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. SECTION I
EXECUTIVE SUMMARY
1.1 GENERAL

In 1932 the Bureau published Bulletin 351, "Mining Petroleum by Under-
ground Methods". It is the purpose of this report to update the conclusions
of Bulletin 351.

The investigating team concludes that in situ production methods are now
technically, environmentally and economically viable. THis supports the key-
stone conclusion of the 1932 study that extractive mining methods should not
be used as a primary method of oil recovery from an oil field. The economics
of handling large volumes of rock plus the flammable and toxic gases inevitably
“emitted from open reservoir rock expose workers to health and safety risk and
are restraints to handling oil bearing rock unnecessarily. Thus, our conclusion
is that the historical mission of the mining engineer must change in oil mining
from providing the total underground technology to a primary role of providing
and maintaining access or proximity to target reservoirs. The petroleum engineer
then becomes the on-going key technologist for the completion and operating 1ife
phases of the petroleum recovery project.

This report considers only in situ recovery methods*, that is mining
technology is used primarily, but not exclusively, to gain undisturbed access
to the proximity of o0il bearing zones but the integrity of the deposit itself
would not be changed by mining, 0il bearing ore would not be removed and the
seal of deep underground target formations and the competence of the rock
above or below the formation would be protected.  However, in the case of
viscous 011 targets, it is the objective to remove or expose the surface of a

formation so that it may be produced in situ.

The study describes two processes that can be used to produce presently
unrecoverable reserves for two types of petroleum deposits - the 300 billion
barrels of conventional 1light (above 250 API) crudes and the 200% billion
barrels of heavy or viscous oils and tar sands.

For the 1ight conventional crudes a gravity drainage mechanism is applied
after shafting through and tunneling under a reservoir. With close proximity
gained below, many short wells are drilled upward into the formation under
sealed pressure control. Petroleum engineering technology is applied to con-
trolled flow gravity methods without the current economic constraints of high

*A companion study on oil mining contracted by the U.S. Bureau of Mines
concurrent to this study considers the technical and economic feasibility of
extractive or in-seam mining. The resulting report, titled "0il Mining -

A Technical and Economic Feasibility Study of 0i1 Production by Mining Methods",
evaluates surface, underground and in situ petroleum recovery.

14



. cost surface wells, 1imiting density of wells, maximum well flows and 1imiting

- to small well diaméters. Likewise, the historic above ground technical
constraints of having to flow upwards against the force of gravity, utilizing
only contained formation energies and operating only within the radial flow
regime are no longer limitations. Then, gravity will be the paramount mechanism
used to produce oil although other internal energies, such as capillary forces
and the contained formation energy of water drive or gas pressure may be used

as supportive producing forces.

To recover conventional Tight crudes a Drip Drainage method of controlled
gravity production will increase recovery from the current 32% (average) of
the original oil in place to additionally capture 80-95% of the remaining
68% as long as:

1. Formation temperature, which is related to depth, does not exceed
worker comfort Tevels. This 1limit changes by geographical location but is in
the range of 4000-8000 feet making a good portion of the 300 billion barrels
of "unrecoverable" conventional oil in the United States immediately available
to recovery, '

2. Competent rock lies below a target reservoir. This should occur in
many or most of the cases in nature, however geologic data of formations under-
lying reservoirs is generally lacking.

The depth and rock competence requirements confirm conclusicons of the
1932 study. However, gravity drainage of reservoirs from below requires further
development of four additional generic mechanical technologies. First is to
adapt the wide experience in pressure control from a downward to an overhead
or overhanging orientation. Second is to adapt existing overhead and angled
drilling technology to the constraints of a small underground room. Third,
more adequate pressure control blocking technology for tunnels and drifts
should be developed to isolate sectors of underground workings into drilling
room chambers. Fourth, petroleum engineering technology must be applied to
plug pressure zones prior to drilling the access shafts. Beyond this, lab
experiments to prove production rates and conditions must be provided. With
these data, for which some studies are currently in progress, a first demon-
stration can be established.

To recover viscous or heavy 0il or tar sands deposits Flip Flop methods
have been devised to remove up to 80% of the in place oil by hot water soaking
using surfactant and weighting additives. Flip Flop places a hot water pond
immediately on top of an oil deposit. Hot water is heavier than 0il and will
cause alteration of oil viscosity so the oil will rise to the top of the pond
where it can be recovered. Most heavy oils are in shallow deposits easily
accessible by surface mining. However, for deeper deposits, cavern jetting to
expose the deposit surface is suggested by adapting work currently in develecpment
at the Twin Cities Mining Research Center of the Bureau of Mines. Little
technology need be added to this concept prior to demonstration testing.

Environmental concerns in mining for petroleum are considered to be minimal

except for the risk of mechanical failures of pressure control devices allowing
leaking of reservoir gas into mine openings. Surface disturbance and environ-
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mental concerns should be very small and the major environmental concerns
are expected to be to uriderground worker health and safety in a potentially
hazardous environment due to proximity to toxic gases and its attendant risk
of mechanical or human failures.

Economics for a commercial operation of gravity drainage are developed in
detail within the report and indicate that even for a poor reservoir current
0il prices are at adequate levels. The economics for heavy viscous oil by
. F1ip Flop have not been detailed but are judged attractive. However, in order
to call forth industry risk capital for first demonstration projects, a 20%%
rate of return may be required and some government cost sharing needed to
establish the two or more demonstration projects to test the processes described.

As a result of our study, four patent disclosures have been assigned to
the U.S. Government.
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1.2 CONCLUSIONS

1. Tertiary recdvery holds 1ittle promise that a significant fraction
of reserves currently termed "unrecoverable"” can be captured.

to 01l bearing formations by mining technology and then utilizing this prox-
imity to apply proven petroleum engineering technology for additional in situ
recovery 1is '

- Technically feasible
- Environmentally acceptable
- Economically viable.

3. Two processes, or variations, can be used to produce "unrecoverable"

. 011

- Drip Drainage for conventional hydrocarbons
- Flip lop for viscous, heavy oil or tar sands hydrocarbons.

4. Recovery factors can be substantially increased to obtain more of the
original oil in place

- from 0-25% to 60-90% for viscous oils by Flip Flop
- from 32% to 80-95% for conventional oils by Drip Drainage.

5. Recovery volumes of currently "unrecoverable" oil are in the range of

- 150-200 billion barrels of conventional o0il to 8000' in depth
- 150-200 billion barrels of viscous, heavy 0il and oil from tar
sand deposits.

6. Technology development is required for adapting existing knowledqge
in the areas of

.- Drip Drainage

- upward (and angled) drilling of short small diameter holes from
underground rooms

- pressure control in an overhanging orientation

- underground room chamber isolation.

2. Mining for Petroleum (modified in situ) that is, gaining cl1ose access ™

'1r“~ dr1111ng large “shafts through pressured reservo1rs

7 F11p Flop ST ST :

- cavern Jetting or underground dr111in§ of caverns (underground
mining only).
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7. Data development is required to practically apply at demonstration
level the processes described in combination with known technology

- oil/water interchange rate for Flip Flop _

- oil/water/gas redistribution rate in produced reserveoirs for
Drip Drainage

- rate of production by Drip Drainage against variables of reservoir
rock and fluid properties

- high pressure fluid jetting rates of underground rock for Flip
Flop caverns.

8. Demonstration projects by industry should be governmentally encouraged

for

- Flip Flop
- Drip Drainage.

.8, Economics of mining for petroleum underground by Drip Drainage
indicate an oil price between $12.50 and $15.25 per barrel is required for a
conservative prospect depending upon.the rate of return reguired to call forth
industry risk capital for a demonstration. This oil price may or may not be
sufficient to trigger industry but would certainly be sufficient should
government cost sharing be added. For surface Flip Flop, the economics are
somewhat more improved but industry probably cannot develop this process
independently. For underground Flip Flop high technical risks exist and govern-
ment support certainly will be required to test its viability.

10. Conservation of a great national resource, national security and the
balance of payments dictate that every encouragement be given by government to
-recovering the 68% of "unreccverable" 0il presently existing in depleted reser-
voirs of the U.S.

1.T. Environmental concerns will be Timited primarily to the area of iso- ""-n

lating a pressured reservoir from underground mine workings to protect worker
safety and health.
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SECTION 2
HISTORY OF PETROLEUM MINING
221 INTRODUCTION

Mining for petroleum may constitute one of the greatest challenges to
engineers in the entire mining industry today, because only about 1/3 of the
petroleum is extracted from its reservoir by conventional methods. There are
large numbers of petroleum reservoirs in the U.S. that still contain .. =~ ~

| over 2/3 of their original oil. Tt is this oil that is the primary targét
for mining for petroleum. i

A number of foreign countries have investigated and conducted successful
mining operations in depleted oil zones. Germany, for example, attempted to
increase its supplies of petrcleum by underground mining methods during
World War I (1914-1918). In 1935, German oil mining was carried out on a more
commercial basis. For many years, France successfully and economically
recovered o0il by mining zones that would not produce by conventional wells.
More recently, the USSR has undertaken the mining of cil in the Yarega Field
which is presently producing 1.5 million barrels annually.

Although foreign countries are experiencing some success in recovering
0il by underground mining methods, little research has been performed in the
United States regarding oil mining. The study of the methods used in foreign
countries alone is not sufficient to evaluate the practicality 6f 0il mining
in the United States, because reservoir and geologic characteristics vary so
greatly that no one method can be applied to all reservoirs.

In 1932, the U.S. Bureau of Mines published Bulletin 351 which concluded
that under certain conditions oil mining might be preferred over conventional
recovery methods. This conclusion was based on studies begun in 1923 by
George S. Rice, Chief Mining Engineer, U.S. Bureau of Mines, of oil mining
methods employed in Europe at oil sand mines at Pechelbronn, Alsace, France,
and Wietze, Hannover, Germany. Later studies, in varying detail, were con-
ducted by Uren, Sack, Bruderer and Louis, and Robertson Research International
Limited.

In the past 45 years since the pub11cat1on of Bulletin 351, tremendous
technical advances have been made in mining Jand_ Detro]eum techno]oqy and
designs. In light of these technical advances, §t 9s essential to reassess
the 1932 USBM study and to detail present day mining technology and equipment
that could be used economically to mine petroleum in the United States.
However mining technology alone cannot be unilaterally considered without
understanding the mechanics of the o0il reservoir itself. Therefore the
mining engineer must first determine from petroleum engineering technology
what is mechanically required for increasing ultimate recovery and must be
reactive to those reservoir technology constraints.
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é.Z PETROLEUM MINING, A CENTURIES OLD PRACTICE

The first oil mining, petroleum, asphalt and other bitumens were mined
in the Sinai peninsula, the valley of the Euphrates and in Persia prior to
5000 B.C. The Hoover's, in their translation of Agricolas' De Re Metallica
wrote, "Bitumen was used by the Egyptians for embalming from prehistoric times,
i.e. prior to 5000 B.C., the term "mummy" arising from the Persian word for
bitumen, mumiai....The Hebrew word sift for pitch or bitumen does occur as
the cement used for Moses' bulrush cradle (Exodus II-3) and Moses is generally
accounted about 1300 B.C...Herodotus (484-424 B.C.)....in referring to a well
at Arderrica, a place about 40 miles from ancient Susa in Persia, describes
the manner in which bitumen, salt and 0il are recovered. Pliny in writing
of the same operation mentions production of a “bitumincus Tiquid-Tike o1l
which is burned in lamps." Mining was accomplished by shafts or wells sunk
on the 0il seep, followed by bailing with buckets or other containers. The
brine-bitumen mix was then heated and partially evaporated in the sun to
crystallize the salt out and float the T1iquid bitumen to the water surface.
Later shafts were sunk deeper and short drifts were driven into the oil sands
to establish better drainage. These methods were subsequently practiced in
Romania, France, Germany, Burma and elsewhere.

In addition to these early beginnings it should be noted that rock -
asphalt, tar sands, and asphalt lakes in the new world were occasionally
mined by surface techniques at an early date. Columbus, who discovered the
island of Trinidad off the coast of Venezuela on his third voyage, is said to
have calked his ships with asphalt from Pitch Lake in 1498. Sir Walter
Raleigh reported his observations of the same bitumen deposit following his
visit in 1595. The ship's crews broke the crusted surface of the Take with
picks and carried the tar to the beach to calk their ships. It was so mined
and used by buccaneers, merchant and navy men alike for about three centuries.

Asphalt street paving in the United States began in 1870 with pavement
in front of the City Hall, Newark, N.J. 1In 1876 the Congress directed that
Pennsylvania Ave., in the District of Columbia be surfaced with asphalt. By
1903 about 42 million square yards of streets had been paved with asphalt
in the United States. Such work in coastal cities usually utilized asphailt
from Trinidads' Pitch Lake or the Bermudez Lake in Venezuela, but natural
occurrences of asphalt impregnated rock, which occur in Alabama, Texas,
Missouri, Arkansas, California, New Mexico, Oklahoma, Utah, and some other
states were also used for Tocal and nearby paving projects. About 10 million
tons of asphalt were mined and exported from Trinidad, and the asphalt from
Bermudez Lake in eastern Venezuela was actively minéd- between 1891 and 1931.
Neither is currently worked, because modern oil refinery asphalt products
are made to specifications and the plants are located nearer the demand.
Present exports of asphalt from Trinidad and Venezuela are almost if not wholly
the product of the lccal area refineries.



§L2.1 The Developing Petroleum Industry

World production of petroleum expanded tremendously in the 19th century
as industry developed newly discovered o0il fields utilizing the well driliing
and ajlied techniques developed so extensively in the United States following
the initial Drake well in 1859. By about 1880, oil seeps, springs and tar
sands had Tost their significance as a raw material source, except for local
use in primitive situations.

By 1860 the United States was the leading world o0il producer with markett;l
production of 500,000 barrels. The first petroleum refinery in Pennsylvania ™~
was built in 1860 about a mile from the Drake well. Pipelines, pumping =~
stations, and railway tank cars followed almost immediately and by"1869"the
first 011 tanker, the Charles of Antwerp was regularly crossing the Atlantic.
Throughout this period, the petroleum products primarily were used for
illumination and lubricants, and gas was used for illumination. In 1874,
the Russian government converted it$ Caspian fléet to the use of residual
0il as boiler fuel.

From those beginnings the industry increased until today, world crude
0il production approximates 56 million barréls per day and that of the United
States almost 9 million, all of which essentially is produced from drilled
wells. Although it has long been known that oil fields cannot be exhausted
by boreholes alone, experts have questioned the economic feasibility of
tapping the oil beds by mining. Today, the increasingly higher prices of
petroleum together with the increasing expense of 011 well drilling has
brought the concept of mining for petroleum within the range of practical
economics. An additional factor presently being considered is that new oil
fields _are“becoming much more difficult and expensive to find and it has
been suggested that the world demand for petroleum will outstrip the world
supply of petroleum by the late 1980s or early 1990s.




2.3 PETROLEUM MINING IN THE UNITED STATES

Until the 1970s, the prices for petroleum and petroleum products were
so low that a petroleum mining venture was not economically feasible. A
number of attempts at petroleum mining ventures have been made over the years
but the bountiful supply of petroleum from wells made most of these ventures
unprofitable. Today the status of our foreign petroleum dependency and the
expense and inability to find and develop Targe new fields make petroleum
mining much more attractive.

-

2.3.1 Early Attempts at Mining for Petroleum

An early reference to the method of producing oil in the United States
by shaft sinking appears in a report by the Geoclogical Survey of Ohio, which
states, "Among the novel features of the work at Macksburgs in 1865 was the*™
sinking of a shaft by the Moorhead Qi1 Co., on the Rayley farm, for the
purpose of obtaining the Dutton vein of lubricating vil. A well was first
drilled down to the vein which yielded a 1ittle 01l with a Targe guantity of
water. The owners then conceived the idea of putting down a shaft intc which
it was supposed the 01l would flow in great quantity. The work was finally
completed at great cost, but no more o0il was obtained from the shaft than
the well had yielded. Another company, which held a lease on the adjoining
land, contemplated digging a trench to the depth of the Dutton vein across:
his leasehold, but abandoned the project after the completion of the shafi.”

"A large sum of money was also expended by the Boston Petroleum Co. in
sinking a shaft for shallow oil on Eight-Mile Run®in Newport Township.”

In 1866, according to Prof. L.C. Uren, a series of 31 oil-drainage
tunnels was driven into the 01l sands of Sulphur Mountain in Ventura County,
California, by the Union 071 Co., of California. One of these tunnels was
driven to a total length of 1,900 feet. It had a slight inclination above
the horizontal to facilitate drainage. The 0il sands were penetrated and the
0il drained from them for many years.

In the vicinity of Newport Beach, Orange County, California, an inclined.
shaft, dip 459, was sunk 505 feet to a heavy, viscous o0il sand. A drift
about 30 feet long was made into the o0il sand at the bottom of the shaft, and
a large steel coil was placed in the sump to heat the 0il in the surrounding
0il sand. The plan at first was successful, but the production dropped
rapidly.

About 1902, in scuthwest Colorado near the Utah 1ine, a few mites north
of Fruita on Whiskey Creek, a drift was driven into a shallow syncline to
drain a Tight oil. According to an informal report in 1922 it was producing
50 barrels per day, but in 1927 the production had dropped to 1% barrels of
asphaltic oil per day, accompanied by 10 or 15 barrels of water,




Ancther mine, in the same area about 8 miles south of Dragon Station,
Utah, at Urade, Rio Blanco County, on the Uintah Railway, 1.5 miles east of
the Colorado-Utah border, was operated by the Urado Co. which also operated
an 011 well and a small refinery. It produced lubricating oils of high qual-
ity which were sold in the Uinta Valley region.

The plant was capable of producing between 5 and 10 barrels per day. A
well 505 feet deep was sunk in beds that lie at a horizon below the oil
shales of the Green River formation, possibly in the upper beds of the
Wasatch. Drilling was suggested by the presence of an oil spring. The beds
are nearly flat or dip 2 degrees to 3 degrees northwest. 0il was present in
the three sands penetrated.

A tunnel 375 feet long was driven in the upper sand. This tunnel was
bulkheaded a short distance in. It was reported that the oil sand forms a
shallow syncline. There was Tittle or no gas pressure and no gas was encount-
ered in driving the tunnel. The 0il1 sand and the o¢il lie in shallow sags
which are 4 to 5 feet in depth. 0il came into the sags from the southeast
and issued at the portal of the tunnel.

The possibility of recovering oil by underground mining in Pennsylvania
became a live subject in 1939, In most of the Pennsylvania fields the gas
pressure had been so dissipated that only small quantities of oil are produced
per well. Much of the 011 still remains in the sands. This 0il was of
superior quality and commanded a price double that of most western oils. The
0il sands lie at comparatively shallow depths.

Apparently the promoters of the Pennsylvania Rock Qi1 Co., who drilled
the first successful oil well in 1859, contemplated the recovery of oil from
the Titusville area by trenching and possibly mining, and it was not until
1856 that they decided to drill a well, having noted the oil found in brine
wells as Tarentum., Mining was attempted even after production from wells had
reached a considerable gquantity.

Three shafts were sunk in 1865 about 1 mile north of Greg, Ohic, in an
area where shallow wells were very small and short- 11ved Only small quanti=
ties of 0il were recovered

e

Tidioute, Pa , on the S1te of a well that had produced about 4 barrels of oil
per day. The oil sand was encountered at a depth of 152 feet and was 5 feet
thick, coarse and pebbly. Several holes 10 to 40 feet deep were drilled down
from the base of the shaft, some of which produced water but no oil. Only
about 4 barrels of oil per day were recovered from seepage from the wells.

An attempt also was made to mine the f1rst 011 sand near Petroleum Center, Pa.

At Ravenna, Estill County, Ky.. a shaft sunk 130 feet to an oil-bearing
Timestone produced 2 to 3 barrels of oil per day. The project was not a
commercial success.

Near Jacksboro, Texas, where the o0il sands are a few inches to’about -



|8 feet in_thickness, tunnels were driven in two directions on top of a thin |
Timestone cap and small hoTes were drilled into the sand with 2 inch perfor- = 77~
ated pipe connected to the sump. The project apparently was not successful,

A shaft 99 feet deep in the Electra, Texas, field reputedly yielded 40 barrels

per day.

