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ABSTRACT

Slim hole continuous core drilling and on-site near real time core
analysis offers a new dimension for oil and gas exploration, especially in
remote, difficult, and environmentally sensitive areas.

Technologies borrowed from the mining and oilfield drilling indus-
tries, coupled with newly developed technologies give genesis to a new
drilling and evaluation system designed around continuous coring, slim
holes, and inverse logging - the logging of the actual rock as it is
retrieved.

It is possible this new system could cause a paradigm shift in the
practice of exploration.

INTRODUCTION

Why drill a slim hole well? Aand what would be the definition of a
slim hole.

There are two basic reasons to consider drilling a slim hole. The
first is very simple and basic - better economics. The second answer is
borrowed from the continuous core mining drilling industry. To achieve a
high percentage core recovery and to be cost effective, it is necessary to
drill a slim hole. Then what is a good definition of a slim hole? A slim

* Copyright 1990 Society of Petroleum Engineers. Walker, Scott H. and
Millhein, Keith K.: "an Innovative Approach to Exploration and Exploi-
tation Drilling: The Slim-Hole High-Speed Drilling System," Journal of
Petroleum Technology (September 1990).
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hole well is a well where 90% or more of the length of the well is drilled
with bits less than 7 in [1.78 (E-01) m] in diameter.

Slim hole technology is not new. Both the explorationist and the
exploitationist recognized the possibility of using a small diameter well-
bore to help reduce overall drilling costs. In the fifties, a major oper-
ator launched an initiative to drill slim hole exploitation wells in Utah,
Louisiana, Mississippi, Arkansas, and Oklahoma, and stated in the conclu-
sions that slim hole wells could be cost effective.! However, the inter-
est in slim hole exploitation drilling waned in the sixties and did not
re-emerge until the seventies. A slim hole drilling system was developed
in Sweden to explore and exploit some of the small shallow reservoirs in
that country.2? Again, the author cited a 757 cost savings in this
approach over conventional drilling practices. The success in Sweden
encouraged more slim hole drilling in the United Kingdom and the Paris
Basin in France.3®’"® Cost effectiveness was again cited. Another applica-
tion for slim hole drilling was recognized by explorationists for drilling
in remote areas such as Indonesia and Irian Jaya, Indonesia.®’® 1In both
situations, the smallness of the overall drilling system and the reduction
in wellbore size greatly impacted the logistical cost for drilling these
wells.

The biggest use of slim hole technology is for continuous coring by
the mining industry. The only sure way to evaluate if an ore body is
large and has a sufficient mineral grade to justify the cost of sinking
shaft(s) or embarking on a costly open cut is to obtain core to delineate
the ore body. The leaders in continuous coring mining drilling are the
South Africans who have developed deep gold deposit in South Africa, with
some mines below 10,000 ft [3,048 m].

Continuous coring mining drilling is so big that it has a complete
subindustry to support it which is totally unrelated to the oilfield
drilling industry. There are special manufacturers of drilling machines,
drill bits, tubulars, core barrels and other required tools. 1In fact,
slim hole mining drilling has its own association called the International
Drilling Federation (IDF) complete with a quarterly publication called
Drill Bits.’

Currently, continuous coring mining drilling operations are booming
in the United States (gold and coal), Canada (mainly nickel) and in Aus-
tralia for a variety of minerals.

Over the years, there has been an ongoing interest in continuously
coring oil and gas wells. During the late fifties and early sixties, a
continuous coring system was developed and used to drill a number of shal-
low wells for oil and gas.® Unique to this continuous coring system was
the design to reverse circulate the core from the well while drilling
ahead. During the early seventies, a well was continuously cored to
11,600 ft [3536 m] using the slim hole coring system.?® This record still
stands as the deepest continuously cored well in an oil and gas sedimen-
tary environment. This article claims a 507 cost improvement over a con-
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ventional well drilled to 6000 ft [1829 m] and indicates explorationists
were aware of the advantages of continuous coring and the slim hole
system, especially for drilling in remote areas. The concept of contin-
uously coring as an alternative exploration strategy was championed in the
early seventies in Australia where a series of o0il and gas exploration
wells were drilled in the Canning Basin.'® During the middle eighties,
two wells were continuously cored in the Permian age Delaware Basin in
Texas and New Mexico.'! Both wells recovered over 11,000 ft [3,353 m] of
continuous core. Between 1987 and 1989, Amoco Production Company drilled
over 40,000 ft [12,192 m] of continuous core in Oklahoma, Michigan,
Kansas, Colorado, and Texas. Some of that drilling will be discussed in
this paper.

With the apparent interest in slim hole and continuous core drilling
over the past 40 years, why has not both approaches become more popular
and gained acceptance in the oil and gas exploration and exploitation sec-
tors? 1Is there a place (nitch) for slim hole and continuous core drilling
for o0il and gas exploration and exploitation? Can slim holes and contin-
uous core drilling compete economically with conventional drilling? What
are the advantages and disadvantages of slim hole and continuous core
drilling? Can the continuous core philosophy change the way we do oil and
gas exploration? What are the technical problems with slim hole and con-
tinuous core drilling? Can they be. overcome? What about well control and
safety?

It is the design of this paper to address these questions with the
sole purpose of looking at the possibilities of slim hole and continuous
core drilling in the oil and gas industry.

