
18 AUGUST 2006  DEEP SET SAFETY VALVE BACKGROUND  The present invention
relates generally to operations performed and  equipment utilized in
conjunction with a subterranean well and, in an embodiment  described
herein, more particularly provides a deep set safety valve. It is sometimes
desirable to set a safety valve relatively deep in a well. For  example, a
safety valve may be set at a depth of approximately 10,000 ft. However,
operating a safety valve at such depths presents a variety of problems which
tend to  require expensive measures to overcome. For example, a typical
safety valve is operated by displacing a piston of the  safety valve in
response to a differential between pressure in a control line connected  to
the safety valve and pressure in a tubing string in which the safety valve
is  interconnected. In such situations, the control line is generally
designed to  withstand a pressure in excess of the greatest pressure
predicted in the tubing string,  plus a pressure needed to compress a
biasing device, such as a spring. This usually  requires a relatively high
pressure rating for the control line, which significantly  increases the
cost of the safety valve installation, particularly in subsea environments
where the control line may extend for many thousands of feet along the
seabed. Another problem associated with use of this type of deep set safety
valve is the  presence of a dynamic seal between portions of the valve at
control line pressure and  portions of the valve at tubing string internal
pressure. A leak past the dynamic seal  could possibly permit well fluids
(such as liquid hydrocarbons or gas) in the tubing  string to enter the
control line. 1 8 AUGUST 2006  -2 One proposed solution is to use a second
control line to balance the pressure  



in the other control line. In this type of safety valve, the piston
displaces in response  to a differential between pressures in the two
control lines. This significantly  eliminates the consideration of tubing
string internal pressure in calculating the  required pressure rating of the
control line for normal operation of the valve.  However, this method
requires the installation of two control lines, which is very  costly. This
type of safety valve also typically has one or more dynamic seals isolating
the tubing string internal pressure from portions of the safety valve at
control line  pressure. Thus, the control lines are generally required to
withstand the tubing  string internal pressure for safety reasons, in case a
leak past one of the dynamic  seals occurs. Another proposed solution is to
use a safety valve which includes a gas  chamber charged to a predetermined
pressure. The piston of the safety valve  displaces in response to a
differential between control line pressure and the gas  chamber pressure.
This method also substantially eliminates the consideration of  tubing
string internal pressure in the control line pressure rating for normal
operation of the valve, but this type of safety valve also uses dynamic
seals to  separate portions of the valve at tubing string internal pressure
from portions at  control line pressure and/or gas chamber pressure. SUMMARY
In carrying out the principles of the present invention, in accordance with
embodiments thereof, apparatus and methods are provided which solve one or
more 18 AUGUST 2006  3 of the above problems in the art of deep set safety
valve operation and installation.  Principles of the present invention are
also applicable to other types of well tools  which are actuated downhole. 



In one aspect of the invention, an improved safety valve is provided. The
safety  valve includes a piston, an operating member and a magnetic
coupling. The piston  displaces in response to a differential between
pressure in a hydraulic line  connected to the safety valve, and pressure in
an annulus surrounding the safety  valve. The operating member displaces to
open and close the safety valve. The  magnetic coupling translates piston
displacement into operating member  displacement to thereby actuate the
safety valve. In another aspect of the invention, a method of actuating a
safety valve is  provided. The method includes the steps of displacing a
piston of the safety valve  in response to a differential between pressure
in a hydraulic line connected to the  safety valve and pressure in an
annulus surrounding the safety valve, translating  displacement of the
piston to displacement of an operating member, the translation  being
performed across a rigid pressure isolation barrier without the use of any
dynamic seal, and actuating the safety valve between open and closed
positions in  response to displacement of the operating member. In yet
another aspect of the invention, a well tool is provided which includes an
actuator and an operating member. The actuator includes a piston which
displaces  in response to a first pressure applied to the piston. The
operating member has a  second pressure applied thereto and displaces to
operate the well tool. Displacement of the piston is translated into
displacement of the operating  member while the first and second pressures
are isolated from each other, and  without the use of any dynamic seal
between the piston and the operating member. 18 AUGUST 2006  4 In a further
aspect of the invention, a method of actuating a well tool in a well is
provided. The method includes the steps of displacing an actuator member of
the  well tool, translating displacement of the actuator member to
displacement of an  



operating member by use of a magnetic coupling therebetween, and actuating
the  well tool in response to displacement of the operating member. In a
still further aspect of the invention, a well tool is provided which
includes an  actuator, first and second magnets, and a pressure barrier
between the first and  second magnets. The first magnet is attached to the
actuator and is positioned in a first portion of  the well tool at a first
pressure. The actuator displaces the first magnet. The second  magnet is
attached to an operating member and is positioned in a second portion  of
the well tool at a second pressure. The pressure barrier isolates the first
and  second pressures. The well tool is operated in response to displacement
of the operating member.  Displacement of the first magnet on a first side
of the barrier causes displacement  of the second magnet on a second side of
the barrier, thereby displacing the  operating member and actuating the well
tool. These and other features, advantages, benefits and objects of the
present invention  will become apparent to one of ordinary skill in the art
upon careful consideration  of the detailed description of representative
embodiments of the invention below  and the accompanying drawings. 18 AUGUST
2006  -5 BRIEF DESCRIPTION OF THE DRAWINGS  Reference is now made to the
accompanying drawings in which FIG. I is a partially cross-sectional view of
an embodiment of a method  according to the present invention; FIGS. 2A-E
are enlarged scale quarter-sectional views of successive axial  sections of
an embodiment of a safety valve according to the invention; FIGS. 3A & B are
quarter -sectional views of a first alternative construction of  



the safety valve of FIG. 2; FIG. 4 is a quarter -sectional view of a second
alternative construction of the  safety valve of FIG. 2; FIG. 5 is a
partially cross-sectional view of an embodiment of a packer and  method of
actuation according to the invention; FIG. 6 is a partially cross-sectional
view of a sliding sleeve valve and method  of actuation embodying principles
of the invention; FIG, 7 is a partially cross-sectional view of a choke and
method of actuation  embodying principles of the invention; FIG. 8 is a
partially cross-sectional view of a perforating apparatus and  method of
actuation embodying principles of the invention; FIG. 9 is an enlarged
cross-sectional view of a magnetic coupling embodying  principles of the
invention; and FIG. 10 is an enlarged cross-sectional view of another
magnetic coupling  embodying principles of the invention. DETAILED
DESCRIPTION Representatively illustrated in FIG. I is a method 10 which
embodies  principles of the present invention. In the following description
of the method 10 18 AUGUST 2006  -6 and other apparatus and methods
described herein, directional terms, such as  "above", "below", "upper",
"lower", etc., are used only for convenience in referring to  the
accompanying drawings. Additionally, it is to be understood that the various
embodiments of the present invention described herein may be utilized in
various  orientations, such as inclined, inverted, horizontal, vertical,
etc., and in various  configurations, without departing from the principles
of the present invention. In the method 10a safety valve 12 is
interconnected in a tubing string 14 and  



