sul "
07 292 510 758
5% 106 530 199
60 'k 1y 542 uz)
0% 130 568 40
sl 138 71 Aot
vo'b b4 bl 932
950 4L sl 969
Final bothng potnt, °F 975 449 680 915
Povr pomt, °F .5 ~100 oo
Ftashpownt, °¥
Viucosity st 100°F,  sus 107 (155 cS) 41 (4.4 cS)
a 210°F, sus 36 (2.7¢s) | 163 (36 c$)
at i
Ash, w1 D 0.0)

Ash: melt lemperature, 2F

Heat of combuatian, Htu/tb

Carbon reeidue

Carbon ramubottom, wi%,

L]

Thermal stabiliy

Electrical vanductivity

Water

Sediment

Neutrality

. "arrosion




6%

Hydrocarbon type:

Saturaies
Olefins
Aromative, tolal, percent (Acgheltersn) 12.92 1.07 2.62

Aromatiea, polynuclear

Lumlinometer number
Analine polnt, OF . AE
H/C atom rcatio

Flemental anslyacs, wi'h:

c 83.) 83.6 23.3 9040
" 8.19 12.41 . | n8
N 0.81 0,19 .42 1.4
5 0,22 0.24 0.13 0,22
o 1.35 9.26 0.9% 1.28

Trave iaclad qnabyses, [pu
v
Y]

Relygctive Ludax 1.449 1.514 1.5%8




TABLE 5. - Cortiaucd,

(i) H-Coal; data .From ret, 38.

Property .ubl Bisnllate eategories

Sample 950°F- 9S0°Fs
J-4udg (113 cut

Gravity, AP (apecific)

Doiling range:

inlttal botling patat, OF “h? 950
59 ' .
101 369 1
wl | e20 {1
o4 b67
0% 705
0% 139
60 86
701 2963
10k
%0 %
29
Final olltng point, °F 950
Pour pownt, ¥ a1
Hanbpolm, °F 120
Vigvoalty at U, s 114.) ’
at Op
H1] op
Anh, wil n-482 0.02

Ash. welt temperatre, OF

Heat of combustion, Ba:lb 17 sl

Carlon resiue {Conradson), wil .

Carbun ramsholiom, wi'l

e mal stinday

Llectneal cantucavity

Water

Sedimant

r-;JT-uh ahity

Currosion




(82

Hydrovartuon typa:
Gatursten
Olefing
Arcmatice, total

Aromatics, polynuclear

Lumirometer number

Analioe polnt, OF

H/C atom rallo

Elements] rnnlynes, wi'h:

c 9.0 90.33 G1.%2
H 1.% 8.8% 6.26
N 0.27 0.39 1.39
8 .42 $.19 0.9%
(¢} 2.12 9.%) 1,96
Traze metel anxlyzcs, oo
v 3.0
e 1.0
Ha [[N:]
K 0.4
Mg 1.0
Ca 8.0
4 1.0
T
Fo wm.n
i} 2.0
n
lis
Mo
Mo
W
L Ti R0
Al 1t.0




Zs

(§) u-Coal hydraclone b

TABLE 5. - Conlinusd,

alloms filtrate; data from meme for record by Theadore 5. Hroz,
NASA Lewis Kesearch Center,Feb. 26, 1976¢

Praperty

Test

stilate categores

Hlfaois Geologfc lnstfrute

General
Eleetric

Heut $nghouby

AFANI.

HASA

Gravity, APl {specific)

Botling rangu:

Initia) balling point, °F
s%

0%

0%

w0

LR

0%

(il

70%

HO %

0%

95 .

Final-bothug point, °F

Pour pomt, °F

Flashpoint, °F

Viavoslty at op
at oy
Wt oy
Ash, wt'd

Ash: melt tempuratore, °F

Heat of combusation, Diu/ib

Corbon reatdue

Carbon ramsboliom, wth

Thermal stability

Electrleal conduclivity

Water

Bediment

Neulrallty

Corrotlrn




€5

Rydrocarban type:
Saturalen
Glefins
Aromatics, total

Arofartiea, polynuelear

Lumitnameter number

Angline patnt, OF

H/C atom ratlo
e

Elemoental analyaca, wi®:
[+

1]
N
]
0
Trave metol analyges, fpme Heuts A X-ray At,_abs,
v 13 - 15 BN .4 Lt 1.0
th 18 9.00 10,9
Ma 1.1 L 1004
B 1.2 9.8 0.2 0.95
Mg 1.8 4, 1.83 LS 2.0
ca 1.49 2.1 0,51
M w12 0,06
Cu V.04 1.0
Fo o 4.1 .0 .0
& 5.0 2.1
% 1.5 060
Ha 0.8
M 1.5
Mo .1
w
B 2.4 1.0

