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This invention relates generally to the field of
performing dcwnhole functions in a well, and is particularly
applicable to downhole well completion tools.

In completing a product recovery well, suc¢h as in
the o0il and gas industry, several downhole tasks or
functions must generally be performed with tocls lowered
through the well pipe or casing. These teools may include,
depending on the required tasks to be performed, perforating
guns that balliztically produce holes in the well pipe wall
to enable access to a target formation, bridge plug tools
that install sealing plugs at a desired depth within the
pipe, packer-setting tools that create a temporary seal
about the tool and valves that are opened or closed.

Sometimes these tools arxe eglectrically operated and
are lowered on a wireline, configured as a string of tools.

Alternatively, the tools are tubing-conveyed, e.g. lowered
inte the well bore on the end of multiple joints of tubing
or a long metal tube ox pipe from a coil, and activated by
pressurizing the interior of the tubing. Sometimes the
tools are lowered on cables and activated by pressurizing
the interiox of the well pipe or casing. Other systems have
also beer employed.

Typically, ballistic tools are not "armed’ (i.e.,
not yet configured tc fire upon receipt of a hydraulic or
electric stimulus! until just before being placed in the
wall, in order to avoid accidental firings at surface. Once
armed, very high safecy standards must be maintained to
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Background of the Invention This invention relates generally to
the field of perform ng downhole functions in a well, and is
particularly 10 applicable to downhole well conpletion tools. In
conpl eting a product recovery well, such as in the oil and gas industry,
several downhol e tasks or functions nust generally be perfornmed with
tools | owered through the well pipe or casing. These tools may include,
15 depending on the required tasks to be perforned, perforating guns
that ballistically produce holes in the well pipe wall to enabl e access

to a targeavdid nutentidllyigeadlyy prepacure tiiaingssuarils siei #gopl d§s at a
desired depiilyy Wl ibi Nkqund! PlvelA @il Aird MimiellldolBbsCERSHE 2

tenporary se f ool and va veg_ghat are opened qr cl osed.
Sonet i nes lowexed ogtto dite araddir iadnEar iskisitdled PAfRAtUre IiXing can

result in costly well damage.

in

Summary of the JInvention

In one aspect of the invention, a downhole device
for performing a function in a well has a series of
dedicated hydro-mechanical locks that rrevent occurrence of

10 the function until desired. The hydro-mechanical locks are
each capable of being released directly by a respective
-elevated hydraulic activating pressure condition and are
corstructed and arranged for sequential operaticn such that
a lock in the series cannot be released until after the

15 hydraulic¢ pressure conditions required to release any
preceding locks in the series have occurred.

In one etbcediment, the device is in the form of a
seli-contained downhole device for controlling the
sccurrence of the function. In this embodiment, the device

2¢ includes a downhole housing and a port in the housing in
hydraulic communication with a remote hydraullic pressure
source via the well by pressure-transmitting structure such
as casing or tubking in the well.

In some embodiments, the series of hydro-mechanical

25 locks comprises a set of one or more displaceable elements
associated with a common hydraulic agtuator, the actuator
constructed and arranged to displace the elements
sequentially. In some cases the actuator is responsive to
an increase in hydraulic pressure to advance to engage an

30 element and te a subsequent decrease in hydraulic pressure
to move the element from a locking to an unlocking position.

»
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Alternatively, the tools are tubing-conveyed, e.g. |owered into the well
bore on the end of nmultiple joints of tubing 25 or a |ong netal tube or
pipe froma coil, and activated by pressurizing the interior of the,
tubing. Sonetines the tools are | owered on cables and activated by
pressuri zi ng the interior of the well pipe or casing. Oher systens
have al so been enpl oyed. 30 Typically, ballistic tools are not
"armed" (i.e., not yet configured to fire upon receipt of a hydraulic or

el ectric stimul usomet prefestetictnbedbmentgsptastdinnopaecr magrl ofin order
Lo avoid aghl Ughi flylid! Al e SUAF Gorddtdt hadfldhseoiy dgh safety
st andards RAuUSt™ be nhal nt al ne 0
actuator is biased to a first position by a spring, the
activacing pressure condition moving the actuator to a
5 second, activated position; the elements each comprises a
ring, which in some embodimencs is resiliently radially
compressed, in a locking, unreleased condicion, within a
first bore of a loc¢k housing:; the actuaczor nas a ring
gripper for moving the ring; the lock heusing has a second,
10 larger bore into which the ring is movable to an unlocking.
released pesition; the ring has an engageable cam surface;
the gripper has a finger with a cam surface for engaging the
cam surface of the ring, and in some instances a lift
formation for lifting any previocusly released rings to
15 erable the disengagement of an engaged ring from the cam
surface of the gripper.
In some embodiments of the invention, the spring
comprises a compressible f£luid which is compressed in a
first chamber by said actuator. In a particularly useful
20 arrangement., the device also has an orifice for restricting
a flow of the compressible fluid from the first chamber to a
second chamber, enabling the respective activating pressure
condition to cause the actuator to compress the fluid in the
first chamber. In some instances the device has a third
25 chamber and a floating piston disposed between the second
and third chambers, the floating piston containing a one-way
check valve constructed te eneble flow from the second
chambexr to the third chamber. In this arrangement the
construction of the floating piston advantageously enables
3¢ 0il within the first and second chambers to expand at higher
temperaturas.
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premature firings until the tool is safely bel ow ground. Even after the @ao
armed tool has been | owered into the well, an accidental, premature

firing can result in costly well danmage. 5 Sunmmary

of the Invention In one aspect of the invention, a downhole

devi ce

In ancther embodiment, the series of hydro-
mechanical locks comprises one or more valves, each valve
arrangad to be openable to a released conditicn in response
to an activating hydraulic pressure condition. In a current

5 arrangement, each of the valves has an inlet to receive
activating pressure, and an outlet blecked from the inlet
until after a respective activating pressure condition has
occurred. In some arrangements, the outlet of the valve is
hydraulically connected te an inlet of z2 pressure-activated

10 tool.

In a particularly useful configuration, the valve is
coustructed to delay opening for a predevermined amount of
time after the occurrence of a respective activating
pressure condition., This delay time enables the inlet

15 pressure condition tec the valve to be reduced before the
valve opens. In this manner, the opening of an upper valve
in a series of valves does not immediately open a lower
valve, enabling a series of such valves to be independently,
sequentially opened by a sequence of activating pressure

20 conditions.

Some configurations may have one or mere of the
following features: the valve has a piston that forxces a
fluid through an orifice to expose a port to open the valve;
and the delay time between the occurrence of the respective

25 activating pressure condition and the opening of the valve
is determined at least in part by the size of the orifice.

In another aspect of the invention, a string of
tools for performing downhole functiens in a well includes a
nunber of functicnal sections arranged in a physical order

30 within the string along a string axis. At least one of the
sections has a downhole device with a series of dedicared
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hydr o- nechani cal | ocks that prevent occurrence of 10 the function unti

desired. The hydro-nechanical |ocks are . each capable of being rel eased

directly by a respective el evated hydraulic activating pressure

condition and are constructed and arranged for sequential operation such

t hat a
hydraul i c
the series
formof a
occurrence
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| ock in the series cannot be released until after the 15

pressure conditions required to rel ease any precedi ng |l ocks in
have occurred. In one enbodi nent, the device is in the

hydsekmecbnnéCaédldoknhbh@rc@m@vnrtcwcaunnenﬂéiQﬁ)ame

with a remsepaiyer af b@s-pgegshe@sed %:em%elmwtmémq"we elevated
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In some engaglnents series of, hydro- nechanlcal 25 Iocks c%gprlses a
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FespieeRt b RReration such that a

the series cannot be released until after the hydraulic
pressure condition required to release any preceding lock in
the series has occurred.

In a particularly advantagecus coniiguration, at
least three of the sections each have such a device, the
string being arranged and configured te¢ perform the
functions in an order other than the pnysical order of the
gecticons along the axis.

In a preferred embodiment, the sections are
constructed to enable activating pressure conditions to be
applied simultanaocusly to all of the functional sections
having the davices.

In some useful configurations, 2 first device in the
string has at least one fewer dedicated hydro-mechanical
locks than a second device in the sctring, the actuating
pressure conditions for releasing the locks ¢of the first and
second devices being correlated such that pairs of locks of
the first and the second devices are simultaneocusly
released, resulting in all locks keing released in the first
device while a loc¢k remaing unreleased in the second device.

In another aspect of the invention, a downhole
device for performing a function in a well has an actuator
arranged to move along an axis in response to an activatiag
pressure condition, an operator engageable by the actuator
and arranged to cause the function to be performed when
moved, and at least one lock element engageable by the
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and arranged to displace the elenents sequentially. In sone cases the
actuator is responsive to an increase in hydraulic pressure to advance

to engage an 30 el enent and to a subsequent decrease in hydraulic pressure

to nove the elenent froma |ocking to an unl ocking position.
3 Substitute sheet - 23 February 1998
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actuator and disposed axially, in a locking position,
between the actuator and the operator. The actuator is
constructed and arranged te, in response to a first
activating pressure cordition, engage and move the lock
element to a non-locking pesition, and subksequently, in
response t¢ a second activating pressure condition, to
engage and move the operator to cause the function to e
performed.

In a preferred embodiment, there are mecre than one
lock alement arranged in series between the actuator and the
operator. In a preferred configuration, the axial moticn of
the actuator is limited by the lock element.

In another aspect of the invention, a method of
performing a sequence of downhole functions in a wsll
comprises lowering a string of tools, the string having a
functional section associated with each function. At least
two of the sections each has a device with a series of
dedicated hydrc-maechanical locks thar prevent cccurrence of
the function associated with the section. The hydro-
mechanical locks are capable of being released directly by a
respective elevated hydraulic activating pressure condition,
and are constructed and arranged for sequential operation,
such that a lock in the series cannot be released until
after the hydraulic pressure conditions required to release
any preceding locks in the series have occurred.

The method also comprises applying a sequence of
activating hydraulic pressure conditions to the string, a
given activating pressure condition releasing an associated
lock in predetermined functional sections having unreleased
locks. The functional sectioas having the devicss each
perform their associated functions in response to an
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the actuator has a piston; the actuator is biased to a first
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0 a 5 second, activated position; the elenents each conprises a

h in sone enbodinments is resiliently radially conpr essed,

in a

nrel eased condition, within a first bore of a | ock housing;
or has a ring gripper for noving the ring; the | ock housing

nd, 10 larger bore into which the ring is novable to an
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pressure condition occcurring after all locks within the
section have been released.

In a particularly useful embodiment, the method
includes maintaining the axial position of the scring within
the well while applying the sequence of activating pressure
conditions to set a bridge plug at a first axial well
position, set a packer at a second axial well position, and
subsequently pexforate the well between the first and second
axial well positions.

In another embodiment, the method ¢f the invention
further includes maintaining the axial position of the
string within the well while sequentially performing
functions associated with at least three sections of the
gtring. The sections include an upper section, a lower
section, and at least one middle section, according to
positions along an axis of the string. The method furthex
includes performing the associated functions in an order
starting with the function associated with a middle section.

In another embodiment, at least three of the
sectiens are operated by the sequence of activating
hydraulic pressure conditions to perforate upper, lower and
middle well zones, the middle zone being perforated first.

In yet another useful ermbodiment, the method further
comprises applying an elevated downhole test pressure. The
test pressure releases an assocliated lock in each functicnal
section having unreleased locks without causing any
functional section to perform its associated function.
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conpressible fluid which is conpressed in a first chanber by said
actuator. In a particularly useful 20 arrangenent, the device al so has an
orifice for restricting a flow of the conpressible fluid fromthe first
chanber to a second chanber, enabling the respective activating pressure
condition to cause the actuator to conpress the fluid in the first
chanber. In sone instances the device has a third 25 chanber and a fl oating
pi ston di sposed between the second and third chanbers, the floating
pi st on cont ai ni ng hconsds'mg te ahecher dsmectnsf rit dhvantsmgbl @ f1 ow from
t he second

st oG G4 a Hg %.adbﬂrnh iéena E%ggi?%l%ﬁﬁe%i .

construction ng p% ton eous

the first eﬁﬂ#lﬁﬁﬁﬁuﬁ éhﬁ#ﬁ@@%t@@&eﬁﬁdné kel #gﬁéﬁ toCk efipRnRas bp@sto

the locking tool. The locking toel has a ssries of

5 dedicated hydro-mechanical locks arranged to preveant arming
of the ballistic toel, the locks capable of being released
directly by a respective elevatred hydraulic activating
pressure condition. The loecks are constructad and arranged

for sequential cperatior, such that a lock in the series is
10 not released until after the hydraulic pressure conditions
required to release any preceding Locks in the seriss have
occurred, with the las:t released lock arranged to arm the
" ballistic tool when released.
In one embodiment, the ballistic tocol is constructed
15 to, once armed, delay performing the downhole function for a
predetermined amount of time (preferably. betwean about 1
and 20 minutes) after the occurrence of a subsecuent
ac¢tivating hydraulic pressure condition.
Preferably, the last released lock is constructed
20 to, uponh release, expose the ballistic tool to hydraulic
pressure for receiving subsequent activating hydraulic
pressure conditions.
The ballisti¢ tool includes, in some configurations,
a displaceable ballistie member and a target ballistic
25 member. The last released lock is constructed to, upon
release, enable the displaceable ballistic member to be
hydraulically displaced toward the target ballistic member
to arm the ballistic tool.
According to yet ancther aspect of the invention, a
30 ballistic downhole tool 13 censtructed to be armed downhole.
The tool includes first and second ballistic compcnents for
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enbodi nent, the series of hydro- mechani cal | ocks conprises one or nore
val ves, each val ve arranged to be openable to a released condition in
response to an activating hydraulic pressure condition. In a current 5

arrangenent, each of the valves has an inlet to receive

transferring an internal detonation te fire the tool, the
ballistic components initially being separated by a
sufficient distance to inhibit the detonation transfer. The
first ballistic component includes a piston. The teool also
5 includes a lock arranged to retain the first ballistic
component in its inicial position, and a hydraulically
activatable actuator adapted to release the lock to enable
the first ballistic componrent to be moved teward the second
ballistic¢c compcnent by hydraulic pressure acting against the
10 pisten, to arm the toel.

In some embodiments, the first ballistic component
includes a firing pin and a length ¢f deconarcor cord, the
second ballistic component having a trigger charge arranged
to be ignited by the detonator coxd of the first ballistic
component with the tool in an armed conditicn.

In the presently prefsrred embodiment, the first
pallistic component also includes a rslease pisgton arranged
to be moved by hydraulic pressure to release the firing pin.

The tool may alse include a seal arranged to isolate
20 the release piston from hydraulic pressure with the tool in

an unarmed condition, to provide an additional safeguard
against accidental firing.
Although surface accidents can generally be avoided
by proper care and safety procedures, the invention can
25 provide an additional level of safety by enabling the tool
to be initially lowered into the well unarmed and
subsaquently armed only just before £iring. Costly
premature firings in the well can also be avoided. By
keeping the bhallistics unarmed while traversing the well,
30 accidental firings causad by faulty seals and unexpectad

hydraulic cenditions can also be avoided. _‘_‘~§\*‘*“§‘~§\-
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respective activating pressure condition has occurred. In sone
arrangenents, the outlet of the valve is hydraulically connected to an
inlet of a pressure-activated 10 tool. In a particularly usefu
configuration, the valve is constructed to delay opening for a
predet er m ned anount of tinme after the occurrence of a respective
activating pressure condition. This delay tine enables the inlet 15
pressure condition to the valve to be reduced before the val ve opens. In
this manner, the ofbai hgvettien upbaniagecusly ienablkes ifangfiamlves does

not i mmedi 3l WREhA d:PRiged i¥alve4enablbRanB18ect e8ngl 18USlyval ves to

be i ndependent]y, . sequenti al [y opene a sequence of "activati ng
pressure 20&HFRY i :?lcal order, SBﬁEaEBﬁ R§BFRatRoABY BT 2RASvESHRE or nore

of the foddumhary f eaadiy Q&extib‘il!%&veahabeavék'?t aBethat &ogcegor fluid
through gn Orlgora fé% %é. %%l% g%ﬁ%stgno t’t.ll.eat:e;u:‘*'J.hg with a middle

zone, or for perforating between a preset bridge plug and

preset packer.

The invencion also enables various arrangements of
downhole tasks to be performed with a single string of

10 tools, requiring only one trip down the well, thereby saving
substantial rig time. Used in a triggering mechanism to
trigger a detonation to activate a tool, the invexntion also
advantageously avoids vpotential failure modes of
electrically-activated downhole eguipmant and associated

15 safety risks, by employing only hydro-mechanical downhole
equipment for triggering detonaticns.

In embodiments in which the device according te the
invention is employed to activats a tool, the activation cf
any ¢f the tools in the string advantageously doces not

20 depend upon the previous activation ¢f any other tools in
the string, such that the failure of one tecl to properly
perform does not inhibit the operation of the other tcools in
the string.

These and other advantageous features are realized

25 in equipment that is simple, reliable and relatively
inexpeansive.

ief iptd £t aw]
Fig. 1 is a diagrammatic illustration of a tool
30 string in a well, according to the invention;
Fig. 2 illustrates a series of activating pressure
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pressure condition and the opening of the valve Is determ ned at | east
in part by the size of the orifice. I n anot her aspect of the
i nvention, a string of tools for perform ng downhole functions in a well
I ncl udes a nunber of functional sections arranged in a physical order 30
within the string along a string axis. At |east one of the sections has
a downhol e device with a series of dedicated
5 Substitute sheet - 23 February 1998
cycles appliad to a tool string;

Figs. 3A through 3D schematically illustrate the
sequential operation of four tools in a string. according to
the invention; '

5 Fig. 3E schematically illustrates a lock-releasing
actuator, according to the invention:

Fig. 4 is a cross-sectional view of a hydraulically
programmable firing head in a £ill sub, according to a first
embodiment ;

10 Fig. 5 is an enlarged view of axea S5 in Fig. 4;
Figs. 6A through 6E diagrammatically illustrate the
:operation of part of the lock-releasing mechanism of Fig. 4;

Fig. 7 is a schematic illustration ¢f a functional

section of a string of tools. according to a second
15 embodiment; and

Fig. 8 is a functional illustration of a pilot valve
of the embodiment of Fig. 7.

Fig. 9 shows a third embodiment, in which the lock-
releaging actuator is configured to arm the tool.

2¢ Fig. 9A illugtrates the embodiment of Fig. 9 in an
armed condition.

- » 3

i xef ent
Refearring to Fig. 1, a hydraulic programmable firing
25 head 10 according to the invention is part of a string 12 of
tools that can be arranged in various ways to selectively
enaple multiple operations to be performed in a well 20,
such as setting a bridge plug or packer, pressure testing
the plug or packer, and perforating one or meore zones, all
3¢ in one trip in the well. The hydraulic programmable firing

head 10 is adapted to¢ initiate a downhole event when a

- 11 -
This Sheet Has Been Ry eplaced

LT




hydrd.1Pé@hafFE A0 PHERE 28haA83p¥seTent ocCImT EMCEF OEPAN associ at ed
function. The hydro-nechani cal | ocks are each capabl e of being rel eased
directly by a respective el evated hydraul i ¢ activating pressure

condition, and are constructed 5 and arranged for sequenti al

operation such

that a lock in the series cannot be released until after the hydraulic

pressure condition required to rel ease any preceding lock in

t he series

has occurred. In a particularly advantageous configuration, at

10 | east three of the sections each have such a device, the

string being

arranged apdepootrgmmed huaniser f of dteratidginetdssnyd wyarlesr dawveobken t han

the physicah QEdgR Of akNEhoum SECIF NS Al ¥ LN XS 10 is capable of
triggering 2 perforating gun 14, a packer-setting tool 16, a
ridge plug tocl 18, or any other downhédle tool cenfigured

(%))

to perform a task. Multiple hydraulically programmable

firving heads 10 can be used in a string 12 of tools., as
shown, to trigger any desired arrangement of tcols aloeng the

axis 21 of the string in any preprogrammed oxder.

String 12 is lowered into well 20 on the and of
1¢ tubing 22, which is filled with hydraulic £luid. Hydraulic

cormunication lines 26, also fillad with fluid,

hydraulically c<onnect each firing head 10 in parallel

communication with a remate source 27 via tubing 22, such
that pressure applied at the top end of tubing 22 will be

15 applied simulcaneously to all firing heads 10 in the string.
By provision cf a suitably selected number of dedicated
hydro-mechanical locks in the respective firing heads 10,
the firing heads are @ach capable ¢f being mechanically
configured to trigger an associated tool or event upon

20 receipt of a preselected number of actuation cycles.

The

firing heads can be set up such that a series of pressure
cycles received by string 12 through tubing 22 sequentially
triggers each tool or event in a predetermined order,
without dgpendence on the arrangement of tools along the

23 gtring, as described below.

As indicated in Fig. 1, string 12 comprises a series
of self-contained functional sections A, B and C, with each

secticn comprising a firing head 10 and an associated tool,

e.g. a perforating gun 14, a packer-sgetting tool 16, a
3o bridge plug tool 18, or other tool. The firing heads 10 are
each connected to thelr associated tools with safety spacers
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activating pressure conditions to be applied sinultaneously to all of

the functional sections havi ng t he devi ces. In sonme usefu
configurations, a first device in the string has at |east one fewer

dedi cat ed hydro-nechani cal 20 | ocks than a second device in the string, the
actuating pressure conditions for releasing the locks of the first and
second devi ces being correlated such that pairs of | ocks of the first

and the second devices are sinultaneously rel eased, resulting in al

| ocks bei ngsr an€asedlied bhélistit LSamefexe It | es%cdima e endigr el eased

dounnol o 334, §3EaTAsea, Ero, sach o PREE 1y BRARE f%!"?’#’%‘éﬁ%ﬁ%
arr anged thendwéoatﬁngggﬁsaxtg aﬁs®©®@©ﬂ%etQQie#ﬁ%%ﬁ#wkﬁﬁﬁky bY pressure
condi ti on, 1?1@.::‘1&%&%0% aaaaase%& WL de; ACt MK o3k @ngh aainged to cause
the function to be perforne mvefed%éjlbstxc éra%s;.elrosc el ement
engageabﬁeagﬁopggued tool through the sea
and safety spacer 28. Baliistic transfers 30 and blank subg
32 are internally sealed to prevent fluid from f£lowing
between firing heads 10, safety spacers 16 and tools. Fig.
1 illustrates the relative placement of each compenent in
10 string 12, and does not represent their proportionate
dimensions. Stxing 12 may consist of any number of
functional sections A, B, C, and so forth, each comprising a
firing head and an associated tool as described above, each
in paralliel hydraulic communication with tubing 22. Each
-5 associated tocl may be configured to perform a downhole
task, such as perforating the well, setting a packer or
bridge plug, operating a valve, moving a sleeve, or
otherwlse causing a desired event to occur within the well.
Referring to Fig. 2, string 12 of Fig. 1 is
20 activated from the surface of the well by a series of
activating pressure cycles 40 applied to the fluid within
tubing 22. Each pressure cycle spans at least 3 or 4
minutes in the current configuration, and consists of a
pressure increase 42 from hydrostatic pressure P, to
25 activation pressure (P, which is sufficiently above the
pressure required to activate each firing head 10}, a
pressure dwell period 44 at activation pressure P,, and a
pressure decrease 45. In the current configquration, as
described below, pressure cycles 40 are separated by a
30 length of time sufficient %o return internal chamber
pressures to hydrostatic pressure P,.
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6 SubsssttutteEsiees rax21Fedy s5yTY 1998 spr 1p raw srUat or and di sposed

axi ally,

in a locking position, bet ween the actuator and the operator.