is positioned relatively deep in a subsea well 16. A control line 18 extends
into the  well 16 and is connected to the safety valve 12. The control line
18 is used to actuate  the safety valve 12, for example, to maintain the
safety valve in an open position, and  to close the safety valve to prevent
a blowout in the event of an emergency. The well 16 is depicted in FIG. 1 as
a subsea well, but principles of the  invention may be incorporated in
methods used at land-based wells also. Thus, the  invention is not limited
to any particular type of well. In this example, the control line 18 is a
hydraulic control line. Pressure is  applied to the control line 18 at a
remote location, such as a production platform or a  subsea control station,
to maintain the safety valve 12 in its open position. To close  the safety
valve 12, pressure in the control line 18 is reduced. It should be
understood, however, that other means may be used to control  actuation of
the safety valve 12, in keeping with the principles of the invention. For
example, the safety valve 12 could be electrically actuated, in which case
the control  line 18 could be one or more electrical or fiber optic lines.
The safety valve 12 could  be actuated using telemetry, such as mud pulse,
acoustic, electromagnetic, seismic or IS AUGUST 2006  -7 any other type of
telemetry. The safety valve 12 could be actuated using any type of  surface
or downhole power source. In addition, it should be understood that the deep
set safety valve 12 is used in  the method io merely as an example of a type
of well tool which may be actuated  using the principles of the invention.
Further examples are depicted in FIGS. 5-8  and are described below. Many
other embodiments are possible. In conventional practice, an umbilical for a
subsea well includes two control  lines. One is rated to withstand a
relatively low hydraulic pressure (for example,  3,000 psi), and the other
is rated to withstand a relatively high hydraulic pressure  



(for example, 10,000psi). If a deep set safety valve may use a control line
in such a  standard umbilical, then there is no need to install a special,
expensive, very high  pressure rated control line. Therefore, it is
beneficial to be able to reduce the  pressure applied to the control line 18
to actuate the safety valve 12 in the method lo. Although the control line
18 is depicted in FIG. 1 as being external to the  tubing string 14, it will
be readily appreciated that any hydraulic line may be used to  convey
actuation pressure to the safety valve 12. For example, the hydraulic line
could be internal to the tubing string 14, or formed in a sidewall of the
tubing string.  The hydraulic line could extend from a remote location, such
as the earth's surface,  or another location in the well 16, etc., or the
actuation pressure could be generated  by a pump or other pressure
generation device attached to the safety valve 12. Referring additionally
now to FIGS. 2A-E, the safety valve 12 is depicted in  successive
quarter-sectional views. The safety valve 12 is used in the method 10 as
described above, but it is to be understood that the safety valve, as well
as other well 18 AUGUST 2006  -8 tools described herein, may be used in
other methods in keeping with the principles  of the invention. The safety
valve 12 has an outer housing assembly 22 with upper and lower  connectors
24, 26 for interconnecting the safety valve 12 in the tubing string 14. A
control line port 28 is provided for connecting the control line 18 to the
safety valve  12. Although the port 28 is plugged as shown in FIG. 2A, when
the control line 18  is connected to the port, the control line is placed in
communication with an internal  chamber 3o above a rod piston 32. Although a
single rod piston 32 is depicted in  FIG. 2B, it should be understood that
any type and any number of pistons may be  used, such as multiple rod
pistons, or an annular piston, etc. 



The lower side of the piston 32 is in communication with another chamber 34.
The chamber 34 is in communication via an opening 36 with an annulus 38
surrounding the tubing string 14 in the well 16. Thus, the piston 32 is
responsive to a  differential between pressure in the control line 18 and
pressure in the annulus 38. A spring 40 in the lower chamber 34 biases the
piston 32 upwardly. When the  differential between control line pressure and
annulus pressure acting on the piston  32 exceeds the upwardly biasing force
of the spring 40, the piston 32 displaces  downwardly. When the upwardly
biasing force of the spring 4o exceeds the force due  to the pressure
differential acting on the piston 32, the piston displaces upwardly. The
spring 4o depicted in FIGS. 2C & D is a coiled compression spring, but  any
type of biasing device may be used instead, or in addition. For example, a
compressed gas, such as Nitrogen, may be used in place of the spring 40. if
a 18 AUGUST 2006  -9 compressed gas is used, it may be contained in the
chamber 34, in which case the  lower side of the piston 32 may be exposed
directly to the compressed gas, and the  opening 36 may not be provided, so
that the chamber 34 is isolated from pressure in  the annulus 38.
Alternatively, the compressed gas may be contained in a separate  chamber,
in which case pressure in the annulus 38 may still act on the piston 32. The
safety valve 12 is of the type which uses a flapper 42 to selectively open
and close a flow passage 44 extending axially through the safety valve. The
flapper is  shown in its open position in FIGS. 2D & E, and is shown in its
closed position in  dashed lines in FIG. 2D. A torsion spring 46 biases the
flapper 42 to Pivot to its  closed position. . A tubular opening prong 48 is
used to displace the flapper 42 between its open  and closed positions, and
to protect the seal surfaces from damage. As depicted in  the drawings, the
opening prong is in its downward position in which it has displaced  



