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ABSTRACT

This report discusses directional drilling techniques and pro-
cedures that can be used to access fossil energy resources.
Unconventional resources such as tar sands, oil shale, and tight
gas formations are specifically examined. Performance require-

ments, current practice, a description of drilling hardware, and
a discussion of key developmental needs are presented.
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INTRODUCTION

Recovery of many fossil fuel resources requires the capability
to drill holes that are deviated from vertical. Such procedures
are called directional drilling and they have been developed to
allow the éccessing.of target locations that are displaced hori-
zontally and vertically from the start of the wellbore. The
evolution of modern directional drilling practices has been prompted
by offshore petroleum develépments where multiple wells have been
completed from a single drilling platform. Special hardware and
techniques have been developed to achieve wellbore path control
and to insure that the desired target is intersected.

Mechanical fixtures known as whipstocks and the fluid pressure
from jets have been used to direct the bit; however, a recent |
practice has been to utilize a downhole fluid motor with aebent
sub or housihg to control the change in the angle of the deviéted
borehole. Specific placement of the borehole path is accomplished
with the use of frequent surveys, with each survey followed by
application of the proper directional corrective measure. ‘The

interrelationship between drilling, controlling, and surveying is

depicted in Figure 1.

R
Drilling |e— —

v

on path

4 Surveying

Iﬁ off path
Directional Control Input

Figure 1. Directional Drilling Practice



"'High‘costs,-reduced rafes of penetration, and other»drilling
problems‘currently limit“the use of directional drilling to those
apolioations where economic - advantages are clearly realizable
(e;g,,>offshorej or where driliing might otherwise be difficult
or'prohibited (e,g., acCessibility or regulatory concerns). Con-
sequently, programs to achieveeimproved efficiency and eXpahded,
4scope in,directionalvdrilling practices are required.
| _In'recent years, severai applications-for,directional drilling
.have'eherged that will make the recovery of additional fossil
fueliresourceS'possible. These include horizontal and slant hole
drilling into coal seans for draining and recovering methane and
to'access heavy 0il and tarvsandS'deposits,_yerticaiAto horizonral
dr1111ng for in-sdtu coal gasification, oil shale retorting, a and.
mlneral-leachlng Also appearlng are extended reach drllllqg (ERD)
for offshore 0il and gas:and small radlus drainhole .drilling to
1mprove 011 dralnage and reduce gas coning. These and other direc-
tlonal drllllng appllcatlons w111 require the exten51on of drilling
teehnology-and hardware

"Significant advances in controlllng the path of tho wellbore
have been made. 1 However,. the 1nterdependence of dr1111ng, moni-
torlng,.and controlllng (Flgure 1) will become more cr1t1ca1 as
directional holes |

approach horlzontal

are shallow with- high angle buildup
are longer | |

are directed'towarde'smaller targets

A portion of current research work is directed at reducing the



sensitivity (cost) of these separate elements by developing advanced
systems which integrate directional drilling'functions.. These are
typified by real-time steering andvmeasurement-while-drilling systems.
The purpose of this study is to summarize current directional
drilling practices and equipment and review recent experiences in
drilling non-typical directional wells as related to coal, tar
sands, etc. This background information will identify research
and development projects which impact fossil energy recovery.
The report is based on key sections which give:
Reasonable directional drilling performance requirements
based on resource characterization and production téchniques
Current directional drilling practice
Non-typical directional drilling experience
Technical advances needed to upgrade directional drilling
technology to satisfy the performance requirements .
An appendix of state-of-the-art in directional drilling

equipment and procedures.



DIRECTIONAL DRILLING REQUIREMENTS

The objective of directional drilling is to driil~éiong" i
a predetermined path to a target using drilling practi'ces':"~
that are economically feasible; Successful directional
drilling programs are being conducted daily throﬁghput;th§ 
petroleum industry; however, curreﬁt 0il and gas difecfibﬁai5 v
drilling pfactices do not directly transfer to the expibiﬁéﬁidn‘j
of unconvéntional energy sources such as:. | RIS

1. enhanced gas and oil recovery

2. methane dréinage from coal

3. 4An-s4itu coal gasification

4. 4in-situ 01l shale recovery
The main differences between conventional petrolépﬁf@i ec
drilling requirements and those for the above‘épﬁiiéét
tHe desired hole configuration, and the 1ocatiohié&arﬁ£qper

REERAE

of the formation. Specific performance fequirementsjﬁafy”yiiﬁﬁﬁ7i

each resource and production system. The followingfarqiié U:f? L'
quirements which apply, in general, to the development pfiV}Q_f4
unconventional energy sources.

Hole Configuration: Wellbore configurations may be VeftiEQI;

horizontal, slanted with high curvature, or a combination qf»
the three. For example, holes for draining methane from coal
have been drilled horizontally, starting at the coal féée,

into an underground seam for distances of 1000-3000 ft. eAlso,

high curvature wellbores have'been drilled with a full 90°



angle change from vertical at ground level to horizontal at
the coal seam; wellbore radius of curvature depends on the
depth of the seam. The selected wellbore configuration' is
also related to production technique, cost, sweep efficiency,
etc. |

Hole Siie: Hole diameter is often less than 6 inches in order
to minimize drill rig requirementé. This means that all
downhole equipment, such as motors, bits, drill pipe, collars;
and stabilizers mﬁst be scaléd down. Two-inch drill pipe is
commonly used in drilling these shallow, slim directional
wells. This size pipe is very flexible and places gﬁ.additional'”
burden on direttional control.

Hole Location: The actual wellbore is constrained to follow

-

the planned path with a specified margih of error. Location
can be critical, on the order of one foot or 1e$s, for very
thin coal seams. This places greater accuracy requirements
on surveying methods and directionai control. In addition,
the orientation of the wellbore would be critical if slant
hole drilling is folloWed by horizontai drilling. In-s4itu
processes that are based on horizontal drilling to achieve
communication betwéen vertical wellbores will require methods
- to accurately locate the borehole in the horizontal plane.

Formation Problems: Formations within 2000 feet of the sur-

face are often fragmented and the fracture gradient is low.
This affects directional control of the borehole and the

accompanying problem of lost circulation can reduce chip



removal efficiency; Many formétions.enCountefed in heavy'
- 0il and tar sands reservoirs afe-unconsolidate@ and drillihg
horizontal holes presehts serious bérehole stability proBlems.
Coai, although-relafively easy to drill, has many4feature§
Which may deflect fhe bit from the desired path. Properties
such as washouts,'partings, folds, pyrite balls, clay_in~
clusions, etc.; can cause this deviation. |
SpecifiC'direCtionél'drillihg performance reduirements
- for the development of both conventional oil and gas and
unconventional fossil fesources are discussédibelow without
regard.to>pfesenf technical 1imitatioﬁ$'or the status 6f .
past or current deVelopments. _They ére.intended’to reflect '
éu;fent thinkiﬂg’on the_optim&m manner  to access and produce
Zthe'épecific resource type. 'PdsSibie directional drilling
teghniques.and‘hardware'tb achieve these requirements will

‘be evaluated in following sections.

Conventional 0il and Gas

* Deviated hoies are réquired for a large number of'vaiied
~applications in this resource type. - In response, directional
drillinéftechnology has Been derived and guided within the
séoﬁevof this need. | | |

Completibn of mgltiplefwells ffom a single pad or piat-‘

form is an integral paft-of economic drilling. This is
especially ttue{for'offshdre driliing énd the Alaskan north

slope. Reaching the maximum resource from one drilling



location maximizes the economic benefit. As a result, the
conventional horizontal distances that caﬁ be achieved from
conventional drilling locations have increased ovér the years.
There is a current need to drill distances up to 25,000 feet
laterally. This is about double present capabilities. These
long holes will require improved methods for the efficient
removal of the cuttings from the hole. Also, thrusters may
be required to advance and remove the drill string. Improved
sensors capable of measuring bit position to within a five
foot sphcre of accuracy at 10,000 feet measured depth are
desirable. This represents an order of magnitude improvement
over what is typically used presently for conventional o0il
and gas recovery. A better understanding of the bottomhole
assembly‘dynamics (BHAD) in these long, near horizontal, )
holes is necessary to insure bottomhole stability for both
present and new drilling tools.

There are times. when specialized directional drilling
requirements are necessary to sidetrack pipe stuck in the
hole or to kill a well that has blown out. These instances
require the utmost in survey accuracy and control of the
bottomhole assembly.' Devices (accoustic, magnetic, etc.) to

sense the precise location of a nearby wellbore are required.

Unconventional 0il Recovery

The performance requirements for the emerging technologies

associated with unconventional oil recovery are undergoing



constant:change. As new techniques for accessing and.pro-’
ducing the resource are conceptualized and develéped,,the
needed directiona1 drilling reQuifemehtS become evident.

| The directional drilling'requirements for'heavf oil
(API gravify < 16;20°) reﬁérvoirs afefdften directed'by
the productlon conflguratlon of the wellbore system Sﬁch
techniques as steam drive, gravity dralnage, and multlple
infill- holes are frequently used. A desirable goal for
impfoved recovery is the ability to drill high angle‘and
hérizohtal'holes. The development of thrusters, improved
sensing and guidance, and a procedure for removiﬁg the»chips
from the hole will be required. - The highly deviated drilling
in these formatibns'wiil also require methods to insure
borehole integrity. The éompletion of multipleAhorizontaI' 
holes from .a single'verﬁical wellbore could be.beneficiai-
fof‘steam~injection or gravity drainage. Large numbers of
infill‘holes will be'required. As these are shallow holes,
lefficiént portable rigs will be'requifed.

Current directibﬁal driliing requirements'for £ar.sands
parallel many of those descrlbed for heavy oil. Addltlonal
needs arise due to the hard shallow 1nf111 drllllng, because
adequate loads cannot be applied to the bit, and large rocks
in the drill path tend to deflect the bit. It is desirable
to.drili large (12-1/4”) infill holes using sma11,'truck'
mounted rigs. As a result, developments are required in

the BHAD of large bits on small drill rod to control deviation

‘}\\:‘ . .
. e, -



probléms. If the resource is to be mined, directional drilling
in advance of'the mining may be rcquired.

Significant advancements in the state-of-the-art of direc-
tional drilling will be required in order to recover oil from
tight shale formations where radial drilling for explosive
fracturing and chamber creation is required. 1In-s{fu retorting
processes will take on various configurations with horizontal
linking a strong possibility. A series of wellbores, very
‘accurately aligned, will require improved hole surveying tech-

niques.