The actuator is constructed and arranged to, in response to a first
activating pressure condition, engage and nove the | ock

15

2Q

25

30

Referxing also to Figs. 3A through 3D, string 12 is
diagrammatically illustrated as a series of four Zunctional
sections A, B, C and D, although it should ke understood
that the string may consist of more or fewer self-contained
sections. The firing head in each section contains a series
of dedicated, hvdraulically-veleasable hydro-mechanical
lecks, each unreleased lock illustrated as an X in the
figures. As initially placed in the well (Fig. 3A), the
firing head of section A contailns two such locks; saction B,
one lock; section C, four locks; and section D, three locks.

Each pressure cycle 40 within tubing 22 releasss one lock X
rom the firing head of each secticn. If a given section

" has no unreleased locks X, a next pressure cycle 40 causes

the firing head in the given section to trigger its
associated event or teol. After a first pressure cycle 40
{(Fig. 3B), section A containg only one unrsleased lock X,
section B has no more unreleased locks, and sections C and D
have three and four unreleased locks X, respectively. After
a second pressure cycle 40, one additional lock X in each of
sections A, C and D has been released, such that section A
has no more unreleased locks and sections C and D have two
and one, respectivaly {Fig. 3C). Because section B had no
unreleased locks upon receipt of the second pressure cycle,
the firing head in section B triggers its associated tool or
event due to the second prassure cycle 40. A third pressure
ecycle 40 causes the firing head in section R to trigger and
leaves only one unreleased lock X in section C, none in D
{Fig. 3D). Not shown, a fourth pressure cycle causes the
firing head in section D to trigger, and a fifth pressure
cycle causes the firing head in section C to trigger.

In cerrain preferred embodiments the hydro-

- 14 -
This Sheet Has Been Replaced

RO

¥

THIS SHTET HAS BTN

|

Qo7



5 ikt tIHEZMNONH-FISCISLNILpdEITL i on, aRBl JBDSEQREMEt |y, in response to a igois
second activating pressure condition, to engage and nove the operator to
cause the function to be per f or med. In a preferred enbodi nent,
there are nore than one 10 | ock el enent arranged in series between the
actuator and the operator. In a preferred configuration, the axial

noti on of the actuator is limted by the | ock el enent. I n
anot her aspect of the invention, a method of perform ng a sequence of
downhol e functions in a well 15 conprises lowering a string of tools, the
string havimeghanicafluictksnakeseftthe Asswmcoit dispiahesatth elamenos. At

| east t 0 C ch_h I ce e S

dedi cat ed %Bgr% %§§ﬁ§§|%gﬁﬂ?8§§ thgfpfoggént %%%%?Fgﬁgeggg eggm%%efﬁ%ctlon
associ at edF\JJQt h3Eheasééring. hepd ﬁyd%baaodmhaﬁﬁcéﬁvwaeks--ﬁrédeﬁpw e of
bei ng rel Eﬁ%@a@lm&%&w Q?ét@ateer:?PEﬁétV?O@' eMatedshyevaal hgiactyvesing

pressure_ condition, are constructed and arranggd for sequentlal
oper at i oh, engage an ooevator 302 by the application an activating

pressure. At least one lock elameant 304 is positioned
between gripper 300 and operator 302, such that cycles of
application and release of activating pressure sequentially

move lock elements 304 to a released position, exposing

10 operator 302 for engagement upon the next application of
activating pressure. As shown, a selected number of lock
elements 304 are placed in series, such that successive
pressure cycles release raspective lock elsments until the
release of the last unreleased lock element in the series

l.

15 axposas operator 302 for engagement. Once engaged, operator
302 is subsequently moved by a reduction in pressure,
causing an associated downhole function to be performed.

In particularly preferred embodiments, the
displaceable lock elements are c-rings that are sequentially

20 moved by a common downhcle actuator in the form of a
hydraulic piston and a device for engaging the rings,
referred to herein as a ratchet grip. The details of this
implementation will now be described.

Referring to Fig. 4, the hydraulic programmable

25 firing head 10 is leccated within a £ill sub 50, which is
attached to the rest of the string of downhole equipment by
2 fill sub connector 52 at the top end of the fill sub, and
a lower adaptor 54 at the bortom end of the £ill sub.

Firing head 10 comprises the internal componants housed

30 within £ill sub 50 and lower adaptor 54 below level A in the

figure. Fill sub ccnnector 52 has upper and lower threaded

I
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suc it h87 a TUBCH: BT Fake2ss ezsisesssgannot  bepr ep easagppnt i | after the

hydraul i ¢ pressure conditions required to rel ease 25 any preceding locks in

the series have occurr ed. The net hod al so conprises applying a
sequence of activating hydraulic pressure conditions to the string, a
gi ven activating pressure condition rel easing an associ at ed | ock in
predeterm ned functional sections having unrel eased 30 | ocks. The
functional sections having the devices each performtheir associated
functions in response to an 7

Subst it ut epshest 56 23ndrehs Varesd@dfively, for attaching hydraulic
communication lines 26 (Fig. 1;. 7To configurxe firing head
10 to be the upper firing head in the string, upper threaded
port 36 is typically plugged and an uppér tubing cennector
5 (not shown) provides a hydraulic connecticn, internal t¢ the
string, between annulus 60 within £ill sub conrector 52 and
tuping 22, while lower threaded port 58 provides a aydraulic
connection, through an external communication line 25 (Fig.
1), to the upper threaded port 56 c¢f a lower firing head
10 £ill sub connector 52. To configure the firing head to be
the lowast in the strirg of multiplie firing heads, lower
threaded port 58 is plugged, and upper threaded port 56
provides a hydraulic link tc the upper firing heads and
tubing 22. In middle firing heads, both the upper and lower
15 poxts 56 and 58 are employed for ¢ommunication (Fig. 1).
Annulus 62 within £i11 sub 50 is open to anrulus 60
within £ill sub connector 52, and runs the length of the
firing head, which is axially retained in the £ill sub with
threaded rod 64, jam nut €6, sleeve §7 and threaded collar
20 68. Upper head 70, piston guide 72, ¢ll c¢hamber housing 74,
oil chamber extension 76, stem guide 78, piston housing 84,
housings connector 82, ratchet hcousing 84, release sleeve
housing 86 and detonator adaptor 88 are stationary
components of firing head 10, all connected in succession by
25 threaded joints. within piston guide 72 is a movable piston
90 connected to the upper end of a long opserating stem 92
that runs through the centexr of the firing head, the lower
end of the operating stem being connected to a movable,
ring-grasping ratchet grip 94. Operating stem 92 is
30 supported aleong its length by guide bearing surfaces 96 in
olil chamber extension 76, stem guide 73 and housings
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actiivadiaig PEedsAT agorsdi 2430883dccur ri ngpiafip aawalder! ocks of t he section
have been rel eased. In some enbodi nents, at |east one of the
functi onal sections perforates the well in response to an activating 5
pressure condition occurring after all |locks within the section have
been rel eased. In a particularly useful enbodinent, the nmethod
I ncl udes nmai ntaining the axial position of the string within the well
whi | e appl ying the sequence of activating pressure 10 conditions to set a
bridge plug at a first axial well position, set a packer at a second
axi al wel | gquasiddtay, §2nd suchsuhaeqienisyfpeef boahevs haxivel ly bettieen t he

first and %ﬁﬁ%&ﬁe pf@@&ﬂ §W§||Ap83&bL8§§ion spring 98 around stem 392
within ¢il chamber housing 74 biases piston 90 and ratche:
grip 94 in an upward direction. Side ports 100 in housings

5 connector 82 and release sleeve housing 86 permit hydraulic
flow between £ill sub anrulus 62 and ¢il chambers 102 and
104, respectively. Fluid can alsc flow from chamber 2104 in
release glseve Lousing 86 to chamber 106 in ratchet housing
84, through an open lnner bore of release sleeve operator

10 108, such that activation pressure is always applied,
through £fill sub annulus 62, tc the lower end of stem 92,
and acts, along with compression spring 98, to bias piston
290 in an upward direction to an iractivated position against
a stop shoulder 1909 of piston guide 72. Compression chamber

15 110, which extends through oil chamber housing 74 and oil
chamber extension 76, is pre-filled, through a subsequently
plugged side port 116 in piston guide 72, with a highly
compressible silicon oil, typically compressible to about
10% by volume. Middle chamber 112 is also pre-filled with

20 compressible silicon oll through a subseguently plugged side
port 118 in stem guide 78, and is hydraulically c¢onnacted to
compression chamber 110 through flow-restricting orifices
114 in stem guide 78. Twe jets, i.e. Lee Visco brand jets
with an effective flow resistance of 243,000 lohms, are

25 employed as orifices 114. One-way ball check valves 120 in
a2 floating piston 122, located in piston housing 80, allow
the silicon ¢il in chambers 110 and 112 to expand at highex
well temperatures, withcut allowing upward flow from chamber
102 to chamber 112. Because floating piston 122 is free to

10 move axially within piscoﬁ housing 80, the pressure in
chamber 112 is always substantially equal to the pressure in
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| n &WI8KeEr BHH@8idPeX 28hesteshnd of t hseTipveswt bepr. 15 furt her incl udes

mai ntai ning the axial position of the string wwthin the well while
sequentially perform ng functions associated with at | east three
sections of the string. The sections include an upper section, a | ower
section, and at | east one m ddle section, according to 20 positions al ong
an axis of the string. The nethod further I ncl udes performng the
associ ated functions in an order starting with the function associ at ed
with a mddle section. I n anot her enbodi nent, at |east three of

t he secthanbear @0Qpewhti el bs the s@neeas eampfulacd i6atgmgRirehydr.gul i c

pressure cdibEoRs Laupe! | O fle LEPEL: | Ao AK coe Tidlla A Sangs. the

m ddl e zon€ g per orated 7T s anot ier
enbodi nent thehgrnsshae fiar cnmpresswmm@elsexaplp'n%ntmg m@@%tt@d downhol e

test presSuifindNBrasshes! BLEASLLE: NS CAReS Al axRPGled liachd n each

functional 30 sé&ctlion having unrel eased ks W t hout cau3|n% ¥1
-.; -‘

funct i orfal P$BER; BF FBepEPFEPﬁ1?§sad%%b£4eﬁQﬁFbQﬁﬁnQQﬂn
and 110 are all substantially at hydrostatic tubing

pressure.
A rupture disk 124 in upper head 70 prevents the

pressurization of upper piston chamber 126 unitil the

10 pressure in annulus 62 exceeds a level reguired to rupture
disk 124, ideally higher than the maximum expscted
hydrostatic pressure (P, in Fig. 2). ané lcwer than
activation pressure P,. Upon the application ¢f a first
activation pressure cycle 40 (Fig. 2), rupture disk 124

15 ruptures, and tublng pressure is applied to the top of
piston 90, moving piston 30, stem $2 and ratchet grip 94
downward against compression spring 98. Tubing pressure,
which is substantially equal to the pressure in chamber 112,
must ke increased rapidly so that the piston 90 can mova

20 downward and compress the silicon 0il in compression chamber
110. If <he tubing pressure is increased teo slowly, flow
across orifices 114 will egqualize the pressure betwaen
chambers 112 and 110, bringing the silicon oil in chamber
110 up to tubing pressure, in which case tubing pressure

25 will be effectively applied to both sides of piston 90, and
no activating motion of the piston and ratchet grip 94 will
occur. Tubling pressure is typically increased to a level P,
of about 3500 psi above hydrostatic pressure P, in about 30
seconds, moving piston 90 and ratchet grip 94 downward, and

30 held at that level for a dwell time of two to tiree minutes
before being released. When the ctubing pressure is released

-
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8 Byb&i87t (FUE 3H@8tFAXDZBIFeYY 8307y 1998 SPT IP LAW DEPT. Accordi ng to anot herggz;z

aspect of the invention, a string of tools for performng a downhol e
function in a well i ncludes a | ocking tool and a ballistic tool
connected to the | ocking tool. The | ocking tool has a series of

back to hydrostatic level P,, piston 90 and ratchet grip 94
are returned to their initial dispositions by the pressure
of the compressed silicon oil in compression chamber 110 and
compressed spring 98. Between successive pressura cycles,

5 c¢chambers 104, 106, 102, 112 and 117 all return substantially
to hydrostatic pressure,

Referring to Fig. 5, ratchet ¢grip 94 has resilient
fingers 140 with ocutwardly facing cam surfaces 142 at thelr
distal ends. Attached to and moving with ratchet grip %4 is

10 a ratchet grip guide 144 with an ocutwardly-facing lip about
its lower end with an upper surface 145. C-ring locks 146,
preferably made of spring metal, such as beryllium copper,
each has a vertical slit 148 and an inwardly-Zfacing
engageable cam surface 150. fThe C-rings are disposed, in a

15 locked position, in a small bore 152 of ratchet housing 84,
the small bore having a smallexr diameter thar the free outer
diameter of the c-ring so that the c-~rings are in a radially
compressed state, Friction between the facing surfaces of
c-ring 146 and bore 152 retain the ¢-ring locks in their

20 locked position.

To release the top ¢-ring lock 146 in a series of
locks, the top c-ring lock 146 is moved to a xsleased ox
unlocked position in a large bore 154 of ratchet housing 84
by an axial motion cycle of ratchet grip 94. In response to

25 the application of an elevated activating pressure condition
in a pressure cycle, as described above, ratchet grip 94 and
ratchet grip guide 144 are forced downward until a lower
surface 156 of ratchet grip guide 144 contacts an upper stop
surface 158 of the top ¢-ring lock 146, and cam surfaces 142

36 of resiliently bendable fingers 140 snap outwardly
underneath cam surface 150 ¢f the upper c-ring in an
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5 dadi&af eFUEyA- 89 Fag&hatni 88 333dcks arr aMydd W gBFévent arm ng of the igo23

ballistic tool, the | ocks capabl e of being rel eased directly by a
respective el evated hydraulic activating pressure condition. The | ocks
are constructed and arranged for sequential operation, such that a | ock
in the series is 10 not released until after the hydraulic pressure

condi tions required to rel ease any preceding locks in the series have
occurred, with the last released |ock arranged to armthe bal listic tool
when rel eased. In one enbodi ment, the ballistic tool is

const r uct egnygting, ondagagmedpidgl mgthent or Wrey thelndprrdaiaion for a
predeterm ?‘%‘ie@.@@ﬁnhnﬁf r%'c%g?.ﬁ?ﬂﬁrf bYmoPEL VESRa PO ks 1N A0

m nutes) after the occurrenc a subsequent activat] ng hydraulic
pressure cPRGiCieR, work is pepfermedpp§, thRecgrasped of Soldid 14kKds s
construct egylq 0 uphRed,r ah8aser expOseahiBe bal ltstnerdaic t dduglraulic

pressure_f gr, LeCg VNG §ubSauent s 851 VELL NI YL B © epr RPRUE 1
the compressed c-ring opens the ring to a relatively relaxed
state, disengaging c-ring 146 from ratchat grip fingers 140
and releasing the ¢-ring to be sugpported by lower bore
shoulder 180 cf ratchet housing 84.

10 Furcher lock=releasing actions of this embodiment
are illustrated diagrammatically in Pigs. 6A through 6E. 1In
Fig. 6A, the top ¢-ring lock 146a has been releassd as

" described above. Upon the application of a second elevated
pressure condition, lip surface 145 of ratchet grip guide

15 144 resiliently expands the released ¢-ring 146a as the
ratchet grip guide passes downward into small bora 152 with
ratchet grip 94, where lower grip guide surface 156 contacts
the upper stop surface 158 of the next unreleased c-ring
146b, with cam surfaces 142 of fingers 140 engaging cam

20 surface 150 of ring 146b (Fig. 6B). When the activating
pressure is reduced a second time, engaged c-ring 146b is
raiged intc large bore 154 by ratchet grip 94, and released
c-ring l46a is raised from shoulder 160 Ly ratchet grip
guide 144, making room for engaged ring 146b to be released

25 into large bore 154 (Fig. 6C). This lcck-releasing process
is continued with further pressure cycles until all c-ring
locks 146 are released. 1In a presently prefarred
sonfiguration, the actuator and bores are sized in length to
receive ug to five preset ¢-rings in small bore 152.

30 Referring also to Fig. 4, below the lowest c¢-ring
lock 146, e.g. the last in the series, is the release sleeve
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Thé1p/PY s{IFE 063 FAREBURSS, SR sone CHRY LB UARIDEBDS, a di spl aceabl e

ballistic

menber and a target ballistic 25 nenber. The | ast rel eased | ock

is constructed to, upon rel ease, enable the displaceable ballistic

nmenber to

to armthe ballistic tool
i nventi on,

downhol e.

be hydraulically displaced toward the target ballistic nmenber
According to yet another aspect of the

a 30 ballistic downhole tool is constructed to be arned

The tool includes first and second ballistic conmponents for

9 Substitute sheet - 23 February 1998

10

i5

20

25

operator 108 which has a stem section 162 connected to a
release sleeve 164 disposed about a firing pin housing 168
enclosing a2 firing pin 168. Release sleewve operator 1C8
also has an upper section 170 with an inwardly-faczing,
engageable cam surface 172, similar to cam surface 150 of
split ¢=-rings 146, After all installed c-rings 146 have
bean reieased, a next pressure cycle forces ratchet grip 94
downward Lo engage realease sleave coperatoxr 108 (Fig. 6D).
Upon a subsequent reduction of tubing pressure, angaged
release sleeve operator 108 is pulled upward by ratchet grip
94, thereby raising release sleeve 164 (Fig. €E). An o-ring
175 within ratchet housing 84 provides some Irxrictional
resistance to the motion of release sleeve operator 108,

Until release sleeve 164 is raised from its initial
position, firing pin 168 is rerained axially by four balls
174 within holes in firing pin housing 166 (Fig. 4), which
is connected to detonator adapter 88. The palls extend
inwardliy into a circumferential groove 176 in the firing
pin, retaining the firing pin against axial motion. O-rings
178 around firing pin 168 keep tubing pressure, to which the
upper end of the firing pin is subjected, from detonator
cavity 180. When the release sleeve is pulled upward, the
downward force of tublng pressure or firing pin 168
accelerates the firing pin downward, forcing balls 174 out
of groove 176. The firing pin strikes a detonator 182 at
the lower end of detonator cavity 180, which ignites a
length of detonator coxd 184 (primacord), which in turn
ignites a trigger charge 188 at the lower end of the
hydrauvlically programmable firirg head 10.

Although the configuration shown is sizad ts contain
up to five ¢-ring locks 146, the effective number of locks
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t r ahst8($7 nGrEaRCi 4% B3 4P1 @8% 3AAR i on to SPErEP L4weDERIOl, the  ballistic @0z
conponents initially being separated by a sufficient distance to inhibit

the detonation transfer. The first ballistic component includes a

piston. The tool also 5 includes a |lock arranged to retain the first

bal l'istic component in its initial position, and a hydraulically

activatabl e actuator adapted to release the |lock to enable the first

bal listic conponent to be noved toward the second bal li stic conponent by
hydraul i c pressure acting against the 10 piston, to armthe tool.

In sone enBodthensectibs maysbeb‘am¢rga5eﬁ caypRprerRpr iatmcl s odak i ng pin

and a 'en%a QbcAeheBaknl €RE0aadition SEGRNEL RAldisdd L YMAMY having a
trigger ch %Egg %grgggegr by adding a lock extensicn kit to the bottom
of the firing head that contains additicnal locks and a
5 lock-releasing actuator that is blocked from receiving
activating elevated pressure conditions until release sleeve
164 is raised.

Referring to Fig. 7, a second embodiment of the

invention employs pilot valves 200 as locks within a

1¢ functional string section 202. A series of time-delay piloc
valves 200 is located, in some c¢ases, immediately above a
pressure-~activated firing head 204 of an associated tool 205
‘as shown. In other cases, the lowest valve 200 in the
series is constructed to directly release a firing pin to

15 activate tool 205.

Referring also te Fig. 8, each pilor valve 200
functions as a time-delay lock that is activated when the
pressure at an inlet 206 of the respective valve reaches an
activation level, e.g. P, in Fig. 2. Once activated, the

20 valve is arranged to open, after a givern time delay,
hydraulic communication between inlet 206 and outlet 210 by
moving a piston 208 to expose a port 212 to inlet pressure.

Until the pressura at inlet 206 reaches an activating
level, piston 208 is held in a port-blocking pesition by

25 shear pins 214. A cavity 216 above piston 208 is filled
with a viscous fluid, and is ccnnested to an initially
unpressurized cavicty 218 through an orifice 220. Valve 200
is configured such that inlet 206 may be exposed to
hydrostatic pressure, e.g. a pressure level of P, in Fig. 2,

30 withcut shearing pin 214. Once the shear pin has been
severed by an application of an activating pressure

_—
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t o 13614/4Ri {8 49y 49 FAX RS odbdt T¥7cor d of SETEP fLA¥ PEPDal | i stic 15 conmponent
In the presently preferred

with the

tool in an arned condition.

