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ABSTRACT

CHARACTERISTICS AND POTENTIAL OF ANTRIM SHALE
FOR IN SITU ENERGY PRODUCTION

By
Mohammed Said Abubakr

Antrim shale contains energy more than 1000 times the annual
petroleum production of the United States.

Recovery of this energy involves heating the shale to 900°F at
which temperature combustible material is evolved. This may be
accomplished either aboveground after mining or underground. At 1500
feet depth, mining would be expeﬁsive, and true in situ processing would
be advantageous if economically feasible.

A mathematical model was studied based on heat conduction into
the formation from a hot well fueled by effluent gas and air. The model
showed that the net energy production does not justify the process
economically. Improvements on this model by higher temperature driving
force for conduction, and by making a larger surface area accessible to
combustion zone were investigated. Another mechanism considered was
diffusion or forcing of air into the rock, followed by combustion of
residual carbon deposited within the spent shale.

Laboratory experiments simulating in situ energy production

under a variety of conditions were performed to investigate these possi-
.bilities.
Experiments showed that when shale is heated to about 1800°F

glazing occurs blocking gas flow in or out of the rock.



The compressibility of retorted shale, containing porosity of
20%, was only 1.6%. Thus the porosity formed is of little use in
producing space or fractures.

The opening of horizontal cracks during retorting under
atmospheric pressure provided an important mechanism for the release of
organic matter and the penetration of air into them. This was evident
by the disappearance of carbonaceous residue along the cracks' surface.
However, experiments performed under simulated overburden pressure
showed no cracks and, therefore, this mechanism would be eliminated for
true in situ energy production from Antrim. |

In situ energy production from Antrim utilizing heat transfer is
therefore not economically feasible. To make it feasible, an entirely
different mechanism has to be found.

In situ energy production from other richer shales may be
economically feasible if they occur at shallow depths, and produce more

porous and compressible spent shale.
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CHAPTER ONE

INTRODUCTION

Nature of shale

Shale is rock formed through geologic ages by consolidation
under pressure of silt, mud, or clay deposited in ancient streams, lakes
or other marine environments. Most shale therefore contains some
organic matter formed from the remains of the minute plant and animal
1ife which made up the plankton of these environments (110). Shales
vary widely in the quantity and in the chemical form of this organic
content (35, 78, 80).

In general it contains carbon and hydrogen plus some oxygen and
other elements, with the atomic ratio of hydrogen to carbon somewhere
between 1 and 2 (57, 98). The compounds present are of very high
molecular weight and are therefore non-volatile, as might be expected
considering their retention in the rock over millions of years. When
heated to temperatures in the range of 550° to 1150°F, however, these
high molecular weight compounds crack and produce gas, condensible
vapors, and carbonaceous residue (39).

Kerogen (i.e., wax forming) is the name generally given to the
macromolecular mixture of organics which, on heating, yields these
predominantly hydrocarbon products. The process of heating shale,
decomposing its kerogen content, and distilling over a liquid product,

is generally referred to as retorting. The liquid produced is called



shale oil. Shales which produce significant quantities of shale oil are
called oil shales. It should be noted again at this point that kerogen
is neither a single chemical compound nor is it a mixture of well-
defined and well characterized compounds. Rather it is a highly

variable mixture of transformed residues (80).

Origin and distribution of fossil fuels

Both the oxygen in the earth's atmosphere and the fossil carbon
in the earth's crust were formed from carbon dioxide in ages past by the
~same photosynthetic biological processes. The stoichiometric
equivalence between these quantities suggests a total world fossil fuel
supply equivalent to 500 trillion tons carbon or 2900 trillion barrels
of petroleum (See Appendix C). A large fraction of this total fossil
carbon is believed to be in the form of shale kerogen. Michigan's
Antrim shale alone is believed to contain about a trillion tons of
fossil carbon which according to Leffert (45) could yield over three
trillion barrels of Fischer assayable shale oil. Duncan and Swanson
estimated a worldwide resource of 2100 trillion barrels of shale oil.
0f this, they estimate that less than 10% is recoverable (23).

Another large fraction of the world's fossil carbon supply is in
the form of coal, which has been formed by the consolidation of ancient
trees, plants, and other vegetation. Petroleum represents only a small
fraction of the world's fossil carbon. It is believed fo have been
formed by shale kerogen decomposition with the resulting liquid
migrating into the pores of adjacent sandstone formations. Natural gas
represents a similarly small fraction of our total fossil carbon, with
much smaller fractions represented by tar sands, asphalt beds, and so

on.



The relative economic importance of petroleum and natural gas
among fossil fuels is due to their ease of production from the ground,
ease of refining, and ease of conversion to useful products. Coal, as a
solid, requires more mechanical effort than petroleum to remove it from
the ground, and more complex equipment and effort to utilize it. Shale,
like coal, is a solid, and its mining requires considerable mechanical
effort. In addition it contains much more inorganic matter than coal,
produces much less energy per ton mined, and presents far greater
problems in disposing of the residue. The cost of mining shale per ton
should be no less in money, machinery, energy, and manpower than the
cost of mining coal. Yet the energy content of a ton of shale is

typically only 10 to 20% the energy content of a ton of coal.

In situ production

The problems of handling and disposing of solids might be
eliminated if shale retorting or coal conversion could be carried out
underground, with the production above ground of only the gas and liquid
products of the underground reactions. Energy produced in this manner
is called production in situ (i.e., in place). Although the costs
associated with solids handling are reduced, such processes have serious
drawbacks related to our relative inability to monitor and control the
process underground. Also these processes can be quite inefficient and
the energy needed to make them work can represent a very high proportion
of the energy recovered.

Perhaps the most serious problem of in situ production relates
to the structure and permeability of the solid before, during, and after
the process. Veins of relatively pure coal can burn away 1éav1ng holes

into which the overburden can collapse in an unpredictable manner. With



shale however, the structural strength of the bed is typically not as
drastically altered by retorting. However, this high strength is
usually accompanied by low permeabiity which prevents gases and liquids
from moving readily through the formation.

The ideal structure for in situ production would involve a
coarse sandstone-like structure with both high permeability and high
mechanical strength. Efforts have been made to mine a portion of the
shale mechanically (about 20%), and rubblize the remainder of the bed
with explosives, followed by retorting in situ. These combination

processes are called modified in situ processes, in contradistinction to

true in situ processes, in which mechanical mining, external retorting,

and solids disposal are completely eliminated.

A sporadic industry

Rocks from organic-rich shale outcroppings have no doubt been
used to fuel human kind fires since earliest times. The discovery that
the evolved vapors could be condensed to 1iquid on cold surfaces must be
nearly as old. When the Drake well came in at Titusville, Pennsylvania
in 1859, there were already small shale oil plants in the United States
and elsewhere in the world producing burning and lubricating oils as
well as waxes in competition with products from coal, from vegetable
oils, and from animal fats.

After the Drake discovery the petroleum industry developed very
quickly, and the ready availability from that source of large quantities
of all the products of oil shale quickly put the shale oil industry out
of business. Shale oil production cannot compete economically in a free

ma rket where there is an abundant supply of petroleum. The cost per

barrel of drilling a productive o0il well and flowing or pumping



5
petroleum from the ground is only a fraction of the cost per barrel of
mining shale, retorting it, and disposing of the residue.