THE EVOLUTION OF THE CONTINUOUS CORING SLIM HOLE SYSTEM FOR OIL AND GAS
EXLORATION AND EXPLOITATION DRILLING

The slim hole system has three basic variations:

(1) slim hole wells with little or no coring,

(2) slim hole wells where 907 or more is continuously cored, and

(3) slim holes that are a combination of coring and full bore drill-
ing.

This paper concentrates on the slim hole continuous coring system.
When first considering slim hole continuous coring, the obvious approach
is to use a mining drilling contractor. The pursuit of this endeavor
would clearly demonstrate the distinctions between the conventional drill-
ing system and the mining drilling system as practiced today.

Figure 1 illustrates a typical mining drilling system (specific
mining terminology is defined in Appendix 1). The machine is very small
and lightweight compared to an oilfield drilling rig of similar depth
capacity. Fluid circulation rates range from 5 to 70 gallons/minute
[3.154 5 (E-04) m®/s to 4.416 3 (E-03) m®/s]. Rotation of the drill rod
is by a top drive or a chucking device capable of speeds above 2,000 revo-
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lution per minute. The drill rod is externally flush and internally upset
at the connection, which itself is a modified buttress thread type. Drill
rod is rotated in a hole with commonly less than 1/2 in [1.27 (E-02) m] of
annular clearance. Bits used are small diameter, 4-3/8 in

[1.111 (E-01) m] or less, drag type core bits. Most of the mining bits
that are used are impregnated with diamonds; however, there are a smaller
percentage of surface set diamond bits that are also used. Well control
equipment, if used at all, will usually consist of a ram or bag type of
BOP, and an accumulator and controls. Understanding of well control prac-
tices and how to actually handle a kick if it occurs is questionable and
poorly documented within the mining industry. Because the mining industry
is interested in finding mineral deposits, continuous coring is most often
practiced. The optimum way to do this is to use a wireline retrievable
system. Core analysis is typically conducted offsite by mining engineers
or core analysis service companies several days or even weeks later.

Mining Drilling Equipment

Mining rigs range in size from simple, one-man operated drilling
machines weighing only several thousand pounds up to three-man drilling
machines weighing close to 100,000 pounds [45 359 kg]. Most are capable
of only drilling 6,000 ft [1829 m] or less, although a few can contin-
wously core to 14,000 ft [4267 m]. Because most mining rigs are hydrau-
lic, the chuck or top drive systems can rotate the drill rods at variable
speeds up to 2,000 rpm, depending on available torque. These systems are
also used to hydraulically raise and lower the rod. The chuck has a
stroke ranging from 2 to 11 ft [.6096 to 3.353 m] at which time it must be
hydraulically raised to re-grab (chuck) the rod. Drill rod sizes range
from 1.75 in to 5 in [4.445 (E-02) m to 1.27 (E-1) m] OD. The externally
flush rod provides a smooth surface which acts as a bearing shaft inside
the small annular clearance wellbore. Drill rod lengths vary from 3.28 ft
to 19.69 ft [.9997 m to 6 m]. A benefit of the mining system is each size
rod can be used as casing, with the next smaller size of drill rod able to
rotate inside the other pipe.

Circulation System

Circulation rates required for the slim hole system vary signif-
icantly from those of conventional oilfield practices. This is primarily
because of the high annular velocities in the small annular space and the
finer cuttings being lifted. Common flow rates when using an HQ rod range
from 20 to 40 gpm [1.26 (E-03) to 2.52 (E-03) m®/s], whereas when using
the BQ rod the flow rates vary from 8 to 15 gpm [5.05 (E-04) to
9.46 (E-04) m®/s].

The circulating system for the typical mining rig consists of an ear-

then reserve pit or possibly a steel mud tank(s). Solids control equip-
ment is minimal, if even used.
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Drilling Fluids

The mining industry has realized the need for a "no solids" circulat-
ing fluid since the inception of the wireline retrieval core system. Why
is this? As the drill rods are rotated at high speeds, they act as a cen-
trifuge which may cause plating of solids on the rods inside diameter.

Not only would this eventually restrict flow down the rod with time, but,
more important, it prevents wireline retrieval of the core, which could
cause a rod trip. When possible, the mining industry uses water to core.
If viscosity is required, usually to overcome rod vibration, a polymer is
used. Large amounts of sedimentary formation with reactive clays are
rarely drilled by the mining industry. Therefore, they have little exper-
tise in designing the oilfield type mud systems to inhibit the various
formations that have reactive clays.

Bits

Drag type core bits are almost exclusively used by mining drilling
companies. These bits, properly designed, are ideal for drilling mineral
type formations. Typical formations penetrated in minerals exploration
are much harder, more competent, and uniform than those drilled by the oil
industry. Therefore, direct application of mining bit practices to sedi-
mentary formations will not necessarily yield economical results. The
most predominant mining core bit is the impregnated diamond. This bit has
very small diamonds (310-525 diamond particles per carat) continuously
imbedded within a tungsten carbide matrix which wears as formation is
drilled, exposing new cutting surfaces. The bit profile is flat. Surface
set diamond core bits are also used, but to a lesser extent, when encount-
ering softer formations. There is virtually no application of the PDC bit
technology in the mining industry.

