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Extensive research has been conducted nationwide since the early 1970’s to
increase our domestic oil production via Enhanced Oil Recovery (EOR) technology.
Less effort has been made to assure that state-of-the-art EOR technology reaches all
producers, especially independents, so they can understand and use it to their benefit.
Further, very little effort has been made to make EOR research results useful to the

broadest possible base of producers.

The vision and scope of the proposed project by Prairie View A&M University
and the associated project staff, is to lay the foundation for the first Multi-disciplinary
Technology Transfer Center (MDTTC) in Texas to benefit oil producers, and
independents in particular. To lay this foundation, we must explore with independents,

EOR applications that will benefit them technically and financially.

The plan will maximize all appropriate talents and technologies in the oil industry
from government departments, national research laboratories, academic institutions,
major oil companies, and independent oil companies, and encourage independents to

seriously consider EOR applications and financial rewards.

Prairie View A&M University is part of the Texas A&M University System.
Because of the close proximity of the campus to Houston and our interest in becoming
a more active education institution, the University leased a continuing education facility
at COMPAQ Computer Carporation in Northwest Houston which might ultimately serve

as a convenient base fora MDTTC.
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Glossary of Horizontal Drilling Terms

AFE - Authorization for expenditure.

Alignment Angle of Stabilizer - The angle between the center line of
the stabilizer and the center line of the hole.

Angle Build Motor - A specially designed positive displacement motor
with one or more bends included within the motor transmission or
bearing area that cause the motor to deflect the hole at curvature
range that are generally in the range from 6 to 20 degrees per
100, The angle build motors are designed to provide nearly
constant hole curvature rates. Angle build motors can utilize
either high speed or high torque low speed positive displacement
speed motors. - '

Angle of Attack of the Bit - The angle between the center line of
the borehole at the bit and the center line of the bit. The sign
convention of the angle is positive when the bit points in a
direction above the hole and negative when it points below.

AP - American Petroleum Institute.

API Dogleg Severity Limits - The calculated hole curvatures versus
tensile load on the pipe that produces bending stresses on the pipe
that Just equal the API’s estimate of the fatigue endurance limit
for the pipe body.

API Freewater - The result of a standard laboratory test of a cement
slurry that indicates how much free water will separate from a
static slurry.

Available Axial Weight - The axial load available for supplying
weight on the bit or other compressive axial loads from a section
of the drillstring.

Azimuth of Horizontal Well - The direction of a horizontal well in
terms of the azimuth angle measured clockwise from true north.

Balanced Turn in a Complex Build - The selection of a complex second
build in which the hole is turned equal amounts to the right and
left such that the final direction equals the initial direction.

- Bending Stress on Drillpipe - The maximum axial stress on the outer
surface of the pipe due to bending the pipe in a dogleg or due to
the curvature caused by helically buckling the pipe.

Frank J. Schuh
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Build Rate, Vertical - The rate of change of inclination angle
expressed in “degrees per 100 feet of measured length along the
borehole. Positive indicates increasing angle; negative indicates
dropping angle.

Build and Turn Plan - A well course produced by orienting the tool
face of an angle build or other directional drilling tool to an
angle other than zero or 180 degrees from vertical.

Buoyant Weight - The effective weight of a member submerged in fluid
and is equal to the weight of the member in air minus the weight of
the fluid it displaces.

Casing Standoff - The ratio of the minimum radial clearance of the
casing in the hole divided by the displacement of the center line
of the casing from the center of the hole. Also often expressed as
a percentage.

Combined Stress - The effective stress calculated after the failure
concepts of Von Mesis. It considers the stresses in each of the
principal directions as well as the shear stress induced by torque. °

Complex Tangent Build Curve - The complex tangent utilizes two build
intervals separated by an adjustable straight tangent interval.

£ The complex tangent build curve differs from the simple tangent by

| o utilizing a tool face orientation in the second build that produces

: a combination build and turn in this interval. The complex build

|

\

|

|

|
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curve allows the wellsite supervisor to adjust the vertical build
rate by changing the tool face angle to more precisely hit a
target.

Critical Buckling Force - The axial compressive force required to
initiate buckling. In a straight vertical borehole a tubular
member will helically buckle under negligible axial compressive
loads; however, when the hole is 1inclined or curved, the force
required to initiate buckling of the tubular {is significantly
increased.

Critical Velocity for Turbulent Flow - The average annular flow
velocity at which a power law fluid ceases transition flow and

begins turbulent flow.

Displacement at EOC - The lateral displacement of the end of curve
position from a vertical projection of the surface location. It is
equivalent to the closure distance for the end of curve depth
computed in a directional survey.

| 111
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Height of Build Curve - The true vertical depth difference between
the end of curve position and the kickoff point. Heviwate
Drillpipe - Drillico’s proprietary tool jointed heavy-wall pipe.
One unique feature of heviwate drillpipe is that the center of the
joint has a support pad that is a little bit smaller than the tool
joint. The pipe is ideally suited for use in directional wells and
horizontal holes.

High . Speed PDM - Positive displacement motors that utilize a 1/2
ratio between the numbers of lobes on the rotor versus cavities in
the stater. These motors produce the highest possible speeds
ranging from 200 RPM on 9" motors, 450 RPM on 6 1/2" OD motors to
over 1500 RPM for motors smaller than-2 7/8" 0D.

High Torque Low Speed PDM - These are positive displacement motors
with from 3/4 to 5/6 ratios between the number of lobes on the
rotor to the cavities in the stater. These motors produce less
than 1/2 of the rotary speeds of the high speed motors. Typical
rated RPM’s for 6 1/2 motor are up to 180 RPM’s.

Horizontal Hole - A well with a portion of the hole drilled at an.
angle that laterally intersects a pay zone. For a nondipping
formation this would require a truly 90 degree horizontal hole. It
could .also be at any angle that tracks the dip or structure of the
zone.

Horizontal Length - The 1length of a horizontal hole {is defined as
the measured length of horizontal hole that fits within the
horizontal target.

Horizontal Target - The horizontal target represents the definition
of the three-dimensional envelope that the horizontal well path
must stay within. . The target defines a vertical depth and
tolerance limit that is frequently quite small, an areal tolerance
position for the end of curve and a tolerance position and
orientation for the length of the horizontal hole.

Horizontal Well - A well in which the lower part has been deflected
laterally .thru the producing zone in order to improve its
performance. A "Horizontal" well can be at any angle depending on
the dip of the formation.

Ideal Build Curve - The ideal build curve utilizes two build
intervals with the first build obtained with the tool face pointed
straight up and second build utilizing a build turn approach that
provides an adjustable vertical build rate and improved accuracy in
hitting small vertical targets. _ -

Frank J. Schuh
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MWD, HNegative Pulse - A measurement while drilling tool that
generates pressure pulses in the mud stream by venting fluid to the
annulus to induce sudden drops in the pressure in the mud column.

MWD, Positive Pulse - A measurement while drilling tool that induces
pressure pulses that are higher than the steady state mud column
pressure by momentarily restricting the flow path of mud through
the tool.

Neutral Weight of the Drillstring - The surface measured weight of
the drillstring if there were no axial drag present. The neutral
weight for zero weight on the bit is equal to the measured hook
load while rotating with the bit above the bottom of the hole.

No Load Pressure Loss of a PDM - This is the pressure loss required
to flow.mud through a positive displacement motor with the bit off
bottom or no torque on the bit.

Nominal Weight of Drillpipe - The calculated average weight of: the
now obsolete original API design for upset threaded and coupled
drillpipe. "It {s typically five to ten percent less than the-
actual weight of the present day flash welded drillpipe. .

Nonmag Collar - Drill collar composed of nonmagnetic stainless
steels. Nonmag collars are required to isolate the magnetic
effects of the drillstring from directional survey equipment. The
required lengths are a function of the strength of the earth’s
magnetic {?eld at the well site and the direction and inclination
of the well.

NSF - National Science Foundation.

Overall Radius of the Build Curve - An approximate representation of
the simple tangent or complex tangent build curve as an equivalent
single build radius; it is usually set equal to the overall height
or overall displacement of the curve. -

Overpull Design - A common method for designing a drillstring
composed of sections of pipe of differing strengths is to select
lengths such that the weakest points in the drillstring reach their
1imits through application of a uniform axial overpull pull at the
surface.

PDC - Polycrystalline diamond compact bit.

vit
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Sidetracking - The operations required to deflect the trajectory of
the hole away from the original path of the bore hole generally off
of a cement plug. ‘ »

Simple Tangent Build Curve - This {is a build curve composed of two
build intervals, separated by a straight tangent interval. It is
generally envisioned that the first and second builds are to be
drilled with the same angle build motor and will produce the same
curvature rates. o

Single Radius Build Curve - A build curve composed of a single
continuous build interval,  beginning -at  the kickoff point and
ending at the EOC (end of curve). It is generally envisioned that
a single build curve will be drilled utilizing a single angle build

motor.

Slant Hole - A "Horizontal®" hole in which the holer 1n£ersects the
full height of the target formation, generally at a high angle.

Slick Motor - A bent housing motor with or without a bent sub that is
run without stabilizers. : -

Slotted Liner - Oilwell casing Joint in which narrow slots have been
milled to act as a screen to keep formation solids from flowing
into the wellbore. -

Stabilizer, Undergauge - A drilling stabilizer with an outside
diameter smaller than the diameter of the bit.

Stabilizer Jamming Angle - The angle between the center line of the
stabilizer and the center line of the hole when the stabilizer has
been tilted enough to cause the ends of the stabilizer blades -to
contact both the top and bottom sides of the hole.

Steerable Motor - A positive .displacement single or multibend motor
that is used both in the oriented mode to deflect the hole or in
the rotary mode to cause the tool to drill straight ahead.

- Steerable systems have replaced conventional directional drilling
techniques in many areas, especially those with high daily
operating costs. Steerable motors generally produce curvature
rates in the range of 2 to 4 degrees per 100’.

Steering - Drilling with an oriented motor without rotating the
drillstring.

Structural Position Horizontal Target - Refers to a horizontal hole
where the planned path parallels a structural position within the

reservoir.

M01-85 ix
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Total Curvature - The true three-dimensional curvature of the

borehole. Is also referred to as dogleg or dogleg angle on
directional survey calculations. Units are typically degrees per
100°.

Total Turn in a Complex Build - Refers to the total change in
direction in the second build of a complex build curve if all of
the build and turn is oriented in the same direction.

TSP - Thermally stable polycrystalline.

Tubing Conveyed Perforating --- Nonwireline- electrically operated,
self contained perforating gqun that is run on a tubing string and
is either fired mechanically by dropping a bar or by using surface
applied pressure to hydraulically fire the gun.

TVD - True vertical depth.
TVDgge - The true vertical depth at ihe end of the build ‘curve.

- The true vertical depth of a point in the target plane that-
1s directly under the surface location.

Type 1 Motor - A bent housing moto}' with stabilization or contact
points located at the apex of the bend and at the top of the motor.

Type 2 Motor - A stabilized bent housing motor in which the first
stabilizer is placed between the bit and the apex of the bent
housing.

Type 3 Motor - A bent housing motor with the first stabilizer placed
between the bit and the apex of the bent housing-and a bent sub
placed between the upper stabilizer and the motor.

Type 4 Motor - A type three motor with an additional bend located
between the bit and first stabilizer.

Vertical Depth Target - Horizontal hole where the well path is
intended to be truly horizontal, i.e., 90 degrees from vertical.

Weight of Pipe in Mud - The buoyant weight of the pipe.

Well Azimuth - The directional orientation of a point in the well
measured clockwise from true north.

WOB - Weight on the bit.
WOC - Waiting on cement.

xi
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Horizontal Drilling:
) Where We've Been End Where We're Going

by Frank J. Schuh, Drilling Technology Inc., Plano, Tex.

'

his vear we celebrate the tenth an-
niversarv of ARCO’s first highly
successful Empire Abo minimum-
radius horizontal well completion and
the fourth anniversary of the birth of
the medium-curvature horizontal
drilling technique. Although a large
number of relatively short horizontal
hoies have been drilled. it is the
medium-curvature technique that has
generated the boom.
The length of the horizontal well-

bore offers the key to the economics of
this exciting development and experi-
mental effort. A recent survey of hori-
zontal holes with lengths over 1000 ft
showed an impressive growth trend.
essentially beginning with the birth of
the medium-curvature method and
continuing through the forecast of
holes to be drilled this vear. This data
suggests a growth rate of 230 percent
per year for horizontal completions of
1000 ft or longer.

Horizontal drilling is one of the
most complex multidiscipline prob-
lems posed to the industry since
hydraulic fracturing was launched in
the late 1940s. Success in horizontal
drilling requires selecting a suitable
reservoir, selecting the correct direc-
tion, elevation. and length. In addi-
tion. the operator must design the weil
program, develop a suitable build
curve design that hits the target, and
complete the well within budget.

fContinued)

the elusive small one.

Schuh’s 20 Tips for Failure

1. Select a depleted, watered-out zone: Even with a
perfectly designed and executed drilling program,
you can’t make a silk purse out of a sow’s ear.

2. Drill as small a horizontal hole as possible: This
solves many completion and production problems
because most worthwhile equipment won't fit.