Interest in shale oil during the past hundred years therefore
has been sporadic, and a viable industry has existed only in isolated
locations or in special situations where the cutoff of a nation's
petroleum has either occurred or was threatened. In the United States
there was a surge of oil shale activity during World ﬁar I, and again
during World War II (86). In each case proponents of shale as a source
of energy sought and obtained substantial government subsidies to build
the industry. In each case active interest declined rapidly when the
industry had to face the realities of economics and engineering problems

in the absence of continued subsidy.

Recent activity in oil shale

‘The current surge of interest in U.S. oil shale is related not
so much to the threat of war and blockade as it is to the monopolistic
pricing policies of those who control our petroleum supplies. Investing
in shale oil production facilities to compete with monopolistically
priced petroleum is a hazardous enterprise for a private company. If
the petroleum supplier cuts his profit margin by a small percentage, the
shale oil supplier's profit can be completely eliminated. Where
government policy seeks the establishment of a shale industry, it is up
to government to provide the incentives needed to encourage private
industry participation.

The generosity of the United States government during the past

eight years has reached an all time high in providing subsidies aimed at
developing a viable 0il shale industry. These have taken the form of

supporting research at academic and governmental institutions, awarding



6

contracts to design, construct and operate field and pilot plant
installations, and supporting industrial oil shale enterprises with
sales contracts and government guaranteed loans at the multibillion
dollar level. During the past six months, however, it has become
apparent that we are once more in a period of rapid decline in oil shale
activity. The recent news item (See Appendix D), "0il Shale Fiasco: The
Death Knell for Synfuels?" (U.S. News and World Report 5-17-82)
summarizes some current developments in the Western U.S. shale
activities.

Although all the factors involved in these on-and-off decisions
on oil shale are not clear at this time, it is apparent that they can be
very costly to government and perhaps also to industry. Furthermore,
one of these factors is certainly the economic potential of shale as a
source of energy, and any contribution to our knowledge in this respect

should result in better decision making.

Research Objectives

While the largest recent activities in oil shale involved
Western shale, this thesis is principally a study of the potentialities
of Michigan Antrim shale. The largest government subsidized contract in
this respect was DOE contract 2346 awarded to Dow Chemical Company
principally for field tests on in situ production of energy from the
shale. The award was for approximately 14 million dollars and the
contract was terminated after this amount was spent.

This investigation was begun in 1978 during the period in which
the Dow field tests were in progress. The objective was to conduct
bench scale simulations of in situ energy production for Antrim shale

and to use the result with suitable modeling to determine the



feasibility of such-a process. It was hoped at first that positive
results would be obtained and that these would contribute to the
development of an important industry. It was also recognized from the
first that negative results could also be important in calling for
different directions of attack in future work on Antrim shale
development. Finally it was felt that the work might demonstrate that
government sponsorship of continuing low cost investigations of this
type could be a valuable tool in making sound decisions on the
sponsorship of multimillion dollar projects.

A conclusion that the Dow field tests would not lead to a viable
enérgy production process was reached by this investigation long before
DOE decided to discontinue the project. Furthermore reaching this
conclusion did not require any information resulting from the
government's 14 million dollar expenditure. Descriptions of the
experimentation and of the calculations involved are included as part of

the thesis which follows.



CHAPTER TWO
THEORETICAL ANALYSIS

PART A. ANALYSIS OF ECONOMIC FEASIBILITY

Establishing the economic feasibility of in situ production of
energy from Antrim shale is a task of considerable magnitude. Nothing
less than an operating pilot plant or semi-commercial plant would be
needed to establish such feasibility. On the other hand, if there is a
lack of economic feasibility, it is much easier to establish that such a
lack exists. The benefit to society of establishing a lack of
feasibility is significant since it can be used by government to avoid
some of its very considerable expenditures on energy development and to
direct these expenditures into more fruitful channels.

The reasoning developed in this thesis to demonstrate the lack
of feasibility for the in situ productin of energy from Antrim shale is
as follows:

(1) A model for in situ production of energy from Antrim shale
is chosen.

(2) Using this model along with certain simplifying assump-
tions, the net energy output is found not to justify the investment and
operating cost.

(3) The model chosen is analyzed and shown to give a more

favorable economic picture than other reasonably realistic models.



(4) Each of the simplifying assumptions is analyzed and shown
to give a more favorable economic picture than actual production
conditions.

The arguments developed above are based on mathematical
analysis, on data obtained from the extensive literature on o0il shale,
and on the results of experimental work performed as part of the current

research.,

1. The model

The model chosen for this thesis consists of a single well
drilled through 1500 feet of overburden and then through 200 feet of
Antrim shale. The Antrim part of the hole is one foot in diameter and a
fire is maintained in that 200 feet height by burning the gases and
vapors evolved from the shale with air. The air is introduced through a
central distributor with its rate, distribution and preheat temperature
controlled to give a constant temperature at the wall of 1750°F .

Heat penetrates into the formation from the cylindrical central
cavity in a radial direction. Gases and vapors are evolved from the
rock when it reaches retorting temperature. A portion of these are
burned in the cavity to maintain thé desired temperature. The rest are
removed from the cavity at the top and are burned with additional air to
produce flue gases to be used for power generation or some other

beneficial purpose.

2. Energy output

The total energy output from the well during its useful life is

calculated using the following simp]istié'éssumptions:



10

(a) Ignition is instantaneous giving a constant wall tem-
perature at all points and lasting as long as a net production is
obtained.

(b) The wall temperature is 1750°F .

(c) Heat transfer to the formation is by thermal conduction
only.

(d) Heat capacity of the formation is constant at 0.3
Btu/1b%F, density at 145 1b/ft3, and thermal conductivity at 1.0
Btu/ft%F hr.

(e) Retorting reaction of the shale is instantaneous when

its temperature reaches 900°F.

(f) Gases evolved have a high heating value of 1000 Btu per
pound of shale.

(g) The value of the gases produced is $3 per million Btu.
The value for the total net energy production from the well as
obtained in this manner is less than 10 million Btu, as shown in Table
2-3 and Figure 2-4 in this thesis. The total value of this energy is
only $30. By comparison, the cost of drilling the well will be no less
t han $100,000.* The fact that the total return is less than 1/3000 of
the investment makes it clear that in situ production of energy from
Antrim shale will not pay unless the central cavity model proves to be

an unrealistically pessimistic one.

* Cost per foot for drilling is given as $67.7 by IPAA (42).
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3. Comparison with reality and other models

The central cavity model was chosen as one giving a more -
optimistic economic picture than any reasonably expected real situation.
It is, however, possible to hypothesize some unrealistic models which
would give economic pictures which are much more optimistic even than
the central cavity model.

The model proposed by Thomas (99) utilizes one injection well
surrounded by four production wells to retort over a period of 19.2
years a body of rock 180 feet high with circular cross section reaching
a maximum diameter of 200 feet at its mid-plane. The net energy
production predicted with such a model for Antrim shale would be 250,000
million Btu or 50,000 million Btu per well. At $3 per million Btu, this
comes to $150,000 per well which might possibly cover the cost of
drilling it, outfitting it, and operating it for 19.2 years.

