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ABSTRACT » 7
Conventibnal directionél -drilling technoiog_y
. has been extended and modified to drill the first

well of a subsurface geothermal energy extraction ;

>~sﬁstem at the Fenton Hill, New Mexico, Hot Dry Rock
(HDR) experimental site.  Ambitious- borehole geo-
metries, extremely hard and abrasive granite rock,

and high formation temperatures combined to provide

‘a.challenging environment for directional drilling
tools and instrymentation.’ A :

"~ Completing the first of -a two-wellbore HDR
system has -resulted in the definition of opera-
tional limitations of many conventional directional
drilling tools, instrumentation and techniques.
The sucessful  completion of the first wellbore,
- Energy Extraction Well No. 2 (EE-2), to a measured

- depth of 15,300 ft (4.7 km) in granite reservoir |

rock with a bottomhole temperature ef 530°F (275°C)

required the development of 2 new high temperature

downhole motor and modification of existing
wireline-conveyed steering tool systems. - Conven-

tional rotary-driven directional ~assemblies were "

successfully modified to accommodate the very hard

_and abrasive rock encountered while drilling nearly .

~ 8500 ft (2.6 km) of directional: hole to 2 final
~-inclinatfon —of 35° from the vertical at a con-
trolled azimuthal orientation. T

17 Carefully monitored performance of the direc-

tional systems used have indicated specific' areas
where additional equipment development is required.
Additionally, sufficient data ‘were collected to
allow optimization of the drilling procedures and
- 'to improve the:economics of application in future

- commercial: developments ‘of such alternate energy

“lﬁis w‘or? was s'upportéd by tl{e >U.S.' OdE, I‘)i‘visiﬂon
‘of Geothermal Energy. = ~ - v Ll
: References and 1{llustrations at end of :paper.

INTRODUCTION

:-1ying - producer,

: Driﬁ ing Objeétives

The HDR geothermal resource is derived from a

subsurface ‘region which exhibits a relatively high

geothermal " gradient. At -the ‘Fenton Hill site, |
granitic basement rock is encountered at a depth of
2400 ft (730 m) and exhibits a static geothermal
temperature of 530°F (275°C) at a true vertical
depth of 14,500 ft (4.48 km). Hydraulic fractures

~in the granitic rock are vertical and preferen-
- tially oriented in a northwesterly direction.
crock matrix is: porous: (<1%), but. is essentially
.impermeable {1.0 to 10 microdarcies).

The

- The method of heat extraction experiménts cur-

+-rently underway . at the Fenton Hill site require

that two boreholes, one injection and one produc- -
tion well, be drilled to a depth exhibiting an
economically attractive ‘reservoir temperature. In:

- order -to -enhance reservoir production objectives,

the two wells will be 1inclined 35° from. the ver-
- tical ‘through the reservoir region at an azimuthal
+ direction normal to the preferred fracture orienta-

tion. The wells will be drilled vertically coplan-

- ar with a constant separation of 1200 ft (370 m)

between the underlying injection well and the over-
“Figure 1 11lustrates the above

described geometry of the EE-2/EE-3 extraction

-system in the 11,000 - 14,500 ft (3.35 - 4.48 km)
-reservoir .region. . The 'sequentially formed inter-

connecting : fracture .system- will .be hydraulically

“inflated and water circulated at a total flow rate
* of approximately 1500 gai/min (95 ]1tgr/sec). : :

- Drilling 'P'fob"lryems :

- The fmplications for -drill-ing'-i'élatédpfobiemsl :
-during :theconstruction. of such a-system are sig-

nificant. The flow capacity requirements of the .
system require a minimum production hole drilled

- diam. of 8-3/4 in. {(22.4 ¢m) and a minimum. inter-
“mediate holg dr'l'lrled diam. of 12-1/4 in. (31.4 cm).
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The ‘extremely hard and abrasive rock requires

_that .all tricone bits have a tungsten carbide

cutting structure. All drilling tools, bottomhole

assembly components and the drillstring are sub-

{ected to severe abrasive wear that limits useful
ife.

Due to the impermeability of the rock matrix,
no filter cake develops on the borehole walls which
results in considerable axial and torsional drag on
the drilistring. As a result, the use of high wall
contact tools such as long strings of large diam-
eter drill collars and fixed blade stabilizers is
virtually prohibited. Also, the drillstring must
be sufficiently strong to cope with this abnormally
high frictional drag.

The required precision of borehole orientation
and inclination requires that frequent magnetic
surveys be conducted at temperatures to 530°F
(275°C). ~ Needed azimuthal corrections are “per-
formed with downhole drilling motor assemblies.
Currently available high temperature motors require
2 wireline conveyed steering tool to insure proper
orientation... Such tools also must be capable of
reliable performance at elevated temperatures.