3. Precisely define the target TVD, end-of-curve and
horizontal azimuth: Everyone then concentrates on
hitting a tiny spot in space instead of saving money.

4. Keep target tolerances secret: The oniy thing
worse than a small target is a large target no one
knows about, with the resuilt that everyone aims at

10. Shop for the lowest cost per day: This is great if
you can spec your purchases. But if you can’t define
all requirements and intangibies, you probably won't

get them alil.

time to tailure.”

11. Discourage renting backup equiprent: This
atfords a splendid opportunity to personally experi-
ence and appreciate the word “mean,” as in “*mean

12. Start the well immediately after AFE approval:
This solves all equipment-delivery problems,
because you will only get what’s readily availabie.

13. Spud the well in January: After all, everyone
works better when they’re freezing coid.

14. Keep subcontractors from contacting one
another: This will prevent anybody from noticing that
the toois don’t {it together.

15. Select a wellsite supervisor without directional
or horizontal experience two days before spud:

Unfortunately, experience is the best teacher, and
we usuaily learn by doing things wrong before
we do them right.

5. Do not allow a tangent intervai: The worst possible
scenario in horizontal drilling is needing a higher
curvature rate to hit the target than the toois on ioca-
tion can provide. When this happens in aviation, the

airplane lands haif a mile short of the runway. 16. Order service companies with one day’s notice:

This is your chance to learn if they're truly as busy
as they’ve been telling you.

6. Avoid written plans: While this may keep the guilty
anonymous, it generally ensures that everyone will

be guiity.

7. Avoid contingency planning: This is the perfect
strategy to {imit options to the equipment that
probably just failed.

17. Assume no crossover subs will be needed: After
all, some of those threads are interchangeabile.

18. Freely substitute equipment if delivery is a prob-
lem: This has got to be the most expensive way to
solve a scheduling problem.

8. Select the smallest rig in the area: This will help
focus on the magnitudes of torque and drag in the
most meaningful way, because when the neutral

) weight plus the drag exceeds the maximum allow-
able hookioad, you're stuck.

19. Replace MWD with singie shots after the first
tool failure: Horizontal holes absolutely need close-
spaced directional surveys. Even with difficulties,
MWD will outpertorm single shots.

20. Delay developing compietion plans until reaching
TD: This will surely save the planning costs if the
drilling turns out to be a disaster.

9. Use the minimum possible costs on the AFE:
This will hugely cheer all partners —until the first
problem occurs.

s SN
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Planning Considerations

“« Controlling Vertical Position of Lateral

. Sma// Vertical Window = High Cost and
- Difficulty

{ -,:Adequate Planning (Months not Weeks)
- Total Team Effot
f—i:" _Carry Through to F?fg sn‘e




Horizontal Well Applications

e Connecting Vertical Fractures

e Thin Reservoirs

e Heterogeneous Reservoirs

e Avoiding Water and Gas Coning
e [ncreasing Drainage Area

e Controlling Sand Production

e Heavy Oil Recovery

e [ncreasing Injectivity

e Improving Sweep Efficiency

e Enhanced Oil Recovery

o Heat Exchanger Conduits

e Reaching Isolated Productive Areas
e Reducing Platform Well Slots




Production Flow Streams

Vertical Holes

———————




Technology Breakthroughs

e MWD Development

» Steerable Motor Systems

e Customized Drilling Fluids

o Cuttings Removal Understanding
e Jorque and Drag Simulators

e BHA Prediction Models

e Completion Systems




Key Factors for Success

e Comprehensive Pre-Spud Planning
e Multi-Disiplined Planning Team

e Contigency Plans
e Proper Tool and Equipment Selection

e Proper Equipment Selection
e [ ease Considerations
e Post Mortem Analysis




Major Disadvantages to
Horizontal Drilling

e [ imit to One Pay Zone
e Technical Difficulty
e High Cost




Horizontal Well Planning

Essentials

e Jeamwork: Multi-Discipline Approach
e Evaluating the Application

e Geological Quality Control

» Realistic Geologic Target

e Adequate Horizontal Extension

e \Vertical Continuity in Reservoir

e Quality Completion

o Favorable Economics




Horizontal Drilling BHA Tools

s Mud Motor
- PDM
- Turbine

¢ Deflection Devices
- Bent Subs
- Bent Housing Motors
- DTU Housing
- Conventional Stabilizers
- Offset Stabilizer Pads
- Knuckle Joints

e Surveying Devices
- MWD
- Steering Tool
- Single Shots and Multi-Shots
- Gyro Survey
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Ravi-Drill® Mach 1

The Navi-Drill Mach 1 is a positive-
displacement motor that develops
high torque at the bit at a relatively
low speed range (80-340 rpm). This
makes it ideal for directional applica-
tions, drilling with high weight-on-
bit. Navigation Drilling with roller
cone or King Cutter PDC bits. and

coring operations.

The Mach 1 motor has a multi-
lobe (5/6) rotor/stator configuration,
which generates more torque than
other EC motors. permitting more
weight-on-bit and increasing ROP.
The Mach 1 s specifically recom-
mended for use with roller cone
bits. Because the motor develops
its power at low speeds. it can
improve the performance of these

- bits without accelerating wear on bit

orcones.

A unique bearing assembly and
improved elastomer compounds in
the stator have increased the Mach 1's
hydraulic horsepower and extended
operating life. The Mach 1also hasa
new rotor nozzling system that allows
the motor to be run at 50-100% over
its maximum flow rate without ex-
ceeding maximum recommended
motor The additional mud
passes the motor’s rotor.
and flow rate can be adjusted with
interchangeable nozzles. The higher
rates offer improved hole deaning and
bit hydraulics. :

Although primarily a directional
performance drilling motor. the Mach 1
can also be used for straight-hole
drilling and for coring operations.

1332

w

Q.. Boie Size

in:h m

AT A=A
...5"‘__, mb - L
T Tmasea A

3 9¥4-12Va

o T T 12ve- 17 I

17V-20

| SPECIFICATIONS

Reconmended
Slze
oD, Hole Size
inch inch
AN R B B
s 6 -7
TORT| LITE-g T
3 ov-I2v
O] CI1Ve=178
11va 17v4-20

*Available with 514"Reg tn USonly  **Operating above this level can shorten tool life.

18

Universal Joint




4

% LOBE

DIMENSIONAL
SPECIFICATIONS

OPERATIONAL
DATA

PERFORMANCE
CURVES

% Dyna-Drill is a registered trademark of Halfiburton Company. 7 1993 Halliburton Company. All rights reserved. Litho in U.S.A. HDS-1002-C 12.5M 5/93

APM

DY NA-DRILE. MOEORS

e Diamond thrust bearings increase service life and perform in a wide

weight-on-bit range, from very high to very low.
e Operates with bit pressure drops of up to 2,000 psi.
e Available in Slo-Speed or medium-speed models.
e Available in straight or steerable configurations.

Thread Connections

Box-Up (API-Req.)..... 31" 31"
Box-Down (API-Reg.) .....oveveereeenne. KU 31"
Overall Length
Without SaVer SUD ..o 213 s 6.5m
Tool Weight 1,025 1DS. cooveeerecreeeeeeeee e s 465 kg
Hole Size Range ..........ce....... BUE"TU8" oereerreerreeeeseesreneeriens s 149-200 mm
Mator Flow Rate Range . 180-215-250 gpm ... 581-814-846 lpm
Bit Speed Range ........c.oeeevvvevormennerieiiceescinns 95-110-125 rpM e 95-110-125 rpm
Motor Differential Pressure .......ooecevceverececennes 300 0Si v 21 bars
Operating TOTQUE .....ocevevereeeeerrereveae e seenenans 1.400 ft-i0S. « v, 1,898 N-m
Sl TOTQUE .veeeeeeeirememeeesaeeverasnesesssernsesenssnnsas 2.800 1188, oo 3.796 N-m
HOISEDOWET oot eanssmssnnens 25-29-33 0D et 19-22-25 kW
Bit Differential Pressure .........ocooveveeeeenveccenee 200-2.000 PSi ceveeeee e 14-138 bars
MOTOR START PRESSURE - 145 PS! (10 BARS)
130 250 gpm 1946 iom)
120 = / 2.00014.067
215gpm(814lom1\ P
110 /
\ "
100 "BU apm (68 1 1om) — 2500]3.282
20 : - T ——— 2000i2.711
’ ' // E
50 1500{2.034 §
%0 // -
10 1000} 1.256
. RS
30 <
500{ 678
20 ’
10 //
o C0 300 300 100 300 500 700
bars ¢} N 3 21 28 34 31 i3
PRESSURE




D-89 Directional
Turbodrill

The D-89 Directional Turbedrill isa
turbine-type downhole motor powered by
the rig’s drilling fluid. Used with a bent sub
for directional arilling applications, its
power and high rotational speeds make it
ideat for moderately hard to hard forma-
tions. Under optimum conditions the Tur-
bodrill can generate over 100 horsepower
and rotate up to 1000 rom. The D-89 Tur-
bodriil has proved to be a reliable tooi in
hot hole applications, inciuding geother-
mal weils.

The Directional Turbodrill has the
capabiiity to driil a wide range of hoie
sizes, with bits up 10 172" OD. lis high
flow rates help ciear out cuttings from bot-
tom hoie. This is especially helpiul when
driliing larger holes. The Turboarill is
tolerant to abrasive drilling muds and can
operate with mud temperatures up to
300° F.

Availapte for rentat on a centract basis.
These items s0IQ for export onty; use of
resaie for use in the United States is
pronibitea.

D-89 "URECDF!LL

2893

£asiman
Whipsiock

A PETROLANE COMPANY

The D-83 Cirectional Turbodrill makes
full-gauge hole at kick-off points and can
be reoriented in-hole, allowing muitiple
corrections during the same tool run.

With rotary action only at the bit, wear
on the drill string, casing, and draw works
is eased and key seats caused by rotating
pipe are avoided.

A safety locking device prevents the tur-
bine shaft from dropping downhole in case
of internal tool failure, avoiding expensive
fishing delays.

Drill Pipe Mud Screens

Drifl Fipe Mud Screens, used to filter
rocks and cther aebris out of the drilling
mud, are available in two models.

The cone type mud screen operates in
the kelly. (It is not designed for downhole
use.) The rod plunger mud screen may te
used in either the kelly or downhole, and is
retrievable with an cvershot.

*Other sizes cotonal; #oal Dore avasacia.
D-89 TURBCDRILL PESFORMANCE DATA
75 Stage .

Mua. 10 Ib/gal 10 Plastic Viscssity
Coerateq at 3alancea ‘Weignt

AP P Lo S A P 5 G AP B

~Pressure

Drop (PSH

DRILL P!PE MUD SCAEENS

- r——s et s e

PLUNGER RCD TYPE

0810221

i Weight (Ibs). . Leagin - . _
: 50"

0815224 577" AP FH Sox

o S R

s e resoaoemts v gt

£81-0112 47 AP IF {472 X-Haley 18

CONE TYPE

e B e B0 T T T T T T

cer1z 4 b AP X-Hole

“C81.022 4/‘{ NP' FH
u | o P
C81.032 ..f'f ARTF

Datos T Ao SIS T LT s S
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Mud Pulse Telemetry

Positive
Pulse Closed
Closed
Open
Negative
Pulse
Closed
J L
Open
Cont;nuous Closed
Carrier Wave 1 Pressure
Time

Downhole Memory

Some tools augment real-time telemetry with a downhole memory for higher frequency
data, and for recording data while not circulating. These data are usually read from
memory when the tool is at the surface or transmitted from downhole when convenient.

IMSY

INTERNATIONAL MWD SOCIETY




Electromagnetic Telemetry

" —> 100"
Z Advantages:
- Air drilling
S e « No flow limitation
.| Insulation ; @f\/
SN B R Y ¢
""""" 3
g =

‘e
‘.
-
.y

Data Rate:

« About same as mud pulse
- potential to go higher

Limited to:
- Moderate to high formation
resistivities
» Mostly onshore use

IMSY
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Retrievable vs Non-Retrievable

..~ Hetrievable -

Drill Collar

Sensor and
electronics can be
pulled and loaded
into standard or
slightly modified
drill collars.

MWD Tool

« Zero or limited » Limited sensors
lost-in-hole

charges * Typically lower

' reliability
- Light, easily |
transported |

- Lower cost {
l
i

* Run or replace on
slick line when
needed

“« Typically multi- - High lost-in-hole

Non-Retrievable :

Sensors and

electronics are
integral part of
the drill collar.

