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BACKGROUND

This disclosure relates generally to equipment

utilized and operations performed in conjunction with a



Attorney Docket No.: 2010-I1P-034824 U1P1 US subterranean well and, in an example described below,
more particularly provides a series configuration of variable flow restrictors. In a hydrocarbon production

well, it is many times 5 beneficial to pe @able to, regillate flow of fluiglsfram -amearth fermatiopsinto a
wellbore. A variety of purposes may be served by such regulation, including prevention of water or gas

coning, minimizing sand production, minimizing water and/or gas production, maximizing oil and/or gas 10
production, balancing production among zones, etc. In an injection well, it is typically desirable to
evenly inject water, steam, gas, etc., into multiple zones, so that hydrocarbons are displaced evenly

through an earth formation.. withayt the, injected fluid_prematurely breaking 15 throughfo.a production

wellbore. Thus, the ability to regulate flow of fluids from a wellbore into an earth formation can also be
beneficial for fjéctiocrwels.Y PaHetefore dit Witk be apprédiatedthat advancementsihthe art of
controlling fluighflew iz awwelkweuld be 20 desirable in the circumstances mentioned above, and such
advancements would also be beneficial in a wide variety of other circumstances. SUMMARY 25In the
disclosure below, a variable floworesistanc@roduction well, it is many times

5 Dbeneficial to be able to regulate flow of fluids from an
earth formation into a wellbore. A variety of purposes may
be served by such regulation, including prevention of water
or gas coning, minimizing sand production, minimizing water
and/or gas production, maximizing oil and/or gas

10 production, balancing production among zones, etc.

In an injection well, it is typically desirable to
evenly inject water, steam, gas, etc., into multiple zones,
so that hydrocarbons are displaced evenly through an earth
formation, without the injected fluid prematurely breaking

15 through to a production wellbore. Thus, the ability to
regulate flow of fluids from a wellbore into an earth

formation can also be beneficial for injection wells.

Therefore, it will be appreciated that advancements in
the art of controlling fluid flow in a well would be
20 desirable in the circumstances mentioned above, and such
advancements would also be beneficial in a wide variety of

other circumstances.

SUMMARY

25 In the disclosure below, a variable flow resistance

system is provided which brings improvements to the art of



system is provided which brings improvements to the art of Attorney Docket No.: 2010-IP-034824 U1P1
US regulating fluid flow in wells. One example is described below in which resistance to flow through a

vortex device is dependent on a rotationof & fluigdcomposition ast entess the; yortex devicesAnother
example is described, in 5 which multiple vortex devices are connected in series. In one aspect, the

disclosure provides to the art a variable flow resistance system for use in a subterranean well. The
system can include a vortex device through which a fluid composition flows. A resistance to flow of the 10
fluid composition through the vortex device is dependent on a rotation of the fluid composition at an inlet

to the vortex device.... 1 I another aspast.;a variable flow, resistance system described below can include

a first vortex device having an 15 outlet, and a second vortex device which receives a fluid composition
from the outle?®f tHk first Vortek devices Werssistafce t6 flow gtthe Hufd E6rmpdsitidRthfGugh the second

vortex device is; depgpdenten afotation-efithe fluid camposition-attpe outlet of the first vortex device.
20In yet another aspect, a variable flow resistance system can include a first vortex device which causes

increased rotatior 6Fa filiid Sotpogition At G oltist gfs ™ S*ample Is described, in

5 which multiple vortex devices are connected in series.

In one aspect, the disclosure provides to the art a
variable flow resistance system for use in a subterranean
well. The system can include a vortex device through which
a fluid composition flows. A resistance to flow of the

10 fluid composition through the vortex device is dependent on
a rotation of the fluid composition at an inlet to the

vortex device.

In another aspect, a variable flow resistance system
described below can include a first vortex device having an
15 outlet, and a second vortex device which receives a fluid
composition from the outlet of the first vortex device. A
resistance to flow of the fluid composition through the
second vortex device is dependent on a rotation of the

fluid composition at the outlet of the first vortex device.