Qo2s

enbodi ment, the first bal li stic conponent also includes a rel ease piston

arranged
The t ool
from hydr

to be noved by hydraulic pressure to release the firing pin.
may al so include a seal arranged to isolate 20 the rel ease piston

aulic pressure with the tool in an unarned condition, to

provi de an additional safeguard agai nst accidental firing.

Al t hough

safety by

unar med an

premat ur e

bal | i sti cgouBatied-My | Bott ayes siylm tihe mqidsetﬁ(ﬂ:mlaehemt-atnfgl isieads caused
255703 210cHICHPER 58y na DV AT AR e tlcRo be avol ded.

by faulgy

g

15

20

25

3¢

surface accidents can generally be avoi ded by proper care and
saf ety prooeditésn.t hegi naepréssurarcslerelifie %%@Io@??%ﬁ%‘l‘é’vﬂ of

g%bbk aeohhgomﬁbwardt Of&eciaatwé |Md1‘a’\@&1€@ah Aty the wel |
Subse uentaz armed onl us fore flrlng Costly
threpghsorhfife k8 atad BY * keeping the

distance, the timing of the exposure of port 212 being a
funeticn of the predeterminable rate of motion of piston
208. During the relarively slow motion of piston 208, which
is preferably configured to expose port 212 after about five
minutes from the application of the respective activating
pressure condition, the inlet pressure, e.g. tubing pressure
in the present embodiment, is lowered to a hydrostatic level
low enough that successive valves connected to outlet 210
will not be immediately activated by the exposure of port
212, but high enough to continue to force piston 208 upward.
The rate of motion of piston 208 under a given pressure
conditicn can be adjusted by changing the size of orifice
220 or the viscosity of the fluid in cavity 21§6. A rupture
disk may be used in series with orifice 220 im lieu of shear
pins 214. In some embodiments, piston stem 224 of the
lowest lock valve 200 in a series of lock valves is directly
attached to a release sleeve operator, such as release
sleeve operator 108 in Pig. 4, to release a2 firing pin when
moved.

As connected in series in Fig. 7, the outlet 210 of
each pilot valve 200 is in hydraulic communication with the
inlet 206 of the next-lowest valve, with the outlet 210 of
the lowest valve being in communication with firing head
204. In this embodiment, the tubing pressure is increased
to activate the upper unreleased pilot valve lock 200 in the
string section 202, and, according to the predeterxmined

—_—
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10 Mg 1 THEe2SHASAX- 292328 Bdfar y 1998PT 1P LaW DEPT. The invention

advant ageousl y enabl es functi onal tools to be arranged in a single
downhol e string in any desired physical order, and activated in any
presel ect ed sequence. This flexibility can be very useful, e.g. for

pressure gycls parameters as described above, is returned to

a hydrostatic level before the activated piloet wvalve copens,

such that by the time the activated valve cpens to permit

tubing pressurs to be applied to the néxt lowest valve 200,

tubing pressure has been reduced to a non-activating level.

Upon the next application of activating pressure, the next
lowest unreleased valve 200 will be activated, and sc forth,
until firing head 204 is in hydraulic communication with

tubing pressure. At this point, arother application of a

10 pressure cycle activates the firing head, initiating the
detonation of a trigger chargs within the firing head.

In either embodiment heretofore described, the
detonation of a trigger charge in the firing head (10 and
204 in Figs. 1 and 7, respectively) ignites subseguent

15 detonations through sealed ballistic transfers 30 and safety
spacer 28, igniting a detonation within a tecl associated
with the firing head to perform a desired downhole function.

As previously described, it should alsc be realized that
the lock-releasing mechanisms described above car be

20 employed to perform many other downhole tasks than the
detonation of a trigger charge within a firing head. The
release sleeve operator 108 of the first embodiment may, Ffor
insctance, open a valve or move a functional sleeve instead
of releasing a firing pin.

25 Hydraulic lines 26, shown in Figs. 1 and 7. are
praferably positioned external to the functiomal tools 14,
16, 18 and 212 of the string. This positioning is
particularly advantageous when the tools include perforating
guns 14, to reduce the possibility of the lines being

3¢ damaged by the firing of the charges of the gun and cpening
an undesirable path between the activation f£luid in tubing

wm
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5 gari%Rat iTHg 30ultt ifaKkezszozasssixt a wel | sBt aptiamgpErri h a middl e zone,
for perforating between a preset bridge plug and preset packer.

The invention al so enabl es various arrangenents of
performed with a single string of 10 tools,
the well,

downhol e equi prent and associ ated 15 safety risks, by enploying only
hydr o- mechzdi sed tloswndmiwelus cofjuitperensl . or Diveggedi agedpbsigtiicorsl

[0 enbodi negys L9 e £ N6 APUIES. 00T SR crpTUER b2

enpl oyed t0 actrv

he™activat1on

or

downhol e tasks to be
requiring only one trip down
t her eby savi ng substantial rig tine. Used in a triggering
mechani smto trigger a detonation to activate a tool, the invention al so
advant ageously avoi ds potential failure nodes of el ectrically-activated

he tog}s in the

string advéamageotis yliRs. not 20 depend upon the previous activation of
any other tools iRp othBe é&u‘:bagmeﬁﬁsh Egaﬁnkﬁetuﬁiﬁ%@z O£ oMy L oplid 0

properly

19

23

30

erform does not i nhih é %P%!at on
rapiaced with a cable, thn irin are activate

cy¢lically pressurizing the well annulus arcund the tocl
string. If the well will also be pressurized IZor ocher
purposes with the tool strxing downhole, e.g. for bridge plug
or flow testing, extra locks, e.g. ¢-rings 146 in Fig. 4 or
pilet valves 200 in Fig. 7, can be added Lo appropriate
sections of the tool string for release by the tast pressure
cycles. Thus activation of the tool string by the test

‘pressure, or advancement from the desired function seguence,

can readily be aveided.

Although, as in the present embcecdiments, the locks
of the invention are preferred to be constructed to be
released at about the same activation pressure level P,

{Fig. 2}, various locks within the string of tool sections
may be built to release at different pressure levels,
further increasing the in-field flexibilitcy of the invention
to perform various downhole function sequences.

Referring t¢ Fig. 9, the lock releasing mechanism
discussed above with respect to Figs. 6A-€E is employed to
arm firing head 300 in response to a series of pressure
cycles received from the surface of the well thrcugh coliled
tubing 22 (Fig. 1). Instead of releasing a firing pin when
pulled upward by ratchet grip 94a, release sleeve 302
releases a plston assembly 304 which contains a firing pin
306 and a length of detonator cord 308, Until piston
assembly 304 is released, 1t is recained within piston guide
310 wizh the lower end of its detonator cord separated from

- 38 -
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I n equi pment that is sinple, reliable and relatively | nexpensi ve.
Brief Description of the Draw ngs Fig. 1 is a diagrammtic
illustration of a tool 30 string in a well, according to the invention;
Fig. 2 illustrates a series of activating pressure

11 Substitute sheet - 23 February 1998

a trigger charge 312 by a safe distance, G, of about 8
inches, to prohibit a premature detonation of datorator cord
308 from igniting the trigger charge. I other words, the
tool is not armed until the piston assermdbly is released.

L ¥4

When released, piston assembly 3C4 is relesased and is forced
downward, under hydraulic pressura, to arm the tool (i.e.,
to place detonatox cecrd 308 close encugh to trigger charge
312 to transfer a subsequent detcnation;.
Piston assembly 304 includes a piston 314 which
10 extends upward through piston guide 310 and carries two o-
ring seals 316. A groove 318 at ths distal end of piston
314 and corresponding holes in guide 320 retain four bails
such as those illustrated retaining firing pin 188 in Figs.
S8A-6E. At its-lower end, piston 314 is attached to an upper
15 tube 320 through an upper bulkhead 322. The upper tube is
connected to a lower tube 324 through a detenator housing
326 which retains detonator cord 308 and a detonator 182a.
Firing pin 306 is arranged to strike detonator 182a when
release sleeve 164a has been rulled upward by a release
20 piston 328 which is sealed against the bore of upper tube
320 by twin o-rings 330. A cavity 332 above release piston
328 initially contains a viscous fluid, and is connected to
an initially empty cavity 334 through an orifice 220a. As
hydraulic pressure is applied against the lower surface of
25 release piston 328 through a hole 336 in the wall of upperx
tube 320, a pin 338 is sheared and the release piston slowly
forces the wviscous fluid from cavity 332 through orifice
220a. As was discussed above with respect to the time delay
lock of Fig. 8, the rate of the upward notion of the release
30 piston is predeterrmined by selecting the fluid wviscosity,
orifice size, and activation pressure. If no delay is

—_—
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schematically illustrate the sequential operation of four tools in a
string, according to the invention; 5 Fig. 3E schematically
illustrates a | ock-rel easing actuator, according to the invention;

Fig. 4 is a cross-sectional view of a hydraulically programmabl e firing
head in a fill sub, according to a first enbodi nent; 10 Fig. 51is
an enlarged view of area 5 in Fig. 4 Figs. 6A through 6E
diagrammatically illustrate the operation of part of the |ock-releasing

nmechani smiﬁS‘.‘Fﬁ'Qﬁ ghe viscous fluid may be left out of cavity 332,

19

is

20

25

When the release piston has moved upward a sufficient
distance, firing pin 306 is released and strikes detonator
182a, igniting detonator cord 308.

Excapt for the upper portion of piston 314, all of
pisten asserbly 304 is disposad in a sealed chambayr 3490
within an isclation spacer 342 which initially isolaces the
piston assembly Zrom hydraulic pressure. At its lower end,
isolation spacer 342 is conrected to a lower bulkhead 344,
from which a ccxrd tube 346 extends upward ince lower tube
324 to support trigger charge 312. A pair ¢f o-ring seals
348 provide a sliding seal between cord tudbe 346 and lower
tube 324. A crushable element 3350 (e.g., & coil of
stainless steel tubing) at the upper end of lower bulkhead
344 helps to cushion the impact of the lower tube when the
piston assembly is released. Fig. 9A shcws the position of
the piston assembly after it has been released and forced
downward to arm the tool.

In operation, a predetermined number of hydraulic

activation cycles are applied t¢ seguentially release all of

the locking rings 146. Upon the next application of
sufficient pressure, ratchet grip %42 moves downward to
engage release sleeve 302. When the pressure has been

reduced, the ratchet grip pulls the release sleeve upward to

release the balls in groove 318 and forxce piston assembly
304 downward. As soon as seals 316 have clearsd the inner
bore of piston guide 310, champer 340 in isolaticn spacer
342 is c¢harged to tubing pressure. At this point, the

pilston assembly has moved down fzr enough to arm the tool.
If pin 338 has bkeen sized to be sheared by hydroscatic

pressure levels, release piston 328 will immediately begin

- 27 -
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of tools, according to a second 15 enbodi nent; and Fig. 8is a
functional illustration of a pilot valve of the enbodi nent of Fig. 7.
Fig. 9 shows a third enbodinent, in which the | ock- rel easi ng act uat or
s configured to armthe tool. 20 Fig. 9Aillustrates the enbodi nent
of Fig. 9 in an arnmed condition. Description of the
Preferred Enbodi nments Referring to Fig. 1, a hydraulic

programabl e firing 25 head 10 according to the invention is part of a
string 12 ofovingt upWeréhsio rehedse afimingedim 306 itusindhiate Hul ectivel y

enabl e mil e 90! 8pLoe:bn be PRSTQISET I deBlivlly, psvclsBmgetting

a bridge plu acker, pressure testin acker an
perforatln&eoﬁéZSQ ﬁﬁrgeggﬁgg a gpybsequen appllcatlon of actxvatlon

pressure to be sheared.

5 Firing head 300 may be placed in series with other
tocls in a string; as tool A in Fig. 3A, for example, and
operated in a predetermined sequence with the c¢ther tools,
as predetarmined by the number of releasable locks in each
tool. Two firing heads in series may be configured with an

10 equal number of locks and ballistically linked to the same
tool to provide a radundant firing mechanism for &
particularly c¢ritical downhole operation. The upper firing

' head may be configured to fire last, and to detonate an
automatic release mechanism that drops the expended tools

15 into the rat hole.

Other embodiments and advantages will be evident to
those skilled in the art, and are within the scope of tha
following claims.

What is claimed is:

This Sheet Has Been Replaced
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30 1iA1Epe thuE [eoi: f2 Flee 2eeldss sBbhe hydr audrrcipremmarmabl e firing head 10 i Sgo3z
adapted to initiate a downhol e event when a

12 Substitute sheet - 23 February 1998 prepr ogranmed nunber of
activating pressure cycles have been received. As shown in Fig. 1,

firing head 10 is capabl e of

1. A downhole device for performing a function in
a well, the device having a series of dedicated hydro-
mechanical locks that prevent occurrence of said function
until desired, "

the hydro-mechanical locks each being capable of
being releasad directly by & respective elevated hydraulic
activating pressure condition,

the dedicated locks of said device being constructed

L I T ) B Y A

\nw o m

ané arranged for sequencial operation such that a lock in
the sevies cannot be released uatil after the kydraulic
pressure conditions required to release any preceding locks
in the series have occurred.

T TR
N O

2. The device of claim 1 in the form of a self-
contained downhole device for controlling the occurrence of
said function, the device including

a downhole housing, and

a port in said housing in hydraulic communication
with a remote hydraulic pressure source via the well or by
pressure-transmitting structure such as casing or tubing in
the well,

0 @ o un & W

3. The downhole device of claim 1 in which said
series of hydro-mechanical locks comprises a set of one or
more displacezble elements associated with a common
hydraulic actuator, the actuator comstructed and arranged to
displace said one or more elements seguentially.

[V B - S 7 N S S

4. The downhole device of c¢laim 3 in which said
actuator is responsive to an increase in hydraulic pressure

P2

3 to advance to engage a said element and tc a subseqguent

- 29 o
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triygdBiilg BE @Y figr BaX a¥l g8 3337 a paclser -1petdw pgprt ool 16, a bridge pluggqss
tool 18, or any other downhole tool configured 5 to performa task.

Mul tiple hydraulically programrabl e firing heads 10 can be used in a
string 12 of tools, as shown, to trigger any desired arrangenent of
tool s along the axis 21 of the string in any preprogramed order.

String 12 is lowered into well 20 on the end of 10 tubing 22, which is
filled with hydraulic fluid. Hydraulic comuni cation |ines 26, also
filled with fluid, hydraulically connect each firing head 10 in parallel
comuni éatdam?aﬂﬁdw i@ M@llicquQSSﬁrei &ot mbiragtRe, etemant fromtapressure
appl i edsat; 4 H& | be 15 applied sinultaneously to

al | flrlng heads %%%BE?;H% %%swhkén provi sion of a suitably selected
nunber of dedlcated hydr o- nechanlcal | ocks in the respective firing

hea]gls 1Q, g t hesfi rimm&ﬁ:@l@d&&ﬁ*ﬁéﬁpﬁlﬁﬂim baimgHiRghahCal :cy
configured 10 tri an _assqci at.e eal or _event upon 20 receipt of a
presel eét &f%ﬁﬁ?&g SPPEACT5 P‘o Glad< pRrE-CR

6. The downhole device of claim 3 in which the
actuator is biased to a first position by a spring, said
activating pressure condition moving said actuator to a
second, activated position.

(]

BN

1 7. The downhole device of ¢laim 6 in which the
spring comprises a compressible fluid which is compressed in
a first chamber by said actuator.

L3 &

8. The downhole device of claim 7 further
comprising an orifice for resztricting a flow of said
compressible fluid from said first chamber to a second
chamber, enabling said respective activating pressure
condition to cause said actuator to compress the fluid in
said first chamber.

o thh b W N

- The downhole device of claim 8 further
comprising a third chamber and a floating piston disgposed
between the second and third chambers, sald fleating piston
containing a one-way check valve constructed to enable flow
from said second chamber to said third chamber.

[V - S 7 S N

10. The downhole device of ¢laim 3 in which the
2 elements esach comprises a ring and said actuator comprises a
3 ring gripper for moving the ring.

| e
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received by string 12 through tubing 22 sequentially

triggers each too

@o3z

or event in a predeterm ned order, wi t hout dependence on the arrangenent
of tools along the 25 string, as described bel ow As indicated in
Fig. 1, string 12 conprises a series of self-contained functional

sections A, B and C, with each

an associ ated tool, e.g. a perforating gun 14, a packer-setting tool

a 30 bridge plug tool 18, or other tool. The firing heads 10 are each

connected to their associated tools with safety spacers

1

[ S [ S U PUN S R [V I I [ VI = W N

-~ W

~1l. The downhole device of claim 10 including a
lock housing having a £irst bore in which said ring is
resiliently radially compressed in a locking, unreleased
condition. '

12. The downhole device of c¢laim 1l in which the
iock housing includes a second bore into which the ring is
mevable to an unlogcking, released pesition, said second bore
being larger in diameter thar said first bore.

13. The downhole device of claim 10 in which the
ring has a cam surface for engagement by said actuator.

14. The downhole device of c¢laim 13 in which the
gripper comprises a finger with a cam surface for engaging
the cam surface of said ring.

15. The downhole device of claim 14 in which the
gripper further comprises a lift surface for lifting any
previously released rings of the device to enable the
disengagement of an engaged ring from said cam surface of
said gripper.

16. A downrhole device for performing a funcrion in
a well, comprising

a lock housing having a relatively small bore and a
relatively large bore;

a port in hydraulic communication with a remote
hydraulic pressure source;

a set c¢f one or more displaceable c-rings

- 31 -
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transfers 30. Sections A B and C are separated fromeach other by bl ank
subs 32. Each firing head 10 triggers its associated tool ballistically
by initiating a detonation which is transferred to the 5 associated
tool through the sealed ballistic transfers 30 and safety spacer 28.
Ballistic transfers 30 and bl ank subs 32 are internally sealed to
prevent fluid fromflow ng between firing heads 10, safety spacers 16
and tools. Fig. 1 illustrates the relative placement of each conponent

in 10 st& iFepiIDienily dodialdy rapmaaaned HE @ prasomd onmmeieassidhensi ons.
String 12 S@dOeNsh Sin a BYsAMMO&o, ecach ring having an engageable
10 cam surface;
11 a common hydraulic actuacor having a finger with a
12 cam surface for engaging the cam surface of said ring and a
13 lift surface for lifting any previocusly released rings of
14 the device to enable the disengagement of an engaged ring
15 from saild cam surface of said gripper, the actuator being
16 conmstructed and arranged tc move said ¢-rings sequentially,
17 in response to a corresponding sequence of elevated
18 hydraulic pressure conditions, from said small bore to an
19 unlocking, released position in sald large bore; and
20 a spring for bilasing said actuator to a first
21 position, said actuator being responsive to an increase in
22 hydraulic pressure to advance to a second position te engage
23 2 said ring, and to a decrease in hydraulic pressurs to
24 return to said first position to move said engaged ring.

17. The downhole device of ¢laim 1 in which said
series of hydro-mechanical locks comprises one or more
valves, each valve arranged to ke openable to a released
condition in response to a said respective activating
hydraulic pressure condition.

o W NP

(%)

18. Tre downhole device of claim 17 in which a said
valve has an inlet to receive activating pressure cycles,
and ar outlet blocked from said inlet until after a
regpective actlvating pressure cendition has occurred.

[T S B

18. The downhole device of claim 18 in which the
outlet of said valve is hydraulically connecred t¢ an inlet

[
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and an associ ated tool as described above, each in parallel hydraulic
comuni cation with tubing 22. Each 15 associ ated tool may be configured to
perform a downhol e task, such as perforating the well, setting a packer
or bri dge plug, operating a valve, noving a sleeve, or ot herw se
causing a desired event to occur within the well. Referring to
Fig. 2, string 12 of Fig. 1 is 20 activated fromthe surface of the well by
a series of activating pressure cycles 40 applied to the fluid within

t ubi ng 22. cfaghppesssiecacyévatedansoht | east 3 or 4 mnutes in the
current configuration, and consists of a pressure increase 42 from

hydrostatic pressure Plerr] to 25 activation pressure (Plerr]. which,is
sufficiehtly abovcAd he The &%?3@ CETdCEe P &1 B nea’E’PrLPi Pi f§*Aead
10), a zd&ra&s:&urie dmbl:mecéadtéﬁldalaﬁc?@aﬁit@_nquf-easpm‘@deg&mﬂ_rgecgng Ft
pressure,decrease 46._.1n t current configuration, . as sgribed bel ow,
pressure3C?EF@§”48%aFém§eﬁgEﬁFegﬁﬁyoggurregce of s&-&'respeé%; -

4 activating pressure condition, the delay time enabling inlet

5 pressure to said valve to be reduced before said valve

6 opens.

21. The downhole device of claim 20 in which said
valve comprises a piston that forces a fluid through an
orifice to expose a port to open said wvalve.

2Z. The downhole device of claim 21 in which said
delay time is determined at least in part by the szize of
said orifice.

W N

1 23. A string of tools for performing downhole

2 functions in a well comprising a number ¢of functional

3 sections arranged in a physical order within the string

4 along a string axis, at least cne of said sections having a
s downhole device with a series cof dedicated hydro-mechanigal
6§ locks that prevent occurrence of an associated said

7 function,

g the hydro-mechanical locks each being capable of

S being released directly by a respective slevated hydraulic
13 activating pressure condition,

11 the dedicated locks of said device being constructed
12 and arranged for sequential operaticn such that a lock in

13 the series cannot be released until after the hydraulic

14 pressure condition required to release any preceding lock in

C i
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hydrostatic pressure Plerr]. 14

Substitute sheet - 23 February 1998 Referring also to

Figs. 3A through 3D, string 12 is diagrammatically illustrated as a

series of four functional

15 the series has occurred.

24. The string of tools of claim 23 in which at
least three of said sections each has a said device, the
string being arranged and configured to perform said
functions in an order other than the physical order of said
sections along said axis.

N S ]

in

25. The string of tools of claim 23 in which said
secticns are constructad to enable activating pressure
conditions to be applied simultansously to all of said
functional sections having said devices.

