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ABSTRACT

This Handbook documents R&D projects completed in-house and third-party R&D
sponsored by Sandia National Laboratories in the Slimhole Drilling Program. It
comprises: narrative accounts of field drilling projects, compilation of test data from
Sandia projects and synopsis of data from Japanese boreholes, descriptions of in-house
and other analyses of the data set, descriptions of drilling and logging equipment
available for slimholes, and guidelines for drilling and testing geothermal slimholes.
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I. OVERVIEW

There are two major reasons for pursuing the concept of slimholes for geothermal
projects: exploration and small power plants. The following is an overview of each.

Geothermal Exploration: Drilling costs associated with exploration and reservoir
assessment are a major barrier limiting expansion of proven geothermal reserves. The
geothermal industry (utilities and geothermal operators) needs to reduce exploration and
reservoir assessment costs to be competitive in meeting the growing Western requirements
for environmentally benign, alternative energy sources. Typical geothermal exploration
comprises drilling a large-diameter, production-size well and, if it shows the presence of
fluid and high temperature, producing steam or brine from it while measuring the fluid
temperature and, ideally, downhole pressure. These flow tests, which usually last for days
to weeks, directly evaluate the energy or enthalpy output of the well and indicate whether
the reservoir is drawn down siginificantly over the course of the test. From this, potential
power-plant output and reservoir life can be estimated.

This method has major disadvantages: it is very expensive ($1-3M per well); there is
significant environmental impact from the roads, large drill sites, and fluid-handling
requirements; and if the operator hopes to turn an exploration well into a production well,
it may be located at the fringe of the resource, where it is not convenient for eventual
construction of a power plant.

Drilling production-size holes for geothermal exploration also puts a large expense at
the beginning of the project, and thus requires a long period of debt service before those
costs can be recaptured from power sales. If a reservoir is defined and proved with
slimholes, production well drilling can be delayed until the power plant is under
construction, saving years of interest payments. High exploration costs also limit the
number of potential new resource areas which can be evaluated, preventing significant
expansion in the nation's proven geothermal reserves.

Traditionally, diamond-cored "slimholes" (usually 3" to 4" in diameter) have been used
to measure temperature gradients while selecting sites for production-size exploratory
geothermal wells. Ifit can be shown, however, that improved testing in slimholes reliably
predicts productivity and identifies a useful geothermal resource, this could eliminate or
greatly reduce the need for large-diameter exploration wells. The cost savings and
reduced environmental impact of this approach, compared to drilling production-size
holes, are compelling incentives to use slimhole technology.

Drilling is cheaper for slimholes than for production wells because the rigs, casing and
cementing, crews, locations, and drilling fluid requirements are all smaller; because site
preparation and road construction in remote areas is significantly reduced, up to and
including the use of helicopter-portable rigs; and because it isn't necessary to repair lost-
circulation zones before drilling ahead. For comparison, a 3.9" slimhole drilled in 1993
(see Section III-a), including all testing and overhead, cost approximately $150/foot while
a neighboring production well (12-1/4" production diameter) cost $377/foot to its total
depth of 740 feet. Although the slimhole's greater total depth reduced its overall cost per
foot, the intermediate cost of drilling the slimhole to the same depth as the large well was
less than 60% of the large well's total cost. Similarly, another slimhole drilled to the same
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depth as, and within two miles of, a rotary-drilled exploration hole showed that the rotary
hole cost approximately 40% more (see Section III-b.)

Sandia began an investigation to establish the basic feasibility of slimhole exploration
with in-house analysis and, later, field experiments on existing geothermal coreholes. At
the same time, there was an extensive survey of the geothermal industry to define its needs
and priorities. Drilling costs associated with exploration and reservoir assessment are a
major factor affecting future geothermal development. Industry contacts specified lower-
cost exploration as a high priority, and were generally enthusiastic over the slimhole idea.
For this to be a valid exploration method, however, it is necessary to demonstrate that
slimholes produce data that provide a prediction of reservoir productivity equivalent to
results from full-size wells. Because of the different flow charactersitics in slimholes, there
was some doubt among industry representatives about the validity of slimhole testing, or
even that slimholes could be made to discharge. Experience in the U. S. and Japan shows
conclusively that slimhole flow tests are practical, but early in the program their predictive
value was less clear.

In considering the flow of fluid through the formation and into the wellbore, there is
friction loss both in the formantion and in the wellbore. In a low-permeability reservoir,
the mass-flow rate is limited by the friction loss in the formation, so wellbore size has little
effect on the total flow. In high-permeability reservoirs, which are of most interest, the
restriction of the wellbore may be the factor that limits flow from the well. Slimholes have
a higher (circumference)/(area) ratio than larger wells, so friction losses are more
significant in slimholes. Demonstrating, through analysis, modeling, and field data, that
flow in a slimhole can be accurately extrapolated to predict production in a large well has
been one of the principal thrusts of Sandia's slimhole research and development.

