A 0 0 0O A R

WO 02/103161 A2

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date

/—\\
A TINNN

(10) International Publication Number

WO 02/103161 A2

27 December 2002 (27.12.2002) PCT

(51) International Patent Classification’: E21D
(21) International Application Number: PCT/US02/19387
(22) International Filing Date: 18 June 2002 (18.06.2002)
(25) Filing Language: English  (74)
(26) Publication Language: English
(30) Priority Data: (81)

60/299,248 19 June 2001 (19.06.2001) US

(71) Applicant: EXXONMOBIL UPSTREAM RESEARCH
COMPANY [US/US]; PO Box 2189, Houston, TX 77252
2189 (US).

(72) Inventors: TOLMAN, Randy, C.; 1903 Magnolia Es-
tates Drive, Spring, TX 77386 (US). KINISON, David, A.;
3326 Three Pines Drive, Kingwood, TX 77339 (US). NY-
GAARD, Kris, J.; 4019 Tartan Lane, Houston, TX 77025

84)

(US). SOREM, William, A.; 20606 Fawnbrook Court,
Katy, TX 77450 (US). HALL, Timothy, J.; 3133 Buf-
falo Speedway, Apartment 6301, Houston, TX 77098 (US).
BAILEY, Jeffrey, R.; 3850 Olympia Drive, Houston, TX
77019 (US).

Agents: WILSON, Pamela, L. et al.; ExxonMobil Up-
stream Research Company, P.O. Box 2189, Houston, TX
77252-2189 (US).

Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL,, IN, IS, JP, KE, KG, KP, KR, KZ, L.C,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG,
SL, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, UZ, VN,
YU, ZA, ZM, ZW.

Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, 7ZW),

[Continued on next page]

(54) Title: PERFORATING GUN ASSEMBLY FOR USE IN MULTI-STAGE STIMULATION OPERATIONS

(57) Abstract: A perforating gun assembly for use in perforating multiple intervals of at least

10

37

34
36

Y,
=5

16¢ ‘

\

28
16b

36

18

28 |

16a
38

28

26

20

40 l

one subterranean formation intersected by a cased wellbore and in treating the multiple intervals
using a diversion agent, such as ball sealers. In one embodiment, the apparatus of the present
invention comprises a perforating assembly having a plurality ofselect-fire perforating devices in-
terconnected by connector subs, with each of the perforating devices having multiple perforating
charges. The apparatus also includes at least one decentralizer, attached to at least one of the perfo-
rating devices, which is adapted to eccentrically position the perforating assembly within the cased
wellbore so as to create sufficient ball sealer clearance between the perforating assembly and the
inner wall of the cased wellbore to permit passage of at least one ball sealer.
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PERFORATING GUN ASSEMBLY FOR USE IN MULTI-STAGE
STIMULATION OPERATIONS

FIELD OF INVENTION

This invention relates generally to the field of perforating and stimulating
subterranean formations to increase the production of oil and gas therefrom. More
specifically, the invention provides a new and improved perforating gun assembly for
use in multiple-stage stimulation operations using a diversion agent, such as ball

sealers.

BACKGROUND OF THE INVENTION

Naturally occurring deposits of oil and gas are typically produced using wells
drilled from the earth's surface. A wellbore penetrating a subterranean formation
typically consists of a metal pipe (casing) cemented into the original drill hole.
Lateral holes (perforations) are shot through the casing and the cement sheath
surrounding the casing to allow hydrocarbon flow into the wellbore and, if necessary,
to allow treatment fluids to flow from the wellbore into the formation.

When a hydrocarbon-bearing, subterranean reservoir formation does not have
enough permeability or flow capacity for the hydrocarbons to flow to the surface in
economic quantities or at optimum rates, hydraulic fracturing or chemical (often acid)
stimulation may be used to increase the flow capacity. Hydraulic fracturing consists
of injecting viscous fluids into the formation through the perforations at such high
pressures and rates that the reservoir rock fails and forms a plane, typically vertical,
fracture or fracture network. Granular proppant material, such as sand, ceramic
beads, or other materials, is generally injected with the later portion of the fracturing
fluid to hold the fracture(s) open after the pump pressures are released. Increased
flow capacity from the reservoir results from the high permeability flow path left

between the grains of the proppant material within the fracture(s). In chemical
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stimulation treatments, flow capacity is improved by dissolving materials in the
formation or otherwise changing formation properties.

When multiple hydrocarbon-bearing zones are stimulated by hydraulic
fracturing or chemical stimulation treatments, economic and technical gains are
realized by injecting multiple treatment stages that can be diverted (or separated) by
various means, including the use of ball sealers. The primary advantages of ball
sealer diversion are low cost and low risk of mechanical problems. Costs are low
because the process can typically be completed in one continuous operation, usually
during just a few hours. Only the ball sealers are left in the wellbore to either flow
out with produced hydrocarbons or drop to the bottom of the well in an area known as
the rat (or junk) hole. The primary disadvantage is the inability to be certain that only
one set of perforations in the desired interval will fracture at a time so that the correct
number of ball sealers are dropped at the end of each treatment stage. Obtaining
optimal benefits from the process depends on one fracture treatment stage entering the
formation through only one perforation set and all other open perforations remaining
substantially unaffected during that stage of treatment. Further disadvantages are lack
of certainty that all of the perforated intervals will be treated and of the order in which
these intervals are treated while the job is in progress. In some instances, it may not
be possible to control the treatment so that individual zones are treated with single
treatment stages.

One multi-stage treatment method which employs the use of ball sealers is the
"Just-in-Time Perforating” ("JITP") method disclosed in co-pending patent
application 09/891,673 filed June 25, 2001. The JITP stimulation method is a method
for individually treating each of multiple intervals within a wellbore while
maintaining the economic benefits of multi-stage treatment: it provides a method for
designing the treatment of multiple perforated intervals so that only one such interval
is treated during each treatment stage while at the same time determining the
sequence in which intervals are treated. One of the primary benefits of the JITP
method is that it allows more efficient chemical and/or fracture stimulation of many
zones, leading to higher well productivity and higher hydrocarbon recovery (or higher

injectivity) than would otherwise have been achieved.
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More specifically, the method involves perforating, treating, and isolating a
given zone, and continuously and sequentially performing the same process for a
number of zones up the well. The JITP process proceeds generally as follows: A
select-fire perforating gun assembly, consisting of multiple gun sections containing
shaped charges, is sent downhole via wireline to the first zone of interest. Each gun
section can be individually fired via electric signal transmitted by the wireline. The
first gun section is fired to form perforations in the well casing at the first zone. The
gun assembly is then immediately pulled up hole to the next zone to be treated. The
first stage of treatment is pumped into the wellbore and forced to enter the first set of
perforations. Ball sealers are pumped down the well with the later portion of the
treatment and ultimately seat on the perforations, thus isolating the first zone. The
second gun section is then fired to create perforations at the second zone, and the gun
assembly is pulled up hole to the next zone to be treated. The second stage of
treatment is pumped while maintaining a high pressure in the wellbore, thus ensuring
that the ball sealers on the previous set of perforations remain seated and that the
treatment is diverted to the current perforated zone. The process is repeated for each
zone to be treated.

