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assembly comprises an energy train, a first perforation gun, and a second
perforation gun. The energy train comprises a moderator to reduce the speed
of propagation of a detonation in a direction parallel to the axis of the pertor-
ation tool assembly. The first perforation gun comprises a plurality of ex-

plosive charges coupled to a first portion of the energy train. The second per-
foration gun comprises a plurality of explosive charges coupled to a second
portion of the energy train, wherein the second portion of the energy train is
coupled to the first portion of the energy train.

FIG. 1



WO 2012/148429 A1 |IIWAT 00N 0 0 AR

Published:
—  with international search report (Art. 21(3))



WO 2012/148429 PCT/US2011/034690

Shock Load Mitigation in a Downhole Perforation Tool Assembly

BACKGROUND
[0001] Wellbores are drilled into the earth for a variety of purposes including tapping
into hydrocarbon bearing formations to extract the hydrocarbons for use as fuel, lubricants,
chemical production, and other purposes. When a wellbore has been completed, a metal
tubular casing may be placed and cemented in the wellbore. Thereafter, a perforation tool
assembly may be run into the casing, and one or more perforation guns in the perforation
tool assembly may be activated and/or fired to perforate the casing and/or the formation to
promote production of hydrocarbons from selected formations. Perforation guns may
comprise one or more explosive charges that may be selectively activated, the detonation
of the explosive charges desirably piercing the casing and penetrating at least partly into
the formation proximate to the wellbore.

SUMMARY

[0002] In an embodiment, a perforation tool assembly is disclosed. The perforation tool
assembly comprises an energy train, a first perforation gun, and a second perforation gun.
The energy train comprises a moderator to reduce the speed of propagation of a
detonation in a direction parallel to the axis of the perforation tool assembly. The first
perforation gun comprises a plurality of explosive charges coupled to a first portion of the
energy train. The second perforation gun comprises a plurality of explosive charges
coupled to a second portion of the energy train, wherein the second portion of the energy
train is coupled to the first portion of the energy train.
[0003] In an embodiment, a method of perforating a wellbore is provided. The method
comprises analyzing a speed of propagation of a shock wave through a tool body of a
perforation tool assembly and analyzing a speed of detonation propagation in an energy
train in a direction parallel to an axis of the tool body of the perforation tool assembly. The
perforation tool assembly comprises a plurality of explosive charges. The method further
comprises designing the perforation tool assembly, based on analyzing the speed of
propagation of the shock wave and analyzing the speed of detonation propagation, to
mitigate a shock load associated with an interaction between detonation of the explosive
charges, building the perforation tool assembly based on the perforation tool assembly
design, and perforating the wellbore by firing the perforation tool assembly.
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[0004] In another embodiment, a downhole perforation tool assembly is provided. The
perforation tool assembly comprises a first perforation gun, a second perforation gun, and
an electrical conductor. The first perforation gun comprises a first plurality of explosive
charges and a first electrically actuated detonation initiator, wherein the first electrically
actuated detonation initiator is coupled to at least one of the first plurality of explosive
charges. The second perforation gun is mechanically coupled to the first perforation gun
and comprises a second plurality of explosive charges and a second electrically actuated
detonation initiator, wherein the second electrically actuated detonation initiator is coupled
to at least one of the second plurality of explosive charges. The electrical conductor is
coupled to the first and second electrically actuated detonation initiators. The first and
second electrically actuated detonation initiators actuate in response to an electrical signal
conveyed by the electrical conductor to detonate the first plurality of explosives and the
second plurality of explosive charges respectively. The timing of the actuating of the first
and the second electrically actuated detonation initiators is controlled to mitigate a shock
load in the perforation tool assembly associated with an interaction between the
detonations of the first and second plurality of explosives.
[0005] These and other features will be more clearly understood from the following
detailed description taken in conjunction with the accompanying drawings and claims.
BRIEF DESCRIPTION OF THE DRAWINGS
[0006] For a more complete understanding of the present disclosure, reference is now
made to the following brief description, taken in connection with the accompanying
drawings and detailed description, wherein like reference numerals represent like parts.
[0007] FIG. 1 is an illustration of a wellbore and workstring according to an embodiment
of the disclosure.
[0008] FIG. 2 is an illustration of a perforation tool assembly according to an
embodiment of the disclosure.
[0009] FIG. 3 is an illustration of an exemplary shock load function according to an
embodiment of the disclosure.
[0010] FIG. 4 is an illustration of a perforation gun according to an embodiment of the
disclosure.
[0011] FIG. 5 is an illustration of a spacer according to an embodiment of the

disclosure.
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[0012] FIG. 6 is an illustration of another spacer according to an embodiment of the
disclosure.
[0013] FIG. 7 is an illustration of yet another spacer according to an embodiment of the
disclosure.
[0014] FIG. 8 is an illustration of another perforation tool assembly according to an
embodiment of the disclosure.
[0015] FIG. 9 is an illustration of mass energy absorber according to an embodiment of
the disclosure.
[0016] FIG. 10 is an illustration of a deformable energy absorber according to an
embodiment of the disclosure.
[0017] FIG. 11 is an illustration of a hydraulic shock absorber according to an
embodiment of the disclosure.
[0018] FIG. 12 is an illustration of a decoupler according to an embodiment of the
disclosure.
[0019] FIG. 13 is a flow chart according to an embodiment of the disclosure.
[0020] FIG. 14 is an illustration of a computer according to an embodiment of the
disclosure.

DETAILED DESCRIPTION
[0021] It should be understood at the outset that although illustrative implementations of
one or more embodiments are illustrated below, the disclosed systems and methods may
be implemented using any number of techniques, whether currently known or not yet in
existence. The disclosure should in no way be limited to the illustrative implementations,
drawings, and techniques illustrated below, but may be modified within the scope of the
appended claims along with their full scope of equivalents.
[0022] In recent downhole wellbore servicing practice, perforation tool assemblies have
featured increasing numbers of explosive charges, and the overall length of the perforation
tool assemblies has increased. Along with this evolution, new problems have been
experienced during wellbore servicing operations. These problems may include
perforation tool assemblies that separate, leaving a portion of the perforation tool assembly
in the wellbore when the workstring is removed from the wellbore after firing the perforation
guns. The perforation tool assembly and/or workstring may buckle, deform, or yield. The

perforation tool assembly and/or workstring may fail in compression or in a corkscrew
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buckling mode. In some failures, the perforation tool assembly and/or workstring may
become stuck in the wellbore. A packer in the workstring and/or tubing above the
perforation tool assembly may be damaged. Yet other failure modes may be experienced.
These problems may entail time consuming and expensive fishing operations to capture
and retrieve portions of the perforation tool assembly that parted. These problems may
delay placing the wellbore on production, thereby incurring financial losses. In a worst
case scenario, the wellbore may be lost entirely.

[0023] It is a teaching of the present disclosure that, in some cases, the cause of these
problems experienced during the course of perforating the wellbore may be ascribed to an
accumulation of energy in a shock wave, a shock wave peak, and/or a shock load that
propagates in a tool body of the perforation tool assembly. This may be referred to as an
amplification or accumulation of the shock load in a tool body of the perforation tool
assembly. As used herein, the term shock load may have a variety of meanings. One
meaning is to refer to a mechanical stress caused by detonation of one or more explosive
charges that is applied as a force on the perforation tool assembly and/or workstring. To
some extent, most of the shock load may comprise a force directed parallel to an axis of
the perforation tool assembly and/or workstring. This stress may be applied both downhole
and uphole parallel to the axis of the perforation tool assembly and/or workstring. It is
understood that in some circumstances, the perforation tool assembly and/or workstring
may be curved or arced over one or more segments. In this circumstance, the expression
‘parallel to an axis” is understood to mean tangent to the arc of the perforation tool
assembly and/or workstring at the point of interest. Notwithstanding, a portion of the stress
may be directed in other directions such as radial to the perforation tool assembly and/or
workstring.

[0024] As explosive charges in the perforation guns are detonated, some of the energy
released by the detonation propagates in the tool body of the perforation tool assembly,
parallel to the axis of the perforation tool assembly. If the activation of the explosive
charges progresses parallel to the axis of the perforation gun assembly at about the same
speed that the shock wave propagates in the tool body, the energy in the shock wave can
accumulate and/or build with each successive detonation, amplifying the shock load. In an
embodiment, the shock wave may travel down the perforation tool assembly in a
compression wave, reflect off the end of the perforation tool assembly, and travel back up
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the perforation tool assembly as a tensile wave. Some failure modes may be associated
with compression waves, and other failure modes may be associated with tensile waves.
While descriptions herein refer to a top to bottom detonation sequence of explosive
charges and/or perforation guns, it is understood that other detonation sequences are
consistent with the present disclosure.