Electronics

Sensors

sensor
- Higher reliability

charges

« Trip to replace

IM‘S’Q\

INTERNATIONAL MWD SOCIETY




MWD Power Sources

- Mud.Turbines

" Batieries I

+ More power . Only works * Measurements aill | -« Shorter life
when circulating the time
- Longer life i . » Temperature
+ Erosion in limited

abrasive muds
+ Less power

- Handling of
lithium batteries

\

IMS
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Tool Face Positions
High Side of Hole

Courses That The
Weilbore Couid Take
By Rotating the (2
Drill String and -7
Deflecting Sub _
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DIRECTIONAL DRILLING AND DEVIATION CONTROL 393

.The Earth's horizontal magnetic inteneidy vanes geographically, and the length
of nonmagnetic dril cotiars used in 3 PosOM hole assembly should fit the
requirements of the particular ared. This map is used {0 datermine which set
of empirical data shouid be used for 8 gven ares.

oY = % e o - - w - ow
IV Collor bolow Cosns & 1 l ‘
L © gauu—r-—n . .
’é;‘ Tondem (I¥ + 23’} Cnlia \ \ \
i k. \dﬂmc x 0 \ \
[IPS . : ~ -
L n \ ! . v eo : - of— 'S
© C3® © .
fo feof- g4 —
0 b 0 —
\\ S —
0 0] 30 colters betew asve A kN Y
— 60 cotters eime ewwe 8 - 60 coliars beiow Cirve A weth gected BHotorn
° i 10{ wwh pecsd borwm heis sssewaly 80 10| Pt sesembly. 80" catiars betow curve 8 vah
' below curve C wath mens it smbdiger only roer it semlionr swly 50 coslare below
! 30 colers sheve awve C. . . C vesth orw howen Nl sasermbiy. . .
0 20 X 40 0 O 0 0 % 0 20 X 4 330 © X 80 % 0 20 30 4 % e XN 0 0
dmanen smype hem magneee M or S decoun awge bem muguns N « 3 dncamn sugty e mempue N or S
Compess Spacing Compass Spacing Compass Spacing
18’ codar: 1° 0 2° below center 30’ cotlar: 3’ 10 4’ betow center 60° collars: at canter (curve A)
25’ coltar: 2 to 3’ below center 60’ coilars: at center {curve B) 60’ collars: 8° to 10’ betow center
30’ coflar: 37 t0 4° beiow center 60° cottars: 8° 0 10 below center {curve B)
tandem 18" -~ 25': center of {curve C) 90" cokiars: ai center
bottom collar 90’ collars: at center

Fig. 8.68—2one-selection map and charts t0.determine how many nonmagnstic drill collars are required {courtesy Smith Intl. Inc.). .
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Top View

Teot Face Via
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Direction of
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New Centertine
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Directional
Orientation Tool (DOT)™

The Directional Orientation Tool
{DOT) provides continuous real-time
measurements of hole inclination,
direction, and toolface orientation
during drilling with a downhole
motor. The DOT system comprises a
solid-state el;cutaonic probe. a surfdace
computer. a copy printer. and a
driller’s read out. _

The probe is run downhole on a
single-conductor wireline and seats in
a mule shoe assembly in a UBHO sub
immediately below a nonmagnetic
collar. The probe is a 1% in diameter
and the mule shoe stinger has a dia-
meter of 174", allowing the tool to be

used in drill string IDs as small as 2'4".-

electronics and calibra-

Optional
tion procedures for the DOT system
are available to increase its accuracy

and stability, especially in higher angle

holes(overds®h . ».. .. ..o ;
. Thesyst -
every three secomdis. amd changes

&ommagnaxnkgkakmodeat

the ﬂtpbog gfrk—vm chang-
and localizes any ;Mﬂwmg
inmn‘r&mlym m Y.

- The system
informaticn to tb:mdxiﬂex’s read out
where hole direction and toolface
orientation are registered on a com-
pass and hole inclination is displayed
digitally.

The Eastman Christensen wire-
line side entry sub permits drill pipe to
be added as required without tripping
the probe. (The use of a split kelly
bushing is essential for safe operation
of the wireline entry system.)

)|

1261

ERASTMAN
CHRISTENSEN

25




Use Kelly

and Swivel \\

Drum For Cable
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Mud Motor
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MWD System Sc ¢
Figure 1

Pressure Transducer
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Downhoie System

Figure 3
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TARGETING
TARGET TYPES
There are three general target types that have been used in horizontal

drilling operations. These are:

1. Horizontal with wellbore inclined at 90°-

2. Drilled in the reservoir at a structural position so that the
borehole parallels bedding of the formation.

3. Slant holes that cut across bedding in the formation at a high
angle. - - rzcLe o B

The principal candidate for truly horizontal targets are formations with
both gas/oil and water/oil contacts. For these wells, a true horizontal well
will keep the distances from the gas cap and water column constant along the
wellbore length. -~ % .~ .

The most common target is the structural position target. For coning
applications where only -cne unwanted fluid is present, the optimum position for
the wellbore is to‘placafit"at the top of the formation to avoid water coning or
at the base of the formation to avoid gas coning. 1In a sloping formation this
will place cne end of the horizontal hole closer to the unwanted fluid than the
other, but this elevation will provide the maximum possible recovery of oil. In
gently dipping formations, where the well can be drilled in either direction, one
should consider placing the end most likely to cone at the bottom of the
horizontal hole toc simplify future remedial operations.

The slant hole has been widely used in horizontal wells. The slant hole
design was originated by horizontal well planners concerned over the possibility
that the subject reservoir had Aumerous sealing shale barriers throughout the
height of the productive zone. It is reasoned that, if such a condition exists,
a horizontal hole paralleling one of the beds might actually be completed in only
a 1- or 2-ft high (thick) reservoir. By angling the well across the height of
the entire zone, one can be assured of connection with each of the layers in the
reservoir. If, in fact, a reservoir is composed of numerous isolated layers,
neither a horizontal nor a slant well will likaly_be economical. The slant well

will suffer nearly as much as the horizontal because it will only achieve limited

lateral exposure in each of the layers. In order for a horizontal hole to be




succegsful, the reservoir must provide adequate vertical communication throughbut
its height, or its completion must connect the vertical height cf_th. reservoir
using stimulat{on treatments. For reservoirs with natural vertical conductivity
or for reservoirs where vertical conductivity will be artificially induced, there
is an optimum elevation for the horizontal holae. In the case of coning
applications, a slant well places most of the hole at a point much closer to the
unwanted fluid than a well drilled at the optimuﬁ elévation, and it therefcre
will certainly shorten its life and reduce its dlﬁlﬁiﬁe :eco&ery. In the case
of a formation with adequate natural vertical permeability, there is a optimum
structural position in the reservoir from which the produc;fy;ty and ultimate
recovery will be the highest. For wells that will be stimulated, there is an
optimum elevation from which to fracture vertically the desired productive
interval., ©Portions of a slant wellbore that are either above or below the
optimum elevation will require larger treatment in order to expose the zone and
may, in fact, risk fracturing into other formations or not fully opening the
productive interval. '
DIRECTION -~ .:.iwoiv, . 5.

The selected dirsction for the horizontal holes is most important for
naturally fractured reservoirs or for reservoirs- that will be hydraulically
fractured after completion. In these reservcocirs the wellbore should be directed
in a path that is perpendicular to the natural and/or induced vertical fractures
in the formation. There are a number of methods available to the planner for
identifying the direction of natuéal and induced fractures, in a given formation.

These include:

1. Oriented core.

2. Micro resistivity leog. .

3. Core stress relaxation tests on an oriented core.

4. Stress reapplication test on a oriented cors.

S. Borehole televiswer.

6. Minifrac followed by a borehole televiewer.

7. Minifrac followed by an oriented core.

8. Study of the regional stresses in thae area.

S. Orientation of vertical wells that were accidentally connected

with hydraulic fractures.

Most of the inhole tests can be performed in vertical wells in the area

prior to the drilling of the horizontal well. The most economical of these




methods appears to be the oriented core. The core should be taken at the target
depth. The presence and orientation of natural fractures can be determined by
standard core evaluation techniques. It is also.poasible to take a portion of
the oriented core and determine the probable di:cction of the maximum and minimum
horizontal stresses using c¢ore stress relaxation techniques. The testing must
be performed immediately after core recovery.

The micro resistivity log can locate fractures that intersect the wellbore
and allow measurement of their orientation.

The borehole televiswer can only detect fractures that cause a significant
disturbance. The borehole televiewer can.also be used to detect the orientation
of elliptical hole enlargement or breakout that is used to identify the
directions of the maximum and minimum horizontal stresses.

Using regional stressgses is the riskiest of all of the techniques suggested.
In an area where there are numerous parallel normal growth faults, the stress and
fracture orientation should be similarly aligned. .Howaver, in more complex
basins, the stress orientations can change over relatively short distances and
induce significant errors in picking the right direction.

The cheapest and most reliable passive data is ;ho orientation of wells
that were accidentally connected with hydraulically induced fractures.. If these
incidents are close to, or even preferentially surrcund, the well site £he
orientation data should be quite accurate.

In formations without natural fractures scheduled to be completed without
hydraulic fracturing, there is still an advantage in orienting the wellbore
parallel tc the minimum horizontal stress. Horizontal wells oriented in this
direction should offer greater hole stability than holes oriented 90° from this
direction. Although hole stability has not been a significant problem in most
horizontal drilling, there is insufficient data to detsrmine if the lack of field

problems are due to the orientation of the horizontal wellbores or to a general

exaggeration of the magnitude of this potential problem in the past.




GEOLOGIC INPUT

Once the path, position and orientation of the horizontal hole have beenfcr
aaleétad, the most useful information for the well planner is a cross~section of
the target formation and the identifiable gamma~ray markers in the 1000-ft-high
(thick) interval above the horizontal target. The cross-section should extend
along the planned path of the horizontal hole and include at leagt 1000 ft on
e;ch end of the planned horizontal borehole. The elevations of the marker beds
between the surface location and the beginning of the horizontal portion of the
‘ﬁolé'arélmoét important. The driller actually needs a log from the area that
best represents the thickness and spacing of the marker beds relative to the
hdrizontal well target. The most useful geologic input is an interpretation of
‘whether the beds are expected to remain uniform in thickness throughout this
_build interval or if thinning or thickening is expected in the stratigraphic
igée;val along the path of the horizontal borehole. . The presence of faults in
' £53-€hrget interval or along the horizontal well path will also have a major

- iﬁ?éct on the well design. In addition to the cross-section, the well planner

will need a structural map on a suitable marker that is expected to parallel theééE
taréetéd raservoir. Figure 10.5 is a typical structural cross-section of the‘
tafééééd‘reservoir to be intersected by a horizontal well. In tﬁis case the well
was planned to be drilled across the  crest of a gently dipping anticlinal
structure. The cross-section extends form the location of the vertical leg of
the well, where the elevation of the target is 8825 ft, for a distance of 3000
ft. A horizontal well would ﬁe;d to achieve a 90.25 inclination angle at the
elevation of the target vertically below its location in order to parallel this

target at the end of the build interval. The well path needs to drop to 89.7s"

to continue to parallel the structure after crossing the crest of the anticline.
WELLBORE TARGETING

The targeting for truly horizontal holes actually provides the simplest

method of planning and adjusting in the field. If the target is a 90

inclination angle at a specified true vertical debth, the depth of the target is

unaffected by variaticns in the displacement at the end of the curve as well as




l the exact orientation of the wellbore. However, if the target is to lace the
wellbore parallel to a'&iveh structural pogition in a dipping target, both the
planning and the -field monitoring become more complica;ed.

The simplest way to target a horizontal hole into a structurally dipping
target is to approximate the position of the structural target with a flat plane
that parallels the structural target at the point where the build curve ends and
the horizontal hole interval begins.-‘In order to fix the position of a dipping
(sloping)_g{g&g”ip space, we must identify the vertical depth at cne point in the
plane, the Jié angl;vof:theaélgﬁéa.éndvthe direction of dip. In order to guide
a directionally d:illea hofiionﬁal hola to intersect a dipping target plane, the
most usééﬁiu;béit;éﬁ_diéhkwhich to t;x the ;levation of the taﬁget Plane is the
true vertical depth qf;;he“tqgget plane at a point that is directly below the

{ .
surface location. This 'depth can bq determined graphically from a cross-

sectional plotlbf the targetiformaéidn by constructing a straight line that is
tangent té'the target formation at the approximate end of curve position and

extending that straight line to where it intercepts a vertical line projected

= through thév;agf;éoklséiéioh..HThe azimuth and the dip of the target lane can be
best detegﬁinedbfrbaﬁéhe stéuétural‘map of the formation in approximate area of
the end of curve positién. X |

If wa generally drilled along sﬁrike or directly up or down dip, the
calculations of target angle would be gquite simple. However, because we
generally drill at some other direction than those, the target angle must be
calculated. Figures 10.6-7 show the relationships for determining the
*horizontal” wellbore angle required to parallel a dipping structural target as
well as the true vertical depth of that structural target. ‘

In conventional directional drilling operations, one usually has a large
enocugh target for the driller that any variations in the vertical depths of the
target are not of any consequencs. Howaever, in many horizontal applications, thg
target is actually a thin narrow slice in the reservoir. The vertical tolerancs
on this type of target may be smaller than the variation in height of the target

in the area where the horizontal waell will likely intersect the target. Because

;;) the horizontal driller must both hit the target elevation and the wellbore at the
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Cross-section of targeted reservoir, showing
elevation of target along path of horizontal well.
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correct angle, he needs to have a reasonable 8ized area ip which tg “land” the
hole and in a Isasonable tolerance in the direczion ©f the hole. The combinatign %
of these factors Tequires that the directional driller-g target be described ag

a plane rather than a point in spacs.
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BUILD-CURVE DESIGN ) =
The build-curve daesign represents a well dasigner’s plan for deflecting the
well from vertical and hitting the horizontal target within the required v;::ical
height tolerance. The designer must make a number of significant decisions that
will both impact the cost as well as the precision of hitting the target. The
key decisions include the type of the build curve, the build rate, the targec
tclerance, the depths and variability of marker formations above the target, the

presencs of troublesome formations in or near the build curve, and the depths

required for casing. . - s —————

Because a horizontal target dntinlc the elevation, incllnat;cn angle and
direction ¢f the borehole, it is much more difficult to hit a horizqntal target
than to hit a typical directional driller‘’s aerial targset. A.di:octiongl driller
can succeed in hitting his target by drilling the well above the ﬁlapnod»path and
then dropping it into the target, or convcé:oly, drilling below the path and then
passing through the target at a higher than planned Inclination angle, or even
come in from either side of the targdc-and pass -through the targct.a:ia atc a
direction significantly different from the planned course. In a horizontal hole,

wae have lost one complete dagree of freedom and lessened the magnitude of a

second. The effect of having to hit the target at specific inclination angle

raquires that the curvature rata of the hole remain constant and predictablae.
There is, in facz, only one curvature rate that will allow one to hit a
horizontal target from a given depth and inclination angle above the target.

