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FLOW CONTROL SYSTEM FOR A NON-NEWTONIAN FLUID IN A
SUBTERRANEAN WELL

Background

[0001] This section is intended to provide relevant contextual information to
facilitate a better understanding of the various aspects of the described
embodiments. Accordingly, it should be understood that these statements are to

be read in this light and not as admissions of prior art.

[0002] This disclosure relates generally to equipment utilized and operations
performed in conjunction with a subterranean well and, in an example
described below, more particularly provides for the use of one or more

autonomous flow control devices.

[0003] In a hydrocarbon well, it may be beneficial to regulate the flow of
fluids from the surface into the wellbore, from the wellbore in an earth
formation, and within the wellbore altogether. A variety of purposes may be
served by such regulation, such as when injecting fluids into the subterranean

formation for purposes of stimulating the well.

[0004] Therefore, it will be appreciated that advancements in the art of
autonomously controlling the flow of fluid in a well, particularly with non-
Newtonian fluids, would be desirable in the circumstances mentioned above,
and such advancements would also be beneficial in a wide variety of other

circumstances.

Brief Description of the Drawings

[0005] Illustrative embodiments of the present disclosure are described in
detail below with reference to the attached drawing figures, which are

incorporated by reference herein and wherein:

[0006] FIG. 1 shows a schematic view a well system including multiple
autonomous flow control devices located within multiple zones of the well

system in accordance with the present disclosure;
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[0007] FIG. 2 shows a schematic view a well system including multiple non-

autonomous flow control devices located;

[0008] FIG. 3 shows a schematic view a well system including multiple
autonomous flow control devices located in accordance with the present

disclosure;

[0009] FIGS. 4A, 4B, and 5 show schematic views of an autonomous flow

control device in accordance with the present disclosure.

[0010] FIGS. 6A and 6B show schematic views of an autonomous flow

control device in accordance with the present disclosure.

[0011] FIG. 7 shows a schematic view of an autonomous flow control device

in accordance with the present disclosure.

[0012] FIG. 8 shows a schematic view of an autonomous flow control device

in accordance with the present disclosure.

[0013] The illustrated figures are only exemplary and are not intended to
assert or imply any limitation with regard to the environment, architecture,

design, or process in which different embodiments may be implemented.

Detailed Description of Illustrative Embodiments

[0014] Oil and gas hydrocarbons are naturally occurring in some
subterranean formations. A subterranean formation containing oil or gas may
be referred to as a reservoir, in which a reservoir may be located under land or
off shore. Reservoirs are typically located in the range of a few hundred feet
(shallow reservoirs) to a few tens of thousands of feet (ultra-deep reservoirs).
In order to produce oil or gas, a wellbore 1s drilled into a reservoir or adjacent

to a reservoir.

[0015] A well can include, without limitation, an oil, gas, or water
production well, or an injection well. As used herein, a “well” includes at least

one wellbore. A wellbore can include vertical, inclined, and horizontal
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portions, and it can be straight, curved, or branched. As used herein, the term
“wellbore” includes any cased, and any uncased, open-hole portion of the
wellbore. A near-wellbore region is the subterranean material and rock of the
subterranean formation surrounding the wellbore. As used herein, a “well” also
includes the near-wellbore region. The near-wellbore region 1s generally
considered to be the region within approximately 100 feet of the wellbore. As
used herein, “into a well” means and includes into any portion of the well,

including into the wellbore or into the near-wellbore region via the wellbore.

[0016] A portion of a wellbore may be an open hole or cased hole. In an
open-hole wellbore portion, a tubing string may be placed into the wellbore.
The tubing string allows fluids to be introduced into or flowed from a remote
portion of the wellbore. In a cased-hole wellbore portion, a casing is placed
into the wellbore that can also contain a tubing string. A wellbore can contain
an annulus. Examples of an annulus include, but are not limited to: the space
between the wellbore and the outside of a tubing string in an open-hole
wellbore; the space between the wellbore and the outside of a casing in a cased-
hole wellbore; and the space between the inside of a casing and the outside of a

tubing string in a cased-hole wellbore.

[0017] Turning to the Figures, FIG. 1 depicts a well system 10 containing
multiple autonomous flow control devices 30 (e.g., outflow control devices)
located within multiple zones of the well system 10. The well system 10
includes at least one wellbore 11 that penetrates and is formed within a
subterranean formation 20. The subterranean formation 20 can be a portion of a
reservoir or adjacent to a reservoir. The wellbore 11 is shown as having a
generally vertical uncased section 14 extending downwardly from a casing 15,
as well as a generally horizontal uncased section extending through the
subterranean formation 20. The wellbore 11 may include generally vertical
wellbore sections and/or generally horizontal wellbore sections. In this
embodiment, the wellbore 11 includes a heel 12 positioned generally at the

intersection of the vertical and horizontal wellbore sections, and a toe 13
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positioned generally at an end of the horizontal wellbore section.

[0018] A tubing string 24 (such as an injection or stimulation tubing string or
coiled tubing) 1s installed in the wellbore 11 and includes the autonomous flow
control devices 30. The well system 10 is shown as including multiple zones
16-19, in which the present disclosure may relate to pumping and injecting
fluid, and more particularly a non-Newtonian fluid, into one or more of the
zones 16—19 simultaneously. The zones may be isolated from one another in a
variety of ways known to those skilled in the art. For example, the zones can be
1solated via multiple packers 26. The packers 26 can seal off an annulus located
between the outside of the tubing string 24 and the wall of wellbore 11.
However, the present disclosure is not so limited, as potentially no packers or
other components or structures may be used to isolate the zones from each

other.

