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(57) Abrege/Abstract:

An apparatus and method are described for autonomously controlling flow of fluid in a subterranean well, where fluid flow Is

controlled based on a fluid characteristic, such as viscosity or density, which changes over time. Fluid flows into a vortex asse
where a centrifugal force Is imparted to the fluid. A less viscous fluid will have a relatively greater velocity and centrifugal force tr
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moves between an open position, In which fluid flows freely through the peripheral outlet, and a closed position, in which fluid

assembly.
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more viscous fluid. The fluid exits the vortex chamber by both a vortex outlet and a peripheral outlet. An autonomous valve element

flow

through the peripheral outlet Is restricted. The valve element is moved by the centrifugal force of the fluid, such that a fluid having a
higher centrifugal force moves the valve element to the closed position, thereby reducing the total fluid flow through the vortex
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(57) Abstract: An apparatus and method are described for autonomously controlling flow of fluid in a subterranean well, where flu-
1d flow 1s controlled based on a fluid characteristic, such as viscosity or density, which changes over time. Fluid flows into a vortex
assembly where a centritugal force 1s imparted to the tluid. A less viscous tluid will have a relatively greater velocity and centrifugal
force than a more viscous tluid. The tluid exits the vortex chamber by both a vortex outlet and a peripheral outlet. An autonomous
valve element moves between an open position, in which tluid flows freely through the peripheral outlet, and a closed position, in
which fluid tlow through the peripheral outlet 1s restricted. The valve element 1s moved by the centritugal force of the tluid, such
that a fluid having a higher centrifugal force moves the valve element to the closed position, thereby reducing the total fluid flow
through the vortex assembly.
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AUTONOMOUS FLUID CONTROL DEVICE HAVING A MOVABLE VALVE
PLATE FOR DOWNHOLE FLUID SELECTION

CROSS-REFERENCE TO RELATED APPLICATIONS
None.

FIELD OF INVENTION

[0001] The invention relates generally to methods and apparatus for selective
control of fluid flow from a formation in a hydrocarbon bearing subterranean formation
into a production string in a wellbore. More particularly, the invention relates to methods
and apparatus for controlling the flow of fluid based on some characteristic of the fluid
flow, such as viscosity or density, by utilizing a vortex chamber with a plurality of
outlets, at least one of which can be closed by a valve element actuated by the centrifugal

force of the fluid 1n the vortex.
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BACKGROUND OF INVENTION

[0002] During the completion of a well that traverses a hydrocarbon bearing
subterranean formation, production tubing and various equipment are installed in the well
to enable safe and efficient production of the fluids. For example, to prevent the
production of particulate material from an unconsolidated or loosely consolidated
subterranean formation, certain completions include one or more sand control screens
positioned proximate the desired production intervals. In other completions, to control the
flow rate of production fluids into the production tubing, it 1s common practice to install
one or more inflow control devices with the completion string.

[0003] Production from any given production tubing section can often have
multiple fluid components, such as natural gas, o1l and water, with the production fluid
changing in proportional composition over time. Thereby, as the proportion of fluid
components changes, the fluid flow characteristics will likewise change. For example,
when the production fluid has a proportionately higher amount of natural gas, the
viscosity of the fluid will be lower and density of the tluid will be lower than when the
fluid has a proportionately higher amount of oil. It 1s often desirable to reduce or prevent
the production of one constituent in favor of another. For example, 1in an oil-producing
well, 1t may be desired to reduce or eliminate natural gas production and to maximize oil
production. While various downhole tools have been utilized for controlling the flow of
fluids based on their desirability, a need has arisen for a flow control system for
controlling the inflow of fluids that 1s reliable 1n a variety of flow conditions. Further, a
need has arisen for a flow control system that operates autonomously, that 1s, in response
to changing conditions downhole and without requiring signals from the surface by the
operator. Further, a need has arisen for a flow control system without moving mechanical
parts which are subject to breakdown 1n adverse well conditions including from the
erosive or clogging effects of sand 1n the fluid. Similar 1ssues arise with regard to

injection situations, with flow of fluids going into instead of out of the formation.
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SUMMARY OF THE INVENTION