Many other drilling related tools and instru-
mentation are affected adversely as temperatures
exceed 400°F (200°C). Reduction in yield strength
of carbon steels, differential dimensional changes
between components exhibiting dissimilar thermal
expansion properties and the failure of elastomeric
compounds are the most prevalent problems.

Solutions to Drilling Problems

: a

~--Many of the directional drilling and related
problems were solved by the application of con-
ventional techniques using available equipment and
instrumentation. As the rigorous demands placed on
these tools and techniques increased however, it
was necessary in most cases to make modifications.
In some instances new tools and procedures were
required.

The moderate temperature <400°F (200°C) portion
of the EE-2 wellbore was drilled with available
sealed friction and roller bearing bits with tung-
sten carbide cutting structures. Bit life was
severely reduced in all cases due primarily to
gauge wear. Considerable attention was given to
obtaining minimum cost per foot performance by
proper selection of bit type and drilling param-
eters.. Magnetic and inclination surveying was
performed with conventional single-shot tools wit
211 data evaluated using the radius of curvature
calculation technique. Directional drilling using
motor-driven assemblies was successfully accom-
plished through this interval utilizing positive
displacement motors provided by Dyna-Drill
(Division of Sii) ‘and Baker Service Tools. Many
conventional drillstring components such as drill-
pipe floats and mechanical drilling jars performed
2dequately during the drilling of this portion of

'%gelEE-§ well to a depth of approximately 10,000 ft
- m - )

However, several modifications were required to
‘| -conventional directional drilling -techniques and
: eauigment, especially as drilling proceeded below

10,000 ft (3.1 km), temperatures exceeded 400°F

(200°C) and borehole 1inclination approached 35° -

from the vertical. Motor-driven and rotary assem-
biies required the use of tungsten carbide insert
bits appropriately modified to increase the life of
the gauge cutting structure and protect the bit
shirttail. The granite section in well EE-2
required that rotary-driven directional assemblies
be stabilized with roller reamers versus the more
commonly used fixed-blade stabilizers due to the
significant torsional drag and excessive abrasive
blade wear observed while drilling with the latter.

Directional surveying techniques and equipment

also required modification to allow measurements to
be performed at temperatures to 530°F (275°C).
Wireline conveyed single shot, steering and multi-
shot equipment had to be encased in heat shields
and special techniques applied to obtain surveys.
Multiconductor wireline used with the steering-
tools required high temperature rated materials to
protect it from the invasion of wellbore fluids and
insulation degradation. R '

As drilling progressed into the 35° slant por-
tion of the hole it was necessary to.further reduce
the magnitude of axial and torsional drag between
the drillstring and the borehole. Essentially all
of the drill collar string was replaced with
smaller outside diameter HEVI-WATE (Drilco Div. of
Sii) drillpipe to reduce.contact area. This
reduced the drag substantially. - After considerable:
pilot testing, a liquid lubricant was selected-and
successfully used to additionally reduce the magni-
tude of drillstring drag. Even with these remedial
measures, it was necessary to replace a portion of
the drillstring with high yield strength tubulars.

Several new equipment -developments were
required to complete the directional drilling
operations. Foremost was the design and fabri-
cation of a high temperature, -all metal, turbine
which was used for motor-driven corrections at
borehole temperatures above 400°F (200°C). To
optimize the operation of this turbine, a speed or
RPM indicator was developed and operated. Addi-
tionally, high temperature shock absorbers were
developed to reduce vibration and shock loads
transmitted from the bit to the turbine to prolong
the life of the motor bearings. Finally, a high
temperature, axially responsive hydraulic drilling
jar was developed and used during drilling and
fishing operations. Although high temperature
rated (500°F, 260°C) mechanical jars were readily
available, the magnitude of downhole torsional drag.
made the manipulation of such tools virtually
impossible.

DIRECTIONAL DRILLING APPLIED TO THEACONSTRUCTION OF
07 DRY ROCK SYSTEMS - . . :

HDR Geometrical Considerations

The construction of . an HOR. geothermal energy
extraction system at Fenton Hill from a geometrical
standpoint 1s rather straightforward. It requires-
that two slant-type wells be drilled to intersect
the resource region with the two wellbores in the
same vertical plane, a plane that is approximately
normal to the fracture planes. --In the case where
the fractures are vertical, as at Fenton Hill, a
1imit is placed upon the angle of inclination by
the maximum practical values from vertical that can-
be achieved with modern drilling technology. The:
Tength of the inclined or slant section of hole and
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- application in the deep,

- mentat

the vertical separation of the two boreholes are
based upon the fracture spacing, the .power output
‘and reservoir longevity required, "and the wellbore

. ‘spacing over which a high probability of fracture

interconnection can be realized. - The Fenton Hill

system geometry is based upon a spacing of 10 - 15

vertical fractures having a hoggzonta;;;eparation
of 120 - 180 ft (37 - 55 m).
capacity of some 35 - 50 MW(t) with .a reservoir
drawdown of.  20% 1in 10 producing years should.be
realized.