However, the model of Thomas includes some very unattainable
assumptions. These include heating to 2000°F a horizontal crack
intersecting all 5 wells. The temperature in the crack is assumed to be
a step function beginning at the center well and proceeding outward
until the 2000°F temperature covers the area enclosed by a circle
through the other four wells. The contour of the crack between the
Injection well and any production well would then have to be such as to
distribute the hot gas injected uniformly over the plan area shown in
Figure 2-1. The possibility of producing such a crack by explosive
fracturing is extremely remote and the model cannot, therefore, be

considered realistic. More likely the hot gas would flow essentially in
a straight line from injection well to production well and give a small

heated zone.
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Another unrealistic assumption of the Thomas model is that heat
flows through the formation only in the vertical direction. The effect
of such an assumption is illustrated in Figure 2-5, which shows the
effect of heat flow direction on the energy input-output relation for
Antrim shale. With both radial flow in spherical geometry and radial
flow in cylindrical geometry there is a limit to the rock penetration at
which a net energy production can be obtained. Thus, the 90 foot
penetration calculated by Thomas was possible only by assuming liner
geometry. With spherical or cylindrical geometry, penetration would
have been less than one foot. Heat from a hot spot would normally be
expected to flow in a spherical radial direction, and from a heated line
to flow in a cylindrical radial direction. Linear flow from the area
shown in Figure 2-1 could be expected only if the entire area could be
held at a uniform high temperature throughout the time of operation.
Thomas did not postulate such a condition in his model, and if
postulated, it could not be achieved in an explosively generated crack.

Lesser and Stone (49) presented a modification of the model of
Thomas which uses 1000°F steam presumably because a condensing fluid
moves through the formation in the direction of lower temperature rather
than lower pressure. The steam is introduced along a horizontal line in
the formation but how this is accomplished is not explained. For very
rapid steam injection, heat flow aproaches linearity but for slow rates
cylindrical radial flow is approximated. Since steam will not condense
above 705°F a retorting temperature of 900% can be obtained only by
using the small amount of superheat in the steam. Also, as Figure 2-9
shows the net energy recoverable from Antrim shale vanishes for surface

temperatures below 920°F .
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The models of Tyner and Hammert (106) and of Crowl and
Piccirelli (18) are more sophisticated models that allow for a variety
of effects, such as the kinetics of kerogen pyrolysis, of inorganic
carbonate decomposition, and of gaseous combustion of hydrogen, CO, and
methane. Also included is the pressure gradient resulting from
diffusion of kerogen pyrolysis products through the rock. The most
unrealistic assumption involved iﬁ their model is that the region
between injection well and production well behaves like a packed bed.
Rubblized beds of shale for which this type of model was originally
designed are normally considered to require 20 percent void volume as
produced in the modified in situ process by some form of conventional
mining.

With Antrim shale about 20 percent void volume is produced by
kerogen disappearance during retorting. However, as explained in
Chapter Four, under C-3.4, these voids are very small in diameter, they
do not contribute appreciably to permeability, and they are not
compressible in a way that could be used for rubblization. The use of
these later models assumes, therefore, that such bed behavior may be
obtained by explosive fracturing of the formation to produce a network
of cracks with close spacing and of widths distributed to permit
combustion of gases and distribution of temperature as desired. The
likelihood of such a lucky explosion seems very remote, especially under
overburden pressure where the cracks must not only be opened but
maintained open by smaller rocks of the right size falling into the
cracks.

Furthermore, the volume of such a fortuitously created effectual

pac ked bed of Antrim shale would have to be 500,000 cubic feet or more
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in order to justify just the drilling cost for the production and
injection wells. Also, based on the minimum crack spacing given by
Tyner (106), the new surface area created would have to be more than a
million square feet. By contrast, under DOE contract 2346 for which the
models of Crowl and Piccirelli were developed, the best communication
actually obtained between wells was a crack 60x40 feet having a width
calculated in Appendix E to be about 0.005 cm.

The central cavity model, on the other hand, is achievable by
predictable techniques. The hole can be drilled and the proper distri-
bution and controls set up. Dow Chemical Company in their field tests
under DOE contract 2346 did drill and test a similar well (41), but did
not keep the entire surface of the cavity hot as the present model.

The central cavity model gives much more hot surface area than
an injection-well production-well set up in which the burning front
moves in a straight line between the wells. This is particularly true
for Antrim shale where the formation is 200 feet deep and the distance
between communicating wells in the field tests was typically 40 feet and
sometimes as low as 15 feet. The central cavity model assumes
cylindrical radial heat flow, while a progressive retorting front
movement between wells will typically involve a considerable amount of
spherical radial heat flow. Thus, while the central cavity model is not
economically advantageous, it is more advantageous than other reasonably

achievable models.

4. Analysis of assumptions

It is now necessary to examine the simplifying assumptions used
in the central cavity model and show that they give a more favorable

economic picture than would an actual central cavity operation.
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(a) Instantaneous ignition is assumed with operation continuing
until energy input is equal to output. Easy ignition is a very
optimistic assumption. Dow, for example, had great difficulties
achieving ignition in their field test (112). Dow used 6,250 pounds of
coal and 3,165 pounds of charcoal (41) to accomplish ignition at the
bottom of their well. Also, the model ignores the energy required for
air compression. Thus, energy input will equal energy output sooner
than calculated.

(b) The assumption of a wall temperature of 1750%F gives more
retorting per Btu input than much lower temperatures (See Figure 2-9).
Appreciably higher temperatures in Antrim shale are not practical
because of the tendency toward glazing. Experiments conducted as a part
of this thesis show that at temperatures around 1800°F glazing of the
shale can occur, sealing off the evolution of product gases and vapors.
(See Chapter Four, C-5).

(c) Heat transfer to the formation is by conduction only.
Other mechanisms for supplying heat to the formation are considered in
this thesis. One of them is penetration of hot gases through horizontal
cracks formed during retorting, but as shown in Chapter Four, C-4 of
this thesis, such cracks do not occur under overburden pressure.
Another mechanism, involving diffusion of oxygen into cracks followed by
combustion of residual carbon, as described in éhapter Four, G-3, also
does not occur in the presence of overburden pressure. The absence of
oxygen diffusion as a contributing mechanism is further supported by the
diffusion calculations given in Appendix G.

(d) An effective heat capacity for Antrim shale is plotted as a

function of temperature in Figure 2-8. Values were calculated taking
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into account heat capacities of the inorganic and organic componénts of
the shale given in Figure 2-7, and the loss of organics during retorting
as given in Figure 2-6. These calculations are explained more fully in
Part D. It may be seen that the average value over the range of 572 to
1750%F is 0.315 and the value used of 0.3 Btu/lboF is optimistically
low. It may also be seen that the effective heat capacity is remarkably
constant considering that it includes the heat of retorting.

The rock density is taken as 145 1bs original éhale weight per
cubic foot which is the value measured by Musser (68). It corresponds
closely to the measurements of Table 4-1, '

TQe value of the thermal conductivity cancels out in the
calculation of energy input per pound of shale retorted, but it does
affect the rate both of energy input and output. With the central
cavity model, time does not affect the calculated economics since the
net energy output reaches zero the first day.

Some authors (99, 49) point out a variation of thermal
conductivity with direction of retorting and with the extent of
retorting. If the spent shale has a lower thermal conductivity as these
articles indicate, it would worsen heat utilization. Heat transfer from
the heated surface to the retorting temperature would be slower than
heat transfer from the retorting temperature into the cold formation.
The assumption of constant thermal conductivity is then optimistic since
it gives better heat efficiency than these authors expect.

(e) Instantaneous and complete retorting is assumed in the

model to occur when the temperature reaches 900°F. Actual retorting
begins around 572°F (300°C), and is complete around 1112°F (600°C). The

wei ght average temperature for retorting may be calculated from the
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correlating equation of Figure 2-6 to be 932% (500°C) (also Appendix
I). Since the assumption of a lower temperature means more energy
output, the 900%F assumption is slightly on the optimistic side.

