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(57) Abrege(suite)/Abstract(continued):
casing string, and the casing string, valve and line being cemented in a wellbore. A method of selectively stimulating a subterranean

formation Includes: positioning a casing string in a wellbore, the casing string including spaced apart valves operable via a line to
selectively control fluid flow between an interior and exterior of the casing string; and for each of multiple intervals of the formation In
sequence, stimulating the Interval by opening a corresponding one of the valves, closing the remainder of the valves, and flowing a
stimulation fluid from the casing string into the interval.
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ABSTRACT

Casing valves for selective well stimulation and
control. A well system includes at least one valve
interconnected 1n a casing string operable via at least one
line external to the casing string to selectively control
fluid flow between an exterior and interior of the casing
string, and the casing string, valve and line being cemented
in a wellbore. A method of selectively stimulating a
subterranean formation includes: positioning a casing string
in a wellbore, the casing string including spaced apart
valves operable via a line to selectively control fluid flow
between an interior and exterior of the casing string; and
for each of multiple intervals of the formation 1n sequence,
stimulating the interval by opening a corresponding one of
the valves, closing the remainder of the valves, and flowing
a stimulation fluid from the casing string into the

interval.
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CASING VALVES SYSTEM FOR SELECTIVE WELL STIMULATION

AND CONTROL

TECHNICAL FIELD

The present invention relates generally to equipment
utilized and operations performed in conjunction with a
subterranean well and, in an embodiment described herein,
more particularly provides a well system with casing valves

for selective well stimulation and control.

BACKGROUND

Several systems have been used in the past for
selectively fracturing individual zones in a well. In one
such system, a coiled tubing string is used to open and
close valves in a casing string. In another system, balls
are dropped into the casing string and pressure 1s applied

to shift sleeves of valves in the casing string.

It will be appreciated that use of coiled tubing and
balls dropped into the casing string obstruct the interior

of the casing string. This reduces the flow area available
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for pumping stimulation fluids into the zone. Where the

stimulation fluid includes an abrasive proppant, ball seats

will likely be eroded by the fluid flow.

Furthermore, these prior systems do not facilitate
convenient use of the valves in subsequent operations, such
as during testing and production, in steamflood operations,
etc. For example, the coiled tubing operated system
requires costly and time-consuming intervention into the
well to manipulate the valves, and the ball drop operated
systems are either inoperable after the initial stimulation

operations are completed, or require intervention into the

well.

Therefore, it may be seen that improvements are needed
in the art of selectively stimulating and controlling flow

in a well.

SUMMARY

In carrying out the principles of the present
invention, a well system and associated method are provided
which solve at least one problem in the art. One example 1s
described below in which the well system includes casing
valves remotely operable via one or more lines, without
requiring intervention into the casing, and without
requiring balls to be dropped into, or pressure to be
applied to, the casing. Another example is described below
in which the lines and valves are cemented 1n a wellbore
with the casing, and the valves are openable and closeable

after the cementing operation.
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In one aspect, a well system 1s provided whilich 1includes
at least one valve interconnected in a casing string. The
valve is operable via at least one line external to the
casing string to thereby selectively permit and prevent
fluid flow between an exterior and an interior of the casing
string. The casing string, valve and line are cemented 1n a

wellbore.

In another aspect, a method of selectively stimulating
a subterranean formation is provided. The method includes
the steps of: positioning a casing string 1n a wellbore
intersecting the formation, the casing string including
multiple spaced apart valves operable to selectively permit
and prevent fluid flow between an interior and an exterior
of the casing string, the valves being operable via at least

one line connected to the wvalves; and

for each of multiple intervals of the formation 1in
sequence, stimulating the interval by opening a
corresponding one of the valves, closing the remainder of
the valves, and flowing a stimulation fluid from the
interior of the casing string and into the interval.

In yet another aspect, a method of selectively

stimulating a subterranean formation includes the steps of:

providing first and second wellbores intersecting the

formation; positioning a first tubular string in one of the

-

"irst and second wellbores, the first tubular string
including multiple spaced apart first valves operable to
selectively permit and prevent fluid flow between an
interior and an exterior of the first tubular string; and
for each of multiple sets of one or more intervals of the
formation, stimulating the interval set by opening a
corresponding one of the first valves, flowing a stimulation

fluid into the interval set, and in response recelving a
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formation fluid from the interval set into the second

wellbore.

A valve for use in a tubular string in a subterranean
well 1s also provided. The valve includes a sleeve having
opposite ends, with the sleeve being displaceable between
open and closed positions to thereby selectively permit and
prevent flow through a sidewall of a housing. Pistons are
at the ends of the sleeve. Pressure differentials applied
to the pistons are operative to displace the sleeve between

1ts open and closed positions.

In a further aspect, a method of selectively

stimulating a subterranean formation includes the steps of:

positioning a first tubular string in a first wellbore
intersecting the formation, the first tubular string
including multiple spaced apart first valves operable to
selectively permit and prevent fluid flow between an

interior and an exterior of the first tubular string;

positioning a second tubular string in a second
wellbore intersecting the formation, the second tubular
string including multiple spaced apart second valves
operable to selectively permit and prevent fluid flow

between an interior and an exterior of the second tubular

string; and

for each of multiple intervals of the formation,

stimulating the interval by opening a corresponding one of

the first valves, flowing a stimulation fluid from the
interior of the first tubular string and into the interval,
opening a corresponding one of the second valves, and 1n

response receiving a formation fluid from the interval into

the interior of the second tubular string.
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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 ot
the detailed description of representative embodiments of
the invention hereinbelow and the accompanying drawings, 1n
which similar elements are indicated in the various figures

using the same reference numbers.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic partially cross-sectional view of
a well system and associated method embodying principles of

the present invention;

FIC. 2 1s a schematic cross-sectional view of a valve

which may be used in the well system and method of FIG. 1;

FIGCS. 3A & B are schematic cross-sectional views of a
flow control device which may be used in conjunction with

the valve of FIG. 2;

FIG. 4 is a schematic cross-sectional view of a first

alternate construction of a valve which may be used 1n the

well system and method of FIG. 1;

FIG. 5 is a schematic hydraulic circuit diagram for the

well system of FIG. 1;

FIG. 6 is a schematic diagram of a first alternate

hydraulic circuit for the well system of FIG. 1;

FIG. 7 1s a schematic diagram of a second alternate

hydraulic circuit for the well system of FIG. 1;

FIG. 8 is a schematic diagram of a third alternate

hydraulic circuit for the well system of FIG. 1;
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FIG. 9 1s a schematic diagram of a fourth alternate

hydraulic circuit for the well system of FIG. 1;

FIGS. 10A-E are schematic cross-sectional views of
successive axial sections of a second alternate construction
of a valve which may be used in the well system and method

of FIG. 1;

FIG. 11 is a schematic partially cross-sectional view
of another well system and associated method which embody

princliples of the present invention; and

FIG. 12 1s a schematic cross-sectional view of a valve

which may be used in the well system and method of FIG. 11.

DETAILED DESCRIPTION

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. The embodiments are described merely as examples
of useful applications of the principles of the invention,

which is not limited to any specific details of these

embodiments.

In the following description of the representative
embodiments of the invention, directional terms, such as
“above”, “below”, “upper”, “lower”, etc., are used for
convenience in referring to the accompanying drawings. In
general, “above”, “upper”, “upward” and simlilar terms refer
to a direction toward the earth’s surface along a wellbore,

and “below”, “lower”, “downward” and simllar terms refer to
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a direction away from the earth’s surface along the

wellbore.

Representatively illustrated in FIG. 1 i1s a well system
10 and associated method which embody principles of the
present invention. The system 10 and method are used to
selectively stimulate multiple sets of one or more intervals
12, 14, 16, 18 of a formation 176 intersected by a wellbore
20 .