Hi1l, & wellbore spacing of 1200 ft {370 m) will be
attempted.

Direction Control

Of the several mechanical methods of altering

the azimuthal course of ‘a wellbore, the downhole

- motor coupled with a deflecting or bent sub-:

assembly, is the most positive and economic for
hot granite  boreholes

drilled at Fenton Hill. Based upon the number of

course alterations performed during the drilling of

well EE-2 and the economics and mechanics of multi-

ple whipstock settings, motor and bent subassembly
is the only feasible alternative. "

To insure that the motor and -bent subassembly
is properly ‘oriented to provide the desired

~ direction of deflection, a directional survey must :
Depending upon the depth of opera- :
tion, the torsional drag present and the degree of .

be conducted.

confidence in predicting the reactive torque of the

"drill motor, either a single-shot survey is per-
formed with the motor static, or an electric line:
" ‘conveyed steerdng tool is used to provide a con-

tinuous measurement of tool orientation while the
motor is drilling. R R

Once the desired course direction is attained, :
‘a rotary-driven assembly can be used to increase.
A sequence .
contact  tools.
(stabilizers) included in the bottomhole assembly -
Jjust above the bit is used to provide lateral force:
at the bit, and results in an increase in borehole:
‘The rate of inclination. build is:
"dependent upon a multitude -of variables that
" ‘{nclude borehole and tubular geometries, stabilizer

the magnitude of borehole inclination.
of properly positioned wall

inclination.

placement, axial loading, etc.

Upon attaining the desired borehole inclination

and azimuth orientation, a rotary-driven assembly:
with stabilizers is used to maintain the wellbore:
trajectory at its current attitude and direction.:
Natural. drift. of the well course, due to rock:
heterogeneities and - drillstring-borehole  inter-:
~action, may exceed tolerance -levels: and require

additional directional corrections.

DESCRIPTION OF EQUIPMENT AND PROCEDURES = . .

- Motor-Driven System -- Equipment

of borehole azimuth. The two key elements of this

" directional drilling system .are the downhole motor

and the steering tool. - The EE-2 directional
drilling operations used three different types of
motors and three separate steering tools, ,as pre-
sented in Table 1. The downhole turbodrill” was an

* A power output -

' Based upon . results achieved 1in. the :| = used in the granite.

“currently operating shallower HDR system at Fenton

'” triplex rig pumps.

-..structed

- assembly.

Figuré 2 illustrates the equipment and instru-
on used in the EE~2 motor-driven corrections’

equipment development project supported by the HDR

. program; all other tools are services available

commercially. = The fluid-driven motor provides

-drilling power without rotation of the drillpipe.
-This . allows the desired orientation of the deflec-

tion subassembly to be preset and maintained as
drilling proceeds. For application at Fenton Hill,
the motor "should be capable of high torque output
and low rotational speed to enhance the performance
of the roller bearing, tungsten carbide insert bits
For use in the deeper, hotter
portions of the wellbore, an all-metal tool rated

_ substantially above 400°F (200°C), is necessary.

It was necessary to run a steering tool in all
instances where the turbodrill was used. A
dewar-type heat protection shield was required at
the higher temperatures. o

. In order to realize any significant performance
while drilling in the hard, abrasive granite with
downhole motors it was necessary to use tricone,
roller bearing, tungsten carbide insert bits. The
majority of the runs was made either with an IADC
code 835 bit or an improved geothermal bit. The
geothermal bit featured a nonsealed roller bearing
and: a.tungsten carbide insert cutting structure
similar to the IADC 835 designation with high
abrasion resistant inserts on the bit gauge.

A turbine tachometersvuas’developed to provide
a surface indication of downhole motor speed.
Operation of the unit was based upon a pressure
pulse produced during each revolution of the tur-

: bine shaft by a perturbation in the blading of the

motor. The pulse was transmitted through the fluid

~column in the drillstring to the surface where it
~ was detected and processed.

{ Nitrogen-operated
pressure-pulse dampeners were assembled and placed
in series in the mudline at the outlet of the
These dampeners were required
to improve the performance of the turbodrill tach-
ometer, =

During initial laboratory driliing tests using
the turbodrill it became apparent that a method of

. dampening the vibration and shock transmitted from

the bit to the motor was necessary. Two high tem-
peraturi rated shock absorber tools were con-
_based upon laboratory derived parameters.