The general interest of the petroleum industry in the United States in
the possible use of underground cil 'mining methods for depleted fields was
aroused by the publication in 1920 of a series of papers by Paul de Chambrier,
Strasbourg, Germany describing the oil sands of Pechelbronn and the application
of underground mining in that field. O0il trade journals in this country
published brief abstracts of these and subseguent French papers, including
also some German journal articles relative to the mining methods employed at
Pechelbronn and Wietze.

Further interest was stimulated in 1922 by a visit of Dr. E. Middendorf
and B. Szilasi, directors of the Deutsch Erdol Aktiengesellschaft (later a
subsidiary of the Deutsche Petroleum Aktiengesellschaft). It was this
company, which had extensive experience in coal and Tignite mining and dis-
tillation methods in varijous parts of Germany, that started oil mining at
Pechelbronn (France) and Wietze (Germany). 1Its representatives, as experienced
engineers, had come to this country to try to interest American petroleum
companies in adopting their underground methods. They also conferred with the
U.S. Bureau of Mines, which was concerned from the standpoints of better oil
recovery technology and of conservation on both public and private oil Tands.

Although the suggestions of the German engineers were not adopted, their
visit crystalliized interest in the problem, and various American petroleum
engineers and geologists from time to time have proposed systems of mining
which varied to a greater or lessér extent from the European methods.

|
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'7:3.2 Petroleum Mining in Ohio

In Morgan County, Ohio there have been several attempts to recover o1l
from the shallow First Cow Run sand in Morgan County by drilling horizontal
holes ejther into the outcrop or into the sand face that has been exposed by
- excavation. The engineering achievements invoived in these projects were
notable, but the companies failed in each case because of high operating
costs and small production rates.

In Morgan County, the first horizontal hole was drilled near the village
- of Malta in Section 32 of Malta township by the Ohio Level Well Co. under the
direction of Mr. Leo Ranney. This well was drilled in 1937, 802 feet into the
outcrop in the Cow Run sand along Havener Run on the Dion Birney farm. This
sand is 28 feet thick consisting of two pay streaks separated by a hard fine
grained impermeable zone. The upper pay zone is 4 feet thick and occurs 3
feet down from the top of the sand. The lower pay zone includes the total
thickness of 14 feet of the lower part of the sand. Discovered in the 1860s,
the hydrocarbon reservoir had been subjected to both vacuum and pressure

|recovery technfques Unt11 ‘this attempt at horizontal drilling, the reservoir__



had not been operated since 1930, a lapse of some 7 years. A core was taken
from a well drilled approximately 700 feet from the outcrop and 40 feet from
the horizontal well. A summary of Parke Dickey's report of the project is
as follows:

"The sand showed a porosity for the upper pay of about 16% and an 011
saturation of 16%. The lower pay showed porosity up to 20% and oil saturation
of 17.5%. The permeability of both pays was high and quite uniform, ranging
from 150 to 750 m1111darc1es 011 content was quite low, and was estimated as
4,200 barrels per acre for the 18% feet of pay sand."

A horizontal well was drilled in the upper pay zone almost level for 802
feet. This well was entered later and a hole branching off at 630 feet was
drilled to 953 feet. The branch hole was thought to have descended 8 to~9
feet and to have finished in the Tower pay zone. The horizdéntal well was
drilled with a conventional diamond drilling machine with a rotatable hydraulic
unit having a two;foot feed, powered by a 25 horsepower gasoline engine. The
hole was 2 5/8 inches in diameter. The average rate of drilling on the first
hole was 40 feet per shift, approximately 5 feet per hour. At times the
drill advanced at the rate of about 15 feet per hour and occasionally at the-
rate of 1 foot per minute or 60 feet per hour.

Gas and oil spouted from the hole three times during drilling which was
probably due to penetrating pockets of pressure within the sand which were
sealed off by some means from the rest of the reserveir. Upon completion,
the hole was shot with 1,150 pounds of 80% high-velocity gelatin formed in
2 inch sticks. After shooting, the well blew for about 20 minutes and an
estimated several hundred barrels of oil flowed out. Unfortunately, this oil,
which was confined behind the dam, was lost during a washout of the creek.

: The well completion consisted of three feet of casing cemented into the
rock and tubing run to 940 feet, the last 10 feet of the tubing having been
perforated. During production, a vacuum was applied to the tubing which
removed the o0il collected in the far end of the hole. VYacuum then was applied
to the casing which removed the ¢il from the first reach of the well. The
well is reported to have produced 9% barrels of petroleum in 7 hours after
standing for two weeks before the well was shot.

, After completing tests on the horizontal well, Ranney and the Ohio Level

Well Company in 1932 decided to dig a pit through the First Cow Run Sand to
expose a fresh surface of the sand. This pit was located about 500 yards
upstream from the horizontal well and in construction was 30 feet deep and
30 feet in diameter with concrete walls that were one foot thick. They had
planned to drill horizontal holes radially from the pit into the sand, then
after three holes had been drilled and were producing a few barrels of oil
per day the company was dissolved because of financial difficulty.

Blakson 0i1 Company of Charleston, West Virginia made the last attempt
at horizontal drilling in Morgan County in 1945, From cores taken from the
First Cow Run sand, the sand averaged 20 feet in thickness with the lower 10
feet containing hydrocarbons. A rectangular shaft, 6 x 8 feet at the top and




widening to a 20 foot square room at the bottom was sunk to a depth of 113

- [ feet through the sand. A hoisting cage wds uSed to Tower workmen down - the ™

shaft. The first two horizontal holes, of a planned array of 24 holes, were

successfully completed and had a combined production of 12 to 14 barre]s of
0il per day after being shot along the entire length. The expense of the
operation at this point became so great that the Blakson 0i1 Company was
forced to abandon_the pPOJECt Local men operated the wells for a few years

2.3.3 Petroleum Mining in Pennsylvania

In the early 1940s, a horizontal drilling method was used by the Venango
Development Corp. in a hydrocarbon formation underlying 400 acres in the
Franklin oil field in the Sugar Creek Township, Venango County, Pennsylvania.
This method, which was developed on two previous projects in Ohic, consisted
of sinking a shaft to the bottom of an o0il sand and drilling holes in a
horizontal plané radiating outward from the chamber in a pattern similiar
to that of the spokes of a wheel. Mr. Leo Ranney, whose patents will be
discussed later, served as technical advisor to the Venango Corporation. The
Franklin oil field is located in the northcentral and northeast portions of
the Franklin quadrangle in Pennsylvania and contains four pools& Franklin,
Sugar Creek, Miles and Oak Forest School. The Franklin pool reportedly has
produced more 0il than the other three pools combined. The first Venango
sand is the oil producing formation, which is a part of the Venango group of
the Conewango series of Upper Devonian age.

A circular shaft sunk to a depth of 370 feet and 10 feet in diameter was
excavated and lined with concrete from the surface to the top of the hydro-
carbon bearing formation. After completion the inside diameter of the shaft
was 8 feet. The concrete 11ninq had a minimum thickness of 12 inches but
averaged 14 inches in thickness,. .-The -shaftzcollar was made of concrete with
an outside diameter. of 14 feet™ that extended a few feet below the surface and
provided the foundation for the wooden head frames used while sinking the
shaft. After the shaft was completed, it was equipped with an emergency
escapeway ladder and guidebraces, and a steel head frame was erected.

A service chamber was constructed at a depth of 200 feet below the top
of the shaft. This was a rectangular chamber 8 feet wide by 12 feet long by
8 feet high and was Tined with concrete. Upon completion of the shaft a 27
foot diameter work chamber was excavated in the hydrocarbon bearing formation.
The work chamber for the shaft was eccentric in plan to permit the maximum
freedom of action. The inside wall of the 8 foot shaft is tangent to the
inside wall of the 27 foot diameter work chamber. The roof of the work
chamber was 370 feet below the surface and the base was at a depth of 388
feet below the surface. A plan, elevation and section view of the shaft and
chambers is shown in Figure L.:i*

The work chamber was lined with concrete 18 inches thick. Three rows of
portholes 6 inches in diameter, 24 to a row, were cast into the concrete walls
of the chamber 391.3, 407.0, and 419.5 feet below the collar of the shaft
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Figureﬂ;:b} Plan, elevation and section view of shaft and chambers of the
Venango Development Corp.'s horizontal oil-well drilling project,
Franklin, Pa. (USBM R.I. 3779).
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through which the horizontal holes were drilled. Each porthole was fitted
with a 6 by 18 inch standard pipe nipple with four 1 3/8 inch 0.D. by 8 inch
inserts welded onto the outside surface. The ends of the inserts were placed
flush with the end of the 6 x 18 inch pipe nipples at the inside of the work
chamber. Each insert was threaded on the inside to receive a 1 inch diameter
bolt. Recesses were cut in the walls of the chamber in which H-beams could
be placed for supporting a removable fireproofed wooden floor.

Horizontal drilling began with an inclination upward of about 1 inch in
10 feet. The drilling plan was to alternate drilling in opposing holes first
on one side of the shaft and then the same drill stem handling to drill the
. hole on=thé:opposite side of the shaft. The first two holes drilled were
. 2,255 feet and 2,334 feet in length. Upon completion these holes were loaded
with 80% high velocity gelatin dynamite from 400 feet away from the shaft
wall to total Tength then detonated simultaneously.

The shaft was started on May 4, 1942, and the shaft excavation, work

chamber and concrete 1ining was completed on November 15, 1942. No production
records could be found to indicate anv degree of success for the project.

-J§.3.4 Petroleum Mining in Kansas

In 1943, Thomas and Thomas, mining operators of St. Louis, Missouri
developed the first petroleum mining project in Kansas. This mine was located
on some abondoned leases on the Hugh Whiteford farm in Miami County, about
4 miles north of Lalygne, Kansas. Accurate production records for this pool
are not available but the pool is reported to have produced about 600 barrels
per acre.

The mining methods used in Kansas are similar to those used in Ohio and
‘Pennsylvania. A shaft 7 x 7 feet was sunk to a depth of 230 feet. Two
sixteen feet square stations were excavated and cribbed at the bottom of the

“shaft to serve as working rooms from which to drill horizontal holes into the
hydrocarbon formation. Fourteen horizontal holes were drilled in a radial
qattern from the shaft, with a total footage of more than 7,000 feet. The
hole diameters were 3 3/4 inches, 3 7/8 inches and 4% inches. The Tength
of the holes ranged from 350 feet to 700 feet. A1l the horizontal holes were
drilled into the oil sand about 8 or 9 feet below a black Timestone gaprock.
Core drilling equipment was used to drill the horizontal holes. Tubing
either 3 or 3% inches in diameter was cemented into each hole. A small tank
served as a sump. from which the oil was pumped to the surface, while each
pipe was equipped. with-a valve forzselective control.. - The crude.0ilsis reportéd
to have been ‘29 to 31° gravity and that initially 25 to 50 barrels per day =~~~
of the crude o0il was produced from the shaft. ‘

i‘-21}'1.3.5 Petroleum Mining in Texas

‘ The Jacksboro field is a small structural dome about 75 miles northwest
of Fort Worth. The pay zone is a lens of sand in the Strawn Formation which
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is overlain by a cap rock of hard limestone about 18 inches thick. The cap
changes to a conglomerate in some places, a facies change. The producing sand
1ies at an average depth of 100 feet. The overburden principally is blue
shale. A hard conglomerate underlies the producing sand and is 6 to 14 inches
in thickness. Verified information is unavailable, however-- the sand 1is
thought to have a maximum thickness of 21 feet. About 100 wells were drilled
in the field, but no~records:of-valtue were Téft. “Normally the weils were: - " -
drilled to the bottom of the sand and cased with the bottom joint perforated.
In some cases, however, the wells were d¢illed through the underlying bed and
occasionally into water. Whatever gas or pressure originally existed in this
hydrocarbon reservoir has since been dissipated through the early wells.

Where the mining venture was Tocated there is no ground water Tocated above
the pay zone. The entire field covers less than 250 acres.

A small shaft was sunk in about 1920 to a point 20 feet below where the
sand should have been, but the sandstone had pinched out at this point. A
tunnel was driven to relocate the sand but instead entered the cap rock
which dipped toward the shaft at an angle of 459, This work was stopped at
this point because no more funds were available.

About two years later Mr. Leo Ranney undertook to continue this mining
venture. The main tunnel was driven above the cap rock 100 feet long in
Tength and 9 wells were drilled from the tunnel into the pay zone. The wells
were spaced 8 to 10 feet apart. These wells, cased and cemented, were con-
nected to a common 2 inch header pipe which extended to the foot of the shaft
where a pump discharged the produced oil. and water to storage at the ground
surface. Commercially the mine was not a success because the field was so
small ‘and contained only a small volume of hydrocarbons. This venture
enabled Ranney to develop~a plan for a system of underground mining for oil
covered in his patent specifications. Early oil mining patents will be
discussed later.

2.3.6 Petroleum Mining in Wyoming

Continental 0il Company opened its North Tisdale Unit Lakota-Gravity
Drainage Project in the summer of 1977. It is located in Johnson County and
the objective is to produce the Lakota Formation by gravity drainage.
Continental has submitted applications to the USGS, USBLM and State agencies
and constructed an inclined shaft from an adit in the side of a hill. The
formation has about 200' overburden and the mine will intersect and expose
the formation itself.

Typical formations such as the Lakota contain 30° APT 011 from a consolidated
sand of ~ 20% porosity and 0il saturations of perhaps 40-50%.

Information at the point of publishing this report is Timited, however -
we understand the project at this time has not proqressed sufficiently for
the m1ned format1on to have been p1aced on product1on
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};3.7 Petroleum Mine Plans in California

Getty 071 Company has tentative plans to start an open pit pilot operation
that would tap a deposit of 421 million barrels of in place hydrocarbons on
1,780 acres of Getty owned Tand in the McKittrich field in California.
Diatomaceous sediments containing hydrocarbons extend from the surface to
_about 400 feet in depth. In the same area 0il deposits currently being
produced Tie at depths of 1500 to 2000 feet. It has been estimated that the
. Getty property contdins 627 miliion tons of hydrocarbon bearing sediments with
an average grade of 28.188 gallons of crude oil per ton. According to Getty,
"no oil has been produced from the diatomite deposit on the Getty property,
because it would not respond to the usual 011 field production techniques.

To date no extraction process has been applied commercially to the production ~°
of oil from hydrocarbon impregnated diatomaceous sediments. It now appears

that certain of the techniques devised to exploit oil shale or tar sand deposits
can be modified for application to diatomite 0il deposits." Getty engineers
believe the deposit can be mined "with an overburden-to-oil-bearing-sediments
ratio of approximately 0.8:1"..

If successful, data from the Getty pilot plant would be used to design a
full scale plant that could begin operating in the mid 1980s or earlier.
If commercial operations are undertaken, Getty said it would abandon 60%
of the present producing wells on their property but that the wells would be
redrilled after the mining operation was completed. The wells to be abandoned
produced an average of 5,158 barrels of oil per day in June 1976.

2.3.8 Petroleum Mining Prospects in Utah

At this writing, the only procject publicized in Utah is a 3 year extension
to a cooperative agreement between Sohio Petroleum Company and the Energy
Research and Development Administration being conducted by the Laramie Energy
Research Center. This cooperative agreement allows for a coordinated effort
for investigating in situ extraction methads for recovering hydrocarbons from
0il sands. Under the original agreement Sohio has provided 10 acres of Tand
in the northeast Asphalt Ridge 01l sands deposit ™ in northeastern Utah. About
5 miles west of Vernal, Utah, the experimental site is Jjust off the northwest
edge of the Asphalt Ridge oil sands deposit which has been estimated to
contain more than 1 billion barrels of hydrocarbons. Including the Asphailt
Ridge depositi= there are about 30 billion barrels of bitumen’ awaiting re-
covery in Utah. Until now present technology has not proved economically
attractive for recovering the hydrocarbons from the tar sands and heavy 0il
deposits in Utah.

é&3.9 Discussion

Although there are some 383 known viscous:toil fields in the United States,
there are no known large heavy oil mining projects in operation. Over the
years there have been several projects undertaken but these have not proved
economically viable. With the increased demand for hydrocarbon and hydro-
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carbon products and the increased prices of these products, the heavy o1l

deposits in the U.S. can now be considered as potential economic prospects. -
If a typical heavy oil deposit has 30% porosity, 40% oil saturation and a $12

per barrel value, the deposit then contains material worth $3.60 per metric

ton of rock. The mining and processing costs for an o1l sand, one which does
| not requ1re crude oil1 upgrad1ng faciTlities,” probably are suff1c1ent1y 1ow to ]

provide an attractive economic opportunity for hydrocarbon recovery.

In a heavy oil deposit, the saturation distribution of hydrocarbons would
be much more uniform and continuous than an ore deposit of hard rock minerals.
This factor suggests that the dilution with waste rock would be minimal and
that the ore recovery efficiency from a well designed pit could be very high.
The recovery efficiency of a well engineered and designed extraction process
could be high also, perhaps in the range of- 85%

The most aesthetically and environmentaTTy acceptable method of extracting
the hydrocarbons from heavy oil deposits would be a successful in situ process.
One such process for the in situ mining of heavy 0il deposits is descr1bed
in a later section of this report.




5.4 PETROLEUM MINING IN FRANCE

The mining methods and technology used both in Franch and in Germany are

~ well documented and illustrated in U.S. Bureau of Mines Bulletin 351 entitled,

Mining Petroleum by Underground Methods, by George S. Rice. A Titerature
search to update the material of Bulletin 351 for France and Germany has not
been successful. For this reascon the mining technology used in France and
Germany for mining for petroleum is summarized from Bulletin 351. For more
specific information, the reader is referred to this 1932 Bureau of Mines
. «publication.

2.4.1 011 Field Location and Description

The Pechelbronn oil field is located in the Rhine Valley. approximately
30 miles north of Strasbourg, Alsace, and is about 4 miles wide and 12 miles
long. According to French geologists, the oil bearing formation in the Pechel-
bronn field occurs in Oligocene marls deposited during tertiary time. The
hydrocarbon formation is situated in a large sunken monoclinal block of a
former anticlinal structure, which lies in the wide valley of the Rhine River
between the Black Forest hills on the east and the Vosges Mountains on the
west. A series of sand beds are interbedded with the marls and range from
0 to 30 feet thick. The sands are-lenslike . and are not continuous over a
large area. The structure of the area 1is highly. comp1ex ‘because the beds
are intersected by many faults.

In shallow workings, the petroleum is thick asphaltic oil with an
average density of 0.970. At intermediate depths the ¢il is paraffin based
and its density 15 "0.945., The deepest oil also is a paraffin base with a
density of 0.880.° Because the geology in the area is so complex,, the :

(physwcal character1st1cs of the oil do not depend on depth a]one ) |

2.4.2 Mining System

A system of drainage levels and inclined crosscuts characterize the
mine workings in the Pechelbronn field, which divide the oil sand layers into
rectangular blocks ranging from 100-150 feet wide and 150-300 feet long. The
011 was extracted from the sand either by natural drainage or drainage
augmented by compressed-air. The Tocal mining officials reported that ex-
traction by drainage aided by air pressure was so nearly complete that other
spec1a1 methods such as the introduction of hot water would not significantly
improve the recovery.

The main haulage raise and airway galleries located near the shafts
were Tined with brick. Steel rail girders were used extensively for roof
support. The steel girders were spaced close enough to use cement blocks for
lagging. The secondary slopes and inclined crosscuts were wood-timbered
post and collar sets installed on approximately three foot centers as the
heading was advanced. Intermediate sets were required when the roof was weak
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and heavy. The Tagging installed over the timber sets consisted of small
poles placed tightly together.

When the mines first opened in 1917-1918, the top of the marl stratum
that underlies the hydrocarbon zone served as the floor of the respective
gallery or level. A shallow ditch was cut along the downdip side of the
gallery to transport the drained fluids. Where the sand was thin the roof of
the gallery would penetrate into the overlying marl formation. Accumulations
of 0il on the floor in haulageways made travel difficult and was a fire
hazard. In 1922 the drainage galleries were placed vertically higher so that
the floor was just above the richer 0il zone of the sand. The transport
ditch then had to be cut deeper so the full thickness of the pay zone could
be drained. The floor of the gallery was planked but o¢il still accumulated
on the floor. ‘

In 1925, the drainage/gallery arrangements were changed. The change
was necessary because in the previously constructed workings which were
driven into the pay zone the marl roof rested heavily on the timbers causing
many of them to bend, creating a potentially dangerous situation. To reduce
or eliminate this hazard, levels and inclines were driven in the marl stratum
above the pay zone, usually leaving a layer of marl as a floor over the sand.
Collection pits were sunk 33 feet apart on one side of the gallery and ex-
tended down through the 0il sand and a foot or so below it. These pits were
drained periodically using suction pumps. These pits were lined with plank
and ranged from 20 to 30 square inches in cross section. Pit depth generally
was 6 to 8 feet depend1ng on the thickness of the marl stratum andvthe
thickness of the pay” zone:z " For:> safety purposess the p1ts were covered to
prevent anyone from falling in. £& Tesser the: d1ffus1en of gas..into. the
passageway and to reduce the f1re hazard. Fortunately, little gas was en-
trained in the oil.