The targeting of horizontal holas is also affected by the typical

positioning of the measurement-while-drilling sansor packages in the bottom-hole

assembly. With the typical motor systems used to drill the build curves and

horizontal intervals, the directional sensor package must be generally located

50 to 75 ft above the bit with the most common positioning being about 60 £=




above the bit. With build rates ot_lO.IIOO ft, for example, the angle of the ﬁit
will be 6 greater than the angle measured at the MWD sengor. Predicting the
angle of the hale at the bit requires a precise knowledge of the build rate of
the assembly between the last survey and the bit.

The key tool utilized in hitting horizontal targets is the multibend motor,
which provides highly consistent build rates on a given well as well as rates
that are sufficiently close to that of the tool designer to allow us to routinely
succeed in hitting small targets. Figqures 10.8-~9 are plots of typical build
curves that show the consistency of the build rate that can b; achieved with well
gtabilized multi-bend, angle-build motors. Figure 10.8 is a'gibt of the build
curve on industry‘’s first tast of an angle-build motor.. The key portion of the
plbt'is the ﬁlot of inclination angle versus measured depth. A straight line on
" this type plot indicates a uniform build rate. The fact that the build rate
remained constant throughout the interval demonstrates that the equipment is not
‘sensitive to changes in inclination angle or gravity £orces.and is'ilso not

affected by the intersection of beds of differing hardness at angles of

'incidence--from O to 90°. This hardness test utilized a 4 3/4-in. motor that was {3

designed to build at 20°/100 ft. The motor actually built at a rate of '19.5’/100
ft, or only 2% less than the design.

Figure 10.9 is a plot of a well drilled with a 6 3/4-in. multi-bend
stabilized motor that was designed to build at 8.7'/100 ft. The motor actually
built at a rate of 9.8'/100 ft -and was exceedingly consistént in its curvature
rate all the way from O to 90°. The consistency of curvature on this hole is
especially remarkable because o£ the significant variability of the formations
encountersd in the build interval. This well encountered layers of limestone,
salt, shale, and anhydrite throughout the build interval. In fact, there were
thick salt sections .crossed at 30" and 65 . The consistency of the build rate
on this hole clearly shows the insensitivity of formation effects on the
performance of the well stabilized angle-build tcols.

The consistency of performance of an angle-build motor in a given hole is
the key quality that makes it possiblae to hit ;mall horizontal targets. The

variability between the actual build rate and the tool designer’s build ratr

~,
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requires the use of build-curve designs that .will Qork. with a range -ot
performance of the angle-build tog;.7  »
FIELD CURVE DESIGN METHODS

There are two buxld-curve design methods. The-first of these is based on
utilizing the~consistency of pertormancé of the angle-build motors as the basis
for designing the build curve to ‘hit the targot. The second method that is
growing with the.development af ;QAitional tools L; to utilize steerable motor
systems for the build curve and to use combinations of steering and rotatiocp to
achieve the desired average build raﬁe. The original steerable motor systems
were limited to curvature rates of only 3°-to 4'/100 ft. The.latest additions
to this style 6: equipment include'moﬁbts'wiﬁh build rates of up to 10'/100 e
that can algso be rotated in order to reduce the average build rate.

Use of the nonrotatable anglo-build motors p:ovidas the most economical

method for hitting large targets as well as exceedingly small targets. The

steerable motor technique is mcst p:obably suitable for mﬁdium-sized targets in

S e reras it v oy ~ cee e

the 5 to 20 ft range. : -
There are four types of build curvés thatqcaﬁ be utilized with the
nonrotatable angle-build motors. “The -build-curve types arranged in order of

increasing accuracy in hitting the target are:

1. The single build .curve.. .

2. The simple tangent build curve.

3. The complex tangent build curve.

4. The ideal build curve (same accuracy as the complex tangent
build curve). .

SINGLE BUILD CURVE

The single build curve is the simplest and lowest cost method for drilling-

a build curve. In order to design a single build curve it is necessary to obtain
performance data on the proposed motor to establish the probable range of
pértormance of the tool. The cioser the locations of experience data are to the
proposed horizontal well location, the more reliable will ba the design. One of

the most common tcols utilized in drilling sirgle build curves is the 20 /100 ft,

4 3/4-in. build tool for 6-in. holes. The performance of an angle-build tool ig




s

‘affected by the stiffness of the assembly placed above the motor, the bit typo

and bit weight used in drilling. Because the type of nonmagnetic collar placed
above the 4 3/4-in. motor is seldom varied, the variability in this size is
limited to the affect of bit type and bit weight. Typical field-performance
build rates for this tool have been in the range of 19'/100 ft + or - S%.

To evaluate the potential use of a single build curve for an application
requires that one compare the expectad variation in the final elevation of the
horizontal hole with the target tolerance required by the reservoir. The
expected variability of performance is determined by calculating the range and
height of the end of the build curve for build rates ranging from the maximum to
the minimum expected fgt the proposed motor. In general, if the expected
variation in ﬁeight is less than half the target tolerance regquired for the
reservoir, the single build curve should be used. Figure 10.10 is an cxamplo of
aﬁ appropriate single build-curve application. P

The plot shows the expected weleore path that would be preduced if the
motor drilied at its most likely build rate as well as the effect on hitting the
target if the build rate were either the maximum or minimum expectsd. If this
range of héight is smaller that the target tolerance, the technique can be used.
Because the penalty for missing the target is usually quite costly, we do not
recommend using a single build-curve.design unless the allowable target tolerance
is at least twice as high as the probable range of target error.

For an expected build rate of 19°/100 ft and a horizontal 30" target, the
expected height of the build curve is 301.5 ft (see Appendix 10.1, for equations
(Figs. 10.Al1-4] required to design build curves). A variability of S% + or - in
this build rate would produce a reservoir-target-error range of about 30 ft.
Theref&re, if the target had an allowable tolerance of 60 ft or more, a single

build curve would be the most effective build curve design.

SIMPLE TANGENT BUILD CURVE
Simple tangent build curve is the next logical step in improving the target
accuracy of a build curve. Simple tangent-build-curve Jdesign is the most common

method for drilling 8 1/2-in. diameter horizontal wells. In this size hole we




generally use 6 3/4-in. multibend motors with design build rates that range from

8" to 16°/100 ft. In this hole size there is a brogd range of nonmagnetic \i*:
equipment that can ba élaced immediately above the motor. It is poasible to
utilize equipment above the motor that is significantly stiffer than the motor
or equipment that is significantly more flexible than the motor. Perhaps because
of this additional variability, the typical angle-build motor in this size has
produced a range of build rates that range from 10% less than the.expected design
rate to as much as 15% more than the expected design rate. If one attempted to
use equipment with this much range for a singlh build curve, tha errcr band would
be quite large. For an angle-build motor with expaected build rate of 10°/100 ft,
‘the expected height of a single build curve would be 573 ft, but the e:ror.:ange
would extend from 75 ft above the expected depth to 64 ft below tha“expected
position.

With the simple-tangent-build-curve method, it is possible to greatly
reduce the target error, even using tools with this much variability, or more.
Figure 10.11 is a sketch that shows the simple tangent build curve. In this
design the build interval is broken into two huildr}nterYFIQ;Fhat are s§parate-g§§
by a straight “tangent‘ adjustment interval. ‘To design a §mele t;;gént build
curve the designer must know thae minimum pessible build ratg.for the anéle-build
motor that will be used in the interval. The build curve is then designed using
the minimum expected build rate which produces the greatest height of the build
interval. A short tahgent interval is placed within the build curve to provide
a means for adjusting the depth of'the second kickoff point based on the observed
performance of the angle-build motor in the first build interval. If the minimum
possible build rata is utilized in the dasign, the actual build rate in the field
will likely be greater than the design build rate. As long as the actual build
rate is greater than the planned rate, the well plan can be adjusted to position
the second kickoff-point at a depth that will allow one to precisely hit the
target if the second build rate is identical to that experienced in the first
build (dashed build curve in Figure 10.12).

The target error with the simple tangent build curve is genaral;y limited

to the variability of the angle-build motor in the second build versus that in .

)
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Figure 10.10 -- Single build curve design.

Figure 10.11 -- Simple tangent build curve.




the first build.  Even if we experienéehﬁ considerable variability in build
rates, the error only affects the height of the second build curve. For example,
with a 10./10C ft buila rate and a 45 tangent angle and a 90" target, a S\
change in the performance of the angle-build motor between the first build and
the second would only produce a target error of about 17 ft.

Changing the tangent angle, which reduces the height of the second build

curve, directly reduces the target error. For the 10 /100 ft example, using a

60" tangent would.réduceAﬁhe—erféifb;;a ﬁb less than 8 ft.

When the target is a dipping structural target, part of the potential error
in hitting the target is due to the error or imprecision in definxng the exact
depth of the scructural'target. These potential errors can be minimized by
utilizing the observed depth of marker horizons in the build curve above the
target. If the marker beds demonstrate a consistent thickness (or interval)
between thevm;rkér a;&-;ggfé;;gggwiéighé vicinity of the horizontal hole, the
observed depth of iheéé aaéxé;"SEQQ can be utilized to redefine the target depth
while drilling the buxld curve. With the simple tangent build curve, the depth
of the second kickoff poxnt Ls‘the only field control point in the build curve.
Thus, to utilize a marker to xedxrect the target on a well, the marker must be
encountered at a depth that is well above the second kickoff point. If the
marker bed is to be identified usiné a MWD gamma ray log, the marker must be
located at a point in the bo:ehole»éhat is about 100 linear feet above the second
kickoff point. For our 10./100 ftr example with a 45’ tangent angle and a 90"
target, the deepest useful marker, would be 238 ft above the target formation.

With a 60° tangent angle the deepest useful target marker is 127 ft above the

target zone.

COMPLEX TANGENT BUILD CURVE

If the target tolaeranca is less than the expected variability of a simple

tangent build curve, or if the critical target marker beds are closer to the -

target formation than can be utilized in adjusting.the second kickoff point, the
complex tangent build curve offers the most economical method for hitting the

target.




(L

The complex build curve is an extension of the simple tangent build curve
method. In the complex tangent method we split the build curve into two
intervals separated by a straight tangent adjustment inﬁ;rval, just as in the
simple tangent build curve. We also utilize the minimum ex;ectad build rate in
designing build curve for this method. However, for the complex build curve, we
design the build curve for the second build utilizing a build rate that is less
than was experienced on the first build. A typical complex design used a build
rate difference of 1 1/2'/100 ft. For example, with a tool that generated a
10°/100 £t build rate in drilling the first build, one would select the second
kickoff point based on a build rate in the second build equal to [10 - 1.5] = 8
1/2°/100 £t. This lower planned vertical build rate is accomplished by orienting
the toolface (the plane of the multibends in the aﬁqle-huiid motor) to the right
or left of vertical. The vertical build rate of an  angle-build motor is
numerically equal to the total curvature of the tool times the cosine of the
toolface angle. For example, a 10'/100 £t build tool:wili‘bhild vertical angle
at the rate of 8 1/2'/100 ft when the toolface. is oriented 32° from vertical.
Rotating the toolface to 46 would reduce the vertical build rate to 7°7100 ft.
Using a 10°/100 £t build tool and a complex-:angent-buiidﬁ%ﬁrv;-vertical build
rate of 8 1/2°/100 ft, the directional.driller has the Ability_to change the
vertical build rate at any time in the second build t:om_7ﬁuto 10'/100 ft by
simply adjusting the toolface angle between O and 46°. This capability provides
the driller with the ability to adjust ﬁhe final horizontal elevation by as much
ags 15% + or - of the remaining height.

Unfortunately, using a toolface angle other than zero also causes the well
to change directions, either to the right if the tcolface is turned to the right,
or to the left if the toolface angle is to the left of vertical. Because we
normally want the build curve to reach the target in a specific direction, the
change in direction in the complex build curve must be neutralized by drilling
about half of the hole with the toolface turned to the right and the remaining
half with the toolface turned to the left. The change-over depth can be selected

to exactly balance the right hand and left hand turns, thereby leaving the final

direction of the end of curve parallel with the direction at the end of the




tangent interval.’ In actual practice one can easily get within 2 to 3" of the
desired dirtction and the final adjustment can be madae with a steerable motor
system at the beginning'ot the horizontal interval. Figure 10.13 i; a plot of
a typical ccmpiex tangent build curve that shows the vertical section and plan
view of the build-curve path. This build curve was based on a 10'/100 £t build
toocl, a 45 tangent angle, and an 8 1/2'/100 ft vertical build rate for the
second build. Tha toclface angle was set at 32" to the right for the interval
from 45" to 65.5 and to the left from 65.5 to 90°. Note that this produces a
horizontal well path that parallels the first portion of the build-curve but is
offset about 65 ft to the right of the starting path.