Drag bits, when rotated at the high speeds, can efficiently penetrate
the rock with a low weight-on-bit (WOB). A typical WOB range is from
2,000 to 10,000 pounds [907.185 to 4535.924 kg]. Drag bits are suscepti-
ble to catastrophic failure if there is an abrupt formation change and the
bit becomes "buried" and fluid starved. Therefore, a precise bit advance
system is desired; however, this system does not exist on most mining rigs
although the design of one is very adaptable to a drilling machine with
hydraulic controls.

Well Control

As most formations penetrated by the mining industry do not contain
hydrocarbons, well control practices are of no concern. Using this system
for hydrocarbon exploration requires a thorough understanding of the phys-
ics associated with well control in the slim hole. When initially consid-
ering what would happen in a small annulus system and how to react if a
fluid influx were to occur, it rightfully appears that slim hole mining
type drilling is dangerous! However, after investigating the physics of
the system, slim hole well control is very possible and even less danger-
ous than on conventional wells - if the proper practices are followed. A
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detailed discussion on slim hole well control physics and practices 1is
contained in a paper by Bode et al.'?

Core Retrieval

Core retrieval is accomplished by wireline. Figure 2 illustrates the
components of the system. Most mining operations cut cores of 5, 10, or
20 ft [1.524, 3.048, or 6.096 m]. When coring is completed, a wireline
overshot is lowered through the drill rods until it engages a spearpoint
attached to the inner barrel containing the core. Upon reaching the sur-
face, the inner barrel is laid down, another inner barrel picked up and
dropped or lowered to bottom, and the core pumped out using a hydraulic
pump. Various types of core barrel systems are available which consist-
ently allow for 98-100] core recovery in all types of formations.

Core Analysis

Core analysis is typically performed by a mining engineer or core
analysis service company. The responsibility of the mining drilling con-
tractor normally ends with the boxing of the core at the site. Analysis
of the core is similar to that in the o0il and gas industry, with the pri-
mary objectives to determine the reservoir (mineral) properties; little
consideration is given to true geological and geophysical evaluation,
although the recent mining literature reflects more of an interest in
evaluating the complete core.

EVALUATION OF MINING SLIM HOLE DRILLING PRACTICES

A mining drilling contractor was invited to continuously core a slim
hole to a depth of 2,500 ft [762 m] at Amoco's Catoosa Field Drilling
Research Facility. This area offers a suitable suite of lithologies with
rock compressive strengths between 2,000 to 60,000 psi [13 789 514 to
413 685 420 Pal. Lithologies range from shales to sands to carbonates
with some shales being reactive to normal water-based drilling fluids.
Formation pressure is subnormal so major concerns with well control are
minimized.

The contractor was given a free hand to apply his mining technology
to the sedimentary environment. A fresh water mud system was used with no
solids control equipment. Hole washouts resulted. This caused the con-
tractor to slow the rotation speeds, which reduced penetration rates.
Later, the pipe became stuck. Bit selection was inadequate, and pene-
tration rates were slow and bit life was poor. After 38 days and reaching
a total depth of 1,950 ft [594 m], coring was suspended.

Logs from several oilfield logging companies were run to determine
which ones could be run in a slim hole and what was the quality of the
logs. Table 1 cites the results. Log quality was evaluated by comparison
to logs obtained using conventional size tools from nearby wells. Mechan-
ically, no problems were experienced while calibrating or running the
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tools. This test proved most typically required logs could be run in the
slim hole environment.

Core recovery was 1007 and of high quality. This confirmed the initial
premise of the potential which exists to revolutionize exploration tech-
niques through core analysis of a continuous section of rock. Development
of an automated onsite core analysis facility was begun by our geological
and geophysical researchers to take advantage of the core which would be
generated by the future slim hole continuous coring system.

It was recognized that a major research and development program was needed
to develop the mining drilling system into a system for oilfield applica-
tion. An agreement was made with a mining contractor to assist in this
effort.

EVOLUTION OF THE OILFIELD SLIM HOLE SYSTEM

A total system development approach was necessary to produce the
desired slim hole system. Research into slim hole coring techniques, bit
design, drilling fluid chemistry, fluid processing and solids control,
well control, and exploration core analysis would be addressed. The pro-
gram would include laboratory research, testing at the Catoosa field test
facility, and further field testing to prove and completely develop the
system.

Laboratory Research

Bit testing of various mining core bits was conducted on our labora-
tory drilling machine. Observations of the initial test results indicated
there was poor hydraulic design, questionable concentration and placements
of surface set diamonds, and minimal expertise in PDC designs. It was
decided to borrow the expertise developed inhouse in full hole conven-
tional drill bit designs and attempt to adapt it to slim hole core bit
development. Results have been encouraging with performance improving as
much as two-fold for both surface set diamond and PDC core bits.

A new water-based drilling fluid was developed for use with the slim
hole system (Appendix 2). Modified shale rolling tests conducted on the
most reactive shale at Catoosa show the cationic polymer brine fluid to be
effective in preventing shale degradation. Oil-based drilling fluids were
also researched to determine the one best suited for the slim hole system.
A closed loop drilling fluid mixing and processing system was designed and
fabricated. The system uses a centrifuge approach to solids control and
features a 50 barrel [7.949 m®] active and 200 barrel [31.8 m®] reserve
capacity. Fluid is mixed using a cylindrical mixer with a homogenizing
pump for shearing polymer additions.