Exploratory bore holes were drilled up and down from the gallery at
66 foot intervals. These holes were drilled with a pneumatic drill equipped
with auger bit on hollow rods, were 2" in diameter and usually not cased or
lined. The holes were drilled 50-66 feet long, vertically up or down,
horizontal or at some angle with the working face. If one of the drill holes
encountered 0il, it was then cased and connected to the nearest pit or sump.
A packer was used to prevent fluids from escaping around the casing. A few
. of the bore holes were drilled as much as 300 feet long and occasionally en-
countered a different oil sand than the one in which the gallery was being
driven. The long exp]oratory hoTes were drilled using heavy portable equipment
driven by compressed air. -

Galleries of three different sizes were used: 1) maTn ]eveTs, with two
mine car _tracks, which had a width inside of the timbers of 8 feet at the
bottom, C 1" at the top and 6! 6" h1qh 2): secondary ga11er1es, w1th one T
mine-car track.and, where necessary a vent11at1ng pipe, were 7' wide at the
bottom, 4'9" wide at the top and 6'6" high, and 3) temporary or exploratory
galleries or levels of inclines were 5'6" wide at the bottom, 6'6" wide at
the top and 6'1l" high.




Headings were driven in the Pechelbronn mines with hand held pneumatic
equipment. In 1923, when headings were driven within the sand, considerable
care was taken to prevent striking glancing blows which might cause sparks
and ignite gas that might be coming out of the o0il. Miners made vertical
cuts at each corner of the face and horizontally at the top to install the
next timber set. When the timber was set in place and the lagging inserted,
the miners then cut away the middle body of marl with the pneumatic equipment,
using a sweeping motion. When the face was sgquared and the exploratory holes
were drilled, the mining cycle was completed. For the timber sets round
timber was used which consisted of the usual two legs and a crossbar or collar.
The sets were installed 3'3" apart and were lagged at the top with round
poles. This timbering method was used in relatively weak formations in
mine workings in any country.

2.4.3 Petroleum Production’;

In the 1800s, early o0il production at Pechelbronn was carried out in
underground drifts and in shallow pits in the outcrops of the o0il sands. Then
in 1888, following the completion of a flowing well, all underground mining
was abandoned for about 25 years. 1In 1914, the annual production of oil from
wells in the Pechelbronn field had risen to 343,000 barrels, but by 1916 had
fallen off to 291,000 barrels. The drop in production by the Pechelbronn
wells led to consideration of increasing 01l production at Pechelbronn by
underground mining. In 1916 . shaft number 1 was started in the shallow north-
ern part of the field in what later proved to be the richest oil bearing area
yet discovered in the field. This shaft, sunk to"a: 1eve1 0f“495 feet from:
the surface,was circular and 13 feet in d1ameter The upper portion of the
shaft was Vined with brick and the lower part with concrete. During 1917
underground developments were pushed and 40,000 barrels were produced from
the mine. The following year(19180product1on was increased to 127,000 barrels.
Two other shafts were started in 1918 located south of the No. 1 Clemenceau
shaft, but the mining develcpments were not pushed until secondary or escape-
way shafts were sunk for each mine. These were later called the LaBel and
Daniel Mieg mines. Production of oil in 1918 from the three mines was 134,000
barrels, nearly all of which came from the Clemenceau mine. In that year
about 500 wells were in operation which produced about 254,000 barrels. In
1919, underground fires and gas explosions occurred which prompted authorities
in the mining department of the province to require the sinking of second
shafts for emergency escapeways and to improve ventilation in addition to
other safety precautions. The production from wells and mines decreased
slightly in 1919 to about 212,000 barrels and 119,000 barrels respectively.

In 1920 . production from the wells increased to 294,000 barrels but production
from the mines fell to 90,000 barrels. There was 1ittle change from production
in 1921.

The free flowing oil in the vicinity of the shafts had apparently been
drained. For this reason, it was decided to adopt the system of rapid gallery
driving to enter new drainage areas on a continuous basis. After an initial
trial, the systematic underground mining had been adopted as an appropriate
method. It included prior drilling to probe the territory to be mined, both
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as a safety measure to avoid outbursts of gas and oil under high pressure
and as a guide to future planning. No reports are available on o0il production
based on unit volume or area of oil sand. In papers published before 1921
the Clemenceau mine reportedly yielded 23 barrels of crude oil per foot in
the period 1917 to August 1919.
/

The rapidly decreasing rate of production from the peak of production
in 1919 confirmed that making prior assumptions of production on the basis of
unit area of sands was unsatisfactory. Mine operators concluded that the only
way to estimate production, although admittedly unsatisfactory, was to base
production on unit lengths of gallery, rather than on area of volume of sand.
At the time, it could not be determined how far oil would drain laterally
into the working levels under the various conditions of permeability of the
sand. It was suggested, however, an average of about 1500 barrels of oil
was obtained per acre of 01l sand by mining, following extraction by drainage.
If the producing sand, for example, at Pechelbronn averaged 3 feet in thickness,
the production per acre was approximately 6.4% by volume of oil sand. An
increasing number of galleries had been driven annually in an effort to
maintain production.

2.4.4 Production Statistics

In the first three years, production of ¢il from the Clemenceau mine had
been at the rate of nearly 84 barrels per 3.3 feet of drainage gallery. By
1921. production had dropped to less than 56 barrels per 3.3 ft. This led
management to adopt a plan of rapid gallery/development. "Inithe first four
years, for example, approximately 2,835 feet of gallery had been driven
annually., In 1921, 8,931 feet was driven and in 1922, 14,546 feet. The
amount per year increased steadily until an all time high of 23,618 feet was
achieved in 1927. Initially, these increases in entry development stimulated
annual 0il production, However, the yield steadily decreased from 112 barrels
per 3.3 feet in 1919 to 10 barrels per 3.3 feet or about 3 barrels per ,
foot. in 1928. The average yield per 3.3 feet of length of headings in the
Clemenceau mine, from its beginning in 1917 tc 1928, was 26.9 barrels, equal
to 8.1 barrels per linear foot. The total footage driven was 153,759 (29.1
miles).  The statistics of production are shown in Figures 2, 3 and 4 -and

Table 1.2 - :.

Either decreasingly leaner oil sands were encountered in the headings
or the 1925 change in the drainage method was not as successful as the method
previocusly used. Tests, however, made by cutting into the ¢il sand after
draining by the present methods indicated that Tittle 0il remained.

In 1923, the Clemenceau mine produced 197,000 barrels of o0il. Four
hundred and eighty men were employed underground per 24-hour day on_.a 6% -
hour shift. In the United States the standard miners daily shift was eight
hours. The Pechelbronn arrangement produced less than a 6-hour shift. The
work done per day by the 480 underground employees was approximately equivalent
to that performed by 360 manshifts per eight hours. There were 120 men
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employed on the surface on an 8-hour basis, making a-tota1 per. 24 hours of
480 manshifts. Assuming that production was on a 300 day per “year basis in
11923, the daily production was ‘equal to 1.4 barrels per 8 hour mansh1ft

In 1928, there were 814 underground employees in the three Pechelbronn
mines, also on a 6-hour basis, equivalent to 610 shifts of 8 hours. There.
were 218 surface employees on an 8-hour basis, making a total of 828 shifts
per 8 hours. The three mines produced 791 barrels per day. On a 300-day
per year shift basis, this is equivalent to 0.98 barrels per 8-hour-manshift.
Ba;ed on these figures, 30% less was produced per manshift in 1928 than in
1923.

 Table 1.  Yearly production of oil from mines in France. USBM Bull. 351,

p. 35.
Clemenceau Le Bej Daniel Mieg Total
_ 42 o der _ 4.~ _ A2
Year | Metric  Gallon Metric  Gallon Metric  gatlon Metric  Galion
Tons Barrels  TONS  Barrels: Tons  Bappels  TONS  Rarrels
1917 7,787 55,000 m=mmmmmmm e 7,787 55,000

1918 | 18,220 128,000 744 5,000 210 1,400 19,174 134,000
1919 | 14,098 g9,000 2,431 17,000 426 3,000 16,955 119,000
1920 | 11,816 83,000 719 5,000 350 2,400 12,885 90,000
1921 9,497 66,000 2,065 14,000 188 1,300 11,750 82,000
1922 | 20,367 143,000 4,392 31,000 200 1,400 24,959 175,000
1923 | 28,205 197,000 8,940 63,000 324 2,300 37,469 262,000
1924 | 25,235 177,000 10,308 73,000 2,970 21,000 38,513 270,000
1825 | 14,217 100,000 7,296 51,000 4,983 35,000 26,496 185,000
1926 | 10,478 73,000 6,795 48,000 6,520 46,000 23,793 167,000
1927 | 10,499 73,000 12,095 85,000 6,884 48,000 29,478 206,000
1928 9,691 68,000 17,078 - 120,000 7,217 51,000 33,986 238,000

Total |180,110 ------- 72,863 ------- 30,272 ------ 283,245 ------ -
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2.5 PETRCLEUM MINING IN GERMANY

1 2.5.1 011 Field Location and Description

1 oil_ |

| At Hanover, Germany,,the W1etze m1ne is in the 1argest of four smaII o0il _

fields on the flanks of salt domes that contain potash salts of Perm1an Age
These salt domes were thrust up through sedimentary layers of Triassic,
Jurassic and Cretaceous Ages. The '0il bearing zones are in six horizons and

~are beds of sand, sandstone.or clay sand in the Upper and Lower Jurassic and
the base of the Lower Cretaceous Period. These sedimentary beds lie at steep.
angles at the flanks of the salt domes. The geologic units containing.the
hydrocarbon material are covered unconformably by the Upper Cretaceous,
Tertiary and alluvial sediments. The porosity of the hydrocarbon beds varies
widely. The 0il bearing strata in the Wietze field is about 200 ft. thick

- and contains four pay zones separated by clay beds.

2.5.2 Mining System

Rice reported in Bulletin 351 that the Wietze mine was developed by
sinking two vertical shafts about 842 feet deep which intersected the four oil
sand beds. One shaft served as the main hoisting shaft which was downcast
for ventilation, The air came back up the other shaft which was equipped with
a large ventilating fan at the surface. Two main landings were constructed
at depths of 733 and 812 feet. From these landings the main crosscut levels
crossed the four 0il sand beds. Branch levels were turned into the inter-
section of each bed both to the right and to the left. Inclined passageways
for rope haulage were constructed up and down the dip of the formation.

From these passageways secondary or sublevels were developed. This develop-
ment plan divided each bed within the mine area into blocks or panels and
provided haulageways and drainage channels for the oil.

In a manner similar to coal mine ventilation, the layout of the mine
passageways also served for coursing the air. The passageways outlined
‘blocks that were extremely irreqgular because the strike of the beds changed
direction frequently as the result of numercus faults and folds. The blocks
were shaped as irregular trappzo1ds approximately 100' x 200' in size. When
‘the Wietze mine was started, the arrangement for drainage was similar to that
used at the Pechelbronn mines in 1917-1918 except as modified by the difference
in the character of the beds. The Wietze beds were much thicker and the
roof and floor were much softer than at Pechelbronn. In general, the porosity
of the Wietze sands was higher than at Pechelbronn with the exception of the
number 4 bed where sand is extreme1y fine. Where the o0il sands were thick
and rich, forepol1nq (Figure 5) ‘Jwas required in driving headings. The
usual methods of t1mber1ng drifts were employed, with timber sets spaced
about 3.3 ft. apart. In permanent or semi-permanent drifts, steel rail
q1rders ‘were used for cross bars, with the flange placed upward and the head
dowri. In passageways, the head was placed against the lagging and the fTange
was cut away on either side of the post so that the web could be inserted in
its slot cut in. the top of the wood post.
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Figure '»_5: Forepoling required in the Wietze mine in soft sand (USBM

Bull. 351, p. 57).

2!5.3 Petroleum Production

of the headings. Drain holes were drilled periodically into the pay zone
adong the entry. Other holes were drilled upward into other sands. The
crude 0il from these holes ran into troughs or soaks. There was 1ittle free
gas in the oil and the production mechanism was gravity drainage. .. Special
troughs were constructed in certain areas to act as oil-water-sepdrators.

Drainage troughs or launders (Figure "¢) ' extended along the raise side

Initially, the fluid was drained from the main levels by open ditches.
In more permanent levels which had circular or elliptical brick Tinings the
space below the mine track was used as the drainage ditch. Later, pipe and
tubing was used for drainage. Small sumps in the headings collected 01l
which was bailed into the side ditches. From a principal sump in each heading,
0i1 was pumped by compressed air through a pipeline to one primary sump loca-
tion near the main shafts. The oil was pumped to the surface by a deep well
pump through a drill hole that extended from the surface to the primary sump.

Because the sand in the No. 4 bed was so tight the fluid would not
drain, a Tongwall mining method was developed. The Tongwall face, about 200
feet long was parallel with the pitch of the bed. The 0il sand was compacted
but not cemented, making excavation relatively easy. The loose sand was
shoveled onto a canvas or rubber belt conveycr Tocated parallel to the long-
wall face. The oil sand was conveyed to the rise end of the face and dumped
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Figure 6fyﬂ Cross section of heading of an 011 dralnlng gallery at the
Wietze mine (USBM Bull. 351, p. 57).

onto a conveyor belt located in a sublevel extending along the upper edge of
that block of o0il sand. This conveyor moved. the sand to a winze or blind
shaft where it was discharged onto another belt located in the main 812 ft
level for loading into mine cars. By endless rope the cars were then hauled
to the main shaft and there hoisted to the head house. Here the sand was

dumped into a hopper and subsequently into closed tanks, ready for surface
separation and processing.

Ofificials of the mine reported that 30% of the original cil content in
beds 1, 2 and 3 was obtained by surface wells and 60% of the remainder or

42% of the original content was obtained by underground gallery drainage. The
mine also was experimenting with mining and hoisting a certain amount of oil
sand to the surface and washing it with hot soda solution to recover the oil.
Part of this sand was obtained from headingsdeveloped for drainage in three

of the beds, but the bulk of the sand came from excavating the fine sand by

a semi-longwall face working in No. 4 bed. The total output of oil sand
hoisted to the surface per day from all sources was 250-300 metric tons

which yielded 210-245 barrels of crude oil by the washing method. The under-
ground drainage méthod used for the other three beds produced 455 to 490

barrels of crude oil daily for a total of some 700 barrels daily from the
entire mine.

é.5.4 Production Statistics

The Wietze mine was opehed in 1919. ‘Annual combined production from both

wells and mines in the Hanover field had increased to 667,000 barrels by 1926
and in 1927 the output was 678,000 barrels. In 1928, production fell to

644,000 barrels but in 1929 rose to about 721,000 barrels. Nearly one half
the total annual German production for 1929 came from the Wietze-Steinforde
field. The annual production of the Wietze mine was not published, but it
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was feported to have produced about 189,000 barrels of o0il, 56% of the Wietze-
Steinforde field production in 1929.

Mine management reported in 1929 that an average of 0.847 barrels of
crude 0il were produced per manshift from the o0il sand excavated from the
longwall face. They also disclosed that 1.869 barrels per manshift was pro-
duced from the mine, including oil from the mined o0il sand and drainage.

: There was an average of 301 men working underground and 142 working

on the surface in 1929. The average wage of the underground worker was
approximately $1.58 per shift and approximately $1.51 for the surface worker.
The approximate average for all employees was $1.55. Production per month
was about 4,200 barrels of mined oil and 13,300 barrels of drained o0il, making
a total of 17,500 barrels. Underground accidents in German 0il mines are

listed in Table 2. -

According to Wietze mine management, about 8 to 10 barrels per foot of
drained 0il was recovered in rewly driven gallerijes. Additionally, after
drainage, about 3 to 5 barrels per foot were obtained from the relatively
small amount of sand excavated in driving headings.

Estimated cost of producing 011 in the Wietze-Steinforde o0il field near
Hanover, Germany, from 1919 to 1929 was $3.45 per barrel, a figure close to
the cost of producing a barrel of 0il in the Pechelbronn 0il field in France.
The higher cost included mining by the drainade method as well as actually
mining the oil sand and washing it on the surface. The Tlatter practice in-
creased the average cost per barrel considerably. Drained oil was produced
at a cost of $2.10 per barrel and mined 0il sand at a cost of $4.50 per barrel.
If only drained 01l was produced, total cost per barrel would be less than
. $3.00. Germany's petroleum resources were limited and, in the interest of
..conservation, all oil possible was recovered regardless of cost. ‘ J—
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2..6 PETROLEUM MINING IN RUSSIA

Early in 1976, Russia released reports that it had developed the world's
first thermal-mining methods employing underground mining techniques, drilling
from underground stations and injecting steam from subsurface stations to
reduce oil viscosity so that high.viscosity crude could be pumped to the
surface. The technique reportedly’ is economical, recovering up to 60% of in’
place oil at an operating cost of $5.82 per barre] The process has been in’
commercial use since 1972 in the Yarega oil field near Ukhta, Komi ‘Autonomous
Soviet Socialist Republic, approximately 755 miles northeast of Moscow.
Operating at a depth of 650 feet, the process is expected to recover up to 60%
of the reserve compared to only 2% recovery by conventiona! methods. Resource
Sciences Corp., Tulsa, Oklahoma, is the Ticensing agent for the process in
the United States.

Although not a totally new approach, as discussed in the French and
German sections of this report access to the reservoir is gained by sinking
shafts 60 to 100 feet above the reservoir. Drifts are then driven out along_

the. reserVOTr’and'1nc11ne ‘production gaiieries then “developed into the pay

From the production galleries, some 250 production boreholes 600 to 800

- feet deep are extended outward and upward into the reservoir. At the steam

injection galleries, located at the main working level, borehole or steam
injection wells are drilled downward and upward at these locations. Steam
is then injected at 75 to 120 psi into the boreholes at rates varying from
several kilograms per hour to 4 or 5 tons per hourg<

Combined oil and water collected underground is advanced by open gutters,
and pumped to a central underground storage facility where 0il is separated

-from the water and finally pumped to the surface.

Resources Sciences Corp. reports that the technology - is. based T
on the following appropriate combinations:

1. Intense heating of the reservoir-(600 to 1,000 square feet per
injection well).

Low injection pressure-'{not.over 75 ps1g)

Optimum distribution of production wells.

Favorable geology and mine construction.

Recycling of heated water appropriately placed in the reservoir
after recovery from production.

Use of chemical additives (surfactants).

Effective utilization of natural fractures in the reservoirs.
Cyclic injection of -steam based on a preprogrammed plan of operations.
Knowledge of fluid and heatiflow parameters of the reservoir.
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2.6.1 Undersea Petroleum Mining

Russia also reportedly plans to recover heavy viscous oil from undersea
mines at its old Baku-‘area offshore f1e1ds in Azerbaijian, as well as develop
new fields in the Caspian Sea.

As to offshore drilling, depending on the distance of the field from shore
and on water depth, two methods of reaching the reservoir can be utilized:
1) by a mine shaft located onshore or on an offshore bank or island. In
this instance, the main shaft diameter can vary from 11.5 to 26 feet, and 2)
by a main shaft located offshore. The latter technique presently is used
for 0il fields lying farther from shore but in water depths less than 328
to 492 feet. It calls for a vertical all-purpose structure of reinforced
concrete 138 feet in diameter and tall.or long enough to rest on the ocean
floor. Prefabricated onshore, this structure is floated horizontally and
towed to its offshore location in the center of the 0il field where it is
flooded and positioned in its proper 1ocat1on Mining takes place within
the concrete structure.
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2.7 TAR SANDS TECHNOLOGY

Although the production of 0il from tar sand depesits in Canada and the
United States has not been too economically successful, independent companies
and governments are spending large sums of money and devoting considerable
time to develop ecanomical mining systems and processes to recover the huge
01l reserves locked up in these deposits.