the flapper 42 to its open position. Upward displacement of the opening
prong 48  will permit the flapper to rotate to its closed position. A spring
5o is provided to bias the opening prong 48 toward its upward  position.
However, since the position of the opening prong 48 is fixed to the position
of the piston 32, as described in detail below, use of the spring 50 is not
necessary. Although the safety valve 12 is depicted as being a flapper-type
safety valve,  note that any type of safety valve may be constructed to
embody principles of the  invention. For example, the safety valve 12 could
instead be a ball-type safety valve,  or a sleeve-type safety valve, etc. 18
AUGUST 2006  -10 The position of the opening prong 48 with respect to the
piston 32 is fixed by  means of a magnetic coupling 52. The magnetic
coupling 52 includes a series of  annular permanent magnets 54 attached to
the opening prong 48, and a second set  of annular permanent magnets 56
attached to the piston 32. Although the magnets  54 are depicted as being
exposed to the inner passage 44 and the magnets 56 are  depicted as being
exposed to the chamber 34, the magnets may be suitably isolated  with
appropriate packaging in actual practice. The magnets 54, 56 are preferably
constructed and arranged so that their  poles are appropriately aligned to
maximize the magnetic attraction therebetween.  Any number of magnets 54, 56
may be used to generate a sufficient magnetic  attraction, so that, as the
piston 32 and magnets 56 displace upwardly and  downwardly, the magnets 54
and opening prong 48 displace therewith. As used herein, the term "magnet"
indicates those materials and devices which  are used to generate a magnetic
field. Magnets include materials such as permanent  and temporary magnetic
materials. Magnets also include devices, such as  electromagnets, used to
generate magnetic fields. 



instead of using two stacks of annular magnets 54, 56, the magnetic coupling
52 could include other types of magnetic devices. For example, the magnet 56
could  be an electromagnet. The magnet 54 could be a ferrous material which
is induced to  displace in response to the magnetic field generated by the
electromagnet. Any combination of magnets and/or magnetically reactive
materials or devices  may be used for each of the magnets 54, 56. Thus, any
types of magnetic devices may  be used in the magnetic coupling 52 in
keeping with the principles of the invention. IS AUGUST 2006  Further
examples of magnetic couplings which may be used in the safety valve 12 or
any other type of well tools are illustrated in FIGS. 9 & lo. The opening
prong 48 is an example of an operating member which may be  displaced to
actuate a well tool, such as the safety valve 12. Other types of operating
members, such as sliding sleeves, setting mandrels, etc. may be displaced by
use of  the magnetic coupling 52 in keeping with the principles of the
invention. As depicted in FIGS. 2A-E, hydraulic pressure in the control line
18 has been  increased to apply a sufficient differential pressure across
the piston 32 to displace  the piston downwardly against the force exerted
by the spring 40. As the piston 32  displaces downward, the magnets 56
displace downward as well, causing the  magnets 54 to displace downward,
thereby also displacing the opening prong 48  downward and opening the
flapper 42. Note that the differential pressure used to displace the piston
32 is between  pressure in the control line 18 and pressure in the annulus
38. Pressure in the tubing  string 14 does not act on the piston 32.
Therefore, pressure fluctuations in the tubing  string 14 do not have to be
considered in the pressure rating of the control line 18. Annulus pressure
is readily controllable. And, since the differential pressure  across the
piston 32 mainly has to overcome only the biasing force of the spring 40 to
displace the piston downward, the pressure rating of the control line 18 may
be less  



than that needed for other conventional deep set safety valves. For example
with  some conventional safety valves, in the event gas is produced, the
spring must supply  sufficient force to displace the piston and opening
prong upward, pushing the fluid in 18 AUGUST 2006  -12 the control line
upward against its hydrostatic pressure, with relatively low pressure  in
the tubing string to assist. In the safety valve 12, the spring 40 is able
to more easily displace the piston  32 upward against the force produced by
the differential between control line  pressure and pressure in the annulus
38. This annulus pressure is available and  substantially constant
throughout the use of the safety valve 12 in the well 16, and so  the spring
V does not have to be designed to work without its assistance. Thus, the
pressure applied to the control line 18 to actuate the safety valve 12 may
be  significantly less than that used to actuate a conventional deep set
safety valve. Furthermore, note that the opening prong 48 is
pressure-balanced and is  pressure isolated from the chambers 30, 34
containing the pressures used to actuate  the safety valve 12. As used
herein, the term "pressure-balanced" is used to indicate  that the fluid
pressures acting on a member or assembly produces no net biasing  force.
Some conventional safety valves use dynamic seals to provide pressure
isolation between pressure in the tubing string and, for example, pressure
in the  control line. However, it is well known that dynamic seals are
generally more  susceptible to leakage than static seals or rigid barriers,
and so it is desirable to  reduce or eliminate dynamic seals in a safety
valve. As -used herein, the term "dynamic seal" is used to indicate seals
which  provide pressure isolation between members which have relative
displacement  therebetween, for example, a seal which seals against a
displacing surface, or a seal  carried on one member and sealing against the
other member, etc. A dynamic seal  



may be elastomeric or resilient, nonelastomeric, metal, composite, rubber,
or made 18 AUGUST 2006  -13 of any other material. A dynamic seal may be
attached to each of the relatively  displacing members, such as a bellows or
a flexible membrane. A dynamic seal may  be attached to neither of the
relatively displacing members, such as a floating piston. In the safety
valve 12, a rigid tubular barrier 58 separates the flow passage 44  from the
chambers 30, 34. No dynamic seal is used between the opening prong 48  and
the piston 32. That is, displacement of the piston 32 is translated into
displacement of the opening prong 48, with no dynamic seal being used
therebetween. Instead, the magnetic coupling 52 permits translation of the
piston 32  displacement to the opening prong 48 across the barrier 58, with
complete pressure  isolation therebetween, and without any dynamic seals.
The piston 32 does include dynamic seals 6o, 62, but the differential
pressure  across these seals is relatively low, as described above. The
seals 6o, 62 must only  seal against a pressure differential between the
control line 18 and the annulus 38.  The hydrostatic pressure in the control
line 18 and in the annulus 38 will in most  circumstances be approximately
equal, and so only a relatively small amount of  pressure will be applied to
the control line to actuate the safety valve 12. Referring additionally now
to FIGS. 3A & B, an alternate construction of the  safety valve 12 is
representatively illustrated. in this alternate construction, the  chamber
34 is in communication with the internal flow passage 44, instead of the
annulus 38. FIG. 3A is substantially similar to FIG. 2B, except that an
opening 64  provides communication between the flow passage 44 and the
chamber 34. FIG. 3B  is substantially similar to FIG. 21), except that there
is no opening 36 providing  communication between the annulus 38 and the
chamber 34. 18 AUGUST 2006  