Unconventional Gas Recovery

Unconventional gas recovery may include tight gas formations
such as sands and shales, the recovery of methane from géalbeds,
and the conversion of coal by gasification. Tight gas for-
mations will require radial drilling for explosive fractures
or directed hydrofrac, Methane drainage from coal requires
long horizontal holes. Fracturing is not always possible in
seams that are to be mined at a later date. This drilling
can take place at the seam face in an existing mine; but
must be conducted from the surface in deep unmineable seams
or when drainage in advance of mining is desirable for safety.
Horizontal holes from 1000-3000 feet are desirable. Multiple
holes to increase drainage effectiveness are required. Sensihg

and telemetry developments to keep the hole path within the

seam, and thrusters and steering devices will be needed.



Some gasification techniques require horizontal holes
and in many cases, linking to another vertical well is a major
objective, This will require tne'development of accurate sen-
sors and steeriné tools.

A summary of the requirements for f0551l energy directional
drilling is presented in Table I. These requirements for
-developlng new. d1rect1onal drilling technlques and equipment

must be carefully evaluated agalnst more convent10nal methods

with regards to performance, schedule, risk, and cost.

" CURRENT DIRECTIONAL DRILLING PRACTICE

,,Theuconfigoration.of a directional well-usuallyndepends

on'geological structures and the location of the producing '

zoneS'with respect'to lease 1ine5'and spacings. According'

to present'practice; there is omne nolefbottom~per wellbore}

branch or lateral drainhole type drilling is not common practice.
An important.faCtor.in the SQCCess of a directionalAWell |

is the selection of'the "kick off point” or the deptn at mhich

the directionally drilled section is to be started. Higher

drift angles,.in'the 15° to 45°'range, allow greater flex-

ibility in-selecting the most desirable kick off point and

give greater stability of direction than smaller angles in

the 5° to 10° range. 'Drill-bits have a natural tendency to

move laterally as they penetrate alongithe vertical axisi(”walkﬂj

so the directional plan must allow for this displacement.

10



UNCONVENTIONAL OIL RECOVERY UNCONVENTIONAL GAS RECOVERY

DIRECTIONAL DRILLING CONVENTIONAL HEAW - TAR OIL TIGHT METHANE COAL
PERFORMANCE REQUIREMENTS OIL & GAS OIL SANDS SHALE GAS FROM COAL " CONVERSION

HOLE CONFIGURATION REQUIREMENTS

It

HIGH ANGLE — LONG LATERAL X ' X
HIGH ANGLE — SHALLOW TARGET X ' X X
LATERAL DRAIN HOLES X X ‘ X X X
HORIZONTAL HOLES X X X X
PERCISION VERTICAL HOLES . X X
LARGE DIA. SHALLOW HOLES X X X
INSTRUMENTATION REQUIREMENTS

HIGH ACCURACY SURVEY TOOLS X X X X
RELIABLE TELEMETRY SYSTEMS X : X X X X X X
COAL SEAM INTERFACE SENSOR X X
MEASUREMENT WHILE DRILLING A ) ’

SYSTEMS X X

DRILLING REQUIREMENTS

MULTIPLE HOLE RE-ENTRY

CAPABILITY _ X X X X
THRUSTER SYSTEMS X X X X X
BOREHOLE STABILITY TECHNOLOGY X X X X X
CUTTINGS REMOVAL TECHNOLOGY X X X X X
" FLUIDS X X X X
ANALYSIS AND CONTROL OF
DRILLING SYSTEMS X X X X

TABLE |
DIRECTIONAL DRILLING PERFORMANCE REQUIREMENTS




Otherwiée, ;esisting the bifs'normal tendenties would only.
résuit-in increased rig time. Mathematical graphs, called
"bufld:Uﬁ‘charts"; may be used in.blanﬁiﬁg the drilling
ﬁrogram. An example driiling plan is presented in the fol-
lowing table:

Given: K.0.P. (Kick Off Point) 2,000 ft

T.V.D. (True Vertical Depth) 10,000 ft
Deviation (Horizontal Deviation) 2,455 ft
Build Up o 2° per 100 ft
Direction ‘ E N 30° 45' E

The build up charts give maximum angle of de&iation, measured
depth, true Vertical'deptﬁ, and horizdntal deviation corres-
-ponding to the ﬁaximum angle (Zj. - . |

" The type of formation at,fhe seiéqtéd kick 6ff point i;‘
a prime factor in chodsing a suitable deflection tool.
Normally, formation hardnéss.is the controlling criteria.
Types of defléction tools are: whipstocks, jet bité, and
‘bent subs or housings. The appllcablllty of each tool as a
function of formation hardness is summarlzed in Figure 2 (1).

| Whlpstocks are used with a dr1111ng assembly consisting
of a properly 51zed whlpstock drill"’ b1t a spiral stablllzer,
and an orienting sub rigidly attached to the whipstock by a .
shear p1n. Once the assembly is lowered to the bottom of the
hole and oriented, proper weight is applled.to set the whip- -
stock and shear the pin. The bit then drills about 12 to 16 ft

below the toe of the whipstock. A pilot bit is then'uéed to

12
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Approximate
Penetration Rates
(Ft/Hr)

Whipstock

Jetting

Motor with Bent Sub

300 100 4 15 5 1
Class 1 Class II Class IIl1 Class IV « Class V
Very Soft Medium Soft Medium Med{ium Hard l Hard

ANAAANAANRANNRNNNNS
NANANNN
AMLLRNRRR RN

Figure 2. Tool Applicability as a Function
of Formation Hardness




open the hole to the requiredfdiameter, and a,surVey is made
to record the amount of defleotion.' Typically fourttrips
are‘required to e stablish a deviated-hOle by whipstook‘methods.
The jet-bit is a fast and economical deflection tool
which is used to deviate weilbores in‘soft formations. nIt
is a modified roller cone bit with one 1arge'nozzle._‘This_
. nozzle is oriented in the‘desired course directionaand used
.to wash a cavity. Short drilling periods,twhen alternated
'with'jetting, produce the deviated hole. |
| The downhole motor with a bent sub is currently the most
w1de1y used deflectlon tool. A bent sub builds hole angle in
a given plane which is established:by the proper orientation.
of the bottomhole assembly. Mud motors are~used hecause the
drill p1pe must not rotate when a bent sub (or hou51ng) is in
‘the drill string. Holdlng the de51red hole orlentatlon is
‘dlfflcult to achleve wh11e drilling because the motor reactlon
torque causes reverse drill p1pe-tw1st1ng
Downhole motors and bent subs can be used to. dr111 a full
gauge»hole at the kick off p01nt thus e11m1nat1ng costly
follow-up trips to ream the hole to full gauge Trajectory
adJustments are also more accurate since the motor penetrates
along a smooth gradual curve. .Downhole motors e11m1nate
the need for clean up trips due to bridges, dog legs, etc.
Once thetinitial deflection'and direction of the well are
established, directional control is, for the most part, accom-

plished with conventional rotary drilling techniques.,_For

14



example, packed hole assemblies are used to maintain inclined
hole direction. |

Wellbore orientation and bottomhole location are not
measured directly but are calculated from periodic drift and
azimuth angle measurements. Incremental changes are pre-
dicted between two measurement locations according to various
calculation methods (3). API recommends the Average Angle
Mcthod because it provides a reasonable degree of accuracy
without the use of sophisticated computational equipment.

Most wellbore surveys are made with single shot magnetic
Oor gyroscopic instruments. These instruments are lowered
through drill pipe on a wireline while the survey is being
madei Photographs of azimuth and drift readings are taken by
the downhole instrument package and these photographs becéme
a permanent record of the wellbore. A multi-shot survey
instrument can be used to record direction measurements at
several different wellbore stations,

Recently developed instrumentation systems allow downhole
directional informatidn to be transmitted to the rig while
drilling. Electric cables transmit downhole directional
parameters which are interpreted and displayed for the direc-
tional driller. This system is used only when bent subs and
downhole motors are used to build hole angle. Advanced tele-
metry systems, such as mud pulse, will allow continuous
transfer of downhole directional data while drilling.

A more complete description of the hardware finding

15



application'in directional drilling is presented in the
appendix. Included are descriptions of drill bits and bit
thrusters, steering tools, drilling motors, drilling rigs,

and surveying instrumentation.

NON-TYPICAL DIRECTIONAL DRILLING EXPERIENCE AND EQUIPMENT

This section reviews field experience in drillingtdif-
ferent types of non-typical directional wellbores, A-descrip-
tion of unique hardware developed'for some of these non-typieal

applications is also presented.

High Angle Buildup Followed by'LongﬂLateral Drillihg

Typieal oil and gas holefconfigurations have target ce-
ordinates around 10,000 ft vertical. distance and 12,000 ft
lateral distance. The high“cost~of_offshore_ihstallations;
such as platforms,-subsea wellheads, and-flOw.lines, isugivihg
impetus to drilling that resulterin.a much greater lateral to
vertical dlstance ratlo. o | | .

In 1975, Tenneco 0il Company dr111ed three h1gh angle |
holes (60°, 70°, and 80° ) from ‘a 51ng1e platform (4). ‘By~'
’1ncrea51ng “the angle from 60° to 80°, the reservoir area that
the well can 1nvest1gate 1ncreased over. sevenfold Figure 3a
 shows how the hole angle was bu11t at 4° per 100 ft to 80°
and then a high angle stralght hole drilled to the target

The casing program is shown in Flgure 3b.

16
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KOP AT 1,350 ft,
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a. Well Profile

averuge angle 82°

1 26-in. drive pipe @ 668 ft
; 16 in. conductor @ 1,260 ft
: KOP @ 1,350 It
\_" {Build 4°/|00 f)

0’/. -in. surface @ 3,970 f1
;.,Sldetrucked @ 5,998 ft

7%/s-in. production @ torul dep!h
{12,300 ft MD, 4,454 ft TVD)

b. Casing Schematic

Figure 3. Tenneco High Angle Hole
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‘Plamming was a key factor in the successfof these“wells.;
Drilling rig selection and modifications were made to maximize
drilling efficiemcy in»order to,prement any downtime durlng'
drilling that‘might result in loss of the hole;A_An extensive -
review'of high angle drilling in the area of this.offshore
installation, along with an action plan, helped touprovide al
technically and'economicallyueound basis for'tﬁislhigh angle
drilling program

Angle buildup u51ng a downhole motor and bent sub began
after a 16 1nch_conductor pipe was cemented. The d1rect10na1
hole was kicked off at 1,350 ft with a_DynarDr1ll_and a-9-7/8
inch bit, bﬁilding about_4°/100»ft., This bit size.was selected
instead of a 15 inch bit to maintain ¢loser directional'control.
The-9?7/8 inch surface hole mas opened to;lS inches with-a'

: bullnosed'ﬁole opener. A 10-3/4'inch surface'caSing*was set
after the angle: bulldup was. completed allow1ng a- relatlvely
stralght shot to total depth.