Development of a well control strategy was recognized as a key to
slim hole drilling in sedimentary environments. Conventional well control
models indicated a problem in controlling formation influxes in the slim
hole. Literature searches revealed very little work had been done on
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pressure losses in a slim hole annuli. A program was developed to inves-
tigate slim hole well control physics, which included drilling a specially
configured and instrumented well.

The control philosophy for operating a typical mining machine is a
simple needle valve to bleed off pressure or control fluid flow on the
hydraulic feed ram for the bit advancement. This method is very imprecise
at maintaining the desired WOB. A control system using servo-valves and
electronic servo-controllers was designed for the slim hole rig. Inputs
to the controller include WOB, as measured through pressure transducers,
penetration rate and rotary speed. The driller can control bit operating
parameters either electronically through a control console or by computer
via keyboard input.

Geological and geophysical research focused on the determination of
physical measurements to be made on the core, how to compile and use the
data, and how to process the core on a near real time basis. It was
decided to develop an automated analytical core processing system which
would include a mechanical apparatus to convey, clean, cut, label, and
temporarily store the cores while maintaining their spatial relationship
until analysis stations would be able to receive and analyze them. A
microcomputer controlled drive mechanism would provide travel of the core
from one geologic analysis station to the next. Additionally, disks would
be cut from each 10 ft [3.048 m] of core for use in separate geophysical
measurements. A modular onsite facility to house the evaluation equipment
had to be designed and constructed.

Catoosa Testing

Bit testing at Catoosa provided information on bit life and pene-
tration rates under actual coring conditions. Approximately 30 bits were
tested, which included surface set diamond bits, PDC bits, Syndex, and
impregnated core bits. Early results suggested the most applicable mining
bit designs were the surface set types and design efforts were focused
upon their improvement. Changes in bit profile, diamond concentration and
placement, and coring parameters resulted in improved performance although
not to the degree desired.

The drilling fluid mixing and processing system was successfully used
to test the mixing of the various mud additives, and lost circulation
materials. As previously mentioned, solids control is based upon centri-
fuging the entire circulating system. This equipment is supplemented by a
high speed, fine screen shale shaker. Solids content was kept at a mini-
mum as evidenced by the fluid testing and the lack of mud rings.

The water-based cationic brine fluid performed as laboratory tests
had predicted. Washouts which had been evidenced on the well drilled by
the mining contractor were eliminated, and the average hole size was
within 1/2 in [1.27 (E-02) m] of bit gauge. Additionally, no stuck pipe
problems occurred during the drilling of the five Catoosa wells.
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Equipment was fabricated to cut and physically handle core in 40 ft
[12.192 m] lengths rather than the 20 ft [6.096 m] length. Core recovery
of 98% to 1007 continued. This achievement resulted in fewer wireline
trips, thereby increasing effective penetration rate.

Tests were conducted to investigate slim hole well control physics
using a 2,500 ft [762 m] test well, as describe by Bode et al.'? It was
found that annular pressure loss in the slim hole was 907 of the total
system pressure loss. Monitoring and quick detection of an influx in this
system was very important. This could be accomplished by using quantita-
tive flow meters placed on flow-in and flow-out points with the measure-
ments depicted graphically on a computer monitor. Upon completion of the
well testing phase, a detailed slim hole well control manual and school
were developed.

Training all the personnel in the various aspects of slim hole coring
procedures in sedimentary lithologies was a prime objective of the Catoosa
work. Oilfield personnel realized it was not possible to directly apply
one's previous knowledge to continuous coring operations. Mining person-
nel needed to be trained in the requirements to successfully operate in
the oilfield environment. Training in rig operation, coring techniques,
drilling fluid maintenance, and well control equipment and procedures are
just some of what was learned during this period.

At the end of four months of development at Catoosa, there was confi-
dence that the entire system could be used for exploration; however, to
fully test its potential, wells had to be drilled outside the Catoosa
field test facility. A joint test program was developed with exploration
and production personnel within Amoco's various operating Regions.

Field Testing

The strategy of the field testing program was to drill a series of
wells, beginning with one which would have minimal potential drilling
problems and subnormal pore pressures. Each subsequent well would be in
an area of greater difficulty. The first well was drilled in the Upper
Peninsula of Michigan. The exploration objective was the Nonesuch shale
of the Midcontinent Rift trend. Formations encountered were a variety of
sands, siltstones, shales, conglomerates, and basalt. Pore pressure was
subnormal with lost circulation in the upper part of the hole requiring an
aerated fluid to be used. The well was originally planned for 4,000 ft
[1219 m], but because of early diagnosis of the core it was analyzed that
the well had to go below 7000 ft [2134 m] to achieve the exploration
goals. The well reached a total depth of 7238 ft [2206 m].

A second well (Morrow Sand play) was drilled in western Kansas.
Lithology was somewhat softer than the first well with more reactive
shales. Carbonates, anhydrites, chert, and 275 ft [84 m] of salt were
cored. Again, pore pressure was subnormal with lost circulation occurring
in several intervals. Total depth of the well was 5956 ft [1815 m].
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Numerous shows were observed from the core that probably would not have
been detected from cuttings and were not evident from the electric logs.

