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Introduction

The mechanics of rotary drilling are quite simple. A rotating bit breaks
loose the rock at the bottom of the hole. The rock fragments are then
swept away and lifted out of the hole by the mud stream. The practice of
rotary drilling is, however, extremely demanding and ¢ x. Some of
the reasons for this are '

* The difficulty of working at the bottom of a hole
four miles deep '

e Heavy, complex equipment under stress

¢ Variable rock characteristics

¢ Reservoir fluids—oil, water, and gas—enteri
K 'Remote areas and hos
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E:. THE PETROLEUM INDUSTRY: A Nontechnical Guide

Early Drilling Rigs

Until early this century, oil and gas wells were drilled with cable—tool rigs.
The hole was made by spudding, which is making a hole by reciprocating a
heavy, chisel-shaped bit suspended on a hemp or steel line (Ficure 6-1).

et

\/

FiG. 6—1' Spudding

The major problem with cable-tools is that there was nothing to prevent
oil and gas from blowing out at the surface whenever a reservoir was pene-
trated. This is wasteful and dangerous, and today would have major environ-
mental repercussions. The rotary drilling system in use today avoids this prob-
lem by keeping the hole full of heavy mud that holds back reservoir fluids.

Rotary Drilling System

Drillbits

The only useful work done by a drilling rig takes place at the bottom of the H
hole where the bit drills the rock. Everything else on a rig—the prime mover,
derrick, drawworks, drill pipe, etc.—simply support the bit in this effort.

HALLIBURTON EXHIBIT 2021
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W Chapter 6  DRILLING

Drillbits operate in an extremely dirty and hot environment, frequently
bounce up and down, and in general are subjected to enormous mechanical
stresses. To replace a bit that has become dull or has broken is costly. The
entire drill string must be pulled, the bit changed, and the drillstring re-run.
In deep holes, this roundtripping can take hours of rig time. The hole can also
be lost from pieces of hardened steel left in the hole from a broken bit. It's
therefore essential that bits be extraordinarily competent and long-lasting.
Fortunately, they are exactly that.

Tricone roller bits. These are the most commonly used bits, Clockwise rota-
tion of the drillstring causes rotation of the three roller-cones, bringing suc-
cessive teeth to bear vertically on the bottom of the hole. The weight con-
centrates at the point of the teeth and crushes the rock. The fragments (cut-
tings) are then swept away by mud jetting out of three downward-facing noz-
zles (FIGURE 6-2).

Fic. 62 Rock Crushing with Roller Bit

Tricone bits can either have teeth milled from hardened steel as shown in
Figure 6-2 or, for harder rock, smaller tungsten carbide teeth inserted ina :s,tfeel
cone, shown in Figure 6-3. When the points of the teeth wear down, the drilling
rate slows and the bit must be replaced. Bearing wear can also be a problem.

HALLIBURTON EXHIBIT 2021
Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.
IPR2023-01319, Page 5



Il:l' THE PETROLEUM INDUSTRY: A Nontechnical Guide |

Fic. 6-3  Tricone Roller Bit with
Tungsten Carbide
Insert Teeth

PDC (polycrystalline diamond cutter) bits. This is a relatively new bit
design that uses very hard polycrystalline diamond wafers on the face of pro-
truding bronze bases (Ficure 6-4). These are drag bits, which means they
have no moving parts. They drill with a shearing action that is particularly
effectively on the relatively soft formations found in coastal and offshore
areas (FIGUrRe 6-5).

|
ety

Fic. 64 PDC Bits and One Diamond Bit. HALLIBURTON EXHIBIT 2021
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Chapter 6  DRILLING lI:I

Fic. 6-5 Shearing Action with a PDC Bit

Drillstring

The drillstring is a tube of steel pipe extending from the surface down to the
bit. It serves to

e Transmit rotational energy from the surface to the bit
e (Conduct the mud stream from the surface to the bit

e Put weight on the bit to maximize penetration rate

The drillstring is made up of 30-foot joints of steel pipe, screwed together. The
specialized couplings , called tool joints, have coarse, tapered threads designed
0 withstand repeated break-outs (unscrewing) and make-ups (screwing
rogether) while retaining tensile strength and sealing ability. Three different
pipe configurations are used in the drillstring (FiGure 6-6):

e Drill pipe makes up the bulk of the string. The tool joint is
larger in diameter (upset) than is the shank of the joint.

e Drill collars are thick—walled joints of drill pipe used to put
weight on the bit. Several collars are normally run at the bot-
tom of the string, immediately above the bit. The tool joints
are the same diameter (not upset) as the shanks of collars.

e The kelly is the topmost joint of drillpipe in the drillstring. It
has flattened sides (four or six) used to transfer torque from
the rotary system.

HALLIBURTON EXHIBIT 2021
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Fic. 6-6 Drillstring Confisuration

Hoisting system

By far the heaviest work on a drilling rig is performed by the hoisting system

as it runs the drillstring in and out of the hole. The components of the system
are:

The derrick, which is tall enough to pull triples (a three—joint

“stand” of drillpipe) and strong enough to bear the weight of
the entire drillstring.

The drilling line of steel wire rope.

The drawworks, with a large rotating drum that spools in
drilling line to raise the load or spools out line to lower the load.