[

W

26. The string of tools of claim 25 in which a
first said device has at least one fewer dedicated hydro-
mechanical locks than a second said device, the actuating
pressure conditions for releasing the locks of said first
and second devices peing c¢orrelated such that pairs of locks
of said first and said second devices are simultaneously
released, resulting in all locks being released in said
first device while a lock remains unrxeleased in said second
device,

w @ AR b W N e

27. A downhole device for performing & function in
a well, comprising an actuator arranged to move along an
axis in response to an activating pressure condition, an
operatoxr engageable by said actuator and arrangad to cause
said function to be performed when moved, and at least one
lock element engageable by said actuator and disposed
axially, in a locking position, between said actuator and
said operator, said actuator constructed and arranged to, in

o 3 oW e N s
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sectyONS A TE, 2B Tt 8th it shoBT dPe" RREE: st ood that the stringdoss
may consi st of nore or fewer self-contained 5 sections. The firing head in
each section contains a series of dedi cated, hydraulically-rel easabl e

hydr o- mechani cal | ocks, each unreleased lock illustrated as an X in the
figures. As initially placed in the well (Fig. 3A), the firing head of
section A contains two such |ocks; section B, 10 one | ock; section C, four

| ocks; and section D, three | ocks. Each pressure cycle 40 within tubing
22 rel eases one | ock X fromihe f |r|n% head of ch section. If a given
section® TSRS, tenfe ﬁé&%d“&‘ﬂk@“%@g P RERFLR e%%’l?f‘et‘ﬁ‘cl EHFE2uses

the fitengrmdeadvien shhd GJovRneteféhontd cathidgabsckimy tﬁ:a&sm: ataedl event or

t ool . ressu 4 contains only
one un?%leas%&qugkli 14 E§s§¥?%§ t%a% ségégééég%re 3nf§%ks and

secti oA Qr&séupe condvéanveéoaﬂ@g$@%ra@@r@¢%%5%ﬁuiGﬁﬁgﬁxprrégpectiver.
After 13 z3@eORdiBr 258uteoRYEbendOpePPErmrddi tional lock X in each of 20

sections A, C and D has been rel eased, such that section A
1 28. The downhole device of claim 27 in which there
z are more than one of said lock elements arranged in series
between said a¢tuator and said operator.

29. The downhcle device of claim 27 in which the
axial motion ¢f said actuator is limited by said lock
3 element.

! 30. The downhole device of claim 29 in which the
2 lock element comprises a ring and said actuatsr comprises a
ring gripper for moving the ring.

W

[

31. The downhole device of claim 30 including a
lock housing having a first bore in which said riag is
resiliently radially compressed in a locking, unreleased

& WN

condition.

32. The downhecle device of ¢laim 31 in which the
lock housing has a sec¢cnd bore into which the ring is
movable to an unlocking, released position, said second bore
being larger in diameter than said first bore.

= W e

33. The downhole device of claim 30 in wnich the
ring has a cam surface for engagement by said actuator.

\\

g
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hastints/#Hr SUENele Fa2 ARSI az8Esssand sect i s IE tamdEPr.have two and one,

respectively (Fig. 3C). Because section B had no unr el eased | ocks upon

recei pt of the second pressure cycle, the firing head in section B

triggers its associated tool
40. A third pressure

(Fig. 3D).
section D to trigger,

hydr o-

2
3

(W S W N

@ W < R

gripper comprises a finger with a cam surface for engaging
the cam surface of said ring.

35. The downhole device of claim 34 in which che
vipper further comprises a 1lift formation for lifting
previously released rings to enable the disengagement of an
engaged ring from said cam surface of said gripper.

36. A method of performing a seguence of downhole
functions in a well, comprising
lowering a string of tools, the string having a

functional section associated with each function, at least

twoe of said sections each having a device with a sexies of
dedicated hydro-mechanical locks that prevent occurrence of
the function assoclated with the section,

the hydro-mechanical locks being capable of
being released directly by a respective elevated hydraulic
activating pressure condition,

tha dedicatad locks of each said device being
constructed and arranged for segquential operation such that
a lock in the series cannot be released until after the
hvdraulic pressure conditions reguired to release any
preceding locks in the series have occurred; and

arplying a sequence c¢f activating hydraulic pressure

conditions to the string, a given activating pressure
condition releasing an associated lock in predetermined
functional sections having unreleased locks, said functicnal
sections having said devices each performing its associated
function ir response toe an activating pressure condition
occurring after all locks of said section have been

I

\

or 25 event due to the second pressure cycle
cycle 40 causes the firing head in section Ato
trigger and | eaves only one unreleased |lock X in section C, none in D
Not shown, a fourth pressure cycle causes the firing head in
and a fifth pressure 30 cycle causes the firing head
in sectizon C to tGkggeThe downhole devieetaf nchriol &Y e oot d¥t s t he
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the form of displaceable el enents, and a commopn actuator is enpl oyed.
Referring for exanple to Fig. 3E, a firing head or other downhol e device
i ncl udes a hydraulically actuated gripper 300 that is noved axially to

5 engage an operator 302 by the application of an activating pressure.

At | east one lock elenment 304 is positioned bet ween gri pper 300 and
operat or 302, such that cycl es of application and rel ease of activating
pressure sequentially nove | ock elenents 304 to a rel eased position,

exposi ng? 10eépasgtor 302 for engagenent upon the next application of

37. The method of ¢claim 36 in which at least one of
said functional sections perforatas thé well in response to
an activating praessure condition occurring after all locks
within said one of said sections have been released.

O R X R

38. The method ¢f claim 36 further comprising
maintaining the axial position of said string within the
well while applying said sequence of activating pressure
conditions to set a bridge pluyg at a first axial well
position, set a packer at a second axial well positiocn, and
subsequently perforate the well between said first and
second axial well positions.

~ m R’ o W N

39. The method of ¢laim 36 further comprising

maintaining the axial position of said string within
the well while sequentially performing functions associated
with at least three sections of said string, said sections
including an upper section, a lower section, and at least
one middle section, accerding to positions along an axis of
the string; and

performing saild associated functions in an order
starting with the function associated with a said middle
10 section.

B W N

W o W o Ot

40. The method of claim 39 in which at least three
of said sections are operated by said sequence of activating
hydraulic pressure conditions to perforate upper, lower and

> W b

middie well zones, said middle zone being perforated first.
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are placed I n series, such that successive pressure cycles rel ease
respective | ock el enents until the rel ease of the |ast unrel eased

element in the series 15 exposes operator 302 for engagemnent.

oper at or 302 is subsequently noved by a reduction in pressure,
causi ng an associ ated downhol e function to be perforned. I n
particularly preferred enbodinents, the di spl aceabl e | ock el enents

c-rings that are sequentially 20 moved by a common downhol e act uat or

form of ~a

hydrébd | Ths esiiash el dadre S & diurddgxgi oM RHde ifghgs,

el enents 304

| ock

Once engaged,

are
in the

referred Ta%p*i?'”ﬁbnaﬁse@eb&téaeaom’—h@leTB@sQ%@éb§u@é tQan te‘sfﬂf” ement ati on
will now be desc

ﬂ g,t L g. be drau&hc
progr arri*raléﬂrésfé‘rﬁ FERg2fidag 28 FESP‘B&%f%a M’F’ﬁu h e‘?‘F"I‘I E‘I’Jﬁ 5893 Whi ch
attached sectthenr davviaf theeieabad bbcBswibtheuvquapsing &yy saddfill

connect

§
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42. A method of performing a dewnhole funcstion in a
well, ¢omprising

lowering a string comprising first and second tools
inte the well, the first tool having a series of dedicated
hydro-mechanical locks that prevent arming of the second
tool, the hydro-mechanical locks being capable of being
released directly by a respective elevated hydraulic
activating pressure condition, the locks being constructed
and arranged for sequential operation such that a lock in
the series cannot be released until after the hydraulic
pressure conditions required to realease any preceding locks
in the series have occurred, the last released lock arranged
to arm the second tool when released, the second tool
constructed to, once armed, delay performing said function
for a predetermined amount of time after the occurrence of a
subsequent activating hydvaulic prassure cendition;

applying a sequence of activating hydraulic pressure
conditions to the string to release associated locks in said
first tool and to arm said second tool; and

applying a subsequent activating tydraulic pressure
condition to activate said second tool,

43. A string of tools for performing a downhole
function in a well, the string comprising a locking teool and
a ballistic tool connected to the locking tool,

S
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Fi fLAYp/AéadVE Focth BT 985 B8RSRt er nal FEnPomehPEPhoused 30 within fill sub @o42
50 and | ower adaptor 54 below level Ain the figure. Fill sub connector

52 has upper and | ower threaded 16
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4 *he lockinrg tool having a series of dedicated hydro-
mechanical locks arranged to prevent arming of the ballistic
tool, the locks capable of being released directly by a
respective elevated hydraulic activating pressure condition,
the locks constructed and arranged for seguential operation
such that a lock in the series is not released until after
10 the hydraulic pressure conditions required to release any

11 preceding locks in the series have occurxred, the last

12 released lock arranged to arm the ballistic tool when

13 released.

&

W O I

44, The string of tools of claim 43 in which the
ballistic tocl is constructed to, once armed, delay
performing said function for a predetermined amount of time
after the occurrence of a subsequent activating hydraulice

[ S o

ut

pressure condition.

1 45. The string of toels of claim 44 in which said
predetermined amount of time is between about 1 and 20

[ 8]

minutes.

46. The string of toecls of claim 43 in which said
series of hydro-mechanical locks comprises one or more
displaceable elements associated with a common hydraulic
actuator, the actuator constructed and arranged to displace

N o W NP

said one or more elements sequentially.

47. The string of tools of ¢laim 43 in which the
last released lock is comstructed to, upon release, &xpose
the ballistic tool to hydraulic pressure for receiving

subseguent activating hydraulic pressuxe conditicns.
-_
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porttd /13587 o TUE 28: 4% Esh@st i20@1937f or at tsRChimgathyparmaul i c conmmuni cati on 2043
lines 26 (Fig. 1). To configure firing head 10 to be the upper firing

head in the string, upper threaded port 56 is typically plugged and an

upper tubing connector 5 (not shown) provides a hydraulic connection,

internal to the string, between annulus 60 within fill sub connector 52
and tubing 22, while | ower threaded port 58 provides a hydraulic
connection, through an external conmunication line 26 (Fig. 1), to the
upper threaded port 56 of a lower firing head 10 fill sub connector 52. To
configure the firing head to be the lowest in the string of nmultiple
firing heads, | owgy pQLet S &I Nglw U t aded port
56 prEV|des a hy dra&%lc ||n§gt§%tt§§$§ 8? ????ﬂg4%egnsggﬁaﬁ Ellatgublng 22.
In middl 2 bﬁ”hﬁthéaagmb@t’f?@ﬂﬁe%@eﬁl o sareiRps@ng o

g(r)rpl oyedsf ar tﬁanbQQ%%Qﬂlé Ep@?]béa? 1'|_1|1e last ra%uéet& M thin fi IIh sub
is open _to _annulu wi t hi | ect uns the
| engt h of Fﬁ@ﬁruf:k?anﬁohe%?nvﬁ? P a%ﬂ%]tc%/rquﬁ ﬁ%@gq%e%eéfl |1 sub
w th 5 ballistic member to be hydraul’cally displaced toward the
§ target ballistic member to arm the ballistic tool.

=

49. A ballistiec tool for performing a downhole

2 function in a well, the tool comprising

3 first and second ballistic components for

4 transferring a detonation to f£ire the tool, said balliscic
5 components initially separated by a sufficient distance to
6§ inhibit the detonation transfer, sald first ballistic

7 component comprising a piston;

8 a lock arranged to retain said first balliistic

9 component in its initial position; and

10 a hydraulically activatakle actuatoxr adapted to

11 release the lock to enable sald first ballistic component to
12 be moved toward said second ballistic ccmponent by hydraulic
13 pressure acting against said piston, to arm the tool.

0. The ballistic tool of claim 49 in which the
first ballistic component comprises a firing pin and a
length of detonator cord, the second ballistic component
comprising a trigger charge arranged to be ignited by the
detonator cord of the firxst ballistic component with the
tool in an armed condition.

M oA A W N M

51. The ballistie tool of claim 50 in which the
first ballistic component further comprises a release piston

[ .S I
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t hreades? r OUE @d;47 Bl a6t 269,353t eeve G6Aranrt tiw perded col |l ar 20 68. Upper Qo014

head 70, pi ston guide 72, oil chanber housing 74, oi | chanber extension
76, stem guide 78, piston housing 80, housi ngs connector 82, ratchet
housi ng 84, rel ease sl eeve housi ng 86 and det onat or adaptor 88 are
stationary conponents of firing head 10, all connected in succession by
25 threaded joints. Wthin piston guide 72 is a novabl e piston 90
connected to the upper end of a | ong operating stem 92 t hat runs through
the center of -the firing head, the |ower end of the operating stem being
connectﬁd ;,9?& LRVED! Be mevéd HARSRIVIGLd S edEdungy ito Sele@ser &heng stem 92
is 30 ppor g along 1ts | engt’h by guide bearing surfaces 96 in oi

chanber4 ef48ABFORLT6, stem gui de 78 and housi ngs

n 52. The ballistic tool of claim 51 further

2 comprising a seal arranged to isolate the relzase piston
3 from hydraulic pressure with the tool in an unarmed
4

condition.
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17 ¥abR ey t JUB 2WpeeFal 233 F8Sh¥5Iary 1998SPT IP La¥ DEEDnnector 82, such that it @o4s
Is free to nove axially with novabl e piston 90. A conpression spring 98
around stem 92 wi thin oil chanber housing 74 biases piston 90 and

rat chet grip 94 in an upward direction. Side ports 100 in housings 5
connector 82 and rel ease sl eeve housing 86 permt hydraulic fl ow bet ween
fill sub annulus 62 and oil chanbers 102 and 104, respectively. Fluid

can also flow from chanber 104 in rel ease sl eeve housing 86 to chamnber

106 in ratchet hou3|ng 84, through an ogen I nner bore of rel ease sl eeve
oper at or CE ETHOD FOR_PERFORMIN NN TIONS

Abstract of the Disclosure

A downhole device and method for performing a
function in a well. The device has & series of dedicated
hydro-mechanical locks that prevent occcurrence of an
associated function. The hvdre-mechanical locks are capgable
of being released diresctly by a respective elevated
hydraulic activating pressure condition, and are constructed
and arranged for sequential cperation, such thac a
successive lock in the series cannot be released until after
the hydrauliic pressure condition required to ralease the
‘preceding lock in the series has occurred. In a preferred
embodiment, an actuator sequentially releases e¢ach lock in a
saries of locks, subsequently moving an operator to perform
a function. A preferred implementation emplovys a series of
resilient rings movable, sequentially, from a locking to an
unlocking position, and a common actuator that effects these
movenents. Multiple devices of this construction are
advantageocusly arranged in a string of tocls to perform
functions in any preprogrammed order by pre-selecting the
number cf locks in each device. In one embodiment, movement
of the operator arms an associated ballistic tool downhole.

Mechods of performing segquences of downhole well functions
are also disclosed.
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10 108, suwis/phale aeté vatisonspssessur e iser &l mmyserappl i ed, t hrough fdolé

sub annulus 62, to the |ower end of stem 92, and acts, along with
conpressi.on spring 98, to bias piston 90 in an upward direction to an
i nacti vated position agai nst ‘a stop shoul der 109 of piston guide 72.
Conpr essi on chanber 15 110, which extends through oil chanber housing 74
and oil chanber extension 76, is pre-filled, through a subsequently
pl ugged side port 116 in piston guide 72, with a highly conpressible
silicon oil, typically conpressible to about 10% by vol une. M ddl e

chanber 112 is also pre-filled with 20 conpressible silicon oil through a
subsequent |y plugged side port 118 in stemguide 78, and is

hydraulically connected to conpr essi on chanpg 10 t hrough
flowrestricting orifices 114 in stem gulLde Two jets, i.e. Lee Visco
brand jets with an effective flow resistgance 243,000 | ohns, are 25

enpl oyed as orifices 114. One-way bal l s Qes 120 in a floating

pi ston 122, |ocated in piston housing 801 the silicon oil in
chanmbers 110 and 112 to expand at hi gher 21
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well tenpé¥ &t/ i SE 2%t FSUSL 483 BWI ng up@RIr @ 1Y 88rf r om chanber 102 t&pi?
chanber 112. Because floating piston 122 is free to 30 nove axially within

pi ston housing 80, the pressure in chanber 112 is always substantially
equal to the pressure in 18 Substitute
sheet - 23 February 1998
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chanber 10233/9hi BR 2P:98 Fife2ss 2MeI%AT annulSTISIPGAY pEFESSUr e, e. g. t ubi nginss

pressure. Flowrestricting orifices 114 slowy all ow the pressure in
conpressi‘on chanmber 110 to equalize to t ubi ng pressure, such that by the
tine the stringis in 5 place at the bottomof a well, chanbers 104, 106,
102, 112 and 110 are all substantially at hydrostatic tubing
pressure. A rupture disk 124 in upper head 70 prevents the
pressuri zation of upper piston chanmber 126 unti’l the 10 pressure in annul us
62 exceeds a level required to rupture di sk 124, ideally higher than the
maxi mum expect ed hydrostatic pressure (P[err] in Fig. 2), and | ower than
activation pressure P[err]. Upon the application of a first activation
pressure cycle 40 (Fig. 2), rupture disk 124 15 ruptures, and tubing
pressure is applied to the top of pi ston 90, noving piston 90, stem 92
and ratchet grip 94 downwar d agai nst conpression spring 98. Tubing
pressure, which is substantially equal to the pressure in chanber 112,
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must be i dérEASeH ErdapP diy ¥t Bl t he pistor*9¥Tcan nove 20 downwar d &g
conpress the silicon oil in conpression chanber 110. If the tubing
pressure ‘i s i'ncreased too slowy, flow across orifices 114 will equalize
t he pressure between chanber s -+2—an 10, bringing the silicon oil in
chanber 110 up tgdUbing pressure,_in vhich case tubing pressure 25 will
be effectivelys lc'\'eg_f;;to both sides| pf

notion of the pisH@a &d ratchet gfi

PNH-90, and no activating
d4- ., pccur. Tubing pre '

typically increags-{ | evel P[ err1R Frgpout ~ 3500 (Tbis SRBGMEBeen
hydrostatic pres N r] in about [ it dhtls, movi ndll Nt Bp]aceg
ratchet grip 94 and 30 keéRrNip NN lsevel for { _ " Iﬂr t wo
to three mnutes o) e beiny rel eyss wen the tubi
rel eased 2N L0 T e L
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19 Subst i ti4ti& 93 hEEt 20: 49 F3X PRl aPy 1998 spr 1p ww pErrback to hydrostatic lgnel
Plerr], piston 90 and ratchet grip 94 are returned to their initial

di spositi:ons-by the pressure of the conpressed silicon oil in
conpressi on chanber 110 and conpressed spring 98. Between successive
pressure cycles, 5 chanbers 104, 106, 102, 112 and 110 all return
substantially to hydrostatic pressure. Referring to Fig. 5,
ratchet grip 94 has resilient  fingers 140 with outwardly faci ng cam
surfaces 142 at their di stal ends. Attached to and noving wth ratchet
grip 94-is
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10 a rat chéti3¢ffi FrEgifi HeFal 4% 4 5hvan outswardly-%2eing | i p about i t sadsower
end with an upper surface 145. C-ring | ocks 146, preferably made of
spring metal ,- such as beryllium copper, each has a vertical slit 148 and
an i nwardl y-facing engageabl e cam surface 150. The C-rings are di sposed,
in a 15 | ocked position, in a small bore 152 of ratchet housing 84, t he
smal | bore having a smaller dianeter than the free outer di aneter of the
c-ring so that the c-rings are in aradially  conpressed state. Friction
bet ween the facing surfaces of c-ring 146 and bore 152 retain the c-ring
| ocks in their 20 | ocked position. To rel ease the top c-ring | ock
146 in a series of | ocks, the top c-ring lock 146 is noved to a rel eased
or unl ocked position in a large bore 154 of ratchet housing 84 by an
axial nmotion cycle of ratched ggip 94. In respogse to 25 the application of
an el evated activating pregsfire2condition i "*a pressure cycle, as
described above, rat chétzogrrrorzoer ki p gui de 144 are forced
downward until a | ower &= W
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» 97
surface 156 %fo r At chet. OFith §oi'%8 144 cBREBM'SERR upper stop sur f agesz158
of the top c-ring lock 146, and cam surfaces 142 30 of resiliently bendabl e
fingers 140 snap outwardly under neath cam surface 150 of the upper
c-ring in an 20 Substitute sheet - 23
February 1998
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enggtHg? @#é—%?‘és‘fﬁi‘n"dl P8I BT When t ¥ AR ipf S88Tire i s rel eased and
thg;wgrm 1#8s ouesapzsarel to its FER PLAOSTON position, work is performe

33

B2

as the grasped c-ring 146 is pul | ed upward, against resistance to its
novenent, into 5 large bore 154. Once within the | arge bore, spring force
I n the conpressed c-ring open rimg—to a relatively rel axed
state, disengagi 2N 146 frgmratchet prip fingers—tr20 = ~and
rel easing the c- Epsupporfted b wor.. bore shcﬂJI der i
ratchet housing 8f. 7 Fuﬁgg : bati ng act i,or S
enbodi ment arddi afled di agtal h Figs. éi‘i ugh{ieB. In
Fig. 6A, the top-di ljogk 146a has BR pbed as ' bove.
Upon t he appli cat cond elevakd gssure condig it p 3z
surface 145 of r 7 M guide 151 y expand | ased
c-ring 146a as t Z et grip gui %- -85 Lootnwar d i ore
152 vm'thod ratchetiri 18 =Mer%Lo ¢-Hax pdlged de sprfac : Nt dct s
t he upp’er-., stop s fage : f*the e TC1 Chs ¢ Q,‘{l ng ;_
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14é’b’1w %%ﬁu&m&wm nger SR140 6B g cam 20 surface 150 ok 494

b (Fig. 6B). Wen the activating pressure_is reduced a second
engaged c-ring 146b is raised into large bore 154 by ratchet grip
c-ring l46a-is.raised from shoul der 16Q_hy ratchet grip
for engaged rin 68 be r | eased 25 ¥nto |arge

ock-rel easgn i-5 cont.

further pressu gntil all c- d ks 146 are He In a
presently pref @ & nfiguratio a tor ahd3fsr&sk od 1@
| ength to r@ce b o five pre [ in snall bofe
Referring al so t 44 bel ow t he R ng | ock {}4 T he
| ast in the sefi e release ¢ ‘
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21 Substitute sheet - 23 February 1998 operator 108 whiZh® H2& % %
stegm section 162 connected to a rel ease sl eeve 164 di sposed about a
‘?ln’g pi n housing 166 enclosing a firing pin 168. Rel ease sl eeve
opmator 108 al so has an upper secti facin
egageabl e cam surface 172, simlar to gamjé‘g’rsf'é‘é@ § §g+qry 1@%3 ngs
146. After all install'ed c-rings 146 have been rel eased, a next pressure
cycle forces ratchet grip 94 downward to engage rel ease sl eeve operator
108 (Fig. 6D). Upon _a subsequent reduction of tubing pressure, engaged
THIS SHEET HAS BEEN
™ R
PATENT

ATTORNEY DOCKET NO: 22.1188

nv ion

This invention relates generally to the field of

performing downhole functions in a well, and is particularly
10 applicable to downhole well completion tools.

