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Overview

Modern perforating technology has evolved from just making simple holes in the casing to cus-
tomized, objective-oriented services integrated with sophisticated and versatile completion
designs. Perforating is now used to optimize both permanent and temporary completions, such
as drillstem tests and workovers. Along with services such as hydraulic fracturing, sand man-
agement, directional drilling of extended-reach and horizontal wells, completion fluid
engineering, and well testing, engineered perforating to achieve communication between the
formation and the wellbore has become indispensable to improving productivity.

This catalog follows the workflow of engineering perforated completions, beginning with the
development of perforating theory, techniques, and equipment. A discussion of the operating
environment gives the reader a practical understanding of completion design and perforating
operations. Following that is detailed information on the perforating products and services pro-
vided by Schlumberger: gun systems, firing systems, accessory equipment, and operational
procedures.

Perforating is but one of the integrated oilfield services delivered by Schlumberger to opti-
mize your E&P performance in a safer, environmentally sound manner. For more information on
perforating and other products, services, and solutions, visit www.slb.com or contact your
Schlumberger representative.
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Safety

Quality, health, safety, and environmental policy

The long-term business success of Schlumberger depends on our ability to continuously improve
our products and services while protecting people and the environment. This commitment is in
the best interests of Schlumberger clients, employees, and stockholders.

The integration of quality, health, safety, and environment (QHSE) objectives into Schlumberger
operations worldwide is the responsibility of line management, with the active commitment and
support of all employees. Schlumberger strives to

® ensure the quality of our products and services
® protect the health, safety, and property of employees, clients, contractors, and third parties
B protect the environment in the communities where we work and live.

We are committed to proactive integration of QHSE objectives into our management systems
at all levels, actively reinforced by reward and recognition programs. This commitment is criti-
cal to our business success because it reduces risk and adds value to Schlumberger products and
services.

Safe operating practices

Safe operating practices are critical to the long-term success of any activity, especially when the
results may be as devastating as the surface detonation of a perforating gun (Fig. 1). The
Schlumberger commitment to safety includes strict operating rules; properly designed, con-
structed, and tested equipment; and well-trained, highly qualified personnel. This commitment
extends to all activities, with the discussion here focused on the safety aspects of transporting
and using explosives at the wellsite. This section is intended as a brief overview only. Detailed
procedures are documented in the Schlumberger Explosives Safety Manual, field operations
manuals, and maintenance manuals of each perforating service.

Personnel

All Schlumberger perforating crew members receive training on the characteristics of the explo-
sives they use and proper techniques for handling and transporting them. Perforating engineers
and technicians are also proficient in the specialized process of gun arming and disarming. They
thoroughly understand Schlumberger procedures and applicable local regulations. Only the engi-
neer or technician in charge is permitted to arm or disarm the perforating guns on a
Schlumberger perforating job.

Schlumberger follows a certification process to ensure a uniform standard for all our perfo-
rating engineers and technicians. Each engineer or technician must demonstrate both
theoretical knowledge and the necessary practical skills to properly perform the service.
Certification is maintained through periodic recertification requiring the individual to demon-
strate knowledge of current procedures and systems, as well as proficiency in operations. Only
an engineer or technician with current certification may be in charge of a perforating job.
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Figure 1. A perforating gun detonated at the surface demonstrates the tremendous power of an oilwell
perforator. The figure at left is a mannequin.

Equipment

Schlumberger uses only properly designed and built equipment. Downhole perforating systems
are designed at the Schlumberger Reservoir Completions (SRC) Technology Center in Rosharon,
Texas, USA. The SRC facility also manufactures most of the Schlumberger gun systems
and shaped charges. Quality control is maintained using International Organization for
Standardization (ISO) 9001 standards. Other perforating components are manufactured to sim-
ilar quality standards by qualified suppliers.

Equipment used with explosives must undergo a comprehensive design review by the
Schlumberger Explosives Safety Committee and pass stringent operational safety tests before
authorization for use by the field organization. In areas such as electrical explosive initiating
system design, Schlumberger uses third-party testing laboratories, recognized by the explosives
industry, to confirm the safety of our designs and verify our testing.

Surface equipment associated with perforating plays an integral role in job safety. Units,
cables, pressure equipment, and auxiliary components are subjected to similar design reviews
and testing before being approved for use.
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Procedures

Schlumberger follows specific procedures when handling explosives to protect the safety and
health of all personnel (Fig. 2). These procedures meet or exceed standards set by American
Petroleum Institute (APT) Recommended Practice (RP) 67, Oilfield Explosives Safety, as well
as local regulations of the countries where we operate. The Schlumberger Explosives Safety
Committee periodically reviews and revises procedures to reflect changes in the workplace.

Transportation and wellsite procedures are the two aspects of field operations that require
special consideration for explosives safety.

EXPLOSIVES

Schlumberger Field Safety Procedures

Conventional Electrical Detonators

leads. All remnants must be returned to the
magazine for storage and then properly
disposed of.

Explosive operations have started when length.
explosives are no longer secured as required
for shipment and or storage.

S.A.F.E.* Slapper-Actuated Firing Equipment

For operations utilizing an initiator from the family of slapp firing i 1t in place of conventional electrical detonators, the
following exceptions apply to the procedures above:

+ Radio transmitters can be left powered and +  Electrical cathodic protections systems can be +  Electrical welding operations can be continued
used without restrictions left powered. except in areas where explosives are stored or
+  Casing-to-Rig voltages can exceed 0.25 V, but *  Helicopter and boat operations can be are being used.
MUST NOT exceed 40.0 V. continued.
ALL OTHER pr must be

is required per ger QHSE S010 (MOC and ion) - Wireline A ix if any of these procedures

An appl
cannot be followed.
Refer to Field Operation Manual for details and clarification. REVISION 20-SEP-2005 Placard Part Number H709745 Rev AG

I I
| |
I 1. Hold consultation with client, if possible. 8. Instrument cab preparations for explosive e. Insert the detonator into the Blasting Cap I
2. Check well area for hazards and correct when operations: Safety Tube. Close and secure the top of
1 necessary. a. Ensure continuity of logging cable to the the tube. 1
3. Hold spot safety meeting. safety switch (CSS). Do not disconnect . Connect the detonator wires to the gun
i i i collector plug. wires. (Electrically arm the gun.
| 4 Nosmoking except in designated areas. 9. 9 1
Smoking materials must be stored when b. Turn off all AC-powered instrumentation, g. Remove the detonator from the Safety Tube
1 leaving these areas. main circuit breakers, inverters, USPs, AC and connect it to the detonating cord using ||
5. Rig up cable. Remove rig wiring that might power generators, and rig power detonator crimping pliers or other connector
1 contact cable. Topdrive systems should be connections. For units that use an isolated as appropriate (Ballistically arm the gun.) 1
electrically isolated in accordance with the ng"’_e"l dislriblétion utility |ng follow th: h. Store all explosive remnants.
manufacturer’s procedures. official powerdown procedures poste . .
I 6 Ouoidn . bt tachi on the power distribution panel. i. Prepare the gun to run in the hole. I
- preparations before attaching an . 11. Proceed into the well.
I explosive device: c. Turn off safety switch (CSS) and remove . . 1
a. Turn off electrical cathodic protection key. The key MUST remain outside the 12. Safety procedures whila in the hole:
1 " systems wireline unit until the explosive device is a. Ata minimum depth of 200 ft [70 m] below ||
: - . . . introduced into the well to a minimum depth ground level or the seafloor, turn on the
I b. Discontinue all electric welding operations. of 200 ft [70 m] below ground level or the safety switch, restore AC power, etc. I
c. On water operations, install the positive seafloor. Essential RF transmitters may be turned
| gliouhding gable from truck t_o barge or 9. Procedure for attaching any explosive device on. Continue into the hole. |
wireline unit to generator skid. (such as CPST, perforating guns, etc.) to b. Tie in, position the gun, and shoot.
| d. Check voltage between the rig, casing, and the cable: ¢. Coming out of hole, at a minimum depth 1
cable armor using a multimeter. Attempt to a. Arming or disarming a gun must not be of 200 ft [70 m] below ground level or sea-
| eliminate it at its source, if present. performed during a lightning storm. floor, reestablish RF silence and prepare |
I e. Tesi_and install Casing-to-Rig Voltage b. Arming procedures must not be the ins_trument cab as for explos_ives |
Monitor. commenced if such weather, a helicopter Opelfa(lons (_8 a. lhroug_h c.). Verify that the
1 f. DO NOT PROCEED WITH OPERATIONS or a boat is expected to arrive before the Casing-to-Rig voltage is less than 0.25 V. I
IF RESIDUAL VOLTAGE IS IN EXCESS arming operation can be completed and the CAUTION - if a lightning storm, helicopter,
I OF 0.25 V BETWEEN RIG, CASING, AND gun introduced into the well to a minimum or boat will arrive before the disarming I
CABLE ARMOR. depth of 200 ft [70 m] below ground level or opekratlc_n C:” be Ifomplet_eq, the gun hmu?l
1 g. Install safety grounding straps between the the seafloor. ggo :D[;g’r;]eb\levsjwa;rao{mglgsz grerr:e of I
unit, rig and casing. c. Verify that the Casing-to-Rig Voltage
I h. Put out sign reading “Danger Explosives - Monitor reads less than 0.25 V. 13, If hzl(le:\:‘/o:;rier un(s) did not fire, perform the I
Tum Off Radio Transmitters” or equivalent. d. Clear the line of fire of all personnel. g 9 ot Tre, p
test to determine if an ongoing thermal event
I i. Turn off all radio frequency (RF) e. Attach the explosive device to the head. (a hang fire) is occurring. If there is , follow the I
transmitters (radio, cellular, radar, RF The individual performing this operation recovery procedures. Otherwise, immediately
| wireless networks, etc.) within 100 ft [30 m] MUST have the safety switch key in their relieve any trapped pressure and then disarm 1
of the well. Receiving units located within possession at the time. The key MUST the gun(s) (ballistically before electrically using
| the established safe distance must be remain outside the wireline unit until the the procedure provided in the Field Operations 1
disabled such that an incoming call cannot explosive device is introduced into the well Manual). Once disarmed, the gun may be
I activate the transmitter. to a minimum depth of 200 ft [70 m] below disconnected from the cable. If the gun 1
j. Al transmitters (such as radio or TV ground level or the seafloor. contains HMX explosives that were heated
| stations) greater than 200 watts and within 10. Arming perforating guns (Only the engineer or to more than 330°F, disarm it but do not 1
I 1 mile [1.6 km] of the well must be disabled technician in charge of job may arm a gun): download the explosives from the gun for 1
such that they cannot transmit. a. The cable must be attached to the gun 48 hr.
1 7. APPLYING POWER AT SURFACE ONCE THE string before the gun string is armed. 14. All guns must be safely relieved of any trapped 1
EXPLOSIVE OPERATION HAS STARTED IS However, guns that will not be electrically pressure immediately upon removal from well
1 PERMITTED ONLY ON THE CONDITION connected to the cable when the head is according to the instructions in the Field 1
THAT THE CABLE HEAD AND ENTIRE attached may be armed immediately prior Operations Manual.
1 TOOLSTRING ARE IN CLEAR VIEW OF THE to their use and then attached to the cable. 15. Check the area for detonating cord remnants, |
Eg(\/;\llgFEtEF? WHILE A(PPI‘-\EING Tloglzh h b. Confirm that the line of fire is still clear. charges, etc., and pack them in the explosives
1 - Power must not be applied throug ¢. Check the gun wires for sparking. remnants box. Pack misfired detonators in the ||
a E?‘" or ;ahxplos;'ve ‘oczsaséggéadz?gﬁ[) d. Trim the gun wires and detonating cord to detonator carrying case after shunting their
while on the surface, B -
I I
I I
| |
| |
| |
| |
| |

Figure 2. Schlumberger explosives field safety procedures for a wireline-conveyed perforating job.
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Transportation

Safely transporting explosives to and from the wellsite is a key consideration in the logistics of a
perforating job. Schlumberger procedures protect the safety of people, equipment, and the com-
munities where we work. Because these procedures incorporate local regulations, they may vary
slightly from country to country. Transportation procedures generally require the use of adequate
containers and labeling, security measures, and transportation means appropriate for the explo-
sive components. In most cases, loaded guns may be transported to the wellsite; however, they
are never transported while electrically and ballistically armed. The arming procedure is always
performed at the wellsite.

Wellsite

Schlumberger has assessed the risks of the perforating process by integrating our experience
with oilfield explosives and wellsite operations and our comprehensive QHSE management
system. To mitigate the identified risks, we have developed a complete set of explosives field
safety procedures. The objective of these procedures is to prevent accidental initiation of a per-
forating gun system or any explosive component.

For conventional electrical detonators, field safety procedures address the hazards of stray
and induced voltages and unintentional user initiation. Common sources of stray voltage include
faulty rig and unit wiring, incorrect grounding of generators, electrical welding, cathodic pro-
tection systems, and meteorological events (i.e., static charges from thunderstorms or dust
storms). Common sources of induced voltage are radio frequency (RF) transmitters (used in
mobile telephones, wellsite and wireless communications systems, and radio or television trans-
mission). Faulty equipment that produces stray voltage must be repaired. Topdrive systems
should be electrically isolated, and other voltage sources, such as welding, cathodic protection
systems, or RF transmitters, must be shut down. Wellsite safety procedures also prevent unin-
tentional user initiation through the systematic use of lockout systems and power shutdown
procedures.

Adhering to the explosives safety procedures may be inconvenient, especially when radio
silence is required, but these procedures are imperative to ensure safer operations when con-
ventional electrical detonators are used.

With the advent of S.A.F.E.* Slapper-Actuated Firing Equipment and the Secure* detonator,
the hazards posed by stray and induced voltages initiating unintentional firing have been greatly
reduced for stray voltages and eliminated for induced voltages. Most wireline-conveyed perfo-
rating services can be performed using Secure or S.A.F.E. detonators.

Tubing-conveyed perforating (TCP) firing heads typically use percussion detonators, which
are unaffected by stray and induced voltages. Following field safety procedures together with
proper handling of equipment ensures safer TCP operations.

Well operators and all service companies at the location share the goal of safer wellsite oper-
ations. Each group typically has its own set of defined procedures for work it performs. If these
procedures conflict or tasks overlap or interact, a process must be determined to satisfy all
requirements before starting the operation.
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Perforating
Fundamentals

History of the perforation

It happens in a flash and it has to be perfect. Millions of investment dollars and months of
drilling culminate the instant the perforating charges blast through the steel and cement, clear-
ing a channel for the hydrocarbons. It is a decisive event lasting only milliseconds.

From its beginnings as a black art through its evolution into an exacting science, perforating
technology has drawn from many sources. For example, the investigation of a woman’s death
from a blasting cap revealed the destructive force of a fast-moving metallic jet; the Second World
War saw lined shaped charges successfully deployed in various weapons.

By the 1920s, casing strings were commonly cemented throughout the well. The presence of
casings across the production interval provided the biggest concern: how to punch a hole
through several strings of casing and cement to reach the productive formation?

After mechanical devices were tried and discarded, the next obvious technique was to adapt
a bullet firing gun. Los Angeles oilman Sid Mims pursued a patent in 1926, but it was not until
1932 that a device was actually built and tested. Detonation was accomplished by passing an
electric current down a conductive wire. It took 11 runs to fire 80 shots, and the well, which was
once written off as uneconomical, began to produce commercial quantities of oil. All this was the
effort of two men who had acquired Mim’s patent, Walter T. Wells and Wilford E. Lane. Their com-
pany, Lane-Wells, was the first to offer perforating services to the oil industry and was acquired
many years later by Dresser Industries, Inc.

During this period in the mid-1930s, Marcel Schlumberger was also thinking of bullet perfo-
rators. His first idea was to position a lengthy gun barrel vertically, with its muzzle bent at a right
angle to guide the bullet into the formation. This extraordinarily simplistic solution, known as
“the gun to shoot around corners,” was soon abandoned. Marcel’s final bullet-perforator design
looked more conventional and launched Schlumberger successfully into the competitive perfo-
rating market in 1938.

Schlumberger offered bullet perforating into the 1960s, and to this day, it is still provided by
some perforating companies for special applications. However, the heyday of bullet perforating
was undoubtedly the early 1950s, just before shaped charge technology became dominant.
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The history of the shaped charge begins in 1888, when C.E. Munroe observed that explosive
cotton indented with the letters USN (for U.S. Navy) left impressions when detonated next to
steel plates. Further experimentation with different indentations, or cavities, yielded penetra-
tions that were one-half of the cavity diameter (Fig. 3). The idea of lining a cavity came in 1936,
when R.W. Wood, investigating the accidental death of a woman killed by the detonation of a
blasting cap, speculated that the blasting cap liner had literally flowed when it detonated and
formed a powerful projectile. A few years later, Henry Mohaupt discovered that the portion of the
liner nearest the point of detonation reached significantly higher velocities than any other part.
Attempting to capitalize on this effect, Mohaupt made a cone-shaped cavity and lined it. The
effect was devastating. Enormous penetrations were obtained in solid steel targets.

The shaped charge was first developed for use in World War II antitank weapons, including the
bazooka. After the war, shaped charge technology was extended in 1948 to its first commercial
application, oilwell perforating. Since then, many advances in shaped charge design have been
made through the use of computer simulations, high-speed photography, and development of
materials. The basic shaped charge concept, however, remains the same.

Explosive
Metallic
liner
Steel
target
Flat end Unlined Lined
effect cavity effect cavity effect

Figure 3. Effect of lined and unlined cavities versus no cavity on steel penetration.

Explosives

Explosives were invented first by the Chinese in the 10th century, and then independently by the
Arabs in the 13th century. The “low” black powder explosive was characterized by slow reaction
rates (1,650 to 4,900 ft/s) and relatively low combustion pressure. The first “high” explosive was
discovered by Ascanio Sobreto in 1846 and made commercially by Alfred Nobel in 1867 with the
development of dynamite, which is a combination of nitroglycerin and clayey earth. High explo-
sives, unlike the earlier low explosives, detonate at very rapid rates of 16,400 to 29,500 ft/s and
generate tremendous combustion pressure. The terms low and high explosive are still used to
characterize chemical explosives.

m Low explosives (propellants) are used in modern oilfield applications as power charges for
pressure-setting assemblies, bullet perforators, and sample-taker guns, as well as for stimula-
tion procedures such as high-energy gas fracturing and perforation cleanout.

®m High explosives are used in shaped charges, detonating cords and detonators, and blasting
caps. High explosives are further classified by their sensitivity, or ease of detonation.
®m Primary high explosives are very sensitive and easily detonated by shock, friction, or heat.

For safety reasons, primary high explosives, such as lead azide, are used only in electrical or
percussion detonators in Schlumberger gun systems.
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m Secondary high explosives are less sensitive and require a high-energy shock wave to be ini-
tiated (usually provided by a primary high explosive). Secondary high explosives are used in
all other elements of the ballistic chain (detonating cord, boosters, and shaped charges). RDX
(cyclotetramethylene trinitramine), HMX (cyclotetramethylene tetranitramine), and HNS
(hexanitrostibene) are the secondary high explosives used in oilwell perforating.

Temperature affects the rate of reaction, combustion pressure, and sensitivity of chemical
explosives. Consequently, maximum safe-operating temperatures are defined for all explosives.
Exceeding the temperature ratings may result in autodetonation or reduced performance. The
1-, 100-, 200-, and 400-hr temperature ratings and uses for the various explosives in Schlumberger
gun systems are listed in Table 1.

Table 1. Temperature Guidelines for Explosives in Hollow Carrier Guns'

Explosive Temperature Rating*
Type

1hr 100 hr 200 hr 400 hr
RDX 340°F [171°C] 240°F [115°C] 225°F [107°C] 210°F [99°C]
HMX 400°F [204°C] 300°F [149°C] 285°F [141°C] 270°F [132°C]
HNS 500°F [260°C] 460°F [238°C] 440°F [227°C] 420°F [216°C]

TRatings for strip guns and other exposed applications vary.

Temperature ratings are set at the highest temperature that retains 100% of the explosive performance. Above these
temperatures, explosives show reduced performance and some may autodetonate.

Shaped charges

A shaped charge used in oilfield perforating consists of four components: outer case, main explo-
sive charge, primer charge, and metallic liner (Fig. 4).

Case

Primer o
Conical liner

\\\\\\\\\\‘w

Main explosive

Figure 4. Elements of a shaped charge.

The outer case is a containment vessel designed to hold the detonation pressure of the charge
long enough for the shaped charge jet to form. Containment is also critical to prevent interfer-
ence with adjacent charges in the gun system. The case also serves as a mold that shapes the
explosive pellet. Steel, zinc, and aluminum are the most common case materials; however, ceram-
ics and glass are also used. Regardless of the material used, tight design and manufacturing
tolerances are necessary to ensure correct perforator performance.
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The main explosive is normally chosen on the basis of the desired temperature rating of the
shaped charge. Of equal importance is the explosive’s ability to be mechanically pressed into the
conical form typical of a shaped charge. The explosive pellet is pressed to an optimum quality
that delivers maximum energy from the detonation to the jet. The explosive pellet is designed
to cause the liner to collapse and form the jet. The more homogeneous and uniformly distrib-
uted the explosive mixture, the better the jet formation and the deeper the penetration for deep
penetrating charges.

The primer provides the link between the detonating cord and the main explosive. It consists
of the same explosive material as the main charge but has greater sensitivity.

Proper geometric design of the primer and the matching profile in the back of the charge case
is of special importance. The explosive shock front must make a 90° turn, typically from a down-
ward vertical direction to a lateral horizontal direction, at the interface between the detonating
cord and the shaped charge. During manufacturing, testing verifies the sensitivity of the initia-
tion of the shaped charge versus the thickness of any potential gap between the cord and the
charge. Spacers are inserted between both explosive components until the cord no longer initi-
ates the charge. This verification technique is called the Bruceton test.

At the center of the shaped charge is the liner. The collapse of the liner under the detonation
pressure of the main charge is the critical action in the formation of the perforating jet. For deep
penetrating charges, the tip of the jet must travel very fast and establish an optimal velocity pro-
file along the jet. An incorrect velocity profile results in significantly lower penetration.

Initially, liners were constructed of solid metal. These designs successfully produced high-den-
sity jets but tended to plug perforation tunnels with debris, called a slug. Modern liner designs
are based on mixtures of powdered metals that give the jet sufficient density for deep penetra-
tion without the undesirable side effect of formation plugging. Powdered metal liners have
replaced solid liners in all deep penetrating charges manufactured by Schlumberger.

Big hole charges are used for sand control applications and some fracture-stimulated com-
pletions, for which penetration depth is less important than entrance hole size. Solid copper
liners were used in older big hole charges because they tended to produce very large holes
through the casing and cement. The undesirable effect of the slug was considered to be offset by
the large hole sizes and high permeability of the formations where these charges are typically
shot. The introduction of PowerFlow* slug-free big hole shaped charge technology eliminated the
slug and maximized the area open to flow (AOF).

The high-speed X-ray photograph in Fig. 5 shows the jet created by a deep penetrating charge.
The improved charge design produces a straight and symmetrical jet, which can achieve deeper
penetration.

F : : ' .

|~ L a | | i i

Figure 5. X-ray photograph of a deep penetrating shaped charge.
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Figure 6 shows the jet created by a big hole charge. This jet is designed to produce a conspic-
uous asymmetry that results from a deliberately heterogeneous velocity profile. The jet shape is
the element that creates the big hole, which results from the mass of liner material gathered in
such a small space. The jet heterogeneity produces a much shallower penetration as a trade-off

for the larger entrance hole.

Solid metal slug

Fluidized particles

¥
2
:
§
C
J }

Figure 6. X-ray photograph of a big hole shaped charge.
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Dynamics of shaped charge detonations

Once the shaped charge has been placed in a gun (Fig. 7) and the gun positioned in a well, the
detonation begins at time ¢, with the initiation of the detonator. This action initiates an explosive
wavefront traveling down the detonating cord at about 4.3 miles/s with pressures of approxi-
mately 2.25 million to 3 million psi. The detonating cord, which is in close contact with the primer
region of the shaped charge, detonates the primer, which initiates the main explosive. The explo-
sive detonation front advances spherically, reaching a terminal speed of about 5 miles/s and
pressure of 4.5 million psi (;). The case expands radially about the symmetry axis of the charge
while the liner is accelerated inward. At the time of liner impact on its axis, the pressure
increases to more than 7.5 million psi and the liner parts into two forward-moving axial streams:
a faster stream forming the tip of the jet and a slower stream forming the tail. The jet tip travels
at about 4.3 miles/s while the tail travels at about 0.3 miles/s, creating the velocity gradient
responsible for the stretching of the jet required to achieve casing and formation penetration (¢,).
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Figure 7. Detonation process of a shaped charge.
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To better understand the penetration process, the jet may be thought of as a high-velocity,
rapidly stretching sacrificial rod with typical impact pressures of more than 6 million psi on the
casing and 1 million psi on the formation. The enormous pressure of the impact of the jet on
the casing causes the casing material to flow plastically away from the jet. As the jet passes
through the casing, the cement and formation flow away in the same manner while eroding the
tip of the jet until all the energy is expended at the end of the perforation (¢3). Penetration is
achieved by the high pressure associated with the impact of the jet pushing aside the various
materials, rather than by burning, drilling, or abrasion. Consequently, the quality of a shaped
charge perforator depends on achieving a long, consistent jet with the optimum velocity gradient.

Cavity effect

The ability of shaped charge to perforate deeply into metals and rocks is called the cavity effect.
Figure 3 depicts a cylinder of explosive detonated against a steel bar, with minimal effect.
However, with a cavity in the explosive, a crater is formed in the steel bar when the explosive is
detonated. If the cavity is lined with metal, the shaped charge effect is clearly seen, with deep
penetration into the steel. Note that for oilfield perforating, “tunnel” refers to the portion of the
perforation or hole in the casing and cement and “cavity” refers to the hole in the formation.

One of the most important factors affecting charge performance is the symmetry of all the
components. A shaped charge is at best a semistable device. Therefore, any deviation that upsets
its symmetry yields a crooked jet and thus reduced performance.

Detonating cords and boosters

The detonating cord transfers the detonation from the detonator to each shaped charge strung
on the cord. The cord consists of a high-explosive core covered by a plasticized braided jacket or
lead sheath. The cross section of the cord is either round or flat (Fig. 8).

An important detonating cord parameter is the explosive load per unit of length, which is
expressed in grains per foot (gpf). There are 7,000 grains in a pound. Round cord usually carries
an explosive load of 70 to 80 gpf. This load is high relative to other cord geometries, so the bal-
listic transfer is more reliable. Flat ribbon detonating cord carries a much smaller load of
explosive—35 to 40 gpf. These cords require special operational precautions to ensure that bal-
listic transfer occurs without interruption along the cord (e.g., kinks, cuts, poor contact with the
shaped charge primer).

Lead-jacketed
detonating cords

Plastic textile braid

Explosive

Figure 8. Cross sections of detonating cords.
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Different jacket materials (e.g., nylon, Teflon® silicone, lead) are used to ensure compatibil-
ity with particular downhole fluids in exposed applications. Lead may react with completion
fluids and is not used in exposed applications, but it is ideal for high-temperature applications
because it resists longitudinal shrinkage and has a higher melting point than synthetic materi-
als have.

The current trend is to eliminate the need for lead-jacketed cord because of cost, fluid com-
patibility, and environmental issues. Replacement cord-jacketing materials include new polymer
compounds for standard applications and Teflon derivatives for high-temperature applications.
Flat detonating cords are also being phased out because of their inferior ballistic transfer prop-
erties.

A booster is an auxiliary explosive charge crimped on the end of a detonating cord to ensure
reliable transmission of the detonating wave. The booster consists of a thin aluminum shell con-
taining a secondary explosive charge, which is held against the explosive core of the detonating
cord.

Reliable detonation transfer requires the correct explosives combination of the detonating
cord and booster:

® RDX cord and RDX booster
® HMX cord and HMX booster
m HNS cord and HP-10 NONA (nonanitroterphenyl) booster with HNS explosives.

Detonators

Conventional detonators

Two types of detonators are generally used to initiate the detonation of a perforating gun: elec-
trical detonators and percussion detonators. Electrical detonators, sometimes called blasting
caps, are used in electrically fired guns in wireline applications. The three components of typi-
cal fluid-desensitized electrical detonators are the ignition section, air gap, and booster section

(Fig. 9).
Holes for
Match ignition liquid entry
Leg Rubber pelletor powder Filament Lead
wires plug azide RDX

——F—— ] ° ¢ B
V j— | '

Two 27-ohm Lead Air gap Booster section
safety resistors azide
primer

Figure 9. Fluid-desensitized electrical detonator.
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The ignition section is energized by passing current through two safety resistors and a fila-
ment. The current causes the filament to generate enough heat to ignite the match compound.
This burning detonates the primer charge, lead azide, which in turn detonates the booster sec-
tion across an air gap. The two safety resistors are critical for safer operations overall. They
increase the input resistance of the detonators to protect them from low-potential stray voltage.

The air gap prevents detonation of a flooded gun string by allowing fluid entry via the fluid
entry holes to effectively prevent initiation of the booster section. This safety feature prevents
catastrophic damage that could occur with detonation of a flooded carrier gun. In exposed guns
the detonator is pressure sealed and is fluid tight, rather than fluid desensitized.

The booster section is the last link in the fluid-desensitized detonator. The explosive material
in the booster section is selected on the basis of the temperature rating of the detonator. The
temperature and pressure ratings of detonators used with exposed guns must never be exceeded
or autodetonation may occur.

Fluid-tight detonators, with pressure-sealed components, are used for exposed applications
(Fig. 10). These detonators are not fluid desensitized.

Percussion detonators are used in TCP systems (Fig. 11). They are mechanically fired by a
firing pin striking a pressure-sealed membrane that covers a primer charge consisting of lead
azide. The impact of the striking firing pin generates a force that detonates the primer charge,
which in turn detonates the booster section.

Leg Rubber Match Filament RDX Lead RDX
wires  plug ignition ‘ azide ‘

‘ pellet
x 1 1
— [
— A

\/ [ J
T

Two 27-ohm Lead azide Booster section

safety resistors primer

Figure 10. Pressure-sealed, fluid-tight electrical detonator.

Standard TCP percussion detonator

HPHT percussion detonator

Figure 11. Percussion detonator.
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S.A.EE. Slapper-Actuated Firing Equipment and Secure detonators

S.A.FE. technology

The S.A.F.E. detonating system was developed to provide immunity to electric potential differ-
ences (EPDs) created by RF radiation, impressed current for cathodic protection, electric
welding, high-tension power lines, and inductive coupling from large induction motors such as
topdrives on drilling rigs. S.A.F.E. technology eliminates the need to shut down radio communi-
cation and other vital equipment during perforating jobs.

The SA.FE. detonating mechanism is an exploding foil initiator (EFI), which has proved
resistant to stray voltages because of the high currents required for detonation. It contains no
primary high explosives.

As shown in Fig. 12, the application of shooting power instantly vaporizes a metal foil, which
causes a neighboring (secondary) high-explosive pellet to detonate and shear a small aluminum
flyer. The flyer travels across a fluid desensitization gap in the EFI housing and strikes a booster
that initiates the detonation of the gun.

Cable

Head

Gun HNS pellet  Aluminum flyer

Infinite barrel Shear washer

Foil Air gap for fluid

desensitization
Bridge section Receptor booster

ESIC Static condition

Detonating |

a1

cord

Electronic ___|
secondary
initiating
cartridge -

(ESIC) E

Figure 12. EFl operation.
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Secure detonator

The Secure detonator (Fig. 13) is the third generation of S.A.F.E. initiators. It performs like a con-
ventional detonator but without the added safety concerns, cost, and inconvenience of shutting
down RF transmitters, turning off cathodic protection, and postponing welding operations.

The use of EFI technology makes the Secure detonator one of the safest detonators in the
industry. Its inherent safety results from the specific high voltage and current pulse required for
detonation. The power threshold for the EFI technology in the Secure detonator is 3 MW, com-
pared with 1 W for a typical standard resistor detonator and 2 W for a semiconductor bridge
detonator. No primary high explosives are used in the detonator. The Secure detonator does not
contain pyrotechnics, which may burn to detonation if exposed to fire.

The Secure detonator does not require a downhole cartridge to provide the electric pulse to
initiate the firing sequence. All electronics are fully expendable and contained in the detonator
package. As a result, operations are simple, reliable, and flexible.

Figure 13. Secure detonator.
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Factors affecting perforator performance

The factors that affect perforator performance can be divided into two groups: target properties
and gun system properties.

Target properties

Effect of rock strength

The strong effect of compressive strength on perforation penetration was recognized long ago by
Thompson (1962) and later with modification by Weeks (1974). The empirical relationship shows
that penetration in a high-strength rock (15,000 to 20,000 psi) is about one-half of that in a
medium-strength rock (5,000 to 10,000 psi).

Experimental data from concrete and actual rock samples demonstrates that the penetration
reduction in real rock depends mainly on the compressive strength of the rock (Behrmann and
Halleck, 1988a; Halleck and Behrmann, 1990). The reduction in penetration resulting from rock
strength also depends on the shaped charge. Figure 14 shows the combined effect of rock
strength and shaped charge type on a set of tests in various rock types. The dashed lines are the
penetration model of SPAN* Schlumberger perforating analysis. The term alpha is the dynamic
strength factor.
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Figure 14. Effect of compressive strength on target penetration.

SPAN Schlumberger perforating analysis calculates the penetration of shaped charges at
downhole conditions. SPAN analysis uses a semiempirical approach that combines experimental
data (Berea slab tests and API RP 19B Section 1 tests) with penetration theory. This approach is
necessary because rock penetration data are not available for all charges shot in rocks of all
strengths. Normalized penetrations are calculated using penetration in a rock of 7,000-psi
strength as a reference and corrected for effective stress (Fig. 15).
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Figure 15. SPAN analysis normalizes penetration for rock strength and corrects for effective stress.

Aseltine (1985) generated striking X-ray photographs of jets being consumed as they pro-
ceed through rock targets. Rocks are active targets that interact with the jet. The jet is
modified both by the texture of the formation and the nature of the saturating fluid. For exam-
ple, Fig. 16 shows X-ray photographs of shaped charge jets after penetrating three different
targets: dry limestone with a cylindrical boundary of cardboard, dry limestone with a cylindri-
cal boundary of steel, and kerosene-soaked limestone with cardboard. He concluded that
penetration is reduced further than expected and that the formation appears to have greater
intrinsic strength because of jet formation interaction during penetration. This effect is not
seen in steel or concrete targets, which do not interact with the jet.

44in.
Cardboard Steel

and
limestone
Dry

45in.

and
limestone
Kerosene
soaked

44in.
Cardboard
and
limestone
Kerosene
soaked

Figure 16. X-ray photographs of jets after penetrating three different limestone targets.

(© 1985 Society of Petroleum Engineers Inc., Aseltine.)
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Effect of in situ stress

Other tests performed at the same time as the rock strength experiments (Halleck et al., 1988)
were conducted in a polyaxial stress frame capable of generating large confining pressures on
rock samples approximately 1 m? in volume. The confining pressure was partially balanced by
pore pressure to show that effective stress (estimated as the confining pressure minus pore pres-
sure) was the correct correlation parameter.

This study shows that penetration reduction caused by in situ stress depends on the charge,
with smaller charges producing a comparatively greater fractional reduction. Figure 17 shows the
ratio of stressed to unstressed rock penetrations for four different shaped charges shot in the
same target type.

The reduction in penetration ranges from 10% to 50% of the penetration in an unstressed rock.
Penetration reduction increases as rock stress increases, and therefore the effect increases with
time in producing reservoirs because of pressure depletion of the reservoir.

1.0
09 M
\\
0.8 \ —
Fraction —
of surface [ e
. \
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Applied effective stress (psi)

Figure 17. Normalized penetration reduction as a function of applied stress.

Combined effect of formation strength and in situ stress

The previously cited report by Halleck and Behrmann (1990) describes shot tests performed with
different shaped charges in Berea, Ohio, and Nugget sandstones. These three formations differ
widely in their intrinsic rock strength. The effect of increasing effective stress (e.g., caused by
reservoir depletion) on perforation penetration is greater in soft rocks than in harder rocks.

SPAN analysis models the perforation reduction caused by stress and its interdependence on
the rock strength based on experimental data from the previously cited studies. The data were
used to develop the relation for perforation penetration reduction under stress for three generic
charges shot into three different strengths of sandstone. Interpolation of these relations yields the
penetration reduction versus stress for given rock strengths. Figure 18 shows the variation of the
parameter m (the ratio of in situ penetration) over API Section 1 penetration as a function of rock
strength for different values of effective stress. This ratio applies to in situ penetrations less than
30 in. SPAN analysis includes another formula for in situ penetrations greater than 30 in.
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Figure 18. Ratio of SPAN-modeled penetration versus API Section 1 penetration as a function of rock strength
and effective stress.

Effect of sand grain size and distribution

Experimental results of tests performed in concrete targets (Brooks et al., 1998) show that the
size of the sand used in the targets can significantly affect shaped charge penetration.
Penetration is less in coarse sand targets than in fine sand targets of the same compressive
strength. The difference in penetration can be as great as 250% in very fine sand (0.2 mm) versus
coarse-sand (38 mm) targets.

By implication, the grain size of the formation rock can greatly affect shaped charge penetra-
tion. A jet in coarse-grained rock penetrates less than in a finer grained rock. Figure 19 shows the
effect of quartz sand size on penetration for a 34-g charge.
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Figure 19. Effect of the size of quartz sand on penetration for a 34-g charge.
(© 1998 Society of Petroleum Engineers Inc., Brooks et al.)
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A 10% to 12% variation in penetration test results is expected in normal testing because of the
current tolerances in the sand size specification for API Section 1 concrete targets. This varia-
tion has led API to modify its procedures. The current API RP 19B specifications call for 1630
frac sand in the targets. Using sand of a calibrated size ensures far less variation than specified
in the previous RP 43 specifications.

Effect of rock density

The effect of rock density on penetration generally receives little attention because formation
rock densities do not vary greatly on a scale that is important to perforation. Basic penetration
theory predicts that penetration is proportional to the square root of the jet/target density ratio.

Effect of pore-saturating fluid

Experiments show that penetration is less in formations with gas-filled pores than in formations
with liquid-filled pores. This effect was first reported by Aseltine (1985). Figure 20 shows that the
jet is far shorter in a Berea target saturated with gas than in Berea saturated with kerosene. Bird
and Blok (1996) reported penetration reduction in gas-saturated versus liquid-saturated cores.

Kerosene

soaked

Figure 20. Compared lengths of jets in dry versus kerosene-saturated Berea cores.
(© 1985 Society of Petroleum Engineers Inc., Aseltine.)

Casing effects

Effect of casing strength on entrance hole

Several factors affect the diameter of the perforation entrance hole in casing, especially casing
strength and thickness. The entrance hole diameter decreases as casing hardness increases. For
example, the entrance hole diameter created in J55 casing, which has a Brinell hardness of 174,
correlates to the hole diameter of other casings:

0.5
B 2980.8
d ‘(dpJ55)[(2,250+4.2H )} ’ @
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where
d, = hole diameter in casing with Brinell hardness /
dy55 = hole diameter in J55 casing (Brinell hardness 174).

This correlation is plotted in Fig. 21. The x-axis scale also lists the standard casing grades.
Table 2 shows the equivalence among casing grades, Brinell and Rockwell hardness values, and
corresponding steel yield strengths.
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Figure 21. Effect of casing strength on entrance hole diameter of a shaped charge.

Table 2. Casing Grade Equivalents

Casing Hardness Number Minimum Yield Tensile Strength
Grade  RockwellB RockwellC  Brinell (psi) (psi)

H40 68-87 - 114-171 40,000 60,000-84,000
Jb55 81-95 - 152-209 55,000 75,000-98,000
K55 93-102 14-25 203-256 55,000 95,000-117,000
C75 93-103 14-26 203-261 75,000 95,000-121,000
L80 93-100 14-23 203-243 80,000 95,000-112,000
N80 95-102 16-25 209-254 80,000 98,000-117,000
C95 96-102 18-25 219-254 95,000 103,000-117,000
S95 - 22-31 238-294 95,000 109,000-139,000
P105 - 25-32 254-303 105,000 117,000-143,000
P110 - 27-35 265-327 110,000 124,000-154,000
Y150 - 36-43 327-400 150,000 159,000-202,000
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Effect of casing thickness on entrance hole

Casing thickness affects the entrance hole size of all charges; however, the effect is greatest for
big hole charges because they are intended to maximize hole size. Faced with increased wall
thickness, a standard charge creates a tapered hole with a larger diameter on the inner casing
wall than the outer casing wall. This geometry is not acceptable because flow is restricted by the
area corresponding to the smaller hole in the outer wall. Special thick-wall charges are designed
with a modified liner profile that distributes energy unevenly along the profile of the jet to create
casing holes with the same diameter.

Effect of casing thickness on penetration

If all other parameters are assumed to remain constant, the penetration achieved by a shaped
charge in the formation decreases as casing thickness increases. Decreased penetration occurs
because the jet uses some of its energy making its way through the casing, whether thick or thin.
Formation penetration in concrete is reduced by approximately 1 in. for every 0.25 in. of addi-
tional thickness in the steel casing.

Effect of entrance hole and shot density on casing strength

Perforations reduce the collapse strength of casing. The relative remaining casing strength

depends on

® diameter of the perforation entrance hole in the casing wall

® number of perforations

m distance between perforations along the casing length (determined by shot density and phas-
ing pattern)

m change in strength of the casing in the region around the perforation (i.e., casing mechanical

properties are altered by work hardening caused by the perforation jet passing through the
casing)

® support and integrity of the formation and cement sheath around the casing.

Calculation of the collapse pressure or remaining casing strength determines the worst-case
value because many of the these factors are not taken into account. Open perforations mean little
or no differential pressure across the casing at its weakest point, so the concept of casing collapse
pressure is hypothetical. Figures 22 and 23 graph the variation in collapse pressure with shot den-
sity and phasing for some perforation patterns on the basis on finite-element calculations. The
remaining casing strength for other combinations of shot density and shot patterns can be esti-
mated as

final strength (L —dpy )
initial strength L

@)

where
L = distance between shots in the longitudinal direction
dgy = perforation entrance hole diameter for the particular grade of casing.

For example, a 4%-in., 12 spf, 135°/45° phased gun has a shot every 8 in. in the longitudinal
direction. For an assumed (.70-in. dgy in the casing, the remaining casing strength is

w =0.9125 =91%.
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Reduction in casing strength for 60° spiral phasing versus shot density

1.0
095 N —~—
0.90
Collapse "
pressure %
ratio N~
(p/p) 085 N
8 spf
0.80
12 spf
0.75 ™~
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Entrance hole diameter (in.)
10 Reduction in casing strength for 2-spf perforations versus phasing
\
0.9 \ — 135°/45° spiral
Collapse 08
pressure
ratio 120°/60° 3-in-a-plane
(p/p) 07 N\ or 60° spiral
0.6
120° spiral
0.5 ‘ \
0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6

Entrance hole diameter (in.)

Figures 22 and 23. Reduction in casing strength for capsule guns and HSD gun systems.
If the casing is shot twice with the same gun, the worst case results if the charges align:
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Table 3 lists some examples of remaining casing strength based on this calculation method.

Table 3. Remaining Casing Strength for Common HSD* High Shot Density Guns with Big Hole Charges

Gun Shot Phasing Longitudinal Distance Charge and Remaining
Density (°) Between Shots, L (in.) Entrance Hole Casing Strength
(spf) Diameter, dgy (in.) (%)

3%-in. HSD 10 135/45 9.6 PowerFlow 3412, 0.67 93

3%-in. HSD 12 135/45 8.0 PowerFlow 3412, 0.64 92

4%-in. HSD 12 135/45 8.0 43CJ UltraPack*, 0.75 91

4%-in. HSD 21 120/60 34 PowerFlow 4621, 0.83 76

6%-in. HSD 18 120/60 4.0 PowerFlow 6618, 0.91 77

7-in. HSD 18 120/60 4.0 PowerFlow 7018, 1.15 n

Effect of multiple casings on entrance hole

Multiple casing strings greatly affect the entrance hole of big hole charges. Tests of big hole
charges have shown entry reductions of 50% to 70% in a second string and up to 40% to 50% in
a third string. The distance and material between strings also have an effect: The greater the dis-
tance and the denser the material between strings, the smaller the resulting hole.

charges performed at SRC.