The crown block mounted in the top of the derrick and the
traveling block connected to the crown block by the drilling
line. Each block is an assembly of multiple pulleys (called
“sheaves,” but pronounced “shivs") that the drilling line is
wrapped around. Taken together, the blocks and drilling line
constitute a block and tackle—a device to multiply the lifting
capacity of the drilling line, The eight wraps of the line shown

HALLIBURTON EXHIBI
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Chapter 6 DRILLING ll:zl

in Figure 67 permit eight times the load to be lifted as would
be possible with the single line. This mechanical advantage
does, however, have a cost. For every foot the traveling block
is raised, eight feet of line has to be spooled onto the drum.,

¢ The drilling hook, which is attached to the traveling block
and supports the load.

crown
block

drilling
lines

drawworks
drum

raveling
block

Fic. 6-7  Drilling Rig Hoisting System

Rotating systems
There are three alternative systems used to rotate the drillbit:

1. The conventional rotating system is used with most
onshore wells and many offshore wells (Ficure 6-8). The kelly
joint, with the rest of the drillstring suspended below it, pass-
es through the kelly bushing and attaches to the swivel hang-
ing from the drilling hook. The rotary table spins the kelly
bushing, whose flat-sided hole matches the flat sides of the
kelly. This rotates the drillstring and bit.

HALLIBURTON EXHIBIT 2021
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hook

bale

swivel

kelly -} kelly

bushing

rotary table

Fic. -8 Conventional Rotating System

2. The power swivel, or top—drive, is relatively new and finding
increasing application, particularly offshore. It uses a
hydraulic motor integrated into the swivel to transmit the
rotary power. This replaces the kelly, kelly bushing and rotary
table. Top—drives have the advantages of permitting circula-
tion and rotation while pulling out of the hole and of adding a
full stand of pipe (8 joints) rather than only one joint at a time
as the hole deepens.

3. The down-hole mud motor is used for directional drilling.
The motor is mounted directly above the bit, and is powered
by the drilling mud. It turns the bit without rotation of the
drillstring,

Mud motors are normally used in the deviated portion of
the hole only, with the vertical section drilled conventionally
by rotating the drillstring.

HALLIBURTON EXHIBIT 2021
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Chapter 6 DRILLING llﬂ

Drilling fluids (mud)

In rotary drilling, mud is continuously circulated down the drillstring, out
through the nozzles in the bit, then back to the surface through the annulus
(space between the drillstring and the hole). The most commonly used mud
system is saltwater with numerous additives. Oil-based mud (water in oil
emulsion) is also used where its greater stability justifies its greater cost.
Various “synthetic” chemical muds, which are extremely expensive, are also
used. Their application is offshore wells that require the stability of oil-base
mud, but where its use is prevented because disposal of the drill cuttings
overboard would cause pollution.

Functions of drilling mud:

¢ The mud jets forcefully out through the bit nozzles, flushing
the drill cuttings away from the bit face. This cleans the rock
surface, increasing the bit's penetration rate.

® The mud carries the cuttings up the annulus and out of the
hole. To give saltwater mud the necessary lifting ability, it is
thickened with clay, called gel.

e The mud lubricates and cools the bit, greatly extending the
bit’s useful life.

¢ The mud exerts backpressure on the exposed formations to
prevent influx of formation fluids, called a kick, which could
lead to a blowout. The density of the mud used therefore
depends on the formation pressures anticipated. The density
of saltwater mud is increased as needed (called weighting up)
by adding pulverized barium sulfate (barite).

¢ The mud seals off permeable formations to prevent mud loss.
In extreme cases such as fractured zones, the formation may
absorb the entire mud stream, resulting in lost circulation (no
mud returns) which could lead to a blowout. Solid materials,
such as shredded paper or cottonseed hulls, are added to the

mud to prevent lost circulation.

e The mud reduces friction between the drillstring and the side
of the hole,

HALLIBURTON EXHIBIT 2021
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Mud engineers monitor the mud’s characteristics, making changes as
needed. For example, if additional gel strength is needed, sacks of dried gel
is mixed into the mud stream. If additional weight is needed, sacks of barite
or other weight material is added. Since higher gel strength and weight slow
the bit's penetration, saltwater mud is frequently diluted with water to main-
tain the absolute minirum gel strength and weight necessary. It's also com-
mon to drill “underbalanced” (having a lighter mud column than would be
necessary to hold back reservoir fluids) in situations where there is no pos-

sibility of a kick.
=P
mud rotary hose
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Fic. 69 Mud Circulation System

Mud circulation system (FiGURE 6—9):

1. As it comes out of the hole, the mud is diverted to the side
before it reaches the rig floor.

2. It falls down through the shale—shaker, which has calibrated
mesh that strains out the large cuttings.

HALLIBURTON EXHIBIT
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Chapter 6 DRILLING ll’

3. The mud then drops into the mud pit. Pits are normally con-

structed of steel, but earthen pits with plastic liners are often
used onshore,

Fine—grained solids settle out in the pit. In some situations,
mechanical desilters and desanders are used.

The mud pump then picks up the solid—free mud out of the far
end of the pit.

The mud is pumped through the flexible rotary hose to the
swivel, then down the drillstring and back up the annulus to
complete the circuit.