[0019] A flow control device can be used to variably control, restrict, or
adjust the flow rate of a fluid. A flow control device can also be used to deliver
a relatively constant flow rate of a fluid. For example, a flow control device can
be positioned in a wellbore at a location within a particular zone to regulate the
flow rate of the fluid in that zone. Further, the autonomous flow control devices
30 may be used to autonomously control the flow rate of fluid flow through the
devices 30. In particular, as the autonomous flow control devices 30 are
autonomous, the devices 30 are designed to automatically adjust the flow rate
of the fluid exiting the device 30 based on a change in at least one property of
the fluid (e.g., viscosity) without any external intervention (e.g., interaction
with the surface or another component downhole). Viscosity is an example of a
physical property of a fluid. The viscosity of a fluid is the dissipative behavior
of fluid flow and includes, but is not limited to, kinematic viscosity, shear
strength, yield strength, surface tension, viscoplasticity, and thixotropicity.
Viscosity 1s commonly expressed in units of centipoise (cP), which is 1/100
poise. One poise is equivalent to the units of dyne-sec/cm’. Velocity is another

example of a physical property of a fluid that may be used to automatically
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adjust the flow rate of the fluid exiting the device 30.

[0020] The fluid pumped within the system 10 is or includes a non-
Newtonian fluid. A non-Newtonian fluid is a fluid that does not follow
Newton's Law of Viscosity. In particular, the viscosity (the measure of a fluid's
ability to resist gradual deformation by shear or tensile stresses) of non-
Newtonian fluids is dependent on shear rate or shear rate history. For example,
the viscosity of a non-Newtonian fluid decreases as fluid shear, or flow rate of
the fluid, increases. The non-Newtonian fluid may, for example, include a
synthetic polymer or a biopolymer. The synthetic polymer may include a
polyacrylamide, or a cellulose or xanthan-based polymer. In one embodiment,
the non-Newtonian fluid may include a gel, such as an injection gel, an acid
gel, a gravel pack gel, and/or a sealing gel. Accordingly, the non-Newtonian
fluid may be a stimulation fluid, a fracturing fluid, an acidizing fluid, and/or a

sealing fluid.

[0021] As shown, the first autonomous flow control device 30 is located
adjacent to the first zone 16 and the second autonomous flow control device 30
1s located adjacent to the second zone 17. If more than two autonomous flow
control devices 30 are used, then a third autonomous flow control device 30
can be located adjacent to the third zone 18, the fourth autonomous flow
control device 30 can be located adjacent to the fourth zone 19, and so long.
The present disclosure may include the step of pumping or flowing a non-
Newtonian fluid through one or more of the autonomous flow control devices
30. Moreover, more than one autonomous flow control device 30 may also be
located adjacent to a particular zone, for example, located within adjacent pairs

of packers 26 forming the first zone.

[0022] It should be noted that the well system 10 is illustrated in the
drawings and is described herein as merely one example of a wide variety of
well systems in which the principles of this disclosure can be utilized. It should
be clearly understood that the principles of this disclosure are not limited to any

of the details of the well system 10, or components thereof, depicted in the
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drawings or described herein. Furthermore, the well system 10 can include
other components not depicted in the drawing. For example, the well system 10
can further include a well screen. The autonomous flow control device 30 can
be positioned adjacent to the well screen. By way of another example, cement
may be used instead of packers 26 to isolate different zones. Cement may also

be used in addition to packers 26.

[0023] The well system 10 does not need to include a packer 26. Also, it is
not necessary for one well screen and one autonomous flow control device 30
to be positioned between each adjacent pair of the packers 26. It is also not
necessary for a single autonomous flow control device 30 to be used in
conjunction with a single well screen. Any number, arrangement and/or

combination of these components may be used.

[0024] In one or more embodiments, the present disclosure relates to
injecting a non-Newtonian fluid into one or more of the zones 16—19 of the
subterranean formation 20. FIG. 1 depicts a fracture 22. The non-Newtonian
fluid may be pumped through the tubing string 24 and into the fracture 22, such
as to treat, create, or extend the fracture 22. In yet another embodiment, the
non-Newtonian fluid may be used to sweep oil from an injection wellbore

towards a production wellbore.

[0025] The autonomous flow control device 30 can be included within the
tubing string 24 in a manner such that a fluid inlet into the autonomous flow
control device 30 is functionally oriented towards the interior of the tubing
string 24. Therefore, the non-Newtonian fluid can flow from the interior of the
tubing string 24, through the autonomous flow control device 30, and out to the
exterior of the tubing string 24 in the annulus between the tubing string 24 and
the wellbore 11. For example, in an embodiment in which a well screen is
included with the tubing string 24, the autonomous flow control device 30 may
be positioned in the fluid flow path between the inner diameter or interior of
the tubing string 24 and the well screen. Once exterior to the autonomous flow

control device 30, the non-Newtonian fluid can perform a variety of functions,
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such as flowing into the formation 20 in order to stimulate the formation at the

desired zones.

[0026] Various examples of an autonomous flow control device 30 in
accordance with the present disclosure are discussed more below, but an
autonomous flow control device 30 may include, for example, a fluidic diode
autonomous flow control device, a movable plate autonomous flow control
device, a differential pressure autonomous flow control device, and a labyrinth-
shaped autonomous flow control device. The autonomous flow control device
30 may be incorporated into the tubing string 24 through a variety of
installations. For example, the device 30 may be positioned or formed within a
wall of the tubing string 24, may be welded to the tubing string 24, may be
threaded to the tubing string 24, and/or may be otherwise mechanically coupled
to the tubing string 24. These examples for the autonomous flow control device
30 are not the only examples that could be given, and thus are not intended to

limit the scope of the present disclosure.