There is little technology or exper1ence for de51gn1ng
bottomhole assemblles to hold the constant angle required. for
'the high angle hole shown in Flgure 3. Great care was exercised
to insure borehole stability. 'Slngle shot surVeys were_taken
about every 180 to 240 ft and after each Survey, the drl1ling

~parameters were altered to keep the angle in check.

‘High Angle Buildup Followed by Drop in Angle

Directional wells reaching maximum angles of 74? haVe |

18



been drilled by THUMS (5). They report a few problems with
sticking pipe and hole stability. Success is again attributed
to the establishment of a sound technical drilling plan. A
typical well profile is given in Figure 4.

In this case it was determined that angle buildup must
be limited to 6° per 100 ft and maximum hole angle held to
70°. Drop-off rate is limited by the ability or inability of

the bottomhole assemblies to deflect the hole downward.

== YR S T S R ST BN AT T S R A

Nofe: In generol drift angles ot "D"
are kept ot 45° or less

Figure 4. THUMS Well Profile

Experience indicates that even at slow drilling rates, angle

reduction greater than 2-1/2° per 100 ft can rarely be attained.

High Angle Buildup to a Shallow Formation

High angle holes are also being drilled into fossil fuel

19



'vbearing formations 1ying within a few hundred feet.of greund_
:leVel Total angleffor theSéfholes is near 90°. ‘VThe objective
here is to penetrate the formation with a horlzontal hole
section after total angle is achleved Horlzontal holes allow
better ‘Tesource recovery rates than do vertlcal holes penetratlng
through'the same‘formatlon. Four wellbores of this type are
discussed beiow. |

1. Esso Resources Ltd. of Canada has successfully drilled
and completed a 90° total angle wellbore and penetrated a 260 ft
" tar sand zone 1,452 ft deep (6); Detalls of th154wellbore are |
shown.in Figure_S. - It is therfirst Qell of this type and will
be used in ah Ln-bitu,recbvery-pilot operatibnlat Cold Lake,
Canada. Other wells inlthis>area have been deviated up to 35°

</

from the vertical.
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~— 549 11,.19.5
‘® ~10.3/4 In CASING _ .. _
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>
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Figure 5. Esso Resources
Tar Sands Well
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An angle building assembly and a hole opening assembly
were the two types of downhole assemblies used to drill this
well. The angle building assembly consisted of a mill tooth
Bit rotated by a Dyna-Drill motor. A 6-1/2 inch Dyna-Drill
was used in both the 12-1/4.inch and the 9-1/2 inch pilot
holes. Angle building was accomplished using eithér a bent
sub or a bent housing Dyna-Drill! The three bent subs used
were 1.5°, 2°, and 2.5°. Heavy weight drill pipe was run
immediately behind monel collars so that steel drill collars
could be placed further uphole in the more vertical section
"of the hole, providing weight on bit. This is contrary to
current directional drilling practice, but no pipe buckling
problems were noted. This drill string assembly also reduced
the chances of differential sticking. The hole'opening assembly
consisted of a pointed bullnose, a non-rotating stabilizer,
and a reamer.

Directional surveys played a critical role in the success
of the project. The horizontal portion of the hole was toAbe
locatea near the bottom of the tar sand formation. A real-time
survey tool was used at all times in the pilot holes. Single
shot magnetic surveys were also run every 60 ft to provide a
permanent survey record as the hole progressed. A telephone
link from the drilling location to an IBM 370 computer 1in
Eamonton was available and continuous computation of the hole
trajectory was performed.

As the hole inclination approached higher angles, the
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frictional drag on the drill string increased and satisiactory
weight on bitibecame more'difficult to maintain.. Drill string
drag during trips was usually about thOOO to 15;000. pounds.
The most troublesome problem occurred in enlarging the
12- 1/4 1nch pilot surface hole. Initial efforts to redam the
pilot hole with a 30 ft long bullnose were,unsuCcessful. A
short non~rotating stabilizer oositioned'ahead of the hole
opener was able to follow the pilot hole successfully. An
angle buildup rate of 4-1/4° per 100 ft was’maintained with
'A12—1/4 inch bits. All casing Strings went in.very smoothly.
2. In 1975, Morgantown Energy‘Research Center'(MERC)
contracted t0'have~a high'angle hole drilled»into a-coal seam
‘near Pricetown as part of a program to. study underground coal
ga51f1cation (7) - The coal bed is 880 ft below- ground level
and is 6 ft thick at the test 51te (see Figure 6).- The ob-
Jective of the drilling program:was to- bu11d hole. angle until
reaching the coal seam and then drill horizontally in the coal
bed for a, distance of 500 ft. It was necessary to tilt the
derrick an angle of 10° and build hole angle at a rate of 5- l/2°
per 100_ft. Approximately 60 ft of surface casing was set,
and then a 3 inch pilot hole drilled until the coal'seam was. .
penetrated..'The hole was then reamed out to 7-7/8‘inch and
'5-1/2inch casing was set from the coal seam to the surface.
Drilling continued horizontally with a 473/4 inch bit for
‘approximately 500 ft."Drilling was accomplished with 2-3/8 inch

DynarDrill downhole motors.' Problems encountered during the
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This drilling program. showed that high angled directional
wells can be drilled and inserted into narrow coal'seams for -
at least 500 ft;' However, this was an experimental drilling
program'and the coSts_were high.- The cost of drilling this
type of hole must be greatly reduced for in-situ coal,gasifi—
cation to be commercially feasible.' | |

3. 'Slant hole drilling from the.surface using,directional
_drilling techniques is being evaluated by the Uu. s. Bureau of
Mines (USBM) as an alternate method for drilling horizontally
into coal seams. Drilling is conducted from the ground surface '
instead of at the coal face and requires accurate.d1rect10na1
surveying and bit control to'hit the»coallseam;atla near |
horizontal slope:(see Figure 7). 'Theiriproject includes
drilling into the Pittsburgh coal'bed at_the Emerald Minej
near Waynesburg, PA (8). | |

One .goal of the USBM project.was tordrill a circular arc
directional well having a planar radiusAof.about 1,000 ft and
then continue the drilling program hori;ontally into a coalb
seam._ This wellbOre was drillediwith:a truck mounted drilling‘
r1g using-a 2-3/8 inch Dyna- Dr111 hav1ng a bent hou51ng.

B1t force was generated by hydraullc cyllnders pushlng
down on the drill pipe at the surface Part of ‘this push '
down load was absorbed by fr1ct10n and confining forces along
the drill pipe so the magnltude of the bit force was not
exactly known during the drilling} The axial bit force com-
ponent, however, was monitored'reasonably well from theiknown

-pump pressure. The Dyna-Drill is a poSitive disnlacement'
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motor so pressure drop across the motor is a good indicator

of output torque and thus bit thrust force.

Accuratc directional surveying using Eastman Whipstock
magnetic singleshot equipment was a key factor in the suc-

cessful drilling of this hole.
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4; Lawrence Livermore Laboratory recently drilled a
,d1rect10na1 hole to’ penetrate a coal seam at Hoe Creek, Wyomrng
" The drilling rig was slanted about 30° and’ hole angle was
..;developed at a rate of 50 per 100 ft in order to horlzontally -
’penetrate a coal seam about 150 ft below the surface. The

coal'seam was'25 ft thick‘ The horizental portion ofltheb
hole in the coal seam was approx1mate1y 200 ft long |
Low penetratlon rates of 3 to 5 ft/hr were experlenced
due to low bit force and the need to use dramond bits. D1amond
"bits were'used because cbnventiohal.r011er bits cannot Be ﬁsed.‘
much above 150jRPM§ the DYna-Drill operated at 400 RPM. Low

bit force was required to maintain directional control.

Extreﬁely'High Curvature Holes (Drainhoiesi

| ‘ Holee that are drilled horizontally from Verticai wellbores
are called drainholes; More thanvone drainhole may be drilled
and holes have been drilled with radii of curvature as small-as
11-1/2 ft. Tools marketed by Holbert (9) drill with a radius
oflcurvature'of 38.2 ft and build angle at the rate of 1-1/2°
ﬁer foot._ lebert's dewnhole equipment ie shown in Figure 8:;
fhe-fleXible drill ﬁipe is ‘a key element. It is made from.
standard drill collars-by-torch.cutting.multiple foar lobed
un1versa1 301nts “Drilling mud is pamped through a hose

'attached to fittings 1n51de the box and pin connections.
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A special universal joint directly above the bit is
designed to concentrate the force applied to the bit at a
point below the center line of the hole. Consequently the
bit, acting as a lever with the blades of the reamer as a
fulcrum, is forced to dig to the high side of the hole. This
causes a continual increase in angle as hole is drilled.

Tools based on this concept were patented and built as
early as the turn of the century. In the early 1930s, about
120 wells in the mid-continent were provided with drainholes.
In the early 1950s, drainholes were drilled in approximately

50 wells; most were located in California (10).
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STRAIGHT HORIZONTAL DRILLING

Discussions with mining engineers and a review of appli-
cable patents indicate that horizontal drilling into coal seams
is relatively new. The first drilling of this type was con-
‘ducted in the U.S. in the early 1950s. In the early 1970s,
Cbnsolidated Coal Company began an ‘intensive research effort
to develop a drilling system which would drilllinto a coal
seam, monitor the location of the bit, and guide the drill
bit within the coal seam. The technique for loading the 9r111
bit was only one aspect of theif'grilling research program,

Controlling hole direction is a major problem when drilling
horizontally into a coal seam. Coal is soft and side lo§ds
on the bit can easily build hole angle. When bit thrust is
generated outside the borehole and trahsmitted through drill
pipe, the entire drill pipe can buckle as an Euler column
within the confines of the borehole. Stabilizers and drill
collars are therefore required near the drill bit to eliminate
pipe buckling near the drill bit and to control drilling
direction. |

A discussion of the hardware developed to make horizontal
drilling into coal seams feasible is presented in the following
sections. Continental Mining Research has stimulated much

of this hardware development.