Pipe handling

The following devices are used to handle the pipe going in and coming out of
the hole:

Elevators attached to the hook are used to lift the pipe string.
They wrap around the pipe below the tool joint and latch, then
lift against the upset shoulder.

Slips are used to hang the string from the rig floor. They wrap
around the pipe, wedging it against a recess in the floor. When
the string is picked up, the slips come free and can be
removed, Slips are normally operated by hand, but power slips
are also available (Ficure 6-10).

Fic. 6-10 Slips

HALLIBURTON EXHIBIT 2021
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THE PETROLEUM INDUSTRY: A Nontechnical Guide

* Tongs are used to make—up and break—out the pipe joints,
Power tongs spin the pipe; back-up tongs keep the rest of the
string from turning. At times the rotary table is used to spin
the pipe.

* The fingerboard in the derrick has protruding fingers that
hold stacked stands of pipe in place .

* The rathole is a hole in the rig floor where the kelly and swiv-
el are stored when they are not in use.

* The mousehole is a hole in the rig floor where a joint of pipe
is placed prior to being added to the string.

Prime mover

The prime mover is the source of power for the entire rig. Most modern rigs
are diesel-electric. Diesel engines drive electric generators that produce
direct current to power all the rig’s equipment.

Routine Drilling Procedures

Drilling ahead

Most of the rig's time is occupied by drilling ahead, also called “turning to the
right” or “making hole.” The bit is on bottom drilling, and this continues until
the kelly joint is drilled down (upper coupling approaching the rig floor).
Another joint of drillpipe is then added, called making a connection, and
drilling resumes. When a top drive is used, the entire stand (90") is drilled
down, and an entire new stand then added,

While drilling ahead, the driller watches the weight indicator closely.
slacking off on the brake to lower the drillstring and keep the proper weight
on the bit. He is often alone on the rig floor while the roughnecks are occu-
pied elsewhere with routine maintenance duties.

HALLIBURTON EXHIBIT
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Chapter 6 DRILLING .Iﬂ

Making a connection
When the kelly has drilled down:

1.

2.

The driller stops the rotary, raises the drillstring off bottom,
and shuts down the mud pump

The floorhands set the slips and the driller slacks off (lowers)
the drillstring until it is suspended from the slips

Using tongs, the floorhands break out the kelly from the drill-
string

The kelly assembly (which includes the kelly, kelly bushing,
swivel, and rotary hose) is swung over to the mousehole,
stabbed into the joint of drillpipe standing in the mousehole,
and the joint is made up

The kelly assembly with the new joint attached is picked up,
swung over to the drillstring, stabbed, and made up

The string is picked up, the slips pulled, the mud pumps start-
ed, the bit run to bottom, and rotation resumed

Roundtripping

It's occasionally necessary to come out of the hole with the drillstring to
change the bit, add drill collars, etc. and then run back to bottom. This is
called “making a roundtrip,” and it proceeds as follows:

Tripping out

i

The slips are set, the kelly is broken out, the assembly is set
back in the rathole, and the swivel is unlatched from the hook.

The elevators attached to the hook are lowered and latched
onto the drillstring below the box that is “looking up”.

The string is picked up the length of a stand (usually three
joints) and the slips reset.

The floorhands break out the joint, push the pin end of the
stand off to the side, and set it down on wooden sills.

The derrickman unlatches the elevators and leans the stand
back against the fingerboard. The elevators are run back down

HALLIBURTON EXHIBIT 2021
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lin THE PETROLEUM INDUSTRY: A Nontechnical Guide

to pull another stand and the process repeated until the
entire string is racked in the derrick.

Tripping in. The process is reversed to go back into the hole. The derrick-
man latches the elevators on the stands, the stands are picked up, stabbed,
and made up into the string.

The handling of each stand is a complex operation involving many
sequential steps, and the sequence needs to be repeated over and over. A
rhythm develops, requiring split-second timing between the driller, the floor
hands, and the derrickman, It's actually safer to work quickly in this smooth,
deft, manner with complete concentration than at a slower pace, allowing the
mind to wander.

Automated rigs

There are a number of experimental (and a few commercial) applications
under way using rigs with robots handling the pipe, thereby largely eliminat-
ing floor hands. This technology is driven by the high injury rates inherent in
handling tongs, etc. and may some day result in wholesale automation of
drilling.

Well Control

Blowouts

Blowouts, where reservoir fluids blow up the hole and out onto the rig floor,
are what drillers worry about most. The force of the escaping fluids can
smash tools together, causing a spark that could ignite the fluids and bumn up
everything in the vicinity. Careful attention is therefore given to well con-
trol—keeping reservoir fluids out of the wellbore.

The fluids in porous and permeable rocks are under pressure. When
these rocks are drilled, this reservoir pressure will force the fluids into the
wellbore unless the reservoir pressure is offset by mud pressure. It is essen-
tial togrevent any significant entry into the wellbore by reservoir fluids.

HALLIBURTON EXHIBIT 2021
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Mud pressure reflects the hydrostatic head of the column of mud in the
hole above the formation. That is, the downward force of the column of mud.
Pressure is expressed in pounds per square inch (psi), which means the
weight pressing on one square inch of area.