[0025] A method and apparatus for mitigating a shock load in a perforation tool
assembly is taught herein. In an embodiment, the shock load may be mitigated by
offsetting the speed of propagation of a shock wave generated by detonation of explosive
charges in the perforation tool assembly and the speed of propagation of the activating
energy train parallel to the axis of the perforation tool assembly. A variety of embodiments
for offsetting speeds are described in detail hereinafter. Some of these embodiments
include slowing a propagation of an energy train in the perforation tool assembly by
extending the path of the energy train, modifying the detonation cord to reduce its speed of
detonation, and incorporating a bullet firing gun into the energy train. Some embodiments
include speeding the propagation of the energy train by using an electrical signal as the
energy train. Some embodiments include slowing the propagation of the shock wave in the
perforation tool assembly by using a composite material for a portion of the perforation tool
assembly. In another embodiment, the shock load may be mitigated by incorporating
energy absorber structures and/or decouplers into the perforation tool assembly. Again, a
variety of embodiments are described further hereinafter. Energy absorbers may slow or
delay the propagation of the shock wave and may include deformable energy absorbers,
shock absorbers, and mass energy absorbers. Additionally, decouplers may be employed
to attenuate the propagation of shock wave energy across the decouplers.

[0026] Unless otherwise specified, any use of any form of the terms “connect,”

‘engage,” “couple,” “attach,” or any other term describing an interaction between elements

is not meant to limit the interaction to direct interaction between the elements and may also
include indirect interaction between the elements described. In the following discussion

and in the claims, the terms “including” and “comprising” are used in an open-ended

fashion, and thus should be interpreted to mean “including, but not limited to ...".

Reference to up or down will be made for purposes of description with “up,” “upper,”

‘upward,” or “upstream” meaning toward the surface of the wellbore and with “down,”

‘lower,” “downward,” or “downstream” meaning toward the terminal end of the well,
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regardless of the wellbore orientation. The term “zone” or “pay zone" as used herein refers
to separate parts of the wellbore designated for treatment or production and may refer to
.an entire hydrocarbon formation or separate portions of a single formation such as
horizontally and/or vertically spaced portions of the same formation. The various
characteristics mentioned above, as well as other features and characteristics described in
more detail below, will be readily apparent to those skilled in the art with the aid of this
disclosure upon reading the following detailed description of the embodiments, and by
referring to the accompanying drawings.

[0027] Tuming now to FIG. 1, a wellbore servicing system 10 is described. The system
10 comprises servicing rig 20 that extends over and around a welibore 12 that penstrates a
subterranean formation 14 for the purpose of recovering hydrocarbons from a first
production zone 40a, a second production zone 40b, and/or a third production zone 40¢.
The wellbore 12 may be drilled into the subterranean formation 14 using any suitable
drilling technique. While shown as extsnding vertically from the surface in FIG. 1, in some
embodiments the wellbore 12 may be deviated, horizontal, and/or curved over at least
some portions of the wellbore 12. The wellbore 12 may be cased, open hole, contain
tubing, and may generally comprise a hole in the ground having a variety of shapes and/or
geometries as is known to those of skill in the art. In an embodiment, a casing 16 may be
placed in the welibore 12 and secured at least in part by cement 18.

[0028]  The servicing rig 20 may be one of a drilling rig, a completion rig, a workover rig,
or other mast structure snd supports a workstring 30 in the wellbore 12, but in other
embodiments a different structure may support the workstring 30. In an embodiment, the
servicing rig 20 may comprise a derrick with a rig floor through which the workstring 30
extends downward from the servicing rig 20 Into the wellbore 12. In some embodiments,
such as in an off-shore location, the servicing rig 20 may be supported by piers extending
downwards to a seabed. Altematively, in some embodiments, the servicing rig 20 may be
supported by columns sitting on hulls and/or pontoons that are ballasted below the water
surface, which may be referred to as a semi-submersible platform or rig. In an off-shore
location, a casing may extend from the servicing rig 20 to exclude sea water and contain
driling fluid retums. It is understood that other mechanical mechanisms, not shown, may
control the run-in and withdrawal of the workstring 30 in the wellbore 12, for example a

RECTIFIED SHEET (RULE 91)
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draw works coupled to a hoisting apparatus, a slickline unit or a wireline unit including a
winching apparatus, another servicing vehicle, a coiled tubing unit, and/or other apparatus.
[0029] In an embodiment, the workstring 30 may comprise a conveyance 32 and a
perforation tool assembly 34. The conveyance 32 may be any of a string of jointed pipes, a
slickline, a coiled tubing, and a wireline. In another embodiment, the workstring 30 may
further comprise one or more downhole tools (not shown), for example above the
perforation tool assembly 34. The workstring 30 may comprise one or more packers, one
or more completion components such as screens and/or production valves, sensing and/or
measuring equipment, and other equipment which are not shown in FIG. 1. In some
contexts, the workstring 30 may be referred to as a tool string. The workstring 30 may be
lowered into the wellbore 12 to position the perforation tool assembly 34 to perforate the
casing 16 and penetrate one or more of the production zones 40.

[0030] Turning now to FIG. 2, a perforation tool assembly 200 is described. In an
embodiment, the perforation tool assembly 200 comprises a plurality of perforation guns
202 optionally interconnected by one or more spacers 204 and terminated by a foot 206.
While the perforation tool assembly 200 is illustrated in FIG. 2 as comprising a first
perforation gun 202a, a second perforation gun 202b, and a third perforation gun 202c, it is
understood that the perforation tool assembly 200 may comprise any number of perforation
guns 202. Each perforation gun 202 comprises one or more explosive charges 203 that
desirably perforate the casing 16 and the subterranean formation 14 when the perforation
gun 202 is activated and/or fired. The perforation tool assembly 200 may further comprise
a firing head (not shown) that initiates a detonation train and/or an energy train to fire the
perforation guns 202. The perforation tool assembly 200 may further comprise tandems
(not shown) that are used to promote coupling between perforation guns 202, spacers 204,
and/or other components in the perforation tool assembly 200. In an embodiment, the
perforation tool assembly 200 may comprise one or more structures for altering the shock
wave that propagates through the perforation tool assembly 200 in response to the
perforation guns 202 being fired, thereby attenuating the shock wave associated with the
interaction between the shock wave propagation and energy train propagation parallel to
the axis of the perforation tool assembly 200.

[0031] The explosive charges 203 may be shaped charges that focus energy in a
preferred direction, for example radially outwards. The explosive charges 203 may be
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designed to have a relatively unfocused energy projection to produce big, shallow holes in
the subterranean formation 14, which may be referred to in some contexts as big hole
charges. Alternatively, the explosive charges 203 may be designed to provide highly
focused energy projections to produce narrower, deeper penetrations into the
subterranean formation 14, which may be referred to in some contexts as deep penetrating
charges. In some embodiments, both big hole charges and deep penetrating charges may
be mixed in the perforating tool assembly 200 in various ways. For example, one
perforation gun 202 may comprise all big hole charges, and another perforation gun 202
may comprise all deep penetrating charges. Alternatively, in an embodiment, the
perforation gun 202 may comprise both big hole charges and deep penetrating charges.
[0032] The spacers 204 may be incorporated in the perforation tool assembly 200 to
align the perforation guns 202 desirably with different production zones 40. For example, it
may be desirable to penetrate the casing 16 to produce from a first zone at between 10200
feet and 10230 feet, to penetrate the casing 16 to produce from a second zone at between
10360 feet and 10380 feet, and to penetrate the casing 16 to produce from a third zone at
between 10460 feet and 10480 feet. In this case, a first spacer 130 feet in length may be
incorporated between the first perforation gun 202a and a second spacer 80 feet in length
may be incorporated between the second perforation gun 202b and the third perforation
gun 202c. The spacers 204 may comprise a plurality of connected pipes and/or tubular
bodies.

