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.2

EXECUTIVE SUMMARY

Previous Test Work and Observations

Over three million tons of 0il shale have been mined in Colorado by
room and pillar techniques over a period of 34 years without a single
explosive event taking place. It must be noted however, that two unplanned
fires occurred in 1978,

A review of extensive literature on fire and explosivity properties of
carbonaceous dusts shows that the particle size and organize volatiles
content of the dust are important factors. A bituminous coal or gilsonite
product having a high content of volatile matter would be more explosive,
assuming the same particle size distribution, than would a carbonaceous dust
of low volatile content such as carbon black and anthracite coal. 0il
shales, even those considered to be high in potential o0il yield, rest on the
relatively low end of the organic volatile matter scale.

Large scale, experimental mine tests by Richmond and Miller (1977)
established that oil shale dust will propagate an explosion initiated by a
localized methane—air detonation. The test results showed that the total
volatile hydrocarbon concentration necessary to propagate an explosion is
about 0.05 oz/ft3, a value that is the same for oil shale as for bituminous
coal. The major difference in explosivity between oil shale and coal dusts
is due to the much larger mass of oil shale required to produce 0.05 oz/ft3

of volatile hydrocarbons in a mine opening.

xix




In the initial design of the research program, a need for basic data on
the chemical and physical properties of oil shale dusts and their
corresponding laboratory fire and explosivity properties was demonstrated.
These data would not only permit assessment of potential hazards but provide a

systematic framework for future safety monitoring and setting of regulationms.

Scope of Study

This study program was designed to identify and evaluate potential fire
and explosion hazards in o0il shale mining and processing by laboratory scale

tests and provide recommendations for mitigation and safety monitoring.

Procedures Employed ,

Initially, a series of scenarios was compiled describing hypothetical fire
and explosion incidents which could occur in o0il shale mining, crushing,
retorting, hydrocarbon processing and disposal of waste products. These
scenarios were based on extensive Tosco Corporation experience in mining and
processing. Central themes were combustion of broken and solid oil shale in a
mine, propagation of a methane explosion by raw shale dust, combustion of raw
oil shale dust below a crusher, fire initiated by a hot exhaust manifold,
spontaneous combustion of crushed raw oil shale, explosion in a hot gas
recirculation retort and a gas combustion retort, and explosion of spent shale
in a surface retort. Other scenarios addressed the potential problem of
explosion of high heating value gases in an in situ retort and a methane
explosion in an in situ retort.

Subsequently, a laboratory testing phase was started. 0il shales used in
the tests were selected so as to represent a broad spectrum of oil shale

richness (potential hydrocarbon pyrolysis yield) and particle size ranges.



oy

]
i
o

lm:«mw

oy

Extensive analyses were conducted for kerogen and organic carbon contents and
for yields of hydrocarbon volatiles, After thorough analyses, the oil shales
and pyrolysis products were subjected to laboratory fire and explosivity
tests. Testing for oil shales followed standard Bureau procedures used
extensively on coal, agricultural dusts, carbon black, and organic chemicals,
in order to rate the relative hazard potential of o0il shales to known
materials. The Colony oil shale mine was selected and extensively sampled to
evaluate the grade and quantity of oil shale dust remaining after earlier full
scale mining operations. Finally, the laboratory data obtained were used to

evaluate the scenarios previously formulated.

Major Findings

It was found that fire and explosivity properties of o0il shale increase
with oil shale richness and decreasing particle size. However, the data
showed that o0il shale dusts as rich as 35 gallon per ton Fischer assay oil
yield had a very low tendency to ignite or explode compared to most coal
dusts, These results are a reflection of the relatively low amounts of
hydrocarbon volatiles in oil shales.

Data from the dust loading study in the Colony mine showed that the total
potential yield of volatile hydrocarbons, assuming there had been no
degradation due to aging, was about one tenth the amount required to fuel a
propagating explosion.

Aging of 0il shale dusts over a period of several years reduces the
content'of volatile hydrocarbons and the corresponding fire and explosivity

properties.

xx1




The data and information from the completed program indicate that the

hazard of dust explosions is less severe than the hazard of fire in mine muck

piles or of the mine structure. Another hazard in mining appears to be that

of gases and vapors produced by heating oil shale from fires in, or adjacent

to, mine openings.
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1.0 INTRODUCTION

1.1 Authorization and Background

The work performed in this study was conducted under Bureau of Mines
Contract No. J0275001, awarded to Tosco Corporation on May 24, 1977. Work
was effectively started on June 16, 1976 by Denver Research Institute (DRI)
and Tosco's Rocky Flats Research Center near Golden, Colorado.

Almost every country in the world has deposits of oil shale. These
deposits vary in size, grade, and economic importance. ' At present, only
Estonia in the U.S.S:R. has a commercial oil shale industry which utilizes
underground mining. The Estonian oil shale grade averages greater than 50
gallons per ton (gpt) and is used mostly as boiler fuel for electric power
generation. Germany and Scotland have operated underground oil shale mines
in the past which, because of the availability of lower cost crude oil, are
presently uneconomic.

An oil shale industry in the U.S. has been on the verge of development
for over 20 years. Since the recent increases in crude oil prices,
commercialization appears to be closer than ever before. As an example,
major oil shale development projects are presently underway in the Piceance
Creek basin on Federal tracts Ca and Cb. Although both projects propose to
use modified in situ retorting, considerable oil shale will have to be mined

and brought to the surface for retorting.and/or disposal. Modified in situ




development, probably more than any other method, will require a close
evaluation of the safety aspects of fire and explosion.

The explosivity of oil shale dust was first investigated by the Bureau in
1926 (Allison and Bauer, 1926). These tests consisted of gallery tests in an
experimental facility used also for coal dust explosion testing. The results
of those tests indicated that oil shale dust could be made to explode and
that some precautions might be required to prevent oil shale dust
explosions. Studies at the Pittsburgh Technical Support Center of MESA since
1974 indicate that some oil shale dusts are potentially explosive if the
grade, organic content, and concentration are high enough.

During contract negotiations prior to award between Tosco and the Bureau,
several changes were made in the Scope of Work, as originally set forth in
the Request for Proposal. These modifications included performing all tests
as a function of particle size and organic content of the oil shales,
restricting testing to Colorado oil shales, and reducing the tests on retort
gases to include only those representative of direct and indirect heating in
above ground retorts and off gases from modified in situ retorting. 1In
addition, Tosco and DRI were specifically instructed to follow the Bureau's
procedures and to use the equipment as outlined in RI 5624 (Dorsett et al
1960) without modifications. This was necessary in order to establish a
correlation between the tests on o0il shale required by this contract with
data from the extensive tests on other materials made by the Bureau at

Bruceton, Pennsylvania.

1.2 Scope of Work

The objective of this study was to determine, by analysis and

experiments, the fire and explosion potential of oil shale and oil shale



dusts and vapors as they affect mining, crushing, spent shale handling, and
processing. The work was divided into three phases. Phase 1 required the
compilation of scenarios describing potential fire and explosion accidents
for all proposed methods of o0il shale development, processing, crushing and
disposal. These scenarios were presented orally to the Bureau for review and
approval.

Phase 2 included 1laboratory testing, collecting oil shale samples,
developing the data necessary to evaluate Phase 1 scenarios, and determining
if, and what, hazards may actually exist. The testing phase consisted of
determining limits of flammability, minimum ignition energies and
temperatures, fire spread rates and spontaneous combustion potential in
relation to Fischer assays, organic carbon contents, and particle size.

The final phase, Phase 3, consisted of completing the Phase 1 scenarios
in terms of data developed during the Phase 2 studies, The final report
includes suggestions and recommendations for mitigating fire and explosion
hazards, recommendations for regulations, if any are required, and
suggestions for procedures to be used by safety inspectors in monitoring
compliance with regulations, if any are required.

The completion of all three phases included presenting oral reports to
the Bureau in Bruceton, Pennsylvania. A technical modification to the
contract included collecting and analyzing the dust loading of the Colony

mine at Parachute Creek, Piceance Creek basin, Colorado.

1.3 Report Contents

The approach used in compiling and preparing this study has been to
divide the report into six sections consisting of an introduction, results
and conclusions of phases 1, 2, and 3, conclusions of the study, and finally,
the recommendations for future research programs. Sections 2.0 and 3.0 have
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been writtem so as to stand by themselves., Each section contains the
conclusions for that portion of the study. Section 5.0 presents the overall
conclusions resulting from collecting and analyzing data, and experience
gained during the course of the study. The final section on recommendations
outlines proposed research programs needed to answer questions or supply new
data on the fire and explosivity properties of oil shale.

Three appendices are included that contain basic data referred to in the
body of the report. Several papers written during the study concerning
various phases of testing or equipment analysis, are also included.
Laboratory Data Letters (LDL) by Tosco, completed before or during.this study

and referenced in the report text, are included in Appendix B.



2.0 PHASE 1 STUDIES

2.1 Purpose and Scope

The objective of Phase 1 was to identify potential fire and explosion
hazards in oil shale mining and processing by creating a minimum of six
representative scenarios of fire and explosion accidents. An extensive
background in o0il shale mining and retorting technology, along with detailed
literature reviews, was used in creating these scenarios. All existing and
planned mining, crushing, handling, and processing methods were considered in
scenario development and hazard evaluation. Questions and hazards postulated
by each scenario were then used to determine the course of laboratory testing
in Phase 2. The purpose of the testing program was to develop and quantify

data needed to evaluate the postulated hazards.

2.2 Review of Literature

A large body of literature, both technical and practical, exists on fire
and explosion of carbonaceous dusts, chemical properties of o0il shale and oil
shale dusts, and mining and processing of oil shales. The ignition and
explosion of dust is a complex phenomenon involving space-time variations in
ignition energy, dust density, the physical and chemical properties of the
dust, ambient conditions, and the nature of confinement (mine or laboratory

model). Obviously, considering.these numerous variatioms, it is a difficult




task to design a test apparatus and procedure that represents the actual full
scale situation.

Fire tests have been carried out for years using techniques such as
corner tests, pan fires, surface flammability, -etc.; however, these
techniques are not readily adaptable to oil shale rubble. In addition, past
research on spontaneous combustion is not developed to the point of
predicting auto-oxidation potential. Retort gas flammability is another area
in which little research has been done. Retort gases are complex mixtures of
hydrocarbons, hydrogen, hydrogen sulfide, and ammonia. Simplé calculations
(LeChatlier) can indicate a lower explosive limit, but how these compare to

reality is debatable.

2.2.1 Fire and Explosivity of Carbonaceous Dusts

Using apparatus and procedures of Dorsett et al (1960), Jacobson et al
(1961) studied the explosive hazards of agricultural dusts. Explosivity data
were presented on 45 agricultural products. The authors suggest a number of
ways to reduce dust explosion hazards, including good housekeeping,
prevention of dust dissemination, elimination of ignition sources, use of an
inert atmosphere or explosion-suppression devices, and venting.

Using similar procedures, Dorsett and Nagy (1968) investigated the
explosivity of 73 chemical compounds and mixtures, 29 drugs, 27 dyes and 46
pesticides. The authors determined that the explosivity index increases as
the dust particle size decreases. In addition, they found that organic
compounds containing nitrogen tend to have high explosivity indexes and,
further, that halogen substitution in organic molecules tends to reduce

explosivity.



The explosivity of a variety of carbonaceous dusts was investigated by
Nagy et al (1965). Dust explosion data were obtained using the RI 5624
apparatus and procedures, Dorsett et al (1960). Materials studied included
activated carbon, asphalt, charcoal, carbon black, coal, coke, gilsonite,
graphite, lignite, pitch, tunnel dust and miscellaneous carbons. Their major
conclusion was that the explosion hazard tends to increase as the volatile
content of the dust ingreases.