There are several potential problems which could arise during the JITP
stimulation process that could either limit the number of zones treated during a given
trip downhole or affect the quality of the individual treatments. For example, the
perforations may have burrs (sharp pieces of well casing metal extruding from the
perforations into the wellbore) that form as a result of the firing process of shaped
charges. These burrs can be non-uniform or very large about the perforation
circumference, and as a result the ball sealers may not properly seat on the
perforations. Treatment fluid may then leak past the ball sealers, which could result
in that zone being over-treated and thus failure to optimally divert the treatment fluid
to the current zone of interest, which in turn could lead to sub-optimal production out
of one or more zones.

Depending on the distance between the outer wall of the gun section housing
and the well casing, known as the "shot clearance", and the positioning of the shaped

charges about the circumference of the gun assembly, known as the "shot phasing,"
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the diameter of the perforations made may be variable. Typically, the greater the shot
clearance, the smaller the diameter of the perforation made by the shaped charge. If
the gun assembly drifts or is forced to one side of the wellbore, and the shot phasing is
such that shaped charges are aimed at various locations about the wellbore
circumference, the resulting perforations may have a significant variation in diameter
and ovality; the larger perforations will be more likely to take the treatment fluid since
they will have less frictional pressure losses. The size and shape of the perforations
can also affect the seating of the ball sealers, where excessively large and small
perforations or oval-shaped perforations may not allow the balls to seat and seal
optimally. It may also compromise their mechanical integrity.

During each treatment stage of the JITP process, the ball sealers must tra\;el
downhole past the gun assembly to reach their destination. If the gun assembly has an
outer diameter relative to the well casing inner diameter such that the annular area
between the gun assembly and the inner wall of the well casing is small, then the ball
sealers may have difficulty getting past the gun assembly. As a result the ball sealers
may get lodged in part of the assembly or between the gun assembly and the well
casing. Even if the gun assembly has a moderately sized outer diameter but is
centralized in the well casing, the ball sealers may become lodged between the gun
assembly and the casing or within the components of the gun assembly. The
treatment may be compromised if even one of the ball sealers fails to make it past the
perforating assembly or is temporarily hindered from reaching the targeted perforation
of the treated zone.

Since the JITP process involves over-balanced perforating (i.e., maintaining
high pressure in the wellbore while perforating), opening up a new set of perforations
can cause a large pressure differential between the wellbore and the formation. This
pressure imbalance can cause the gun assembly to get sucked against the perforations
before it can be pulled up hole to the next interval. This sticking force may be so
great that the wireline may not be sufficiently strong to overcome the frictional force
between the gun assembly and well casing. The only way to unstick the gun may be

to lower the wellbore pressure. However, this may cause the ball sealers on the
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previously completed zones to unseat, reducing the diversion effectiveness and
possibly causing the treatment to be terminated.

The various embodiments of the inventive perforating gun assembly and the
various novel components described below serve to address one or more of these

problems described above.

SUMMARY OF THE INVENTION

The various embodiments of the apparatus of the present invention are for use
in perforating multiple intervals of at least one subterranean formation intersected by
a cased wellbore and in treating the multiple intervals using a diversion agent, such as
ball sealers. In one embodiment, the apparatus of the present invention comprises a
perforating assembly having a plurality of select-fire perforating devices
interconnected by connector subs, with each of the perforating devices having
multiple perforating charges. The apparatus also includes at least one decentralizer,
attached to at least one of the perforating devices, which is adapted to eccentrically
position the perforating assembly within the cased wellbore so as to create sufficient
ball sealer clearance between the perforating assembly and the inner wall of the cased
wellbore to permit passage of at least one ball sealer. The apparatus may also include
one or all of the following components: (i) at least one stand-off adapted to create an
imposed shot clearance between the perforating assembly and the inner wall of the
cased wellbore when the perforating assembly is eccentrically positioned, (ii) means
for creating burr-free perforations in the cased wellbore upon firing of the perforating
charges, (iii) a depth locator for monitoring the depth of the perforating assembly, and
(iv) a bridge plug and corresponding bridge plug setting tool for isolating previously
completed intervals of the formation.

In another embodiment, the apparatus comprises at least one select-fire
perforating device having multiple perforating charges and at least one decentralizer
adapted to eccentrically position the perforating device within the cased wellbore so
as to create sufficient ball sealer clearance between the perforating device and the
inner wall of the cased wellbore to permit passage of at least one ball sealer. The

apparatus may also include one or more of the components listed above.
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In other embodiments, the apparatus of the present invention is used in
perforating multiple intervals of at least one subterranean formation intersected by a
cased wellbore and in treating the multiple intervals using a diversion agent such as
sand, ceramic mateﬁals, proppant, salt, polymers, waxes, resins, viscosified fluids,
foams, gelled fluids or chemically formulated fluids. In one embodiment, the
apparatus comprises a perforating assembly comprising a plurality of select-fire
perforating devices interconnected by connector subs, with each of the perforating
devices having multiple perforating charges. The apparatus also includes at least one
decentralizer, attached to at least one of the perforating devices, which is adapted to
eccentrically position the perforating assembly within the cased wellbore. The
perforating assembly is eccentrically positioned so as to create sufficient diversion
agent clearance between the perforating assembly and the inner wall of the cased
wellbore to (i) permit passage of a diversion agent with reduced frictional losses when
the diversion agent flows past the perforating assembly and (ii) to treat at least oné of
the multiple intervals following perforation of the interval. This embodiment may

also include one or more of the other components listed above.

BRIEF DESCRIPTION OF THE DRAWING

The present invention and its benefits will be better understood by referring to
the attached Figures 1-9 where:

Figure 1 illustrates one embodiment of the perforating gun assembly of the
present invention for use in multi-stage stimulation operations.

Figure 2 is a top view of the apparatus illustrated in Figure 1.

Figure 3 illustrates one embodiment of the means for creating burr-free
perforations.