[0004] An apparatus and method are described for autonomously controlling
flow of fluid in a subterranean well, where fluid flow 1s controlled based on a fluid
characteristic which changes over time. In a preferred embodiment, fluid flows 1nto a
vortex assembly where a centrifugal force 1s imparted to the fluid. A less viscous or dense
fluid, such as water or natural gas, will have a greater velocity and centrifugal force than
a more viscous or dense fluid, such as oil. The fluid exits the vortex chamber by both a
vortex outlet at the bottom and a peripheral outlet positioned along the vortex wall. An
autonomous, pivoting valve element, moves between an open position in which fluid
flows freely through the peripheral outlet and a closed position in which fluid tlow
through the peripheral outlet 1s reduced or prevented. The valve element 1S moved by the
centrifugal force of the fluid, such that a less viscous fluid, having a higher centrifugal
force, moves the valve element to the closed position, thereby reducing the total fluid
flow through the vortex assembly. In a preferred embodiment, the pivoting valve element
1s a cantilever. Preferably, the pivoting valve element 1s spring-biased toward the open
position such that i1t will re-open when the centrifugal force lessens, such as when the

fluid viscosity decreases.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] For a more complete understanding of the features and advantages of the
present invention, reference 1s now made to the detailed description of the invention
along with the accompanying figures in which corresponding numerals in the different
figures refer to corresponding parts and in which:

[0006] Figure 1 is a schematic illustration of a well system including a plurality
of autonomous fluid flow control systems according to an embodiment of the invention;

[0007] Figure 2 is a top view, fluid flow diagram of an autonomous fluid flow
control device utilizing a vortex assembly embodying principles of the present invention;

[0008] Figure 3 is a side view 1n cross-section of a fluid flow control device

utilizing a vortex assembly embodying principles of the present invention;
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[0009] Figure 4 1s a top view, fluid flow diagram of an autonomous fluid
flow control device having a highly viscous fluid flowing there through, with the valve
element 1n the open position, according to an embodiment of the invention;

[0010] Figure 5 1s a top view, fluid flow diagram of an autonomous fluid
flow control device having a low viscosity fluid flowing there through, with the valve
element 1n the closed position, according to an embodiment of the invention.

[0011] It should be understood by those skilled in the art that the use of
directional terms such as above, below, upper, lower, upward, downward and the like are
used 1n relation to the illustrative embodiments as they are depicted in the figures, the
upward direction being toward the top of the corresponding figure and the downward
direction being toward the bottom of the corresponding figure. Where this is not the case
and a term 1s being used to indicate a required orientation, the Specification will state or
make such clear. Upstream and downstream are used to indicate location or direction in
relation to the surface, where upstream indicates relative position or movement towards
the surface along the wellbore and downstream indicates relative position or movement

further away from the surface along the wellbore.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0012] While the making and using of various embodiments of the present
invention are discussed in detail below, a practitioner of the art will appreciate that the
present invention provides applicable inventive concepts which can be embodied in a
variety of specific contexts. The specific embodiments discussed herein are illustrative
of specific ways to make and use the invention and do not limit the scope of the present
invention.

[0013] Descriptions of fluid flow control using autonomous flow control
devices and their application can be found in the following U.S. Patents and Patent
Applications: U.S. Patent No. 7,404,416, entitled "Apparatus and Method For Creating
Pulsating Fluid Flow, And Method of Manufacture For the Apparatus,”" to Schultz, filed