[0027] Referring now to FIGS. 2 and 3, multiple schematic views are shown
of well systems that include non-autonomous flow control devices 31 and
autonomous flow control devices 30. In particular, FIG. 2 shows a well system
50 that provides an upstream non-autonomous flow control device 31A and a
downstream non-autonomous flow control device 31B included within a
tubular string 55. FIG. 3 shows a well system 60 that provides an upstream
autonomous flow control device 30A and a downstream autonomous flow
control device 30B included within a tubular string 65. In these examples, the
well systems 50 and 60 are positioned within the same formation. Therefore,
the properties and characteristics for the formation will be consistent for both
the non-autonomous flow control system 50 and the autonomous flow control
system 60 for purposes of comparison. Further, though not shown and as
discussed above, one or more packers may be included within the well systems

50 and 60.

[0028] In one example, a Newtonian fluid, such as water, is pumped into the
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interior of the tubular string 55 in FIG. 2, in which the non-autonomous flow
control devices 31A and 31B are used to control the flow rate of the Newtonian
fluid flowing from the interior of the tubular string 55 to the exterior of the
tubular string 55, such as into the annulus formed between the string 55 and the
wellbore 11. The non-autonomous flow control devices 31 may each be set to
have the same or similar flow resistance to the Newtonian fluid flowing
therethrough. However, in this example, due to variations and inconsistencies
in the permeability of the formation, the formation proximate the flow device
31A has greater permeability than the formation proximate flow device 31B.
Similarly, in FIG. 3 and the other below discussed examples, the formation will
have the same properties such that the formation proximate the flow device
30A has greater permeability than the formation proximate the flow device

30B.

[0029] In such an example with respect to FIG. 2, a greater fraction of the
fluid is expected to flow through flow device 31A. For instance, about 60% of
the Newtonian fluid may expect to flow out through the upstream non-
autonomous flow control device 31A, and the remaining 40% of the Newtonian
fluid may expect to flow out through the downstream non-autonomous flow
control device 31B. Accordingly, if a flow rate of 10 gal/min (37.9 lit/min) of
Newtonian fluid is pumped into the tubular string 55, a flow rate of about 6
gal/min (22.7 lit/min) of Newtonian fluid may expect to flow through the
upstream non-autonomous flow control device 31A, and a flow rate of about 4
gal/min (15.1 lit/min) of Newtonian fluid may expect to flow through the

downstream non-autonomous flow control device 31B.

[0030] In another example for comparison, a non-Newtonian fluid is pumped
into the interior of the tubular string 55 in FIG. 2, in which the non-autonomous
flow control devices 31A and 31B are used to control the flow rate of the non-
Newtonian fluid flowing from the interior of the tubular string 55 to the
exterior of the tubular string 55. The non-autonomous flow control devices 31A

and 31B are each set to have the same or similar flow resistance to the non-
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Newtonian fluid flowing therethrough, and the formation has the same
permeability variation as the previous example. In such an example with a non-
Newtonian fluid, a greater percentage of the non-Newtonian fluid will travel
through flow control device 31A. For instance, about 75% of the non-
Newtonian fluid may expect to flow out through the upstream non-autonomous
flow control device 31A, and the remaining 25% of the non-Newtonian fluid
may expect to flow out through the downstream non-autonomous flow control
device 31B. Accordingly, if a flow rate of 10 gal/min (37.9 lit/min) of non-
Newtonian fluid is pumped into the tubular string 55, a flow rate of about 7.5
gal/min (28.4 lit/min) of non-Newtonian fluid may expect to flow through the
upstream non-autonomous flow control device 31A, and a flow rate of about
2.5 gal/min (9.5 lit/min) of non-Newtonian fluid may expect to flow through
the downstream non-autonomous flow control device 31B. In such an
embodiment, the non-autonomous flow control devices 31A and 31B are
shown as having a 3:1 imbalanced ratio for controlling the flow rate of a non-
Newtonian fluid, as compared to a 3:2 more balanced ratio for controlling the

flow rate of a Newtonian fluid.

[0031] In another example, a Newtonian fluid, such as water, is pumped into
the interior of the tubular string 65 in FIG. 3, in which the autonomous flow
control devices 30A and 30B are used to control the flow rate of the Newtonian
fluid flowing from the interior of the tubular string 65 to the exterior of the
tubular string 65, such as into the annulus formed between the string 65 and the
wellbore 11. As mentioned above, the autonomous flow control devices 30A
and 30B are autonomous, and therefore autonomously control the flow rate of
fluid flow through the devices 30A and 30B. Further, the formation has the
same properties and the same permeability variation as the formation as the
previous examples. In such an example, the results may be similar to those in
FIG. 2 with Newtonian fluid, in which about 60% of the Newtonian fluid may
expect to flow out through the upstream autonomous flow control device 30A,
and the remaining 40% of the Newtonian fluid may expect to flow out through

the downstream autonomous flow control device 30B. Accordingly, if a flow
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rate of 10 gal/min (37.9 lit/min) of Newtonian fluid is pumped into the tubular
string 65, a flow rate of about 6 gal/min (22.7 lit/min) of Newtonian fluid may
expect to flow through the upstream autonomous flow control device 30A, and
a flow rate of about 4 gal/min (15.1 lit/min) of Newtonian fluid may expect to

flow through the downstream autonomous flow control device 30B.

[0032] In yet another example, a non-Newtonian fluid is pumped into the
interior of the tubular string 65 in FIG. 3, in which the autonomous flow
control devices 30 are used to control the flow rate of the non-Newtonian fluid
flowing from the interior of the tubular string 65 to the exterior of the tubular
string 65. Further, the formation has the same properties and the same
permeability variation as the formation as the previous examples. As discussed
above, a viscosity (e.g., apparent viscosity) of a non-Newtonian fluid may
decrease as fluid shear, or flow rate of the non-Newtonian fluid, increases. In
particular, for the non-Newtonian fluid, the apparent viscosity of the fluid
changes with the velocity or flow rate of the fluid. Further, the autonomous
flow control devices 30 are designed to automatically adjust the flow rate of the
fluid exiting the device 30 based on a change in at least one property of the
fluid (e.g., apparent viscosity) without any external intervention (e.g.,
interaction with the surface or another component downhole). Accordingly, the
autonomous flow control devices 30 may be used to decrease flow resistance to
the fluid flow of a non-Newtonian fluid as the apparent viscosity of the non-
Newtonian fluid increases, and/or alternatively, may be used to increase flow
resistance to the fluid flow of a non-Newtonian fluid as the apparent viscosity

of the non-Newtonian fluid decreases.