In a review of investigations of coal mine explosions done in previous
years at the Bruceton experimental mine, Hartmann (1957) reports a number of
conclusions: (1) coal dust can produce widespread explosions in the absence
of methane; (2) coarse coal dust, as coarse as 20 mesh, may take part in
mine explosions, but the fine particles control the ease of ignition, the
violence and the speed of flame propagation; (3) the combustible volatile
content of coal has an important effect on the explosivity of coal dust;
(4) any increase in the incombustible constituents of coal is accompanied by
reduction in explosivity of the coal dust; (5) the presence of natural gas
in the air current, even at concentrations below the lower explosive limit of
methane, about 5%, enhances the ease of ignition of coal dust and makes it
more difficult to arrest an explosion; (6) the minimum explosive
concentration of fine bituminous coal dust in air was determined to be on the
order of .0.05 ounces per cubic foot.

Hartmann further reported that coal dust deposited on rib and roof
surfaces or on overhead timbers is generally a finer size, is more readily
dispersable and ignitable, and constitutes a greater explosion hazard than
coal dust on the floor. Further, explosions initiated by strong sources,
that is, high energy sources, develop faster, do more damage, and are more

difficult to arrest than explosions initiated by weak sources.




Other Bureau authors (Nagy et al, 1964) discuss properties of float coal
dust, i.e., dust having a particle size of 74 microns (200 mesh) and less.
These dusts are transportable in ventilating air currents, and similar dusts
would be present in active oil shale mines. Full scale tests at the Bruceton
experimental coal mine showed: (1) the intensity of an explosion, i.e., the
product of pressure and flame velocity at the flame front, increased as the
particle size of the coal dust decreased; and (2) the percentage of
incombustible required to arrest explosion propagation increased with the
quantity of float coal dust.

The effect of added rock dust on the explosivity of coal dust was
reviewed in detail by Richmond et al (1975). Based on full scale mine
explosion tests, Richmond and his co-workers demonstrated that increasing
rock dust decreased flame speed, decreased flame pressure gradient, decreased
length of flame travel and, above a certain level, converted an explosive
propagation situation to non-propagating. Rock dust acts both as an inert
ingredient and, in chemical decomposition, as an energy sink- reducing the
energy of an explosionm.

Spontaneous combustion and its detection are discussed by Hertzberg
(1978). The Bureau's approach is to directly measure spontaneous combustion
by determining the rate of self-heating. in an adiabatic calorimeter.
Calorimeter data show that the various methods of evaluating relative
reactivities correlate reasonably well with one another. The rate of
temperature rise in the adiabatic calorimeter correlates well with the rate

of production of carbon monoxide and carbon dioxide.



2.2.2 Chemical Properties of 0il Shale

0il shale has been defined as "a wide variety of laminated, solidified
mixtures of argillaceous (containing clay) sediments and organic matter
having the common property of yielding o0il upon destructive distillation, yet
being but slightly susceptible to the action of solvents" (Guthrie, 1938).

0il shales of the Green River Formation of Wyoming, Utah, and Colorado
are lacustrine, sedimentary deposits of Eocene Epoch. These oil shales are a
mixture of kerogen, a high molecular weight organic polymer, and an inorganic
matrix consisting mostly of calcite and dolomite. A typical analysis of the

minerals in oil shale is given as follows (Smith, 1969):

Weight
Component Percent
Dolomite 32
Calcite 16
Quartz 15
Illite 19
Albite 10
Microcline 6
Pyrite 1
Analcite 1

The calcite and dolomite provide a chemically basic environment for the
kerogen and absorb heat if they are decomposed to the calcium and magnesium
oxide components.

A typical analysis of the kerogen component is as follows (Smith, 1961):

Weight Percent

Component Organic Component
Carbon 80.52
Hydrogen 10.30
Nitrogen 2.39
Sulfur 1.04
Oxygen 5.75

The hydrogen to carbon ratio in kerogen is ‘generally higher than ratios

found in coal, but lower than ratios found in petroleum hydrocarbons. The
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nitrogen content of kerogen is responsible for the high nitrogen content of
the produced shale oil.

The only feasible methods of converting the organic material in oil shale
to useful hydrocarbons are gasification and thermal pyrolysis. Primary
interest is in liguid hydrocarbons and thermal pyrolysis. Since in both oil
shale and coal, thermal pyrolysis involves breaking carbon-carbon chemical
bonds, the temperature requirements are quite similar. Retorting begins at
about B8009F and proceeds vigorously in the range 900 to 1000°F. With oil
shale averaging 33 gpt, the final product mixture contains about 82.47% spent
shale (containing 5% organic carbon), 12.6 wt% condensed oil, 3.5 wt% gas
having a heating value of around 700 Btu/scf and 1.2 wt% water. The large
yield of processed shale, even with rich oil shales, represents a significant
limitation on commercial processing. However, the relatively high hydrogen
to carbon ratio of Green River o0il shale kerogens permits high yields of
vaporized hydrocarbon in comparison to coals.

As will be seen in the following: sections, the presence of calcite and
dolomite in oil shale, acting in similar fashion to rock dust used in coal
mines, renders o0il shale somewhat safer from a fire and explosivity
standpoint., This is due to action as an inert ingredient and as a substance
which absorbs heat on treatment at high temperature. In additiom, the
organic volatiles content of o0il shales is low in comparison to most coals

and other hydrocarbon materials.

2.2.3 Chemical Properties of 0il Shale Dust

0il shales produced from secondary or tertiary crushers have particle
_sizes ranging from 3 to 4-inch size to fine powder. Raw shale feed for the

TOSCO II retort has a size range of 0.5-inch to fine dust. It has been
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repeatedly demonstrated that there is a relationship between the Fischer
assay of a dust, taken from a common mass of crushed raw shale, and particle
size. For example, Goodfellow (LDL, 1969) conducted screen analyses of feed
raw shale to the TOSCO II retort and ran Fischer assays on representative
samples of each of the screen size fractions. As a typical case, it was
found that whole crushed oil shale with a top size of 0.5-inch and a head

assay of 31.3 gpt, produced the following:

Screen Size

(US Mesh) Gpt
+20 32.1
-20 +40 25.2
-40 +80 24.6
-80 18.2

Richmond and Miller (1977) conducted screen analyses of mine and
grind-house area dust taken at the Anvil Points mine. Screened fractions
assayed ranged in size from +500. to -44 micrometers, and corresponding
Fischer assay data showed a gradual decrease as the screen size decreased.
In addition, Richmond showed that grinding.an oil shale sample of 3/4" x 0"
size to a nominal -200 mesh (-75 microns) did not decrease the Fischer assay.

Except for the concentration of inerts in the fine fractions and the
surface oxidation of these high surface area materials, discussed in Section
2.2.4, o0il shale fines have chemical properties which are very similar to

larger sized oil shale particles.

2.2.4 Effect of Aging on Chemical Properties of Qil Shale

Crushed oil shale, one inch or larger in size, appears to be stable in
long term storage at ambient atmospheric conditions. The surface of shale

particles becomes oxidized, with the oxidized layer tending to protect the
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underlying oil shale matrix. However, in the case of o0il shale dust, the
resistance to oxidation is less, due to the high surface area to volume
ratio.

0il shale dusts, once formed in a mine or at a crusher site, will tend to
oxidize slowly on standing thus affecting the fire and explosivity
properties. Thorne et al (1951) reports that, in general, oil yields of
preheated shales (200-300°9C) decreased as the preheating periods and oxygen
contents of the preheating gases were increased, and as the particle size of
the samples was decreased.

Tests were conducted on artificial aging by Coomes and Sommer (1977).
0il shale samples ground to -65 mesh were spread in thin layers on aluminum
trays and placed in an oven in contact with air for varying periods of time.
Heating in this manner at 120°C for five days resulted in a decrease of
Fischer assay oil yield to 77% of its original value. A corresponding
reduction in the organic carbon content of the raw shale was significant but
proportionately much less. The net result of aging under these circumstances
is to decrease the Fischer assay oil yield, but in a manner disproportionate
to the loss of organic carbon.

In tests carried out at a lower temperature (70°C), again in contact
with air, the same —-65 mesh oil shale suffered an o0il yield loss to 84% of

its original value in three months.

2.2.5 ‘Fire and Explosive Properties of 0il Shale Dust

The earliest work on testing fire and explosivity properties of oil shale
dust was conducted by the Bureau at Bruceton in 1926 (Allison and Bauer,
1926). The authors tested oil shale dust in a laboratory steel dust gallery
made up of a steel pipe of 8 inches inside diameter and 17 feet long. A
cloud of the test dust was raised in the pipe by means of compressed air and
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a loose powder flame was fired into the dust cloud. Explosivity was
determined by the flame length. Although information in the publication is
not clear, the authors maintain that oil shale test samples, averaging in
richness down to 8 gpt, were explosive. This conclusion is based on the fact
that the test flame length exceeded the flame length of combustion of the
igniting powder alone. Other information in the report does not support this
conclusion. The authors state, however, that the oil shale dusts tested were
explosive, and that their explosiveness increased with their combustible
content.

Kawenski (1974) of the Bureau at Bruceton tested two samples of oil shale
dust from the Colony Parachute Creek mine. One was an old mine dust sample
taken from a mine pillar and the second an o0il shale crusher dust. The
former assayed 23 gpt and the latter 33 gpt. Using the equipment and
procedures of RI 5624, minimum ignition temperatures of dust clouds obtained
were 540 and 5300C, respectively. No ignition was observed in tests in the
Hartmann lucite apparatus. However, in the steel Hartmann, the 33 gpt shale
ignited at a dust concentration of 0.5 oz/ft3 and above. The 27 gpt shale,
old Colony mine dust, did not ignite in the steel Hartman apparatus at
concentrations as high as 2 oz/ft3.

Laboratory tests, utilizing the apparatus and procedures of RI 5624, were
conducted on a series of oil shale samples varying in richness from 6.3 to
64.8 gpt and ground to =200 mesh (Kawenski and Jacobsen, 1974-1975).
Utilizing the Godbert-Greenwald furnace, minimum ignition temperatures of
dust clouds ranged from a high of 7109C for the 6.3 gpt sample to a low of
4700°C for the 64.8 gpt sample. Experiments in the lucite Hartmann
apparatus resulted in no ignition for samples having up to 30.9 gpt assay.

Richer samples ignited with an average minimum concentration of 0.28 oz/ft3
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for the 33.6 gpt sample and 0.1 oz/ft3 for the 64.8 gpt sample. Utilizing
the pressure steel Hartmann apparatus, ignition was effected with 33.6 gpt
and richer samples. In the richer samples, the minimum concentration of dust
which underwent ignition decreased as the richness of the oil shale dust
increased. Due to the fact that even the lean oil shales ignited and burned
vigorously over a Bunsen burner, and that all samples ignited when heated by
a hot surface, Bureau personnel drew the conclusion that all samples would
present a dust explosion hazard. Data on tests in the Godbert-Greenwald
furnace, which indicate that both dust clouds and dust layers of all tests
were readily ignited, further supports the conclusion.

More definitive work has been done by Richmond and Miller (1977) of the
Bureau at Bruceton. These investigators worked with oil shale samples from
the Anvil Points mine, which were crushed and finally ground to a nominal
=200 mesh size consist. These prepared dust samples were blended to make
five large samples varying in average Fischer assay from 19 to 50 gpt. The
dusts were tested by spreading in the experimental mine at Bruceton, followed
by attempted explosions initiated by a mixture of natural gas and air.
Results obtained were described as ‘''propagating", ‘'"marginal', and
"non-propagating".