Dr1111ng Systems

One 1nnovat1ve system for dr1111ng horlzontally into, coal
seams has been developed by Dr11co "~ This system de51gnated
the Kreep1e Krawler and shown in Flgure 9 , is de51gned to
prov1de an omni-directional dr1111ng capablllty that is com-
patlble W1th automatlon _ It is made up of a downhole Dyna-Drill
fluid motor and a downhole mechan1ca1 thruster. The un1t is
powered and controlled hydraullcally through a bundle of hoses
which serves as an umbilical to an eXternal power source.

- The thruster unit has_the oapabiiity to: | |

1. Aoply éxial force to the drill bit.

‘2._"Gripvthe walls of the hole.

P,3. Walk the downhole unit either forward or backwards.
4, Ahply 1atera1 force to the drill bit for direotional

hole.control.

FigoreQ.v Drilco's Kreepie Krawler
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Drilco developed two different size thrusters: a 5-3/4"
0.D. tool and a 2-3/4" 0.D. tool. Both have been used to
drill several thousand feet into coal beds. The maximum
length for a single hole (6" diameter) was in excess of

700 ft. Some of the characteristics of the 5-3/4'" tool are:

Outside Diameter 5-3/4"
Length 128

Stroke ’ 30

Power Required 5 hp
Maximum Axial Thrust 7000 - 8000 1bs
Normal Drill Thrust 1000 - 4000 1bs
Normal Drilling Rate 200 ftihr

(occasionally 1000 ft/hr)

Operational concerns with the "Kreepie-Krawler' are:
the hose spool is cumbersome and there may not be enough room
in a 5 foot coal seam for, say, 2000-3000 ft of 3 inch hose
bundle.

Another system for drilling horizontal holes at the coal
face was developed by Acker Drill Company, Inc., of Scranton, PA
(Figure 10). This system, which Acker labels '"Big John'" uses
drill pipe to transmit rotation and ‘axial force to the drill
bit. It has the capacity to drill horizontally a distance of
3000 to 5000 ft. Downhole motors can be used in this drilling
system, however, rotary power usually is delivered from outside
the borehole.

A third mobil drilling rig was designed by Continental 0il
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Figure 10.

(Courtesy of Acker Drill Company, Inc.)

Ackers '"Big John"



Company and fabricated by J. H. Fletcher and Company of
Huntington, WV, In this system, thrust is developed outside

the wellbore and transmitted to the bit by drill pipe.

Bottomhole Assemblies

Stabilizers and drill collars that are required near the
drill bit to insure borehole stability make up the bottomhole
assembly (Ref. 1). There are two types of bottomhole assemblies
being used with underground mobil drilling rigs which use‘drill
pipe to transmit axial force to drill bits. One is called
the rotary borehole assembly; the other the non-rotary borehole
assembly.

The rotary borehole assembly contains two- stabilizers
separated by a 20 foot drill collar section; the drill bit
is adjacent to the bottom stabilizer. The entire assembly
rotates with the drill pipe. The purpose of the two stabili-
zers and drill collar is to control hole direction. Normally
both stabilizers are used with an axial load of about 1500 to
1700 1bs applied through the drill pipe. If a directional
survey indicates the borehole needs to be turned up, the back
stabilizer is.removed and the thrust is increased to about
2500 1bs. To turn the bit down, the front stabilizer is
removed, and thrust 1s reduced to about 1000 1bs.

The non-rotary borehole assembly as proposed by Continental

0il Company includes a drill bit, deflection device or side

thruster, downhole motor and stabilizer (11).
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"The deflection device is a spring-loaded, eccentric
sub which exerts a constant force on the side of the
bit. The direction of this applied force depends on
the orientation of the device and determines whether
the bit will be deflected .up, down, left, or right.
The magnitude of this force and hence the rate of
angle build is controlled by the size of the spring.”

The advantage of this assembly is that it allows more
" directional control while drilling and provides non-rotating

locations for downhole directional sensing instrumentation.

Branch Drilling

Branch drilling is a term used to identify a hole con-
figuration having one or more sidetrack holes from a single
vertical wellbore. This type of drilling has not been common
'in the U.S., although several have been drilled in recent
months. ‘Branch wells such as the one shown in Figure 11 have
been drilled at the Raft River (Idaho) geothermal site (12).
The branch holes are not cased and are drilled as follows:

An 8-1/2 ‘inch hole was drilled to 4342 ft or approxi-
mately 100 ft below the 9-5/8 inch liner shoe. Directional
drilling with Eastman Whipstock Services was initiated at this
point. The hole drift angle was increaséd‘from 4-1/2° at
4342 ft to 8-1/2° at 4395 ft using.a Dyna-Drill downhole motor.
Conventional drilling was resumed and the first directional
leg, RRGE-3A, was completed at a total depth (TD) of 5853 ft.
Flow rate testing was conducted throughout .the drilled intervél.

The second directional leg, RRGE-3B, was kicked off at

4524 ft without setting a .cement plug at the kick off point.
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The deéiredldrift angle of'épproximétely 8° was established
‘after consiaerablé difficulties. 'Conventional drilling was
then used to complete the second 8-1/2 inch_holé-tp a total
depth of;5532 ft._.The horiiontal'sepaiafion between thi§
leg (RRGE—SB)'and the.first directional leg (RRGE-3A) was
220 ft. o |
The finalldirectional'1eg,'RRCEF3c; was kicked off at
4332 ft. A drift angle ofiapproximately 12° was éstablishéd
before conventional driiling resﬁmed"and the.8—1/2 inch hole
- was completéd at a tofal depth‘of15917»ft."See'Figure 11 for
_the rélationshipS'between'the'thfée directiona1 1egs_(3A, 3B,
and 3C).1 | |
| The major problem enCOUnteréd'in branch dfilliﬁgfis'the

inability to selectively reenter one'offthe branched holes.
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TECHNICAL NEEDS IN DIRECTIONAL DRILLING

Although directional drilling itself is not new, tech-
nology often does not exist to meet requirements for increased
resource recovery and increased cost effectiveness. The ob-
jective of this section is to enuherate some of the directional
drilling needs and to relate the need to the resource objective.

Each of the funcfions.of directional drilling (see Fig. 1).
has numerous components. The mix of components and their
specifications vary with each drilling situation. As discusscd
.previously, present directional drilling hardware and practice
is based on drilling for conventional oil and gas. This tech-
nology for directional drilling for conventional resources has
expanded greatly in the past decade with deep offshore oil and
gas operations, and with expanded operations in populated and
environmentally sensitive areas.

The necessity to develop unconventional hydrocarbon rec-
sources such és tar sands, heavy oil, methane from coal and
others has increased fhe urgéncy and demand for improved direc-
tional drilling. Unconventional resources often require
shallower, higher anglec holes; targets are mére exact; and
hole configurations may be complicated. In addition, marginal
resource production economics require lower cost drilling and

lower risk drilling operations.
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Previous sections have set forth performance requirements
(see Table I) for directional drilling and have dlscussed
currently available technology Critical needs exist in all
of the technology-areas.. b1ts,~mdtofs, iﬁstrumentation, down--
heIe tools, fluids, and surface eqUipmentf In‘general, the
needs are common to both EOnyentioﬁal 0oil and gas fesources
and fo’uncon?entionalefeeources such as heavy 0il, tar sands,
_oii shale, and others. Economic and risk factors may impact
unconVentional sources more frequently because of the magnitUde‘
of the resource and.beeauSevof'lack of operating experience.
'.Direeiional drilling-services pfesentiy applied'in conventional
dil and gas cost on'the 6rder of.$5,000-$10,000 per dayr " This
'amount ekceeds_totél-daily drilling costs for some un;anentionalj
eifeSources such as methenexffom coal;'ana as -a result the se;viéeb
is not used. | |

Table II 1lists arees of possible research and develoﬁment
in directiepal drilling.‘ Each topic is diseussed below.

TABLE IT

R&D Needsein Direcfional Drilling

Instrumentation Drilling Fluids
Sensors - Borehole Stability
Low Cost MWD ' ‘ Friction Reduction. .
Surface Processing } Pipe Sticking
Location § Placement Cost and Maintenance

Motors : Hole Cleaning

, Air and Foam Operated -Slurry

Small Diameter, L1ght Weight Augering '
Expendable Viscous Slugging

Reverse Drilling
Speed Controls
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TABLE II (cont.)

RED Needs in Directional Drilling

Bits
High Speed
Retractable
Small Diameter

Weight-on-Bit
Thrusters
Conical Reamers
Wall Anchors
-Hydraulic Loading
Hydraulic Pull-In
Decompression Subs

Rigs
Reelable Tubing
Flexpipe
Slant Hole
Percussion

Drill String Mechanics
Stabilization
Large Hole Systems
Slim Hole :

Drill in Casing
Rig Requirements
Expendable Motors/Bits
Cost Studies

Pipe Withdrawal
Pump-Out Systems
Wireline Assist

Steering
Variable Bent Subs
Reactive Torque Control
Feedback Systems

Water Jet Drilling
Short Radius Applications
Equipment and Procedures
Completion Systems

Branch and Drainage Holes
Kick-0ff and Control,
Reentry
Completion

High Angle Deviation Control Length and Size Factor
System Modeling

Instrumentation needs to be developed that is a) more
reliable, b) less expensive to build and operate, and c) more
accurate. Improved MWD systems which are cheap and reliable
are needed. This offers the greatest incentive for reducing
drilling costs in non-typical directional wellbores. Reliability
of sensors should be improved. New downhole sensors for measuring
weight-on-bit, coal seam interface, bit condition, bit location,
etc., are needed. Surface processing systems.to acquire data
and to interfret and display both surface and downhole measure-

ments should be developed. Concepts for totally automated
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controldand;femete control should be explored.' Capability for
modeling the drilling process ehould be developed.

Equipment_ahd-techniques-are needed to instailddirectional
surveying‘instruﬁents and logging tools in high angle holes.
Normally, these inetruments are run in on a wire line. In
high angie ef horizontal holes, this is not possible.