[0033] In such an example with a non-Newtonian fluid and with the
properties of the formation discussed above in the previous examples, about
55% of the non-Newtonian fluid may expect to flow out through the upstream
autonomous flow control device 30A, and the remaining 45% of the non-
Newtonian fluid may expect to flow out through the downstream autonomous

flow control device 30B. In particular, the upstream autonomous flow control

10
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device 30A may decrease the flow rate for the non-Newtonian fluid as the
viscosity decreases towards the heel 12, and the downstream autonomous flow
control device 30B may increase the flow rate for the non-Newtonian fluid as
viscosity increases towards the toe 13. Accordingly, if a flow rate of 10 gal/min
(37.9 lit/min) of non-Newtonian fluid is pumped into the tubular string 65, a
flow rate of about 5.5 gal/min (20.8 lit/min) of non-Newtonian fluid may
expect to flow through the upstream autonomous flow control device 30A, and
a flow rate of about 4.5 gal/min (17.0 lit/min) of non-Newtonian fluid may
expect to flow through the downstream autonomous flow control device 30B.
In such an embodiment, the autonomous flow control devices 30 are shown as
having a more balanced 11:9 ratio for controlling the flow rate of a non-
Newtonian fluid, even as compared to the 3:2 balanced ratio for controlling the
flow rate of a Newtonian fluid. This ratio is more ideal for the non-Newtonian
fluid, as it 1s closer to a 1:1 ratio for completely balanced fluid flow control out
of the tubular string 65. The use of the autonomous flow control devices 30
may reduce the overall amount and time of shear stress induced across the non-
Newtonian fluid. This may induce less damage to the non-Newtonian fluid,

particularly for a fluid with non-shear recovery.

[0034] The following examples illustrate an autonomous flow control device
30 according to certain embodiments. The following examples are not the only
examples that could be given and are not intended to limit the scope of the

present disclosure.

[0035] FIGS. 4A, 4B, and 5 depict an autonomous flow control device 30
according to an embodiment of the present disclosure. The autonomous flow
control device 30 includes a first fluid passageway 201, a fluid direction device
300, and an exit assembly 400. The autonomous flow control device 30 may
further include a second fluid passageway 202, a third fluid passageway 203,
and a fluid diverter 210. According to an embodiment, the first fluid
passageway 201 branches into the second and third fluid passageways 202 and
203 at the fluid diverter 210. Although some of the embodiments depict the

11
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second and third fluid passageways 202 and 203 connected to the first fluid
passageway 201, it is to be understood that the second and third fluid
passageways can be connected to other passageways instead. Any of the fluid
passageways can be any shape including, tubular, rectangular, pyramidal, or
curlicue in shape. Although illustrated as a single passageway, the first fluid
passageway 201 (and any other passageway) could feature multiple

passageways operatively connected in parallel.

[0036] The fluid direction device 300 may include a fluid selector 301, a
fluid passageway 302, and a fluid switch 303. According to an embodiment, as
at least one of the properties of a non-Newtonian fluid changes, the amount of
the fluid that flows into the fluid selector 301 may also change. The property of
the non-Newtonian can change with the flow rate, such as the shear-thinning
behavior of the viscosity of the fluid. The change can be that the fluid

increasingly or decreasingly flows into the fluid selector 301.

[0037] The non-Newtonian fluid enters the autonomous flow control device
30 and flows through the first fluid passageway 201 in the direction of 221.
The non-Newtonian fluid traveling in the direction of 221 will have a specific
flow rate and viscosity, but the flow rate and/or viscosity of the non-Newtonian
fluid can change. According to an embodiment, the fluid selector 301 is
designed such that as a property of the fluid changes, the non-Newtonian fluid
can increasingly flow into the fluid selector 301. For example, as the flow rate
of the non-Newtonian fluid decreases or as the viscosity of the non-Newtonian
fluid increases, then the non-Newtonian fluid increasingly flows into the fluid
selector 301. Regardless of the dependent property of the fluid (e.g., the flow
rate of the fluid or the viscosity of the fluid), as the non-Newtonian fluid
increasingly flows into the fluid selector 301, the fluid increasingly flows in the
direction of 322. FIG. 4A illustrates fluid flow through the autonomous flow
control device 30 when the flow rate of the fluid in the first fluid passageway
201 1s low or decreases, or when the viscosity of the fluid is higher or

increases. The fluid flowing in the direction of 322 can flow into the third fluid

12
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passageway 203.

[0038] According to another embodiment, as the flow rate of the non-
Newtonian fluid in the first fluid passageway 201 increases or as the viscosity
of the fluid decreases, then the non-Newtonian fluid decreasingly flows into the
fluid selector 301. As the non-Newtonian fluid decreasingly flows into the fluid
selector 301, the fluid increasingly flows in the direction of 321. FIG. 4B
illustrates fluid flow through the system when the flow rate of the non-
Newtonian fluid in the first fluid passageway 201 increases or when the
viscosity of the non-Newtonian fluid decreases. The fluid flowing in the

direction of 321 can flow into the second fluid passageway 202.