Figure 4 is one embodiment of a decentralizer which can be a component of
the apparatus of the present invention.

Figures SA and 5B illustrate another embodiment of a decentralizer which can
be a component of the apparatus of the present invention.

Figures 6A-6C illustrate one embodiment of a connector sub which can be a

component of the apparatus of the present invention.
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Figures 7A and 7B illustrate, respectively, the forces acting on a perforating
assembly without the modified connector sub illustrated in Figures 6A-6C and a
perforating assembly with the modified connector sub.

Figure 8 and 9 illustrate two additional embodiments of a perforating device
which can be used in a perforating assembly to prevent sticking of perforating devices

when perforating in overbalanced conditions.

DETAILED DESCRIPTION OF THE INVENTION

Figure 1 illustrates one embodiment of the apparatus 10 of the present
invention. The apparatus 10 is hung by wireline 12 in a cased wellbore 14 having a
casing 15. The apparatus 10 includes a perforating assembly comprising a plurality of
select-fire perforating devices 16a, 16b and 16¢, which are interconnected by
connector subs 18. It should be understood that although the apparatus 10 illustrated
in Figure 1 has three select-fire perforating devices, in actual practice the apparatus
may have many more than three select-fire perforating devices. Each of the select-fire
perforating devices 16 has multiple perforating charges 34. As used herein, the term
"select-fire" refers to the network of interconnected charges. The perforating charges
can be shaped charges or bullets. A shaped charge consists of a pressed powdered
metal liner that, when melted by an ignited propellant, forms a liquid jet that
penetrates the well casing and formation; a bullet perforator consists of a solid metal
projectile fired by a similar ignited propellant. A set of charges may be individually
arranged in such a network or banks of perforating devices having multiple charges
may be arranged in a network. This network is designed to allow each successive
node in the network to be fired individually, commonly known as a "select-fire"
system. The perforating devices 16 consist of the gun carrier sleeve (42, Figure 2),
shaped charges 34, and associated parts well known to those skilled in the art for
firing the shaped charges 34. The number of perforating devices 16 may depend on
the number of zones to be treated in a given trip downhole and/or the number of
perforations desired for a given zone. The length of each perforating device 16 may
also depend on the number of perforations required for each zone. However, each

perforating device 16 should be short enough to ensure it has sufficient strength to
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resist bending from the large pressure differentials that can cause the perforating
assembly to stick. In the case of short perforating devices 16, it may be necessary to
fire multiple perforating devices 16 at once to get the desired number of perforations
in a given zone.

The outer diameter of the perforating device 16 depends on the inside diameter
of the well casing 15 and the size of the ball sealers 32. A ball sealer is ordinarily a
small spherical device used to temporarily plug a perforation and is held in place by
the pressure differential between the wellbore and the formation: however, the term
"ball sealer" need not be limited in terms of the size, shape or composition. The outer
diameter of the perforating devices 16 should be determined so as to ensure sufficient
clearance for the transport of at least one ball sealer 32 past the perforating assembly,
with consideration of any stand-off 28 component (described further below). In one
embodiment the shot phasing of the shaped charges 34 is such that all shots are taken
at about the same amount of shot clearance to ensure that the diameter of the resulting
perforations does not have significant variation.

As can be seen in Figures 1 and 2, at least one decentralizer 22 is attached to
at least one of the perforating devices 16 and is adapted to eccentrically position (from
the longitudinal center axis of the wellbore 14) the perforating assembly within the
cased wellbore 14 so as to create sufficient ball sealer clearance 24 (see Figure 2)
between the perforating assembly and the inner wall 26 of the well casing 15 to
permit passage of at least one ball sealer 32. The decentralizer can also be used to
control the orientation of the perforating charges relative to the casing wall and thus
minimize the shot clearance and provide consistent diameter perforations. The
decentralizer 22 shown in Figure 1 forces the perforating assembly to a position
within the wellbore 14 so as to provide sufficient clearance for the transport of ball
sealers 32 past the perforating assembly. If the perforating device 16 has a
sufficiently small diameter such that at least one ball sealer 32 may be transported
past the perforating assembly when the assembly is centralized within the
wellbore 14, then a centralizer (rather then a decentralizer) may be used to position
the perforating assembly. However, another benefit to using decentralizer 22 is that it

reduces the shot clearance 38 between the perforating devices 16 and the inner
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wall 26 of the well casing 15 so as to improve the perforation quality (e.g., to improve
the consistency of perforation diameters, generate minimal burrs and reduce
perforation ovality), particularly in the case where the shot phasing of the perforating
devices 16 is near 0° (i.e., all shaped charges 34 are closely aligned; within
approximately a 30° angle) and aimed at the nearest part of the well casing 15.

Decentralization of the perforating assembly can be achieved by several
different pieces of equipment, including but not limited to: bow or other types of
springs 22 (illustrated in Figures 1 and 4); mechanical arms; or magnetic
decentralizers. A combination of any of these or other equivalents known to those
skilled in the art may be used to eccentrically position the perforating assembly. The
spacing of the decentralizers along the perforating assembly should be optimized to
ensure that the perforating assembly is forced into contact with the inner wall 26 of
the well casing 15 along the entire length of the perforating assembly. The
decentralizing equipment should also be designed to ensure that the ball sealers 32
will not get lodged in the equipment when being transported down the wellbore 14
and to positively decentralize the assembly for the entire trip downhole. Materials for
the bow spring, which have sufficiently high strength and hardness to resist yielding
fatigue and wear, will be well known to those skilled in the art, such as but not limited
to Elgiloy,™ Inconel, X750™ and MP35N.™ Additional wear resistance may be
provided to the bow spring by applying a surface treatment, such as, but not limited
to, tungsten-carbide cladding.

The apparatus 10 may also include at least one stand-off 28 which in
Figures 1 and 2 are rings attached to the outer wall 42 (or carrier sleeve) of the
perforating device 16 or to connector subs 18. The stand-off 28 is adapted to create
an imposed shot clearance 38 (see Figure 1) between the perforating assembly and
the inner wall 26 of the well casing 15 when the perforating assembly is eccentrically
positioned. When the apparatus 10 includes one or more stand-off 28 rings, then the
required ball sealer clearance 24 must take into account the thickness of the stand-
off 28 ring in addition to the outer diameter of the perforating devices 16.