(f) The model assumes the high heating value for the gases and
vapors released per pound of shale to be 1000 Btu. The correlating
equation of Figure 2-6 based on the data of Table 4-10 shows a maximum
weight loss of 9.8% which may be seen from Figure 4-13 to correspond to
a loss of 957 Btu/1b in the heat of combustion of the shale. If there
are no endothermic chemical reactions occurring during retorting, 957
Btu/1b of shale would also represent the heating value of the gases
produced, and the 1000 Btu figure would then be seen to be
optimistically high.

Of course, the heat of the retorting reaction is endothermic and
approximately 144 Btu per 1b of kerogen or 15 Btu per pound of Antrim
shale. Also, the heat of decomposing calcite is 500 Btu per pound of
calcite or based on a 2 percent CaCO3 composition 10 Btu per pound of
shale (9, 39). It will be seen that these endothermic reactions
represent a very small proportion of the total heat of combustion.

Figure 4-13 shows a considerable discrepancy between the
reduction in the heat of combustion of shale per pound of organic
evolved at the beginning of retorting versus that at the end of
retorting. However, as explained in Chapter Four, D-2.4, the
discrepancy is bettér explained by weight loss due to H20 evolution,
than by endothermic reactions. Therefore, the figure of 1000 Btu/1b
shale is somewhat on the high side.

Data from the sequential and non-sequential runs of Tables 4-9

and 4-7 would indicate higher heats of combustion than 1000 Btu/1b.
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Hoyever these runs were made under no mechanical pressure and do not
simulate underground conditions where overburden pressure is always
present.

(g) The assumption of a value of $3 per 1,000,000 Btu for the
gases leaving the top of the central cavity is based on the currently
quoted value of natural gas delivered to power plants (107). Such
natural gas typically has a heating value of 1000 Btu per standard cubic
foot of gas. With the central cavity model, the gases leaving have high
heating values of 60 Btu per standard cubic foot at the start of the
operation. (Calculations in Appendix H). At the end of the operation,
the energy content is 0 Btu per standard cubic foot. The value of these
very low quality gases are, therefore, much lower than the $3 figure
assumed.

In summary, it may be seen that the central cavity model is more
optimistic than the actual in situ starting conditions expected, and yet
its net energy production fails to justify its installation by at least

three orders of magnitude.
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PART B. THE CENTRAL CAVITY MODEL

The mathematics of unsteady state heat transfer into a region
bounded internally by a constant temperature cylinder have been treated
by Carslaw and Jaeger (17). The temperature at any point and time may

be calculated from the equation.

2

~I-Tr ... 2~ _-tu* Jo(u)Yo(ru/a)-Yo(u)Jdo(ru/a) du Eq 2B-1
8 TS'+I 1 F'{ € 0“(u) + Yo*(u u

Here T = kt/pca2

Jo is the zero order Bessel function of the first kind
Yo is the zero order Weber's Bessel function of the second kind
and u is a dummy variable used to evaluate the definite integral.
Equation 2B-1 satisfies the boundary conditions:
=0 at t=0
=1 at r=a
8=0 at r=o«
and the differential equation
B & r 3= ok) T

The heat flux at the surface is obtained by differentiating T in
Eq2B-1 with respect to r at constant t, evaluating at r=a, and

multiplying by minus the thermal conductivity.



21

- aT,
f=-k (3r’ r=a
- ry 2~ _-tu* Jo(u)Y,(ru/a)-Yo(u)J,(ru/a) du
k (Ts-Ty) 7 { e &oiiui + 705§u; a

2 1 du

JoZ(u) + YoZ(u) u

4 o -ty
Eq 2B-2

Equations 2B-1 and 2B-2 involve very tedious numerical solutions
to find flux and temperature as functions of time and radial disfance.
However, Carslaw and Jaeger (17) have given the solutions in graphical
form as shown in Figures 2-2 and 2-3, and Jaeger (113) has given the
solution of 2B-1 in tabular form as shown in Table 2-1. Use of the
latter table to calculate the rate at which the 900°F retorting
temperature front moves into the shale formation presents problems of
interpolation and curve fitting in order. to obtain the consistent heat
input per pound of shale retorted figures of Table 2-2.

Table 2-2 and 2-3 tabulate data calculated for heat penetration
into shale for the temperatures and rock properties specified in the
central cavity model. The first column of Table 2-2 is dimensionless
time with the geometric progression of values chosen for convenient
reading of values for the third column from Figure 2-3.

The second column of Table 2-2 was obtained by interpolating
values for r/a from Table 2-1 to give (T-TI)/(TS-TI) = ,4941 and
correlating the results with an equation. Use of values obtained by
direct linear interpolation of Table 2-1 proved to be unsatisfactory

since they gave erratic numerical results for (ar/Bt)T. Instead,
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Table 2-1

Values of (TS-T)/(TS-TI) as a function of

Source Jaeger (113)
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(continued)

Table 2-1.
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Table 2-2

Radial heat penetration into shale from
a 1.0 ft diameter cylindrical cavity

= 1750, TI = 70, TR = 900, ¢ = 0.3, k =1, p = 145

— r-a af Btu input per

a 2a k TS-TI Ib shale retorted
0 0 o 588
.01 .045 6.04 646
.02 .063 4.44 671
.04 .087 3.28 705
.08 .119 2.46 748
.1 .132 2.26 767
.2 .178 1.73 835
.4 .239 1.35 928
.8 .317 1.08 1050
1 . 347 1.01 1100
2 .452 0.82 1280
4 .584 0.69 1520
8 .745 0.58 1830
10 .80 0.55 1940
20 1.02 0.47 2400
40 1.26 0.41 2960
80 1.56 0.36 3700
100 1.67 0.345 4000
200 2.05 0.301 5050
400 2.50 0.274 6480
800 3.05 0.254 8300
1000 3.75 0.250 9000
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3-point hyperbolic interpolation was used and the values obtained in
this manner agreed to 1% with the correlating equation:
(r-a)/2a = (.4836 S + .25)'5 - 0.5 - .01S + .00012 S2, Eq2B-3
where S = (at/az)'s.
The last column of Table 2-2 was obtained using the time
derivative of the correlating equation for the second column together

with the figures in the second and third columns. The values given are:

2

The first column of Table 2-2 is dimensionless time and may be
converted to time in hours by multiplying by 10.875. The second is the
retorting zone penetration divided by the cavity diameter and is
therefore numerically equal to the penetration in feet. The third

2 of

column is dimensionless flux and may be converted to Btu/hr ft
surface by multiplying by 3360. The last column has special
significance since there will be no net energy production if the heating
value of the shale per pound is less than the heat input per pound.
Thus for Antrim shale values in this column greater than 1000 result in
net energy losses.