Table 4. Hole Size Reduction for Common Big Hole Charges

Table 4 lists typical hole size reduction factors for specific geometries in tests with big hole

Gun Type Charge Test d1 d2 d2/d1 d3 d3/d1
(No.) (Average in.) (Average in.) (Average in.)

2%-in. Enerjet*  Big Hole, RDX 1 0.54 0.30 56% - -
2-in. HSD PowerFlow, 2006 1 0.46 0.26 56% - -
2'%-in. HSD 35B UltraPack, RDX 2 0.63 0.27 43% - -
3%-in. HSD PowerFlow 3412, HMX 2 0.67 0.25 37% - -
3%-in. HSD PowerFlow 4621, HMX 1 0.63 0.35 56% - -
4%-in. HSD 34JL UltraJet” HMX 2 0.325 0.25 7% - -
4%-in. HSD 51C UltraPack, RDX 2 0.72 0.52 72% 0.28 39%
5-in. HSD PowerFlow 4621, HMIX 2 0.65 0.28 43% - -
5-in. HSD 58C UltraPack, RDX 2 0.735 0.49 67% 0.41 56%
6-in. HSD 52C UltraPack, RDX 2 0.58 0.355 61% 0.215 37%

Note: d1 = diameter of inner casing entrance hole, d2 = diameter of intermediate casing entrance hole, d3 = diameter of outer casing entrance hole
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Table 5 lists similar statistics for deep penetrating charges. Entrance hole size is reduced by
65% to 80% in a second string and by about 60% in a third string. The reduction of entrance hole
size has less effect on deep penetrating charges than on big hole charges because the optimiza-
tion parameter is penetration rather than entrance hole size.

In the two datasets in Tables 4 and 5, the variation from an average value of the ratios of hole
size reduction mainly represents the effect of various environmental parameters specific to test
conditions, including gun-to-casing clearance, fluid type, material in the casing annuli, casing
sizes and grades, and casing-to-casing eccentricity.

Another concern is perforating through one or more casings but not perforating a larger outer
casing. Special shaped charges are designed for this need. Each charge must be customized for
a specific geometric and fluid environment.

Table 5. Hole Size Reduction for Various Deep Penetrating Charges

Gun Type Charge Test d1 d2 d2/d1 d3 d3/d
(No.) (Average (Average (Average
in.) in.) in.)

1"e-in. HyperDome*  20A HyperDome, RDX 2 0.22 0.13 59% - -
11e-in. Power Enerjet* 1'V-in. Enerjet 3, RDX 1 0.31 0.15 48% 0.1 35%
2V-in. Power Enerjet ~ 2V-in. Power Enerjet, HMX 4 0.25 0.19 76% - -
2V5-in. Power Enerjet 2% Power Enerjet, HMX 3 0.33 0.22 67% - -
27%-in. HSD PowerJet* 2906, HMX 2 0.245 0.195 80% - -
27%-in. HSD 38A UltraJet, HNS 2 0.295 0.23 78% 0.19 64%
3%-in. Port Plug gun 38A Ultradet, RDX 2 0.26 0.235 90% - -
3%-in. HSD PowerJet 3406, HMX 1 0.43 0.25 58% - -
4%-in. HSD PowerJet 4505, HMX 4 0.31 0.25 81% 0.25 81%
4%-in. HSD 51B HyperdJet* I, RDX 2 0.455 0.34 75% 0.27 59%

Note: d1 = diameter of inner casing entrance hole, d2 = diameter of intermediate casing entrance hole, d3 = diameter of outer casing entrance hole

Effect of wellbore pressure

Rock tests conducted concurrently with those reported by Behrmann and Halleck (1988a)
included experiments on the effect of wellbore pressure on perforator penetration depth. These
pressure effects tests (Behrmann and Halleck, 1988b), performed on stressed Berea sandstone
targets, showed that wellbore pressure can significantly reduce penetration, typically in the
range of 22% to 28% for pressures as high as 15,000 psi. The reduction in penetration depends on
the shaped charge used and the gun-to-casing clearance.
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Gun system properties

Effect of jet quality

If the jet is not perfectly straight and homogeneous, variations in its diameter increase interac-
tion between the jet and formation, which further reduces penetration. Brooks et al. (1998)
discusses crooked jet and fat jet effect characteristics of poorly manufactured shaped charges.

A crooked jet is not perpendicular to the target and thus interacts with the edge of the per-
foration as the jet proceeds through the formation. A fat jet has bulges and thinner portions. Both
situations increase the perforation diameter at the expense of penetration.

Manufacturing of shaped charges plays a key role in actual penetration performance because
the reduction in jet penetration caused by poor jet quality can be significant, even if the decrease
in manufacturing quality is minor. Manufacturing must be virtually flawless to ensure that all
charges achieve near-perfect performance. Lax or inconsistent manufacturing procedures invari-
ably result in poor penetration performance.

Effect of charge and gun positioning

Penetration

Figure 24 represents a hollow carrier casing gun positioned in the wellbore for definition of the
gun-to-casing clearance and charge standoff. The charge standoff allows adequate space for the
liner to collapse and the jet to develop before it hits the interior wall of the gun. Gun-to-casing
clearance negatively affects perforation penetration because the jet expends energy as it travels
through the completion fluid.
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Figure 24. Gun positioned in wellbore with definition of the geometry.
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The effect of gun-to-casing clearance on perforation penetration is more pronounced on deep
penetrating charges than on big hole charges. The preferred practice is to run HSD deep pene-
trating gun systems eccentered, which creates maximum-penetration perforations where the gun
and casing come into contact (i.e., where there is near-zero clearance). Nevertheless, gun-to-
casing clearance generally does not significantly affect the penetration of deep penetrating
charges until the clearance exceeds approximately 30% of the gun diameter. This effect is shown
qualitatively on Fig. 25.

Big hole gun systems must be run with a controlled clearance, as explained in the following
“Entrance hole.”

Deep penetrator

Big hole

Penetration

Clearance

Figure 25. Qualitative effect of clearance on penetrative depth of a deep penetrating charge.

Entrance hole

Gun-to-casing clearance may greatly affect the size of the entrance hole even though it has a rel-
atively small effect on penetration, especially of a big hole charge. Reduction of the entrance hole
size correspondingly affects the total AOF, which is one of the key design parameters optimized
for big hole systems.

Perforating Services Catalog m Perforating Fundamentals 27

Hunting Titan, Inc.

Return to Contents Pace 044



28

Figure 26 illustrates the relationship between the entrance hole and gun-to-casing clearance
for a big hole charge. Optimum charge performance occurs with the gun positioned in the center
of the wellbore, corresponding to point C on the figure. At this position, the entrance hole is
largest, the total AOF is greatest, and the holes have consistent diameters. If the gun is eccen-
tered (i.e., lying against the side of the casing), however, some charges will be shot at near-zero
clearance (point A) and some will be shot at near-maximum clearance (point E). Thus, without
gun positioning, entrance hole sizes may be anywhere along the curve from points A to E,
depending on the random location of the gun in the wellbore.

The average entrance hole size can be improved substantially by standing the gun off the
casing as illustrated by point B (minimum clearance with standoff) and point D (maximum clear-
ance with standoff). With the gun in this position, the range of entrance hole sizes is between
only points B and D on the curve.

Big hole charges provide optimum entrance hole diameter when the gun is positioned at the
center of the casing. The hole in the gun is actually smaller than the hole in the casing.

Centralized @
C
No positioning @
A E
Positioned @
Entrance D
hole

diameter

Gun 0D to casing ID clearance

Figure 26. Typical effect of clearance on entrance hole size for a big hole charge.
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Productivity and
Skin Effect

Basics of skin effect

The productivity of a reservoir depends heavily on the value of the near-wellbore decrease in
pressure. This value results from reduction in the total pressure drawdown available to bring
fluids from a distance 7, (reservoir drainage radius) to the wellbore at a distance r,, (wellbore
radius).

Figure 27 shows a typical pressure profile as a function of the distance » from the axis of the
well. At distance 7,, the pressure equals the undisturbed reservoir pressure p,, and at distance
7w, the pressure equals the flowing wellbore pressure p,. However, because of the skin ¢ffect,
only a fraction of the total drawdown (p, — pyy) is available to bring fluids from remote regions
to the near-wellbore region. The remaining pressure difference, which may be a substantial frac-
tion of the total drawdown, is used to get the fluids past the skin, or damaged, zone and into the
wellbore. Eliminating or overcoming the skin effect is critical to enhance the productivity of a
perforated completion.

Wellbore

Static ‘

pressure
Formation
pressure

_ Damaged
Apgin= pressure drop zone (skin effect)
across skin
Flowing pressure
Figure 27. Pressure profile in a well with skin effect.
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Productivity index and productivity ratio

The radial flow model (Fig. 28) provides a good approximation of the geometry of fluid flow from
a reservoir into a well. Radial fluid flow from the reservoir to the well implies straight flowlines,
perpendicular to the wellbore axis and convergent toward that axis. Conventional radial flow
equations also imply that the well is vertical. Thus, the flowlines are horizontal (otherwise, the
effect of gravity requires modeling). Based on these assumptions, the reservoir-to-wellbore pres-
sure drop (drawdown) is given by the steady-state radial flow equation:

(aBu)( | ™
_ — 1 _e+
Pe™Puy = o en ( nrw St]’ ®

where

q = flow rate at the surface

B = formation volume factor

w = fluid viscosity

kh = permeability-thickness product
s; = total skin effect and

In is the natural logarithm function.

Well

Figure 28. Model of radial flow in a reservoir.

Rearranging Eq. 3 gives the productivity index (PI), which is the flow rate produced (at surface
conditions) per unit of pressure drawdown:

PI= q _ 2nkh . )
(pe—p“’f) B},L(lnn’+3t]
rw

The P1 is used to predict and evaluate initial well performance, track performance over time,
and design and measure the effects of a production enhancement program.
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The productivity ratio (PR) of a perforated completion is a reference parameter used to
assess the completion’s total efficiency. The PR is the ratio of the actual productivity index over
the productivity index of an undamaged openhole completion in a reservoir with the same geom-
etry and properties. To construct the formula for PR, Eq. 5 is written both for the perforated
skin-affected completion and an openhole undamaged completion. The two equations are divided
to determine the PR:

Te

"

- 6)
r

[lne+stj
’}”w

The PR concept applies only in the absence of turbulent flow, because flow turbulence (which
is typical of moderate- to high-rate gas wells, for example) creates a rate-dependent skin effect.
PR, on the other hand, does not depend on the flow rate.

In
PR=

Components of total skin effect

PR is defined by the total skin effect, not just the skin effect caused by the presence of perfora-
tions. The productivity of the perforated completion is affected by all components of the skin
effect, including those indirectly related to the perforations.

Near-wellbore pressure losses resulting from a variety of causes affect the productivity of a
perforated completion: wellbore damage, flow convergence, partial completion, wellbore devia-
tion, and possible phase- and rate-dependent effects. Each cause is associated with an individual
skin factor (Table 6), and the combination of all the skin factors is the total skin effect s;.

Table 6. Components of Total Skin Effect

Skin Component  Cause

St

Partial completion

Sdev Wellbore deviation
Sdo Formation damage in uncased completion (open hole)
Sdp Formation damage in the perforated completion (cased hole)
Sp Geometrical arrangement of the perforations
Spd Perforation damage (unclean perforations)
F Decimal fraction of the reservoir interval that is perforated (F< 1)
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Partial completion skin and deviation skin effects

Partial completion (sy) and deviation (s4,) skin effects were described and formulated by Cinco-
Ley et al. (1975).

The partial completion skin effect results from only a portion ¥ of the reservoir being perfo-
rated. Thus the value of sy is positive (i.e., associated with a positive pressure loss) because of
increased friction as the flow converges into the perforated fraction of the reservoir interval.
Although partial completion restricts production, it is sometimes accepted to reduce the risk of
unwanted water or gas production.

The deviation skin effect is negative (i.e., associated with a negative pressure drop that
enhances local productivity) because more reservoir area is open to flow into the wellbore in a
deviated completion than in a vertical well.

Perforation skin and formation damage skin effects

Perforation skin effect (s,) reflects only the decrease in pressure caused by the nonradial nature
of the flow in the vicinity of the perforations, which results because fluid must follow crooked
paths to enter the wellbore through the perforations. In other words, s, reflects the pressure loss
caused by the geometrical arrangement of the perforations in an otherwise undamaged reser-
voir. If the perforations are unclean, the result is the perforation damage skin effect (s,q).

A simplifying assumption is that formation damage results from filtrate invasion during the
drilling process. Formation damage can significantly reduce the productivity of an openhole
completion, resulting in skin damage (s, ), and adversely affect perforated completions, espe-
cially if perforations terminate inside the damaged zone. In cased hole completions the effects
of penetration and formation damage are not simply additive. Karakas and Tariq (1988) quanti-
fied the formation damage skin effect in both openhole and perforated completions. They also
developed a technique to calculate the skin effect caused by the geometrical arrangement of the
perforations, based on perforation density, phasing, and length. In combination with the effects
of damage, the calculation yields a combination skin effect (sqy) for the presence of the perfo-
rations and the wellbore (formation) damage.

Effects on productivity

New practical method for estimating well productivity

Brooks (1997) presents a new conceptual method for estimating the productivity of a natural
completion. Well productivity is controlled by three dimensionless groups of perforation pene-
tration, perforation diameter, and perforation damage that include the effects of all major
governing parameters:

P = perforation length of penetration

N = shot density

D = perforation diameter

o = formation permeability anisotropy ratio

L = depth of the formation damage

b. = perforation damage.
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Concept

The method is based on productivity efficiency, which is the ratio of the actual PR to the maxi-
mum productivity ratio (PR..), which assumes an infinite shot density at which the wellbore
radius becomes equal to the actual wellbore radius increased by the perforation length.

Brooks found that his calculations of productivity efficiency collapse to one curve if PR.. is
plotted against a dimensionless parameter [ defined by

B= (P _ L)N3/ZDI/2a—5/8bc—1 : (6)

where b, is a dimensionless measure of the perforation damage. This result enables immediate
assessment of the relative importance of all parameters simultaneously affecting the efficiency
of a perforated completion:

® Excess penetration over the depth of damage is raised to the power of 1.

Shot density plays a greater role and is raised to the power of 1.5.

Perforation diameter plays a minor role and is raised to the power of 0.5.

Formation anisotropy and perforation skin effect always have an adverse effect (negative
exponent).

Figure 29 depicts the variation of productivity efficiency as a function of 3 in the presence of
wellbore damage and perforation damage.

¢ No perforating damage
08 ® Perforating damage
0.6
Production
efficiency 0.4
0.2
X
0
0.01 0.1 1 10 100 1,000

Figure 29. Productivity efficiency versus B3, which includes the effects of wellbore and perforation damage.
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Optimization strategy

It is clear from Fig. 29 that increasing 3 can increase productivity. Equation 6 shows that a higher
value of 3 can be achieved by increasing the penetration or shot density. If there is no formation
damage, higher shot density is more effective than increased penetration.

The value of s, should always be reduced to maximize {3, which means removing perforation
damage.

Using this optimization methodology provides a wider range of weighted options for optimiz-
ing perforated completions compared with traditional approaches that address only a single
parameter (e.g., perforation depth) to optimize productivity.

Remarks

The new optimization strategy assumes spiral gun phasing. In other words, the shot phasing is
distributed around the circumference of the casing and in essence is nonzero. For this method
the effect of other phasing configurations on productivity must be analyzed separately.

The calculations presented in the cited paper are for 456° phasing. Additional calculations
must be performed for different phasing angles; however, the methodology is the same.

The methodology does not apply if the formation damage zone extends beyond the end of the
perforation. Such situations are unlikely with current perforators, which employ ultradeep pen-
etrators such as PowerJet deep penetrating shaped charges.

The methodology also does not address turbulent flow or inertial flow effects within the per-
foration.

Productivity theory

As previously discussed, a theoretical approach is still necessary to quantify the productivity of
perforated completions as a function of all known influencing parameters. The productivity of a
perforated completion is a function of three groups of variables:

m geometry of the perforations around the perforated casing
= formation damage
B reservoir characteristics.

Maximizing productivity—or minimizing the equivalent skin effect and the pressure decrease
it causes—requires optimizing the influence of these three groups of parameters.

Effect of perforated completion geometry

Figure 30 shows the typical geometry of a perforated completion. The main geometrical param-
eters that determine the flow efficiency in a perforated completion are shot density, perforation
penetration depth (also called length), phase angle (also called phasing), gun orientation, and
the diameter of the perforation. Flow efficiency is also affected by perforation damage, which is
discussed in the next chapter. The impact of the shaped charge jet creates a zone of reduced per-
meability (called the crushed zone) around the perforation tunnel; removal of this zone results
in “clean” perforations. Partial penetration and well deviation are other important geometrical
parameters, but there are few opportunities for optimizing these two parameters.

Table 7 lists the relative importance of the five main geometrical parameters and the cleanli-
ness of the perforations based on completion type. A rating of 1 indicates the most important
parameter and 4 is the least important for a completion type. For most completion types, clean
perforations are an important parameter.
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Figure 30. Typical geometry of a perforated completion.
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Table 7. Relative Importance of Geometrical Perforation Parameters Based on Completion Type

Perforation Natural Sand Sand Fracture Workover
Parameter Control Prevention Stimulation

Clean perforations 1 2 1 3 1
Perforation length 1 4 2 4 1

Shot density 2 1 1 3 2
Perforation diameter 3 T 1 2 3
Perforating phasing 48 41t 2 1 48

Gun orientation 4 41 1 1 4

TDepends on reservoir strength and sand control completion
*Refers to the casing or cement tunnel diameter

§ Assumes phasing is not zero, otherwise the importance = 2
" For screenless sand control, phasing and orientation importance = 1
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Figures 31 and 32 illustrate the effects of the geometrical parameters on the productivity ratio
in an ideal isotropic formation with no crushed zone and no formation damage. Figure 31 shows
the importance of shot density associated with the phasing. At 0° phasing, shot density seems to
play a minimum role, but only because the phasing is not optimized. At 90° phasing, for example,
the productivity ratios are higher than for 0° phasing, and shot density is an important factor.
Figure 32 confirms that the perforation diameter has a relatively minor effect on productivity in
comparison with the effect of the other parameters.
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1.1

1.0
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Productivity
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0.4-in. perforation diameter
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No damaged zone

No turbulence

3 6 9 12 15
Perforation length (in.)

Figure 31. Effects of shot density and phasing on the productivity ratio.
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Figure 32. Relative importance of perforation entrance hole diameter on the productivity ratio.
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Effect of formation damage

Formation damage refers to the permeability change in the near-wellbore region that is induced
by fluid invasion (change in relative permeability) and fines invasion (drilling or mud solids).
Formation damage plays an important role in the productivity of a perforated completion. The
direct effect of formation damage is further aggravated by perforation damage, which results
from unclean perforations or perforations where rock failure under stress leaves permeability-
damaging material in the perforation cavity.

Figure 33 illustrates the effect of the formation damaged zone on productivity. The PR is near
maximum value if the depth of formation damage is much less than the perforation length. The
curve graphed in Fig. 33 has an inflection point close to where the perforation length becomes
less than the depth of the formation damage and the PR declines sharply to much lower values.
Thus, for optimum productivity the perforation must extend sufficiently far into the undamaged
zone. This distance can be quantified by modeling the 3 factor and basing selection of the opti-
mization strategy on the result (see “New practical method for estimating well productivity” in
this chapter). For low values of 3, increasing the shot density may provide a valuable alternative
to deeper perforations, even where formation damage is extensive. Determining whether this
approach is the ideal strategy requires modeling the specific conditions.

10 ___ Openhole  __ _______
No crushed zone
k. [k=1
09 (k./k=1)
(ky/k=0.4)

0.8

Productivity 7

ratio I
I
I
06 - [ .
i 9-in. perforation length
I 0.5-in. perforation diameter
05| . I 4 spf
Perforation _: 0° phasing
length i Noturbulence
0.4 l l | | J

0 3 6 9 12 15
Damaged zone thickness (in.)

Figure 33. Effect of the damaged zone on the productivity ratio.
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The effect of the crushed zone on productivity is also linked to formation damage. The pres-
ence of a crushed zone around the perforation cavity is one of the many manifestations of
perforation damage; however, it is the only one that can be modeled without experimentation.
Figure 34 shows a PR simulation for 12-in. perforations made in a 9-in. borehole at 120° phasing
and 4 spf. The formation is damaged (ratio of damaged zone permeability to horizontal perme-
ability k4/k), = 0.1) and isotropic (ratio of horizontal to vertical permeability k;/k, = 1). Three
values of reduced permeability in the crushed zone are depicted: k./k;, = 0.1, 0.3, and 1.0.
Optimum productivity is achieved when formation damage does not exceed about 6 in. (in a
12-in. penetration) for all values of crushed zone permeability. If the other conditions are equal,
the PR is a minimum when the perforations are shallow in the presence of little formation
damage (see Fig. 3b, 3-in. penetration).

For the same initial conditions, Fig. 36 shows how the effect of the crushed zone can be nul-
lified by greatly increasing the shot density (20 spf for this example). This interesting result
indicates an approach for optimizing productivity when the perforations cannot be cleaned out
(e.g., in severely depleted reservoirs).

9-in. borehole 12
12-in. perforation length 11 — ke/kn=1.0
4 se}f . ' — ke/kn=03
120° phasing 1.0 ko /ko=01
ky/ k,=0.1 C
k,/k,= 10 09T~

0.8

07 g\

e i NN
y O\
03 \"u\\

0.2
0.1

0 4 8 12 16 20

Wellbore damage (in.)

Figure 34. Effect of the crushed zone on the productivity ratio.
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Figure 35. Effect of the crushed zone on the productivity ratio: shallow perforations.
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Figure 36. Nullifying the crushed zone effect with very high shot density.
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Figure 37 illustrates the effect of the crushed zone, along with effects of non-Darcy flow.
Although non-Darcy flow is commonly called “turbulent” flow, this is a misnomer. The flow is not
turbulent; the fluid is still moving rather slowly. An extra pressure loss arises from inertial effects
associated with the fluid taking tortuous paths through the pore structure. The extra pressure
loss can be mitigated by reducing the fluid velocities, which can be achieved by increasing the
AOF. AOF is a direct function of shot density and entrance hole diameter.

1.0 _ === Darcy flow

0.9 With non-Darcy effect _ _
—‘——
08l ‘¢¢“ No crushed zone
07 L ,” -
-~
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I ko/k=0. 0.4-in. perforation diameter
02 4 spf
0° phasing
ANS No damaged zone
0 ] ] ] ] ]

0 3 6 9 12 15

Perforation length (in.)

Figure 37. Effects of the crushed zone and fluid turbulence on the productivity ratio.

Effect of reservoir characteristics

Effective design of a perforation program includes consideration of the various types of hetero-
geneities in the formation. This information is available from cores, openhole logs, and other
geological and petrophysical data. Figure 38 illustrates three common sources of formation
heterogeneities.

—>|e|<—

Fractures
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Orthogonal network
of fractures
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(b) Shale laminations

| | | NN
Matrix Fractures

(c) Natural fractures

Figure 38. Common types of formation heterogeneities (a, b, ¢) and fracture block spacing.
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Permeability anisotropy

Because of layering, the &, value of most reservoir rocks is much lower than that of k;,. The per-
meability anisotropy, defined as the ratio k,/k,, is always greater than 1. This condition affects
the PR because perforated completions always involve a vertical component of the fluid flow near
the wellbore. Figure 39 shows the effect of permeability anisotropy on PR in a vertical well.
Because the reduction in productivity is much smaller at high shot densities (which sharply limit
the vertical flow component near the wellbore), increasing the shot density is an effective way to
overcome the adverse effects of permeability anisotropy.
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Figure 39. Effect of formation anisotropy on the productivity ratio.
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Shale laminations

Virtually every sandstone reservoir contains significant amounts of shale. Although structural
and dispersed clay material simply reduces the intrinsic permeability of the reservoir rock, lam-
inated shales negatively influence the rock’s transport properties by enhancing the nonlinearity
of the fluid flow between the reservoir and the wellbore. Figure 40 shows the effect of shale lam-
inations on the productivity of a vertical well. Increasing shot density is an effective way to
improve the productivity of a reservoir that contains shale laminations, because higher shot
densities allow straighter flow paths near the wellbore.
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Figure 40. Effect of shale laminations on productivity ratio. ks, = permeability of shale.
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Natural fractures

Many reservoirs have one or more sets of natural fractures that provide conduits for the matrix
fluid to reach the wellbore through perforations. Figure 41 illustrates different types of fracture-
matrix systems and their relation to perforation orientations. The productivity of perforated
completions in these systems depends on both the reservoir parameters (type, orientation, and
spacing of natural fractures) and perforation parameters, which vary in significance for the dif-

ferent fracture systems.

Perforations must intersect as many fractures as possible to effectively improve communica-
tion between the perforations and the fracture network. Thus, perforation length and phasing
have a primary effect on the PR in naturally fractured reservoirs.
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Figure 41. Different types of fracture-matrix systems.
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Figure 42 illustrates the importance of perforation length on productivity for various values of
fracture spacing. The effect of shot density appears minimal on the figure because increasing the
shot density is unlikely to increase the probability of intersecting fractures, unless the average
fracture spacing is commensurate with shot spacing, in which case higher PRs are the result (as
the figure shows). Figure 43 further demonstrates the relative insignificance of shot density,
especially in the presence of large blocks of matrix.
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Figure 42. Effect of perforation length and fracture spacing on the productivity ratio.
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Figure 43. Relative insignificance of shot density on the productivity ratio, especially
for large matrix blocks. L = perforation length.

Schlumberger

Hunting Titan, Inc.

Return to Contents Pace 061


http://www.slb.com/content/services/

The effect of perforation phasing is illustrated in Fig. 44, which shows the fracture intersec-
tion probability for a wellbore of a specified diameter. To improve this probability, perforations
must be placed all around the wellbore to virtually increase its diameter (i.e., as far as fracture
intersection is concerned).

Except in the case of very large fracture blocks (block spacing as defined in Fig. 38), perfo-
rated completions perform better than openhole (unperforated) completions (Fig. 45).
Perforated completion performance is further improved by high values of the perforation
length L.

Perforating requirements for naturally fractured reservoirs are discussed in “Specific perfo-
rating requirements” in the “Reservoir Completion Types” chapter.
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Figure 44. Probability of intersection of perforations with a fracture.
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Figure 45. Relative performance of perforated and openhole completions in fractured reservoirs.
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Conclusions

Table 8 outlines the relative importance of the four main perforation parameters for various con-
ditions of reservoir heterogeneity. A rating of 1 represents the most important parameter, and a
rating of 4 represents the least important parameter.

Table 8. Relative Importance of Four Main Perforation Parameters

Perforation Isotropic Anisotropic Shale Natural Hard
Parameter Permeability Permeability Laminations Fractures Rock
Effective shot density 2 1 1 3 2
Perforation diameter 4 3 4 4 4
Perforating phasing 341 4 341 2,4 3
Perforation length 1 2 2 1 1

The importance of phasing declines to 4 for phasing greater than 0°.

Combined effects

All the groups of variables (perforation geometry, formation damage, and formation characteris-
tics) have a combined effect on productivity. SPAN Schlumberger perforating analysis is needed
to model the combined effect because modeling individual variables assumes the ideal condition
for the other variables. (SPAN analysis is discussed in the “Reservoir Completion Types” chapter.)
In addition to modeling the PR and associated skin effect for perforated completions, SPAN
analysis also models further effects on productivity loss that are caused by not removing the per-
foration skin effect.

Negative skin effect

A negative value of skin effect is associated with PR > 1 (see Eq. 5). In effect, this means that the
productivity exceeds that of a corresponding open hole. Although a negative skin effect is usually
associated with stimulation, it is clear from the results shown in Figs. 31, 32, 34, 36, and 39 that
it can also be achieved in naturally perforated completions if the penetration and shot density
are high enough.
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Perforation Damage
and Cleanup

Sources of perforation damage

Perforation damage refers to the reduced permeability of fluid flow through the perforation in
comparison with an ideal perforation in an undisturbed formation with no effect on the rock per-
meability. Perforation damage represents the additional pressure loss sustained by the reservoir
fluid as it travels through the perforation into the wellbore.

Perforation damage must be minimized and can even be totally removed. The primary objec-
tive of modeling and engineering underbalanced perforating operations is the removal of
perforation damage.

Perforation damage consists of one or more of the following factors:

zone of reduced permeability (i.e., crushed zone) around the perforation cavity in the rock
pulverized sand particles and perforation debris inside the perforation cavity

possible formation failure in weak rocks and collapse of the perforation cavity upon itself
possible interference between perforations and formation failure between adjacent cavities
production of sand and fines left unevacuated from the perforation cavity

possible transient invasion of the newly created perforation by wellbore fluids (may occur
even in underbalance conditions and before the start of perforation cleanup surge flow).

As used in this catalog, the consolidation and strength of rocks are categorized as listed in
Table 9.

Table 9. Consolidation and Strength Categorization of Rocks for Perforating

Rock Category Uniaxial Compressive Perforation Characteristics
Strength (UCS) (psi)
Unconsolidated ~1 No perforation cavity

No typical perforation damage
Fractured sand grains along perforation track

Weakly consolidated <500 No perforation cavity
Perforation permeability damage along perforation track

Weak consolidated >500 Perforation cavity
Typical crushed damage zone
Cavity may fail because of compressive stress

Strongly consolidated >2,500 Perforation cavity
Typical crushed damage zone
Cavity failure only under extreme compressive stress
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There are two distinct approaches to managing perforation damage:
® minimize the damage (e.g., when perforating in weak rocks)

® remove the damage, usually with the underbalance or by acid washing, swabbing, or other
forms of postshot flow.

The removal of perforation damage is closely related to the underbalance applied.
Underbalance criteria are discussed in this chapter along with approaches to managing perfora-
tion damage in hard rocks and weak rocks and considerations for perforation cleanup.

Consolidated hard rocks

Crushed zone

The shock wave generated by the jet passing through rock creates the crushed zone. The shock
wave fractures sand grains within its range of action, decreasing the size of the pore throats and
correspondingly reducing permeability around the perforation cavity. Because material does not
transfer out of the crushed zone, the porosity of sandstones is essentially unaffected but the
porosity of carbonates is reduced within the crushed zone. Perforation jet formation and its inter-
action with rock are low-heat-generation processes; thus, no vitrification or liquefaction of rock
occurs.

Figures 46 and 47 are thin sections of sandstone rock samples taken outside and inside,
respectively, of the crushed zone around a perforation. The sand-grain fracturing effect is evident,
as is the lack of an effect on porosity (apparent from the equal occurrence of blue epoxy resin fill-
ing the areas not occupied by grains on the two thin sections). Figure 48 quantifies the crushed
zone, depicting fracture density for two different shaped charges as a function of the distance
from the perforation cavity.

Figure 46. Thin section of perforated rock sample outside the crushed zone.
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Figure 47. Thin section of perforated rock sample inside the crushed zone.
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Figure 48. Fracture density in the crushed zone.
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Material in the crushed zone is loosely consolidated and is not necessarily easily removed,
depending on the rock properties and perforation process. It can be completely removed from the
perforation by applying sufficient underbalance during the perforation process, although there is
obviously a limit depending on the rock permeability, pressure, and pore fluid.

Single-shot experiments to measure the additional skin effect caused by perforation damage
(Behrmann et al., 1991) show an apparently random variation in the perforation skin effect with
the other environmental parameters held constant (Table 10). This condition results from the
rock’s natural heterogeneity, which always prevails, even in the same bedding plane. The ran-
domness of the skin effect probably helps to explain why many perforations in the same
perforated interval do not seem to produce at all, as revealed by production logs. Another find-
ing of Behrmann et al.’s study is that formation stress does not seem to influence the skin effect
caused by perforation damage in consolidated rocks.

Table 10. Random Variation in Perforation Skin Effect

Test No. Permeability (mD) Penetration (in.) Debris Free? Skin Effect
BP26 215 5.1 Yes 5.9
BP29 218 4.1 No 3.1
BP29a 218 5.1 No 143
BP30 224 6.8 No 8.9
BP31 196 6.1 Yes 1.7

Pulverized material

Some or all of the crushed-zone material is removed from the walls of the perforation cavity
during underbalanced perforating. If not evacuated by the underbalance, fractured formation
particles remain in the perforation cavity as pulverized material that may include shaped charge
debris (mostly liner debris).

Pulverized material typically has high permeability and porosity, and its presence does not
always adversely affect productivity. This material can affect injectivity, however, and can even act
as a flapper valve that nearly blocks injection (Behrmann and McDonald, 1996). Thus, removing
pulverized material is crucial when injecting to avoid extremely high injection pressures (as dis-
cussed in the next chapter). Table 11 lists production and injection index values measured for two
perforations flowed under alternating positive and negative pressure differentials. As the data
show, the production index remains high throughout the experiment, whereas the injection index
is at best much lower, declining sharply to almost zero as the experiment proceeds.
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Table 11. Production and Injection Data from Flow into an Unevacuated Perforation

Time Differential Pressure Production Index Injection Index
(min) (psi) (cm?®/s/psi) (cm¥/s/psi)
0 142 0.255 -
4 148 0.243 -
0 142 - 0.165
10 150 - 0.095
0 148 0.307 -
5 146 0.296 -
10 299 0.275 -
20 300 0.267 -
0 143 - 0.146
6 148 - 0.091
12 313 - 0.08
16 280 - 0.057
20 464 - 0.053
28 436 - 0.038
33 589 - 0.04
41 617 - 0.03
0 295 0.257 -
8 309 0.25 -

The effect of perforation damage is more important in highly deviated and horizontal wells,
where gravity makes it difficult to remove pulverized material from the bottom perforations. For
this reason, “downside” perforating is not recommended for deviated and horizontal wells, and
the orientation of the perforations is important (see the “Completion Perforating Equipment”
chapter for a discussion of oriented perforating).

Removing pulverized material is also of importance in gravel-packed completions. The unevac-
uated material interacts with the packing material, resulting in a reduction in permeability, and
thus very high skin factors, as discussed in “Specific perforating requirements” in the next chapter.
Other damaging effects
Other damaging effects include
® debonding of clay particles and production of fines
® transient injection of completion fluid into the perforation (discussed

in “Perforation cleanup” in this chapter)

B creation of a stress cage around the perforation.

The stress cage results from the crushed-zone material returning unevenly to a plastic state
after fracturing by the jet shock wave. Residual stress may contribute to cracking of the rock, for-
mation failure around the perforation tunnel, and local generation of fines.

Perforation damage in high-strength sandstone

Microfractures may be created in very hard rock to provide a fluid conduit that bypasses the per-

foration damage. Negative perforation damage skin effects have been obtained in cores of

high-strength reservoir and outcrop rocks with 3,000-psi underbalance (Blosser, 1995).
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Weak rocks and sand production

Experimental studies

Perforating experiments in weak rocks have been conducted to address numerous field problems,
including

characterization of perforation damage
selection of underbalance

dynamics of perforation cleanup
characterization of the sand production process
engineering of gravel packs

prevention of sanding.

The first laboratory experiments were performed jointly by BP and Schlumberger in the early
1990s. Outcrop cores from the Castlegate formation (a weak sandstone with ~1,400-psi UCS)
were perforated under two values of confining stress and various values of underbalance
(Behrmann et al., 1992). The rock around the perforation failed under all sets of conditions. At a
low effective confining stress, the failed rock was expelled into the wellbore, creating a large,
asymmetrical cavity. At higher values of confining stress, however, the failed rock stayed in the
perforation, filling the cavity. As shown in Fig. 49, the borders of the initial (filled) perforation
cavity are distinguishable, as well as the failed rock around the initial cavity. The experiments
also indicated that perforation productivity seems to decrease as underbalance increases.

Rock
Initial ) failure

perforation
tunnel

Figure 49. Perforation experiment in weak-rock sample with no perforation tunnel.
(© 1992 Society of Petroleum Engineers, Inc., Behrmann et al.)
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In 1992 and 1993, BP, Elf, Shell, and Schlumberger performed multiple-shot experiments on
large blocks of Castlegate sandstone. The results (Behrmann et al., 1997b) were crucial because
they provided the basis for fully understanding perforation damage in weak rocks and the mech-
anisms of sand production and managing these issues in practical terms. The conclusions of the
experiments are summarized in the next section of this chapter.

In 1996, van den Hoek et al.’s experiments on weak but consolidated rock samples showed that
the perforation cavities fail in compression, not tension. The primary role of fluid flow in sand
production is to transport loose sand resulting from failed material from the perforation.
Nevertheless, fluid flow may also cause the tensile failure of failed sandstone within failed perfo-
rations or in unconsolidated sand.

Kooijman et al. (1996) experimented on large blocks of weak artificial sandstone to simulate
sand production behind a horizontal liner under different conditions of stress, drawdown, and
water-cut. They concluded that sand production under rock failure may lead to a stable comple-
tion with only minor effects on productivity. The study recognizes the significant influence of the
onset of water-cut on sand production.

Blok et al. (1996) and Venkitaraman et al. (1997) experimented on gravel packs performed in
perforated Castlegate sandstone cores. These key studies led to the recognition of permeability
impairment from gravel packing poorly cleaned perforations and the efficiency of both the surge
flow and postperforation flow in cleaning out the perforations (see “Perforation cleanup” in this
chapter).

Perforation damage in weak rocks

The main conclusions of experimental studies of perforation damage in weak rocks can be sum-
marized as follows:

® In weak but consolidated sands, the rock around the perforation may fail in compression,
especially at high underbalances and high stresses.

® [n unconsolidated formations, there are no open perforation cavities.

® Under specific conditions of shot density, depending on the perforation spacing, the formation
between perforations may also fail, potentially contributing to sand production.

B Removing pulverized sand debris from the perforation cavity is difficult using typical oilfield
flow rates before the onset of water production. This was independently recognized by Snider
et al. (1997), although they recommended minimum penetration in weak rock, which is con-
trary to modern sand prevention practices.

®m Multiple perforations exhibit different levels of damage and productivity.

Sand production processes

Experimental studies on sand production processes have produced the following major conclu-
sions:

® Sand production can be viewed as a multistep, decoupled process for typical oilfield rates:
1. transient production of pulverized material from the perforation cavity
2. production of sand generated by failure of the perforation cavity under stress

3. sand production from failure of the reservoir rock under stress, resulting from depletion or
excessive drawdown

4. sand production at the onset of water-cut

5. massive sand production that ensues in water-wet unconsolidated reservoirs results from
the decrease of high oil surface tension that enables the sand particles to separate from the
loose matrix.
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Stable hemispherical arches may form at the wellbore/cavity interface and reduce sand pro-
duction. However, the stable arches are usually destroyed by the debonding of sand grains at
the onset of water production, which further aggravates the sand production problem.

Perforations oriented parallel to the maximum horizontal stress direction usually produce a
minimum amount of sand (dependent on the vertical stress conditions and well deviation).

Sand production from erosion in open perforations is not significant at typical oilfield pro-
duction rates.

Multiple perforations exhibit different sanding rates.

Gravel packs
Experimental studies on gravel packs offer these major conclusions:

Produced sand fills all the volume it can around a slotted liner. A stable configuration may
eventually occur, in which no more sand is extracted from the reservoir rock. This stable con-
figuration can be destroyed only by massive sand production resulting from the initiation of
water-cut (Kooijman et al., 1996).

Formation fines and the remaining pulverized sand in packed unclean perforations invade the
gravel, which greatly impairs the permeability (skin effect and associated pressure losses).
The permeability impairment results in very high skin effect values calculated from pressure
transient tests conducted to evaluate gravel-packed wells.

Acidizing may reverse impaired permeability; however, acid treatment to remove fines is
seldom effective over the long term. After acidizing, more formation fines move from the
undisturbed rock toward the perforation cavity.

Effective perforation cleanup is essential to avoid perforation-induced gravel-pack impair-
ment.

The frac-and-pack technique brings the benefits of hydraulic fracturing to gravel-pack com-
pletions. A key study of high-rate sanded-off wells (Welling, 1998) shows that cavity flow
impairment and poor communication with the fractures reduce productivity in frac-packed
wells. Thus, adequate perforation phasing is an important factor to improve the effective per-
foration AOF in communication with the fracture.

Perforation cleanup

Experimental work

Many of the previously cited experimental studies include conclusions about perforation cleanup.
The experimental work summarized here focuses specifically on enhancing the understanding of
perforation cleanup.

Experiments conducted by Halleck and Deo (1988) suggested that a sequential combination
of an initial, transient surge flow and subsequent postshot flow are responsible for perforation
cleanup. The researchers postulated that damaged rock is loosened during the early transient
and then flushed out by the postshot flow. The level of underbalance determines how much
the material is loosened.

Experiments at SRC (Bartusiak et al., 1993) measured surge flow, postshot flow, and core-flow
efficiency (CFE) in four tests on Berea sandstone. CFE, a measure of the degree of cleanup,
increased sharply during the surge flow, as long as sufficient underbalance was applied, but
increased only marginally during the postshot flow. The surge flow volume had only limited
impact on CFE. A similar picture emerged at lower values of underbalance, with the CFE cor-
respondingly lower.
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m Further experiments at SRC used fast quartz gauge technology to acquire pressure data soon
after perforating (Behrmann et al., 1997a). A surprising result is that during the first 10 ms
after the perforation is created, borehole pressure oscillations generated by shock waves
induce a negative pressure differential (i.e., wellbore pressure greater than core pressure) in
spite of the underbalance (Fig. 50). Thus, some borehole fluid invades the perforation even
before the surge flow starts, possibly contributing to additional perforation damage if the sub-
sequent perforation cleanup is insufficient.
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Figure 50. Pressure differential during an underbalanced perforating test.

Dynamics of perforation cleanup

Perforation cleanup results from the underbalance. Underbalance generates stresses in the
crushed zone, progressively removing the damaged material. Turbulent flow is not necessarily
required to clean perforations.

The first cleanup period (called surge flow) is a transient flow. If the underbalance during this
period is sufficiently high, the dynamic surge of reservoir fluid into the perforation cavity sweeps
pulverized perforation material into the wellbore. It also induces stresses in the crushed zone
that cause the rock to fail and spall off. The transient flow is high rate and extremely brief (tens
of milliseconds). Only a small amount of fluid and a small volume of formation are involved. The
transient flow is independent of neighboring perforations, as long as the perforation-to-perfora-
tion spacing is at least 3 to 4 in. The reservoir properties and underbalance determine the
effectiveness of the transient flow in cleaning the perforation. For total cleanup to occur, it must
happen during the high-rate transient flow.

The second cleanup period (called postshot flow) is a semisteady-state flow. It lasts longer and
involves greater volumes of fluid than the first cleanup period. The effects depend on neighbor-
ing perforations (their number, shot density, and phasing) and the reservoir’s deliverability, in
such terms as permeability, porosity, and drawdown. Postshot flow has limited effectiveness in
cleaning the perforation but may help remove pulverized sand remaining after the surge flow and
secondary damage (e.g., invasion of formation fines into the perforation tunnel).

The efficiency of perforation cleanup does not depend on surge volume. Designing comple-
tions to maximize surge flow volume is not an important priority for removing crushed-zone
material. Perforation cleanup depends only weakly on fluid viscosity, up to about 100 cp.

Regardless of the underbalance, a brief (transient) invasion of completion fluid into the per-
foration occurs. Therefore, the nature of the completion fluid, (e.g., brine, solvent, oil, acid, or
damaging fluids) may affect perforation cleanup.
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As previously discussed, gravity affects downside perforations. Damaging material removed
from one perforation is likely to flow into the next perforation with the well fluid. In addition, the
presence of the gun in the well during surge flow prevents the cleanup of downside perforations.
Downside perforating is not recommended in highly deviated or horizontal wells unless abso-
lutely required for other reasons.

Underbalance criteria

Overview

The term underbalance refers to the pressure differential (assumed to be negative) between the
wellbore pressure and reservoir pressure. Thus, a well is perforated underbalance when the well-
bore pressure is less than the reservoir pressure at the time of perforating. When the pressure
differential is positive at the time of perforating (i.e., wellbore pressure is greater than reservoir
pressure), the well is perforated overbalance.