-14 Thus, the piston 32 in the alternate construction of the safety valve 12
depicted  in FIGS. 3A & B displaces in response to a differential between
pressure in the  control line 18 and pressure in the passage 44. This
demonstrates use of the  principles of the invention in a safety valve which
is actuated differently from the  embodiment shown in FIGS. 2A-E. Note that
the safety valve 12 as depicted in FIGS.  3A & B still has no dynamic seals
between the piston 32 and the opening prong 48. Referring additionally now
to FIG. 4, another alternate construction of the  safety valve 12 is
representatively illustrated. FIG. 4 is substantially similar to FIG.  2B,
except that a port 66 is provided through the outer housing 22 for
connection of a  second control line thereto (such as another control line
18). in this alternate  construction, the chamber 34 is in communication
with the second control line 18,  and the chamber is isolated from the
annulus 38 (as depicted in FIG. 3B). Thus, the piston 32 in the embodiment
of the safety valve 12 shown in FIG. 4  displaces in response to a
differential between the pressures in the two control lines  18. The
pressure differential between the control lines 18 is increased or decreased
to  displace the piston 32. Note that no dynamic seals are used between the
piston 32  and the opening prong 48, and a relatively low pressure
differential may be used to  overcome the biasing force of the spring 40, as
in the embodiment depicted in FIGS.  2A-E. The embodiments of the safety
valve 12 shown in FIGS. 2A-E, FIGS. 3A & B  and FIG. 4 demonstrate that
principles of the invention may be incorporated into any  type of safety
valve. These principles may also be incorporated into other types of  well
tools. Representatively illustrated in FIGS. 5-8 are a packer 70, a sliding
sleeve 18 AUGUST 2006  -15 valve 8o, an interval control valve or choke go
and a perforating apparatus loo.  



However, it should be understood that these are merely given as examples,
and any  type of well tool may incorporate principles of the invention. In
the packer 7o, depicted in FIG. 5, a magnetic coupling 72 is used to
translate  displacement from a hydraulic actuator 74 to a setting mandrel 76
used to set the  packer (i.e., outwardly extend sealing elements and/or
anchoring slips of the packer).  The actuator 74 may be similar to the
piston 32 and chambers 30, 34 used in the  safety valve 12, in which the
piston displaces in response to pressure in a control line  78 connected to
the actuator, although another type of actuator may be used instead.  Note
that there are no dynamic seals between the actuator 74 and the setting
mandrel 76. in the sliding sleeve valve 8o depicted in FIG. 6, a magnetic
coupling 82 is  used to translate displacement from a hydraulic actuator 84
to a sliding sleeve 86.  Displacement of the sliding sleeve 86 is used to
selectively permit and prevent flow  through openings 88 formed laterally
through the valve 8o. The sleeve 86 is  pressure-balanced, and no dynamic
seal is used between the sleeve and the hydraulic  actuator 84. in the choke
go depicted in FIG. 7, a magnetic coupling 92 is used to translate
displacement between an electrical actuator 94 and a choke sleeve 96. As the
choke  sleeve 96 is progressively raised or lowered, flow through openings
98 is  progressively increased or decreased, to thereby regulate flow
between a tubing  string and a production or injection zone. The electrical
actuator 94 may include a  communications module 102 to provide
communication with an electrical line 104, 18 AUGUST 2006  -16 an electric
motor 106, a freewheeling clutch 1o8, and a ball-screw 11o to convert  motor
rotation into linear displacement. The actuator 94 displaces one or more
magnetic devices of the magnetic coupling 92, and other magnetic devices
attached  



to the choke sleeve 96 displace therewith, thereby displacing the choke
sleeve and  regulating flow through the choke go. of course, in place of the
electric line 104, telemetry may be used for  communication between the
choke go and a remote location. In addition, a  downhole power source, such
as a battery or a downhole power generator, may be  used to provide power to
the actuator 94. Power to operate the actuator 94 may also  be incorporated
into a telemetry system, such as electromagnetic telemetry or  pressure
pulse telemetry. The perforating apparatus 100 depicted in FIG. 8 uses a
magnetic coupling 112  to translate rotation from an electrical actuator 114
to a mandrel n6 attached to a  perforating gun assembly 118. The apparatus
loo may be used to rotationally orient  the gun assembly 118 in a well, so
that it shoots in a desired direction. A  communication module 120 provides
for communication between an electric line 122  and a motor 124. Note that
the mandrel 116 may be pressure balanced, with no dynamic seals  between it
and the actuator 114, so that bearings 126 used to rotationally connect the
gun assembly 118 to the apparatus loo only support the weight of the gun
assembly,  and do not need to resist any force due to a pressure
differential between the actuator  and the mandrel. IS AUGUST 2006  -17 Each
of the motors 1o6, 124 described above is an electric motor, but it should
be understood that any type of motor may be used to displace an actuator
member in  keeping with the principles of the invention. For example,
hydraulic, pneumatic, fuel  cell, chemical, linear, rotary, and other types
of motors may be used. Referring additionally now to FIG. 9, a magnetic
coupling 130 for a well tool  embodying principles of the invention is
representatively illustrated. The magnetic  



coupling 130 includes an outer annular shaped magnetic device 132 coupled to
an  inner annular shaped magnetic device 134. Pressure exposed to the outer
magnetic  device 132 is isolated from pressure exposed to the inner magnetic
device 134 by a  rigid pressure isolation barrier 136. Each of the outer and
inner magnetic devices 132, 134 includes a stack of  alternating layers of
magnets 138 and magnetically reactive material layers 140. In  each of the
magnetic devices 132, 134, polarities of the magnets 138 are axially
aligned, but are reversed between alternating magnets in each stack, so that
the same  magnet polarity faces each side of each of the layers 140. Thus,
each of the layers 140  has induced in it a magnetic polarity opposite to
that of adjacent layers 140 in the  same stack. in addition, each of the
layers 14o has induced in it a magnetic polarity  opposite to that of the
layer 140 on the opposite side of the barrier 136. In this  manner, the
magnetic devices 132, 134 are magnetically attracted to each other.
Displacement of the magnetic device 132 will be translated into displacement
of the  magnetic device 134 across the barrier 136. 18 AUGUST 2006  - 18
Furthermore, the opposing polarities of adjacent layers 140 in the opposing
stacks operate to prevent relative displacement between the magnetic devices
132,  134 with the additional force of magnetic repulsion between the same
polarities in  the stacks. For example, the positive polarity layers 140 in
the outer magnetic device  132 are repelled from displacing toward the
positive polarity layers 140 in the inner  magnetic device 134. Therefore, a
magnetic pattern in the outer magnetic device 132,  and a magnetic pattern
in the inner magnetic device 134 may be used to prevent  relative
displacement between the devices, by magnetic attraction or by magnetic
repulsion between the magnetic patterns. 