CA 02848963 2014-03-14
WO 2013/066293 PCT/US2011/058606

3/25/2004; U.S. Patent No. 6,976,507, entitled "Apparatus for Creating Pulsating Fluid
Flow," to Webb, filed 2/8/2005; U.S. Patent Application Serial No. 12/635612, entitled
"Fluid Flow Control Device,” to Schultz, filed 12/10/2009; U.S. Patent Application Serial
No. 12/770568, entitled "Method and Apparatus for Controlling Fluid Flow Using
Movable Flow Diverter Assembly,” to Dykstra, filed 4/29/2010; U.S. Patent Application
Serial No. 12/700683, entitled "Method and Apparatus for Autonomous Downhole Fluid
Selection With Pathway Dependent Resistance System,” to Dykstra, filed 2/4/2010; U.S.
Patent Application Serial No. 12/7504776, entitled "Tubular Embedded Nozzle Assembly
for Controlling the Flow Rate of Fluids Downhole," to Syed, filed 3/30/2010; U.S. Patent
Application Serial No. 12/791993, entitled "Flow Path Control Based on Fluid
Characteristics to Thereby Variably Resist Flow 1n a Subterranean Well," to Dykstra,
filed 6/2/2010; U.S. Patent Application Serial No. 12/7920935, entitled "Alternating Flow
Resistance Increases and Decreases for Propagating Pressure Pulses 1n a Subterranean
Well," to Fripp, filed 6/2/2010; U.S. Patent Application Serial No. 12/792117, entitled
"Variable Flow Resistance System for Use 1in a Subterrancan Well," to Fripp, filed
6/2/2010; U.S. Patent Application Serial No. 12/792146, entitled "Variable Flow
Resistance System With Circulation Inducing Structure Therein to Variably Resist Flow
in a Subterranecan Well," to Dykstra, filed 6/2/2010; U.S. Patent Application Serial No.
12/879846, entitled "Series Configured Variable Flow Restrictors For Use In A
Subterranean Well," to Dykstra, filed 9/10/2010; U.S. Patent Application Serial No.
12/869836, entitled "Variable Flow Restrictor For Use In A Subterranean Well," to
Holderman, filed 8/27/2010; U.S. Patent Application Serial No. 12/958625, entitled "A
Device For Directing The Flow Of A Fluid Using A Pressure Switch,” to Dykstra, filed
12/2/2010; U.S. Patent Application Serial No. 12/974212, entitled "An Exit Assembly
With a Fluid Director for Inducing and Impeding Rotational Flow of a Fluid,” to Dykstra,
filed 12/21/2010; U.S. Patent Application Serial No. 12/983144, entitled "Cross-Flow
Fluidic Oscillators for use with a Subterranean Well ," to Schultz, filed 12/31/2010; U.S.
Patent Application Serial No. 12/966772, entitled "Downhole Fluid Flow Control System

and Method Having Direction Dependent Flow Resistance,” to Jean-Marc Lopez, filed
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12/13/2010; U.S. Patent Application Serial No. 12/983153, entitled "Fluidic Oscillators
For Use With A Subterranean Well (includes vortex),” to Schultz, filed 12/31/2010; U.S.
Patent Application Serial No. 13/084025, entitled "Active Control for the Autonomous
Valve," to Fripp, filed 4/11/2011; U.S. Patent Application Serial No. 61/473,700, entitled
"Moving Fluid Selectors for the Autonomous Valve," to Fripp, filed 4/8/2011; U.S.
Patent Application Serial No. 61/473,699, entitled "Sticky Switch for the Autonomous
Valve," to Fripp, filed 4/8/2011; and U.S. Patent Application Serial No. 13/100006,
entitled "Centrifugal Fluid Separator,” to Fripp, filed 5/3/2011.

[0014] Figure 1 1s a schematic illustration of a well system, indicated generally
10, including a plurality of autonomous flow control systems embodying principles of the
present invention. A wellbore 12 extends through various earth strata. Wellbore 12 has a
substantially vertical section 14, the upper portion of which has installed therein a casing
string 16. Wellbore 12 also has a substantially deviated section 18, shown as horizontal,
which extends through a hydrocarbon-bearing subterranean formation 20. As illustrated,
substantially horizontal section 18 of wellbore 12 1s open hole. While shown here 1n an
open hole, horizontal section of a wellbore, the invention will work 1n any orientation,
and 1n open or cased hole. The invention will also work equally well with 1njection
systems, as will be discussed supra.