With regard to mining these deposits, alil operations to date have used
surface mining methods, with some attempts being made to recover the 0il by
in situ methods. Nearly all attempts at recovering cil from tar sand deposits
have been carried out in Canada. The methods employed are worth noting, as
regards to oil mining, especially since Getty 0il Co. has recently announced
plans to surface mine o0il sands in California.

va
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2.7.1 Mining Tar Sands in Canada

The largest and most significant surface mining operations now praducing
0oil are located in the Athabasca tar sands located in the province of Alberta,
Canada. These sands underlie about 19,000 square miles and are estimated to
contain 895 billion barrels of proven, in place crude bitumen of about 8CAPI
gravity. The bitumenibearing sands are of Mesozoic Age, deposited on eroded
Paleozoic sediments and are in turn covered by Cretaceous sediments, glacial
drift and muskeg to depths ranging from O to 2,000 feet. Of the 12,013,000
acres of known tar sands, about 490,000 acres containing about 74 billion
barrels of bitumen, are covered by overburden up to 150 feet thick. When
mined and processed, this amount of bitumen will yield 27 billion barrels of
pipeline grade crude.

Fort McMurray, about 240 miles northeast of Edmonton, is near the east
central edge of the Athabasta deposit which has a maximum north-south extent
of about 160 miles and a width of about 80 miles. The portion of the deposit
within a 60 mile radius of Ft. McMurray is the area with overburden thickness
of 0-150 feet. It is the first area being developed and is where 90% of the
existing acreage of tar sand leases are located.

‘The “tar sands cons1st of rounded or ‘sub- anqu]ar quartz gra1ns packed B
to a vo1d volume of about 35%. MNormally, a water film coats the sand grains
and the wetted particles are covered with a film of bitumen that partially
fills the voids. The remaining void space is filled with water and cccasional
small volumes of gas. The sand deposit aiso contains lenses of clay, and other
fines which occupy part of the void space in the tar sands. Bitumen content
ranges from 0% to 17% by weight. A bitumen content of 6% is considered the
cutoff point for calculating reserves, but other factors such as str1pqut1g T

)

and pos1t1on in the sand format1on may cause the cutoff p01nt to véry L
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:‘2‘;/7‘.1.1 Great Canadian 011 Sands, Ltd.

[The ore body on one of the Teases of the Great Canadian 0il Sands, Ltd. |

(GCOS) averaqes 130 feet in thickness within present p1t 1imits. The over-
burden is up to 235 feet thick, but averages 53 feet in thickness. Cut-
off grade is 8% bitumen, but average bitumen content of mined sand is sT1ght1y
over 12%-:dry weight. Thenweight percentage of minus 325 mesh "lines" in sand
averages about 16%. A Shell 0il lease on which four ore’bodies have been
delineated shows similar characteristics. Using 6% as the cutoff grade, the
| deposits contain 11.5% dry weight of bitumen over a th1ckness of 135 ]
feet. Average overburden thickness of 32 feet, combined with an average
center zone reject thickness of 20 feet, gives a waste to ore ratio of 0.38:1,
while the average fines content is 14.3% of the mineral component of the -
mined tar sand. The bitumen content decreases as fines content increases,
whereas water content generally increases with increased fines content.

Al1 surface mining in the Athabasca region faces difficulties in equip-
ment operation and maintenance. In the winter the frozen tar sand is tough,
hard and extremely abrasive . causing extreme wear con bucket teeth and intense
stress on all mechanical structural parts. In the summer. the floors of the
bench y1e1d to the weight of the massive equipment Tar accumulates on all
surfaces in both seasons and organic compounds in the tar attack rubber tires
causing high maintenance cost.

Despite these difficulties, the GCOS plant went on stream in 1967, but
design level of output was not achieved until late 1970. During 1972 and
1973 averaqe production was more than 50,000 barrels per calendar day.

The mining operation of GCOS consists of clearing muskeg, overburden
removal, 011 mining and transportation, as well as construction of retaining
dikes. A1l vegetation must be cleared separately so as to exclude it from
the earthwork dikes. The underlying muskeg, up to 20 feet thick, must be
ditched and drained and cut into huge blocks which are moved in the winter
as frozen blocks 1in 150:ton end;dump trucks to d1sposa1 areas encircled by
earth retaining walls. "The lease agreements require that all spoil material
and waste be stored on the lease. Eighty percent of the overburden is used
to build high dams inside the pit to contain future mill tailings. These
dams are up to 300 feet high with slopes of 2.5:1 and contain- impervious clay

{"cores.” Bulldozers, frontend Toaders and 150 ton trucks aré used in stripping
and dam building.” M1n1ng tar sands to ‘produce 55,000 barrels per calendar

“day of product requires mining and processing 140,000 tons per day of oil

sand and removal of about 70,000 tons per day of overburden. Two large
German.imade bucket ‘wheel excavators, operating one above the other on separate
benches dig the 0il sand and. transfer the broken material on articulated
conveyors to face conveyors which in turn discharge onto other conveyor
systems leading to the extraction plant. Isolated portions of the 0il sand
are mined with a smaller bucket wheel, discharging into trucks that haul to
the trunk conveyor system. The two large bucket wheels each wéigh about

1,800 tons and are supported and moved on six tracks. Each is electrically
powered, and has a 33.foot; d1ameter digging wheel mounted on a boom. The
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wheel which requires about 1,400 horsepower has an average output of about
5,000 tons per hour. The mining system is capital intensive but not labor
intensive. Each large bucket wheel, for example, employs only eight men per
shift.

4

gnyii.z Syncrude Canada Ltd,

Syncrude Canada, Ltd. utilizes walking draglines with 75710.90 cubic
yard buckets to strip overburden, excavate 0il sand and remove the center
reject\materia] occurring in the oil~sand bed. Waste materials will be cast
into previously mined areas using the draglines. Plantigrade oil sand will
be stockpiled on the surface when excavated and picked up as needed by bucket’
wheel reclaimers, assisted by’frontend :loaders. It then will be transferred
by belt conveyor systems to the extract1un plant. When at projected output
of 125,000 barrels per calendar day of crude 0il, Syncrude will have to move
about 92 million tons of oil sand and 45 million tons of overburden and
submarginal oil sand per year.

e
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2:7.1.3 Shell Canada Ltd.

Shell Canada Ltd. and Shell Explorer Ltd., with a desian capacity of
100,000 barrels per calendar day of product, will require about 75 million
tons of plant feed annually, or 225,000 tons of ore daily, and the removal
of some 85,000 tons of waste. Shell plans to strip overburden and waste and
to mine 01 sand, utilizing four walking draglines with 75:to"80 cubic yard
buckets. Waste and overburden is to be backcast into mined:out areas once
they are available. Ore will be stockpiled on the surface and then reclaimed
as required by bucket-wheel reclaimers and fronténd»*]oaders A conveyor
system then will move the ore to railway cars for shipment to the processing
p1ant

2 7 2 In Situ Research

The Alberta Energy Resources Conservation Board (AFRCB) estimates that
there are 74 billion barrels of crude bitumen in the Athabasca oil sands
deposit in areas having 150 feet or less overburden. This represents but
8% of the total 895 billion barrels of reserves estimated by AERCB for the
total area as shown in Table: 3.

The remaining 92% of the in.place bitumen 1ies at depths of 150 to 2,500
- feet. Not only does the added depth present a very substantial constraint

on surface mining but the c¢rude bitumen per acre is so much less that costs
would be prohibitive except for in situ techniques now being researched by
several of the lease holders. An economic in situ process would eliminate the
costly bulk materials handling and also would have the further advantage of
eliminating many of the environmental problems taftached to theextreme . ..
surface disturbance associated . with clearing the/spruce, “tamarack and other
vegetation, stripping muskeg, placement of dikes up to 300 feet high, and

ey
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Table 73, ¢ Estimated InﬁP]ace Reserves of Crude Bitumen (AERCB).
Overburden Areal Crude Crude
Deposit Depth Interval, Extents Bitumen, Bitumen,
(ft) (M acres) (109 bbls)  (bbls/acre)

Athabasca 0-150 490 74 151,020
‘Athabasca: 150-2000 5,260 552 104,943
Buffalo Head Hills 500-2500 159 1 6,289
Peace River 1000-2500 1,180 50 42,373
Wabasca A 250-2000 764 30 39,267
Wabasca B 1000-2500 1,000 24 24,000
~ Cold Lake 1000-2000 3,160 164 51,899
Totals 12,013 895 74,503

huge tailings impoundments that are reguired in processing hundreds of millions
of tons of tar sands.

In situ processes presently under study include the following: Amoco
Canada has developed a combination fire flood-water flood (COFCAK) process.
Forward combustion is used to heat a portion of the reservoir to 1,500°E3;£?
after which air and water are injected into the formation. The water disperses
the local high tempsrature and results in a larger volume of thezsand being
heated to about 200°F. The bitumen then becomes more mobile and responds to
air and water drive pressures, permitting recovery through production wells.
Working in a formation thickness of 120 feet, the field test is reported to
have been satisfactory.

Shell Canada, Ltd. tested an emulsion process in field tridls in 1957-
1962 on the assumption that water with a suitable surfactant would yield a
bitumen-in-water emulsion (20-30% bitumen) with a viscosity approaching that
of water. Field tests between 1957 and 1959 used a proprietary non-ionic
surfactant in water and those in 1960-1962 tested the use of NaOH {(Sodium
hydroxide) in water combined with a steamdrive technique. Shell also success-
fully experimented with formation of horizontal fractures to establish flow
between injection and production wells.

Imperial 0i1, Ltd, was producing about 1,500 barrels per day of crude
bitumen from 23 shaliow wells using steam injection in the Cold Lake deposit.
Shell also tested steam injection on a site in the Peace River oil sands.
Gulf Qil, Canada, was given approval in January, 1975 by the AERCB to recover
50 barrels per day of bitunien from the Wabasca deposit by steam drive.




authorized to weproduceg

611 this copryrighted work.
Perwission for further reproduction

Wity 15
and s
ight owner

sduction

-srmission for further Trepro

d work.
wust be obtained from the copyr

reproduce

sell this copyrighte

NTIS is authorized to
w.d

mist be obtained frowm the copyright ownep

The advantages, disadvantages and costs of these various techniques are
being carefully evaluated by both the concerned corporations and by the
Alberta Energy Resources Conservation Board, which issues the leases and is
concerned with recoveries and the overall economics of maintaining viable
technology to the advantage of the province.
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2;213r‘Econom1c Summary

The capital costs, percentage cost range of major capital cost items
and the estimated cost per barrel of synthetic crude for the surface mining-
processing plants as of the end of 1974 presented in the January 1975 issue
of Mining Engineering are given below.

Table ‘4. - Capital Cost Comparisons, Canadian tar sands projects
‘ (Mining Engineering, Jan. 1975)
Total §

On-Site Total Project Cost Per
Project = Capacity Cost In . Cost In bped of
wName - in bpd’ $ Millions “ $Milliens Capacity ,
GCOS 50,000 180 260 - 5200
Syncrude 125,000 800 900 7200
Shell 100,000 510 710 7100
Petrofina 122,500 *NA 830 7000

*Not Avaijlable

Tabléifgfi;\anégiag_gét;gqnggi percentage cost range of major capital cost

items (Mining Engineering, Jan. 1975)

Item Percent of Total
Mining and Materials Handling 20-25
Extraction and Dehydration 10-15
Bitumen Upgrading 25-30
Utilities 20-25
Offsites 10-15
Preproduction and Start-up 5-10
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Table 6. \Estimated Total Cost per Barrel of Product (Mining Engineeving, ~
Jan., '1975) ' T

o Dollars per bbl of product with

Grade Product Bbl Cost per ton of material moved at:.

% Bit Per Ton 25¢ 30¢ 35¢ 40%

10.1 0.4225 1.21 1.46 1.70 1.94

10.50 0.4436 1.16 1.39 1.62 1.85

11.00 0.4643 ' 1.10 1.32 1.54 1.76

11.50 0.4859 1.05 1.26 1.48 1.69

The corporations involved have invested tremendous sums in capital,-
operating costs and royalties and have had the further disadvantage that they
had to pioneer new technology and applications as well as possibly placing
tailings and waste materials in a temporary location, pending the development
of a mined area to which they could Tater be moved. They have had the

advantage that the areas now being mined and produced have the least &over
and the most bitumen per acre.

Atlantic Richfield withdrew from its 30% interest in the Syncrade project
in 1974 because of "the deteriorating economics of the project caused by the
rapid inflationary increases in capital and operating costs." At about the
same time, the GCOS was reported to have a cumulative loss of $80.2 million
since beginning production in 1967. To what degree the effects of inflationary
costs have been offset by improved product prices are unknown.
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2.8 EARLY PATENTS ON PETROLEUM MINING

Use of underground methods, such as shaft sinking in 1865 in Ohio and
tunneling in 1866 in California, was the natural trend in this country as
well as abroad before well: ar1TT1ng methods were developed. This is indicated
by Patent 50903, which was issued to Paul Casamajor, of New York City, November
14, 1865. The process is described as follows:

"An o1l well composed of a main shaft which terminates at a suitable
distance above the rock containing the o0il, and from which galleries extend
in a horizontal or oblique direction, in combination with drillholes sunk
“from said galleries in a vertical or oblique direction substantially in the
manner and for the purpose set forth."

It was not until after descriptions of the successful use of mining
methods in France and Germany for oil fields more or less depleted by wells
from the surface were published that many patents were issued. One of the
first important foreign patents after 1920 was that of Adolph Ehrat, Zurich,
Switzerland, granted by France, August, 1921. He was given British Patent
175116, February, 1922. This patent is similar in principle to the Casamajor
patent, but the plans and spnecifications indicate a more complete project.
Shafts sunk to or through the oil bearing strata were proposed, and horizontal
galleries were to be driven either above, or preferably below, the 011 bear1ng
strata. From these galleries vertical holes were to be drilled extend1ng up
or down, as the case might be, into the o0il sand. The holes were to be cased
and the casing connected to pipe lines extending to the surface, with the
idea that the o0il and gas could thus be taken out of the strata without
entering the mine passages except as confined in pipelines.

Gotfried Schneiders, Berlin, Germany, recefved United States Patent
1418097, May, 1922. Application for a German patent was claimed to have been
filed January 15, 1917. It proposes the use of a protective cylindrical
metal shield to be placed in each heading in the 0il sand, the shield to be
forced ahead, as in tunneling.through silt or water: bear1ng ground. Evidently
it is des1gned with the expectation of use 1n*unconso]1dated 011 sand. The
specifications indicate further that through valve openings-1n the-vertical

diaphragm of the shield, boreholes are to be drilled into the sand hor1zonta11y’*ﬁuﬁ

or slanting for long distances to the 011 and gas.  The holes are to be cased
with perforated pipe to permit oil to enter and collect in a sump in an:
excavation between the shield diaphragm and the unmined sand. After the oil
and gas pressure has been relieved by drainage into pinelines extending throuah
the shield diaphragm and thence to the surface, miners enter by a manhole

in the shield diaphragm into a space ahead and excavate so the shield can be
again pushed forward.

Paul de Chambrier, former general manager of the Pechelbronn Mining Co.,
obtained United States Patent 1506920, September, 1824, on an o0il mining and
drainage system. His claims cover a scheme of galleries in the o0il sand,
with open ditches and sumps. The specifications included practically all the
methods used at Pechelbronn until 1924, _




John L. Rich recejved United States Patent 1507717, September 9, 1924.
The method consists essentially of nutting down two shafts; an operating and
an air shaft, to a tight stratum above the 0il sand and driving tunnels in
that stratum arcund rectangular blocks 165 by 330 féet or other dimensions;
at regular intervals in the tunnels on the long sides of the block, boring
large vertical holes or sinking pits through the o0il sand; then drilling
horizontal holes by diamond drills or other means from one tunnel, at the top
of each vertical hole or pit, to the opposite tunnel. Endlesspwire ropes
with sand feed are put through these horizontal holes and down into the verti-
cal holes on each side, passing arcund a sheave at the bottom of each vertical_
hole and up to the tunnel level, then to some driving mechanism. The endless- !
wire rope would be used to saw slits down through the o0il sand, using sand
for an abrasive, following a method now emplaoyed extensively in sawing long
vertical cuts in large stone quarries. The slits in the oil sand would then
form channels for the flow of 0il into the pits and to collecting galleries
where the 0il would be pumped to the surface. The Rich patent specifications
also include the application of gases and fluids under pressure through wells
drilled inside of the blocks surrounded by the channel galleries.

-

R.L. Wright was granted United States Patent 1520737, December, 1924.
The specifications include boring holes -- 5 feet in diameter -- to serve as
shafts, from the surface through the 01l sand and enlarging to provide a
chamber at the bottom with place for a sump and a pump, the borehcle "shaft"
and the chamber to have a tight concrete 1ining. From the chamber holes would
be drilled radially and diagonally upward to pass through the o0il sand and
thus provide means of drainage into the oil sump in the chamber.

Leo Ranney of New York received United States Patents 1634235 and
1634236 June 28, 1927 (on improvements of prior applications-serial 683703,
filed December 31, 1923, and serial 711596, filed May 7, 1924). The
specifications include sinking shafts to or through oil sands and driving
tunnels around blocks and drilling wells from the tunnels at frequent intervals
--10 feet--up or down, as the case may be, to reach the 011 sand. These
wells were to have casings tightly cemented in them, each with suitable valves
and connections to a pipeline system extending through the mine passages.
Ranney suggests that the tunnels might be driven around 407acre tracts; and
if the wells are placed at 10:foot intervals 528 wells would surround each
40-<:acre tract, and threezfourths of the 0il in it will have to flow through
an average distance of only 165 feet of sand to reach the drainage outlet.
In a paper, Ranney gave details of his proposed method, which would prevent
gas and oil from entering the tunnels. He suggests the use of steam or dry.
heat in the sands to expel the 0il and also proposes that the process may
make use of various other means of explusion of o0il from the sand, such as
-gravity, gas, and hydrostatic pressure. Although he does not recommend that
the process be used in any oil sand until gas pressure has been greatly .
diminished he believes that, since the tunnels will be in tight ground or
below cap rock and any cracks may be sealed by cementation, there will not
be a hazard from gas. However he agrees that the tunnels are to be well
ventilated.
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SECTION 3
PETROLEUM ENGINEERING TECHNOLOGY
3:1  INTRODUCTION

The Petroleum Industry began in 1858 in Pennsylvania when the Drake
well was drilied purposely to find Tliquid petroleum. The industry grew
slowly and it was not until 1901, with the discovery of the Spindletop
field in Texas, that the world was convinced there was more petroleum than
could ever be consumed. The birth of the automobiie industry created a
growing demand for petroleum products and acce]erated growth in the-petroleum
industry.

Because world demand for petroleum was far smaller than production, the
01l reservoirs found prior to 1940 were produced using only the natural
energies of the reservoir. In the late '30s waterflooding and gas injection
were ‘initiated in some petroleum reservoirs in Pennsylvania and New York
that had been depleted of their natural energies. These reservoirs usually
had been depleted to pressures less than 100 psi and were waterflooded at
pressures of 400 to 800 psi.

After World War II the petroieum industry began using more engineering
techniques to develop petroleum reservoirs, resulting in pressure maintenance
by water—and/or gas injection at an early stage in the productive life of a
reservoir. These projects were initiated at reservoir pressures usually in
excess of 500 psi (pounds per square inch) and many times were increased to
pressures as high as 4000 psi. . The oil remaining in these reservoirs however/;,

st111 contains considerable gas in solution. |

In the late '50s, it was evident that finding new petroleum was becoming
more difficult and more expensive. The world demand for petroleum had grown
at an unpredicted rate and it became evident that the world petroleum pro-:-
ductive capacity would soon fall short of demand. As a result; new recovery
‘processes--fireflooding, steam stimulation, steam flooding and miscible
flooding--were initiated in an effort to increase the recovery from existing
“reservoirs and to produce from reservoirs not producible by natural forces.
These techniques were expensive and in some cases did not achieve the desired
degree of success. At the present time the only process still be1ng used

with consistent success is steam stimulation and steam f100d1ng fOY thOSE_i‘,
:reservo1rs w1th low grav1ty, high v1scos1ty oil. T

In the mid '60s, the industry began to investigate the possibilities of
tertiary recovery in reservoirs that had been water flooded in the mid '40s.
Tertiary projects, utilizing caustics, surfactants, special emulsions and
polymers, were initiated on an experimental basis. At the present time the
Federal government, through the Department of Energy (DOE), and the petroleum
industry are continuing to investigate tertiary recovery processes. Currently,
none of these techniques are a universal economic success.