The stand-off 28 will reduce the hydraulic force applied to the perforating

assembly by the large pressure differential between the wellbore 14 and the formation
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that exists during over-balanced perforating. The imposed shot clearance 38 created
by the stand-off 28 provides an optimum space for wellbore fluids to enter newly
created perforations, thus modifying the pressure profile about the circumference of
the perforating assembly and preventing the perforating devices 16 from blocking
these perforations. The amount of imposed shot clearance 38 created by the
stand-off 28 should be sufficient to provide adequate flow area between the
perforating device 16 and the inner wall 26 of the well casing 15 for fluid to enter the
perforations. The stand-off 28 should also be large enough to ensure the stiffness
(i.e., resistance to bending) of the perforating device 16 balances the expected
hydraulic forces.

As an example, for a perforating device 16, with an outside diameter of
2.00 inches, inside a well casing 15, with an inside diameter of 4.67 inches, the
minimum ideal imposed shot clearance 38 created by the stand-off 28 to resist
differential sticking is on the order of 5/16 of an inch. Computational fluid dynamics
models, which will be well known to those skilled in the art, indicate that for 20
barrels per minute of flow into six 0.35 inch perforations centered on a given length of
a perforating device 16, the applied hydraulic force would be approximately
4000 pounds. For a perforating device 16 of length 35 inches and the outside
diameter given above, analytical models indicate that a force of approximately
5700 pounds would be necessary to bend the perforating device 16 by 5/16 of an inch
at the center of its length. Therefore, the stiffness of the perforating device 16 is
sufficient for the anticipated hydraulic force for this amount of stand-off.

The imposed shot clearance 38 may be created with several types of stand-
off 28 components, including but not limited to: making the connector subs 18 larger
than the perforating devices 16 by the desired amount (as shown in Figure 1, the
connector subs 18 have been modified to provide the stand-off 28; and the profile of
the connector sub may take many different forms); incorporating a protuberance into
the body of the connector sub; and adding rings or other physical barriers or
protuberances (e.g., knobs) to the outer wall 42 of the perforating device 16. Such
protuberances may be designed to provide a stable stand-off condition from the casing

wall 26 while the perforating devices 16 are eccentrically positioned with the
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perforating charges 34 oriented towards the wall to provide the imposed clearance 38
and to provide a nearly perpendicular firing angle. Two examples of such
protuberances include an asymmetric ring or two longitudinal pads offset along the
circumference of the perforating device 16, although these examples are for
illustration purposes and should not be limiting. One benefit of such asymmetric
protuberances is a possible reduction in the material of the stand-off 28 that blocks the
flow area past the perforating assembly (i.e., the perforating assembly "high side"),
increasing the passage way for ball sealers 32 or other diversion agents. The spacing
of the stand-off 28 components along the perforating assembly should be minimized
so as to ensure that the length of the perforating device 16 between adjacent
stand-off 28 components is small enough to resist bending.

Referring again to Figure 1, the apparatus 10 also includes means for creating
burr-free perforations in the cased wellbore 14 upon firing of the perforating
charges 34. The phrase "burr-free" is intended to include (i) perforations where the
circumference of the perforation on the inner wall 26 of the casing 15 is smooth and
without any metal protrusions and (ii) perforations where the maximum height of the
burr on the inner wall 26 of the casing is very small (for example, less than or equal to
approximately 0.06 inches). Generally, when using a ball sealer with a flexible
covering (e.g., a rubber coated ball sealer), the height of the resulting burrs on the
perforations should be less than the thickness of the covering to promote optimum
sealing.

One of the most common methods for achieving burr-free perforations is to
use a port plug 36, for each of the perforating charges 34, that extends from the gun
carrier sleeve 42 (see Figure 2) and comes into direct contact with the well casing 15.
As shown in Figure 3, when the shaped charge 34 is fired (as illustrated by 44), the
port plug 36 acts as a physical barrier that suppresses the burr, resulting in smoother
surfaced perforations 43 for improved seating of the ball sealers 32. There are several
other means well known to those skilled in the art for creating burr-free perforations.
For example, a shaped charge could be designed such that, when fired, it wipes the
burr off of the inner surface of the well casing and does not require any physical

barrier like a port plug 36. Instead, the carrier sleeve outer wall 42 of the perforating



WO 02/103161 PCT/US02/19387

12

devices 16 could also have multiple scalloped sections (sections of the outer wall
which are thinner, and thus easier to perforate) which are positioned adjacent to the
corresponding perforating charges 34. Obtaining burr-free perforations depends on
the design of the components of the perforating charges 34, including the size of the
charge, the type of the explosive, and the material and angle of the charge liner, and
the clearance between the charge 34 and the casing wall 26. Bullet perforators tend to
produce smooth, round perforations with little or no burr which are ideal for ball
sealer seating. However, current bullet perforators are commonly found in sizes of
3.125-inch outer diameter or larger, with smaller sizes generally being less reliable.
Therefore, their use in operations with ball sealers may be limited to cases where the
well casing is large (i.e., greater than 6 inches of inside diameter).

Figure 1 also illustrates a depth locator 37 which allows the wireline operator
to monitor the depth of the apparatus 10 when in the wellbore 14. The phrase "depth
locator" is intended to include any device or mechanism which could be used to
control the depth of the apparatus 10 when in the wellbore 14, such as (but not by way
of limitation) a casing collar locator or a gamma ray detector. Also, if it is desirable
to isolate certain treatment zones (for example to isolate zones treated in a previous
trip downhole), then a bridge plug 40 and setting tool 20 can also be attached to the
apparatus 10. The phrase "bridge plug" is intended to include any device or
mechanism which could be used to isolate treatment zones. Connector subs 18 can
also be used to connect the setting tool 20 to the lower one 16a of the perforating
devices and to connect the depth locator 37 to the upper one 16¢ of the perforating
devices.

Figure 4 illustrates one embodiment of a bow-spring decentralizer which
could be used with the apparatus 10 of the present invention. The bow spring
decentralizer 22 has a bow spring 23 which is directly attached to the perforating
device 16. The bow spring 23 is attached via the connector subs 18a and 18b on each
end of the perforating device 16. One end 52 of the bow spring 23 is either welded or
secured in a hole 25 in the connector sub 18a by threads, roll pins with a notch, or
other notch assemblies. The other end 54 of the bow spring 23 is held in position by
running it through a hole 27 in stand-off ring 56 extending from the
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connector sub 18b (although it could run through any through-hole on or in the
connector sub). This allows for end 54 of the bow spring 23 to slide back and forth in
the hole 27 to compensate for compression and expansion of the bow spring 23. The
clearance in this hole 27 should be small enough to prevent clogging by fines and yet
large enough to reduce hole-spring galling. The bow spring 23 should be made of a
material suitable for spring applications with yield and tensile strengths acceptable to
meet the expected loading conditions during running, perforating, and other downhole
applications. The bow spring 23 material should also be chosen to mitigate wear and
corrosion/cracking concerns based on the expected downhole environment.