Table 2-3 extends the data of Table 2-2 to the projected hour-
by-hour operation of the central cavity model. The first column gives
the hour elapsed after ignition calculated as indicated above. The
third column was obtained by calculating the retorted volume from the
second column of Table 2-2 and multiplying by 145 lb/ft3 density and
1000 Btu/1b, The second column was obtained in the same way but using
the correlating equation 2B-3 and differentiating the result with

respect to time.
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The fourth column was calculated from the third column of Table
2-2 multiplying by 3360, 200, and 7 . The fifth column was calculated
from the third column by summing its increments multiplied by the
arithmetic average of adjacent values from the last column of Table 2-2
and dividing by 1000. The sixth and seventh columns are respectively
the fourth minus the second and the fifth minus the third. Figure 2-4
is a plot of the third and the last columns of Table 2-3. It shows how
the gross energy output from the central cavity model increases with
time, but the gross energy input represented by the difference in the
two curves increases faster. Therefore, the cumulative net energy

reaches a maximum of something less than 10,000,000 Btu.
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PART C. HEAT INPUT PER POUND OF SHALE
AS A FUNCTION OF FLOW DIRECTION

Radial. heat flow from a central cylinder occurs not only in the
central cavity model but in any in situ situation where the hottest part
of the formation lies along a 1ine. Two other basic directions of heat
flow are analyzed here and compared with radial cylindrical flow.

Radial spherical flow is the type of heat flow to be expected
when the hot region is a spot rather than a line, and linear heat flow
maybe expected from a uniformly heated plane. Linear heat flow was
assumed in a number of unrealistic models discussed in Part A.
Spherical radial heat flow probably occurs frequently as in forward
combustion along a line connecting injection and production wells.

The mathematical analysis for linear and spherical radial flow
is much simpler than for cylindrical radial flow. It is easier to
manipulate the equations and to understand the implication of the
results. For linear flow the problem becomes the simple semi-infiqite
slab problem.

The temperature distribution in such a case is given by:

1-6 = (T-Tg)/(T1-Ts) = erf(x/V/ &t) = erfp Eq2C-1
where 6 is (T-T{)/(Ts-T1) and p = x//4at

The flux at the surface in such a case in Btu/hr:

= -k(dT/dp) (3p/3x)| g = k (Tg-Ty)//Tat
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and the pounds retorted per hour

p(axR/at)TgTR = pRV O';E 9]

since the constant p, = erf ! (1-8) = xR//"ZEE
The Btu input per pound of shale retorted, B, then is given by:
B=c (TS-TI)/J T PR Eq 2C-2

and if ¢ = 0.3, T¢-T, = 1680, T, = 900, and p, = el‘f"'1 (850/1680) =.4836

S'1
then 588 Btu must be input per pound of shale retorted. For linear heat
flow this value is a constant and not a function of x or t. For radial
cylindrical or spherical heat flow this value applies as t or x approach
zero and there is no variation in cross section. The 588 at the top of
the last column of Table 2-2 is based on this reasoning. It should
also be noted that the heat input per pound of shale is not dependent on
thermal conductivity or on density. The same will be shown for radial
spherical and may be presumed for radial cylindrical flow although it is
not easy to demonstrate it in the last case because charts and empirical
equations were used.

Table 2-4 presents for linear heat penetration the same data
that Table 2-2 presents for cylindrical radial flow. The headings are

made to correspond as nearly as possible. For example, x is substituted

for (r-a)/2a, 4ot for at/az, and f/2k for af/k.
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Table 2-4

Linear heat penetration into shale from

a flat heated surface

Tg = 1750, T, = 70, Tp =900, ¢ = .3, k =1, p= 145

f Btu input per 1b

dat X 2k (TS'TI) shale retorted
0 0 588
.01 .048 5.64 588
.02 .068 3.99 588
.04 .097 2.82 588
.08 .137 1.99 588
.1 .153 1.78 588
.2 .216 1.26 588
.4 . 306 .89 588
.8 .433 .63 588
1 .48 .56 588
2 .68 .40 588
4 .97 .28 588
8 1.37 .20 588
10 1.53 .178 588
20 2.16 .126 588
40 3.06 .089 588
80 4.33 .063 588
100 4.8 .056 588
200 6.8 .040 588
400 9.7 .028 588
800 13.7 .020 588
1000 15.3 .018 588
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The mathematics of radial heat flow from an internal high
temperature sphere is only a little more difficult than flow into a
semi-infinite slab. The temperature distribution for such spherical
radial flow is given by:

8 = (T-T{)/(Tg-T;) = (a/r)(1-erf((r-a)// 4ot]) = (1-erf p)/s Eq2C-3

where p = (r-a)// %t and s = r/a

The flux at the surface in such a case in Btu/hr
f= -k (ar/ar)tl = k(Tg-T;)(1/a+2)7%at ) Eq2C-4
r=a

and the pounds retorted per hour per ft2 cavity

o(aralat)T=TR / 3a? = ps2r

where r' = (3r/at) T-Tp and can be evaluated by differentiating equation
2C-3, making use of the retorting front relations:

l-erf PR = SR8 and PR = a(sR-l)// 4at

2

Then
p //E'SR

-pR
= -QH /asR - 2e

2
PR™
0 = /moe r + 2ap

and
PP = r /Y&t -a (sR-l)/2+/TmEE

PR r'/(sR-l)a-Za pR?/(sR-l)z.a2
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Combining we get
2

P
0= [/18e R (sR-l) a+ 2apR] r'- 4aapR3/(sR-1)a

Po= dopp

2

p
(sg-1)a [/i(sp-1)0 e * + 2pp ]

Substituting back, we then find B, the Btu input per pound of

shale retorted in the spherical radial direction.

f/ps? r

x
1]

p 2
=C (TS-TI) (SR-l + 2pR/JF)[/F(sR-1) e Re/2 + ]

2 3
/2552 pp Eq 2C-5

Equation 2C-5 is identical with Equation 2C-2 at the start of
the operation when sR = 1, and for ¢ = 0.3,TS = 1750, TI = 70, and
TR = 900 again gives 588 as the Btu input per pound of Antrim shale
retorted. This figure is again independent of the thermal conductivity
or the density of the shale bed.

It is also interesting that as SR g approaches unity the value

3‘become infinite. Thus, with a one

of pp and the value of exp (PRZ)/DR
foot diameter spherical cavity at 1750°F and a bed initially at 70% a
retorting temperature of 900°F will never penetrate more than

(1750-900)/2(900-70), or 0.51 feet into the formation.
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For radial cylindrical heat flow the retorting front continues
indefinitely to penetrate the formation but requires progressively more
heat input per pound of shale retorted. In the case of linear heat
flow, the retorting front continues to penetrate and the heat input per
pound retorted is a constant. These effects are well illustrated in
Figure 2-5, which shows heat input perApound of shale retorted versus
retorting temperature penetration into the formation in feet.