Each of the interval sets 12, 14, 16, 18 may include
one or more intervals of the formation 176. As depicted 1n

FIG. 1, there are four of the interval sets 12, 14, 16, 18,

and the wellbore 20 is substantially horizontal 1n the
intervals, but it should be clearly understood that any
number of intervals may exist, and the wellbore could be
vertical or inclined in any directilion, 1in keeping with the
principles of the invention.

A casing string 21 is installed 1n the wellbore 20. As
used herein, the term “casing string” 1s used to 1ndicate
any tubular string which is used to form a protective lining
for a wellbore. Casing strings may be made of any material,
such as steel, polymers, composite materials, etc. Casing

strings may be jointed, segmented or continuous. Typically,

casing strings are sealed to the surrounding formation using
cement or another hardenable substance (such as epoxlies,

etc.), or by using packers or other sealing materilals, 1in

order to prevent or isolate longitudinal fluid communication
through an annulus formed between the casing string and the

wellbore.

The casing string 21 depicted in FIG. 1 1ncludes four

valves 22, 24, 26, 28 interconnected therein. Thus, the
valves 22, 24, 26, 28 are part of the casing string 21, and

are longitudinally spaced apart along the casing string.
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Preferably each of the valves 22, 24, 26, 28
corresponds to one of the interval sets 12, 14, 16, 18 and
1s positioned in the wellbore 20 opposite the corresponding
interval. However, 1t should be understood that any number
of valves may be used in keepling with the principles of the
invention, and 1t i1s not necessary for a single valve to
correspond to, or be positioned opposite, a single interval.
For example, multiple valves could correspond to, and be
positioned opposite, a single interval, and a single valve
could correspond to, and be positioned opposite, multiple

intervals.

Each of the valves 22, 24, 26, 28 is selectively
operable to permit and prevent fluid flow between an
interior and exterior of the casing string 21. The valves
22, 24, 26, 28 could also control flow between the interior
and exterior of the casing string 21 by variably choking or

otherwise regulating such flow.

With the valves 22, 24, 26, 28 positioned opposite the
respective interval sets 12, 14, 16, 18 as depicted 1n FIG.
1, the valves may also be used to selectively control flow
between the interior of the casing string 21 and each of the

gu——

interval sets. In this manner, each of the interval sets

12, 14, 16, 18 may be selectively stimulated by flowing
stimulation fluid 30 through the casing string 21 and
through any of the open valves into the corresponding
interval sets.

As used herein, the term “stimulation fluid” 1s used to
indicate any fluid, or combination of fluids, which 1is
injected into a formation or interval set to increase a rate
of fluid flow through the formation or interval set. For

example, a stimulation fluid might be used to fracture the

formation, to deliver proppant to fractures in the
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formation, to acidize the formation, to heat the formation,

or to otherwise increase the mobility of fluid in the

formation. Stimulation £

uid may include various

components, such as gels, proppants, breakers, etc.

As depicted in FIG. 1, the stimulation fluid 30 1is

being delivered to the interval set 18 via the open valve

28. In this manner, the interval set 18 can be selectively

stimulated, such as by fracturing, acidizing, etc.

The interval set 18 is isolated from the interval set
16 in the wellbore 20 by cement 32 placed 1n an annulus 34
between the casing string 21 and the wellbore. The cement
32 prevents the stimulation fluid 30 from being flowed to
the interval set 16 via the wellbore 20 when stimulation of
the interval set 16 1s not desired. The cement 32 1solates
each of the interval sets 12, 14, 16, 18 from each other in
the wellbore 20.

As used herein, the term “cement” is used to 1ndicate a
hardenable sealing substance which 1s 1initially sufficiently
fluid to be flowed into a cavity in a wellbore, but which
subsequently hardens or “sets up” so that it seals off the
cavity. Conventional cementitious materials harden when
they are hydrated. Other types of cements (such as epoxies
or other polymers) may harden due to passage of time,
application of heat, combination of certain chemical
components, etc.

Each of the valves 22, 24, 26, 28 has one or more
openings 40 for providing fluid communication through a
sidewall of the valve. It 1s contemplated that the cement
32 could prevent flow between the openings 40 and the
interval sets 12, 14, 16, 18 after the cement has hardened,
and so various measures may be used to elither prevent the

cement from blocking this flow, or to remove the cement from
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the openings, and from between the openings and the 1nterval
sets. For example, the cement 32 could be a soluble cement

(such as an acid soluble cement), and the cement 1in the
openings 40 and between the openings and the interval sets
12, 14, 16, 18 could be dissolved by a suitable solvent in
order to permit the stimulation fluid 30 to flow 1into the
interval sets. The stimulation fluid 30 itself could be the
solvent.

In the well system 10, the valve 28 1s opened after the
cementing operation, that 1s, after the cement 32 has
hardened to seal off the annulus 34 between the interval

sets 12, 14, 16, 18. The stimulation fluid 30 1s then
pumped through the casing string 21 and into the interval

set 18.

The valve 28 is then closed, and the next valve 26 1s
opened. The stimulation fluid 30 is then pumped through the

casing string 21 and into the interval set 16.

The valve 26 is then closed, and the next valve 24 1s
opened. The stimulation fluid 30 is then pumped through the

casing string 21 and into the interval set 14.

The valve 24 is then closed, and the next valve 22 1s
opened. The stimulation fluid 30 is then pumped through the

casing string 21 and into the interval set 12.

Thus, the valves 22, 24, 26, 28 are sequentially opened
and then closed to thereby permit sequential stimulation of
the corresponding interval sets 12, 14, 16, 18. Note that
the valves 22, 24, 26, 28 may be opened and closed 1n any

order, in keeping with the principles of the invention.

In an important feature of the well system 10 and
associated method, the valves 22, 24, 26, 28 may be opened

and closed as many times as is desired, the valves may be
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opened and closed after the cementing operation, the valves
may be opened and closed without requiring any intervention
into the casing string 21, the valves may be opened and
closed without 1installing any balls or other plugging
devices in the casing string, and the valves may be opened

and closed without applying pressure to the casing string.

Instead, the valves 22, 24, 26, 28 are selectively and
sequentially operable via one or more lines 36 which are
preferably installed along with the casing string 21. In
addition, the lines 36 are preferably installed external to
the casing string 21, so that they do not obstruct the

interior of the casing string, but this 1s not necessary in

15

keeping with the principles of the 1lnvention. Note that, as
depicted in FIG. 1, the lines 36 are cemented in the annulus

34 when the casing string 21 1s cemented in the wellbore 20.

20

25

30

The lines 36 are connected to each of the valves 22,
24, 26, 28 to control operation of the valves. Preferably
the lines 36 are hydraulic lines for delivering pressurized
fluid to the valves 22, 24, 26, 28, but other types of lines
(such as electrical, optical fiber, etc.) could be used if

desired.

The lines 36 are connected to a control system 38 at a
remote location (such as the earth’s surface, sea floor,
floating rig, etc.). In this manner, operation of the
valves 22, 24, 26, 28 can be controlled from the remote
location via the lines 36, without requiring intervention

into the casing string 21.

After the stimulation operation, it may be desired to
test the interval sets 12, 14, 16, 18 to determine, for
example, post-stimulation permeability, productivity,

injectivity, etc. An individual interval set can be tested
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by opening i1ts corresponding one of the valves 22, 24, 26,

28 while the other valves are closed.

Formation tests, such as buildup and drawdown tests,
can be performed for each interval set 12, 14, 16, 18 by
selectively opening and closing the corresponding one of the
valves 22, 24, 26, 28 while the other wvalves are closed.
Instruments, such as pressure and temperature sensors, may
be included with the casing string 21 to perform downhole

measurements during these tests.

The valves 22, 24, 26, 28 may also be useful during
production to control the rate of production from each
interval set. For example, if interval set 18 should begin
to produce water, the corresponding valve 28 could be
closed, or flow through the valve could be choked, to reduce
the production of water.