A total of 17 tests were run in the Bruceton mine. The authors concluded
that at least 0.05 ounces of volatiles per cubic foot of mine space were
required for a propagating explosion. The volatiles were assumed to be
equivalent to the sum of Fischer assay oil plus ‘gas yields. In tests with
addition of rock dust it was determined that rock dust is somewhat more
effective in inhibiting explosions than is the inorganic matter in oil
shale. This was believed to be due to the fact that the inorganic in oil

shale is only about one half mineral carbonates, while rock dust is almost
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entirely calcium carbonate. They also concluded that oil shale dust will
propagate explosions at much greater incombustible content than in the case
of coal dust/rock dust mixtures. Tentative explanations offered for this
finding are that kerogen pyrolyzes at a lower temperature than coal and/or
the kerogen pyrolysis products contain more hydrogen than coal.

The minimum concentration of volatiles, i.e., Fischer assay volatile
combustibles, required for explosion is virtually independent of the amount
of incombustibles in the o0il shale dust over the range tested., The critical
concentration of volatiles, 0.05 ounces per cubic foot, is about the lean
explosive limit for most hydrocarbons and the same lean explosive limit as
observed in the case of Pittsburgh coal for explosive propagation. The lean
explosive limit of 0.05 ounces of volatiles per cubic foot of mine space is
not claimed by the authors to be the final word on such matters, but
represents a convenient and reasonable level and will be utilized extensively
in Section 3.2.4 in evaluation of the data.

The authors also determined that a dust layer demsity of 0.2 pounds of 30
gpt oil shale per square foot would be required to form an explosive mixture
on all six surfaces of a room 50 x 60 x 70 feet. This amounts to a layer of
dust 0.038-inch thick which, as will be discussed in other sections, is much
greater than has been found an existing oil shale mine.

Finally, the authors conducted some spontaneous ignition tests on oil
shale dust and found that 46 gpt oil shale dust will ignite at a dust
temperature of 1300C. A shale dust of 25 gpt richness required a dust

temperature of 180°C for ignition.
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2.2.6 Problems Relating to Methane in Association with 0il Shales

There are two major problems relating to the presence of methane in coal
mines. Methane layering may lead to explosive mixtures of methane in air,
and the presence of methane in dust clouds may lead to a lowering of the
minimum explosive dust concentration and ignition energy of the dust cloud.
One of the purposes of this study was to determine if a synergism existed in
methane/oil shale dust cloud emission and explosion tests, Results are
discussed in Section 3.0. Another major concern was the presence of methane
in o0il shale mines. Kissell (1975) states that the experimental oil shale
mine at Anvil Points was operated for many years without methane. ever being
detected in the ventilation air. However, Kissell, in separate tests,
measured methane evolved from oil shale cores. With limited data, he has
concluded that the amount of methane released by oil shale core is somewhat
dependent on the distance from outcrop and the amount of overburden. In any
case, the amounts of methane released are much lower than normally
experienced with cores from coal mines.

More extensive work was published by Matta et al (1977) and indicated
that oil shale samples would absorb methane under pressure. The amount
absorbed and subsequently released was proportional to the pressure and, more
interestingly, proportional to the richness or kerogen content. Additional
tests with fresh oil shale cores confirmed that methane release increases
with distance away from the outcrop and depth. It was also found that, with
identical overburden and distance from the outcrop, methane release increased
with oil shale richness. In all cases, methane evolution from oil shales was
lower than that observed in coal cores by one order of magnitude.

A tentative conclusion may be reached that any methane problems in near
surface oil shale mines will likely be due to leakage into the mine from
adjacent gas pockets, and not to methane absorbed in oil shales.
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2.3 - Summary of 0il Shale Mining Experience

This status report of o0il shale mining. experience and technology in the
United States includes a brief description of the most prominent activities
currently in progress. A first commercial oil shale project will have an
unprecedented advantage over most mining operations started in new mining
enviromments because of the numeroué, prototype mining operations that have

been successfully conducted in Colorado.

2.3.1 ‘Anvil Points, Colorado, 1945-1956

The first large scale experiment in oil shale mining was authorized by
Congress in 1944. The major objectives of mining were to feed a retort and
develop and test mining methods and equipment that would produce large
quantities of o0il shale safely and at minimum cost.

The results of the Bureau's program (East and Gardner, 1964) provide a
clear understanding of what was accomplished, how it was done, and set forth
sensible ‘goals for the oil shale venturers that followed. Rooms 60feet wide
were mined, pillars were 60 feet square. Mining was conducted before the
advent of ammonium nitrate underground, so conventional powder was used.
Drill hole size, depth, pattern and drill round dimensions suitable for the
reach and capacity of equipment then available were optimized. Rock bolts
were used and adapted for oil shale. Platforms for high scaling.and roof
control were developed and the first guidelines for using rotary drills in
0il shale were established.

Anvil Points, run by the U.S. Bureau of Mines, replaced many
uncertainties and mysteries about oil shale mining with facts. They also
established an understanding:of the behavior of oil shale around an opening,

demonstrating that 80 feet was too wide for rooms at depths from 600 to 800

17




feet, confirmed that room and pillar mining was a sensible method, and most
importantly, established that oil shale could be mined safely with large

equipment operating in large underground oPenihgs at low cost.

2.3.2 Union 0il Company, 1955-1958.

The Union mine is located in the lower east fork of Parachute Creek.
With Utah Construction Company, the predecessor of Utah International, as
their mining contractor, Union established an underground experimental mine
for the purpose of feeding the Union retort, to determine the conditions
underground, and to test mining methods and equipment. Underground mining
consisted of a single adit 28 feet high by 30 feet wide extending 400 feet to
a "Y" intersection from which two additional 110 foot drifts were driven.
Over 70,000 tons of o0il shale were mined during their experimental
underground mining program.

Union experimented briefly with rotary drilling, achieving penetration
rates as high as 13 feet per minute. Blasting studies proved for the first
time that ammonium nitrate-fuel oil (ANFO) was safe and effective in the
mining of oil shale. It was also noted that oil shale characteristically
tends to break with some large pieces not consistent with the drill hole size
and spacing.

In several instances, the Union work was an extension of the program left
unfinished at Anvil Points. In particular, Union made a useful contribution
to the advancement of drilling and blasting technology for oil shale mining
and reaffirmed that oil shale could be safely mined from underground at high

rates and low cost,
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2.3.3 Mobil 0il Company, 1964-1968

Mobil Oil Company re—entered the Anvil Points demonstration mine in 1965,
mining a small quantity of oil shale for retort feed. A new room and pillar
experimental mine was opened nearby in late 1966 for the purpose of testing
techniques and equipment for large scale mining. The target for this study
was an oil shale bed 78 feet thick that included the richest part of the
Mahogany Ledge.

The major objectives of the mining program were to collect geo-technical
data useful to a rock mechanics research program, optimize drilling and
blasting procedures and results, develop industrial engineering. data with

economics, and test and evaluate equipment. These and other objectives

‘provided information for a commercial mine design and cost estimate (Sellers,

Haworth, and Zambas, 1972).

In the 13 months prior to April 1968, Mobil mined 500,000 tons at an
average production rate of nearly 2,000 tons per working day. Although data
collection and not production was the principal objective, mining rates to
4,000 tons per day were reached in order to test and optimize equipment and
performance data. Using a basic room and pillar design, the experimental
mine layout consisted of four parallel headings, 60 feet wide and 78 feet
high, separated by rib-pillars 40 feet thick. Upper level headings 40.x 60
feet and a 38 x 60-foot bench on a lower level were used. The lower level
system resembled quarrying.

Each heading round produced about 4,000 tons of broken oil shale. After
completing the rooms, (headings or lanes), the rib—pillars were crosscut full
height with a single blast, 78 x 40 x 40 .feet, that produced about 9,000 toaus.

Ventilation, hauling, and scaling together with other studies,

established for Mobil that mining o0il shale using large openings and a
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modified room and pillar method is technologically feasible and safe. These
experiments also demonstrated that perhaps 80% of the o0il shale could be

recovered in overburden less than 600 feet thick.

2.3.4 Colony Development Operation, 1964=Present

The prototype mining program by Colony had the same general objectives as
the test mine at Anvil Points and the Union 0il mine. However, it was
intended to proceed directly from prototype mining into a 66,000 ton per day
commercial mine (Crookston, '1975). To date Colony has mined more than
1,200,000 tons of o0il shale to feed their semi-~works retort operations and
optimize mine design, economics, and equipment selection.

Initial plans are to use room and pillar mining with headings and benches
in the richest 60-foot section of the Mahogany zone. The commercial mine
will use rotary drills for both heading and bench, blasting with ANFO,
non-electric primers, and rock bolts for roof control. Large mechanical
scalers will remove loose rock from the face and ribs (the roof pulls to a
clean parting), and loaders and trucks will move the oil shale to a primary
crusher. ‘Approximately 6,000,000 cubic feet per minute of air are required
to provide fresh air to the mine and to dilute and remove fumes from blasting

and diesel powered equipment.

2.3.5 Paraho, 1964-Present

With assistance from Cleveland Cliffs Iron Company, Western Division,
Paraho is qperating the old Anvil Points mine to supply feed for their retort
operations. They have mined more than 300,000 tons of shale by the
conventional room and pillar method, in mine openings that are a nominal 40

feet high by 55 feet wide (Pforzheimer, 1977). Although their objective is
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production not research, they have demonstrated by their extensive operatioms
that large equipment can mine oil shale from large openings in a room and

pillar mine, safely and at minimum cost.

2.3.6 Occidental 0il Shale Company, 1973-Present

Mining will be the key to success of the modified in situ development
program on Mount Logan, near DeBeque, Colorado. Multiple levels of access to
large rubble-filled in situ retorts is a major mining undertaking. Mining of
these adits, drifts, crosscuts and raises, and the horizontal and/or vertical
slots inside the retorts, is done essentially by conventional mining.
However, the perfecting of a drill-blast technique that will rubblize oil
shale uniformly enough for satisfactory retorting operation and efficiency is
a difficult and ongoing project (Ridley, 1975).

Occidental and Ashland 0il Company are partners in developing Federal oil
shale tract C-b where large scale confirmation tests of rubblizing and
retorting techniques developed at Logan Wash are planned. Comstruction of
shafts and other facilities, in preparation for the advanced testing program,

will probably be completed in the-mid 1980's.

2.3.7 Rio Blanco 0il Shale Company, 1973-Present

As with the Occidental modified in situ process, mining plays an
important role in the successful retorting with the RISE process for modified
in situ (Rio Blanco Project, 1978). Both commercial processes require
development of access by shafts, drifts, raises, and/or inclines to
facilitate rubblizing the retorts. The most significant difference in mining

is inside the retort. Whereas, Occidental excavates rock from the retort to
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provide swell room for rubblizing, Rio Blanco removes rubble by conventional
sublevel mining methods to provide room for swell.

Rio Blanco is now sinking a shaft for their modular development phase
program. They will burn several retorts to gain experience with their
previously untested process, and to confirm the feasibility of their plams.

The commercial phase is expected to commence by about 1987.

2.4 Summary of 0il Shale Processing

0il shale processing has been under development in the United States for
approximately 50 years without reaching true commercialization. 'Full scale
commercial industries have existed in certain foreign countries. The
fundamental steps in o0il shale processing are mining and heating. These
steps may be carried out underground, as in the modified in situ concept, or
above ground in a variety of well developed processes,

The thermal or heat processing of mined oil shale involves steps of:

e Preheating.

° Retorting.

® Combustion to produce process heat.
® Processed shale cooling.

. Hydrocarbon recovery.

Generally, preheating of oil shale is conducted by contact with hot
gases. This step reduces the heating requirements in the actual retorting
step, which takes place at approximately 900°9F. Retorting is effected by
either direct heating, utilizing process heat from burning spent shale or

part of the product mix, or by indirect heating, utilizing hot gases or hot

solids.
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2.4.1 Direct Fired Processing

The first major direct fired retort process of interest was the
Nevada-Texas-Utah retort (NTU) investigated extensively by the Bureau at
Anvil Points in the late 1940's. This concept involved burning a column of
broken shale rock, from the top to the bottom, in a vessel using a downward
flow of air and product gas for preheating, retorting and combustion.
Product oil was removed from the cooled bottom of the retort and pumped to
storage.