[0033] In an embodiment, the charges 203 in the perforation guns 202 are detonated by
the propagation of an energy train 220 directed downwards and parallel to the axis of the
perforation tool assembly 200. In this case, the first perforation gun 202a is activated by
the energy train 220 first, the second perforation gun 202b is activated by the energy train
220 second and after the first perforation gun 202a is activated, and the third perforation
gun 202c is activated by the energy train 220 third and after the second perforation gun
202b is activated. Assuming that the speed of propagation of the energy train 220 parallel
to the axis of the perforation tool assembly 200 is approximately equal to the speed of
propagation of a shock wave traveling in a tool body of the perforation tool assembly 200,
for example a steel tool body, as each successive perforation gun 202 is fired, a shock
wave 222 is created in the perforation tool assembly 200 that propagates downwards and
adds to or accumulates with the amplitude of the shock wave already propagating
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downwards from the previously fired perforation gun 202. The graphic arrows depicting the
shock wave 222 conceptually represent this building and/or accumulating amplitude of the
shock wave as increasingly thick arrows. Note that the explosion of the charges 203 also
creates shock waves that propagate up the tool body and up the work string 30, but the
these shock waves do not overiap in time and hence do not accumulate in amplitude.
When the shock wave 222, which is compressive as it travels downwards, reaches the foot
206 of the perforation tool assembly 200 it reflects back upwards as a tensile shock wave
224

[0034] It is understood that in other embodiments, the perforation guns 202 may be
detonated by the propagation of an energy train 220 directed upwards such that the third
perforation gun 202c¢ s activated by the energy train 220 first, the second perforation gun
202b is activated by the energy train 220 second and after the third perforation gun 202c¢ is
activated, and the first perforation gun 202a is activated by the energy train 220 third and
after the second perforation gun 202b is activated. A shock analysis simiiar to that for firing
from top to bottom can be performed for this firing sequence as well as for other firing
sequences, for example where the energy train 220 is first activated between perforation
guns 202 and propagates both upwards and downwards at the same time.

[0035]  The structures that alter the propagation of the shock wave may be incorporated
into the perforation tool assembly 200, for example to attenuate the magnitude of the shock
wave, to change the speed of the shock wave, to change the timing of the shock wave, or
to tune the dynamic response of the perforation tool assembly 200 to reduce the shock
load on the perforation tool assembly 200. Some of the structures may promote an
acoustic impedance mismatch with the remainder of the perforation tool assembly 200
such that some of the shock wave energy Is reflected, thereby attenuating the shock wave
energy that is propagated in the direction of detonation propagation. The structures may
comprise one or more energy mass absorbers where a mass is suspended within a
segment of tubing with energy absorbing elemeénts supporting the mass on either end.
When subjected to a large acceleration, for example when the shock wave accelerates the
segment of tubing enclosing the mass, the large inertia of the mass resists motion, thus
imparting a load on the energy absorber elements supporting the mass. The energy
absorbed by the energy absorbing material, for example crushable structures, removes
energy from the shock wave. The structures may comprise a deformable energy absorber

9
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having non-inear elasticity. This deformable energy absorber may flex very littie in
response to shock loads up to a threshold level and then, for shock loads above this
threshold, yield readily. This may be modeled as a non-linear spring where the spring
exhibits a first spring constant during a first range of force input and a second spring
constant over a second range of force input. The structures may comprise a hydraufic
shock abgorber that attenuates the shock load. The structures may comprise a decoupler
that interrupts the propagation of most of the shock wave through the perforation tool
assembly 200.

[0036) Tuming now to FIG. 3, a shock amplification 240 is represented as a function of
a ratio Vy/V, 242 of a speed of the energy train propagation in the direction parsiiel to the
axis of the perforation tool assembly 200, V,, to a speed of the shock wave propagation in
the tool body in the direction parallel to the axis of the perforation tool assembly 200, V,.
When V, is substantially less than V, or substantially greater than V;, the shock waves
associated with the detonation of the charges in the perforation guns 202 do not align
sufficiently to significantly boost the amplitude of the shock wave. When V, and V;
approach each other, however, the shock waves associated with the detonation of the
charges in the perforation guns 202 begin to accumulate in magnitude, an effect which
may be referred to as shock amplification. The shock amplification 240 may be mapped to
a shock load which may be quantified in units of force.

{0037) It Is understood that the function depicted in FIG. 3 Is exemplary and that in
different specific implementations of the perforation tool assembly 200, a different
relationship between the rafioc VoV, 242 and the shock amplification 240 may be
applicable. The maximum ampiitude gain 244 may depend upon the number of charges
203 that are exploded — more charges being generally associated with a greater maximum
amplitude gain 244. Additionally, the maximum amplitude gain 244 may further depend on
the elasticity of the tool body and/or the extent to which the energy in the shock wave is
dissipated and/or decays in the tool body. A shock load imparted by exploding charges
may initialty have a short duration, high ampiitude but may become spread out in time as a
lower amplitude, longer duration wave as the shock wave propagates in the tool body. The
present disclosure teaches reducing the shock amplification 240 by offsetting the vaiues of
Ve and V;. This can be done by Incressing or decreasing Ve and/or by decreasing or
increasing Vs.

10
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[0038] To motivate and lllustrate adapting the ratic of V,/V,, the following example is
provided. The energy train in the perforation tool assembly 200 may comprise detonation
cord that detonates at a rate of about 22000 feet per second. The perforation tool
assembly 200 may comprise three perforation guns 202 each 10 feet long and two spacers
204 each 10 feet long. The energy train may route through the spacers 204 by
substantially a straight path and thus the energy train propagation speed paralle! to the axis
of the perforation tool assembly 200 through each of the spacers 204 may be about 22000
feet per second. The energy train may route through the thres perforation guns 202 by a
zig-zag path at an energy train propagation speed paraliel to the axis of the perforation tool
assembly 200 of about 14500 feet per second. The average energy train propagation
speed parallel to the axis of the perforation tool assembly 200 across the whole perforation
tool assembly 200 may be caiculated as about 17500 feet per second. Thus, in this
example, V, is about 17500 feet per second. Further, assume that V, is about 17500 feet
per second. Given these assumptions, the ratio of V/V, is about 1.0 which corresponds to
a shock amplification of about 3.8 in FIG. 3.

{0039]  To reduce the shock load, the design of the perforation tool assembly 200 may
be altered to either increase or decrease the value of V,. For this example, V, will be
reduced. Assume that the energy train in each of the two spacers 204 is lengthened by 2.5
times so each spacer 204 comprises 25 feet of detonation cord. This corresponds to an
energy train propagation speed parallel to the axis of the perforation tool assembly 200 of
about 8800 feet per second. Combining these redesigned spacers with the previous
perforation guns 202, the average energy train propagation speed parslie! to the axis of the
perforation tool assembly 200 across the whole perforation tool assembly 200 may be
calculated as about 12250 feet per second. Given these assumptions, the ratia of Vo/V, is
about 0.7 which coresponds to the maximum shock ampilification of about 2.0 in FIG. 3. (t
is understood that other embodiments of the perforation tool assembly 200 are
contemplated by the present disclosure and different values may apply in these other
embodiments.

[0840)  The specific parameter values used in this example case were chosen for their
convenience and tractability and may not correspond with lengths of perforation guns 202
and/or spacers 204. Additionally, it is also understood that another solution may be
adopted based on increasing the vaiue of V,, for example by using high speed detonation

1
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cord and/or making the energy train path through the perforation guns 202 more direct and
less of a zig-zag.

{0041] In the example above, the ratio of V,/V, was calculatsd with reference to a point
just below the third perforation gun 202c, but it is understood V,/V/, may be calculated as
desired at any point along the perforation gun assembly 200 to analyze the shock load
and/or the shock load at that point. Additionally, the analysls of shock load may be
determined over sub-segments of the perforation tool assembly 200. Additionally, it is
understood that other parameters affect the shock load, for example the number of
explosive charges 203 that may have been firad above the reference point along the
perforation gun assembly 200.

[0042] Tuming now to FIG. 4, an embodiment of the perforation gun 202 is described.
The perforation gun 202 comprises a tool body 260 and a plurality of explosive charges
203 coupled to a detonation cord 262 by a detonation coupler 264. The detonation cord
262 provides the segment of the energy train of the perforation gun 202. In an
embodiment, the explosive charges may be retained in a charge holder (not shown) that
nests within the tool body 260. The perforation gun 202 may further comprise coupling
structures (not shown), e.g., threaded couplings, to connect to other perforation guns 202,
to spacers 204, and/or to foot 206. In an embodiment, the detonation cord 262 has an
upper end 266 that may couple to an energy train upwards of the perforation gun 202 and
a lower end 268 that may couple to an energy train downwards of the perforation gun 202.
In an embodiment, the ends 266, 268 may comprise explosive boosters that promote
coupling the energy train between subassembilies of the perforation tool assembly 200, for
example between the perforation gun 202 and the spacer 204. When a detonation
propagates down the energy train to the upper end 266 of the detonation cord 262, the
detonation cord 262 propagates defonation to each of the detonation couplers 264 in
sequencs, and each of the detonation couplers 264 propagates detonation to the explosive
charge 203 to which it is attached, thereby detonating the explosive charge 203,

(0043] Detonation may propagate in standard detonation cord at about 22000 feet per
second. Detonation may propagate in high speed detonation cord at about 24000 feet per
second. In some embodiments, the explosive charges 203 may be located in close
proximity to each other. For example, some of the charges may be separated by less than
three inches. In an embodiment, the charges may be separated by less than one inch
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apart along the axis of the perforation tool assembly 200. Because it is desirable that each
explosive charge 203 perform its function without being interfered with by adjscent
charges, it is generally preferred that the detonation propagate in the detonation cord 262
as rapidly as possible, such that all explosive charges 203 in a perforation gun 202
detonate approximately simultaneously.