If the well 1s an injection well, the wvalves 22, 24,
26, 28 may be useful to control placement of an injected
fluid (such as water, gas, steam, etc.) into the

corresponding interval sets 12, 14, 16, 18. A waterflood,

steamfront, oll-gas interface, or other injection profile
may be manipulated by controlling the opening, closing or
choking of fluid flow through the valves 22, 24, 26, 28.

Referring additionally now to FIG. 2, a valve 50 which
may be used for any of the wvalves 22, 24, 26, 28 in the well
system 10 is representatively i1llustrated. The valve 50 may
be used in other well systems, without departing from the
principles of the invention.

The valve 50 1s of the type known to those skilled in
the art as a sliding sleeve valve, in that it includes a
sleeve 52 which 1s reciprocably displaceable within a
housing assembly 54 to thereby selectively permit and

prevent flow through openings 56 formed through a sidewall
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of the housing assembly. Profiles 58 formed internally on
the sleeve 52 may be used to shift the sleeve between its
open and closed positions, for example, by using a shifting

tool conveyed by wireline or coiled tubing.

However, when used in the well system 10, the sleeve 52

1s preferably displaced by means of pressure applied to
chambers 60, 62 above and below a piston 64 on the sleeve.
Pressurized fluid is delivered to the chambers 60, 62 via
hydraulic lines 66 connected to the valve 50. In the well
system 10, the lines 36 would correspond to the lines 66

connected to the valve 50.

In one embodiment, a flow control device 68 is
interconnected between one of the lines 66 and the chamber
62, 80 that a predetermined pressure level in the line 1is
required to permit fluid communication between the line and
the chamber, to thereby allow the sleeve 52 to displace
upwardly and open the wvalve 50. The flow control device 68
1s representatively illustrated in FIGS. 3A & B.

Pressure delivered via the control line 66 is indicated
1n FIG. 3A by arrows 70. This pressure acts on a piston 72
of the device 68. If the pressure 70 is below the
predetermined pressure level, a spring 74 maintains a port
76 closed. The port 76 is in communication with the chamber
62 of the valve 50.

Note that the pressure 70 is communicated through the
device 68, whether the port 76 1s open or closed, so that
the pressure can be delivered simultaneously to multiple
valves 50 connected to the line 66.

In FIG. 3B, the device 68 1s depicted after the
pressure 70 has been increased to the predetermined level.
The piston 72 has now displaced to open the port 76, and the

pressure 70 1s now communicated to the chamber 62. The
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pressure 70 in the chamber 62 can now act on the piston 64

to displace the sleeve 52 upward and open the wvalve 50.

Of course, an appropriate pressure differential must
exlist across the piston 64 1in order for the sleeve 52 to be
displaced upward. For this purpose, the upper chamber 60
may be connected to another pressure source, such as the
interior of the casing string 21, an atmospheric or
otherwise pressurized chamber, another one of the lines 66,

etc.

The predetermined pressure at which the port 76 is
opened may be adjusted by means of an adjustment mechanism
78 (depicted in FIGS. 3A & B as a threaded screw or bolt)
which varies the force exerted on the piston 72 by the
spring 74. Thus, the valve 50 may be configured to operate
at any desired pressure. Furthermore, if multiple valves 50
are used (such as the valves 22, 24, 26, 28 in the well
system 10), each valve may be configured to operate at a
different pressure, thereby permitting selective operation

of each valve.

Another valve 80 which may be used for any of the
valves 22, 24, 26, 28 1n the well system 10 is
representatively i1llustrated in FIG. 4. The valve 80 may be
used in other well systems in keeping with the principles of

the invention.

The valve 80 1s also a sliding sleeve type of valve,
since 1t 1ncludes a sleeve 82 reciprocably displaceable
relative to a housing assembly 84 to thereby selectively
permit and prevent flow through openings 86 formed through a
sidewall of the housing assembly. However, the valve 80 is
speclially constructed for use in well systems and methods

(such as the well system 10 and method of FIG. 1) in which
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the valve 1s to be operated after being cemented 1n a

wellbore.

Specifically, openings 88 formed through a sidewall of
the sleeve 82 are isolated from the interior and exterior of
the valve 80 where cement is present during the cementing
operation. The valve 80 is closed during the cementing

operation, as depicted on the right-hand side of FIG. 4.

When it is desired to open the valve 80, the sleeve 82
is displaced upward, thereby aligning the openings 86, 88
and permitting fluid communication between the interior and

exterior of the housing assembly 84. The open position of

the sleeve 82 is depicted on the left-hand side of FIG. 4.

The sleeve 82 is displaced in the housing assembly 84
by means of pressure delivered via lines 87, 90 connected to
the valve 80. The line 87 is in communication with a
chamber 92, and the line 90 is in communication with a

chamber 94, in the housing assembly 84.

Pistons 96, 98 on the sleeve 82 are exposed to pressure
in the respective chambers 92, 94. When pressure 1n the
chamber 94 exceeds pressure in the chamber 92, the sleeve 82
is biased by this pressure differential to displace upwardly
to its open position. When pressure in the chamber 92
exceeds pressure in the chamber 94, the sleeve 82 1s bilased
by this pressure differential to displace downwardly to its

closed position.

Note that, when the sleeve 82 displaces between 1its
open and closed positions (in either direction), the sleeve
is displacing into one of the chambers 92, 94, which are

filled with clean fluid. Thus, no debris, sand, cement,

etc. has to be displaced when the sleeve 82 1s displaced.
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This is true even after the valve 80 has been cemented
in the wellbore 20 in the well system 10. Although cement
may enter the openings 86 in the outer housing 84 when the
sleeve 82 is in its closed position, this cement does not
have to be displaced when the sleeve is displaced to 1its

open position.

An additional beneficial feature of the valve 80 1is
that the chambers 92, 94 and pistons 96, 98 are poslitioned
straddling the openings 86, 88, so that a compact
construction of the valve 1is achieved. For example, the
valve 80 can have a reduced wall thickness and greater flow
area as compared to other designs. This provides both a
functional and an economic benefit.

When the valve 80 is used in the well system 10, the
lines 87, 90 would correspond to the lines 36. Multiple
valves 80 may be used for the valves 22, 24, 26, 28, and
flow control devices (such as the flow control device 68 of
FIGS. 3A & B) may be used to provide for selectively opening
and closing the valves.

Referring additionally now to FIG. 5, a diagram of a
hydraulic circuit 100 is representatively 1llustrated for
the well system 10. The hydraulic circuit 100 may be used
for other well systems in keeping with the principles of the
invention.

As depicted in FIG. 5, the valves 22, 24, 26, 28 are
each connected to two of the lines 36 (indicated in FIG. 5
as lines 36a, 36b). Flow control devices 68 (indicated 1n

FIG. 5 as flow control devices 68a, 68b, 68c, 68d) are
interconnected between the line 36a and each of the valves

22, 24, 26, 28.

If the valve 50 of FIG. 2 1ig used for the valves 22,

24, 26, 28, then the line 36b is connected to the chambers
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60 of the valves, and the flow control devices 68a-d are
connected to the respective chambers 62 of the valves. If
the valve 80 of FIG. 4 1s used for the valves 22, 24, 26,
28, then the line 36b is connected to the chambers 92 of the
valves, and the flow control devices 68a-d are connected to
the respective chambers 94 of the valves.

When the valves 22, 24, 26, 28 are installed with the
casing string 21, all of the valves are preferably closed.
This facilitates circulation through the casing string 21
during the installation and cementing operations.

The flow control devices 68a-d are set to open at
different pressures. For example, the device 68a could be
set to open at 1500 psi, the device 68b could be set to open
at 2000 psi, the device 68c could be set to open at 2500
psi, and the device 68d could be set to open at 3000 psi.
Of course, other opening pressures could be used, as
desired.