Complex tangent build curves have successfully utilized toolface angles up

to 65° which redute the vertical build rate to only 42% of the capability of the -

motor. For normal design purposes we would like to keep the toolface angles in
the range of 0 to as”.

' The complex tangent build curve allows one to utilize marker encountered
in the second build curve to adjust the final depth target of the horizontal
hole. With adequate quality markers, it is possible to hit 1-ft térgets with the

complex build curve design. A

To utilize the complex tangent build curve requires increasing the length
of the second build curve as compared'wi:h the simple tangent_design. This also
increases the total curvature required in the build curve. Inutypical designs,
however, the additional length and additional dogleg are insignificant compared
with the enhanced capability for“hitting small targets. For a typical complex
build curve, the total length of ;he build curve and total dogleg required for

each horizontal are increased by about 10%.

IDEAL BUILD CURVE
A tangent interval is required whenever the expected performance range of
the motor is similar to the minus 10%, plus 15% range considered applicable to
the firat time use of-the motor in a new area. However, after a motor and BHA
Package have been utilized in several wells in an area, the expected variance 'in

performance should drop to only a few percent. Whenever the expected range
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curvature rate must eventually be balanced by the effect of curvature on
performancs of the drilling and complctiod ;quipmcnt needaed in the horizontal
hole. In 6-in. hole size, the fatigue endurance limit of 3 1/2-in. compressive
service drillpipe exceeds 20'/100 f€t. In the 8-1/2 in. hole size, one of the
most important limits is the fatique endurance for Heviwate drillpipe. The
limits for 4 1/2-in. and 5-in. Heviwate are roughly 15°/100 ft.

The most significant bending limit for completions is the effect on the
casing connections. While the connection stresses should be evaluated, they are

generally not as important as the drillstring limitations.

DEP‘I‘H COR.R!I.AIION V

One of the more important cons;deratxons Ln targeting a horxzcntal hole is

the potential error between the MWD measurements and the clectric-log-baeed
target depths. Even for horizontal holes th;t are to be dgllled at a 90° target
angle, the critical formation depths are pase§ on log measured depths. 1In a

f*fﬁ horizontal hole all of the measurements are based on drillef'; drillstring

measurements and the MWD survey angles and azimuths. in a'conveﬁtidnal vertical

R

differences between the drxlle:'s dapths and the log

or directicnal well,

measured depths do not affect the precxsxon of the completion operatxons. For

conventional completion operations, the use of collar-locator—correlatxon logs

allows one to complete precisely at the depths relative to the.electric-log

measurements.

In horizontal wells, the well plan must include a means for correlating the

MWD driller’s depths in the horizontal hole with the log-based target depths.

To be effective, the depths must be correlated and the target depth adjusted

There are three general methods for

befors the well reaches horizontal.

achieving the depth correlation. These are: (1) use of a mud logger, (2) a

special correlation electric log run in the build interval, and (3) use of a MWD

tool that includes a MWD gamma-ray or resistivity log in the build interval.

MUD LOGGER

The mud logger‘s formation tops based on cuttings depths are generally not




accurate enough to offer much help in depth correlation between the MWD and the
electric-log dapths.  The greatest potential Afcr using this relatively !
inexpensive correlation device is to coordinate a log top with a diétinctive
penetration rats response in the build curve. The mud logger will, therefore, ’
precisely pick the depth of this soft streak or hard streak in the drilled hole
and it can be correlated accurately back to the base logging data. If the
correlation point is above the second kickoff point or if the complex type build

curve is used for the second build, the correlation point can be used to correct

the TVD target depth. e

SPECIAL CORRELATION ELECTRIC LOG

The next lowest cost method for cdrrelating the MWD depths with the planned
electric-log target depths is to run a specialized correlation log in the build
curve. The logging tool needs to combine the appropriate correlation logging
sonde with the survey sonde of a dipmeter. This package can be used to prepars
a TVD correlation log of the build interval. When using this type of log- run,
one generally runs the tool on a wireline unit and J_.ogs from the deepest free-
fall point obtained back to the’cas;ng shoe. -

The TVD log can now be corre;ated with the base log used go pick the
target. Any depth adjustments between the correlation log and the base log will
be apparent. The correlation log depths can be correlated with”the MWD depths
by comparing the correlation log TVD depths with the MWD survey TVD depths at
points where the MWD angle and the correlation log angles are egqual. The most
important correlation points are the last few surveys. The correlation depth
differences should not deviate greatly between surveys. Larges changes between
groups of surveys above and below some depths suggest that was a drillstring’
measurement error at that depth. If the correlation logging tool reaches to a
55" or 60° inclination angle, the corrslation can be quite accurate. At this
angle the build curve is generélly within 100 to 200 ft of the target zone. From
this point to the end of the curve the only measurement errors that can affect
the target are those that occur between the last correlation point and the end

of the curva. Furthermore, length measurement errors in this interval only

_;_______----lllllllllllllllllllllllllllll




affect the TVD accuracy by the length error times the c¢osine of the hole angla.
In the high angle portion‘of the hole, the magnitude of additional depth errors
becomes éuitn small. Furthermore, after zqachinq the horizontal, additional
measuyrement e;rprs have very little impact on the position of the hole.
MWD WITH GAMMA RAY OR RESISTIVITY LOGS

The best possible technique for correlating the MWD depths with the log-
based tﬁrget is through the use-of a MWD gamma-~ray tool in the build interval.
This toéi c#ﬁ be used to provide-a continuousvtruc-veftical-depth-based-gammé-ray
correlation lo§ while drilling the build interval. By identifying the TVD depths
of the markeré on the MWD gamma-ray log, it is possible to calculate a MWD target
depth that will-COt:elaté with the relative position of tﬁe tﬁxget formation
below the marker depths. T . '

;Figuie 10.14 shows a typical seleétion of gamma-ray marker pocints for the
bdild’é;}Qé of a horizontal hole. The ideal markers are single spikes that can
be easily ;éentified by a single depth. fhis log includes each of the markers
identified (gf a-iétﬁer). Tie target TVD depth for the well is a function of the
MWD fvn deptg_iﬁentified for the marker, the vertical build rate between that
point and the té;g;; zone, aﬂd iha required target angle. Figure 10.1S shows a
graphic solution that relates the TVD target depth with the obseﬁved MWD /gamma-
ray depth of the marker for several of tha gamma-ray markers, assuming a range

of build rates between 8 and 12.[100 fr. It should be notad that the corre}acion

curves are relatively insensitive to this large range of build rates. All curves

-
.

can be representaed by a single line even though the more distant markers are
reprasentad by a relatively thick singlé line. The build rats required to hit
the MWD target at the target inclination angle is a function of the remaining
height and the angle of the hole at that point. This too can be solved
graphically, as shown on Figures 10.16-18. The easiest way to use these
graphical soclutions is to plot the diffaerence between the latest TVD target and
the TVD depth of each MWD survey at the MWD survey ;nclination angle. The plot
will then show the build rate ('/1oc ft) required to hit the target TVD at the

target angle. Note that a build-rate variation of only 0.2°/100 £t build rate
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Figure 10.14 -- Typical gamma-ray markers utilized for the

build curve of a horizontal hole.
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Modular Tool Configuralion
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Calculation Methods
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represents a vertical height of 2 ft when the angle is at so. At 70" a buiid
rate variation of 1'/100 ft only represents about 3-ft change in target height.
At 80° a variation of 1°/100 ft represents less than 1 ft of vertiéal height at
the target. Because it requires decrsasing levels of precision to control the
vertical build height as the angle increases, it becomes extremely easy to hit
the precise target once the complex build curve is properly aligned with the

target.

IMPACT OF MARKER QUALITY ON BUILD CURVE DESIGN
AND TARGET ACCURACY

The quality of a marker is defined as the expected variability in the
distance between the marker and the target formation. In most areas the quality
of the markers improves with the proximity to the target zone. This allows the
accuracy of the target to be gradually improved as each marker is intersected.
If the variability of the markers is less than 5% of the remaining “height’, we
should be able to “hit” even a 1l-ft target with a complex build curve.

In areas where there are no markers in the build curve,or the variability
of the markers exceeds the target tolerance, a very special design may be
required to hit the target. One such method requires drilling a deep high-angle
tangent interval at whatever angle is needed in order to hit the target from the
last possible marker. To use this technique the well must be drilled to reach
the tangent angle depth before reaching the shallowest possible depth for the

marker and then to continue at that angle until the marker is encountered.

DETERMINING TEE OPTIMUM COMPLETION METROD
Although most of the horizontal wells to date have been completed open hole
or with uncemented liners, we believe that the majority of the future horizontal
wells will be completed with cememted casing, selected perforated intervals, and
some form of stimulation. The critical parameters that control the optimum

completion methed are:

1. The magnitude of damage caused by the drilling mechanics and
drilling fluids.

2. The natural vertical permeability provided by the form§tion.

3. The likelihood of producing unwanted fluids from a portion of

the wellbore before depleting the zone.




Sslotted liners or open hole completions provide the optimum completion
method for formations whére the formation damage is minimal, where the formacion
ﬁas adequate natural vertical permeability, and where there is little likelihood
that water or gas will.broak through the wellbore before deplating the zone.

If any of these factors is reversed, the well should probably be cased,
cemantad and selectively pérforatad. ‘If the formation dam&ge caused by the
drilling fluids cannot be overcome by perforating alone, or if the natural

vertical permeability does not open the entire reservoir, some form of well

stimulation will be required.’’

* After Joshi . .
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Architectural St
e Ultrashort Radius




Ultra-Short Radius Laterals

e Up to 90°/ft Curvature
e Water Jet Tools

e Hole Diameter 1-1/2 to 2-1/2 in.
e Typical Lateral Length 100 to 200 ft

e Openhole or Special Liner Completion
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Short Radius Architecture

e Build Rates 1-3.5 degrees/ft
(57-16 ft Radius)

e [Flexible Curved BHA

o Most Common Application -
Drainhole Laterals
e Maximum 6" Hole Diamefter

e [ypical Lateral Length = 200-700 ft
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Short-Radius Motor System

Tool Size 3%."

Latcgu%own Motor Section Motor Section

Central Valve

Knuckle Joint U-Joint U-Joint (BA)
Tool Size 4%."
Latcgu%own Knuckle Joint
\ Central Valve Motor Section Knuckle\Jomt (BA)

Knuckle Joint Knuckle Joint (BA)

Kick Off Sub

Bit |

\

Bearing Assembly

Kick Off Sub

Bit

S

a=1iD

Knuckle Joint U-Joint (BA)

Bearing Assembly .

BA = Bearing Assembly




Short Radius Advantages

e Limited TVD Across Build (Artificial Lift)
e Accurate Lateral Placement

e Small Lease
o Troublesome Formations Above Pay

Short Radius Disadvantages

e Relatively Short Laterals

e Slow Penetration Rate

e [ imited Hard Rock Applicability
e [ imited Directional Control

e [imited Log Capabilities




- SHORT-RADIUS MOTOR ASSEMBLY - . -

Quter Joint

Orientation/
Latchdown Sub

Motor Section

TUBULAR SPECIFICATIONS -

Recommended Make Up Torque (ft Ib Nm)

3500:4745

ARTICULATED DRIVE PIPE
{ROTATED THROUGH CURVE! 3" System
OD(ID.) . s e Leze oL 3%- T _'..;j .