It may be seen from the chart that as the front moves into the
shale the direction of heat transfer is a very important factor in
determining the heat requirement. Also shown on the same chart are
lines representing the energy output, also in Btu/1b of shale retorted
for Antrim (1,000), Western (2,000), and Jordanian (3,000) shales.
Where intersections of input and output lines occur, there is, of
course, no net energy production and further heating in situ becomes
useless. For Antrim shale with spherical radial heat flow, this occurs
at less than an inch penetration. For cylindrical radial it occurs
after four inches penetration, and for linear flow it never occurs. The
spherical flow dqta for plotting the line in Figure 2-5 are given in the
second and fourth columns of Table 2-5. The table is similar to Tables
2-2 and 2-4 except for heat flow direction. The values in the second
and fourth columns were calculated from the first column using Equations
2C-3 and 2C-5. This was done on a TI-59 programmab\e calculator using a
convergence procedure to get r to fit Eq2C-3. Also involved was a
series approximation of the error function. The third column of Table

2-5 was obtained from Equation 2C-4.
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Table 2-5

Radial heat penetration into shale from
a 1.0 ft diameter spherical cavity

Ts = 1750 TI = 70, TR =900, ¢c = 0.3, k =1, p= 145
-312 r-a af Btu input per 1b
a 2a E!TS-TIS shale retorted
0 0 588
.01 .044 6.64 718
.02 .059 4,99 777
.04 .080 3.82 866
.08 .105 2.99 1004
.1 .115 2.78 1063
2 .148 2.26 1320
.4 .186 1.89 1750
.8 .228 1.63 2500
1 .242 1.56 2860
2 .285 1.40 4600
4 .327 1.28 8100
8 .365 1.20 15500
10 377 1.18 19500 3
20 .408 1.13 42x10
40 .434 1.09 95
80 .454 1.063 230
100 .460 1.056 307
200 .474 1.040 780
400 .484 1.028 2050 6
800 .492 1.020 5x106
1000 .494 1.018 8x10
0 .512 1.000 *®




Input or output Btu/1b of shale retorted

38

4000 -
3500
3000 J __ Jordanian shale energy output/__ ___ _ —
5
o
S
=
250 | 8 &
qo
cl S
3 &
2000 T Mestern shale </ energy output __ ___
5 &
p &
=
1500 | & ;
&
iéb
S
1000 1 fo—_ - ___ Antrim energy output _ _ ____
Linear heat input
500
0 5 1.0 1.5

(r-a)/2a--feet penetration

Effect of heat flow direction on Btu/1b shale

Figure 2-5.
energy input and output (c=0.3, TS=1750, TI=70’

Ta=900).



39

PART D. SHALE RETORTED AND HEAT CAPACITIES
AS ION UR

Three important assumptions of the central cavity model are the
retorting temperature TR taken as 900°F, the energy output of Antrim
shale taken as 1000 Btu/1b, and the heat capacity of Antrim shale taken
as 0.3. The energy output and retorting temperature will be considered
first.

Figure 2-6 presents data taken from Tables 4-6, 4-7 and 4-10 of
the experimental work of this thesis giving accumulated weight 1os§ as a
function of temperature. The data from Tables 4-6 and 4-7 are based on
sequential and non-sequential runs made without mechanical pressure on
the rock. These data agree very well with each other considering the
very different techniques used and the large number of samples used in
the non-sequential runs. However, the data of Table 4-10 taken from
runs under external mechanical pressure give considerably lower weight
loss at each temperature.

As explained in the experimental section of this thesis, part of
the mechanism of organic vapor evolution from the shale involves the
opening of horizontal cracks in the shale, and such cracks do not form
under the mechanical pressure due to the overburden in true in situ
conditions. Therefore, it seems reasonable to use the data taken under
mechanical pressure as a basis for energy output and retorting

temperature. The points representing these conditions in Figure 2-6 fit
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a correlating equation for the cumulative fraction weight loss from the
shale of

F = 0.021/(1+u) + 0.077/(1+v) Eq2D-1
where u = (600/T)* and v = (957/T)18
with T the temperature in OF

The total fraction weight loss from this equation is
0.021 + 0.077 = 0.098. The corresponding 1oss in the heat of combustion
of the shale is 957 Btu/1b, according to Figure 4-13 and Equation 4D-1.
This may also be considered a good approximation for the gain in heat of
combustion of the gas after taking into account the small exothermic and
endothermic effects discussed in connection with Experiments D-2. The
figure of 1000 Btu/1b used in the model is then conservatively and
optimistically on the high side.

The fraction weight loss for T = 936 is0.049 or half the total.
If this temperature is assumed as the retorting front we might expect
the combustibles evolved at lower temperature to equal the combustibles
not yet evolved at higher temperature. The lower figure of 900 used in
the model is then conservative since it shows a little more shale
retorted than expected.

The most important physical property in determining the heat
input for shale retorting is the heat capacity. Also, the mathematical
analysis assumes that the heat capacity is constant and we need to
examine how close this assumption is to the truth. Important
considerations in this respect are the variation in heat capacity of the
components with temperature, the loss of some of these components during
the retorting process, and the heat of reaction which contributes to the

Btu of heat needed for each degree rise in temperature.
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Figure 2-7 shows data on the heat capacity of some shale
component as a function of temperature. Aluminum and silicon oxides are
the most important inorganic components of the shale, they have similar
heat capacity curves, and a correlation equation for the inorganic
portion of the solid fits their values closely. It should be noted that
heat capacities of solids at room temperatures are often much lower than
the fully developed Dulong-Petit values at higher temperatures, and the
common practice of taking low temperature handbook values can lead to
considerable error.

To represent the organic part of the shale data on pure carbon
are shown as a function of temperature together with one naphthalene
point at 600%F. While kerogen and naphthalene are quite different in
structure, they both have about the same carbon to hydrogen ratios and
that is mainly what determines the heat capacity. Of course,
naphthalene heat capacity rises with temperature as does carbon heat
capacity, but during the retorting process the vapors evolved are richer
in hydrogen than the solid residue and the heat capacity of the latter
moves toward the value of pure carbon. The straight line approximation
for the organic part follows this pattern and, while not accurate in
itself, it represents only a small fraction of the total heat capacity.
An even smaller fraction is the combined water in the inorganic and
organic portion of the shale. This would also add to the heat capacity
and more at low temperature than at high.

Figure 2-8 gives calculated values for the effective heat
Capacity of the shale, based on the correlating equations of Figure 2-7
for the organic and inorganic parts as well as the heat of the retorting

reaction multiplied by the temperature derivative of the correlating
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equation of Figure 2-6. It will be seen that the heat of reaction and
the lowered heat capacities at temperatures under 1000%F are
compensating effects resulting in a fairly constant effective heat
capacity between the surface temperature and the retorting range.

In situ conditions for Antrim shale then are close to those of
the Jaeger problem for a heat capacity taken as constant at 0.315
Btu/1b% . The mass referred to in this calculated effective heat
capacity is that of the original shale. The actual heat capacity of the
spent shale at these temperatures is about 10% higher. The use of 0.3
in the model is low and shows a smaller heat input than would actually

be experienced.
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PART E. RETORTING RATE AND NET HEAT RECOVERED
AS A"FUNCTION OF SURFACE TEMPERATURE

Some of the experiments of this thesis showed that at around
temperatures 1800°F incipient fusion of some shale components occur
resulting in glazing of the surface. The model surface temperature of
1750%F is uncomfortably close to this figure. It has been assumed that
a higher surface temperature would result in faster and more effective
retorting, but it is necessary to show by calculation that such would be
the case.

Since the linear flow path is the simplest mathematically and
corresponds to radial flow at the start of retorting, it will be used.
Table 2-6 has been calculated from Equation 2C-1 and the pounds retorted
relation. The retorting rate ratio is the ratio of pounds of shale
retorted per hour at TS divided by the same value for 1750°F. The
retorting efficiency ratio is 588 divided by the Btu input per pound of
shale retorted with the corresponding TS value. At 1100°F, for example,
1000 Btu input would be required right from the start which for Antrim
shale would represent zero net output.