Cioal of 52 teace elepento Listed tn referency, Trace elements In f1Yeey cake alaop Maled fu refecence.



e —— ——— s - e e R S N R R R e ey I T

¥s

TABLE 5. - Continued.
(k) H-Coal; data from ref. 39,

Test Distillate categorics

Property
Total Tnleial/375°F |375° - 650°F [650° ~ 925°2

Gravity, ®AP! (specific) |
Bolling range:
Lafual bolting point, °F 175 650
5%
10%
0%
0%
0%
0%
60%
0%
0%
%%
95 %
Final bolling point, °F 91 s 630 978

Pour point, °F

[ Firshpoint, °F

Viscoslty at OF
x op .

op

st
Ash, wi%

Ash: melt temperatore, OF

flem of cambustion, Blu/ib
Cacbon restiboe
Carbon rumebottom, wi'l

Therma! stubtlity

Electrical conductivity

Wuter

Sediment .
Neutrallty .

Corroslon




8¢

Nyvdrocarion (vpr:

Siaturaten
Oleftns
Aromatlr a, tatal

Arommalics, polyvnuelear

e ——

Lusatrometer nunier

Analine pount, OF

I.C stom ratio

Flemental aralvees, wi'ls

v}

81,3 BhS 0.4 2.4 .
11.9 1.6 1.0 1.2
0.1 9.1 0.1 a.l
@1 9.1 0.1 8.
n.h 1.1 - [P

Trave melal analvsrs, ppm:

"
th

tia
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TABLE 5. - Continued.

(1) B-Coal (Cy + Viquid}; daka from ref. 40.

Test Iastdiate culegories

Syncrude Trom Lowssuliur Syancrude {ron
11inois coal {fuel otl fyom | Wyodak coudl
Illinots coal

Property

Gravity, 9API (ypecific) 15.0 X 26.8

Boiling range:

Injtial boiling polnt, °F Cut Cyt Cy0

5%
0%
0%
0T
0%
LR
(5 A
0w
0%
% b
95

. O .
#inal ipthing point, " F . PRNRTI i IR Pasetdy

Pour poim, °F

Flashpoint, °F

Vigcopity at op
al op
op

Ash, wt'h

Ash: melt temperature, °F sl

Heal of combustion, Btu/lh
Carban residue
Carbon ramsbottom, wi%

‘Thermal stability

Electrival conductivity

Water
Sedement
Neutrality

Corroslon




L5

lydrocnrbon type:
Saturates
Dlefina
Aromasiles, tolal

Aromatics, polynuclear

Lumirometer number

Anaine paint, OF

H/C atom ratio

Elemental analysea, with:
c
H
N
8
[¢]

9,48 8.4 18,84 ]
0.08 1.05 0.04
0.1% 0.4 0.6

Traca metal anelyscs, prm:

v
th
Ha
K

Mn
Mo
!t't‘l
T




Ado9 ajqepieae 3saq
wos} pasnpoiday

TADLE 5. - Continued.

{m} H-Coal distillate blends; data from ref. 41.

35

Property

Test

txstillate cutegortes

Seaple Sasple
160-1112 169-3521
(Puel off wmde}{Syncrude wode

Gravity, CAPI (apecific)

Bolling range:

tnital bosling point, °F m 210

5% 133 328
1% M9 b 113
% n 381
0% 397 395
we 413 403
50 % 441 433
60 % o7 456
7% W 489
4% 540 - 830
%% 626 390
95 492 665
Final boling point, °F 885 942

Peur poin, °F

Flaahpoint, op

Viscority at o Y.
at Op
a8 op

Ash, wth

Ash: melt temperature, °F

Hen of combustion, Bu/lb

Carbon residuc

Carbon ramsbotiom, wt'%

Thecmal stabltily

Efectrical conductivity

Water

Bediment

Neutrallty

Corranion




o

Hsdracarbon tvpie
Saturales
Olelina
Argmailes, tolal

Aromatica, polvaucteoar

Luminometer ouniber

Analine gotnt, F

I C utam ratto

flemcutal analyges, w1l

U 16, 1% 9.80

N fi.18 0,38

8 0.3} 0,13

4] 1.20 1.30
Trace meial analyeen. ppns:

v 0.3 0.1

N

Na .6

4 0.2

Mg

Ca )

' &7

Cu

Fe £0,0 12,1

o

Zn

ta

Mo

AR

W

Ti .1
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TABLE 4. - Continued.