As can be seen from Figure 4, connector subs 18a and 18b are standard single
stand-off connector subs 18 (see Figure 1) which have been modified. A standard
connector sub has been expanded to accommodate a second ring 60 and 58,
respectively, in each connector sub 18a and 18b with sufficient space between the
adjacent rings (60 and 62 on connector sub 18a; 56 and 58 on connector sub 18b) to
accommodate the bow spring 23 connections. This will generally necessitate that one
ring per sub (ring 62 in connector sub 18a; ring 56 in connector sub 18b) be altered
such that the bow spring 23 may be accommodated by each connector sub 18a
and 18b as previously discussed. Ring 62 has been modified to allow the end 52 of
the bow spring 23 to be secured into hole 25 of the connector sub 18a, still being flush
with the perforating device 16, and ring 56 in connector sub 18b has been modified to
provide for hole 27 to allow the lower end 54 of the bow spring 23 to slide back and
forth in the hole 27. When using a threaded connection to connect end 52 of the bow
spring 23 into the connector sub 18a, the connector sub 18a must be further altered by
inclusion of a threaded hole (not shown) into the center of the connector sub 18a to
mate with the bow spring 23.

One of the primary benefits of the bow spring decentralizer illustrated in
Figure 4 is that it has only one moving part, the bow spring 23. Multiple moving
parts can provide locations for potential failure, resulting in a lack of decentralization
or the inability to pull the perforating assembly out of the wellbore. The risk of
failure can be further increased when the perforating assembly is in a proppant-laden

fluid environment which can jam moving parts. Also, the bow spring decentralizer 22
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illustrated in Figure 4 is readily adaptable to work inline with select-fire perforating
devices 16, rather than requiring "dummy" perforating device sections (i.e.,
containing no charges) to facilitate the decentralizer components and thus minimizing
the overall length of the perforating assembly.

Figures 5A and 5B illustrate another embodiment for a decentralizer that
could be used with the apparatus 10 of the present invention. This "hydrodynamic
decentralizer" includes hydrofoils 151 and 153 and, if necessary, a stand-off
protuberance 155 on the perforating device 161. During a JITP stimulation treatment,
the perforating assembly is positioned above the interval being treated such that
completion fluids are continuously flowing at high rates past the perforating
assembly. This fluid flow is exploited to generate hydrodynamic forces that act to
position the perforating assembly against the casing wall 159.

As shown in Figures 5A and 5B, in a manner similar to the way an airplane
wing generates lift, the two hydrofoils 151 and 153 each possess an inclined
surface 157 such that the nominally longitudinal flow 167 down the wellbore during
the treatment is redirected and generates a force 163 perpendicular to the flow that
pushes the perforating assembly against the casing wall 159. The stand-off
protuberance 155 provides the necessary stand-off to create the desired shot clearance
between the perforating device 161 and casing wall 159. However, this may be
accomplished by the interference between the tips of the hydrofoils and the casing
wall, or by the other means previously discussed for creating this shot clearance, such
as with the stand-off rings on the connector subs (18, Figure 1). The preferred
geometric shape and quantity of the hydrofoils 151 and 153 and stand-off
protuberances 155 would be designed and selected to provide for a stable and reliable
positioning of the gun for the anticipated downhole flow conditions using principles
and practices well-known to those skilled in the art of hydrodynamics and fluid
dynamics design principles.

This hydrodynamic decentralizer offers advantages over other
mechanical-type decentralizers. In particular, the entire decentralizer may be
machined from a single block of material and would not possess any moving parts

that could be damaged by deployment in a proppant-laden fluid environment.
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Alternatively, the hydrofoils 151 and 153 and stand-off protuberance 155 could be
separately machined and then welded or attached by some mechanical fastener to the
exterior of the perforating device 161 or to the connector subs (18, Figure 3).
Another benefit that this decentralizer has over mechanical decentralizers like bow
springs is the increased flow area available for the passage of ball sealers 165. More
specifically, with this design there is no obstruction in the annular space where the
ball sealers 165 will flow past the perforating assembly. However, a potential
drawback to using this hydrodynamic decentralizer 159 in JITP treatments is that it
would not be effective for decentralizing the perforating assembly when perforating
the very first interval, since no fluid flow 167 would be present to provide the
decentralization force 163. This potential drawback could be mitigated by firing the
perforating device 161 while it is being pulled across the first interval such that the
hydrofoils 151 and 153 are exposed to the fluid flow relative to the upward motion of
the perforating assembly. Alternatively, the hydrofoils may be designed with magnets
on the outer tips in proximity to the casing to ensure proper positioning.

Referring now to Figure 1, as previously discussed, differential sticking of
perforating devices 16 can be detrimental to multi-stage perforating/fracturing
processes where maintaining an applied pressure and where fracturing slurry injection
rate are critical to the success of the operation. Previously, gun sticking has been
alleviated by reducing the injection rate and/or the applied wellhead pressure.
However, in diversion operations where ball sealers 32 are needed to seal previously
stimulated intervals, a loss in pressure can cause the balls sealers 32 to unseat and
therefore disrupt the procedure. One alternative is to pull the perforating assembly
(via the wireline 12) up the wellbore 14 and out of the region of sticking without
reducing the pressure or injection rate of the wellbore 14 fluids. The restricting factor
is the static frictional forces between the perforating device 16 and the casing 15
which cannot be overcome with the limited tensile strength of the wireline 12. In
some instances, sticking of the perforating assembly has been prevented by
"perforating while running", i.e., pulling the perforating assembly up the wellbore as

the shaped charges are fired. However, because of the large hydraulic forces
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involved, such actions do not guarantee that the perforating assembly will not get
sucked towards the perforations before being removed from the sticking region.

As illustrated in Figures 6A-6C and 7A-7B, enhancements to standard
connector subs 70 between perforating devices 16 can make it possible to remove the
perforating assembly out of the sticking region without reducing the pressure or
injection rate of the wellbore fluid. As described further below, this is possible by:
(i) reducing the radial load on the perforating device 16 (and thus the frictional load)
by providing the imposed shot clearance 74 between the surface of the perforating
device 16 and the perforated casing surface 26; and (ii) providing low friction rollers
on the connector subs 70 to allow the entire perforating assembly to roll along the
inner wall 26 of the casing 15 while being pulled up by applied force 97, which could
be exerted by any suitable means, such as a wireline, and out of the region of
differential sticking.