D (in) . _ Yo" » o
Maximum Temperature (* F./°C} ~~ 7 2000127 "7 TTL T EL 2000127 T TR S
Maximum Liner Pressure {psi/Bar) _ 1500/103 , 1500/103

{fe./m.) - 006 | T o)
Approximate Wexght {Ib. ft./Kg m) 29 3/444
CONNECTIO; -
Box Up ) R Z4 Reg mod. A} S
CONNECTIONS:
Pin Down 24" Reg. mod. 3%" FH mod.
Recommended Make Up Torque (ft.-b./Nm} | 3500/4745 4500/6100
TUBING {ORIENTED THROUGH CURVE) - ~
Type P-105 P-105
OD(ny _° 777 " 7R OTF T Tl T oLl IP A OTEVIITRTR
IDin.) ) 2259 B ) 2259 L
Drift (in.} . L B 2165 S . W) 2165 Lliio ok
Length {ft-m} 30:9 30/9
Approximate Weight (Ib.-ft./Kg /m ) 87/13.2 T 87132 T L.
CONNECTIONS:
Box Up 2% PHO A" PHO
CONNECTIONS: - e B 4
Pin Down ZA" PHO 24" PHO P
CONNECTIONS:
OD {in.) 3y 3%°

350074745

SPECIFICATIONS:

3¥” System 4¥." System
Motor OD'{in.) 3. 4.
Design Radius (ft./m.) 30/12.2 400r60/12.20r 18.3
Hole Sizes Drilled (in } 4% or 4% 6 - :
Minimum Hole Size Above KOP (in.} A 6%
Minimum Castng Size Above KOP ST 17# 7. 26;;7

2060/1

Maximum Bottom Hole Temperature 1° F./°C)

2607127

3¥.” Svstem 4% System
Speed (rpm) 225550 150-260
LengthJfr./m.} 12-17/3.7-5.2 12:17/3.7 5.2
Weight (lbs./Kgs.) 420/191 650/295
Flow Ratelépm/lpm) 90-120/341-455 185-230/701-871
Drilling Differental Pressure {psi/Bar) 75-500/5-34 75-720/5-50
Maximum Differential Pressure (psi: Bar} 1000/69 1200/83
Operating Torque {ft.-Ib./Nm) 500-700/678-949 350-700/474-949
CONNECTIONS:
Box Up 247 PHO 74" PHO
Recommended Make Up Torque (ft-[b./Nm) 3500/4745 350074745
CONNECTIONS; )
Box Down %" 2% Reg, 34" Reg.
Recommended Make Up Torque {ft-Ib./Nm) | 3500-5700/4745-7726 | 9400/12.742
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xnehef Well Team
2' 2 :-‘mt-}'{-’ix‘ﬂ”'—

H Eastman Christensen’s experience
“with relief wells dates back to
-1934, when John Eastman success-
“fully drilled the first relief well in
. history. Today our company still

+honors John Eastman’s commit-

Smeént’ nmaintaining leadership in

’“drﬂling related: services. technology

37 0w ] Relief Well Team was -
irea ted to focus exdusively on the
Yengineering and execution of this
Zmost highly spedialized and de-
&mandxng directional drilling service
work. Team members are selected

St SEEELR 3
fOut Relief Well Team includes: A
ikelief Well Manager who advises
Ynitial relief well stratégy and is pri-
smary liaison  between the operator
Yand the Eastran’ Christensen team.
_Eq\npped with a computer, plotter

“and complete wellplanning and

sdrilling software, he is located

~inthe : operator’s office. providing
”operaﬁngengmeers fulltime input
“and access to data through aII
:fphases of the< operation. T ; 5

T TR "‘&‘ "k‘ PICE S :

=.1A Relief Well Drilling Engmeer

‘wha acts as the communications
‘link between personnel at the * .
rigsite and the Relief Well Manager
In the operator S offxce :

CA locaI Drﬁlmg Engineer who
“analyzes geology and offset records
to advise on bit selection. hydrau-
lics. steerable systems. drilling
tools. and drilling optimization.

Local Drilling, Survey and MWD
Coordinators to provide logistical
support for personnel and
equipment.

Eastman Christensen'’s inno-
vative, computerized approach
affords instant data transfer from
rig to office. or from office to head-
quarters. ensuring a vital line of
communications is maintained
throughout the relief well effort.
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Medium-Radius Lateral Drilling
HUGHES ' Steerable Angle-Build Motor System
INTER
Stabilizer
Bypass Valve
000 |

Flex Motor Section

Fiex Double Kick-Off Sub

Bit

% Bearing Assembly w/Stabilizer




HUGHES

INTEG2

Medium-Radius Angle-Hold Motor

String Stabilizer

Low-Speed, High-Torque Motor

-String Stabilizer

Double Tilted U-Joint Housing




_ Medium-Radius Angle-Build Motor

INTEGR

String Stabilizer

Dump Valve

Bent Sub

Low-Speed, High-Torque Motor

—Bent Sub

Stabilizer

Bearing Housing

@——Bh




Medium Radius Advantages

e [ onger Laterals Available (Short Radius)

e Case Troublesome Formation in Curve

s Shorter Curve Section (Long Radius)

e Deeper KOP = Higher Accuracy (Long Radius)

Medium Radius Disadvantages

e High Drillstring Stress
o High Casing Stress
o [ ess Conventional Tools (Long Radius)
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ECONOMIC CONSIDERATIONS:

Both build and lateral sections of a medium-radius well are typically
drilled with modified tooling which is configured to mate with standard
oil fleld hardware, creating a "package” which can be mobilized to any rig
with minimat additional modification.

Positionally 1 Bend
Stable Housing
Motor Motor

Medium-Radius Angle-Build Methods

By combining several conventional hardware systems. the incremental
cost of medium-radius drilling systems may be. minimized. Unlike long-
radius wells which require only one or two service contractors. medium-
radius wells may involve as many as five service companies on a single
project.




String Stabilizer

Dump Valve

Bent Sub

Low-Speed.
High-Torque Motor

Upper Bearing
‘Housing With Stabilizer

For Build Rates up to 20°/100 ft.

|

- Low-Speed.
_Bigh-Torque Motor

- 1254

EASTMAN
CHRISTENSEN

MEDIUM-RADIUS SYSTEM SPECIFICATIONS: - -

Motor OD* 8" 6% 49 3y
General | Design radtus. (ft./m.) : 715-410/218-125 | 715410/218-125 | 286-300/87-91 286/87
Data Min. vertical casing above KO.P. DS SR 3 R -7 5¥5”
Inittation: Off bottom-plug - - - Yes 2 Yes .. . Yes
Off whipstock “Yes = ¢ Yes Yes
Min. vertical open hole OD - 12w - 7 ¢ 7
Max. temperature. {°F/°C} 2607127 2607127 260/127 260/127
Angle-Build | Motor type Mach 1 Mach 1 Mach 1 Mach 1
Assembly | Speed range. (rpm) 85-190 100-260 100-300 120-340
Overall length. {ft./m.) 26.0/8.0 20.0/88 26.0/8.0 20.0/6.0
Weight. {{bs./Kgs.) (approx.) 350071585 250071130 1100/500 700/320
Connections: Upper box 6% Reg. 4% IF 3LIF 2AIF
Lower bit box 6% Reg. 4¥: Reg. 3%: Reg 2% Reg.
Max flow rate (without bypass). (gpm/ {pm) 685/2600 475/1800 240/900 185/700
Max. allow. diff. pressure. (psi/bar) 580/40 725/50 725/50 800/55
Operating torque. (ft.-1bs./Nm) 4500/6100 2800/3800 118071600 860/1200
Angle-Hole | As above, except:
Assembly | Qverall lengrh. (ft./m.} 26.0/80 26.5/8.1 235/7.1 21.1/6.4
Weight. (Ibs./Kgs.) : 2800/1270 1900/860 950/430 600/270
Angle change rate. steering mod 2-5°/100 ft 2-6°/100 ft 2-6°/100 ft 2-6°/100 ft
Orientation { Single Shot Yes Yes Yes Yes
Techniques | Steering tool Yes Yes Yes Yes
MWD Unrestricted Unrestricted | Some limitationst N/A
Drill Pipe Conventional. (1n.) 5 HWDP 4-5 HWDP N/A N/A
3v2 S-135, w/wear knots Yes Yes Yes N/A
2% 5-135. w/wear knots No Yes Yes Yes

*Other sizes available upon request. $Contact your Eastman Christensen representative for further details.

15
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In addition, placing the KOP nearer the target in most cases will reduce
the uncertainty of depth to the true target. At least one service company
capitalizes on this attribute by including a "depth adjustment section” in
the medium-radius well plan. Referred to as a "tangent.” this section is
typically placed at 45 to 75 degrees of inclination after 70 to 85 percent
of target depth has been reached. This facilitates any change in planned
target depth should formation, reservoir, or other factors require.

°/100’ 20°/100° 22°/100

- The Tangent Section Acts as a

XX
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Tangeht Section : :

The disadvantages of medium-radius drilling are relatively few. At higher
BURs, bending moment across tool joints, and material stress in the tube
body may require engnineering attention. And in snow bank drilling, bit
side wall force caused by high curvature in a medium-radius hole can
cause borehole wall gouges and possible sidetracking. '
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Long Radius Architecture

e Build Rates 1-6 degrees /100 ft
(5,730-955 ft Radius)

e Conventional BHA and Hole Diameters
e [ypical Lateral Length = 3,000 - 10,000 ft

@\Typica/ Hole Diameter = 8-1/2" - 12-1/4"




Long Radius Advantages

e [ onger Laterals (Medium and Short
Radius)

e Conventional BHA

e [arger Drillstring and Casing Sizes
Through Curve
e Ablility to Rod Pump in Curve

Long Radius Disadvantages

e "Roller Coaster” Wellbore
e [ncreased Torque and Drag

e Increased Drilling Time
e Increased Cost
e Difficult to Hit Small Targets

e [ ease Considerations




v

30' Non-mag Drill Collar

(¢

_— N
=~
2

8 5/8" Non-mag Stabilizer

{_

30' Non-mag Drill Collar

8 5/8" Non-mag Stabilizer

=

Orienting Sub

16' MWD Pulser Collar

Float Sub

— « —1/2° Bend Angle

8 1/2" Stabilizer

8 3/4" Bit

Typical long-radius steerable assembly
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6-3/4" orR LARGER Fixep ANGLE-BuiLp (FAB)
HORIZONTAL DRILLING ASSEMBLY

Drill Pipe to Surface

Drill Collars for Added
Weight in Vertical Hole
(Optional but Preferred)

Heavy Weight Drill Pipe
for Flexibility in Curve

Heavy Weight Drill Pipe
for Flexibility in Curve

;
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g

CRg@ L
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9

Compressive Service
Drill Pipe (Non Mag)
For MWD Isolation

MWD Survey System
For Directional Control

Pup-Joint (10’ Non-Mag)

" For Flexibility and

MWD Isolation

Baker Hughes INTEQ
Fixed Angle Build (FAB)
PDM Drilling Motor
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6-3/4" orR LARGER Doua;s ApjustasLE BuriLp (DAM)

HORIZONTAL DRILLING ASSEMBLY

Drill Pipe to Surface

Drill Collars for Added
Weight in Vertical Hole
(Optional but Preferred)

Heavy Weight Drill Pipe
for Flexibility in Curve

Heavy Weight Drill Pipe
for Flexibility in Curve
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A

5

Compressive Service
Drill Pipe (Non Mag)
For MWD Isolation

MWD Survey System
For Directional Control

Pup-Joint (10’ Non-Mag)
For Flexibility and
MWD Isolation

Baker Hughes INTEQ
Double Adjustable Motor
(DAM)

HUGHES'

INTEQ




6-3/4" orR LARGER DouBLE-ANGLE ADJUSTABLE BuiLp (DAAB)
HORIZONTAL DRILLING ASSEMBLY

[
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L
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-

Drill Pipe to Surface

Drill Collars for Added
Weight in Vertical Hole
(Optional but Preferred)

Heavy Weight Drill Pipe
for Flexibility in Curve

Heavy Weight Drill Pipe
for Flexibility in Curve

Compressive Service
Drill Pipe (Non Mag)
For MWD Isolation

MWD Survey System
For Directional Control

Pup-Joint (10’ Non-Mag)
For Flexibility and
MWD Isolation

drilling Stabilizer

Baker Hughes INTEQ
Double-Angle Adjustable
Motor (DAAB)
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6-3/4" orR LARGER DouBLE-ANGLE ApJusTABLE (DAAB)

STEERABLE HORIZONTAL DRILLING ASSEMBLY

Drill Pipe to Surface

Drill Collars for Added
Weight in Vertical Hole
(Optional but Preferred)

Heavy Weight Drill Pipe
for Flexibility in Curve

Heavy Weight Drill Pipe
for Flexibility in Curve
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Compressive Service
Dri1l Pipe (Non Mag)
For MWD Isolation

MWD Survey System
For Directional Control

Pup-Joint (10’ Non-Mag)
For Filexibility and
MWD Isolation

Baker Hughes INTEQ
Double-Angle Adjustabie
Motor (DAAB)




6-3/4" or LARGER DouBLE TiLTED U-JoInT (DTU)
STEERABLE HORIZONTAL DRILLING ASSEMBLY

[

[

Driil Pipe to Surface

O

Drill Collars for Added
Weight in Vertical Hole
(Optional but Preferred)

o
Ll Heavy Weight Drill Pipe
CJ for Flexibility in Curve

i

i

Heavy Weight Drill Pipe
for Flexibility in Curve

[l

N

ST Ry O=E

Compressive Service
Drill Pipe (Non Mag)
For MWD Isolation

MWD Survey System
For Directional Control

Pup-Joint (10’ Non-Mag)
For Flexibility and
MWD Isolation

Baker Hughes INTEQ
Double Tilted U-Joint
Steerable Motor{DTU)




6-3/4" oR LARGER ADJusTABLE Kick-OfFfF Sue (AKO)
STEERABLE HORIZONTAL DRILLING ASSEMBLY

[ ]

([ Y

N

will]

Drill Pipe to Surface

Drill Collars for Added
Weight in Vertical Hole
(Optional but Preferred)

Heavy Weight Drill Pipe
for Flexibility in Curve

Heavy Weight Drill Pipe
for Flexibility in Curve

o o [

Compressive Service
Drill Pipe (Non Mag)
For MWD Isolation

MWD Survey System
For Directional Control

Pup-Jdoint (10’ Non-Mag)
For Flexibility and
MWD Isolation

Baker Hughes INTEQ
Adjustable Kick-0ff
Sub (AKO) Motor




6-3/4" orR LARGER DOUBLE-ANGLE ADJUSTABLE (DAAB)
STEERABLE HORIZONTAL DRILLING ASSEMBLY

g9 ]

I [s

Ll

g

L

l

]

Drill Pipe to Surface

Drill Collars for Added
Weight in Vertical Hole
(Optional but Preferred)

Heavy Weight Drill Pipe
for Flexibility in Curve

Heavy Weight Drill Pipe
for Flexibility in Curve

S ) — ([

!