Two coal degasification wells were drilled in southern Colorado. The
formations had low compressive strengths and the pore pressure was sub-
normal. This was the first time coal of significant amount had been cored
using this system. Total depths of the wells were 2,047 ft [624 m] and
3,121 £t [951 m].

The final well was in west Texas in an area normally requiring the
use of oil-based mud to drill the reactive shales. Formations had steep
dips and contained significant sections of chert. Pressure was closer to
normal than any of the previous wells. A total depth of 9,617 ft [2931 m]
was reached.

A total of 73 core bits were run during the field test program.
Table 2 shows the distribution and performance statistics of these bits.
Surface set diamond bits were used more than any other drag bit type.
These bits performed most consistently throughout the field program,
although performance was not as anticipated. PDC and Geoset bits actually
achieved lower costs per foot, although the applications of these bit
types were limited and some of the performance was erratic. Impregnated
bits performed the poorest; however, they were determined to be excellent
for milling steel such as broken bits, stabilizes blades, etc.

Most of the coring was performed using rotation speeds ranging from
400-800 rpm. WOB ranged from 3,000 to 17,000 pounds [1361 to 7711 kg].
Overall field data showed a positive effect of increased RPM on pene-
tration rate for all bit types. The most common failure for the diamond
bits were ring-outs. Very few bits were pulled with wear flats on the
diamonds. On bits with ring-outs, most of the remaining diamonds were in
good condition. No consistent wear pattern was evidenced for the syn-
thetic diamond bits. Failures resulted from cutters breaking away whole
from the matrix, cutters chipping and breaking, and cutters wearing flat.
Poor hydraulic design effected the performance of many of the bits run.

The performance of the cationic brine drilling fluid achieved the
objectives for the drilling of all but the last well, with an average hole
size for four wells of 1/2 inch [1.27 (E-02) m] larger than the bit gauge.
There were no problems with stuck pipe or mud rings associated with the
cationic drilling fluid system. On the west Texas well, the drilling
fluid was tested to determine if it could replace the oil-based muds com-
monly used. The predominant problem was associated with water wetting of
the microfracture planes of the steeply dipping beds. After drilling to
approximately 3200 ft [975 m], the same amount of drill rod was set and a
mineral oil system was used to drill the remainder of the well.

The drilling fluid mixing and processing system worked well. Modifi-
cation of the mixing capability was required to provide better mixing of
polymer products and LCM. Fluid volume of the surface system was found to
be adequate for all depths of wells drilled. It was learned additional
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work was hecessary to determine the proper centrifuge pond depth settings
for the flow rates run to maximize centrifuge efficiency.

Field wells confirmed the data collected from tests on the well con-
trol test well at Catoosa. Rig personnel became versed in the nipple-up
and testing of the BOP, and their responsibilities if a Kkick were to occur
while drilling or tripping. Data collected in the field also provided
signatures of the various wellbore phenomena that occur in a slim hole
annulus. This information has helped in the development of an artificial
intelligence (AI) well control system. No kicks were taken during this
field test phase.

The field experience also provided a situation for improving opera-
tional practices. These included requirements for running and cementing
casing and decreasing wireline core and drill rod tripping times. Actual
coring practices in different formations, benefits and modifications to
the automatic control system, and how to handle lost circulation were some
of the other operations that were learned. Although we had anticipated
stuck pipe problems, none associated with formation and drilling fluid
interaction occurred. There were no downhole tubular failures during the
field test program.

On our first well in Michigan, only the geophysical measurement
module was ready for use. Approximately 700 samples of core were proc-
essed during this well. Geophysical measurements were: density, poros-
ity, quantitative mineralogy, and seismic velocities. The geological
modules were ready for service on the Kansas well project. Geological
measurements were gamma scan, saturations, porosity, magnetic susceptibil-
ity, mineralogical composition, hydrocarbon determination, and a video
recording of the entire core. Figqure 3 depicts the core processing mod-
ules. Over 15,000 ft [4572 m] of core was successfully analyzed during
the field test program. The core evaluation system has processed 550 ft
[168 m] of core in a day and can be adjusted for slightly higher rates, if
required.

Data collected by the core processing modules was used not only to
quickly evaluate the exploration play, but also provided information that
helped make onsite drilling decisions such as bit selection, drilling
fluid properties, etc.

Upon completion of the field testing, it was evident the entire slim
hole system worked. We successfully cored over 37,000 ft [11278 m] of
formation (including Catoosa) with 98.37 recovery. The measured data was
utilized to better analyze each exploration and exploitation plays. How-
ever, it was also learned that additional research would be needed to
enhance and optimize the system. Present research efforts include the
following:

(1) Continuation of core bit design

(2) Small diameter full bore drag bit designs
(3) Self-contained cementing capability development
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(4) Open and cased hole formation testing

(5) Development of an exploration computer workstation

(6) The addition of a rock compressive strength tester

(7) Completion of the AI automated well control capability

THE MAJOR ISSUES FOR USING THE SLIM HOLE SYSTEM - INFORMATION AND
ECONOMICS

The question was previously asked: with the apparent interest in
slim hole and continuous core drilling over the past 40 years, why has not
both approaches become more popular and gained acceptance by the oil and
gas exploration and exploitation sectors? This is a very pertinent ques-
tion which deserves answering. Unfortunately, only the key issues can be
exposed and briefly discussed within the space limits of this paper.