The modified in situ process involves the same concept operating
underground. Sufficient o0il shale is mined to provide void space in a rubble
filled chimney created by explosive fracturing. Retorting is from top to
bottom with the product 0il recovered from a sump at the bottom of the rubble
filled chimney.

Other examples of the direct fired concept are the Paraho direct retort,
operated by the Paraho Group at Anvil Points, and the Union A retort, tested
extensively by Unionc 0il Company at a site northwest of Rifle. The Paraho
direct process utilizes combustion of a downwardly moving column of oil shale
with the product hydrocarbon taken from the top of the retort. The Union A
retort utilizes combustion of an upwardly moving column of oil shale with

bottom removal of hydrocarbon products.

2.4.2 Indirect Fired Processes

Indirect fired processes can be segregated into those using hot gas and
those using hot solids as the heat carrier. One process, utilizing hot gas,
is the Paraho indirect concept, in which downward moving shale is heated to
pyrolysis temperature by an upflow of externally heated product pyrolysis

gas. The Union B concept is the reverse; an upward moving column of oil
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shale is heated to pyrolysis temperature by a downflowing  stream of
externally heated pyrolysis gas.

Processes involving the use of externally heated solids to provide
process heat for oil shale pyrolysis are the TOSCO II and Lurgi. In the
TOSCO II concept, oil shale moving through a horizontal rotating kiln 1is
heated to pyrolysis temperature by ceramic pellets which have been fired by
combustion of gas or oil in a separate heating vessel. The Lurgi concept
involves similar heating, in a horizontal rotary kiln, of oil shale with hot
shale ash obtained by burning the carbon on the spent shale obtained directly

from the retort.

2.4.3 General Comments

Mining and feed preparation involves handling vast amounts of dry, dusty,
carbonaceous solids. Safety considerations dictate an awareness and
knowledge of conditions leading to spontaneous combustion, burning, ignition,
and explosion. In preheating and retorting, a high temperature regime, 500
to 14000F is required, in which carbonaceous solids and hydrocarbon vapors
must be processed, separated, and recovered. Problems of handling hot, dusty
carbonaceous solids are compounded by the presence of high temperature
hydrocarbon streams. Fortunately, high temperature hydrocarbons are
routinely and safely handled in refineries and petrochemical plants and by

themselves, would not represent unfamiliar safety problems.

2.5 Identification of Hazards

The scenarios that were developed during Phase 1 helped provide a
checklist of potential safety hazards. This checklist made it possible to

identify the materials to be tested, and in part, the nature and extent of
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the tests and experiments that were, and/or are necessary to establish, where
scale is important, the hazards of full scale operations.

By this process, it became readily apparent that the fire and combustion
hazards that are unique to oil shale are few in number when compared to the
co~existent hazards that are associated with mining and processing: oil
shale. The associated hazards for the most part have been previously
identified, and where necessary, their hazard measured and regulated.
Therefore, for the purpose of this project, those hazards are of incidental,

and not primary interest. A checklist of potential hazards is outlined below:

e 0il Shale Derived Hazards
Raw shale in place
Raw shale broken by blasting
Crushed raw shales
Raw shale dust
~-8pent shale
Spent shale dust
Raw and processed shale oil
Retort vapors, gases, and mists

® Associated Hazards
Machinery and equipment
Maintenance supplies, tires, belting, etc.
Conveying equipment
Methane
Ammonium nitrate-fuel oil (ANFO)
Dynamite and other explosives
Explosive detonators and primacord
Fuel, oil and grease
Timber and frame structures
Hydraulic fluid
Trash and waste
Oxygen and acetylene
Butane, propane and natural gas space heaters
Ventilation equipment, fans, doors, conduit, etc.
Mine electricals
Static electricity
Natural phenomenon
Weliding and cutting
Ground water
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2.6 Scenarios

The preparation of scenarios was an important requirement of Phase 1,
The definition of scenario, in terms of the preparation and application of
the scenarios for this study, should be as expressed as follows: a scenario
is not a prediction of what is likely, rather it is a statement of what is
possible.

Concurrent with the identification of hazards (Section 2.5), thirteen
scenarios were prepared, The derivation of the potential hazards was
facilitated by these scenarios. In addition to the scenarios developed
during Phase 1, three scenarios postulating the hazards of modified in situ
mining and processing, were prepared. In order to achieve better balance
among mining, crushing, materials handling and processing, three of the final
scenarios are in mining, ome in crushing, one in ore storage, three in

surface retorting and three in in situ retorting.

2.6.1 Combustion of Broken and Solid 0il Shale in a Mine

During the last shift of a 20-shift work week, a front-end loader in a 30
by 50~foot heading has a hydraulic hose support bracket and coupling broken
by a falling rock. The mishap occurs as it loads shale from the part of
2000-ton muck pile nearest a rib. The operator backs the machine 50° feet
away from the muckpile, shuts it down, and sends the truck to another
heading. During the process of backing up, flammable hydraulic fluid is
sprayed on the rib and floor.

The hydraulic hose coupling is replaced and the bracket repaired by
welding; by the end of the shift the machine is moved out of the heading.

The portable ventilation fan directed into the heading is left on.
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During the twenty-first, or repair shift, smoke and fumes are detected by
maintenance personnel. Before the source of the combustion is located and
the fire extinguished, a substantial part of the muckpile and a portion of
the rib that was sprayed with hydraulic fluid have been burned. The fire was
started by sparks and slag from cutting and welding which ignited dust andv
shale rubble on the floor that had been sprayed with oil. Fire then spread
along the floor to the oil soaked rib and to the muckpile. The fire also
spread across some parts of the floor not sprayed with oil. Heat and flames
from the fire in the muckpile spread also to the face and ribs adjacent to
the muckpile. Fire and heat caused spalling of the roof and ribs which added
to the fire and increased the depth of penetration of combustion into the
roof and ribs.

This scenario raises the following questions:

® Combustibility of mine rubble.

° Propagation of combustion in ribs, and roof.

o Rate and intensity of combustion.

) Effect of intense heat on ribs, roof, and pillars, including

spalling from thermal expansion, which could expose fresh surfaces,
and the influence of joint and fracture density on the foregoing.

) Effect of o0il shale grade on the ignition and 'propagation of
combustion.

® Effect of the particle size distribution of the rubble.

) Relationship of Fischer Assay and Tosco Material Balance Assay to

total volatile content and total combustible content.

2.6.2 -Propagation of a Methane Explosion by Raw Shale Dust

A routine blast in a mine development heading at the end of the shift,

ruptures a pocket of methane that had not been penetrated by drilling. The
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ventilation fans are left on long. enough to remove the smoke and fumes from
blasting. The majority of the raw shale dust particles from the blast,
settle on the muckpile, adding to the concentration of dust already deposited
on the roof, ribs, and floor by previous blasting.

During the next shift, a ventilation work crew extends the ventilation
pipe and moves the portable face fan forward in the heading. The main
exhaust fan is turned off while the ventilation pipe is extended. At the
same time, the portable fan is turned off and moved forward in the heading.
During ‘the interruption of air flow, the methane concentration at the new fan
location reaches an explosive level. When the fan is turned on, an electric
spark ignites the methane, resulting in an explosion, which is expanded and
intensified by the raw shale dust in the heading. Loss of life and heavy
damage extend well beyond the point where the explosion is propagated by the
raw shale dust.

This scenario raises the following questions:

® Explosivity of raw shale dust.

® Concentration and grade of airborne raw shale dust necessary for
detonation.
® Dust loading in and around openings in relation to the volume of the

adjacent opening that is necessary to propagate an explosion.

) Ignition energy.
° Effect of particle size distribution (fineness) on explosivity.
® Intensity of a methane/oil shale dust explosion.
2.6.3 Combustion and/or Explosion of Raw 0Oil Shale Dust Below a Crusher

Probably the greatest concentration of airborne and settled dust in a

crushing operation occurs in hoppers below crushers and screens,
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A érusher hopper 1is empfy. The hopper discharge conveyor 1is partly
covered with raw shale. Typically, the hopper has several '"shelves" piled
with dust. A repairman enters through a side hatch to repair the hopper.
While climbing into the hopper and dragging a cutting torch to the repair
site, he knocks enough dust from shelves to cover the conveyor belt, which is
also the hopper bottom, with a layer of dust. Before the heavy concentration
of airborne dust subsides, he lights the cutting torch. One, or both, or
neither of the following occurs: 1) the flame causes a dust explosion, 2)
sparks and slag from cutting fall onto shelf dust and also the dust covered
conveyor belt, causing a fire.

This scenario raises the following questions:

® Explosivity of airborne dust in a methane-free atmosphere.

° Rate and intensity of the explosion.

) Combustibility of dust by spark, slag or fire.

) Rate and intensity of combustion.

' Effect of grade and particle size distribution on explosivity, or

combustibility of crusher dust.

2.6.4 Fire and/or Explosion from a Hot Exhaust Manifold

After a multiple-heading blast failed to detonate; two blasters drove to
the vicinity of the charged headings to locate and eliminate the trouble.
They separated, each to check several headings. When the first man was
finished, he walked out, checking the main blasting line on the way. The
second man soon followed. When they reached the blasting stationm, they
realized their vehicle had been left in the mine. Knowing a large pillar
would protect it from damage, they proceeded to detonate the explosive

charges.

29

EY




The engine in the vehicle had been left running. A poorly maintained
exhaust manifold cooling system soon caused the exhaust manifold temperature
to exceed the auto-ignition temperature of the layered shale dust on the
exhaust manifold. The mine blast occurred just as the fire reached its
maximum intensity. The burning. shale caused the heavy concentration of
airborne dust to explode. The explosion propagated by '"shelf dust" extended
well beyond the settling. limits of the airborne dust from the blasts.

This scenario raises the following questions:

® Auto ignition temperature of raw shale dust.
® Explosivity of raw shale dust.
) Concentration and grade of airborne dust necessary for detonation

and propagation of an explosion.

2.6.5 Spontaneous Combustion of Raw 0il Shale

At a commercial oil shale complex, a large stockpile of minus 10-inch
crushed raw shale is required to ensure efficient and continuous mining
operations and also accommodate the retort. About 40 percent of the coarse
ore stockpile is live. The rest of the pile is drawn from infrequently and
then only for short periods of time.

The secondary crushing plant includes 350 ton storage bins, each feeding
one of several crushers. When a crusher is down, the storage bin may be
unused for several weeks.

Spontaneous combustion begins in the '"dead" part of the coarse ore
stockpile, and continues without detection until several thousand tons are
involved. The fire is controlled and eliminated by mixing the hot shale with
cold shale as it is pushed into the reclaim feeders. This mix is cool enough

to transport on the conveyor belt that feeds the secondary crusher bins. One
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nearly empty, inactive bin is filled with the warm shale. The warm shale
eventually re-ignites, the combustion is not detected until the heat, fumes
and vapors are very evident,

This scenario raises the following questions:

) The potential for spontaneous combustion of raw oil shale.

® Effect on spontaneous combustion of grade, size distribution,
chemical composition, moisture and weather.

) Safe temperature of cooled shale that will eliminate the possibility
of re-ignition.