A bent subassembly (1/2° to 2-1/2°) containing

a muleshoe orienting sleeve was included in the
assembly just above the motor. The function of

_this tool is to provide a directed side thrust to
“the bit that results from the intentional 1/2° to

2-1/2° misalignment of "the axis of the rotary
shouldered connections on either end of the sub-
The plane of this misalignment is fixed
with reference to the muleshoe assembly thus pro-

 viding a method of relating tool face orientation
~to the measured azimuth. ' o

A nonmagnetic drill collar (Monel) is included

~ directly above the bent subassembly to eliminate

magnetic disturbance to the steering tool -magne-

k _tometer by the mass of steel contained in the
. assembly above and below the tool.
‘drill motor assembly is shown in Table 2.

A typical EE-2
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‘Motor-Driven System -- Procedure

The controlled change in azimuthal orientation -
“of the wellbore direction is the more difficult

drilling operation and requires continuous moni-
toring of the bottomhole assembly (BHA) orienta-
tion. . This is necessary because variations in bit
reactive torque are experienced by the drill motor
. as axial and subsequently lateral loading is
applied, or as interactions at the bit-rock inter-
face change. These variable reactive torques cause
variable twist in the drillistring, result in
alteration ~of tool orientation, and must be
detected and compensated for. It is also important

to monitor and restrict the sharpness of_ angular -

changes of the borehole (dogleg severity). Usual
practice holds the total dogleg severity to less
than 2° - 4° per 100 ft (30 m? of drilled hole.
The azimuthal angle changes were performed with the
typical BHA shown in Table 2. The general direc-
tional drilling procedure followed with the turbo-
drill was:

¢ Run drill motor assembly to bottom.

o Using rotary swivel, check motor rotation,

¢ Make up a 62-ft (19 m), two joint, Tength of
drillpipe. :

e Add the double joint stand to the drilistring
and assemble the gooseneck head with a wireline

“pack-off. ’

¢ Run the steering tool to bottom and land it in
the orienting (bent) subassembly.

¢ Rotate the drillstring to obtain the proper
tool face orientation {allow for subsequent
counterclockwise rotation of the assembly when
motor {s started and a reactive torque is
applied). 2 > o

¢ Start motor and drill ahead monitoring the BHA
orientation and making corrections as
necessary.

e After drilling down the two-joint stand of
drillpipe, withdraw the steering tool
and repeat the procedure as drilling conditions
and angle changes indicate.

Rotary-Driven Build Assembly

Rotary-driven angle {or inclination) building
assemblies were used to increase hole angle to 35°
from vertical. After experimentation with increas-
ingly strong build-up assemblies, satisfactory
performance was finally derived from the multi-
stabilizer/reamer assembly described in Table 2.
Roller reamers were used as wall contact tools
jnstead of the more common blade or pad type
stabilizers due to the extreme torsional drag and
rapid abrasive wear that occurred when driiling
with the latter.

Operation of the buildup assemblies was pri-
marily one of determining the proper weight on bit
. and rotary speed which provided the desired rate of

inclination build, penetration rate and walk rate. |

Calculations were performed, and later verified
operationally, to determine the maximum bit weight
to be applied without creating a point of tangency
between the first and second reamer. Considerable
experimentation was also performed to define a
relationship between rotary speed and the direction
and rate of hole walk. Essentially no predictable
relationship was determined, therefore the rotary
speed for minimum cost per foot drilling was used.

Rotari-Driven Hoid Assembly - -

Rotary-driven hold_or lock-in assemblies  were
used to maintain a desired borehole inclination and
azimuth orientation. - Their primary application
occurred in the vertical section of hole from the
bottom of the 13-3/8 in. (34 cm) casing at 2463 ft
(770 m) to the kick-off “point (KOP) at approxi-
mately 7000 ft (2.2 km) and through the '35° slant
portion of the hole from 11,600 ft (3.6 km)
measured depth to total depth at 15,292 ft (4.7
km). A typical hold assembly is detailed in Table
2. Operation of the hold assembly was -directed
primarily at minimum cost per foot parameters. -

Drillstring and Accessories

The 12-1/4 in. (31 cm) intermediate borehole
from 2463 ft (770 m) to the angle .built point of
11,600 ft (3.6 km) measured depth was drilled with
a2 string of 8 in. (20 cm) OD drill collars until
the torsional drag (measured at the surface)

-approached the make-up torque of the 5 in. (13 cm)
- 0D NC50 connections on the drillpipe and the axial

drag approached the tensile strength of the 5 in.
(13 cm) 0D drillpipe string. (APl premium used). At
this point, escentially -all drill _collars: were
replaced with a string. of .5 in.. {13 cm) 0D
HEVI-WATE drilipipe. The same HEVI-WATE drillpipe
string was used for bit_ loading for the drilling of
the 8-3/4 in, (22 cm) slant portion of the hole; a
30% reduction in axial and torsional drag  was
realized. .