Drilling motors te meet speciai requirements in directional
drilling should be developed. High poﬁer, small diameter (less
than 4") motors are needed; Coneepts such as expendable or
wireline retrievable motors should be investigated. A reverse
drilling motor might be con51dered in order to dr111 in a
centrolled path pllot hole, then ream the-hole to required
size while pulling the pipe. Speed defermination and control
for motorsiweuld'accelerafe fheir utilizaﬁibn. Coneepts;for
speed determination without special downhole-packegeévand
' electronies need to be developed. Concepts for epeed control
should be investigated; for example, a heavy collar:just'above
‘the bit might serve as a "fljﬁheel “'smoothing'torque'and
Speed Varlatlons and prOV1d1ng improved bit and motor perfor-
mance. Motors operating on air or foam ‘are .needed.

. Improved bits are needed to be compatlble w1th the
hlgher speeds of drilling motors and hlgher 51de loads in"
directional dr1111ng, Small b1t§ capable of higher sustalned
leade,_and'expendable bits could redﬁce costs. _Apﬁlicatiens

for pochrystalline'diamond compact. bits should be investigated.
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Developing and maintaining weight-on-bit in shallow holes
and in high angle holes is necessary to obfain reasonable
drilling rates. Systems for hydraulic pull-in on shallow holes,
especially those spudded non-vertically need to be improved.
Alternative systems should be investigated, including possibilities
_of such techniques as wall anchors and hydraulic thrust across
motors as a means of developing bit loading. Thruster systems
need to be developed and tested for high angle and horizontal
holes. Different systems may be required depending on the
application, the formation, and the bit,

Rigs employing advanced technologies including flexible-
drill pipe, automatic pipe handling and spinning systems,
high angle inclined spudding and others should be developed
in order to reduce drilling costs, especially in nonconventional
resources. Combination rotary/percussion systems should be
studied. Consideration should be given to highly portable
systems and to the maintenance and reliability of rig site
equipment.

In planning high angle directional drilling programs, it
is essential to design the bottomhole drilling assembly and
drill string from basic engineering mechanics to avoid such
problems as: |

Drill pipe breakage

Locking or binding the downhole motor due to
excessive hole curvature

Inability to retrieve drill string
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Inadequate bif force generation .

Extessive‘hole deviation |
Drilling oarameters~which influence these operarional problems.
are:

Curvaturebof wellbore

Radial clearance between drill pipe and wellbore

'Bottomhole assembly flex1b111ty |

Collar stabilizer location

Force applied to bit

Horizontal distance to be drilled .
Bottomhole assembly de51gn data are needed for high angle and
| near horlzontal directional. drilling.. ‘A,computer program
should-beldeveloped to predict bending behavior of drill string'
~.assemblies in these types. of wellbores. Theoprogram shoula'be_
based on finite'element methods with numerous coding options.
| AICOmputer'program is also needed to assist operators in eval-
nating different produCtion schemes for enhanced oil recovery.
This program wonld use‘system requirements as input and produce
cost estimates, performante risk analyses, and:drilling program
' outllnes and schedules The output would be based on atcepfed-
dr1ll1ng formulas and a data bank of the performance parameters
of all d1rect10nal drilling equlpment Such a program would
‘quickly tell'whether or not a given production scheme is Cosr
effective.

Dr1111ng f1u1ds are an area of contlnulng need Borehole

stability is a problem Wthh can- be controlled in many cases
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by the proper selection of fluids. Improved fluids can also
reduce wall friction and drill string drag in directional holes,
particularly high angle and horizéntal. This will reduce string
maintenance while increasing drilling capabilities. Problems
such as lost circulation or handling of high water influx rates
should be considered for those special cases where these problems
occur. Guidelines need to be deﬁeloped for formulating, building,
testing, and maintaining the fluids used in high angle and hori-
zontal holes.

Hole cleaning, traditionally a problem related td fluid
type and flow rate, takes on specidal significance in directiohal
drilling. Cuttings can fall to the bottom side of the hole
allowing them to be bypassed by the fluid. New systems geed
to be considered and developed for cleaning of high angle holes.
Approaches such as slurry systems, augering, partial_gas liff
through bypass and other techniqﬁes should be considered.

Pipe withdrawal is a problem with increasing hole angle
and with doglegs. Pipe which goes into the hole easily in
compression can key-seat or become sidéwall stuck when pulled
in. tension for withdrawal. Withdrawal systems including con-
cepts for pumping the pipe out of the hole, using wireline
assistance, reverse rotation, etc., should be éonsidered to
solve this problem.

Drilling in with casing may reduce overall costs for many
-nonéonventional operations. Special requirements including the

capability of rotating 1argér pipe, handling increased weight, etc.,

43



need‘to.be c0n51dered 1f such a system is to be developed
Feas1b111ty of pu111ng in casing w1th pressure drop across -
a. downhole motor or drill bit should be explored

Steering of .the drilling assembly is an essential com-
ponent of a total downhole directional package. There are
several types of bent subs presently being tested which
would allow going'intoAthe hole'stradght and then actiVating
the sub at bottom. The controls for these systems are electric,
hydraullc pressure, w1re11ne, etc. Present units should'be
tested. Add1t10na1 ideas for such systems,should be developed
ineludiﬁg the possibility of a totally remote system»in}which;
- a target is programmed and the steeringISYStem will maintain
the proper path toward that target. Also; mechanical steer%ﬁg
toolsllocated next to the drill bit Qould.give better*direetiondl-
eontrol. | o

Water jet drilling shows great’prOmise in certein appli-:
cations. Work has been done on branching'horizontal hoies
at very small rad11 from a master hole 1n soft mater1a1 such .
as coal. This type of work has partlcular appllcatlon in the
unconventional resources and p0551b1e appl;catlons for_conventlonal
~0il and gas. Work needs to be extended to prove the systems that
are in development; work should be done to de11neate promlslng
areas.for new app11cat10n. Systems should be dev1sed to allow
indexing and reentry of»multlple holes whlle 51mp11fy1ng handllﬁg:'

problems.
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Planning and equipment are keys to successfully drilling
nontypical directional wells. In general, planning begins
with system requirements such as lithology, reservoir depth,
wellbore configuration, etc. Equipment, tools, and operating
practices are selected so that costs and risk are as low as
possible. In most enhanced fossil fuel recovery programs,

the margin for errors 1s small.

CONCLUSIONS AND RECOMMENDATIONS

Directional drilling will play a significant role in
the recovery of advanced fossil fuel reserves such as tar
sands, shale o0il, aﬁd coal. Actual wellbore configurations
will be determined by such factors as resource type and
location, production techniques, etc. Present directionél
drilling technology is inadequate to economically recover
these resources. Therefore, it is necessary to adapt existing
directional drilling practice and to develop new technology.
Specific directional drilling projects which will impact
production of unconventional fossil fuel resources are:
Develop engineering concepts and methods for maintaining
bit weight in high angle holes.
Investigate methods of controlling hole direction with
bit forces which can be controlled from the surface.

Develop directional surveying instruments and logging

equipment that can be used in high angle wellbores.
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Devélop.bit weight andlmotof sbeed Sensor systems
.c0mpatib1e with.preséht:motors and with'ﬁrésent
wireline and wireless MWD s&stems. |
Fofmuléte software based on drill string mechanics

for designing boftomhole'drilliﬁg string aésgmblles

in ofder.to‘predict bit force, an& fé prédiét'stfess-
and-deflection diStribution$ in'high;angle wellbores..
Investigate methods to enable sUccessful'réentryﬂof'
a,speqific'bérehOIé of a multiplé bottomhole compléfion.
Improve‘water jetldfilling equipﬁent and.techniqﬁes.
_Devélop methodsufor insuring bofehole lntegrity, éuéh
aé special casing designs. -

.Detérmine the effects of Vertical(and'side'loads on

thé performance of downhole motors .

Develop guidelineé,for'formulating,_bulldiﬂg, testing,l
and méintaining fluids for drillihg high éngle ana
~horizontal holes. | |

Investigate methods of'drilllng small radius drainholes.
Test polycrystalline diamond coﬁpact bité on motors to
determine torque requiremehts‘éﬁd dfillébility charac-

. teristics. | | |

Devélop“a system software‘mpdel for establishing a cpét
effective directidnal drilling system (slim hole; large
hole, high angle, stabilized, etc.) cdmpatible with

overall production scheme.
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Perform detailed state-of-the-art technology review
of automatic drilling rigs. Extend to computer con--

trolled systems.
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APPENDIX

STATE-OF-THE-ART OF DIRECTIONAL'DRILLING-ELEMENTS,,

APreseht techﬁiques and cépabilities*fb} directional
drilling systems have been developed oveﬁ‘the'yearsAfor use
in'thg petroleum industry. Early uses were to Straighten
crooked holes and to side track lost tools. ' The most frequéent
current use is to direct the path of the borehole to a preF
determined thtom—holé location. |

This section gives a review of both conventional and non-
conventional difectional drilling equipment and seryes as back-
gfound for the main body of the report.

 Drill Bits.

Rotary drilling is based on the tricone rock bit. Both.
~roller bearings- and jqurnal'heafingSjarg'used'in these bits.
~ The roliér bearihgs uSuélly last from 20 to 50 hours. whereas
tthe'sealed'journél‘beafings last from 50 to 200 hours..
These bifs.operate effectively ét speeds - of 50 to 200"

'RPM whereas exiSting drilling motors operate at speéds of
'300 to 1,000 RPM. At these high motor speeds, the bit bearings
fail in 5-to 15 hours. This short life'USuallygprecludes using
roller bits with motors for stfaight hoie;drilling since bit
runs'of 50.t0'200 hours are needéd to be competitive with rotary
drills in this application. |

" The p;oblém of short bearing life can be overcome by
developiﬁg 1ower-speed motors and developing higher speed bits.
Both approaches should be taken to optimize the use of drilling

motors and to accelerate their application.
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The development of high speed roller bits which will
operate for 50 to 100 hours at bit weights of 4,000 to 8,000
pounds per inch bit diameter and at speeds of 150 to 250 RPM is
needed. These bits coupled with motors designed to operate
at these speeds would have a significant impact on domestic
drilling costs. These motors could potentially produce 10 to
15 percent savings in the $15 billion domestic drilling costs.

0il field diamond bits are currently used at speeds of
50 to 200 RPM on rotary rigs and at speeds of 400 to 1,000
RPM -with drilling motors. Diamond bits last from 100 to 200
hours on motors and therefore do not require major improvements
for widespread use on motors.

Diamond bits used on -high speed turbodrills are designed for
high flow rates and low bit pressure drops. )

The fluid courses on the high speed bit are much larger
than those on the conventional bit for two reasons (1) the
turbodrill requires higher flow rates and (2) the seals in
the turbodrill 1imit the fluid pressure drop across the bit.
Curved fluid courses are used on the turbodrill bit in an attempt
to obtain more fluid crossflow between the diamonds. This is
done 1n an attempt'to overcome the iower pressure drops across
these bits.