(n) H-Coal Buraing Star {fuel 0il mode}; data from ref. 41,

Property Tenl Ihhlnll.nl‘::ﬂr_r_u-s
Almnsplierse Atmosplicre Atmasphere I
averhead averhuad hut toms
(160-920) (76b-921) (16b-922
Gravily, CAPI (spectlic)
Boihing range:
Imuia) boiling point, °F 2 20 1
5% 160 170 Wy
101 175 186 191 e
20 25 21) 43
a0 262 D Y
401 nm e [ S
au 'l 513 332 S16 — -
o't 63 118 544
70 390 90 sl
sl 4«04 409 )
90k 446 [ X3 v
EAR) : 414 W1y 1]
Fnal boding pomt, °F 150 S8 1
f'our pownt, °F
Flashpont, oy
Visvosily at oy .
at op
a oy
Ash, wit]

Ash: melt temperature, °F

lheat of combustion, Diuslb

Carbon residue

Carhon ramshotionm, wt<{

Thermat stainy

Flectrital conductivity

Water

Sediment

Nuwirality

Corrusion




19

Hvdrocarion lype:
Saturates
Glefins
Aromatles, tatal

Aromatics, polyauclear

Luminameler number

Analine point, °F

W€ atom ratio

Elemental analyaea, wif:

C Bb.97 A1.19 8.6/
u 1. 75 11.99 9.4)
“ 0.10 0.20 0,42
s 0.5 0.16 0.2
o 3.0 LD L.20 —

Trace melal analvaes, ppra:

v

s
Na
[

Mg
Ca
P
Cu
Fe

&)




29

(o) H-Coal Burning Star and Wyodak (syncrude mode); data from ref. 41,

TABLE 5. - Continued.

Ixstiiate ¢ Megores

Property Tesl
Wyodak Burning Star Burning Star
atmosphere atmosphere atmosphere
overhead overhead botiuas
(240-1033) (76D-3019)  H76D-2031/3021)
Gravity, PAPI (spectfiv)
Bolling range:

Initial bolling point, °F o1 1 215

5% 162 159 420
10% m 192 440
20% 241 251 410

0L 249 300 494

10T 288 332 916
5L 320 361 53) o]
60'b 358 381 363
7w 39 402 588
80 % 418 &0 (313
9% 468 469 876

5% 499 501 122

Final Loiling point, °F 582 608 890

PYour polnt, oy

Flashpoint, of .
Viacoshly at oy
at oy
at op
Ash, wil,

Ash: melt temperature, ¥

Heiut of vombustion, Wu, U

Carbon restdue

Carbon ramabollon:, wi'h

Thermal stabiliy

Fleclrical conductivity

Water

Seallment

Neutrality

Corrosion




Hvdreeneban o

Baturaten
Clefllan
Aromatics, sl

Aromatica, polynuclesr

lumtnometer husiber

Analine polnt, OF

ILC atom ratlo

Elemental analysen, wi':
(&
4]

5
0

4 AL

1'.8%

.22

a.04

a.1)

u.44

0,41

0.09

.24

n an

b.16

v
N

Mu
Mo

Ti

Frace ooty aaslizes, pp-

S
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TABLE 5 - Concluded.

(p) H-Coal; data from ref. 30.

Properly Test l Daisntbue categones
Straight |Hydro-
Run treated
Naphtha jNaphtha
Gravity, CAI {specilic) 43.7 46.8
lolling range: N-86
Inttal batting potat, °F 132 153
5, 170 185
0wt 189 199
20 % 215 217
0T, 233 231
0% 251 246
509, 260 263
w3 292 264
w1 312 306
wo 328 329
w b 351 352
%% 73 |367
Final bo1itng poim, °F o 396 - - 393 wae
Pour paint, oy

Flashpotnt, °F

rTlaroolly at °F
at oy
nt op

Ash, wi'b

Ash: melt lemperature, op

Weat of combuntion, Btu/lb

Carbon resldur

Carbon ramebottom, wt%

Thermal atability

Etectrical conductivity

Water

Scdiment

Neutcalily

Carrosion




G9

Hydrocarbon type:
Saturates
Olelins
Aroniatics, lotal

Aromatics, polvnuclear

I

N
Batida} o)
DD

Luminameter aumber

Anadine pont, OF

It C atom ratio

Elementat analyees, with:
ly
n
13
S

0

85,90

86.45

12.80

13.59

0,193

nil

0.128

nil

0.594

0.003

Trave melal analvers, ppons
v
K
Na
13
4134
Ca

"y

o I




TABLE 6. - FUEL DATA FROM SYNTHUIL PROCESS

(a) Synthoil off-specification runj data from ref. 42,

Property Tent Msullate rategories

Orous Ceasteiluged Cantrifuge
blquified 1iquid residue
product product

Gravity, °AP! {specilic)

Bailing range:

Intus} bolling point, °F

5%

10%

20%

%

0%

0%

60 %

70%

80 % /

0%

95 %

Fina! boiling point, °F
Pour point, °F
Flashpoint, °F

Visconlty at op
op

99

n
at of
Ash, wt% 2.7
Ash: melt temperature, °F

Heal of combuation, Btu/lb
Carbon reaidue

Currbon ramebottom, wt%
‘Thermal stability
Electrical conductivity
Water

Sediment

Neutrality

Corrosion

Tl M TR




L8

mnmrtOn type:
Haturates
Glefina
Aramatics, tal

Aramailes, polyauelcar

Lutatrameter number

Aaatine potn, OF

H/C atom rallo

Elemental analysen, wi:
C
i
1]
8
¢4

L8

Trace metal analysea, ppm
v

th

Na

K

Mg

Ca

Pb

Co

L]

1.0

18

5.7

45

i

184

fd -

0. 19
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(b) Synthoil from West Kentucky bilumingus coal (5.3 perceal sulfur}; data from ref. 1s.

TABLE 6. - Continuci.

Property

Fest

tasullate calegonies

| 4000-pat,
«47°C process
cond {1 tons

Gravity, AP (specifie)

Bolling range:

Initint Lotk polnt, TF
5%

10%

W0

0%

07

0%

60T

07T

HO T,

0%

9%%

Final bolllng poinl, °F

19

18

300

510

Pour paint, °F

Flashpoint, °F

Viscosity at O
at o
at op

Ash, wth

Ash: mell temperature, OF

Heat of combuation, fitu/lb

Carbon resldue

Carbon ramsbotiom, wth

Thermal stabllity

Eleetrical conduclivity

Water

Scdiment

Nemtrallty

Corrosion
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Hydeocarban typo:

Saturales

Olelins

Aromativa, totsl

Ammatlca, polyauclenr

Lumlnometer number

Analine polat, °F

H.C atem ratlo -

Elemental analyses, wil:

¢ 80,5

H 1

N 1.190

8 1.0

Trace metal analyaen, pgme

v

¢4

Ha

K

Mg;

Ca

I

@an tneludes tatulatad date on peresst % sa) H In products from esoy hydvogenatfon runs.  Haximos hydrogecel fon Dregsure waa oaly 1500 patl,

wn § and X tedurtlons wers not larze. Typlrgl precent ¥xductlons axe (2} et L% m-lz mxr, B oxedustisn, 2) pereent; was. U ovedustlon,

Th paveesty (0} et 30 hi wav. 8 reductlon, 48 poveents wan. 8 eelostlon, 93 peeseal. .



{c} Synthoil (filtered, centrifuged, and upgraded distillale);data from ref, 31

TABLE 6. - Continued.

Properly Tesl [xstsllate ategories
Centrifuged Filtrate [Washed Flltzat Upgraded
13296-109) {3296-141) 39-1461) divtillate
(3392-6)(pib))
Gravaty, SaApy sprerfie) <9.7 (1.8268) 1309 (1.105%) ] -4.) (1.1H24) ] 9.% (_l_._'.l.‘_l'x)
D-1160

Boiling riunge:

Initial balsng point, °F 195 [11}] 495 3]
51 410 4«80 b11) 543
10 G 510 515 552 Y5
'l B 519 518 nob ui}
ol b42 [3}] 665 618
1wt 700 697 1o "o
N i 162 160 9% Wi
6o { H4S 842 --——--};;;—- i 123}
049 945 951 970 174
LN 412
w g RID)
EXEH 301
Funal boilug pont, Y 9y0
toug pou, UF 0 1%
Flashpoul, °F
Vistosiy 179 °|~'_ o8 1)
o er, s 4).65 .25 56.20
at 25091, es 5. 84 14.08 1410
Ash, wily 1.40 v.02 0.015 0.06