The arguments against drilling a conventional slim hole well have
been production limitations imposed by the small diameter pipe and the
difficulty to work over such wells. Other arguments often cited are the
lack of good penetration rates using small diameter tricone bits, the
apparent deficiency of logging tools that would fit into the slim holes,
cementing the small hole, the difficulty to test, and the overall limita-
tion of not being able to run multiple casing strings.

Arguments against continuous coring basically encompass all the argu-
ments about general slim hole drilling and include the additional com-
plaint about the safety of drilling with a small annulus system. Also,
there is a question of the real need for continuous core? What is it
worth? And if today's current drilling environment is considered, which
it must, can slim hole drilling complete with conventional drilling?

Assuming the technical arguments against continuous core drilling can
be satisfied, does a continuously cored well have an advantage over a con-
ventionally drilled well? This question digs deep into the current explo-
ration paradigm of how a company currently explores for oil and/or gas.
The article by Ashton!? presents the current exploration paradigm prac-
ticed by most o0il and gas exploration companies (Fig. 4). Ashton also
cites a new paradigm (Fig. 5) that utilizes the concept of continuous
coring.

Rather than spending a significant portion of an exploration budget
on costly seismic programs, why not answer the key questions about any
exploration area as quickly and economically as possible: Are there
source rocks? Are there seals to trap the hydrocarbons? Are there poten-
tial reservoirs? Are hydrocarbons present? What is the potential for
trapping the hydrocarbons? If any of the above questions fail, the area
of interest might have a low probability of having hydrocarbon accumu-
lations. Continuous core leaves little to the imagination. With nearly
100% of the rock to evaluate, the entire geology unfolds. The core also
provides the necessary rock data to improve the quality of the seismic
interpretation that is essential for the more subtle trap determination.
Therefore, it is possible to reduce the overall exploration costs with an
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early continuously cored well which also affects the time to evaluate an
exploration play.

The biggest contemporary question about slim hole drilling pertains
to economics. Can a continuously cored well economically be competitive
with conventionally drilled wells?

At the present time, most U.S. land drilling contractors are operat-
ing at a loss of $200 K to $500 K per rig per year.!?® The depressed oil
and gas drilling market is contrasted by a boom mining market which is
consuming most of the mining drilling machines. There is no reason for
any mining drilling contractor to operate at the "fire sale'" drilling
rates currently bid by most U.S. and Canadian oil and gas drilling con-
tractors. Even with the mining drilling contractors charging full compet-
itive make-a-profit rates, the slim hole continuous coring system can
compete or be on a break-even basis for a number of U.S. and Canadian
applications. If logistical and environmental considerations are signif-
icant, such as for remote wells in Alaska and other frontier areas, the
smaller more compact slim hole system is definitely less expensive.
Internationally, the slim hole system appears more competitive, down to
12,000 ft [3658 m], than most conventional drilling operations, especially
for the more remote drilling applications. Figure 6 gives a general cost
comparison between slim hole continuous coring and conventional drilling
in Alaska, Pakistan, and Kenya.

It is important to remember the slim hole costs include the drilling
of continuous core over 907 of the entire depth of the well, as compared
to no core in the conventional well. To use a conventional drilling
system to continuously core would cost three to four times as much as slim
hole continuously coring. This was confirmed by comparing conventional
coring costs in areas where slim hole continuous core was taken.

If the technical complaints about slim hole drilling and continuous
coring are satisfied, and the continuous coring strategy paradigm provides
a better and more cost effective way to explore, then why not consider the
slim hole systems as an alternative to previous drilling and exploration
practices?

It is the authors' opinion the biggest barrier to the use of the slim
hole and continuous core drilling is it is new and different - it causes
change, and change takes time and accurate communication of the technol-
ogy. The advantages of having a full section of core is in its infancy of
understanding. Explorationists have seldom had the convenience of looking
at all the geology as it really exists. With the near real time analyt-
ical capabilities to evaluate the core at the well site, the geologists,
geophysicists, and engineers have data that was almost impossible to get
previously. How to put the information to optimum use is going to take
time and imagination to develop. It is one thing to have 10,000 ft
[3048 m] of core; it is another to analyze it on a timely basis, and it is
even more difficult to take and use the data to make a difference in an
exploration program. Champions of new paradigms for exploration will
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create the market for continuous core drilling. Until this happens, only
the economics will determine whether to use slim hole techniques vs. con-
ventional drilling practices.

SUMMARY - WHAT IS THE CURRENT STATUS OF THE MINING TYPE CONTINUOUS CORE
SYSTEM?

The biggest operational deterrent for the use of slim hole mining
type drilling, where a small annulus occurs, is the critical issue of
detecting a kick quickly and accurately, and taking the correct action to
handle the influx. The notion that conventional well control practices
will suffice are totally inaccurate. Bode et al.!? presents what is nec-
essary for slim hole, small annulus well control. To do less is inviting
a potential well control problem. The major breakthrough in adapting the
mining slim hole drilling technology to the oilfield is the understanding
and practices of how to handle kicks in a slim hole small annulus system.
This technology is proven and does exist.