To open the valve 28, pressure in the line 36a 1is
increased to at least the set opening pressure for the
device 68a, and the valve opens in response. To close the
valve 28, the pressure in the line 36a is released and
pressure is applied to the line 36b, until a sufficient
differential pressure from the line 36b to the line 36a 1s
achieved to open the device 68a.

To open the valve 26, pressure in the line 36a 1is
increased to at least the set opening pressure for the
device 68b, and the valve opens in response. Note that, 1if
the set opening pressure for the device 68b is greater than
the set opening pressure for the device 68a, both of the

valves 26, 28 will open.

In that case, after the pressure in the line 36a has

been increased to at least the set opening pressure for the
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device 68b, the pressure 1is released from the line 36a, and
then sufficient pressure is applied to the line 36b to close
the valve 28 as described above. To close the valve 26,
increased pressure 1s applied to the line 36b, until a
sufficient differential pressure from the line 36b to the

line 36a is achieved to open the device 68Db.

Similar procedures are used to open and close the
valves 22 and 24. Assuming the set opening pressures for
the devices 68a-d given above, an exemplary series of steps

for sequentially opening and closing the valves 22-28 would

be as follows:

1. increase pressure 1n line 36a to greater than 1500

psi (but less than 2000 psi) to open valve 28; then release

the pressure from line 36a;

2. 1lncrease pressure in line 36a Lo greater than 2000
psi (but less than 2500 psi) to open valve 26; then release

the pressure from line 36a; and then increase pressure 1in

line 36b sufficiently to close valve 28;

3. increase pressure 1n line 36a Lo greater than 2500
psi (but less than 3000 psi) to open valves 24, 26, 28; then
release the pressure from line 36a; and then i1ncrease
pressure 1in line 36b sufficiently to close valves 26, 28;
and

4., increase pressure in line 36a to greater than 3000
psi to open valves 22, 24, 26, 28; then release the pressure
from line 36a; and then increase pressure in line 36Db
sufficiently to close valves 24, 26, 28.

It will be readily appreciated that the result of step
1 is that valve 28 1s opened and the other valves 22, 24, 26

are closed (at which point the interval set 18 may be

selectively stimulated, tested, produced, injected 1into,
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etc.), the result of step 2 i1s that valve 26 1s opened and
the other valves 22, 24, 28 are closed (at which point the
interval set 16 may be selectively stimulated, tested,
produced, injected into, etc.), the result of step 3 is that
the valve 24 is opened and the other valves 22, 26, 28 are
closed (at which point the interval set 14 may be
selectively stimulated, tested, produced, injected 1into,
etc.), and the result of step 4 is that valve 22 1s opened
and the other valves 24, 26, 28 are closed (at which point
the interval set 12 may be selectively stimulated, tested,
produced, injected into, etc.). Thus, the valves 22, 24,
26, 28 may be sequentially and selectively opened by
manipulation of pressure on only two lines 36a, 36b, thereby
permitting selective and sequential fluid communication
between the interior of the casing string 21 and each of the

interval sets 12, 14, 16, 18.

If the valve 50 i1s used for the wvalves 22, 24, 26, 28,
and the control system 38 becomes inoperable or unavaillable,
or for another reason pressurized fluid cannot be (or 1s not
desired to be) subsequently delivered via the llnes 36 to
operate the valves, then the hydraulic system can be
disabled by increasing pressure in the line 36a to at least
the set opening pressure for another flow control device
68e. The set opening pressure for the device 68e 1is

preferably greater than the set opening pressures of all of

the other devices 68a-d.

When the device 68e is opened, fluid communication 1is
provided between the lines 36a, 36b. Unlike the devices
68a-d, the device 68e does not reclose once opened.

In this manner, the sleeves of the valves 50 may be
shifted using a shifting tool conveyed through the casing

string 21 and engaged with the profiles 58. Communication
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between the lines 36a, 36b via the device 68e permits the
pistons 64 to displace by transferring fluid between the
chambers 60, 62.

Alternate diagrams for hydraulic circuits 102, 104,
106, 108 are representatively illustrated in FIGS. 6-9. As
with the hydraulic circuit 100 described above, these
alternate hydraulic circuits 102, 104, 106, 108 provide for
selective and seguential opening and closing of the valves
22, 24, 26, 28.

It should be clearly understood, however, that these
are merely examples of hydraulic circults which may be used
to accomplish the objectives of operating the valves 22, 24,
26, 28 in well systems such as the well system 10 described
above. A person skilled in the art will recognize that a
large variety of hydraulic circuits may be used to operate
multiple valves, including many hydraulic circuits which
permit the valves to the selectively and sequentially opened
and closed.

The hydraulic circuit 102 of FIG. 6 uses only a singile

line 36a to open each of the valves 22, 24, 26, 28. In

addition, the line 36a 1s used to close each of valves 110,
112, 114, 116 positioned below the respectlve valves 28, 26,
24, 22 1in the casing string 21.

In this alternate embodiment, the valves 22, 24, 26,
28, 110, 112, 114, 116 are operable between their open and
closed configurations 1n response to pressure applied to the
single line 36a. For example, the valves 22, 24, 26, 28,
11, 112, 114, 116 may be biased toward an open or closed
configuration by a biasing device, such as a spring or

chamber of compressed gas.

When pressure applied to the line 36a results in a

force greater than the biasing force exerted by the biasing
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device, the valve is operated to the other of its open or
closed configurations. The pressure at which the valve 1s
operated between its open and closed configurations may be
varied by varying the biasing force exerted by the blasing
device.

The valves 110, 112, 114, 116 are similar to
conventional safety valves for selectively permitting and
preventing flow through a tubular string in a well.

However, conventional safety valves are typically designed
to fail closed (i.e., they close when sufficient pressure 1s
not maintained in a control line connected to the valve).

The valves 110, 112, 114, 116 are instead designed to
close when sufficient pressure is applied to the line 36a.
The valves 110, 112, 114, 116 are set to close when
different pressures are applied to the line 36a. It
sufficient pressure is not applied to the line 36a, the
valves 110, 112, 114, 116 are biased open. When each of the
valves 110, 112, 114, 116 is closed, fluid communication
through an internal flow passage 118 of the casing string 21
1s prevented at the valve.

Preferably, the valves 28, 110 are set to operate at
the same pressure, the valves 26, 112 are set to operate at
the same pressure, the valves 24, 114 are set to operate at
the same pressure, and the valves 22, 116 are set TLO operate
at the same pressure. For example, the valves 28, 110 could
be set to operate at 1500 psi, the valves 26, 112 could be
set to operate at 2000 psi, the valves 24, 114 could be set
to operate at 2500 psi, and the valves 22, 116 could be set

to operate at 3000 psi.

Assuming these operating pressures, a series of steps

for selectively and sequentially operating the valves 22,

24, 26, 28, 110, 112, 114, 116 could be as follows:
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1. increase pressure 1n the line 36a to greater than
1500 psi (but less than 2000 psi) to thereby close valve 110
and open valve 28;

2. 1ncrease pressure 1n the line 36a to greater than
2000 psi (but less than 2500 psi) to thereby close valve 112
and open valve 26;

3. increase pressure in the line 36a to greater than
2500 psi (but less than 3000 psi) to thereby close valve 114
and open valve 24; and

4., i1ncrease pressure in the line 36a to greater than
3000 psi to thereby close valve 116 and open valve 22.