Historically the perforating process was performed overbalance, sometimes with very high-
density fluids and even drilling mud to avoid the risk of blowout. In the 1960s, almost by chance,
underbalanced perforating was found to improve perforation productivity. Numerous field and
laboratory experiments followed this discovery, with a focus on improving productivity by opti-
mizing the underbalance. The potential benefits of overbalance, including extreme overbalance,
were also studied. Overbalance is discussed in the next chapter.

As previously discussed, underbalance is the only factor that contributes significantly to
removing perforation damage. As previously mentioned, this cleanup occurs only in the first mil-
liseconds after perforation. The subsequent postshot flow is an insignificant factor, because flow
rates and the ensuing drag forces necessary to remove perforation damage are much less than
during the surge flow. Assessing and then applying the optimum underbalance are therefore crit-
ical in completion engineering. The optimum underbalance to achieve clean perforations is a
function of permeability, porosity, reservoir strength, and charge type and size.

This section provides a timeline of the evolution of underbalance criteria, leading to the cur-
rent best criterion. The best criterion—meaning that considered valid—for conventional
underbalanced perforating in most reservoirs for a wide range of environmental conditions is the
formula developed by Behrmann (1996), which is subsequently described in this chapter and
“Specific perforating requirements” in the next chapter.

The historical criteria reviewed here are not recommendations for choosing underbalance.
Rather, the purpose of this discussion is to provide an understanding of how the current best cri-
terion was developed over the past few decades.

Bell (1984)

In the 1960s the industry recognized that underbalanced perforations increase productivity and
that the amount of underbalance depends on both the type of reservoir pore fluid and the for-
mation’s permeability. In 1972, Bell et al. observed an increase in perforation flow efficiency with
increased underbalance. He subsequently determined that postshot flow is the driving force
behind perforation cleanup and offered the first criterion for selecting underbalance:

® % > 100 mD: Use 200 to 250 psi in oil and 1,000 to 2,000 psi in gas.
B % < 100 mD: Use 1,000 to 2,000 psi in oil and 2,000 to 5,000 psi in gas.
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King et al. (1986)

King et al. based their well-known study on a set of 90 wells perforated underbalanced with the
TCP technique and acidized after perforating. The wells were tested after perforating and after
acidizing. For wells in which acidizing improved the productivity of the completions, King et al.
postulated that the underbalance was insufficient to remove most perforation damage and that
a higher underbalance before acidizing would have improved productivity. Conversely, the under-
balance was assumed sufficient to remove most perforation damage in completions for which
acidizing did not improve productivity.

Tariq (1990) integrated all of King et al.’s field data, as shown in Fig. 51 graphed as the under-
balance pressure as a function of permeability. The solid dots (oil) and squares (gas) correspond
to wells in which acidizing improved productivity; acidizing did not improve the productivity of
wells represented by open symbols. The lines separating the two groups of points describe crite-
ria for selecting the minimum underbalance pressure as a function of the permeability. Tariq
presented two formulas, one for oil wells and one for gas wells:

Oil:
3,100
p= 120.37 ’ (™)
Gas:
3,000
Ap= ’040 ' ®)
k g
10,000
N |
N =
X
N
Hh : -
L4 [ | oo o
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pressure 1,000 L R P NS0 Boo
(pSIg) l i O ]
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— Bestfit: gas ™
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Figure 51. Underbalance field data of King et al. (1986) with best statistical fits for oil wells, gas wells, and
all wells. (© 1990 Society of Petroleum Engineers, Inc., Tarig.)
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Crawford (1989)

Crawford (1989) expanded on King’s data by proposing minimum and maximum values of under-
balance pressure for gas wells. The values are derived from sonic velocity calculations based on
sand production potential.

Hsia and Behrmann (1991)

Hsia and Behrmann’s work represents the first attempt to directly measure the perforation
damage skin effect as a function of rock permeability and underbalance at controlled simulated
downhole conditions. The experimental study involved perforating targets of Berea and Gold
sandstones with a 3.2-g shaped charge and various values of underbalance pressure. Hsia and
Behrmann concluded that zero-skin perforations could be created during the transient surge flow
(i.e., without postshot perforation flow) by applying sufficient underbalance as determined by
calculating the minimum underbalance for the conditions of the experiments.

Plotted in Fig. 52 are the results of measured single-perforation skin effect as a function of
underbalance. Cutoffs of 200 mD and 100 mD are suggested for the Berea and Gold formations,
respectively, including the applicable minimum underbalance for zero skin effect.

Figure 53 superimposes Hsia and Behrmann’s formulation over King et al.’s (1986) data for dif-
ferent values of a parameter governing the Reynolds number of the perforation flow. Hsia and
Behrmann’s proposed formula suggests that the minimum values of underbalance pressure nec-
essary to obtain zero-skin perforations are much greater than those proposed by King et al.,
especially at low permeability. This lack of agreement implies that King et al.’s acid jobs did not
actually result in zero-skin perforations and that perforation cleanup was incomplete.
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Figure 52. Single-shot perforation skin effect versus initial underbalance.
(© 1991 Society of Petroleum Engineers, Inc., Hsia and Behrmann.)

Schiumherger

Hunting Titan, Inc.

Return to Contents Pase 074


http://www.slb.com/content/services/

10,000

T T 1T 11 T T 17
Extrapolation of laboratory +—— Fitto laboratory data.—
data for p%p = 0.015 Y. 1% =0.0512
\ O
NIRNEAN
N ™ Lower limit fit to
\\ \ W laboratory data. |
\e, 1%p =0.0512
= aN i g \“ P
M S OO0 O \
Underbalance 1,000 #\g ON \
pressure ' =y o ‘\\
(psi) ﬂ N :
g s "N\
Fit to King et al."s (1986) field —m u N
data for p%p = 0.015 using 5
Tariqg's (1990) values of damage \\
parameters and Reynolds number N\ !
a1l .
B Improved after acid
100 O Did notimprove after acid

0.1 1 10 100 1,000
Permeability (mD)

Figure 53. Comparison of required initial underbalance for laboratory data with field data from King et al. (1986).
u = fluid viscosity (cp) and p = density (g/cm?). (© 1991 Society of Petroleum Engineers Inc., Hsia and
Behrmann.)

Behrmann (1996)

Behrmann (1996) proposed that the surge flow may be laminar, if not turbulent, in the crushed
zone at some distance from the axis of the perforation cavity. Thus, removing the crushed zone
under the influence of the surge flow may be modeled using laminar and viscous drag forces.
Behrmann reinterpreted data from the previous study (Hsia and Behrmann, 1991) in terms of
single-shot perforation skin effect as a function of the modeled drag force. Because underbalance
governs drag force, extrapolating the data to a zero-skin condition provides a means for calculat-
ing the minimum required underbalance. On the basis of certain assumptions, the data are
correlated to a formula in which porosity, permeability, and the perforation cavity diameter are
the only variables. The perforation cavity diameter is derived from the casing entrance hole (i.e.,
the charge liner diameter) and the unconfined compressive strength of the rock.

Two correlations are used, depending on the permeability, to calculate the minimum under-
balance necessary to yield zero-skin perforations:

For k£ > 100 mD:

_ 14809d"

Ap
k0'5

) )

For k£ < 100 mD:

6300d "
Ap=" (10)

where
d = perforation cavity diameter

¢ = porosity.
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This approach also enables calculation of the perforation skin effect for underbalance pres-
sure less than the minimum required for zero skin effect:

For £ > 100 mD:

2
; :[dﬂ ] 2.64-0.00183Apk"
s

For k < 100 mD:
2
d 64—0. 0.333
¢ | %o 2.64—0.00395Apk , (12)
s 20 ¢d0'3

where
s, = single-shot skin effect (also referred to as perforation damage skin effect s,4)
d¢p = shaped charge liner diameter.

SPAN Schlumberger perforating analysis uses this same approach to calculate the perforation
skin effect when perforation cleanup is incomplete. SPAN analysis first calculates the minimum
underbalance required for zero skin effect. For actual underbalance less than the calculated min-
imum, the ratio of the permeability of the (remnant) crushed zone to the permeability of the
undisturbed formation is determined.

Behrmann and McDonald (1996)

Behrmann and McDonald (1996) presented an interesting application of Behrmann’s (1996)
derivations with relevance to several aspects of perforating requirements. The findings were
applied to a large population of rock samples from Alaska and the North Sea. Extensive core
measurement had previously established the permeability-porosity relationship for these rocks
(Fig. 54). The results are presented in the form of minimum underbalance pressure as a function
of permeability, expressed in these formulas normalized to a formation perforation cavity diame-
ter of 1 in.:

For Alaska and North Sea Brent cores:

Ap®® = 90.37-7.86Ink. (13)
For quartz arenite cores:

Ap"® =50.58 — 3.442 Ink. (14)

Figure 55 shows the correlation between the Alaska and North Sea Brent cores. Once again, the
suggested values for the minimum underbalance are much higher than those proposed by King
et al. (1986).
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Figure 54. Permeability-porosity relationships. (© 1996 Society of Petroleum Engineers Inc., Behrmann
and McDonald.)
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Figure 55. Optimum underbalance versus permeability for Alaska and North Sea Brent cores.
(© 1996 Society of Petroleum Engineers Inc., Behrman and McDonald.)
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Walton (2000)

Walton identified three possible damage removal mechanisms: erosion, tensile failure, and shear
failure. All the previously discussed damage removal models are essentially erosion models; the
required underbalance depends on the rock permeability. Walton developed tensile and shear
failure models in which the required underbalance depends on the rock strength. He demon-
strated that erosion is too weak to be an important factor in perforation cleanup. The new models
are currently being evaluated against laboratory and field data.

PURE Perforating System for Clean Perforations

The PURE* perforating system optimizes the well dynamic underbalance (i.e., the transient
underbalance that occurs just after creation of the perforation cavity) by basing the job design
on the properties of the reservoir, wellbore, and gun string, This novel technique consistently
obtains the maximum effective transient underbalance to eliminate or minimize perforation
damage.

Background

As previously discussed, underbalanced perforating is the technique of choice for removing per-
foration damage and producing productive perforations. The degree of underbalance required
depends primarily on the rock properties, such as permeability and strength. For example, hard,
low-permeability rocks need a large underbalance, sometimes as much as 8,000 psi. However, the
conventional design approach of setting the wellbore pressure below the reservoir pressure
before the guns are fired does not always produce the expected level of productivity. Additionally,
low reservoir pressures limit the magnitude of the initial underbalance.

Recent single-shot perforating experiments at the Schlumberger Productivity Enhancement
Research Facility (PERF) at SRC in Rosharon, Texas, USA, demonstrate that the wellbore pres-
sure varies considerably during the first half-second after the charges are detonated (Walton et
al., 2001). This variation in wellbore pressure is reflected in relation to the transient underbal-
ance, and it is the maximum dynamic underbalance—not the initial underbalance—that
governs perforation cleanup.

Figure 56 shows the results of Tests 1 through 4 with the same charge and starting at an ini-
tial underbalance of 1,000 psi. The maximum dynamic underbalance varied from 400 to 1,300 psi.
The corresponding CFEs were 0.70, 0.69, 0.61, and 0.21 (CFE = 1 denotes a perfectly clean per-
foration). Two similar Tests 5 and 6 (Fig. 57) started with a initial overbalance of 500 psi. The
maximum dynamic underbalance ranged from —300 to 2,400 psi with CFEs of 0.92 and 0.41,
respectively. Although both sets of tests used identical charges and outcrop cores, their CFEs
were substantially different.

The essence of the PURE technique is to generate a dynamic underbalance situation similar
to that produced in Test 5, which results in a sharp reduction in wellbore pressure.

Schiumherger

Hunting Titan, Inc.

Return to Contents Pace 07


http://www.slb.com/content/services/

Differential 0
pressure (psi) ‘\ ]
500 Test3

Fﬁ..—ru ™ VOO RS il tH
~1,000 w&é% LA I '
{

Time (s)

Figure 56. Differential pressure (between the simulated wellbore pressure and the pore pressure) for
Tests 1 through 4 shows that the maximum dynamic underbalance varied from 400 to 1,300 psi.
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Figure 57. Tests 5 and 6 have a range of —300 to 2,400 psi for the maximum dynamic underbalance.

Field application

Careful control of the wellbore dynamics is critical to the success of the perforated completion.
The PERF experiments conclusively showed that previously neglected variations in wellbore
parameters have a profound effect on the performance of the completion. Significant improve-
ment in perforation and reservoir performance can be achieved through integrated design and
control of the completion geometry, fluids, and perforating hardware. For each job a unique per-
forating system must be designed to create and control the dynamic underbalance. Design
software has been developed specifically to customize the perforating system and optimize the
completion process.
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Case studies

The PURE technique has been successfully performed in hard- and soft-rock formations, oil and
gas reservoirs, sandstones and carbonates, and producers and injectors.

® Horizontal completions for Chevron Texaco in the Rocky Mountains region of the United States
were perforated with moderate underbalance up to 600 psi but would not flow without an acid
wash of 15% hydrochloric acid (HCI) applied via coiled tubing. This was usually followed by a
full-scale matrix mud acid job using foam as a diverter. The PURE system was used to over-
come the perforation damage (Behrmann et al., 2002), and four of five completions then
flowed immediately upon perforating at post-stimulation rates. This successful application of
the PURE technique resulted in savings of USD 600,000, just by eliminating the acid stimula-
tions.

m (il production from the PDVSA SIN-75 well in Venezuela is almost double what was expected
following PURE perforating. Instead of the expected 250 B/D, 400 B/D of oil is artificially lifted
from a zone at 9,100 ft and about 3,500-psi reservoir pressure. Total production is 800 bbl with
50% water cut. A 35-ft net (48-ft gross) interval was perforated using 3%-in. guns loaded at
shot densities of 6, 5.5, and 4 spf. The well was shot at an initial static overbalance of 800 psi
contained below a packer and drop-bar-activated tubing- or rathole-pressure-operated valve
(DTRYV). A hydraulic delay firing (HDF) head was used to fire the guns. After the tubing was
swabbed down, the DTRV was opened and the well surged by dropping a bar.

Previously, the wells in this area were perforated (TCP) with static underbalance. The fluid
level in the wells after perforating would be at 6,000 to 7,000 ft. After shooting with the PURE
technique, the postperforating fluid level was at 500 ft and never went deeper than 1,400 ft
during swabbing, which confirmed the creation of clean perforations. The wells had been typ-
ically treated with a perforation acid wash, but no acid was required after the PURE technique
was used.

® Three water injector wells in the same reservoir in North America were perforated using the
PURE method, either wireline or coiled tubing, and CIRP* Completion Insertion and Removal
under Pressure equipment. The 1- to 2-D sandstone, at about 4,000 psi, was perforated with
the PURE technique at balanced conditions with either 4%- or 3%-in. guns. Injection rates in
the three PURE wells are up to 5 times higher than the rates achieved in the same reservoir
by using traditional perforating techniques. The operator plans to use the PURE technique on
all future water injection wells.

® In South America five producer wells were perforated by using TCP and the PURE closed-
chamber technique. The producing zones are sandstone at a depth of 8,000 ft with 15%
porosity, 1- to 2-D permeability, and 2,200-psi reservoir pressure. Test results from all five wells
showed skin factors ranging from 0 to —1 whereas the previous average skin effect in almost
20 wells was 12 (14 of which are shown in Fig. 58). The improvement in skin effect achieved
with the PURE technique resulted in a productivity improvement in these pumped wells of
more than double, from 3 to 7 BFPD/psi.

® Typically gas-producing wells in the Morrow formation in West Texas in the United States
require postperforation cleanup treatments. The producing formation is a tight (16% poros-
ity), 1-mD sandstone. Perforating using the PURE technique and permanent TCP have
produced results much better than expected.

® Anadarko used the PURE technique to perforate two wells in Wyoming. The design featured
3%-in. guns and closed-chamber TCP with an automatic production valve (SXPV) in a tight,
0.5- to 1.5-mD sandstone in a depleted reservoir at approximately 2,500 psi. The wells were
shot with a static overbalance of approximately 3,500 psi. As documented by Stutz and
Behrmann (2004), the PURE method produced results far beyond expectations and without
the typically required acid job.

64 Schiumherger

Hunting Titan, Inc.

Return to Contents Pace 081


http://www.slb.com/content/services/

30

PURE technique
95 Average skin
— effect=0 |
Conventional
20 ! _]
perforating
Average skin
B effect=12 —}} |
Skin effect in | n
10 (1] | T
5 Production
(1 | n :” doubles
oLl ‘ i
-5

Figure 58. Use of the PURE technique in five South American wells more than doubled production
with an average skin effect of 0, down from the previous average skin effect of 12 in 14 wells
perforated with conventional techniques.

® In South America multiple runs of the PURE technique with 21%-in. guns on wireline at bal-
ance were used to perforate a gas-bearing sandstone with 2.2-mD permeability, 27% porosity,
and 4,000-psi pressure. The 3%-in. monobore completions were then produced immediately
after shooting. Typically wells in this area require fracturing because of high near-wellbore
skin after perforating. With the PURE technique no fracturing was necessary and the well pro-
duces much better than expected.

® [n Asia multiple runs of the PURE technique with 2-in. guns on wireline were used in a
27-in. monobore completion to perforate a 10-mD gas zone. Production results have been
stellar.

® A 90-ft zone in a water injector well in Alaska, United States, was initially conventionally per-
forated with several runs of 4%-in. guns on wireline. A fall-off test indicated significant skin
effect for an injection rate of 17,500 BWPD. Perforating an additional 20 ft at balance with a
PURE design using 33%-in. guns and PowerJet deep penetrating shaped charges resulted in an
increase in the injection rate to 25,000 B/D. Production logging indicated that 97% of the
injected fluid was going into the new zone perforated with the PURE method. This represents
a 6-fold improvement in injectivity per foot of PURE perforation.

m A very low-pressure (900- to 1,100-psi reservoir pressure, 40- to 50-mD permeability) sand-
stone in the United States was successfully perforated using a staged, multizone shoot and test
campaign based on the PURE technique. After a zone was conventionally perforated, tested,
and plugged, a PURE design that effectively used the well pressure was used on the subse-
quent interval. The PURE method reduced the skin effect and negated the need for a costly
nitrogen surge to clean up before testing. The improved completion efficiency has decreased
the total well completion cost by 30% to 40% for the operator.
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® In the Middle East the Khuff-C and Khuff-B carbonate formations were perforated using a

PURE design for 27%-in. guns on wireline. The Khuff-B typically requires a postperforation
cleanup acid wash before producing, and the Khuff-C requires both an acid wash and acid
matrix treatment. The Khuff-C was perforated first and produced 8 MMcf gas at 1,900 psi,
much above the expected rate at and without the usual acid wash treatment. The Khuff-C was
then isolated and the upper zone in the Khuff-B was perforated. Again, an acid wash was not
needed to inject 5 bbl/min of brine at 8,900 psi. Once the injection rate was established, acid
was bullheaded from surface to further increase the injection rate to 5 bbl/min at 3,000 psi,
which was sufficient to perform the acid matrix stimulation. The success of the PURE perfo-
rating job made the overall operation considerably more efficient and less costly for the
operator.

A horizontal well in a weak-rock formation has double the production of offset wells after the
PURE technique was used with an initial overbalance (Stenhaug et al., 2003). The PURE
design was incorporated into the OrientXact* tubing-conveyed oriented perforating system for
sand prevention, and PowerJet deep penetrating shaped charges were used for debris control.
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Reservoir
Completion Types

Completion types

Shaped charge perforating is the most common method used to achieve communication between
the formation and the wellbore. The character of the communication path through the cement
and casing is critical to the completion and well performance. Perforating ideally makes many
large, uniform holes for gravel-pack completions or provides uniform entry points through the
casing and cement for hydraulic fracturing fluids and proppants, and it can enhance well pro-
ductivity by creating clear channels through the portion of the formation damaged during the
drilling process. Perforating can even be used in specific applications to reduce sand production.
Perforating is the most cost-effective means to achieve formation-to-wellbore communication
objectives. Furthermore, the technique is flexible and reliable.

The main factors affecting well performance are the completion, formation and fluid proper-
ties, and reservoir geometry (Fig. 59). Of these, factors such as hydrocarbon saturation, porosity,
permeability, fluid properties, and geometry can be measured or inferred from measurements.
However, they cannot usually be controlled. By contrast, the completion is a controlled opera-
tion, and as such its design affects well performance. Because perforations are a critical part of
the completion, careful consideration should be given to the type, size, number, and orientation

% B/D
?

Time

3-Boundary: Can be estimated
m Total hydrocarbon
pore volume Al
m Geometrical distribution
2-Reservoir: Can be measured
m Permeability
m Fluid viscosity
m Total compressibility
m Porosity

m Skin factor
m Minimum practical
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Figure 59. Factors affecting well performance.
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of the perforations in addition to the conditions in the well during perforating. This section dis-
cusses the relationship between perforating and well performance and thus the role perforating
plays in the completion optimization strategy (Fig. 60) (Venkitaraman et al., 2001).

| Completion optimization |

Formation
stability issues?

Prevent or Stimulated
control? or natural?

Screenless Natural
completions (perforated)

Sand exclusion

(control) Stimulated

Management of
produced sand

Sand management solutions

Figure 60. Completion optimization decision tree.

Completion objective

Perforated completions can be divided into three types—natural, stimulated, and sand manage-
ment (i.e., sand production is a concern). (Perforated completions in horizontal wells, which are
discussed separately, typically combine features from the three completion types.) In all com-
pletion types, the objective is to maximize production through the enhancement of some aspect
of reservoir performance modeled by the radial flow equation (Eq. 4 in the “Productivity and Skin
Effect” chapter and Fig. 61).

Radial flow Eq. 5 (in the “Productivity and Skin Effect” chapter) is used to derive the produc-
tivity index to evaluate both the performance of a well over time and the effects of any production
enhancement.
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Figure 61. Pressure distribution in a reservoir with skin effect.

Natural completions

Natural completion is usually selected for sandstone reservoirs with permeabilities greater
than 10 mD and porosities greater than 9 p.u. However, gas reservoirs with permeabilities as low
as 0.7 mD have been successfully completed without stimulation (Stutz and Behrmann, 2004).
Candidate reservoirs for natural completion typically have small skin values, good transmissibil-
ity, and stable rock mechanics. Although production may be enhanced through fracture
stimulation or the application of enhanced recovery methods (artificial lift, thermal, chemical,
or waterflood), natural completions do not require stimulation or sand management during the
primary completion.

Effects of perforation

In the natural completion, the primary perforation factors are perforation damage, penetration
length, and effective shot density. The perforation diameter in the reservoir is generally of sec-
ondary importance; however, the deepest penetration with the greatest phase distribution is
desirable to enhance production (see “Productivity and Skin Effect” chapter).

In the overbalanced completion, well fluids and pressures are selected to create a hydrostatic
head greater than the reservoir pressure. This provides pressure containment for a well com-
pleted with large-diameter casing guns or HSD High Shot Density guns without the presence of
well completion hardware. Although efficient, this method has the disadvantages of damaging
the formation as a result of fluid invasion and plugging perforations with no perforation cleanup,
leading to larger positive skin values.

In the underbalanced completion, reservoir pressure is greater than the wellbore pressure,
creating a negative differential across the formation during perforation. The underbalanced com-
pletion offers a significant benefit: Because the completion assembly may be in place at the time
of perforation, maximum perforation cleanup can be accomplished through the surge effect from
the underbalance, with no fluid invasion into the reservoir.

The PURE perforating system for clean perforations combines the advantages of perforating
underbalanced without requiring an initial underbalance (see the preceding chapter for more
information). With optimized perforating equipment, clean perforations can be obtained even
with an initial overbalance.
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Natural completions in consolidated hard-rock reservoirs

For natural completions in consolidated hard-rock reservoirs, the PURE technique is used
with deep penetrating shaped charges. Maximum shot density in shots per foot is determined
by the PURE design. If PURE perforating cannot be used, very high shot density guns can be
used to minimize the skin effect caused by perforation damage. However, the trade-off between
high density and deep penetration should be evaluated through SPAN perforating analysis.
Perforation diameter and phasing are of secondary importance, as long as the phasing is
nonzero. Perforation length is the most important parameter if the formation is heavily dam-
aged by the invasion of drilling fluids. If no information on formation damage is available, the
shaped charges that provide the greatest possible penetration length should be used.

The relative priority of perforation parameters for natural completions in consolidated hard-
rock reservoirs under several typical formation conditions is presented in Table 12.

Table 12. Relative Importance of Perforation Parameters in Hard-Rock Natural Completions

Perforation Isotropic Anisotropic Shale Wellbore Hard
Parameter Permeability Permeability Laminations Damage Rock
Clean perforations 1 1 1 1 1
Effective shot density 1 1 1 2 2
Perforation diameter in rock 3 3 3 3 3
Perforating phasing 4 1* * 4 4
Perforation length 1 2 2 1 1

Note: 1 = highest priority; 4 = lowest priority
T For phasing greater than 0°
¥ For oriented guns with optimum phasing

Natural completions in naturally fractured reservoirs

In naturally fractured reservoirs, optimizing the perforation length and perforation phasing are
important to intersect as many fractures as possible. Deep penetrating charges are preferred.
The “Productivity and Skin Effect” chapter discusses this preference in more detail.

Another consideration is whether to complete and perforate in open hole or cased hole. As
mentioned in “Productivity and Skin Effect,” perforating with deep penetrators is more effective
unless large fracture spacing makes the fracture intersection probability unacceptably small. In
openhole completions, mud or mud filtrate may plug the fractures. Further, Halleck and Dogulu
(1996) noted that

m Jet metal (liner fragments) may invade the fracture, reducing its hydraulic conductivity.
® Shock stresses may deform the surrounding rock, closing the fracture where it intersects the
perforation.

On the basis of these considerations, recommendations are as follows for completions in open
holes:

m Perforate balanced or at a modest underbalance with the PURE technique if the average frac-
ture width is large enough to accommodate whole mud invasion.

m Perforate overbalanced (potentially with the PURE technique), including acidizing, if the
mudcake has built to a thickness that could impair acid leakoff. The acid removes plugging
material at the fracture-to-perforation junction.
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Stimulated completions

Stimulated completions are divided into two broad categories: hydraulic fracturing and acidizing,
Occasionally the two are combined in an “acid frac” job. Fracturing applications for sand man-
agement are discussed subsequently in this chapter.

Perforating for hydraulic fracturing

Hydraulic fracturing is performed to enhance the effective wellbore radius r,,” (Fig. 62) and is
usually indicated for reservoirs with low values of permeability (k < 1 mD). Perforating is one of
the most critical elements in the success of this type of stimulated completion. The perforation
is the origin of the fracturing pressure, the opening for injecting fracturing fluid and proppant,
and the conduit for reservoir fluids to flow into the wellbore.

Flow area = 2mr,, h

Flowarea= .. .7

2rry,, h

Flow area = 4x¢h

Figure 62. The effective wellbore radius r,,” is used to describe how the fracture essentially enlarges
the wellbore exposure to the formation. In equations for pseudoradial flow (Prats, 1961), his the
fracture height and x¢is the effective fracture length. The fracture typically propagates away from
the wellbore in two fracture “wings” (called a biwing configuration) 180° apart along the preferred
fracture plane.

Limited-entry technique

Historically, hydraulic fracturing has been performed using the limited-entry technique. Limited
entry involves placing low-density shots (1spf or less) across reservoir intervals, which are
sequentially fractured and propped open. This technique primarily ensures very high casing pres-
sure to fracture high-stress intervals. The limited-entry technique can also be used to penetrate
lower permeability zones.

The perforation diameter and uniformity are the most important factors. If not optimized, they
can create pressure restrictions in the flowing fracturing fluid and proppant. The objective is to
maximize the percentage of perforations open to the fracture, which limits the differential pres-
sure across the perforations and minimizes erosion. The result is improved proppant or acid
placement and better stimulation treatment.

The limited-entry technique is also used with plastic balls to seal off a set of perforations so
that fluid is diverted to another perforated interval for fracturing or treatment. Perforating
requirements for the “ballout” technique include the creation of uniform entrance holes, which
can be sealed evenly and completely by the ball sealers.
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Bullet guns were the first perforators that could produce the required uniform perforation
diameter. (The bullet left at the end of the perforation was not a factor in creating and propa-
gating the fracture.) Bullet guns were replaced by small shaped charges. Currently several
different types of guns, including Frac Gun* perforating system for wells requiring fracture
stimulation and ASFS* addressable-switch firing system guns, can deliver the same effect of a
homogeneous entrance hole when the gun is well centered inside the casing.

Perforation screenout

Another consideration is the creation of perforations that avoid premature screenout in or near
the perforation. Screenout is the bridging of proppant sand along its path toward the edges of the
fracture. It limits fracture propagation and prevents the advance of more sand to prop the frac-
ture open.

The occurrence of premature screenout depends on the flow geometry and concentration of
proppant. Gruesbeck and Collins (1982) identified a relationship between the concentration of
proppant sand and the ratio of perforation diameter over the sand particle diameter necessary
to prevent perforation screenout. Figure 63 shows that the perforation diameter must be at least
6 times the average diameter of the proppant sand particles at moderate to high proppant con-
centrations. In fact, the preferred ratio is from 8 to 10 to allow for variations in shaped charge
performance and gun positioning in the wellbore. Ideally SPAN analysis should be run to find the
minimum casing entrance hole for a given combination of gun, shaped charge, and casing.

Premature screenout can occur anywhere along the proppant flow path, not only at the per-
foration. Avoiding premature fracture screenout is a major objective of stimulation design
because screenout limits the effective dimensions of the fracture and the amount of proppant
sand that can be injected.

Maximum particle concentration (vol/vol)

0 008 015 021 027 031 0.58

10
® Tap water
8 M 100-cp HEC solution
6 — .
Perforation diameter e *

Average particle diameter 1 }4”/
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0 2 4 6 8 10 30
Maximum gravel content (Ibm/gal)

Figure 63. Bridging of particles in perforations (after Gruesbeck and Collins, 1982). HEC = hydroxyethyl cellulose.
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Fracture initiation in hard rocks

Laboratory experiments in 1973 by Daneshy showed that higher fracture initiation pressure was
required when the fracture orientation along the preferred fracture plane (PFP) was at a high
angle (90°) in relation to the perforation. The PFP is the plane normal to the minimum far-field
stress direction that contains the wellbore and the wellbore surface.

Warpinsky (1983) reported that hydraulically induced fractures may not be in the same plane
as the perforation. These investigations also indicated that the fracture may initiate on a plane
different from the perforation plane if the perforations and the PFP differ by more than 30°.

More recently, Nolte (1988) pointed out that the fluid and proppant must travel along an annu-
lar path around the casing to communicate with the fracture when the fracture does not initiate
at the perforations. This condition may cause higher treating pressures, premature screenout,
and asymmetric penetration of the fracture wings.

Behrmann and Elbel (1991) conducted experiments on fracture initiation through real perfo-
rations. These full-scale laboratory tests produced many implications for the dynamics and
geometry of hydraulic fracturing, as well as for field procedures. Major findings concerning frac-
ture generation related to placement of the perforations are as follows:

m There are only two generic fracture initiation sites: at the base of the perforations (not at the
tip) and at the intersection of the wellbore with the PFP.

® Fracture initiation depends on the orientation of the perforations with respect to the PFP.
If the angle is greater than 30° a fracture generally initiates where no perforation exists.
Fracture initiation may require much higher wellbore pressure and possible premature
screenout may occur because the pressure must be transmitted (and proppant must travel)
through the cement—sandface annulus. Therefore, perforation phasing is extremely important
for optimizing fracture initiation.

® The rate of fracturing fluid injection directly affects both the fracturing pressure and fracture
initiation sites. High rates promote high fracturing pressures and fewer fracture initiation
sites. Lower rates result in much lower fracturing pressures that remain constant throughout
the injection and more initiation sites created from both perforations and discrete points
around the cement—sandface annulus. Table 13 compares high-pressure Test 7 and three low-
pressure tests in the Torrey Buff formation, a modest-strength sandstone. Test 7 had only three
initiation sites; multiple fractures were initiated in Tests 8, 9, and 10.

m Perforation length is relatively unimportant.

Table 13. Injection Pressure Rates for Fracturing Torrey Bluff Sandstone Cores

Test Breakdown dp;/dt dp,/dt Ratio of Injection
(No.) Pressure (psi) (psi/s) (psi/s) to Pore Pressure Rates
7 16 560 120 47
8 6.0 69 23 3
9 6.6 69 23 3
10 6.4 59 17 35

Notes: dp;/dt = average injection pressure rate, dp,/dt = average in situ pore pressure rate.
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Further work by Behrmann and Nolte (1998) analyzed the effect of the perforating gun system
on fracture initiation and propagation under the following conditions:

® Possible presence of a microannulus between the cement and sandface—influence of both
the cementing parameters and selected perforating strategy on the presence of a micro-
annulus

® Fracture tortuosity resulting from the curvature of the fracture path—the direct effect of mis-
alignment between gun phasing and the PFP

m Possible generation of multiple, competing fractures—the direct effect of gun phasing
because multiple fractures can propagate from many perforations with multiple phasings
favoring multiple fractures

® Fracture initiation pressure.

Optimizing these parameters for a fractured completion requires comparing the advantages
and drawbacks of different perforating strategies. “Specific perforating requirements” subse-
quently discusses options for various circumstances. The same section describes other
implications of Behrmann et al.’s (1998) experimental work related to the selection of gun and
charge type, phasing, and shot density.

A primary design concern in perforating is avoiding creation of or further propagating a
cement—sandface microannulus. Many factors can result in the creation of a microannulus,
including the dynamics of cementing and testing the casing, displacing fluids, and generating the
underbalance. Table 14 lists parameters related to perforating that significantly affect micro-
annulus creation.

Table 14. Perforating Parameters that Affect Cement-Sandface Microannulus Creation

Parameter Promotes Microannulus?
Capsule gun Yes

Hollow carrier gun To some extent

Small gun-to-casing clearance Yes

Liquid in wellbore Yes

Low shot density No

Gas in wellbore No

Except when gas is the wellbore fluid, perforating debonds a portion of the cement—sandface
hydraulic bond. Debonding results from gun swell (or charge-explosive coupling for capsule
charges), passage of the perforating jet through the wellbore fluid, and expulsion of explosive det-
onation gases into the wellbore fluid. With hollow carrier guns, debonding may be a function of
the gun phasing.

Two factors require careful balancing in selecting a shaped charge for deep penetrating or big
hole applications—the trade-off between the minimum perforation penetration of 6 in. and the
minimum entrance hole size, which is related to the mean proppant particle size. Perforation
penetration beyond 6 in. into the formation is not considered important. The perforation is ori-
ented with respect to the PFP but does not lie within the PFP when the fracture begins at the
base of the perforation, not at its tip. However, the perforations must have a casing entrance hole
diameter at least 8 to 10 times the diameter of the proppant sand to prevent bridging that results
in a perforation screenout.
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Three parameters determine the minimum shot density: perforation casing diameter, desired
injection rate per perforation, and pressure loss through the casing and cement tunnel. These
parameters are interrelated as

_ Q
d

where
Dy = perforation friction pressure loss for noncrosslinked fluids

p = fluid density

@ = injection rate

C,; = dimensionless discharge coefficient of the fracturing fluid (available from correlations
such as Lord et al., 1994)

d = perforation diameter.

Figure 64 illustrates the relationship between the injection rate and casing hole diameter at
different values of injection pressure drop in water-base systems (Behrmann et al., 1998).
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Figure 64. Injection rate versus casing hole diameter and pressure drop in water-base systems.

Best practice: Oriented perforating

Oriented perforating is a best practice for fracturing because the aligned perforations maximize
the number of holes open to a hydraulic fracture and enable fluids to flow directly into the PFP.
Near-wellbore pressure losses are minimized or eliminated.

A gun system with 180° phasing is ideal for orienting the perforations in the direction of the
PFP. If not indicated on local geological studies, the location of the geographical azimuth of the
PFP can be inferred from openhole logs such as the DSI* Dipole Shear Sonic Imager, FMI*
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Fullbore Formation MicroImager, and UBI* Ultrasonic Borehole Imager or their logging-while-
drilling (LWD) equivalents, such as the RAB* Resistivity-at-the-Bit tool. Oriented perforating
provides numerous benefits:

® removes the influence of microannulus pinch points

® removes the near-wellbore tortuosity of fluid flow paths

® increases the number of holes open to the fracture, thus increasing the effective AOF with the
fracture

® maximizes the near-wellbore fracture width
® enhances the use of low-viscosity fluids for fracturing.

If the gun cannot be oriented, the advantages and drawbacks must be considered for the dif-
ferent gun systems described in Behrmann et al. (1998) in relation to the fracture initiation
pressure, cement bond integrity, presence of microannulus pinch points, possible creation of
multiple competing fractures, and tortuosity of the flow paths.

The following tables compare the parameters in two cases: without a microannulus (Table 15)
and with a microannulus (Table 16).

Table 15. Perforating Gun Performance: Not Oriented, Vertical Well, No Microannulus

Gun Phasing Fracture Initiation Multiple Fracture Low Preservation of
(°) Pressure Creation Tortuosity Cement Bond
0 3 1 3 1
180 3 1 3 1
120 2 2 2 2
60 1 3 1 3

Note: 1 = best; 3 = worst

Table 16. Perforating Gun Performance: Not Oriented, Vertical Well, Microannulus

Gun Phasing Fracture Initiation Multiple Fracture Reduced Influence of
(°) Pressure Creation Microannulus Pinch Points
0 3 1 4
180 3 2 3
120 2 3 3
60 1 4 1

Note: 1 = best; 4 = worst

For highly deviated and horizontal wells where the angle between the wellbore and the PFP
is greater than 30° the recommended approach is to cluster the perforations over shorter inter-
vals (a few feet per interval) at maximum shot density and phasing. This technique maximizes
perforation communication with one dominant fracture per interval.

Extreme overbalance (EOB) perforating may be an option if the objective is to enhance com-
munication between the perforations and the reservoir, rather than to create deep fractures in
the formation. EOB perforating can also be performed in preparation for standard hydraulic frac-
turing. For more details, see “Extreme overbalance” in this chapter.
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Acidizing

Acidizing is a stimulation process used to

® provide fluid-conducting paths in carbonates
B repair formation damage caused by drilling
® clean damaged perforations.

Figure 65 shows the areas of interest in an acidized well.
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Figure 65. Well and zone of permeability altered by damage.

Acidizing objectives include improving the permeability of the near-wellbore damaged zone &,
and improving the skin effect within the radius of the damaged zone 7. By convention, s = (
denotes no damage in comparison with a clean, unperforated openhole completion (i.e., k; = k).
If kg <k, thens > ( indicates damage. If k; > k, then s < () indicates stimulation. The only damage
(and its related skin effect) affected by acidizing is damage to the formation. Acidizing has
no effect on pressure drops (i.e., skin effect) that result from the mechanical design of the
completion.

An acid frac job is used to etch the surface of the hydraulically induced fracture. After the
fracture closes, the etched surface significantly improves the effective wellbore radius r,,". Acid
frac jobs are operationally less complicated than full-scale hydraulic fracturing or propped frac-
turing operations because no proppant is used; this eliminates the potential for premature
fracture termination caused by screenout or proppant flowback problems. The principal disad-
vantages of this technique are the expense of the acid fluids, nonuniform leakoff resulting in
“wormholes,” and limited life of the fracture caused by fracture closure. Acid frac jobs are usu-
ally performed on carbonate reservoirs, as subsequently discussed in “Perforating in carbonates.”
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Extreme overbalance

First developed by Oryx Energy and Arco in two slightly different versions, EOB is defined as the
application of a very high overbalance pressure, either during perforating or during surging of
existing perforations. The overbalance, which is significantly above the formation breakdown
pressure, creates short fractures in the formation, a few meters in length. Although short, the
fractures go beyond the skin damage zone and should improve the productivity of the well.

Initial field experience indicated that the pressure gradient in the well should be in the range
of 1.4 to 3.0 psi/ft for successful operations. Currently, absolute pressure, rather than the gradi-
ent, is thought to be the key design parameter.

To perform EOB, a few hundred feet of tubing is filled with fracturing fluid (usually brine). The
fluid is forced into the formation under the effect of the overbalance by using large volumes (typ-
ically more than 50,000 ft*) of compressed nitrogen supplied by a surface pumping unit. The
operation typically lasts less than 1 min.

The basic technique lends itself to several interesting variations. Perforating guns may be con-
veyed by tubing or wireline. Liquids in the well can include clear brines, acid, fracturing gels, gels
with suspended proppant, and resin for sand management. Alternatively, the wellbore can be
filled with gas.

EOB fracture mechanics

As previously mentioned, Behrmann and Elbel’s (1991) initial experiments with real perforations
indicated that there are only two generic fracture initiation sites in conventional hydraulic frac-
turing. These sites are the base of the perforations (not the tip) and the intersection of the PFP
with the axis of the wellbore. At which site initiation occurs depends mostly on the selected phas-
ing and orientation of the gun.

Full-scale EOB experiments and field tests (Behrmann and McDonald, 1996; Hovem et al.,
1995; Snider et al., 1996) confirm that when perforations are closely aligned with the PFP, the
fracture is a single biwing fracture propagated from the perforations closest to the PFP. These
tests reveal no evidence of the initiation of parallel multiple fractures. All fractures initiate from
the base of the perforations.

Another effect of EOB is a greater angular difference between the PFP and a perforation for
fracture initiation—if the perforation is aligned beyond this angle, the fracture initiates at the
sandface in the PFP. In other words, the sensitivity of EOB operations to shot phasing is less criti-
cal than in conventional hydraulic fracturing. Figures 66 and 67 show EOB and hydraulic fracturing
patterns, respectively, with the shot orientations along and outside of the PFP.

The dynamics of EOB enhance the creation of multiple fractures from the phased perforations
while limiting fracture length and width. EOB fracture initiation pressures are usually higher
than the initiation pressures of fractures created by conventional hydraulic fracturing. This effect
may be caused by an increase in the dynamic fracture toughness and unwashed perforation
debris, which acts as a filtercake to impede the injection of the fracturing fluid (Behrmann and
McDonald, 1996).
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Figure 66. EOB multiple initiation for 120° shot phasing for two different gun alignments with the PFP (direction
indicated by arrows). (© 1996 Society of Petroleum Engineers Inc., Behrmann and McDonald.)

Figure 67. Hydraulic fracturing multiple initiation for 120° shot phasing for two different gun alignments with the
PFP (direction indicated by arrows). (© 1996 Society of Petroleum Engineers Inc., Behrmann and McDonald.)
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EOB perforating applications

EOB perforating is not an inexpensive substitute for conventional hydraulic fracturing. The half-
length of the fracture, which is the radial distance from the wellbore to the outer tip of the
propagated fracture, is usually much longer in conventional fracturing than in EOB perforating.
In addition, conventional fractures are propped open by proppant sand, whereas EOB fractures
immediately close in on themselves upon the release of wellbore pressure. Rather, EOB perfo-
rating can be effective in situations that take advantage of its distinct characteristics:

® EOB perforating enhances wellbore communication with the formation, beyond the skin-dam-
aged zone and past the perforations. Wells tested for production immediately after an EOB
perforating operation typically show increased productivity. This benefit is typically short-
lived, however, because of the immediate fracture closure.

® EOB perforating may be used as the primer for a subsequent conventional hydraulic fractur-
ing operation. A biwing fracture must be created for this application, which limits the choice
of gun phasing to 180° with orientation into the PFP or possibly 60° with random orientation.

® If acid is used as the fracturing fluid in carbonate reservoirs, EOB perforating may enhance
the dynamic diversion of the acid.

® [n naturally fractured reservoirs, EOB perforating may create multiple fractures that intersect
the natural reservoir fractures. HSD High Shot Density gun systems with many shot phasings
are recommended for this application.

® EOB perforating may be used to stimulate injection wells where the fractures do not need to
be propped open for improved injectivity.

In addition to these applications for EOB perforating, the use of propellants as fracturing
energy provides good results in heavy tar sands. The propellant gas seems to liquefy the sand and
oil, which are subsequently produced together.

In conclusion, EOB perforating may be applied best in reservoirs of low to moderate perme-
ability. In more favorable permeability conditions, using the PURE system for underbalanced
perforating is the preferred method to prevent damage during perforating.

Sand management completions

0Oil and gas reservoirs producing through sandstones that are not structurally competent often
produce sand along with the formation fluids. Fluid movement through sandstone reservoirs
applies tensile force on the sand grains because of fluid pressure differences. Production draw-
down and in situ stresses induce compressive stresses on the perforation. If these stresses exceed
the formation restraining forces, sand is produced, and the near-wellbore permeability is signifi-
cantly altered.