{0044]  In an embodiment, however, the detonation cord 262 may be adapted to reduce
the speed of energy train propagation through the perforation gun 202 parallel to the axis of
the perforation gun 202, V,, s0 as to mitigate the shock load described above with
reference to FIG. 3 and to mitigate the risk that the tensile shock wave 224 described
above with reference to FIG. 2 may damage the perforation tool assembly 200. This may
aiso be referred to as mitigating the shock load in some contexts. In an embodiment, the
speed of energy train propagation through the perforation gun 202 parallel to the axis of the
perforation gun 202 may be reduced to achieve an overall reduction in speed of energy
frain propagation paraliel to the axis of the perforation tool assembly 200, V,, across the
whole perforation tool assembly 200 by an amount in the range from 1% to 50% with
reference to a design that uses standard detonation cord. For example, using the example
described above with reference to FIG. 3, the 14500 feet per sacond speed of energy train
propagation in the direction parallel to the axis of the perforation gun 202, considered
across the entire perforation tool assembly 200, V,, may be siowed by from 145 feet per
second to 7250 feet per second, thereby resulting in a value of V, through the perforation
tool assembly 200 in the range of from 14355 feet per second to 7250 feet per second.
[0048]  Altematively, in an embodiment, the speed of energy frain propagation through
the perforation gun 202 parallel to the axis of the perforation gun 202 may be reduced to
achieve an overall reduction in speed of energy train propagation paralle! to the axis of the
perforation toal assembly 200, V,, across the whole perforation tool assembly 200 by an
amount in the range from 15% to 30% with reference to a design that uses standard
detonation cord. For example, using the example described above with reference to FIG.
3, the 14500 feet per second speed of energy frain propagation in the direction parallel to
the axis of the perforation gun 202, considersd across the entire perforation tool assembly
200, V,, may be siowed by from 2175 feet per second to 4350 feet per second, thereby
resuiting in a vaiue of V, through the perforation tool assembly 202 in the range of from
12325 feet per second to 10150 feet per second.
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{0646] The detonation rate of the detonation cord 262 may be reduced in a variety of
ways. The standard explosive composition of the detonation cord 262 may be diluted by
adding inert or non-reactive material, for example sand or fine clay. The standard
~ explosive composition of the detonation cord 262 may be diluted by mixing in a weaker or
less energetic explosive compound. In some contexts, the alteration of the standard
detonation cord may be referred to as a moderator.

[0047]  Tuming now to FIG. 5, a spacer 280 Is described. In an embodiment, the spacer
280 may be incorporated into the perforation tool assembly 200 between two perforation
guns 202 and provides at least a portion of the energy train between the two perforation
guns 202. The spacer 280 may further comprise coupling structures (not shown), e.g.,
threaded couplings, to connect to perforation guns 202, to other spacers 204, and/or to foot
208. The spacer 280 may comprise a detonation cord 282 having an upper end 284 that
couples into the energy train above the spacer 280 and a lower end 286 that couples into
the energy train below the spacer 280. In an embodiment, the ends 284, 286 may
comprise explosive boosters that promote coupling the energy train between
subassemblies of the perforation tool assembly 200, for example between the perforation
gun 202 and the spacer 280.

[0048] To reduce the speed of energy train propagation through the spacer 204 paralle!
to the axis of the spacer 204, V,, the path of the detonation cord 282 within the spacer 280
is not straight. 1t is noted that the speed of the energy train propagation parallel to the axis
of the spacer 204, V,, is directed downwards along the perforation tool assembly 200, and
hence a longer detonation cord 282 leads to a reduced speed of the energy train
propagation through the spacer 204 paraliel to the axis of the spacer 204, V,. To increase
its length, the detonation cord 282 may be zig-zagged, wound in a helical pattem, or
otherwise assembied into the spacer 280. To increase its length, the detonation cord 262
may be installed within the spacer 280 with one or more [oops.

0049} Given the length of the detonation cord 282 and the length of the spacer 280, a
delay Introduced by the spacer 280 in the energy train can be determined. Different
spacers 280 can be manufactured providing different amounts of delay. When designing
the perforation tool assembly 200, designers may select from standard spacers 280 to
provide the energy train delays desired to mitigate shock load in the perforation tool
assembly 200. It is understood that this technique of increasing the length of the
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detonation cord 282 may also be applied to the design of the perforation gun 202. In some
contexts, the extension of the length of the detonation cord 282 relative to a straight path
through the spacer 204 may be referred to as a moderator. Additionaily, in some contexts
the increased length of the detonation cord 282 may be referred to as a delay element.
[0050]  In an embodiment, the speed of energy train propagation through the spacer 280
may be reduced to achieve an overall reduction in speed of energy train propagation
parallel to the axis of the perforation tool assembly 200, V,, across the whole perforation
tool assembly 200 by an amount in the range from 1% to 50% with reference to a spacer
design having an energy frain path that is straight. Altemnatively, in an embodiment, the
speed of energy train propagation through the spacer 280 may be reduced to achieve an
overall reduction in speed of energy train propagation parallel to the axis of the perforation
tool assembly 200, V., across the whole perforation tool assembly 200 by an amount in the
range from 15% to 30% with reference to a spacer design having an energy train path that
is straight.

[00S1]  Tuming now to FIG. 6, a spacer 290 is described. In an embodiment, the spacer
290 may be incorporated into the perforation tool assembly 200 between two perforation
guns 202 and provides at least a portion of the energy train between the two perforation
guns 202. The spacer 290 may further comprise coupling structures (not shown), e.g.,
threaded couplings, to connect to perforation guns 202, to other spacers 204, and/or to foot
206. The spacer 290 may comprise a modified detonation cord 294 coupled at an upper
end to a first segment of standard detonation cord 202 and coupled at a lower end to a
second segment of standard detonation cord 296. Altematively, in an embodiment, the
modified detonation cord 294 may couple to a first explosive booster at one end of the
spacer 290 and may couple to a second explosive booster at the opposite end of the
spacer 290, where the explosive boosters promote coupling the energy train between
subassemblies of the perforation tool assembly 200, for example between the perforation
gun 202 and the spacer 290. The modified detonation cord 294 may propagate detonation
at a slower speed than standard detonation cord, thereby reducing the speed of the energy
train propagation in the spacer 290 parallel to the axis of the spacer 290, V,, thereby
promoting mitigation of the shock load or the attenuation of shock load. The modified
detonation cord 294 may be made by adding dilutants and/or by adding less energetic
explosive materials to the explosive composition of standard detonation cord. Alternatively,
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the modified detonation cord 284 may simply be composed of a different explosive
composition than standard detonation cord such that the modified detonation cord 294
detonates at a slower rate than standard detonation cord.

[0052] In an embodiment, the speed of energy train propagation through the spacer 290
may be reduced to achieve an overall reduction in speed of energy train propagation
parallel to the axis of the perforation tool assembly 200, V,, across the whole perforation
tool assembly 200 by an amount in the range from 1% to 50% with reference to a spacer
design using standard detonation cord. Alternatively, in an embodiment, the speed of
energy train propagation through the spacer 290 may be reduced to achieve an overall
reduction in speed of energy train propagation parallel to the axis of the perforation tool
assembly 200, V., across the whole perforation tool assembly 200 by an amount in the
range from 16% to 30% with reference to a spacer design using standard detonation cord.
{0053])  In some contexts, the modified detonation cord 204 may be referred to as a
moderator. Additionally, in some contexts the modified detonation cord 294 may be
referred to as a delay element.