Information in this paper should convince the reader a slim hole
system can economically drill the various geologies in a sedimentary envi-
ronment if a proper systems approach is used. Small drag bits for either
coring or full bore drilling are required. To optimize their use, high
rotational speeds are used (200 to 700 rpm). And to rotate the drill
string at these speeds, a mining type drill string (flush joint) is
needed, where the annular clearance is small. A precise weight-on-bit,
usually less than 10,000 lbs [4536 kg] with a sensitivity 2500 lbs
[227 kg], is also required to make these small drag bits drill optimally.
This requires a hydraulic control of the bit advance and is best suited to
the hydraulic rig designs used by the mining drilling industry. A near
in-gage wellbore is necessary to support and stabilize the high speed pipe
rotation. High speed rotation can cause a buildup of solids in the drill
rod, and to prevent this, the drill fluid must be as solids free as possi-
ble. All this technology exists today.

The drilling of over 40,000 ft [12192 m] of continuous core in all
types of sedimentary environments proves that the slim hole continuous
core approach should consistently recover over 98] of the rock cored.
With this type of recovery and the analytical core analysis described
herein, the need for downhole electrical logs is minimized. It is possi-
ble to set slim hole packers, perforate and test. Furthermore, most
cementing can be done with a simple batch mixer and pumped using the rig
pumps, thus eliminating another third party cost. If the mining type
hydraulic drilling machines are used for the slim hole wells, portability
is almost guaranteed. Most mining drilling machines of a 10,000 ft
[3048 m] depth rating weigh less than 100,000 lbs [45 359 kg] as compared
to 400,000 to 800,000 lbs [181 437 to 362 874 kg] for a conventional rig
to drill to the same depth.

The technology exists to process over 500 ft [152.4 m] of core a day,
measuring geological and geophysical properties necessary to evaluate any
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exploration play. Over 15,000 ft [4572 m] of core has been analyzed using
a real time onsite automated core analysis capability.

It is the authors' opinion the technical obstacles that kept slim
hole mining type drilling, especially continuous core drilling, from pene-
trating the oil field have been overcome.

The big questions is "if I wanted to drill a mining type slim hole
and obtain continuous core or embark upon a continuous core exploration
program, how would I do it?"

If the wells are less than 6000 ft [1829 m] and the pore pressure is
not a problem (less than normal gradient), there is a large number of
mining drilling contractors with machines rated to 6000 ft [1829 m]. By
adapting some of the technology presented in this paper and by Bode,!?
within 3 to 6 months most operators should be able to safely drill their
own slim holes to 6000 ft [1829 m].

If the desire is to drill deeper than 8000 ft [2438 m], there is a
problem. Less than a handful of mining type rigs (excluding the ones in
South Africa) currently exist that have this capability. And only a few
contractors have the drilling machine and solids control system to drill
wells in a sedimentary environment. It is the authors' understanding that
these contractors have little knowledge of the well control practices to
tackle normal or overpressured environments. Once a decision is made to
embark upon a continuous core program at depths greater than 8000 ft, it
is the authors' opinion that it would take 1 to 1-1/2 years before an
operator could be ready to drill safely in a hydrocarbon environment.
This assumes none of the three or four deep mining rigs were available.
If a rig is available, it would still take up to six to nine months to
field a safe operation.

The only way to start your own slim hole program is to make an agree-
ment with an existing mining drilling contractor to build a rig (three rig
manufacturers offer designs) and support system, i.e., mud and solids con-
trol, well control, etc., or go to an oil field contractor to adapt one of
its conventional machines to a slim hole continuous coring system. This
last alternative will, in most cases, sacrifice the portability of the
mining type system.

The desire to have real time core analysis capabilities similar to
what is described herein will probably take one to two years to develop.
At present, no service company offers this package of analysis for onsite,
real time core analysis.

The slim hole system presented in this paper is an evolution of
mining and ocilfield drilling systems and evaluation tools into one that
could cause a paradigm shift in the way companies do exploration and some
exploitation. It will require champions to look at the new possibilities
it brings and not be hamstrung by the comfortability of doing it like it
has been done for the past 50 years. Managers, engineers, and explora-
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tionists should be aware of this technology and the possibilities the
technology offers. It is hoped this paper and Bode et al.!? accomplishes
that objective.
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APPENDIX 1

MINING TERMINOLOGY

Drill Rod Nomenclature Rod OD Rod ID
AQ 1-3/4 in. (44.5 mm) 1-3/8 in.
BQ 2-3/16 in. (55.6 mm) 1-13/16 in.
NQ 2-3/4 in. (69.9 mm) 2-3/8 in.
HQ 3-1/2 in. (88.9 mm) 3-1/16 in.
PQ 4-1/2 in. (114.3 mm) 4-1/16 in.
CHD 76 2.754 in. (70.0 mm) 2-3/8 1in.
CHD 101 3.701 in. (94.0 mm) 3-17/64 in.
CHD 134 5 in. (127 mm) 4-1/2 in.

Chuck - Mechanical device which grips the drill rod and is contained
within the drive head which imparts rotation.

Drill rod - Terminology given to drill pipe. It is externally flush
with an internal upset at the connection.