In completing a product recovery well.-such as in
the oil and gas industry, several downhole tasks or
functions must generally be performed with tools lowered
through the well pipe or casing. These tools may include,

15 depending on the required tasks to be performed, perforating
guns that ballistically produce holes in the well pipe wall
to enable access to a target formation, bridge plug tools
that install sealing plugs at a desired depth within the
pipe, packer-setting tools that create a temporary seal

20 about the tool and valves that are opened or closed.

Sometimes these tools are electrically operated and.
are lowered on a wireline, configured as a string of tools.

Alternatively, the tools are tubing-conveyed, e.g. lowered
into the well bore on the end of multiple joints of tubing

25 or a long metal tube or pipe from a coil, and activated by
‘pressurizing the interior of the tubing. Sometimes the
"tools are lowered on cables and activated by pressurizing
the interior of the welg Ppipe or casing. Other systems have
also been employed. =

30 Typically, ballistic tools are not "armed" (i.e.,
nﬁt vet configured to fire upon receipt of a hydraulic or
glectric stimulus) until just before being placed in the
w&ll, in order to avoid accidental firings at surface. Once
armed, very high safety stan@ards must be maintained to

REF’ACEMENT SHEET
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10 rel ease sl eeve operator 108 is pulled upward by ratchet grip 94,

eby raising rel ease sleeve 164 (Fig. 6E). An o-ring 175 within
rat chet housing 84 provides sonme frictional. resi stance to the notion of
reLease sl eeve operator 108. Until rel ease sl eeve 164 is raised
fromits initial 15 position, firing pi @ 163ubsituteshassd 2% Fabryaryy! 998ir
balls 174 within holes in firing pin housing 166 (Fig. 4), which S
connected to detonator adapter 88. The balls extend inwardly into a
circunferential groove 176 in the firing pin, retaining the firing pin
agai nst axial motion. O-rings 20 178 around firing pin 168 keep tubing
pressure, to which the upper end of the firing pin is subjected, from
det onat or cavity 180. Wen the rel ease sleeve is pulled upward, the
downward force of t ubi ng pressure on firing pin 168 accel erates the
firing pin downadedld vafentiglbyl deadly pogmazsref LiFingse unrél the ¥993 dg pin

strikes a detongaeélﬁaé’eww grolihe. | anen arfdegf tHet ORADO062AVhaY B&h Which

onites @ 1e9g L0 HRURLOLRER! Gnl Rk BEIRE  Panatlee" e 014 dhn
result in costly well damage.

mm h nvention
In one aspect of the invention, a downhole device
for performing a function in a well has a series of
dedicated hydro-mechanical locks that prevent occurrence of
10 the function until desired. The hydro-mechanical locks are
each capable of being released directly by a respective
elevated hydraulic activating pressure condition and are
constructed and arranged for sequential operation such that
a lock in the series cannot be released until after the
15 hydraulic pressure conditions required to release any
preceding locks in the series have occurred.
' In one embodiment, the device is in the form of a
self-contained downhole device for controlling the
occurrence of the function. In this embodiment, the device
20 includes a downhole housing and a port in the housing in
hydraulic communication with a remote hydraulic pressure
source via the well by pressure-transmitting structure such
as casing or tubing in the well.
In some embodiments, the series of hydro-mechanical
25 locks comprises a set of one or more displaceable elements
associated with a common hydraﬁlic actuator, the actuator
constructed and arranged to displace the elements
sequentially. In some cases the actuator is responsive to
an increase in hydraulic pressure to advance to engage an
30 element and to a subsequent decrease in hydraulic pressure
to move the element from a locking to an unlocking position.

REPLACEMENT SHEET
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ignites a trigger charge 186 at the |l ower end of the hydraulically

prsgrannable firing head 10. 30 Al t hough the configuration shown is
sized to contain up to five c-ring locks 146, the effective nunmber of
| ocks 22 Substitute sheet - 23 February
1998 3 Substitute sheet - 23 February 1998

Some preferred embodiments contain one or more of
the following features: the actuator has a piston; the
actuator is biased to a first position by a spring, the
activating pressure condition moving the actuator to a

5 second, activated position; the elements each comprises a
‘ring, which in some embodiments is resiliently radially
compressed, in a locking, unreleased condition, within a
first bore of a lock housing; the actuator has a ring
gripper for moving the ring; the lock housing has a second,

10 larger bore into which the ring is movable to an unlocking,
released position; the ring has an engageable cam surface;
the gripper has a finger with a cam surface for engaging the
cam surface of the ring, and in some instances a lift
formation for lifting any previously released rings to

15 enable the disengagement of an engaged ring from the cam
surface of the gripper.

In some embodiments of the invention, the spring
comprises a compressible f£luid which is compressed in a
first chamber by said actuator. In a particularly useful

20 arrangement, the device also has an orifice for restricting
a flow of the compressible fluid from the first chamber to a
‘second chamber, enabling the respective activating pressure
condition to cause the actuator to compress the fluid in the
first chamber. In some instances the device has a third

25 chamber and a floating piston disposed between the second
and third chambers, the floating piston containing a one-way
check valve constructed to enable flow from the second
chamber to the third chamber. In this arrangement the
construction of the floating piston advantagecusly enables

30 o0il within the first and second chambers to expand at higher
temperatures. '

REPLACEMENT SHEET

24 FER 08




in the section may be increased by appropriate dinensional adj ust nent s
and the addition of nore c-rings to ratchet housi ng 84, or by adding a
| otk extension kit to the bottom of the firing head that contains
additional locks and a 5 | ock-rel easing actuator that is bl ocked from
regei vi ng activating el evated pressude dBrhfititutensheatt-i23 Febrary ¥ ve
164 is raised. Referring to Fig. 7, a second enbodi nent of the
i nvention enploys pilot valves 200 as locks within a 10 functional string
section 202. A series of time-delay pil ot val ves 200 is located, in sone
cases, imedi ately above a pressure-activated firing head 204 of an
associ ated tool 205 as shown. In other cases, the |l owest valve 200 in
t he series is constructed to directly release a firing pinto 15

activate tool 205. ot Igg{ %@%&cﬂ'ﬁnﬂépt&@ ggg%ee%,%ﬁgl%rgi_l ot val ve 200

functions as a tine-dpF%ya?oc 1's activate pressure at an
inlet 206 of theegkaspaali deckalsRmprdgeRegnanor more valves, each valve

arranged to be openable to a released condition in response

to an activating hydraulic pressure condition. In a current
5 arrangement, each of the valves has an inlet to receive

activating pressure, and an outlet blocked from the inlet

until after a respective activating pressure condition has

occurred. In some arrangements, the outlet of the valve is

hydraulically connected to an inlet of a pressure-activated
10 tool.

In a particularly useful configuration, the wvalve is
constructed to delay opening for a predetermined amount of
time after the occurrence of a respective activating
pressure condition. This delay time enables the inlet

15 pressure condition to the valve to be reduced before the
valve opens. In this manner, the opening of an upper valve
in a series of valves does not immediately open a lower
valve, enabling a series of such valves to be independently,
sequentially opened by a sequence of activating pressure

20 conditions.

Some configurations may have one or more of the
following features: the valve has a piston that forces a
fluid through an orifice to expose a port to open the valve;
and the delay time between the occurrence of the respective

25 activating pressure condition and the opening of the valve
is determined at least in part by the size of the orifice.

In another aspect of the invention, a string of
tools for performing downhole functions in a well includes a
number of functional sections arranged in a physical order

30 within the string along a string axis. At least one of the
sections has a downhole device with a series of dedicated
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activation level, e.g. .Plerr] in Fig. 2. Once activated, the 20 valve is
arranged to open, after a given tine delay, hydr aul i ¢ conmuni cati on

bet ween inlet 206 and outlet 210 by noving a piston 208 to expose a port
212 to inlet pressure. Until the pressure at_inlet 206 reaches an
aciivating | evel , piston 208 is hel d3d n Bubssituteshirati-nd3 Febryaryn! 998 25
shear pins 214. A cavity 216 above piston 208 is filled with a viscous
fluid, and is connected to an initially unpressurized cavity 218 through
an orifice 220.-Valve 200 is configured such that inlet 206 may be
exposed to hydrostatic pressure, e.g. a pressure level of Plerr] in Fig.
2, 30 without shearing pin 214. Once the shear pin has been severed by
an application of an activating pressure

hydro-mechanical locks that prevent occurrence of an
associated function. The hydro-mechanical locks are each
capable of being released directly by a respective elevated
hydraulic activating pressure condition, and are constructed
5 and arranged for sequential operation such that a lock in
the series cannot be released until after the hydraulic
pressure condition required to release any preceding lock in
the series has occurred.
In a particularly advantageous configuration, at
10 least three of the sections each have such a device, the
string being arranged and configured to perform the
functions in an order other than the physical order of the
sections along the axis.
' In a preferred eﬁﬁodiment, the sections are
15 constructed to enable activating pressure conditions to be
applied simultaneously to all of the functional sections
having the devices.
In some useful configurations, a first device in the
string has at least one fewer dedicated hydro-mechanical
20 locks than a second device in the string, the actuating
pressure conditions for releasing the locks of the first and
second devices being correlated such that pairs of locks of
the first and the second devices. are simultaneously
released, resulting in all locks being released in the first
25 device while a lock remains unreleased in the second device.
In another aspect of the invention, a downhole
device for performing a function in a well has an actuator
arranged to move along an axis in response to an activating
pressure condition, an operator engageable by the actuator
30 énd arranged to cause the function to be performed when
moved, and at least one lock element engageable by the
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23 Substitute sheet- 23 February 1998 condition, e.g. a pressure

of>level Plerr], inlet pressure wll nove piston 208 upward, forcing the
fluid in cavity 216 through orifice 218 at a predeterm nable rate.
Consequently, port 212 will be exposed when an o-ring seal % 222 on piston
stem 224 has noved upward an appropriat & Sulistitutecgheat;e23 | ﬁpﬁ&rbﬂﬂ%\%
exposure of port 212 being a function of the predeterm nable rate of
notion of piston 208. During the relatively slow notion of piston 208,
whi ch is preferably configured to expose port 212 after about five

actuator and disposed axially, in a locking position,
between the actuator and the operator. The actuator is
constructed and arranged to, in response to a first
activating pressure condition, engage and move the lock

5 element to a non-locking position, and subsequently, in
response to a second activating pressure condition, to
engage and move the operator to cause the function to be
pexrformed.

In a preferred embodiment, there are more than one

10 lock element arranged in series between the actuator and the
operator. In a preferred configuration, the axial motion of
the actuator is limited by the lock element.

In another aspect of the invention, a method of

- performing a sequence of downhole functions in a well

15 comprises lowering a string of tools, the string having a
functional section associated with each function. At least
two of the sections each has a device with a series of
.dedicated hydro-mechanical locks that prevent occurrence of
the function associated with the section. The hydro-

20 mechanical locks are capable of being released directly by a
respective elevated hydraulic activating pressure condition,
and are constructed and arranged for sequential operation,
such that a lock in the series cannot be released until
after the hydraulic pressure conditions required to release

25 any preceding locks in the series have occurred.

The method also comprises applying a sequence of
activating hydraulic pressure conditions to the string, a
given activating pressure condition releasing an associated
lock in predetermined functional sections having unreleased

30 locks. The functional sections having the devices each
perform their associated functions in response to an
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10 mnutes fromthe application of the respective activating pressure
copdition, the inlet pressure, e.g. tubing pressure I n the present

enbodi ment, is lowered to a hydrostatic |evel | ow enough t hat successive
val ves connected to outlet 210 wil | t be immediately activated by the
exposure of port 15 212, but high enougE]ot o8 FPFﬂJ'éhQQi‘f%?é:@bﬁi‘%m’ohgéQB
upwar d. The rate of notion of piston 208 under a given pressure
condition can be adjusted by changing the size of orifice 220 or the
viscosity of the fluid in cavity 216. A rupture di sk may be used in
series with orifice 220 in lieu of shear 20 pins 214. In sone enbodi nents,
pi ston stem 224 of the | owest | ock valve-200 in a series of |ock valves

is directly attached to a rel ease s|eeve operator, such as rel ease
sl eeve oper at or 3F§8VRRIRG Prepsurs FRpRSOR JGGurRgngi aftverll leskedef2s
As connected in t3@ isestitn figre PeehheeDeddel. 210 of each pilot valve 200

LS yo ydraul e commniSatol Widediities, bR Fladnd oEMEnlHind AN
sections perforates the well in response to an activating
5 pressure condition occurring after all locks within the
section have been released.
' In a particularly useful embodiment, the method
includes maintaining the axial position of the string within
the well while applying the sequence of activating pressure
10 conditions to set a bridge plug at a first axial well
position, set a packer at a second axial well position, and
subsequently perforate the well between the first and second
axial well positions.
In another embodiment, the method of the invention
15 further includes maintaining the axial position of the
string within the well while éequentially performing
functions associated with at least three sections of the
string. The sections include an upper section, a lower
section, and at least one middle section, according to
20 positions along an axis of the string. The method further
includes performing the associated functions in an order
_starting with the function associated with a middle section.
In another embodiment, at least three of the
sections are operated by the sequence of activating
25 hydraulic pressure conditions to perforate upper, lower and
middle well zones, the middle zone being perforated first.
In yet another useful embodiment, the method further
comprises applying an elevated downhole test pressure. The
test pressure releases an associated lock in each functional
30 section having unreleased locks without causing any
functional section to perform its associated function.
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the | owest valve being in communication with firing head 204. In this
enpodi ment, the tubing pressure is increased 30 to activate the upper
unrel eased pilot valve lock 200 in the string section 202, and,

agcording to the predeterni ned

¢

10

15

20

25

30

8 Substitute sheet - 23 February 1998

According to another aspect of the invention, a
string of tools for performing a downhole function in a well
includes a locking tool and a ballistic tool connected to
the locking tool. The locking tool has a series of
dedicated hydro-mechanical locks arranged to prevent arming
of the ballistic tool, the locks capable of being released
directly by a respective elevated hydraulic activating
pressure condition. The locks are constructed and arranged
for sequential operation, such that a lock in the series is
not released until after the hydraulic pressure conditions

required to release any preceding locks in the series have

occurred, with the last released lock arranged to arm the
ballistic tool when released.

In one embodiment, the ballistic tool is constructed
to, once armed, delay performing the downhole function for a
predeternmined amount of time (preferably, between about 1
and 20 minutes) after the occurrence of a subsequent
activating hydraulic pressure condition.

Preferably, the last released lock is constructed
to, upon release, expose the ballistic tool to hydraulic
pressure for receiving subsequent activating hydraulic
Dpressure conditions. _

The ballistic tool includes, in some configurations,
a displaceable ballistic member and a target ballistic
member. The last released lock is constructed to, upon
release, enable the displaceable ballistic member to be
hydraulically displaced toward the target ballistic member
to arm the ballistic tool.

According to yet another aspect of the invention, a
ballistic downhole tool is constructed to be armed downhole.

The tool includes first and second ballistic components for
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24 Substitute sheet - 23 February 1998 . pressure cycl e paraneters
as, descri bed above, is returned to a hydrostatic level before the
activated pilot valve opens, such that by thg tinehthe act:vated va:ve
opens to perm-t tubing pressure to be applied to the next |owest valve
28@, 5 tugi ng pressure has been reduced®o g”hﬁfﬁ”@c?h%t‘i%':leémry 1998 ypon
the next application of activating pressure, the next | owest unrel eased
valve 200 will be activated, and so forth,

transferring an internal detonation to fire the tool, the
ballistic components initially being separated by a
sufficient distance to inhibit the detonation transfer. The
first ballistic component includes a piston. The tool also
5 includes a lock arranged to retain the first ballistic
component in its initial position, and a hydraulically
activatable actuator adapted to release the lock to enable
the first ballistic component to be moved toward the second
ballistic component by hydraulic pressure acting against the
10 piston, to arm the tool.

In some embodiments, the first ballistic component
includes a firing pin and a length of detonator cord, the
second ballistic component having a trigger charge arranged
to be ignited by the detonator cord of the first ballistic

15 ‘component with the tool in an armed condition.

In the presently preferred embodiment, the first
ballistic component also includes a release piston arranged
to be moved by hydraulic pressure to release the firing pin.

The tool may also include a seal arranged to isolate

20 the release piston from hydraulic pressure with the tool in
an unarmed condition, to provide an additional safeguard
against accidental firing.

Although surface accidents can generally be avoided
by proper care and safety procedures, the invention can

25 provide an additional level of safety by enabling the tool
to be initially lowered into the well unarmed and
subsequently armed only just before firing. Costly
premature firings in the well can also be avoided. By
keeping the ballistics unarmed while traversing the well,

30 accidental firings caused by faulty seals and unexpected
‘hydraulic conditions can also be avoided.

REPLACEMENT SHEET

2% FFR iy




until firing head 204 is in hydraulic conmunication with t ubi ng
pressure. At this point, another application of a 10 pressure cycle
activates the firing head, initiating the detonation of a trigger charge
w thin the firing head. I n either enbodi ment heretofore

descri bed, the detonation of a triggl) dubsgtutershess -133 Felrusend 998 and
204 in Figs. 1 and 7, respectively) ignites subsequent 15 detonations

t hrough sealed ballistic transfers 30 and safety spacer 28, igniting a
detonation within a tool associ ated with the firing head to performa
desi red downhol e functi on. As previously described, it should al so be
realized that - the | ock-rel easi ng nmechani sns descri bed above can be 20
enpl oyed to perform many ot her downhol e tasks than the detonation of a
trigger charge within ate ]r;hﬂgnhmd.aamtageaemas&am%@veuﬁeeiaewr 108 of
the first enbodi l.,ngtance, apen a valve or. nove a

functi onal slengﬁﬁ%sggg%e égﬁﬁngglgésgngi%§¥% ?PH?KB#%.Sgﬁfng in anﬁydraulic
lines 26, Shovm-qeﬁ;ipieésphm_siegﬁ}. prdgre and activated in any preselected

sequence. This flexibility can be very useful, e.g. for

5 perforating multiple zones in a well starting with a middle
zone, or for perforating between a preset bridge plug and
preset packer.

The invention also enables various arrangements of
downhole tasks to be performed with a single string of

10 tools, requiring only one trip down the well, thereby saving
substantial rig time. Used in a triggering mechanism to
trigger a detonation to activate a tool, the invention also
advantageously avoids potential failure modes of
electrically-activated downhole equipment and associated

15 safety risks, by employing only hydro-mechaniéal downhole
equipment for triggering detonations.

In embodiments in which the device according to the
invention is employed to activate a tool, the activation of
‘any of the tools in the string advantageously does not

20 depend upon the previous activation of any other tools in
the string, such that the failure of one tool to properly
perform does not inhibit the operation of the other tools in
the string.

These and other advantageous features are realized

25 in equipment that is simple, reliable and relatively
inexpensive.

D iptiot h win
Fig. 1 is a diagrammatic illustration of a tool
30 string in a well, according to the invention;
Fig. 2 illustrates a series of activating pressure
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preferably positioned external to the functional tools 14, 16, 18 and
212 of the string. This positioning is particul arly advant ageous when
the tools include perforating guns 14, to reduce the possibility of the
| i nes being 30 danmaged by the firing of _the char es of th un and openi ng
ark undesi rabl e path between the activation FYRFH ?%s'ﬁ%ﬁfl n§3 ebruary 7998

25 Substitute sheet - 23 February 1998

cycles applied to a tool striﬁg;

Figs. 3A through 3D schematically illustrate the
sequential operation of four tools in a string, according to
the invention;

5 Fig. 3E schematically illustrates a-lock-releasing
actuator, according to the invention;
. Fig. 4 is a cross-sectional view of a hydraulically
programmable firing head in a £ill sub, according to a first
embodiment; .

10 Fig. 5 is an enlarged view of area 5 in Fig. 4;

Figs. 6A through 6E diagrammatically illustrate the
operation of part of the lock—releésing mechanism of Fig. 4;

Fig. 7 is a schematic illustration of a functional
section of a string of tools, according to a second

15 embodiment; and

Fig. 8 is a functional K illustration of a pilot wvalve
of the embodiment of Fig. 7.

Fig. 9 shows a third embodiment, in which the lock-

. releasing actuator is configured to arm the tool. _
20 Fig. 9A illustrates the embodiment of Fig. 9 in an
armed condition.

cription o d diment
Referring to Fig. 1, a hydraulic programmable firing

25 head 10 according to the invention is part of a string 12 of

tools that can be arranged in various ways to selectively

enable multiple operations to be performed in a well 20,

such as setting a bridge plug or packer, pressure testing

the plug or packer, and perforating one or more zones, all
30 in one trip in the well. The hydraulic programmable firing

head 10 is adapted to initiate a downhole event when a
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22 and the annulus of the well. Lines 26 are positioned next to guns 14
suych that the detonation of the gun will not damage the |ines.
| ¥ ot her enbodi ments, as when tubing 22 of Fig. 1 is 5 replaced with a

cable, the firing heads are activated kpél f S%Xﬁ%dt?%hleéﬁ'f lp@gslségrgghpggbge

wel | annul us around the tool string

pressuri zed for other purposes with the tool string downhole, e.g. for
bri dge plug or flowtesting, extra |locks, e.g. c-rings 146 in Fig. 4 or
10 pilot valves 200 in Fig. 7, can be added to appropriate sections of
the tool string for release by the test pressure cycles. Thus activation
of the tool string by the test pressure, or advancenent fromthe desired

function sequencngrO?F&é% %Qh£¥ro?ft é%f#% 1n% Fesgure, gFEQEQQaYSuhéék the

pr esent enbodi n&h AVenei Bheare erre
constructed to g@celved As shown in Flg 1, firing head 10 is capable of

triggering a perforating gun 14, a packer-setting tool 16, a
bridge plug tool 18, or any other downhole tool configured

5 to perform a task. Multiple ﬁydraulically'programmable
firing heads 10 can be used in a string 12 of tools, as
shown, to trigger any desired arrangement of tools along the
axis 21 of the string in any preprogrammed order.