More specifically, Figure 6A illustrates a connector sub 70, with both
cross-sectional and top side views (Figures 6B and 6C, respectively). The frame 31
of the connector sub 70 has a diameter larger than the perforating devices 16 in part to
accommodate the space needed for the rollers 76, but also to provide at least a portion
of the required imposed shot clearance 74. The frame 31 has tapered edges 33 to
reduce the chance of getting caught up on anything downhole. In this embodiment,
there are two sets of rollers 76 as shown in Figure 6A, with each set consisting of six
to eight rollers evenly spaced about the circumference of the connector sub 70. The
number of rollers 76 depends on the size of the connector sub 70, although eight
rollers would be preferred (if the connector sub 70 is sufficiently large to
accommodate this many rollers) to assure minimal contact between the connector sub
frame 31 and the casing. In an alternate configuration for a perforating device 16,
rollers that are located away from the casing wall 26 on the flow area side of the
device (the tool "high side") may be eliminated since they are not expected to contact
the casing wall 26. The presence of these tool high-side rollers reduces the flow area
and causes a restriction in the passage way for ball sealers 32 or other diversion

agents.
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Referring to Figures 6A-6C, the distance from the connector sub 70 centerline
to each roller's 76 outer edge is selected to provide the imposed shot clearance 74
required to reduce the hydraulic forces on the perforating device 16. The rollers 76
are preferably made of a hard but rubbery material, such as an elastomer or other
polymeric material, which is capable of rolling over any burrs on the perforations.
The rollers 76 roll on low-friction bearings 78 which rotate about a shaft across the
cavity in the connector sub 70. The design of the rollers 76 is analogous to the wheels
and bearings found on in-line skates. The rollers 76 are shown with curved surfaces
in order to minimize the surface contact area between the rollers and the inner wall 26
of the casing 15. However, rollers with flat surfaces (i.e., similar to wheels used on
office chairs) could also be employed. The imposed shot clearance 74 increases the
space between the surface of the perforating device 16 and the inner wall 26 of the
casing 15, so for a given flow rate of treatment fluid, the fluid velocity (and thus the
shear rate) between these two surfaces is not critically high as the fluid enters the
perforations.

As described further below, while the imposed shot clearance 74 (illustrated in
Figure 6B) provides the benefit described above, under some circumstances it may
not guarantee that the perforating assembly can be pulled up the wellbore and out of
the sticking region. Figure 7A illustrates the forces applied to the surface of a
perforating device 16 having standard connector subs 82 and 83, and Figure 7B
illustrates the applied forces with modified connector subs 90 and 94. Referring now
to Figure 7A, the reaction forces 85 and 87 ("N") for each connector sub 82 and 83,
respectively will be half of the differential pressure drag force (sticking load) 84 ("F")
applied to the perforating device 16 (i.e., N=0.5F), which corresponds to a substantial
frictional force ("f") 86 and 88 at each of these contact areas, where f=uN (with p
being the coefficient of static friction) which must be overcome by applied force 97
before the gun assembly will move. Secondly, there is no guarantee that the
connector subs 82 and 83 will be able to slide over any burrs on the resulting
perforations.

Referring now to Figure 7B, the benefits of the modified connector subs 90

and 94 having rollers 76 are: (i) to provide a broader distribution of the reaction
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forces 85 and 87 (depending on how many rollers 76 are in contact with the casing
surface 26); (ii) no need to overcome the static friction of the wheel-to-metal contact
since the friction will depend on the performance of the bearings 78 (Figure 6B); and
(iii) the rollers 76 will have a better chance of getting over burrs on the perforations.
The ultimate effect of the modified connector subs 90 and 94 is to reduce the
magnitude of the applied force 97 required to pull the perforating device out of the
sticking region.

Figures 8 and 9 also illustrate two other embodiments to prevent sticking of
perforating devices when perforating in over-balanced conditions. Figure 8
illustrates a perforating device 100 having an outer permeable sleeve 101 around the
perforating device 100 to allow flow of treating fluid past the perforating device 100.
This sleeve 101 may be a wire mesh or screen or perhaps a high-strength fabric such
as Kevlar™. The optimal design concept should be determined on the basis of further
engineering and laboratory testing well known to those skilled in art. Figure 9
illustrates a perforating device 102 which has constructed machine grooves 103 on the
surface of the perforating device 102 to allow flow to the underside of the perforating
device 102 (similar in concept to spiral drill collars but with different geometric
parameters). These grooves 103 should have a significant longitudinal helix to allow
the gun to ride over any perforation burrs although non-helically grooved arrays are
also within the scope of this embodiment. These embodiments are different from
some other means, such as placing stand-off rings along the perforating device,
because they may be more effective for limber gun assemblies since the "stick-free"
mechanism is distributed along the body of the perforating device. Also, the outer
diameter of the perforating device is reduced, allowing flow of ball sealers 32 past the
perforating device 102 in smaller casing sizes or with larger diameter perforating
assemblies.

Another embodiment of the perforating gun assembly of the present invention
is an apparatus for use in perforating multiple intervals of a subterranean formation
intersected by a cased wellbore and in treating the multiple intervals using a diversion
agent other than ball sealers. The apparatus comprises a perforating assembly, as

described above and illustrated in Figure 1, having a plurality of select-fire
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perforating devices 16 interconnected by connector subs 18 with each of the
select-fire perforating devices 16 having multiple perforating charges 34. At least one
decentralizer 22 is adapted to eccentrically position the perforating assembly within
the cased wellbore 14 so as to create sufficient diversion agent clearance between the
perforating assembly and the inner wall 26 of the well casing 15 to (i) permit passage
of the diversion agent with reduced frictional losses when the diversion agent flows
past the perforating assembly and (i) treat at least one interval following perforation
of the interval. The diversion agent comprises at least one of sand, ceramic material,
proppant, salt, polymers, waxes, resins, viscosified fluid, foams, gelled fluids, or
chemically formulated fluids. This embodiment can also include any of the other
components and their various embodiments, such as a stand-off, means for creating
burr-free perforations in the cased wellbore, depth locator, bridge plug, or bridge plug
setting tool described above.