[0039] The fluid direction device 300 directs the non-Newtonian fluid into at
least the second fluid passageway 202, the third fluid passageway 203, and
combinations thereof. The fluid direction device 300 includes a fluid switch
303. The fluid switch 303 may direct the non-Newtonian fluid into the exit
assembly 400 in the direction of 222, 223, and combinations thereof. The fluid
switch 303 can be any type of fluid switch that is capable of directing a non-
Newtonian fluid from one fluid passageway into two or more different fluid
passageways or directing the fluid into the exit assembly 400 in two or more
different directions. Examples of suitable fluid switches include, but are not
limited to, a pressure switch, a mechanical switch, an electro-mechanical
switch, an electro-ceramic switch, a momentum switch, a fluidic switch, a
bistable amplifier, and a proportional amplifier. FIGS. 4A-5 depict an example

of a pressure switch. FIG. 6 is an example of a momentum switch.

[0040] The fluid switch 303 is used to direct a non-Newtonian fluid into two
or more different fluid passageways or into the exit assembly 400 in two or
more different directions. In certain embodiments, the fluid switch 303 directs
the non-Newtonian fluid, such as based on at least one of the physical
properties of the non-Newtonian fluid. In other embodiments, the fluid switch
303 directs the non-Newtonian fluid based on an input from an external source.

For example, a downhole electronic system or an operator can cause the fluid

13
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switch 300 to direct the non-Newtonian fluid. The fluid switch 303 may direct
an increasing amount of the non-Newtonian fluid into the second fluid
passageway 202 when the flow rate of the fluid in the first fluid passageway
201 increases and may direct an increasing amount of the non-Newtonian fluid
into the third fluid passageway 203 when the flow rate of the fluid in the first
fluid passageway 201 decreases. By way of another example, the fluid switch
303 may direct an increasing amount of the non-Newtonian fluid into the exit
assembly 400 in the direction of 222 when the flow rate of the non-Newtonian
fluid in the first fluid passageway 201 increases and may direct an increasing
amount of the fluid into the exit assembly in the direction of 223 when the flow

rate of the non-Newtonian fluid in the first fluid passageway 201 decreases.

[0041] FIGS. 6A, 6B, and 7 depict the exit assembly 400 according to one or
more embodiments of the present disclosure. The exit assembly 400 includes a
fluid outlet 401, in which the direction of 223 may be a direction that is radial
to the fluid outlet 401. In this manner, the non-Newtonian fluid, when entering
the exit assembly 400 in the direction of 223 will flow through the exit
assembly 400 in a relatively non-rotational direction. As can also be seen, the
direction of 222 may be a direction that is tangential relative to a radius of the
fluid outlet 401. In this manner, the non-Newtonian fluid, when entering the
exit assembly 400 in the direction of 222 can flow rotationally about the inside

of the exit assembly 400.

[0042] According to an embodiment, the non-Newtonian fluid flowing in the
direction of 223 will axially flow towards the fluid outlet 401. In this manner,
the non-Newtonian fluid may exit the exit assembly 400 via the fluid outlet
401. As the non-Newtonian fluid increasingly flows through the exit assembly
400 1n a direction axial to the fluid outlet 401, the resistance to fluid flow
through the exit assembly 400 and the fluid outlet 401 may decrease. As the
volume of non-Newtonian fluid flowing in the axial direction increases, the
pressure differential between a fluid inlet of the first fluid passageway 201 (not
labeled) and the fluid outlet 401 may decrease.
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[0043] Further, the non-Newtonian fluid may flow in the direction of 222
rotationally about the fluid outlet 401. As the non-Newtonian fluid increasingly
flows rotationally about the exit assembly 400, the resistance to fluid flow
through the exit assembly 400 and the fluid outlet 401 increases. As the volume
of non-Newtonian fluid flowing in the rotational direction increases, the
pressure differential between a fluid inlet (not labeled) of the first fluid
passageway 201 and the fluid outlet 401 increases. Further, as the pressure
differential increases, the flow rate of the non-Newtonian fluid exiting the fluid

outlet 401 1s maintained within a flow rate range.

[0044] As depicted in FIGS. 6A and 6B, the exit assembly 400 may include
at least one or more fluid directors 410. As depicted, the fluid director 410
induces flow of the non-Newtonian fluid rotationally about the exit assembly
400 and also impedes flow of the non-Newtonian fluid rotationally about the
exit assembly 400. The fluid director 410 induces flow of the non-Newtonian
fluid rotationally about the exit assembly 400 when the fluid enters via the
second fluid passageway 202 or in the direction of 222; and impedes flow of
the non-Newtonian fluid rotationally about the exit assembly 400 when the
fluid enters via the third fluid passageway 203 or in the direction of 223.
According to another embodiment, the size and shape of the fluid director 410
1s selected such that the fluid director: induces flow of a non-Newtonian fluid
rotationally about the exit assembly 400 when the fluid enters via the second
fluid passageway 202 or in the direction of 222; and impedes flow of the non-
Newtonian fluid rotationally about the exit assembly 400 when the fluid enters
via the third fluid passageway 203 or in the direction of 223.

[0045] If at least two fluid directors 410 are used, the fluid directors 410 do
not have to be the same size or the same shape. The shape of the fluid director
410 can be any shape that induces and impedes rotational flow of a non-
Newtonian fluid. It is to be understood that the shapes depicted in the drawings
are not the only shapes that are capable of achieving the desired result of

inducing and impeding rotational flow of a non-Newtonian fluid. Moreover,
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multiple shapes can be used within a given exit assembly 400.

[0046] According to another embodiment and as can be seen in FIG. 7, the
exit assembly 400 may include a first fluid director 411 and a second fluid
director 412. The first fluid director 411 may induce rotational flow about the
exit assembly 400 and the second fluid director 412 may impede rotational
flow about the exit assembly 400. Further, more than one first fluid director

411 and/or second fluid director 412 may be included within the exit assembly

400.