The consequences of sand production include

sand plugging of casing, tubing, or surface facilities
casing collapse

destruction of downhole and surface equipment
costly disposal of produced sand.
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Completion strategies in weak rocks

Two possible conditions must be considered in designing a perforated completion for a weak-rock
reservoir;

® Very weak and unconsolidated reservoirs—Because the well will definitely produce sand, the
objective is to control sand production. Perforating requirements include removing perfora-
tion damage, optimizing gravel placement, and avoiding skin effect. This type of reservoir has
no perforation cavity within the formation but may have a region of a lower sand density, as if
a cavity were filled in the formation. The effects of the saturating fluid (oil or gas, oil viscos-
ity) are important.

®m Weak but consolidated reservoirs—The well may produce sand; therefore, an alternative strat-
egy is to perforate for sand prevention. This perforation produces a cavity in the formation that
is usually filled with comminuted sand and failed formation material. Perforation permeabil-
ity damage is a certainty.

Determining whether the reservoir is very weak (less than 300-psi UCS), unconsolidated, or
consolidated is a necessary step in selecting an effective perforation strategy. Effective stress is
also important because sand production is due to a combination of rock strength and stress.
Schlumberger Sand Management Advisor software can be used to predict if a perforated forma-
tion is going to produce sand. Unconsolidated wells produce sand, and perforating must address
how best to maximize gravel-pack efficiency (see “Perforating for gravel packs” subsequently in
this chapter).

Various perforating strategies may be applicable in consolidated formations. Either sand man-
agement or perforating for sand prevention is possible (see “Perforating for screenless sand
management completions” for a detailed discussion).

A new strategy involves building a decision tree based on whether a perforation cavity definitely
exists in the formation (Venkitaraman et al., 2000a). This decision process requires knowledge of
several parameters:

B rock properties, such as UCS
B environmental parameters, such as in situ stress
m perforating parameters, such as charge type, phasing, shot density, and applied underbalance.

Additional single-shot experiments on cores are recommended for determining whether a
perforation cavity is present.
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Sand management completion strategies

Sand management completions are techniques that enable the optimum production of hydro-
carbons without inducing the negative effects of sand production along with the flowing fluid.
They can be classified into three broad categories (Fig. 68): sand exclusion methods, screenless
completions, and management of produced sand at the surface.

Completion
options

Sand exclusion Screenless Management of
methods completions sand at surface

Gravel pack Oriented_ Artifical lift
High-rate perforating Downhole
water pack 0ptin_1um desander
Openhole phasing

gravel pack Selective

Openhole perforating

frac pack Screenless

S fracturing

| Choose all feasible completions and options. |

| Production forecast, economics, and risk analysis |

Figure 68. Three categories of sand management completions.

® Sand exclusion methods use a medium, usually a screen, to stop or filter the sand at the sand-
face. Cased hole techniques in this category that incorporate perforations are gravel packing
and frac packing.

— Gravel packing is the oldest technique for controlling sand production. It consists of plac-
ing a sand pack between the formation and a wire screen to prevent the migration of
formation fines into the wellbore (Fig. 69). Gravel packing may be accomplished externally
in open hole or internally in cased hole.

— Frac packing is one of the most popular methods of sand control in cased and cemented
wells. The proppant fracturing of high-permeability unconsolidated or weakly consolidated
reservoirs with screens creates short propped fractures that may result in a zero or nega-
tive skin effect.

® Screenless completions are methods that do not rely on screens but on completion techniques
that avoid producing sand. The successful application of screenless techniques is greatly
dependent on the perforating strategy.

— Oriented perforating uses the stress anisotropy in the formation to selectively orient the
perforations in the direction of maximum stability in the 3D stress space.

— Optimum phasing of perforations maximizes perforation-to-perforation spacing.

— Selective perforating utilizes inherent strength inhomogeneties to avoid perforating in sec-
tions of the formation that are weak.
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These first three techniques can be used separately or in combination (e.g., selective oriented
perforating or optimum-phased oriented perforating).

— Screenless fracturing, as the name implies, uses the fracture to stop the sand.
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® Management of produced sand at the surface is a less-frequently used category of techniques.
One example is restricting the production rate to minimize sand transport. Sand production
can sometimes be prevented by restricting the flow of the fluids through the formation to a
rate that avoids collapse of the stable arch that forms around the perforation (Fig. 70). This
method can be enhanced by the use of high shot density, uniform perforations, and controlled
cleanup.

. . . .«/.q : . .
—1 FIuideow——".tC
Stable arch - . o T:—

Figure 70. Stable arch and forces formed around a perforation in an unconsolidated formation.

Perforating for sand exclusion

In general, the success of sand exclusion treatments in cased holes is affected by the perforation
density, perforation hole diameter, and amount of damage. If the perforation density is too low or
the hole diameter is too small, a large pressure drop occurs across the pack, which introduces a
large skin effect, reduces well performance, and damages the pack. Perforation-generated fines
mixed with gravel in either the tunnel through the casing and cement or the perforation cavity
reduces the permeability of the gravel, which results in pack failure and reduced well productiv-
ity as measured by the PI.

The greater the perforation density and hole diameter, the smaller the pressure drop through
each perforation and the slower the fluid velocity. This promotes creation of a stable arch around
the perforation and reduces the influx of formation fines, which in turn reduces screen erosion
and increases the life of the sand management treatment.
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Perforating for gravel packs

Perforation phasing is an important factor for reducing pressure gradients around the wellbore.
Reduced pressure gradients provide increased production. Except where required for special
completion objectives, 0° phased perforations are not recommended because they introduce a
large geometric skin effect as the flow converges on the one side of the wellbore.

In addition to the requirement to minimize the pressure drop through the casing—cement
tunnel, perforating for a gravel pack has four objectives:

® Minimize or remove permeability damage, which impairs the placement of gravel inside the
perforation cavity, damages the permeability of the gravel pack, and creates an excessively
high skin factor.

B Avoid exposing the formation to lost circulation material (LCM), chemicals injected during
well killing operations, or other potentially damaging completion fluids.

m Be aware of and manage unavoidable initial (transient) sand production.
® Avoid producing excessive volumes of sand, which may affect gun removal.

Permeability damage may be formation damage, perforation crushed-zone damage, or both. In
unconsolidated sands, crushed-zone damage is removed through the development of a dilated
region at the sandface. The comminuted material (typically fractured sand grains) within the
cavity is unconsolidated sand and must be removed.

Precompletion procedures

Drilling and precompletion procedures that minimize sand production are necessary steps.
Decreasing the surface tension between the formation fluid and the sand grains and using low-
viscosity completion fluids help to produce the damaging fines and comminuted sand grains from
the perforation cavity. Thus, the following recommendations apply:

® Drill with water-base mud and let brine invade about 1 ft into the formation.
® Use brine as the completion fluid if the reservoir fluid is gas or low-viscosity oil.
m Use diesel or universal solvent as the completion fluid if the reservoir fluid is high-viscosity oil.

No defined perforation cavity in the formation

If there is not a defined perforation cavity in the formation, the recommended strategy is to min-
imize the pressure drop in the casing—cement tunnel portion of the perforation:

® Use big hole charges to maximize the AOF.
® Give priority to the highest shot density for gun systems that produce the same AOF.

Defined perforation cavity in the formation

If a defined perforation cavity is created in the formation, the strategy to follow is to minimize
the pressure drop both in the formation and across the casing—cement tunnel. Deep penetrating
charges are preferred because they reduce the impact of near-wellbore formation damage and
the extent of perforation damage in comparison with big hole charges. In some cases, however,
minimizing damage may be less important than maximizing AOF. Big hole charges at high shot
density are recommended to maximize the AOF. Regardless, the diameter of the perforation
tunnel through the casing and cement should be at least 8 to 10 times the mean gravel diameter
to avoid bridging of the sand during packing operations. The trade-off between big hole charges
and deep penetrating charges can be examined in detail using SPAN perforating analysis (see
“SPAN perforating analysis™).
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Additional considerations

® Use brine or other nondamaging fluids as completion fluids.

® Apply sufficient underbalance to remove the fractured sand grains.

® Perforate with an open choke to sustain the postshot flow of the well.
| |

Drop the guns while perforating to avoid sanding the guns in place in the well. Explosive gun
drop subassemblies, such as the wireline X-Tools* automatic release (WXAR), automatic gun
release (SXAR) (TCP or drillstem test [DST]), and automatic release anchor (MAXR) (mono-
bore), can be used for this purpose. See the “Completion Perforating Equipment” and
“Completion Perforating Without Killing the Well” chapters for a description of this hardware.

® Run gun systems and gravel-pack hardware at the same time, such as the one-trip PERFPAC*
sand control method, to avoid having to kill the well and thus expose the formation to damag-
ing fluids. This approach is described in “Completion Perforating Without Killing the Well.”
Flowing the well after perforation also assists with perforation cleanout.

® Use nondamaging fluids if the well must be killed.

Frac packs and high-rate water packs

Perforating requirements for standard frac-pack and high-rate water pack completions are iden-
tical to those for internal gravel packs. Minimizing the pressure drop through the pack and
controlling sand production are of greater importance than placing a fracture through the for-
mation.

Several sand management recommendations apply (Behrmann et al., 1998):

m Maximize the AOF.

m Use big hole charges with a phasing of 60° (for frac packs or high-rate water packs) or 45°(for
high-rate water packs only). The shot density should be 12, 16, 18, or 21 spf. The minimum
diameter of the entrance hole should be 8 to 10 times the proppant sand diameter.

®m Maximize sand placement to fill any microannuli with proppant sand and create an artificial
external pack.

Perforating for screenless sand management completions

Screenless fracturing with proppant placement

Screenless fracturing completions are based on placing proppant in a fracture that contacts, or
covers, all the perforations to manage sand production. The formation may be treated with resin
or another consolidating agent to improve the near-wellbore strength before fracturing. Proppant
material (usually resin-coated proppant with fibers for flowback control) is injected into the frac-
ture to keep formation sand from being produced into the wellbore.

The perforating requirements differ from those for other types of gravel-pack completions
because the fracture and proppant placed inside it should cover all the perforations. The key to
achieving complete perforation coverage is limiting the perforated interval and orienting the per-
forations in the PFP. The following sand management recommendations apply (Behrmann et al.,
1998):
®m (Create a minimum-diameter entrance hole of 8 to 10 times the proppant sand diameter.

® Do not allow the diameter of the perforations (or entrance hole in casing) to exceed the pre-
dicted fracture width in the formation close to the wellbore. Ideally the perforation diameter
of the casing—cement tunnel is less than 0.5 in.
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® Limit the perforated interval to no more than 30 ft in vertical wells and less (e.g., a 5- to
10-ft interval) as well deviation increases. Care must be taken in applying this technique in
deviated wells (especially wells with 30° to 60° deviation) where the direction of fracture
propagation is not known or predictable with certainty.

® Qrient the perforations to within 10° of the PFP.
®m Use a 0° or 180° phased gun.
® (Create an external pack in any microannuli that formed to control formation sand.

Perforation-only screenless techniques

A perforated completion program designed to prevent or minimize sand production has four com-
pletion objectives:

B Avoid or minimize failure of the perforation cavity in the formation (e.g., caused by excessive
underbalance, drawdown, or pressure depletion).

® Minimize the perforation damage.
® Avoid perforation-to-perforation failure.
® Minimize shot density.

The perforating strategy for sand prevention implies that sanding is limited or does not occur.
Because of this assumption, the strategy does not consider sand control measures. The approach
is quite different from the sand control measures previously discussed; thus, the requirements
are also different. Nevertheless, massive sand production may still occur at the onset of water
production, at high drawdown, or from pressure depletion. Deciding which completion to use
(i.e., screenless or sand exclusion) should account for potential field management of sand and
hydrocarbon production over the life of the well. The analysis of the economics and risks should
also include the cost for any intervention that could be required prior to implementing a com-
pletion option.

Perforating requirements

The following recommendations are based on experimental work and field tests described in the
“Perforation Damage and Cleanup” chapter in this book.

® Minimize the risk of perforation failure by using deep penetrating charges and a gun system
phased to maximize charge-to-charge spacing. The use of deep penetrating charges reduces
the pressure drop across the sandface, which reduces the stress on a perforation. This also
minimizes the risk of perforation cavity collapse. Deep penetrating charges are also used
because the diameter of the perforation cavity in the formation is small compared with that of
big hole charges. A small-diameter cavity is more stable than a large-diameter cavity.

® Limit the underbalance during perforating to avoid causing formation failure around the per-
foration cavities and between neighboring perforations.

m Keep the flow rate per perforation below a critical level to reduce the likelihood of transport-
ing produced sand.

On the basis of these recommendations, selecting the shot density requires balancing the risk
of perforation failure with the likelihood of sand transport. A shot density that is too high pro-
duces perforations that are too close to one another, thus increasing the probability of
perforation-to-perforation failure occurring. A shot density that is too low produces high fluid
velocity in and around the perforations, which increases the likelihood of sand transport.
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Optimized perforation spacing

The perforation-to-perforation spacing should be optimized for the specific shot density
(Venkitaraman et al., 2000b). In turn, gun systems must be designed with nonstandard shot-to-
shot distances and phasing angles. The lines labeled L1, Lo, and L3 on Fig. 71 are the shot-to-shot
distances on the sandface for a phasing of 60°.

Ideally, the three distances should be equal. However, because equal distances are not possi-
ble, the optimum solution for maximum perforation-to-perforation spacing for a given shot
density is shown in Fig. 72. The sensitivity parameter can be calculated as the product of the shot
density and the wellbore radius (the latter representing the distance from the center of the gun
to the sandface). The minimum shot-to-shot spacing measured on the gun increases from 4.88 to
7.61 in. when the angular phasing is changed from 60° to 99° on a 3%-in. gun at 6 spf. This opti-
mized relation led to the construction of a 99° phased gun system that was used to successfully
minimize sand production in the Magnus field, UK North Sea (Venkitaraman et al., 2000b).

.

0° 60°

180° 240° 300° 360°

Return to Contents

120°
Figure 71. Shot-to-shot spacing for 60° phasing.
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Figure 72. Optimum phasing and perforation spacing. The distance is from the jet origin to the sandface.
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Mechanical stability of the perforation tunnel

Another design requirement stems from the need to maintain the mechanical stability of the per-
foration tunnel (Sulbaran et al., 1999). Formations that require protection from sand production
also have borderline mechanical integrity related to perforating. Perforations should be oriented
in the direction of maximum stability to prevent sand production in geological environments
where there are large contrasts between the three components of the stress tensor.

For a known stress tensor orientation, a tolerance angle can be calculated to describe the area
where the perforations should be stable. Concentrating the perforations along the direction of
maximum stability reduces the occurrence of perforation failure. The direction of maximum sta-
bility can be determined with Sand Management Advisor software. This 3D model for sand
prediction uses information from a variety of sources, including a mechanical earth model
(MEM) of a field’s geomechanics and the analytical output of SPAN perforating analysis and
ProCADE™* well analysis software. Stress calculations are conducted for various values of perfo-
ration orientation and phasing to determine the critical drawdown pressure at which shear
failure of the formation occurs (Fig. 73). The perforation orientation with the largest sand-free
production window for drawdown conditions is in the direction of maximum stability. Sand

3,500
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Figure 73. Critical drawdown pressures calculated with Sand Management Advisor software show
that the perforation oriented at 0° is the most stable (i.e., fails last), with the largest sand-free
window. The perforation oriented at 90° fails first, most likely in association with the vertical

stress orientation. The components of the stress tensor are 6, = vertical stress, oy = maximum
horizontal stress, and 6, = minimum horizontal stress.
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Management Advisor also conducts critical drawdown analysis to identify the weakest zones to
avoid perforating them. The weakest zones will fail and produce sand regardless of the perfora-
tion orientation (Fig. 74).

The next step is to design a specific gun system to fit the required orientation. Figure 75 shows
the shot distribution on a two-dimensional plane, with the shots concentrated at an angle +¢
from the system’s axis of symmetry. The value of ¢ is chosen within the tolerance angle to maxi-
mize the shot-to-shot spacing.
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Figure 74. Sand Management Advisor identifies zones to avoid perforating because they will produce
sand at any perforation orientation or completion design.
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Figure 75. Shot distribution to ensure mechanical stability of the perforation tunnel.
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In the well, the gun must be oriented to match the system’s axis of symmetry with the prede-
termined direction of maximum horizontal stress. Oriented perforating is discussed in the
“Wireline Perforating Techniques” and “Completion Perforating Equipment” chapters.

Field examples

Sulbaran et al. (1999) reported four field examples in which all the described requirements were
considered to successfully design and execute perforating programs for sand prevention in a
sand-prone formation in Venezuela.

Perforating in carbonates

Background

The data on perforation optimization in carbonates is limited. All laboratory tests have been
made in tight, very strong rocks and using deep penetrating charges. Productivity was always
enhanced by using the deepest penetrating charge, followed by acidization.

Decision tree for perforating in carbonates
Several scenarios for perforating in carbonates are possible.

® Recommendations for high formation strength

— Low permeability—Use overbalance or potentially the PURE perforating system for clean
perforations. Maximize penetration and shot density with optimum phasing for acidization.
Perforate with acid in the wellbore.

— High permeability—Use underbalance. Maximize penetration and shot density with opti-
mum phasing for productivity. Perforate with or without acid in the wellbore.
® Recommendations for low formation strength

— High permeability—Use underbalance. Maximize penetration and shot density. Optimize
the phasing (Fig. 72) of oriented guns to minimize the production of formation rock.
Perforate with or without acid in the wellbore.

— Low permeability—Use overbalance. Maximize penetration and shot density. Optimize the
phasing (Fig. 72) of oriented guns to minimize the production of formation rock. Perforate
with or without acid in the wellbore.

® Horizontal wells—Stand off or orient the guns.

Completion applications

Completions are divided into three basic categories of application: temporary, permanent, and
workover.

Temporary completions

A temporary completion is typically used during the initial testing of a new exploration or
appraisal well to assess the well’s delivery capacity and determine the presence of a skin factor
that could undermine production rates. Temporary completions have more varied objectives in
development wells:

m DSTs for reservoir parameters

® hydraulic fracturing

B acidizing
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squeeze cementing
multizone production
long perforation intervals
gravel-pack operations.

Permanent completions

A permanent completion is performed with a packer, tubulars, and surface wellhead and facili-
ties in place. It typically consists of both the upper completion, which is the surface system of
Christmas tree, valves, tubing hanger, and subsurface safety valve, and the lower completion,
which includes the packer, liner hanger, and other downhole components. This type of comple-
tion maximizes well control and personnel safety at the surface.

In the past, permanent completions were used for naturally flowing wells, gas lift wells, and
hostile environment wells. Today, more wells of all types are perforated for an initial permanent
completion. Recently developed hardware has made these types of permanent completions pos-
sible. For example, hardware is available to perforate a well without killing it and to run and then
retrieve long gun strings under pressure.

The “Completion Perforating Without Killing the Well” chapter discusses the equipment in
more detail.

Workover completions

The workover environment provides opportunities for both temporary and permanent completion
techniques. Unlike other completion objectives, a workover usually is conducted to correct a well
production problem, repair downhole equipment, or recomplete the well for another objective.

Design of perforated completions

Perforated completion design focuses on maximizing PI and thus reducing the reservoir-to-well-
bore pressure drop. The pressure drop must be modeled at design stage. After job execution, the
actual performance of the completion must be compared with the predicted results. A good
match confirms that the design parameters were correct and job execution was successful. A
poor match reveals problems that must be corrected to improve and optimize the completion.

Two computer programs are essential during the design stage and for evaluating the pro-
ductivity of the completion:

® NODAL* production system analysis is used to comprehensively analyze the total pressure
drop from reservoir to stock tank by optimizing each component.

® SPAN Schlumberger perforating analysis focuses on the reservoir-to-wellbore pressure drop in
perforated completions.

NODAL production system analysis

NODAL analysis is a performance design and diagnostic tool for the reservoir, well, and surface
facilities. The flow of fluids is modeled from the reservoir’s outer boundary to the sandface; across
the perforations and downhole completion; through the tubing string, including any restrictions
and safety valves; to the surface choke, the separator, and eventually the flowlines or stock tank.

The objective of NODAL analysis is to optimize the pressure drop at a number of nodes (e.g.,
at the sandface, choke, and tubing end). Figure 76 describes the nodes in a basic system, and
Fig. 77 shows the associated pressure drops. A key consideration is the pressure drop corre-
sponding to the flow through the perforations.
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(;? 2 1A

Node Location Remarks

1A Gas sales
1B Stock tank

1 Separator
2 Surface choke Functional
3 Wellhead
5__ | .

mL 4 Safety valve Functional
5 Restriction Functional

<l XI 6 Wellbore flowing

! I pressure (p,,)

! 6 |7 8 7 Wellbore sandface

i - pressure (p,)

=\ 8 Reservoir pressure (p,)

Figure 76. Description of nodes in a basic system for NODAL analysis.
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Figure 77. Components of the pressure drop in the system in Fig. 76. p,, = downstream restriction
pressure, pgsc = pressure downstream of the surface choke, pys, = pressure downstream of the
safety valve, p, = reservoir pressure, pse, = Separator pressure, p,-= upstream restriction pressure,
Pusy = pressure upstream of the safety valve, p,s= wellbore pressure, p,s = wellbore sandface
pressure, py, = wellhead flowing pressure.
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Downstream system performance is compared with upstream system performance at each
node. The node’s operating point occurs at the intersection of the downstream and upstream per-
formance characteristics. The performance characteristics are plotted as the operating pressure
versus flow rate (Fig. 78), with the operating point representing the operating pressure and flow
rate at a node. Performance analysis can be conducted based on assumptions (during the design
phase) or in diagnosis mode (for remedial work). In either case, the objective is to shift the
node’s operating point on the plot to the right, which is the direction of increase for the flow rate.

For the sandface node as an example, performance analysis is conducted to minimize the
reservoir-to-wellbore pressure drop, which maximizes the sandface flow rate. Figure 78 shows the
sandface pressure as a function of the sandface flow rate. The operating point of the sandface
node is determined by matching the following characteristics:

m Inflow performance relationship (IPR) of the reservoir represents the performance of the
upstream system (i.e., the reservoir). At first glance, the IPR (green line on Fig. 78) appears
to be a straight line, with a slope that is the inverse of the PI. As discussed in the “Productivity
and Skin Effect” chapter, the PI includes both reservoir performance and total skin effect. In
turn, the total skin effect includes all skin effect components associated with perforation
damage, the perforated completion, and the penetration depth related to the depth of any for-
mation damage. Thus, the slope of the IPR characteristics partly reflects skin effect that must

be minimized.

m Tertical lift performance (VLP) represents the lift characteristics of downstream system com-
ponents, such as tubing, In other words, VLP is the flow rate the downstream system can
sustain for a particular sandface pressure. VLP is the blue curve on Fig. 78.

As shown on Fig. 78, the operating point is at the intersection of the IPR and VLP for the sand-

face pressure and flow rate of the system.
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Figure 78. Operating point determination from IPR and VLP characteristics.
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Two basic methods can be used to shift the sandface operating point to the right on the plot
to increase the sandface flow rate that the well can lift to the surface:

® Improve the lift characteristics by reducing the slope of the VLP line on the graph—
Increasing the size of the tubing is one of the most efficient ways to improve lift
characteristics; however, this approach is not always possible because of geometric con-
straints, potential generation of two-phase flow conditions, limitations on performance of the
choke and other surface equipment, and other factors.

® [mprove the PI (i.e., reduce the slope of the IPR line on the graph)—Any reduction in the
total skin effect clearly improves the PI and possibly increases the sandface flow rate.
Completion engineers attempt to minimize skin effect primarily for this reason. PI can also be
improved by using other methods, such as reservoir stimulation.

NODAL analysis calculates the pressure drop at each defined node in a producing well by
repeating the previously described method. Actions taken to improve the performance of a node,
whether during the design or diagnostic phase, affect the global system performance related to
the surface production rate only if the remainder of the system operates under optimized condi-
tions. For example, reperforating a zone to reduce the effect of perforation damage by increasing
shot density would not work under the following conditions:

® The tubing is too small to lift more fluid than it did before reperforating.

® Flowline pressure conditions at the surface prevent the downstream collecting system from
accepting more fluid from the well.

In short, the potential for improving well performance is global and tied to the economics of the
optimization process.

SPAN perforating analysis

SPAN perforating analysis predicts the efficiency of a completion for a specific gun system in a
specific environment. SPAN analysis is best applied during the design phase to help select a gun
system that fits the geometry, fluids, and underbalance parameters of the planned completion.

SPAN calculations are rigorous and intended to replicate actual perforating conditions. If the
calculations cannot be made algorithmically (e.g., when correcting the penetration algorithm for
formations under stress), the data are extrapolated from a database of experiment results to the
current conditions.

Depth of formation damage

SPAN analysis cannot provide reliable information to characterize formation damage because
such information is seldom quantifiable. Several well-established methods are available for esti-
mating the depth of formation damage.

The interpretation output of openhole logs is the diameter of invasion d;. Array induction tools,
especially the AIT* Array Induction Imager Tool, calculate the volume of filtrate, and this param-
eter can yield a reasonably accurate value of d;. However, d; is not equivalent to the depth of
damage obtained in perforating studies. To obtain an equivalent depth value, the wellbore diam-
eter must be subtracted from d; and the result divided by 2 because the depth of formation
damage is a radius measured from the sandface as the origin.

If openhole log interpretation methods are used to estimate the depth of damage for perfo-
rating design, d; and the depth of damage may not represent the same physical phenomenon.
Deep filtrate invasion may not create significant formation damage. Conversely, shallow invasion
may. Accurate correlation must take into account the invasion profile, saturation, and relative
permeability and wetting capability of each fluid involved. This issue is complex, and satisfactory
answers are rarely easily determined.
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Comparing LWD and wireline logs run at different times in the same well may provide infor-
mation on the filtrate invasion rate and whether significant amounts of filtrate may still be
present in the near-wellbore region at the time of perforating,

Fluid samples obtained with wireline formation testers are always contaminated by filtrate.
Recent sophisticated wireline formation testers, such as the MDT* Modular Formation Dynamics
Tester, include a pumpout system that makes it possible to collect uncontaminated samples of
reservoir fluids. The determination of when the sample is uncontaminated is based on real-time
measurements, such as the sample fluid’s resistance and optical properties (refraction index).
Testing therefore provides an indication of filtrate invasion at the depth of the tested interval
before the well is completed.

The magnitude and depth of formation damage can have a profound effect on productivity and
perforating strategy. Because of the difficulty in obtaining reliable data, a sensitivity analysis on
these parameters is recommended when SPAN analysis is conducted.

SPAN analysis for productivity enhancement

SPAN analysis is also used to model the charge performance and productivity of perforated com-
pletions. It can be used to help the analyst select the optimal perforation system and make
productivity predictions for the perforated completion. The SPAN results can be used directly or
as inputs to NODAL analysis or reservoir modeling software.

SPAN functions
SPAN analysis consists of three modules: penetration, productivity, and underbalance.

B Penetration module calculates the shot penetration and entrance hole diameter based on the
SPAN database (Berea slabs, API, and other tests and shootouts) and current perforating
theory. The analyst selects one or more gun systems from the list of Schlumberger perforating
systems. The penetration for each gun system is corrected for in situ environmental condi-
tions, including charge clearance, rock strength, and effective formation stress. The SPAN
analysis then creates a cross-section plot for each gun system, showing the gun’s position in
the completion and the perforations in relation to the position of the gun charges and extent
of the damaged zone. This plot helps users evaluate the efficiency of the selected gun system
for the completion geometry and depth of formation damage. Figure 79 is a SPAN cross-sec-
tion plot for a hypothetical Well Alpha 1. The input data for the well are on the penetration
report in Fig. 80.
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Rock type: Sandstone
Rock UCS: 6,403 psi

Perforating System
4%-in. HSD High Shot Density, PowerJet Omega 4505, HMX 38.8 g, 0 degrees
40

] Brine
[ Cement

Overburden stress: 5,000 psi [ Damaged zone
Reservoir pressure: 2,165 psi [ Formation
40
Angle Clearance Total Formation Formation Casing
(deg) (in.) Penetration Penetration Diameter Entrance
(in.) (in.) (in.) Hole (in.)
0 1.88 31.78 30.62 0.90 0.42
72 1.00 33.84 32.69 1.01 0.47
144 0.12 34.25 33.09 0.94 0.44
216 0.12 34.25 33.09 0.94 0.44
288 1.00 33.84 32.69 1.01 0.47
Average | 0.78 33.59 3243 0.96 0.45
AOF (in.%/ft) 0.80 at 5.00 spf
Figure 79. SPAN cross-section plot.
Penetration Report
Completion
Borehole diameter: 8.5 in. Wellbore fluid: Brine
Perforated depth: 5,000.0 ft Fluid density: 8.763 ppg
Tubulars
Casing | Outer Weight | Grade | Inner Tubing Annulus | Annulus
(No.) | Diameter | (Ibm/ft) Diameter | Position Material | Density
in. in. (ppg)
1 7 29.00 L80 6.184 Centralized | Cement | 15.86
Formation
Rock type: Sandstone Rock strength (UCS): 6,403 psi
Porosity: 20.0% Overburden stress: 5,000 psi
Bulk density:  2.30 g/cm? Reservoir pressure: 2,234 psi
Formation fluid: il and gas Wellbore damage: 5in.
Perforating Systems
Perforation | Phasing | Shot Density/ Gun Standoff | Total F F E AOF
(No.) Angle | Open Perforation | Position | (in.) P ion | P Di Hole Di (in.2/ft)
(deg) | (spf/%) Averag Averag Average | Averag
(in.) (in.) (in.) (in.)
1 2 5.00/100 Far 0 33.73 32.57 0.96 0.45 0.80
2 72 5.00/100 Far 0 28.83 21.67 0.85 0.40 0.62
3 135/45 | 12.00/100 Far 0 20.20 19.05 0.73 0.34 112
4 7 5.00/100 Far 0 30.66 29.50 0.98 0.46 0.82
5 60 6.00/100 Far 0 20.74 19.58 0.70 0.31 0.47
6 72 6.00/100 Far 0 21.35 26.19 0.77 0.36 0.60
1. 4%-in. HSD High Shot Density, PowerJet Omega 4505, HMX, 38.8 g (API: penetration 59.20 in., entrance hole diameter 0.43 in., RP 19B 1st ed.)
2. 4Y%-in. HSD High Shot Density, 51J UltraJet, HMX, 38.8 g (API: penetration 47.26 in., entrance hole diameter 0.37 in., RP 43 5th ed.)
3. 4Y%-in. HSD High Shot Density, PowerJet 4512, HMX, 22.0 g (API: penetration 30.20 in., entrance hole diameter 0.34 in., RP 19B 1st ed.)
4. 4-in. HSD High Shot Density, PowerJet Omega 4005, HMX, 38.8 g (API: penetration 51.40 in., entrance hole diameter 0.48 in., RP 19B 1st ed.)
5. 3%-in. HSD High Shot Density, PowerJet 3406, HMX, 22.7 g (API: penetration 36.50 in., entrance hole diameter 0.37 in., RP 19B 1st ed.)
6. 3%-in. HSD High Shot Density, PowerJet Omega 3506, HMX, 28.5 g (API: penetration 44.20 in., entrance hole diameter 0.44 in., RP 19B 1st ed.)

Figure 80. SPAN penetration report.
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® Productivity module calculates the productivity of perforated completions (Fig. 81).
Productivity can be calculated for up to six gun systems for variables such as damaged zone
thickness, anisotropy ratio, and shot density, along with various sensitivity parameters, includ-
ing gun choice, ratio of crushed-zone permeability (%./k), and shot density. Figure 82 is a plot
of the PR versus shot density, and Fig. 83 is a plot of PR versus damaged zone thickness.

In addition to open perforations, the productivity of intact and collapsed gravel-pack con-
figurations can be modeled. Productivity can be displayed as a skin factor (Darcy and
non-Darcy), productivity ratio, or productivity index. The non-Darcy (rate-dependent) pro-
ductivity option includes the turbulent pressure drops in the reservoir, perforations, and
casing—cement tunnel. The pressure drop components from turbulence can be large in high-
rate production gas wells

Productivity Report
Completion
Vertical well Formation thickness (TVD): 200.0 ft
Formation top (TVD): 4,900.0 ft Perforated length: 200.0 ft
Formation bottom (TVD): 5,100 ft Wellbore fluid: Brine
Drainage area: 31.42 acre Fluid density: 8.763 ppg
Shape factor: 31.62
Borehole diameter: 8.5 in.
Formation
Rock type: Sandstone Formation fluid: Oil and gas (GOR = 600)
Porosity: 20.0% Gravity (density): 30.0 deg API
Horizontal permeability: 100.00 mD Formation volume factor: 1.21 bbl/STB
Vertical permeability: ~ 20.00 mD Viscosity: 1.28 cp
: 0.20 Formation pressure: 2,234 psi
Wellbore damage: 5in. Formation temperature: 158 deg F
Perforating Systems
Perforation | Phasing | Shot Density/ Effective | Crushed | Crushed | Formation | Formation | Entrance
(No.) Angle Open Perforation | Shot one Zone Py i Di Hole Di
(deg) (spf/%) Density | k./k (in.) A g A g A g
(spf) (in.) (in.) (in.)
1 2 5.00/100 5.00 1.00 0.5 32.57 0.96 0.45
2 72 5.00/100 5.00 1.00 0.5 27.67 0.85 0.40
3 135/45 | 12.00/100 12.00 1.00 0.5 19.05 0.73 0.34
4 72 5.00/100 5.00 1.00 0.5 29.50 0.98 0.46
5 60 6.00/100 6.00 1.00 0.5 19.58 0.70 0.31
6 72 6.00/100 6.00 1.00 0.5 26.19 0.77 0.36
Perforation | Skin Dar? Non-Darcy | PR Pl Flow Rate Perforation | Underbalance | Behrmann Kin;
No.) Effect | Coefficient | Coefficient (STB/D/psi) | (STB/D) (No.) psi Underbalance | Underbalance
1/STB/D (psi) (psi)
1 -164 | 164 1.55%-7 132 | 18.18 11,403.8 1 1,000 3,406 778
2 -1.40 | -1.40 1.846e-7 1.26 | 17.36 10,890.2 2 1,000 3,283 778
3 -1.33 | -1.33 2.655e-7 124 | 17.14 10,752.4 3 1,000 3,136 778
4 -152 | -1.52 1.718e-7 1.29 | 17.76 11,145.7 4 1,000 3,426 778
5 —0.99 | -0.99 2.647e-1 1.17 | 16.14 10,124.9 5 1,000 3,089 778
6 -1.41 -1.41 1.962e-7 1.26 | 17.40 10,9174 6 1,000 3,186 778
1. 4%-in. HSD High Shot Density, PowerJet Omega 4505, HMX
2. 4%-in. HSD High Shot Density, 51J UltraJet, HMX
3. 4%-in. HSD High Shot Density, PowerJet 4512, HMX
4. 4-in. HSD High Shot Density, PowerJet Omega 4005, HMX
5. 3%-in. HSD High Shot Density, PowerJet 3406, HMX
6. 3%-in. HSD High Shot Density, PowerJet Omega 3506, HMX
Figure 81. SPAN productivity report.
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Figure 82. SPAN plot of PR versus shot density.
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Formation

ky: 100.00 mD

ky,/k,: 5.00

Bulk density: 2.30 g/cm3
Rock UCS: 6,403 psi
Overburden: 5,000 psi
Reservoir: 2,234 psi
kq/k: 0.20

Well damage: 5 in.

Completion

Vertical well

Formation thickness (TVD): 200.0 ft
Perforated length: 200.0 ft
Drainage area: 31.42 acre

Shape factor: 31.62

Figure 83. SPAN plot of PR versus damaged zone thickness.
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24 48 1.2 9.6 12
Effective shot density (spf)
Phasing | Shots | Offset | k./k (Erush Forma(io_n
— &sin. HSD High Shot Density, PowerJet Omega 4505, HMX (spf) | (deg) R (in)
4%-in. HSD High Shot Density, 51J UltraJet, HMX g-in.
4Y5-in. HSD High Shot Density, PowerJet 4512, HMX 72 5 |0 1.00 |05 | 3257/0.964
4-in. HSD High Shot Density, PowerJet Omega 4005, HMX 72 5 |0 1.00 [05 | 27.67/0.8524
3%-in. HSD High Shot Density, PowerJet 3406, HMX 135/45 |12 0 1.00 |05 19.05/0.7318
3Ys-in. HSD High Shot Density, PowerJet Omega 3506, HMX 72 5 |0 1.00 |05 | 29.5/0.9827
60 6 0 1.00 {05 19.58/0.6963
72 6 |o 1.00 {05 |26.19/0.7719
Formation
i\ Ky 100.00 mD
\\ kh/kV: 500
Bulk density: 2.30 g/cm3
~~N Rock UCS: 6,403 psi
Overburden: 5,000 psi
\ Reservoir: 2,234 psi
kq/k: 0.20
\ “\ Well damage: 5 in.
™ Completion
“ Vertical well
\ Formation thickness (TVD): 200.0 ft
Perforated length: 200.0 ft
Drainage area: 31.42 acre
\ Shape factor: 31.62
0 8 16 24 32 40
Damage zone (in.)
Phasing | Shots | Offset | k/k (Erush Formatio_n
45-in. HSD High Shot Density, PowerJet Omega 4505, HMX (spf) | (deg) e e i)
4%>-in. HSD High Shot Density, 51J UltraJet, HMX
4Y»-in. HSD High Shot Density, PowerJet 4512, HMX 72 5 |0 100 |05 |3257/0.964
4-in. HSD High Shot Density, PowerJet Omega 4005, HMX 2 5 |0 100 |05 | 27.67/0.8524
3%-in. HSD High Shot Density, PowerJet 3406, HMX 135/45 |12 |0 1.00 |05 | 19.05/0.7318
3%-in. HSD High Shot Density, PowerJet Omega 3506, HMX 72 5 0 1.00 [05 | 29.5/0.9827
60 6 0 1.00 [ 0.5 19.58/0.6963
72 6 0 1.00 [ 0.5 26.19/0.7719
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® Underbalance module calculates the minimum static underbalance necessary for zero-skin
perforations based on algorithms for two popular static underbalance models (Behrmann,
1996; King et al., 1986). If the actual value of the static underbalance is less than the minimum
required for zero skin effect, SPAN analysis uses the Behrmann (1996) equations to calculate
the skin effect caused by residual perforation damage in the form of values of k./k. Figure 84
shows the effect calculated using Behrmann’s static underbalance correlation on the crushed-
zone permeability ratio as a function of static underbalance pressure. As previously discussed,
recent research and field results indicate that static underbalance alone is insufficient to
achieve clean perforations. Typically, a value of k./k from 0.1 to 0.3 is obtainable with a tradi-
tional static underbalance job design whereas a value of k./k from 0.8 to 1.0 is obtainable with
a job design from the PURE perforating system for clean perforations.

. I

y /

Crushed ///
zone
klk 04
W

/
s

0 800 1600 2400 3200 4,000

Static underbalance pressure (psi)

Formation

k,: 100.00 mD
ky/k,:5.00

Bulk density: 2.30 g/cm3
Rock UCS: 6,403 psi
Overburden: 5,000 psi
Reservoir: 2,234 psi
ky/k:0.20

Well damage: 5in.

Completion
Vertical well

Perforating systems Charge | kg/k | Crush Formation | Formation
4%-in. HSD High Shot Density, PowerJet Omega 4505, HMX oy ™ | | Av0-{in) | Fenetuation | ramerer
4%-in. HSD High Shot Density, 51J UltraJet, HMX
4%-in. HSD High Shot Density, PowerJet 4512, HMX 48.00 0.09 | 05 3251 0.98
4-in. HSD High Shot Density, PowerJet Omega 4005, HMX 51.00 009 |05 21.61 0385
3%-in. HSD High Shot Density, PowerJet 3406, HMX 34.00 0.19 | 05 19.05 0.73
3%-in. HSD High Shot Density, PowerJet Omega 3506, HMX 40.00 0.13 | 05 29.50 0.98

41.00 0.14 |1 05 19.58 0.70
41.00 0.14 | 05 26.19 077

Note: k;/k calculated from base underbalance

Figure 84. SPAN plot of k;/k versus underbalance pressure.

Specific perforating requirements

The perforating requirements discussed here are based on the results of experiments and field
tests described in subsequent chapters. The requirements are presented as recommendations,
with summaries of the experiment and test results. The detailed rationales behind these recom-
mendations are also in later chapters.

Perforating techniques
Three basic perforating techniques are available to the completion design engineer:

® Through-tubing perforating—The guns are lowered into the well through the production
string or in a monobore. Gun conveyance can be by wireline, coiled tubing, tractor, or slickline.

100
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m (Casing gun perforating—Large-diameter guns are lowered into a cased well before the pro-
duction string is run. Gun conveyance can be by wireline, slickline, tractor, drillstring, coiled
tubing, or the tubing string.

®m Completion perforating—Large-diameter guns are run with the completion and left in the
hole. The guns may possibly be run and left in the well before the completion and then fired
and left in the hole after the completion is run.

Through-tubing perforating

Schlumberger provides four basic types of through-tubing perforators: steel hollow carrier HSD
guns, guns used with the PURE method, expendable or semiexpendable Enerjet and
PowerSpiral* strip guns, and Pivot Gun* systems.

These through-tubing perforating gun systems have the following features:

Wellhead and completion string are in place and tested before the casing is perforated.
Underbalanced differential from the reservoir into the wellbore provides perforation cleanup.
Perforations may be made as required over the life of the well, with or without a rig on site.

Using the PURE method to increase production is especially effective in wells where forma-
tion communication is already present for establishing underbalanced conditions.

® (Qperating time is short, resulting in good job efficiency and use of rig time. The maximum per-
forated interval per run is limited by the surface setup and is typically 30 ft.

Casing gun perforating

Schlumberger provides four types of casing guns: Port Plug guns, HEGS* High-Efficiency Gun
Systems, PURE gun systems, and HSD guns. These guns have the following features:

® Gun size is limited only by the casing inside diameter (ID), which enables use of the highest-
performance deep penetrating or big hole charges at optimal shot density and perforation
phasing,

m With wireline-conveyed guns, the overbalanced differential from the wellbore into the forma-
tion allows the use of longer guns than with through-tubing perforating. Typically 60 ft or more,
depending on the method of deployment, can be readily achieved. Only simple wellhead con-
trol equipment is needed.

®m Compared with expendable through-tubing guns, carrier-type guns significantly reduce the
amount of perforating debris introduced into the wellbore during the perforating process.

® Gun systems used with the PURE method can achieve better cleanup and less formation
damage.

Wireline- and tubing-conveyed perforating

Perforating guns are conveyed into the well on either wireline (electric or slickline) or tubing
(production tubing, drillpipe, or coiled tubing). The choice between wireline- and tubing-con-
veyed perforating should be made based on the completion objectives and operational
considerations.

From an operational viewpoint, wireline perforating operations are usually faster for a few
short intervals to perforate. TCP operations are more efficient for long, multizone perforation
intervals. The higher operating speed of wireline perforating is an important consideration for
high-temperature wells because it reduces the exposure of explosives and seals to high downhole
temperatures compared with TCP operations.
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TCP provides a number of benefits in completing wells:
® The advantages of through-tubing gun systems are combined with those of casing gun systems.

® Large guns may be fired in an underbalanced condition with well control equipment and the
production string in place.

® Long intervals may be efficiently perforated in one run with a kill string in place, if required.

® The programmed underbalance is applied to all perforated intervals evenly and in a controlled
fashion.

® The variety of firing systems and accessories accommodates a wide range of well conditions
and completion techniques.

m After firing, expended guns may be dropped to the bottom of the well, which allows future
through-tubing operations.

With TCP, well intervention may be eliminated along with having to kill the well.