Referring additionally now to FIG. io, another magnetic coupling 150 which
may be used in a well tool embodying principles of the invention is
representatively  illustrated. The magnetic coupling 15o demonstrates other
methods which may be  used to create magnetic patterns in magnetic devices
152, 154 separated by a  pressure barrier 156. However, it should be
understood that, as with other well tools  12, 20, 70, 8o, 86, ioo described
herein, it is not necessary for a pressure barrier to  separate magnetic
devices of a magnetic coupling in keeping with the principles of  the
invention. In the magnetic coupling 150, magnetic polarities and spacings
and sequences  between these polarities are used to create the magnetic
patterns which translate  displacement of the outer magnetic device 152 to
displacement of the inner magnetic  device 154, without relative
displacement between the magnetic devices. The outer magnetic device 152
includes annular shaped magnets 158 having  radially aligned magnetic
polarities, positive in the radially inward direction, and 18 AUGUST 2006
-19 negative in the radially outward direction. These magnets 158 are
axially aligned  with magnets 16o in the inner magnetic device 154, which
also have radially aligned  magnetic polarities, but oppositely directed
(negative in the radially inward  direction, and positive in the radially
outward direction). Thus, the magnets 158, 16o  attract each other. The
outer magnetic device 152 further includes annular shaped magnets 162
having radially aligned magnetic polarities, negative in the radially inward
direction,  and positive in the radially outward direction. The magnets 162
are axially aligned  with magnets 164 in the inner magnetic device 154,
which also have radially aligned  magnetic polarities, but oppositely
directed (positive in the radially inward direction,  and negative in the
radially outward direction). Thus, the magnets 162, 164 attract  



each other. The magnets 158, 16o, 162, 164 are spaced apart in the
respective outer and  inner magnetic devices 152, 154 by spacers 166. The
spacers 166 are preferably made  of a magnetically nonreactive material,
such as aluminum, composite material, etc.  In the magnetic coupling 150,
the spacers 166 may have any thickness, spacers in a  magnetic device may
have different thicknesses, and any combination of spacers may  be used to
space apart the magnets 158, 16o, 162, 164 to create any magnetic pattern.
The magnets 158, 162 in the outer magnetic device 152 are repelled by the
same polarity magnets 16o, 164 in the inner magnetic device 154.
Additionally, the  nonuniform magnetic pattern created by the magnets 158,
16o, 16 2, 164 and spacers  166 prevent misalignment of the magnetic devices
152,154. Preferably, the magnetic  pattern is constructed so that the
magnetic attraction and magnetic repulsion 18 AUGUST 2006  -20 between the
magnets 158, 16o, 162, 164 acts to prevent relative displacement
therebetween. Of course, a person skilled in the art would, upon a careful
consideration of  the above description of representative embodiments of the
invention, readily  appreciate that many modifications, additions,
substitutions, deletions, and other  changes may be made to these specific
embodiments, and such changes are  contemplated by the principles of the
present invention. Accordingly, the foregoing  detailed description is to be
clearly understood as being given by way of illustration  and example only,
the spirit and scope of the present invention being limited solely  by the
appended claims and their equivalents. 18 AUGUST 2006  -21 Claims  



1. A well tool, comprising: an actuator including a piston which displaces
in  response to a first pressure applied to the piston; an operating member
which displaces to operate the  well tool, the operating member having a
second pressure  applied thereto; and a magnetic coupling including at least
one first  magnet attached to the piston and at least one second  magnet
attached to the operating member, displacement of the piston being
translated into  displacement of the operating member while the first and
second pressures are isolated from each other, without the  use of any
dynamic seal isolating the first pressure from  the second pressure. 2. The
well tool according to claim 1, wherein each of  the first and second
magnets is a permanent magnet. 3. A method of actuating a well tool in a
well, the  method comprising the steps of: displacing an actuator member of
the well tool, the  actuator member being exposed to a first pressure, and
the  well tool having a flow passage for flow of fluid  therethrough;
translating displacement of the acutator member to  displacement of an
operating member by use of a magnetic  coupling therebetween, the operating
member being exposed  to a second pressure, the first and second pressures
being  isolated from each other; and 



actuating the well tool in response to displacement of IS AUGUST 2006  -22
the operating member. 4. The method according to claim 3, wherein in the
translating step the magnetic coupling translates  displacement from the
actuator member to the operating  member across a rigid pressure isolation
barrier between  the first and second pressures. 5. The method according to
claim 3, wherein in the  translating step the first and second pressures are
isolated from each other without the use of any dynamic  seal therebetween.
6. The method according to claim 3, wherein the  displacing step the
actuator member is exposed to a third  pressure, the actuator member
displacing in response to a  differential between the first and third
pressures. 7. The method according to claim 6, wherein the  displacing step
the first and third pressures are each  isolated from the second pressure,
without the use of any  dynamic seal. 8. The method according to claim 6,
wherein in the  displacing step the first pressure is pressure in a first
line connected to the actuator, and the third pressure is  pressure in a
second line connected to the actuator. 9. The method according to claim 6,
wherein in the  displacing step the first pressure is pressure in a first  



line connected to the actuator, and the third pressure is  pressure in an
annulus surrounding the well tool. 18 AUGUST 2006  -23  10. The method
according to claim 6, wherein in the  displacing step the first pressure is
pressure in a first  lines connected to the actuator, and the third pressure
is  pressure in a chamber of compressed gas. 11. A well tool, comprising: a
flow passage for flow of fluid therethrough;  an actuator; at least one
first magnetic device positioned in a  first portion of the well tool at a
first pressure, and the  actuator displacing the first magnetic device; at
least one second magnetic device positioned in a  second portion of the well
tool at a second pressure, and  the well tool being operated in response to
displacement of  the operating member; and a pressure barrier isolating the
first and second  pressures, and displacement of the first magnetic device
on  a first side of the barrier causing displacement of the  second magnetic
device on a second side of the barrier. 12. The well tool according to claim
11, wherein the first  pressure is pressure in a line connected to the
actuator.  13, The well tool according to claim 11, wherein the  second
pressure is pressure in an internal flow passage  formed axially through the
well tool. 