Mud pressure increases with the depth of the hole and with the density
of the mud. For example, the mud pressure at the bottom of a 7000 foot hole
filled with mud having a density of 10 pounds per gallon can be calculated as
follows (FIGURE 6-11):

1. Convert the gallons to cubic feet.

101bs/gal _ 748 1bs/ft3 5
7.48 gal/ft3 column of mud
12"x 1"x 1"
2. Divide by 144 to get the weight of 12
each 12" by 1' by 1" column within in. YRR
the cubic foot. This is the hydrostatic
gradient—the increase of mud pres-
sure per foot of depth. ik 2
1 i 1 d'n.
74.8 + 144 = 0515 psi (Ibs/in? Fie. 611 Hydrostatic Gradient

3. Multiply the per—foot hydrostatic
gradient by the depth to get the mud pressure at the bottom of

the hole.
0.515 x 7000 = 3605 psi

If the reservoir pressure in this example was 3600 psi, the hole would be
-erhalanced. meaning that the mud pressure exceeds the reservoir pressure.

The pressure differential from the wellbore into the formation would cause
<= 1 invade the formanon The solids from the mud filter out
e face of the formanon. formems 3 Sher c2ke 1€ the reservolr pressure
HALLIBURTON EXHIBIT 2021
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lln THE PETROLEUM INDUSTRY: A Nontechnical Guide

were higher than the mud pressure, say 4000 psi, this under-balance would
cause formation fluids to enter the wellbore. If oil or gas enter the wellbore—

a kick—aggressive action must be taken quickly to prevent a blowout.

Anatomy of a blowout

1. An underbalanced condition exists, permitting oil or gas to
enter the wellbore.

2. The oil and gas displaces mud in the annulus, Since the oil
and gas are lighter than the displaced mud, the mud column
becomes even lighter. This accelerates the rate of fluid influx.

3. As a gas kick rises up the annulus, the mud column above it
becomes shorter, which reduces pressure on the gas. This
causes the gas to expand, which displaces more mud and fur-
ther accelerates the progress of the kick.

4. The kick reaches the surface and blows out through the rig
floor. The blowout often ignites, burning the crew and destroy-
ing the rig.

Preventing blowouts

Every effort must be made to anticipate the reservoir pressures that will be
encountered, and to design the mud program to handle those pressures. This
is relatively easy to do in development drilling where the local pressure
regime is well known from earlier wells. It is much more difficult when
drilling wildcat wells.

It might seem that the best approach to blowout prevention would be to
drill the entire hole with mud so heavy that there would be no chance of a
kick getting started. This is, however, not practical because heavy mud sig-
nificantly retards the bit’s penetration rate. The practice is therefore to drill
the non-permeable sections of the hole somewhat under-balanced, then to
weight up for the permeable zones.

The crew must stay alert during drilling to detect the following early signs
of a kick developing. These are generally quite subtle and easy to overlook.

*  Mud returns cut with oil, gas, or water
* Anincreased penetration rate caused by underbalance

HALLIBURTON EXHIBIT 2021
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* A gain in mud pit level from mud displaced by the kick

* A change in the rate of mud return; increasing rate could sig-
nal a kick; decreasing rate could signal lost circulation

* Adecrease in mud-pump discharge pressure from the lighter
mud column

e An increase in drillstring weight; since gas— or oil-cut mud is
less dense, it exerts less buoyancy on the drillstring

If a kick is detected early, the mud can be weighted up and the kick cir-
culated out of the hole with little difficulty. When a kick is gaining momen-
tum with the possibility of blowing out, it may be necessary to close the
blowout preventer (BOP).

The BOP is a safety valve at the top of the hole, just underneath the rig
floor. When activated, the BOP closes and seals off the well, preventing it
from blowing out. BOPs are equipped with alternative sets of rams. One set
closes around the drillpipe to seal off the annulus. Another set seals off the
entire hole when the drillstring is out of the hole. A third set can cut through
the drillpipe and seal it off.

Controlling a blowout

The art and science of capping blowouts was significantly advanced by dealing
with the hundreds of Kuwaiti wells blown up in the Gulf War.

Capping procedure

1. Working under a cooling spray of water, workers clear away
obstructions and debris from around the well before the fire is
extinguished, If this isn't done, the fire will re—ignite from the
hot metal. There is no urgency to put the fire out because it
protects the workers by burning off the oil and gas. This is par-
ticularly true when the wellstream includes poison hydrogen
sulfide gas.

2. Explosives are suspended over the well with a crane line and
detonated, The explosion momentarily consumes all the oxy-
gen, which puts out the fire.

HALLIBURTON EXHIBIT 2021
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lll. THE PETROLEUM INDUSTRY: A Nontechnical Guide

3. If a stub of undamaged pipe remains at the top of the hole, it
is prepared to have a valve slipped down over it. This usually
involves sawing off the pipe to get below the damage.

4. An open valve equipped with gripping devices is swung over
the wellstream with the crane, lowered down over the pipe
stub, and secured. The valve is then closed and the well is
under control.

5. If there is no pipe available to hold the valve, a relief well
must be drilled. A rig is set up off to the side and drills a direc-
tional hole that penetrates the formation very near to the orig-
inal well. Water or cement is then pumped down the relief
well to kill the blowout (Ficure 6-12).

\\[/ owout giziief

Fic. 6-12 Relief Well

Stuck pipe

Getting the drillstring stuck in the hole is a constant concern for drillers. It
happens quite often, almost routinely, but is normally resolved without seri-
ous consequences. In some cases, however, a portion of the hole has to be
abandoned.

