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(57) Abstract: A flow control device can include water in a
chamber, the chamber having a variable volume, a flow restrict-
iIng member which displaces in response to a change in the
chamber volume, and a biasing device which mfluences a pres-
sure 1n the chamber. A method of controlling flow of steam in a
well can mclude providing a flow control device which varies a
resistance to tlow m the well, the tlow control device including a
chamber having a variable volume, water disposed in the cham-
ber, and a biasing device. The biasing device intluences the
chamber volume. Another flow control device can include water
in a chamber, the chamber having a variable volume, a flow re-
stricting member which displaces m response to a change in the
chamber volume, and a biasing device which reduces a boiling
point of the water in the chamber.
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5
FLOW CONTROL DEVICE FOR CONTROLLING FLOW BASED ON
FLUID PHASE
10 TECHNICAL FIELD

This disclosure relates generally to equipment utilized
and operations performed i1n conjunction with a subterranean
well and, in one example described below, more particularly
provides a flow control device for controlling flow based on

15 fluid phase.

BACKGROUND

Phase control valves can be used, for example, to
prevent steam breakthrough in steam flood operations, and/or
20 to prevent injection of liquid water. Unfortunately, such
phase control valves can be expensive to construct or
difficult to tailor for specific well conditions. Therefore,
it will be appreciated that improvements are continually
needed in the arts of constructing and utilizing flow

25 control devices for controlling flow based on fluid phase.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A & B are a phase diagram for water, FIG. 1B
depicting an enlarged detail of a portion of FIG. 1A.

FIG. 2 is a representative cross-sectional view of a
flow control device which can embody principles of this

disclosure.

FIG. 3 1s a representative cross-sectional view of a

portion of another example of the flow control device.

FIGS. 4A-F are representative cross-sectional views of
the FIG. 3 flow control device in various operational

stages.

FIG. 5 1s a representative cross-sectional view of

another example of the flow control device.

FIG. 6 is a representative cross-sectional view of

another example of the flow control device.

FIG. 7 is a representative partially cross-sectional
view of a well system and method which can embody the

principles of this disclosure.

FIG. 8 is a representative cross-sectional view of

another example of the flow control device.

FIG. 9 is a representative cross-sectional view of

another example of the flow control device.

FIG. 10 is a representative cross-sectional view of

another example of the flow control device.

DETAILED DESCRIPTION

Representatively illustrated in FIG. 1A 1s the well-
known phase diagram 10 for water. Water 1s used herein as an

example of a common fluid which is injected into and
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produced from subterranean formations. In particular,
thermally-assisted hydrocarbon recovery methods frequently
use injection of water in the form of steam to heat a
surrounding formation, and then the water 1s produced from

the formation in liquid form.

Thus, the properties and problems associated with steam
injection and subsequent liquid water production 1in
formations are fairly well known in the art. However, it
should be clearly understood that the principles of the

present disclosure are not limited in any way to the use of

water as the injected and/or produced fluid.

Examples of other suitable fluids 1nclude hydrocarbons
such as naphtha, kerosene, and gasoline, and liquefied
petroleum gas products, such as ethane, propane, and butane.
Such materials may be employed i1in miscible slug tertiary
recovery processes or 1in enriched gas miscible methods known

in the art.

Additional suitable fluids include surfactants such as
soaps, soap-like substances, solvents, colloids, or
electrolytes. Such fluids may be used for or in conjunction

with micellar solution flooding.

Further suitable fluids include polymers such as
polysaccharides, polyacrylamides, and so forth. Such fluids
may be used to improve sweep efficiency by reducing mobility

ratio.

Therefore, it will be appreciated that any fluid or
combination of fluids may be used i1n addition, or as an
alternative, to use of water. Accordingly, the term “fluid”
as used herein should be understood to include a single

fluid or a combination of fluids, in liquid and/or gaseous

phase.
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As discussed above, the water 1s typilcally injected
into the formation after the water has been heated
sufficiently so that it is in its gaseous phase. The water
could be in the form of superheated vapor (as shown at point
A in FIG. 1A) above 1ts c¢ritical temperature T., or in the
form of a lower temperature gas (as shown at points B, C & D
in FIG. 1A) below the critical temperature, but typically

above the triple point temperature T,,.

In some examples described below, 1t 1s desired that
the water produced from the formation be in its liguid
phase, so that the water changes phase within the formation
prior to being produced from the formation. In this manner,
damage to the formation, production of fines from the
formation, erosion of production equipment, etc., can be

substantially reduced or even eliminated.

However, 1t 1s also desired that this phase change take
place just prior to production of the water from the
formation, so that heat energy transfer from the steam is
more consistently applied to the formation, and while the
steam is more mobile in the formation, prior to changing to
the liquid phase. Thus, 1n the phase diagram of FIG. 1A, the
water produced from the formation would desirably be at a

temperature and pressure somewhere along the phase change

curve E or, to ensure that production of steam 1s prevented,

just above the phase change curve.

Referring additionally now to FIG. 1B, an enlarged
scale detail of a portion of FIG. 1A 1s representatively

illustrated. This detall depicts a fundamental feature of a
method which can embody principles of the present

disclosure.