Figure 2-9 is a plot of these same data. It will be seen from
the plot that both rate and efficiency are improving with temperature at
1750°F although the efficiency is not improving very fast. Somewhat
lower temperatures would be all right, but not as low as the 1000°F

proposed by Lesser,
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Table 2-6

Effect of applied temperature on retorting rate
and retorting efficiency

oTS Retorting Retorting
F rate ratio efficiency ratio

1750 1.000 1.000
1700 .970 .995
1600 911 .978
1500 .851 .950
1400 .792 .905
1300 .732 .838
1200 673 .737
1100 .613 .586
1000 .554 . 357
900 .494 0




Rate and efficiency ratios
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CHAPTER THREE
LITERATURE REVIEW

A comprehensive bibliography on o0il shale is maintained by the
DOE Technical Information Center at Oak Ridge (115). More than 10,000
references are cited and these are arranged by subject category with
some of the more pertinent categories being as.follows:

(1) Mining and fracturing

(2) Aboveground retorting

(3) In situ retorting, true and modified

(4) Properties and composition

(5) Economics

Other categories such as geology, general, health and safety,
waste research, regulations and environmental aspects are also included
in the bibliography.

Two major sources of data on Western shales are the annual oil
shale symposium proceedings sponsored since 1964 by the Colorado School
of Mines and the Laramie Energy Center, and the reports of
investigations published by the U.S. Bureau of Mines. Both of these two
sources were used extensively in this thesis. Some of the important
literature in each of the above five categories is described in the

following:

48
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(1) Mining and fracturing

Room-and-pillar oil shale mining for the Colony aboveground
retorting process was well described by Marshall (55). An outline of
the work done by the Bureau of Mines in oil shale mining for aboveground
retorting until 1976 was summarized by Utter (116).

The publications in areas related to fracturing shale as a way
of enhancing the in situ process, true or modified, are numerous. Many
fracturing techniques have been suggested. Some work used hydraulic
fracturing, or the use of high pressure air or water (3, 31, 101).
Other work used chemical explosives (65, 66). Electric methods (29, 63,
84) and nuclear methods (47, 49) have also been suggested. The
combining of different types of techniques has also been investigated

(14, 61, 72, 102, 103).

(2) Aboveground retorting

Aboveground oil shale retorts were classified by Hull and others
(40) into four general categories depending on the method for trans-
ferring heat to the shale. The last column of the Table below was

brought up to date by the writer. These categories are:

Class Method of Heat Application Examples
I Heat is transferred to the Pumpherstone (40)
shale through a wall.

I1 Heat is generated within the 1) Bur. of Mines
internal- retort by combustion of pro- Combustion
combustion duct gases and residual carbon retort (33, 34
retort remaining in the shale. 56, 82)

2) Union "A"

retort (91)

3) Paraho vertical
retort (71, 72)



II1
hot gas
recycle
retort

v
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Heat-carrier gas is heated
in the retort zone and is
then passed through a moving
bed of oil shale.

Heat transfer by contact
between fresh shale and hot
recycled spent shale.

1) Union "B"
retort (50)

2) Paraho Unit
with air injec-
tion (43)

Lurgi-Ruhrgas (85)

As discussed by Hull and others (40), each class of retorts has

special advantages and disadvantages, as follows:

Class

I1

IT1

IV

Disadvantages

1) inefficient heat transfer

2) Tow production rate
1) low oil recovery

2) fine shale needs retreat-
ment

3) product gas has low heat-
ing value

1) mechanically complex

2) thermally inefficient

3) low product rate

1) mechanically complex

2) thermally inefficient

Advantages

1) gas produced not con-
taminated with air or
fuel

1) mechanically simple

2) thermally efficient

1) high oil yield

2) product gas has high
heating value

1) high oil recovery

2) product gas has high
heating value
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(3) In situ retorting, true and modified

A review article by Carpenter and Sohns summarizes the work done
by the Bureau of Mines and the Laramie Energy Center through 1974 (16).
This work included operation of 10 and 150 ton batch retorts simulating
in situ process, the operation of a small high-pressure batch retort,
the operation of a simulated-overburden pressure retort and finally the
development of mathematical retorting model. Other review articles are
those by Ridley (76, 77) on the Occidental process of modified in situ
processing of o0il shale through 1978 and by Campbell (13) on the same
process through 1981. An interesting overview article was published by
Schramm (86).

Other publications which investigate one or several aspects of
the in situ process are also available in the literature. Some of the
areas which have been investigated include field testing and pilot plant
operations (8, 15, 22, 31, 74, 75), kinetics of kerogen decomposition
(2, 9, 11, 12, 27, 39, 58, 59, 97), experimental work supporting or
simulating the in situ process (7, 12, 21, 24, 36, 53, 67, 89, 90, 95,
100, 104, 111) and finally mathematical modeling of the in situ process
(3, 6, 10, 11, 12, 28, 49, 54, 57, 81, 87, 92, 99, 106, 109). Work on
the use of disposed spent shale can also be found in the literature (30,

62, 105).

(4) Properties and composition

A number of publications have appeared in areas related to the
properties and composition of oil shale can be found in the literature
(35, 37, 78, 79, 80, 89, 104). These data are largely on Western shale

and include elemental analysis of the organic and mineral parts of the
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shale, variations and comparative analysis of these properties.

Properties such as density, permeability and porosity can also be found.

(5) Economics

Articles on the economics of proposed shale oil processes have
appeared in the literature from time to time. An excellent article by
Kaiser and Maass (117) discusses the many factors which must be taken
into account to justify a large aboveground installation such as the
Exxon-Tosco Colony Project. Among these are heat requirements, solid
handling, engineering manhours, procurement problems, construction
costs, safety and environmental problems. Sladek (88) presents a
technology assessment for developments of this size and larger which
included additional factors such as government policies, proposed
legislation, land management, water availability, socioeconomic effects,
regulatory disincentives, and the unreliability of cost estimates. In
connection with the last of these, it is interesting that the 1.7
billion dollar cost he cites for a 50,000 barrel/day facility was
increased less than two years later to 6 billion dollars (See
Appendix D).

Less extensive economic studies on proposed modified in situ
installations operating on Western shale may also be found in the
literature (32, 51, 96).

There had been little experimental or theoretical work done on
Antrim shale when Dow started the project with DOE. However, as a part
of Dow's four year program to test the feasibility of using the true in
situ process with Antrim shale, both experimental and theoretical work

has been done. This work, together with the results of mining,
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fracturing and field testing done by Dow are reported in quarterly
progress reports published by the Department of Energy. Some of these
reports are cited in the Bibliography (41, 98, 112). A number of
papers on Antrim shale were also presented at the AIChE Annual Meeting
in Detroit in August 1981 (1, 45, 54, 108).

Work on properties and composition of Antrim shale were done by
Leedy and others, they reported that Antrim kerogen is a crosslinked
polymeric structure consisting of roughly equal amounts of aromatic and
aliphatic carbons (40). Ruotsala and others reported that in typical
Antrim shale, the inorganic part is composed of 50-60% quartz, 20-35%
illite, 5-10% kaolinite, 0-0.5% chlorite and 0.5% pyrite (83). Physical
properties like density, porosity, permeability and thermal expansion
were reported for Antrim shale by Hockings (38). A modified Fischer
assay oil yield average of 4,67 gal/ton was reported by Leffert and
others. They also reported the potential of Antrim shale to be 2.8
trillion barrels of oil (45).

Work on kinetics of kerogen decomposition and mathematical
modeling were done by Crowl and Piccirelli (18, 20). They used the
model of Tyner and Hammert (106) which was derived for Colorado shales,
to true in situ energy production from Antrim shale. This model was

discussed in Part A of Chapter Two.