It will be readily appreciated that the result of step
1 is that valves 28, 112, 114, 116 are open and the other
valves 22, 24, 26, 110 are closed (at which point the
interval set 18 may be selectively stimulated, tested,
produced, injected into, etc.), the result of step 2 1s that
valves 26, 28, 114, 116 are open and the other valves 22,
24, 110, 112 are closed (at which point the interval set 16
may be selectively stimulated, tested, produced, injected
into, etc.), the result of step 3 1s that valves 24, 26, 28,
116 are open and the other valves 22, 110, 112, 114 are
closed (at which point the interval set 14 may be
selectively stimulated, tested, produced, injected 1into,
etc.), and the result of step 4 1s that valves 22, 24, 26,
28 are open and the other valves 110, 112, 114, 116 are
closed (at which poilnt the interval set 12 may be
selectively stimulated, tested, produced, injected 1into,
etc.). Thus, the valves 22, 24, 26, 28 may be sequentially
and selectively opened and the valves 110, 112, 114, 116 may
be sequentially and selectively closed by manipulation of
pressure on only one line 36a, thereby permitting selective

and sequential fluid communication between the interior of
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the casing string 21 and each of the interval sets 12, 14,

16, 18.

The hydraulic circuit 104 of FIG. 7 1s simllar in some
respects to the hydraulic circuit 100 of FIG. 5, 1n that the
devices 68a-d are used to control fluid communication
between the line 36a and the valves 22, 24, 26, 28 to
selectively open the valves. In the hydraulic circuit 104
of FIG. 7, additional devices 68a-d are also used to control
fluid communication between the line 36b and the valves 22,
24, 26, 28 to selectively close the valves.

An additional line 36c 1s provided as a return or
balance line. Each time one of the other lines 36a, 36b 1is
used to operate one or more of the valves 22, 24, 26, 28,
fluid is returned to the remote location via the line 36cC.
Check valves 120 ensure proper direction of flow between the
lines 36a-¢ and valves 22, 24, 26, 28.

Assuming the set opening pressures for the devices 68a-
d given above, an exemplary series of steps for sequentially

opening and closing the valves 22-28 would be as follows:

1. increase pressure in line 36a to greater than 1500
psi (but less than 2000 psi) to open valve 28; then release
the pressure from line 36a;

2. ilncrease pressure in line 36a to greater than 2000
psi (but less than 2500 psi) to open valve 26; then release
the pressure from line 36a; then increase pressure in line
36b to greater than 1500 psi (but less than 2000 psi) to
close valve 28; then release the pressure from line 36b;

3. increase pressure 1in line 36a to greater than 2500
psi (but less than 3000 psi) to open valves 24, 26, 28; then

release the pressure from line 36a; then increase pressure

in line 36b to greater than 2000 psil (but less than 2500
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psl) to close valves 26, 28; then release the pressure from

line 36Db;

4, increase pressure 1n line 36a to greater than 3000
psi to open valves 22, 24, 26, 28; then release the pressure
from line 36a; and then increase pressure in line 36b
greater than 2500 psi (but less than 3000 psi) to close

valves 24, 26, 28.

It will be readily appreciated that the result of step
1 is that valve 28 1is opened and the other valves 22, 24, 26
are closed (at which point the interval set 18 may be
selectively stimulated, tested, produced, injected 1into,
etc.), the result of step 2 is that valve 26 1s opened and
the other valves 22, 24, 28 are closed (at which point the
interval set 16 may be selectively stimulated, tested,
produced, injected into, etc.), the result of step 3 1is that
the valve 24 is opened and the other valves 22, 26, 28 are
closed (at which point the interval set 14 may be
selectively stimulated, tested, produced, injected 1into,
etc.), and the result of step 4 is that valve 22 is opened
and the other valves 24, 26, 28 are closed (at which point
the interval set 12 may be selectively stimulated, tested,
produced, injected into, etc.). Thus, the valves 22, 24,
26, 28 may be sequentially and selectively opened by
manipulation of pressure on only two lines 36a, 36b, thereby
permitting selective and sequential fluilid communication

between the interior of the casing string 21 and each of the

interval setgs 12, 14, 16, 18.

The hydraulic circuit 108 of FIG. 8 is somewhat similar
to the hydraulic circuit 106 of FIG. 7 in that the devices

68a-d are used between each of the lines 36a, 36b and the

valves 22, 24, 26, 28. However, a separate return or
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balance line 36c¢c 1s not used in the hydraulic circuit 108 of

FIG. 8.

Instead, fluid delivered to any of the valves 22, 24,
26, 28 via one of the lines 36a, 36b results 1n a return of
fluid via the other line. That is, each of the lines 36a,
36b acts as a return or balance line for the other line.
Otherwise, operation of the hydraulic circuit 108 is the

same as operation of the hydraulic circuit 106.

In the hydraulic circuit 108 of FIG. 9, each of the
valves 22, 24, 26, 28 1is designed to fail open, 1.e., a
biasing device of each valve biases it toward an open
configuration. However, when the valves 22, 24, 26, 28 are
initially installed with the casing string 21, the valves
are held in their closed configurations, for example, using

shear devices 122, 124, 126, 128.

The shear devices 122, 124, 126, 128 are designed toO
require different pressures applied to the line 36a 1n order
to allow the respective valves 28, 26, 24, 22 to shift to
their open configurations. For example, the shear device
122 may be set to require 1250 psi to be applied to the line
36a to allow the valve 28 to open, the shear device 124 may
be set to reguire 1750 psi to be applied to the line 36a to
allow the valve 26 to open, the shear device 126 may be set
to require 2250 psi to be applied to the line 36a to allow
the valve 24 to open, and the shear device 128 may be set to

require 2750 psi to be applied to the line 36a to allow the

valve 22 to open.

Assuming the set opening pressures for the devices 68a-
d given above, an exemplary series of steps for sequentially

opening and closing the valves 22-28 would be as follows:
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1. 1lncrease pressure in line 36a to greater than 1500
psi (but less than 1750 psli) to release shear device 122;
then release the pressure from line 36a to open valve 28;

2. lncrease pressure in line 36a to greater than 2000
psi (but less than 2250 psi) to release shear device 124 and
close valve 28; then decrease the pressure 1n line 36a to
1500 psi to open valve 26;

3. increase pressure 1in line 36a to greater than 2500
psi (but less than 2750 psi) to release shear device 126 and
close valves 26, 28; then decrease the pressure in line 36a
to 2000 psi to open the valve 24; and

4., increase pressure in line 36a to greater than 3000
psi to release shear device 128 and close valves 24, 26, 28;
then decrease the pressure in line 36a to 2500 psi to open
the valve 22.

It will be readily appreciated that the result of step
1 is that valve 28 is opened and the other valves 22, 24, 26
are closed (at which point the interval set 18 may be
selectively stimulated, tested, produced, injected into,
etc.), the result of step 2 is that valve 26 1s opened and
the other valves 22, 24, 28 are closed (at which point the
interval set 16 may be selectively stimulated, tested,
produced, injected into, etc.), the result of step 3 1s that
the valve 24 1is opened and the other wvalves 22, 26, 28 are
closed (at which point the interval set 14 may be
selectively stimulated, tested, produced, injected into,
etc.), and the result of step 4 1s that valve 22 1s opened

and the other valves 24, 26, 28 are closed (at which point
the interval set 12 may be selectively stimulated, tested,
produced, injected into, etc.). Thus, the valves 22, 24,
26, 28 may be sequentially and selectively opened by

manipulation of pressure on only one line 36a, thereby
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permitting selective and sequential fluid communication
between the interior of the casing string 21 and each of the
interval sets 12, 14, 16, 18.

After the stimulation operation 1is completed, all of
the valves 22, 24, 26, 28 may be opened by releasing the
pressure from the line 36a. If desired (for example, to
perform testing of the interval sets 12, 14, 16, 18, control
production from or injection into the interval sets, etc.),
the valves 22, 24, 26, 28 may be sequentially closed by
increasing the pressure on the line 36a.