14. The well tool according to claim 11, wherein the first  pressure is
pressure in an annulus surrounding the well  tool. 15. The well tool
according to claim 11, wherein the first 18 AUGUST 2006  -24  pressure is
pressure in a chamber containing compressed  gas. 16. The well tool
according to claim 11, wherein the well  tool is a safety valve. 17. The
well tool according to claim 16, wherein the  operating member is an opening
prong of the safety valve.  18. The well tool according to claim 11, wherein
the well  tool is sliding sleeve valve. 19. The well tool according to claim
16, wherein the  operating member is a sliding sleeve of the valve. 20. The
well tool according to claim 11, wherein the well  tool is a packer. 21. The
well tool according to claim 20, wherein the  operating member is a setting
mandrel of the packer. 22. The well tool according to claim 11, wherein the
actuator is a rotational actuator, and wherein rotation of  the first
magnetic device by the actuator causes by  corresponding rotation of the
second magnetic device and  operating member. 23. The well tool according to
claim 11, wherein the first  pressure is isolated from the second pressure
without use  



of any dynamic seal. 24. The well tool according to claim 11, wherein the
first 18 AUGUST 2006  -25 pressure is isolated from the second pressure
without use  of any dynamic seal. 25. The well tool according to claim 11,
wherein the  actuator displaces the first magnetic device in response to  a
pressure differential in the actuator. 26. The well tool according to claim
11, wherein the  actuator displaces the first magnetic device in response to
operation of a motor in the actuator. 27. The well tool according to claim
11, wherein the  actuator displaces the first magnetic device in response to
a differential between the first pressure and a third  pressure applied to
the actuator. 28 . The well tool according to claim 27, wherein the third
pressure is pressure in a line connected to the actuator.  29. The well tool
according to claim 28, wherein the first  pressure is pressure in an annulus
surrounding the well  tool. 30. The well tool according to claim 29, wherein
the  second pressure is pressure in a tubular string in which  the well tool
is interconnected. 31. The well tool according to claim 30, wherein the
tubular string pressure is isolated from the line pressure  and from the
annulus pressure, without use of any dynamic  



seal. 18 AUGUST 2006  -26  32. The well tool according to claim 11, wherein
the  actuator displaces the first magnetic device in response to  pressure
in a line connected to the actuator, the line  pressure being isolated from
the second pressure. 33. The well tool according to claim 32, wherein the
line  pressure is isolated from the second pressure without use  of any
dynamic seal. 34. The well tool according to claim 11, wherein the  actuator
displaces the first magnetic device in response to  a differential between
pressure in an annulus surrounding  the well tool and pressure in a line
connected to the  actuator. 35. The well tool according to claim 24, wherein
the line  pressure and the annulus pressure are isolated from the  second
pressure without use of any dynamic seal. 36. The well tool according to
claim 35, wherein the  second pressure is pressure in a tubing string in
which the  well tool is interconnected. 37. The well tool according to claim
35, wherein the first  pressure is the annulus pressure. 38. The well tool
according to claim 11, wherein the  operating member is a closure member of
a valve. 39. A well tool, comprising: a flow passage for flow of fluid
therethrough; 



an actuator for displacing an actuator member of the 18 AUGUST 2006  -27
well tool; an operating member which is displaced to operate the  well tool;
and a magnetic coupling between the actuator member and  the operating
member, the magnetic coupling including first  and second magnetic devices,
the first magnetic device  being connected to the actuator member, and the
second  magnetic device being connected to the operating member,  the first
and second magnetic devices being on opposite  sides of a pressure barrier.
40. A well tool, comprising: a flow passage for flow of fluid therethrough;
an actuator for displacing an actuator member of the  well tool; an
operating member which is displaced to operate the  well tool; and a
magnetic coupling between the actuator member and  the operating member, the
magnetic coupling including first  and second magnetic devices, the first
magnetic device  being connected to the actuator member; and the second
magnetic device being connected to the operating member,  the first and
second magnetic devices being pressure  isolated from each other without the
use of a dynamic seal.  41. A well tool, comprising: 



a flow passage for flow of fluid therethrough; an actuator for displacing an
actuator member of the  well tool; an operating member which is displaced to
operate the  well tool; and a magnetic coupling between the actuator member
and 18 AUGUST 2006  -28  the operating member, the magnetic coupling
including first  and second magnetic devices, the first magnetic device
being connected to the actuator member, and the second  magnetic device
being connected to the operating member,  the first magnetic device
including a first series of  magnets having polarities opposite to a second
series of  magnets in the second magnetic device, 42. A well tool,
comprising: a flow passage for flow of fluid therethrough; an actuator for
displacing an actuator member of the  well tool; and an operating member
which is displaced to operate the  well tool; and a magnetic coupling
between the actuator member and  the operating member, the magnetic coupling
including first  and second magnetic devices, the first magnetic device
being connected to the actuator member, and the second  magnetic device
being connected to the operating member,  each of the first and second
magnetic devices including  



magnets having axially aligned polarities. 43. A well tool, comprising: a
flow passage for flow of fluid therethrough; an actuator for displacing an
actuator member of the  well tool; an operating member which is displaced to
operate the  well tool; and a magnetic coupling between the actuator member
and  the operating member, the magnetic coupling including first  and second
magnetic devices, the first magnetic device  being connected to the actuator
member, and the second 18 AUGUST 2006  -29  magnetic device being connected
to the operating member,  each of the first and second magnetic devices
including  magnets having radially aligned polarities. 44. A well tool,
comprising: a flow passage for flow of fluid therethrough; an actuator for
displacing an actuator member of the  well tool; an operating member which
is displaced to operate the  well tool; and a magnetic coupling between the
actuator member and  the operating member, the magnetic coupling including
first  and second magnetic devices, the first magnetic device  being
connected to the actuator member, and the second  magnetic device being
connected to the operating member,  



each of the first and second magnetic devices including  magnets having
opposing polarity directions, so that the  magnets in each of the first and
second magnetic devices  are attracted to oppositely directed polarity
magnets in  the other first and second magnetic devices. 45. A well tool,
comprising: a flow passage for flow of fluid therethrough; an actuator for
displacing an actuator member of the  well tool; an operating member which
is displaced to operate the  well tool; and a magnetic coupling between the
actuator member and  the operating member, the magnetic coupling including
first  and second magnetic devices, the first magnetic device  being
connected to the actuator member, and the second  magnetic device being
connected to the operating member, 18 AUGUST 2006  - 30  each of the first
and second magnetic devices including  magnets having opposing polarity
directions, so that the  magnets in each of the first and second magnetic
devices  are repelled by similarly directed polarity magnets in the  other
of the first and second magnetic devices. 46. A well tool, comprising: a
flow passage for flow of fluid therethrough; an actuator for displacing an
actuator member of the  well tool; 