2.6.6 Fire and Explosion in a Hot Gas Recirculation Retort

A recycle gas compressor provides the pressure to circulate gas through
the recycle gas heater, retort, and gas/oil separator in a hot gas
recirculation retort., After several months of operation, the compressor
develops a knocking: sound causing. a shut-down of the retort to allow
inspection of the compressor bearings and rotor. During the shut-down, the
compressor and the inlet and discharge piping, are completely dismantled. A
worn bearing is discovered and after several delays the replacement bearing
arrives and re-assembly of the compressor and associated piping 1is
completed. Under pressure to complete reassembly of the inlet piping, an
apprentice pipe~fitter fails to properly tighten the bolts on the compressor
inlet flange.

As the start-up commences the retort 1is filled with shale, the
recirculation gas heater is ignited, and the rubble heated by circulating gas
from an adjacent retort. As retorting begins the gas recirculation rate is
increased and a normal, slightly negative pressure develops at the compressor
inlet, causing air to leak into the recirculating gas stream through the

improperly installed flange.
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A large oxygen concentration developes in the recirculating gas stream
which would normally be detected by a continuous oxygen analyser on the
retort off-gas line. However, water has accumulated and frozen in the sample
lines leading from the main retort off-gas line to the oxygen analyser,
rendering the analyser useless. The operators are concerned with bringing
the retort up to its full production rate and are unaware of the dangerously
high oxygen concentration in the gas.

The retorting rate increases as the firing rate in the recycle gas heater
increases. The lead operator has been increasing the firing rate as rapidly
as possible, until the temperature at the discharge of the recirculation gas
heater and the oxygen/hydrocarbon gas ratio in the recycle gas reach the
explosive 1limit. The recycle gas explodes and the tubes of the heater
rupture, The lead operator responds immediately by shutting down both the
recycle gas heater and the recycle compressor, however, a sufficient volume
of pressurized recycle gas remains in the system to sustain a fire for
several minutes after the initial explosive. The flame from this fire rises
through the retort structure, severely damaging the retort. Flammable
materials, including ' raw shale, spent shale, shale oil, and gas in the
damaged and adjacent retorts and in reach of the flame, cause the fire to
spread well beyond the site of the initial explosion.

This scenario raises the following questions:

° The auto-ignition temperature, combustibility and explosivity of

rich shale gas mixed with various concentrations of air.

) The conditions under which raw shale, spent shale, shale oil and
retort gases and vapors will sustain combustion.
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2.6.7  Explosion of Spent Shale Dust in a Surface Retort

Spent shale from a hot solid recycle retort will be finely divided and

contain from three to about six weight percent organic carbon content. After

retorting, the spent shale is at about 900° F. It is cooled to 500-600°

| 1

F.in a rotary tube cooler before it is quenched with water in a moisturizing
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drum to about 147 moisture and 2000 F. The moisturized material is
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discharged from the moisturizing drum onto a belt conveyor.

Under normal circumstances, water is pumped to the moisturizing drum by
one of two pumps. Failure of one pump motor necessitates using a mobile
crane to lift a replacement motor into position. A'cable bréaks, dropping
the motor which cuts the power supply to the operating pump and stops the
flow of water to the moisturizing drum. The hot end of the severed wire
falls onto the pump stand, causing a short which trips a circuit breaker in
the retort control room. The dry, hot spent shale, which is now discharging
from the moisturizing drum, is picked up by a gusting wind, engulfing the
retort structure in a cloud of spent shale dust. The control operator,
noticing the moisturizer water pump has tripped, tries to restart the pump.
The resulting  spark: from the wire against the pump stand initiates an
explosion which propagates throughout the cloud of spent shale dust, causing
severe damage to the structure.

This scenario raises the following questions:

) The explosivity of spent shale dust.

® The ignition temperature, carbon content and particle size required
for a spent shale dust explosion.

. The dust concentration required to detonate and propagate an
explosion of spent shale dust,




2.6.8 Gas Combustion Retort Fire and Explosion

In a down-flow gas combustion retort, shale oil is carried out of the
retort as a fine mist which is entrained in the retort off-gas. The oil is
separated from the off-gas by cyclones, a condenser, and a wet electrostatic
precipitator. A blower at the discharge of the electrostatic precipitator
pulls the off-gas and mist from the top of the retort through a sequence of
separators and directs the remainder to a gas recovery and treating system.

On several occasions in the previous weeks of operation, oil mist is
carried over to the gas recovery and treating system. The operator notes
that the oil degrades the solvents in the system and accumulates in the
piping, causing upsets in the burners which use the retort off-gas as fuel.
Because of this continuing problem, the graveyard shift operator is persuaded
to sustain a brief shut-down to inspect the cyclones and the electrostatic
precipitator. The supervisor for the retort area, not being convinced that
the downstream problems originated in the retort, urges all persomnel to
complete their inspections and get the unit back into operation. No problems
were discovered during the somewhat hurried equipment inspection of the
cyclones.

The electrostatic precipitator had been inspected through a manway.
Manway cover gaskets are required to be installed whenever the door has been
opened. New gaskets were not available so the old gasket, judged to be in
fair condition, was used. Reassembly of the gas/oil separation system 1is
completed and the retort is started. Actually the oil mist carry-over was
caused by a worn and loose connection in the electrostatic precipitator which
had caused occasional disruptions of the unit's performance., The old gasket
re-installed on the manway, leaks and allows air to be pulled into the

precipitator. Soon after start-up, sufficient air has leaked into the
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precipitator to form an explosive mixture of oilmist, low Btu gas, and air.
An arc from the worn connector ignites the mixture causing the precipitator
to explode. 0il within the precipitator and oil collector beneath the
precipitator is ignited and scattered by the explosion covering a large area
with burning oil.

This scenario raises the following questions:

® The flammability and explosivity of low Btu gas/oil, mist/air
mixtures.
. The energy required to initiate an explosion of low Btu gas/oil,

mist/air mixtures.

) The flammability of raw shale oil.

2.6.9 Explosion of Hot, Rich Gases From a Spent In Situ Retort

An in situ retort is shut down when the exit gas temperature rises,
indicating that the retorting zone is near the bottom of the rubblized zonme.
After the .gas flow is stopped, the unretorted shale in the hot rubble near
the retort bottom continues to retort, eventually filling the retort with
rich gases and vapor.

The process plan includes using the sensible heat remaining. in the
burned-out retort for preheating other retorts. This is accomplished by
flowing low Btu gas from an operating- retort through the hot rubble of the
shut-down retort to pick up the available sensible heat. The low Btu gas,
heated as it flows through the spent retort, is then passed through the fresh
retort to accomplish the desired preheating. As the low Btu gas flows
through the spent retort, it picks up both the sensible heat and the oil
vapors and rich gas which have filled the rubble chamber since retorting was
stopped. Normally, the preheat sequence is not started until the temperature

in the spent retort has fallen below the auto-ignition temperature for retort
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gases. Due to faulty heat sensors, however, the heat is drawn off before the
contents of the retort have sufficiently cooled. When the hot gases and oil
vapors come in contact with the air in the new retort, they explode. The
explosion is propagated by the shale dust in the rubble. The explosion
ruptures the retort bulkheads and seals, damages the ignition monitoring
control and recovery systems, and access to these areas. Retorting continues
in the shut down retort, the rich gases and vapors flow through the heat
transfer conduit, through the ruptured seals, and into active mining access.

This scenario raises the following questions:

© Explosivity of raw shale dust.

® Intensity of a retort gas/oil shale dust explosion.

° Dust load in the rubble necessary to propagate an explosion.
® The effect of rubble on an explosion in a retort.

2.6.10 Explosion of Retort Gases Leaking into a Rubblized In Situ Retort

When the combustion zone in an in situ retort reaches a rich section of
oil shale the high temperature and shale grade, in combination with numerous
joints and fractures, promote decomposition, spalling, and burning of the
pillar. The burning continues until the wall of the retort is- perforated.
The hole coantinues to enlarge as the retorting zone descends and recycle gas
forces gases and vapors into an adjacent, recently rubblized retort. An
explosive mixture forms, consisting of retort gas from the operating retort
and air in the new retort. When the ignition sequence for the new retort is
initiated, the mixture explodes. The explosion, propagated by the oil shale
dust in the rubble, quenches the starting flame, destroys the ignition
monitoring control and recovery systems, and the retort seals and bulkheads.

The loss of pressure and the explosion result in the shutdown of both
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retorts. Because of the high temperature of rubble in the spent retort,
retorting continues with -gases and vapors moving through the damaged
bulkheads into active mime wmorkings and intake airways.

This scenario raises the following:

° The effectiveness of retort pressure tests in predicting the
pressure drop through retort walls of varying thickness and
integrity of joints and fractures.

. The effect of temperature and pressure on rich layers of fractured
and jointed o0il shale that had provided measured resistance to

pressure tests.

° The consequences of retort gases and vapors entering-into active
mining areas.

. The minimum gas richness that will ignite on contact with an open
flame.

® The hazards of re-igniting a retort after retorting has been
interrupted.

° The effect of o0il shale grade on the resistance of the retort

surfaces to combustion.

2.6.,11 Methane Explosion, In Situ Retorting

After the first of several retorts in a cluster has been rubblized, it
fills with an explosive concentration of methane from low pressure formation
gas and from broken rubble. When the retort 1is ignited, the methane
explodes, the explosion is propagated by dust in the rubble filled chamber.
The explosion severely damages the retort ignition monitoring control and oil
recovery systems, ruptures the bulkheads, and damages the access to the area.

This scenario raises the following questions:
° Explosivity of raw shale dust.

® Magnitude of an explosion originating and propagating in loosely
packed and non~uniform rubble.
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® Effect of particle size distribution of dust and rubble on an
explosion, e.g., dispersion and muffling.

® Intensity of a methane/oil shale dust explosion.
) Dust concentration as a percentage of rubblized oil shale (available
dust).
2.7 Conclusions and Recommendations of Phase 1 Studies

The sequence of steps in conducting the Phase 1 study were as follows:

' Review of previous work on fire and explosivity properties of coal
and other carbonaceous materials.

® Review of previous laboratory and mine scale studies on oil shale
fire and explosivity.

° Review of practical field experience in o0il shale mining, crushing
and processing.

) ‘Based on intensive study of the first three items, scenarios were
written on what are believed to be potential fire and explosion
accidents in oil shale mining, crushing, and processing.

® Review of the scenarios and the questions raised in each of them
pointed to the need for certain laboratory tests on oil shale rubble
and dust, spent shale dust, retort gases, and mixtures of flammable
gases with oil shale dust.

It is not expected that laboratory tests alone would completely define
the 1limits of o0il shale mining and processing fire and explosivity
properties. However, it is expected that the laboratory data, collected
both on basic chemical and physical properties of oil shales and on their
fire and explosivity properties, will provide useful information for
estimating the degree of hazard and for providing criteria which could be
translated into definitive fire and safety regulations.

Based on previous findings by Bureau personnel that the organic volatiles
content of carbonaceous solids 1is «critical in determining fire and

explosivity properties, it was decided that the Fischer assay oil yield and

total yield of volatile hydrocarbons £from oil shale would be a most
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significant factor. The relationship -of Fischer assay hydrocarbon yields to
other chemical and physical ‘properties of oil shale, such as organic carbon
content, kerogen content, and particle specific gravity, represent a useful
expansion of property correlations which does not require excessive
laboratory expenditures.

The most used laboratory test for fire and explosivity of carbonaceous
solids are described in RI 5624 (Dorsett et al, 1960). A recent publication
by Stull (1977) indicates current endorsement and continued use of the RI
5624 procedures for studying dust explosions.

In many practical mine situatiomns, oil shale dusts encountered will have
aged for a number of years in inactive areas of the workings. Since these
dusts may be involved in fire and explosive events, it is considered
necessary, as part of this study, to investigate properties of old dusts
(eight to nine years) which can be collected from theColony mine. Previous
laboratory work has shown that aging of oil shale dusts causes a reduction in
Fischer assay oil yield.