String 12 is lowered into well 20 on the end of

10 tﬁbing 22, which is filled with hydraulic fluid. Hydraulic
communication lines 26, also filled with fluid,
‘hydraulically connect each firing head 10 in parallel
communication with a remote source 27 wvia tubing 22, such
that pressure applied at the top end of tubing 22 will be

15 applied simultaneously to all firing heads 10 in the string.

By provision of a suitably selected number of dedicated
hydro-mechanical locks in the respective firing heads 10,
the firing heads are each capable of being mechanically
configured to trigger an associated tool or event upon

20 receipt of a preselected number ¢f actuation cycles. The
firing heads can be set up such that a series of pressure
cycles received by string 12 through tubing 22 sequentially
triggers each.tool or event in a predetermined order,
without dependence on the arrangement of tools along the

25 string, as described below.

As indicated in Fig. 1, string 12 comprises a series
of self-contained functional sections A, B and C, with each
.section comprising a firing head 10 and an associated tool,
e.g. a perforating gun 14, a packer-setting tool 16, a

30 bridge plug tool 18, or other tool. The firing heads 10 are
each connected to their associated tools with safety spacers
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rel eased at about t.he same activation pressure |evel Plerr] (Fig. 2),
vagious | ocks within the string of tool sections may be built to rele
at different pressure levels, 20 further increasingdthehir-f;eldt_
flexibility of the invention to performyarious downhol e function
sanuences.y Referring to Fig. 83 tPogiBYle slretas?P Fehueaninl 298
di scussed above with respect to Figs. 6A-6E is enployed to  "armfiring
head 300 in response to a series of pressure 25 cycles received fromthe
surface of the well through coiled tubing 22 (Fig. 1). Instead of

rel easing a firing pin when pul l ed upward by ratchet grip 94a, release
sl eeve 302 rel eases a piston assenbly 304 which contains a firing pin
306 and a |l ength of detonator cord 308. Until piston 30 assenbly 304 is
rel eased, it is 4%eadnegaind hadlpssiortrprisfers 3810 Sedtidrwe A,0Beandnd of

its detonator ceixé geparat&d firoRMach other by blank subs 32. Each firing
head 10 triggers its associated tool ballistically by

ase

initiating a detonation which is transferred to the

5 associated tool through the sealed ballistic transfers 30
and safety spacer 28. Ballistic transfers 30 and blank subs
32 are internally sealed to prevent fluid from flowing
between firing heads 10, safety spacers 16 and tools. Fig.
1 illustrates the relative placement of each component in

10 string 12, and does not represent their proportionate
dimensions. String 12 may consist of any number of
functional sections A, B, C, and so forth, each comprising a
firing head and an associated tool as described above, each
in parallel hydraulic communication with tubing 22. Each

15 associated tool may be configured to perform a downhole
task, such as perforating the well, setting a packer or
bridge plug, operating a valve, moving a sleeve, or
otherwise causing a desired event to occur within the well.

Referring to Fig. 2, string 12 of Fig. 1 is

20 activated from the surface of the well by a series of
activating pressure cycles 40 applied to the fluid within
tubing 22. Each pressure cycle spans at least 3 or 4
minutes in the current configuration, and consists of a
pressure increase 42 from hydrostatic pressure P, to

25 activation pressure (P, which is sufficiently above the
pressure required to activate each firing head 10), a
pressure dwell period 44 at activation pressure P,, and a
pressure decrease 46. In the current configuration, as
described below, pressure cycles 40 are separated by a

30 length of time sufficient to return internal chamber
pressures to hydrostatic pressure P,.

Yoo
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26 Substitute sheet - 23 February 1998 a trigger charge 312 by a
safe distance, G of about 8 I nches, to prohibit a premature detonation
of* det onat or cord 308 fromigniting the trigger charge. In other words,

t he tool is not armed until the pistop enbly is rel eased. 5 Wen
ref eased, piston assenbly 304 is rel easﬁ‘b gﬁ-ﬁ’ﬁt'éu%o?rte@ﬂ - 23 fghpasy d 9 2hder

hydraul ic pressure, to armthe tool (i.e., to place detonator cord 308
.cl ose enough to trigger charge :

Referring also to Figs. 3A through 3D, string 12 is
diagrammatically illustrated as a series of four functional
sections A, B, C and D, although it should be understood
.that the string may consist of more or fewer self-contained

5 sections. The firing head in each section Eontains a series
of dedicated, hydraulically-releasable hydro-mechanical
locks, each unreleased lock illustrated as an X in the
figures. As initially placed-in the well (Fig. 3A), the
firing head of section a contéins two such locks; section B,

10 one lock; section C, four locks; and section D, three locks.
Each pressure cycle 40 within tubing 22 releases one lock X
from the firing head of each section. If a given section
has no unreleased locks X, a next pressure cycle 40 causes
the firing head in the given section to trigger its

15 associated event or tool. After a first pressure cycle 40
(Fig. 3B), section A contains only one unreleased lock X,
section B has no more unreleased locks, and sections C and D
have three and four unreleased locks X, respectively. Aafter
a second pressure cycle 40, one additional lock X in each of

20 ‘sections A, C and D has been released, such that section A
has no more unreleased locks and sections C and D have two
and one, respegtively {Fig. 3C). Because section B had no
unreleased locks upon receipt of the second pressure cycle,
the firing head in section B triggers its associated tool or

25 event due to the second pressure cycle 40. A third pressure
cycle 40 causes the firing head in section A to trigger and
leaves only one unreleased lock X in section C, none in D
(Fig. 3D). Not shown, a fourth pressure cycle causes the
firing head in section D to trigger, and a fifth pressure

30 cycle causes the firing head in section C to trigger.

In certain preferred embodiments the hydro-
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312 to transfer a subsequent detonation). Pi ston assenbly 304
iqgludes a piston 314 which 10 extends upward through piston guide 310 and
carries two o- ring seals 316. A groove 318 at the distal end of piston
314 and corresponding holes in guide 310 retain four balls such as those
ilJustrated retaining firing pin 168 inl%i §abstitutgsheet - &3 Felruasnd®9%hd,

piston 314 is attached to an upper 15 tube 320 through an upper bul khead

322. The upper tube is connected to a | ower tube 324 through a detonator
housi ng 326 which retains detonator cord 308 and a detonator 182a.
Firing pin 306 is arranged to strike detonator 182a when rel ease sl eeve

164a has been pulled upward by a rel ease 20 piston 328 which is seal ed
agai nst the bore of upper tube 320 by twin o-rings 330. A cavity 332
above rel ease pmethanical32@ckai axaldfy thentarmsofl ddspdageabllai elements.s

ydraul fo pressind & Ldiibn oBIRdE 13 chELSyda] " AneEARgELE %@g e
pi ston 328 t hrofigH- afqrolae f§§6n??1b arﬁi%’/aPFh V\g‘b‘ﬁgﬁﬂe dev:.ce m"fu‘f

hydraulically actuated gripper 300 that is moved axially to

5 engage an operator 302 by the application of an activating
pressure. At least one lock element 304 is positioned
between gripper 300 and operator 302, such that cycles of
application and release of activating pressure sequentially
move lock elements 304 to a released position, exposing

10 operator 302 for engagement upon the next application of
activating pressure. As shown, a selected number of lock
elements 304 are placed in series, such that successive
pressure cycles release respective lock elements until the
release of the last unreleased lock element in the series

15 exposes operator 302 for engagement. Once engaged, operator
302 is subsequently moved by a reduction in pressure,
causing an associated downthole function to be performed.

In particularly preferred embodiments, the
displaceable lock elements are c-rings that are sequentially

20 moved by a common downhole actuator in the form of a
hydraulic piston and a device for engaging the rings,
referred to herein as a ratchet grip. The details of this
implementation will now be described.

Referring to Fig. 4, the hydraulic programmable

25 firing head 10 is located within a £ill sub 50, which is
attached to the rest of the string of downhole equipment by
a £ill sub connector 52 at the top end of the fill sub, and
a lower adaptor 5S4 at the bottom end of the £ill sub.

Firing head 10 comprises the internal components housed

30 within £ill sub 50 and lower adaptor 54 below level A in the

figure. Fill sub connector 52 has upper and lower threaded
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tube 320, a pin 338 is sheared and the rel ease piston slowy forces the
viscous fluid fromcavity 332 through orifice 220a. As was discussed
above with respect to the tinme del ay |l ock of Fig. 8, the rate of the

upward notion of the release 30 piston s predeterm ned by selecting the
flyid viscosity, orifice size, and at®i v%fh%ﬁ”ﬁ?r@&%ﬂﬁr‘eél?’ Fﬁbﬁ@fueﬂ?ﬂﬁl s
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ports, 56 and 58, respectively, for attaching hydraulic
communication lines 26 (Fig. 1). To configure firing head
10 to be the upper firing head in the string, upper threaded
port 56 is typically plugged and an upper tubing connector

5 (not shown) provides a hydraulic connection, internal to the
string, between annulus 60 within fill sub connector 52 and _
tubing 22, while lower threaded port 58 provides a hydraulic
connection, through an external communication line 26 (Fig.
1), to the upper threaded port 56 of a lower firing head

10 £ill sub connector 52. To configure the firing head to be
the lowest in the string of multiple firing heads, lower
threaded port 58 is plugged, and upper threaded port 56
'provides a hydraulic link to the upper firing heads and
tubing 22. 1In middle firing heads, both the upper and lower

15 ports 56 and 58 are employed for communication {(Fig. 1).

Annulus 62 within £fill sub 50 is open to annulus 60

within £ill sub connector 52, and runs the length of the
firing head, which is axially retained in the £ill sub with
threaded rod 64, jam nut 66, sleeve €7 and threaded collar

20 68. Upper head 70, piston guide 72, oil chamber housing 74,
0il chamber extension 76, stem guide 78, piston housing 80,
housings connector 82, ratchet housing 84, release sleeve
housing 86 and detonator adaptor 88 are stationary
éomponents of firing head 10, all connected in succession by

25 threaded joints. Within piston guide 72 is a movable piston
90 connected to the upper end of a long operating stem 92
that runs through the center of the firing head, the lower
end of the operating stem being connected to a movable,
.ring-grasping ratchet grip 94. Operating stem 92 is

30 supported along its length by guide bearing surfaces 96 in
oil chamber extension 76, stem guide 78 and housings
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desired, the viscous fluid may be left out of cavity 332. When the

rel ease piston has noved upward a sufficient di stance, firing pin 306 is
rel eased and strikes detonator 182a, ignit:rg ?etonator cord 32€i 5304
Except for the upper portion of piston 314, .0 pi ston asse _

i s d!osposed in a seal ed chanber 340 tlﬁ‘?f’séﬁuﬁesﬁeé_ttro@ §BBB@W3Vé9§m| ch
initially isolates the pi ston assenbly from hydraulic pressure. At its

| ower end, i sol ati on spacer 342 is connected to a | ower bul khead 344, 10
fromwhich a cord tube 346 extends upward into | ower tube 324 to support
trigger charge 312. A pair of o-ring seals 348 provide a sliding sea

bet ween cord tube 346 and | ower tube 324. A crushable el enent 350 (e.g.,
a coil of stai nl ess steel tubing) at the upper end of |ower bglkhead 15
344 hel ps to cusi¥rogctaE $qpaarchothahell dwerfregbsowhese tdxdallypwstion

assenbly is rel ersadleFbgst&A 9BhoOVE EdiprRATibhOBpeing 98 around stem 92
within o0il chamber housing 74 biases piston 90 and ratchet
grip 94 in an upward direction. Side ports 100 in housings

5 connector 82 and release sleeve housing 86 permit hydraulic
flow between £ill sub annulus 62 and oil chambers 102 and
104, respectively. Fluid can also flow from chamber 104 in
release sleeve housing 86 to chamber 106 in ratchet housing
84, through an open inner bore of release sleeve operator

10 108, such that activation pressure is always applied,
through f£ill sub annulus 62, to the lower end of stem 92,
and acts, along with compression spring 98, to bias piston
90 in an upward direction to an inactivated position against
a stop shoulder 109 of piston guide 72. Compression chamber

15 110, which extends throuéh oil chamber housing 74'and oil
chamber extension 76, is pre-filled, through a subsequently
'plugged side port 116 in piston guide 72, with a highly
compressible silicon o0il, typically compressible to about
10% by volume. Middle chamber 112 is also pre-filled with

20 compressible silicon 0il through a subsequently plugged side
port 118 in stem guide 78, and is hydraulically connected to
compression chamber 110 through flow-restricting orifices
114 in stem guide 78. Two jets, i.e. Lee Visco brand jets
with an effective flow resistance of 243,000 lohms, are

25 employed as orifices 114. One-way ball check valves 120 in
a floating piston 122, located in piston housing 80,'allow
the silicon oil in chambers 110 and 112 to expand at higher
well temperatures, without allowing upward flow from chamber
102 to chamber 112. Because floating piston 122 is free to

30 move axially within piston housing 80, the pressure in
chamber 112 is always substantially equal to the pressure in
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the piston assenbly after it has been rel eased and forced downward to
armthe tool. In operation, a predeterm ned nunber of hydraulic
20 activation cycles are applied to sequential}y rele??e all of t he

| ocking rings 146. Upon the next application of, =~ sufficient pressure

rag chetg grig 94a noves downward to eﬁéa@b%nte%w%tee%%bmaw@% he
pressure has been reduced, the ratchet grip pulls the release sleeve
upward to 25 rel ease the balls in groove 318 and force piston assenbly
304 downward. As soon as seals 316 have cl eared the inner bore of piston
gui de 310, chanber 340 in isolation spacer 342 is charged to tubing
pressure. At this point, the pi ston assenbly has noved down far enough
to armthe tool. 30 If pin 338 has been sized to be_sheared by hydrostatic
pressure IeveLs,CWQHQ?isEOBi§WQﬁFh328 fiPe| SaPeEs APBIYUBefR (Pressure, e.q.

tubing pressure. Flow-restricting orifices 114 slowly allow
the pressure in compression chamber 110 to equalize to
tubing pressure, such that by the time the string is in

5 .place at the bottom of a well, chambers 104, 106, 102, 112
and 110 are all substantially at hydrostatic tubing
pressure.

A rupture disk 124 in upper head 70 prevents the

pressurization of upper piston chamber 126 until the

10 pressure in annulus 62 exceeds a level regquired to rupture
disk 124, ideally higher than the maximum expected
hydrostatic pressure (P, in Fig. 2), and lower than
activation pressure P,. Upon the application of a first
activation pressure cycle 40 (Fig. 2), rupture disk 124

i5 ruptures; and tubing pressure is applied to the top of
piston 80, moving piston 90, stem 92 and ratchet grip 94
downward against compression spring 98. Tubing pressure,
which is substantially equal to the pressure in chamber 112,
must be increased rapidly so that the piston 90 can move

20 downward and compress the silicon oil in compression chamber
'110. If the tubing pressure is increased too slowly, flow
across orificgs 114 will equalize the pressure between
chambers 112 and 110, bringing the silicon o0il in chamber
110 up to tubing pressure, in which case tubing pressure

25 will be effectively applied to both sides of piston 90, and
no activating motion of the piston and ratchet grip 94 will
occur. Tubing pressure is typically increased to a level P,
of about 3500 psi above hydrostatic pressure P, in about 30
seconds, moving piston 90 and ratchet grip 94 downward, and

30 held at that level for a dwell time of two to three minutes
before being released. When the tubing pressure is released '
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28 Substitute sheet - 23 February 1998 novi ng upward to rel ease

firing pin 306 to initiate the ballistic operation of the tool.
Alternatively, pin 338 may be sized to require a subsequent application
of activation pressure to be sheared. 5 ~  Firing head 300 nay be -
pl aced in series wth other t ool s i h9a Substitgte sheatool3 Kebruary gl 998\

for exanple, and

back to hydrostatic level P,, piston 90 and ratchet grip 94
are returned to their initial dispositions by the pressure
of the compressed silicon oil in compression chamber 110 and
compressed spring 98. Between successive pressure cycles,

5 chambers 104, 106, 102, 112 and 110 all return substantially
to hydrostatic pressure.

Referring to Fig. 5, ratchet grip 94 has resilient
fingers 140 with outwardly facing cam surfaces 142 at their
-distal ends. Attached to and moving with ratchet grip 94 is

10 a ratchet grip guide 144 with an outwardly-facing lip about
its lower end with an upper surface 145. C-ring locks 146,
preferably made of spring metal, such as beryllidm copper,
each has a vertical slit 148 and an inwardly-facing
engageable cam surface 150. The C-rings are disposed, in a

15 locked position, in a small bore 152 of ratchet housing 84,
the small bore having a smaller diameter than the free outer
diameter of the c-ring so that the c-rings are in a radially
compressed state. Friction between the facing surfaces of
c-ring 146 and bore 152 retain the c-ring locks in their

20 locked position. '

To release the top c-ring lock 146 in a series of
locks, the top ¢-ring lock 146 is moved to a released or
unlocked position in a large bore 154 of ratchet housing 84
by an axial motion cycle of ratchet grip 94. 1In response to

25 ‘the application of an elevated activating pressure condition
in a pressure cycle, as described above, ratchet grip 94 and
ratchet grip guide 144 are forced downward until a lower
surface 156 of ratchet grip guide 144 contacts an upper stop
surface 158 of the top c-ring lock 146, and cam surfaces 142

30 of resiliently bendable fingers 140 snap outwardly
underneath cam surface 150 of the upper c¢-ring in an
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operated in a predeterm ned sequence with the other tools, as

predeterm ned by the nunber of releasable | ocks in each tool. Two

fiTing heads in series may be configured with an 10 equal number of |ocks
and ballistically Iinked to the sane tool to provide a redundant firing
mechani smfor a particularly criti 20 &hstibrte sheet ardShebrpgey JHRE
firing head may be configured to fire last, and to detonate an

automati c rel ease nmechani smthat drops the expended tools 15 into the rat

hol e. O her enbodi nents and advantages will be evident to

those skilled in the art, and are within the scope of the fol |l ow ng

cl ai ns.

engaging, ring-grasping motion. When tubing pressure is
released and ratchet grip 140 moves upward to its initial
position, work is performed as the grasped c¢-ring 146 is
pulled upward, against resistance to its movement, into

s large bore 154. Once within the large bore, spring force in
the compressed c-ring opens the ring to a relatively relaxed
state, disengaging c-ring 146 from ratchet grip fingers 140
and releasing the c-ring to be supported by lower bore
shoulder 160 of ratchet housing 84.

10 Further lock-releasing actions of this embodiment
are illustrated diagrammatically in Figs. 6A through 6E. In
Fig. 6A, the top c-ring lock 1l46a has been released as
described above. Upon the application of a second elevated
pressure condition, 1lip surface 145 of.ratchet grip guide

15 144 resiliently expands the released c-ring 146a as the
ratchet grip guide passes downward into small bore 152 with
ratchet grip 94, where lower grip guide surface 156 contacts
the upper stop surface 158 of the next unreleased c-ring
146b, with cam surfaces 142 of fingers 140 engaging cam

20 surface 150 of ring 146b (Fig. 6B). When the activating
pressure is reduced a second time, engaged c-ring 146b is
raised into large bore 154 by ratchet grip 94, and released
c-ring l46a is raised from shoulder 160 by ratchet grip
guide 144, making room for engaged ring 146b to be released

25 into large bore 154 (Fig. 6C). This lock-releasing process
is continued with further pressure cycles until all c-ring
locks 146 are released. In a presently preferred
configuration, the actuator and bores are sized in length to
receive up to five preset c-rings in small bore 152.

30 Referring also to Fig. 4, below the lowest c-ring
lock 146, e.g. the last in the series, is the release sleeve

£
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29 Substitute sheet - 23 February 1998 VWhat is clained is: 1
1.. A downhole device for performng a function in 2 a well, the device
having a series of dedicated hydro- 3 nechanlcal | ocks that prevent
occurrence of said function 4 until desired, hydr o- nechanlcal

| ocks each being capable of 6 being rel gase%”*éﬁtrtléﬁ?@eﬁy%@ ebpearyi 129
el evated hydraulic 7 activating pressure condition, 8 t he dedlcated
| ocks of said device being constructed 9 and arranged for sequenti al
operation such that a lock in 10 the series cannot be released until after
the hydraulic 11 pressure conditions required to rel ease any preceding
| ocks 12 in the series have occurred.
operator 108 which has a stem section 162 connected to a
‘release sleeve 164 disposed about a firing pin housing 166
enclosing a firing pin 168. Release sleeve operator 108
also has an upper section 170 with an inwardly-facing,
5 engageable cam surface 172, similar to cam‘surface 150 of
split c-rings 146. After all installed c-rings 146 have
been released, a next pressure cycle forces ratchet grip %4
downward to engage release sleeve operator 108 (Fig. 6D).
Upon a subsequent reduction of tubing pressure, engaged
10 release sleeve operator 108 is pulled upward by ratchet grip
94, thereby raising release sleeve 164 (Fig. 6E). An o-ring
175 within ratchet housing 84 provides some frictional
resistance to the motion of release sleeve operator 108.
Until release sleeve 164 is raised from its initial
15 position, firing pin 168 is retained axially by four balls
174 within holes in firing pin housing 166 (Fig. 4), which
is connected to detonator adapter 88. The balls extend
'inwardly into a circumferential groove 176 in the firing
pin, retaining the firing pin against axial motion. O-rings
20 178 around firing pin 168 keep tubing pressure, to which the
upper end of the firing pin is subjected, from detonator
cavity 180. When the release sleeve is pulled upward, the
downward force of tubing pressure on firing pin 168
accelerates the firing pin downward, forcing balls 174 out
25 of groove 176. The firing pin strikes a detonator 182 at
the lower end of detonator cavity 180, which ignites a
length of detonator cord 184 tprimacord), which in turn
ignites a trigger charge 186 at the lower end of the
hydraulically programmable firing head 10.
36 Although the configuration shown is sized to contain
up to five c¢-ring locks 146, the effective number of locks
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1 2. The device of claim1 in the formof a self- 2 contained
downhol e device for controlling the occurrence of 3 said function, the

devi ce i ncl uding 4 a downhol e housing, and 5 a port in said
housing in hydraulic comunication 6 w ra I ess

source via the well or by 7 pressure triaé; arﬁ ?ﬁ&e#ﬁ&fhﬁﬁéﬁ"éggié%i ng
or tubing in 8 the well. 1 : The downhol e device of claim1l in

whi ch said 2 series of hydro-nechan|cal | ocks conprises a set of one or 3
nore di spl aceabl e el enents associated with a comon 4 hydraulic actuator,
the actuator constructed and arranged to 5 displace said one or nore

el enents sequentially. 1 4. The downhol e device of claim3 in.

whi ch said . . . . ) .
in the section may be increased by appropriate dimensional

adjustments and the addition of more c¢-rings to ratchet
housing 84, or by adding a lock extension kit to the bottom
of the firing head that contains additional locks and a

5 lock-releasing actuator that is blocked from receiving
‘activating elevated pressure conditions until release sleeve
164 is raised.