[0015] Positioned within wellbore 12 and extending from the surface is a tubing
string 22. Tubing string 22 provides a conduit for fluids to travel from formation 20
upstream to the surface. Positioned within tubing string 22 in the various production
intervals adjacent to formation 20 are a plurality of autonomous flow control systems 25
and a plurality of production tubing sections 24. At either end of each production tubing
section 24 1s a packer 26 that provides a fluid seal between tubing string 22 and the wall
of wellbore 12. The space in-between each pair of adjacent packers 20 defines a
production interval.

[0016] In the illustrated embodiment, each of the production tubing sections 24
includes sand control capability. Sand control screen elements or filter media associated

with production tubing sections 24 are designed to allow fluids to flow therethrough but
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prevent particulate matter of sufficient size from flowing therethrough. While the
invention does not need to have a sand control screen associated with 1t, 1f one 1s used,
then the exact design of the screen element associated with fluid flow control systems 1s
not critical to the present invention. There are many designs for sand control screens that
are well known 1n the industry, and will not be discussed here in detail. Also, a protective
outer shroud having a plurality of perforations therethrough may be positioned around the
exterior of any such filter medium.

[0017] Through use of the flow control systems 25 of the present invention in
one or more production intervals, some control over the volume and composition of the
produced fluids 1s enabled. For example, in an o1l production operation if an undesired
fluid component, such as water, steam, carbon dioxide, or natural gas, 1S entering one of
the production intervals, the flow control system in that interval will autonomously
restrict or resist production of fluid from that interval.

[0018] The term “natural gas” or “gas” as used herein means a mixture of
hydrocarbons (and varying quantities of non-hydrocarbons) that exist in a gaseous phase
at room temperature and pressure. The term does not indicate that the natural gas 1s 1in a
gaseous phase at the downhole location of the inventive systems. Indeed, it 1S to be
understood that the flow control system 1s for use in locations where the pressure and
temperature are such that natural gas will be 1n a mostly liquefied state, though other
components may be present and some components may be in a gaseous state. The
inventive concept will work with liquids or gases or when both are present.

[0019] The fluid flowing into the production tubing section 24 typically
comprises more than one fluid component. Typical components are natural gas, oil,
water, steam or carbon dioxide. Steam and carbon dioxide are commonly used as
injection fluids to drive the hydrocarbon towards the production tubular, whereas natural
oas, o1l and water are typically found in siru 1n the formation. The proportion of these
components 1n the fluid flowing into each production tubing section 24 will vary over
time and based on conditions within the formation and wellbore. Likewise, the

composition of the fluid flowing into the various production tubing sections throughout
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the length of the entire production string can vary significantly from section to section.
The flow control system 1s designed to reduce or restrict production from any particular
interval when 1t has a higher proportion of an undesired component.

[0020]  Accordingly, when a production interval corresponding to a particular
one of the flow control systems produces a greater proportion of an undesired fluid
component, the flow control system 1n that interval will restrict or resist production flow
from that interval. Thus, the other production intervals which are producing a greater
proportion of desired fluid component, in this case oil, will contribute more to the
production stream entering tubing string 22. In particular, the flow rate from formation 20
to tubing string 22 will be less where the fluid must flow through a flow control system
(rather than simply flowing into the tubing string). Stated another way, the flow control
system creates a flow restriction on the fluid.

[0021] Though Figure 1 depicts one flow control system in each production
interval, 1t should be understood that any number of systems of the present invention can
be deployed within a production interval without departing from the principles of the
present invention. Likewise, the inventive flow control systems do not have to be
associated with every production interval. They may only be present in some of the
production intervals in the wellbore or may be in the tubing passageway to address
multiple production intervals.