20 In yet another aspect, a variable flow resistance
system can include a first vortex device which causes
increased rotation of a fluid composition at an outlet of
the first vortex device in response to an increase in a
velocity of the fluid composition, and a second vortex

25 device which receives the fluid composition from the outlet
of the first vortex device. A resistance to flow of the

fluid composition through the second vortex device is



the first vortex device in response to an increase in a velocity of the fluid composition, and a second
vortex 25 device which receives the fluid composition from the outlet of the first vortex device. A

resistance to flow of the fluid composgitiop thrapghthe-secend.vortex,device is, Attorneysbogket No.:
2010-1P-034824 U1P1 US dependent on the rotation of the fluid composition at the outlet of the first

vortex device. A well device for installation in a wellbore in a subterranean zone is also described below.
In one example, 5 the device includes a first fluid diode comprising a first interior surface that defines a
first interior chamber, and an outlet from the first interior chamber, the first interior surface operable to

direct fluid to rotate in.a rotationaldirectiop through the-outlet; and ndflyid 10 digde comprising a
second interior surface that defines a second interior chamber in fluid communication with the outlet, the
second interictsutfaceOperableftordirect fitidto (5tateSh the rotational direction in response to receiving

the i rotating in the fotpYonal directin 15 trough the oUlet, 1 1pore 11

subterranean zone is also described below. In one example,
5 the device includes a first fluid diode comprising a first
interior surface that defines a first interior chamber, and
an outlet from the first interior chamber, the first
interior surface operable to direct fluid to rotate in a
rotational direction through the outlet; and a second fluid
10 diode comprising a second interior surface that defines a
second interior chamber in fluid communication with the
outlet, the second interior surface operable to direct
fluid to rotate in the rotational direction in response to
receiving the fluid rotating in the rotational direction

15 through the outlet.

The disclosure below also describes a method of
controlling flow in a wellbore in a subterranean zone. An
example is described in which the method comprises
communicating fluid through a first fluid diode and a

20 second fluid diode in a flow path between an interior and
an exterior of a well device in the subterranean zone.
Communicating the fluid through the first fluid diode and
the second fluid diode can cause the fluid to rotate within
the first fluid diode in a rotational direction and to

25 rotate within the second fluid diode in the rotational

direction.



The disclosure below also describes a method of controlling flow in a wellbore in a subterranean zone. An
example is described in which the method comprises communicating fluid through a first fluid diode and a

20 second fluid diode in a flow path petween anjintetior apd an exterar of g welbdevige in the
subterranean zone. Communicating the fluid through the first fluid diode and the second fluid diode can

cause the fluid to rotate within the first fluid diode in a rotational direction and to 25 rotate within the
second fluid diode in the rotational direction. Attorney Docket No.: 2010-IP-034824 U1P1 US These and
other features, advantages and benefits will become apparent to one of ordinary skill in the art upon

careful considerationof the detailed description, of tepresentative examples below and the accompanying

5 drawings, in which similar elements are indicated in the various figures using the same reference
numbers. BRIEFDESCRIPTION CPTHEEDRAWINGS 1Y SIPIGL 118 d-répréséntalive partially

cross-sectionab1Q view eba welksystemwhichgan embedy giingiples opthe-present disclosure. FIG.
2 is an enlarged scale representative cross-sectional view of a well screen and a variable flow resistance

system which' T8y Be et ih'the Wil SySten 6f- TEFE 4. T BIESS PR RYB W e representative
"unrolled® cross-sectional viewsof one<onfigarationcaktheyariable flowresistance system, taken along

line 3-3 of FIG. 2.. flG. 4isa rePreseCrhtative cross-sectional view %f 20 another configuration of the
Various lgures usling e salne rererence numbers.

variable flow resistance system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a representative partially cross-sectional
10 view of a well system which can embody principles of the

present disclosure.