Conveyance method selection

Perforating gun systems initially were deployed on wireline (casing and through-tubing perforat-
ing guns) and later on tubing (TCP). Historically, gun systems were classified in three groups
related to the conveyance method:

® Through-tubing perforating enables the use of underbalance but restricts the gun system
options.

m (Casing gun perforating provides a full range of options but restricts the use of underbalance.
m TCP allows using both underbalance and a full range of gun system options.
Perforating technology has evolved considerably to make a wide variety of deployment meth-

ods possible. Each method has specific applications, as well as advantages and drawbacks. The
major deployment methods are

wireline

tubing (or drillpipe in DST operations)
coiled tubing, with or without an electric line
wireline tractor

slickline

snubbing,

Achieving an optimal design requires comparing the advantages and disadvantages of the var-
ious conveyance methods and weighing them against each other and against the gun systems
being considered for the specific completion. The following major perforating issues require con-
sideration:

gun length
mechanical strength
high-angle wells
pressure control
depth control
underbalance

rigless completions
gun options (size, firing head, connections)
selectivity

debris

duration of operations.
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Gun length

Using wireline traditionally restricts the length of the gun assembly because of the total weight
on the rope socket and the need to lubricate the guns into and out of the hole. Slickline con-
veyance limits the length of the gun assembly even more.

The GunStack* stackable perforating gun system can solve the lubrication problem because
the gun assembly can be run, built, and retrieved in sections. The CIRP Completion Insertion and
Removal under Pressure system also allows insertion and removal of long gun sections into and
out of live wells. A third option is the WXAR assembly.

With the WXAR, long gun sections are run in the hole overbalanced with wireline or coiled
tubing. Underbalance is established before the guns are fired. The WXAR drops the guns at the
time of detonation, and if the well has pressure after perforating, only the firing head must be
lubricated out of the well.

The “Completion Perforating Without Killing the Well” chapter describes GunStack, CIRP,
WXAR, and other hardware options that minimize formation damage.

Tubing- and coiled tubing—conveyed operations (and, to some extent, tractor-conveyed opera-
tions) place no limitations on gun length, providing that provisions are made to either drop the
guns and retrieve them after killing the well or use specific techniques for perforating without
killing the well, such as the CIRP system or multiple WXAR assemblies.

Mechanical strength

Flexibility is a consideration if mechanical strength is required to pull or push the gun. The con-
veyance methods rank as follows for flexibility:

1. snubbing, TCP, and coiled tubing—highest

2. tractor—limited (same as wireline unless in combination with coiled tubing)
3. wireline—limited

4, slickline—limited (same as wireline).

Tractor conveyance has some limitations concerning the weight of the guns. High-strength
adaptors must be used for tapered gun strings, such as the long strings of up to 8,500 ft that
have been run in horizontal wells. Gun bending must also be considered in terms of alignment,
weight, and amount of snubbing force required. The “Operating Environment and Engineering of
Perforating Operations” chapter discusses gun bending in more detail.

High-angle wells

Wireline may not allow guns to descend in high-angle and horizontal wells unless a tractor,
rollers, or a combination of the two is used. Coiled tubing is the preferred conveyance method,
unless the length of the horizontal section causes the coiled tubing to lock up before the guns
reach the interval to be perforated.

Pressure control

Difficulty in controlling wellhead pressure is related to the cross-sectional area of the conveyance
element. Thus, surface pressure control is easier with small-diameter slickline than with larger
diameter electric wireline when perforating with a cable. Controlling wellhead pressure when
perforating with a cable must also take into consideration the generation of friction by flowing
fluids on the cable, which can result in sufficiently large forces to blow the guns up the hole.

Wellhead pressure control is easier to maintain in coiled tubing operations in which the weight
of the string, a snubbing unit, or both the string and snubbing unit easily overcome the surface
pressure. Coiled tubing operations typically are limited to a maximum of 10,000 psi at the surface
because of safety and equipment considerations.
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For initial pressure surges, the wireline perforating anchoring tool (WPAT) can be used to
overcome gun movement resulting from an undesirable pressure surge after perforating. The
guns are positively anchored at the time of perforating with a time-delay action that keeps them
in place (see the “Wireline Perforating Techniques” chapter for details).

Depth control

Depth control is crucial to perforating operations. Using an electric line (e.g., wireline, conduc-
tor slickline, or coiled tubing equipped with a conductor line) is ideal because it allows running
correlation logs while deploying the guns.

A separate wireline descent is often necessary in TCP operations to run a correlation log and
reposition the tubing string before perforating, When slickline is employed, a dummy tagging run
is required to position the guns on depth.

Horizontal and very high-angle wells pose additional depth control concerns. Line slack (trac-
tors) and helical buckling (coiled tubing) result in measured depths that are different from the
actual depths along the well.

The DepthLOG* depth correlation tool determines depth by using a traditional casing collar
locator (CCL) with flow-through capabilities, which provides the effect of open-ended, unob-
structed coiled tubing. The use of fluid pulse telemetry to transmit data to the surface eliminates
the need for an electric line in coiled tubing operations. The resulting real-time CCL correlation
log, which meets API standards at surface, enables operators to accurately correlate depth in ref-
erence to the baseline log.

Underbalance

One of the most important criteria for optimizing performance is creating an underbalance at the
time of perforation.

In an underbalanced completion, the reservoir pressure is greater than the wellbore pressure
at the time of perforating. The resulting negative pressure differential aids perforation cleanout
through the surge effect from the underbalance, which also prevents the invasion of completion
fluid into the reservoir.

Achieving underbalance is almost always possible, regardless of the conveyance method.
Through-tubing underbalanced completions usually limit the gun size, perforation density, and
phasing. Very high underbalance, which is sometimes preferred to clean out the perforations and
generate high post-perforation flow, is not possible with wireline-conveyed guns in the well unless
anchoring devices, such as the WPAT, are used. Anchoring devices are also recommended when
the underbalance is unknown (e.g., perforating new intervals in a column of differentially
depleted producing intervals). In extreme cases, the negative differential pressure may cause
friction to pull the gun down after perforating, resulting in a broken wireline if the gun is not
anchored.

Rigless completions

Many recompletions and workovers can be performed without a rig, which helps to lower opera-
tional costs and simplify logistics. Because hoisting facilities are generally limited in rigless work,
conveyance options for rigless perforating and reperforating are limited mainly to the follow-
ing three methods (listed from highest to lowest cost):

® guns on the wireline or slickline, possibly involving tractors
® coiled tubing—conveyed guns

® guns run on the tubing, such as in TCP, during snubbing operations with a light workover
performed.
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CIRP and GunStack systems can be used to run long gun strings into and out of a well without
a rig and under pressure. These systems incorporate gun construction and disassembly equip-
ment that can provide gun retrieval under wellhead pressure. Both systems require assembly
under pressure, with the CIRP system assembled at the surface and the GunStack system assem-
bled downhole.

Gun diameter, density, and phasing

The ideal perforation completion option is to use the maximum-diameter gun system that can run
into the well and through existing restrictions. Limiting factors for the practical gun diameter
include gun swell after perforating and the height of burrs created by the perforation jet on the
gun wall and inside of the casing. The likely occurrence of sanding in a well also imposes limits
on the choice of gun diameter.

Regardless of the conveyance method, the largest diameter gun that fits into the casing usu-
ally provides the best performance except when the gun is run through tubing into a larger
diameter casing. Monobore completions overcome this limitation because there are no restric-
tions.

Phasing and shot density are selected on the basis of the results of the design program. The
only restriction these two parameters place on the gun conveyance method is that phasing
options are limited when running capsule-type guns through the tubing.

Selectivity

Shooting guns on an electric wireline using diode switches provides selectivity in perforating, If
pressure-actuated firing heads are used in TCP operations, selectivity depends on the tubing
pressure settings for gun detonation. The operating windows for the different firing heads must
be adequately spaced to avoid potential overlap.

The ProFire* programmable firing head provides selectivity with greater flexibility for han-
dling pressure windows in TCP operations. See the “Tubing-Conveyed Perforating Completion
Techniques” chapter for more information on the ProFire hydraulic firing system.

Debris
Gun and shaped-charge debris left in the well can lead to problems owing to

® accumulation of fill at the bottom of the well

® debris not falling to the bottom of deviated wells

® debris that reaches the surface and damages equipment
® possible sticking of completion equipment.

Debris mainly comes from expendable through-tubing guns. If debris is a concern, carrier guns
are preferred because they generally contain the debris inside the hollow carrier, other than
debris from the shaped charge (i.e., case, liner, and jacket) that may come out of the gun.

Duration of operations

The conveyance method has a direct impact on the duration of operations. Running in, shooting,
and pulling out a casing gun in an overbalanced condition may take only an hour using wireline.
In shallow (about 5,000 ft) land wells in Bakersfield, California, a typical HEGS High Efficiency
Gun System can be run in, shot, and run out in 20 minutes. At the other extreme, a TCP opera-
tion may take days to run in and position a DST string, set the packer, operate the valves, pressure
test the equipment, establish underbalance, fire the guns with a time delay, and, finally, drop the
guns.
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Operations that use wireline or slickline to convey the gun are the fastest. The slowest opera-
tions are TCP and drillpipe conveyed. Operation time varies for coiled tubing operations,
especially in horizontal wells and tractor operations, depending on the complexity of the job.

Controlling the duration of operations may be necessary for other than economic reasons
because high-temperature downhole environments limit operation time. Explosives and seals
experience thermal and chemical decomposition; therefore their ratings are important factors
for review concerning possible completion redesigns, exceeding time estimates, and job flexibil-
ity. See the “Operating Environment and Engineering of Perforating Operations” chapter for a
more detailed discussion.
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Operating Environment
and Engineering of
Perforating Operations

Operating environment

Schlumberger perforating equipment is designed for a wide range of downhole environments.
Equipment selection depends on the requirements of the particular completion. For operations
in hostile environments, advanced planning with your Schlumberger representative is strongly
recommended.

The effects of temperature, pressure, and fluid properties are briefly presented in this chap-
ter with information about various completion techniques and approaches to optimizing well
productivity.

Time and temperature guidelines

A successful perforating job is the result of thorough preparation, selection, and execution of the
complete perforating system. The perforating system integrates explosives, firing head and det-
onator, gun system, seals, lubricants, quality control and conformance, cleanliness, assembly
procedures, and training. Each of these factors affects the rating of the system.

High temperature is one of the most important factors in selecting the explosive type and car-
rier design and in performing the wellsite operation. Both the maximum temperature value and
the length of time the explosives are exposed to a particular temperature are important (see
“Perforating Fundamentals” chapter in this book for more information on explosives and other
detonation components). The time factor is crucial if more than a few hours separate the time
between exposure to the temperature and actual detonation. In some cases, the guns are posi-
tioned in the well (e.g., anchored) for months before detonation.

Schlumberger time and temperature ratings ensure that there is no degradation in perfora-
tor performance (penetration and entrance hole) up to the maximum rating. For higher
temperature or longer duration perforating operations, HNS charges are recommended.

Table 17. Temperature Guidelines for Explosives in Hollow Carrier Guns'

Temperature Rating*

Explosive Type 1hr 100 hr 200 hr 400 hr

RDX 340°F [171°C] 240°F [115°C] 225°F [107°C] 210°F [99°C]
HMX 400°F [204°C] 300°F [149°C] 285°F [141°C] 270°F [132°C]
HNS 500°F [260°C] 460°F [238°C] 440°F [227°C] 420°F [216°C]

T Ratings for strip guns and other exposed applications vary.

*Temperature ratings are set at the highest temperature that retains 100% of the explosive performance. Above these temperatures,
explosives show reduced performance and some may autodetonate.
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Completions that plot above the HMX line in Fig. 85 are considered high risk (i.e., high tem-
perature, high pressure, long duration) and require special preparation. Systems that require the
use of HNS explosives to meet the time and temperature guidelines for explosive charges also
have the following components:

®m HNS detonating cord and NONA boosters should be used.
® High-temperature detonator and firing heads are required for TCP operations.

m Seals and perforating gun systems have their own time and temperature characteristics, sep-
arate from those of the explosives components. The gun system must be selected to also match
the required time and temperature exposure of the operation.

® Specialized field preparation and assembly procedures must be followed.

m (Clients may specify additional quality control procedures that can be performed only at the
time of manufacture.

Temperature Rating of Explosive Systems
Hollow Carrier Systems Only

600 315

500 . 260
=T HNS

400 L] 204

Temperature ——
R — )

300 =L ] — HMX 149
— T

200 = ul — 93

100 37

1 10 100 1,000 10,000
Time (hr) 90 days

Contact your Schlumberger representative for high-temperature and long-
duration operations falling in the shaded area above.

Figure 85. Time and temperature guidelines for selection of explosives in hollow carrier guns. Exceeding the temperature
rating leads to reduced performance followed by burning (all explosives) and possible autodetonation (RDX and HMX
explosives).
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The temperature rating of a perforating system is that of the lowest rated component of the
system. Additional hardware changes may be required if conditions may exceed any one of the
following:

® temperature > 330°F
® pressure > 15,000 psi
® time > 100 hr.

Reusing explosives that were previously exposed to temperature cycles increases the likeli-
hood that failure or misfires will occur and should be considered only as a last resort. If the time
and temperature exposure of the explosive is exceeded, typically the failure mode is reduced per-
formance or no performance and low-order detonation. However, the failure of RDX and HMX
systems may result in high-order detonation with potentially catastrophic results for the well
completion.

Special care must be taken because of trapped pressure in retrieving unfired explosives
devices that have exceeded time and temperature limits. A specific procedure must be followed
for retrieving HMX explosives once 330°F has been exceeded or if 300°F has been exceeded for
more than 100 hr because of the increased sensitivity of the explosive to shock.

Numerous accessories are used in perforating operations, such as weights, adapters, and posi-
tioning devices. Table 18 details accessories for high-temperature operations.

Table 18. High-Temperature Accessories

Temperature  Tool Description Length  Weight
Rating (°F) (in.) (lbm)
500 EQF-53 1"e-in. weight (H,S) 72 61
500 EQF-54" 2Vs-in. weight (H,S) 72 105
400* MH-22 134-in. monocable head (H,S) 18.9 5.1
400* MH-32 Monocable head for —22, —23, and —25 cables 124 -
500 AH-106" 1%- to 1"16-in. monocable adapter 3.36 1
500 CCL-AG 1"6-in. high-temperature casing collar locator 18 12
500 CCL-AT* 1"6-in. high-temperature casing collar locator 18 12
(high-pressure version of CCL-AG)

500 MPD-NB 136-in. magnetic positioning device 194 12
500 MPD-LB? 1"6-in. magnetic positioning device 19.4 14
500 MPD-MB"  2-in. magnetic positioning device 194 22
500 SPD-AB 1"6-in. spring positioning device 31.7 -

TProgram to Evaluate Gun Systems (PEGS) verified
¥ Optional upgrade to 500°F
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Pressure

Other important considerations are the hydrostatic pressure and type of fluid surrounding the
perforating gun. Exceeding a carrier’s pressure rating may flood the guns or crush the carrier, in
turn causing a low-order detonation and bomb-like effect that could damage the well and stick
the gun. The surrounding environment (i.e., liquid or gas) determines the carrier’s ability to with-
stand the forces that occur during perforating. The rating of the gun for the well environment
must be confirmed.

Perforating guns are designed and built to downhole pressure specifications. As such, they
meet downhole safety margins and should not be exposed to any more pressure at surface than
is necessary to enter the well. Pressure control equipment must not be pressure tested while a
loaded perforating gun is in the Iubricator. New pressure control equipment includes subs that
enable opening a pressure control string to take in a perforating gun and pressure testing the dis-
connected joint without applying pressure to the perforating gun.

High-pressure, high-temperature (HPHT) conditions also influence the selection of elas-
tomers for the pressure seals. In HPHT operations seals should be changed between runs into the
well to avoid failure. Capsule charges should not be reused after HPHT exposure.

Wellbore fluid chemical properties

Completion operations planning must take into account the chemical properties of the wellbore
fluid, such as the concentration of hydrogen sulfide (HyS), carbon dioxide (COy), and acid in the
well during and immediately after perforating. HsS, COs, and acid attack perforating guns, caus-
ing general corrosion and possible hydrogen embrittlement that may lead to material failure.
Factors affecting the severity of the hydrogen embrittlement include pressure, aggressiveness of
the environment, type of material, stress the material is under, and length of time the material is
exposed.

Operations in the presence of HyS or acid require special precautions for the perforating guns
and their associated hardware. Perforating guns are not HyS-proof according to NACE
International (formerly the National Association of Corrosion Engineers) guidelines. Associated
equipment (e.g., completion accessories, TCP firing heads, wireline cable) may be made H,S-
proof, either routinely or by special arrangement.

Perforating guns are generally resistant to the effects of hydrogen embrittlement, depending
on the factors previously discussed (environment, material type, etc.). Additional considerations
are as follows:

® Fluids such as cesium formate and potassium formate brines require using compatible elas-
tomers for the seals in perforating equipment.

® Inhibitors used should be selected to not affect the sealing performance of the elastomers
used in perforating equipment.

m Hollow carrier guns are generally preferred to exposed guns for operations in environments
with a high HoS concentration and when acid is used.

Perforating in gas or liquid

Some perforating gun assemblies can survive a shot in gas or air whereas some can be shot only
when surrounded by liquid.

Potential hazards

Perforating in wells filled with gas or when a fluid with a high gas to liquid volume ratio is used
can be hazardous to both personnel and equipment unless proper procedures are followed. The
following effects can occur in predominantly gas environments:
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® (Gas may enter high-pressure elastomer seals and migrate to unexpected areas, creating
trapped high pressure in tools brought back to the surface.

® The shaped charges of a leaking hollow carrier gun do not operate properly, possibly leading
to low-order detonation or an uncontrolled detonation (i.e., bomb effect).

Gun swell

During gun system development, tests are performed in both water and air to determine the max-
imum outside diameter (OD) of the carriers after they are shot.

The guns are loaded with charges that are heavier than normal and several are shot in both
air and water, all at atmospheric pressure. Each gun carrier is then mounted and turned on a
lathe where the OD surface anomalies are automatically and continuously measured with a laser.
The data are processed to determine the maximum cylindrical swell diameter for the gun, charge,
and environment combination. This measurement is important for determining the clearance for
long gun strings in a particular wellbore. The primary consideration is the ability to fish the guns
with washover pipe if they become stuck.

A different measurement is taken for through-tubing applications or other jobs where the guns
must pass through a nipple or similar restriction. For guns loaded and shot as previously
described, 18-in. precision ID gauge tubes are passed over each carrier to determine the go and
no-go gauge ID or carrier OD. This measurement is typically smaller than the maximum cylindri-
cal swell diameter. The measurement is conservative because nipples are very short and the
gauges are 18 in. long.

Gun swell data are in the perforating gun systems chapters. This information is also on the
current Schlumberger SRC perforating calendar poster.

Burr height

The passage of the jet through the gun and through the casing leaves burrs on the outside of the
gun carrier and on the inside surface of the casing. Burrs are also produced on the outside of the
casing, but these do not affect the maximum diameter tolerances for shot guns. The maximum
diameters specified for shot HSD guns include the burrs. In most cases, the specified maximum
diameter is the same as that without burrs. Sporadically burrs exceed the maximum swell diam-
eter.

In fishing operations with washover pipe, burrs that exceed the gun carrier OD (i.e., from the
scallop surface to beyond the swollen carrier OD) are easy to knock off and should pose no prob-
lem. Burrs can be a problem in through-tubing applications if the burrs exceed the carrier OD.
This situation is rare; a burr typically poses no problem unless the gun carrier has no scallops or
recesses to contain the burr.

Casing wall burrs are smaller but still may bind firmly to the casing wall. They do not break
away as easily as those from a gun carrier. The size of internal casing wall burrs is included in the
official API Section I data for each gun and charge combination. The minimum casing ID after
perforating is determined by subtracting twice the burr height from the casing drift diameter.
The resulting number is compared with the maximum diameter for shot guns.
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Gun-specific characteristics for perforating in gas

Specific hardware must be used for perforating in gas, and planning a perforating job in gas or
air requires verifying the gun rating for gas applications. Gun-specific technical data applicable
to perforating in gas and high gas-to-liquid ratio wells can be summarized as follows:

® Enerjet guns shot in gas may cause excessive strip deformation. Special procedures include
using short guns and two magnetic positioning devices. No weights should be run below the
strip.

® Pivot Gun systems can be shot in gas if the void volumes in the gun are filled with grease. The
grease improves cord-to-charge transfer and reduces friction when the gun is deploying.

®m HSD guns are available in various ratings. Most gun, charge, and shot density combinations
can be shot in air or gas at zero pressure. Some combinations must be shot in liquid.

® HEGS and Port Plug guns can be shot in air or gas, but a special dry-hole port plug must be
used with Port Plug guns.

Perforating-associated shock

Shaped charge detonation can create intense shock loading on the guns, tubing, cables, packers,
and other downhole tools. The principal mechanisms that may lead to damage are as follows:

B Recoil, as the shaped charge jets are propelled toward the casing and formation—This lateral
force may cause the gun to strike the wellbore wall, but it is typically a concern only if the guns
are loaded asymmetrically (e.g., at 0° phasing).

® Shock pressure pulse in the gun carrier steel, well fluid, casing, cement, and formation—The
amplitude of the pressure pulse diminishes as it travels farther from the source (i.e., the
boundary of the perforated interval) and depends on the geometry of the downhole assembly
and compressibility of the media in which the gun is shot. Shock is more likely to damage
sensor packages than it is to generate gun movement.

m Wellbore pressure pulse that results as wellbore fluid is pushed into the gun (as in PURE jobs)
or as detonation gas exits the gun.

As the pressure pulse travels along the wellbore at the local speed of sound (approximately
4,900 ft/s in liquid), it creates an upward or a downward force on the end of a gun string. An end
occurs at the termination of the gun, where it changes in diameter, or where it connects to a
tubing string of a different diameter in TCP assemblies. Whether the force is oriented upward or
downward depends on the local geometry (i.e., gun length, perforated interval length, completion
string configuration).

Another upward force can be created if the distance from the lowermost shot to the bottom of
the well is small enough that the shock wave does not die out through attenuation in the well-
bore fluid. The pressure pulse reverberates on the well bottom and is reflected upward.

An additional effect results from

m Surge flow induced by underbalanced perforating—The shear stresses created on the gun,
cable, or other downhole components may lead to gun movement or loss of tension in the
cable.

The following factors enhance the effects of the perforating shock wave:
m Jow-compressibility wellbore fluids (e.g., water)

B big hole and zinc case charges
® high hydrostatic pressure
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tight clearance between gun and casing

short guns

small-volume rathole

short distance between topmost shot and packer.

Conversely, these factors reduce the effects of the perforating shock wave:
high-compressibility wellbore fluids (e.g., gas)

deep penetrating charges

low hydrostatic pressure

loose clearance between gun and casing

long guns

large-volume rathole

long distance between topmost shot and packer.

Mud weight

In addition to the effects of hydrostatic pressure on the perforating guns, mud weight may affect
the operation of TCP firing systems. High-density muds tend to segregate over time, which affects
both pressure-activated and mechanical drop bar firing systems. Pressure-activated firing heads
are preferred to other firing systems for use with higher-density muds because the ability of high-
density mud to transmit pressure is greater than the ability of a drop bar to reach the firing head.
Fluid isolation equipment is used to ensure that mud solids do not affect firing head operation.

Well deviation

Well deviation beyond 45° may cause a problem for wireline-conveyed perforating guns because
of increased frictional forces on the cable, lower gravitational force along the wellbore, and
smaller clearance between the ends of the gun assembly and the casing ID at doglegs. One key
factor is that descending guns on the move are subject to less friction than they are when static.
Generating downward movement of a still gun is more difficult (because of the high static fric-
tion) than keeping it on the move once descent has begun (because of the comparatively lower
dynamic friction). Friction forces must be kept in perspective with the absolute well deviation
and the well profile (doglegs and torsion). For example, friction forces can be greatly reduced by
fitting a round-bottom nose onto the gun.

Negotiating sharp doglegs with long guns is another issue. The “rigid” gun approach is mis-
leading because long guns bend. This flexibility greatly improves the descent performance of long
gun strings. The maximum gun length that can be run depends on many variables in addition to
dogleg severity, such as friction, wellbore deviation, and method of conveyance. Tool planners and
coiled tubing modeling should be used to calculate the maximum gun length as a function of all
input variables.

In the past, well deviation beyond 45° made it extremely difficult to drop guns from a tubing-
conveyed system. The SXAR automatic gun release solves this problem. Gun systems have been
successfully dropped at deviations greater 80° (see the “Completion Perforating Equipment”
chapter).
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At deviations between 45° and 65°, wireline perforating operations can be successfully com-
pleted using weights. Table 19 lists commonly available weights for wireline perforating, and
Table 20 lists special slant hole equipment.

At deviations greater than 65°, TCP perforating (drillpipe-conveyed or coiled tubing—conveyed
perforating) is the most common technique. Roller adapters and orienting equipment may be
used for TCP operations in highly deviated or horizontal wells. See the “Completion Perforating
Equipment” chapter for a discussion of TCP orienting techniques and equipment. Alternatively,
guns may be conveyed with a wireline tractor.

Table 19. Typical Weights for Wireline Perforating

Weight oD Type Service Length Weight Pressure Temperature
(in.) (in.) (lbm) Rating (psi) Rating (F°)
EQF-33 3% Steel Standard 60 150 20,000 450
EQF-38 1"ie Steel Standard 484 304 20,000 450
EQF-39 2 Steel Standard 484 421 20,000 450
EQF-41 1% Steel Standard 45.8 19 20,000 450
EQF-43 116 Tungsten Standard 72 74 20,000 450
EQF-46 2% Tungsten Standard 72 104 25,000 450
EQF-47 1% Tungsten H,S 72 485 20,000 450
EQF-53 1"ie High density H,S 72 61 25,000 500
EQF-54 2% High density H,S 72 105 25,000 500
Table 20. Types and Specifications of Special Slant Hole Equipment
Device Makeup Weight 0D Hole Size (in.) Temperature Pressure
Length (in.)  (lbm) (in.) Min. Max. Rating (°F) Rating (psi)
Rollered pivot joint 17 35 37 42 na 340 20,000
(AH-86)
Rollered flex joint 36 32 171,218 225 na 350 15,000
(AH-88)
Rollered spring positioning 54 21 1.71,2.18 2.25 6 350 15,000
device (SPD-G)
Rollered flex joint 27 14.5 1.4 15 na 350 15,000
(AH-90)
Rollered spring positioning 524 14 1.41 15 6 350 15,000
device (SPD-H)
Adjustable roller assembly na 34 5.7 5.7 9 na na
(CME-AL)
Adjustable roller assembly na 40 5.7 5.7 9 na na
(CME-AK)
na = not applicable
114 Schiumherger
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Perforating Research

Objectives

Perforating, like other technological fields, requires research for advancement and innovation.
Schlumberger Perforating Research is located at SRC, alongside the perforating engineering
departments and InTouchSupport.com* perforating helpdesk. This collocation is unique among
the many Schlumberger research entities and confers many advantages from close working rela-
tionships with both engineers and clients, leading to better focus of the research effort.

The major objectives of perforating research are to

® investigate the physics of perforating, including development of the perforator and its inter-
action with the wellbore and reservoir

® support development of new perforating technology
® address specific perforating requests from oil and gas operators.

Perforating research covers the entire spectrum, from explosives through shaped charge and
gun material design, to interaction of the shaped charge jet with the wellbore fluid and with the
reservoir. In a nutshell, Perforating Research seeks to develop perforating techniques that max-
imize hydrocarbon productivity while minimizing the risk of sand production under the safest

and most economic conditions. To this end, a combination of mathematical analysis, numerical
simulation, and laboratory experiments is employed.

Materials research

The energetic materials program supports the research, development, and manufacturing of all
explosive components used in perforating—detonators, boosters, detonating cords, and shaped
charges. New explosive materials are developed. Research focuses primarily on

HPHT environments

® performance improvement
® increased safety

® cost reduction.

SRC also maintains a fully equipped metallurgical laboratory for materials research. In addi-
tion to supporting shaped charge and explosives research, the metallurgy laboratory performs
failure analysis on gun carriers and other components and conducts perforating sustaining
efforts concerning metals.
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Shaped charge research

Shaped charge research addresses performance, design, materials, and manufacturing issues in
addition to investigating new concepts for perforating shaped charges and gun systems. Research
focuses on two major areas:

®m fundamentals of perforator performance and target interaction
® performance and quality improvement of existing charges.

Achieving these goals requires a thorough understanding of charge detonation, jet formation,
and interaction of the jet with the formation. Third-party software is used to simulate the shaped
charge detonation and jet formation processes, which facilitates shaped charge design.
Experiments in the shaped charge laboratory measure jet characteristics such as velocity and
density, and experiments in the PERF laboratory at SRC (discussed later in this chapter) provide
penetration data from real rocks under downhole stress conditions. Together with mathematical
models of the penetration process, the data enable addressing the effect of the target material
on perforator performance. In situ performance of existing charges is also calculated and embed-
ded in SPAN Schlumberger perforating analysis software.

The results of these rigorous research efforts include the high-performance deep penetrating
PowerJet and PowerJet Omega* shaped charges.

Perforation productivity enhancement

A major concern of Perforating Research is the development of techniques for maximizing pro-
ductivity in a wide range of downhole conditions and environments. Central to these
investigations is the fact that the very act of creating the perforation cavity damages the rock
matrix around the perforation, thereby reducing productivity. Techniques to reduce or remove
the damage require first understanding of the damage mechanism, then predictions of the extent
of the damage, and finally methods of removing it.

The principal removal mechanism is by perforating underbalanced. Experiments in the PERF
laboratory show that perforation cleanup id controlled not so much by the initial underbalance
as the effective transient underbalance experienced by the perforation as the wellbore pressure
varies during the first few tenths of a second after perforating. Investigation of the physics of the
interactions of the gun, wellbore, and reservoir enabled first being able to predict and then con-
trol the pressure variations. These developments led in turn to the technique now known as
the PURE perforating system for clean perforations (see “Perforation Damage and Cleanup”
chapter).

Other investigations include perforating in gas-saturated rocks and in weak rocks. In this con-
text Perforating Research works with Schlumberger Sand Management Solutions to understand
the physics of sand production from perforated completions and to develop methods of mitigat-
ing or at least reducing the risk of sand production. Some projects are funded entirely internally
whereas others are at least partially supported by clients. A recent client-supported project inves-
tigated the optimum strategy for a shoot-and-pull operation, in which the well is killed while the
guns are removed and completion hardware is installed. Most client-supported tests are tightly
focused. Typically the performance of specific charges is evaluated in operator-supplied reservoir
cores under typical downhole conditions. These tests help to define the optimum charge and per-
forating conditions for a particular reservoir. Typical objectives are to determine penetration
depth, optimum underbalance, and the sand-producing propensity of the rock after depletion,
high rate, or water cut.
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Productivity Enhancement Research Facility

The PERF facility at SRC is a state-of-the-art perforating laboratory (Fig. 86). Tests are performed
using single-shot pressure vessels (PV-93 and PV-20) similar to API RP 19B Section 4 test vessels
and the new polyaxial stress frame, in which multishot experiments are conducted in more real-
istic downhole geometry conditions.
Both testing vessels and the stress frame duplicate the three major in situ conditions:
B rock stress (confining or overburden for the pressure vessels and true triaxial for the stress
frame)

B pore pressure
®m wellbore pressure.

Single- and mixed-phase (oil, water, gas) tests can be conducted. Computerized data acquisi-
tion and measurement capabilities are available to perform constant-pressure or constant-rate
measurements. Single-shot perforation and flow measurements can also be made with different
charges. Core samples for all tests can be consolidated in situ (with resin) for thin-section scan-
ning electron microscope (SEM) analysis.

Figure 86. Advances in perforating research are made at the Schlumberger PERF laboratory.
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Pressure vessel PV-93

In addition to its basic capabilities, PV-93 (Fig. 87) can be rotated to orient the perforation in
any direction. This enables the simulation of perforation in vertical, deviated, and horizontal
wells to study the effect of gravity. For a typical perforation and flow test, the core sample (for
which porosity and permeability have been measured) is mounted inside the confining chamber.
The core sample is enclosed in a rubber sleeve to prevent communication with the confining
fluid in the chamber. An end attachment to the core sample is used to conduct the desired pore
fluid into the core.

The pore fluid is stored in a bank of three 10-gal accumulators that are precharged to reser-
voir pressure. The accumulators supply the core with the necessary reservoir fluid for the
underbalance surge.

The shaped charge is placed inside a modified perforating gun in the simulated wellbore at a
known standoff from the casing, which is simulated by a 1.125-in.-thick shooting plate (cement
with 0.375 in. of steel). Electrical shooting conductors from the gun are routed through pressure-
tight connectors to the shooting box.

The simulated wellbore contains wellbore fluid and is attached to precharged accumulators
(up to 11 gal). A custom-designed transfer-barrier accumulator system can be used to flow the
core at elevated pressure immediately after perforating, removing the detonation gases in solu-
tion. Fast gauges mounted on the wellbore and confining chamber record the pressure
fluctuations at the time of detonation. The wellbore part of the pressure vessel can also be
heated to test reactive wellbore fluids at more realistic conditions and reaction rates.

Figure 87. PV-93 experimental pressure vessel.

Schiumherger

Hunting Titan, Inc.

Return to Contents Pase 132


http://www.slb.com/content/services/

After perforating, a flow tube is connected to the perforation to allow fluid to flow out of the
core sample during the simulation of production flow. A small video probe can be inserted into
the cavity to observe and record cleanout or monitor sand production while the core sample is
still under the confining stress. Sand production can be monitored at different flow rates, for
increasing depletion conditions, and at the onset of water cut. Six constant-flow-rate pumps
(including two syringe pumps controlled by programmable logic controllers [PLCs]) are avail-
able to flow the sample with a water phase, oil phase, or mixed phase while flow meters and
pressure gauges are used to measure the postperforation productivity. The flow path can be
reversed to simulate injection flow. A gravel-pack head assembly can be installed in the simulated
wellbore, against the shooting plate at a known standoff, to circulate gravel inside the perfora-
tion.

To simulate openhole completions, a cross section of the core is exposed to the wellbore. A
special apparatus circulates mud across the face of the core at a fixed differential pressure.
Leakoff through the core and decline in productivity are monitored to determine the extent of
formation damage caused by the invasion of mud filtrate.

In addition to these tests, PV-93 is used to study the effects of specific acid formulations for
treating near-wellbore formation damage.

Pressure vessel PV-20

Pressure vessel PV-20 (Fig. 88) operates similarly to PV-93. Although it accommodates larger
diameter, longer cores, perforation orientation is limited to vertical geometries (up or down).
Perforations can be simultaneously created in two outcrop core samples (one up, one down) to
compare the effect of dirrerent rock types or permeabilities on productivity. The core sample
cannot be kept under stress to examine the perforation, and unlike the PV-93 vessel, neither
gravel packing nor sand production monitoring is possible.

Figure 88. PV-20 experimental pressure vessel.

Perforating Services Catalog m Perforating Research 119

Hunting Titan, Inc.

Return to Contents Pae 136



120

Polyaxial stress frame

The polyaxial stress frame (Figs. 89 and 90) enables the application of true triaxial stress on a
block of rock measuring 30 in. x 30 in. x 54 in. in height. In addition to simulating independent
triaxial stresses, the frame can be arranged for controlled pore pressure and wellbore pressure
on a block size of 27 in. x 27 in. x 50 in. in height. This produces a highly realistic simulation of
the downhole environment.

Each block can accommodate from one to three casings, which can be placed at various loca-
tions in the block. A centrally located casing in the block can be used to shoot an actual field gun
at downhole conditions with up to 36 shots at 12 spf. With three casings, three different guns can
be used to perforate, with each gun containing up to 13 shots at 4 spf and 0° phasing. This capa-
bility allows different charges to be tested into the same rock or the same charge to be tested at
different stress conditions. In tests with controlled pore pressure, postperforating flow testing
can be conducted using the various pumping systems at PERF. If higher volumes of flow are
required, a field pumping unit can be connected to a high-volume flow loop to provide fluid to
the test block.

In addition to perforating tests, the polyaxial stress frame can be used for experiments con-
cerning hydraulic fracturing, openhole tool performance, borehole deformation, wellbore fluid
damage, kill pill effectiveness, propellant research, and novel stimulation technique evaluation,
among others.

Figure 89. Polyaxial stress frame.
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Figure 90. Installation of the top steel platen onto the 12 tie rods of the assembled polyaxial stress frame.
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Perforating Gun
Systems

Introduction
There are two major types of perforating gun systems:

® (Capsule guns are exposed gun systems, with the individual shaped charges in pressure-tight
capsules that, along with the other gun components, are exposed to the well environment.

® Hollow carrier guns use shaped charges that are positioned inside pressure-tight steel tubes.

Other perforating guns are for special applications, such as tubing punchers, or customized
systems. Regardless of the type of gun or perforating application, gun performance depends on
design and manufacturing quality control (QC), as verified by testing.

Perforating gun design

Successful perforating gun system design incorporates a multitude of topics, including physics,
mechanics, chemistry, metallurgy, and explosives principles. It utilizes peaceful applications of
the best efforts of both weapons and armor technologies and incorporates rock mechanics, fluid
flow in porous media, wellbore completion constraints, operational constraints, logistics, and
economics considerations.

The performance goal of perforating gun design is the optimization of features:

® Maximized external collapse pressure resistance—Both the mechanical strength and wall
thickness must be sufficient to withstand pressures between 4,000 and 27,500 psi, depending
on the application.

®m Maximized shaped charge performance—Internal space must be available for the largest pos-
sible shaped charge package. This in turn requires a thinner walled hollow carrier, which
must have a higher strength to withstand the external pressure.

® Survivability of the hollow carrier from detonation of the shaped charges—Both high tough-
ness and high strength are required of the hollow carrier material. Therefore, the metallurgy
(chemistry, cleanliness, and heat treatment) of the steel must be carefully designed and man-
ufactured to provide the necessary toughness properties and strength level.

®m Optimal shaped charge design—Three aspects should be addressed.

— Performance in the target reservoir—For competent rock, the primary function of the
shaped charge is to create the deepest possible perforation cavity in the reservoir for the
size of the shaped charge that can be used in the gun. For very weak and unconsolidated
rock where sand control is required, the primary function of the shaped charge is to create
the largest possible hole size in the wellbore casing for the size of the shaped charge that
can be used in the gun. Regardless of the rock type, minimizing formation damage while
achieving maximum performance is the desired goal.

— Interior of the hollow carrier—The shaped charge must be designed and distributed

within the hollow carrier to minimize mechanical and explosive damage to the hollow car-
rier while also minimizing charge-to-charge interactions within the gun that could reduce
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performance and consistency. Because of the various geometries of the charge case, explo-
sive, and liner, the charge-to-charge interactions vary as does the resulting damage to the
gun. An optimal configuration maximizes the system performance compared with single-
shot performance and causes only minimal damage to the hollow carrier.

— Shaped charge design—Notwithstanding the other requirements, the shaped charge has to
function in and of itself. It must detonate when initiated by the detonating cord. The liner
must collapse to the centerline at velocities of about 4 to 5 miles/s. The liner must form into
a jet with the desired mass and velocity profile for the intended application. Maximizing
shaped charge performance requires careful and extensive design, modeling, manufactur-
ing, testing, and review.

Maximized reservoir productivity—Deep penetrating charges are used in a gun system to pro-
duce the deepest possible perforation cavities in the optimum distribution around the
wellbore. A productivity-maximizing distribution of perforations can be modeled within
the shot density and phasing constraints of the gun system. However, interactions between the
detonating shaped charges and the shaped charge jets they form, wellbore fluids between
the gun and casing, and the target reservoir can have individual or combined adverse effects
on performance. These interactions must also be optimized to maximize performance.

Minimized harmful debris from the perforating process—Shaped charges are akin to hand
grenades in that they produce metal shrapnel when detonated. Whereas the objective of
a hand grenade is to maximize shrapnel quantity and velocity, it is the opposite for a
shaped charge: Shrapnel is bad. It creates debris that gets in the way of everything else to be
done in the well. Therefore, the amount of shrapnel, or debris, that can exit the gun must
be minimized.

Minimized mechanical damage to the wellbore and completion equipment—Tall buildings are
demolished with explosives in a controlled fashion to minimize damage to their surroundings.
Perforating guns use explosives with the objectives of maximizing performance while creating
minimum damage to their surroundings as well, but without any demolition.

Operate as designed over long periods of time at elevated temperatures and pressures—NMore
and more well completions require that the perforating gun string remain downhole for long
periods of time before the guns are detonated, often at elevated temperatures and pressures.
The explosives that are used must be stable at elevated temperatures over time, and the inter-
nal gun environment must be chemically clean.

Effective seal design—Shaped charges require air space in front of them to function properly.
If wellbore fluid leaks into a hollow carrier, the shaped charges function instead as many small
bombs. Bombs do not produce jets, and all the explosive energy is transmitted to the wall of
the hollow carrier, potentially causing serious damage to both the gun and wellbore. A reliable
seal design and elastomers appropriate for the wellbore fluids are required.

Fishable if the guns become stuck in the well—Things sometimes go wrong. The gun string
must be fishable if the guns become stuck because of sanding, wellbore gun debris, or some
other failure or operational problem. This performance requirement often limits the maxi-
mum diameter of the guns to ensure that they can be easily retrieved. This in turn limits
the size of all components that would otherwise be larger toward the objective of maximizing
performance.

Mechanically sound to withstand the rigors of transportation and handling—Perforating gun
components may be dropped or otherwise mishandled and therefore must be able to survive
these accidents safely.

Facilitate transportation, storage, loading, and operation—Assembly must be straightforward,
robust, and account for safety issues. The completed gun assembly must also be mechanically
sound to withstand the rigors of transportation, handling, and subsequent operations.

Comply with government regulations worldwide—Schlumberger operates in more than 100
countries worldwide and must comply with all transportation, storage, and safety regulations.
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Quality control
Design and engineering procedures

Product Lifecycle Management Process

The Product Lifecycle Management Process (PLMP) consists of two distinct activities: the devel-
opment of a product or service through a project, followed by support of the commercial product
or service until its eventual obsolescence. The PLMP employs a framework of phases, check-
points, and deliverables to

® ensure the timely and appropriate participation of various Schlumberger communities in the
product development process

B ensure the completeness of the process, without critical errors of omission or missing steps
B provide a basis for monitoring and management through the use of a common process
® manage challenges and risks by dividing projects into incremental steps.

RapidResponse client-driven product development

To meet client needs that fall outside of the normal research and development (R&D) process,
the Schlumberger RapidResponse client-driven product development system is in place for
modifying existing equipment or designing new products. Although RapidResponse efforts are
project specific and typically in response to an urgent request, the same high levels of engineer-
ing excellence and attention to quality are employed as on the development of other products.

Schlumberger field locations interact directly with the RapidResponse perforating and other
product teams online. A product search first identifies whether an item is available, and there-
fore can be ordered, or if it is in the following categories:

® A similar item is available that requires minor modification.
® The product exists but requires substantial modification, or the product is nonexistant.

In either case, a comprehensive quotation is returned for use by Schlumberger operations per-
sonnel and the client to make a suitable decision.

Benefits

The RapidResponse process provides multiple benefits:

® tailor-made solutions for specific perforating needs

fast and cost effective

fully supported by extensive Schlumberger engineering and manufacturing expertise
easily accessible by field personnel

client kept fully informed.

Ballistic chain

The four components of the ballistic chain are the detonator (and optional supplemental
booster), detonating cord, charge primer, and shaped charge (for more information on these
components, see the “Perforating Fundamentals” chapter). To prevent a misfire, ballistic trans-
fer must be properly performed at all component junctions of the ballistic chain.

Several aspects of hardware design address ballistic transfer concerns:

® Thick, round, grain-heavy detonating cords are used for increased reliability instead of lead-
jacketed cords, such as those formerly used in the HyperDome through-tubing hollow carrier
gun.
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® The manufacturing process for shaped charges includes manual placement of the primer in
each shaped charge. See “Shaped charge manufacturing” in this chapter for more details.

m Ballistic transfer on long guns must be made across to adjacent guns, creating additional
transfer challenges. Modern ballistic transfer subassemblies include positive-contact make-
ups for adjoining strings of detonating cord equipped with boosters.

m Ballistic transfer in the trigger charge firing (TCF) head uses a small shaped charge fired by
the TCF head into the booster, which terminates the detonating cord of the gun.

Field procedures also ensure the integrity of the ballistic chain:

® Specially designed detonating cord cutter—The cord cut is especially important because a
poor-quality cord termination (e.g., slanted, jagged, or with loose or lost explosive powder)
may fail to transmit the explosive shock wave.