Specifically, the detail depicts an example in which

flow of the fluid (in this example, water) 1is controlled so
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that it is injected into the formation at a pressure and
temperature corresponding to point C 1in the gaseous phase,
and is produced from the formation at a pressure and
temperature corresponding to point F 1n the liquid phase.
Point F is on a curve G which is just above, and generally
parallel to, the phase change curve E. In other examples,
the fluid could be injected at any of the other points A, B,
D in FIG. 1A, and produced at any other point along the

curve G.

Preferably, the fluid i1s produced at a point on the
phase diagram which 1is on the curve G, or at least above
curve G. Thus, the curve G represents an ideal production
curve representing a desired phase relationship or phase
state at the time of production. Stated differently, curve G
represents a maximum temperature and minimum pressure phase
relationship relative to the liquid/gas phase change curve

E.

Note that such phase-based flow control of the fluid
cannot be based solely on temperature, since at a same
temperature the fluid could be a gas or a liquid, and the
flow control cannot be based solely on pressure, since at a
same pressure the fluid could also be a gas or a liquid.
Instead, this disclosure describes various ways 1n which the

flow control is based on the phase of the fluid.

In examples described below, various flow control
devices can be used in well systems to obtain a desired
injection of steam and production of water, but it should be
understood that this disclosure is not limited to these
examples. Various other benefits can be derived from the
principles described below. For example, the flow control
devices can be used to provide a desired quantitative

distribution of steam along an injection wellbore, a desired
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quantitative distribution of water along a production
wellbore, a desired temperature distribution 1n a formation,

a desired steam front profile in the formation, etc.

Representatively 1llustrated in FIG. 2 1s a flow
control device 12 which can embody principles of this
disclosure. However, 1t should be clearly understood that
the flow control device 12 of FIG. 2 1is merely one example
of an application of the principles of this disclosure 1in
practice, and a wide variety of other examples are possible.
Therefore, the scope of this disclosure 1is not limited at
all to the details of the flow control device 12 described

herein and/or depicted in the drawings.

In the FIG. 2 example, the flow control device 12
includes multiple actuators 14 which control displacement of
respective flow restricting members 16 relative to openings
18. Each opening 18 1s provided with a seat 22 for sealing
engagement with the respective member 16, so that flow into
an internal longitudinally extending flow passage 20 can be

prevented.

However, 1t 1s not necessary for the member 16 to
sealingly engage the seat 22, since 1n some examples i1t may
be sufficient for the member to substantially choke flow
through the opening 18, without entirely preventing such
flow. Although multiple sets of actuators 14, members 16,
openings 18, etc., are depicted i1n FIG. 2, any number
(including only one) of set(s) may be used, and the sets can

be arranged in any configuration.

In the FIG. 2 example, a fluid 40 enters the flow
control device 12 from an exterior thereof via a filter or
well screen 30. The flow control device 12, in this example,
is configured for producing the fluid 40 from a well. The

well screen 30 filters sand, fines and/or debris from the
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fluid 40 prior to the fluid entering the flow control device
12.

From the well screen 30, the fluid 40 flows through an
annular space 32 between generally tubular inner and outer
housings 34, 36 of the flow control device 12. The fluid 40
can flow from the annular space 32 1nto the passage 20,
unless the members 16 are sealingly engaged with the seats
22.

Referring additionally now to FIG. 3, an enlarged
cross-sectional view of one set of the actuator 14, flow
restricting member 16 and opening 18 1s representatively
1llustrated. In this example, the seat 22 1s not used, and
the fluid 40 1is not filtered prior to flowing into the flow

control device 12.

In the FIG. 3 example, the actuator 14 includes a
chamber 24, with water 26 in the chamber. A biasing device
28 (such as, a compression spring) 1n the chamber 24 applies
an outwardly biasing force to a wall 38 of the chamber,
thereby reducing pressure in the chamber. The chamber 24 is
bounded by a bellows 42, so that a volume of the chamber 1is

readily variable.

When the water 26 in the chamber 24 boils, 1t expands,
increasing pressure in the chamber, causing the volume of
the chamber to increase, and thereby displacing the flow
restricting member 16 toward the opening 18. If the chamber
24 volume increases sufficiently, the member 16 can engage
the opening 18 (or seat 22, see FIG. 2) and block flow

through the opening (at least substantially restricting such

flow).

When the water 26 in the chamber 24 condenses, 1t
decreases 1in volume, decreasing pressure 1in the chamber,

causing the chamber volume to decrease, and thereby allowing
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the member 16 to displace away from the opening 18 (due to
pressure in the annular space 32). Thus, flow of the fluid
40 is less restricted as the water 26 cools below its

boiling point.

Since the pressure in the chamber 24 is less than
pressure in the annular space 32 and on the exterior of the
flow control device 20 (due to the force exerted by the
biasing device 28), the water 26 1in the chamber will boil
before any water 1n the annular space or exterior to the
flow control device boils. If the flow control device 12 is
used for producing the fluid 40 from a formation in a steam
injection operation (as discussed above), the increased
restriction to flow resulting from the boiling of the water
26 in the chamber 24 can prevent (or at least substantially

restrict) production of steam into the flow passage.