At et temneratere, OF

teat of vombustion, tu-1b

Carbon residue

Carbon ramsbottom, wt'(

hesmal stabihity

Flectvieal conductivily

Yater

Sediment

Newotralaty

Corrosion




L

Hydrevarbon type:
Saturutea
Ololing
Aromiaine, okl

Aroumatics, polynuelvar

87.0

Luminometer number

Analie ponnt, OF

1.C atomw ratio

Elesmental anulyses, val:
¢

(&

89,710

53, ol

K917

1.58

1.42

9.7

b4y

1.3

0.137

0.55

0.50

0,92

2.18

.47

.33

v

0.6

a0

0300

iy
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TABLE 6. - Continued,

{d) Synthoi) from West Virginia coal; data from ref. 44,

Daaillate catygories

Property Tent .k
Fotal crude [«207°C{s05° F)| 207°-10)* € nstey3® ¢
4,4 percent of (405°-08%° F)|tnnsc-9ns® ¥);
crude 46,2 pereent ofll, ) percent ol
conde vrude
Gravay, PAPL gprafic) —~=€(1.081) 1197 (0.930) {106 i == (1. 1uY)
Boslng range:
Inttiiet bolling pont, OF Burcay of —_—
A Minee Fout Ine 3y 39 hidd b3
oethod o
e
o .
w7 795 at 651
mey B
i
H 'y
[ - i
Fmal boiluy poing, UF ” 409 T 45 Y48
Powr poimt, O v-97 4U ) 5]
Flashpoum, °F
Viavosity ot 100°F, sus 200t 3 32
st 100°F, kin, o8 Sl .21 9,50
ot 9
h, wi'l
Aahz welt temperatuse, OF
{teat ot combusiton, B I .
Carbon residue (Conradson), wtd D-924 11.2 1,29 .33 142
Carbun ramsbottom, w7
Therna! stabilisy
Flectrical conductivaty
Wiater
Sedient
Neatralny
Corrasion




“L

Hydroearhon type:

Salurales 27.1 16 9.1
Olcfins 3.2
Aromatis 5, total 10,8 .0 24,0
Ammatien, golyunclear 3.2 3h,) —19.3
Lunusometer pumbier
Anatine polnt, °F
B C atom ratlo
Flemental anaty ses, wi'e: .
¢
H
N KJeldahl [RLT) 6,423 0. 024 1182
5 =129 3,42 0,29 2.1 044
O

Frace melal analveacs, opm:
\l
Ni
Na




TABLE b,

- Conlinued,

(c) Synthoil I, from West Kentucky bituninous ceal (5.3 percent sulfur); data from ref, 45(b).

Property

Teal

4000-pu i,
4% C
ptucens

cunditlony

{astdlate < tegorea

Gravity, 2APL (specific)

Balling range:

Initat boiling point, °F
5%

to 4.

W%

1

0wy

LR

01

Tt

W

w1

ya 'l

Fiaal builtny point, °F

Pour point, *f

Flashpoint, °F

Viscualyy at oy
at oy
& oF

Anh, W

Aab: melt tetpeeatus e, UF

Heat of combustion, 1R, b

Carlon redtdue

Carlon rasbotiom, wt'g

thermal stanitey

Hlecirical vonduchivity

Water

Sedunent

Neatrality

Casinuion




Hydiasitan tige - —— —_
Naturatey anai At Bl Eelaeeienensecnei Sasadelienliniieiint Badtet _
Ulefunn - e
Afuintty n, tital e o T |
AMonrties, pelvanlea T e [ R e
—leTu;u:-u-r |||:|;;I|.-| B TTTTTTTTT I T
Walue pout, 21 - ———
1 ¢ aam rato . T —
iemental amalyses, wls N 1
R s -t

(&)

Fraee "ll'lnl' i"l;{\!\l'.‘-. ppme:
v o T
110 I B

Mg o

Ca T

"y

tn R T -

b —

N 0 PRI .
try, aipl 154D prl &l aunt, 107, and B30T F il o-Ho catalyer. Fax. H remavel, 2% pereent; Ere. 5 yerovel,

BRaaults of Lydrogerat fua Coun a3 500,
&3 pereent. Mo dals on prodostg fn thls repnrt.
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(f) Syntho{l (whole crude, 509° - 650° F and 650° - nd4° £ culs, and residuals (693° Fi}): data tram rer. dalc).

TABLE 6. - Continued.

Hroperty Teal Dbl de ctegorns
Wiele crude 509°*-0650° F 850°%-uy8® F Hosfduals
cut cut (698° F 1)
Gravity, VAP (specific) 5.9 19.9 Y4 4.3
Bothing range: )
Imual boifanyg point, °F o 409 b )
it ]
w1k (1%
K4 52} ’ -
w0 573 T )
wq 63u
ERs 688 .
sl ov8
N B
LN o
90
m
Final bothng point, °F 50 [
Paur poim, °F % -30 1] 120
Flashpoint, °F
Vistosity ot 80°F , cs 1950
at 100°F , s 811 Lo 1.4 2112 at 115"
st aet, s 1.8% 191 359.1
b, wi'l ’
Ash: et temperatere, °F
Hen of cambustion, Bl
Curbon r(:nlmu -
Carbon ramsbottom, wid
‘Thermal stability
Elvetrical conductivity
Water L
Sediment Jcn-blned 0.05
Neateality D-664 0.36
Corrosion




L

lydrocarton type-

Saturales

Oleftna

Aromalicn, istal
>

Aromaltes, polysuclear

Lugntronmeter rumber

Auatiee potnt, OF

L}

40

1. C alom ratle

klemental analyses, w13

¢

1

N

8.7

(128 ¥4

B.47

8

n.22

0. 14

.12

QO

Trace metal analvses, ppm

: —

4]

Ha

K

Mg

iy

Cuy

|

Fp

b

Zu

11

Mn

e e — ——

hin I——

w

— I

&1y

"pata en other cwtd 8180 rontalned In refesgnce,




TABLE 6, - Continued,
(a) Synthoi} (sample J-7992); data Irom ref. 38.