® Special detonator-to-cord crimping tools and procedures—The crimp must be tight enough
to resist cord shrinkage under temperature but loose enough to prevent restricting the cross-
sectional area of travel for the explosive shock wave.

m Use of qualified boosters only—Boosters are critical components at high temperatures. HMX
and HNS explosives for well perforating are less sensitive than RDX.

m Strict adherence to procedures—Recommended procedures must be followed in building
guns, fastening the cords, avoiding unnecessary cord loops, and ensuring a clean environment.

B Recommended combinations of explosives—Recommendations must be followed to ensure
that no incompatible explosives are used at any junction of the ballistic chain.

Shaped charge manufacturing

The shaped charge is the most critical gun system component to manufacture with maximum
quality consistency. Shaped charges are made by assembling four components: case, main explo-
sive pellet, primer, and liner. Each component must be manufactured to exact tolerances to
ensure that the liner collapses to form the jet according to the design of the charge. For routine
manufacturing production runs, each charge must perform to a minimum target penetration
standard related to API RP 19B Section 1 (see “American Petroleum Institute testing of gun sys-
tems” for a detailed discussion).

Tooling

The cone dies used to press the charge liner are the most critical tooling components. Each die
is made from hardened tool steel. The tools are then shaped using diamond-faced grinders, and
the working surfaces are finished with diamond-impregnated compounds. The tools are heat-
treated in-house for consistency.

All tools are fully traceable to support QC tracking of the day-to-day production of shaped
charges. For example, manufacturing procedures put into place for PowerJet deep penetrating
shaped charges have resulted in significant performance improvement in all charges.

Quality control of raw materials
Materials used in the manufacturing of shaped charges must meet stringent QC requirements:

m Steel and plastic components are cross checked directly with suppliers according to product
specifications.

m A fully equipped chemistry laboratory measures each batch of explosives for purity, thermal
stability, melting temperature, granulation, and bulk density.

®m Each batch of liner powder is assessed for moisture content, granulation, particle size and
shape, and bulk density.

® Complete entries are made in the manufacturing database to ensure that raw materials are
also fully traceable. Samples of all raw materials are stored for replicating a field problem.
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Manufacturing

Schlumberger manufactures all parts of the shaped charges except the cases.

The liners are manufactured from powdered or solid metal. Powdered metal liners are made
from a blended mixture of components, including a weighted mixture of several metal powders,
lubricants (to help the powder flow around the shaped tools during pressing), and corrosion
inhibitors. The mixture is pressed in a die body at very high loads to form a shaped cone. Solid
liners are made by drawing a metal sheet over the tool and pressing it to form a shaped cone.

Shaped charges are manufactured by assembling the case (typically made of steel), primer,
explosive pellet, and liner. The primer is deposited into the case and the level consistency veri-
fied. The main explosive is then poured into the case and leveled manually as a total quality
measure to further ensure consistency. The explosive is pressed into the case under a very high
load designed to produce a pellet of optimum density. During this operation, the liner is also
pressed onto the explosive to form the finished shaped charge.

Quality control testing of shaped charges

Repeated performance measurement of manufactured shaped charges is integral to ensuring
the quality of the finished product. The performance measures are total target penetration and
hole size.

At the beginning of a new production run (associated with a new date-shift code), at least
two charges are shot into a concrete QC target (Fig. 91). Each target is built to Schlumberger
standards, including a real gun section. A water standoff is placed on the target to simulate an
actual downhole shot. Targets are aged to achieve a specified compressive strength. Expected
penetration in the QC target relates to API RP 19B Section 1 penetration specifications. The min-
imum penetration requirement for the production run is set to guarantee 90% of the Section 1
penetration specifications. Production can begin when the results of the startup shots indicate
that the minimum requirement has been surpassed.

Detonating cord

Charge
Charge jacket
Hollow carrier segment

Loading tube
segment

Water clearance

0.375-in. mild
steel plate

Target holder

Concrete target

Figure 91. QC testing setup for deep penetrating and big hole charges.
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Samples are selected and shot at regular intervals throughout production. Shots are con-
ducted every 240 charges or every 120 charges for high-temperature charges. If the sample shots
do not match the performance of the startup shots, the entire batch is discarded.

Additional tests are performed during manufacturing. A drop test ensures the integrity of the
charge and liner. A Bruceton test verifies the sensitivity of initiation of the shaped charge versus
the thickness of any potential gap between the cord and the charge. Random batches of charges
are pulled from storage bunkers at set intervals and shot to determine aging effects.

Manufacturing and qualification for critical wells

Critical wells

Schlumberger has a procedure for manufacturing, qualifying, assembling, and operating equip-

ment for use in “critical” wells. When the operator and field organization identify a critical well,

SRC provides engineering support as well as full QC and traceability of the perforating components.
Examples of critical wells are as follows:

® wells with one or more of these conditions: high pressure, high temperature, long explosive
exposure time prior to perforating

wells in an environmentally sensitive area

wells where replacing failed equipment would take considerable time
wells being drilled and completed at an exceptional cost to the operator
special requests by Schlumberger clients.

Quality verification and consignment

All perforating gun and firing head hardware, explosives, and components required for the crit-
ical well are listed and quantities are determined.

To verify hardware quality, all components are traced to the raw materials, and the raw mate-
rials are checked against specifications. A critical well quality file is opened for the specific well
to record dimensions that typically include the following measured parameters:

® verification of critical dimensions, measured on the manufactured equipment, to ensure that
they are completely within tolerance

sealbore ends of hollow carriers

diameters of all O-ring grooves

diameters of all extrusion-resistant edges of O-rings
important, but noncritical, reference dimensions.

To verify the quality of explosives, all explosive components are traced to the raw materials.
The raw material certifications are compared with the specifications and verified, and then
recorded in the critical well file along with inspection and performance datasheets. The follow-
ing items are specific concerns in quality verification:

® Detonating cord—Cords are X-rayed to certify that they are free of flaws, and the films are
kept on record.

® Boosters—Each booster in a designated lot is individually numbered, measured, and
recorded. Sample boosters of varying dimensions are test fired to ensure adequate ballistic
transfer for the selected boosters in all density categories. Only if a selected lot passes all tests
is it qualified for the critical well.

m Shaped charges—Production datasheets (which include QC testing) are reviewed. A small
quantity of charges may be stored for future reference at the client’s request.

® Detonators—All detonators undergo review, inspection, traceability, and qualification
testing.

Schlumberger

Hunting Titan, Inc.

Return to Contents Poce 144


http://www.slb.com/content/services/

Firing head components are inspected completely. Functional tests can also be performed
(e.g., to measure the delay time of firing head orifices under actual environmental conditions).

Quality verification of elastomers and plastic components is performed at the expected
environmental and operating conditions.

Failure to meet requirements for dimensions, specifications, or testing is the criterion for
rejecting a component. SRC allows exceptions only when they are approved by the operator’s rep-
resentative as required.

Both the operator and SRC audit the quality verification steps described here. When the qual-
ity verification is approved, consignment of the equipment can take place. The equipment is
consigned with the documentation gathered in the critical well file during the quality verification
phase.

Preparation and assembly at location

Both the local Schlumberger manager and the designated operator’s representative supervise the
following steps:

1. Clear all critical well work areas of components not associated with the well.

2. Identify all critical well components and verify against the quality file and other relevant
documentation.

3. Jointly qualify field personnel.

4, Perform all assemblies according to instructions in the field operations manuals, under SRC
supervision, or both.

5. Repackage and seal leftover explosives for future reference.

American Petroleum Institute testing of gun systems

In September 2006, the API published the 2nd Edition of API RP 19B, Recommended Practices

Jor Evaluation of Well Perforators. Since 1962, API RPs have been the industry standard for test-
ing and evaluating perforating systems. API publications remain in effect for a maximum of 7
years, so the previous standard, RP 43 (5th Edition), which was published in January 1991,
ceased to be in effect as an operative API standard in January 1997. RP 19B 1st Edition was
published in November 2000, and the 2nd Edition provides necessary updates and several
improvements to allow its continued use into the future.

In addition, on April 1, 2001, the API instituted its significant new API Perforator System
Registration Program. The program establishes a procedure by which an API representative,
trained by the manufacturers of shaped charges, is present to witness all critical phases of the
RP 19B Section 1 test. The API maintains a list of all registered tests as well as copies of the wit-
ness reports for the tests. Schlumberger was instrumental in getting the witness program
implemented toward the goal of reestablishing much of the credibility of the Section 1 test.

RP 19B 2nd Edition has four sections, each describing a specific test procedure:

m Section 1—Evaluation of Perforating Systems Under Surface Conditions, Concrete Targets
® Section 2—Evaluation of Perforators Under Stress Conditions, Berea Targets

® Section 3—Evaluation of Perforator Systems at Elevated Temperature Conditions, Steel
Targets

m Section 4—Evaluation of Perforation Flow Performance Under Simulated Downhole
Conditions

® Section 5—Debris Collection Procedure for Perforating Guns.
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Section 1—Evaluation of Perforating Systems Under Surface Conditions,
Concrete Targets

The Section 1 test is a system test of the complete gun in an actual downhole configuration,
including the charges at the shot density and phasing specified for the gun system. The changes
in RP 19B from RP 43 are in this section. As before, the target is concrete of 5,000-psi compres-
sive strength. However, the aggregate used in the concrete was changed from ASTM International
(formerly the American Society for Testing and Materials) C-33 sand to API 16-30 frac sand. This
change provides much tighter control on the aggregate size, shape, and mineralogy, which results
in a more repeatable target.

Other changes include increasing the water/cement ratio from 0.50 to 0.52 (owing to the
required “dry” nature of API frac sand) and more specific procedures on how the compressive
strength specimens (briquettes) are prepared and tested. Total penetration depth, casing hole
diameter, and burr height are measured and recorded. Figure 92 shows the API Section 1 test
setup and target.

Test specimen Water

Steel form

28-day concrete

Figure 92. Setup for Section 1 test (RP 19B).

The Section 1 test is performed at surface temperature and pressure using standard field
equipment. The gun is shot positioned in the casing as it would be in an actual well to best eval-
uate performance variations resulting from the gun-to-casing clearance. The minimum quantity
production run for the charge is 1,000 (300 for high-temperature explosives). At least 12 charges
or 1 ft fully loaded at the specified shot density, whichever provides more shots, is tested. The
charges must have been aged 28 days to test for possible aging effects.

The Perforator System Registration Program requires the representative witness to observe
and record the following items for registration of an RP 19B Section 1 test with the API:

1. Charge selection from the required minimum lot size
2. Gun loading, including gun description and verification of its status as standard field equipment

3. Gun firing and data collection, including samples of the target concrete and the casing used
in the target and concrete slurry information

4, Review of production QC data and QC shots of witness-selected charges

Optional activities to witness are target pouring and briquette preparation and testing.
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Section 2—Evaluation of Perforators Under Stress Conditions, Berea Targets

The purpose of the Section 2 test is to simulate actual downhole conditions by testing charges in
a target of Berea sandstone stressed at 3,000 psi with simulated wellbore pressure applied. The
setup for the test is shown in Fig. 93.

Stressing fluid inlet

Core vent

Adapter

1-in. NPT nipple
Threaded rod
Vent-end support plate

Vent-end seal plate

4- or 7-in.-diameter core

0.25-in.-thick rubber sleeve

0.75-in. Hydrostone® spacer

Shooting-end target plate

Shooting-end support plate

Annulus fluid

Figure 93. Setup for Section 2 test (RP 19B).
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The Berea core diameter is 4 in. for charges of 15 g or less and 7 in. for charges exceeding 15 g.
Only deep penetrating charges of less than 600 grains [38.9 g] of explosive are allowed. The core
is dried and then vacuum-saturated with a 3% brine solution. The target and single-shot perfo-
rating gun section are placed in a pressure vessel that simulates the 3,000-psi confining stress. A
minimum of three shots are fired at ambient temperature. Penetration and entrance hole size
are measured and recorded.

There are no provisions for the registration of Section 2 tests.

Section 3—Evaluation of Perforator Systems at Elevated Temperature Conditions,
Steel Targets

The Section 3 high-temperature test is a separate verification of the pressure integrity of the
entire gun system at the rated pressure, temperature, and time. No explosives are required for
the pressure test. At least six charges are loaded in the gun and ASTM International A-36 steel
targets are mounted around the gun. The entire gun system, including any associated hardware
to be included in the rated system, is heated to and maintained at the rated temperature for a
specified time and then fired at temperature. Penetration and entrance hole performance are
compared with the performance of an identically loaded gun tested at ambient temperature
using similar targets. For TCP systems, at least one detonation transfer must be demonstrated.
The setup for this test is shown in Fig. 94.
There are no provisions for the registration of Section 3 tests.

| Thermocouple
m
o+ Laminated
steel
target
P
O
Heat
source !)
~—
Earth-filled
cylinder

Figure 94. Setup for Section 3 test (RP 19B).
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Section 4—Evaluation of Perforation Flow Performance Under Simulated
Downhole Conditions
The Section 4 tests are optional for determining perforation flow performance based on flow rate

data and characteristics of the perforation and core. Figure 95 illustrates the setup for a Section
4 test.

Wellbore Simulated
pressure in overburden
pressure in

<« Pore
pressure
in

L O

Gas-charged
accumulator

Simulated Perforating Target Simulated 3-um
wellbore gun overburden filter
pressure
vessel

Figure 95. Setup for Section 4 test (RP 19B).

Several tests are performed on single-shot perforations fired in a confining pressure vessel
that contains a cylindrical quarry sample or well core equipped with the following elements:

m face plate to simulate the casing
m flexible jacket to transmit the simulated overburden stress to the core
® provisions to apply pore fluid pressure to the core boundaries (the flow system).

Pore fluid pressure may be applied to the cylindrical sides of the core (radial flow), unperfo-
rated end of the core (axial flow), or both the sides and end in a manner simulating in situ pore
pressure fields. A second pressure vessel simulating the wellbore contains the single-shot gun
system.

There are no provisions for the registration of Section 4 tests.

Section 5—Debris Collection Procedure for Perforating Guns

The Section 5 test for hollow carrier and capsule guns was introduced in the 2nd Edition of
RP 19B. The test quantifies the debris that comes out of a perforating gun upon detonation. It
also identifies any debris that remains in a hollow carrier gun and could come out of the gun as
it is retrieved from the well. The test is only for comparing gun systems and is not to be used to
determine the amount of debris that will be left in a wellbore.

Standard field equipment is used for the test, with the entire gun fully loaded to maximum
shot density, including a minimum continuous linear 2.5 ft of perforations. The Section 1 test
setup is used with hollow carrier guns restrained to stay inside and in a vertical position in the
water-filled casing. For testing capsule guns, a closed pressure vessel pressurized to 5,000 psi is
used. The produced solid debris is collected and characterized for weight, volume, sieve size, and
type of material.

There are no provisions for the registration of Section 5 tests.
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Perforator performance

Perforator performance in downhole environments is critical to successful well completion.
Although the API tests provide a basis for comparing the performance of perforators in downhole
conditions, no analytical criteria are available to translate the performance data into in situ con-
ditions at the wellbore. Thus, using API test results requires caution and careful consideration.
For example, API tests are supposed to be conducted using standard manufacturing batches of
charges. However, tests performed on charges that are specially manufactured for API testing
may not represent average charge performance. Section 1 tests, often the only ones available, are
performed in concrete. The penetration depths, therefore, do not necessarily represent downhole
penetration depths in actual formations. Finally, environmental parameters affect a perforator’s
penetration in downhole conditions (e.g., rock strength, formation stress, temperature, pressure,
and gun position at the time of perforating).

API makes decisions in consultation with the oil and gas industry. It does not function as a
detached group of experts that issues directives, but takes advice and input from service compa-
nies, oil and gas operators, and scientific and technical organizations. For this reason, the
established API procedures balance industry objectives, state-of-the-art technology, and the
influence of service providers.

The new Registration Program undoubtedly improves the credibility of the Section 1 test.
Operators know that registered tests were conducted following proper procedures and that an
API-assigned representative witnessed and verified the reported data. Further development of
the quality programs associated with the engineering and manufacturing of perforating systems
is next. The Registration Program provides a credible “snapshot” in time for a system and a par-
ticular lot of charges. Confidence in the quality of ongoing production remains an important
objective.

The following three chapters list perforating gun performance and specification summaries
including current API RP 19B and RP 43 test data.
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Capsule Gun
Perforating Systems

Introduction to exposed guns

Capsule guns—also called “capsule-charge guns”—are exposed gun systems, with the individual
shaped charges sealed in pressure-tight capsules mounted on a carrier strip or links that are
exposed to the well environment.

Capsule guns are typically used in through-tubing perforation applications and generate supe-
rior performance compared with hollow carrier guns of the same diameter. Schlumberger
capsule guns are developed through an extensive engineering and manufacturing program. They
are holistically designed as a system, comprising the carrier strips or links, charges, and deto-
nating cords, to provide maximum perforator performance. The entire capsule gun system is
then manufactured following rigorous Schlumberger quality assurance (QA) standards.

The capsule guns described in this chapter are designed for use on an electric wireline cable,
although some of the systems can also be run on slickline. There are two designs of capsule guns:
expendable (the charges and mounting assembly are left as debris after firing) and retrievable
(debris is left, but the mounting is recovered). The latter design is also called semiexpendable.
Some of the capsule gun systems have a selectivity option that allows shooting more than one
zone per run.

The capsule charges are designed to withstand extreme downhole pressures and tempera-
tures and hostile fluids. Every charge is manufactured through a rigorous QC program to ensure
the highest mechanical reliability possible. Multiple checks of each charge verify that there is no
pressure leakage. Because the capsule is exposed to the well environment, its rugged packaging
is made to withstand continuous vibration and mechanical impact so that charges can perform
as designed when the bottom of the well is reached.

The retrievable carrier strips, which convey the charges, are also a major engineering chal-
lenge. The carrier strips must withstand the explosion and stay relatively straight so that they
can reenter the tubing after the gun is shot. They must also be able to handle the mechanical
impact that occurs when conveying the guns downhole.

The entire carrier strip and capsule-charge design is optimized to maximize performance,
yet maintain reliability. Increasing the thickness of the carrier strip enhances its mechanical
integrity but reduces the size of the charge, which limits the performance of the charge.
Schlumberger engineers have optimized the design of the carrier strips and capsule charges so
that the charges provide the best performance in the industry and are the most reliable system
available.

Because loaded capsule guns contain only secondary high explosives (detonating cord, boost-
ers, and charges), they are safe to transport and handle following standard Schlumberger safety
procedures.

Figure 96 illustrates capsule gun terminology. Capsule gun specifications are defined as follows:

gun size—nominal OD (in.)

gun phasing—azimuthal distance between charges (°)

shot density—number of charges per unit length (1 ft) of gun
shot spacing—Ilongitudinal distance (in.) between shots.

Following the introductory material in this chapter are gun selection guidelines, gun
datasheets, and a summary listing of capsule gun performance and mechanical data.
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Figure 96. Capsule gun system terminology.
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Capsule gun selection

Selecting the most appropriate capsule gun depends on numerous factors:
productivity ratio

ID of nipples and valves in the downhole assembly

bottomhole pressure and temperature

sensitivity to perforating debris

borehole fluid

shot phasing and density

deviation and doglegs.

Because productivity is a function of penetration, entrance hole, phasing, and shot density, it
may not be a straightforward procedure to determine which capsule gun system will perform
best. SPAN Schlumberger perforating analysis is a useful computer simulation program for com-
paring the well productivity of various systems (see “SPAN perforating analysis” in the “Reservoir
Completion Types” chapter).

The PowerSpiral capsule perforating system is the Enerjet expendable-strip gun system of
choice. As subsequently discussed in the PowerSpiral datasheet, the PowerSpiral system fea-
tures the technological breakthrough of shock-absorbing material between the charges. The
material attenuates shock waves generated during detonation, which reduces charge-to-charge
interference as well as minimizes shock waves in the wellbore (Figs. 97 and 98). This signifi-
cantly increases the performance of cross-wellbore shots. With its multiple phasing, high shot
densities, and use of Power Enerjet* charges, the PowerSpiral Enerjet system is capable of
achieving the highest well productivity in the industry. In addition, the shock-absorbing material
virtually disappears after the detonation, leaving a negligible amount of environmentally
friendly debris in the well.

Figure 97. A computer simulation of two capsule shaped charges shot in a liquid-filled borehole demon-
strates the decrease in performance that typically occurs from the complex shock effects resulting from
interference between the pressure waves formed by the jets. The white area between the two jets is a
region of high pressure. At 45 ps after detonation (the top charge was detonated first), the pressure front
has collapsed the cavities, partially interrupted the top jet, and severely damaged the bottom jet.
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Figure 98. The same computer simulation as in Fig. 97 conducted with PowerSpiral shock-absorhing
material between the capsule shaped charges. With the reduction of charge-to-charge interference
both jets remain straight at 45 ps after detonation and the liquid has no noticeable effect on the jets.

Table 21 is a productivity comparison of the 2%-in. Enerjet systems.

The minimum restriction of the downhole assembly is usually the primary limiting factor. In
general, the largest gun that can be accommodated by restrictions in the well should be used.
Penetration depth and entrance hole size usually increase with gun size. Big hole charges are

also available for some capsule gun systems.

The next factor to consider in choosing a capsule gun is the bottomhole pressure. If a gun is
run beyond its pressure rating, the capsule may collapse, causing autodetonation and possible

damage to the well.

Bottomhole temperature is a similarly critical consideration. Capsule guns using carrier strips
with RDX explosives are rated at 330°F [1656°C] for 1 hr. However, for high-temperature opera-
tions, all guns are available with HMX explosives, and some have optional HNS explosives for very

high temperature wells.

Table 21. Enerjet Systems Productivity Comparison®

2's-in. Enerjet System Productivity Ratio

No-Damage Zone

Moderate-Damage Zone

PowerSpiral, 6 spf 1.096 0.818
0°-phased retrievable Enerjet, 6 spf 1.009 0.803
Biphased (+45°) retrievable Enerjet, 6 spf 1.094 0.795
Spiral-phased expendable Enerjet, 4 spf 1.032 0.715

TBased on SPAN calculation for 5%2-in. 17-Ibm/ft casing
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Capsule guns generate debris that remains in the well, and the sensitivity of the completion
to this debris should be considered. Schlumberger capsule guns are available in partially retriev-
able and nonretrievable (expendable) versions. With a retrievable Enerjet gun system, the
carrier strip is retrieved, although charge case debris remains in the well. The PowerSpiral
system also has a retrievable carrier strip. Table 22 compares the capsule gun systems by debris
(amount of fill left downhole) and robustness (ability to withstand buckling); although capsule
guns carry high-performance charges and substantially outperform hollow carrier guns of the
same size, they are not as rugged as hollow carrier guns because the charges, detonating cord,
and detonators are exposed to the well environment. For details on the debris fill generated, see
summary Table 39 at the end of this chapter.

Table 22. Capsule Gun System Comparison by Debris and Robustness

Retrievable or Debris Robustness
Expendable
PowerSpiral Retrievable Very good Good
0°-phased Enerjet Retrievable Excellent Very good
Biphased Enerjet Retrievable Very good Good
Spiral Enerjet Expendable Good Fair
Pivot Gun Expendable Fair Fair

The Pivot Gun system is a high-performance nonretrievable capsule gun. Its penetration per-
formance is equal to or better than that of most hollow carrier guns, yet it is small enough to run
through 2%3-in. tubing. Upon firing, the entire gun (except the deployment head) breaks into
small pieces and falls to the bottom of the well.

Hostile chemicals such as HyS, acids, and bromides can attack capsule guns and make them
inoperable. Special precautions that can be taken are coating the gun with insulating varnish
and using selected detonating cord and detonators. For hostile chemicals with concentrations
of 30% or more in the borehole fluid, using hollow carrier gun systems is recommended.

Phasing and shot density are parameters that affect productivity. Retrievable Enerjet sys-
tems are available with 0°, biphase (+45°), and spiral (45°) phasing. Expendable Enerjet
systems are available with 0°, triphase (0°, +45°), and continuous spiral (45° or 60°) phasing.
Increasing the phase angle from 0° to 60°, 90° or 180° increases productivity according to var-
ious studies and field practice (see the “Productivity and Skin Effect” chapter for details).
When small capsule guns are shot in large casings, the effect of the gun-to-casing clearance
may reduce penetration and negate the productivity improvement of phasing. In such cases,
0° (or for the Pivot Gun system, 180°) phasing is preferred. Increasing the shot density also
improves productivity, as described in “Reservoir Completion Types.”

Well deviation is another consideration. Guidelines on maximum lengths and diameters for dif-
ferent dogleg angles are in the “Operating Environment and Engineering of Perforating
Operations” chapter. For deviations beyond 60° to 70°, coiled tubing, tractor conveyance, or a
TCP technique with a hollow carrier gun system should be used.
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Precautions and considerations

Wireline capsule guns are often run with wellhead pressure control equipment. The lubricator
must never be pressure tested with an armed perforating gun inside. A pressure leak in the gun
or detonator could result in gun detonation.

Additional considerations in selecting these exposed gun systems are as follows:

The casing or tubing where the capsule gun is being shot should be fully supported.
Unsupported or poorly cemented casing may split when the gun is detonated. This is more
likely to occur in liquid-filled casing. In dry gas environments, the risk of splitting is reduced.

If debris generation is a problem, the retrievable Enerjet gun systems (PowerSpiral and
0°-phased and biphased retrievable guns) leave less debris in the well compared with the
expendable systems. Generally, the debris fill of a given Enerjet gun is larger when it is shot
in liquid compared with in dry gas.

Casing diameter is also a consideration. As a general rule, the casing diameter should be at
least twice the size of the capsule gun. If perforating operations are in supported tubing or a
liner that is less than twice the diameter of the gun, either the expendable Enerjet system or
a drop-off system with a retrievable Enerjet system should be used with no expectation of
retrieving the gun. In either case, the toolstring can be retrieved, but the problem of bridging
the pipe may be an issue. The 0°-phased systems are the best option in large-diameter casing
such as 9% in. because shots across casing have significantly reduced performance.

Capsule gun datasheets

The following datasheets provide a succinct summary of Schlumberger capsule guns. For special
applications, contact your Schlumberger representative about other phasings and shot densities
that can be made on request.
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The PowerSpiral gun system (available in 11i6-, 2%-, and 2%-in. sizes) is
a retrievable capsule perforating gun designed for through-tubing wire-
line operations (Fig. 99 and Table 23). This spiral-phased (Fig. 100) system
incorporates the technological breakthrough of shock-absorbing material
located between the charges. The material attenuates shock waves during
the detonation, which reduces charge-to-charge interference as well as
minimizes shock waves in the wellbore. The result is significantly increased
performance of shots across the wellbore (Table 24). PowerSpiral features
such as multiple phasing, high shot density, and use of PowerJet charges
enable the PowerSpiral system to generate perforations capable of the
highest well productivity for its size.

Applications

® Through tubing

® Deep penetration

® Rigless perforation or reperforation

Table 23. PowerSpiral Mechanical Specifications

Outside diameter (in.) 1"ie 2 2V
Shot density (spf) 15 6 5
Phasing’ (°) 45 45 45

Temperature rating, 1 hr (°F[°C]) HMX:365[185] HMX:365[185] = HMX: 365 [185]

Pressure rating (psi) 20,000 15,000 15,000
Min. casing size (in.) 4 4Y 4
Min. restriction (in.) 1.78 2.25 2.62
Max. gun length (ft) 30 30 30
Debris fill per charge (in./ft)

4'%-in. casing 0.14 0.08 0.88

5%-in. casing 0.09 0.12 0.59

7-in. casing 0.06 0.07 0.38
Max. tensile strength* (Ibf) 8,000 12,000 18,000

T Spiral phasing

*Pull strength of the gun strip
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1.5 spf, 45° Spiral 6 spf, 45° Spiral 5 spf, 45° Spiral
(for 146 in.) (for 2'%in.) (for 24 in.)
Figure 100. PowerSpiral shot patterns in 5%-in. casing.
Table 24. PowerSpiral Performance Summary*
Gun Shot Density Charge Penetration Entrance Burr Height  Casing Size
(spf), (in.) Hole (in.) Avg./Max. (in.), Weight
Phasing (°) (in.) (Ibm/ft)
1"%46-in. PowerSpiral 15,45 PowerSpiral, HMX 19.5 0.22 0.06/0.10 4%, 11.6
2V&-in. PowerSpiral 6, 45 PowerSpiral, HMX 27.2 0.32 0.08/0.11 51, 17.0
2Y5-in. PowerSpiral 5,45 PowerSpiral, HMX 36.6 0.39 0.07/0.11 51, 17.0
TBlue type identifies APl 19B Registered Perforation Systems.
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1.63-In. Retrievable

The 1.63-in. retrievable Enerjet gun, designed for a 1.71-in. nipple, is a high-
performance exposed capsule gun suitable for through-tubing operations
(Figs. 101 and 102 and Tables 25 and 26). Rig-up is easy with the articulated
head. When the gun is fired, the charge cases shatter to leave the carrier
strip, charge caps, head, and other accessories intact for retrieval. The
retained caps are useful for individual shot verification.

Applications

® Through tubing

® Deep penetration

m Rigless perforation or reperforation

12in. ) 12in.
>
>
>
> >
>
1 »
24in. 24in.
180° 0°  180° 180° 0°  180°
4 spf, 0° Phasing 6 spf, 0° Phasing

Figure 102. 1.63-in. retrievable Enerjet shot patterns in 4%-in. casing.
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Table 25. 1.63-in. Retrievable Enerjet Mechanical Specifications

Outside diameter (in.) 1.63
Shot density (spf) dorb
Phasing (°) 0

Temperature rating, 1 hr (°F [°C])

RDX: 330 [165]
HIMX: 365 [185]

Pressure rating (psi) 20,000
Min. casing size (in.) 4
Min. restriction (in.) 1.71
Max. gun length (ft) 50
Debris fill per charge (in./ft)

4%-in. casing 0.13

5%-in. casing 0.08

7-in. casing 0.06
Max. tensile strength' (Ibf) 10,000

TPull strength of the gun strip

Table 26. 1.63-in. Retrievable Enerjet Performance Summary"

Gun Shot Density Charge Penetration Burr Height Casing Size
(spf), (in.) Avg./Max. (in.), Weight
Phasing (°) (in.) (Ibmy/ft)
1.63-in. retrievable 4,0 Enerjet, RDX 18.0 0.03/0.05 4,116
Enerjet
1.63-in. retrievable 4,0 Enerjet, HMX 17.8 0.03/0.06 4,116
Enerjet
T API RP 43 5th edition or API 19B Section 1
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1146-In. Retrievable
Enerjet Gun

The 11%¢-in. retrievable Enerjet gun is a high-performance exposed capsule
gun suitable for through-tubing operations (Figs. 103 and 104). Continuous
spiral phasing is available (Tables 27 and 28). When the gun is fired, the
charge cases shatter to leave the carrier strip, charge caps, head, and other
accessories intact for retrieval. The retained caps facilitate individual shot
verification.

Applications

® Through tubing

® Deep penetration

m Rigless perforation or reperforation

12in. 12in. .

24in. 24in.
180° 0°  180° 180° 0°  180°
6 spf, 0° Phasing 6 spf, +45°

Figure 104. 1'Vs-in. retrievable Enerjet shot patterns in 4%-in. casing.

Figure 103. 1'ie-in. retrievable Enerjet gun.
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Table 27. 1"4¢-in. Retrievable Enerjet Mechanical Specifications

0° Phased High-Temperature Biphased
0° Phased
Outside diameter (in.) 1" 1 14
Shot density (spf) 6 6 6
Phasing (°) 0 0 +45

Temperature rating, 1 hr (°F [°C])

HIMX: 365 [185]

HNS: 450 [232]

HIMX: 365 [185]

Pressure rating (psi) 20,000 20,000 20,000
Min. casing size (in.) 4 4 4
Min. restriction (in.) 1.78 1.78 1.78
Max. gun length (ft) 50 20 35
Debris fill per charge (in./ft)
4'-in. casing 0.13 0.13 0.16
51-in. casing 0.08 0.08 0.10
7-in. casing 0.06 0.06 0.07
Max. tensile strength' (Ibf) 10,000 10,000 9,000
TPull strength of the gun strip
Table 28. 1'"46-in. Retrievable Enerjet Performance Summary*
Gun Shot Density Charge Penetration Entrance Burr Height Casing Size
(spf), (in.) Hole (in.) Avg./Max. (in.), Weight
Phasing (°) (in.) (Ibm/ft)
1"46-in. retrievable 6,0 Power Enerijet, 216 0.20 0.01/0.03 4%,11.6
Power Enerjet HMX
1"%6-in. biphased 6, +45 Phased Power 14.6 0.26 0.05/0.08 4,116
retrievable Enerjet, HMIX
Power Enerjet
T API RP 43 5th edition or API 19B Section 1
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2'8-In. Retrievable
Enerjet Gun

The 2%-in. retrievable Enerjet gun is a high-performance exposed
capsule gun suitable for through-tubing operations (Figs. 105 and 106 and
Tables 29 and 30). When the gun is fired, the charge cases shatter to leave
the carrier strip, charge caps, head, and other accessories intact for
retrieval. The retained caps facilitate individual shot verification.

Applications

® Through tubing

® Deep penetration

m Rigless perforation or reperforation

L[] L]
12in. 12in. 12in. .
[ ] L] L]
[ ] » [ ]
[ ] L] L]
L ] L] L]
L ] L] L]
24in. 24in. 24in.
180° 0° 180° 180° 0° 180° 180° 0° 180°
6 spf, 0° Phasing 6 spf, +45° Phasing 6 spf, Continuous
45° Phasing

Figure 106. 2%4-in. retrievable Enerjet shot patterns in 5%-in. casing.
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Table 29. 2'z-in. Retrievable Enerjet Mechanical Specifications

0° Phased High-Temperature Biphased
0° Phased
Outside diameter (in.) 2% 2% 2%
Shot density (spf) 4 4 6
Phasing (°) 0 0 +45

Temperature rating, 1 hr (°F [°C])

RDX: 330 [165]
HIMX: 365 [185]

HNS: 450 [232]

RDX: 330 [165]
HMX: 365 [185]

Pressure rating (psi) 20,000 20,000 15,000
Min. casing size (in.) 44 4 44
Min. restriction (in.) 2.25 2.25 2.25
Max. gun length (ft) 50 20 35
Debris fill per charge (in./ft)
4'%-in. casing 0.16 0.16 0.19
5%-in. casing 0.10 0.10 0.13
7-in. casing 0.07 0.07 0.08
Max. tensile strength' (Ibf) 15,000 15,000 15,000
"Pull strength of the gun strip
Table 30. 2'4-in. Retrievable Enerjet Performance Summary'
Gun Shot Density Charge Penetration Entrance AOF Burr Height Casing Size
(spf), (in.) Hole (in.)  (in.%ft) Avg./Max. (in.), Weight
Phasing (°) (in.) (Ibm/ft)
2Y-in. retrievable 4,0 Enerjet, RDX 219 0.31 - 0.02/0.03 51,170
Enerjet
2V&-in. retrievable 6,0 EnerjetExpress, 21.2 0.34 - 0.05/0.07 51, 117.0
EnerjetExpress* RDX
2V&-in. retrievable 6,0 EnerjetExpress, 23.5 0.34 - 0.05/0.07 5%, 17.0
EnerjetExpress HMX
2Y-in. retrievable 6,0 Power Enerijet, 30.4 0.32 - 0.06/0.08 51,170
Power Enerjet HMX
2Y-in. retrievable 4,0 Enerjet Big 10.0 0.57 1.02 0.08/0/10 5%,11.0
big hole Enerjet Hole, RDX
24-in. retrievable 4,0 Enerjet Big 10.5 0.51 0.82 0.05/0/07 5%,17.0
big hole Enerjet Hole, HMX
2V&-in. retrievable 6, +45 Enerjet Big 79 0.49 1.13 0.04/0/07 4%, 11.6
big hole Enerjet Hole, HMX
T API RP 43 5th edition or API 19B Section 1; blue type identifies API 19B Registered Perforation Systems.
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146-1n. Expendable

The 1i6-in. expendable Enerjet gun is a high-performance exposed
capsule gun suitable for through-tubing operations (Fig. 107 and Tables 31
and 32). Zero phase, triphase, and continuous spiral options are available
(Fig. 108). When the gun is fired, the charge cases, charge caps, and car-
rier strip shatter to reduce the risk of getting stuck after perforating.
The head and other accessories remain intact for retrieval.

Applications

Through tubing

® Deep penetration

m Rigless perforation or reperforation
® Debris-insensitive operations

Table 31. 1"¢-in. Expendable Enerjet Mechanical Specifications

Outside diameter 16 in.
Shot density (spf) 6
Phasing (°) 0,45,0+45
Temperature rating, 1 hr (°F [°C]) HMX: 365 [185]
Pressure rating (psi) 20,000
Min. casing size (in.) 4
Min. restriction (in.) 1.78
Max. gun length (ft) 30
Debris fill per charge (in./ft)
4%-in. casing 0.18
5%-in. casing 0.12
7-in. casing 0.08
Max. tensile strength' (Ibf) 9,000

"Pull strength of the gun strip
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Table 32. 1""46-in. Expendable Enerjet Performance Summary'

Gun Shot Density Charge Penetration Entrance Burr Height Casing Size
(spf), (in.) Hole (in.) Avg./Max. (in.), Weight
Phasing (°) (in.) (Ibm/ft)
1"6-in. triphased 6,0+45 Phased Enerjet, 139 0.23 0.05/0.08 4%in., 11.6
expendable Enerjet HMX
1"%6-in. expendable 6, 45 Phased Enerjet, 135 0.23 0.05/0.08 4% in., 11.6
Enerjet HMX
TUnofficial API RP 43 5th edition
[ ] > L]
[ ] L] L]
[ ] [ ]
[ ] L]
12in. 12 in. 12in. .
L ] L] L
L] [ ]
[ ] [ ] L]
[ ] L] L]
24in. 24in. 24 in.
180°  0°  180° 180°  0°  180° 180°  0°  180°

Figure 108. 1'Vis-in. expendable Enerjet shot patterns in 4%-in. casing.
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2'8-In. Expendable

The 2%-in. expendable Enerjet gun is a high-performance exposed
capsule gun suitable for through-tubing operations (Fig. 109 and Tables 33
and 34). Zero phase, triphase, and continuous spiral options are available
(Fig. 110). When the gun is fired, the charge cases, charge caps, and car-
rier strip shatter to reduce the risk of getting stuck after perforating.
The head and other accessories remain intact for retrieval, with an OD of

only 11¥6 in.

Applications
Through tubing
Deep penetration

Rigless perforation or reperforation
Debris-insensitive operations

Table 33. 2's-in. Expendable Enerjet Mechanical Specifications

Outside diameter (in.)

Running in and deployed: 24
Retrieval: 16

Shot density (spf)

4,6

Phasing (°)

0,45,0+45

Temperature rating, 1 hr (°F [°C])

HIMIX: 365 [185]

Pressure rating (psi) 15,000
Min. casing size (in.) 41
Min. restriction (in.) 2.25in.
Max. gun length (ft) 30
Debris fill per charge (in./ft)

4'%-in. casing 0.23

51%-in. casing 0.15

7-in. casing 0.10
Max. tensile strength' (Ibf) 15,000

TPull strength of the gun strip
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Figure 109. 2'4-in. expendable Enerjet gun.

151

Hunting Titan, Inc.
Ex. 1005
Page 167



Table 34. 2'4-in. Expendable Enerjet Performance Summary'

Gun Shot Density Charge Penetration Entrance AOF Burr Height Casing Size
(spf), (in.) Hole (in.) (in.2/ft) Avg./Max. (in.), Weight
Phasing (°) (in.) (Ibm/ft)

2V-in. expendable 4,45 Power Enerijet, 273 0.25 - 0.06/0.09 4'%in., 11.6

Enerjet HMX

2%-in. triphased 6,0+45 Enerjet big 8.1 0.47 1.04 0.07/0.10 5%in., 17.0

expendable big hole, HMX

hole Enerjet

T API RP 43 5th edition or API 19B Section 1

> L] L]
» [ ] [ ]
> [ ] L]
> [ ]
12in, ' 12in. : 12in.| ",
» L] L]
> [ ] L
> L] L]
» [ ] L]
» [ ] L]
24in. 24 in. 24in.
180° 0° 180° 180° 0° 180° 180° 0° 180°
6 spf, 0° Phasing 6 spf, 0° + 45° Phasing 6 spf, Continuous 45° Phasing
Figure 110. 2%4-in. expendable Enerjet shot patterns in 5%-in. casing.
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2'2-In. Expendable

The 2%-in. expendable Enerjet gun is a high-performance exposed
capsule gun suitable for through-tubing operations (Figs. 111 and Tables 35
and 36). Zero phase, triphase, and continuous spiral options are available
(Fig. 112). When the gun is fired, the charge cases, charge caps, and car-
rier strip shatter to reduce the risk of getting stuck after perforating. The
head and other accessories remain intact for retrieval.

Applications
Through tubing
Deep penetration

| |
m Rigless perforation or reperforation
| |

Debris-sensitive operations

Table 35. 2'2-in. Expendable Enerjet Mechanical Specifications

Outside diameter (in.)

2%

Shot density (spf)

4orb

Phasing (°)

0, 0 = 45, continuous 45 or 60

Temperature rating, 1 hr (°F [°C])

HIMX: 365 [185]

Pressure rating (psi) 15,000
Min. casing size (in.) 4
Min. restriction (in.) 2.62
Max. gun length (ft) 30
Debris fill per charge (in./ft)

4'%-in. casing 0.44

5%-in. casing 0.30

7-in. casing 0.21
Max. tensile strength' (Ibf) 4,000

TPull strength of the gun strip
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Figure 111. 21-in. expendable Enerjet gun.
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Table 36. 2'-in. Expendable Enerjet Performance Summary®

Gun Shot Density Charge Penetration Entrance Burr Height Casing Size
(spf), (in.) Hole (in.) Avg./Max. (in.), Weight
Phasing (°) (in.) (Ibm/ft)
2V-in. expendable 4,0 Power Enerjet,  34.8 0.28 0.04/0.06 7in., 320
Power Enerjet HMX
2'4-in. expendable 4,045 Power Enerjet, ~ 31.1* 0.27* 0.10/0.15 7in, 320
Enerjet HMX
2'%-in. expendable 4,45 Power Enerjet,  26.6% 0.33* 0.06/0.09 5%in., 17.0
Enerjet HMX
T API RP 43 5th edition or API 19B Section 1
¥Unofficial API
L ] L]
[ ] »
12in. 12in.
[ ] »
L ] L]
[ ] >
[ ]
24 in. 24 in.
180° 0° 180° 180° 0° 180°
5 spf, 0° Phasing 5 spf, 0° + 45° Phasing
L]
°
12in. | » 12in. .
24 in. 24 in.
180° 0° 180° 180° 0° 180°
5 spf, Continuous 45° Phasing 5 spf, Continuous 60° Phasing
Figure 112. 2Y-in. expendable Enerjet shot patterns in 5%-in. casing.
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Pivot Gun System

The Pivot Gun system is a wireline capsule gun with excellent performance for through-tubing operations
(Tables 37 and 38). It is ideal for workover reperforating or shooting past deep formation damage. Gun diam-
eter running-in-hole is only 1'% in., but once the gun is below the tubing, the charges are rotated outward
to produce an effective diameter of 3.786 in. (Fig. 113). Penetration produced by the Pivot Gun system is
deeper than that of other similar-sized guns. The carrier strip and charges break up after detonation, and
the CCL and deployment head are retrieved.

Operational safety is enhanced with the gun’s safe arming/deployment verification circuit, which prevents
the gun from being armed and fired until the charges are fully rotated outward from the gun carrier by the
deployment head and rods. The unique parallel deployment of the Pivot gun system means that a stuck
charge does not prevent the other charges from properly deploying. An unfired deployed gun can still be
retrieved because the charges rotate back into the carrier as the gun enters the tubing reentry guide.