Mud ring - Build-up of solids on the inside diameter of the drill rod
caused by centrifuging associated with high speed rotation.

Sandline - Wireline used in the retrieval of the inner core barrel.
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Appendix 2

Formulation and Properties of CBF Drilling Fluid

Viscosified Weighted

CBE CBE
Cationic Polymer, 1lbm/bbl 1.5 1.5
Pregelantized Starch, lbm/bbl 2 2
Hydroxyethyl Cellulose, lbm/bbl 1 1
KC1l, 1bm/bbl 38.1 22.1
CaCl,, lbm/bbl 0 107
PV, cp 10 11
YV, 1bf/100 sq ft 5 6
Gels (10 sec/10min), 1lbf/100 sq ft 1/1 1/1
API FL, ml 12 10
Density, 1lbm/gal 8.9 10.5

91210ART0221



19

W3LSAS DNITIIHA IHOO SNONNILNOO ONININ TVOIdAL -} "Ol4

(@OM sdal 000°0L-0)
ug beuq

poy {Iud
Juior: ysni4

\

(.a/L>)
-—SNjNuuy

S|OH WIS

—
9l10q|IoM

ULARRARAARAARAR

(wd1 0522-0)

¥onyo 10 aAu(Q QOP/

[eAsuley 8qn] Jouu|_~
10} 10YS19AQ) dUIBIIM

abeyoed aAlQ
olNeIpPAH 9 1010\

aulpues

sylomme.l(



20

ATEWFSSY ONIHOO

g 8109

II”YS
laweay Jamon

i8zZij\qelS

|a1leg 19INQ ——|

Buijdnon Buiyoo]

Alquessy peayteads

2 NN B

ST N W S R I R

INI34dIM ¢ Ol

SRS O & Oy

sbuly Jazijiqeis
|alleg Jauuj

|oireg 1auu|




21

S3TNAOW NOILYNTYAT FJHOO dILYNOLNY -& Ol

‘ydesborewiolyd ser) ‘d ‘uRdS
Jeindwod atedg O aouadsalon|} 1I8|oIA-BlliN D
‘o|qel 8|qenoN N ‘ABojesauiw aanelend A
‘odoosouolwi 08pIA N Jaindwod doo
‘Jaindwioo uonduosep a10) oljel], pue abeiols ejeq '3
'S10llUOW OBPIA "M ‘Apgeirdsosns onsubely g
'SBIaWED 08PIA ‘uBdS BUWWEL) "D
MBIA OJOIW pue OIoBN -] ‘Bumno ‘Bulage] ‘buidiis g
‘anoge Joj leindwo) H ‘Bullup pue Buiysepy v

jeaishydoay
¢# 31NA0NW

8# 3INAOW L# IINAOW 97# u..:gos_\ G# TINAOW \b# TINCOW £# TINAOW

:m J1NA0ON

g




22

(., UOIysy Jajje) SIINVAWOO SVO ANV

110 LSOW A8 d30110VHd ATLN3IHHNO T3A0OW NOILVHO1dX3 v 'Oid

(S)713M
TVNOILNIANOO gt
ONITTIHA

OINSIFIS

e

NOILISINDV
1IWd3d




23

‘(,,UOIYsy lJayje) 1d3O0NOD
HNIHOO SNONNILNOD DNIZITILN 713AOW NOILVHO1dX3 § Old

1

(‘LONYLS “1VHLS) (DIHAVHOILVHLS)

S3T0H NITS - S3AT0OH WIS -
ST113IM < ONIT1IHd

TVNOILNIANOD -

ONIT1IHd OINSIIS

[ m—

NOILISINOV
1INd3d




24

ONITT1HA TYNOILNIANOD ANV ONIHOO SNONNILNOO
FT0H WITS NIamMLIg SNOSIHYJNOOD FLVYWILST LSOO -9 Ol

 8E€E
€61

vecl

(4/9)
|[euoIjUsAUO)

'|S00 [enjoy|

112 eAuay|
cel uejsied
GG9 BYSe|y
(W/$)
9|0H WIS



25

(STDIAHAS DNIDDOT VWIISAHAOTD OOO0ONWY A9 NNH SVM ALHA)

¥

¥

d3dIvO

¥

NOY1N3IN A3LVYSNIdWOD

¥

ALISNIA NOILYWHOS

*| %

dS

x| x| x| *|*

advno LHOHS

X

D0T-0H31V1

S3SNO04 TVOIHIHJS

TYWHON LHOHS

¥

NOILONANI 1vNd

OINOS

x| %|%|x%

¥

x| x|%| |%

AVH VWAVDO

O ANVdNOD

d ANVdNOD

VY ANVdINOD

VSOOLYD 1V T7IM FTOHWITS NI NNH ATIN4SS300NS STOOL ONIODOOT - F18V1




26

WYHOO4Hd ONILSTL

a’ldid ONIHNA JONVYIWHOLH3d L19 40 AYVIWANS -¢ FT19V1

G'8l 16
1212174 G¢c
€162 gce
A L
jesonQ  pareubaiduw

AV
LVE
910,

61

19S08K)

92 €Ll  dod Bay
L0} 6001 SINOH
0€82  66¥.1 abejood

L 0] sugd
Ndd  puowelq

adA] ug