Prapersty Test u:.ujaw categories
Sample ]
3-1992
Gravity, 2API (gpecific) --(1.10) _
Boiling runge:
Inatiat boliing point, °F 361
5% —
wk 413
29 534 —
Hi A 591
w1l 654
H D 713
wo'h 800
0% 890
w6
00 1.
il
Final borlanyg posnt, 2F v
Pour pom, °F 40
Flashpomt, OF 222
Viscosuy al wooF, cs 2509
at 0%, s 2.6 :
at o
Ash, w1 -482 0,68
Ashi; el tempe rature, °F
Heat ol combustion, Biu/is 16 891
Carbon resubue {Coaradson), wil ) 18,9
Curbon rumsbotiom, we't
“Thermal atalninty
Fleetrieal conduchivaty
Water l
Sethment | comdined, volt 12 :
Neutrahity )
Corroston




tHiydroesrlsn typer
Saturates
Olehins

Aromattes, wial

Arematies, polvaselear

Lumsomoter numbes

Anatine pmnt, 21

10 € atesn valio

s

Elemueatad analyses, wi:

#7.62

1.1

0,97

.43

)




AL b,

- gl e,

{i) Synthoil {evaluated s lud cosbustor)y data fromref, ED

-3
85
(-]
"
"]
S
56
Ta
@-h
o9
_g!
<
fas)
o

Property |,._,,|—— . . Iy ollate: u‘.:l A .
Synthot!

Gravity, TAPI (spretfic) N T WL
Bolling range: o N ] . _ O DU

tutial bolting pomnt, “F o N I 1.

¥ = i 1

w UV The T )

T o X _ .

L ~ : ISR

0% ) |

W f i T kLY ) U

w 'l ] I D

m ’ IR I

w0 T . -

TR rsn T

H' . _

il hotluyg port, 't ~
Paur point, 't K I
P'lashpo, 1 . ) m
Viscosity at 100’1, cs— 1409

at oy
al oy

Ash, wi'h 0o
Al melt tempevatore, ©F
Heitt of combustion, il | A2
Carbon restlie 1o, 2

Carbon remsboitom, wt'l.

Ihermat stalliy

Heetelcal conductivity

Water

Sedment

Neutrality

Corrosion




-3
-4
14~
~
(-]
5E
&8
g2
o=
og
[+]
]
<

Hvdracarbon vpe:
Saty=alea
Clefina
Ammallia, total

Aromatles, golvourloar

44

2}

lunitrsineter number

Analine paiat, °F

Tuo dark

B ¢ anm rallo

1.26

Elemeatal analyscs, wi'h;

0.810

o.n

N

<48

&, 29

/.01

L

<f1,48
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TABLE 6. - Continued,
(1) H-Coal; data from ref. 38.

Property Teat Duanillate categories
Sample 950°7~ 950°7+
3-8088 cut cut
Oravily, 2API (spacific)
Bolling range:
tniusl boillng point, °F 482 950
5%
0% 569
0% 620
0% 682
0% 108
b 159
60% as6
0% »963
0%
0% .
85 %
Tinul boiling point, °F 950
Paur point, °F 118
Fiashpoint, °F 320
Viuconity at 2O, s 318.3
at °F
al of
Ash, wid 0-482 0.2
Ash: melt temperawre, OF
Heat of combuailon, Equ/lb 17 4t
Curbon reajdue (Conradaon), wtX 17.3
Cerbon ramebotiom, wi'%h
Theemal stabllily
Electrical conductivity
Water
Sediment
Neatrality
Corroxlcn




Hydrovarkan type:

Saturates
Oleflna

Armetivs, total

Aromatles, polysuclear

Lumlnnetee siebor

Analine potnt, °F

€ atom ratlo

Elediental analysce, wi'd:

¢ . 59.0 30.33 81.%2

H 7.4 .85 6,26

H 0.17 0,33 1.39 .
§ .41 0.19 0.95

0 2.12 0.51 390

Trave meta] enelyses, pom:

v
1.0
th
- 1.9
) Na 6.8
K .4
My 1.0
Ca R0
[£1) 1.0
Cu
Fe m.n
£ 2.0
i
|14 ]
Mu )
Mo )
w
Tt & o

Al 11.0




12°]

{J) H#-Coal hydroclone bottoms filtrate; data from wemo lor record by Thesdors 4.

TABLE ». - Continucd,

Mroz, NASA Lewis Research Center, Fob. 'n, 1976

Property

Teat

[y tlhste catepories

Ilhincla Gealogic Instftute

Gencral
Electric

Went Sughoude

AFAPL

RASA

Gravily, APl (specific)

Bolling rasye:

Initlal boiling potnt, °F
nyg

10%

wh

20 'L

104

su Y

60 1.