For example, 1f pressure i1n the chamber 24 1s 25 psi
(~172 kPa) less than pressure 1n the annular space 32, the
water 26 in the chamber 24 will boil at a temperature about
5 degrees F (~3 degrees C) less than that at which water 1in
the annular space will boil. Thus, the flow control device
12 will “close” (entirely or substantially preventing flow)
prior to steam being present in the annular space 32 and

exterior to the flow control device.

Referring additionally now to FIGS. 4A-F, a cross-
sectional view of the flow control device 12 of FIG. 3 is
representatively illustrated 1n various stages of operation,
for purposes of explanation. However, it should be clearly
understood that the scope of this disclosure 1s not limited
to any particular stages of operation, or sequence of

operation, of the flow control device 12.

In FIG. 4A, the flow control device 12 1s depicted at

ambient conditions prior to installation in a well. For
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example, a temperature of the flow control device 12 may be
75 degrees F (~24 degrees C), pressure external to the flow
control device (and in the annular space 32) may be ~15 psi
(~1 bar), and pressure in the chamber 24 may be 10 psi (~69
kPa). The biasing device 28 maintains pressure 1n the

chamber 24 less than pressure external to the actuator 14.

In this condition, the water 26 in the chamber 24 1is 1in
liquid phase. The member 16 1s retracted away from the
opening 18, and flow through the flow control device 12 1is

least restricted.

In FIG. 4B, the flow control device 12 is depicted
after having been positioned 1n a well, such as, 1n a
wellbore from which fluid is produced in a steam injection
operation. For example, a temperature of the flow control
device 12 may be 465 degrees F (~240.6 degrees C), pressure
external to the flow control device (and in the annular
space 32) may be 500 psi (~3.44 MPa), and pressure 1in the
chamber 24 may be 495 psi (~3.41 MPa). The biasing device 28
still maintains pressure 1n the chamber 24 less than

pressure external to the actuator 14.

In this condition, the water 26 in the chamber 24 1is
still in liquid phase, but has expanded somewhat (e.qg.,

~23%) due to thermal expansion. The member 16 1is still

retracted away from the opening 18, and flow of the fluid 40
through the flow control device 12 is not substantially
restricted. The fluid 40 flows through the flow control

device 12 into the passage 20 and is produced.

In FIG. 4C, the flow control device 12 is depicted
after temperature in the well at the flow control device 12
has increased, such as, when steam approaches the wellbore
in which the flow control device 1s positioned. For example,

a temperature of the flow control device 12 may be 466



10

15

20

25

30

CA 02917675 2016-01-07

WO 2015/023294 PCT/US2013/055365

- 10 -

degrees F (~241.1 degrees C), pressure external to the flow
control device (and in the annular space 32) may be 500 psi
(~3.44 MPa), and pressure in the chamber 24 may be 495 psi
(~3.41 MPa). The biasing device 28 still maintalns pressure
in the chamber 24 less than pressure external to the

actuator 14.

In this condition, the water 26 i1n the chamber 24
boils, with a resulting increase 1n volume of the chamber.
The biasing force of the biasing device 28 adds to the
volume increase due to boiling of the water 26. This
displaces the member 16 to a position in which the member
blocks, or at least substantially blocks, flow through the
opening. Flow of the fluid 40 through the flow control
device 12 is substantially restricted, or entirely

prevented.

In FIG. 4D, the flow control device 12 is depicted
after temperature in the well at the flow control device 12
has increased further, such as, when steam enters the
wellbore in which the flow control device 1s positioned. For
example, a temperature of the flow control device 12 may be
467 degrees F (~241.7 degrees C), pressure external to the
flow control device (and in the annular space 32) may be 500
psi (~3.44 MPa), and pressure 1n the chamber 24 may be 500
psi (~3.44 MPa). The biasing device 28 does not maintain
pressure in the chamber 24 less than pressure external to
the actuator 14 at this point, since the member 16 1s 1n

contact with the outer wall 34, and the volume of the

chamber can no longer increase.

In this condition, the water 26 in the chamber 24 1s in
gaseous phase, as 1is any water in the annular space 32 and
external to the flow control device 12. Flow of the fluid 40

through the flow control device 12 is substantially
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restricted, or entirely prevented. The flow control device
12 can be configured to entirely prevent flow of the fluid
40 at this condition (for example, by providing the seat 22
for sealing engagement with the member 16, or by providing
another type of sealing device), 1f production of steam 1is

to be entirely prevented.

In FIG. 4E, the flow control device 12 is depicted
after temperature in the well at the flow control device 12
has decreased, such as, when steam 1s no longer proximate
the wellbore in which the flow control device is positioned.
For example, a temperature of the flow control device 12 may
be 466 degrees F (~241.1 degrees C), pressure external to
the flow control device (and in the annular space 32) may be
500 psi (~3.44 MPa), and pressure 1in the chamber 24 may be
495 psi (~3.41 MPa). The blasing device 28 maintalns

pressure in the chamber 24 less than pressure external to

the actuator 14.

In this condition, the water 26 in the chamber 24 is
condensing, with a resulting decrease 1n pressure 1in the
chamber. A pressure differential across the wall 38 of the
chamber 24 biases the member 16 upward (as viewed in FIG.
4E), but a pressure differential across the member 16 (from
the annular space 32 to the passage 20) can maintain the
member engaged with the opening 18. Flow of the fluid 40
through the flow control device 12 remains substantially

restricted, or entirely prevented.