Referring additionally now to FIGS. 1l0A-E, a valve 130
which may be used for any of the valves 22, 24, 26, 28 1in
the well system 10 and method of FIG. 1 1is representatively
1liustrated. The valve 130 may also be used in other well
systems and methods in keeping with the principles of the
invention.

The valve 130 1s similar in many respects to the valve
80 of FIG. 4, in that it includes chambers 132, 134 on
opposite sides of a sleeve 136 having openings 138 in a
sidewall thereof, and with pistons 140, 142 exposed to the
respective chambers 132, 134 on opposite sides of the
openings. The sleeve 136 1is reciprocably received in a
housing assembly 144 in a manner which isolates the openings
138 from the exterior and interior of the valve 130 when the
sleeve is in its closed position. When the sleeve 136 1s 1n
its open position (as depicted in FIGS. 10A-E), the openings
138 are aligned with openings 146 formed through a sidewall
of the housing assembly 144 to thereby permit fluid
communication between the interior and exterior of the valve

130.

However, the valve 130 differs from the valve 80 in at

least one significant respect, i1n that the valve 130
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includes snap release mechanisms 148, 150 on opposite sides
of the sleeve 136. These release mechanisms 148, 150 permit
control over the pressure differential at which the sleeve
136 displaces between its open and closed positions, as
described more fully below.

When used in the well system 10, a port 152 on the
valve 130 would be connected to one of the lines 36 (such as
line 36a) for delivery of pressurized fluid to bilas the
valve toward its open configuration. The port 152 is 1n
communication with the chamber 132. Another of the lines 36
(such as line 36b) would be connected to another port 154 on
the valve 130 for delivery of pressurized fluid to bias the
valve toward its closed configuration. The port 154 1is 1in
communication with the chamber 134.

Each of the snap release mechanisms 148, 150 includes a
stack of spring washers 156, release slide 158, capture
slide 160, spring 162 and a set of collet fingers 164
attached to the sleeve 136. Briefly, when the collet
fingers 164 displace toward and engage the remainder of one
of the mechanisms 148, 150, the collet fingers (and the
attached sleeve 136) are “captured” and cannot displace 1in
the opposite direction until a sufficient releasing force 1s
applied to release the collet fingers from the remainder of
the mechanism. The amount of the releasing force

corresponds to a differential pressure between the chambers

132, 134 (and the connected lines 36a, 36b).

Wwith the valve 130 in its open configuration as
depicted in FIGS. 10A-E, the upper collet fingers 164 are
disengaged from the upper set of release slide 158 and
capture slide 160 of the upper mechanism 148. However, when
the sleeve 136 displaces upward toward its closed position,

the collet fingers 164 will eventually contact the capture
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slide 160 and displace it upward against a biasing force
exerted by the spring 162.

Further upward displacement of the collet fingers 164
and capture slide 160 will allow an inwardly facing
projection 166 on each collet finger to “snap” into an
annular recess 168 formed on the release slide 158. When
this happens, the collet fingers 164 will disgplace radially
inward sufficiently to allow the capture slide 160 to
displace downwardly over the ends of the collet fingers,
thereby “capturing” the collet fingers (i.e., preventing the
projections 166 on the collet fingers from disengaging from
the recess 168).

The collet fingers 164 are shown in this engaged
configuration in the lower snap release mechanism 150 in
FIG. 10D. To release the collet fingers 164, a sufficient
tensile force must be applied to the collet fingers to
displace the release slide 158 against the biasing force
exerted by the spring washers 156. Thus, the force required
to permit displacement of the sleeve 136 1s directly related
to the force exerted by the spring washers 156, and
corresponds to the differential pressure between the
chambers 132, 134.

The biasing force exerted by the spring washers 156 may
be adjusted by varying a prelcad applied to the spring
washers, varying a configuration of the spring washers,
varying a material of the spring washers, varying a number
of the spring washers, etc. Therefore, 1t will be
appreciated that the force required to release the collet
fingers 164 can be readily adjusted, thereby permitting the
pressure differential required to displace the sleeve 136

between its open and closed positions to be readily

adjusted, as well.
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When the valve 130 is used for each of the valves 22,
24, 26, 28 1n the well system 10, the hydraulic circuit
would be very similar to the hydraulic circuit 100 of FIG.
5, except that the devices 68a-d would not be used, since
the snap release mechanisms 148, 150 would permit the
opening and closing pressure differentials of each valve to

be controlled.

For example, valve 28 could be set to open at 1500 psi
differential pressure from line 36a to line 36b (i.e., the
sleeve 136 would be released by the upper mechanism 148 for
downward displacement to 1ts open position when pressure in
the chamber 132 exceeds pressure in the chamber 134 by 1500
psi) and set to close at 1500 psi differential pressure from
line 36b to line 36a (i1.e., the sleeve would be released by
the lower mechanism 150 for upward displacement to its
closed position when pressure in the chamber 134 exceeds
pressure i1n the chamber 132 by 1500 psi), valve 26 could be
set to open at 2000 psi differential pressure from line 36a
to line 36b and set to close at 2000 psi differential
pressure from line 36b to line 36a, valve 24 could be set to
open at 2500 psi differential pressure from line 36a to line
36b and set to close at 2500 psi differential pressure from

line 36b to line 36a, and valve 22 could be set to open at

3000 psil differential pressure from line 36a to line 36b and
set to close at 3000 psi differential pressure from line 36Db

to line 36a.

In this manner, differential pressure between the lines
36a, 36b may be used to selectively and sequentially open
and close the valves 22, 24, 26, 28. Note that it 1s not
necessary for the opening and closing pressure differentials

to be the same 1n any of the valves.
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Referring additionally now to FIG. 11, another well
system 170 and associated method incorporating principles of
the invention are representatively illustrated. The well
system 170 1is similar in some respects to the well system 10

described above, and so similar elements have been i1ndicated

in FIG. 11 using the same reference numbers.

The well system 170 includes two wellbores 172, 174.
Preferably, the wellbore 174 1s positioned vertically deeper
in the formation 176 than the wellbore 172. In the example
depicted in FIG. 11, the wellbore 172 is directly vertically
above the wellbore 174, but this 1s not necessary in keeping

with the principles of the invention.

A set of valves 24, 26, 28 and lines 36 1s installed in
each of the wellbores 172, 174. The valves 24, 26, 28 are
preferably interconnected in tubular strings 178, 180 which
are 1nstalled 1in respective perforated liners 182, 184
positioned in open hole portions of the respective wellbores

172, 174. Although only three of the valves 24, 26, 28 are

depicted in each wellbore in FIG. 11, any number of valves

may be used in keeping with the principles of the invention.

The 1nterval sets 14, 16, 18 are isolated from each
other in an annulus 186 between the perforated liner 182 and
the wellbore 172, and in an annulus 188 between the
perforated liner 184 and the wellbore 174, using a sealing
material 190 placed in each annulus. The sealing material
190 could be any type of sealing material (such as swellable
elastomer, hardenable cement, selective plugging material,
etc.), or more conventional packers could be used in place

of the sealing material.

The interval sets 14, 16, 18 are 1solated from each

other in an annulus 192 between the tubular string 178 and
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the liner 182, and 1n an annulus 194 between the tubular
string 180 and the liner 184, by packers 196.

In the well system 170, steam 18 1njected into the
interval sets 14, 16, 18 of the formation 176 via the valves
24, 26, 28 in the wellbore 172, and formation fluid 1is
received from the formation into the valves 24, 26, 28 in
the wellbore 174. Steam 1njected into the interval sets 14,
16, 18 1s represented in FIG. 11 by respective arrows 198a,
198b, 198c, and formation fluid produced from the interval
sets i1s represented in FIG. 11 by respective arrows 200a,
200b, 200c.

The valves 24, 26, 28 1n the wellbores 172, 174 are
used to control an interface profile 202 between the steam
198a-c and the formation fluid 200a-¢. By controlling the
amount of steam i1njected 1nto each interval set, and the
amount of formation fluid produced from each interval set, a
shape of the profile 202 can also be controlled.