.__.-\
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3.2 NATURE AND OCCURRENCE OF PETROLEUM

A key to unlocking the origin of petroleum is to note the environmental
conditions of petroleum accumulations as they exist today. Crude oils are
complex mixtures of many different hydrocarbons and impurities and no two
reservoirs contain crude 0il of exactly the same composition and in the same
physical state. In geological terms, petroleum is not a mineral because
it varies so widely in composition. It can however be called an organic
mineraloid, although the terms mineral fuels and fossil fuels have become
widely accepted.

Generally, petroleum occurs in sediments which are chiefly marine in
origin. In terms of fossil fuels, the fossil organic matter had to be
buried quickly and in some manner protected from decay. Continental, or non
marine, sediments therefore would not be a Tikely source bed for petroleum
because continental sediments are subjected to oxidation and other weathering
agents. Petroleum source beds are more likely to be of marine origin.
Organic material is constantly settling to the bottom of seas along with the
silt, clay and other water transported materials. The sea bottom generally
is undisturbed, sédiment is continually being depocsited and usually there
is not enough oxygen to support decay and disintegration of:organic matter.-

Petroleum has been found in sediments ranging in age from Precambrian
to Pleistocene, although occurrences in the Precambrian and Pleistocene rocks
are infrequent and anomalous. Petroleum existing in the older sediments
indicates that it can be preserved and protected from decay or other destruc~<
tion over long periods of geologic time.

Insoluble organic matter has been found to be nearly universal in the
sediments. It took modern analytical technology to discover that organic
matter scluble in organic solvents also occurs aTmost universally. Analytical
investigators have reported concentrations of the sclubie petroleum hydro-
carbons in the sediments ranging from 10 to 50 barrels per acrefoot. More
commonly, the sediments contain less than 10 bbls/acrefoot. Living organisms
contain many of the same hydrocarbons.

The presence of porphyrins indicates that the origin of petroleum is
probably a low temperature phenomenon. Porphyrins are destroyed at temper-
atures above 3920F (200°C). Reservoir temperatures rarely exceed 225°F,
although temperatures up to 3009F occur in some deep reservoirs. In most
areas, reservoir temperatures are a function of depth and the local temper-
ature gradient.

Porphyrins are derivations of chlorophyll and are easily oxidized and
decomposed when exposed to the atmosphere. This suggests that petroleum
is formed under anaerobic or reducing conditions. The oxygen content of
petroleum is usually less than two percent by weight, wh1ch also suggests
a reducing environment.

Petroleum hydrocarbons occur in nature as solids, liquids and gases.
The solid and Tiquid (and semi-solid) hydrocarbons are of primary interest

T
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in this study. Solid hydrocarbons exist as asphaltic bitumens {tar sands)
and kerogen {0i1 shale). Semi-solid hydrocarbons are usually referred to as
heavy or viscous o0ils and usually are found at Tow temperatures and pressures.

' 3.2.1 Origin, Migration and Accumulation of Petroleum

In general, an accumulation of petroleum requires a source bed, a
transporting formation and a reservoir trap. It is generally accepted that
marine, organic shales and clays are the most common source beds for petro-
leum. Prerequisites for a reservoir are that the host material must be
porous and permeable and that it must be contained or sealed in some manner
to prevent escape of the hydrocarbons. A permeable carrier bed, then, is
required for the hydrocarbons to migrate from the source bed to the reservoir.
A special carrier bed is not required where the reservoir is in contact with
the source bed and acts as the carrier formation. The major liguid petro-
leum producing regions in the U.S. are shown in Figure 7% Areas containing ™~
shallow 0il fields are shown in Figure.'8. T
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Figurexﬁfkﬁ Map showing the locations of shallow oil fields in the U.S.

Primary migration is the movement of petroleum from its source bed into
a reservoir. Secondary migration is the concentration and accumulation of
petroleum into oil and gas pools. The comprehensive mechanisms that cause
primary migration are still subject to theory and study. The simplest and
therefore the most probable theory &f primary migration is that the oil and
gas trapped in the water is squeezed out of the marine, organic shales and
clays during the rock-forming process called diagenesis. After the diagenetic
process, a lesser amount of the contained oil may be removed by groundwater
circulation.

~ The major forces causing secondary migration and accumulation of oil
and gas into a pool are capillarity and gravity. For capillary migration,
the capillary pressure of the oil-water interface at a pore must be less than
the displacement pressure imposed hy gravity.

Vertical segregation is the result of gravitational forces that cause
less dense fluids to rise to the surface of a more dense fluid. A fluid or
a solid immersed in another fluid is bouyed by a force equal to the weight
of fluid displaced. _In a reseryoir that contains water, gas and oil, the gas

/ﬁs found above the 011 and the water is found below, ‘as shown in_ F1gure 9
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§+= The position of fluids in a hydrocarbon reservoir containing ,
gas, oil and water. .‘

§.2.2. Traps.

The reguirements for the accumulation of o0il into a pool are: 1) a
source bed, 2) permeable carrier bed, 3) porous and permeable reservoir, and
4) some means of containment called a trap to restrict the upward movement
of “the o0il and gas. Fundamentally, reservoir traps can be classified as
structural or stratigraphic. Structural traps, as shown in Figure 10 are
those due to tectonic forces that create folds and faults in the sediments.
Domes, anticlines and displacement faults are examples of structural traps

- [Piercement domes due to salt plugs are another type of structural trap.

[Stratigraphic traps, shown in Fiaure 11 are more a depositjonaT_feétuﬁé”f o

such as a lateral change in permeability due to a change in lithology ( a
facies change) such as from sand to clay. Buried stream channels and organic
reefs are also best termed stratigraphic traps.

The volume of reservoir available for 0il and gas accumulation depends
on the amount of closure of the trap. In a dome or anticline, the rock
overlying the reservoir can be thought of in terms of an inverted bowl. 0il
and gas can accumulate under the inverted bowl until it is filled and the
gas and oil trying to enter passes under the edges of the bowl. The volume
of a reservoir is dependent on how much of the reservoir is contained by an
impervious cap that prevents the 0il and gas from escaping and by the vertical
closure of the structure.
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- 3.2.3 Drives

inment traps may occur as combination traps, shown in Figure 12~
structural and stratigraphic features and all traps and oil pools
ject to alteration by tectonic forces due to stresses within the

Common types of combination traps.

Potential energy within a reservoir can be measured in terms of pressure
and the expansibility of the contained fluids. Fluid pressure in a reservoir

may be ca
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used by any of the following phenomena:

Hydraulic pressure of a column of water (ground water)..
Overburden pressure {weight of the overlying rock).
Tectonic activity after fluid accumulation.

Osmotic pressure.
Cementation or precipitation of solids within the reservoir rock

and other chemical or biochemical reactions.
Changes in barometric pressure and tide.
Earthquakes.

The first three are perhaps the most significant sources of reservoir pressure.
The hydraulic pressure due to a column of fresh water 100 feet high is about

43.3 psi.

The total head of water against a pool of 01l and gas may be

“several thousand feet at between 390-480 psi per thousand feet of head.

61



In a hydraulically closed reservoir filled with fluid, the pressure
within the reservoir may be partially a result of the fluid having to support
part of the weight of the overlying rocks. Overburden pressure is approxi-
mately 100 psi per 100 feet of overburden, or 1,000 psi per 1,000 feet of
depth. Hydraulically sealed reservoirs cannot - discharge the contained fluids
as fast as the formation is buried and hencé the overburden Toad can not be
transferred to the solid particles of the formation.

Osmotic pressure due to clays acting as semi—permeab]e membranes is
a source of reservoir pressure. Osmotic pressures develop across clay beds
whenever- a marked contrast in dissolved salt concentrations in water exists
on both sides of the clay. The direction of movement is toward the more
saline side, thus increasing the liquid volume in the formation.

The effect of cementation br precipitation of solids within the reservoir
is that of reducing the volume available for the reservoir fluids. Changes

| in barometric pressure simply are changes in the weight or density of a1r4ﬁ<ftiﬁ
press1ng on the overburden. In relation to overburden weight, the change in
air density is generally insignificant in all but the very near surface

situation. The change due to tides is usually even less significant.

Reservoirs that contain gas, oil and/or water under hydrostatic or
hydrodynamic pressure are said to be normally pressured. Reservoirs under
a pressure greater than would be obtained with a water gradient of 0.465»psi/ft.
are usually classified as abnormally pressured.

Petroleum reservoirs are classified according to the sources of energy
-which will be utilized during the production process. There are basically
. four general classifications: 1) solution gas drive, 2) solution gas-gas
ﬂ Vcap drive, 3) solution gas-water drive, 4} combination drive which is a com-
bination of both two and three,

A solution gas drive is one in which the gas originally contained was
a 1iquid in the heavier hydrocarbon phase. It is evelved as the pressure
is reduced within the reservoir. The expansibility of the in-place liquids

in evolved gas are then used to displace the petroleum to the producing well.

Solution gas-gas '‘¢ap drive is one in which, on discovery, there are
discrete volumetric areas in which petroleum hydrocarbons exist in a 1liquid
and gaseous state. The energy from the evolved gas out of the original
Tiquid and the expansive energy of the original free gas are utilized to pro-
duce hydrocarbons through the well.

—— —- ST T T - - g s {

A solut1on gas-water drive reservoir is one in which a s1gn1f1cant
‘volume of water lies underneath or peripheral to the hydrocarbon accumu-
lation. The small energy available from the expansion of the water upon
reduction in pressure is utilized, in addition to the larger evolution
of gas energy from the original Tiquid hydrocarbon, to displace the hydro-

 ‘carb0n mater1a1 to the produc1ng wel]s
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A combination system is one in which a d1st1nct petro]eum ggg phase is
present, as well as a distinct petroleum 11qu1d phase and a significant
accumulation of water similiar to that of combination of the gas cap-solution
gas and solution gas-water drive type reservoir. The energy from all of
these systems, which is obtained by a reduction in pressure, is used to

produce the hydrocarbons.

Gas reservoirs also can be classified in the same way as oil reservoirs,
They are also sub-classified as to the behavior that the hydrocarbon will
undergo with a pressure reduction. The two general classifications for
gas reservoirs are: 1) volumetric, and 2) gas with a water drive.

A volumetric resérvoir simply is one where the‘only major energy used
for production purposes is the hydrocarbon itself.

A gas reservoir with water influx is one in which significant energy
is obtained from the contiguous accumulation of water, as well as the ex-
pansion of the entrapped hydrocarbon gas.

Sub-classification of gas reservoirs is a function of the phase behavior
of the original gaseous material. As the pressure is reduced upon the
hydrocarbon accumulation, two classifications are made: 1) a single-phase
gas reservoir, 2) condensate gas reservoir.

A single-phase gas reservoir is one in which the hydrocarbon composition
and temperature of the reservoir are such that, regakd]ess of what pressure
the fluids are reduced to, the hydrocarbon material remains in a gaseous
state in the ground.

A condensate reservoir is one in which the hydrocarbon is originally in
a gaseous state. A composition of materials and reservoir temperature are
such that, as the pressure is reduced, some of the gas is condensed into a
liquid form. This condensation normally is referred to as "retrograde"
because it is anticipated, with normal materials, that as the pressure is
reduced they would vaporize instead of condensing.

3.2.4 Solid Petroleum

Reservoirs that contain heavy, non-flowing oil, or asphaltic hydrocarbons
(tar), could at one time have been a conventional, pressured liquid oil with
gas in solution. Because of natural tectonic forces or by becoming over
pressured, the reservoir cap becomes cracked and broken, allowing the gas
and the Tighter 01l fractions to escape. As a result of the gas fractions
gscaping the reservoir, the viscosity of the remaining liquid increases which
retards the ability of the fluid to move. Regions in the U.S. that contain
petroliferous rock are shown in Figure I3, .

Another natural phenomenon affecting conventional reservoirs iswerosion.
As the vertical depth from the surface to the reservoir is diminished by

TN
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erosion, the pressure is reduced and gas comes out of solution. If the
gas is allowed to escape the trap, the remaining oil will be more viscous.
After the reservoir is exposed by erosion, the reservoir becomes an inspissated
(drying up) deposit. Exposure at the surface permits the hydrocarbon near

" the surface to oxidize, leaving only the very heaviest or asphaltic portion
of the original fluid in what is commonly called a tar sand.

Solid hydrocarbons disseminated in nonreservoir rocks were probably
deposited and formed with the sediment. The hydrocarbons may have been a
part of the sedimentary source material or they may have been formed by
diagenetic forces after deposition on organic material deposited with the
sediment.

PR

. 3.2.5 Exploration

In the early days of petroleum exploration, geologists learned that
petroleum was often discovered in structurally high areas of anticlines and
domes. Because most structural features such as domes and anticlines are
easily seen at the ground surface, geology became the primary exploration
tool. Soon, everyone was looking for surface expressions of structural



features to lease and drill. As the use of petroleum and petroleum products
increased, more and more petroleum was needed to supply the new demands. As
surface structural features became harder to find, wells were drilled below
existing fields in an attempt to Tocate deeper sources of oil. These deep
tests were often successful. The demand for o0il, however, continued to
increase. In addition, existing oil supplies appeared finite and Timited.
To make matters worse, geologists could not find new oil prospects from
surface indications.

Geologists realized that there were probably vast reserves of undis-
covered 01l in traps not visible by surface features. Stratigraphic traps
are not indicated by surface features. Nature could easily hide structural
features by erosion and subsequent unconformable deposition of new sediments.
New techniques had to be discovered.

During the early beginning of the oil industry, wells were drilled with
churn drills (cable tools). Simple in operation_and inexpensive to build
and maintain, these drilling rigs were slow and: ?1m1ted ‘to relatively shallow
depths. Usually a churn-drilled hole started with a very large diameter hole
and, when the walls of the hole began caving faster than the material could
be removed, casing was run into the hole. A smaller bit was then used to
again drill until the hole sluffed or caved in faster than the bailer could
remove the solids. At this time, a nominal size smaller casing was run into
the hole. A well that may have been started 3 feet in diaméter could end up
at total depth with 4-inch casing, with every nominal pipe diameter between
36 inches and 4 inches represented in the hole., Eventually the cost of
casing would make the cost of well construction prohibitive. With 0il being
discovered at areater depths, the economic depth Timits of the cable tool
method of drilling were being reached and new techniques had to be discovered.

From this point on, drilling technology and the techniques of petroleum
exploration progressed in parallel because one was necessary for the other.
A deep oil prospect was worthless if the drilling technology was not there
to reach it and bring it into production. Unfortunately, there have been no
definite characteristics of petroleum buried underground yet discovered that
is measurable at the surface. The two major technological developments that
occurred to propel the infant oil industry to what it is today are geophysics
and rotary drilling.

Seismographs, a geophysical technique, may look below the surface in
two ways. For shallow work, seismic refraction of vibrational waves are
used. For deep structures, seismic reflection of the vibrational waves are
used. In both methods, a shock wave is initiated and the time of travel of
the wave from its source to its arrival at a geophone (an instrument designed
to identify the arrival of the shock wave) is measured.

In seismic refraction, the induced shock wave travels downward until a
more solid strata is encountered, the wave then is refracted, that is it
travels along the harder strata until it reaches the vicinity of the geophone.
The wave then travels back to the geophone. A timer is started at the moment



the shock’is induced and is stopped upon. the arrival of the primary wave by

the geophone.” By taking a number of measurements at various spacings, the

geophysicist can determine whether or not the harder stratum is flat lying
[or 1ies on a sTope or is faulted. Because this is a shalTow depth
“technique, the shock wave can be induced using a hammer and steel plate,

dropping a heavy weight or with small amounts of an explosive.

For deep lying strata, seismic reflection is used in which the induced
wave travels downward and eventually bounces off a hard strata and is re-
flected directly back to a geophone at the ground surface. Again, a number
of measurements are taken from various spacings. For many years the initial
shock was induced by explosives placed at the bottom of 100-to 500-feet deep
drill holes. Now, in many applications the waves are induced by sonic gen-
erators at the ground surface. The analysis of seismic records have also
become extremely sophisticated by the application of modern computers. With
these techniques, it is possibie to Took below the ground surface and find
deep-lying structural traps that may contain petroleum.

The first tool of producticn, as it has always been, is the last tool
of exploration--the drilling equipment. Since a characteristic of underground
petroleum cannot be measured directly, discovery of a petroleum reservoir
by biolegical and geophysical methods is indirect or inferred. To prove an
inferred discovery, a hole must be drilled intoc the zone of inferrence to
see if it, indeed, does contain oil and if the accumulation is of sufficient
quantity and character t¢ be an economical prospect. About the time seismic
prospecting took the industry beyond the depth churn drills could effectively
handle, rotary drilling equipment began to develop.

Modern drilling rigs in use today are capable of drilling over 30,000

lfeet ‘on 1and, ice or over water. The deve]opment and engineering of the modern
rotary tables, pumps and rotary drill bits, made deep drilling poss1b1e T

Surface casing is still used to hold unconsolidated material and to
isolate fresh water zones from the well. Intermediate strings of casing are
no longer requ1red The hydrostatic pressure of the drilling fluid and the
present science of mud control keep the walls of the hole from §15ughing and
maintain hole gauge. Rotary drilling equipment has a much higher initial
cost than percussion eguipment, but the rotary drills much faster and deeper
than the old cable tool.

Even with modern, sophisticated and ultra scientific geophysical and
drilling techniques and equipment, world demand for oil is outstripping
production. Predictions are that a world oil shortage situation will occur
in the Tate 1980s: World petroleum available for consumption again seems
very finite and 1imited. It is time for another technological breakthrough.

_ Today's petroleum technology indicates that only about 30-35% of the
original 0i1 in:place is being produced. Sixty-five to 70% of the original
0il incplace is left in the ground, economically unrecoverable by present
technology. The next technological breakthrough probably will be to merge
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petroleum engineering and mining to recover most or all of the remaining
65-70% from known 0il accumulations.

3.2.6 Reservoir Characteristics

The analysis of a petroleum reservoir requires a variety of types of
data and rather complex engineering computations.
for processing petroleum engineering data is given in Figurel4.! The data
for reservoir analysis is divided into two parts:
production data and 2) formation evaluation data.
of data are shown along with the general data reduction processes required

..For proper engineering analysis.. |

An outline of procedure

“1) reservoir fluid and
In the figure, the sources
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Once the shape and extent of the reservoir is defined, the character of
the-reservoir and contained fluid must be determined. A1l these data must
be obtained through the drill hole, that is, the oil well. As previously
stated, a petroleum reservoir must be both porous and permeable. Porosity
is defined as the volume of void space contained in bulk unit volume of
reservoir material and is usually expressed as a percentage of the total
vo1ume Porosity is a characteristic of the reservoir rock that formed
either during deposition or afterward due to some geological process. This
void space contains the oil, water and/or gas.

Permeability is a measure of how well a fluid will move through the

.~ formation under an imposed pressure drop. If a porous reservoir is to be
permeable, the pores or void spaces must be interconnected and be of suffi-
cient size for 0il to move. For example, some shale is very porous, but
nearly impermeable, whereas an unconsolidated sand of constant grain size
is both porous and permeable.

The term Darcy (millidarcy) as a measure of the magnitude of permeability

is derived from early experiments by Henry Darcy in 1856. Darcy studied

the flow of water through sand filters and derived an empirical formula
(Darcy's law) for laminar flow of water (100% saturation) that contained a
proporticnality constant, K. Later investigators extended Darcy's law to
other fluids and found that the constant, K,~could be written in terms of

k/u, where k represents a proportionally constant for the flow system and

u represents the viscosity 6f the fluid. API code 27 presents the general-

ized form of Darcy's law as follows: ;./F'T“
Wed e k[P 09 o dz -0
s v lds Tt ds * 10 (1)
Here, s = distance in direction of flow and it is always positive, cm

V_ = volume flux across a unit area of the porous medium in
unit time along flow path s, cm/sec

z = vertical coordinate, considered positive downward, cm
p = density of the fluid, gm/cc

g = acceleration of gravity, 980.665 cm/sec

@
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pressure gradient along s at the point to which V refers,
atm/cm

u = viscosity of the fluid, centipoises

k = permeability of the medium, darcys

1.0133 X 10° dynes/{(sq cm) (atm)
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A millidarcy is 10-° darcy. A darcy is defined as follows: A porous medium
has a permeability of one darcy when a single-phase fluid of one centipoise
viscosity that completely fills the voids of the medium will flow through

it under conditions of viscous flow at a rate of 1 cubic centimeter per
second per square centimeter cross-sectional area under a pressure or egui-
valent hydraulic gradient of 1 atmosphere per centimeter (Amyx, Bass and ;
Whiting, p 70). .