In FIG. 4F, the flow control device 12 is depicted
after the temperature has decreased sufficiently for the
water 26 to be entirely in liquid phase. For example, a
temperature of the flow control device 12 may be 462 degrees
F (~238.9 degrees C), pressure external to the flow control

device (and in the annular space 32) may be 500 psi (~3.44



10

15

20

25

30

CA 02917675 2016-01-07

WO 2015/023294 PCT/US2013/055365

- 12 -

MPa), and pressure in the chamber 24 may be 495 psi (~3.41
MPa). The biasing device 28 maintains pressure 1n the

chamber 24 less than pressure external to the actuator 14.

In this condition, the member 16 1s retracted away from
the opening 18, and flow of the fluid 40 through the flow

control device 12 is not substantially restricted. The fluid
40 flows through the flow control device 12 into the passage

20 and 1s produced.

Referring additionally now to FIG. 5, a cross-sectional
view of another example of the flow control device 12 1is
representatively i1llustrated. In this example, when the flow
control device 12 is “closed,” a pressure differential
across the member 16 (from the exterior of the flow control
device to the annular space 32) will bias the member toward
a more open position. This 1s 1n contrast to the FIGS. 2-4F
example 1n which, when the flow control device 12 1is
“closed,” the pressure differential across the member 16
(from the annular space 32 to the passage 20) will bias the

member toward its “closed” position.

Thus, 1n the FIG. 5 example, the flow control device 12
will “open” more readily, but more force (produced by the
pressure differential across the wall 38 of the chamber 24)

will be needed to maintain the flow control device in its

“closed” configuration (against the pressure differential
across the member 16). This demonstrates that the scope of
this disclosure is not limited to any particular

configuration of the flow control device 12, since various

configurations can be envisioned to accomplish desired

results.

Referring additionally now to FIG. 6, a cross-sectional
view of yet another example of the flow control device 12 1is

representatively illustrated. In this example, the chamber
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24 and wall 38 are in annular form, with the wall being 1in

the form of a piston.

The piston blocks flow through the openings 18 when the
volume of the chamber 24 increases sufficiently. Seals 44 on
the piston can completely prevent such flow, 1f desired. If
it is desired to substantially restrict, but not completely
prevent, the flow, the lower set of seals 44 (as viewed 1n

FIG. 6) may not be used.

The biasing devices 28 apply a biasing force to the
wall 38, thereby reducing pressure 1n the chamber 24. The
water 26 in the chamber 24 will, thus, boil at a temperature
less than that at which water proximate the flow control
device 12 (e.g., on an exterior of the flow control device,

in the passage 20, or in the annular space 32) will boil.

Note that, in any of the examples of the flow control
device 12 described above, the flow restricting member 16
could displace toward a less flow restricting position when
the water 26 in the chamber 24 boils, and toward a more
restricting position when the water in the chamber
condenses. For example, suitably configured, the flow
control device 12 can be “opened” when steam i1s present, and
“closed” when steam 1s absent. As described more fully
below, such a configuration can be useful to control
injection of steam from a wellbore (e.g., by preventing
injection of liquid water, but permitting injection of

steam).

Although the examples of the flow control device 12
described above specifically include water 26 1n the chamber
24, it is not necessary for water to be the only fluid in
the chamber. For example, the water 26 could be combined
with other fluids, such as, an azeotrope, a substance which

increases a boiling point of the fluid(s) i1n the chamber,
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etc. The scope of this disclosure is not limited to use of
any particular fluid, or combination of fluid(s) and/or

substance(s) i1n the chamber 24.

Although the biasing device 28 in the above examples 1is
in the form of a compression spring, other types of biasing
devices may be used instead of, or 1n addition to, a spring.
For example, a wall of the bellows 42 in the FIGS. 2-5
examples could be formed, so that 1t tends toward an
extended configuration, thereby increasing a volume of the
chamber 24 and reducing pressure 1n the chamber. This could
be accomplished, for example, by annealing a metal bellows
wall in its extended configuration, so that, when
compressed, i1t “wants” to return to its extended
configuration. Therefore, i1t should be understood that the
scope of this disclosure 1s not limited to use of any

particular type of biasing device.

The examples of the flow control device 12 described
above can be used in methods of servicing a well which
include using one or more of the devices to control the
injection of fluid into, and/or the recovery of fluid from,
the well. The well may include one or more wellbores
arranged in any configuration suitable for injecting and/or
recovering fluid from the wellbores, such as a steam-
assisted gravity drainage (SAGD) configuration, a
multilateral wellbore configuration, or a common wellbore

configuration, etc.

A SAGD confiquration typically comprises two
independent wellbores with horizontal sections arranged one
generally above the other. The upper wellbore may be used
primarily to convey steam downhole, and the lower wellbore
may be used primarily to produce oil. The wellbores may be

positioned close enough together to allow for heat flux from
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one to the other. 011l in a reservoir adjacent to the upper
wellbore becomes less viscous 1n response to being heated by
the steam, such that gravity pulls the 0il down to the lower

wellbore where 1t can be produced.