{(0054]  Tuming now to FIG. 7, a spacer 300 Is described. In an embodiment, the spacer
300 may be incorporated into the perforation tool assembly 200 between two perforation
guns 202 and provides at least a portion of the energy train between the two perforation
guns 202. The spacer 300 may further comprise coupling structures (not shown), e.g.,
threaded couplings, to connect to perforation guns 202, to other spacers 204, and/or to foot
206. The spacer 300 may comprise a gun assembly 304 that propagates the energy train
at least in part based on kinetic energy imparted to a bullet 312. The gun assembly 304 is
coupled at an upper end to a first segment of detonation cord 302 and coupled at a lower
end to a second segment of detonation cord 306. Alternatively, in an embodiment, the gun
assembly 304 may couple to a first explosive booster st one end of the spacer 300 and
may couple to a second explosive booster at the opposite end of the spacer 300, where
the explosive boasters promote coupling the energy train between subassemblies of the
perforation tool assembly 200, for example between the perforation gun 202 and the
spacer 300.

[0055] When the detonation propagates via the first segment of detonation cord 302 to
the gun assembly 304, a first activator 308 is energized, and the first activator 308 ignites a
propellant 310. As the propellant 310 combusts it produces rapidly expanding gas that
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propels the bullet 312 down a gun barmel 314 at a velocity that Is substantially siower than
the speed of detonation propagation in standard detonation cord. For example, the bullet
312 may travel through the gun barrel 314 at an average speed of about 1500 feet per
second while the speed of detonation propagation in standard detonation cord may be
about 22000 feet per second. The bullet 312 strikes a percussion cap 316, the percussion
cap 316 fires and energizes a second activator 318, and the second activator 318 causes
the second segment of detonation cord 306 to detonate, thereby propagating the energy
train downwards. By incorporating the spacer 300 into the perforation tool assembly 200,
the speed of the detonation energy V. can be reduced, promoting mitgation of the shock
load. It is understood that in an embodiment, the first activator 308 and the propellant 310
may be integrated into a single component. Likewise, the percussion cap 316 and the
second activator 318 may be integrated into a single component. In some contexts, the
gun assembly 304 may be referred to as a moderator. Additionally, in some contexts the
gun assembly 304 may be referred to as a delay element.

|[0056) While the gun assembly 304 provides a specific embodiment, the present
disclosure contemplates and Is consistent with other embodiments of mechanically slowing
the propagation of the energy train. For example, the explosive propagation of the energy
train may be fransferred to a mechanical, hydraulic, or pneumatic propagation through a
segment of the energy train, for example across a spacer 204. It would be expected that
this mechanical, hydraulic, or pneumatic energy would propagate at a slower speed than
the explosive detonation of detonation cord. For example, a propellant may generate gas
to pressurize a piston that shears pins to activate a percussion cap that then actuates an
explosive booster that couples into the next segment of the energy train, for example a
perforation gun coupled to the subject spacer or other subassembly. This may be
conceptuslized as approximating a pressure-actuated firing head.

[0057] It is understood that the several approaches for offsetting the speed of the
propagation of the energy train paralle! to the axis of the perforation tool assembly 200, V.,
from the speed of the shock wave V; described above may be combined in a variety of
ways to achleve the overall purpose of reducing the shock amplification 240 and/or
attenuating the shock load at one or more points in the perforation tool assembly 200.
Notwithstanding, in some downhole environments there may be advantages to relying
mainly on the spacers 204, 280, 290, and/or 300 to offset these speeds and to reduce the
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shock ampilification 240. In some downhole envionments the space between the
perforation guns 202 may be relatively large to provide a desired alignment with different
production zones 40. Under such circumstances, long spacers or a plurality of spacers
coupled to each other may be incorporated into the perforation tool assembly 200.
Because the spacars 204, 280, 290, 300 may be considered to provide a delay that is
proportional to length, greater length corresponds to greater delay and hence greater offset
between the speed of the propagation of the energy train paraliel to the axis of the
perforation tool assembly 200, V., from the speed of the shock wave V,. This approach
may allow for a rapid propagation in the energy train within the perforation guns 202, which
reduces the chances of charge-to-charge interference, while still promoting the offsetting of
the speed of the propagation of the energy train parallel to the axis of the perforation tool
assembly 200, V,, from the speed of the shock wave V; thus promoting reducing the shock
amplification 240.

[00S8] In an embodiment, the speed of the shock wave V; may be changed. For
example, one or more spacers 204 may be composed of a material associated with a V;
that is different from V,. In an embodiment, the tool body of one or more spacers 204 may
be composed of non-steel material such as a composite material.

[0059] In an embodiment, one or more of the spacers may provide an acoustic
impedance mismatch, such that shock wave energy incident on the subject spacer is partly
reflected at the interface with the spacer, thereby attenuating the shock wave energy that
propagates through the spacer. A variety of methods of implementing this impedance
mismatch are consistent with the present disclosure. For example, an impedance
mismatch may be achieved by rapidly changing cross-section or density of the spacer
relative to the remainder of the perforation tool assembly.

[0060) Tuming now to FIG. 8, a perforation tool assembly 350 is described. The
perforation tool assembly 350 comprises a plurality of perforation guns 354, for example a
first perforation gun 354a and a second perforation gun 354b. The perforation tool
assembly 350 may comprise one or more spacers 356. The perforation tool assembly 350
comprises an activation subassembly 352 that comprises an electrical firing unit 360 and
an electrical energy sourca 362, e.g., a battery. it is understood that in an embodiment the
electrical energy source 362 may be integrated with the electrical firing unit 360. The
electrical firing unit 360 transmits an electrical firing signal for example an electrical firing
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voltage on a first electrical conductor 374 and provides a ground voltage on a second
electrical conductor 376. The electrical conductors 374, 376 extend downwards through
perforation tool assembly 350 and couples to a detonation actuation unit 370 located in
each perforation gun 354. In some contexts, the detonation actuation unit 370 may be
referred to as an electrically actuated detonation initiator. When the detonation actuation
unit 370 receives the electrical firing voltage, the detonation actuation unit 370 activates a
detonation in detonation cord that fires explosive charges 368 carried by the perforation
gun 354. In an embodiment, the ground conductor may be provided by a tool body 372 of
the perforation tool assembly 350, a ground terminal of each of the electrical firing unit 360
and the detonation actuation unit 370 may be coupled to the tool body 372, and the second
electrical conductor 376 may be omitted from the perforation tool assembly 350.
Alternatively, the second electrical conductor 376 may provide a redundant or back-up
firing path.

[0061] It is understood that any of a variety of electrical conductors 374, 376 may be
employed in building the perforation tool assembly 350, for example electrical conductors
374, 376 may be employed that promote rapid propagation of the electrical firing voltage
from the electrical firing unit 360 to each of the detonation actuation units 370. In an
embodiment, twin-lead cable may be employed, for example a first wire or multistranded
wire of the twin-lead cable may provide the first electrical conductor 374 and a second wire
or multistranded wire of the twin-lead cable may provide the second electrical conductor
376. In an embodiment, coaxial cable may be employed, for example a core of the coaxial
cable may provide the first electrical conductor 374 and a shield of the coaxial cable may
provide the second electrical conductor 376. In an embodiment, the electrical conductors
374, 376 may be heavy gauge wires. In other embodiments, other kinds of electrical
conductors 374, 376 may be employed.

[0062] The propagation of the electrical firing signal and/or electrical firing voltage from
the electrical firing unit 360 may be considered to be an energy train just as the
propagation of detonation down a detonation cord may be so considered. The electrical
firing voltage propagates to the perforation guns 354 much faster than the shock wave
propagates in the tool body 372, thereby reducing the shock load. In an embodiment, the
electrical firing signal may be a predefined voltage level, current level, or sequence of
values of either voltage or current levels. The detonation actuation units 370 may be
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selected and/or addressed by the electrical firing signals to fire separately. Alternatively,
the detonation actuation units 370 may be configured with time delays such that once
activated they wait their configured time delay and then actuate firing of the explosive
charges 368. By configuring the time delays of the several detonation actuation units 370,
a variety of sequences for firing the perforation guns 354 may be implemented. In an
embodiment, the time delays may be configured to fire the perforation guns 354
substantially concurrently. In an embodiment, the detonation actuation units 370 are
configured with timing to mitigate the shock load in the perforation tool assembly 350.
[0063] In an embodiment, the electrical firing unit 360 may communicate with the
detonation actuation units 370 by a communication link other than the electrical conductors
374, 376, for example wirelessly via a wireless communication link. In an embodiment, the
electrical firing unit 360 may be signaled from the surface to begin a firing sequence, for
example by means of a pressure signal. The pressure signal may be a pressure that
exceeds a threshold. Alternatively, the pressure signal may be a sequence of pressure
values that match a distinctive pressure sequence configured into the electrical firing unit
360.