Table 37. Pivet Gun Mechanical Specifications

Applications
= Th h tubi Outside diameter (in.) Running in: 1'%s
rough tubing Deployed: 3.786
® Deep penetration
. PP . . Shot density (spf) 4
m Rigless perforation or reperforation
Phasing (°) 180
Temperature rating, 1 hr (°F [°C]) RDX: 330 [166]
HMX: 365 [185]
Pressure rating (psi) 12,000
Min. casing size (in.) Deployed: 4V;
Min. restriction (in.) 1.78
Max. gun length (ft) 15
Debris fill per charge (in./ft)
4%-in. casing 0.85
5%-in. casing 0.48
7-in. casing 0.33
Max. tensile strength (Ibf) 2,000
"Pull strength of the gun strip
Table 38. Pivot Gun Performance Summary?
Gun Shot Density Charge Penetration Entrance Burr Height Casing Size
(spf), (in.) Hole (in.) Avg./Max. (in.), Weight
Phasing (°) (in.) (Ibm/ft)
1"46-in. Pivot Gun 4,180 Ultracap® 21.8 0.38 0.05/0.08 45,116
RDX
1"A6-in. PowerPivot* 4, 180 PowerPivot, 28.4 0.35 0.06/0.09 4'5,11.6
Gun HMX

TAPI RP 43 5th edition or API 19B Section 1; blue type identifies API 19B Registered Perforation Systems.
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Figure 113. Pivot Gun system.
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Capsule gun performance and mechanical data summary

Table 39 summarizes the performance and mechanical data for the individual capsule guns.
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Hollow Carrier Gun
Perforating Systems

Introduction to hollow carrier guns

Hollow carrier guns are pressure-tight steel tubes in which shaped charges are positioned. For
gun ODs of 27 in. and larger, hollow carrier guns perform better than exposed guns because they
use larger charges, optimized phasing, and increased shot density. Hollow carrier guns are also
used when debris is unacceptable and in hostile conditions that preclude using exposed guns.

Schlumberger hollow carrier guns are designed as systems, comprising specific carriers,
charges, detonating cords, and boosters, to provide maximum perforator performance. All
Schlumberger gun systems are manufactured to our rigorous QA standards. There are six main
types of hollow carrier guns:

® HSD High Shot Density guns feature a high shot density of 4 spf or higher with optimum phas-
ing patterns and the largest high-performance charges available for natural, stimulated, and
sand control completions. For applications that require a large AOF, the Bigshot 21* gun
system provides a shot density of 21 spf.

®m PURE perforating system for clean perforations optimizes the well dynamic underbalance to
consistently eliminate or minimize perforation damage.

® QrientXact tubing-conveyed oriented perforating system sets new standards for alignment
accuracy and verification of charge orientation, making it ideally suited for long and high-
deviation wells.

® Frac Gun perforating systems are engineered for fracture stimulation of wells, with additional
applications in slimhole wells, sand control operations, and coalbed methane (CBM) wells.

® Port Plug guns shoot the charges through replaceable plugs in a reusable gun carrier and fea-
ture highly flexible multiple-gun selectivity for remote operations, enabling the perforation of
large intervals with minimal hardware.

m HEGS High-Efficiency Gun Systems are similar to Port Plug guns, with longer, expendable
hollow carriers that are faster to load and run.

This chapter is organized in sections for each gun type consisting of introductory material,
gun selection guidelines, and concise gun datasheets with specifications and performance data.
At the end of the chapter is a summary listing of hollow carrier gun performance and perfor-
mance data.

Hollow carrier gun selection

Once the decision has been made to use hollow carrier guns in the completion, selection of the
most appropriate gun depends on several factors:

casing ID and required gun-to-casing clearance

packer sealbore diameter (for TCP “sting-through” applications)
bottomhole pressure and temperature

deep penetrator or big hole application

perforator performance

shot density, phasing pattern, and orientation.
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The casing ID must be considered to achieve the best perforator performance compatible with
the casing size. Penetration depth and entrance hole size and uniformity usually improve with
increasing gun size because the space available for charges increases and gun-to-casing clear-
ance decreases.

Table 40 lists the recommended hollow carrier guns for different casing sizes. In general, the
largest gun that can be accommodated by the casing ID should be used, but washover require-
ments must also be considered. For example, in sand control completions the guns may become
sanded-in when perforations are surged with high underbalance. Thus, adequate clearance must
be left between the guns and the casing for potential washover operations. Because of the wide
variety of guns, charges, and hardware configurations within the larger context of wellbore
conditions and perforating techniques, it is not possible to define with certainty a fixed gun-to-
casing clearance. Schlumberger assists operators with gun selection to ensure optimum perforating
performance and successful job execution.

Table 40. Casing Size and Hollow Carrier Gun Selection

Casing or Tubing Size (in.) Gun size (in.)
24 HSD gun: 1.56
2" and 32 HSD gun: 2
32and 42 HSD gun: 2%
3% HSD gun: 22
4, HSD gun: 274

Port plug gun: 35

HEGS gun: 3%

Port plug gun: 3%

4Ysand 5

HSD gun: 3

4,5, and 5%2

HSD gun: 3%

5

HSD gun: 3%2

Port plug gun: 3%

HSD gun: 3.67

52

HSD gun: 4

Port plug gun: 4

HEGS gun: 4

HSD gun: 42

Port plug gun: 4

HEGS gun: 4

HSD gun: 4%

HSD gun: 4.72

7 and 7%

HSD gun: 5

Port plug gun: 4

HEGS gun: 4

9%

HSD gun:7

Port plug gun: 4

HEGS gun: 4
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The next factor to consider in choosing a hollow carrier gun is the bottomhole pressure.
Shooting a hollow carrier gun below its minimum pressure rating may result in excessive swell
or gun splitting or loss of the port plugs, possibly requiring a fishing job. If a gun is run beyond
its pressure rating, the carrier may collapse, causing autodetonation and possible damage to
the well.

Bottomhole temperature is a similarly critical consideration. Figure 114 is a guide to the max-
imum allowable temperature and exposure time for HSD guns. The standard 1-hr temperature
rating for Port Plug guns is 340°F [171°C]; for high-temperature operations, HMX explosives that
raise the rating to 400°F [204°C] are available. HEGS guns are rated up to 340°F [171°C] (1 hr),
depending on the gun and charge combination used.

The maximum static temperature expected during the completion process is typically esti-
mated from the final temperature recorded during openhole logging. Care must be taken,
however, because the actual temperature can exceed openhole logging temperatures by 40°F
[22°C] or more. Bottomhole temperature can also be estimated from the geothermal gradient
and depth, as shown in Fig. 115.

Time and temperature effects on explosives are cumulative. If a gun string must be removed
from the well without firing, the explosives should not be used for subsequent runs unless the
total time and temperature rating (Fig. 114) will not be exceeded. Special safety procedures are
required for retrieving HMX charges run above 300°F [149°C] upon their return to the surface.

Higher rated explosives (HMX or HNS) are recommended if there is uncertainty about the bot-
tomhole temperature or if there may be unplanned delays before firing the guns.

More information on perforating safety is in the “Safety,” “Operating Environment and
Engineering of Perforating Operations,” and “Wireline Perforating” chapters.

The type of completion dictates the choice of perforator charge—either deep penetrating or
big hole charges. The Frac Gun system uses the charges for HSD guns because these charges
combine the best features of the deep penetrating and big hole charges.

Deep penetrating charges are the usual choice for natural and stimulated completions. Deep
penetrating charges that penetrate beyond the damaged zone next to the borehole produce the
best well productivity. If the formation is deeply damaged during the drilling or completion
process or is washed out or if there are multiple casing strings, deep penetrating charges such as
PowerJet charges are recommended.

600 315

500 | 260
T HNS

400 L] 204

Temperature =
R — rC)

300 =L [ ]] —— HMX 149
— —— Ll

200 RDX 93

100 37

1 10 100 1,000 10,000
Time (hr) 90 days

Contact your Schlumberger representative for high-temperature and
long-duration operations falling in the shaded area.

Figure 114. Temperature and time guidelines for selection of explosives in hollow carrier guns.
Exceeding the temperature rating leads to reduced performance followed by burning (all
explosives) and possible autodetonation (RDX and HMX explosives).
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Temperature gradient conversions: 1°F/100 ft = 1.823°C/100 m
1°C/100 m = 0.5486°F/100 ft
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Figure 115. Estimation of formation temperature (linear gradient assumed).

Big hole charges are normally used in gravel-packed completions. Big hole charges open up
larger diameter holes in the casing with shallower penetration than deep penetrating charges of
equivalent size. The largest, most symmetric holes promote the development of a stable arch in
the formation around the perforation, which reduces pressure drop across the perforation and
usually results in the best-quality gravel-pack completions. Although HSD guns with big hole
charges are often run slick—without centralizers or standoffs—a standoff between the gun and
casing improves the consistency of the entrance hole diameters. Refer to the “Perforation
Fundamentals” chapter.

In cases such as horizontal wells, perforation debris may cause problems during completion
or with other tools run into the well for stimulation or monitoring purposes. For these reasons,
low- or controlled-debris perforators such as PowerFlow or PowerJet charges are recommended.

The next step is to pick the gun system that provides the required penetration depth and
entrance hole diameter. Because shot density, phasing, and orientation are parameters that
affect productivity, Schlumberger hollow carrier guns are designed in consideration of these fea-
tures. For example, higher shot densities result in improved productivity, especially in zones
with thin vertical permeability barriers, as described in the “Reservoir Completion Types” chap-
ter. High shot densities, along with large entrance holes, are also important for the effectiveness
of gravel-pack completions.
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Schlumberger HSD guns feature improved phasing for better productivity, more efficient
gravel packing, and retention of casing strength. In highly deviated and horizontal wells, the
orientation of the perforations can prevent sand production and affect hydraulic fracturing
efficiency. The challenges of accurate orientation are adeptly managed by the innovative
OrientXact perforating system, as subsequently discussed in this chapter.

HSD High Shot Density guns

HSD High Shot Density guns feature increased shot density, optimum phasing patterns, and the
largest high-performance charges available for natural, stimulated, and sand control comple-
tions. HSD guns use expendable, retrievable carriers, which means that once the gun system has
been used, it is retrieved and disposed of. Deployment is run primarily on either wireline cable
or tubing. Tractor conveyance can be used in deviated wells.

Running HSD guns on wireline cable has the following advantages:

B precision depth control with positioning by casing collar locator, gamma ray correlation, or
both methods

m fast trip times
m selectivity for all gun sizes to enable perforating more than one interval per run into the well
® application as either casing guns before the completion is in place or as through-tubing guns
after running the completion, depending on the gun size and restrictions.
Conveying HSD guns on tubing (TCP or coiled tubing) has the following advantages:

m perforating underbalanced with large casing guns, which has been shown to improve well
productivity

conveying gun strings in highly deviated or horizontal wells

perforating long intervals in one run in the well

precise orientation for optimum perforating performance

flexibility of numerous completion possibilities without the need to kill the well.

Slickline perforating with the eFire-Slickline* electronic firing head system is a relatively new
technology that provides advantages in speed and reliability (see the “Firing Systems” chapter).

Features

® Gun system—Schlumberger HSD guns are designed as systems, comprising specific carriers,
charges, detonating cords, and boosters, to provide maximum perforator performance. To
ensure that performance meets design specifications, charges are QC tested during produc-
tion in actual gun carriers.

m Expendable carriers—All HSD guns are expendable, which eliminates the need for separate
porthole plugs. The standard range of carrier sizes is 1-, 5-, 10-, 20-, and 30-ft lengths.

® Shot density—High shot densities range from a minimum of 4 spf for the 1.56-in. size to 21 spf
for the Bigshot 21 system and up to 27 spf for the 7-in. size.

® Helical shot pattern—The helical shot pattern available in all gun sizes provides the smallest
vertical spacing between shots and the optimum phasing pattern for productivity and remain-
ing casing strength. Shot spacing can be varied on request.

® Automatic ballistic connection—Schlumberger HSD guns feature self-aligning detonation-
transfer modules between guns and spacers for automatic ballistic connection during makeup.

® Firing modes—Both bottom-up and top-down firing modes are available: top-down for TCP,
which allows installation of the firing head last, and bottom-up for wireline applications,
which provides fluid desensitization.
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m Mechanical connections—For TCP, Schlumberger HSD guns have drillpipe connections with
API tapered thread modified to incorporate high-pressure O-ring seals. These connections
provide fast, safer vertical makeup on the rig floor.

® Exclusive use of secondary explosives—Loaded HSD guns contain only secondary high explo-
sives (detonating cord, boosters, and charges) for safer transport and handling following
standard Schlumberger safety procedures.

m Al HSD guns are combinable with the S.A.F.E. Slapper-Actuated Firing Equipment and Secure
detonator systems.

Figure 116 illustrates the configuration of the HSD gun system.
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|_ Openhole _|
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Figure 116. HSD gun system.

164

N ~—_

~

S _——] = -

Return to Contents

4 Crushed-zone

diameter

Perforation
diameter

Perforation
length

[ U ) R

Scallop (circular,
flat-bottomed recess)

Charge
Charge jacket
Loading tube

Gun carrier

%_ Casing

Gun clearance

Schlumberger

Hunting Titan, Inc.
Ex. 1005
Page 179


http://www.slb.com/content/services/

1.56-in. HSD

Perforating Gun

The 1.56-in. HSD guns are for operations in slimhole casing but have appli-
cations in any completion where downhole restrictions limit gun size,
including through-tubing, dual-completion, monobore, and extended-reach
operations (Figs. 117 and 118 and Tables 41 and 42).

Guns can be conveyed using wireline, slickline, tubing, or coiled tubing.
The intercarriers screw together TCP style for fast rig-up and rig-down.
More than 5,000 ft of guns can be run to perforate long intervals in one
run, with the guns aligned by using the locks built in to the Acme-threaded
intercarriers.

Applications

Natural, stimulated, and sand control completions
Slim holes or completion restrictions

Deep penetration

Multiple-interval perforating

60°
S
0in.
. A4
2in.
. T &
12in.
24 in.

180° 270° 0° 90° 180°
6 spf, 60° Phasing

Figure 118. 1.56-in. HSD shot pattern for 4%-in. casing.
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Table 41. 1.56-in. HSD Mechanical Specifications

Outside diameter (in.) 1.56
Shot density (spf), phasing (°) 4,0;4,60;4,90
6, 0; 6, 60; 6, 135; 6, 180
8,120
Shot spacing (in.) 4 spf: 3
6 spf: 2
8spfi15
Temperature rating (°F [°C]) 500 [260]"
Pressure rating (psi) 20,000
Min. casing size (in.) 2%
Max. diameter including burrs, shot in liquid/gas (in.) 1.72/1.75
Max. gun length (ft) 5,10, 20, 30
Interval missed between guns (in.) 13
Weight of loaded 20-ft gun in air (Ibm) 74
Max. explosive load (g) 35
Tensile load (Ibf)
Recommended 35,000
Min. 57,000
Max. 86,000

TWith high-temperature explosives and seals

Table 42. 1.56-in. HSD Performance Summary®

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.2/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
1.56-in. HSD 6, 60 PowerJet 1606, 1.3 0.17 - 0.04/0.08 274,6.4
HMX
T API RP 43 5th edition or APl 19B Section 1; blue type identifies APl 19B Registered Perforation Systems.
16 Schiumberger
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2-in. HSD

Perforating Gun

The 2-in. HSD guns are for operations in slimhole casing but have applica-
tions in completions where downhole restrictions limit gun size, including
through-tubing, dual-completion, monobore, and extended-reach opera-
tions (Fig. 119 and Tables 43 and 44).

Shot densities with PowerJet charges are available up to 6 spf (Fig. 120).
The standard phasing is 60°, with 120° and 180° phasings and a 135° spiral-
phased version available.

Guns can be conveyed using wireline, slickline, tubing, or coiled tubing.
The intercarriers screw together TCP style for fast rig-up and rig-down.
More than 4,500 ft of guns can be run to perforate long intervals in one
run, with the guns aligned by using the locks built into the Acme-threaded

intercarriers.

Applications

Slim holes or completion restrictions
Deep penetration
Multiple-interval perforating

Table 43. 2-in. HSD Mechanical Specifications

Natural, stimulated, and sand control completions

Outside diameter (in.) 2

Shot density (spf), phasing (°) 4,0; 4,60; 4,120; 4,180
6, 0; 6, 60; 6, 135

Shot spacing (in.) 4spf:3
6 spf: 2

Temperature rating (°F [°C]) 500 [260]"

Pressure rating (psi) 20,000

Min. casing size (in.) 27

Max. diameter including burrs, shot in liquid/gas* (in.)

2.16-2.29/2.21

Max. gun length (ft) 5,10, 20
Interval missed between guns (in.) 13
Weight of loaded 20-ft gun in air (Ibm) 119
Tensile load (Ibf)
Recommended 57,000
Min. 91,000
Max. 134,000

TWith high-temperature explosives and seals
*Depends on gun configuration and charge type
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Table 44. 2-in. HSD Performance Summary'

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.2/ft) Avg./Max. (in.), Weight
() (in.) (Ibm/ft)
2-in. HSD 6, 60 PowerJet Omega* 21.8 0.22 - 0.05/0.08 315,92
2006, HMX
2-in. HSD? 6, 60 PowerJet 2006, 15.3 0.22 - 0.03/0.05 2%, 6.4
HNS
2-in. HSD 6,60 PowerJet 2006, 18.6 0.2 - na 2%, 6.4
HMX
2-in. HSD 6,0/180 PowerJet 2006, 1798 0.20° - na 2%, 6.4
HMX
2-in. HSD 6, 60 HyperJet 2006, 9.6 0.33 - 0.05/0.08 315,9.2
RDX
2-in. HSD 6, 60 UltraJet 2006, 16.6 0.23 - 0.04/0.05 315,9.2
HMX

na = not available
TAPI RP 43 5th edition or APl 19B Section 1; blue type identifies API 19B Registered Perforation Systems.
*Nonswell version available
$ Unofficial API data

0in. 0in. 0in. 0in.
\ 4 : S A oY
3in. . v 3in. 3in.
% o 2in. A A

12in. . 12in. . 12in. 12in.

24 in. 24 in. 24in. 24 in.

180° 270° 0° 90° 180° 180° 270° 0° 90° 180° 180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
4 spf, 120° Phasing 6 spf, 60° Phasing 4 spf, 180° Phasing 4 spf, 0° Phasing

Figure 120. 2-in. HSD shot patterns for 274-in. casing.
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2Y4-in. HSD

Perforating Gun

The 2V4-in. HSD guns are for operations in slimhole casing but have appli-
cations in completions where downhole restrictions limit gun size,
including through-tubing, dual-completion, monobore, and extended-reach
operations (Figs. 121 and 122 and Tables 45 and 46).

Guns can be conveyed using wireline, slickline, tubing, or coiled tubing.
The intercarriers screw together TCP style for fast rig-up and rig-down.
More than 5,000 ft of guns can be run to perforate long intervals in one run,
with the guns aligned by using the locks built in to the Acme-threaded

intercarriers.

Applications

Slim holes or completion restrictions
Deep penetration
Multiple-interval perforating

Table 45. 2'z-in. HSD Mechanical Specifications

Natural, stimulated, and sand control completions

Outside diameter (in.)

2.25

Shot density (spf), phasing (°)

4,120; 4,180

6, 60
Shot spacing (in.) 4 spf:3
6 spf: 2
Temperature rating (°F [°C]) 500 [260]"
Pressure rating (psi) 20,000
Min. casing size (in.) 3
Max. diameter including burrs, shot in liquid/gas (in.) 2.46/2.48
Max. gun length (ft) 5,10,20
Interval missed between guns (in.) 13
Weight of loaded gun in air (Ibm) 136
Tensile load (Ibf)
Recommended 63,000
Min. 101,000
Max. 155,000

TWith high-temperature explosives and seals
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120° 0° 180°
5 @)

0in. 0in. 0in.
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3in. . v 3in.

— ol 2in. A
12in. . 12in. 12 in.
24in. 24in. 24in.
180° 270° 0° 90° 180° 180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
4 spf, 120° Phasing 6 spf, 60° Phasing 4 spf, 180° Phasing

Figure 122. 24-in. HSD shot patterns for 4%2-in. casing.

Table 46. 2'4-in. HSD Performance Summary®

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in2/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
2%-in. HSD 6, 60 PowerJet 2306, 17.7 0.30 - 0.08/0.10 315, 9.2
HMX
2Ys-in. HSD 6,60 PowerJet 2306, 15.7 0.27 - 0.06/0.09 315,9.2
HNS

T API RP 43 5th edition or API 19B Section 1; blue type identifies API 19B Registered Perforation Systems.
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24-in. HSD

Perforating Gun

The 2%-in. HSD guns are for slimhole casing operations but have applica-
tions in completions where downhole restrictions limit gun size, including
through-tubing, dual-completion, monobore, and extended-reach opera-

tions (Fig. 123 and Tables 47 and 48).

The standard 2%-in. gun has a 60° spiral hole pattern and can be loaded
with big hole or deep penetrating charges up to 6 spf (Fig. 124). Also avail-
able is a gun with 4 spf and 180° phasing. For special applications other
phasings and shot densities can be made upon request.

Guns can be conveyed using wireline, slickline, tubing, or coiled tubing,

Multiple guns are aligned with standard Acme-threaded intercarriers.

Applications

Slim holes or completion restrictions
Deep penetration
Multiple-interval perforating

Table 47. 2'2-in. HSD Mechanical Specifications

Natural, stimulated, and sand control completions

Outside diameter (in.) 215
Shot density (spf), phasing (°) 4,180

6, 60
Shot spacing (in.) 4spf: 3

6 spf: 2
Temperature rating (°F [°C]) 500 [260]"
Pressure rating (psi) 25,000
Min. casing size (in.) 3%

Max. diameter including burrs, shot in liquid/gas* (in.)

2.59-2.78/2.75

Max. gun length (ft) 5,10, 20, 30
Interval missed between guns (in.) 125
Weight of loaded 20-ft gun in air* (Ibm) 177-179
Tensile load (Ibf)
Recommended 68,000
Min. 109,000
Max. 164,000

TWith high-temperature explosives and seals
*Depends on gun configuration and charge type
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Table 48. 2'-in. HSD Performance Summary'

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in2/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
25-in. HSD 6, 60 PowerJet Omega 30.6 0.32 - 0.04/0.07 31,92
2506, HMX
2Y5-in. HSD 6, 60 PowerJet 2506, 16.7 0.30 - 0.07/0.09 3,92
HNS
2Y5-in. HSD 6, 60 PowerJet 2506, 18.7 0.34 - 0.07/0.11 3,92
HMX
2Y5-in. HSD 6, 60 UltraJet 2506, 16.6 0.32 - 0.07/0.11 315,9.2
HMX
2Y2-in. HSD 6, 60 HyperJet 2506, 13.1 0.43 - 0.07/0.11 315,9.2
RDX
2Y2-in. HSD 6,60 31 CleanSHOT* 19.2 0.30 - 0.06/0.07 315,93
HMX
T API RP 43 5th edition or API 19B Section 1; blue type identifies API 19B Registered Perforation Systems.
60° 0° 180°
B )
0in. 0in. 0in.
v v
K 27_ 3in. 3in.
o1 n. * 2 'y
12in. 12in. 12in.
24 in. 24 in. 24 in.
180° 270° 0° 90° 180° 180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
6 spf, 60° Phasing 4 spf, 0° Phasing 4 spf, 180° Phasing
Figure 124. 25-in. HSD shot patterns for 3%-in. casing.
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27-in. HSD
Perforating Gun

The 27%-in. HSD guns are for slimhole operations in 4/4- to 5%-in. casing but

have applications in completions where downhole restrictions limit gun
size, including through-tubing, dual-completion, monobore, and extended-

reach operations (Fig. 125 and Tables 49 and 50).

The standard 27%-in. gun has a 60° spiral hole pattern and can be loaded
with big hole or deep penetrating charges up to 6 spf (Fig. 126), with a
HPHT version also available. The 4-spf gun has 180° phasing and is avail-
able in a liquid-only version. Other phasings and shot densities can be

made upon request.

Guns can be conveyed using wireline, slickline, tubing, or coiled tubing.

Multiple guns are aligned with intercarriers.

Applications

® Natural, stimulated, and sand control completions

Slim holes or completion restrictions
Deep penetration

Multiple-interval perforating

HPHT environments or liquid only

Table 49. 27-in. HSD Mechanical Specifications

Outside diameter (in.)

28

Shot density (spf), phasing (°)

4,180; 4,180 for liquid

6, 60; 6, 60 for HPHT
Shot spacing (in.) 4 spf: 3

6 spf: 2
Temperature rating (°F [°C]) 500 [260]"*
Pressure rating (psi) 25,000*
Min. casing size (in.) 4,

Max. diameter including burrs, shot in liquid/gas® (in.)

2.96-3.16/3.08-3.22

Max. gun length (ft) 5,10, 20, 30
Interval missed between guns (in.) 12
Weight of loaded 20-ft gun in air® (Ibm) 232-237
Tensile load (Ibf)
Recommended 84,000
Min. 135,000
Max. 216,000

TWith high-temperature explosives and seals
*PEGS verified
§ Depends on gun configuration and charge type
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Table 50. 274-in. HSD Performance Summary'

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in2/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
2%-in. HSD 6, 60 PowerJet Omega 36.0 0.34 - 0.05/0.08 4,116
2906, HMX
2-in. HSD 6, 60 PowerJet 2906, 25.3 0.38 - 0.06/0.08 45,116
HMX
2%-in. HSD 6, 60 PowerJet 2906, 21.0 0.31 - 0.06/0.09 45,116
HNS
27-in. HSD 6, 60 UltraJet 2906, 22.1 0.36 - 0.07/0.09 415,116
HMX
27-in. HSD 6,60 HyperJet 2906, 15.0 0.39 - 0.06/0.09 45,116
RDX
2%-in. HSD 4,0/180 PowerJet 2906, 21.1 0.36 - na 45,116
HMX
27-in. HSD 6,60 34 CleanSHOT, 17.7 0.27 - na 45,116
RDX
na = not available
T API RP 43 5th edition or API 19B Section 1; blue type identifies API 19B Registered Perforation Systems.
60° 180°
B ) 6
60°
0in. 0in. 0in.
) v oY
. v 3in. o 2in.
ol in. x \ A
12in. 12in. 12in.
24in. 24in. 24in.
180° 270° 90° 180° 180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
6 spf, 60° Phasing 4 spf, 180° Phasing 6 spf, 180°/60° Phasing
Figure 126. 27s-in. HSD shot patterns for 4'%-in. casing.
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34-in. HSD
Perforating Gun

The 3%-in. HSD guns are for operations in 4%- to 5%-in. casing but have

applications in other completions where downhole restrictions limit gun
size, including through-tubing, dual-completion, monobore, and extended-

reach operations (Fig. 127 and Tables 51 and 52).

The 3%-in. HSD gun is ideal for sand control, which relies on phasing in
combination with high shot density and big hole charges to maximize the
AOF. The 3%-in. gun features 10 spf with 135°/45° phasing and uses
PowerFlow charges, which do not produce the carrot associated with
copper-lined big hole charges (Fig. 128). The gun’s fin standoffs ensure that
hole sizes are consistent on all sides of the casing, For special applications,

other phasings and shot densities can be made upon request.

Guns can be conveyed using wireline, slickline, tubing, or coiled tubing.
Multiple guns are aligned with intercarriers.

Applications

Completion restrictions
Deep penetration
Multiple-interval perforating

Natural, stimulated, and sand control completions

Table 51. 3's-in. HSD Mechanical Specifications

Outside diameter (in.)

Nominal: 38
Across standoffs: 3.96

Shot density (spf), phasing (°)

5, 180; 6, 60; 10, 135/45

Shot spacing (in.)

5 spf: 2.4; 6 spf: 2,10 spf: 1.2

Temperature rating (°F [°C]) 400 [204]
Pressure rating (psi) 20,000
Min. casing size (in.) 41,
Max. diameter including burrs, shotin liquid® (in.)  3.45-3.57
Max. gun length (ft) 5,10, 20
Interval missed between guns (in.) 12
Weight of loaded gun in air" (Ibm) 272-292
Tensile load (Ibf)

Recommended 96,000

Min. 153,000

Max. 252,000

" Depends on gun configuration and charge type
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Table 52. 3s-in. HSD Performance Summary'

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.2/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
3V4-in. HSD 6, 60 PowerJet Omega 36.9 0.34 - 0.06/0.10 4,116
3106, HMX
3V-in. HSD 6,60 34JL UltraJet, 240 0.41 - 0.07/0.11 415,116
HMX
3V-in. HSD 5,0/180 34JL UltraJet, 238 0.42 - 0.07/0.11 415,116
HMX
T API RP 43 5th edition or API 19B Section 1; blue type identifies AP 19B Registered Perforation Systems.
45°
@
0in.
° \ 4 .
= 1.2in.
12in. °
24in. °
180° 270° 0° 90° 180°
10 spf, 135°/45° Phasing
Figure 128. 3%-in. HSD shot pattern for 5-in. casing.
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3%-in. HSD

Perforating Gun

The 3%-in. HSD guns are for operations in 4%- to 5%-in. casing but have
applications in other completions where downhole restrictions limit gun
size, including through-tubing, dual-completion, monobore, and extended-
reach operations (Fig. 129 and Tables 53 and 54).

The standard 3%-in. gun has a 60° spiral hole pattern and can be loaded
with a choice of charges up to 6 spf (Fig. 130). Also available is a 4-spf
180°-phased gun. For sand control, the 33-in. gun can be used at 12 spf
with 135°/45° phasing and PowerFlow charges. Shot density of 6 spf and
99° phasing or the +25°phased gun for horizontal wells is ideal for sand
prevention.

Guns can be conveyed using wireline, slickline, tubing, or coiled tubing,
Multiple guns are aligned with intercarriers.

Applications

® Natural, stimulated, and sand control completions
® Completion restrictions

® Deep penetration

® Multiple-interval perforating

Table 53. 3%s-in. HSD Mechanical Specifications

Outside diameter (in.) Nominal: 3%
Across standoffs: 4.40
Shot density (spf), phasing (°) 4, 60: 4,180; 4, 50/25; 5, 180;
6, 60; 6, 99; 12, 135/45
Shot spacing (in.) 4 spf: 3; 5 spf: 2.4,
6 spf: 2,12 spf: 1
Temperature rating (°F [°C]) 500 [260]" *
Pressure rating (psi) 20,000
Min. casing size (in.) 41,

Max. diameter including burrs, shot in liquid/gas® (in.) 3.56-3.66/3.76-3.77

Max. gun length (ft) 5,10, 20, 30
Interval missed between guns (in.) 12
Weight of loaded 20-ft gun in air® (Ibm) 327-332
Tensile load (Ibf)
Recommended 103,000
Min. 165,000
Max. 274,000

TWith high-temperature explosives and seals
¥PEGS verified
¢ Depends on gun configuration and charge type
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Table 54. 3%-in. HSD Performance Summary’

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.Y/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
3%-in. HSD* 6,60 PowerJet 3406,  36.5 0.37 - 0.06/0.09 415,11.6
HMX
3%-in. HSD* 6, 60 PowerJet 3406,  26.8 0.31 - 0.05/0.10 415,11.6
HNS
3%-in. HSD* 6,60 UltraJet 3406, 31.4 0.44 - 0.06/0.13 415,11.6
HMX
3%-in. HSD* 6, 60 HyperJet 3406, 235 0.49 - 0.05/0.12 415,116
RDX
3%-in. HSD*$  21,120/60 PowerJet 2006, 16.2 0.18 - na 55,17.0
HMX
3%-in. HSD* 6, 60 34B CleanSHOT, 185 0.31 - 0.04/0.08 415,116
RDX
3%-in. HSD* 6, 60 34B Hyperdet I, 219 0.40 - 0.05/0.09 415,116
RDX
3%-in. HSD*5 6,99 34B HyperJetll, 202 0.38 - na 515,17.0
RDX
3%-in. HSD* 6, 60 34JL UltraJet, 289 0.37 - 0.06/0.09 415,116
HMX

na = not available
T API RP 43 5th edition or APl 19B Section 1; blue type identifies API 19B Registered Perforation Systems.
¥ Also available in 32- and 3.67-in. perforating systems
§ Unofficial APl data

o 50° 45°
60 180°
o T )
0in. 0in. Oin. 0in.
. . v .
v 3in. ° ”v”- v
2in o — .

. T & . . — | . 3in.
12in. 12in. o 121in. . 12in. -
24in. " 2Ain. 24in. L 24in.

180° 270° 0° 90° 180° 180° 270° 0° 90° 180° 180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
6 spf, 60° Phasing 4 spf, U0 12 spf, 135°/45° Phasing, 4 spf, 180° Phasing
5%2-in. casing

Figure 130. 3%-in. HSD shot patterns for 4'2- and 5%-in. casing.
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32-in. HSD
Perforating Gun

The 3%-in. HSD guns are for operations in 5- to 5%-in. casing but have

applications in other completions where downhole restrictions limit gun
size, including through-tubing, dual-completion, monobore, and extended-

reach operations (Fig. 131 and Tables 55 and 56).

The standard 3%-in. gun has a 60° spiral hole pattern and can be loaded
with a choice of charges at 4, 5, or 6 spf according to the job design E
(Fig. 132). Other phasings and shot densities can be made upon request.

Guns can be conveyed using wireline, slickline, tubing, or coiled tubing,

Multiple guns are aligned with intercarriers.

Applications

Completion restrictions
Deep penetration
Multiple-interval perforating

Natural, stimulated, and sand control completions

Table 55. 3'2-in. HSD Mechanical Specifications

Outside diameter (in) 3%
Shot density (spf), phasing (°) 4,60; 4,180
6, 60; 6, 72
Shot spacing (in.) 4 spf: 3
6 spf: 2
Temperature rating (°F [°C]) 500 [204]"
Pressure rating (psi) 25,000
Min. casing size (in.) 5
Max. diameter including burrs, shot in liquid (in.) ~ 3.72
Max. gun length (ft) 5,10, 20, 30

Interval missed between guns (in.)

4 spf, 60° and 6 spf, 180°: 15

6 spf, 60°: 12

Weight of loaded 20-ft gun (Ibm) 378
Tensile load (Ibf)
Recommended 144,000
Min. 230,000
Max. 334,000

Figure 131. 3%2-in. HSD gun, 4 spf, 60°

TWith high-temperature explosives and seals
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Table 56. 3'2-in. HSD Performance Summary"*

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.2/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
3Vs-in. HSD 6,72 PowerJet Omega 44.2 0.44 - 0.06/0.14 5,15.0
3506, HMX

TBlue type identifies APl 19B Registered Perforation System.
¥See Table 54 for 3%-in. HSD gun systems that are also available as 3V2- and 3.67-in. systems.

60° 60°
St St
0in. 0in.
Y .
\4 3in.
2in. x
12in. A 12in. |
24in. 24in.
180°270° 0° 90° 180° 180° 270° 0° 90° 180°
6 spf, 60° Phasing 4 spf, 60° Phasing

Figure 132. 3%5-in. HSD shot patterns for 5-in. casing.
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3.67-in. HSD
Perforating Gun

The 3.67-in. HSD guns are for operations in 5- to 5%-in. casing but have
applications in other completions where downhole restrictions limit gun
size, including through-tubing, dual-completion, monobore, and extended-
reach operations (Fig. 133 and Tables 57 and 58).

The standard 3.67-in. gun has a 60° spiral hole pattern and can be
loaded with a choice of charges up to 5 spf (Fig. 134). Other phasings and

shot densities can be made upon request.

Guns can be conveyed using wireline, slickline, tubing, or coiled tubing,

Multiple guns are aligned with intercarriers.

Applications

Completion restrictions
Deep penetration
Multiple-interval perforating

Table 57. 3.67-in. HSD Mechanical Specifications

Natural, stimulated, and sand control completions

Outside diameter (in.) 3.67
Shot density (spf), phasing (°) 5,60
6, 60
Shot spacing (in.) 5 spf: 2.4
6 spf: 2
Temperature rating (°F [°C]) 500 [260]"
Pressure rating (psi) 25,000
Min. casing size (in.) 5
Max. diameter including burrs, shot in liquid/gas (in.) 3.96/4.01
Max. gun length (ft) 5,10, 20, 30
Interval missed between guns (in.) 16.4
Weight of loaded 20-ft gun in air (Ibm) 443
Tensile load (Ibf)
Recommended 219,000
Min. 351,000
Max. 437,000

TWith high-temperature explosives and seals
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Table 58. 3.67-in. HSD Performance Summary™*

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.2/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
3.67-in. HSD 5,60 37J CleanSHOT, 31.2 0.36 - 0.05/0.08 5,15.0
RDX
3.67-in. HSD® 5,60 37J CleanSHOT, 327 0.38 - na 5,15.0
HMX
na = not available
TAPI RP 43 5th edition or APl 19B Section 1
¥ See Table 54 for 3%-in. HSD gun systems that are also available as 32- and 3.67-in. systems.
§ Unofficial API data
60° 60°
S By
Oin. Oin.
y q
. - 24in,
* — ° A
12in. A 12in.
24in. 24in.
180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
6 spf, 60° Phasing 5 spf, 60° Phasing
Figure 134. 3.67-in. HSD shot patterns for 5-in. casing.
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4-in. HSD
Perforating Gun

The 4-in. HSD guns are for operations in 5%-in. casing but have applica-

tions in larger completions where downhole restrictions limit gun size

(Fig. 135 and Tables 59 and 60).

Available in a wide variety of shot densities and phasings (Fig. 136), the
4-in. HSD gun has 4-, 5-, and 6-spf versions.
Guns can be conveyed using wireline, slickline, tubing, or coiled tubing. 3

Multiple guns are aligned with intercarriers.

Applications

Completion restrictions
Deep penetration
Multiple-interval perforating

Table 59. 4-in. HSD Mechanical Specifications

Natural, stimulated, and sand control completions

Outside diameter (in.)

4

Shot density (spf), phasing (°)

4,60;4,72;4,180

5,72; 5,180
6, 60
Shot spacing (in.) 4 spf: 3
5spf: 24
6 spf: 2
Temperature rating (°F [°C]) 400 [204]"
Pressure rating (psi) 12,000
Min. casing size (in.) 5Y2
Max. diameter including burrs, shot in liquid (in.) 444
Max. gun length (ft) 5,10, 20
Interval missed between guns (in.)
PowerJet Omega 4005 charge 5spf13.4
PowerJet 3406 or 4006 charge 5 spf:11.6
Weight of loaded 20-ft gun in air (Ibm) 421
Tensile load (Ibf)
Recommended 179,000
Min. 287,000
Max. 364,000

TWith high-temperature explosives and seals
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Table 60. 4-in. HSD Performance Summary'

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.2/ft) Avg./Max. (in.), Weight
() (in.) (Ibm/ft)
4-in. HSD 5,72 PowerJet Omega 51.7 0.48 - 0.07/0.12 51,,17.0
4005, HMX
4-in. HSD* 5,0/180 PowerdJet 4005, 36.5 0.46 - 0.07/0.10 515,17.0
HMX
T API RP 43 5th edition or API 19B Section 1; blue type identifies API 19B Registered Perforation Systems.
*Unofficial API data
72° 180° 60°
i) ) B
0in. 0in. 0in.
. 4_ V : Y
12in. 24in. 12in. S 12in. 2in
24in. L 2Ain. 24in. :
180° 270° 0° 90° 180° 180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
5 spf, 72° Phasing 4 spf, 180° Phasing 6 spf, 60° Phasing
7-in. casing 7-in. casing 514-in. casing
Figure 136. 4-in. HSD shot patterns for 5'2- and 7-in. casing.
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45-in. HSD
Perforating Gun

The 4%-in. HSD guns are for operations in 7-in. casing but have applica-

tions in larger completions where downhole restrictions limit gun size 9

(Fig. 137 and Tables 61 and 62).

Available in a wide variety of shot densities and phasings (Fig. 138), the
4Y%-in. HSD gun has a 12-spf option with 135°/45° phasing, Its use with deep
penetrating charges is ideal for sand prevention. A 4-spf gun with 180°

phasing is also available.

Guns can be conveyed using wireline, slickline, tubing, or coiled tubing.
Multiple guns are aligned with intercarriers.

Applications

® Natural, stimulated, and sand control completions

® Completion restrictions
® Deep penetration
® Multiple-interval perforating

Table 61. 4'2-in. HSD Mechanical Specifications

Outside diameter (in.)

Nominal: 42
With fin standoffs: 5.75

Shot density (spf), phasing (°) 4,0/180
572
12,135/45
Shot spacing (in.) 4 spf. 3
5spf: 2.4
12 spfi1
Temperature rating (°F [°C]) 400 [204]"
Pressure rating (psi) 12,000
Min. casing size (in.) 6%
Max. diameter including burrs, shot in liquid* (in.) 474491
Max. gun length (ft) 5,10,20
Interval missed between guns (in.) 12
Weight of loaded 20-ft gun in air* (Ibm) 248-650
Tensile load (Ibf)
Recommended 135,000
Min. 217,000
Max. 357,000

TWith high-temperature explosives and seals
*Depends on gun configuration and charge type
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Table 62. 4'2-in. HSD Performance Summary'

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in2/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)

45-in. HSD 5,72 PowerJet Omega 59.2 0.43 - 0.08/0.11 7,320
4505, HMX

45-in. HSD 5,72 PowerJet 4505, 46.4 0.47 - 0.08/0.15 7,32.0
HMX

4Vo-in. HSD® 4,0/180 PowerJet 4505, 50.1 0.36 - na 7,320
HMX

4Y5-in. HSD 12, 135/45 PowerJet 4512, 30.2 0.34 - 0.07/0.12 7,320
HMX

4Y5-in. HSD 12,135/45 PowerJet Omega 34 0.35 - 0.07/0.12 7,320
4512, HMX

4Y5-in. HSD 5,72 UltraJet 4505, 42.6 0.46 - 0.08/0.13 7,320
HMX

4Y5-in. HSD 5,72 HyperJet 4505, 370 0.57 - 0.11/0.16 7,320
RDX

45-in. HSD 12,135/45 34B HyperJet I, 17.9 0.39 - 0.07/0.11 7,320
RDX

4Y5-in. HSD 12,135/45 34JL UltraJet, 286 0.34 - 0.07/0.12 7,320
HMX

na = not available
T API RP 43 5th edition or API 19B Section 1; blue type identifies API 19B Registered Perforation Systems.
*Also available in 4%-, 4.72-, and 5-in. perforating systems
$ Unofficial APl data

45 20 00
0in. 0in. 0in.
. L] < .
o Tin. °
12in. X 12in. 24in. 12in. 3in.
. = x
. ) °
. ) o
24in. L_* 24in. 24in.
180° 270° 0° 90° 180° 180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
12 spf, 135°/45° Phasing 5 spf, 72° Phasing 4 spf, 180° Phasing
Figure 138. 4Y5-in. HSD shot patterns for 7-in. casing.
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4%-in. HSD
Perforating Gun

The 4%-in. HSD guns are for operations in 7-in. casing but have applica-

tions in larger completions where downhole restrictions limit gun size ?
(Fig. 139 and Tables 63 and 64). Available in the same range of shot densi-
ties and phasings as the 4%-in. HSD gun (Fig. 140), the 4%-in. gun has a

higher pressure rating.

Guns can be conveyed using wireline, slickline, tubing, or coiled tubing,

Multiple guns are aligned with intercarriers.

Applications

Deep penetration

| |
® Multiple-interval perforating
| |

High-pressure operations

Natural, stimulated, and sand control completions

Table 63. 4%-in. HSD Mechanical Specifications

Outside diameter (in.)

4,62
With fin standoffs: 5.75

Shot density (spf), phasing (°)

4,180; 5, 72; 12, 135/45;
Bigshot 21 gun: 21, 120/60

Shot spacing (in.) 4 spf.3
5spf: 24
12 spfi 1
21 spf:1.7

Temperature rating (°F [°C]) 400 [204]"

Pressure rating (psi)

5-spf gun: 17,000
12-spf gun: 16,000
Bigshot 21 gun: 15,000

Min. casing size (in.) 7

Max. diameter including burrs, 482
shot in liquid (in.)

Max. gun length (ft) 5,10,20
Interval missed between guns (in.) 12

Bigshot 21 guns: 13

Weight of loaded 20-ft gun in air (Ibm) 604
Tensile load (Ibf)
Recommended 207,000
Min. 331,000
Max. 452,000

TWith high-temperature explosives and seals
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Table 64. 4%-in. HSD Performance Summary™*

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in2/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
4.58-in. HSD 21,120/60 PowerJet 4521, 21.0 0.32 - 0.06/0.11 7,320
Bigshot 21 HMX

T API RP 43 5th edition or API 19B Section 1
*See Table 62 for 4/-in. HSD gun systems that are also available as 4%s- and 4.72-in. systems.