Because of torque and motor bearing limitations, diamond bits
are usually run at lower bit weights on turbodrills than with
rotary rigs. Fewer diamonds are usually used on the turbodrill

bits in order to obtain the same loading per diamond with the

lower bit weights.
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General Electrlc has developed new manmade diamond cutting
elements called STRATAPAX® or COMPAX®.  The STRATAPAXGA elements
are small discs contalnlng a 1ayer'of dlamond on a tungsten‘earbide'd
substrate. The-STRATAPAXe eontains a dense, sintered? polycrystalline ;'
diamondilayer whlch has a hardness slightly below that of natural
diamond : The hardness is considered above that,of.tungstenfcarbide
used in drag bits or roller blts |

Drilling rates of 190 ft/hr have been obtained Wlth the
STRATAPAXG b1ts compared to max1mum rates of 120 ft/hr w1th
d~iamond bits. The STRATAPAX® bits perform best at speeds of 200
to 400 RPM whereas rotary rlgs can normally operate at speeds up . 3
to only 150 RPM.. STRATAPAX0 bits are, therefore, 1deally,su1ted
for ose with'downhole motors. For this reason, empha51s should
be placed on" deve10p1ng STRATAPAX8 bits for use with dr1111ng
motors.

Water jet drilling 1is beingdpursued by Sandia National
haboratories as an alternative method for drillinglhorizontally
from'the bottom of'a Verticalvborehole Its cuttlng action is
developed fron’fluid momentum ehanges A conceptual layout of the
- water jet dr1111ng system 1is shown in Flgure 12 A principle
feature is the ab111ty ‘to turn small radlus corners. This feature

would permit easy rotational indexing for'full 360° multiple

completions'frOm‘a single vertical borehole.
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- DRILL BIT THRUSTERS

Since the early days of rotary drilling, bit force or bit
‘weight hes been‘genereted by:gravity (e.g., drill collar weight).
Drill collars ere heavy walled tubulars located directly above
the drill bit and apply their neight to'the_drill‘bit when tension_
suppert at the top of the drill string is reduced. Drill collerS'
.are simple And rugged. Their length is designed to generate the
de51red bit weight while keeping the neutral p01nt within the
collars. This keeps the dr111 pipe from buckllng

The use‘of drill collars has not been completely satisfactory.’
Driil collars are mnch‘heavier than drill pipe and thus increase
hoiSting and rig floor héndling requirements In addltlon drill.
collars deflect laterally due to their weight and this- deflectlon
vlchanges the orientation of the drill bit and causes the borehole -
to deviate. Stuck drill strings,in thehborehole are often. |
attributed to the presence of drill collars; howeyer,}this problem
is alleviated by u51ng spiral drill. collars. Also ‘the length
of drill collars frequently prevents ‘their use in drllllng through
hard formations lying very close to the earth's surface. |

| .Downhole.wall anchors are an elternativerto driil collars,.
" but they are not regularly used by the petroleum industry. They
fit into the drill string directly above or near .the bit and
derive their downward force by fluid pressure acting on cylinders.
The.magnitnde of the downward thrust force depends on the pressnre
drop across the drill bit and on the cyllnder pressure area. Multlple
cyllnders can 1ncrease the total pressure area and thus bit force .

magnitude. The reaction-thrust is taken by_grippers that
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expand against the walls of the wellbore. Gripping capacity is
an important design consideration because it must be as great
as the downward bit thrust.

A. P. Roberts invented a wall anchor tool in the late
1950's (11). One disadvantage of this Exxon patent is that
drilling has to be stopped and pump pressure lowered to disengage
the anchor blocks so that the tool can be reset for the next
drilling interval. This disadyantage is overcome by other Exxon
patents that followed as they allow for automatic reset. A
prototype of this type was built and tested and has worked [or

17 automatic resets (see Figure 13).

ﬁ; ———DRILL PIPE CONNECTION
fl«+———ROTATING INNER MANDREL =
—
PUSHDOWN PISTON NO. I
- HYDRAULIC CYLINDER NO. |
HYDRAULIC WEIGHT H 0
SECTION
ONE OR MORE PISTON if
STAGES PUSHDOWN PISTON NO. 2
i MANDREL SEAL (TYPICAL)
@ RUBBER BEARING (TYPICAL)
. > "SPLIT-NUT" LATCH

~<+~——DIAPHRAGM-TYPE
PRESSURE-ACTUATED
ANCHOR SHOE
HYDRAULIC ANCHOR
SECTION

oy JET BIT OR CHOKE

Figure 13. Exxon's Wall Anchor
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Another type of thruster is described in Patent Number
4,060,141 and is part of a self-propelled turbine drilling
system (Figure 14). This thruster is made up of expandable 'clam
shells" which grip the borehole, an axial turbine propulsion
unit, and a screw drive. The downward thrust, or bit force, is
generated by a turbine which operates essentially at stalled
torque conditions, advancing the drill bit and a separate drill
turbine via the screw drive; thrust reaction is transmitted to
the borehole walls by the '"clam shells." When the screw drive
reaches the end of its travel, the thrust turbine is reversed

allowing the thrusting device to follow the cutter head.

Figure 14. Drill Bit Thruster
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Carey E. Murphy, Jr., of Shell 0il Company patented a
heavy metal collar concept and analytically showed that his
idea would improve drilling practices by providing more well
deviation control in difficult formations (see Figure 15). By
using depleted uranium or tungsten as drill collar material, the
collar section would be stiffer, heavier, and shorter than normal

steel collars (13).
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Figure 15. Heavy Metal Drill Collar
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The thruster types mentioned so far generate static bit
forces. A. G. Bodine, Jr., patented a dynamic force generator
for developing dynamic forces at the drill bit (Figure 16). His
patent describes various types of mechanical devices for exciting
the longitudinal vibration modes of drill strings in order to
generate, dynamic forces at drill bits. Experiments showed
drilling rates of 6 inches per minute in granite with the Bodine
apparatus compared to one inch per minute with conventional rotary

drilling methods.

571
89 ‘ i 9 | ]
I 280 R i ‘l,_ i /
A1l e 26r % S RN I '"q‘ﬂ
THA—0oe  \ 7 62
269a—- \ o5 i
I |4 s - b
/0 /G i ) :
94
/-1 490
221
-
L —83

Figure 16. Bodine's Dynamic Force Generator
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Air percussion hammers are used in certain formations
to maintain a straight hole and achieve a reasonable penetration
rate while running light weight (1,000 to 5,000 pounds) on the
bit (14). Water-bearing formations, however, create problems
for air drilling. In a typical application, a rotary percussion
drill turned about 40 to 50 rpm while hitting about 800 strokes
per minute. According to one rough‘rule of thumb, 2,000 to
3,000 1bs of weight is equivalent to 30,000 1lbs of collar weight.
Conversion of conventional rotary rigs to an air drilling
operation is simple. Most liquid and solids handling equipment
normally used for mud drilling can be removed. Air compressors
are available which proyide adequate air volumes along with
portability. The most commonly used oil field air compressor
is a positive displacement, double acting, reciprocating, two
or three stage unit.

STEERING TOOLS

The main forces acting on the bit are pendulum forces of
gravity, levered forces of the drill string, the wedging or
refraction effect of formation changes and the walking effect
of rotation, especially of the tricone bit (15).

These forces are controlled by:

1. Adjusting bit weight - Lighter bit weights encourage
the bit to drill in the direction it is pointing. High
bit weight turns the hole and helps build hole angle.
Very light bit weight produées low penetration rate but

makes it casy to control the direction of the well.
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2. Using large drill collars or square drill collars -
The stiffness of a pipe is proportional to the fourth
power of the diameter. So stiffening drill collars
by increasing their diameter is very significant.
Square drill collars are often used to obtain adequate
stiffness and still allow room for fluid circulation.
3. Placing stabilizers in the collar string - Stabilizers
can be placed to control the action of the lower part
of the drill string according to either pendulum or
lever principles. Two stabilizers are used to maintain
hole direction; the bottom stabilizer relieves the
transverse bit force component.
One stabilizer directly above the bit is used to build hole
angle. This method of building hole angle is based on the fulcrum
principle as shown in Figure 17 and requires adjustment in bit

weight to tilt or lever the drill bit about the fulcrum point.

Figure 17. Fulcrum Principle
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Hole angle can be decreased by using one stabilizer as
shown in Figure 18. This stabilizer acts as a pivot point for
a drill collar pendulum. Restoring bit forces are generated by
drill collar gravity loads which tend to swing the collars and

bit back to the vertical position.

Figure 18. Pendulum Principle

The bent sub is a preferred directional tool wherever it can
be employed. The bent sub, which may be a bent downhole motor
housing, can thrust the bit off at an angle (Figure 19) when used

with the proper collars and stabilizers. Orientation of a bhent sub
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can give 360° of azimuth change by indexing the drill pipe. It can
also give changes in angle and/or direction. Bent subs normally

are made up in 1/2 degree angles to four or five degrees.

iy

Figure 19. Bent Sub and Housing
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The bent sub technique is limited to drilling when using a
downhole motor because the obvious advantages of the bent sub
are lost if the drill pipe must be rotated. The bent sub does
not provide enough directional/side thrust to drill out of
casing when sidetracking a hole or to change direction across
the grain of a hard rock with very strong anisotropic properties.
The Dyna-Drill Division of Smith Industries markets a
variable bent sub (Figure 20). It is wireline actuated and
cannot be used when a mule shoe orientation collar is in use.
This severely limits its use. The development of a variable
sub that can be used with steering tools could reduce directional

drilling costs by 25% by eliminating extra trips.
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Figure 20. Dyna-Flex Sub (Dyna-Drill, 1977)
The directional drilling service business was founded on
the whipstock (Figure 21). It is a rugged and reliable tool,
but consumes a lot of rig time. The tool is a wedgeshaped steel

casting with a tapered concaved guide channel for the bit.
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Set the Whipstock "
Drill Pilet Hole
Remove Whipstock
Ream Pilot Hole

L
24
3
4.