Although the vast majority of drilling technology used in the geothermal industry is
derived from the oil and gas industry, geothermal requirements are qualitatively different.
There are hard, abrasive, and fractured rocks; high temperatures; and underpressured
formations, frequently containing corrosive fluids. All these factors create a harsher
environment than normally found in oil and gas drilling. The service and drilling tool in-
dustries have little incentive to address these problems, since the number of geothermal
wells drilled in a year is about 0.1% of the corresponding number for oil and gas. This
lack of commercial R&D is the primary rationale for DOE's support of geothermal
technology development. Once demonstrated, slimhole drilling technology will have
application to geothermal exploration and reservoir assessment in both the U. S. and inter-
national markets.

Small Power Plants: A huge shift in world energy demand is under way. According to
at least one scenariol, the growth in energy consumption in developing countries between
2000 and 2010 will be greater than today's consumption in Western Europe, and more
electrical generating capacity will be built in the next 25 years than was built in the
previous century. Worldwide, the market for new power generation facilities over the
next 10 to 12 years has been estimated?-3 at 900,000 MW. Geothermal resources,
indigenous and environmentally benign, now meet a part of this growing demand but it is
primarily through large power plants which do not serve the market niche considered here.

The conventional notion of geothermally-produced electricity involves large, multi-
megawatt (MW) power plants. The World Bank# currently considers SMW plants as
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"mini-geothermal," but there is a significant market niche for much smaller units - down
to the 100-1000kW range. Pritchett's analyses®® indicate that holes as small as 3" diameter
can drive a 100kW generator, and somewhat larger holes (but still "slimholes" because
they are not greater than our arbitrary limit of 6” diameter) can produce well over
1000kW. In remote areas, far from the utility grid, third-world villages and facilities such
as hospitals, pumps for potable water, and long-term mining operations can replace their
diesel generators with small-scale geothermal power plants (SGPP) drawing hot fluids
from slimhole wells. The cost of getting fuel to remote diesel generators drives those
electricity prices above 50¢/kWh, but Entingh ef al.7 have estimated that an SGPP — for
example, a 300-kW unit using 120°C brine — can produce electricity for about 11¢/kWh,
even without the cost savings from slimhole drilling. In addition to the advantage of price,
SGPP are far more environmentally benign than fossil-burning plants, which is crucial in
view of current climate-change concerns and burgeoning electricity demand in the less-
developed countries. It thus appears that a significant market opportunity exists for
slimhole drilling in support of small geothermal power plants.

Handbook Outline: This Handbook documents work done and sponsored by Sandia
National Laboratories in the Slimhole Drilling Program. It comprises: narrative accounts
of field drilling projects, compilation of test data from Sandia projects and synopsis of data
from Japanese wells, descriptions of in-house and other analyses of the data set,
descriptions of drilling and logging equipment available for slimholes, and guidelines for
drilling and testing geothermal slimholes. These topics are organized in sections as shown
below, with appropriate references cited in each section collected at the end of that
section.

Section Contents

IL. Equipment -- Description of drill rigs, including minerals-type core rigs, small
rotary rigs, and hybrids; description of slimhole logging tools available from
industry and under development at Sandia; description of surface instrumentation
for drilling/testing and other hardware for flow testing; comparison of core-
drilling and rotary technology.

II.  Case histories -- Narratives of Sandia-sponsored drilling projects; brief
descriptions of other slimhole drilling by industry; extensive description of
Japanese borehole data.

IV.  Analysis -- Sample data from Sandia-sponsored slimholes and comparison with
wellbore models; summary of Japanese slimhole and production-well data, with
conclusions relevant to productivity/injectivity correlations; description of
wellbore simulators.

V. Guidelines -- Recommendations for drilling practice, well design, surface
instrumentation, drilling fluids, logging, testing, and data collection.

Acknowledgments: The authors appreciate the review and valuable input of Larry
Pisto (Tonto Drilling), Ken Williams (Boart Longyear), Dave Glowka (former
Manager, Geothermal Research Department, Sandia National Laboratories), Sabodh
Garg and John Pritchett (Maxwell Technologies) and others who have generously
contributed their time and knowledge.
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II. EQUIPMENT

a. Comparison of Rotary and Core Drilling

This preliminary description explains some of the differences between conventional rotary
drilling and minerals-type core drilling, and especially points out how those differences
affect operations for holes where one rig does both types of drilling.