CHAPTER FOUR
EXPERIMENTAL WORK

PART A. INTRODUCTION

Studies of the potential of true in situ processing have
generally involved three different types of attack: field tests,
mathematical modeling, and laboratory experimentation. Of these, field
tests are by far the most expensive and are difficult to interpret since
one cannot see what is going on underground. Modeling is interesting,
but the reasonability of the results are highly dependent on the
assumptions made. While the three types of attack are all important in
bringing in situ processing close to the commercial stage, simulating
underground condition experiments coupled with simplified mathematical
modeling are relatively inexpensive and, if done first, yield reliable
information which is needed to evaluate the advisability and feasibility
of field tests.

This research was begun during the period in which Dow field
tests were in progress. At that time, some laboratory work by others on
Antrim shale was in progress, but it was largely directed toward finding
the average chemical analysis of the organic and inorganic parts of the
shale (38, 44), surveying the richness of Antrim shale from various
sources by the Fischer assay method (45), and studying the kinetics of
retorting using powder samples (17). Very little work had been done on

chunk samples of Antrim shale simulating underground conditions. This
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type of work was available in the literature on Western shale, and it
could have been assumed that Antrim shale is similar to Western shale,
but there is so much variation between the two sources that this would
clearly have been a poor assumption. Even on Western shale, no work was
found on the combustion of shale under overburden pressure, the
behavior of shale at elevated temperatures, or the use of heat of
combustion to evaluate the total energy recoverable, and not just the
oil potential as measured by Fischer assay.

Laboratory scale experiments under a variety of operating
conditions were devised and performed to investigate the possibilities
and limitations of in situ production from Antrim shale. Several series
of experiments were carried out, and are outline below as they appear in
the thesis:

Part B. Sources and preparation of shale samples.

Part C. Experiments related to the accessibility of

shale surface.

C-1 Measurement of density and void space created in
shale retorting.

C-2 Expansion of shale as a result of retorting at
atmospheric pressure.

C-3 Compaction of shale as a result of retorting
under mechanical pressure.

C-4 Formation of cracks in the shale during retort-
ing.

C-5 Sealing of shale access surface at elevated

temperatures,
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Part D. Experiments related to the energy content of Antrim

shale.
D-1 Measurement of heat of combustion.
D-2 Evaluation of Antrim shales on the basis of

weight loss and heat of combustion.

Part E. Experiments related to the effects of temperature and

Part F.

Part G.

nitrogen gas pressure during shale retorting.

E-1 Sequential runs.

E-2 Nonsequential runs.

Experiments related to the effect of overburden

pressure during shale retorting.

F-1 Sequential runs.

F-2 Nonsequential runs.

Experiments related to the penetration of oxygen into

spent shale and combustion of residual carbon.

G-1 Oxygen gas pressure and temperature effects,
sequential runs.

G-2 Oxygen gas pressure and temperature effects,
nonsequential runs.,

G-3 Overburden pressure effect during spent shale
combustion, sequential runs.

G-4 Overburden pressure effect during spent shale

combustion, nonsequential runs.



PART B. SOURCES AND PREPARATION OF SHALE SAMPLES

The Antrim shale samples, intended for investigation, came from
the Dow Chemical Company, Antrim Well #103, Sanilac County, Michigan.
These Antrim samples are cylindrical cores 3.5 inches in diameter and
came from a depth of 1191-1202 feet.

Colorado shale samples were obtained from Richard A. Martel of
the Laramie Energy Center. Jordanian shale samples were obtained by the
writer from outcrops at the E1 Lajune area.

Antrim shale samples, of 0.7 inch diameter and 1.5 inch high,
were obtained by cutting the original 3.5 inch core sample, using a
small core drill. Also, 0.7 inch diameter and 1.5 inch high cylindrical
Colorado and Jordanian shale samples were obtained by cutting the
original chunk samples (approximately 4x4x1.5 inches) using the small
core drill,

A 200 m1 alloy steel jar mill with alloy steel balls was used to
pulverize the sample whenever the experiment required the use of
powdered samples. In the combustion experiments, a pellet press was
used to obtain pellet samples. The pellet press consisted of a 0.7 inch
diameter steel rod fitted into a 0.7 inch diameter by 1.5 inch deep hole
in a 4 inch diameter and 2 inch high steel cylinder.

Due to the significant variations of shale properties, an
inspection, elimination, and selection sampling strategy was employed.
An original large sample was visually inspected and selected, if it

appeared to be reasonably representative and uniform. The 0.7 inch
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small samples, resulting from the core drilling of the large one, were
also visually inspected and were eliminated if:
(a) It showed richness in pyrite.
(b) It was not compact (many samples were broken during the
drilling process).
(c) The light color of the sample indicated deficiency in
organic content.
(d) The soft, oily texture of the sample indicated excessive
richness in organic content.
After the elimination process was complete, representative 0.7
inch samples were randomly chosen among those obtained from a single 3.5
inch one and were used for a given set of experiments. In addition,
duplicate samples were used in either simultaneous or consecutive runs,
to assure that the samples were not unique in their behavior. Because
of the limited number of 0.7 inch samples obtainable from a single 3.5
inch one, and the large variabiity of the latter, no attempt was made to
treat the data statistically. The results should therefore be regarded
as representing typical behavior of good Antrim shale samples, rather
than average behavior of all material obtained in core drilling.
Except for the experiments on the behavior of shale at elevated
temperatures, only reproducible and consistent experiments were

reported.



PART C. EXPERIMENTS RELATED TO THE ACCESSIBILITY
OF SHALE SURFACE

These experiments were conducted in order to obtain information
useful in determining what paths could be made available for the flow of
hot gases or oxygen into the formation, and for the flow of organic
gases and vapors and products of combustion out of the formation. Five
series of experiments were conducted as follows:

C-1 Measurement of density and void space created in
shale retorting.

C-2 Expansion of shale as a result of retorting at
atmospheric pressure.

C-3 Compaction of shale as a result of retorting under
mechanical pressure.

C-4 Formation of cracks in the shale during retorting.

C-5 Sealing of shale access surface at elevated temperatures.

Experiments C-1. Measurement of density and void space created in shale

retorting.

C-1.1 Purpose. The purpose of these experiments is to determine the
fraction of void space created in the shale as a result of kerogen
decomposition and evolution of the product gases and vapors from the
rock.

C-1.2 Apparatus and Materials:

- 4x5x10 inch, 1832°F (1000°C) electric muffle furnace with L&N
potentiometer control.

- Electric drying oven,

BQ
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- Electric hot plate.

- 200 m1 alloy steel jar mill with alloy steel balls.

- Torbal torsion analytical balance.

- 25 ml glass pycnometer with thermometer.

- Laboratory aspirator pump.

- Distilled water,

- Micrometer.

- 200 m1 vacuum flask.

- 0.7 inch diameter and 1.5 inch high cylindrical Antrim shale
samples cut with a small core drill from a single core sample
3.5 inches in diameter.

- 0.7 inch diameter and 1.5 inch high cylindrical Colorado and
Jordanian shale samples cut from single chunk samples about
4x4x1.5 inches.

C-1.3 Procedure.

(a) A cylindrical sample was weighed on the analytical
balance and measurements of diameter and height were taken with
the micrometer. Geometric density was obtained by dividing the
weight by the calculated volume of the cylinder.

(b) A second cylindrical sample was weighed. It was then
placed in the electric furnace after preheating to 1112°F (600°C).
It was removed from the furnace after two hours, cooled, weighed,
and the percentage weight loss determined.

(c) The raw sample and the spent sample were each ground i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>