Figure 21. Whipstock Steps

The use of the whipstock requires many round-trips for only a small

amount of hole obtained; thus, is usually much more expensive than

the jetting and Dyna-Drill techniques. The whipstock should only

be used in situations where the other two techniques cannot be employed.
Drilco developed a downhole thruster tool called a "Bit Boss"

which has the capability of generating both transverse and axial

bit forces. The tool can be used either as a directional drilling

tool by forcing the drill string laterally against the wellbore or

it can he used as a wall anchor for applying axial thrust to the
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drill bit. The positioning members or guide shoes are activated
hydraulically by removing a valve by wireline. Drill collar
weight is needed for drilling until the tool is activated by
retrieving the valve. A single pressure source is common to

all positioning members. The positioning members in their
directional tool are in a non-symmetrical pattern which is
oriented within the wellbore to produce the desired transverse
movement against the wellbore. The anchoring cylinder is
stationary within the wellbore and the inner pipe rotates and
advances with the drill bit.

Positioning members in Drilco's wall anchor tool are
symmetrical and centralize the tool within the horehole. Down-

" ward bit thrust is developed by pump pressure acting on internally
exposed shoulders. The inner pipe rotates and advances witﬂ the
drill bit. These tools are fully developed and commercially
available.

During the early 196Q's, Drilco built and tested a side
thruster for use in deviation control (16). Their thruster was
marketed and used during a short period of time. Operational
steps are illustrated in Figure 22. Field experiences obtained

with this tool are

"The tool has been operated to depths as great as
10,000 feet. Conditions creating unusual torque or
drag on the drillstem tend to limit the depth at
which the tool can be run with best results."

"No difficulty has been experienced with oversize
hole preventing the shoes from engaging the hole
wall. Apparently, there is not substantial hole
enlargement just above the bit even in very soft
formation."
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"Extra rig time required to operate the tool
including running surveys, setting the sleeve and
replacing worn parts has varied from one to four
hours per day."

- "Although this tool is believed to be of general
utility for all drilling fluids, including air and
gas as well as water and oil base muds, the
particular design herein described was built
specifically to operate in a hole drilled with
normal drilling liquids."

- "A full-time operator is required to supervise the
drilling crew in use of the tool and to provide
local inspection and maintenance of the tool."
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—Basic concept of the new tool is
the hydraulic jack effect of the anchor
shoes when drilling.
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—Detailed operation of the new directional control tool is shown above
in sequence views A, B, C and D.

Figure 22. Drilco's Thruster
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DOWNHOLE DRILLING MOTORS

Positive Displacement Motors Positive displacement motors

have the distinct advantage that the rotary speed is directly
related to the pump flow rate. The flow rate is therefore a
direct measure of the rotary speed of the motor.

In addition, the torque delivered by the positive displace-
ment motor is directly proportional fo the pressure drop across
the motor. The rig mud pressure gauge can therefore be used
to monitor bit torque.

The Dyna-Drill Moineau Motor, marketed by Smith International,

is shown in Figure 23.

'] _Bvpass 5
&1 VALVE / :

; %1-ROTOR

N~CONNECTING |
ROD

Figure 23. Dyna-Drill Moineau Motor

The multi-stage motor consists of an eccentric steel shaft
rotating in a rubber housing. As fluid is pumped through the
motor, the fluid acts on one side of the rotor, tending to rotate
it and the bit. The stator is molded from Buna N rubber to resist

abrasive wear and the steel rotor is chrome plated to reduce wear.
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A radial marine bearing is used as a flow restrictor. This
radial bearing allows 5 to 10 percent of the“mud'to flow through
the ball bearings to cool and lubricate them with the remainder
of the mud entering the drive shaft and exiting through the
drill bit.

When drilling with bent subs, it is important that short
motors be used in order to prevent bending of the motors. Dyna-
Drills have the advantage that the motor housing can be bent
at the connecting rod housing. This allows the hole direction

to be changed in some applications.
Table III

DYNA-DRILL OPERATING CHARACTERISTICS - -
(Dyna-Drill, 1977)

OQuter Motor Flow Pressure Available Power Rdtary
Diameter Length Rate Drop Torque Output Speed
(in) (ft) (GPM) (psi) (ft-1bs) (HP) (RPM)
9-5/8. 26.4 600 250 1,080 72 350
7-3/4 21.0 400 250 700 41 310
6-1/2 19.6 325 250 467 36 . 410
5 19.7 225 250 283 25 460
3-3/4 17.6 130 - 170 127 10 429
2-3/8 9.7 25 595 24 4 875
1-3/4 7.9 20 425 16 2 800
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Turbodrlll Turbodrills utilize axiel flow turbine blades

to apply torque to the drlll bit as shown in Figure 24.

Turbine shaft
;J .
E | _—— Stator blading - : W

% Stator

4 : Blade » .

/F\ Turbine bloding “hovement Rotor blading

9% ' : '

) V\ Housing ‘
A B
o ) . o o . Typicol_cr,oss section of turbine blading

Des:gn. of single-stage section in turbodril : showing the.flow of fluid through one stage of the unit

Figure 24. - Turhodrill Blading.

~ The torque developed by a turbodr111 is max1mum when the
”turbodr111 stalls Torque-can;be 1nereaseduhy.1ncrea51ng~the
'number of turblne stages hy increeslhg the fldid flow ratelor’
by 1ncrea51ng the ex1t angle of the turb1ne blades Torque
dccreascs from a maximum at the. stall condltlon to zero at the
runaway speed. The turbodr;ll dellvers‘max1mum pouer output
at 50 percent of the runaway speed | | |

- The runaway speed of oil field turbodrllls is. typlcally
1, 000 to 2 000 RPM SO these turbodrllls dellver max1mum power
output at speeds of 500 to 1 000 RPM. This hlgh rotary Speed
results in short bearlng life in roller bits; Acoﬁsequently diamohdd
‘bits are usually used on tu;bodrllls, The high speed of Dyna-Drills
(300 to 500 RPM) also results in short bit bearing life with

»roller bits.
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Electrodrill Electrodrills utilize 3-phase synchronous

electric motors to power the bit. The speed of these synchronous
motors 1is directly related to the frequency of the electric
current: The speed of the motor can be infinitely varied by
varying the frequency of the current. This allows the driller

to monitor and control the rotary speed of the motor, an
important advantage over turbodrills.

The synchronous motors are operated at constant voltage;
consequently, the motor torque is proportional to the electric
current. The current meter on the rig floor is a direct measure
of the bit torque. This allows the driller to continuously
monitor the bit torque and to adjust bit weight (i.e., bit
torque) to optimize the drilling conditions. This is an
advantage over turbodrills where the torque is unknown. "The
power output of the motor is proportional to the product of
frequency and current.

Although downhole electric motors have desirable operating
characteristics, they have not found widespread use because of
problems encountered with handling and maintaining the electric
cable in the drill pipe. Most electrodrills utilize electric
cables permanently mounted in the center of the drill pipe.
This precludes running tools down the inside of the drill pipe
to log or when problems occur such as stuck drill pipe. This

is a major disadvantage which led to abandonment of a German’

electrodrill project. New systems are being considered where
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the cable is reelable.or'ﬁhere it is mounfed on'thé inside wall
of the driil‘pipe,vthereby oVercoming this maj§r.1imitation.
Electrodrills have the advantage that the electric cabié
can be used as a communication link from the bit to ‘the surface.
This allows traﬁsmission of data to the surface whiie drilling.
.An-électrodfill is being develdpéd bylGeneral Electric for tﬁis

purpose.

- DOWNHOLE "'SURVEY INSTRUMENTS

Downhole survey -instruments, used to establish wellbore
‘fconfigﬁration,,measure two angles:',(l) drift}or angie from |
Verticai and (2) azimuth or Orientation'of welibore tangenf'from
_North.. Drift and azimuth ‘measurements at two successive locatidns‘
‘élohg-with-the arc‘length between these two locations are,used to 
'calculate'wellbore configuratidn in geospace. . Overéll wellbore
configurafion-and drill bit'location are tracked from periodic
'sﬁrveyé; |

The azimuth or direction of the hole can be obtained from
.either a Combass or a gyro tool,\ If a compass 1is used;vthe survey .
muét bg_in the open hole away from the influence of the casihg.
A monel driil collar (or several mdnel collars) islused as a
41anding base for the magnetic:tbol._'

_Thé magnetic survey instrument_takesfseveral different forms,
but in general, it includes the compéss rose fioating,in a 1iﬁuid,“_
a film disk, a iight, and a timer. The timer is set on the surface
and the instrument either dropped in the hole or‘rpn‘in on a wire

line. When the tool gets to bottom, the timer turns the light on
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and a picture is taken of the compass rose which is tilted in the
direction of hole deviation. In another system a ball rolls
on a cup-shaped compass rose to indicate direction.

The gyro operates much the same as the compass for direction.
In some tools, the gyro is coasting and in others it is energized.

Multishot tools are also available that use a roll of film
and a timer. They may be run or dropped in the hole and will
take pictures at preset intervals.

The measurement of hole angle or drift is mechanical using
cémera and electronic deyices to record the results. Normally,
both drift and azimuth are recorded or photographed together.

Early devices showed only drift angle with a mechanical
punch; these devices are not used in directional drilling today.

Steering tools, or dynamic measuring systems give a )
continuous dircction and angle readoul while drilling with a
downhole motor (Figure 25). The information 1s at present sent
to the surface by means of a wireline. This requires that the
line and tool be retrieved for each connection. The sensors used
are completely different from the conventional one shot and multi-
shot systems.

Angle is established by body-fixed transducers. The trans-
ducers have their measuring plane established by the plane of the
instrument body established by the course of the borehole. This

scheme measures the components of input angle rather than total angle.

These components must be processed to determine the total angles.
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This processing is-done in the Surface'eqUipment-which_is.notf
'necessarlly limited in phy51ca1 size. Measurement of the

components of the earth s magnetic field by body fixed, flux-
~gate transducers is ‘not influenced by the extreme shock forces

,encountered by dr1111ng situations.