In addition, to further reduce the magnitude of
axial and torsional drag between the drillstring
and the borehole, a procedure was developed to
alleviate the problem with a lubricant added to the
drilling fluid. A mixture of a modified trigly-
ceride in alcohol (Baroid Div. of NL Ind., TORQ
TRIM I1) was added to the drilling fluid (water) at
a concentration of 2.0 1b/bbl and the mixture was
injected into the borehole in 50 bbl pills. A 50%
reduction in drag was achieved.

As the torsional drag approached 5 - 10 revolu-
tions of drillstring twist, the capability to suc-
cessfully manipulate torsionally responsive
mechanical drilling jars rapidly degraded. The
mechanical jars were therefore replaced with a set
of axially responsive hydraulic drilling jars
(supplied by Houston Engineering Div., Wilson
Industries), that d{ncorporated several high tem-
perature features which allowed their use for the
remainder of the drilling operations. ‘

In an effort to reduce the effect of abrasive
wear of the drillstring by the granite borehole, a
rigorous program of wear monitoring and repetitive
application of sacrificial tungsten carbide hard-
facing was instituted. .~ .- -~ )

Directional Surveys

During rotary drilling operations single-shot
directional surveys were conducted at regular
intervals. At shallow depths and moderate tempera-
tures, a conventional single-shot tool was . run
either on a 0.092 yn. :(0.23 -cm) slickline or
dropped in go-devil fashion prior.to tripping the
drillstring. As temperatures increased to above
250°F 2121 c),

however,~it'u§s'necessany to utilize

SPE 9227 © .
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" 2 smaller diameter single-shot tool inherently more

heat resistant and encase it in a dewar-type heat

" shield. Additionally, as borehole inclination

increased to 35° it was necessary to substitute a
5/8 in. (1.6 cm) braided wireline to effectively
handle the increased drag on the wireline while
retrieving the survey tool. . At temperafures above
400°F (200°C), it was necessary. to institute
various operational techniques designed to cope
with the elevated temperatures. For example, pre-
cautions were taken -to exclude water vapor from
both inside and outside the dewar flask.

DIRECTIONAL TECHNOLOGY APPLICATION

Well EE-2 was drilled from surface to an

‘approximate kick off point (KOP) of 7000 ft (2.1

km)- true vertical depth (TVD). Figure 3 is a plan
view of the EE-2 wellbore projected into the
horizontal plane. - Wellbore deviation and direc-
tional walk maintained a stable trend of less than
2° at NWW until the well was unintentionally side-
tracked in a SWW direction at a depth of about 2500
ft (770 m). Inclinaton subsequently increased to
4° to 9°, primarily due to the running of  weak
build assemblies.

A series of motor-driven deflection runs were
performed below 7000 ft (2.1 km) to bring the well-
bore course to a northeasterly direction. Fol-
lowing the successful azimuth alteration, attempts
were made with various rotary-driven weak- and
moderate-build assemblies to increase the wellbore
deflection from vertical. = These attempts were
hampered by moderate-to-severe left walk tendencies
which necessitated periodic motor-driyen correc-
tions. to maintaPn 2 northeast well course. Utili-
zing strong rotary-driven build .assemblies, the
desired finclination of 34° from vertical was
achieved at approximately 11,300 ft (3.48 km) TVD.

After reducing hole size, the EE-2 inclination
was locked in at: very near  34° 9inclination using
strong to moderate packed hole assemblies, Table 2.
The hole course exhibited slight-to-moderate left
walk to 11,800 ft (3.63 km) TVD. - Bélow this depth
the walk tendency reversed to the right at a slight
rate and continued to the final total TVD of 14,750
ft (4.48 km), or 15,292 ft (4.66 km) measured
depth. - e - N .