Typical large rotary drill rigs, mostly used for exploration and production of fossil-
fuels and for geothermal production, use full diameter bits to drill holes between 6 to 26
inches in diameter to depths sometimes more than 20,000 feet. The drill string comprises
the bit, the drill pipe, and an often complex bottom-hole assembly (BHA) made up of drill
collars, stabilizers, reamers, crossovers, and other special tools. The string is turned by a
top drive or a rotary table which applies torque to the string while allowing it to travel
downward under its own weight. Weight on bit is controlled by holding back a portion of
the drill string weight. Coring can be done with this kind of rig, using diamond or roller-
cone bits, but the complete drill string must be tripped to retrieve the core sample. Bits
for this type of coring cut a much wider kerf than those in minerals rigs, so drilling fluid
returns must be maintained to remove cuttings from the hole.

Core rigs, most often used by the minerals industry to explore for ore bodies, use
diamond bits which cut a thin cylindrical kerf in the rock, leaving a core sample protruding
up the center of the drill string inside a separate tube usually called the inner barrel. Hole
diameters are from 2 to 6 inches with corresponding core diameters of 1 to 4 inches.
After drilling through an interval the length of the inner barrel (usually 5 to 20 feet),
rotation is stopped and the drill string is raised, breaking off the core just behind the bit. A
wireline is then run down inside the drill string to retrieve the core in its inner barrel, thus
avoiding the necessity for tripping the drill string to get the core sample. The drill string is
turned either by a top drive, which uses a hydraulic motor to rotate the entire drilling
assembly from its topmost connection, or by a chuck, which grips the outside diameter of
the drill rod and rotates it. Weight on bit or rate of penetration is precisely controlled by a
hydraulic feed cylinder. Because the cuttings produced by the diamond bits are very fine
and make up a smaller fraction of the hole volume than in rotary-rig coring, minerals-type
core drilling can continue without drilling fluid returns.

This ability to drill “blind” makes the core drill popular for temperature-gradient
geothermal exploration holes. If the temperatures and rock properties look encouraging,
an exploratory production well is drilled with a large rotary rig and is then flow tested to
evaluate the potential reservoir. With improved flow testing and well construction,
however, the gradient hole can also be used to evaluate the permeability and productivity
of a potential reservoir.

There are tradeoffs between the two kinds of drilling but, in Sandia's geothermal
slimhole program, the small hole sizes have favored the use of core rigs. These rigs may
not be cost-effective in oil and gas exploration because in many sedimentary formations
rotary drilling has much faster penetration and can therefore drill those intervals more
cheaply, but the advantage of being able to drill through lost circulation zones in
geothermal formations can offset slower penetration. In either kind of drilling, there will
be substantial savings in a smallér hole because of reduced requirements for casing and
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cementing. Configurations and relative sizes of the two kinds of rigs are shown in Figure
II-1 below. The core rig is a Boart-Longyear HD600 and the rotary rig is a conventional
production-well rig drilling in The Geysers.

Figure II-1 Conventional rotary rig (left) at The Geysers and core rig (right) at Newberry
Crater. Photos are scaled to show relative sizes of rigs. Note also the amount of auxiliary
equipment and size of the drilling sump for the rotary rig, compared to the core rig, which
has a very small sump (foreground) and is essentially self-contained.

There are considerable advantages in the ability to do both rotary and core drilling
with the same rig: This is highly attractive for the applications common to slimhole
geothermal exploration, where there may be relatively soft, easily drilled overburden above
the hard, fractured geothermal source rocks. Some drill rigs, such as the UDRS5000 (see
Section II-b) and its smaller version the UDR1500, are designed to be used for both types
of drilling - UDR is an acronym for "Universal Drill Rig" - and almost all core rigs have at
least a limited rotary-drilling capability. Although these rigs can do both kinds of drilling,
they are far more often used to drill and retrieve core, and that predominant use is
reflected in the tools and procedures normally used in operating these drills. The effect of
this on hybrid drilling is described in more detail in Section V-b, "Recommendations on
drilling practice”.

Another option becoming more common is an accessory top-drive which can be
attached to a conventional drill rig. Oil-field top-drives usually can’t rotate fast enough
for diamond core drilling, but commercial top-drives for coring (e.g., Tonto Drilling) are
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available and a coring package designed for scientific drilling is described below. A
comparison of some typical rotary and core rig properties is given below.