[0064] Turning now to FIG. 9, a mass energy absorber 380 is described. The mass
energy absorber 380 is suitable for incorporation into the perforation tool assembly 200 to
alter the propagation of the shock wave through the perforation tool assembly 200. It is
understood that a plurality of mass energy absorbers 380 may be placed at one or more
positions within the perforation tool assembly 200. In an embodiment, the mass energy
absorber 380 comprises a mass 382, a first absorber 384a, and a second absorber 384b.
The absorbers 384 are coupled to and support the mass 382 within a tool body 386 during
normal displacements of the mass energy absorber 380 and/or the perforation tool
assembly 200. When a shock wave propagates to the mass energy absorber 380 via
coupling of the tool body 386 to the perforation tool assembly 200, the inertia of the mass
382 resists displacement, the absorbers 384 deform, energy is removed from the shock
wave, and the shock load that propagates on beyond the mass energy absorber 380 is
attenuated. The absorbers 384 may comprise crushable structures such as a non-linear
stiffness device that is designed to be relatively stiff until a critical load or stress level is
reached, at which point the absorber loses its stiffness and absorbs energy. The mass 382
may be centralized within the tool body 386 by soft polymeric stand-off buttons or rings or
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other structures that exhibit low axial coupling between the mass 382 and the tool body
386. It is understood that the mass energy absorber 380 may be implemented in other
configurations than those described with reference to FIG. 9.

[0065] Turning now to FIG. 10, a deformable energy absorber 400 is described. The
deformable energy absorber 400 is suitable for incorporation into the perforation tool
assembly 200 to alter the propagation of the shock wave through the perforation tool
assembly 200. It is understood that a plurality of deformable energy absorbers 400 may be
placed at one or more positions within the perforation tool assembly 200. In an
embodiment, the deformable energy absorber 400 comprises a tool body 402 that exhibits
non-linear elasticity. When axially directed forces below a threshold are applied to the
deformable energy absorber 400, the tool body 402 maintains a relatively high effective
stiffness. When axially directed forces above the threshold are applied to the deformable
energy absorber 400, for example the forces in the shock load, the tool body 402 deforms
or crushes readily and absorbs rather than transfers forces beyond the threshold. It is
understood that the deformable energy absorber 400 may be implemented in a variety of
configurations. For example, the deformable energy absorber 400 may comprise a honey
comb of thin walls.

[0066] Turning now to FIG. 11, a hydraulic shock absorber 410 is described. The shock
absorber 410 is suitable for incorporation into the perforation tool assembly 200 to alter the
propagation of the shock wave through the perforation tool assembly 200. It is understood
that a plurality of hydraulic shock absorbers 410 may be placed at one or more positions
within the perforation tool assembly 200. In an embodiment, the hydraulic shock absorber
410 comprises a piston 412, a chamber 414, and a compressible fluid 416. When axially
directed forces are applied to the hydraulic shock absorber 410, the piston 412 slides into
the chamber 414 reducing the volume of the compressible fluid 416, thereby further
compressing the fluid 416, performing work, and hence attenuating the shock load. It is
understood that the hydraulic shock absorber 410 may take on a variety of configurations.
In an embodiment, the hydraulic shock absorber 410 comprises two internal chambers
separated by a ported bulkhead. Yet other configurations of the hydraulic shock absorber
410 are contemplated by the present disclosure.

[0067] Turning now to FIG. 12, a decoupler 420 is described. The decoupler 420 is
suitable for incorporation into the perforation tool assembly 200 to alter the propagation of
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the shock wave through the perforation tool assembly 200. It is understood that a plurality
of decouplers 420 may be placed at one or more positions within the perforation tool
assembly 200. The decoupler 420 comprises a sieeve coupled to a tool body 424 by shear
pins 426. When axial force beyond a threshold is applied fo the decoupler 420, the shear
pins 426 shear, the sleeve 422 and foo! body 424 are free to stroke relative to each other
within limits of displacement, and the shock wave incident on one end of the decoupler 420
is decoupled from the other end of the decoupler 420 and hence does not propagate
beyond the decoupler 420. When the perforation tool assembly 200 and/or the work string
30 Is removed from the wellbore 12, the sleeve 422 slides out of the tool body 424 until a
split ring engaged by the sleeve 422 engages with and captures groove 430 in the tool
body 424, thereby once again coupling the sleeve 422 and the tool body 424.

[0068] It is understoad that any of the mass energy absorber 380, deformable energy
absorber 390, hydraulic shock absorber 410, and/or decoupler 420 may comprise an
energy train segment. Also, it is understood that the role of one or more of the spacers 204
may be provided by the mass energy absorber 380, deformable energy absorber 400,
hydraulic shock absorber 410, and/or decoupler 420. Further, it is understood that the
mass energy absorber 380, deformable energy absorber 400, hydraulic shock absorber
410, and/or decoupler 420 may be used in combination with each other and further in
combination with the several approaches described above for altering the speed of
propagation of the energy train paralie! to the axis of the perforation tool assemnbly 200.
[0069] In an embodiment, the decoupler 420 may incorporate energy absorbing
material or rubber pads that provide a low effective stifiness that allows relative motion,
possibly over a limited range of motion, between perforation guns. In an smbodiment, the
decoupler 420 may be used without shear pins to provide a low initial stifness. The
decoupler 420 may connect to the energy frain by using explosive boosters in the energy
train, for example a booster charge in the perforation gun 202, to shoot across space gaps
resulting from the relative motion.

(0076] Tuming now to FIG. 13, a method 500 is described. At block 502, a speed of
shock wave propagation through a tool body of a perforation tool assembly is analyzed,
wherein the perforation tool assembly comprises a plurality of explosive charges. For
example, the speed of a longitudinal wave propagating In the tool body of the perforation
tool assembly 200 and paraliel to the axis of the perforation tool assembly 200 is analyzed

22

RECTIFIED SHEET (RULE 91)



WO 2012/148429 PCT/US2011/034690

based on assumptions such as the material composition of the tool body, the downhole
conditions projected to prevail in the wellbore 12 when the perforation tool assembly 200 is
fired, and other parameters. The analysis of block 502 may take into account the presence
of mass energy absorbers 380, deformable energy absorbers 400, hydraulic shock
absorbers 410, and/or decouplers 420 incorporated in the perforation tool assembly 200.
The analysis may be performed at least in part using a modeling application that executes
on a computer system, for example a SHOCKPRO modeling application available from
Halliburton. For more information about shock modeling see International application
PCT/US2010/061104 entitled “Modeling Shock Produced by Well Perforating” filed
December 17, 2010, which is hereby incorporated by reference for all purposes in its
entirety. At block 504, a speed of detonation propagation in an energy train in a direction
parallel to the axis of the perforation tool assembly 200 is analyzed. The analysis may be
performed at least in part using a modeling application that executes on a computer
system. The analysis is based on the composition and/or construction of the energy train.
[0071] At block 506, based on analyzing the speed of the propagation of the shock
wave and analyzing the speed of detonation propagation, the perforation tool assembly is
designed to mitigate a shock load associated with an interaction between detonations of
the explosive charges. In an embodiment, the perforation tool assembly is designed to
offset the speed of shock wave propagation in the tool body of the perforation gun
assembly from the speed of detonation propagation in the direction parallel to the axis of
the tool body of the perforation tool assembly by at least 5%. In other words, the design of
the perforation tool assembly is changed to result in V./Vg greater than or equal to 1.05 or
Ve/Vs less than or equal to 0.95. In another embodiment, the perforation tool assembly is
designed to offset the speed of shock wave propagation in the tool body of the perforation
gun assembly from the speed of detonation propagation in the direction parallel to the axis
of the tool body of the perforation tool assembly by at least 15%. In another embodiment,
the perforation tool assembly is designed to offset the speed of shock wave propagation in
the tool body of the perforation gun assembly from the speed of detonation propagation in
the direction parallel to the axis of the tool body of the perforation tool assembly by at least
30%.

[0072] The design may be changed in any of a variety of manners to offset the speeds,

including incorporating structures and/or subassemblies into the perforation tool assembly
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200 that alter the speed of detonation propagation in the energy train in the direction
parallel to the axis of the tool body of the perforation too! assembly 200. For example,
structures described more fully above with reference to FIG. 4, FIG. 5, FIG. 6, FIG. 7, and
FIG. 8 may be incorporated into the perforation tool assembly 200. These structures may
comprise one or more of a spacer incorporating an indirect path into an energy train
sagment of the spacer, a spacer incorporating a reduced speed detonation cord info an
energy train ssgment of the spacer, a spacer incorporating a bullet firing gun as a portion
of an energy train segment of the spacer, and a perforation gun incorporating a reduced
speed detonation cord into an energy train segment of the perforation gun. Additionally, in
an embodiment, the composition of the tool body of the perforation tool assembly may be
changed to alter the speed of propagation of the shock wave propagation in the perforation
tool assembly 200. One or more of the structures may delay propagation of the energy
train in the direction paraliel to the axis of the perforation tool agsembly 200.