Other suitable gravity drainage configurations use a
grid of upper and lower horizontal wellbores which intersect
each other. This configuration may be used, for example, to
more effectively remove reservoir bitumen. The injection
wellbores would still be spaced out above the production
wellbores, although not necessarily directly vertically
above the production wellbores. Use of the flow control
device 12 would alleviate inherent steam distribution

problems with this type of gravity drainage configuration.

A multilateral wellbore configuration can comprise two
or more lateral wellbores extending from a single "parent”
wellbore. The lateral wellbores are spaced apart from each
other, whereby one wellbore may be used to convey steam
downhole and the other wellbore may be used to produce oil.
The multilateral wellbores may be arranged in parallel in
various orientations (such as vertical or horizontal) and
they may be spaced sufficiently apart to allow heat flux

from one to the other.

In the common wellbore confiquration, a same or common

wellbore may be employed to convey steam downhole and to
produce oil. The common wellbore may be arranged in various
orientations (such as vertical or horizontal). Thus, it
should be appreciated that the scope of this disclosure is

not limited to any particular wellbore configuration.

Referring additionally now to FIG. 7, a well system 54
and assoclated method of controlling a phase of the fluid 40
when injected and produced in the well system are

representatively i1llustrated. The well system 54 is of the
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type described above as a steam-assisted gravity drainage

(SAGD) system.

The well system 54 includes two wellbores 56, 58.
Preferably, the wellbore 58 i1s positioned vertically deeper
5 1n a formation 60 than the wellbore 56. In the example
depicted in FIG. 7, the wellbore 56 1s directly vertically
above the wellbore 58, but this 1s not necessary in Kkeeping

with the principles of this disclosure.

A set of flow control devices l1l2a-c, 12d-f is installed
10 1in each of the respective wellbores 56, 58. The flow control
devices l1l2a-c, 12d-f are preferably interconnected in
respective tubular strings 62, 64, which are installed in
respective slotted, screened or perforated liners 66, 68

positioned in open hole portions of the respective wellbores

15 56, 58.

Although only three of the flow control devices l2a-c
and 12d-f are depicted in each wellbore in FIG. 7, any
number of flow control devices may be used in keeping with
the principles of the invention. The flow control devices

20 12a-¢ and 12d-f may be any of the flow control devices 12

described hereiln.

Zzones 60a-c of the formation 60 are isolated from each

other 1n an annulus 70 between the perforated liner 66 and

the wellbore 56, and in an annulus 72 between the perforated
25 1liner 68 and the wellbore 58, using a sealing material 74
placed in each annulus. The sealing material 74 could be any
type of sealing material (such as swellable elastomer,
hardenable cement, selective plugging material, etc.), or

more conventional packers could be used i1n place of the

30 sealing material.

The zones 60a-c are isolated from each other in an

annulus 76 between the tubular string 62 and the liner 66,
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and 1n an annulus 78 between the tubular string 64 and the
liner 68, by packers 80 or another sealing material. Note
that it 1s not necessary to isolate the zones 60a-c from
each other in either of the wellbores 56, 58, and so use of

the sealing material 74 and packers 80 1s optional.

In the well system 54, steam 1s injected into the zones
60a-c of the formation 60 via the respective flow control
devices l1l2a-¢ in the wellbore 56, and formation fluid (with
the injected fluid) 1s received from the zones into the
respective flow control devices 12d-f i1n the wellbore 58.
Steam injected into the 2zones 60a-c¢ 1s represented in FIG. 7
by respective arrows 40a-c, and fluid produced from the

zones 1s represented in FIG. 7 by respective arrows 40d-f.

The flow control devices 12a-c, 12d-f in the wellbores
56, 58 are used to control a steamfront profile 82 in the
formation 60. The steamfront profile 82 indicates the extent
to which the injected fluid 40a-c¢ remains 1n its gaseous
phase. By controlling the amount of fluid 40a-c injectéd
into each of the zones 60a-c, and the amount of fluid 40d-f
produced from each of the zones, a shape of the profile 82

can also be controlled.

For example, if the steam 1s advancing too rapidly in
one of the zones (as depicted i1n FIG. 7 by the dip in the
profile 82 in the zone 60b), the steam injected into that
zone may be shut off or choked, or production from that zone
may be shut off or choked, to thereby prevent steam
breakthrough i1nto the wellbore 58, or at least to achieve a

desired shape of the steamfront profile 82.

In the example of FIG. 7, the flow control device 12b
in the wellbore 56 could be selectively closed or choked to
stop or reduce the flow of the steam 40b into the zone 60b.

Alternatively, or in addition, the flow control device 1l2e
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in the wellbore 58 could be selectively closed or choked to

stop or reduce production of the fluid 40e from the 2zone

60b.

The restriction to flow through each of the flow
control devices l2a~-c and 12d-f can be automatically and
independently varied, 1n order to maintain the fluid 40a-c
and 40d-f 1n its gaseous phase until just prior to its
production from the formation 60, to provide a desired
quantitative distribution of steam along the injection
wellbore 56, to provide a desired quantitative distribution
of fluid 40d-f production along the wellbore 58, and/or to
provide a desired temperature distribution in the formation

60, etc.