Electronlc Orlentlng

In-hole orient °

Wire line pack off
© instrument :

Mule shoe o Wire line drum
Key °
Orienting
kick sub ; °
Slip ring“
Power | .
supply |

Dyna-Drill

Hole direction

90°

o
Tool face

180°
Surtace readout’

_Figure éS. Steering.Toql Layout -
:Fluxfgate~transduCers_aieisimilar.in construction to a
itransformer,' Physically,'a fluxfgafe'element'consists of a
numetal rod around which a coil efiwire is'wennd.
| In operation,.when'the‘aXisedf the mumetal rod is placed
in a magnetic field, iﬁ will acqnire‘a eertain flux density. by
induction,‘ Flux density may be measured by applying an alterf
nating magnetlc field. . Flux gate assemblles are generally
arranged phy51ca11y such that a dlfferentlal measurement is made.
Again, the proce551ng is done in the surface proeeSSer unlt;
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The instrument pack is run on the end of a single cable
and is locked into orientation with the bent sub by means of
an orienting groove - a mule shoe orienter. |

The entire system allows the steering of the drill bit
by rotation of the drill string and bent sub as a result of
the mud motor re?erse torque. When the bit is pushed into
the formation, the reactive torque rotates the bent sub and
changes hole angle and direction. This is read immediately
at the surface readout as direction and angle. By loading or
relieving the bit, the bit can be steered, and the initial
general orientation is established by rotating the drill pipe
at the surface to make the downhole tool face the proper direction.

Conoco has developed borehole survey instruments for
measuring drill bit azimuth, pitch, roll, and coal thickness (10).
The latter indicates the thickness of coal between the horizontal
borehole and the floor, or the roof, depending on the orientation
of the survey tool. The surveying probe is a 1.8 in long, 43 mm
diameter cylindrical housing which contains a triaxial magnetometer
for the azimuth measurement, two accelerometers for pitch and
roll, and a sensor for weak gamma radiations from the roof and
floor of coal seams.

There are no commercially available sensors for monitoring
weight on bit while drilling. This information is needed especially
in high angle holes where frictional forces are significant and
where the weight indicator at the rig floor cannot give bit weight

directly, During the early 1960'3, Lxaun (EPRCU) developed a
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downhole.recbrding instrument package for measuring dynamiﬁ bit
forces (17j,' Data was recorded on a magnetiﬁ fape_within the
~se1f-powéred package'and.played back after the tool was retfieﬁed.
'Shell has also developed'downhqle sensors for measuriﬁg drill bit
“motions whilevdrilling (18). _Their.system transmits'ddwnhole |
informatidn'thfough an armoréd cable contained within the dri11“
. pipe. | | 4 |
Telehetry Alyhough several methods and applications to retrieve
dowﬁholé~data have been studied.(inc;uding radioactive and
'chemiéél'tracefs, drillApibe vibration and tofque,'and downhole
recorders), there are four basic fypes Qf systems which show
promise as communication and fransmission methods (19). These aré:
| Mud préssure pulse
Wifelfne or insulated CQndﬁctor_ ' T
'Elettromagnetic'waveé, |
Acoustic methods

1. Mud Pressure Pulse. In this system, the resistance to the

flow of mud through the drill string'is modulated or pﬁlsed by
means of a valve and”control meéhanism mounted in 4 special dfiil
collar suB near the bit (F;gure 26). The pressure travels up
the mud column ét neaf the.velocity of_souﬁd in the mud, about
4;006 td 5,000 ft/sec. The rate of.transmission éf measurements
is-relatively slow due to pulse spreading, modulation rate
‘limitations and other limitations characteristic of mud systems.
In_the mud pulse unit, the power source for teleméterihg .

data is the pressure field developed by the mud pumps on the
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surface. Modulation of the mud pressure is accomplished downhole
and power for modulation of the mud pressure must be available
downhole. While mud pressure can be used to cock springs or cams.
as in the Teledrift system, most advanced systems use either
bafteries or a mud turbine generator. Mud pressure pulse should
not be confused with acoustic systems, which do not depend on

having the pumps running to transmit the signal,

TELEMETRY 4f §V
suB

TELEMETRY
CONTROL
suB -

SENSOR
sus

Figure 26. Mud Pulse System

The inherent advantages of the mud-pressure pulse concepts
are that neither insulated cables nor special drill pipe are
required. Power for the system is derived from the mud stream.
The systeﬁs are basically mechanical and should be reliable. The
primary disadvantages are that the system has a relatively slow
data rate and-the signal must be extracted from é fairly noisy
envirvonment. The "mud siren'" has a higher data rate, but (at
least in current versions) requires a downhole power generator,
thus incurring problems in cost and reliability relative to some
simpler forms of mud pulsing systems. Sensor systems presently
in use require cessation of drilling during acquisition of

directional data.
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2.. Electromagnetic Waves Transmission of electromagnetic

" (EM) signals both'through_the earth and/or drill pipe has
been'etudied as a telemetry method-fotdethole measurements
While dfilling (Figure 27). Numerous companies have worked
on EM‘systems; many of theée.investigations were on government
'4conttact relating to'coal'mine‘safety or to nilitafy applications.
With the EM method, a relatively high data rate may be
'possible, and there is no need for speciai drill pipe. There
are several posSible disedvantages -~ Only very'low frequenoy
EM signals have low enough attenuatlon for transm1551on through .
‘the earth to be feasible. Unfortunately, these frequenc1es are
near‘telluric frequencie§ Thus, background n01se-makes detection.
and information recovery w1th the EM 51gna1¢ Very dlfflCult
Attenuation of the EM signals on drill pipe also limits
appi;catlon ‘of this approach. Repeaters would add cost and
reliability problems. An EM system would probably have the
disadvanteges of requiring a downhole pouerggenerator.
InAaddition, it ‘is not clear that all EM systems are

applicable offshore, a necessary:tondition for general commercial

application. . JRECEIVER

, l\ DATA
4 QMCESSM_’—J
DISPLAY

N

INSULATED
SECTION

EM
TRANSMITTE; g
T \-

Figure 27. Electromagnetic Wave System
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3. Wireline Systems Insulated conducter systems are presently

used for logging and other borehole operations. The adaptation

of the electrical conductor or hardwire system to a continuous
drilling operation would solve the borehole telemetry problem
(Figure 28). However, problems associated with connecting and
maintaining such an electridal line under rotary drilling conditions
have not met requirements for an easy to use, economical, and

reliable system.

& DATA PROCESSING
SLIP RINGS AND DISPLAY
[ A |

N-PIPE
CABLE STORAGE _iitfil
(EXXON SYSTEM)

POWER AND — [
TELEMETRY
CABLE -4

Figure 28. Exxon Electrical Telemetry

Major advantages to a hardwire system are that data rate can
be extremely high, two-way communications are simple and electrical
power can be supplied over the conductor system.

Disadvantages include cost reliability (especially of
connectors), wear and failure of cable due to mud abrasion and
pipe'rotgtion, potential interference with fishing operations, and
requirements for special equipment and supplies such as cable

handling reels and non-conductive compounds.
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4. Acoustic Methods Another potential method for borehole
telemetfy is by transmission of'aCOusticlor seismic signals
“through the'drill”pipe-or'the earth (Figure 29). 'As diScussed'
earller, acoustic systems should not be confused with mud pressure
pulse systems. ~Acoustic systems do not depend en having the mud
lpumps'funning for 51gna1 transm1551on.

The very low 1nten51ty of the 51gna1 which can be generated

downhole along with the acoustic noise generated by the dr;lllng

systems, makes signal detection difficult, Refléctive and refrac-

tive interferenee'resulting from changing.diameters and thread -
makeup at the tool joints compounds the 51gnal attenuation problem
The primary. advantages to acoustlc systems seem to be simpli-
city and cost, but the.lmpqrtant disadvantage is that hlghs51gna1
attenuation and acoustic noiee_ate generated'in'the drilling_limit
: range.' Repeaters incnf reliability-and.eost problems, and downhole

power consumption could present another difficulty.

’ Kelly ——
RF SYSTEM *

7 .
Kelly NS\ | Receiver—iF
- ? .

transceiver ‘
NERE oznel B

Orlll pipe ssT @

REPEATER SYSTEM

y——— Mud path

. f .
® Sonde f N—sub

3——— 3'-in. LD,
h 4 +— Retrieving head

, Drill collar g?:gg'D
TRANSMITTER-
SYSTEM

* Sub -~

* Sonde-

X Latch
NP

Sleeve - 1.0, 3.015-in,

Electronic section”
* 3-in. 0.D.

SST probe
Monel collar L=~ Battery section
3:in. 0.0.

N

Figure 29. Sperry-Sun's Acoustic;Telemetry System
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DRILLING RIGS

Rotary drilling rigs are designed for various depth ranges
and can be either portable (mounted on trucks) or skid mounted.
In either case, the overall drilling rig assembly including
draw works, mud handling unit, and rotary table are modularized
and assembled to meet specific drilling requirements. Mobile
drilling rigs are preferable for drilling wells down to the
8-10,000 ft. range, however, the terrain may dictate that skid
mounted units be used. Two main factors that affect rig choice
are terrain and customer preference.

One drilling rig vendor (20) markets mobile units according
to the following nominal depth ratings:

5,000 ft ' -
6,500 ft |
R,500 £t
12,000 ft
Their skid mounted drilling units are rated according to the
following nominal depths:
6,000 to 10,000 ft
8,000 to 13,000 ft
10,000 to 17,000 ft
14,000 to 21,000 ft
15,000 to deepest
Offshore drilling skid units are essentially the same as inland

drilling skid units.
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fﬁIp recent. years, new drilling rig$ based Qn'fléXiblé
.driliﬁtems have been aeveloped and are currently being‘
tested. Figure 30-sh6ws a prototype rig developed by
: Roy H! Cullen Research'(ZIj. Majof features of this drilliﬁg
technique ihclude' | | .

| Flex1b1e drill stem w1th high tensile, burst, -and
crush.strengths o

Retractor con51st1ng of an endless chain of
hydraulic clamps

Powerful downhole electric motor-speed Varlable
from surface

~Continuous c1rcu1atlon of dr1111ng f1u1dS eyven
"while tripping the flex-stem
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MAST

| |

DRILLSTEM GUIDE

UPPER CHAIN

SPROCKET FOR ——

RETRACTOR ROTATING BASKET r
STORAGE

CENTRAL HYDRAULIC

M

L R § R
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Figure 30. Rear View of Rig Shows the Surface Components,
Including Mast, Flex-Stem, Rotating Basket for
Storing Flex-Stem

This experimental rig was designed to accommodate 2-5/8" 0.D.

flex-stem.
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In 1960, Institute Francais du Petrole (IFP) initiated
research which led to a drilling system quite similar to the
Cullen system (22). Between November 1974 and May 1975, nine
holes were drilled to 4,500 feet in the Groningen gas field in
Holland. Results confirmed high penetration rates, advantages
of maintaining circulation during trips, and advantages of
continuous bottom-hole monitoring.  Problems with this drilling
system seem to be centered around the flexible drill pipe and

its intermediate couplings.
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