45°
72° 60°
¢ D €5
0in. 0in. 0in.
L . ° ° . .
° 1in. ° ° °
) T_. ° 4 . ° 1%I.ﬂ °
12in. . 12in. 24in. 12in. LY
° A
s ° L] L]
) o . ° °
24in. e ‘ 24in. L 24in. M
180° 270° 0° 90° 180° 180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
12 spf, 135°/45° Phasing 5 spf, 72° Phasing 21 spf, 120°/60° Phasing
Figure 140. 4%-in. HSD shot patterns for 7-in. casing.
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4.72-in. HSD
Perforating Gun

The 4.72-in. HSD guns are for operations in 7- and 7%-in. casing (Fig. 141

and Tables 65 and 66). Available in the same range of shot densities and ?
phasings as the 4%%- and 4.58-in. HSD guns (Fig. 142), the 4.72-in. gun has

a higher pressure rating.

Guns can be conveyed using wireline, slickline, tubing, or coiled tubing.
Multiple guns are aligned with intercarriers.

Applications

® Deep penetration
® Multiple-interval perforating
® High-pressure operations

Natural, stimulated, and sand control completions

Table 65. 4.72-in. HSD Mechanical Specifications

Outside diameter (in.)

472
With fin standoffs: 5.75

Shot density (spf), phasing (°)

4,180

5,72

12,135/45

Bigshot 21 gun: 21, 120/60

Shot spacing (in.)

4 spf: 3

5spf: 24

12 spf: 1

Bigshot 21 gun: 1.7

Temperature rating (°F [°C])

500 [260]"

Pressure rating (psi)

20,000
Bigshot 21 gun: 17,000

Min. casing size (in.) 7

Max. diameter including burrs, shot in liquid (in.) 4.99
Max. gun length (ft) 5,10, 20
Interval missed between guns (in.) 12

Bigshot 21 guns: 13

Weight of loaded 20-ft gun in air* (Ibm) 592-652
Tensile load (Ibf)
Recommended 254,000
Min. 406,000
Max. 528,000

TWith high-temperature explosives and seals
*Depends on gun configuration and charge type
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Table 66. 4.72-in. HSD Performance Summary™*

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.Y/ft) Avg./Max. (in.), Weight
() (in.) (Ibm/ft)
4.72-in.HSD 5,72 PowerJet 4505,  34.4 0.40 - 0.06/0.10 7,320
HNS
4.72-in. HSD 12, 135/45 PowerJet 4512,  22.8 0.31 - 0.06/0.11 7,32.0
HNS
4.72-in. HSD 12,135/45 34B CleanSHOT, 154 0.31 - 0.10/0.11 7,320
RDX
4.72-in. HSD 5,72 51J UltraJet, 345 0.33 - 0.07/0.12 7,320
HNS

T API RP 43 5th edition or APl 19B Section 1; blue type identifies API 19B Registered Perforation Systems.
¥See Table 62 for 4V-in. HSD gun systems that are also available as 4%- and 4.72-in. systems.
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Figure 142. 4.72-in. HSD shot patterns for 7-in. casing.
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5-in. HSD
Perforating Gun

The 5-in. HSD guns are designed for operations in 7%-in. and lightweight

7-in. casing (Fig. 143 and Tables 67 and 68). The same range of shot densi-
ties and phasings as the 4'%-, 4.58-, and 4.72-in. guns is available (Fig. 144).
Guns can be conveyed using wireline, slickline, tubing, or coiled tubing,

Multiple guns are aligned with intercarriers.

Applications

® Natural, stimulated, and sand control completions

® Deep penetration

® Multiple-interval perforating

Table 67. 5-in. HSD Mechanical Specifications

Outside diameter (in.)

5.00
With fin standoffs: 6.25

Shot density (spf), phasing (°)

5,72

8,135/45; 8, 0/180
12,135/45

Bigshot 21 gun: 21, 60

Shot spacing (in.) 5spf: 2.4
8spf:1.5
12 spf:1
Temperature rating (°F [°C]) 400 [204]
Pressure rating (psi) 11,000
Min. casing size (in.) 7%
Max. diameter including burrs, 5.19
shot in liquid (in.)
Max. gun length (ft) 5,10, 20
Interval missed between guns (in.) 13
Weight of loaded 20-ft gun in air (Ibom) 593
Tensile load (Ibf)
Recommended 184,000
Min. 294,000
Max. 395,000

TWith high-temperature explosives and seals
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Table 68. 5-in. HSD Performance Summary'

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.2/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
5-in. HSD 8,135/45 UltraJet 5008, 20.2 0.54 - 0.11/0.22 7,320
RDX
5-in. HSD* 8,0/180 UltraJet 5008, 19.1 0.48 - na 7,320
RDX
na = not available
T API RP 43 5th edition or API 19B Section 1
*Unofficial API data
o 45°
72
o O
0in. 0in.
. — Y150 |
. I A A 7
12in. 24in. 12in. | * )
T Ld
24in. ) 24in. L°
180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
5 spf, 72° Phasing 8 spf, 135°/45° Phasing
45° 60°
D e
0in. 0in.
° L Tin. ° .l. °
ma LT,
12in. . 12in. A
L4 e L] L]
24in. Lo ‘ 2in. il
180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
12 spf, 135°/45° Phasing Bigshot 21 System
21 spf, 120°/60° Phasing
Figure 144. 5-in. HSD shot patterns for 7-in. casing.
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The 6%-in. HSD gun is used to perforate heavyweight 9%-in. and larger
casing (Figs. 145 and 146 and Tables 69 and 70).

Perforating debris is limited by the patented loading technique, which
causes the charge case to break into large pieces when the gun is fired. This
debris is too large to exit the gun body.

The 6%-in. HSD guns are usually conveyed using tubing or coiled tubing
but can also be run on wireline. Multiple guns are aligned with intercarriers.

Applications

® Natural, stimulated, and sand control completions
® Deep penetration

® Multiple-interval perforating

60°

.
6

0in.
v
2in.
12in. x
24 in.

180°240°300° 0° 60°120°180°
18 spf, 120°/60° Phasing

Figure 146. 6%-in. HSD shot pattern for 9%-in. casing.
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Table 69. 6%s-in. HSD Mechanical Specifications

Outside diameter (in.)

6.625
With fin standoffs: 7.84

Shot density (spf), phasing (°) 18, 120/60
Shot spacing (in.) 2
Temperature rating (°F [°C]) 400 [204]"
Pressure rating (psi) 20,000
Min. casing size (in.) 9%
Max. diameter including burrs, shot in liquid* (in.) 6.72-6.73
Max. gun length (ft) 5,10, 20
Interval missed between guns (in.) 18
Weight of loaded 20-ft gun in air (Ibm) 1,310
Tensile load (Ibf)
Recommended 549,000
Min. 878,000
Max. 1,123,000
fWith high-temperature explosives and seals
*Depends on gun configuration and charge type
Table 70. 6%s-in. HSD Performance Summary®
Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.2/ft) Avg./Max. (in.), Weight
() (in.) (Ibm/ft)
6%-in. HSD 18, 120/60 PowerFlow 6618, 6.8 0.91 11.7 0.13/0.24 9%, 47.0
HMX
6%-in. HSD* 18, 120/60 PowerFlow 6618, 8.1 0.85 10.2 na 998, 70.3
HMX
na = not available
TAPI RP 43 5th edition or API 19B Section 1; blue type identifies APl 19B Registered Perforation Systems.
*Unofficial API data in Q125 casing
19 Schiumherger
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7-in. HSD
Perforating Gun

The 7-in. HSD guns are for operations in 9%-in. and larger casing (Figs. 147

and 148 and Tables 71 and 72).

Perforating debris is limited by the patented loading technique, which
causes the charge case to break into large pieces when the gun is fired. This

debris is too large to exit the gun body.

The 7-in. HSD guns are usually conveyed using tubing or coiled tubing
but can also be run on wireline. Multiple guns are aligned with intercarriers.

Applications

® Deep penetration
® Multiple-interval perforating
® High-pressure operations

Table 71. 7-in. HSD Mechanical Specifications

Natural, stimulated, and sand control completions

Outside diameter (in.)

7
With fin standoffs: 8.25

Shot density (spf), phasing (°) 12,135/45
18, 120/60
27,120/60
Shot spacing (in.) 12 spf1
18 spf: 2
27 spf:1.33
Temperature rating (°F [°C]) 400 [204]"
Pressure rating (psi) 10,000
Min. casing size (in.) 9%
Max. diameter including burrs, shot in liquid* (in.) 7.05-7.50
Max. gun length (ft) 5,10, 20
Interval missed between guns (in.) 12

Weight of loaded 20-ft gun in air* (Ibm)

1,210-1,245

Tensile load (Ibf)

Recommended 279,000
Min. 447,000
Max. 791,000

TWith high-temperature explosives and seals
*Depends on gun configuration and charge type
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Table 72. 7-in. HSD Performance Summary'

Gun Shot Density Charge Penetration Entrance  AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (inyft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
7-in. HSD 12,135/45 PowerJet Omega 53.2 0.43 - 0.08/0.16 9%, 47.0
4505, HMX
7-in. HSD 12,135/45 PowerdJet 4505, HMX 43.6 0.44 - 0.08/0.15 9%, 47.0
7-in. HSD 12,135/45 UltraJet 4505, HMX 39.9 0.45 - 0.08/0.16 9%, 47.0
7-in. HSD 27,120/60 PowerJet Omega 355 0.29 - 0.05/0.09 9%, 47.0
7027, HMX
7-in. HSD 27,120/60 34JL Ultradet, HMX 26.0 0.27 - 0.05/0.11 9%, 47.0
7-in. HSD 12,135/45 51B HyperJet I, RDX 320 0.47 - 0.08/0.14 9%, 47.0
TAPI RP 43 5th edition or API 19B Section 1; blue type identifies APl 19B Registered Perforation Systems.
45° 60° 60°
5 €)1 O
Oin. Oin. Oin.

L] 1l ® ° l

|, . 1.3gAi_n‘ 2in.

12in. . 12in. . 12in. x

24in. L 24in. . 24in.
180°270° 0° 90° 180° 180° 270° 0° 90° 180° 180°240°300° 0° 60° 120°180°
12 spf, 135°/45° Phasing 27 spf, 120°/60° Phasing 18 spf, 120°/60° Phasing

Figure 148. 7-in. HSD shot patterns for 9%-in. casing.
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HSD and Bigshot 21 Big Casing
Entrance Hole Perforating Guns

HSD and Bigshot 21 perforating guns can be loaded with big hole shaped
charges and configured to produce large-diameter perforations.
Maximizing the AOF of the perforations is typically used in sand control
completions to facilitate the placement of the gravel pack (Figs. 149 and
150 and Table 73).

The mechanical specifications for the various guns are as listed for each
HSD gun size previously in this chapter.

Applications

® Sand control

® Gravel-pack completions
— Frac and pack

— High-rate water pack
60°
€5 G
60°
0in. 0in.
. L. PR n.
. L7in. |, . | A
12in. X 12in.
24in. M 24in. .
180°270° 0° 90° 180° 180°270° 0° 90° 180°
Bigshot 21 System Bigshot 21 System
21 spf, 120°/60° Phasing 14 spf, 180°/60° Phasing

Figure 150. Bigshot 21 shot pattern in 7-in. casing.
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Table 73. HSD Big Entrance Hole and Bigshot 21 Performance Summary®

Gun Shot Density Charge Penetration Entrance AOF Burr Height Casing Size
(spf), Phasing (in.) Hole (in.) (in2/ft) Avg./Max. (in.), Weight
() (in.) (Ibm/ft)
2-in. HSD 6, 60 PowerFlow 2006, HMX 45 0.45 0.95 0.06/0.12 31,9.2
2-in. HSD 6, 60 UltraPack 2006, HMX 45 0.39 0.72 0.04/0.08 2%, 6.4
2Y4-in. HSD 6, 60 PowerFlow 2306, HMX 48 0.52 1.27 0.07/0.11 3, 9.2
2Y5-in. HSD 6, 60 PowerFlow 2506, HMX 5.2 0.64 1.93 0.08/0.12 3%, 9.2
2'%-in. HSD 6, 60 35B UltraPack, RDX 58 0.62 1.81 0.06/0.12 31,92
2%-in. HSD 6, 60 38C CleanPACK* HMX 6.6 0.70 2.31 0.06/0.08 4, 11.6
2%-in. HSD 6,60 38C CleanPACK, RDX 8.4 0.62 1.81 0.09/0.13 4,116
3%-in. HSD 10, 135/45 PowerFlow 3412, HMX 4.7 0.67 3.53 0.09/0.13 5,15.0
3%-in. HSD 10, 135/45 38C UltraPack, RDX 5.0 0.63 3.15 0.08/0.11 5,15.0
3%-in. HSD* 12, 135/45 PowerFlow 3412, HMX 45 0.64 3.86 0.07/0.10 5%, 17.0
4-in. HSD 5,120 PowerFlow 5008, RDX 6.3 0.95 3.55 0.09/0.12 5%, 17.0
4Y-in. HSD 6,120 PowerFlow 5008, RDX 6.0 0.93 4.08 0.12/0.18 7,320
4%-in. HSD Bigshot 21° 21,120/60 PowerFlow 4621, RDX 59 0.83 1.3 0.13/0.24 7,320
4%-in. HSD Bigshot 21° 21, 120/60 PowerFlow 4621, HMX 6.1 0.83 1.3 0.15/0.28 7,32.0
5-in. HSD 8, 135/45 PowerFlow 5008, RDX 5.8 0.98 6.05 0.11/0.22 7,320
5-in. HSD Bigshot 21 21,120/60 43CJ UltraPack II, RDX 19 0.74 9.03 0.12/0.20 7%, 33.1
5.85-in. HSD'™ 18, 120/60 PowerFlow 5918, HMX 12 0.93 12.2 0.24/0.48 8%, 56.6%
6.625-in. HSD 18, 120/60 PowerFlow 6618, HMX 6.8 0.91 1.7 0.13/0.24 9%, 47.0
6.625-in. HSD™ 18, 120/60 PowerFlow 6618, HMX 8.1 0.85 10.2 na 9%, 70.3%
7-in HSD 18, 120/60 PowerFlow 7018, RDX 74 1.15 18.7 0.16/0.22 9%, 41.0
7-in HSD 18, 120/60 PowerFlow 7018, HMX 7.1 1.14 18.53 0.13/0.21 9%, 47.0
7-in HSD 14, 140/20 58C UltraPack, RDX 12.2 0.95 9.92 0.12/0.23 9%, 47.0
7-in HSD 12, 135/45 64C CleanPACK, RDX 10.1 1.13 1.4 0.10/0.22 9%, 47.0
na = not available
TAPI RP 43 5th edition or AP 19B Section 1; blue type identifies APl 19B Registered Perforation Systems.
* Also available in 3%s- and 3.67-in. perforating systems
§ Also available in 4.72- and 5-in. perforating systems
 Unofficial API data
#0125 casing
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PURE Perforating System
for Clean Perforations

The PURE perforating system (see the “Perforation Damage and Cleanup” chapter) optimizes the
dynamic underbalance through job-specific designs to clean perforations much more effectively
than conventional methods of underbalanced perforating (Tables 74 and 75). The result is sig-
nificantly improved production or injection.

PURE perforating gun

PURE perforating integrates proprietary software and hardware to design specific PURE per-
forating systems for each perforating job. Any method of conveyance can be used.

Applications

®m Wireline or tubing-conveyed perforating
m Perforating long intervals with varying permeability

Table 74. PURE Mechanical Specifications

Outside Diameter 2 21 27 3% 312 41 41 7

(in.)

Shot density (spf), 5.5, 60 5.5, 60 5.5, 60 5.5, 60 5.5, 60 11.5,135/45 45,72 11.5,135/45
phasing (°)

Shot spacing (in.) 2 2 2 2 2 1 2 1
Temperature 400[204] 400[204]  4001[204]  400[204]  400[204] 400 [204] 400 [204] 400 [204]
rating (°F [°C])

Pressure rating 20,000 25,000 25,000 20,000 25,000 12,000 12,000 10,000
(psi)

Min. casing size (in.) 2% 3% 4y 4 5 6% 6% 9%
Max. diameter 2.26 259-278  3.07 375 3.72 487 483 728
including burrs,

shot in liquid (in.)

Interval missed 13 125 12 12 12 12 12 12
between guns (in.)

Weight of loaded 19 179 237 332 292 501 446 1,245
20-ft gun in air (Ibom)

Max. tensile 63,000 81,000 105,000 150,000 200,000 150,000 150,000 500,000
load (Ibf)
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Table 75. PURE Performance Summary®

Gun Shot Density (spf), Charge Penetration Entrance
Phasing (°) (in.) Hole (in.)
2-in. PURE 5.5,60 PowerJet 18.6 0.20
2-in. PURE 5.5, 60 PowerJet Omega 21.8 0.22
2%-in.PURE 55,60 PowerJet 18.7 0.34
2Y5-in. PURE 5.5, 60 PowerJet Omega 30.6 0.32
27-in. PURE 5.5, 60 PowerJet 253 0.38
2%-in. PURE 5.5,60 PowerJet Omega 36.0 0.34
3%-in. PURE 55,60 PowerJet 36.5 0.37
3V4-in. PURE 5.5, 60 PowerJet Omega 44.2 0.44
4%-in. PURE  11.5,135/45 PowerJet 30.2 0.34
4'5-in. PURE 11.5,135/45 PowerJet Omega 34.0 0.35
4Y-in. PURE 45,72 PowerJet 46.4 0.47
4'5-in. PURE 45,72 PowerJet Omega 59.2 043
7-in. PURE 11.5,135/45 PowerJet 436 0.44
7-in. PURE 11.5,135/45 PowerJet Omega h3.2 0.43

TUnofficial API RP 43 5th edition or APl 19B Section 1; area open to flow available on request, specific per job design
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OrientXact Tubing-Conveyed
Oriented Perforating System

Meeting technical challenges in perforating
horizontal and deviated wells

Attempts at oriented perforating of horizontal and deviated wells with conventional systems
could be as much as 45° out of the desired orientation, with significant decreases in productivity.
Caliper logs showed that deviation of the perforation cavities from the optimum orientation was
most evident wherever there were changes in the direction of the wellbore, no matter how small.

Decreased productivity has also been attributed to perforating with zinc charges. Zinc-cased
charges provide less penetration and produce powdery zinc detonation by-products that combine
with chlorides and formation fluids in the wellbore. Severe reductions in permeability can result
in addition to mechanical problems that restrict flow through the downhole chokes.

The Schlumberger OrientXact system meets the challenges of perforating horizontal and
highly deviated wells by providing effective orienting that performs independently of tortuosity
and produces little debris to avoid significantly reducing formation productivity. This innovative
system has applications for perforating long horizontal wells, protecting the formation, increas-
ing productivity, and managing sand production.

OrientXact optimized perforating system

The OrientXact perforating system is deployed on tubing, coiled tubing, or drillpipe for under-
balanced perforating of long intervals simultaneously.

The OrientXact system is designed with a shot density of 4 to 5 spf and 20° phasing between
the charges at +10° from vertical (Figs. 151 and 152 and Tables 76 and 77). For high-angle and
horizontal wells where the angle between the wellbore and the maximum stress direction is
greater than 75°, the effective phasing and +10° orientation accuracy of the charges produce per-
foration cavities within 10° of the maximum stress direction as needed to prevent sand production.

Perforation Tunnel Distribution
4 spf, £10° Phasing

-40 30 -20 -10 0 10 20 30 40
Direction of perforation tunnels, degrees from vertical

Figure 151. Extensive laboratory and field testing shows that the OrientXact system reliably
shoots within 10° of the oriented position.
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Figure 152. The OrientXact system features a shot density of 4 to 5 spf and 10° phasing

from true vertical with a tolerance of +10°.

Table 76. OrientXact Mechanical Specifications

Outside diameter (in.) 2.88 3.38 350 450 472
Shot density (spf), phasing (°) 4,0/180 10 4,10/350 4,10, 350 4,10/350 4,10/350
5,10/350 5,10/350 5,10/350 4,0/180 4,0/180
5,0/180 5,0/180 5,0/180 4,0/180+10 4,0/180 £10
Shot spacing (in.) 4 spf:3 4 spf:3 4 spf: 3 3 3
5spf: 24 5spf: 24 5 spf: 2.4
Temperature rating” (°F [°C]) 330[165] 330[165] 330[165] 330[165] 330[165]
Pressure rating* (psi) 20,000 20,000 20,000 10,000 20,000
Min. casing size (in.) 5%, 5% 5V, 7 7
Max. diameter including 3.19/3.20 na/3.78 na/4.04 474477 4.99/5.01
burrs, shot in liquid/gas (in.)
Max. gun length (ft) 10, 20, 30 10, 20, 30 10, 20, 30 10, 20, 30 10, 20, 30
Interval missed between 5 spf: 25.4 5 spf: 25.4 5 spf: 25.4 26.1 26.1
guns (in.)
Weight of loaded 20-ft gun 296 438 444 650 795
in air (Ibm)
Max. tensile load (Ibf)
Bend angle na 170,000 na 240,000 375,000
No bend 124,000 na 165,000 165,000 na
na = not available
For 100 hr
" At 400 degF
Table 77. OrientXact Performance Summary'
Gun Shot Density Charge Penetration Entrance  AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in/ft)  Avg./Max. (in.), Weight
() (in.) (Ibm/ft)
2.88-in. 5,10 PowerJet 0X 2905, 26.2 0.21 — na 5%,17.0
OrientXact* HMX
3.38-in. 5,10 PowerJet 0X 3505,  37.7 0.34 1.52 0.06/0.07 5%,11.0
OrientXact HMX
4.50-in. 4,+10 PowerJet 0X 4504,  43.8 0.29 1.58 0.06/0.08 7,320
OrientXact HMX
na = not available
T API RP 43 5th edition or API 19B Section 1; blue type identifies API 19B Registered Perforation Systems.
*Unofficial API data
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System components

The OrientXact system can be assembled in individual sections of more than 1,000 ft that are con-
nected between high-load-capacity, low-friction swivels and maintain an alignment and
orientation tolerance within 10° of nominal. The aligning and orienting hardware (Fig. 153) uses
weighted spacers and aligning adapters to lock individual components to each other in the
desired configuration.

® Aligning and locking adapters—Adapters lock carriers to each other and eliminate all rota-
tional clearances from manufacturing tolerances in the locking features.

m Carriers, loading tubes, and weighted spacers—Carriers and spacers are manufactured to be
independent of the different trajectories of the wellbore for aligned and oriented perforating.
The carriers and weighted spacers bend uniformly in dogleg severities of more than 10° per
100 ft of wellbore length. The weighted spacer design eliminates any tendency for these com-
ponents to try to rotate the string off axis when the string is bent. After the shot, the weighted
spacer assemblies continue to provide orientation torque. This keeps the carrier exit holes
along the top side of the assembly and minimizes the likelihood of debris inside the carriers
falling out during retrieval of the string.

Correlation joint

| Drillpipe

| Circulation sub

| Dual hydraulic-
delay firing heads

| Sealed ballistic swivel _|
| Adapter |

| Safety spacer

| Orienting weight

| OrientXact gun

| OCD tool

=
=2
=
=
=
=
L]
R

»
»
»
»
»
»
»

I

| Bottom nose
A h

Figure 153. OrientXact perforating system.
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®m Swivels—To improve orienting performance, a new swivel was developed to provide very low
torsional friction while under simultaneous bending and compressive or tensile loading. Test
results demonstrate that the string provides the necessary torque to overcome swivel resis-
tance with tension and compression loads to 55,000 1bf and simultaneous bending to 10° per
100 ft.

® OCD* Orientation Confirmation Device—To verify the accuracy of the perforation operation,
the OrientXact system uses the OCD tool, which records the direction the string and perfora-
tion tunnels were actually pointing at the exact moment of the detonation. This measurement,
which is accurate to 1 confirms the actual orientation of the perforation tunnels. 0CD mea-
surements are available immediately after retrieving the string,

Job planning and reporting

Ensuring an effective perforating operation requires analyzing all well data and completion pro-
cedures to develop an appropriate running design for the OrientXact perforating system. The
OrientXact string is optimized by experienced TCP specialists using well directional survey data.
After each job, charts are produced that identify the actual string orientation versus measured
depth and the quantities of perforation tunnels versus deviation from the vertical. Other infor-
mation useful to job analyses and future job designs is also produced—orientation versus dogleg
severities; location of weights, carriers, swivels, and OCD tools; and changes in well direction.

Applications

® Horizontal and highly deviated wells, regardless of tortuosity
® Long, horizontally oriented perforating applications

® QOriented perforating in weak reservoirs

Schiumberger
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The 2-in. Frac Gun perforating system for wells requiring fracture stimula-
tion is engineered for slimhole casing, but has applications in any
completions where downhole restrictions limit gun size, including through
tubing, dual completion, monobore, and extended reach (Fig. 154 and
Tables 78 and 79).

Fracture stimulation requires 60° (or 120°) phased guns that produce a
large entrance hole size. The 2-in. Frac Gun system features these phasings
and can be loaded with the deep penetrating charges that are used with
HSD High Shot Density gun systems (Fig. 155).

The guns are conveyed with wireline or slickline. The gun intercarriers
feature a push-in connector, allowing faster operation than comparable
systems.

Applications
® Wells requiring fracture stimulation

® Slimhole, through-tubing, dual, monobore, and extended-reach
completions

Table 78. 2-in. Frac Gun Mechanical Specifications

Outside diameter (in.) 2

Shot density (spf), phasing (°) 4,120
6,60

Shot spacing (in.) 4 spf:3
6 spf: 2

Temperature rating (°F [°C]) 400 [204]

Pressure rating (psi) 20,000

Min. casing size (in.) 3%

Max. diameter including burrs, shot in liquid® (in.) 0.05-0.08

Max. gun length (ft) 1-20 in 20-in. intervals

Weight of loaded 20-ft gun in air (Ibm) 124

Max. tensile load (Ibf) 26,000

*Depends on gun configuration and charge type
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Figure 154. 2-in. Frac Gun perforating
system.
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Table 79. 2-in. Frac Gun Performance Summary®

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.Y/ft) Avg. (in.) (in.), Weight
) (Ibm/ft)

2-in. Frac Gun 6,60 PowerdJet 2006, 18.6 0.20 - 0.05 4,11.6

HMX
2-in. Frac Gun 6,60 UltraJet 2006, 14.7 0.28 - 0.07 4,11.6

HMX
2-in. Frac Gun 6, 60 HyperJet 2006, 9.6 0.33 - 0.08 4%,11.6

RDX

T API RP 43 5th edition or API 19B Section 1, shot in L80 casing
120° 60°
S
0in. 0in.
v, ’
3in. o
A ) \4
12in. |, 12in. 2in.
A
24 in. A 2in. ’
180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
4 spf, 120° Phasing 6 spf, 60° Phasing

Figure 155. 2-in. Frac Gun shot patterns for 4%-in. casing.
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3.12-in. Frac Gun
Perforating System

The 3.12-in Frac Gun perforating system is engineered for wells requir-

ing fracture stimulation, sand control operations, and CBM wells (Fig. 156

and Tables 80 and 81).

Fracture stimulation requires 60° (or 120°) phased guns that produce a
large entrance hole size. To best execute frac job designs at these phasings,
the 3.12-in Frac Gun system uses custom-designed charges to optimize

entrance hole size and penetration (Fig. 157).

The guns are conveyed with wireline or slickline. The gun intercarriers
feature a push-in connector, allowing faster operation than comparable sys-
tems. A plug and shoot adapter makes it possible to set a plug and shoot

multiple guns in the same descent, saving operating time.

Applications

® Wells requiring fracture stimulation
® Sand control operations

m CBM wells

Table 80. 3.12-in. Frac Gun Mechanical Specifications

Outside diameter (in.) 3.125
Shot density (spf), phasing (°) 4,90;4,120
6,60
Shot spacing (in.) 4 spf. 3
6 spf: 2
Temperature rating (°F [°C]) 300 [149]
Pressure rating (psi) 15,000
Min. casing size (in.) 41,
Max. diameter including burrs, shot in liquid® (in.) 0.06—0.07

Max. gun length (ft)

1-20 in 20-in. intervals

Weight of loaded 20-ft gun in air (Ibm) 247
Max. tensile load (Ibf) 4 spf: 89,000
6 spf: 25,000

T Depends on gun configuration and charge type
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Figure 156. 3.12-in. Frac Gun perforating
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Table 81. 3.12-in. Frac Gun Performance Summary*

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.2/ft) Avg. (in.) (in.), Weight
(°) (Ibm/ft)
3.12-in. 6, 60 3106 PFrac* 249 0.44 - 0.06 4,11.6
Frac Gun RDX
3.12-in. 4,120 34B HyperJet, 18.5 0.41 - 0.07 4%,11.6
Frac Gun* RDX
T API RP 43 5th edition or APl 19B Section 1, shot in L80 casing; blue type identifies API 19B Registered Perforation Systems.
*Unofficial API data
90° |\120°
0in. 0in.
Y Y
3in. 3in.
X low
12in. 12in.
24in. 24 in.
180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
4 spf, 90° Phasing 4 spf, 120° Phasing
120° 60°
ol
0in. 0in.
v |, :
6in ¢ — v
12in. 12in. 2in.
X 7y
2in. 2Ain. )
180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
2 spf, 120° Phasing 6 spf, 60° Phasing
Figure 157. 3.12-in. Frac Gun shot patterns for 4%2-in. casing.
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Port Plug and HEGS
High-Efficiency Gun Systems

Because Port Plug guns and HEGS High-Efficiency Gun Systems are used to perforate wells
before the completion string has been run (or in some cases, after it has been pulled), these
hollow carrier guns are also called casing guns. They are usually shot in overbalanced conditions
to maintain well control. Port Plug guns are designed specifically for use on electric wireline
cable and are retrievable.

Port Plug guns feature multiple-gun selectivity to shoot several zones per run in the well.
Instead of percussion switches, Port Plug guns use the ASFS Addressable-Switch Firing System,
which attaches a uniquely addressed electronic switch to each detonator. In addition to provid-
ing flexibility for remote operations, Port Plug guns require only minimal amounts of hardware
for perforating large intervals. Compared with the faster-loading HEGS guns, the Port Plug guns
have higher pressure ratings.

HEGS High-Efficiency Gun Systems are hollow carrier casing guns similar to Port Plug guns
but designed specifically for fast loading with minimal carrier preparation. Conveyed on electric
wireline cable, the HEGS guns are expendable. They can be combined for selective perforating
and run in lengths up to 40 ft.

Deep penetrating charges for natural and stimulated completions and big hole charges for
gravel-pack completions are available for Port Plug and HEGS guns. To ensure that perfor-
mance meets design specifications, charges are QC-tested during production in actual gun
carriers. Because the loaded guns contain only secondary high explosives (detonating cord,
boosters, and charges), they are safe to transport and handle following standard Schlumberger
safety procedures.

Figure 158 illustrates the configuration of the Port Plug and HEGS guns.

Damaged-zone

diameter
Openhole Crushed-zone
diameter diameter
_t-- I---_ Perforation
d < > o diameter
a / —  Charge
| U/ standoff
’ |l
T i Charge
Perforation | g -
spacing E Gun carrier
(dependenton
shot density) !
| i

length T
Gun
clearance

E /_ Casing
E Perforation

Figure 158. Port Plug and HEGS gun systems.

Specifications for the Port Plug and HEGS guns are listed in the following data sheets.
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3Vs-In. Port
Plug Gun

The 3%-in. Port Plug gun system is designed to provide maximum perforat-

selectivity for remote operations (Fig. 160).
The guns are conveyed on wireline.

Applications
Selective perforating
Remote operations
Deep penetration

Shot-by-shot perforating

Table 82. 3's-in. Port Plug Gun Mechanical Specifications

Multiple-interval perforating

ing performance at low pressures and temperatures (Fig. 159 and Tables 82
and 83). By shooting the charges through replaceable plugs in a reusable
gun carrier, the 3%-in. Port Plug gun provides highly flexible multiple-gun
Monocable head

Casing collar locator

Outside diameter (in.) 3.125
Shot density (spf), phasing (°) 1,0
4,120; 4,180 Wireline head
Shot spacing (in.) 3
Temperature rating (°F [°C]) 250 [121]
With high-pressure feed-through: 340 [171] c
Pressure rating (psi) 5,000 B
With high-pressure feed-through: 10,000
Min. casing size (in.) 41
Max. gun length (ft) 1,2,3,4,5,6,7,10,15 Arming port
Weight of loaded 15-ft gun in air (Ibm) 234 Selective intermediate
adapter
Max. tensile load (Ibf) 239,000
Carrier
Arming port
Bottom nose

210

Figure 159. 3%-in. Port Plug gun.
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Table 83. 3s-in. Port Plug Gun Performance Summary®

Gun Shot Density Charge Penetration Entrance AOF Casing Size
(spf), Phasing (in.) Hole (in.) (in/ft) (in.), Weight
(°) (Ibm/ft)

3V-in. Port Plug 4,120 Port Plug 3104, RDX 15.0 0.38 - 4,116

TAPI RP 43 5th edition or APl 19B Section 1, shot in L80 casing

Monoc

CCL

head

able

B
—ﬂ Adapter to

= head assembly

—MEIﬂEI“EIﬂ%m

Adapter to
head assembly

Carrier

Selective intermediate adapter

Carrier

Bottom nose

Figure 160. 3%4-in. Port Plug gun configurations.
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Selective intermediate adapter

Carrier

Gun to twist-lock adapter

Plug and shoot adapter

Setting tool

Plug (or packer)

21

Hunting Titan, Inc.
Ex. 1005
Page 226



3%s-In. Port
Plug Gun

The 33%-in. Port Plug gun is a 4-spf, 90°-phased gun system designed to

provide maximum perforating performance at higher pressures and tem-
peratures (Fig. 161 and Tables 84 and 85). By shooting the charges through
replaceable plugs in a reusable gun carrier, the 3%-in. Port Plug gun
provides highly flexible multiple-gun selectivity for remote operations.

The guns are conveyed on wireline.

Applications
Selective perforating
Remote operations
Deep penetration

Multiple-interval perforating

Table 84. 3%s-in. Port Plug Gun Mechanical Specifications

Outside diameter (in.) 3%

Shot density (spf), phasing (°) 4,90

Shot spacing (in.) 3

Temperature rating (°F [°C]) 330 [166]
400 [204]"

Pressure rating (psi) 25,000

Min. casing size (in.) 4,

Max. gun length (ft)

1,15,2,4,7,10,15, 20

Weight of loaded 15-ft gun in air (Ibm)

300

Max. tensile load (Ibf)

330,000

TWith high-temperature explosives and seals

Table 85. 3%s-in Port Plug Gun Performance Summary*

Figure 161. 3%-in. Port Plug gun.

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in.2/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
3%-in. Port 4,90 38B HyperJetll, 215 0.35 - 0.05/0.08 4Y,11.6
Plug gun RDX

T API RP 43 5th edition or API 19B Section 1
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The 4-in. Port Plug gun is a 4-spf, 90°-phased gun system designed to pro-

vide maximum perforating performance at low pressures and temperatures

(Fig. 162 and Tables 86 and 87). By shooting the charges through replace-

able plugs in a reusable gun carrier, the 4-in. Port Plug gun provides highly

flexible multiple-gun selectivity for remote operations.
The guns are conveyed on wireline.

Applications

Selective perforating
Remote operations
Deep penetration
Multiple-interval perforating

Table 86. 4-in. Port Plug Gun Mechanical Specifications

Outside diameter (in.) 4

Shot density (spf), phasing (°) 4,90

Shot spacing (in.) 3

Temperature rating (°F [°C]) 330 [166]
400 [204]"

Pressure rating (psi) 25,000

Min. casing size (in.) 4,

Max. gun length (ft)

1,15,2,4,7,10,15, 20

Weight of loaded 20-ft gun in air (Ibm) 597

Max. tensile load (Ibf)

380,000

TWith high-temperature explosives and seals380

Table 87. 4-in. Port Plug Gun Performance Summary*

4-in. Port
Plug Gun

Figure 162. 4-in. Port Plug gun.

Gun Shot Density Charge Penetration Entrance AOF Burr Height  Casing Size
(spf), Phasing (in.) Hole (in.) (in2/ft) Avg./Max. (in.), Weight
(°) (in.) (Ibm/ft)
4-in. Port 4,90 41B HyperJetll, 236 0.38 - 0.07/0.09 515,17.0
Plug gun RDX
4-in. Port 4,90 41B HyperdJet I, 216 0.37 - 0.07/0.09 51,17.0
Plug gun HMX
4-in. Port 4,90 41B UltraPack, 14.3 0.56 0.99 0.13/0.19 5%,17.0
Plug gun RDX
T API RP 43 5th edition or API 19B Section 1
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Hunting Titan, Inc.
Ex. 1005

Return to Contents

Page 228



3Vs-in. HEGS

Perforating Gun

The 3%-in. HEGS gun is an economical wireline-conveyed perforating gun
(Fig. 163 and Tables 88 and 89). Designed for low-pressure, low-tempera-
ture operations in 4%4-in. casing, the 3%-in. HEGS gun also has applications
in completions where downhole restrictions limit gun size.

For special applications, other phasings and shot densities can be made
from the standard configurations (Fig. 164). The guns are usually conveyed
by wireline, one at a time, but can be combined and selectively fired using
a special intercarrier and standard switch.

Applications

m Selective perforating

® Deep penetration or big hole
® Multiple-interval perforating

Table 88. 3'z-in. HEGS Mechanical Specifications

Outside diameter (in.) 3.125
Shot density (spf), phasing (°) 2,120
4,90; 4,120
6, 60
Shot spacing (in.) 2 spf: 6
4 spf: 3
6 spf: 2
Temperature rating (°F [°C]) With foam loading tube: 210 [99]
340 [171]
Pressure rating (psi) 6,200
Min. casing size (in.) 4

Max. diameter including burrs, shot in liquid/gas (in.) ~ 3.38/3.65

Max. gun length (ft) Foam loading tube: 1to 40
Steel loading tube: 10, 20

Weight of loaded 40-ft gun in air (Ibm) 340

214
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Table 89. 3s-in. HEGS Performance Summary'

Gun Shot Density Charge Penetration Entrance AOF Burr Height Casing Size
(spf), Phasing (in.) Hole (in.) (in2/ft) Avg./Max. (in.), Weight
() (in.) (Ibm/ft)

3V-in. HEGS 4,90 34B HyperJet, RDX 18.5 0.41 0.53 0.07/0.10 4,11.6

T API RP 43 5th edition or API 19B Section 1

90° |\120°
0in. 0in.
A4 A 4
3in. 3in.
A A
12in. 12in.
24in. 24in.
180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
4 spf, 90° Phasing 4 spf, 120° Phasing
120° 60°
B
0in. Oin.
v ., ’
6in. ° v
12in. 12in. 2in.
A A
2Ain. 2 in. ’
180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
2 spf, 120° Phasing 6 spf, 60° Phasing

Figure 164. 3%-in. HEGS shot patterns for 4'2-in. casing.
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4-in. HEGS
Perforating Gun

The 4-in. HEGS gun is an economical wireline-conveyed perforating gun

(Fig. 165 and Tables 90 and 91). Designed for low-pressure, low-tempera-
ture operations in 5%- to 7-in. casing, the 4-in. HEGS gun has applications

in larger completions where downhole restrictions limit gun size.

For special applications, other phasings and shot densities can be made
from the standard configurations (Fig. 166). The guns are usually conveyed
by wireline, one at a time, but can be combined and selectively fired using

a special intercarrier and standard switch.

Applications

m Selective perforating

® Deep penetration or big hole
® Multiple-interval perforating

Table 90. 4-in. HEGS Mechanical Specifications

Outside diameter (in.) 4
Shot density (spf), phasing (°) 4,90; 4,120
Shot spacing (in.) 3

Temperature rating (°F [°C])

With white-foam loading tube: 210 [99]

With black-foam loading tube: 230 [110]

Pressure rating (psi) 4,000
Min. casing size (in.) 5%
Max. diameter including burrs, 4.28/4.50

shot in liquid/gas (in.)

Max. gun length (ft)

Foam loading tube: 1 to 40

Steel loading tube: 20

Weight of loaded 40-ft gun in air (Ibm)

520

216
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Table 91. 4-in. HEGS Performance Summary'

Gun Shot Density Charge Penetration Entrance AOF Burr Height ~ Casing Size
(spf), Phasing (in.) Hole (in.) (in¥ft) Avg./Max. (in.), Weight
() (in.) (Ibm/ft)
4-in. HEGS 4,90 41B HyperJet, SX1 217 0.42 0.53 0.06/0.10 515,17.0
4-in. HEGS 4,90 43C HyperPack, RDX 94 0.60 1.13 0.09/0.12 7,230
T API RP 43 5th edition or API 19B Section 1
90° |\120°
0in. 0in.
A 4 Y
3in. 3in.
A A
12in. 12in. .
24in. 24 in.
180° 270° 0° 90° 180° 180° 270° 0° 90° 180°
4 spf, 90° Phasing 4 spf, 120° Phasing
Figure 166. 4-in. HEGS shot patterns for 5%2-in. casing.
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Hollow Carrier Gun Performance

and Mechanical Data Summary

Tables 92, 93, and 94 summarize the mechanical and performance data for the individual hollow

carrier guns.
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Special Application
Perforating Systems

Introduction to special application perforating gun systems

The Schlumberger special application guns are tubing punchers, through-tubing drop-off
guns, and shot-by-shot guns. Each of these gun systems is designed and optimized for a specific
application.

Tubing punchers are used in situations that require a hole in an interior tubing or casing
string with minimal damage to the surrounding string. The hole may be necessary to achieve
circulation, relieve differential pressure across a packer, or, in some cases, allow production.

Through-tubing drop-off guns are designed on request to provide maximum performance in a
nonretrievable gun application. A special thin-walled carrier has the minimum OD required to
maintain the pressure rating. When the gun detonates, it fires a drop-off charge that separates
the carrier from the positioning device, leaving the carrier in the well. This allows safe entry and
exit through small-ID nipples with larger size gun performance. The dropped carrier is in one
piece and can be fished during a workover. Contact your Schlumberger representative for more
information on this customized perforating system.

Shot-by-shot guns are used for limited-entry applications in which single perforations are
needed spaced over a large interval. The ASFS addressable-switch firing system is a smart gun
system that uses a microcontroller device attached to each detonator, with status monitoring
and skip-over capability. The ASFS system is fully described in the following chapter, “Wire-
line Perforating Techniques.”

Special application perforating gun datasheets

Tubing punchers

The 134 and 1'¥6-in. tubing punchers are used to pass through small restrictions in BHAs and
punch holes in tubing or casing to achieve circulation or relieve pressure differentials (Table 95).
These retrievable tools are wireline conveyed only.

Charge selection for tubing punchers is based on the wall thickness, desired exit hole size,
and allowable penetration into a surrounding pipe string (Table 96).

Applications
B Pressure equalization between tubing and annulus

® Establish circulation between tubing and annulus when a sliding sleeve is not available or
functional
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Table 95. 135- and 1'"4¢-in. Tubing Puncher Mechanical Specifications

16DS 16CL 20ES 20DM 20DL
Outside diameter (in.) 13/8 13/8 111/16 111/16 111/16
Shot density (spf) 4 4 4 4 4
Phasing (°) 0 0 0 0 0
Shot spacing (in.) 3 3 3 3 3

Temperature rating,
1hr (°F[°C]

HNS: 500 [260]

HNS: 500 [260]

HNS: 500 [260]

HNS: 500 [260]

HNS: 500 [260]

Pressure rating (psi) 25,000 25,000 25,000 25,000 25,000
Min. casing size (in.) 21/16 21/16 23/8 23/8 23/8
Min. restriction (in.) 1.5 1.5 1.78 1.78 1.78
Max. gun length (ft) 11020 11020 1t020 1t020 1t0 20
Debris fill per charge None None None None None

(in.2/ft)

Table 96. 135- and 1"6-in. Tubing Puncher Performance Summary*

Puncher, Charge Tubing or Casing Average Size Max. Penetration
Wall Thickness of Exit Hole in Quter String
(in.) in Inner Pipe (in.)
(in.)
16DS, HNS
Min. recommended wall thickness 0.19 0.30 0.10
Max. recommended wall thickness 0.375 0.23 0.05
16CL, HNS
Min. recommended wall thickness 0.375 0.22 0.10
Max. recommended wall thickness 0.50 0.13 0.05
20ES, HNS
Min. recommended wall thickness 0.19 0.32 0.10
Max. recommended wall thickness 0.375 0.24 0.