DIRECTIONAL SYSTEM RESULTS ANDVEVALUATiON

The .thirty motor-driven .directional drilling-

runs used ‘in the EE-2 well are tabulated:in Table
3. Of the three different types of motors used,

- only one, the Maurer Turbodrill, demonstrated the

capability to operate successfully above 400°F
(200°C). Both of the positive displacement motors
suffered thermal degradation of the stator. The
turbodrill (run unsealed) however, did suffer con-
siderable radial bearing wear caused by high
lateral bit loads -aggravated by the -additional
length of the shock absorber below the motor. and by
the use of bent subs greater than 1.1/2°. . As
evidenced in Table 4, all motors provided accept-
able penetration rates. Downhole 1ife was limited
by severe bit gauge wear to only two to three
operating hours however. Several instances of high
dogleg severity and out-of-gauge hole created by a
motor run required subsequent borehole reaming
before drilling could proceed. . -

0f the three different types of steering tools
used -on EE-2, only one, the Scientific Drilling
Controls steering tool (run without a heat shield)
displayed the capability to perform reliably at
temperatures above 400°F (200°C).  Much of the
steering too) failure however can be attributed to

- cable head dnd:wireline problems. Motor runs which

were performed without the shock absorber subjected
the steering tools to intense vibration and shock
resulting in extensive damage to tool components.

Both shock absorber tools developed for use
below the downhole motor experienced seal failures
as operating temperatures approached 380°F (193°C).

The pressure pulse turbine speed indicator
performed satisfactorily to the maximum depth to
which it was run, approximately 10,000 ft (3.1 km).

Tricone tungsten carbide insert bit performance
while drilling with a downhole motor was predict-
able, although disappointing. 'Severe gauge wear at
the higher rotational speeds (350 - 500 rpm)
greatly restricted the useful life of motor-driven
assemblies. For comparison, minimum cost per foot
rotary drilling was obtained by operating IADC code
635 bits at high energy levels. Typical operating
parameters of 5500 - 6500 1bs bit wt/in. of bit
diameter, 65 - 75 rpm rotary speed and 4.5 - 5.5
hydraulic hp/in.” of bit area resulted in pene-
tration rates of 22 - 24 ft/h and maximum bit life
of 30 - 40 h. v - ‘

Roller reamers were used as wall contact tools
for all stabilized assemblies after earlier
attempts to use fixed blade and pad type stabili-
zers gave very poor wear performance. The reamers
significantly reduced torsional drag and exhibited
increased effective BHA life. Although the roller
reamers provided less wall contact area than the
sta?}lisers.,satisfactory directional "control was
realized. ‘

In consideration of the hostile environment to

" which it was exposed, drillstring performance was

remarkably good. ' The most significant factor was
the rapid abrasive wear of the drillstring.
Although no downhole failures were attributed to
this abnormal wear, some 4000 ft (1.2 km) of
drillpipe had to be discarded or downgraded due to
externag wear.  Repeated application of tungsten
carbide hardbanding on the tool joints was used to
retard the wear rate. Two downhole fatigue
failures of the drilistring occurred. Both of
these failures were attributed to fatigue crack
growth from deeply penetrating, sharp, corrosion
pits. This Tow incidence of fatigue failure in
consideration of the length of directional hole and
the magnitude of axial and torsional loading cycles
applied to the drillstring, is due in part to the
careful attention paid to the avoidance of high
dogleg severity in the ugger hole and to the use of
low yield strength (75,000 psi) drillpipe for all
but the upper 3500 ft of the string.

Performance of commercially available high
temperature drillpipe floats was poor at - tempera-
tures above 350°F (177°C). The elastomeric seals
became brittle and fafled after only minutes of
exposure. These failures resulted in several
1n§tances of plugged bit jet nozzles and downhole
motors.
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Figures 4 through 6 illustrate the performance
of various rotary and motor-driven assemblies for
changing or maintaining azimuth and inclination -in
the EE-2 granite borehole. The important points to
be derived from these data are: i

o Motor-driven bent subassemblies were an |

effective means of changing. borehole
azimuth.
¢. A very strong build assembly was required
" 7 "to obtain even a reasonable ‘rate ‘of
~inclination increase using rotary methods.
o . Moderate packed hole assemblies were
~ effective at maintaining inclination., = =
e Higher buildup rates were realized as
_inclination from vertical increased. .
e - Walk rate was difficult to control while
" --using  rotary-driven angle _buﬂding
assemblies.
e The effect of azimuth orientation on the
“buildup rate in well EE-2 was minor, -
o The tendency of the EE-2 borehole to walk
~or change azimuth is reduced at higher
inclinations  for both buildup and’ ho]d
_ assemblies.
¢ . The direction and rate of walk appears to
-..be .a function of both depth and azimuth
orientation.

Mthough the above observations are for a
single well at this point, they are data which will
be used during the planning and drilling of subse-
quent wells at the Fenton Hill Site.

CONCLUSIONS

1. Conventiong) directional drilling motors, wire-
1ine steering tools. shock absorbers, bits,
stabilizers, surveying tools, drilling jars,
drillpipe floats and many other associated
equipment items are not directly applicable to
such hostile downhole environments in deep
wells at the Fenton Hill site.