The flow control devices 12a-c can be configured so
that they open (or choke flow less) when the steam 40a-c is
present in the flow passage 20 of the tubular string 62.
This can prevent, or at least substantially restrict, flow
of liquid water into the formation from the wellbore 56, for
example, during start-up and prior to the steam reaching the

flow control devices l1l2a-c.

This can be accomplished by configquring each of the
actuators 14 of the flow control devices 1l2a-c so that the
flow control devices open (or choke flow less) when pressure
and temperature at the respective flow control device
correspond to a gaseous phase of water. For example, the
boiling point of the water 26 1n the chamber 24 can be
greater than that of water in the flow passage 20 (e.g., by
mixing with the water in the chamber a substance that
increases the boiling point of the water), so that the flow

control device opens (or chokes flow less) when the water in

the chamber bolils.
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The flow control devices 12d-f can be configured so
that they close (or choke flow more) when the steam 40a-c
approaches the wellbore 58. This can prevent, or at least
substantially restrict flow of steam from the formation, so

that only (or substantially only) liquid water 1s produced.

This can be accomplished by configuring each of the
actuators 14 of the flow control devices 12d-f so that the
flow control devices close (or choke flow more) when
pressure and temperature at the respective flow control
device are close to a gaseous phase of water (such as, at a
point along the curve G depicted in FIG. 1B). For example,
the boiling point of the water 26 in the chamber 24 can be
less than that of water in the annulus 72 (e.g., by virtue
of the biasing device 28 reducing pressure i1n the chamber),
so that the flow control device closes (or chokes flow more)

when the water in the chamber boils.

Note that the well system 54 1is only one of many well
systems which may benefit from the principles described in
this disclosure. Therefore, 1t should be clearly understood

that the principles of this disclosure are not limited in

any way to the details of the well system 54 and its

assoclated method.

For example, i1t 1s not necessary for the flow control

devices 12a-¢ and 12d-f to be used in both of the wellbores
56 and 58. The flow control devices 12d-f could be used in
the production wellbore 58 without also using the flow

control devices l1l2a-c in the injection wellbore 56, and vice

versae.

Referring additionally now to FIG. 8, another example
of the flow control device 12 1s representatively
illustrated. The flow control device 12 of FIG. 8 1s similar

to the example of FIG. 3, but differs at least in that the
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fluid 40 flows outward from the passage 20 to the annular
space 32 and thence to the exterior of the flow control

device.

Thus, the FIG. 8 flow control device 12 is suitable for
use as the flow control devices 12a-c in the FIG. 7 well
system 54. Of course, the FIG. 8 flow control device 12 can
be used in other well systems, 1n keeping with the

principles of this disclosure.

In the FIG. 8 example, the actuator 14 can be exposed
to pressure less than that in the passage 20 (e.g., due to
flow restriction at the opening 18. The actuator 14 can be
configured to “close” the flow control device 12 at a
predetermined offset from the liquid-gas phase change curve
E (see FIGS. 1A & B). The amount of restriction can be
adjusted by varying the seat 22 (see FIG. 2) or opening 18
area, the wall 38 area and/or the biasing force exerted by

the biasing device 28.

For example, it may be desired for the flow control
device 12 to “close” 1f excessive steam 1s being flowed
through the device, in order to cause more steam to be
injected via other flow control devices. This will function
to even out the steam injection among multiple flow control
devices 12. Other objectives can i1nclude distributing
saturated steam and/or liquid along a wellbore, restricting
free flow of superheated steam at hot spots along an
injection wellbore, reducing restriction on saturated steam
and/or liquid, and supplementing effects of using inflow

control devices to promote more even distribution with

potentially lower pumping losses.

Referring additionally now to FIG. 9, another example
of the flow control device 12 1s representatively

illustrated. The flow control device 12 of FIG. 9 is similar
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to the example of FIG. 5, but differs at least in that the
fluid 40 flows outward from the passage 20 to the annular

space 32 and thence to the exterior of the flow control

device.

Thus, the FIG. 9 flow control device 12 is suitable for
use as the flow control devices 12a-c in the FIG. 7 well
system 54. Of course, the FIG. 9 flow control device 12 can
be used in other well systems, in keeping with the

principles of this disclosure.

The FIG. 9 flow control device 12 can be used to block
flow of steam at a predetermined offset from the liquid-gas
phase change curve E of FIGS. 1A & B. For example, 1f the
heat at a formation into which steam is being injected
allows local well pressure at the flow control device 12 to
decrease (e.g., because produced fluid has insufficient
viscoslty and local pressure loss 1s too low), the flow
control device 12 will block further steam injection
locally, until conditions change (e.g., local well pressure

increases and local well temperature decreases).

If the low well pressure condition exists along a
majority of the injector well, resulting in restriction to
flow through multiple flow control devices 12, that would

affect the pressure (and possibly temperature) in the

passage 20. This may result in the flow control devices 12

staying “open” as design conditions are satisfied.

Referring additionally now to FIG. 10, another example
of the flow control device 12 1s representatively
1llustrated. In this example, the flow restricting member 16
can engage the seat 22 and i1ncreasingly restrict flow
through the opening 18 (or entirely prevent such flow) when

the water 26 in the chamber 24 1is in liquid phase, and when

the water 1s 1n gaseous phase.
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For example, the flow control device 12 of FIG. 10 can
“open” (or choke flow less) when the water 26 in the chamber
24 boils, expanding the bellows and displacing the flow
restricting member 16 out of sealing engagement with the
seat 22. This function could be useful, for example, if the
flow control device 12 is used to control injection of the
fluid 40 (so that the fluid is not injected, unless it has

reached a desired temperature and/or phase).