HALLIBURTON EXHIBIT 2021
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Fic. 6-13 Differential Sticking

Differential sticking. Differential sticking is probably the most common
cause of stuck pipe. It is a major problem when drilling softer, unconsolidat-
ed formations typical of continental margins (FiGure 6-13).

When a permeable formation is penetrated while drilling overbalanced,
some of the liquid in the mud is forced out into the formation, leaving behind
the mud solids as a filtercake on the formation face. Differential sticking
occurs if the pipe remains motionless in the hole for a short period of time—
such as while making a connection. The pipe rests on the side of the hole,
pressing through the filter-cake and contacting the formation face. It
becomes differentially stuck when the filter-cake build-up blocks communi-
cation of mud—column pressure to the area where the pipe contacts the for-
mation. The pressure in the contact area then drops toward the formation
pressure. This creates a pressure differential between the mud column pres-
sure on the inside of the hole and formation pressure on the bottom side. The
differential presses the pipe against the side of the hole with such force that

it cannot be moved.

Avoiding differential sticking. While overbalanced, the pipe must be kept
moving, either reciprocating or rotating, so that differential pressure doesn't

HALLIBURTON EXHIBIT 2021
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lll THE PETROLEUM INDUSTRY: A Nontechnical Guide

build up. It’s also helpful to use low filtrate-loss mud to minimize filter-cake
thickness.

Hole caving. Several conditions can cause

the side of the hole to cave in and, in severe

cases, cause the pipe to stick (FIGURE 6—-14):

*» Some shales absorb mud filtrate,
swell up, and slough into the hole.

L\‘\/—
\u..:“v-_: B
~

e Large quantities of material from
uncemented or fractured formations
can fall into the hole,

* The weight of the overlying rock can
extrude salt and plastic shale forma-
tions into the wellbore.

Fic. 6-14 Pipe Stuck by
Formation Caving

Freeing stuck pipe

1. When differentially stuck, the first approach may be to reduce
mud weight and eliminate the overbalance that caused the
problem, This is only possible when there is no concern about
a permeable zone kicking. If this is unsuccessful, and if mud
circulation is still possible, a “pill* of a few barrels of refined
oil or mudcake solvent can be circulated down the pipe and up
the annulus until its “spotted” over the stuck area. Tension
and torque are kept on the pipe for a considerable period to
see if it will free up.

2. 1If still stuck, the next approach may be to run a free—point
indicator down the drillstring by wireline. Tension is pulled on
the drillstring and the free—point indicator locates the point
below which the pipe is not in tension. This is where the pipe
is stuek.

A light explosive is run down the inside of the pipe and
detonated immediately above the free—point. The purpose is

HALLIBURTON EXHIBIT 2021
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to “rattle” (loosen) a coupling so that it can be unscrewed.
The string is then carefully rotated counterclockwise to break
out the rattled coupling. The string is pulled, leaving the fish
(bit and lower part of the drillstring) in the hole.

A set of jars (device that delivers sharp blows) is added,
the string is re—run and stabbed back into the fish, The jars
are activated, perhaps repeatedly, to deliver upward ham-
merblows to the fish, In most cases, it is quickly dislodged and
recovered.

If jarring fails, a wash pipe may be run to wash over the outside
of the fish, removing the material that is causing it to stick.

Twist—offs

Drillpipe failures, called twist-offs, sometimes occur from metal fatigue during
routine drilling operations. Fishing operations are then required as follows:

; Js

The condition of the portion of the fish that is looking up must
be determined before a strategy for latching on to it can be
devised. The piece of parted pipe that was recovered provides
a great deal of information about the condition of the piece
looking up, but sometimes it is necessary to run an impression
block, This has a flat bottom of soft metal that is bumped
down on top of the fish. The fish indents the soft metal, pro-
viding a picture of its degree of distortion and raggedness. The
impression block also shows whether the fish is standing up
straight in the hole or is leaning over against the side.

It may be necessary to dress—off (clean up) the fish so that the
fishing tools can get over or into it. This involves running mills
with tungsten carbide surfaces for grinding steel. If an over-
shot (fishing tool that fits over, or swallows, the fish) is to be
used, a mill that grinds down over the outside of the fish is
run. If a spear (fishing tool that fits down inside the fish) is to
be run, a tapered mill is used to penetrate inside the fish
(Ficure 6-15).

When the fish has been dressed, the fishing tools and jars are
run on the drillstring. If the fish is standing up, clear of the
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OVERSHOT SPEAR

grapples
\

r fish—

Fic. 615 Fishing Tools

side of the hole, overshots can be run. They are preferred to
spears because it's difficult to unlatch spears if the fish can’t
be moved. This can result in a bigger fish.

4. The fishing tools, either overshots or spears, have mulfiple
: grapples that grip the fish securely. The jars are then activated
and hopefully dislodge the fish.