[0022]  Figure 2 i1s a top plan view of a fluid control device according to an
embodiment of the invention showing fluid flow paths there through. Figure 3 1s an
elevational view of the fluid control device. The fluid control device 1s vortex-based, and
has a vortex assembly 30 with a vortex chamber 32 having a peripheral wall 34, a top
surface 36 (not shown in Figure 2), a bottom surface 38 which slopes to a vortex outlet
40, and a peripheral outlet 42. The device can be used as part of a fluid control system 25,
in conjunction with additional autonomous fluid control devices, such as those described
in the patent applications which are incorporated herein, i1n series or parallel
arrangements with additional fluid control systems, inflow control devices, and either up

or down stream from such devices.
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[0023]  The vortex outlet 40 is preferably centrally positioned in the bottom
surface 38 of the vortex chamber, as shown, but may be positioned in the bottom surface
38 based upon the fluid flow patterns expected to occur in the vortex assembly and
desired flow patterns through the vortex assembly outlets. The vortex outlet 40 1s 1n fluid
communication with a vortex outlet passageway 44 which directs fluid flow downstream
from the vortex assembly 30. For example, the vortex outlet passageway 44 can direct
flmad flow to the surface, such as through tubing string 22, back into the wellbore 12, to
other tubing sections 24, uphole or downhole depending on the application, etc.

[0024]  The peripheral outlet 42 1s positioned at the periphery of the vortex
chamber, preferably opening through the peripheral wall 34. The peripheral outlet 42 1s 1n
fluid communication with peripheral outlet passageway 46 which directs fluid flow
downstream from the vortex assembly 30. For example, the peripheral outlet passageway
46 can direct tfluid flow to the surface, such as through tubing string 22, back into the
wellbore 12, to other tubing sections 24, uphole or downhole depending on the
application, etc. The outlet passageways 44 and 46 can be connected to the same or
different passageways downstream from the assembly. For example, in one embodiment,
the fluid flow 1s directed from both outlets to the surtace through production tubing. The
benefit derived 1s from the ratio of fluid flow through the outlets and not through
directing flow to different end points. In other embodiments, the outlet passages can
direct the fluid to different end points.

[0025] The vortex assembly 30 has an inlet 48, preferably positioned in the
peripheral wall 34 to allow fluid to flow into the vortex chamber 32. The inlet 48 1s 1n
flud communication with inlet passageway 50 which directs fluid flow i1nto the vortex
assembly from upstream. For example, the inlet passageway 50 can provide fluid flow
into the vortex assembly 30 from production fluid from the wellbore 12, from production
flmd directed through passageways in production sections, production tubing, via
screens, [CDs, etc.

[0026] The vortex assembly 30 further includes an autonomous pivoting element

52. As used herein, the term “pivoting” means moving, or designed to move, in a curved
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or circular path on or as if on an axis. The autonomous pivoting element 52 1s, 1n a
preferred embodiment, attached to the vortex peripheral wall 34. Alternately, the pivoting
element 52 can be attached to the vortex top surface 36, bottom surface 38, a combination
of surfaces or intervening elements, such as a pivot pin or rod, hinge, and other types of
pivoted connection as known 1n the art. The autonomous pivoting element 1S movable
along a path 54, in response to the force exerted on it by fluid flowing in the vortex
chamber, between an open position 56, as seen 1n Figures 2 and 4, and a closed position
58, as seen 1n Figure 5.

[0027] The valve element 52 is preferably biased toward the open position 56.
The biasing etfect can be through means known to those of skill in the art. In a preferred
embodiment, the pivoting element 52 1s biased toward the open position by the rigidity
and elasticity of the element. That 1s, the element 52 acts as a cantilever spring which
bends 1n response to fluid force exerted on face 60. (The bending of a cantilevered
version of the element 1s encompassed by the use of the term “pivot” as used herein.) The
behavior of the cantilevered element 52 can be selected based on the dimension of the
element, material selection, and the related material properties, such as the modulus of
elasticity, density, shear modulus, etc. In alternate embodiments, for example, the
element 52 can be biased using a compression, tension, torsion, flat, coil, leaf and other
spring devices as known 1n the art.

[0028] Further, the pivoting element 52 can be mounted to the vortex assembly,
such as by a pin or rod, about which the element 52 rotates (not shown). One benefit of
the preterred cantilever design 1s that flow 1s easily prevented around the attached end of
the element.