Referring to Fig. 7, a second embodiment of the

invention employs pilot valves 200 as locks within a

10 functional string section 202. 1A series of time-delay pilot
valves 200 is located, in some cases, immediately above a
pressure-activated firing head 204 of an associated tool 205
as shown. In other cases, the lowest valve 200 in the
series is constructed to directly release a firing pin to

15 activate tool 205.

Referring also to Fig. 8, each pilot wvalve 200
functions as a time-delay lock that is activated when the
pressure at an inlet 206 of the respective valve reaches an
activation level, e.g. P, in Fig. 2. Once activated, the

20 valve is arranged to open, after a given time delay,
hydraulic communication between inlet 206 and outlet 210 by
‘moving a piston 208 to expose a port 212 to inlet pressure.

Until the pressure at inlet 206 reaches an activating
level, piston 208 is held in a port-blocking position by

25 shear pins 214. A cavity 216 above piston 208 is filled
with a viscous fluid, and is connected to an initially
unpressurized cavity 218 through an orifice 220. Valve 200
is configured such that inlet 206 may be exposed to
hydrostatic pressure, e.g. a pressure level of P, in Fig. 2,

30 without shearing pin 214. Once the shear pin has been
severed by an application of an activating pressure
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2 actuator is responsive to an increase in hydraulic pressure 3 to advance
to engage a said elenent and to a subsequent

30 Substitute sheet - 23 February 1998 4 decrease in hydraulic pressure
to nove the elenent froma 5 |ocking t posi tion.

o.an unl ockin
5. The downhol e device of claim3 in %Sﬁi Stibstigute at%ot FeBrRY 98

h§drau|ic pi st on.

condition, e.g. a pressure of level P,, inlet pressure will
move piston 208 upward, forcing the fluid in cavity 216
through orifice 218 at a predeterminable rate.
Consequently, port 212 will be exposed when an o-ring seal

5 222 on piston stem 224 has moved upward an appropriate
distance, the timing of the exposure of port 212 being a
function of the predeterminable rate of motion of piston
208. During the relatively slow motion of piston 208, which
is preferably configured to expose port 212 after about five

10 ‘minutes from the application of the respective activating
pressure condition, the inlet pressure, e.g. tubing pressure
in éhe present embodiment, is lowered to a hydrostatic level
low enough that successive valves connected to outlet 210
will not be immediately activated by the exposure of port

15 212, but high enough to continue to force piston 208 upward.

The rate of motion of piston 208 under a given pressure
condition can be adjusted by changing the size of orifice
220 or the viscosity of the fluid in cavity 216. A rupture
disk may be used in series with orifice 220 in lieu of shear

20 pins 214. In some embodiments, piston stem 224 of the
lowest lock valve 200 in a series of lock valves is directly
attached to a release sleeve operator, such as release
sleeve operator 108 in Fig. 4, to release a firing pin when
moved.

25 As connected in series in Fig. 7, the outlet 210 of
"each pilot valve 200 is in hydraulic communication with the
inlet 206 of the next-lowest valve, with the outlet 21{ of
the lowest valve being in communication with firing head
204. In this embodiment, the tubing pressure is increased

30 to activate the upper unreleased pilot valve lock 200 in the
string section 202, and, according to the predetermined
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1 6. The downhol e device of claim3 in which the 2 actuator is
bi ased to a first position by a spring, said 3 activating pressure
céndition noving said actuator to a 4 second, activated position. 1

7. The downhol e device of claim6 in [ t 2 ring.C rise
conpressible fluid which is conpressed % g]ugsgﬁtgts?@ﬁtﬁ%grp%uga\(éﬁS
actuator. 1 8. The downhol e device of claim7 further 2 conprising
an orifice for restricting a flow of said 3 conpressible fluid fromsaid
first chanber to a second 4 chanber, enabling said respective activating
pressure 5 condition to cause said actuator to conpress the fluid in 6 said
first chanber. 1 9. The downhol e device of claim@8 further 2

conprising a third chanber and a floating piston di sposed
pressure cycle parameters as described above, is returned to

a hydrostatic level before the activated pilot valve opens,
such that by the time the activated valve opens to permit
tubing pressure to be applied to the next lowest valve 200,
5 tubing pressure has been reduced to a non-activating level.
Upon the next application of activating pressure, the next
lowest unreleased valve 200 will be activated, and so forth,
until firing head 204 is in hydraulic communication with
tubing pressure. At this point, another application of a
10 pressure cycle activates the firing head, initiating the
- detonation of a trigger charge within the firing head.

In either embodiment heretofore described, the
detonation of a trigger charge in the firing head (10 and
.204 in Figs. 1 and 7, respectively) ignites subsequent

15 detonations through sealed ballistic transfers 30 and_safety
spacer 28, igniting a detonation within a tool associated
with the firing head to perform a desired downhole function.

As previously described, it should also be realized that
the lock-releasing mechanisms described above can be

20 employed to perform many other downhole tasks than the
detonation of a trigger charge within a firing head. The
release sléeve operator 108 of the first embodiment may, for
instance, open a valve or move a functional sleeve instead
of releasing a firing pin.

25 Hydraulic lines 26, shown in Figs. 1 and 7, are
preferably positioned external to the functional tools 14,
16, 18 and 212 of the string. This positioning is
particularly advantageous when the tools include perforating
guns 14, to reduce the possibility of the lines being

30 .damaged by the firing of the charges of the gun and opening
an undesirable path between the activation fluid in tubing
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3 between the second and third chanbers, said floating piston 4 containing
a one-way check valve constructed to enable flow 5 from said second chanber

to said third chanber. 1 10. The downhol e device of claim3 in
which the 2 el enents each conprises a ring and said actuator conprises a 3

Lrererrr Href o ji 115 7 1511-11 11

22 and the annulus of the well. Lines 26 are positioned
next to guns 14 such that the detonation of the gun will not
'damage the lines.

In other embodiments, as when tubing 22 of Fig. 1 is

5 replaced with a cable, the firing heads are activated by
cyclically pressurizing the well annulus around the tool
string. If the well will also be pressurized for other
purposes with the tool string downhole, e.g. for bridge plug
or flow testing, extra locks, e.g. c¢c-rings 146 in Fig. 4 or

10 pilot valves 200 in Fig. 7, can be added to appropriate
sections of the tool string for release by the test pressure
cycles. Thus activation of tﬁe toel string by the test
pressure, or advanqement from the desired function sequence,
can readily be avoided.

15 Although, as in the present embodiments, the locks
of the invention are preferred to be constructed to be
released at about the same activation pressure level P,
(Fig. 2), various locks within the string of tool sections
may be built to release at different pressure levels,

20 further increasing the in-field flexibility of the invention
to perform various downhole function sequences.

Referring to Fig. 9, the lock releasing mechanism
discussed above with respect to Figs. 6A-6E is employed to
arm firing head 300 in response to a series of pressure

25 cycles received from the surface of the well through coiled
tubing 22 (Fig. 1). Instead of releasing a firing pin when
pulled upward by ratchet grip 94a, release sleeve 302
releases a piston assembly 304 which contains a firing pin
306 and a length of detonator cord 308. Until piston

30 assembly 304 is released, it is retained within piston guide
310 with the lower end of its detonator cord separated from
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31 Substitute sheet - 23 February 1998 1 11. The downhol e
device of claim 10 including a 2 | ock housing having a first bore in which
said ring is 3 resiliently radially conpressed in a |ocking, unrel eased 4
condi tion. 1 12. The downhol e device of claim1l in which the 2
| ock housing includes a second bore int 86wnbebstitite sherf i 23 Febpyany 998 an
unl ocki ng, rel eased position, said second bore 4 being |arger in dianeter
than said first bore.

a trigger charge 312 by a safe distance, G, of about 8
inches, to prohibit a premature detonation of detonator cord
308 from igniting the trigger charge. In other words, the
tool is not armed until the piston assembly is released.

5 When released, piston assembly 304 is released and is forced
downward, under hydraulic pressure, to arm the tool (i.e.,
‘to place detonator cord 308 close enough to trigger charge
312 to transfer a subseguent detonation).

Piston assembly 304 includes a piston 314 which

10 extends upward through piston guide 310 and carries two o-
ring seals 316. A groove 318 at the distal end of piston
314 and correspondin§ holes in guide 310 retain four balls
such as those illustrated retaining firing pin 168 in Figs.
6A-6E. At its lower end, piston 314 is attached to an upper

15 tube 320 through an upper bulkhead 322. The upper tube is
connected to a lower tube 324 through a detonator housing
326 which retains detonator cord 308 and a detonator 182a.
Firing pin 306 is arranged to strike detonator 182a when
release sleeve l64a has been pulled upward by a release

20 piston 328 which is sealed against the bore of upper tube
320 by twin o-rings 330. A cavity 332 above release piston
328 initially contains a viscous f£luid, and is connected to
an initially empty cavity 334 through an orifice 220a. As
hydraulic pressure is applied against the lower surface of

25 release piston 328 through a hole 336 in the wall of upper
tube 320, a pin 338 is sheared and the release piston slowly
forces the viscous fluid from cavity 332 through orifice
220a. As was discussed above with respect to the time delay
lock of Fig. 8, the rate of the upward motion of the release

30 piston is predetermined by selecting the fluid viscosity,
orifice size, and activation pressure. If no delay is
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1 13. The downhol e device of claim10 in which the 2 ring has a cam
surface for engagenent by said actuator. 1 14. The downhol e devi ce
of claim 13 in which the 2 gripper conprises a finger with a can1surfﬁcF
for engaging 3 the camsurface of said rin The downhol e
dqylcego? c?a|n114 in which the 2 gripgeh 2%¢Fﬁ%ﬂeé$ﬁfFr§§%F%Pm¥WY1§ﬁ#¥ace
for lifting any 3 previously rel eased rlngs of the device to enable the 4

di sengagenent of an engaged ring fromsaid camsurface of 5 said gripper.

1 16. A downhol e device for performng a function in 2 a well,
conpri sing

desired, the viscous fluid may be left out of cavity 332.
When the release piston has moved upward a sufficient
distance, firing pin 306 is released and strikes detonator
182a, igniting detonator cord -308. '

5 Except for the upper portion of piston 314, all of
piston assembly 304 is disposed in a sealed chamber 340
within an isolation spacer 342 which initially iscolates the
piston assembly from hydraulic pressure. At its lower end,
isolation spacer 342 is connected to a lower bulkhead 344,

10 from which a cord tube 346 extends upward into lower tube
324 to support trigger charge 312. A pair of o-ring seals
348 provide a sliding seal between cord tube 346 and lower
tube 324. A crushable element 350 (e.g., a coil of
stainless steel tubing) at the upper end of lower bulkhead

15 344 helps to cushion the impact of the lower tube when the
piston assembly is released. Fig. 9A shows the position of
the piston assembly after it has been released and forced
downward to arm the tool.

In operation, a predetermined number of hydraulic .

20 activation cycles are applied to sequentially release all of
the locking rings 146. Upon the next application of
sufficient pressure, ratchet grip 94a moves downward to
engage release sleeve.302. When the pressure has been
reduced, the ratchet grip pulls the release sleeve upward to

25 release the balls in groove 318 and force piston assembly
304 downward. As soon as seals 316 have cleared the inner
bore of piston guide 310, chamber 340 in isolation spacer
342 is charged to tubing pressure. At this point, the
piston assembly has moved down far enough to arm the tool.

3¢ If pin 338 has been sized to be sheared by hydrostatic
pressure levels, release piston 328 will immediately begin
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-3 a lock housing having a relatively snmall bore and a 4 relatively

| arge bore; 5 a port in hydraulic communication with a renpte 6
hydraul i c pressure source; 7 a set of one or nore displaceable
c-rings 32 Substitute sheet -

February 1998° 8 resiliently radial | 2&omubssttle sheet - I%E?Wg‘afiﬁrgﬁseased

9 condition in said small bore, each ring having an engageabl e

moving upward to release firing pin 306 to initiate the
ballistic operation of the tool. Alternatively, pin 338 may
be sized to require a subsequent application of activation
pressure to be sheared. _ _

5 Firing head 300 may be placed in series with other
tools in a string, as tool A in Fig. 33, for example, and
operated in a predetermined sequence with the other tools,
as predetermined by the number of releasable locks in each
tool. Two firing heads in series may be configured with an

10 equal number of locks and ballistically linked to the same
tool to provide a redundant firing mechanism for a
) particularly critical downhole operation. The upper firing
head may be configured to fire last, and to detonate an
automatic release mechanism that drops the expended tools
15 .into the rat hole.
Other embodiments and advantages will be evident to
those skilled in the art, and are within the scope of the
following claims.

REPLACERENT SHEET

9 & FER 1098




10 cam surface; 11 a conmmon hydraulic actuator having a finger with
a 12 camsurface for engaging the camsurface of said ring and a 13 |ift
surface for lifting any previously released rings of 14 the device to
enabl e the di sengagenent of an engaged ring. 15 from said cam surface of
said gripper, the actuator being 16 coﬁgtrﬁ'é@%ﬂuﬁﬁlh%ﬁtr‘a%éé:&bf‘éa"h‘[ﬂ/%ggai d
c-rings sequentially, 17 in response to a correspondi ng sequence of
el evated 18 hydraul iWhaprissslaimeddrsdi ti ons, fromsaid snmall bore to an 19
unl ocki ng, rel eased posi t,i | aid larg ; 2 . a.spring
for biasi ng1 said actia'at otrA tagwgéﬂ?llse( éit%"kgf g%%%eggﬁ?gg%?dgafc e8P Béi ng
responsi ve 2 @ #flilncFeaseevirehaniny ailsarisress fedicatagvhrderto a second
position tq engagnil3lalseiy thaBOprérsht @cﬁuﬂﬁﬁﬂé@@&ﬁf isaé.hyﬂxﬁm&id‘n pressure
to 24 retur Sali | Lst position to nove said engaged ring. 1
1 e Gt L, PORLL DD D Tl oh oat g

5 the hydro-mechanical locks each being capable of
being released directly by a respective elevated hydraulic
activating pressure condition,

the dedicated locks of said device being constructed

W 0 - o

and arranged for sequential operation such that a lock in
the series cannot be released until after the hydraulic
pressure conditions required to release any preceding locks

| R g
|l =]

in the series have occurred.

¥
L&)

2. The device of claim 1 in the form of a self-
contained downhole device for controlling the occurrence of
said function, the device including

a downhole housing, and

a port in said housing in hydraulic communication
with a remote hydraulic pressure source via the well or by
pressure-transmitting structure such as casing or tubing in
the well.

@ 3 o N s W N P

3. The downhole device of claim 1 in which said
series of hydro-mechanical locks comprises a set of one or
more displaceablée elements associated with a common
hydraulic actuator, the actuator constructed and arranged to

Ui i W N

displace said one or more elements sequentially.

1 4. The downhole device of claim 3 in which said
2 actuator is responsive to an increase in hydraulic pressure
3 to advance to engage a said element and to a subsequent

O ) )
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2 series of hydro-nechanical |ocks conprises one or nore 3 valves, each

val ve arranged to be openable to a released 4 condition in response to a
sal d respective activating s hydraul i c pressure condition. 1 18.
The downhol e device of claim17 in which a said 2 valve has an inlet to
receive activating pressure cycles, 3 aBQ aSubstituts shéeick2d Febouaryal 998nl et
until after a 4 respective activating pressure condition has occurred. 1
19. The downhol e devi ce of clain118 in which the 2 outlet of said valve is

o . N
hydraulICaLI&eggggggg%phEQrgglic pressure to move the element from a

5 locking to an unlocking position.

5. The downhole device of claim 3 in which the
actuator comprises a hydraulic pisten.

N P

6. The downhole device of claim 3 in which the
actuator is biased to a first position by a spring, said
activating pressure condition moving said actuator to a

& W N

second, activated position.

7. The downhole device of claim 6 in which the
spring comprises a compressible fluid which is compressed in

[

w

a first chamber by said actuator.

8. The downhole device of claim 7 further
comprising an orifice for restricting a flow of said
compressible fluid from said first chamber to a second
chamber, enabling said respective activating pressure
condition to cause said actuator éo compress the fluid in
said first chamber.

A N o~ W NP

9. The downhole device of claim 8 further
comprising a third chamber and a floating piston disposed
between the second and third chambers, said floating piston
containing a one-way check valve constructed to enable flow
froﬁ said second chamber to said third chamber.

nm WP

10. The downhole device of claim 3 in which the
2 elements each comprises a ring and said actuator comprises a

[

3 ring gripper for moving the ring.

I
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33 Substitute sheet- 23 February 1998 3 of a pressure-activated tool.
1 20. The downhol e device of claim18 in which a said 2 valve is
constructed to delay opening for a predetermined 3 anmount of tinme after
the occurrence of said respective 4 activating pressure condition, the
delay tinme enabling inlet 5 pressure t3!s&ubstititeshestbe23 Edbrady 38 e
said valve 6 opens.

11. The downhole device of c¢laim 10 including a
lock housing having a first bore in which said ring is
resiliently radially compressed in a locking, unreleased

[V A S

condition.

12. The downhole device of claim 11 in which the
lock housing includes a second bore into which the ring is
movable to an unlocking, released position, said second bore

B W N P

being larger in diameter than said first bore.

13. The downhole device of claim 10 in which the
ring has a cam surface for engagement by said actuator.

s

1 ' 14. The downhole device of claim 13 in which the
gripper comprises a finger with a cam surface for engaging

w

the cam surface of said ring.

15. The downhole device of claim 14 in which the
gripper further comprises a lift surface for lifting any
previously released rings of the device to enable the
disengagement of an engaged ring from said cam surface of

n s W N P

said gripper.

16. A downhole device for performing a function in
a well, comprising

a lock housing having a relatively small bore and a
relatively large bore;

a port in hydraulic communication with a remote
hydraulic pressure source;

IR N R S VU S

a set of one or more displaceable c-rings

A R
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1 21. The downhol e device of claim20 in which said 2 valve
conprises a piston that forces a fluid through an 3 orifice to expose a

port to open said val ve. 1 22. The downhol e device of claim 21
in which said 2 delay tine is determned at |east in part by the size of
3 said-orifice. 1 23. A stri®g ocjubsiibute shaetpa?3 GehtuayydR@dol e

2 functions in a well conprising a nunber of functional 3 sections
arranged in a physical order within the string 4 along a string axis, at

oo e arag Bf zealtianal) 0ARi AR Mnpregs Sl O SoURIAES WidlaRsagl ! o5 Of
edl cat e o mechanl c ,
ass00i at ed® SAPHALGIqh, A3, PBid smpll Bore,  eArt Fing. RETiRM 4k e0aeRabLech

bei ng capabl eamfsurface;
11 a common hydraulic actuator having a finger with a
12 cam surface for engaging the cam surface of said ring and a
13 lift surface for lifting any previously released rings of
14 the device to enable the disengagement of an engaged ring
15 from said cam surface of said gripper, the actuator being
16 constructed and arranged to move said c-rings sequentially,
17 in response to a corresponding sequence of elevated
18 hydraulic pressure conditions, from said small bore to an
19 unlocking, released position in said large bore; and
20 a spring for biasing said actuator to a first
21 position, said actuator being responsive to an increase in
22 hydraulic pressure to advance to a second position to engage
23 a said ring, and to a decrease in hydraulic pressure to
24 return to said first position to move said engaged ring.

17. The downhole device of claim 1 in which said
series of hydro-mechanical locks comprises one or more
valves, each valve arranged to be openable to a released
condition in response to a said respective activating

(5 B - VU S

hydraulic pressure condition.

18. The downhole device of claim 17 in which a said
valve has an inlet to receive activating pressure cycles,
and an outlet blocked from said inlet until after a

B W N

respective activating pressure condition has occurred.

19. The downhole device of claim 18 in which the
2 outlet of said valve is hydraulically connected to an inlet

[y

N

A

-
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9 being released directly by a respective elevated hydraulic 10 activating
pressure condition, 11 the dedicated | ocks of said device being
constructed 12 and arranged for sequential operation such that a lock in 13
the series cannot be released until after the hydraulic 14 pressure
conditi-on required to rel ease any preced8ndgSulstitutensheet - 23 February 1998

34 Substitute sheet - 23 February 1998 15 the series has occurred.

3 of a pressure-activated tool.

20. The downhole device of claim 18 in which a said
valve is constructed to delay opening for a predetermined
amount of time after the occurrence of said respective
activating pressure condition, the delay time enabling inlet
pressure to said valve to be reduced before said valve

()N B -V A O

opens.

1 21. The downhole device of claim 20 in which said
2 valve comprises a piston that forces a fluid through an
3 orifice to expose a port to open said valve.