The various embodiments of the inventive perforating gun assembly and the
components related thereto are described in general terms because there are several
types of equipment or mechanisms that can be used to serve the function of those
components. The foregoing description is not intended to represent the only options
for the choice of those components. On the contrary, any piece of equipment or
mechanism, whether pre-existing or newly designed, that can serve the purpose of a
given component is an acceptable choice for that component. Various alterations and
modifications of the embodiments described above will be apparent to those skilled in
the art without departing from the true scope of the invention, including any

equivalents thereof, as defined by the appended claims.
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We Claim:

1. An apparatus for use in perforating multiple intervals of at least one
subterranean formation intersected by a cased wellbore and in treating said
multiple intervals using ball sealers as a diversion agent, said apparatus
comprising: '

(a) at least one select-fire perforating device having multiple perforating
charges;

(b)  at least one depth locator attached to said perforating device; and

(© at least one decentralizer attached to said perforating device, said
decentralizer adapted to eccentrically position said perforating device
within said cased wellbore so as to create sufficient ball sealer
clearance between said perforating device and the inner wall of said

cased wellbore to permit passage of at least one ball sealer.

2. The apparatus of Claim 1 further comprising at least one stand-off positioned
on said perforating device so as to create an imposed shot clearance between
said perforating device and the inner wall of said cased wellbore when said

perforating device is eccentrically positioned.

3. The apparatus of Claim 2 wherein said stand-off comprises at least one

protuberance attached to said perforating device.

4. The apparatus of Claim 3 wherein said protuberance comprises at least one

ring attached to said perforating device.

5. The apparatus of Claim 1 wherein said perforating device further comprises
means for creating burr-free perforations in said cased wellbore upon firing of

said perforating charges.

6. The apparatus of Claim 5§ wherein said means for creating burr-free
perforations in said cased wellbore comprises multiple scalloped sections
within the inner wall of said perforating device, each of said scalloped sections

positioned adjacent to said corresponding perforating charges.
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The apparatus of Claim 5 wherein said means for creating burr-free
perforations in said cased wellbore comprises port plugs corresponding to each

of said perforating charges.

The apparatus of Claim 1 further comprising a bridge plug setting tool and a

bridge plug connected to the lower end of said apparatus.

The apparatus of Claim 1 wherein said perforating device further comprises
connector subs attached at each end of said perforating device and wherein
said decentralizer comprises a bow spring having first and second ends, said
first end of said bow spring attached to one of said connector subs and said
second end of said bow spring slidably mounted to the other one of said

connector subs.

The apparatus of Claim 1 wherein said decentralizer comprises at least two
hydrofoil sections attéched to said perforating device, said hydrofoil sections
adapted to generate a radially outward force to eccentrically position said
perforating assembly in response to axial flow of treating fluid down said

wellbore.

The apparatus of Claim 10 wherein each of said hydrofoil sections has at least

one magnet attached to the tip of each of said hydrofoil sections.

The apparatus of Claim 1 further comprising at least one connector sub, said
connector sub having multiple rollers adapted to roll along the inner wall of
said cased wellbore when said apparatus is moved to a different axial position

in said wellbore.

The apparatus of Claim 1 wherein said perforating device further comprises a
permeable sleeve surrounding at least a portion of said perforating device, said
permeable sleeve adapted to promote the flow of treating fluid past said
perforating device and into the perforations created by firing at least a portion

of said perforating charges.
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The apparatus of Claim 1 wherein said perforating device further comprises
grooved arrays constructed in the casing of said perforating device, said
grooved arrays adapted to promote the flow of treating fluid past said
perforating device and into the perforations created by firing at least a portion

of said perforating charges.

An apparatus for use in perforating multiple intervals of at least one
subterranean formation intersected by a cased wellbore and in treating said
multiple intervals using ball sealers as a diversion agent, said apparatus
comprising:

(a)  aperforating assembly comprising a plurality of select-fire perforating
devices interconnected by connector subs, each of said perforating
devices having multiple perforating charges;

(b)  at least one depth locator connected to said perforating assembly; and

(c) at least one decentralizer attached to at least one of said perforating
devices, said decentralizer adapted to eccentrically position said
perforating assembly within said cased wellbore so as to create
sufficient ball sealer clearance between said perforating assembly and
the inner wall of said cased wellbore to permit passage of at least one

ball sealer.

The apparatus of Claim 15 further comprising at least one stand-off positioned
on said perforating assembly so as to create an imposed shot clearance
between said perforating assembly and the inner wall of said cased wellbore

when said perforating assembly is eccentrically positioned.

The apparatus of Claim 16 wherein said stand-off comprises at least one

protuberance attached to said perforating assembly.

The apparatus of Claim 17 wherein said protuberance comprises at least one

ring attached to said perforating assembly.
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The apparatus of Claim 15 wherein each of said perforating devices further
comprises means for creating burr-free perforations in said cased wellbore

upon firing of said perforating charges.

The apparatus of Claim 19 wherein said means for creating burr-free
perforations in said cased wellbore comprises multiple scalloped sections
within the inner wall of each of said perforating devices, each of said
scalloped sections positioned adjacent to said corresponding perforating

charges.

The apparatus of Claim 19 wherein said means for creating burr-free
perforations in said cased wellbore comprises port plugs corresponding to each

of said perforating charges.

The apparatus of Claim 15 further comprising a bridge plug setting tool and a
bridge plug connected to the lower end of the lower most one of said multiple

perforating devices.

The apparatus of Claim 15 wherein said decentralizer comprises a bow spring
having first and second ends, said first end of said bow spring attached to one
of said connector subs and said second end of said bow spring slidably

mounted to another one of said connector subs.

The apparatus of Claim 15 wherein said decentralizer comprises at least two
hydrofoil sections attached to at least one of said perforating devices, said
hydrofoil sections adapted to generate a radially outward force to eccentrically
position said perforating assembly in response to axial flow of treating fluid

down said wellbore.

The apparatus of Claim 24 wherein each of said hydrofoil sections has at least

one magnet attached to the tip of each of said hydrofoil sections.

The apparatus of Claim 15 wherein at least one of said connector subs

comprises multiple rollers adapted to roll along the inner wall of said cased
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wellbore when said perforating assembly is moved to a different axial position

in said wellbore.

The apparatus of Claim 15 wherein said perforating assembly further
comprises a permeable sleeve surrounding at least a portion of said perforating
assembly, said permeable sleeve adapted to promote the flow of treating fluid
past said perforating assembly and into the perforations created by firing at

least a portion of said perforating charges.

The apparatus of Claim 15 wherein each of said perforating devices further
comprises grooved arrays constructed in the casing of said perforating device,
said grooved arrays adapted to promote the flow of treating fluid past said
perforating devices and into the perforations created by firing at least a portion

of said perforating charges.