Directional Drilling

Directional drilling was developed when the industry moved offshore several
decades ago. Whereas an onshore rig can easily be moved to a new location to
drill another vertical well, in offshore waters the horizontal space needed to sup-
port the rig must be created by erecting a platform. In deep waters, the cost of a
platform is so great that it is not feasible to build one for each well. Directional
drilling technology was therefore developed to drill multiple wells from the same
platform, but with the wells having dispersed bottom-hole locations .
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Directional wells drilled from off-
shore platforms typically have S-shaped
profiles. They start out vertically, then
kick off at an angle until the lateral dis-
placement (called reach) is attained,
then return to vertical until the reservoir
is penetrated (FiGure 6-16).

Bent-sub assembly

The bottom-hole assembly (BHA) used
for directional drilling incorporates a
downhole mud motor with a bent sub
that forces the bit to the side of the hole,
thus building angle (Ficure 6~17). When

Chapter 6 DRILLING

Fic. 6-16 Directional Drilling

the motor operates, it rotates the bit while the drillstring remains stationary.
This permits directional control. Using a magnetic insert in the bent sub, the
BHA can be precisely oriented with respect to azimuth (North, East, etc.).
The inclination of the borehole is also surveyed regularly. With these two
pieces of information, the bottom-hole location is continuously calculated
and the well can be accurately steered to its target. Devices can also be

placed in the BHA, immediately above the
bit, to sense azimuth and inclination, and
continuously transmit the information to
the surface via pulses in the mud column.

Since more horsepower can normally
be brought to bear on the bit by convention-
al drillstring rotation than by using the mud
motor, the initial vertical section of hole is
usually drilled conventionally, with the mud
motor installed when kick-off depth is
reached, Once the required kick-off angle
has been built with the motor, the straight,
diagonal leg of the hole is drilled using both
the motor and drillstring rotation. The
motor is then used to build angle back to the
vertical, and drillstring rotation is resumed
to finish the final vertical section.

mud ~
motor

~—1 bent
sub

Fic. 6-17 Bent-Sub Assembly
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Horizontal drilling

Directional wells are sometimes drilled to penetrate the reservoir at a very
shallow angle or are drilled horizontally for some distance within the reser-
voir. To date, the usual reason to drill horizontally is to expose more of a
low-permeability reservoir to the wellbore so that production rate is
increased. Any low—permeability reservoir is a potential target for horizon-
tal drilling, but it works particularly well in low-permeability reservoirs with
vertical fractures that can be connected by the horizontal borehole. This is
the case with the Austin Chalk development in Texas—the most intensively
horizontal drilled reservoir in the world.

Horizontal drilling is developing rapidly and the cost is coming down, but
it still is considerably more expensive than conventional drilling. Horizontal
wells are therefore a small fraction of the total wells drilled, with the tech-
nology reserved for special cases such as:

¢ Inthe North Sea, the large, expensive platforms that were set
to develop giant fields are now being used to drill horizontal
wells to develop small fields in the vicinity that would other-
wise be uneconomic.

¢ Reservoirs with thin oil columns are often troubled with bot-
tom water “coning” upward and covering the perforations so
that only water is produced. Horizontal wells, by distributing
the pressure drop across a broad area, have been found effec-
tive in preventing coning,

The tools and procedures used in steering the bit along a horizontal tra-
jectory are not greatly different from those used in conventional directional
drilling. Bent subs with downhole motors are used with drill collars for stiff-
ness and weight and with stabilizers (large diameter drill collars that contact
the side of the hole) to act as pivot points (FiGure 6-18).

it bent -
sub stabiliz

nntgr \ //F

| 3 e

Fic. 6-18 Stabilizer Assembly for Horizontal Drilling
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Laterals. Horizontal drilling technology
is increasingly being used to drill short
lateral extensions from the same borehole
(Ficure 6-19). Some of the applications
for laterals are P!

e Replacing an original completion
that has been damaged

* Increasing a well's production rate
from a tight formation by using
opposed multiple laterals to | - Fegat g
achieve greater access to the for- vee e S g a ; ¥
mation : —

* Completing a well in multiple zones ~ Fié- 619 Multiple Laterals
using stacked multiple laterals

Drilling Rig Conveyances

The drilling rig itself is essentially the same anywhere in the world, whether
onshore or offshore. It's the delivery system, which moves and supports the
rig while drilling, that changes greatly with the circumstances.

Land rigs

Jackknife rigs. The jackknife rig is used to drill most land wells. To move
the rig, the mast is lowered (jackknifed) and the entire rig is broken down
into pieces small enough for transport by truck.

The drilling floor is usually elevated, with the BOP stack fitting between
the ground and the floor. The practice of digging a cellar for the BOPs with
the rig floor at ground level has largely been discontinued. It was expensive
and the cellar could collect poisonous hydrogen sulfide gas.

If the drilling location is on dry ground, its preparation often involves
only leveling it with a bulldozer and lining earthen pits with plastic. In some
cases gravel, shell or other hard material needs to be added. If the location is
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wet and likely to become muddy, it may be necessary to cover it with wood-
en boards.

Helicopter rigs. When drilling wildcat wells in remote areas, there often are
not adequate roads available to truck in the rig. Special rigs are therefore
manufactured for this situation that break down in pieces small enough for
helicopters to sling-lift them onto location.

Offshore rigs

Barge-mounted rig. In shallow bays and canals dredged through marshes,
the rigs are mounted on steel barges that are pushed into place and flooded
so that they set on the bottom. When the well is completed, the water is
pumped out to float the barge and tow it to the next location (Ficure 6-20).