Prior to the flow control device 12 “opening,” it can
serve as a pressure relief valve, since a predetermined
increased pressure in the annular space 32 can serve to push
the flow restricting member 16 off of the seat 22 to allow
flow of the fluid 40 through the opening 18. Such a pressure
relief function can be useful to aid in balancing injection

rates among multiple injection zones.

In addition, the flow control device 12 of FIG. 10 can
“close” (or choke flow more) when pressure and temperature
conditions are such that the fluid 40 is superheated (for
example, to prevent injection of superheated steam, to
provide for more even distribution of steam injection,
etc.), with the bellows expanding further and displacing the
flow restricting member 16 into sealing engagement with the
seat 22. Thus, the flow control device 12 can permit
relatively unrestricted flow of saturated steam, but prevent

or restrict flow of superheated steam.

As the temperature decreases and/or the pressure
increases, the flow control device 12 could then “open”
agaln (e.g., to permit relatively unrestricted flow of
saturated steam). Further temperature decrease and/or
pressure increase causing the water 26 in the chamber 24 to

condense can result 1n the flow control device 12 “closing”
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again (e.g., to prevent or restrict injection of liquid

water).

Note that, in any of the examples of the flow control
device 12 described above, pressure in the chamber 24 can be
above or below the liquid-gas phase change curve E of FIGS.
1A & B. The biasing device 28 can increase or decrease the
pressure as desired. The blasing force exerted by the
biasing device 28 can be varied as a function of
displacement of the wall 38 to facilitate desired operation

of the actuator 14.

In some examples, the biasing force can transition
between positive and negative. This provides for further
fine tuning of the actuator 14 response to changes in
pressure, temperature and pressure differential at the flow

control device 12.

It may now be fully appreciated that the above
disclosure provides significant advances to the art of
constructing and operating flow control devices to control a
phase of fluid flow 1in a well. In some examples described
above, water 26 1is disposed in a chamber 24 having a
variable volume. A biasing device 28 reduces pressure in the

chamber 24.

More specilfically, the above disclosure provides to the
art a flow control device 12 which, 1n one example,
comprises: water 26 in a chamber 24, the chamber 24 having a
variable volume; a flow restricting member 16 which
displaces 1n response to a change in the chamber 24 volume;

and a biasing device 28 which reduces a pressure in the

chamber 24.

The biasing device 28 may bias a wall 38 of the chamber

24 outward.
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The biasing device 28 may apply a biasing force which

increases the chamber 24 volume.

The bliasing device 28 may comprise a spring in the
chamber 24.

The biasing device 28 may comprise a wall of the

chamber 24 (such as, a wall of the bellows 42).
The chamber 24 may be disposed within a bellows 42.

The flow restricting member 16 may vary a restriction
to flow through the flow control device 12, in response to

the change 1n the chamber 24 volume.

In some examples, only a single fluid may be disposed
in the chamber 24, with the water 26 being the single fluid.
In some examples, no azeotrope may be disposed in the

chamber 24.

An increase in the chamber 24 volume may displace the
flow restricting member 16 to a position in which the flow
restricting member 16 blocks flow through the flow control
device 12. In other examples, a decrease 1n the chamber 24
volume may displace the flow restricting member 16 to a
position in which the flow restricting member 16 blocks flow

through the flow control device 12.

Also described above is a method of controlling flow of
steam 40a-c 1n a well. In one example, the method comprises:
providing a flow control device 12 which varies a resistance
to flow in the well, the flow control device 12 including a
chamber 24 having a variable volume, water 26 disposed in

the chamber 24, and a biasing device 28. The bliasing device

28 increases the chamber 24 volume.

The flow control device 12 may increase the restriction
to tlow as the steam 40a-c approaches the flow control

device 12 in the well. In other examples, the flow control
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device 12 may decrease the restriction to flow as the steam

40a-c approaches the flow control device 12 in the well.

Another example of a flow control device 12 is
described above. In this example, the flow control device 12
can comprise: water 26 in a chamber 24, the chamber 24
having a variable volume; a flow restricting member 16 which
displaces 1n response to a change in the chamber 24 volume;
and a biasing device 28 which reduces a boiling point of the

water 26 1n the chamber 24.

Although various examples have been described above,
with each example having certain features, it should be
understood that 1t 1s not necessary for a particular feature
of one example to be used exclusively with that example.
Instead, any of the features described above and/or depicted
in the drawings can be combined with any of the examples, in
addition to or 1n substitution for any of the other features
of those examples. One example’s features are not mutually
exclusive to another example’s features. Instead, the scope
of this disclosure encompasses any combination of any of the

features.

Although each example described above includes a
certain combination of features, it should be understood
that it 1s not necessary for all features of an example to
be used. Instead, any of the features described above can be
used, without any other particular feature or features also

being used.