an operating member which is displaced to operate the  well tool; and a
magnetic coupling between the actuator member and  the operating member, the
magnetic coupling including first  and second magnetic devices, the first
magnetic device  connected to the actuator member, and the second magnetic
device being connected to the operating member, each of the  first and
second magnetic devices having a magnetic  pattern, the magnetic patterns
preventing relative  displacement between the first and second magnetic
devices.  47. The well tool according to claim 46, wherein the  magnetic
patterns are produced by varied spacings between  magnets in the first and
second magnetic devices. 48. The well tool according to claim 46, wherein
the  magnetic patterns are produced by varied polarity sequences  between
magnets in the first and second magnetic devices. 49 . The well tool
according to claim 48, wherein the  varied polarity sequences include
alternating magnet  polarities in the first and second magnetic devices. 18
AUGUST 2006  -31 50. A method of completing a well, the method comprising
steps of: positioning a well tool in the well; displacing an actuator member
of the well tool; and  translating displacement of the actuator member to
displacement of an operating member of the well tool, the  



translation being performed across a pressure isolation  barrier without use
of any dynamic seal, and the  translating step being performed using a
magnetic coupling  between the actuator member and the operating member. 51.
A method of completing a well, the method comprising  the steps of:
positioning a well tool in the well;  displacing an actuator member of the
well; and  translating displacement of the actuator member to displacement
of an operating member of the well tool, the  translation being performed
across a pressure isolation  barrier without use of any dynamic seal, and
the  translating step further comprising displacing a first  magnetic device
operatively associated with the actuator  member to thereby cause
displacement of a second magnetic  device operatively associated with the
operating member. 52. A method of installing a tubular string in a well, the
method comprising the steps of: interconnecting in the tubular string a well
tool  including an actuator member; positioning the tubular string in the
well; and  translating displacement of the actuator member to  displacement
of an operating member of the well tool, the 18 AUGUST 2006  -32
translation being performed across a pressure isolation  barrier without use
of any dynamic seal, and the  



translating step being performed using a magnetic coupling  between the
actuator member and the operating member. 53. A method of installing a
tubular string in a well, the  method comprising the steps of:
interconnecting in the tubular string a well tool  including an actuator
member; positioning the tubular string in the well; and  translating
displacement of the actuator member to  displacement of an operating member
of the well tool, the  translation being performed across a pressure
isolation  barrier without use of any dynamic seal, and the  translating
step further comprising displacing a first  magnetic device operatively
associated with the actuator  member to thereby cause displacement of a
second magnetic  device operatively associated with the operating member.
54. A completion string for use in a well, the completion  string
comprising: a well tool interconnected in the completion string,  the well
tool including an actuator member and an operating  member, displacement of
the actuator member being  translatable into displacement of the operating
member  across a pressure barrier without use of any dynamic seal,  and the
well tool further including a magnetic coupling  between the actuator member
and the operating member. S5. A completion string for use in a well, the
completion  string comprising: a well tool interconnected in the completion
string, 



IS AUGUST 2006  - 33  the well tool including an actuator member and an
operating  member, displacement of the actuator member being  translatable
into displacement of the operating member  across a pressure barrier without
use of any dynamic seal,  and wherein a first magnetic device operatively
associated  with the actuator member causes displacement of a second
magnetic device operatively associated with the operating  member when
displacement of the actuator member is  translated into displacement of the
operating member. 56. A method of completing a well, the method comprising
the steps of: positioning a well tool in the well; displacing an actuator
member of the well tool; and  translating displacement of the actuator
member into  displacement of an operating member of the well tool using  a
magnetic coupling between the actuator member and the  operating member, and
performing the translating step  across a pressure isolation barrier without
use of any  dynamic seal. 57. The method according to claim 56, wherein in
the  translating step, a pressure differential exists across the  pressure
isolation barrier. 58. A method of completing a well, the method comprising
the steps of: 



positioning a well tool in the well; displacing an actuator member of the
well tool; and  translating displacement of the actuator member into
displacement of an operating member of the well tool using 18 AUGUST 2006
-34  a magnetic coupling between the actuator member and the  operating
member, and wherein in the translating step, the actuator member  is exposed
to a first pressure, and the operating member is  exposed to a second
pressure different from the first  pressure, without use of any dynamic seal
therebetween. 59. A method of installing a tubular string in a well, the
method comprising the steps of: interconnecting in the tubular string a well
tool  including an actuator member; positioning the tubular string in the
well; and  translating displacement of the actuator member into
displacement of an operating member of the well tool using  a magnetic
coupling between the actuator member and the  operating member, and
performing the translating step  across a pressure isolation barrier without
use of any  dynamic seal. 60. The method according to claim 59, wherein in
the  translating step, a pressure differential exists across the  pressure
isolation barrier. 61. A method of installing a tubular string in a well,
the  



method comprising the steps of: interconnecting in the tubular string a well
tool  including an actuator member; positioning the tubular string in the
well; and  translating displacement of the actuator member into
displacement of an operating member of the well tool using  a magnetic
coupling between the actuator member and the  operating member, and 18
AUGUST 2006  -35  wherein in the translating step, the actuator member  is
exposed to a first pressure, and the operating member is  exposed to a
second pressure different from the first  pressure, without use of any
dynamic seal therebetween. 62 . A completion string for use in a well, the
completion  string comprising: a well tool interconnected in the completion
string,  the well tool including an actuator member, an operating  member,
and a magnetic coupling, displacement of the  actuator member being
translatable into displacement of the  operating member using the magnetic
coupling, and the well  tool further including a pressure isolation barrier
between  the actuator member and the operating member, displacement  of the
actuator member being translatable into displacement  of the operating
member across the pressure isolation  barrier without use of any dynamic
seal. 63 . The completion string according to claim 62, wherein a  