[0029] The autonomous pivoting element 52, as stated above, moves along a
curved path 54 between an open position 56 and closed position 58. The element moves,
in use, to a closed position and effectively restricts or reduces fluid flow through
peripheral outlet 42 1n a preferred embodiment. The element can be designed as desired
to completely prevent flow through the peripheral outlet when 1n the closed position or to

allow a reduced flow. In a preferred embodiment, the element 52 includes a contact

10
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surface 62 which, when the element 1s 1n the closed position, contacts the peripheral wall
34. The element 52 can also contact and/or seal against the top and bottom surfaces of the
assembly. As seen 1n Figures 2 and 5, in some embodiments a relatively small amount of
fluid flow may still flow over, under or around the valve element, even when 1n the
closed position. If some amount of flow 1s desired even where the element 1s in the
closed position, the element can be designed to reduce, but not prevent, fluid flow
through the peripheral outlet. For example, a cantilevered element can be selected of a
length or shape such that it will not entirely block the peripheral outlet or can be of a
stiffness such that 1t will not bend or move to completely block flow. Alternately, the
pivoting element can be prevented from movement to a position that completely blocks
flow, such as by a peg or stop, by reaching the limit of movement of the biasing spring,
or other methods, at any desired position.

[0030] In use, fluid “F” flows into the inlet passageway 50, through inlet 48 and
into the vortex chamber 32. The vortex chamber 32 induces a spiral flow pattern in the
fluid, as seen, for example in Figure 4. The spiraling fluid gathers centrifugal force as it
gains velocity during spiraling. When the autonomous valve element 52 1s in the open
position, the fluid exits the vortex chamber 32 by both the vortex outlet 40 and the
peripheral outlet 42. The vortex assembly can be designed to split these outlet flows as
desired. For example, when the autonomous valve element 52 1s 1n 1ts open position 50,
the fluid flow can be split 60:40, 50:50, 40:60, or other desired ratio, between the vortex
outlet 40 and the peripheral outlet 42. In the closed position, the tlow ratio increases,
much as to 100:0, 90:10, 80:20, or other desired or potential ratio.

[0031] A portion of the fluid flow impinges upon the autonomous valve element
52. In a preferred embodiment, the fluid flow impinges upon a face 60 of the element 52.
As the centrifugal force of the fluid impinging on the element 52 overcomes the spring
force biasing the element 52 toward the open position, the element 52 1s moved along
path 54 toward the closed position 38. As the element 52 moves toward the closed
position, fluid tlow through the peripheral outlet 42 1s reduced and a greater proportion of

fluid tlow 1s directed through the vortex outlet 40. The greater the force bearing on the

11
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element, the further the element moves toward the closed position until it 1s completely
closed. In the closed position 58, as explained above, the fluid flow through the
peripheral outlet 42 1s reduced or prevented. With the greater proportion of fluid flow
through the vortex outlet 40, the overall fluid flow through the assembly 30 1s reduced.
The overall fluid reduction through the assembly can be selected through design of the
constituent parts. For example, the overall fluid flow through the assembly can drop by
70 percent or more when the element 52 1s 1n the closed position. When the centrifugal
force of the fluild impinging on the element 52 decreases to less than the biasing force
acting on the element 52, the element will move toward the open position 6.

[0032] As the centrifugal force varies over time, the element 52 will move
between positions 1n response to the centrifugal and biasing forces. In a producing well,
the proportion of fluild components changes over time with a resulting change 1n fluid
characteristics such as viscosity, density, etc. For example, a formation fluid may have a
higher proportion of o1l and smaller proportions of water and gas at a first time. At a later
time, the formation fluid can have a greater proportion of water and gas and lower
proportion of oil. The vortex assembly 30 takes advantage of the change 1n fluid
characteristics to alter the fluid flow pattern through the assembly. As the flud
characteristic varies, such as to a relatively less viscous or less dense state, the valve
element opens due to the reduction 1n centrifugal force on the element and/or the force of
the biasing member. The valve element will open and close numerous times as the
characteristic of the fluid changes over time.