Compiex flow systems found in nature due to multi-phase flow (two:fluids,
water and oil, or gas and 0il) often make analysis using Darcy's law nearly
impossible. Fortunately, Darcy's law is comparable to Ohm's law for electri-
cal conductance and Fourier's eguation fpr heat conduction. The additional
equations from the flow of electricity .or heat are used in many of today's
reservoir engineering calculations.

Mathematical derivations of the numerous parameters and equations are
left to textbooks written specifically for this purpose. Derivations and
mathematical treatments appear in this report only as required to define a
particular principle.



wét3 CONVENTIONAL OIL RECOVERY METHODS

3.3.1 The 0i1 Well

A1l oil fields are produced through holes drilled from the Tand or water
surface and cased with steel pipe 2.5 to 9.875 inches in diameter. There
are three general methods for completing an oil well: 1) open hole, 2)
cased and perforated, and 3) screened.

In the open hole completion, the well is cased to the top of the pro-
ducing formation. The producing formation thus is drilled through but not
cased. This technique was widely used during the period from 1859 to 1945.
Since thén, this method has been used only for structurally strong (competent)
producing strata, such as Timestone or well-cemented sandstones, . In less
competent formations, the exposed formation tends toslough off and cave-;
in, filling the hole and ruining the well. An open hole comp]etTOn is

illustrated in F1qure 15a

is run the full Tength of the well and generally cemented in place. The
casing is perforated at selected intervals within the producing formation

. with special tools. This is the most common completion method used today.

1

|
i

It is used in all types of deologic formations, consolidated and unconsoli-
dated, and permits better production control, easier abandonment and ready
convérsion to secondary and tertiary recovery processes.
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When the screened completion method is used, the well 1is cased from the
surface down to the top of the producing formation. A slotted screen (pipe)
is installed, extending from the bottom of the casing down through the pro-
ductive zone. Unconsolidated reservoir material may be held back by a

'gravel pack' hydraulically placed between the outside of the screen and the
walls of the producing formation. The screened completion method, illustrated

_in Figure 15c used extensively in California and the Gulf Coast region

of the U.S., s only used in unconsolidated formations. Production problems
are inherent with this method resulting in lower ultimate 0il recovery than
with the other completion methods.

To increase the efficiency of an oil well, it is usually subjected to
some method of stimulation. The objective is to increase the permeability
of the producing formation arcund the well bore. The most common methods
are hydraulic fracturing, acidizing, and blasting.

In hydraulic fracturing, fluids are pumped into the producing formation
under high pressure to induce fractures within the formation. Sand is then
added to the pumped fluids to hold the fractures open. This procedure is
commenly used in cased and perforated wells penetrating a lTow permeability
sandstone or Timestone.

In acidizing, a solution of acid is pumped into the formation, often
under high pressure to dissolve some of the rock in the vicinity of the
well bore. This procedure is commonly used in cased and perforated wells
penetrating either a lTimestone or a tight, 1ime-cemented sandstone. In some
cases acid is used as the carrier fluid in hydraulic fracturing.

To shoot a well, a quantity of high explosives is detonated in the well
bore in the producing interval. This technique is not widely used today.
Often, shooting a well causes more problems than it solves and it must be
done in an uncased hole. This, petrhaps, was the first major attempt at well
stimulation to- improve 0il1 production efficiency, but since has been all but
replaced by hydraulic fracturing and acidizing.

3.3.2 Primary Recovery

" Primary production, as the.term suggests, is the first method of pro-
ducing oil from a well. If the pressure on the fluid in the reservoir
(reservoir energy) is great enough, the 0il will flow into the well and up
to the surface., In this case, no pumping equipment is required. If the
reservoir energy is not sufficient to force the 01l to the surface then the
well must be pumped. In either case, nothing is added to the reservoir to
increase or maintain the reservoir energy-nor to sweep the o0il toward the
well. The rate of production from a flowing well tends to decline as the
natural reservoir energy is expended. 'When a flowing well is no longer
producing at an efficient rate, a pump is installed.

The most commonly recognized oil-well pump is the reciprocating or
plunger pumping equipment (also called a sucker-rod pump). This equipment
is easily recognized by the 'horse head' beam-type pumping jacks seen while

i
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driving through most oil fields. Electrically powered centrifugal pumps and
submersible pumps (both pump and motor are in the well at the bottom of the
tubing) have proven their production capabilities in numerous applications
throughout the industry. Gas or air 1ift is another method of bringing oil
from the bottom of the well to the ground surface. Various mechanical devices
(special valves, plunger 1ifts, intermitters, and other devices) have been
invented to Tift o1l to the surface with gas. Gas Tift is used where ample
gas supplies are available at a reasonable cost.

While naturally flowing wells are sought after by all producers, only
about 70% of the more than 500,000 wells in the U.S. were naturally flowing
at the end of 1977. Primary o0il production amounted to about half of the
U.S. production in 1976. The National Petroleum Council estimates that less
than 10% will come from primary production from known fields by the year
2000.

3.3.2.1 Problems and Limitations

The major problem and limitation with primary production is that only
10 to 15% of the in-place 01l is recovered. It is for this reason that
secondary recovery techniques have been developed and extensive research is
in progress on tertiary recovery technology. Secondary and tertiary recovery
technology are discussed later under their appropriate headings.

For maximum efficient and economic recovery, oil cannot be produced

at the maximum rate it will flow into the borehole. The permeability of
_an oil reservoir is variable and if produced too rapnd]y, much of the oil

| _will be Teft in the less permeable zones as illustrated in Figure 16, T

Another prob1em that occurs when an oil well is produced too rapidly
is that of coning. The hydraulic condictivity of a reservoir is greater for
water or gas than for oil. It is easier for gas and water to move than it
is for oil. As oil is removed from the well, the overlying gas and the
_underlying water form a cone around the well encroaching_on _the oil zone,

Tas shown in Figure 17. Once the gas and water have reached the well bore,

the oil production rapidiy declines and soon the well must be abandoned.

The o0il1 industry is intensively reguiated to prevent unnecessary waste
of 0il and gas and for the maximum economic recovery of oil. For this reason
the spacing of the wells are also requlated. O0ilzwell spacings of 320, 160,
80 and 40 acres are quite common. Well.spacing problems are especially -
troublesome when there are several different lease owners in one field. The
most effective way to deal with the divided ownership problem is to unitize
the f1e1d Un1t1zat1on is dTSCUSSEd 1ater

If the f1e1d is unitized and the reservoir characteristics permit,
primary production can be increased by in-fill drilling. If the current
spacing is 80 acres, more wells may be drilled to reduce the spacing to
40 acres. In-fill drilling is 1imited by economics because of the expenses
of dr11]1ng, comp1et1ng and produc1ng 0i1l we]is The hydrocarbon reservoir
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Water disposal problems have been a part of the oil industry ever since
it began. The water associated with 01l is generally highly saline, and not
useable as a domestic or commercial source of water. The normal methods
of disposing of the saline water are as follows: 1) pump it back into the
formation, 2) pump it into another deep-lying saline formation, 3) hold the
water in -sealed ponds at the surface and let the water evaporate, and 4)
in very few cases, treat the water.
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3.3.3 Secondary Recovery

Available reservoir fluid energy tends to decline over the producing
1ife of a reservoir. A need to sustain or increase that energy exists if

- ultimate recovery is to be improved. Reservoir pressure decline adversely

affects 0il1 production in two ways. First, it diminishes the force which
drives 011 into the well bore. Second, and more important, a decline in
reservoir pressure soon causes some of the gas held in solution to be re-
leased as discrete gas bubbles in the pore spaces of the reservoir rock.
This impedes the flow of o0il toward the well while increasing the flow of
gas and accelerating the depletion of reservoir fluid energy.

There are two main objectives in secondary crude-o0il production. One
1s to supplement the depleted reservoir energy pressure by injecting a
fluid such as water or a gas. The second objective s to sweep the crude
0il from the injection well toward and into the production well. When water
is used the process is called a water flood; with gas, a gas flood.

Thermal floods, using steam and controlled in’place combustion, is used
as a secondary or tertiary recovery system. A prime objective of thermal
floods is to reduce the viscosity of the crude 6il so it will flow more
readily with existing energy into the production well. Tertiary technigues
are usually variationsof secondary methods with a goal of improving the
"sweeping" action of the invading fluid.

By careful planning and extensive reservoir analyses, production wells
can be converted into injection wells to reduce the extra drilling costs

|~ of secondary or tertiary recovery. Table 7 gives approsimate incremental

‘costs of new injection well equipment in dollars per injection well.
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Tab1e'\{;}; Approximate incremental costs of New Injection Equipment.*
($ per injection well)

gu. Depth Category (feet)
Geographic 5,000- 10,000-
State/District Unit 0-2,500 2,500-5,000 10,000 15,000
California 1-4 $25,000 $30,000 $35,000 $35,000
A1l Other 5-19 18,600 22,700 26,800 26,800

*Incremental costs for reservoirs currently under primary recovery, i.e.,

those with no current secondary or tertiary development. Includes water
supply and surface injection equipment.

Source: Bureau of Mines, IC-8562 (1970} costs) updated to 1975. Lewin and
Associates. ‘

'3:3.3.1 Waterflooding

" Secondary recovery by water flooding began when a leak in a make-shift
packer allowed water from a shallow horizon to flow down and into the oil
formation. 011 production declined in this well, but increased in the
surrounding wells. John Carll is credited with having the first substantiated
hypothesis that water moving through an oil sand increased oil recovery. He
reached this conclusion in 1880 after five years of study of production
operations in western Pennsylvania oil fields. Incidentally, Carll's work
also confirmed the theory that oil does not occur in underaround lakes or

pools, and that oil sands lie in lens:ishaped masses and not in continuous
belts.

Early operators who believed that linking water sands with oil sands
increased ultimate 0il recovery designed "circle floods." The water sand
was linked with the o0il sand in one well and adjacent wells were produced
in a basically radial pattern. When the produced wells flooded out, they
were then used as "injectors" and the project expanded outward.

Operators however proceeded slowly. Until about 1920 it was illegal
in most states to introduce water into the ¢il zone. The next major change
occurred late in the 1920s:with the application of pressured, rather than
gravity.flow water injection. The Tegal acceptancé and wider application
of water injection led to solid theoretical and experimental work that
elevated it from a field operation to an engineering practice. . The experiences
culminated in the early 1940s with the advent of the high-pressure floods
begun early in the 1ife of the pool before much drawdown had occurred. Only
cased and perforated wells can be readily converted to injection wells for
secondary or tertiary techniques. The effectiveness of water injection and
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its cost per unit barrel of o0il produced depends on depth, geographic location,
water availability, water quality, oil properties, reservoir rock properties
and type of formation. Water injection is initiated in a reservoir when the
additional oil recovered will yield at least a 15% internal rate of return

on investment,

The amount of 0i1 produced by waterflooding is about the same as for
primary oil production, about X6%o0f the original oil in place. In the early
part of a water flood, production rates increase from 50% to 400%. Water-
flooding currently is the principal secondary oil recovery method and accounts
for about half the U.S. daily 0il1 production.

3.3.3.2 Gas Flooding

Another common secondary recovery technique is the injection of gas,
either structurally high or in a pattern. Prior to 1973 most of the gas
injection projects used natural gas produced from the reservoir itself or
purchased from some outside source. Since 1973, the higher cost of natural
gas has caused new gas injection projects to change to carbon.dioxide,

nitrogen or flue gas. Gas injection is preferrable to water injection in

. most reservoirs that have significant structural features. The initiation

of gas injection is based on the same economic principles applied to water-
flooding,

"3.3.3.3 Miscible Fluid Displacement

The injection of fluids that will mix (miscible) with the in:place oil
is a secondary recovery method. To meet the ultimate objective of enhanced
recovery -- the reach for the elusive 100% recovery -- the invading fluid
must be completely miscible with the reservoir o0il, leaving no residual oil
in the invaded region. Even if the oil-in_place at the start of the project

is residual to a waterflood, the miscibility will cause the 0il to form a

bank and flow ahead of the invading fluid. An unfavorable facet of this
process is that the invading fluid also displaces the formation water and
thus causes a lengthy period of water production either ahead of or along
with the produced o¢il.

There are only a few fluids which are completely miscible with both o0il
and water and reasonable enough in cost to be considered for use in this
process. Three fluids have been tried: alcohol, hydrocarbon gases and
carbon dioxide., In the past, mixtures of alcohols, usually propyl and butyl
alcohols, were used, but the higher molecular weight alcohols lose their
water solubility and the lower alcohols, ethyl and methyl, are not miscible
with many of the crude oils. The miscible fluid currently considered most
promising is carbon dioxide (CO2}. Typically, as pressurized €0, begins to
appear at the producing well, it is recovered, "cleaned” of impurities and
reinjected.



[0117for less than $15/barrel.
[ miscible flooding.

"The basic concept of miscible flooding was proposed in 1927 however -
little field development took place until about 1960. At the present time
research is being conducted with emulsions and micro-cellular emulsions which
are miscible with the 0il. Field tests of some of these fluids are being

sponsored by DOE as of this writing.
Figure 18 illustrates the process of gas

Gas & Water ;{m%\'“ Oil & Water

NAN <

Oil & Water

Injected Gas
& Woater Zone Zone \

ﬁ,‘

»i

(i

o

COQ,T_-Cru de Oil
Miscible Z j
|

The gas miscible flooding process.

F igure ¢ *1§'._j

13.3.4 Tertiary Recovery

Tertiary recovery techniques are designed to improve the sweep efficiency
of the injected fluid or to Tower the viscosity of the crude oil. Some of
the techniques discussed below are used in some cases for secondary o0il
recovery. Others are still highly experimental.

1313.4.1 Surfactant/Polymer Flooding. )

.-
!

host recent and potentially most promising method for str1pp1ng the 011 from
the rock. The displacement, while not truly miscible, is at such low inter-
facial tensions that virtually all of the contacted oil is displaced..

L77

None have proven that they can recover’

Tﬁeﬁuge—of surfactants 1n the d1sp1ac1nq f]u1d (F1qure 19) 13 the ,;'i:_ﬂ,,,,
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Figure #4977 The surfactant/polymer flooding process.

The injected water is treated with a surfactant to reduce the surface
tension and increase the wetting forces of the injected fluid compared to
any hydrocarbon or water which might be indigenous to a reservoir system.
Many different types of surfactants are being tested. The primary reason
for the continued search is to reduce the surfactant absorption onto the
surface of the matrix material. Because of the expense of the surfactant
it is normally injected as a slug and followed by a polymer water system.
The thickened or viscous water is used to increase the sweep efficiency of
the surfactant material.

 §l3.4.2 Micellar/Polymer Flooding

Another popular flooding system is one in which the initial displacement
slug is a micellar solution which generally is created by emulsifing alcohol
and water with a sulfonate as the emulsifing agent. In most cases this
micellar solution is miscible with the in.place water and the residual
hydrocarbons. In theory, it should displace all of the formation water and
the hydrocarbon content. This micellar solution is injected as a slug and
is usually followed by a polymer treated water which in turn is followed
by untreated water. Hence the process involves two slugs of injected material
followed by water and is very difficult to control. This difficulty in
control of the areal sweep and the necessity of producing large volumes of
formation water has made the micellar/polymer system very expensive. The
micellar/polymer flooding process moves underground similar to the surfactant/
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polymer process i1lustrated in Figure 19

3.3.4.3 Polymer FTooding

This process employs an additive to the initial injection water to
increase the viscosity of the displacing fluid. The influence of this
thickened water on the efficiency of 0il displacement is minimal at best
since the thickened water pushes the connate water to form the actual dis-
placing fluid. It does. however cause the reservoir conformance {the frac-
tion of the reservoir swept by the invading fluid) to be increased. It
therefore follows that this process is most advantageous in reservoirs where
the conformance will be poor either because of adverse viscosity conditions
or because of differences in the reservoir permeability. Thickened water
can be used alone or it may be used as a following agent for any fluid
injection system.

3.3.4.4 Steam Injection

Steam injection or steam flood involves the injection of steam into a
group of outlying wells to push oil toward the production wells. In this
process the heat is forced into the perimeters of the reservoir to reduce
the 01l viscosity and permit the hot water to displace the ¢il. To ensure
"high rates of production at the wellhead, steam flooding projects are typically
conducted jointly with cyclic steam injection in the production wells.

Tests in the 1960s in the San Joaquin Valley, particularly the Kern
River Field, demonstrated the effectiveness of this method. Steam drive is
now a major factor in California oil production, with much of new field
development concentrating on the use of steam drive. Side benefits might
include inplace distillation of the oil. Some experts see steam drive as
the most universally applicable technigue. The major drawback is the amount

of energy required relative to the amount produced. The steam drive process
[is ilTustrated in Figure 20. .

3.3.4.5 Hot Water and Steam Flooding

Hot water and steam flooding are now being utilized as a secondary re-
covery process. The behavior of these systems is essentially the same as
waterflooding but heat is added to reduce the viscosity of the oil thus in-
creasing the displacement efficiency. This process is more capital intensive
than waterflooding or gas injection and has a higher operating cost. Heat
plus water is usually used in reservoirs which have an in.place oil viscosity
- of greater than 100 centipoises. Again, the same economic conditions app]y
to the steam and hot water process as with any other secondary progect
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‘8.3.4.6 Cyclic Steam Injection

Cyclic steam injection, called huff and puff, is the most commonly
applied thermal recovery process. Steam is injected directly into the
reservoir through the production wells to heat the surrounding area. The
condensation and cooling of the steam heats the reservoir rock and oil,
reducing the oil viscosity and thus increasing production rates. Then steam
injection is stopped and the heated 0il is produced from these same wells.
After the hot oil production has ended, a new cycle may be initiated. The

" time period of the cycles are on the order of six to 12 months or longer.
These reservoirs are usually shallow and the producing wells are drilléd on
very close spacing because the heat does not penetrate far from the wells.

The effectiveness of steam in recovering heavy oils was forseen in 1917.
The first field tests were conducted in the 1920s and the 1930s, first in
Venezuela and then in California by Shell 0il Co. Initial use of cyclic
steam, from 1930-1950, was to remove paraffin from the wellbore. Use of
cyclic steam gained prominence in the early 1960s in California with Shell
011 Co.'s success. Cyclic steam injection is now a reliable economic,
{_secondary and tertiary recovery technique. Figure 21 illustrates the ™

'huff and puff' technique of cyclic steam injection.”
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3.3.4.7 In-Situ Combustion
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One method of controlling heat in a combustion front is with the 1n3ect1on
of air. By controlling the rate of air, the amount of 011 burned (and there-
fore heat generated) is kept within des1red 1imits. The hot combustion gases
thus generated flow toward production wells pushing or carrying the oil as
they pass. In some cases, cyc11c steam injection may be used in conjunction
w1th DFOJECtS of th1s type to 1ncrease 011 recovery rates. _

Typically, air is injected into the reservoir to create a gas saturation
high enough to allow the large air flows necessary to sustain combustion.
When the air flow is large enocugh, spontaneous combustion may take place or
a downhole heater is used in the injection well to initiate the combustion.
The temperature of the combustion should be maintained at about 9000F. and
the burning oil front should proceed slowly through the reservoir. Higher
rates of air injection tend to burn excessive amounts of 0il 1n the.reservoirs
and may cause the burning front to override the oil.

Although the temperatures can be controlled by changing the air in-
jection rate, a more recently developed method accomplished this by injecting
air and water. Referred to as the "COFCAW" (combination of forward com-
bustion and water), this method cools the combustion zone by vaporizing the
water and the resulting hot vapor helps to move the heat through the reser-
voir ahead of the combustion front. This process is still economically un-
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proven or unsuccessful in U.S. fields outside California's San Joaquin Valley.

In-situ combustion had its start in the early 1900s when underground
combustion was accidentally started from air injection being used to sweep
0il toward producing wells. An increase in production and well temperature
was noted but neither factor was attributed to a subsurface fire at the time.
Only much later was spontaneous combustion acknowledged as the cause of these

effects.

Russia = did the first cognizant work in subsurface combustion. They
ignited a shallow ¢il reservoir by feeding glowing charcoal into the well with
injected air. The resulting increased production was reported in 1935.