TO LOCATION

|

Fic. 6-20 Barge-Mounted Rig

Jackup rigs. Jackups are highly mobile, bottom-supported rigs used exten-
sively in water depths up to 400". They have seaworthy hulls and are towed
to location with the legs (usually three) jacked up into the air. On location,
the legs are jacked down to the sea bottom and the hull then Jacked up out
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of the water. The air-gap between the hull and the water must be adequate
to prevent waves from hitting the hull (Ficure 6-21).

g UNDER TOW

¥
| SRSt o

R

Fic. 621 Jackup Rig

Jackups are used to drill both exploratory and development wells.
Development wells are usually drilled by jacking up adjacent to a pre-set
well platform, cantilevering the rig out over the platform, then drilling down
through it.

Tender-supported rigs. When permanent production platforms are set in
relatively shallow waters with mild sea states, development drilling is often
done with temporary platform rigs supported by tenders. Tenders are
ship-shape vessels that are towed to location and anchored beside the plat-

form (FIGURE 6-22).
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hoisting necmanent
BEREee platform
umbilicals
tender :

NN

Fic. 6-22 Tender-Supported Rig

Using the tender's crane, the mast and drawworks are lifted from the ten-
der onto the platform. The tender holds the mud pits and pumps, cementing
tanks & pumps, mud & pipe storage, living quarters, prime mover, etc.
Multiple hoses and power lines deliver the tender’s resources to the rig.

After the platform is drilled up, the rig is lifted back on the tender and the
tender is towed to a new platform.

Semi-submersible rigs. Semis
AR are floaters (not bottom-support-
% ed) used to drill in deeper off-

— shore waters. They are self-pro-
pelled and entirely seaworthy, so
ra = they can operate anywhere in the
world. Semis normally are teth-
DRILLING % ered over the location by multiple
anchors, but some are equipped

= i with thrusters on their four cor-

r 7 ners so that they can be dynami-

T cally positioned. Because of their

lines large size, semis are very stable in

/‘i*"'e‘\\ high seas (Ficure 6-23).

When drilling from floaters, the

== __r:f Ef_f_: === BOP is located on the sea floor
Fic. 6-23 Semi-submersible Rig HALLIBURTON EXHIBIT 2021
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and a riser pipe connects the well to the surface. The riser is supported by
steel cables from the rig. A tensioner system plays—out and reels—in the cable
as the rig moves up and down with wave action. The rig also has heave com-
pensators mounted on the traveling block. These keep the bit on bottom,
drilling, while the vessel is heaving up and down.

Driliships. Drillships are dynam-
ically positioned, so they are not

limited to water depths where

anchoring is feasible. The —— rﬂ

ship-shaped hull permits faster L £
: N ¥ &

movement from location to loca- ~ ey

thrusters —

tion. The disadvantage of the
ship—shape is its lack of stability
in high seas. Drillships are there-

fore used extensively to drill wild-
cat wells around the world in
very deep water and for develop- — _._:___._'i"__ —
ment drilling (FiGURE 6-24). Ll L e R

Fic. 624 Drillship
Permanent platform rigs. In

the North Sea and other areas with demanding sea states, it's often not feasi-
ble to lift rigs on and off the platforms. Instead, the rigs are installed onshore
before float-out and stay on the platform permanently. In the field's later
stages, the rigs are used for workovers.

Contracts and Crews

Contracts

Virtually all drilling rigs are owned by drilling contractors—not by the oper-
ating companies. This is because a contractor can move the rigs arount;l the
world to keep them busy, whereas the operator shuts down drilling at times
and would have to idle the rigs.
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Many rig lease contracts, particularly onshore, are turn-key, where the
contractor drills a hole of specified size to a specified depth for a given sum
of money. The price may be expressed in $/ft. Day-rate contracts, particular-
ly prevalent offshore and in international operations, are expressed in $/day

for the lease of the rig.

Crews

The rig’s operating crew are employees of the drilling contractor. They work
8- or 12-hour tours (pronounced “towers”). The rig operates 24 hours a day,
7 days a week.

Operating Crew
* The toolpusher is in charge of the overall operation.

® The driller is the foreman of the drilling crew and also the
hands—on operator of the rig.

¢ The drilling crew are called roughnecks. During a roundtrip,
one roughneck functions as the derrickman, while three or
four function as floor hands; between roundtrips, they have
varied duties checking and maintaining all the rig equipment.

* Some rigs, particularly offshore, employ roustabouts for gen-
eral labor; the head roustabout is typically the crane operator,
who reports to the toolpusher.

e Bigrigs may employ specialists such as motormen, mechanics,
and electricians.

Support Personnel

* The company man represents the operating company that
hired the drilling contractor.

® The drilling engineer employed by the operating company
prepares the well plan and provides engineering input as
needed during operations.

® The mud specialist monitors the condition of the mud and rec-
ommends changes to it.
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o The wellsite geologist keeps track of what rock formations the
bit is penetrating.

e The mud logger monitors shows of oil and gas in the returning
mud stream.
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Note that in all three examples above, the measurement error is in the
purchaser’s favor, working against the producer. In the U.S. particularly, but
also in many places around the world, custody-transfer mefer runs are
owned and maintained by the purchaser. It's clear, however, that the produc-
er must actively oversee meter maintenance to protect his interests.