In addition to a study of new and aged oil shale dust, review of the
scenarios indicated that information was needed on combustibility of oil
shale mine rubble, spontaneous combustion properties of oil shale dust, upper
and lower explosive limits of rich and lean retort -gases (along with the
corresponding minimum ignition energies), explosion properties of spent shale

dust and certain tests on mixtures of dusts, hydrocarbon vapors and methane.
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3.0 PHASE 2 STUDIES

3.1 ‘Purpose and Scope

The primary objective of the Phase 2 studies was to reduce or eliminate
the gaps in knowledge concerning the severity of the potential hazards
identified in Section 2.0. A program was designed to produce, for laboratory
testing, oil shale dusts ranging in richness from 1Q to 35 gpt. Laboratory
testing was conducted to determine the various chemical and physical
properties of the o0il shale dusts considered to affect fire and explosivity.
These included analyses for organic carbon, Fischer assay to provide
information on volatile and combustible products from pyrolysis, calculation
of kerogen contents and analysis for pyritic sulfur. Subsequently,
laboratory ignition, explosivity, and spontaneous combustion tests were
conducted on the same samples, with data from all analyses and tests
evaluated statistically. Ignition and explosivity tests were also conducted
on a sample of Pittsburgh seam coal; the material against which other
carbonaceous test materials are compared. Also, tests on Pittsburgh seam
coal are valuable in relating laboratory results to the extensive full scale
mine testing which has been done on this coal.

In addition, old mine dusts were collected from the Colony mine and from
an 8 x 8-foot drift developed seven or eight years ago for mine studies.
After removal of the old dust from the 8 x 8-foot drift, a heading round was

drilled and blasted and new dust collected for assaying and testing. Spent
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shale was. removed from the Parachute Creek spent shale embankment and
prepared for testing in this study. Finally, oil shale rubble and rich

retort gas were accumulated and tested in the appropriate manner.

3.2 0il Shale Dust Sample Preparation and Analyses

Broken raw shale samples, collected from the Colony mine and Tosco core,
were ground to -60 mesh and blended to provide standardized test samples for
analysis at predetermined 10, 15, 20, 25, 30, and 35 gpt grades. Analytical
data obtained from these samples provided a basis for comparison with dust
ignition, explosivity, and spontaneous igmition test results obtained on the
same oil shale dust samples.

In addition, from discussions with the Bureau and Mine Safety and Health
Administration personnel, it became apparent that analytical and physical
test data on oil shales may form part of the basis for future regulations
directed to oil shale mining, crushing, and processing. These considerations

dictated that the test materials be thoroughly characterized.

3.2.1 Development of Standard Size Consist

It has been shown that the explosivity of combustible materials, other
than oil shale dust, increases as the particle size decreases (Jacobson et
al, 1971; Jacobson et al, 1964) It seems reasonable to expect that this same
relationship holds for oil shale dusts. Therefore, one property of dust test
samples which must be defined is the particle size consist, i.e., the
distribution of the various screen size fractions in the test sample. The
following samples and associated data were selected:

® 0ld mine dust. Dust samples from an old 8 x 8~foot mine drift in
the Colony mine.

42



° New mine dust. Dust samples generated from a fresh blast in the
same 8 x 8-foot mine drift. This is a total dust sample,
including material which would be removed with the muck pile.

° Colony mine dust. Float dust collected from Room 1 of the Colony
mine.
° Richmond mine dust. The dust used in an explosivity study

reported by Richmond and Miller (1977).

These data were normalized to 1007 =40 mesh and are shown in Figure 3.1,
according to the particle size ranges adopted for this program: -40 +100
mesh; -100 +200 mesh; ~200 +325 mesh; and =325 mesh. 1In the data surveyed
the -325 mesh fractions were not further defined. The top size of 40 mesh
was selected after discussions with the Bureau's technical debriefing
committee at Bruceton on October 11, 1977 during the Phase 1 presentation of
this contract.

The size distribution of broken coal and relatively fine crushed ore is
excellently described by the Rosin-Rammler function (Taggart, 1945). This

function is:

where W. is the cumulative weight percent retained, D is the screen

aperture size in millimeters, and "a'" and "b" are equation constants. When

the Rosin-Rammler function holds, a plot of log (log lOO/Wr) against log of
D gives a straight line. When particle size data are being examined, the
Rosin-Rammler function may be used as an aid in confirming sample integrity.
The scale of the ordinate axis in Figure 3.1 is log (log IOO/Wr); however,
the axis is labeled in units of cumulative weight percent retained for

convenience.
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Graphical analysis indicates that the Rosin~Rammler function provides a
good fit to the old mine dust, new mine dust, and Colony mine dust. The new
mine dust sample contains less =325 mesh material than the other selected
samples, since it is the total sample of dust generated by the blast, much of
it resting on muck that would normally have been removed. Thus the new mine
dust ;ample contains more coarse material than the others, which more nearly
represent float dust, and is somewhat coarser than that which would be
involved in propagating mine dust explosions of the type discussed by
Richmond and Miller (1977).

Table 3.1 . presents the averages of the screen analyses discussed above
and the selected standard size consist that is used throughout this work to
rigidly define the four-component screen size distribution used in preparing
0oil shale and spent shale dust samples. This is done so that comparisons
madé invvchemical and physical properties and in laboratory fire and
explosivity properties will be independent of particle size distribution.

3.2.2 Laboratory Sample Preparation

The following subsections describe in general the techniques used to

_prepare oil shale dust samples for fire and explosivity testing. Care was

taken to ensure all preparation methods resulted in reproducible and uniform
samples with a minimum of distrubance to the basic chemical and physical

properties.

3.2.2.1 Received Dust Samples

The standard procedure for screen analyses of material containing very

fine particles is:

45




Table 3.1

Average Particle Size And Selected Standard Size Consist

Mesh Size (US) -40 +100 -100 +200 -200 +325 -325

Microns 417/147 147/74 74/ 44 44/0

01d Mine Dust (8 x 8 ft drift) 15.3 9.6 8.5 66.6

New Mine Dust (8 x 8 ft drift) 38.6 26.2 17.6 17.6

Colony Mine Dust 22.8 13.3 11.4 52.5
Richmond Dust (1976) 18 17 18 47
Selected Standard Size Consist 19 13 13 55
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. Dry screen the material using a range of screens from the coarsest
size particles to 60 mesh.

° Wet screen the -60 mesh material using 100, 200 and 325 mesh screens.

All screen analyses were run in this manner whenever possible. When it was
necessary to obtain large quantities of dry, fine material, dry screening was
used. However, in dry screening this type material there is the possibility
of plugging screens and as a consequence, not obtaining the proper screen
fractions. An evaluation of this plugging potential was conducted using the

procedures listed below:

° Dry screening to —-60 mesh and then wet screening through =325 mesh.

) Dry screening the entire sample.

The results of the =60 mesh fractions were as follows:

-60 Mesh -60 Mesh
Size Fraction Dry (wtZ) Wet (wtZ)

- 60 + 100 13.7 12.9
-100 + 200 26.1 25.2
-200 + 325 22.1 21.8
~-325 23.6 25.6

Since the agreement is good, dry screens were used to obtain the sepafate
fractions. Although the above evaluation was done on =60 mesh, a top size of
-40 mesh was selected and used in all subsequent work. This minor change-
would not alter the previous conclusion that there is no significant

difference between dry and wet screening of this material.

3.2.2.2 Mine Dust and Spent Shale Samples

0il shale dust samples from the Colony mine and the 8 x 8-foot drift were

blended and screened to remove all +40 mesh material., Spent shale retains
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from 1972 Colony operations (Coomes, 1974) were similarly prepared. The
results are the four head samples described in Table 3.2. The screen sizes
differ from those in Table 3.1 in that Table 3.1 described averages of
previously collected materials and Table 3.2 shows the results of new
preparations. Subsequently, a reconstituted standard size consist sample was
prepared from the individual screen fractions of the four dusts. After a
split of each head sample was screened, a portion from each of the screen
fractions was blended to produce the recontituted standard size samples. The

as~produced spent shale size distribution is also -given in Table 3.2.

3.2.2.3 Graded Series Samples

For this study a series of oil shale dusts with target Fischer assay oil
yields of 10, 15, 20, 25, 30 and 35 gpt were chosen. These dust samples were
prepared from the Mahogany zone of a selected oil shale core taken from the
Tosco core storage facility (corehole TG 2-1, Section 21, NE 1/4 of the SW
1/4, T3S,.R96W, Rio Blanco county, Colorado). Each selected core sample was
gfound to -40 mesh, and the total product is referred to as the "head sample".

Fischer assays of each head sample showed good agreement with the target
0il yield except in the case of the first attempted 35 -gpt sample. The
product was lower in o0il yield than anticipated and subsequently was
designated the 31 gpt sample. A second attempt to prepare a 35 gpt sample
was successful, and the sample was duly incorporated into the graded series.
After each head sample was screened into the selected sizes, a portion of
each of the screen fractions was blended to produce the reconstituted

standard size distribution sample.
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Table 3.2
01d, New, And Spent Shale Size Distribution, As—Produced

Mesh Size Colony 8 x 8 Foot Drift Reconstituted Spent
Sample Type (us) Mine Dust New Dust 01d Dust Standard Size Shale

F .
R - 40 +100 23.0 23.2 22.6 19 16.3
2 -10¢ +200 14.2 25.7 13.7 13 15.5
? -200 +325 7.5 20.6 10.3 13 11.2
g ~325 55.3 30.5 53.4 55 57.1
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3.2.2.4 Sample Suite

A sample suite now prepared consists of old and new mine dusts, spent
shale, and pulverized o0il shale core samples. Each individual sample was
tested for Fischer assay oil yield and total, mineral, and organic carbon.
The reconstituted standard size samples were subjected to the Tosco Material
Balance Assay (IMBA: 1i.e., Fischer assay in which the product gas 1is
collected and analyzed), X-ray diffraction analysis at the Laramie Energy
Technical Center, and determination of particle specific gravity. Certain
selected samples were also analyzed for pyrite content. All samples were
then transported to DRI for laboratory fire and explosivity testing.

In addition, an oil shale rubble sample was prepared for fire testing and
gas samples were prepared, using Fischer assaying equipment, for ignition

testing.

3.2.3 Analytical Procedures

As discussed previously, a detailed correlation of inherent chemical
properties of o0il shale dusts with the fire and explosivity test results was
desired. These correlations would permit explanations of fire and explosive
characteristics. The following subsections describe the  analytical

procedures used to evaluate the test samples.,

3.2.3.1 Total Carbon Determination

Total carbon was determined using a carbon, hydrogen, nitrogen, oxygen
analyzer operating on a combustion principle. In this method, all carbom,

whether mineral or organic, is evolved and measured as carbon dioxide.
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3.2.3.2 Mineral Carbon Determination

Mineral carbon was determined using the guidelines of ASTM D-~1756 and
involves evolution of inorganic carbon, as carbon dioxide, by treatment with
mineral acid., The evolved carbon dioxide is trapped in Ascarite and the

weight gain is determined.

3.2.3.3 Organic Carbon Determination

Organic carbon content is the arithmetic difference between total carbon

and mineral carbon contents.

3.2.3.4 Fischer Assay Determination

Fischer and TMBA assays were conducted as described by Goodfellow and
Atwood (1974). The two procedures are identical except that the product

retort gas is collected, measured, and analyzed in the TMBA method.

3.2.3.5 Specific Gravity Determination

Particle specific gravities were determined by displacement of heptane

with a weighed amount of solid sample.

3.2.3.6 Kerogen Determination

Kerogen contents were determined in both weight and volume percent using

the procedures of Smith (1976).

3.2.3.7 Pyrite Determination

Pyrite determinations were conducted using the procedure of Smith
(1964). This method incorporates lithium aluminum hydride treatment to

evolve HZS from the test sample.
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3.2.3.8 X=-Ray Diffraction

X-ray diffraction determinations of relative mineral contents were
conducted at the Laramie Energy Technical Center, under the direction of J.