[0047] FIG. 8 depicts an autonomous flow control device 30 according to yet
another embodiment. The autonomous flow control device 30 may include the
first fluid passageway 201 and a constriction 420. The constriction 420 may be
a plate that 1s capable of moving closer to and farther away from a fluid port,
such as a fluid further downstream of the constriction 420. The plate may be
movable autonomously such that the plate has a biasing force (such as from a
spring or other biasing mechanism) that applies the force through the plate and
against the fluid flow through the constriction 420. In this manner, as the flow
rate of the non-Newtonian fluid increases or the viscosity of the non-
Newtonian fluid decreases, the plate may move closer to the port, thus
maintaining the flow rate of the fluid exiting the restrictor within the flow rate
range. The cross-sectional area of the constriction 420 is less than the cross-
sectional area of the first fluid passageway 201. A pressure differential is
created via the constriction 420 within the first fluid passageway 201. A first
pressure exists at a location upstream of the constriction 420 and a second
pressure exists at a location adjacent to the constriction 420. The pressure
differential can be calculated by subtracting the second pressure from the first
pressure. There can also be a first fluid flow rate at a location upstream of the
constriction 420 and a second fluid flow rate at a location adjacent to the
constriction 420. According to the Venturi effect, the second flow rate of the
fluid increases as the cross-sectional area of the fluid passageway decreases at

the constriction 420. As the second flow rate increases, the second pressure
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decreases, resulting in an increase in the pressure differential.

[0048] The autonomous flow control device 30 according to the embodiment
depicted in FIG. 8 may maintain the flow rate of the non-Newtonian fluid
exiting the first fluid passageway 201 by choking the flow of the fluid. At
initially subsonic upstream conditions, the conservation of mass principle
requires the fluid flow rate to increase as the non-Newtonian fluid flows
through the smaller cross-sectional area of the constriction. At the same time,
the Venturi effect causes the second pressure to decrease at the constriction.
For liquids, choked flow occurs when the Venturi effect acting on the non-
Newtonian fluid flow through the constriction decreases the liquid pressure to
below that of the liquid vapor pressure at the temperature of the liquid. At that
point, the liquid will partially flash into bubbles of vapor. As a result, the
formation of vapor bubbles in the liquid at the constriction limits the flow rate
from increasing any further. The cross-sectional area of the constriction 420
may be adjusted, such as beforehand, to maintain the flow rate of the fluid
within the flow rate range. However, depending on the cross-sectional area of
the constriction 420, a fluid containing undissolved solids, such as proppant,
may encounter difficulty flowing through the constriction 420. Therefore, the
type of autonomous flow control device 30 selected, such as for use within the
embodiment depicted in FIG. 3, may depend on the type of non-Newtonian

fluid being used for the stimulation.

[0049] As discussed above, the present disclosure relates to pumping a non-
Newtonian fluid into a tubular string and controlling a flow rate of the non-
Newtonian fluid flowing from an interior of the tubular string to an exterior of
the tubular string with one or more autonomous flow control devices. Once
pumped exterior to the tubular string, the non-Newtonian fluid may serve a
variety of functions, such as injection into a subterranean formation. The
controlling of the flow rate of the non-Newtonian fluid may include: adjusting
the flow rate of the non-Newtonian fluid through the autonomous flow control

device based upon a viscosity of the non-Newtonian fluid at the autonomous
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flow control device; and/or balancing the flow rate of the non-Newtonian fluid
through the plurality of autonomous flow control devices to reduce a difference
in flow rates through the plurality of autonomous flow control devices. For
example, the controlling of the flow rate of the non-Newtonian fluid may
include: increasing the flow rate through one of the autonomous flow control
devices for a portion of the non-Newtonian fluid comprising a higher viscosity;
and/or decreasing the flow rate through another of the autonomous flow control
devices for a portion of the non-Newtonian fluid comprising a lower viscosity
relative to the higher viscosity. Additionally or alternatively, the controlling of
the flow rate of the non-Newtonian fluid may include: increasing the flow rate
through one of the autonomous flow control devices positioned closer to a heel
of the tubular string; and/or decreasing the flow rate through another of the
autonomous flow control devices positioned closer to a toe of the tubular string
relative to the heel. Further, the controlling of the flow rate of the non-
Newtonian fluid may include controlling a flow resistance to the non-
Newtonian fluid flowing from the interior of the tubular string to an exterior of
the tubular string with the autonomous flow control device. By controlling the
flow rate and the ratio of the flow rate of the non-Newtonian fluid, autonomous
flow control devices may be able to proportionately distribute fluid into a well
without having to manually intervene or overcorrect. For example, more non-
Newtonian fluid may be supplied to a toe of a wellbore than previously
provided under the same flow conditions from the surface to have a more

proportionate distribution of non-Newtonian fluid within the wellbore.

[0050] In addition to the embodiments described above, many examples of
specific combinations are within the scope of the disclosure, some of which are

detailed below:

Embodiment 1. A method of injecting a non-Newtonian fluid into a well
formed within a subterranean formation, the method comprising:
pumping the non-Newtonian fluid into an interior of a tubular string

positioned within the well;
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autonomously controlling a flow rate of the non-Newtonian fluid
flowing from the interior of the tubular string to an exterior of the tubular
string with an autonomous flow control device; and

injecting the non-Newtonian fluid into the subterranean formation.

Embodiment 2. The method of Embodiment 1, wherein autonomously
controlling the flow rate of the non-Newtonian fluid comprises automatically
adjusting the flow rate of the non-Newtonian fluid through the autonomous
flow control device based upon a viscosity of the non-Newtonian fluid at the

autonomous flow control device.

Embodiment 3. The method of Embodiment 1, wherein autonomously
controlling the flow rate of the non-Newtonian fluid comprises autonomously
controlling the flow rate of the non-Newtonian fluid flowing from the interior
of the tubular string to the exterior of the tubular string with a plurality of

autonomous flow control devices.

Embodiment 4. The method of Embodiment 3, wherein autonomously
controlling the flow rate of the non-Newtonian fluid comprises balancing the
flow rate of the non-Newtonian fluid through the plurality of autonomous flow
control devices to reduce a difference in flow rates through the plurality of

autonomous flow control devices.