[0073]  Additionally, in an embodiment, structures may be incorporated into the
perforation tool assembly 200 to alter the dynamics of the perforation tool assembly 200
and to alter the propagation of the shock wave in the perforation tool assembly 200. For
example, one or more of the mass energy absorber 380, the deformabile energy absorber
400, the hydraulic shock absorber 410, a spacer providing an acoustic impedance
mismatch, or the decoupler 420 may be incorporated into the perforation tool assembly
200. Additionally, the properties of these sfructures may be altered to desirably alter the
propagation of the shock wave in the perforation tool assembly 200. The steps 502, 504,
506 may be iteratively performed to converge on a design that achieves one or more
design criterion. In an embodiment, the steps 502, 504, 506 may be performed across a
plurality of different perforation jobs. For example, sensors that capture measurements of
shock loads in the subject perforation tool assemblies may be incorporated into the
perforation tool assembly 200, the data captured during the course of a perforation job may
be retrieved from these sensors after the perforation job is completed, and the dates may be
used to adapt or tune the analyzing performed in blocks 502, 504 and/or the designing
performed in block 506. At least some of the processing of blocks 502, 504, and/or 506
may be performed by an application executing on a computer systam.
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[0074] At block 508, a perforation tool assembly is built based on the changed
perforation tool assembly design. At block 510, a wellbore is perforated by firing the
perforation tool assembly.

[0075] FIG. 14 illustrates a computer system 580 suitable for implementing one or more
embodiments disclosed herein. For example, the analysis performed in bocks 502 and
504 of method 500 described above with reference to FIG. 13 may be promoted by
executing a modeling application on the computer system 580. Further, the designing
performed in block 206 may be performed at least in part using a design application
executing on the computer system 580. The computer system 580 includes a processor
582 (which may be referred to as a central processor unit or CPU) that is in communication
with memory devices including secondary storage 584, read only memory (ROM) 586,
random access memory (RAM) 588, input/output (//O) devices 590, and network
connectivity devices 592. The processor 582 may be implemented as one or more CPU
chips.

[0076] It is understood that by programming and/or loading executable instructions onto
the computer system 580, at least one of the CPU 582, the RAM 588, and the ROM 586
are changed, transforming the computer system 580 in part into a particular machine or
apparatus having the novel functionality taught by the present disclosure. It is fundamental
to the electrical engineering and software engineering arts that functionality that can be
implemented by loading executable software into a computer can be converted to a
hardware implementation by well known design rules. Decisions between implementing a
concept in software versus hardware typically hinge on considerations of stability of the
design and numbers of units to be produced rather than any issues involved in translating
from the software domain to the hardware domain. Generally, a design that is still subject
to frequent change may be preferred to be implemented in software, because re-spinning a
hardware implementation is more expensive than re-spinning a software design.
Generally, a design that is stable that will be produced in large volume may be preferred to
be implemented in hardware, for example in an application specific integrated circuit
(ASIC), because for large production runs the hardware implementation may be less
expensive than the software implementation. Often a design may be developed and tested
in a software form and later transformed, by well known design rules, to an equivalent

hardware implementation in an application specific integrated circuit that hardwires the
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instructions of the software. In the same manner as a machine controlled by a new ASIC
is a particular machine or apparatus, likewise a computer that has been programmed
and/or loaded with executable instructions may be viewed as a particular machine or
apparatus.

[0077] The secondary storage 584 is typically comprised of one or more disk drives or
tape drives and is used for non-volatile storage of data and as an over-flow data storage
device if RAM 588 is not large enough to hold all working data. Secondary storage 584
may be used to store programs which are loaded into RAM 588 when such programs are
selected for execution. The ROM 586 is used to store instructions and perhaps data which
are read during program execution. ROM 586 is a non-volatile memory device which
typically has a small memory capacity relative to the larger memory capacity of secondary
storage 584. The RAM 588 is used to store volatile data and perhaps to store instructions.
Access to both ROM 586 and RAM 588 is typically faster than to secondary storage 584.
The secondary storage 584, the RAM 588, and/or the ROM 586 may be referred to in
some contexts as computer readable storage media and/or non-transitory computer
readable media.

[0078] I/O devices 590 may include printers, video monitors, liquid crystal displays
(LCDs), touch screen displays, keyboards, keypads, switches, dials, mice, track balls,
voice recognizers, card readers, paper tape readers, or other well-known input devices.
[0079] The network connectivity devices 592 may take the form of modems, modem
banks, Ethernet cards, universal serial bus (USB) interface cards, serial interfaces, token
ring cards, fiber distributed data interface (FDDI) cards, wireless local area network
(WLAN) cards, radio transceiver cards such as code division multiple access (CDMA),
global system for mobile communications (GSM), long-term evolution (LTE), worldwide
interoperability for microwave access (WiMAX), and/or other air interface protocol radio
transceiver cards, and other well-known network devices. These network connectivity
devices 592 may enable the processor 582 to communicate with the Internet or one or
more intranets. With such a network connection, it is contemplated that the processor 582
might receive information from the network, or might output information to the network in
the course of performing the above-described method steps. Such information, which is

often represented as a sequence of instructions to be executed using processor 582, may
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be received from and outputted to the network, for example, in the form of a computer data
signal embodied in a carrier wave.

[0080] Such information, which may include data or instructions to be executed using
processor 582 for example, may be received from and outputted to the network, for
example, in the form of a computer data baseband signal or signal embodied in a carrier
wave. The baseband signal or signal embodied in the carrier wave generated by the
network connectivity devices 592 may propagate in or on the surface of electrical
conductors, in coaxial cables, in waveguides, in an optical conduit, for example an optical
fiber, or in the air or free space. The information contained in the baseband signal or signal
embedded in the carrier wave may be ordered according to different sequences, as may
be desirable for either processing or generating the information or transmitting or receiving
the information. The baseband signal or signal embedded in the carrier wave, or other
types of signals currently used or hereafter developed, may be generated according to
several methods well known to one skilled in the art. The baseband signal and/or signal
embedded in the carrier wave may be referred to in some contexts as a transitory signal.
[0081] The processor 582 executes instructions, codes, computer programs, scripts
which it accesses from hard disk, floppy disk, optical disk (these various disk based
systems may all be considered secondary storage 584), ROM 586, RAM 588, or the
network connectivity devices 592. While only one processor 582 is shown, multiple
processors may be present. Thus, while instructions may be discussed as executed by a
processor, the instructions may be executed simultaneously, serially, or otherwise
executed by one or multiple processors. Instructions, codes, computer programs, scripts,
and/or data that may be accessed from the secondary storage 584, for example, hard
drives, floppy disks, optical disks, and/or other device, the ROM 586, and/or the RAM 588
may be referred to in some contexts as non-transitory instructions and/or non-transitory
information.

[0082] In an embodiment, the computer system 580 may comprise two or more
computers in communication with each other that collaborate to perform a task. For
example, but not by way of limitation, an application may be partitioned in such a way as to
permit concurrent and/or parallel processing of the instructions of the application.
Alternatively, the data processed by the application may be partitioned in such a way as to
permit concurrent and/or parallel processing of different portions of a data set by the two or
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more computers. In an embodiment, virtualization software may be employed by the
computer system 580 to provide the functionality of a number of servers that is not directly
bound to the number of computers in the computer system 580. For example,
virtualization software may provide twenty virtual servers on four physical computers. In an
embodiment, the functionality disclosed above may be provided by executing the
application and/or applications in a cloud computing environment. Cloud computing may
comprise providing computing services via a network connection using dynamically
scalable computing resources. Cloud computing may be supported, at least in part, by
virtualization software. A cloud computing environment may be established by an
enterprise and/or may be hired on an as-needed basis from a third party provider. Some
cloud computing environments may comprise cloud computing resources owned and
operated by the enterprise as well as cloud computing resources hired and/or leased from
a third party provider.