2. Equipment capable of successful performance in
such a drilling environment has been developed
and tested.

3. Additional directional drilling sytem develop-
ments are required to increase operational
efficiency and reduce costs of HDR drilling.

4, Considerable “state-of-the-art* knowledge has
been developed concerning directional drilling
planning, equipment and procedures in hot, hard
abrasive rock.

ACKNOWLEDGMENT AND DISCLAIMER :

The authors wish to thank the many firms and
individuals that supported the EE-2 directional
drilling operations with ‘their equipment,
instruments, services, and expertise. However,
reference to a company, product name, service, tool
or equipment item does--not inply approval -or
recommendation of the product, service, or tool by
the University of California (LASL) or the U.S.
Department of Energy to.the exc'lusion of others
that may be suitable. ]

REFERENCES

1. Hilhams. R. E., Rowley, J. C., Neudecker, J.
W., and Brittenham, T. L.z~ “Equipment for
Drilling and Fracturing Hot Granite Wells," SPE
Paper No. 8268, presented at the SPE 54th
Annual Technical Conference and Exhibit, Las
Vegas, NV, September 23-26,.1979.

2. Wilson, G, J.: ™An fmproved Method for Com-
puting Directional Surveys," Transact‘ions,
AIME, 243, 871-876 (1968)

3. Cummings, R. G., et 2l.: “"Mining Earth's Heat:
Hot Dry Rock Geothermal Energy,* Technology
Review, Vol. 81, No. 4 (February 1979) 2-19.

4. Maurer, W. C., Nixon, J. D., Matson, L. W., and
Rowley, J. C., “New Turbodrill for Geothermal
Drilling," 12th Intersociety -Energy Conversion
Engineering Conference Proceedings, Washington,
DC, Vol. 1, pp. 204-211 (1977).

5. McDonald, W. J., et al.: “Development of
Turbodrill Tachometer,"  Geothermal Resources
Council Transactions, Vol. 4 (September 1980).

TABLE 1 DRILL MOTORS AMD STEERING TOOL SERVICES
- USED II_EE—Z DIRECTIONAL DRILLING
DRILL MOTOR )
Diam. Temperature
Type In. Rating Supplier Key
Positive 6-3/4 «175°C (350'F)' Baker Service BPDM
Displacement Tools
(Houston, TX)
Positive 7-3/4 =155°C (310'F). “"Dyna-Drill Smith DOPDM
Displacement - . International
= {Irvine, CA)
Turbine 71-3/4 =2715°C (530°F) Maurer Eng., Inc. MEIT

{Houston, TX)

STEERING TooL

Temperature ' Service '

Sensor Type Rating " Company Key

Magnetometer 215°¢® (527°F) Eastman-Whipstock oot

with Inclinometer . (Huuston. )

Magnetometer 316°c® (600°F) Sperry-Sun sst

with Inclinometer . {Houston, TX)

Nagnetometer 200°c° (400°F) Scientific Drilling  EYE

with Inclinometer Controls . :
{Irvine, CA)

% Limited by elastomers wsed in motor drive system.

-

Requires heat shield. -

Run without heat shield.



TRUE VERTICAL DEPTH (teet)

Fig.

EE2 €27F Q75°C)
- " SOTTOM WOLE TEMPERATURE ~ ~|** -

1 - HOR Drilling Plan for EE~2/EE-3 Heat

Extraction Reservoir.

200

&0 &0
T

URE PULSER
TOP TURBINE STAGE

IGH YEMPERATURE
SHOCK ARSORBER

1600

5

DISTANCE NORTH (1)

T —T
DISTANCE EAST (m)

! L

1.0. 15,292 ()
14750'(f) VD

DEVIATION
120} * doo
- E
" S
I’
. <
]
-4 200 °

: 1 . 4 — 1 PR B 1
n
L ° a0 200 7200, ves S
. DISTANCE EAST (1)

Fig. 3 - Plan View of EE-2 Well, Based on
: s1ng1e-Shot Data. .

——.

. ————

TABLE 2

TYPICAL GOTTOMHOLE ASSEMBLIES FOR IIISC‘I’IML DILLING II MDR WELL EE-2

B for Drill Motor Aztmtmal
Angle Alteration

SHA for Rotary Inclimation
Angle Incretse

IM for luur: I-:Hmiu

12-1/4 tu. ¢l Bit
Shock absorder

Srill wotor

Crossover sub
mmmm wo

§ 1. Glam wonel u“r

12 8 n. diam grili collers
21 Jotats WP

SRVARIT &7 Wpe.