Embodiment 5. The method of Embodiment 3, wherein autonomously

controlling the flow rate of the non-Newtonian fluid comprises at least one of:

increasing the flow rate through one of the autonomous flow control
devices for a portion of the non-Newtonian fluid comprising a higher
viscosity; and

decreasing the flow rate through another of the autonomous flow
control devices for a portion of the non-Newtonian fluid comprising a lower

viscosity relative to the higher viscosity.

Embodiment 6. The method of Embodiment 3, wherein autonomously
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controlling the flow rate of the non-Newtonian fluid comprises at least one of:

decreasing the flow rate through one of the autonomous flow control
devices positioned closer to a heel of the tubular string; and

increasing the flow rate through another of the autonomous flow
control devices positioned closer to a toe of the tubular string relative to the

heel.

Embodiment 7. The method of Embodiment 1, wherein the controlling the flow
rate of the non-Newtonian fluid comprises controlling a flow resistance to the
non-Newtonian fluid flowing from the interior of the tubular string to an

exterior of the tubular string with the autonomous flow control device.

Embodiment 8. The method of Embodiment 1, wherein the autonomous flow

control device 1s positioned within a wall of the tubular string.

Embodiment 9. The method of Embodiment 1, wherein the autonomous flow
control device comprises one of a fluidic diode autonomous flow control
device, a movable plate autonomous flow control device, a differential pressure
autonomous flow control device, and a labyrinth-shaped autonomous flow

control device.

Embodiment 10. The method of Embodiment 1, wherein the non-Newtonian

fluid comprises a synthetic polymer comprising polyacrylamide.

Embodiment 11. The method of Embodiment 1, wherein the non-Newtonian
fluid comprises an injection gel, an acid gel, a gravel pack gel, and a sealing

gel.

Embodiment 12. The method of Embodiment 1, wherein a viscosity of the non-

Newtonian fluid decreases as a flow rate for the non-Newtonian fluid increases.

Embodiment 13. A method of pumping a non-Newtonian fluid, the method

comprising:
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pumping the non-Newtonian fluid into an interior of a tubular string;
and

autonomously controlling a flow resistance to the non-Newtonian fluid
flowing from the interior of the tubular string to an exterior of the tubular

string with an autonomous flow control device.

Embodiment 14. The method of Embodiment 13, wherein the tubular string is

positioned within a well formed within a subterranean formation.

Embodiment 15. The method of Embodiment 14, the method further

comprising injecting the non-Newtonian fluid into the subterranean formation.

Embodiment 16. The method of Embodiment 14, wherein autonomously

controlling the flow rate of the non-Newtonian fluid comprises at least one of:

decreasing the flow rate through one of the autonomous flow control
devices positioned closer to a heel of the tubular string; and

increasing the flow rate through another of the autonomous flow
control devices positioned closer to a toe of the tubular string relative to the

heel.

Embodiment 17. The method of Embodiment 13, wherein autonomously
controlling the flow rate of the non-Newtonian fluid comprises automatically
adjusting the flow rate of the non-Newtonian fluid through the autonomous
flow control device based upon a viscosity of the non-Newtonian fluid at the

autonomous flow control device.

Embodiment 18. The method of Embodiment 13, wherein autonomously
controlling the flow rate of the non-Newtonian fluid comprises autonomously
controlling the flow rate of the non-Newtonian fluid flowing from the interior
of the tubular string to the exterior of the tubular string with a plurality of

autonomous flow control devices.

Embodiment 19. The method of Embodiment 18, wherein autonomously
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controlling the flow rate of the non-Newtonian fluid comprises at least one of:

increasing the flow rate through one of the autonomous flow control
devices for a portion of the non-Newtonian fluid comprising a higher
viscosity; and

decreasing the flow rate through another of the autonomous flow
control devices for a portion of the non-Newtonian fluid comprising a lower

viscosity relative to the higher viscosity.

Embodiment 20. The method of Embodiment 13, wherein the non-Newtonian

fluid comprises a synthetic polymer comprising polyacrylamide.

[0051] One or more specific embodiments of the present disclosure have
been described. In an effort to provide a concise description of these
embodiments, all features of an actual implementation may not be described in
the specification. It should be appreciated that in the development of any such
actual implementation, as in any engineering or design project, numerous
implementation-specific decisions must be made to achieve the developers’
specific goals, such as compliance with system-related and business-related
constraints, which may vary from one implementation to another. Moreover, it
should be appreciated that such a development effort might be complex and
time-consuming, but would nevertheless be a routine undertaking of design,
fabrication, and manufacture for those of ordinary skill having the benefit of
this disclosure.

2% < 2%

[0052] In the following discussion and in the claims, the articles “a,” “an,

and “the” are intended to mean that there are one or more of the elements. The

2% <C

terms “including,” “comprising,” and “having” and variations thereof are used

in an open-ended fashion, and thus should be interpreted to mean “including,

but not limited to ....” Also, any use of any form of the terms “connect,”

2% <C 2% < 2% <¢

“engage,” “couple,” “attach,” “mate,” “mount,” or any other term describing an
interaction between elements is intended to mean either an indirect or a direct

interaction between the elements described. In addition, as used herein, the
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terms “axial” and “axially” generally mean along or parallel to a central axis
(e.g., central axis of a body or a port), while the terms “radial” and “radially”

generally mean perpendicular to the central axis. The use of “top,” “bottom,”

2% <¢ 2% <¢ 2% <¢

“above,” “below,” “upper,” “lower,” “up,” “down,” “vertical,” “horizontal,”
and variations of these terms 1s made for convenience, but does not require any

particular orientation of the components.

[0053] Certain terms are used throughout the description and claims to refer
to particular features or components. As one skilled in the art will appreciate,
different persons may refer to the same feature or component by different
names. This document does not intend to distinguish between components or
features that differ in name but not function.