An apparatus for use in perforating multiple intervals of at least one
subterranean formation intersected by a cased wellbore and in treating said
multiple intervals using ball sealers as a diversion agent, said apparatus
comprising:

(a) a perforating assembly comprising a plurality of select-fire perforating
devices interconnected by connector subs, each of said perforating
devices having multiple perforating charges;

(b)  at least one depth locator connected to said perforating assembly;

(©) at least one decentralizer attached to at least one of said perforating
devices, said decentralizer adapted to eccentrically position said
perforating assembly within said cased wellbore so as to create
sufficient ball sealer clearance between said perforating assembly and
the inner wall of said cased wellbore to permit passage of at least one
ball sealer; and

(d) at least one stand-off positioned on said perforating assembly so as to
create an imposed shot clearance between said perforating assembly
and the inner wall of said cased wellbore when said perforating

assembly is eccentrically positioned.
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The apparatus of Claim 29 wherein said stand-off comprises at least one

protuberance attached to said perforating assembly.

The apparatus of Claim 30 wherein said protuberance comprises at least one

ring attached to said perforating assembly.

The apparatus of Claim 29 wherein each of said perforating devices further
comprises means for creating burr-free perforations in said cased wellbore

upon firing of said perforating charges.

The apparatus of Claim 32 wherein said means for creating burr-free
perforations in said cased wellbore further comprises port plugs corresponding

to each of said perforating charges.

The apparatus of Claim 32 wherein said means for creating burr-free
perforations in said cased wellbore further comprises multiple scalloped
sections within the inner wall of each of said perforating devices, each of said
scalloped sections positioned adjacent to said corresponding perforating

charges.

The apparatus of Claim 29 further comprising a bridge plug setting tool and
bridge plug connected to the lower end of the lower most one of said multiple

perforating devices.

The apparatus of Claim 29 wherein said decentralizer comprises a bow spring
having first and second ends, said first end of said bow spring attached to one
of said connector subs and said second end of said bow spring slidably

mounted to another one of said connector subs.

The apparatus of Claim 29 wherein said decentralizer comprises at least two
hydrofoil sections attached to at least one of said perforating devices, said
hydrofoil sections adapted to generate a radially outward force to eccentrically
position said perforating assembly in response to axial flow of treating fluid

down said wellbore.
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The apparatus of Claim 37 wherein each of said hydrofoil sections has at least

one magnet attached to the tip of each of said hydrofoil sections.

The apparatus of Claim 29 wherein at least one of said connector subs
comprises multiple rollers adapted to roll along the inner wall of said cased
wellbore when said perforating assembly is moved to a different axial position

in said wellbore.

The apparatus of Claim 29 wherein said perforating assembly further
comprises a permeable sleeve surrounding at least a portion of said perforating
assembly, said permeable sleeve adapted to promote the flow of treating fluid
past said perforating assembly and into the perforations created by firing at

least a portion of said perforating charges.

The apparatus of Claim 29 wherein each of said perforating devices further
comprises grooved arrays constructed in the casing of said perforating devices,
said grooved arrays adapted to promote the flow of treating fluid past said
perforating devices and into the perforations created by firing at least a portion

of said perforating charges.

An apparatus for use in perforating multiple intervals of at least one
subterranean formation intersected by a cased wellbore and in treating said
multiple intervals using a diversion agent, said apparatus comprising:

(a) a perforating assembly comprising a plurality of select-fire perforating
devices interconnected by connector subs, each of said perforating
devices having multiple perforating charges;

(b)  atleast one decentralizer attached to at least one of said perforating
devices, said decentralizer adapted to eccentrically position said
perforating assembly within said cased wellbore so as to create
sufficient diversion agent clearance between said perforating assembly
and the inner wall of said cased wellbore to permit passage of said
diversion agent past said perforating assembly and treat at least one of

said multiple intervals following perforation of said interval; and
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(c) at least one depth locator attached to said perforating assembly.

The apparatus of Claim 42 wherein said diversion agent clearance is sufficient
to permit passage of a diversion agent comprising at least one of sand, ceramic
material, proppant, salt, waxes, resins, polymers, viscosified fluids, foams,

gelled fluids, or chemically formulated fluids.

The apparatus of Claim 42 further comprising at least one stand-off positioned
on said perforating assembly so as to create an imposed shot clearance
between said perforating assembly and the inner wall of said cased wellbore

when said perforating assembly is eccentrically positioned.

The apparatus of Claim 44 wherein said stand-off comprises at least one

protuberance attached to said perforating assembly.

The apparatus of Claim 45 wherein said protuberance comprises at least one

ring attached to said perforating assembly.

The apparatus of Claim 45 wherein each of said perforating devices further
comprises means for creating burr-free perforations in said cased wellbore

upon firing of said perforating charges.

The apparatus of Claim 47 wherein said means for creating burr-free
perforations in said cased wellbore comprises multiple scalloped sections
within the inner wall of each of said perforating devices, each of said
scalloped sections positioned adjacent to said corresponding perforating

charges.

The apparatus of Claim 47 wherein said means for creating burr-free
perforations in said cased wellbore comprises port plugs corresponding to each

of said perforating charges.

The apparatus of Claim 42 further comprising a bridge plug setting tool and
bridge plug connected to the lower end of the lower most one of said multiple

perforating devices.



PCT/US02/19387

1/7

WO 02/103161

<
-
o o~ N o
8 g A, ;
BN ///////E//////////z AN / ////////// NN N //\/w/// NN NN N NN NN NN NN NSNS AN NN NN NN NN
\ ST ~N Y N ||O \
\
L
o
-
o~
N

FIG. 1



PCT/US02/19387

WO 02/103161

2/7

36

% ﬁ\\\ NA
% % //////l%\\\

\\\\\\\\\




PCT/US02/19387

WO 02/103161

3/7

a8l

86 -5

14}

\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\/Ef



PCT/US02/19387

WO 02/103161

—165
| 54

Y/ AN AN L
AN AN
\/ 0\

S/

Ok

16
67

11




WO 02/103161

74

RN

PCT/US02/19387

5/7

FIG. 6B

16
33
76
31

\ . o—6o o—0 0 o
J © O O O O o )O o © O O O O o }

16 ~

70\

FIG. 6A

16 -



WO 02/103161 PCT/US02/19387

6/7

10 10 N~
© @ O o W ® e
& LN -
E @
400 2 N
——o0 0 ©0 0 O 0 —
5/ OO ©O 0o 0o 0 o o oJe .
(O > A 00 S
1 AW ¥ 4 * II — E
[
23 R 2 3 >
N — —
e <
> l ©O 0 0 0 0o © )
Q| / L
i — 7 2
|
J l T 1
C1) & 2 3 &



WO 02/103161

101

777

PCT/US02/19387

103

103



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