Equipment Systems

The primary activity in surface processing facilities is separating the pro-
duced fluids into streams of oil, gas, and water for sale and disposal. This
separation is accomplished largely by gravity segregation, drawing the lighter
gas drawn off the top of vessels, the heavier water off the bottom, with only
the oil remaining. High-gravity, low-viscosity crude oil normally separates
easily from water, but lower gravity, higher viscosity crudes often form emul-
sions that complicate separation.

Flow lines

The produced fluids flow from the wellhead to central treating facilities
through a flowline. The fluids are driven down the line and through the treat-
ing facilities by wellhead pressure, either natural or generated by artificial lift
equipment.

On land, it's not unusual for as many as 50 wells to be served by a single
tank battery (central treating facility). Flowlines are typically made of small
diameter steel pipe, either welded or screwed. They may either be buried or
laid on the surface. Coiled polyethylene is sometimes used in low-pressure
applications. The lines radiate inward from all directions and some may be
over a mile (5280") in length.

Fields in shallow, protected waters that are developed with dispersed
vertical wells and a central facilities platform use flowlines similar to those
on land. They may be laid on the seafloor or buried to avoid being hooked by
dragging ship anchors.

On deepwater offshore platforms that support multiple trees for direc-
tional wells, the flow lines are only a few feet long—just enough to reach
from the trees on the cellar deck to the valve manifold on the top deck.
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Piping manifolds

Whether on land or offshore, all flowlines come together at the “manifold"—
the first segment of the central processing train. This piping and valving sta-
tion switches the flow from any well or group of wells into any one of multi-
ple “headers” (Ficure 11-7).

The typical system has a production header leading to the production
treating system and a test header leading to the test system. One well at a
time is switched into the test header while all the other wells are switched
through the production header.

flowlines from wells

\k\w\”i“”

production
header

X - block valves

Fie. 11-7 Piping Manifold

Gas separators

The first pressure vessel the fluid enters at the central facility is the gas sep-
arator, usually called “the separator.” It separates the free gas from the liquid.
Since the gas occupies many times the liquid volume, this sharply reduces the
size of downstream facilities needed. Most separators are two-phase, sepa-
rating the gas phase from the liquid phase, which includes both water and oil
(Ficure 11-8). Three-phase separators that divide the production into three
streams—oil, water and gas—are sometimes used with high-gravity oils that
readily separate from the water.

Vertical separators are used for low-volume operations, while horizontal |
separators are typically used in high-volume, high-GOR applications.
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The sequence of events in a gas
separator is as follows:

gfj 1. The oil, gas, and water
g enter midway up the vessel.
B b { 2. Since the gas is lighter than
& water | ¢ EL the liquid, it rises upward
in = \ and exits through the top of
\\ the vessel.
float
valve 3. The liquid drops to the bot-
ligquid : tom of the vessel and accu-
level ;
mulates. When the liquid
level rises to a pre-deter-
mined point, the dump valve
opens, dumping liquid. The
Fic. 11-8 Vertical Two-phase Gas valve closes when the liquid
Separator level reaches the bottom

setting.

Free-water knockouts

Free-water knockouts (FWKs) are installed downstream from the separator
when the wells produce a large volume of free water (water not tied up in an
emulsion).

gas

production
in‘;\ ¥ =

| 8 o Cas A
S O iemulmon.
- o 3 -

.'.emulsion

ZZ‘?;“:outf¥="

e
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? perforated water

baffles out

Fic. 11-9 Horizontal Free-water Knockout
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Knockouts are large, usually horizontal, pressure vessels providing ade-
quate retention time for free water to drop out of the emulsion. The free
water is drawn out of the base of the vessel, the emulsion outlet is midway
up the vessel, and any remaining gas is drawn off the top (FiGure 11-9).

Emulsion-breaking facilities

Emulsions are mixtures of two insoluble liquids with small quantities of one
of the liquids in small, discrete droplets dispersed throughout the other, con-
tinuous liquid. Oilfield emulsions are usually water-in-oil (the water is dis-
persed and the oil is continuous) and are often quite stable,

Produced water is considered a contaminant of crude oils, so purchasers
accept only traces of S&W (sediment and water). Breaking emulsions to
remove S&W is therefore 2 major production problem, particularly onshore
where crudes are typically more viscous, and therefore more emulsion-prone.
Emulsion problems increase in cold weather because the oil viscosity increases,
tightening the emulsions.

Oilfield emulsions are broken in the surface facilities by several processes:

* Applying heat. Heat reduces oil viscosity and coalesces
small water droplets into bigger ones. Both effects help the
water to settle to the bottom of the treating vessel.

* Injecting detergent-type chemicals. Which weaken the
surface tension between the oil and water, helping water coa-
lescence.

e Applying an electric potential. When applied across the
emulsion electrically charges the water droplets, causing them
to coalesce.

e Retention. Wash tanks, or gunbarrels, are large tanks used to
provide a great deal of quiet retention time for the water to
settle out of the crude and be drawn off the bottom.

Produced fluids enter most wash tanks through flumes
designed to reduce turbulence in the tank. The clean oil spills
over to stock tanks through an outlet near the top of the wash
tank, the free water is drawn off the bottom. The incoming
fluid may or may not have been heated, depending on how
tight the emulsion is (FiGure 11-10).
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