0%

wo 'l

o 4.

45 'L

¥mnal bothing poiat, °F

Pour pamt, op

Flashpoim, °F

Vigcansty at oF
at op
ot 3
Ash, wt'b ]

Ash: mialt temperature, o

Heai of combustion, Buslb

Carbon residue

Carbon ramsbotiom, wi'k

Thermal etubituy

Eleetrieat conductivity

Water

Fecsment

Neatrality

Corroslon




Hydrocerbor type:
Saturatcs

Glefina

Aramattca, total

Aromatica, polynuctear

Luminameter number
Analine potat, °F
/T atom ratio

Elernentat analyacs, wi.:

(4
]
2]
. SR
o -
Trace metal analysen, ppm: Hout. A, X-ray A1, ol
v
- 15 12.6 4,4 | L 1.0
# 19 008 10.0
Na 3.1 1.2 10,08
K 1.7 0.8 0.2 0.9%
Mg, 1.8 IR} 184 1.5 2.0
Ca 1.49 2.3 ] 0,400
it (AN {414
Cu s 1.0
Fe 12.1 4.1 o Ih.di @4
of KR 2.0
n I ) .12
B 0.6 A
Ha 1.4 ]
Ma _ .1 .
w
T 2.5 . 2.0

Crazal of %2 trace clesents Hated In refercuce. Trace elescute lo filter cake algn TInted fa el rrence.
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(k) Syn

TABLE 6 - Concluded

thoil from West Va. coal; data from ref. 48,

Property

Test

Dxrtithate categories

Whole
crude

Gravity, QAP (specilic)

1.08

Boiling range:

Iniual boiling point, °F
3%

109

09

0

10e

509

w0 Y

0%

w7

6%

95 T

Final boilng point, °F

D-86

440

572

705

Pour point, op

D-97

40

Flashpoint, °F

Yiscosuy at {00 oy

545 = °F

a oF

2.03

Ash, wt'l

Ash: mielt temperature, °F

Heat o1 vombustion, Bruslb

Carbon reaidue

D-524

11.2

Carbon ramsbostom, wtd.

Thermal stabiluy

Electrical conductavily

Water

Sadiment

Neutrahity

Carrasion




Lo

Hydrocarhan type:
Baturaies
Olefling
Aromative, total

Aromatics, polynuclear

Luminometer number

Anxhine polnt, °F

HC stom callo

tlementa) anilyses, wi'l:

H

N

8 «jeldahl] 0,786
° 0-129 | 0,42

Trace metdd analyaes, ppm:
V
i
Na
K

Ma
Mo

T




TABLE 7. - FUEL DATA FROM SCOLVERT-UERFINI ) COAL PRUCESS

{a) SRC products from Kentucky high-sulfur bituminou. coals; data from ref, 49,

{na1 liate catagorics

Solvant- Light Vawh Proceas
refined ofl solvent solvent

cosl

T . Property Tea

Gravity, °Abl (apsciftc),
Bolling range:

Initiad bolling point, °F

%

10E

0%

0%

0w

0%

0%

0%

B0

0%

95 %

Final bolling polnt, °F

Pour point, °F C e
Fiaahpoint, °F
Viscoslly at op
at oF
at op
Ash, wtd

Ash: melt temperature, °F

lleat of combustion, Mu/ib
Carbon reatdue

Carbon ramsbottom, wt%
Thermal atability

Electrlcal conductvity
Water

Sediment

Neutrallly

Corroslon




Hydrocarian Lype: &

Satursles

Olefins

Arcmniivs, tola}

Aramatles, palynuclear

Lumirsmeler numbor

Anaine potnt, OF

/€ atom ratlo

flementas analyaca, wid:

Trace mctal analyses, pgp.a: HAA b8

v

"‘ 6.0 2.1

Na H.8 1.7

K

Mg

Ca

Ph ) <J.0

Cu 06

Fe 219 180 s

-
E)

=]

-

1.2 _fo.sges-n.cs

cr 1.5 6.0 13,0444 0,009

As 2.1 1.8 0.00134/-0.001

foma analyads of Lydeozerben Lepe oltlng pre of (ndlvidoal censtftuents, Lut oot In & wannsr that cen bs used to prowlds nualsrs fn this tahle.




(b) SRC products from I1linois #6 coal; data from ref. 21(b},

TABLE 7. - Continued.