FIG. 2 is an enlarged scale representative cross-
sectional view of a well screen and a variable flow
resistance system which may be used in the well system of

15 FIG. 1.

FIGS. 3A & B are representative “unrolled” cross-
sectional views of one configuration of the variable flow

resistance system, taken along line 3-3 of FIG. 2.

FIG. 4 is a representative cross-sectional view of
20 another configuration of the wvariable flow resistance

system.

FIG. 5 is a representative cross-sectional of the
variable flow resistance system of FIG. 4, taken along line

5-5.

25 FIGS. 6A & B are representative cross-sectional views

the variable flow resistance system of FIG. 4, depicting



FIG. 5 is a representative cross-sectional of the variable flow resistance system of FIG. 4, taken along line
5-5. 25FIGS. 6A & B are representative cross-sectional views the variable flow resistance system of FIG.

4, depicting Attorney Docket No.: 2Q10-1R-034824 LLR1,l)S chapges inflowsesistance resylting from
changes in characteristics of a fluid composition. 5SDETAILED DESCRIPTION Representatively
illustrated in FIG. 1 is a well system 10 which can embody principles of this disclosure. As depicted in
FIG. 1, a wellbore 12 has a generally vertical uncased section 14 extending downwardly from 10 casing
16, as well as a generally horizontal uncased section 18 extending through an earth formation 20. A

tubular string 22 (sych as,a production tubing string).is-installed in the-welljore 12, Interconnected in the

tubular string 22 are multiple well screens 24, 15 variable flow resistance systems 25 and packers 26.
The packers 26'38a1°0fF andnttifus 28 Forméd Fadially Bétwreéti' the tubular string 22 and the wellbore
section 18. In this manner, fluids 30 may be produced from multiple intervals or zones of the formation 20
via isolated

5 DETAILED DESCRIPTION

Representatively illustrated in FIG. 1 is a well
system 10 which can embody principles of this disclosure.
As depicted in FIG. 1, a wellbore 12 has a generally
vertical uncased section 14 extending downwardly from
10 casing 16, as well as a generally horizontal uncased

section 18 extending through an earth formation 20.

A tubular string 22 (such as a production tubing
string) is installed in the wellbore 12. Interconnected in
the tubular string 22 are multiple well screens 24,

15 wvariable flow resistance systems 25 and packers 26.

The packers 26 seal off an annulus 28 formed radially
between the tubular string 22 and the wellbore section 18.
In this manner, fluids 30 may be produced from multiple
intervals or zones of the formation 20 via isolated
20 portions of the annulus 28 between adjacent pairs of the

packers 26.

Positioned between each adjacent pair of the packers
26, a well screen 24 and a variable flow resistance system
25 are interconnected in the tubular string 22. The well
25 screen 24 filters the fluids 30 flowing into the tubular

string 22 from the annulus 28. The variable flow resistance



20 portions of the annulus 28 between adjacent pairs of the packers 26. Positioned between each
adjacent pair of the packers 26, a well screen 24 and a variable flow resistance system 25 are

interconnected in the tubular string 22. dhe,well 25.screen 24 filtess the Buigls 30 flowingintosthe tubular
string 22 from the annulus 28. The variable flow resistance Attorney Docket No.: 2010-1P-034824 U1P1

US system 25 variably restricts flow of the fluids 30 into the tubular string 22, based on certain
characteristics of the fluids. At this point, it should be noted that the well system 5 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 thisdisglosure,can be ufilized. It shouldbe, cleay understopd thakthe principles of this
disclosure are not limited at all to any of the details of 10 the well system 10, or coggonents thereof,
depicted in thédrawigsSérdéstribed hereif! On Ferekaniplé/itisndtiiecessary mkédping with the
principles of this digglosure for the wellbore 12 to include a generally vertical wellbore section 14 or a 15
generally horizontal wellbore section 18. It is not necessary for fluids 30 to be only produced from the
formation 20 since, intother examptes, fluidss¢auld dhedajected inta lasformationsfluids goutdibe both
injected IQIO aﬂgj ers()dyf?ggrfoj_rgltaefccl)ml’]g‘tlgpléetg{’rawings 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 at all to any of the details of

10 the well system 10, or components thereof, depicted in the

drawings or described herein.