[0054] Reference throughout this specification to “one embodiment,” “an

2% <C 2% < 2% <C

embodiment,” “an embodiment,” “embodiments,” “some embodiments,”
“certain embodiments,” or similar language means that a particular feature,
structure, or characteristic described in connection with the embodiment may
be included in at least one embodiment of the present disclosure. Thus, these
phrases or similar language throughout this specification may, but do not

necessarily, all refer to the same embodiment.

[0055] The embodiments disclosed should not be interpreted, or otherwise
used, as limiting the scope of the disclosure, including the claims. It is to be
fully recognized that the different teachings of the embodiments discussed may
be employed separately or in any suitable combination to produce desired
results. In addition, one skilled in the art will understand that the description
has broad application, and the discussion of any embodiment is meant only to
be exemplary of that embodiment, and not intended to suggest that the scope of

the disclosure, including the claims, is limited to that embodiment.
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CLAIMS
What is claimed is:
1. A method of injecting a non-Newtonian fluid into a well formed within a
subterranean formation, the method comprising:
pumping the non-Newtonian fluid into an interior of a tubular string
positioned within the well;
autonomously controlling a flow rate of the non-Newtonian fluid
flowing from the interior of the tubular string to an exterior of the
tubular string with an autonomous flow control device; and

injecting the non-Newtonian fluid into the subterranean formation.

2. The method of claim 1, wherein autonomously controlling the flow rate of
the non-Newtonian fluid comprises automatically adjusting the flow rate of the
non-Newtonian fluid through the autonomous flow control device based upon a

viscosity of the non-Newtonian fluid at the autonomous flow control device.

3. The method of claim 1, wherein autonomously controlling the flow rate of
the non-Newtonian fluid comprises autonomously controlling the flow rate of
the non-Newtonian fluid flowing from the interior of the tubular string to the
exterior of the tubular string with a plurality of autonomous flow control

devices.

4. The method of claim 3, wherein autonomously controlling the flow rate of
the non-Newtonian fluid comprises balancing the flow rate of the non-
Newtonian fluid through the plurality of autonomous flow control devices to
reduce a difference in flow rates through the plurality of autonomous flow

control devices.
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5. The method of claim 3, wherein autonomously controlling the flow rate of
the non-Newtonian fluid comprises at least one of:
increasing the flow rate through one of the autonomous flow control
devices for a portion of the non-Newtonian fluid comprising a
higher viscosity; and
decreasing the flow rate through another of the autonomous flow control
devices for a portion of the non-Newtonian fluid comprising a

lower viscosity relative to the higher viscosity.

6. The method of claim 3, wherein autonomously controlling the flow rate of
the non-Newtonian fluid comprises at least one of:
decreasing the flow rate through one of the autonomous flow control
devices positioned closer to a heel of the tubular string; and
increasing the flow rate through another of the autonomous flow control
devices positioned closer to a toe of the tubular string relative to

the heel.

7. The method of claim 1, wherein autonomously controlling the flow rate of
the non-Newtonian fluid comprises controlling a flow resistance to the non-
Newtonian fluid flowing from the interior of the tubular string to the exterior of

the tubular string with the autonomous flow control device.

8. The method of claim 1, wherein the autonomous flow control device 1s

positioned within a wall of the tubular string.

9. The method of claim 1, wherein the autonomous flow control device
comprises one of a fluidic diode autonomous flow control device, a movable
plate autonomous flow control device, a differential pressure autonomous flow

control device, and a labyrinth-shaped autonomous flow control device.
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10. The method of claim 1, wherein the non-Newtonian fluid comprises a

synthetic polymer comprising polyacrylamide.

11. The method of claim 1, wherein the non-Newtonian fluid comprises an

injection gel, an acid gel, a gravel pack gel, and a sealing gel.

12. The method of claim 1, wherein a viscosity of the non-Newtonian fluid

decreases as a flow rate for the non-Newtonian fluid increases.

13. A method of pumping a non-Newtonian fluid, the method comprising:
pumping the non-Newtonian fluid into an interior of a tubular string;
and
autonomously controlling a flow resistance to the non-Newtonian fluid
flowing from the interior of the tubular string to an exterior of the

tubular string with an autonomous flow control device.

14. The method of claim 13, wherein the tubular string is positioned within a

well formed within a subterranean formation.

15. The method of claim 14, the method further comprising injecting the non-

Newtonian fluid into the subterranean formation.

16. The method of claim 14, wherein autonomously controlling the flow rate of
the non-Newtonian fluid comprises at least one of:
decreasing the flow rate through one of the autonomous flow control
devices positioned closer to a heel of the tubular string; and
increasing the flow rate through another of the autonomous flow control
devices positioned closer to a toe of the tubular string relative to

the heel.
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17. The method of claim 13, wherein autonomously controlling the flow rate of
the non-Newtonian fluid comprises automatically adjusting the flow rate of the
non-Newtonian fluid through the autonomous flow control device based upon a

viscosity of the non-Newtonian fluid at the autonomous flow control device.

18. The method of claim 13, wherein autonomously controlling the flow rate of
the non-Newtonian fluid comprises autonomously controlling a flow resistance
to the non-Newtonian fluid flowing from the interior of the tubular string to the
exterior of the tubular string with a plurality of autonomous flow control

devices.

19. The method of claim 18, wherein autonomously controlling the flow rate of
the non-Newtonian fluid comprises at least one of:
increasing the flow rate through one of the autonomous flow control
devices for a portion of the non-Newtonian fluid comprising a
higher viscosity; and
decreasing the flow rate through another of the autonomous flow control
devices for a portion of the non-Newtonian fluid comprising a

lower viscosity relative to the higher viscosity.

20. The method of claim 13, wherein the non-Newtonian fluid comprises a

synthetic polymer comprising polyacrylamide.
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