Compressive Service
Drill Pipe (Non Mag)
For MWD Isolation

MWD Survey System
For Directional Control

Pup-Joint (10’ Non-Mag)
For Flexibility and
MWD Isolation

Baker Hughes INTEQ
Double-Angle Adjustable
Motor (DAAB)




Lease Line

Surface Location

3°/100 ft

20°/100 ft

\

< 286° ->-!< 1714' >
- 1910’ >
< 2000" >

Medium vs. long-radius profiles to
maximize horizontal displacement
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Well Control Considerations

s SIDPP = SICP

e Gas Migration Rates

e Use of Wait and Weight Technique
e Equivalent Circulating Densities




Bit Selection in Horizontal Wells

e Formation Type
e Gauge Protection
e Moftor Applications

e Roller Cone Shirttail Pads
- Gauge. Protection
- Reduced Steerability

e PDC Gauge Length
- Shorter = Increased Steerability
- Longer = Increased Holding Stability

e Motor Stall




Drilling Fluid Considerations

e Hole Stability (Tensile and Compressive)
e [ ubricity

e Filtration Control

e Hole Cleaning

e Barite Suspension
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WHAT DRILL PIPE STRESS 7

- WHAT I DON'T KNOW
4 WQOMT HURT !

e

-_——SEVERALLY FLUCTUATING

NEUTRAL POINT

COMPRESSION
TORQUE
VIBRATION
HOOP
BENDING




TYPES OF
DRILLSTRING STRESS

\
\ (1) TORSIONAL

\\

HOOP (PRESSURE) (2)

BENDING (3)

AXIAL (4)

—

5) CYCLICAL ( VARYING AMPLITUDES OF 1 — 4 ABOVE )

6) VIBRATION ( HARMONICS IN TORSION OR AXIAL )
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FRICTION

N

F required to initiate movement = u (static) N
F required to sustain movement = y (dynamic) N




Pipe Friction in Inclined Boreholes

=d Nsin a




Effect of Dogleg on Wellbore Friction

T




Formation Evaluation

Using MWD Gamma, Resistivity, Density and Neutron
Field Presentation of MWD Data
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Logging Horizontal Wells
¢ Standard Electric Line Tools
e Coll Tubing Conveyed Tools

e Drillpipe Conveyed Tools

o LWD




Dogleg Bending Stress

L ubinski's Equation
Applicable for Collared Pipe

Beam Deflection Equation
Applicable for Flush Pipe
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Formation

Evaluation

Using MWD Gamma, Resistivity, Density and Neutron
Field Presentation of MWD Data
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completion
technique.

1.

1.

CHAPTER 10
HORIZONTAL WELL COMPLETION AND STIMULATION

HORIZONTAL WELL COMPLETIONS

Introductory Remarks

*"In the last few years, significant advances have been made in drilling
horizontal wells. For a successful horizontal well project, interdisciplinary
interaction between geoclogists and reservoir, production and drilling engineers
is necessary. The first step is to choose the appropriate reservoir to drill a
horizontal well. The second step is.toAchobse.anuappropriate drilling technique
to drill the well. The last step is to select an appropriate completion

technique for an economically successful project. This section describes various

options and criteria for Vselecting the appropriate completion
Before completion detaiis>are diééusse&, affew terms are defined:
Horizontal well: A hotizontaiﬁwell~i§'a new well drilled from the
surface with length varying generally f¥om 100 to 3006'ft.
Drainhole: Drainholes, 6: lAﬁggﬁls,vare hctmally drilled from an

existing wéll. The length usually varies from 100 to 700 ft.

The drillingvteéhniques to drill these wells are classified into four
categories, depending upon their tutning radius. Turning radius is the radius
that is required to turn from the vertical to the horizontal direction. The four

drilling categories are:

Ultra short: turning radius is 1-2 ft; build angle is 45" to 60'/ft.
Short: turning radius is 20 zo 40 ft; build angle is 2° to S'/ft.
Medium: turning radius is 300 to 1000 ft; build angle is 6" to
207/f¢t.

Long: turning rﬁdius is 1000 to 3000 ft; build angle is 2’ to 6./100

fe.

The type of completion depends upon the drilling technique. For example,

ultra short radius wells can be completed using only slotted pipe or gravel pack.

Short radius wells can only be completed either as open hole or with a slotted
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liner. It is not possible to cement these wells because of their sharp turning

radius (less than 40 ft), which limits the use of varicus conventional oil field

tools. By contrast, in the medium and long radius wells, many conventional tools

can be used. This provides great flexibility in selecting a completion method.
COMPLETION OPTIONS (Figures 5.1 - S.5)

1. Open Hole: Open hole completion is inexpensive but is limited to
competent rock formations. Additionally, it is difficult to stimulate open hole
wells, and there is no control over either injection or production along the well
length. A few early horizontal wells have been completed open»holé; but the
trend is away from using open hole completions.

2. Slotted Liner Completion: The main purpose of inserting a slotted
liner in a horizontal well is to guard against hole collapse. Additionally, a
liner provides a convenient path to insert various tools such as coiled :uSing
in a horizontal well. Three types of liners have been used: (a) pérforated
liners, where holes are drilled in the liner; (b) slotted liners where slots of
various width and depth are milled along the liner length; and (c) prepacked
liners. Slotted liners provide limited sand control by selecting hole sizes and
slot-width sizes. However, these liners are susceptible to plugging. In
unconsolidated formationa, wire wrapped slotted liners have been used éffectively
to control sand production. Recent literature indicates the use of gravel
packing for effective sand control in a horizontal well. Examples (from
Indonesia and Prudhoe Bay, Alaska) are shown schematically in Figures $.2-5.3.

The main disadvantage of a QIStted liner is the effective well stimulation
can be difficult, due to the open annular space between the liner and the well.
Similarly, selective production and injection is difficule.

3. Liner with Partial Isolations: Recently, external casing packers
(ECPS) have been installed outside the slotted liner to divide a long horizontal
wellbore into several small sections (Fig. 5.2). this method provides limited
zone isolation, which can be used for stimulation or production controcl along the

well length.
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A OPEN H?LE | '
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i | | I i {
B No Production Loss M Least Cost o B No Control

B SLOTTED LINER

W No Production Loss W Minimal Cost W Minimal Control

C EXTERNAL CASING PACKERS

S

B Minimal Production Loss B Moderats to High Cost W Moderate Control

D  CEMENTED & PERFORATED "

s Uncommon Production Loss & Moderate to High Cost - ® Complete Control

Flgure ¥.1°~=‘morizbntal well completion: options. ,A. Open hale. B. Slotted

© liner. c. External casing packers (ECPS). D: -Cemented and perforated..
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Figure 5.4 -- Completion of horizontal well in Devonian Shale,
_ Appalachian Basin, Wayne County, West Virginia.
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Figure 5.5 -~ Perforated liner completion in North Sea horizontal well.
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A recent DOE (Department of Energy) well in the Devonian shale formation

in West Virginia, used a solid liner with port collars (Fig. ‘s. 4).‘*Additionally,

external casing packers were also used to divide a long horizontal well into -
several sections. The well was stimulated successfqlly in several of the
selected zones. »

Normally, horizontal wells are not horizontal; rather, they have many bends
and curves. In a hole with several bends it may be difficult to insert a liner
with several external casxng packers. - f,}; ,5;‘1

4. Cemented and Perforated Liners: It isnpossiblé te cement and
perforate medium and long radius wells. As no;gd éarlle:,}aﬁfthe present time,
it is not possible to cement short radius wells. Cement used in horizontal well

s el LT

completion should have significantly less free water content than that used for

vertical well cementing. This is because, in a horizontal well, due'ﬁo gravity,
free water segregates near the top portion of the well and heavier cement’ ‘settles
to the bottom, resulting in a poor cement job. To avoid this i:‘zghzmpo:tant to
conduct a free water test for cement at 45 Lnstead of the conventional API free

water test. An example (from the North Sea) is shown Ln Piguro 5 5.

COMPLETION CONSIDERATIONS —~ -~ r=iiuiii -
Discussion of features that need to be considered before selecting an
appropriate completion scheme is given belcow:

N

1. Rock and Formation Type: If an open hole completion is considered,

then it is important to ensure that the rock is competent and the-drilled hole
will be stable. Several early horizontal wells drilled in competent limestone
formations have been completed as open holes. However, recent trends are going
away from open hole completion.

2. Drilling Method: As noted before, with short radius, only an open
hole or a slotted liner completion is possible. With a medium and long radius
well, one can complete them either as open hole, open hqle with slotted liner,
or cemented and perforated.

3. Drilling Fluia/uud Clean-up: Formation gamaqa during horizontal

drilling is a serious problem in many wells, especially for walls drilled in low-
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production-rate areas. Horizontal drilling takes significantly longer time than

drilling a vertical well, and the producing formation is exposed to drilling

" fluid for a longer time period than in a vertical well. Thus, the possibility

of mud invasion and related formation damage in a horizontal well is higher than
that in a vertical well. Therefore, a method must be devised for well clean-up.
Although not impossible, it is difficult to clean-up a horizontal well completed
as an open hole or with slotted liners. If the well has a large turning radius,
swab tools can reach at least to the end of the curve. For sharp turning radius
wells, swab tools cannot reach beyond the vertical well portion.

To minimize damage, one can use polymer mud with either minimum or no
solids to drill horizontal wells. However, these types of muds may have problems

with shale caving and sloughing. Moreover, the mud may have a limited capacity

" to carry solid cuttings, resulting in accumulation of cuttings in the horizontal

‘well portion. The cleanest horizontal hole observed by us was drilled partially

with air-foam.

Another alternative to deal with formation damage is to cement and
perforate the horizontal Qell, as vertical wells are completed. Perforations may
extend beyond the drilling damage. Either the formation in a horizontal well is
broken down or subjected to a limited fracture job in order to regain the lost
productivity due to drilling and cemeﬁting. The objective of stimulating here
is to achieve well productivity comparable to that for an undamaged open hole
horizontal well.

It is important to note that many horizontal wells, especially in offshore
Europe and Asia, have been successfully completed using slotted liners. 1In these
high permeability wells, flow rates exceed a few hundred to thousands of barrels
per day. At a high flow ratevthe well has'a better chance of self clean-up than
at low flow rates.

4. Stimulation Requirements: A cemented horizontal well is preferred,
if the well is to be fractured. The well can be isolated in several zones along

its length by using bridge plugs and each zone can be fractured independently.

Recently, several wells have been complaeted by inducing multiple fractures along
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the well length. From a mechanical standpoint, it is preferable to fracture
various zones along the well length in stages. It is prudent to use reservoir
engineering criteria to désign the number of fractures required along the well
length to maximize recovery and minimize fracturing cost.

It is difficult to fracture wells completed as an open hole or with a
slotted liner because of large leak-off occurring along the well length.
Similarly, uniform acidization along the length of a well completed ags open hole
or with slotted liner is also difficult. The difficulty in uniform acidization
along the well length can be reduced by using coiled tubing. To ensure uniform
acid distribution along the well length, the coiled tubing may have to be moved
up and down the hole while spraying the acid.

5. -~ Production Mechanism Requirements: In some wells, especially those
drilled 'in a fractured reservoir with a bottom water drive, water may break
through in a certain portion of the long horizontal well. Similarly, in an
enhanced oil récovery application, the injecteQ fluid, such as water, may show
a premature break~-through along a smali portion of a long producing horizontal
wall. In such cases, one may have to plug-off a certain portion of a long well.

7° The effective way to plug-off well length is to isolate the zone where
undesirable fluids are entering the well and squeeze that zone off using cement.
A completion plan should include design considerations for such contingencies.

In reservoirs with gas caps, it is important to obtain effective well
isolation from the gas cap. One can either use packers or cemented liners to
isoclate production tubing from tge gas cap. Literature indicates that some
horizontal wells were not able to meet their expectations due to premature gas
break~through in the well portion located in the proximity of the gas cap.

Horizontal wells are rarely horizontal; rather, they wander up and down in
the vertical plane. In low rate wells, well shapes can have significant impact
on well productivity, éspecially when multi-phase flow is involved. For example,
water may accumulate in a low portion of the wellbore, and it may be difficult
to displace it. Similarly, there is a possibility of gas lock occurring near

(hoock) shaped well portions. In such situations, gas anchors can be used to
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mitigate the problem. However, the best way to handle this completion problém
is to design the well path after consideration of the reservoir mechanism to
facilitate fluid_segreQation along the well length and reduce problems due to gas
blocking in oil wells and liquid loading in gas wells.