Ward Smith. Results reported were relative and not absolute weight

percentages.

3.2.4 Analytical Results and Discussion

Sample identification numbers for most of the samples used in this study
are given in Table 3.3, illustrating-the relationship to the study matrix.
The designation '"RF'" stands for Rocky Flats. Laboratory analytical results
on dusts prior to fire and explosivity testing and a brief discussion of each

is presented in the following subsections.

3.2.4.1 Size Distributions As—Produced

The size distributions of samples produced from selected segments of oil
shale core TG2-1, after grinding the entire sample to -40 mesh, are given in
Table 3.4. The wide variation of these data and the importance of particle
size in dust explosions point out the necessity of having a standard size

consist not limited to the top size designatiom.

3.2.4.2 Total Carbon Data

Results of total carbon analyses are shown in Table 3.5. In a general
way, to be discussed below, the total carbon value increases with oil shale
richness and decreases with particle size. The major component of kerogen,
the precursor of shale oil, is organic carbon which comprises a major part of
the total carbon. In crushing, the kerogen component tends to concentrate

slightly in the coarser fractions.,
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Table 3.3

Tosco Identification Numbers Assigned to Dust Samples

Reconstituted
Standard Size

Graded Series -40 -40 +100 -100 +200 -200 +325 -325 Distribution
10 gal/ton RF 5785 RF 5786 RF 5787 RF 5788 RF 5789 RF 5790
15 gal/ton RF 5791 RF 5792 RF 5793 RF 5794 RF 5795 RF 5796
20 gal/ton RF 5797 RF 5798 RF 5799 RF 5800 RF 5801 RF 5802
25 gal/ton RF 5803 RF 5804 RF 5805 RF 5806 RF 5807 RF 5808
30 gal/ton RF 5809 RF 5810 RF 5811 RF 5812 . RF 5813 RF 5814
31 gal/ton RF 5815 RF 5816 RF 5817 RF 5818 RF 5819 RF 5820
35 gal/ton RF 6188 RF 6189 RF 6190 RF 6191 RF 6192 RF 6193

Mine Samples

Colony Mine Dust RF 5821  RF 5822 RF 5823 RF 5824 RF 5825 RF 5826
"New" Dust RF 5833 RF 5834 RF 5835 RF 5836 RF 5837 RF 5838
"01d" Dust RF 5839  RF 5840 RF 5841 RF 5842 RF 5843 RF 5844
Spent Shale RF 5845  RF 5846 RF 5847 RF 5848 RF 5849 RF 5850

Coal Standard

Pittsburgh
Seam Coal RF 6178+

* Screen size is 80%Z ~200 mesh.




Table 3.4

Screen Analyses of Head Samples

Sample Type

Mesh Size
(us)

Graded Series 0il Shale Test Samples

Nominal Richness

Standard

Size

Consist

7S

WZO O P KM

- 40 +100
-100 +200
-200 +325

-325

19

13

13
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Table 3.5

Total Carbon Analyses

Graded Series 0il Shale Test Samples

Nominal Richness

99

Mesh Size
Sample Type (us) 10 GPT 15 GPT 20 GPT 25 GPT 30 GPT 31 GPT 35 GPT
As Produced -40 11.4 11.6 15.7 16.8 19.5 20.4 20.0
F
R - 40 +100 12.4 12.2 16.2 17.2 20.1 21.5 20.5
A
C -100 +200 11.7 11.7 15.8 17.1 19.9 20.6 20.2
T
1 -200 +325 11.1 11.5 15.3 17.2 19.6 20.9 21.2
0
N -325 11.0 11.1 14 .6 16.4 18.5 19.0 18.4
S
Reccnstituted
Standard Size -40 11.4 11.4 15.3 16.7 19.3 19.8 19.4




3.2.4.3 Mineral Carbon Data

Data for mineral carbon contents of the graded series of oil shale test
samples are shown in Table 3.6. Mineral carbon content does not appear to
vary closely with particle size or with oil shale richness, since it is
derived from the inorganic mineral component of oil shale, representing the
major part of oil shale. Small variations in kerogen content do not have a

significant effect on the mineral component.

3.2.4.4 Organic Carbon Data

Data for organic carbon content of the graded series of oil shale test
samples are given in Table 3.7. The increase in organic carbon content with
increasing shale richness is directly related to increased kerogen content.
As with total carbon the organic carbon tends to concentrate in the coarser

fractions when o0il shale is crushed.

3.2.4.5 Fischer Assay 0il Yields

The actual Fischer assay oil yield data obtained are given in Table 3.8,
Comparison of the as produced -40 mesh data with the target Fischer assay
yield, given at the top of each column, illustrates the degree to which the
target was met by careful selection of portions of oil shale core TG2-1.
Note that, in general, the richness of the o0il shale decreases with
decreasing particle size, providing that the material representative of each
particle size range is screened from a total mass of 40 mesh material.
Richmond and Miller (1977) have shown that the Fischer assay oil yield is not
affected by simply pulverizing a sample to a finer mesh size,

There is a very close relationship between Fischer assay oil yield and

both total and organic carbon contents (Figure 3.2). This relationship was
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Mineral Carbon Analyses

Table 3.6

Graded Series 0il Shale Test Samples

Nominal Richness

Mesh Size
Sample Type (us) 10 GpT 15 GPT 20 GPT 25 GPT 30 GPT 31 GPT 35 GPT

As Produced ~40 5.7 5.0 5.9 5.5 5.1 5.6 4.2
F
R - 40 +100 6.1 5.2 5.9 5.5 5.2 5.5 4.2
A
C -100 +200 5.8 5.1 5.9 5.4 5.2 5.6 4.3
T
I -200 +325 5.6 4.9 5.8 5.6 5.3 5.7 4.2
0
N -325 5.6 4.7 5.8 5.5 5.2 5.6 4.2
S

Reconstituted

Standard Size -40 5.7 4.9 5.8 5.5 5.2 5.6 4.2
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Table 3.7

Organic Carbon Analyses

Graded Series 01l Shale Test Samples

Nominal Richness

Mesh Size
Sample Type (us) 10 GPT 15 GPT 20 GPT 25 GPT 30 GPT 31 GPT 35 GPT

As Produced ~40 5.7 6.6 9.8 11.2 14 .4 14 .7 15.8
F :
R - 40 +100 6.3 7.0 10.3 11.7 14.9 16.0 16.3
A
C -100 +200 5.9 6.6 9.9 11.7 14.7 15.0 15.9
T
I -200 +325 5.6 6.6 9.5 11.6 14.3 15.2 17.0
0
N -325 5.4 6.4 8.8 10.8 13.3 13.3 14.2
S

Reconstituted

Standard Size -40 5.7 6.5 9.5 11.2 14 .1 14.2 15.2
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Table 3.8

Fischer Assay 0Oil Yields in Gallons Per Ton (GPT)

Graded Series 0Oil Shale Test Samples

Nominal Richness
Mesh Size

Sample Type (us) 10 GPT 15 GPT 20 GPT 25 GPT 30 GPT 31 GPT 35 GPT

As Produced  -40 11.8 13.8 18.9 23.6 29.0 31.2 35.4
F
R - 40 +100 12.7 14.5 22.1 24.7 30.4 34.1 37.3
A
C -100 +200 12.3 13.8 20.3 24 .6 29.4 31.3 36.6
T
I =200 +325 i1.5 13.6 19.5 23.8 29 .4 32.2 37.8
0
N -325 10.9 12.7 18.0 21.2 26.2 30.5 31.3
S

Reconstituted
Standard Size —40 11.4 13.3 19.2 22 .4 28.3 29 .5 34.1
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previously reported by Stanfield et al (1951). The excellent correlation
between organic carbon and Fischer assay oil yield has suggested that oil
yields can be calculated from organic carbon data.

The relationship between mineral carbon and Fischer assay oil yield is
shown in Figure 3.3. Although the correlation coefficient is poor, the noted
general decrease in mineral carbon content as the amount of organic component

increases could be predicted as simply a dilution effect.

3.2.4.6 Particle Specific Gravity

The linear relationship between particle specific gravity and Fischer
assay oil yield is illustrated in Figure 3.4 (data in Table A.l). As can be
seen, an increase in o0il shale richness 1is accompanied by a systematic
decrease in particle specific gravity. This relationship has been previously
reported by Smith (1969) of the Laramie Energy Technical Center.

Fischer assay oil yields were calculated from particle specific gravity
data and compared with actual experimental Fischer assay oil yields. The

data are illustrated in Figure 3.5.

3.2.4.7 Screen Size Relationships

The relationship between screen size and Fischer assay oil yield and
organic carbon content are illustrated in figures 3.6 and 3.7 (tables 3.5 and
3.7), respectively. A significant decrease in both Fischer assay oil yield
and organic carbon content with decreasing screen size 1is 1illustrated.
Reduction in size of a whole sample to increasingly finer particle size
ranges does not affect Fischer assay yield and would not be expected to

affect organic carbon content.
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3.2.4.8 Kerogen Content

Estimated kerogen contents of the graded series sagples are given in
tables 3,9 and 3.10. Table 3.9 gives the weight percent kerogen content,
which is calculated by dividing the organic carbon content by 0.8052. The
value, 0.8052, is the weight fraction of organic carbon in kerogen (Smith,
1961). Table 3.10 gives the volume percent kerogen content estimated from
the Fischer assay oil yield (Smith, 1976).

In Figure 3.8 the relationships between both estimated volume percent
kerogen and calculated weight percent kerogen with Fischer assay oil yield
are plaotted. The inversion of the linear relationships simply reflects the
more rapid increase in volume percent rather than weight percent kerogen when

plotted against .Fischer assay oil yield.

3.2.4.,9 Tosco Material Balance Assay

TMBA data (Goodfellow and Atwood, 1974) were obtained on all of the
reconstituted standard size samples. The data are given in Table 3.11 for
the graded series samples with detailed data printouts presented in Appendix
A. Useful data for fire and explosivity studies would be the yield of total
hydrocarbons. These data represent the total yield of volatile, combustible
materials from each of the reconstituted standard size samples.

The close correlation of Fischer assay oil yield with total hydrocarbon
yield is shown in Figure 3.9. The use of this relationship for other oil
shale samples, on which only Fischer assay oil yields are known, should be
restricted to Green River oil shales until further information is developed

on shales from other regions.
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Table 3.9

Calculated Kerogen Contents (wt %)

Graded Series 0il Shale Test Samples

Nominal Richness

Mesh Size
Sample Type (us) 10 GPT 15 GPT 20 GPT 25 GPT 30 GPT 31 GpT 35 GPT

As Produced 40 7.1 8.2 12.2 13.9 17.9 18.3 19.6
F
R - 40 +100 7.8 8.7 12.8 14.5 18.5 19.9 20.2
A
c -100 +200 7.3 8.2 12.3 14.5 18.3 18.6 19.7
T
I -200 +325 7.0 8.2 11.8 14.4 17.8 18.9 21.1
0 Y
N -325 6.7 7.9 10.9 13.4 16.5 16.5 17.6
p .