pressure differential exists across the pressure isolation  barrier when
displacement of the actuator member is  translated into displacement of the
operating member. 64. A completion string for use in a well, the completion
string comprising: a well tool interconnected in the completion string,  the
well tool including an actuator member, an operating  member, and a magnetic
coupling, displacement of the  actuator member being translatable into
displacement of the  operating member using the magnetic coupling, and
wherein the actuator member is exposed to a first  pressure, and the
operating member is exposed to a second 18 AUGUST 2006  - 36  pressure
different from the first pressure, when  displacement of the actuator member
is translated into  displacement of the operating member. 65. A safety valve
suitable for use in a well, the safety  valve comprising: an actuator having
an actuator member; an operating member which is displaced to operate the
safety valve; and a magnetic coupling between the actuator member and  the
operating member; wherein the actuator member is a piston which  displaces
in response to a pressure differential. 66, A safety valve, as claimed in
Claim 65, wherein the  



pressure differential is a differential between pressure in  a line
connected to the safety valve, and pressure in an  annulus surrounding the
safety valve. 67. A safety valve as claimed in Claim 65 or 66, wherein  the
operating member is pressure isolated from the piston.  68 . A safety valve
as claimed in Claim 65 or 66, wherein  there are no dynamic seals between
pressure acting on the  piston and pressure acting on the operating member.
69. A safety valve as claimed in Claim 65, wherein a rigid  barrier
separates pressure acting on the piston from  pressure acting on the
operating member, and wherein the  magnetic coupling translates displacement
from the piston  to the operating member across the barrier. IS AUGUST 2006
-37  70. A safety valve as claimed in Claim 66, wherein a  barrier separates
pressure acting on the piston from  pressure acting on the operating member,
and wherein the  magnetic coupling translates displacement from the piston
to the operating member across the barrier. 71. A safety valve as claimed in
claim 70, wherein the  barrier is a rigid pressure isolation barrier. 72. A
safety valve as claimed in Claim 65, wherein the  magnetic coupling includes
at least one first magnetic  device attached to the piston, and at least one
second  magnetic device attached to the operating member. 73 . A safety
valve as claimed in Claim 66, wherein the  



magnetic coupling includes at least one first magnetic  device operatively
associated with the piston, and at least  one second magnetic device
operatively associated with the  operating member. 74. A safety valve as
claimed in Claim 65 or 66, wherein  the operating member is an opening prong
of the safety  valve which opens and closes a flapper. 75. A safety valve as
claimed in Claim 65 or 66, wherein  the operating member is
pressure-balanced. 76. A safety valve as claimed in Claim 65, further
comprising a flow passage extending axially through the  safety valve, the
flow passage being pressure isolated from  the actuator, without the use of
a dynamic seal. IS AUGUST 2006  -38 77. A safety valve as claimed in Claim
66, further  comprising a flow passage extending axially through the  safety
valve, pressure in the flow passage being isolated  from pressure in the
annulus, without use of a dynamic  seal. 78. A safety valve as claimed in
claim 65, further  comprising a flow passage extending axially through the
safety valve, the flow passage being pressure isolated from  the annulus,
without the use of dynamic seal. 79. A safety valve as claimed in Claim 66,
further  comprising a flow passage extending axially through the  safety
valve, pressure in the flow passage being isolated  



from pressure in the annulus, without use of a dynamic  seal. 80. A safety
valve as claimed in Claim 65 or 66, further  comprising a flow passage
extending axially through the  safety valve, without any dynamic seal being
exposed to  pressure in the flow passage. 81. A safety valve as claimed in
Claim 65, wherein the  actuator comprises a motor which displaces the
actuator  member; and the operating member is pressure isolated from  the
actuator member. 82. A safety valve as claimed in Claim 65, wherein the
actuator comprises a motor which displaces the actuator  member; a rigid
barrier separates pressure acting on the  actuator member from pressure
acting on the operating  member; and the magnetic coupling translates
displacement 18 AUGUST 2006  -39 from the actuator member to the operating
member across the  barrier. 83. A safety valve as claimed in Claim 65,
wherein the  actuator comprises a motor which displaces the actuator
member; and the operating member is pressure-balanced. 84. A safety valve as
claimed in Claim 65, wherein the  pressure differential is between pressures
in at least two  lines connected to the safety valve. 85. A safety valve as
claimed in Claim 65, wherein the  pressure differential is between pressure
in a line  



connected to the safety valve and pressure either in an  internal flow
passage of the safety valve or in an internal  chamber of the safety valve.
86 . A safety valve as claimed in any of Claims 65 to 85,  the safety valve
further comprising connectors for  interconnecting the safety valve in a
tubing string. 87. A downhole tubing string comprising a safety valve as
claimed in any of Claims 65 to 86. 88. A method of actuating a safety valve
suitable for use  in a well, the method comprising the steps of: displacing
an actuator member of the safety valve; and  translating displacement of the
actuator member to  displacement of an operating member, the translation
being  performed across a pressure isolation barrier without use  of any
dynamic seal, a magnetic coupling being used to fix  displacement of the
operating member to displacement of the 18 AUGUST 2006  -40  actuator
member. 89. A method as claimed in Claim 88, the method comprising  the
further step of: actuating the safety valve between open and closed
positions in response to displacement of the operating  member. 90. A method
as claimed in Claim 88, wherein the magnetic  coupling comprises at least
one first magnetic device being  attached to the actuator member and at
least one second  



magnetic device being attached to the operating member,  magnetic attraction
between the first and second magnetic  devices causing the operating member
to displace with the  actuator member. 91. A method as claimed in Claim 90,
the method comprising  the further step of: actuating the safety valve
between open and closed  positions in response to displacement of the
operating  member, 92. A method as claimed in Claim 90 or 91, wherein in the
translating step, a differential exists between pressure  surrounding the
first magnetic device and pressure  surrounding the second magnetic device.
93. A method as claimed in Claim 92, wherein in the  translating step, the
barrier isolates the pressure  surrounding the first magnetic device from
the pressure  surrounding the second magnetic device, without the use of
any dynamic seal. 18 AUGUST 2006  -41 94. The method as claimed in any of
Claims 90 to 93,  wherein the first and second magnetic devices each
comprise  a magnet. 95. A method as claimed in any of Claims 90 to 93,
wherein  both the first and second magnetic devices are permanent  magnets.
96 . A method as claimed in any of Claims 88 to 95, the  



method comprising the further step of interconnecting the  safety valve in a
tubing string. 97. A method as claimed in any of Claims 88 to 95, the
method comprising the further step of locating the safety  valve in a
wellbore so as to form an annulus between the  wellbore and the safety
valve. 