[0083] In an embodiment, some or all of the functionality disclosed above may be
provided as a computer program product. The computer program product may comprise
one or more computer readable storage medium having computer usable program code
embodied therein to implement the functionality disclosed above. The computer program
product may comprise data structures, executable instructions, and other computer usable
program code. The computer program product may be embodied in removable computer
storage media and/or non-removable computer storage media. The removable computer
readable storage medium may comprise, without limitation, a paper tape, a magnetic tape,
magnetic disk, an optical disk, a solid state memory chip, for example analog magnetic
tape, compact disk read only memory (CD-ROM) disks, floppy disks, jump drives, digital
cards, multimedia cards, and others. The computer program product may be suitable for
loading, by the computer system 580, at least portions of the contents of the computer
program product to the secondary storage 584, to the ROM 586, to the RAM 588, and/or to
other non-volatile memory and volatile memory of the computer system 580. The
processor 582 may process the executable instructions and/or data structures in part by
directly accessing the computer program product, for example by reading from a CD-ROM
disk inserted into a disk drive peripheral of the computer system 580. Alternatively, the
processor 582 may process the executable instructions and/or data structures by remotely
accessing the computer program product, for example by downloading the executable
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instructions and/or data structures from a remote server through the network connectivity
devices 592. The computer program product may comprise instructions that promote the
loading and/or copying of data, data structures, files, and/or executable instructions to the
secondary storage 584, to the ROM 586, to the RAM 588, and/or to other non-volatile
memory and volatile memory of the computer system 580.

[0084] In some contexts, a baseband signal and/or a signal embodied in a carrier wave
may be referred to as a transitory signal. In some contexts, the secondary storage 584, the
ROM 586, and the RAM 588 may be referred to as a non-transitory computer readable
medium or a computer readable storage media. A dynamic RAM embodiment of the RAM
588, likewise, may be referred to as a non-transitory computer readable medium in that
while the dynamic RAM receives electrical power and is operated in accordance with its
design, for example during a period of time during which the computer 580 is turned on
and operational, the dynamic RAM stores information that is written to it. Similarly, the
processor 582 may comprise an internal RAM, an internal ROM, a cache memory, and/or
other internal non-transitory storage blocks, sections, or components that may be referred
to in some contexts as non-transitory computer readable media or computer readable
storage media.

[0085] While several embodiments have been provided in the present disclosure, it
should be understood that the disclosed systems and methods may be embodied in many
other specific forms without departing from the spirit or scope of the present disclosure.
The present examples are to be considered as illustrative and not restrictive, and the
intention is not to be limited to the details given herein. For example, the various elements
or components may be combined or integrated in another system or certain features may
be omitted or not implemented.

[0086] Also, techniques, systems, subsystems, and methods described and illustrated
in the various embodiments as discrete or separate may be combined or integrated with
other systems, modules, techniques, or methods without departing from the scope of the
present disclosure. Other items shown or discussed as directly coupled or communicating
with each other may be indirectly coupled or communicating through some interface,
device, or intermediate component, whether electrically, mechanically, or otherwise. Other
examples of changes, substitutions, and alterations are ascertainable by one skilled in the
art and could be made without departing from the spirit and scope disclosed herein.
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CLAIMS
What is claimed is:
1. A perforation tool assembly, comprising
an energy train comprising a moderator to reduce the speed of propagation of a
detonation in a direction parallel to the axis of the perforation tool assembly;
a first perforation gun comprising a plurality of explosive charges coupled to a first
portion of the energy train; and
a second perforation gun comprising a plurality of explosive charges coupled to a
second portion of the energy train, wherein the second portion of the energy
train is coupled to the first portion of the energy train.
2. The perforation tool assembly of claim 1, wherein the moderator reduces the speed of
propagation of the detonation in the direction parallel to the axis of the perforation tool
assembly by an amount in a range from 1% to 50%.
3. The perforation tool assembly of claim 1, wherein the moderator reduces the speed of
propagation of the detonation in the direction parallel to the axis of the perforation tool
assembly by an amount in a range from 15% to 30%.
4. The perforation tool assembly of claim 1, wherein the moderator is implemented by
extending the length of the energy train.
5. The perforation tool assembly of claim 1, wherein the moderator comprises a modified
detonation cord that has incorporated dilutants.
6. The perforation tool assembly of claim 1, wherein the moderator comprises delay
elements incorporated in the energy train.
7. A method of perforating a wellbore, comprising:
analyzing a speed of propagation of a shock wave through a tool body of a
perforation tool assembly, wherein the perforation tool assembly comprises a
plurality of explosive charges;
analyzing a speed of detonation propagation in an energy train in a direction parallel
to an axis of the tool body of the perforation tool assembly;
designing the perforation tool assembly, based on analyzing the speed of
propagation of the shock wave and analyzing the speed of detonation
propagation, to mitigate a shock load associated with an interaction between
detonation of the explosive charges;
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building the perforation tool assembly based on the perforation tool assembly
design; and

perforating a wellbore by firing the perforation tool assembly.
8. The method of claim 7, wherein the perforation tool assembly comprises structures that
alter the propagation of the shock wave through the tool body of the perforation tool
assembly.
9. The method of claim 8, wherein the structures that alter the propagation of the shock
wave are selected from the group consisting of a mass energy absorber, a deformable
energy absorber, a hydraulic shock absorber, a spacer providing an acoustic impledance
mismatch, and a decoupler.
10 The method of claim 8, wherein the structures that alter the propagation of the shock
wave comprises a spacer having a tool body composed of a composite material.
11. The method of claim 7, wherein designing the perforation tool assembly to mitigate the
shock load associated with the interaction between the explosive charges comprises
designing the perforation tool assembly to offset the speed of shock wave propagation
through the tool body of the perforation tool assembly and the speed of detonation
propagation in the direction parallel to the axis of the tool body of the perforation tool
assembly.
12. The method of claim 11, wherein analyzing the speed of shock wave propagation is
based on analyzing properties of a tool body of the perforation tool assembly in the context
of a downhole environment.
13. The method of claim 11, wherein the perforation tool assembly is designed to offset
the speed of shock wave propagation relative to the speed of detonation propagation by at
least 5%.
14. The method of claim 7, wherein the perforation tool assembly comprises structures
that alter the speed of detonation propagation in the energy train in the direction parallel to
the axis of the tool body of the perforation tool assembly relative to a speed of detonation
propagation in an energy train in a direction parallel to an axis of a tool body of a
conventional perforation tool assembly.
15. The method of claim 14, wherein the structures are selected from the group consisting
of a spacer incorporating an indirect path into an energy train segment of the spacer, a
spacer incorporating a reduced speed detonation cord into an energy train segment of the
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spacer, a spacer incorporating a bullet firing gun as a portion of an energy train segment of
the spacer, and a perforation gun incorporating a reduced speed detonation cord into an
energy train segment of the perforation gun.

16. The method of claim 14, wherein at least one of the structures delays the propagation
of the energy train through an energy train segment of the structure.

17. A downhole perforation tool assembly, comprising:

a first perforation gun comprising a first plurality of explosive charges and a first
electrically actuated detonation initiator, wherein the first electrically actuated
detonation initiator is coupled to at least one of the first plurality of explosive
charges;

a second perforation gun, mechanically coupled to the first perforation gun,
comprising a second plurality of explosive charges and a second electrically
actuated detonation initiator, wherein the second electrically actuated
detonation initiator is coupled to at least one of the second plurality of
explosive charges; and

an electrical conductor coupled to the first and second electrically actuated
detonation initiators,

wherein the first and second electrically actuated detonation initiators actuate in
response to an electrical signal conveyed by the electrical conductor to
detonate the first plurality of explosive charges and the second plurality of
explosive charges respectively, and wherein the timing of the actuating of the
first and the second electrically actuated detonation initiators is controlled to
mitigate a shock load in the perforation tool assembly associated with an
interaction between the detonations of the first and second plurality of
explosives.

18. The perforation tool assembly of claim 17, wherein the first electrically actuated
detonation initiator comprises a delay element to implement a time delay between
receiving the electrical signal from the electrical conductor and initiating detonation of the
first plurality of explosive charges.

19. The perforation tool assembly of claim 17, further comprising a spacer located
between the first perforation gun and the second perforation gun, wherein the electrical
conductor passes through an interior of the spacer.
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20. The perforation tool assembly of claim 17, further comprising a third perforation gun
comprising a third plurality of explosive charges and a third electrically actuated detonation
initiator, wherein the third electrically actuated detonation initiator is coupled to at least one
of the third plurality of explosive charges, wherein the electrical conductor is coupled to the
third electrically actuated detonation initiator, and wherein the third electrically actuated
detonation initiator actuates in response to the electrical signal conveyed by the electrical

conductor.
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