Rotary drill - Core drill
Crew: 5 plus toolpusher 2 or 3 with or w/o pusher
Mud logger: yes no
Mud engineer: yes sometimes
Consultant/ :
company man: yes _ sometimes
Drill site: 400' by 250' 200' by 150' or smaller
large pits (1200 bbl) and sumps small pits (25 bbl) and sumps
Rig: 150" high 60" high
40 truck-loads 2 to S loads

30" high base (large BOPE, flowlines) 11" high base (smaller stacks)
big mud pumps (600 gpm/3000 psi)  small pumps (45 gpm/1100 psi)

b. Drill Rigs

Drill rigs used in cost-shared Sandia/industry drilling projects have been supplied by Tonto
Drilling Services and Boart-Longyear companies, two of the principal contractors in the
domestic core-drilling industry. Detailed information on these drills can be obtained from
the companies’?. Other suppliers of core drills are available, and some "compact" rotary
rigs, as described by Huttrer’, may also be suitable of slimhole exploratory drilling. Several
of these compact rigs exist only as designs, and others are just entering field service, so it
is premature to evaluate their performance now. Summary details of the core rigs used on
Sandia projects are given below.

Tonto UDRS000: The drill rig used for Vale Exploratory hole (see Section ITI-b) was a
Tonto Drilling UDR5000 top-drive coring rig. This is a trailer-mounted derrick which can
pull 40' stands of pipe and has a depth rating of 9700' with CHD101 coring tools.

During the rotary drilling part of the operation, the drillstring comprised CHD134 core
rods (5" OD) connected with a cross-over sub to a conventional bottom-hole assembly
(BHA) with stabilizers, drill collars, and roller-cone bits. During the rotary drilling in this
hole, a rental mud system with a large triplex pump was used, since the drill rig's pumps
normally used for coring are rated at 40 gpm/1000 psi, which is not sufficient volume
delivery for the designed rotary bit hydraulics. After 4-1/2" casing was set to 3111/, rig
pumps were used and the hole was core-drilled to 5825' with HQ (hole diameter 3.85",
core diameter 2.5", rod diameter 3.5") drill rods and diamond-impregnated bits.

Longyear HD 602: The drill rig used for the Steamboat Hills, Fort Bliss, and Newberry
Exploratory holes (see Sections IIl-a, IlI-c, and ITI-d) was a Longyear truck-mounted

Model HD602, with a 60' mast, capable of pulling 40' stands of pipe, and a hoist rated at
60,000 pounds. The drill string is rotated by a chuck which grips the outside of the drill
rods; rotary drilling was done with CHD101 drill rods connected by a crossover sub to a
conventional BHA. The rig was supported on a hydraulic jack-up substructure which

provided approximately 8' clearance between the bottom of the substructure and ground
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level. Two mud pumps were available; a Gardner-Denver duplex (150 gpm @ 260 psi)
for rotary drilling and reaming, and an FMC Model M12 triplex (100 gpm @ 1000 psi) for
coring. A 40' parts trailer contained tools, bits, spare parts, and a welder.

This particular rig has a depth capability of approximately 8200' with HCQ rods, and
approximately 5340' with CHD101 drill rods (approximately 4" diameter); it can reach
below 8400' with CHD76 rods (approximately 3" diameter), enabling slimhole exploration
in most known geothermal areas.

DHCS: An auxiliary coring package
built for scientific drilling was used for
Phase III drilling at the Long Valley
Exploratory Well. This hydraulically-
powered unit, which includes a hydraulic
power package, top-drive, 23-foot-
stroke feed cylinder, mud pumps, power
tongs, wireline winch, parts and shop
van, and control console, was attached
to the very large (177’ to crown) Nabors
drill rig which has stood at this location
since 1989. (See Figure II-2)

The DHCS (DOSECC Hybrid
Coring System) provided the power to
rotate the drill string and to control the
feed rate and weight on bit, while the big
rig drawworks were used to trip pipe in
90’ stands. It used a composite drill
string with 4” Hydril tubing in the upper
part and CHD101/HMQ coring tools
below, which gave a depth capability
approaching 14,000 feet. Although this
particular package was built for
DOSECC (Drilling, Observation and
Sampling of the Earth’s Continental

Crust) to drill a scientific hole in Hawaii, | Figure II-2 — DHCS mounted in Nabors Rig

a very similar unit was extensively used
by Tonto Drilling for geothermal exploration in Indonesia.

c. Downhole Logging Tools

The most fundamental properties in geothermal exploration are the temperature and the
permeability of the reservoir rocks. Evaluation of these properties is usually carried out
through measurement of temperature in the wellbore and by analysis of transient downhole
pressures after flow into and/or from the zone of potential production. Although space
limitations require the descriptions to be brief, the principal types of tools for making these
measurements are discussed below.
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