For example, 1f the steam is advancing too rapidly 1n
one of the interval sets (as depicted in FIG. 11 by the dip
in the profile 202 in the interval set 16), the steam
injected into that interval set may be shut off or choked,
or production from that interval set may be shut off or
choked, to thereby prevent steam breakthrough into the
wellbore 174, or at least to achieve a desired shape of the

interface profile.

In the example of FIG. 11, the valve 26 1n the wellbore
172 could be selectively closed or choked to stop or reduce
the flow of the steam 198b into the interval set 16.
Alternatively, or in addition, the valve 26 in the wellbore
174 could be selectively closed or choked to stop or reduce

production of the formation fluid 200b from the interval set

16.
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Any of the wvalves 50, 80, 130 described above may be
used for the valves 24, 26, 28 in the well system 170. For
steam injection purposes in the wellbore 172, the valves 24,
26, 28 (as well as the seal material 190 and packers 196)
should preferably be provided with appropriate heat
resistant materials and constructed to withstand large
temperature variations. For example, the packers 196 in the
wellbore 172 could be of the type known as ring seal
packers.

Referring additionally now to FIG. 12, another valve
210 which is especially suitable for use 1n high temperature
applications 1is representatively 1llustrated. The valve 210
may be used for any of the valves 22, 24, 26, 28 described
above, and may be used in any well system in keeping with
the principles of the invention.

The valve 210 may be more accurately described as a
choke, since it 1s capable of variably regulating a rate of
fluid flow through openings 212 formed through a sidewall of
its housing assembly 214. The valve 210 includes a sleeve
216 having a piston 218 thereon which separates two chambers

220, 222. In this respect, the valve 210 1is somewhat

B

similar to the valve 50 of FIG. 2.

However, the sleeve 216 of the valve 210 1is
reciprocably displaced in the housing assembly 214 relative

to openings 224 formed through a sidewall of a choke sleeve

226. Bach of the openings 224 is in communication with the
openings 212 in the housing assembly 214. As more of the
openings 224 are covered by a lower end of the sleeve 216,

flow through the openings 212 is increasingly choked or

reduced.

Thus, by varying the volume of the chambers 220, 222

via fluid delivered through the lines 36a, 36b, the sleeve
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216 may be positioned as desired to produce a selected flow
rate of fluid through the openings 212. In the well system
170, this ability to variably choke the flow rate through
the valve 210 may be useful to variably regulate the
injection of steam into each of the interval sets 14, 16,
18, or to variably regulate the production of fluid from

each of the i1nterval sets.

Seals used in the valve 210 may be similar to the seals
described in International Application No. PCT/US07/60648,
filed January 17, 2007. The seals described in the
incorporated application are especially suited for high

temperature applications.

It may now be fully appreciated that the present
invention provides many benefits over prior well systems and
methods for selectively stimulating wells and controlling
flow 1n wells. Sequential and selective control of multiple
valves is provided, without requiring intervention into a
casing or other tubular string, and certain valves are
provided which are particularly suited for being cemented
along with a casing string, or use 1n high temperature
environments, etc. Certain important features of the well

systems and methods described above are listed below:

The well system 10 includes one or more valves 22, 24,
26, 28 interconnected in the casing string 21, the valves
beling operable via at least one lline 36 external to the
casing string to thereby selectively permit and prevent
fluid flow between an exterior and an interior of the casing
string. The casing string 21, valves 22, 24, 26, 28 and

line 36 are cemented 1n the wellbore 20.



10

15

20

25

30

|
CA 02821500 2013-07-17

- 35 -

The line 36 may be a hydraulic line, and the wvalves 22,
24, 26, 28 may be operable in response to manipulation of

pressure in the line.

The valves 22, 24, 26, 28 may be cemented in the
wellbore 20 in a closed configuration and subsequently
operable to an open configuration to permit fluid flow

between the interior and exterior of the casing string 21.

The valves 22, 24, 26, 28 may be cemented in the
wellbore 20 1in a closed configuration and subsequently
operable to an open configuration to permit fluid flow
between the interior and exterior of the casing string 21,
and from the open configuration the valves may be
subsequently operable to a closed configuration to prevent
fluid flow between the interior and exterior of the casing
string.

At least one opening 40 in a sidewall of each of the
valves 22, 24, 26, 28 may contalin a soluble cement 32 when
the valve is cemented in the wellbore 20. The cement 32 may
be an acid soluble cement.

The valves 22, 24, 26, 28 may be operable without
intervention into the casing string 21. The valves 22, 24,
26, 28 may be operable without manipulation of pressure
within the casing string 21.

Multiple valves 22, 24, 26, 28 may be interconnected 1n
the casing string 21 and operable to thereby selectively
permit and prevent fluid flow between the exterior and
interior of the casing string. The valves 22, 24, 26, 28
may be sequentially operable via at least one of the lines
36 to thereby selectively permit and prevent fluid
communication between the interior of the casing string 21
and respective subterranean interval sets 12, 14, 16, 18

intersected by the wellbore 20.
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Multiple lines 36 may be connected to the valves 22,
24, 26, 28, and a first pressure differential between first
and second lines may be used to operate one valve, and a
second pressure differential between the first and second
lines greater than the first pressure differential may be

used to operate another one of the valves.

Alternatively, the valves 22, 24, 26, 28 may be

operable via only one line to both open and close the

multiple valves.

The valves 22, 24, 26, 28 may 1include the sleeves 82,
136 having the openings 88, 138 therein. The sleeves 82,
136 may be displaceable to thereby selectively permit and
prevent fluid flow between the exterior and interior of the
casing string 21, with the openings 88, 138 being isolated
from cement 32 when the valves are cemented in the wellbore
20.

A pressure differential between lines 36a, 36b
connected to the valves 22, 24, 26, 28 may be operable to
displace the sleeves 82, 136 between open and closed
positions. The openings 88, 138 may be positioned between a
piston 98, 140 exposed to pressure in the line 36a and a
second piston 96, 142 exposed to pressure in the second
line. The valves 22, 24, 26, 28 may include one or more
snap release mechanism 148, 150 which require that
predetermined pressure differentials be applied in the valve

to displace the sleeve 136 between open and closed

positions.

Valves 80, 130 for use in a tubular string in a
subterranean well are also described above. The valves 80,
103 may include the sleeves 82, 136 having first and second
opposite ends, with the sleeve being displaceable between

open and closed positions to thereby selectively permit and
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prevent flow through a sidewall of the housing assemblies
84, 1l44. First and second pistons 94, 96, 140, 142 are at
the respective first and second ends of the respective
sleeves 82, 136. Pressure differentials applied to the
first and second pistons 94, 96, 140, 142 are operative to
displace the sleeves 82, 136 between their open and closed

positions.

At least one opening 88, 138 may extend through a
sidewall of the sleeves 82, 136, and the openings may be
1solated from the exteriors of the housing assemblies 84,
144 and the internal flow passages of the housings when the
sleeves are in their closed positions. The openings 88, 138
may be positioned longitudinally between the first and

second plstons 94, 96, 140, 142.

The first and second pistons 94, 96, 140, 142 may be
exposed to pressure 1n respective first and second chambers
92, 94, 132, 134 at the respective first and second ends of
the sleeves 82, 136. The sleeves 82, 136 may displace into
the first chambers 92, 132 when the sleeves displace to
thelr open positions, and the sleeves may displace into the
second chambers 94, 134 when the sleeves displace to their
closed positions.