Properly

Test

Patthe vategortes

92 Ka-1

92 Ma-2

93 HB-1

93 KB-2

Gravity, °AP] papecific)

Boiling range;

Initlal botling polnt, °F
5%

10%

0%

%

w0

0%

60 %

0%

0%

%0 %

5%

Fins) boiting poiny, 28

Your point, IF

Flashpoint, °F

Viacanily at op
a op

a °r

Ash, wth

0.19

DR 0 }

0,19

Q.25

Ash: melt tempersture, °F (sxc melc temg.

n

362

321

k1)

Heat of combustion, Btw/Ib (unapee,)

15 19

15 133

1% 657

15 67)

Carbon residus

Carban ramsbotiom, wt%

Thermal otability

Clectrical conductivity

Water

Bedimant

Neutrallly

Cerroston




Hydrocarbon type:
Saturateo

Qleling
Aromatits, tolal
Arcmatlca, polynuelear

Lumiromeler number

Anssina polnt, °F

H/C alom ratlo

Elemcntal analyges, wi%:

¢ 81,12 FYINY.] A .62 £5.1%
U 6.58 6.12 5.62 5.4
R 1.87 1.89 1.91 1.95
8 100 0.88 1.10 1.02
o 3.19 1,32 .26 492

Traco metal xnalyace, ppm:
v

Ni

Na

bronstdsrabls dats on stresms throughout the pilot plest. Hewswer, 4t fo oot appsrent whilch sre product sutfut steesss and !

gther than the 5RO products conlalned on this eheat.

ilch are Interns)] slrzams cnly,
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{c) SRC-11 {typical properties from West Kentucky coels with 4 percent sulfur

TABLE 7, - Continued.

and 2 percent nitrogen); data from refs. 50 and 51.

Property

Teal

MHanllate vategorics

SRC sollq

Light
distillate

Dlatillate
fuel oll

Gravily, ®API (specific)

=13.3

39.

Bolllnlg range:

Initial botling potnt, OF
5%

10%

20 T’B

HiR A

wh

L

60 %

b 3

wo &

%0 %

45 %

Final bolling potat, °F

Pour paints op

1)/

Fl:\ﬂhrlm. Op

68

Visconity at 100°F, sus

at of

" oy

59 (2.3 ¢5)

Ash, %

Ash: mell temperature, °F

ieut of combustion, Wu/b  (hygher)

16 000

19 048

17 100

Curbng\ reslie

Carboj ranisbottom, wt'b

Thermaul slability

Cieetrteul conduttivity

Wau:ri

Sediment

Neutrality

Corrolhlon




€6

Hydrocasbon hpe:
Baturafes
QGleling
Aromatlvs, lotal

Aromatics, pelyanelcar

Tuminemeter number

Analine potnt, °F

W/C alam ratlo

Elemental analynca, wt:

c 5.0 AL.2
H 11,3 1.9
N 2.0 0.4 0.9
4 0.8 0.2 0.1
0 1.4 1.9

Trace molal analysces, ppm:
v

Hi

Na

K

Mg

Ca

|20
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{d) SRC (filtered and upgraded); data from ref. 31.

{ABLE 7. - Continued,

IAstillate categories

Pmpclj'ly Teat
Fileered she® | SRC irtrate® {uppradea sact
Qravity, 9AP1 (specific) -5.8 (1.1257) | 2.5 (1.0560) | 9.6 (1.0028)
Bolling range:
tnittal bolling polnt, OF 400 385 411
5% 520 528 153
10% 550 415 600
% 585 430 560
[ 420 462 718
% 052 415 780
50 'L 685 498 8%0
do 140 515 940
0% 815 600 1000_at_65%
N % 1020 700
v 'L 875 at 891
us %
Ftna} boiling polnt, °F
Pour poirt, °F ' ow 50 55,
Flaahpoint, UF
Viscosily at  100°F , s¥S B84 {1900 ¢S)
st 210%F, oS 20,43 32.69
sl 150%p, ¢S 14,43
Axh, wi'h ’ - 0,01 9,001
Ash: melt temperature, F
Heat of combuation, Btu/lb
Carbon residuc (Conradaon), wtl 16.11
Curbon ramsbottom, wt'h
‘Thermal stabiiity
Electrical conduclivity
Waler
Sadiment
Neulrality
Corrosion
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Hydrvocerbon type:

Saturales

Gleline

Aromatics, tolal

Aromatice, polyauclear

Luminometer numter

Analine poimt, °F

H/C atom ratlo

Elemental analyses, wi%h:

c

H

N

8

o -

3.8

2,92

Teace mels) anslyaes, ppm:

v

Ni

Na

0.08

[

Mg

0.8

Ca

0.3

PL

Cu

Fe

8l

8.8

2a

s}

KMn

Mo

W

™

B,y

Al

4.4

‘Conulnlu 6% perrent pracese aolvent (1298-19 p. $7),
Yys recatved (3175-9% p. £9).
©2192-8% p. 79,