The first English translation of the report appeared in 1938.

First mention of in-situ combustion in the U.S. was a 1923 patent
granted to F.A. Howard (Standard Development Co.). The first test was con-
ducted by Magnolia Petroleum and reported in 1953. The test produced only
80 barrels of 0i1 but demonstrated the feasibility of in-situ combustion.

Early in-situ combustion pilots in the U.S. were generally discouraging.
Recent efforts show improved results, but in-situ combustion continues to

—'f:t;t?a"ﬁign risk technique.  Figure 22 11Tustrates the wet combustion process. |
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f3.3.5 Potential of Secondary and Tertiafy Recovery

—ffab1E“8;\iP§£éﬁ£ﬁa1'of:Seééndérylahd Tertiary Recovery =~ =

Many studies have been made of the volume of oil that could be recovered
from existing reservoirs. A summary of these studies is presented in Table

[ 8. "WhiTe these separate estimates vary, it appears that most of the agencies

expect tertiary recovery to gain somewhere between 13 and 51 billion barrels
of the 300 billion "unrecoverable” reserves.

!

Potential EOR Production in
Recovery (Bbls) 1985 (Mbls/Day)

NPC Study

£5

310
g%g (1976 §'s)
425

2O WM
OO N
[l el = N N ]
~N O W

PN -

e
10 . 18-36 , 1.1
15 (1974 8's) 51-76 .

FEA/PIR ‘
Business as Usual, $11 ---

1
Accelerated Development, $11 --- 2.

EPA
$8-12

s12-1 (1975 3's) | ' -,

- FEA/Energy Outlook

$12 | - | 0.9
FEA (3 States) ¢

Upper Bound, $11.28 . 30.5 2

Lower Bound, $11.28 (1975 $'s) 15.6 . 1

From only the NPC study poftion of the above table a breakdown of the

- recovery potential into the three current tertiary recovery modes provides

added detail of where increased recover1es are expected to be obtained.as
indicated in the f0110w1ng Table - 9.

Nt
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Table -9, » Ultimate Hydrocarbon Recovery*

C0p Miscible,

Price "Billionsn~af
Per Barrel, $ Steam Barrels Chemical
5 2.5 0 0
10 4.25 2.60 7 1.25
15 4.50 5.75 - 2,75
20 7.00 6.00 7.65
25 7.50 7.88 9.38

*"Enhanced 0il Recovery", National Petroleum Council, 1976. These pro-
jections were based on 1976 dollars and a 10% internal rate of return.

At best the slightly less than 25 billion barrels at $25/barrel is a
small fraction of the "300 billion barrels remaining in currently known
reservoirs that cannot be produced by conventional primary and secondary

. methods". (JPT, May 1977, p. 519)

Permission for further reproduction
must be obtained from the copyright owner

NTIS is authorized to reproducéd
and sell this ¢cnyrighted work.

" 'As shown in Table 10 ‘the first barrels of crude oil produced will be 7,
the most easily recovered and thus the cheapest, with the investment and
injection costs of producing each additional barrel rising as the supply of

- ' S — B S ]
§ Table 10. Average EOR Investment Costs
o S Lower Bound Upper Bound Technically
54 Case Case Recoverable

o .55 Case
R S o .
‘@53 5 Total Field Development,

“@® 5 2 Equipment, & Injection

g"@i £ & Cost (§ Billion) 67.4 151.7 278.3
R

‘o % o 5 Total Reserves

; E}? E (Billion Barrels) 15.6 30.5 43.3

A %‘5 © Average Investment |

& &5 (8 per Barrel) $ 4.30 $ 5.00 $ 6.40
TRe3 e

2% 542 e Source: Lewin and Associates| Enhanced 0il Recovery

Tam o T ) -
- @ v Aa
vl ‘ﬂ

I = USSP P S
E&5d 3 - While the average undiscounted investment cost rises. nearly 50%--from

$4.30 to $6.40 per barrel--from the lower bound case to the technically
recoverable case, when one considers the incremental.investment costs, this _

| “capital” requirement effect becomes even more dramatic, as shown in Table 11... . . . i

i T
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TIS is authorized to reproduce
and sell this copyrighted work.

Table _1gfﬁ‘lncrementa1 EOR Investment Costs

Upper Bound Technically
Case Recoverable
Case

Incremental Addition to Reserves .
(Billion Barrels):
Over Lower Bound Reserves of :
15.6 14.9 _ -
Over Upper Bound Reserves of
30.5 - 12.8
Incremental Investment Required
($ Billion)
Over Lower Bound Investment of
$67.4 ' 84.3 ‘ -
Over Upper Bound Investment of
| $165.7 - 126.6
. Average Incremental Investment
. Cost ($/Barrel)

mist be obtained from the ¢opyrigbt owner

ctTmission for furiher reproduction
e

e
k

| $ 5700 % 9,90
Source: Lewin and Associates™ TEphanced 0il Recovery

- - - i

NTIS is authorized to reproduce
and sell this coxyrighted work.
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_‘f‘The‘capitaT‘requirements for start-up ‘and -injection materials”in tertiary
0i1 production are given in Table 12,

.

3.ﬂTébIe§lZ;~ Capital Requirements for Tertiary 011 Production. Start-Up and
3 Injection Material Costs. Field Development Injection (A) and
E,O Equipment Costs (B) ($ Billions).
;;3 Lower Bound Upper Bound Technically Recoverable
%5 Case Case Case
3 o
50 (A) (8) (R) (B) (A) (B)
&g Steam 5.2 29.3 11.5 48.1 24.5 74.9
s In Situ 0.5 2.5 0.9 3.5 1.5 6.1
5o €0p . 2.2 13.1 8.2 39.2 30.3 76.7
5 s Surfactant/
g Polymer 275 1271 7.6 32.7 13.6 47.9
315 Polymer * * * * 1.8 0.9
G
5 % Total 10.4 57.0 28.2 123.5 71.8 206.5
o o Total Field’
42 Dev't Equip. &
g § Injection 6d.4 151.7 : 278.3
Q
s Source: Lewin and Associates  Enhanced 0il Recovery]

I
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3.4 UNITIZATION

Early production practices tended to waste energy by producing more gas
than was necessary and then.since there was no market for it. flaring
(burning) the gas at the well. Later, the 1mportance of gas “For energy was
recognized and now every attempt to conserve gas is made until all the
available 011 has been produced.

Indiana was the first state to recognize that gas must not be wasted,
and enacted a law (1893) to insure that it was not. The statute was violated
and subsequent Titigation went to the Supreme Court. The Court unanimously
upheld the Indiana statute and an opinion written by Chief Justice Edward D
White set forth three conservation principles upon which subsequent Tegis-
lation is based:

1) A1l the owners of property in a reservoir have a common interest in
the available reservoir energy. Waste of energy by one owner
deprives: the others of their products.

2) The state has the right-to prevent waste of any of the reservoir
products.

3) The public has an interest in conservation sufficient to justify
legislation to protect its interests.

The most efficient way to produce a reservoir is for one operator to
produce the entire reservoir (unit).

~“Unitization is the merger of all interests of a reservoir into a unit,
the assignment of individual interests in respect to the entire unit for
purposes of costs and benefits, and the designation of an: operator to
represent all the interest holders. The principle of Unit Operation is
based, for the most part, on voluntary cooperation of aill 1nterested parties.
The advantages of unit operations are as follows:

Increases flowing Tife of the wells.

Increases recovery of hydrocarbons.

Retards decline in rate of production.

Permits shutting in of high gas-o0il ratio (GOR) wells (inefficient
producers).

5) Reduces development and operating expense.

B =
e

There are two basic types of unitization agreements. The Unit Agreement
that must be joined by everyone having an economic interest - the royalty,
mineral and working interests owners - and must be approved by the State 0il
and Gas Commission. A majority of the working and interest owners must
approve the E1an before the Commission can approve and initiate compulsory
unitization.

1Laws for individual states differ slightly concerning the minimum percentage
of working and royalty interest owners that must agree to the unit plan
before compulsory unitization may be initiated. Percentages are listed for
some states in subsequent pages.
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The other type of unitization agreement is the Unit Operating Agreement,
(voluntary unitization) which needs only to be agreed upon by the working
interest owners, and filed with, but not approved by, the 0i1 and Gas Commis-
sion. .In some cases the royalty interest may be partially unitized or not
unitized at all.

There are two subdivisions of the Unit Operating Agreement commonly in
use, as published by the Rocky Mountain Mineral Law Foundation. These are
the divided and the undivided types.

In the divided type, working interest owners share costs and benefits
attributed to the specific tract of Tand within the participating area in
which they have the interest. Royalty costs of specific acreage are paid
for by the working interest owner of that specific area.

In the undivided type, costs and benefits are shared by the working
interest owners according to fixed percentages agreed upon by the interest
holders, determined by a participation formula.

The basic princ¢iple upon which most equitable allocations are based
was stated by the American Petroleum Institute in 1931. It states:

"that it (API board) endorses and believes...the principle that each
owner of the surface is entitled only to his equitable and ratable
share of the recoverable o1l and gas energy in the common pool in
the proportion which the recoverable reserves ynderlying his Tand
bear to the recoverable reserves in the poo].“2

Some of the factors on which participation formulas are based for
working-interest owners are:

-Number of wells, current and cumulative production

-Consclidation of leases having the same ownership

-Productive sand volume

-Productive acreage

-Estimated oil reserves

-Total acreage

-Number of wells and current production

-Acreage and number of wells

-Allowable (production)

-Allowable and potential {production)

-Number of wells, bottom hole pressure, acreage, and sand thickness
-Cumulative production, number of wells, volume oil and gas sands and
current production

-Number of wells, productive acre-feet, and productive acreage

2”Progress Report on Standards of Allocatiens," p.3
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Some of the factors on which royalty interests are allocated are:3

-Interests already under same ownership

-Current income

-Productive sand volume

-Productive acreage

-Estimated reserves

-Past production

-Number of wells, current production and cumulative product1on

-Allowable (production)

-Cumulative production, number of wells, volume of 0il and gas sands
and current production

-Number of wells, bottom hole pressure, acreage and sand thickness

"By these factors alone or by combinations of them in varying propor-

~"tions, a suitable allocation can be agreed upon by the royalty and
working interest owners. Some of the most widely used formulas are
based equally on acreage and nﬂmber of wells or by a combination in
different proportions of each.

Regional migration causes special problems when trying to reach a
“reasonable allocation agreement. In its report of Standards of Allocation

of Qi1 Production Within Pools and Among Pools, the Committee on Well Spacing
and Allocation of Production and its Legal Advisory Committee states:

"The producing 1ife of a property depends partly upon structural
position and its effect on regional migration...Clearly, the structural
position must be taken into account because of its effect upon ultimate
recovery and drainage...For instance, properties which, because of
structural position and regional migration, would not have the oppor-
tunity to produce the amount of recoverable 0il originally in place if
the pool allowable should be based upon relative reserves, should be
given higher allowable than the properties which, because of the
restriction on the pool allowabie are benefited by regional migration..."
In the case of Mining for Petroleum such a solution would not apply.
The mining process could not be selective as to tracts of land under specific
ownership, mining will have to be done on a field under a Unit Adreement. 1In
this case, there would be no restriction on the location where mining would

3When royalty interests are unitized under state laws, it must be on the same

basis as 1s used for working interests. . -

4For a discussion of the different formulas and the frequency of use in
Texas, see Conservation in the Production of Petroleum by Eric W. Zimmerman,
1837 through 1948, pp. 332-334.
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be most appropriate and reservoir fluid migration would not be a legal
problem.

Since the method by which the allocations for a specific field were
determined are suitable for either the conventional petroleum reserve or
mining process, the interests need not to be changed. In some states, the
percentage of participation is fixed when the field is unitized and cannot
be changed.

Another problem that might be encountered when mining for petroleum is
the case of limited unitization with respect for formations. If the field
is unitized before exploratory drilling, the agreement includes all formations
under the unitized land, but if the field is unitized prior to secondary
recovery, the agreement usually includes only a single productive formation.

Currently, Oklahoma has a forced unitization agreement which requires
a minimum of 63% of the working interést and 63% of the royalty interest in
order that the unit may be formed. Louisiana also has a forced unitization
agreement which may be dictated by the State Conservation Commission or by
75% of the working and royalty interest ownerships. Arkansas has a forced
unitization agreement requiring 75% of the working interest and 75% of the
royalty interest prior to consumation of the unit.

The evolution of the various conservation departments in states such
as California, I11inois, Kansas, New Mexicoc, etc. can be ohtained from the
book Conservation in the Production of Petroleum by Eric W. Zimmerman. The
evolution of conservation for each state gives an idea of the political sit-
uation in that state and how this political condition will affect Mifing. _ >
for Petroleum. It is advisable to select states which have unitization laws
for the first oil mining test or to select a site wherein the field is
already unitized.

) The_petcentage of working and royalty interests required by the various. _
“states is given in Table 13.- An example of a unit operating agreement is

‘\ included as Appendix C. e e

Table - 13’; Statutory Unitization by State.

% of W.I. and R.T.
needed to invoke

State statutory unitization Comments
Alaska 62%

- Arizona 63

Arkansas 75 Adopted in 1975. Statute does not say

onh what basis the 75% should be based.
Once driiling interests are approved by

<
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Table .13 (continued)

State

California

Colorado
I11inois

Kansas

Kentucky

Missouri

Montana
Nebraska

~ Nevada

New Mexico

North Dakota

Oklahoma
Oregon

South Dakota
Texas

Utah

Wyoming

% of W.I. and R.I.
needed to invoke
statutory unitization

65

80
75
75

75
75

80
75
62%
75
80

63
75
75

80
80

IR

Comments

the Commission, thereafter they are
fixed.

Adopted in 1975. Assembly bill stated
that unitization may involve more than
one pool, or it may involve just a por-
tion of a pool. 1In 1974, there were

301fully unitized and 55 partially
unitized fields.

Adopted in 1969.

Adopted in 1969. VUnitization act
requires one contiguous field and inter-
connecting zones.

Adopted in 1974,

Adopted in 1975. Based on approval
of royalty interest owners,

Adopted in 1969.

Adopted in 1975,

Does not permit approval of unitization
if it does not consist of the entire
pool.

Based only upon surface acreage.

N

AlTyunitization is completely voluntary.
Adopted in 1969.
Adopted in 1975.

A



- 3.5 RESERVOIR CONSTRAINTS TO MINING

3.5.1 Types of Reservoirs Suitable To A Mining Process

Reservoirs which may be candidates for a mining recovery process can
be classified in two broad general areas.

1) depleted
2) virgin

The depleted category probably is the most prevalent and contains the
greatest volume of potentially recoverable petroleum. If considered world
wide, this assumption would probably be false because tar sands, oil shale
and viscous crude reservoirs are still inh the virgin state and probably
contain the greatest amount of petroleum potentially recoverab]e by the mining
process.

3.5.1.1 Depleted Reservoirs

=

The depleted reservoirs can be classified into two general categories:
those which have undergone some type of secondary recovery process and those
which have only been primarily depleted. The former catggory probably con-
tains the greatest amount of remaining petroleum because they represent the
greatest number of petroleum reservoirs. Numerous primary depleted reser-
voirs exist that contain viscous crude oil. Some of these reservoirs have
undergone steam stimulation but not a secondary recovery process. The W.S.
volume of 011 remaining in these reservoirs 1s probably in excess of 200+~ 7
billion barre1s f@Dr1mary'deDﬂeted%mand/30@ B4 on (barrels: { secondary processes)

The dep1eted systems wh1ch have undergcne secondary recovery processes
were flooded in the late '30s and early '40s and are located at relatively
shallow depths at low pressures. Some of these reservoirs were placed on
a vacuum during World War II and hence would contain only small amounts of
gas in solution in the o0il. As a result only small amounts of any gas
remain in the reservoir to be utilized as a displacing fluid. The other type
of reservoirs which have undergone secondary recovery will have been flooded
at pressures in excess of 500 psi and will have considerable ‘gas in solution
and possibly free gas to assist in the removal of fluids from the formation.
These depleted reservoirs will probably contain oil having the following
properties.

szcos1ty - 1 to 10 centipoises

“Gravity - greater than 250 API

“Pressures - less than 300 psi
' Gas in Solution - between 10 and 800 std. cu. ft. per reservoir barrel
011 Saturation - between 10% and 40% of the pore space
" Porosity - between 15% and 30%

Whether these reservoirs can be economically produced by a mining process
will be a function of the product of the formation thickness, formation

1
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f ‘that removal of the petroleum containing formation is not feasible. ]

porositysand-residual 01l saturation, as shown below:

OIL IN PLACE = AREA X THICKNESS X POROSITY X OIL SATURATION

Factors of depth and mineability of formations above or below the 0i1 zone
itself will be major factors in the economics and technical feasibility of
any such process.

The reservoirs which have undergone primary depletion only, with or
without steam stimulation, will normaily contain a much higher percentage
of in“place 0i] at the time any mining process may be initiated. These res-
ervoirs will normally contain a more viscous o0il, be at relatively low pressures,”
‘and at relatively shallow depths These reservoirs are represented by the
higher viscosity oil reservoirs in California, Venezuela and Canada. They
are presently being produced but with great difficulty. There is probably
over 500 billion barrels of ¢il in this class of reservoirs in the world.

9.5.1.2 Virgin Reservoirs

Virgin reservoirs which might be susceptible to underground mining are
represented by the known tar sands and the very viscous o0il deposits through-
out the world, It is known that very extensive reserves of petroleum exist
in these deposits in the U.S., Canada and South America--some 1,000 billion
barrels. These virgin deposits are susceptible to both strip mining and to
underground recovery.

The tar sands which are being produced in Canada by strip mining have
~ been exposed to conventional petroleum recovery mechanisms with very little _
success. The petroleum of these tar sands changes into a very viscous. . __ __
“0il with depth and have not been treated with combinations of known recovery
technology to make them productive. They have been overlooked as a potential
source of petroleum production primarily because of the quality of the
petroleum and their location. In many cases these reservoirs represent a
petroleum deposit which is directly mineable. As the depth of these deposits

increases; the contained petroleum is less viscous and has gas in solution s¢

3.5.2 Conditions For Mineable Petroleum Deposits

Certain conditions must be present to mine petrdleum. The formation
must contain sufficient petroleum to make it economically feasible and the
formations above and below the hydrocarbon reservoir must be competent enough
to permit the driyving of tunnels within that formation. These two conditions
are not met by @'l . of the petroleum producing formations within the country.
In the multi-sand fields in the Gulf of Mexico and in the salt dome areas of
Louisiana and Texas, the confining zones above and below producing formations
are not thick enough or strong enough to allow the construction of mine
workings.



-Some of the most productive zones susceptible to mining are the thick
limestone reservoirs which themselves are competent and which haverover=and

under-lying competent formations.
prevalent in the Appalachian states,

large quantities of hydrocarbon material.
systems, whether by primary or secondary methods, is usua11y small:.
These formations have not behaved as existing engineering theory pred1cted
so a tremendous amount of o0il is still present in most of these limestone

formations.

These limestone reservoirs are fairly
West Texas, and New Mexico-:and contain
The recovery from thése 11mestone

e

The character1st1cs of depleted and v1rg1n reservoirs are shown in

Figure ! 23
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SECTION 4
MINING ENGINEERING TECHNOLOGY
4.1 INTRODUCTION

Section 3, Petroleum Engineering Technology, was included to provide
mining engineers an outline of current petroleum technology. This section is
included to provide petroleum engineers an outline of current mining technology.
Both sections are important because mining for petroleum will require the
" expertise of both professional disciplines.

Mining for petroleum will be performed using one of two basic techniques.
One technique is to mine the hydrocarbon as an ore, that is, to remove the
hydrocarbon and the reservoir material together and separate the hydrocarbon
from the rock in a surface facility. The other method is to use mining
technology to get close to a hydrocarbon reservoir then use petroleum technology
to extract the hydrocarbon leaving the reservoir rock in place. This second
method can be termed in-situ mining.