32-274 18, &iam Bt
81 reamer

. ePoim

Crotsover sub 3
6-1/: in. diam gone) dril)

collar
OJ“ 0, Glem short orill
collar -

63/4 tn, ¢iam dri)) collar
Cressover sud
B-Point string

in. dim Mll ulhr

Crossover swd
10 6 tn. ¢iam ¢ril] cotlars
e

13 Joints MDPe

I-Jll . ‘i— Nl

&lll 8, l‘- M lrm eollar

3-Poimt string reame

$:3/4 tn. diam mone) orid) coller
DePotat string veamer

¢ 5-3/6 in. disn ¢ril] collars

20 Joints WMEP*
Dritling Jars
13 Joints MDP*




Directional

Table 3. Susmary of azisuthal directional drilling ruas for well EE-2

(Note: 411 runs with 12 1/A" dia, bits)

Neasured -

Steering Dapth,
Tool Bent Swb neters

o Distance
Borehole Drilled,

Drill Motor = Drill Shock
Mo,  fiotor® Service® _angle  (feet)®.  Devistion®® _(feet) Absorber®
1 MEIT M.A, 0- © JA9T 8 3N, 86NN 1 Yes

912) 7
? POPIN  POT 2% (gn N 1/2°,860%N 0 %0
92)
3 SOPDM  2OT 2% 1986 I — 8.0 ¥o
(6518) (26)
L] BOPDM e 2% 2017 3% e—— S No
16597) 19
s POPDM e 2% 2011 4% emee 6.7 o
(6619) (22)
¢ POPDM e 2% 2078 & INCATY 0.5 [ %3
(8018) {100)
14 | 2 T 2¢ L2107 s v2o,M% R %o
- (6918) (as)
] BEDM e 1 172° 2135 S I/ACRI6E 7 %o
(7003) (89)
9 DOPDH  —em 2% 2360 15°, 0138 16.5 ¥o
(1783) 5%
] MEIT o7 1 v2° 2538 16°,¥13°E 17.7 Yes
{8326) (58)
1" MEIT  pOT 1 172 2538 — 0.6 Yes
(8328) )
] $EIT . poT 112 2564 16°,17E 26 Yes
(8110) (86)
13 MEIT  POT 1172 2608 13 3/R%,N3TE 0 Yes
(8545) (131)
n ®IT o7 1 1/2° 2613 — 9.1 Yes
(8575) (30)
] MEIT  DOT 1 1/2° 2613 — 0= Tes
(8757)
% EIT 0T 2° 27154 —— 18.3 Tes
(9035) {60)
7 MEIT  DOT 2* 2753 — -0- Yes
(9035)
1] €T por t 12 68 15%, 030 3 Yes
{9082) 2)
19 MEIT  pOT 2° 2800 — 32 Yes
(9188) €106)
20 ¥EIT  DOT 1172 2838 13 1/2%,WN0%E 37.5 Yes
€9311) (123)
21 ¥EIT DT 1 1/2¢ 2854 . 13 1/8°,MA2°E 15,8 Yes
. (9363) (52}
22 $EIT  POT/SSTC 2° 2854 — 0- Yes
19363)
..a EIT EE 2° 2895 12 1A%, MA0%E 2 Yes
(9467) (10%)
] nmi e 2° 2900 12 1/A%,NAR'E " Yes
\ (9513) * [£13]
-} MEIT  BTE 2° 2905 — 5.5 Yes
(9531} 18) -
3 MEIT RYE 2° 2980 13°,859 € 3.0 Mo
€9776) . ()
1 | 2 T 4 2¢ 2997 15 1/2°,MTN%E 5.5 o
(9838) {51)
2 BN ETE 2° 3002 —— 1. [
(9850) (10)
2 EIT I 2° 3021 13%, 059 19 %o
9912) 62)
» MEIT  RTE 2° 3059 — % Ko
€10,035) ®
n MEIT M 1 v2e 3216 21°,%70% 38, [ )
(10 [¢F22)
See Key Table 1. LT Fig. 3.
8Depth at end of run  DRefer to Nillfams et al, 1979, Ref. 1.  SHADES wersion
TABLE 4

rks

First field trial of 7 3/4® dia. MEI turbodrill.

DOT tool damaged

411 subsequent runs required intermediate reaming of hole

Considerable operational difficulties experienced from
830019303 with DOT tool - -

Turbine would not rotate

Turbine would not rotate, Sperry Sun steering tool failed
Resched temperature limit of shock gbsorbders

Reached temperature limit of BPDM

Motor run used to increase inclination

MOTOR ASSEMBLY PERFORMANCE SUMMARY

Number Average Average A
l;otor of Hours Footage R(;:rggﬁ
ype Runs per Run per Run Run (Fph)
MEIT 21 2.8 59.8 21.6
0DPDM 6 4.5 54.7 12.3
BPDM 4 7.8 48.8 6.2
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