22. The downhole device of claim 21 in which said
delay time is determined at least in part by the size of
said orifice.

w

23. A string of tools for performing downhole
functions in a well comprising a number of functional
sections arranged in a physical order within the string
along a string axis, at least one of said sections having a
downhole device with a series of dedicated hydro-mechanical
locks that prevent occurrence of an associated said
function,

the hydro-mechanical locks each being capable of
being released directly by a respective elevated hydraulic
activating pressure condition,

W oW Ut W N

[
o

11 the dedicated locks of said device being constructed
12 and arranged for sequential operation such that a lock in

13 the series cannot be released until after the hydraulic

14 pressure condition required to release any preceding lock in

) R




1 24. The string of tools of claim23 in which at 2 | east three of
sai d sections each has a said device, the 3 string being arranged and
configured to performsaid 4 functions i'n an order other than the physical
order of said 5 sections along said axisg. 1 25. _The string_of
topls of claim23 in which said 2 sectiéﬁs %9@“58H%§?%%%@%3f@b§#§512998
activating pressure 3 conditions to be applied sinultaneously to all of
said 4 functional sections having said devices. 1 26. The string
of tools ofs citd Be23es Mmadhiodduarddfirst sai d device has at_Ieast one fewer
dedi cated hydro- 3 mechanical |ocks than a second said device, the
actuating 4 pressure conditions for releasing the |ocks of said first

1 24. The string of tools of claim 23 in which at
least three of said sections each has a said device, the
string being arranged and configufed to perform said

functions in an order other than the physical order of said

n ok WN

sections along said axis.

25. The string of tools of claim 23 in which said
sections are constructed to enable activating pressure
conditions to be applied simultaneously to all of said

s W N

functional sections having said devices.

26. The string of tools of claim 25 in which a
first said device has at least one fewer dedicated hydro-
mechanical locks than a second said device, the actuating
pressure conditions for releasing the locks of said first
and second devices being correlated such that pairs of locks
of said first and said second devices are simultaneously
released, resulting in all locks being released in said
first device while a lock remains unreleased in said second
device.

W W 1 W AW N

27. A downhole device for performing a function in
a well, comprising an actuator arranged to move along an
axis in response to an activating pressure condition, an
operator engageable by said actuator and arranged to cause
said function to be performed when moved, and at least one
lock element engageable by said actuator and disposed
axially, in a locking position, between said actuator and

S . N T R Y R CR

said operator, said actuator constructed and arranged to, in

{0 O 0T O

REPLACEMENT SHEET

24 FEB 1998




5 and second devices being correlated such that pairs of

| ocks 6 of said

first and said second devices are sinmultaneously 7 released, resulting in

al’l locks being released in said 8 first devi ce mhile a

| ock renai ns

unrel eased in said second 9 devi ce. A downhol e device for
perforning a function in 2 a well, conp355|$|'gﬁ>3iﬁutﬁt$hl%&w2&rﬁe§n'g%w 1998vove
along an 3 axis in response to an activating pressure condition, an 4
oper at or engageabl e by said actuator and arranged to cause 5 sai d function

to be perfgr r@agﬁgﬁsa 092 %17200.8L 1 4R35l BREsbulodorienBal efgageabl e by

sai d actuato

di sposed ax| , Inaloc 0Si ti, en said
actuat or a8d a@dsBpye %@%ﬂ&c Sld?r&e t%a?of‘%ot%‘gg Eséﬁﬁé%\ ed to,

11 subsequently, in response to a second said activating

12 pressure condition, to engage and move said operator to

13 cause said function to be performed.

1 28. The downhole device of c¢laim 27 in

which there

are more than one of said lock elements arranged in series

between said actuator and said operator.

29. The downhole device of c¢claim 27 in

which the

axial motion of said actuator is limited by said lock

element.

1 30. The downhole device of claim 29 in

which the

lock element comprises a ring and said actuator comprises a

ring gripper for moving the ring.

lock housing having a first bore in which said

- W B

condition.

32. The downhole device of claim 31 in

B W N B

being larger in diameter than said first bore.

33. The downhole device of claim 30 in

31. The downhole device of claim 30 including a

ring is

resiliently radially compressed in a locking, unreleased

which the

lock housing has a second bore into which the ring is
movable to an unlocking, released position, said second bore

which the

ring has a cam surface for engagement by said actuator.

ey
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35 Substitute sheet - 23 February 1998 9 response to a first activating
pressure condition, engage 10 and nove said | ock elenment to a non-I| ocking
pdsition, and 11 subsequently, in response to a second said activating 12
pressure condition, to engage and nove said operator to 13 cause said
functian to be performed. 1 2836 TSubsdidurehsheetded Cebuosary| 998 27
in which there 2 are nore than one of said |lock elenents arranged in series
3 between said actuator and sai d operator.

1 34. The downhole device of claim 33 in which the
2 gripper comprises a finger with a cam surface for engaging
3 the cam surface of said ring.

35. The downhole device of claim 34 in which the
gripper further comprises a 1lift formation for lifting
previously released rings to enable the disengagement of an
engaged ring from said cam surface of said gripper.

[ S

36. A method of performing a sequence of downhole
functions in a well, comprising

lowering a string of tools, the string having a
functional section associated with each function, at least
two of said sections each having a device with a series of
dedicated hydro-mechanical locks that prevent occurrence of
the function associated with the section,

the hydro-mechanical locks being capable of

W oe <Nl s W NP

being released directly by a respective elevated hydraulic

[
(=]

activating pressure condition,

[Wy
[y

. the dedicated locks of each said device being
constructed and arranged for sequential operation such that

[
[ S]

a lock in the series cannot be released until after the

=R
W

hydraulic pressure conditions required to release any

[
i

preceding locks in the series have occurred; and

fa
[+

applying a sequence of activating hydraulic pressure

[
3

conditions to the string, a given activating pressure

[
o

condition releasing an associated lock in predetermined

[
w

functional sections having unreleased locks, said functional

(4]
(=]

sections having said devices each performing its associated

[ ]
Py

function in response to an activating pressure condition

[ ]
N

occurring after all locks of said section have been

I




1 29. The downhol e device of claim27 in which the 2 axial notion
of said actuator is limted by said lock 3 el ement. 1 30. The
downhol e device of claim?29 in which the 2 | ock el ement Cﬁnprlses a rlng
and said actuator conprises a 3 rin ripper for nmoving the rin

31, The downhol e de\r/rlpce of claim 38 ?n%?uoﬁ'-!’@ﬂéu@ $flﬁ;ﬁl r&fehgaamviwa
first bore in which said ring is 3 resiliently radially conpressed in a

| ocki ng, unrel eased 4 condition.

23 released.

37. The method of claim 36 in which at least one of
said functional sections perforates the well in response to
an activating pressure condition occurring after all locks

R S

within said one of said sections have been released.

38. The method of claim 36 further comprising
maintaining the axial position of said string within the
well while applying said sequence of activating pressure
conditions to set a bridge plug at a first axial well
position, set a packer at a second axial well position, and
subsequently perforate the well between said first and
second axial well positions.

o v ok W

39. The method of claim 36 further comprising

maintaining the axial position of said string within
the well while sequentially performing functions associated
with at least three sections of said string, said sections
including an upper section, a lower section, and at least
one middle section, according to positions along an axis of
the string; and

performing said associated functions in an order

W 00 N tn ok W N

starting with the function associated with a said middle

(=
(=]

~section.

40. The method of claim 39 in which at least three
of said sections are operated by said sequence of activating
hydraulic pressure conditions to perforate upper, lower and

F oS B S T

middle well zones, said middle zone being perforated first.

-
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1 32. The downhol e device of claim31 in which the 2 | ock housing
has a second bore into which the ring is 3 novable to an unl ocki ng,

rel eased position, said second bore 4 being larger in dianeter than said
first bore. 1 33. The downhol e device of claim30 in which the 2
ring has a camsurface for engagenent b$8sabubstiuteashwet - 23 February 1998

36 Substitute sheet - 23 February 1998

41. The method of claim 36 further comprising
applying an elevated downhole test pressure, said test
pressure releasing an associated lock in each functional
section having unreleased locks without causing any said
functional section to perform its associated function.

42. A method of performing a downhole function in a
well, comprising

Ww o od o n kW

lowering a string comprising first and second tools
into the well, the first tool having a series of dedicated
11 hydro-mechanical locks that prevent arming of the second
12 tool, the hydro-mechanical locks being capable of being

Py
[=]

13 released directly by a respective elevated hydraulic

14 activating pressure condition, the locks being constructed
15 and arranged for sequential operation such that a lock in

16 the series cannot be released until after the hydraulic

17 pressure conditions required to release any preceding locks
18 in the series have occurred, the last released lock arranged
19 to arm the second tool when released, the second tool

20 constructed to, once armed, delay performing said function
21 for a predetermined amount of time after the occurrence of a
22 subsequent activating hydraulic pfessure condition;

23 applying a sequence of activating hydraulic pressure
24 conditions to the string to release associated locks in said
25 first tool and to arm said second tool; and

26 applying a subsequent activating hydraulic pressure
27 condition to activate said second tool.

28

1 ' 43. A string of tools for performing a downhole

function in a well, the string comprising a locking tool and
3 a ballistic tool connected to the locking tool,

2 4 FEB 1998




1 34.

said ring.

The downhol e device of claim33 in which the 2 gripper
conprises a finger wwth a cam surface for engaging 3 the cam surface of
1 35. The downhol e devi ce of clain134 in which the

gripper further conprises a lift formation for lifting EreV|ousI

re] eased rings to enabl e the di sengagen8fit bstitutess
cam surface of said gripper. 1 36. A nethod of performng a

2

Rebngaryr b998ai d

sequence of downhole 2 functions in a well, conprising 3 | oweri ng

a string ofy toots,

anBc

eﬁrﬁﬁ%ﬁ?? FEcRERY &Y qqﬂﬁ9§ P aF %

occurrence 6oftool, t ke flpukisi oapalsbocifabeding tdilddwedsditeonly by a

7
8
2

10.

11
12
13

17, O R R

s

W
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& W Ny

respective elevated hydraulic activating pressure condition,
the locks constructed and arranged for sequential operation
such that a lock in the series is not released until after
the hydraulic pressure conditions required to. release any
preceding locks in the series have occurred, the last
released lock arranged to arm the ballistic tool when
released. '

44. The string of tools of claim 43 in which the
ballistic tool is constructed to, once armed, delay
performing said function for a predetermined amount of time
after the occurrence of a subsequent activating hydraulic
pressure condition.

45. The string of tools of claim 44 in which said
predetermined amount of time is between about 1 and 20
minutes.

46. The string of tools of claim 43 in which said
series of hydro-mechanical locks comprises one or more
displaceable elements associated with a common hydraulic
actuator, the actuator constructed and arranged to displace
said one or more elements sequentially.

47. The string of tools of claim 43 in which the
last released lock is constructed to, upon release, expose
the ballistic tool to hydraulic pressure for receiving
subsequent activating hydraulic pressure conditions.

A O

e $bEXIKY %&i”ﬂaﬁngdf f‘é@%&éQ”@f &&ﬁ@a‘&@da@@fd-at ed

with each functjon, ?ajtd]![e St two, of said sectiqns e vi.n deV| ce
with a serired®
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8 t he hydro-nechani cal | ocks being capable of 9 being rel eased
directly by a respective elevated hydraulic 10 activating pressure
condition, 11 t he dedi cated | ocks of each said device being

12 constructed and arranged for sequential operation such that 13 a_ |ock
in the.series cannot be released until 4Pt ePubstitute)shegtdr 23 Febryaryst9@
conditions required to release any 15 preceding locks in the series have .
occurred; and 16 appl yi ng a sequence of activating hydraulic
pressure 17 conditions to the string, a given activating pressure 18

condition rel easing assQci d | ack in_ predetermne functional
sections havin unr e éasgggléégéig §§i§??g%c fiﬁ%% mgggqg%%éﬁﬁé?'%%$ing said
devi ces each hpddstitnterek soapsbseataddizplpgaablerald isédgonsmben and

activating sprasgerCpatiidtdr AdmBEEUrdHaNdadtt pe1édded aokx of said section
have been 4 constructed to, upon release, enable the displaceable
s ballistic member to be hydraulically displaced toward the

6 target ballistic member to arm the ballistic tool.

49. A ballistic tool for perform@ng a downhole
function in a well, the tool comprisingu'

first and second ballistic components for
transferring a detonation to fire the tool, said ballistic
components initially separated by a sufficient distance to
inhibit the detonation transfer, said first ballistic
component comprising a piston;

a lock arranged to retain said first ballistic

W O®m oW ! o N R

component in its initial position; and

o
o

a hydraulically activatable actuator adapted to
release the lock to enable said first ballistic component to
be moved toward said second ballistic component by hydraulic
pressure acting against said piston, to arm the tool.

o
W N e

50. The ballistic tool of claim 49 in which the
first ballistic component comprises a firing pin and a
length of detonator cord, the second ballistic component
comprising a trigger charge arranged to be ignited by the
detonator cord of the first ballistic component with the

A U R W N R

tool in an armed condition.

51. The ballistic tool of claim 50 in which the
2z first ballistic component further comprises a release piston

=Y

"
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37 Substitute sheet - 23 February 1998 23 rel eased. 1 37. The
met hod of claim36 in which at | east one of 2 said functional sections

perforates the well in response to 3 an activating pressure condition
occurring after all locks 4 within said one of said sections have been
rel eased. 1 38. The method of 4t sPuhssButeshersr- 23hebruarygl 298

mai ntai ning the axial position of said string within the

3 arranged to be moved by hydraulic pressure to release the

-8

firing pin.

1 52. The ballistic tool of claim 51 further
2 comprising a seal arranged to isolate the release piston
3 from hydraulic pressure with the tool in an unarmed
4 condition.

\
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3 well while applying said sequence of activating pressure 4 conditions to
set a bridge plug at a first axial well 5 position, set a packer at a
second axial well position, and 6 subsequently perforate the M$L| betﬁegn f
said first and 7 second axial well positjions. 1 e nmethod o
¢laim 36 further conprising 2 rra‘is'%t a?‘ﬂhﬁﬁﬁ”ieh%heﬁl a33 Febryarynl W8 sai d
string wwthin 3 the well while sequentially perform ng functions associ at ed
4 with.at |least three sections of said str|ng, said sections 5 including an
upper section, EVUSE ANT 'HODA IFOR S ; G OOWNH i
according to positions along an axis of 7 the string; and 8
perform ng said associated fupctions in an order 9 starting with the
function associated with a s ULe

A downhole device and method for performing a

function in a well. The device has a series of dedicated
hydro-mechanical locks that prevent occurrence of an
associated function. The hydro-mechanical locks are capable
of being released directly by a respective elevated
hydraulic activating pressure condition, and are constructed

and arranged for sequential operation, such that a
successive lock in the series cannot be released until after
the hydraulic pressure condition required to release the
preceding lock in the series has occurred. In a preferred
embodiment, an actuator sequentially releases each lock in a
series of locks, subsequently moving an operator to perform
a function. A preferred implementation employs a series of
resilient rings movable, sequentially,. from a locking to an
unlocking position, and a common actuator that effects these
movements. Multiple devices of this construction are
advantageously arranged in a string of tools to perform
functions in any preprogrammed order by pre-selecting the
number of locks in each device. In one embodiment, movement
of the operator arms an associated ballistic tool downhole.
Methods of performing sequences of downhole well functions
are also disclosed.

(F1G. 4)
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1. 40. The nmethod of claim39 in which at |east three 2 of said
sections are operated by said sequence of activating 3 hydraulic pressure
conditions to perforate upper, lower and 4 niddle well zones, said middle
zone being perforated first. 38
Substitute sheet - 23 February 1998 1 41. The nethod of claim
36 further conprising 2 applying an el evat Sdbstitutéhshestt €28 Febesaryr £998ai d
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3 pressure releasing an associated tock in each functional 4 section
havi ng unrel eased | ocks w thout causing any said 5 functional section to

performits associated function. 6 7 42. A nmethod of performng a
downhol e function in a 8 well, conprising 9 | owering a string
conprising first and second tools 10 into the well, the first tool having a

series of dedicated 11 hydro-nechani cal 3 ocRgbgtitate gheaten23 debruaryof998e
second 12 tool, the hydro-nmechanical |ocks being capable of being 13

rel eased directly by a respective elevated hydraulic 14 activating pressure
condition, the | ocks being constructed 15 and arranged for sequenti al
operation such that a lock in 16 the series cannot be rel eased until after
the hydraulic 17 pressure condition$#Qequired to f#61 ease any pr &4i ng

| ocks 18 in the series have ck®urr&d, the | ast révreased | ock ar47anged 19 to
arm the second tool Bhen rel t he sec ol 20 co ed to, once
arnmed, delay performngl saidffunc ioQ‘_6
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21 for a predeterm ned amount of time after the occurrence of a 22
subsequent activating hydraulic pressure condition; 23 applying a
séguence of activating hydraulic pressure 24 conditions to the string to
rel ease associated locks in said 25 first tool and to arm said second tool;
and 26 appl yi ng a subsequent activating hydraul i c pressure 27
condition to activate said second tool. 28 $ubstitute shget - A3dtetiruagryol 9880l s
for perform ng a downhole 2 function in a well, the string conprising a

| ocking tool and 3 a ballistic tool connected to the |ocking tool,
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39 Substitute sheet - 23 February 1998 4 t he | ocking tool having a
series of dedicated hydro- 5 nechanical |ocks arranged to prevent arm ng of
tie ballistic 6 tool, the | ocks capable of being released directly by a 7
respective el evated hydraulic activating pressure condition, 8 the |ocks

constructed and arranged for sequential operation 9 such that a lock in the
series is not released until after 10 tHe h§ubstifute sheetss@Bdebonany 1998

required to rel ease Elg pr '—ng-—i—eEks in the series have occurred, the
| ast 12 releg%ed rranged to e _ballistic tool when 13 rel eased.
T

1 44, g of tqolfé clt>y M3 "igy which the 2 ballistic too
IS constructed tq armed,] d rnﬁﬁa said function for a
predeterninﬁgaa tine 114
50—
56| %6
78—~ 62
60 —1i8
s 80
67— [ 12—
s FlG. 4
—dl !
N
68 -
70—¢ o l1z2—
1
\ 124 110p_| " 71 ez
126 bR :5 i I—io4
{ ' g2 0ol MM AESS
N M A 20
) e | 86 R s
: 3 ] 62 | [ B4
727 .324 62 (f §H — (78
~ ] INE 164
% - (g BvEes o
1091 144~ :E LN 166
~ 1 K 13
N , ~94 !2 ’i"?ﬁI? 182
4 Al
50—_]) 140 E:gs_ Gy
1 {45 ' P ‘\3 % 88
62 | 192~ o INNG
92— 106—Pi 1 ANNIA 54
. 5. -ZNNIA
lio 146Z NN
1 s j v ;\s s: B
_ ek YNNI
98.T 170 72 / \ \ g
108 ";65 ’\A{; 186
162~ L~ ! ";TTf‘f x
76— 110 | 1044 - =)
L. 1 REDLFLTVITHT SHEE

-
l 9 4 FFR 1298




4 after the occurrence of a subsequent activating hydraulic 5 pressure
condi ti on. 1 45. The string of tools of claim44 in which said 2
preedet er mi ned anmount of tinme is between about 1 and 20 3 m nutes. 1

46. The string of tools of claim43 in which said 2 series of

hydr o- mechani cal | ocks conprises one or nore 3 displaceabl e el enents
associated with a common hydraul i c 4 actluatSubstitute sheatat 23 Febnsanyut?28 and
arranged to displace 5 said one or -nore el enents sequentially. 1

47. The string of tools of claim43 in which the 2 |ast released lock is

constructed to, upon rel ease, expose
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3 the ballistic tool

4® Substitute sheet -
tools of claim43 in
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48.

The string of

conprises a displaceable

bal l'istic menber and 3 a target ballistic nmenber, the last rel eased |ock
4 constructed to, upon rel ease, enable tthe Bubsgtitateaheet - 23 February 1998
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5 ballistic nenber to be hydraulically displaced toward the 6 target

ballistic nenber to armthe ballistic tool. 1 49. A ballistic ~
tdol for perform ng a downhole 2 function in a well, the tool conprising
3 first and second ballistic conponents for 4 transferring a

dq}ohation to fire the tool, said ba||IStIC 5 conponents initial
separated by a sufficient distance to 67 |nﬁpbﬂdtuﬁﬁéhﬁéﬁDﬁﬁtﬁQhﬂU@Waﬂrgagr

said first ballistic 7 conponent conprising a piston; 8 a | ock
arranged to retain said first ballistic 9 conponent in its initial
position; and 10 a hydraulically activatable actuator adapted to
11 rel ease the | ock engble said first ballistic conponent to 12 be
noved toward said s allistic component by hydraulic 13 pressure
acting agai nst sai rston, to armthe tool.
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t he

second ballistic conponent 4 conprising a trigger charge arranged to be
of claim50

The ballistic tool

of claim49 in which the 2 first ballistic
51.

1

’

in an arned conditi on.

The ballistic tool
conponent conprises a firing pin and a 3 |l ength of detonator cord,

50.

in which the 2 first ballistic conponent8f uStlbsgtitutsspestse23 Fabeliays€998st on

ignited by the 5 detonator cord of the first ballistic conmponent with the 6
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The

arranged to isolate
in an unarmned 4

52.

3 arranged to be noved by
1
9 Substitute sheet - 23 February 1998

23 February 1998

hydraul ic pressure to release the 4 firing pin

of claimb51 further 2 conprising a seal

the rel ease piston 3 fromhydraulic pressure with the too

cendition.
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‘This invention relates generally to the field of
performing downhole functions in a well, and is particularly

applicable to downhole well completion tools.

In completing a product recovery well, such as in
the 0il and gas industry, several downhole tasks or
funetions must generally be performed with tools lowered
through the well pipe or casing. These tools may include,
depending on the required tasks to be performed, perforating
guns that ballistically produce holes in the well pipe wall
to enable access to a target formation, bridge plug tools
that install sealing plugs at a desired depth within the
pipe, packer-setting tools that create a temporary seal
about the tool and valves that are opened or closed.

Sometimes these tools are electrically operated and
are lowered on a wireline, configured as a string of tools.
"ilternatively. the tools are tubing-conveyed, e.g. lowered
into the well bore on the end of multiple joints of tubing
or a long metal tube or pipe from a coil, and activated by
pressurizing the interior of the.tubing. Sometimes the

"tools are lowered on cables and activated by pressurizing

the interior of the well pipe or casing. Other systems have
also been employed. -

Typically, ballistic tools are not "armed" (i.e.,
not yet configured to fire upon receipt of a hydraulic or
electric stimulus) until just before being placed in the
well, in order to avoid accidental firings at surface. Once
armed, very high safety standards must be maintained to
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