Reconstituted

Standard Size -40 7.2 8.1 11.8 13.9 17.5 17.6 18.9
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Table 3.10

Calculated Kerogen Contents (vol %)

Graded Series 0il Shale Test Samples

Nominal Richness

Mesh Size
Sample Type (us) 10 GPT 15 GPT 20 GPT 25 GPT 30 GPT 31 GPT 35 GPT

As Produced 40 16.9 . 19.2 24.5 29.1 34.0 36.0 39.3
F
R - 40 +100 17.9 19.9 27.7 30.1 35.2 38.3 40.9
A
c -100 +200 17.5 19.2 26.0 30.0 34.3 36.0 40.3
T
1 -200 +325 16.5 18.9 25.1 29.3 34.3 36.7 41.3
0
N -325 15.7 17.9 23.6 26.9 31.5  35.3 36.0
S

Reconstituted
Standard Size -40 16 .4 18.6 24 .8 28.0 33.4 34 .4 38.3
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Table 3.11

Tosco Material Balance Assay Data: Reconstituted Standard Size Samples

Graded Series 0il Shale Test Samples

Nominal Richness

10 GPT 15 GPT 20 GPT 25 GPT 30 GPT 31 GPT 35 GPT

Sample RF Number 5790 5796 5802 5808 5814 5820 6193
0il Yield: (gal/ton) 11.4 13.3 19.2 22.4 28.3 29.5 34.1

(1b/ton) 87.7 101.4 144 .0 166.3 216.6 221.4 255.4
0il Gravity (CAPI) 27.0 23.6 26.1 27.4 22.6 25.9 26.2
Specific Gravity (60/60) 0.8927 0.9124 0.8976 0.8904 . 0.9181 0.8989 0.8975
Water Yield: (gal/ton) 1.7 2.6 3.0 3.5 2.2 2.8 0.9

(1b/ton) 13.9 21.9 25.1 29.1 18.0 23.0 7.2
Gas Yield: (scf/ton) 312 514 663 804 659 784 492

(1b/ten) 22.2 41.5 54 .4 66.2 56.0 52.8 34.5
Total Hydrocarbon -
Incl. Hy and CO* (1b/ton) 97.5 112.4 159.8 . 182.8 236.6 245.4 275.9
Spent Shale Yield (1b/ton) 1869 1836 1772 1734 1707 1696 1685
Total Product Recovery
(1b/ton) 1992.8 2000.8 1995.5 1995.6 1997.6 1993.2 1981.7

* This total includes the oil and all of the gas product except CO7 and H3S.
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3.2.4.10 Total Combustion Energy of Volatile Products

A useful extension for the TMBA data is the calculation and determination
of combustion energy of volatile products. Higher heating values (HHV) for
the oils produced by the TMBA have been determined by a bomb calorimeter
method (ASTM D-271). Multiplying this value by the oil yield in pounds per
ton of raw shale gives the total combustion energy of the oil produced from
one ton of the oil shale as shown in Table 3.12. Further, the HHV's of gas
produced were calculated from the gas analysis and are given in Btu per
standard cubic foot. Multiplying this value by the total gas yield, in
standard cubic feet, from one ton of oil shale gives the total combuétion
energy of product gas. The sum of the combustion energy for 0il and gas is
the total combustion energy of volatile products. TFigure 3.10 illustrates
the correlation between Fischer assay o0il yield and the combustion energies
of volatile products.

It is often convenient, in consideration of combustible or explosive
dusts, to calculate the organic volatiles in ounces per cubic foot (oz/£t3)
expected from airborne dust., Figure 3.11 illustrates this relationship for
0il shale dusts of various richness levels, assuming that dust loading-in the
mine opening is equivalent to an airborne concentration of one oz/ft3.
Also shown are the corresponding combustion energy levels. As an example,
one oz/ft3 of 20 gpt oil shale dust would produce 0.083 ounces of volatile
combustibles per cubic foot having a combustion energy of 98.5 Btu per cubic
foot, assuming the evolution of volatile combustible materials was the same
as that obtained in Fischer assay.

Richmond and Miller (1977) concluded that the minimum concentration of
0il shale wvolatiles for propagating full scale mine explosions was 0.05

oz/ft3, Using the regression equation:
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Determination of Combustion Energy of 0il and Gas Volatile Products

Table 3.12

Graded Series - Reconstituted Standard Size Samples

Nominal FA 0il Yield (gpt) 10 GPT 15 GPT 20 GPT 25 GPT 30 GPT 35 GPT
Actual FA 0il Yield (gpt) 11.4 13.3 19.2 22.4 28.3 34.1
Fischer Assay 0il
Yield (1b/ton of raw shale) 87.7 101.4 144.0 166.3 216.6 255.4
Higher heating value (HHV)(Btu/1b) 18,540 18,445 18,620 18,675 18,385 18,640
MM Brtu/ton of raw shale 1.626 1.870 2.681 3.106 3.932 4.761
Fischer Assay Gas
Yield (scf/ton of raw shale) 312 514 663 3804 659 492
Calculated HHV (Btu/scf) 731 513 543 516 730 984
MM Btu/ton of raw shale 0.228 0.264 0.360 0.415 0.481 0.484
Total Combustion Energy of
Fischer Assay 0il Plus Gas 1.854 2.134 3.041 3.521 4.463 5.245
MM Btu/ton of raw shale
Volatile Combustibles in
Dust at 1 Oz. of Dust/Cu. Ft. .
Oz. of volatiles*/cu. ft. 0.048 0.056 0.080 0.091 0.118 0.138
Combustion energy (Btu/cu. ft.) 57.9 66.7 95.0 110.0 139.5 163.9

* Based on values for "Total Hydrocarbon - Including Hy & CO" from preceding table.
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¥ = 0.0034 + 0.00396X (Figure 3.11),

where Y is in ounces of combustibles/ft3 and X is in gpt, the various

combinations which would produce 0.05 ounces of combustibles/ft3 can be

calculated as shown below:

Dust Concentration

(0z/£t3)

Giving 0.05 oz/ft3
0il Shale Dust (gpt) : of Volatile Combustibles
10 1.162
15 0.796
20 0.605
25 0.488
30 0.409
35 0.352

These calculations show for example that with 25 gpt oil shale dust, the
dust loading must be kept below 0.488 oz/ft3 in order to maintain the

potential for volatile combustibles below 0.05 oz/ft3.

3.2.4.11 X-Ray Diffraction Data

In Table 3.13 the relative ZX-ray diffraction data on reconstituted
standard size samples, as determined by Laramie Energy Technical Center, are
presented. There does not appear to be any significant variation of mineral
content with increasing Fischer assay yield.

It should be emphasized that these data are only relative. Typical
values for calcite and dolomite in a Mahogany zone oil shale of the Green
River Formation are 16 and 32 weight percent, respectively, of the mineral
matter (Smith, 1969).

Calcite and dolomite in oil shale should act as rock dust (calcite),

which is normally added to coal dust in a coal mine as an explosion
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Table 3.13

Relative X-Ray Diffraction Data: Reconstituted Standard Size Samples

Graded Series Assay Estimated Relative Percent Indication
Nominal Actual Dawsonite Quartz Calcite Dolomite Pyrite

10 11.4 - 9 & 24 Yes

15 13.3 2 10 3 20 Yes

20 19.2 2 9 4 25 No

25 22.4 2 8 6 18 Yes

30 28.3 - 8 4 20 No

31 29.5 2 7 7 20 Yes

35 34.1 - 8 2 21 No

78



inhibitor. These mineral carbonates provide both an inert diluent to the
kerogen and a heat sink which absorbs energy by chemical decomposition in an
explosion. In a "limit explosion propagation'" model postulated by Richmond
and Liebman (1975), the heat of decomposition of rock dust, 766 Btu/lb, is

part of the equation which is used to calculate available energy.

3.2.4.12 01d and New Mine Dusts

The old and new mine dusts were analyzed for total, mineral, and organic
carbon, particle specific gravity, weight and volume percent of kerogen,
Fischer assay oil yield, and TMBA. Data are in Appendix A, tables A.2 to A.6.

The total combustion energy of -product gas and oil from TMBA
determinations of old and new mine dusts are given in Table 3.14. The
richness of the new dust in comparison with the old dust is apparent. It
should also be noted, however, that data comparison of the old and new dusts,
used in this study, have not been corroborated by other direct comparisons
because of the unavailability of data from other sources.

Relative X-ray diffraction data on the old and new mine dust are given in
Table 3.15. Indications were reported that the old mine dust had less pyrite
and showed the presence of gypsum (calcium sulfate), not normally a component
of o0il shale (Smith, 1978), while the new mine dust did not indicate these
alterations. Analyses for pyritic sulfur are described in a later sectionm.

The effect of artificial aging of oil shale on Fischer assay oil yield
was investigated by Coomes and Sommer (1977). The gradual reduction in oil
yield is illustrated in Table 3.16. Similar effects, operating much more
slowly, may have occurred in the mine.

Various relationships among data on all old and new mine dusts are

illustrated in figures 3.12 through 3.17. Figures 3.12, 3.13 and 3.14
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Table 3.14

Determination of Combustion Energy of Oil and Gas Volatile Products:
0ld and New Mine Dusts, Reconstituted Standard Size Samples

Actual FA 0il Yield (gpt)

Fischer Assay 0il

Yield (lb/ton of raw shale)
Higher Heating Value (HHV)(Btu/1b)
MM Btu/ton of raw shale

Fischer Assay Gas

Yield (scf/ton of raw shale)
Calculated HHV (Btu/scf)
MM Btu/ton of raw shale

Total Combustion Energy
of Fischer Assay 0il Plus Gas

MM Btu/ton of raw shale

Volatile Combustibles in
Dust at 1 Oz. of Dust/Cu. Ft.

0z of volatiles®*/cu. ft.
Combustion energy (Btu/cu. ft.)

8 x 8 Foot Drift

01d

23.5

176.6
18,720
3.306

749.3
634.9
0.476

3.782

0.095
118.2

New

34.3

257.2
18,705
4.811

969.9
760.3
0.737

5.548

0.144
173.4

Colony (01d)

22.7

170.7
18,605
3.176

719.6
584.3
0.420

3.596

* Based on values for "Total Hydrocarbon Including CO and Hy" from

preceding page.
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Table 3.15

Relative X~Ray Diffraction Data Reconstituted 0ld and New Mine Dusts Samples

Estimated Relative Percent Indication
Dawsonite Quartz Calcite Dolomite Gypsum
Colony Mine (01d) - 7 3 16 Yes
8 x 8 Foot Drift (New) - 8 3 19 No
8 x 8 Foot Drift (01d) 2 8 4 19 Yes
[0 0]
N
Table 3.16

Effect of Extended Preheat in Air
At 70°C on 01l Yield:
32 gpt Shale at -65 Mesh

0il Yield
Length of Preheat (% of Fischer Assay)
0 100
1 month 94
2 months 90

3 months 84
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describe the total, mineral and organic carbon content relationships. Total
and organic carbon contents generally decrease with particle size, but there
does ﬁot appear to be a correlation between mineral carbon content and screen
size. Fischer assay oil yield-screen size relationships are shown in Figure
3.15. As expected, the Fischer assay oil yield decreases with screen size.
Figure 3.16 represents an attempt to construct a linear relationship
between Fischer assay oil yields from new dust and from old dust in a
situation where the particle size range has been fixed. It appears generally
true that the old dust samples have oil yields approximately 10 gpt less than
corresponding size fractions of new o0il shale dust, The corresponding
organic carbon relationship is givem in Figure 3.17. Each of these

relationships should be used cautiously until further data have been obtained.

3.2.4.13 Spent Shale Analyses

The size distribution of spent shale as-produced was shown in Table 3.2.
The corresponding total, mineral and organic carbon contents are given in
Table 3.17. Organic carbon content does not appear to vary with particle

size.,

3.2.4,14 Pyritic Sulfur Determination

Near the end of the study it was decided that determinatioms of pyritic
sulfur content should be done, based on review of data on spontaneous
combustion and indications from relative analysis by X-ray diffraction. The
indications, described above, from X-ray diffraction data are that pyritic
sulfur content was lower in old mine dust as compared to new mine dust. This
is confirmed by the data in Table 3.18. An indication of a slight

accumulation of pyritic sulfur in the -200 +325 mesh fraction is apparent.
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