It should be understood that the various embodiments
described herein may be utilized in various orientations,
such as i1nclined, inverted, horizontal, vertical, etc., and
in various configurations, without departing from the
principles of this disclosure. The embodiments are described

merely as examples of useful applications of the principles
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of the disclosure, which is not limited to any specific

detalls of these embodiments.

In the above description of the representative
examples, directional terms (such as “above,” “below,”
“upper,” “lower,” etc.) are used for convenience in
referring to the accompanying drawings. However, it should
be clearly understood that the scope of this disclosure is

not limited to any particular directions described herein.

The terms “including,” “includes,” “comprising,”
“comprises,” and similar terms are used in a non-limiting
sense in this specification. For example, if a system,
method, apparatus, device, etc., 1s described as “including”
a certaln feature or element, the system, method, apparatus,
device, etc., can include that feature or element, and can
also 1nclude other features or elements. Similarly, the term
“comprises” 1s conslidered to mean “comprises, but is not

limited to.”

Of course, a person skilled in the art would, upon a
careful consideration of the above description of
representative embodiments of the disclosure, readily
appreciate that many modifications, additions,
substitutions, deletions, and other changes may be made to
the specific embodiments, and such changes are contemplated
by the principles of this disclosure. For example,
structures disclosed as being separately formed can, in
other examples, be 1ntegrally formed and vice versa.
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 invention being

limited solely by the appended claims and their equivalents.
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WHAT IS CLAIMED IS:

1. A flow control device, comprising:

a chamber, the chamber having a varilable volume;

U1

only a single fluid being dispcsed in the chamber,

water being the single fluid;

a flow restricting member which displaces 1n response

to a change in the chamber volume; and

a biasing device which biases a wall of the chamber

10 outward and reduces a pressure 1in the chamber.

2. The flow control device of claim 1, wherein the
biasing device applies a biasing force which i1ncreases the

champer volume.

15

3. The flow control device of claim 1, wherein the

biasing device comprises & spring 1n the chamber.

4 . The flow control device of c¢laim 1, wherein the

20 biasing device comprises a wall of the chamber.

5. The flow control device of c¢laim 1, wherein the

chamber is disposed within a bellows.

25 5 . The flow control device of c¢claim 1, whereln the

flow restricting member varies a restriction to flow
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through the flow control device, in response to the change

in the chamber volume.

7. The flow control device of c¢laim 1, wherein no

azeotrope 1s disposed 1n the chamber.

8 . The flow control device of claim 1, whereiln an
increase in the chamber volume displaces the flow
restricting member to a position in which the flow

restricting member blocks flow through the flow control

device.

g . The flow control device of c¢laim 1, wherein a
decrease in the chamber volume displaces the flow
restricting member to a position in which the flow
restricting member blocks flow through the flow control

device.

10. A method of controlling flow of steam 1n a well,

the method comprising:

providing a flow control device which varies a
resistance to flow in the well, the flow control device
including a chamber having a variable volume, water
disposed in the chamber, and a biasing device disposed
within the chamber, wherein the biasing device biases a

wall of the chamber outward and reduces a pressure of the

chamber.
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11. The method of claim 10, wherein the flow control

device increases the regtriction to [low as the steam

approaches the flow contrcl device in the well.

12 . The method of claim 10, wherein the flow control
device decreases the restriction to flow as the steam

approaches the flow control device 1in the well.

13. The method of claim 10, wherein the biasing

device reduces a boiling point of the water 1n the chamber.

14. The method of claim 10, wherein only a single
fluid is disposed in the chamber, the water belng cthe

single fluid.

15. The method of claim 10, wherein the biasing

device exerts a biasing force which increases the chamber

volume.,

16. The method of claim 10, wherein the biasing

device exerts a biasing force which decreases the chamber

volume.

17. A flow control device, comprising:

water 1n a chamber, the chamber having a variable

volume;
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a flow restricting member which displaces 1n response

to a change in the chamber volume; and

a biasing device which biases a wall of the chamber

cutward

chamber.

18 .

biasing

19.

blasing

chamber

2 0.

biasing

21.

bliasing

Y.

chamber

23 .

and reduces a bolling point of the water 1n the

The flow control dev_ce of claim 17, wherein

device reduces a pressure 1n the chamber.

The flow control device of claim 17, whereiln

device applies a biasing force which 1ncreases

volume.
The flow control device of c¢laim 17, whereiln
device comprises a spring 1n the chamber.

The flow control device of c¢laim 17, whereln

device ccocmprises a wall of the chamber.

The flow control device of c¢laim 17, wherein

1is disposed withlin a bellows.

The flow control device of claim 17, wherein

flow restricting member varies a restriction to flow

through

the

the

the

the

the

the

the

the flow control device, in response to the change

in the chamber volume.
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24 . The flow control device of claim 17, wherein only

2 single fluid is disposed in the chamber, the water beilng

the single fluid.

25. The flow control device of claim 17, wherein no

azeotrope 1s disposed 1n the chamber.

26. The flow control device of claim 17, wherein an
increase in the chamber volume displaces the flow
restricting member to a posgition in which the flow

restricting member blocks flow through the flow control

device.

27. The flow control device of claim 17, wherein a
decrease in the chamber volume displaces the flow
restricting member to a position in which the flow

restricting member blocks flow through the flow control

device.
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