To extract the reservoir material as petroleum ore, the reservoir would
first have to be degasified and pressure depleted. Costly ventilation tech-
niques will have to be used, gas warning devices installed in every part of
the mine and elaborate safety equipment and procedures would have to be followed.
The ore even degasified and well ventilated would be flammable and the mine
floor probably would become slippery and hazardous. Much more material would
necessarily be taken from the mine when mining the ore rather than in mining
for access. This would create handling and disposal problems as the materials
‘would have to be processed on the surface and stored somewhere on the surface.
Surface processing would be difficult. Degasifying the ore would leave only
the heaviest fraction of the hydrocarbon in the rock which would create the
same expensive problems as with the Canadian tar sands. Finally, mining the
reservoir material would preclude the use of any of the modern petroleum engin-
eering recovery techniques, and the use of any of the natural reservoir energies,
thus severely limiting the amount and types of applicable production technology.

After considering environmental trade offs, mine and mine worker safety
and the wealth of petroleum reservoir engineering technology, the project
team decided to emphasize the use of in situ mining methods and to combine
the most efficient and cost effective technology from both disciplines.* The
in situ mining methods developed by the project team are described in Section
5, Mining for Petroleum.

This section is only a Eﬁﬁef review of mining technology. For more de-
tailed discussions of specific aspects of mining, the reader is referred to
specialized mining texts and handbooks such as the SME Mining Engineering Hand-
bood and the Handbook of Mining Engineering by Peele (see references).

*A companion study on 0il mining contracted by the U.S. Bureau of Mines
concurrent to this study considers the technical and economic feasibility
of extractive or in-seam mining.
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‘4.2 PETROLEUM MINE PLANNING AND DEVELOPMENT

As for any resource, the development of a petroleum mine reguires proper
planning in design and management. In the case of hydrocarbon resources,
preliminary resource definition and geology are of prime importance because

- the* physical nature of hydrocarbon yesources ranges from the solid bitumens

and tar sands through heavy, viscous o0ils to Tight, thin 1iquid (conventional)
petroleum.

Geology is important in the mining phase of gaining close access to the

. reservoir. The vock characteristics of the formations above and beleow the

reservoir will influence the level selected for development entries.

4.2.1 Economit-Feasibility . ¢ """

The first step before developing a mine is usually a general review of
the economic feasibility of the mining venture. In brief, there must be an
adequate amount of resource obtainable by current technology, marketable at
current prices to make the venture profitable. The economic analysis must
take into account the logistics of necessary men and supplies, surface facil-
ities, transport of product, applicable technology and other factors.

If a general analysis shows the venture to be economically feasible and
profitable, the management probably will proceed to more detailed studies
based on field acquisition of data.

4.2.2 Field Acquisition of Data

For detailed mine planning and design, the physical nature and occurrence
of the resource must be defined to a high degree aof confidence. Information
to be compiled includes data common to both mining and petroleum, some will

~ be spec1f1ca11y for the mining aspect and some spec1f1ca11y for the petroleum

reservoir engineering aspect.

IT a petroleum mining venture is planned for a reservoir that has been
produced conventionally, a wealth of physical information on the reservoir and
its geologic setting will already be available, making the initial feasibility
study more easily accomplished. HMore information, however, will be required
about the physical nature of the geologic strata above and below the reservoir.

Geological information with respect to stratigraphy and structure is a
requirement of both disciplines. A geological investigation should include
surface geological maps, cross sections showing structure, isopachous (thick-
ness) maps showing the shape of the reservoir and adjacent formation, and
isopachous maps showing the thickness and areal extent of the zone of hydro-
carbon saturation. The stratigraphy, the relationship of one formation with
another, generally is correlated from driil hole and core hole data. The
geologic structure also can be defined with drill hole data, but much greater

;
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confidence can be placed on the structural evaluation if seismograbh data
correlated with the drill holes are also used.

As in petroleum engineering much data for mine planning and design comes
from drill holes and core holes. In drill holes, borehole geophysical logs
provide much information on the geology and on the physical nature of the
geologic strata. In petroleum reservoir engineering, Togs that are commonly
run include: self potential, resistivity, gamma density, gamma-gamma, neutron
caliper and sonic velocity logs. Borehole logging for mining information will
include: P & S wave logs, gamma density and caliper logs. In conventional
petroleum development, cores are taken of the reservoir material to determine
0il saturation, water saturation and other physical aspects of the reservoir
itself. For mine planning and design additional core information will be
required not only on the reservoir but on the adjacent formations where tunnel
workings will be located. Additional tests on the core must be performed to
determine the following parameters: 1) compressive strength, 2) tensile
strength, 3) permeability of all _samnles, 4) hardness, 5) abrasivity, 6) RQD,
7) Youngs modulus and 8) Poisson's ratio. An additional test on the core will
include a jet curfing test to determine the eff1c1ency of water jet drilling
anc cutting on the strata. As important to mining as for petroleum, the
reservoir pressures and temperatures and oil characteristics can be determined
by 1ogs, cores and samplies taken from the drill hole.

To summarize, the information to be collected will include, but not be
11m1ted to, the fo]]owwng

Geo1og1ca1 maps and cross sections

Drill hole data; logs, correlations, drill stem tests (DSTs), etc.
Seismic data and correlation maps

Reservoir analysis results

Character of the o1l

Physical nature of the overburden, the reservoir and the under1y1ng
formation

Geographical location

Location with respect to transportation, cities and towns, water
resources, power facilities, efc.

[=) &) I WIS H I
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4.2.3 Mine Management, Systems Engineering

~-4The tools.of:systems engineering are valuable in the development,
conduct and control of any complex project. The objectives of systems engin-
eering are to map, structure, and schedule the program management and the
functional tasks involved in mine development. The final product system
should be open ended and flexible to allow_the additions of unforseen but_ __

] necessary subtask elements and to easily make minor changes in organization
L and structure.

i
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:4,2.3.1 Work Breakdown Structure (WBS) and WBS Dictionary

The first major task af systems engineering should be to list and identify
all major tasks involved in the 0il mining process. After the major functional
elements have been identified and defined, each major element should be broken
into subtasks and Tesser subtasks as required for scheduling, cost control
management. After all the task and subtask elements have been identified, a
- WBS dictionary should be developed to define in detail each element. Each
element should be described in terms of technology involved, equipment, man-
power needs, time required for accomplishment and its relation to the critical
path flow of work.

4.2.3.2 Llogic Network

After the Work Breakdown Structure has been developed the second step
of systems engineering will be torconstruct a logic network to facilitate
planning. A logic network diagram will show each task element in relation to
the other tasks involved and to the program as a whole. The general flow of
the tasks and the general order of timing should be illustrated using this
technique.

14.2.3.3 Critical Path Method (CPM)

The relationship of one task element to another defines whether and
where a task is placed on the critical path. Some tasks cannot begin until
others are completed. A series of these interdependent tasks represent a
critical path in the work flow. These elements require special attention
because when delays occur in c¢ritical path elements the whole project schedule
and costs can be affected. On the other hand, if problems or delays occur in
_independent noncritical elements, the total project schedule and costs are not

Mikely to be s1gn1f1cant1y affected

The critical path method was developed by the E.I. du Pont deNemours Co.
as a computer approach to project scheduling. Using CPM, a comprehensive
project schedule is developed based on a previously constructed logic network.
The input information includes (1) the sequence of task activities, (2)
duration of the activities and (3) starting times of the activities. CPM
takes into account project time, the element missing from a network diagram.
The critical nature of each task, once assigned arbitrarily, is determined by
its position in the framework of the network diagram. The network position of
the task is determined by the professional, scientist or engineer familiar
with and experienced in the work of that task and related elements.

4.2.3.4 Performance, Evaluation and Review Technique (PERT)

‘; ~ The Performance Evaluation and Review Technique (PERT) was developed |
[in_the Navy Polaris program to fulfill the following objectives: . . ,__ﬂ
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1. To appraise the validity of existing plans in terms of meeting pro-
gram objectives.

2. To measure progress achieved versus program objectives.

3. To measure the potential for meeting program objectives.

PERT is a management system based on the objectives 1isted above and
which aids management in the following ways:

1. Increases the consistancy and ordenliness in project evaluation and
planning.

2. Is an automatic means of identifying potential problem areas.

3. Provides operational flexibility for a project by allowing for a
simulation of various schedules.

4, Provides rapid handling and analyses of integrated information, which
is the source of systems flexibility for correcting errors or making
systems changes.

As with CPM, PERT is based on the project plan mapped as a"logic network,

which in turn, was developed from the Work Breakdown Structure. These manage-
ment tools are invaluable in controlling and managing complex projects.

4.2.3.5 Estimating Costs

Project time is taken into account with both CPM, and PERT. With each
activity defined as to performing sequence, start time and duration, costs
of each activity can be incorporated into the CPM and PERT charts. The costs
of activities that start some time after the project has begun can be escalated
to allow for inflation and other costs of money.
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4.3 _SURFACE MINING

Physical extraction of hydrocarbon ore by surface mining methods currently
is being conducted on a large scale in Canada. The extensive Alberta oil
sands are water wet which aids in separating the hydrocarbon from the host
rock. In the U.S., much of the reservoir material containing similar hydro-
carbons is 071 wet which makes the separation process much more difficult.

Open pit and strip mining are the two fundamental methods of surface
mining. The choice of mining method and the mine configuration is dependent
upon the size, shape and resource concentration of the ore body and on the
topographic features of the ground surface. Open pit mining generally 'is used
for ore bodies of limited lateral extent, but are relatively thick vertically.
Open pit methods are common for near surface ore bodies or copper and iron.
Problems basic to open pit mining include waste disposal, slope stability and
dust control.

Strip mining commonly is used for thin near.surface ore bodies such as
coal that may extend laterally a great distance. Overburden and waste disposal
is handled by dumping the overburden and waste rock back into the mined out
strips. Dust control commonly is accomplished by wetting the area with water.
The extensive Canadian projects of mining the Alberta 0il sands and the
Athabasca tar sands have shown that ore extraction surface mining of hydro-
carbons is only a marginally economic venture.

In a later section of this report an in situ surface mining process is
described for extracting hydrocarbons from tar sands and heavy oil deposits.
For in situ mining, the overburden is stripped off a portion of the hydro-
= carbon formation, but the reservoir material is not removed. The hydrocarbons
are extracted and the reservoir rock is left in place.

Equipment common to surface mining includes various types of excavators,
and haulage equipment. Excavating equipment includes power shovels, drag 1ines,
scrapers and bucket-wheel excavators. Haulage equipment includes such choices
as bulldozers, scrapers, trucks, trains and conveyors. The cost of stripping
in open pit mining has remained fairly constant because of increased product-
ivity due to improved technology. The cost of underground mining, however,
has risen steadily. More than 90% of the metal produced in the U.S. today
originatesiin open pits.
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‘4.4 UNDERGROUND MINING

There are many complex mining systems and combinations of mining methods
in use for physically extracting the various kinds of ore under different
geological séttings. Because the emphasis of this report is on in situ
petroleum mining, the mining methods and equipment described below is for

- gaining close access to the reservoir.

f” T ot - oo o
‘\ 4.4.1 Shaft Sinking Technology - -

In this section, two kinds of shaft sinking methods will] be discussed.
One is shaft sinking by conventional methods and the other is shaft sinking
using drilling and boring equipment. Both vertical shafts and sloped openings

.are discussed,

4.4.1.1 Conventional Shaft Sinking

In conventional shdaft sinking, the sinking cycle consists of three oper-
ations: 1) drilling and blasting, 2) mucking, and 3) installing concrete
lining and support. Equipment selection for these operations is important if
low sinking costs and high rates of advance are toc be achieved. As a general
rule, it is less expensive to install a permanent head frame and hoist initially
and use this equipment for the shaft sinking operation.

It is important to achieve the highest rate of advance, consistent with
maintaining shaft stability. Full-face shaft advances generally are preferred
with mechanical type mucking because it offers rapid advance. However, bench
shaft rounds are also used, especially when water is present, to provide a
bench on which to work and allow water to drain te a Tower bench. Shot holes
usually are drilled using conventional air drilling equipment. In large
diameter shafts, mechanized multiple drill jumbos {Figure '24-) can be used
to great advantage. A number of different mechanical muckers are avajlable
-to remove muck from the shaft bottom after blasting.
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Figure 24 . Illustration of a simple shaft drill jumbo. (RETC Proceedings,
1976, p. 106).

4.4.1.1.1 Mechanical Muckers

The relatively inexpensive Riddell mucker (Figure 25.) is readily adapt-"-
It also operates succassfully in shafts where water

is a problem with other types of muckers. It consists of a traveling crane

located above the shaft bottom, a clamshell attached to the crane and a hoist

bucket. The clamshell Toads the muck into the bucket which is then hoisted
to the surface.

' The Cryderman mucker (Figure 25) is designed to operate above the shaft ™
bottom with the operator located in a control compartment. A hydraulically =~
operated, boom mounted clamshell loads muck into buckets for hoisting to the
surface. The equipment and the mucker is raised or lowered by a special
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tugger hoist.

Mobile clamshells are used in shallow shafts. Under ideal conditions
they can be used to sink shafts rapidly and at minimum cost.

| Track mounted muckers (Figure-25) often are used in shafts 18 feet in' ~ |

diameter or Targer. They are equipped with a hydraulically operated scoop or
bucket. They cannot, however, operate in shafts containing large amounts of

" water.

A catus grab (Figure :25%) is a traveling crane-type unit mounted above the

- shaft bottom. Attached to the hoist is a specially designed grabbing device

designed to fill the Jargest size bucket used duvring shaft sinking.

In the Grants, New Mexico, uranium belt, one company is sinking two
concrete 1ined shafts, 14 feet and 24 feet in diameter to a depth of 3,300
feet, using the Cryderman mucker. The benching system is used to advance the
shafts. Crews work half the bottom at a time, providing a sump at the lower
side. The crews, using hand held sinkers, drill blast holes 8 feet deep.
In the 24-f55t production shaft, two Cryderman shaft muckers hang from a four
deck Galloway working platform. When the shaft has been advanced to the depth
for a concrete pour, then Galloway working platform is lowered into position
to handle the forms. The intervals between raw rock and concrete lining _ —
carrys from 25 to 20 féet depending on rock conditions. The forms are sus- 3
‘pended from hanging rods screwed to the last cement pour. Refr1gerat1on plants,
rated- at 100 tons, will be used underground to cool the mine air, because rock
temperatures at the 3,300 feet ore levels will be 135@F&

If conventional methods are used to sink shafts for petroleum mining,
the location of the shaft may not be the optimum point. Using conventional
shaft sinking technology it would be difficult to sink the shaft through a
pressured petroleum reservoir. For this reason, for petroleum mining the shafts
may be sunk using drilling methods in which there are no men underground.
Using drilling methods, any suddenly encountered pressurized fluids can be

shaft can be~cased or cenented’ and if the objective is to go to a Tevel below
the reservoir, the men can be hoisted down the shaft in safety once the shaft

% controlled and do not constitute a hazard to the workers. Once drilled, the |

~is completed.

4.4.1.1.2 Inclined Shafts

VYarious kinds of loading machines are used for sinking an inclined shaft.
Methods of removing the muck from the incline include muck cars and belt
conveyaors and rubber-tired and crawler-mounted diesel units. Special units,
such as modified extensible belts used with loading machines have advanced a
9 x 18 feet apening 4.to 10 feef per 8 hour shift. For steeper inclined shafts,
a track mounted grab type machine is available. For any system, a bail and
disposal system is necessary on the surface.

1106



NGNS
-
I= =

o 7
> W\

AN

28

Ik e | | < : = T 2 :
i o | ‘ SRS AN RS AT QSN ‘
‘\\ il v ! —— . —y
& f \ | CRYDERMAN MUCKER |
L M 7S 1 e
™ : T e e . o
| RIDDELL MUCKER | P j
‘ e \ u : H 2 ’
: =)
}- T |
| SO
: K
| |
| S
| J
| % \\
N =
| -
| :
[ s |
h ]
\ ‘
" £

N

3
N\
S

—f

{

TRV

AN

JEIMCO 630 MUCKER ‘ o
[l

. " CACTUS GRAB MUCKER I
e )

Figure\éﬁéj? Various types of mechanical shaft muckers. (RETC Proceédings,
o 1976, pp. 107-109).

b ) e ized to reproduce
‘ g:;ssifla:;?orlzed ;o reproduos - g:éssiilatiﬁgrizpvf‘zhteg woTKk.
Permission fircgﬁziiiitigptggﬁ;tion .fﬁéﬁ: Permission for furiher reproduction
: AR . . e wner
must be obtained from the copyright ownep _“»\q must be obtained from the copyrignt o



T

Today, incTines and main entries often are designed for belt conveyors
which dictate.that the preferred slope be >1179. A two-compartment entry
with an arched roof, and a belt compartment over.a men/materials track provides
a special advantage in weak rock. The over/under section pattern permits a

narrower span and the arched roof, bolted and gunited or concreted, provides
even greater stability.

Machine loading also is desirable in raising inclined shafts and airways
up to approximately 200, The preferred transportation system is the conveyor
belt up to the point where the material will begin to run on sheet metal.

The mater1a1 will begin to run on bottom rock on inclines of 35-400, and
above 45° checks are required.

4.4.1.2 Shaft Drilling Technology

Conventional drilling rigs, such as used in the oil fields, have been
beefed up and modified to permit drilling a 7 foot diameter shaft to depth
"of 6000 feet or more. Drilling a shaft from the surface in this manner is
called blind-hole drilling. Often in this situation a small diameter hole is
~drilled to the desired depth then the hole is successively reamed in incre-
ments until it reaches the desired diameter. If a shaft and tunnel workings
already exist then a small pilot hole can be drilled from the surface to a
mine tunnel and the hole upreamed by assembling the bit inside the tunnels,
drilling upwards, and removing the cuttings as they fall down into the
tunnel. This 1is called upreaming. Another term for upreaming is raise bor1ng
There are var1at1ons of th1s techn1que wh1ch w111 be d1scussed Tater

4.4.1.3 Blind-Hole Drilling

The use of the rotary drill to sink blind shafts offers many advantages
over other shaft sinking methods. A diagram of conventional blind-hole

{rotary drilling equipment is shown in Figure 26. All operations, for eXamp1e,

are controlled at the surface therefore eliminating the need for workers in
the shaft. Drilling through water bearing formations is carried on routinely
without interruption., - The sidewall caving problems resulting from hydrostat1c
pressure exerted on walls of the hole by groundwater are overcome using - g
drilling methods.

Unlike conventional oil well drilling, reverse circulation is used in
blind-hole drilling. The hole is kept full of a mud mixture while the cuttings
are drawn up through the drill stem. Using modern mud control technology and
because no blasting is required in the shaft, the shaft wall is not fractured
or damaged resulting in a smooth stable wall. The number of men required to
operate blind-hole drilling equipment is 4-7 men per shift depending on the
depth and size of the shaft. At present disadvantages of rotary drilling
include Timited hole diameter, prohibitive costs in drilling very hard forma-
tions and high capital cost of the equipment, some 4-5 million dollars,
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Figure 26'. Diagram of ‘conventional blind-hole rotary drllllng equipment
(SME Mining Engineering Handbook, p. 10-31).
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4.4.1.4 Upreaming and Raise Boring

~ With the ava11ab111ty of shafts and tunnel workings, upreaming or raise
boring has advantages.  The cuttings fall to the bottom of the hole into the
tunnel and there 1oaded into the materials handling facilities and removed.
Methods of raise boring or shaft drilling by downream1ng and upream1ng are

~illustrated in Figure 27. PR,

Raise boring is a widely used method for mechanically excavating shafts.
The applicaticon of raise boring equipment should have wide use in mining for

" petroleum because at least two shafts will be required in such a mine develop-

ment. Raise boring was accomplished with good results in two very difficult
Australian assignments in hard and extremely abrasive rock. In the first
assignment, Robert's Union Corp., operating a diesel.driven Ingersoll-Rand
RMB-7 borer with RBH-6 head and cutters, completed 1,021 feet of a 6 foot
diameter exhaust raise in 12% working days. The raise is located in an. X~ )

Ltreme]y abras1ve fing_graired Guartzite and sandstone format1on with a compress1ve -

[

strength of 25, 000 to 58,000 psi. Average penetrat1on rate was approx1mate1y ]
5 feet per hour in spite of blocky ground conditions. The raise was backreamed
in a single pass. After the head was removed from the raise borer, only two

“cutters had to be replaced.

The second raise was completed in 292 hours including delays, rod handling

- time, and servicing. Téton Exploration Drilling Co.  upreamed two 16 foot

diameter airshafts 1500 feet at a coal mine in Alabama early in 1977. The
first shaft was completed in- the period from Sept. 20, 1976 to Jan 18, 1977.
The procedure was to downdrill a 13 7/8" pilot hole to the mine work1n