An outer external diameter of each sleeve 82, 136 may

sealingly engage an outer internal diameter of the

respective first chamber 92, 132, and an i1nner external

diameter of each sleeve may sealingly engage an inner

internal diameter of the respective first chamber. Inner
and outer walls of the housing assemblies 84, 144 may be
positioned on opposite radial sides of the first and second

chambers 92, 94, 132, 134, and the inner and outer walls may
also be positioned on opposite radial sides of the sleeves

82, 136.
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A first pressure differential between the first and
second chambers 92, 94, 132, 134 may bias the sleeves 82,
136 to displace to their open positions. A second pressure
differential between the first and second chambers 92, 94,

132, 134 may blas the sleeves 82, 136 to displace to their

closed positions.

Methods of selectively stimulating the formation 176
are also provided. For example, the method may include the
step of positioning the casing string 21 in the wellbore 20
intersecting the formation 176, with the casing string
including multiple spaced apart valves 22, 24, 26, 28
operable to selectively permit and prevent fluid flow
between an interior and an exterior of the casing string,
the valves being operable via one or more lines 36 connected
to the valves. The method may further include the step of,

for each of the multiple sets of one or more intervals 12,

14, 16, 18 of the formation 176 in sequence, stimulating the
interval set by opening a corresponding one of the valves
22, 24, 26, 28, closing the remainder of the valves, and
flowing the stimulation fluid 30 from the interior of the

casing string 21 and into the interval set.

The method may further include the step of, prior to
the stimulating step, cementing the casing string 21 and
lines 36 1n the wellbore 20. The lines 36 may be positioned

external to the casing string 21 during the cementing step.

The valve opening and closing steps may be performed by

manipulating pressure in the lines 36. The opening and

closing steps may be performed without intervention into the
casing string 21. The opening and closing steps may be

performed without application of pressure to the casing

string 21.
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Multiple lines 36 may be connected to the valves 22,
24, 26, 28, and the opening and closing steps may include
manipulating pressure differentials between the lines.

The stimulation fluid flowing step may include
fracturing the formation 176 at any of the interval sets 12,
14, 16, 18. The method may also the step of, for each of
the interval sets 12, 14, 16, 18 in seguence, testing the
interval set by opening the corresponding one of the valves
22, 24, 26, 28, closing the remainder of the valves, and
flowing a formation f£luid from the interval set and into the
interior of the casing string 21. The testing step may be
performed after the stimulating step.

Another method may include the steps of: positioning
the tubular string 178 in the wellbore 172 intersecting the
formation 176, the tubular string including multiple spaced
apart valves 24, 26, 28 operable to selectively permit and
prevent fluid flow between an interior and an exterior of
the tubular string; positioning the tubular string 180 in
the wellbore 174 intersecting the formation, the tubular
string including multiple spaced apart valves 24, 26, 28
operable to selectilively permit and prevent fluid flow
between an interior and an exterior of the tubular string;
and, for each of multiple sets of one or more intervals 14,
16, 18 of the formation, stimulating the interval set by
opening a corresponding one of the valves in the wellbore
172, flowing a stimulation fluid from the interior of the
tubular string 178 and into the interval set, opening a
corresponding one of the valves in the wellbore 174, and 1in
response receiving a formation fluid from the interval into
the interior of the tubular string 180.

The valves 24, 26, 28 may be operable via one or more

lines 36 connected to the valves. The lines 36 may be



10

15

20

25

30

CA 02821500 2013-07-17

- 40 -

external to the tubular strings 178, 180 when they are

positioned i1n the wellbores 172, 174.
The stimulation fluid may include steam.

The wellbore 174 may be located vertically deeper in

the formation than the other wellbore 172.

The valve opening steps may be performed by
manlpulating pressure 1in respective lines 36a, 36b connected
to the valves 24, 26, 28. The valve opening steps may be
performed without intervention into the respective tubular
strings 178, 180. The valve opening steps may be performed
without application of pressure to the respective tubular

strings 178, 180.

The method may include the steps of connecting multiple
lines 36 to the valves 24, 26, 28 in the wellbore 172, and
connecting multiple lines 36 to the valves in the wellbore
174, and the valve opening steps may include manipulating
pressure differentials between individual ones 36a, 36b of

the respective lines.

The method may further include the step of regulating
advancement of the stimulation fluid toward the wellbore 174
by selectively restricting flow through at least one of the
valves 24, 26, 28 1n the wellbore.

The method may include the step of regulating
advancement of the stimulation fluid toward the wellbore 174
by selectilvely restricting flow through at least one of the
valves 24, 26, 28 1n the other wellbore 172.

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
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the specific embodiments, and such changes are contemplated by the principles of the present
invention. Accordingly, the foregoing detailed description 1s to be clearly understood as

being given by way of illustration and example only, the scope of the present invention being

limited solely by the appended claims and their equivalence.
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CLAIMS:

l. A method of selectively stimulating a subterranean formation, the method
comprising the steps of:

positioning a casing string 1n a wellbore intersecting the formation, the casing
string including multiple spaced apart valves operable to selectively permit and prevent tluid
flow between an interior and an extertor of the casing string, the valves being operable via at
least one line connected to the valves:; and

for each of multiple sets of one or more intervals of the formation in sequence,
stimulating the interval set by opening a corresponding one of the valves, closing the
remainder of the valves, and flowing a stimulation fluid from the interior ot the casing string
and into the interval set,

wherein for each of the interval sets in sequence, testing the interval set by
opening the corresponding one of the valves, closing the remainder of the valves, and flowing

a formation fluid from the interval set and into the interior of the casing string.

2. A method according to claim 1, further comprising the step of, prior to the
simulating step, cementing the casing string and line in the wellbore or wherein the hine is

positioned external to the casing string during the cementing step.

3. A method according to claim 1, further comprising the step of connecting
multiple lines to the valves, and wherein the opening and closing steps include manipulating

pressure differentials between the lines.

4. A method according to claim 1, wherein the opening and closing steps are

performed by manipulating pressure in the line.

5. A method according to claim 1, wherein the opening and closing steps are

performed without intervention into the casing string.

6. A method according to claim 1, wherein the opening and closing steps are

performed without application of pressure to the casing string.
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7. A method according to claim 1, wherein the stimulation fluid flowing step

further comprises fracturing the formation.

8. A method according to claim 7, wherein the testing step 1s performed after the

stimulating step.

9. A casing valve for use in a tubular string in a subterranean well, the valve
comprising:

a sleeve having first and second opposite ends, the sleeve being displaceable
between open and closed positions to thereby selectively permit and prevent tlow through a

sidewall of a housing assembly; and

first and second pistons at the respective first and second ends of the sleeve,
pressure differentials applied to the first and second pistons being operative to displace the
sleeve between its open and closed positions,

wherein the first and second pistons are exposed to pressure in respective first

and second chambers at the respective first and second ends of the sleeve,
and the sleeve displaces into a first chamber when the sleeve displaces to its

open position, and the sleeve displaces into a second chamber when the sleeve displaces to its

closed position.

10. A casing valve according to claim 9, further comprising at least one opening
extending through a sidewall of the sleeve, and wherein the opening is isolated from an
exterior of the housing assembly and an internal flow passage of the housing assembly when

the sleeve is in 1ts closed position.

11. A casing valve according to claim 9, further comprising at least one opening
extending through a sidewall of the sleeve, and wherein the opening 1s positioned

longitudinally between the first and second pistons.

12. A casing valve according to claim 9, wherein an outer external diameter of the

sleeve sealingly engages an outer internal diameter of the first chamber, and wherein an inner
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external diameter of the sleeve sealingly engages an inner internal diameter of the first

chamber.

13. A casing valve according to claim 9, wherein the inner and outer walls of the
housing are positioned on opposite radial sides of the first and second chambers, and the inner

and outer walls are also positioned on opposite radial sides of the sleeve.

14. A casing valve according to claim 9, wherein a first pressure ditferential
between the first and second chambers biases the sleeve to displace to its open position, and

wherein a second pressure differential between the first and second chambers biases the

sleeve to displace to its closed position.
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