[0033] Figure 3 shows a vortex assembly according to an embodiment of the
invention with a relatively high viscosity fluid flowing there through. When the
formation fluid 1s of relatively high viscosity, such as when the formation fluid 1s of a
higher proportion of oil, the fluid flow 1s at a relatively lower viscosity and the flow
pattern will tend towards less tangential, spiraling flow and more radial flow, as seen 1n
Figure 3. The lower viscosity fluid, with lower relative velocity, will result 1n relatively
lower centrifugal force. The lower centrifugal force will produce relatively little force on

the element face 60. For example, o1l of 1000cP, at a gallon per minute, and under 14 bar
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of pressure, was modeled on an exemplary assembly to produce a pressure of 400kPa on
the element face 60. The relatively lower pressure and force does not move the element
52, which stays 1n or near the open position 56. Consequently, the relatively more viscous
fluid flows through the vortex assembly through both the vortex outlet 40 and the
peripheral outlet 46.

[0034 Figure 4 shows the vortex assembly according to an embodiment of the

invention with a relatively low viscosity fluid flowing there through. When the formation
fluid changes to be of relatively low viscosity, such as with a higher proportion of gas or
water, the fluid tends to flow at a higher velocity, in a more tangential path, creating a
spiraling flow around the vortex chamber. This flow pattern 1s seen in Figure 4. For
example, water, at a gallon per minute, and under 6 bar of pressure, was modeled on an
exemplary assembly to produce a pressure of 400kPa on the element face 60. Similarly, a
gas of 0.02cP, at 2 gallons per minute and 3 bar produced a modeled result of 300kPa
pressure on the face 60. The relatively higher pressure and centrifugal force tends to
move the element 52 towards the closed position 58, thereby reducing or preventing fluid
flow through peripheral outlet 42. Consequently, the relatively lower viscous fluid flows
through the vortex assembly through primarily or only the vortex outlet 40. This
effectively reduced the total fluid flow through the assembly (where total fluid flow 1s the
combined tlow through the peripheral and vortex outlets).

[0035]  As the characteristics of the fluid change during the life of the tool
having the vortex assembly, the vortex assembly will allow relatively greater tlow rates
for lower viscosity fluids and relatively lower flow rates for higher viscosity fluids. When
the viscosity changes from relatively high (such as oi1l) to relatively low (such as water or
oil), the autonomous valve element will move towards the closed position and reduce
flow through the peripheral outlet. As the viscosity changes to a relatively higher
viscosity, such as where the proportion of water and/or gas drops and the proportion of
oil rises, the autonomous valve element pivots back toward the open position and overall
flow rate through the assembly increases. The element will continue to change positions

as the fluid viscosity changes over time. (This discussion 1s 1n terms of viscosity, but it 1s
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understood that similar concepts apply where a different fluid characteristic 1s observed,
such as density, etc.).

[0036] The vortex assembly 30 described herein 1s exemplary in nature. Other
variants can be utilized, such as multiple inlets, inlets in different locations along the
periphery wall or elsewhere, a different number and positioning of outlets, varying shape
of the vortex chamber and its walls, different shape and size of the autonomous valve
element, etc. Further, additional features, such as vanes, grooves, and other directional
elements can be added to the vortex chamber. The exemplary embodiment described
herein can be modified 1n 1ts particulars, such as the angle between the inlet passageway
and the vortex wall, the positioning of the peripheral outlet, the angle of the peripheral
outlet and peripheral wall, the proportional dimensions of the passageways, chamber and
other elements, etc.

[0037] The description above of the assembly in use i1s provided in the
exemplary embodiment wherein production fluid from the formation 1s directed through
the assembly 30. The production fluid can flow through screens, passageways, tubular
sections, annular passageways, etc., betore and after flowing through the assembly 30.
The assembly 30 can also be used for injection and other completion activities, as
explained 1n incorporated references and as understood by those of skill 1n the art.

The 1nvention can also be used with other flow control systems, such as inflow
control devices, sliding sleeves, and other flow control devices that are already well
known 1n the industry. The inventive system can be either parallel with or 1n series with
these other tlow control systems.