6. Workover Requirements: . Before selecting a completion option,
workover requirements must be considered, but they are also difficult to
anticipate. For example, consider completing a horizontal well in a competent
but fractured limestone reservoir with a bottom water drive. One can anticipate
a possibility of water break-through along a small portion of a medium radius
long horizontal well, sometime during the waell life. The following three
completion scenarios are possible: (a) One can insert a slotted line and pull
it out later when water breaks-through or water cut becomes high. After pulling
the liner, one can insert casing and cement it. This will stop water production.
éowever, how risky is it to pull a slotted liner out of a horizontal hole? (b)
One can cement the well and perforate it. Once the water breaks through,
production logging can be used to locate the high water production zone. Later,
one can squeeze the zone off using cement. (c) One can complete the well as an
open hole and wait until water break-through occufs to design a course of action.
Each of these options has costs and risks associated with it. The completion
choice should be based on local operating experience and the operator's
willingness to assume a degree of risk.

Presently, in the ultra~short radius technique, tubing is severed once the
hole is drilled. Therefore, it is not possible to reenter the horizontal section
of the wellbore. In a short radius well it is possible to reenter by using
coiled tubing. With coiled tubing, it is probably safer to reenter a hole
completed with a slotted liner than to reenter an open hole. In medium and long
radius wells, reentry is not very difficult. In these wells either coiled tubing
or drillpipe-conveyed-tcols can be used.

7. Abandonment Requirements: At the present time no special regulations

are in effect for abandening a heorizontal well. However, an operator should
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anticipate these needs and design well completion so that the well can be

abandoned safely.




Completion Options

= Open Hole
- No Production Loss
- Least Cost
- No Control

« Slotted or Gravel Packed Liner
- No Production Loss
- Minimal Cost
- Minimal Conftrol

o External Casing Packers
- Minimal Production Loss
- Moderate - High Cost
- Moderate Control

e Cemented and Perforated

- Some Production Loss
- Moderate - High Cost
- Complete Control




Cementing Complications

¢ Inadequate Centralization
s Cuttings Bed

o Slurry Free Water




Cementing Considerations

e Preflush
- Thin
- Turbulent Flow Regime
- Intermediate Density
- Minimum Contact Time 10 minutes

s Liner Rotation

¢ 1 or 2 Rigid Body Centralizers per Joint

e Drilling Fluid Conditioning

e Conditioning Time (3 Circulations)
e Turbulent Flow Regime

e Slurry Design |
- Zero Solids Settling
- Zero Free Water
- Expansive Properties
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FRACTURING HORIZONTAL WELLS
FRACTURED HORIZONTAL WELLS

Fracturing horizontal wells in low-permeability reservoirs and in
reservoirs to csznect non-communicating layers is the subject of discussion in
this section.

Mukherjee and Economides (1988) calculated the number of vertical fractures
required to get the same productivity of a fractured horizontal well as that
expected from an open-hole uncased horizontal well. Naturally, the purpose of
the horizontal well is to increase the reservoir contact area. Because part of
the flow is lost when a horizontal well is cemented, fractures are required as
a stimulation in order to regain the reservoir contact.

A schematic of a long horizontal well with multiple fractures along the
length is shown in Figure 5.7. Equations for such configurations are given by
Giger (1985), Karcher et al. (1986) and others. Their steady-state productivity
increase is shown in Figure 5.8. As the number of fractures isaincreased along
the length of a horizontal well, productivity becomes higher and higher. 1In
actual well p:actice,-severél operators have successfully completed multiple
fracture jcbs along the iength of a horizontal well. -

The question which still remains to be addressed: What is the optimum
number of fractures along the length of a horizontal‘well?

It will be shown that at least 3 or 4 fractures are needed to match uncased
hole productivity. What should be the preferred orientation of the fracture?
Obviously, the horizontal well should be drilled in the direction of the minimum
principal stress affecting the formation because the fracture will propagate
along the plane defined by the maximum and intermediate principal stresses. Thus
the induéed fractures will propagate perpendicular to the wellbore. Essentially,
the well itself will serve as ; conduit. To address this problem very simply,
it is easier to visualize each horizontal well as a fractured vertical well--but
with some additional pressure drop. The additional pressure drop is caused by
the fracture, which is perpendicular to the well. This is different from a

vertical well, where the fracture is along the well length. An additional
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Pigure 5.7 -- Horizontal well with multiple fractures.
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Figures 5.8 -- Performance comparison of stimulated and unstimulated
horizontal wells (Karcher et al., 1986).
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pressure drop due to the fracture perpendicular to the well is accounted for as
an additional skin effect as shown below.

ADin={qu/27kn) (kR/Kkeb ) [1n(h/21,) - (x/2)] (5-1)

(S.n) o= (kh/keby) [lnih/21,) -r/2] (5.2)

As noted earlier, fractured horizontal wells can be considered“as a
fractured vertical well with an additional pressure drop. The factors which
determine the optimum number of fractures along the well lengths are economics
and the time it will take to interfere with each other. When one fracture "sees”
the other fracture, essentially they will be producing from the same zone and
rendering them ineffective. Simulation studies available in the literature
indicate the advantages of fractured horizontal wells. The number of infinite-
conductivity fractures, n, which are required to give the same productivity as:

an uncased hole are given by the following equations.

n=2L*yl -l \/;“‘5 (5.3)
Lz
n{n 1)-v.4cx, D (5.4)

C=ln[ asja*-(L/2)* ) (ap/1y 1n(Bh/2r,) (5.5)

L/2

where a is calculated as:

a=L/2[0.5+[0.25+(2r,,/L)*]°-%]°3 (5.6)

and
(7

10




DTV10A1l

EXAMPLE PROBLEM

Calculate the number of fractures needed to return the productivity of a

cased, cemented, and perforated horizontal well to the pfbductivity of an open

hole completion, given the following data.

L = 2000 ft i h = 100 £t
k,/ky = 0.5 r, = 0.365 ft
160 acres spacing Xg = 100 £t

SOLUTION

For 160 acres, r,, = 1489 ft

B = /KK, =VZ = 1.414

a=L/2[0.5+[0.25=(0.5r,,/L)*}°-3]°3

a = 1000[0.5-[0.25+(1.49)4]°-5]0-3

a=1.665.6 = 1666

Calp 1666+/(1666)°-(16007°f 1.414x100);, 1.414x100
1000 ( 2000 ) 2x0.365

c - 6.15
D = L7/4(Cxy)
D = 2.55

"n" can now be calculated as

1+y/1+4 \2-35!

n = 2.17.

(8)

(9)

(10)

(11)

(12)

(13)

Therefore, approximately two fractures are needed to return the well to

open hole productivity.

11
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COMMENTS

For vertical wells, only one fracture can be created, whereas for
horizontal wells_several fractures can be induced along its lenéth. Productivity
of a stimulated horizontal well is about six to eight times greater than that of
an unstimulated horizontal well and a stimulated vertical well.

Recently, a few horizontal wélls have been fractured successfully, although
only limited information has been published. The operators, after i{nitial
failures, have been able to induce multiple fractures along the length of a
horizontal well. ; '

For example, the DOE in cooperation with a contractor, the BDM Corporation,
successfully developed mul;iple fractures from a horizontal wellbore drilled in
the Devonian Shale, Wayne County, West Virginia (Appalachian basin). This
technique was used not only to decrease the formation damage that would have
resulted if. the liner were cemented but also to eliminate the need for
perforating (Fig. 5.9) with wellbore completion configurations). ...

Multiple fractures along a horizontal wellbore were also successfully
initiated by Maersk Oil and Gas in the Dan field in the Danifh Sector of the
North Sea (Figs. 5.10-12 with wellbore profile, completion scheme used and
productivity improvement due to multiple fractufés); "

In a natu:élly' fractured resefvoir, if a horizontal well i3 drilled
perpandicular to the fractures, it will be able to intersect several fractures
and, hence, drain the reservoir effectively. Horizontal wells have done
exceedingly well in some naturally fractured reservoirs. However, if natural or
induced fractures are in direct communication with the top gas or bottom water,

a horizontal well with selective completion ability is highly desirable.”

* After Joshi

12
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Dual Horizontal
- Goal

Desired Final Completion

- p-

Co'nventional Dual
Completions

Re-entry Conversion to
Dual

Gas Lift

Dual Injectors

o
e

-~

<
e | S

-

© 7.1995, Baker Hughes Incarporated, Al Rights Reserved.




Dual Horizontal oo
Completion

OIL TOOLS|

FIRST LATERAL DRILLED AND LINER COMPLETION SET

Lower lateral drilled

' V and completed

41995, Baker Hughes Incorparated, All Rights Reserved.




5, Baker Hughes {ncarporated. All Rights Reserved.

Dual Horizontal

L SRS RO T

ML Packer set for drilling

and Completion

: >/Lower Compiletion Remains




Dual Horizontal mds
E::xz::r::n

SURVEY RUN REQUIRED TO DETERMINE ORIENTATION

Survey system engaged
in packer to determine
orientation

-¥. 1995, Baker Hughes Incorporated, All Rights Reserved.




Dual Horlzontal

RTINS

RETRIEVABLE WHIPSTOCK AND ‘ML’ ORIENTATION ANCHOR RUN.;
ON DRILLPIPE WITH WINDOW MILL

\ Retrievabie Whipstock
and Orientation Anchor

((L{Ci0Ri0E)

Assembly engaged in
ML Packer

"L 1995, Baker Hughes incarporated, All Rights Reserved.




Milling Window

- Mill assembly released
and initial casing
window cut

- :1995, Baker Hughes Incorporated. Ali Rights Reserved.
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Dual Horizontal

z I

| A Butr vgn0s compony ¢

UPPER Branch DRILLED
RETRIEVING WHIPSTOCK

: 1995, Baker Hughes Incarporated, All Rights Reserved.




OIL TOOLS !

SET PLUG IN ML PAKER AND DUMP SAND

N - - 811995, Baker Hughes Incarporated, All Rights Reserved.




Dual Horizontal

OIL TOOLS

LINER RUN TO DEPTH

Centralizer .
\ = }+— 7" Liner

ECP Bent Sub

Cementing
Valve

“. 431995, Baker Hughes Incorporated, All Rights Aeserved.




Dual Hovr_i_;zppt;al

OIL TOOLS |

CEMENT LINER
2 STAGE CEMENT JOB

Cement

#1995, Baker Hughes Incorporated, Al Rights Reserved.




Dual Horizontal i

e OIL TOOLS |

PERTORATE & FRAC PAC

©:1895, Baker Hughes Incarporated, Ali Rights Reserved.




OlL TooLS |

| / Wash Pipe

Mill

Inflatable Bridge Pliug

#1995, Baker Hughes incorporated. All Rights Reserved.




Dual Horizontal

NOT— OIL TOOLS :

LINER MILLED

Cemented Junction
Flush w/ Trunk 1.D.

. 1995, Baker Hughes Incorporated, All Rights Reserved.




‘Dual Horizontal

OIL TOOLS |
rre—y

WASH SAND
RETRIEVE PLUG

- e -

i- 1995, Baker Hughes Incorporated. All Rights Reserved.




INSTALL SCOOPHEAD

Scoophead and diverter
— assembly run in on
Hydraulic running tool

#-1995, Baker Hughes Incorparated, Al Rights Reserved.




Dual Horizontal e

DIVERTER INSTALLED

Assembly set up prior
to installing upper
mainbore completion

i+ 1996. Baker Hughes Incorporated. Al Rights Reserved.
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Dual Horizontal s

L T R AR .

- DUAL HORIZONTAL COMPLETION INSTALLED

—  Independent
production strings

Lateral Isolation
Lateral Accessability

Zonal Isolation

* 1995, Baker Hughes Incorporated, All Rights Reserved.




Dual Horizontal 3

SUUNT— | | & TooLsi"

Model ‘GT’ Dual Packer

Model ‘ML’ Parallel
Seal Assembly

;?_______mdicating Collett

#1995, Baker Hughes Incorporated, All Rights Reserved.
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Dual Horizontal F

N T

A Boier Hoghos sompany |

FEATURES AND BENEFITS

* New or existing well application

* Zonal pressure integrity

®* Branch May ’be conventionally treated
* Cemented and supported junction

* Full gage liner potential

71995, Baker Hughes Incarporated. All Rights Reserved.




Dual Horizontal

Specifications/size available
+ 9-5/8" by 3-1/2” x 3-1/2" strings.
- 8-5/8" by 3-1/2" x 2-3/8" strings.

. 7" by 2-3/8” x 2-3/8" strings.

“-1995. Baker Hughes Incarparated. All Rights Reserved.




Dual Horizontal
Completion

Baker “ML” Orientation Anchor

— Splined Top Sub

Anchor Latch
Shear Release

- Seal Integrity

Machined Profile

© 1998, Baker Hughee incorporated, Al Rights Resarved. . sares-8




Dual Horizontal @&y

— OIL TOOLS

“Completion

Baker “ML” Whipstock Packer

Anchor Thread

Internal Seal Bore

Packing Element

Anti-Rotation Slips

Fixed Datum

© 1996, Baker Hughes Incorporated, AB Rights F d 941955




Dual Horizontal

OIL TOOLS

Completion ==

/ Continuous Mandrel

3 & 10 Foot Seal Lengths

Continuous Steel
Reinforced Element

Full Opening 1.D.

2410513

@ 1995, Baker Hughes Incorporated, Al Rights Reserved.