[0037] While this invention has been described with reference to illustrative
embodiments, this description 1s not intended to be construed 1n a limiting sense. Various
modifications and combinations of the illustrative embodiments as well as other
embodiments of the invention, will be apparent to persons skilled in the art upon
reference to the description. It 1s, therefore, intended that the appended claims encompass

any such modifications or embodiments.
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It 1s claimed:

1. An apparatus for autonomously controlling flow of fluid 1n a subterranean well,
wherein a fluid characteristic of the fluid flow changes over time, comprising:

a vortex assembly having a top surface, a bottom surface and a peripheral wall,
defining a vortex chamber;

an 1nlet providing fluid communication into the fluid chamber;

a vortex outlet positioned at the bottom surtace of the vortex chamber;

a peripheral outlet positioned along the peripheral wall of the vortex chamber; and

an autonomous, pivoting valve element, attached to the vortex assembly for
moving between an open position in which fluid flow through the peripheral outlet 1s

allowed, and a closed position in which fluid flow through the peripheral outlet 1s

reduced.
2. An apparatus as in claim 1, wherein the pivoting valve element 1s a cantilever.
3. An apparatus as 1n claim 1 wherein the pivoting valve element 1s biased toward the

open position.

4. An apparatus as in claim 3, further comprising a spring, and wherein the pivoting
valve element 1s biased toward the open position by the spring.

. An apparatus as 1n claim 1, wherein the pivoting valve element prevents fluid flow
through the peripheral outlet when 1n the closed position.

0. An apparatus as in claim 1, wherein the pivoting valve element 1s movable 1n
response to a centrifugal force of the fluid flowing in the vortex chamber.

7. An apparatus as in claim 6, wherein the centrifugal force of the fluid increases as
the viscosity of the fluid decreases.
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3. An apparatus as in claim 1, wherein the assembly has a total flow rate through its
outlets, and wherein the total flow rate 1s decreased when the pivoting valve element 1s
moved toward the closed position.

9. An apparatus as in claim 2, wherein the cantilevered valve element pivots by
bending.

10.  An apparatus as in claim 1, wherein the characteristic of the fluid which changes
over time 1S VISCOSIty.

11.  An apparatus as in claim 1, further comprising a downhole tool, the vortex
assembly positioned 1n the downhole tool.

12. A method for controlling fluid flow 1n a subterranean well having a wellbore
extending there through, the method comprising the steps of:

flowing fluid through a downhole tool;

flowing fluid into a vortex chamber;

flowing fluid through at least two outlets 1n the vortex chamber, a first outlet
positioned along a periphery of vortex chamber and the second outlet positioned
proximate the bottom of the vortex chamber;

moving an autonomous valve element positioned 1n the vortex chamber 1n
response to a change 1n a fluid characteristic of the flowing fluid in the vortex chamber;

reducing fluid flow through the first outlet by the moving the autonomous valve
element.

13. A method as in claim 12, tfurther comprising the step of: preventing fluid flow
through the first outlet by the moving of the autonomous valve element.

14. A method as 1n claim 12, wherein the fluid characteristic 1S viscosity.

15. A method as in claim 12, wherein, in response to a change 1n fluid characteristic,
the fluid flow 1n the vortex chamber increases 1n velocity.

16. A method as in claim 12, wherein, 1n response to a change 1n fluid characteristic,
the centrifugal force exerted by the fluid flow 1n the vortex chamber increases.
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17. A method as 1n claim 12, wherein, in response to a change 1n fluid characteristic,
the force exerted on a face of the autonomous valve increases.

18. A method as 1n claim 12, wherein the step of moving the autonomous valve
element includes moving the autonomous valve element towards a closed position;

and further comprising the step of: moving the autonomous valve element toward
an open position 1n response to another change in the fluid characteristic.

19. A method as 1n claim 12, wherein the step of moving the autonomous valve
element further comprises: moving the autonomous valve element alternately toward a
closed position and toward an open position in response to changes in fluid characteristic
Over time.

20. A method as 1n claim 12, wherein the step of moving the autonomous valve
element further includes pivoting the autonomous valve element.
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