For example, it is not necessary in keeping with the
principles of this disclosure for the wellbore 12 to
include a generally vertical wellbore section 14 or a

15 generally horizontal wellbore section 18. It is not
necessary for fluids 30 to be only produced from the
formation 20 since, in other examples, fluids could be
injected into a formation, fluids could be both injected

into and produced from a formation, etc.

20 It is not necessary for one each of the well screen 24
and variable flow resistance system 25 to be positioned
between each adjacent pair of the packers 26. It is not
necessary for a single variable flow resistance system 25
to be used in conjunction with a single well screen 24. Any

25 number, arrangement and/or combination of these components

may be used.



20It is not necessary for one each of the well screen 24 and variable flow resistance system 25 to be
positioned between each adjacent pair of the packers 26. It is not necessary for a single variable flow

resistance system 25 to be used in ggnjunction with gesingle wel sereens24, Ay 25numbeys arrangement
and/or combination of these components may be used. Attorney Docket No.: 2010-1P-034824 U1P1 US

It is not necessary for any variable flow resistance system 25 to be used with a well screen 24. For
example, in injection operations, the injected fluid could be flowed through a variable flow resistance
system 25, without also 5 flowing through a well screen 24. It is not necessary for the well screens 24,

variable flow resistange systems 25.packers 26.ar any, other components, of.the;tubular string 22 to be

positioned in uncased sections 14, 18 of the wellbore 12. Any section of 10 the wellbore 12 may be cased
or uncased, and<riportiohoftRe tisdlal strihg?22 Aldy 5& pBSitiondd ifi ah ticddedor cdsed section of

the wellbore, imkeeping withthe-pringiples ©f shisdisclesurer itshould be clearlyrunderstood, therefore,
that this 15 disclosure describes how to make and use certain examples, but the principles of the

disclosure are R&CIAited td Ahy Hetails of tho5E BXAMPIES. IRStead" those Prinipies ¢arBe applied to a
variety ofsotheflexamplestusingythesknewledge ebtained .from this disclosure. 201t will be appreciated by

those skilled in the art
It is not necessary for the well screens 24, variable

flow resistance systems 25, packers 26 or any other
components of the tubular string 22 to be positioned in
uncased sections 14, 18 of the wellbore 12. Any section of

10 the wellbore 12 may be cased or uncased, and any portion of
the tubular string 22 may be positioned in an uncased or
cased section of the wellbore, in keeping with the

principles of this disclosure.

It should be clearly understood, therefore, that this

15 disclosure describes how to make and use certain examples,
but the principles of the disclosure are not limited to any
details of those examples. Instead, those principles can be

applied to a variety of other examples using the knowledge

obtained from this disclosure.

20 It will be appreciated by those skilled in the art
that it would be beneficial to be able to regulate flow of
the fluids 30 into the tubular string 22 from each zone of
the formation 20, for example, to prevent water coning 32
or gas coning 34 in the formation. Other uses for flow

25 regulation in a well include, but are not limited to,
balancing production from (or injection into) multiple

zones, minimizing production or injection of undesired



that it would be beneficial to be able to regulate flow of the fluids 30 into the tubular string 22 from each
zone of the formation 20, for example, to prevent water coning 32 or gas coning 34 in the formation. Other

uses for flow 25 regulation in a well include, byt gre. pot linited to jhalaneingpreductian fropy(or injection
into) multiple zones, minimizing production or injection of undesired Attorney Docket No.: 2010-IP-034824

U1P1 US fluids, maximizing production or injection of desired fluids, etc. Examples of the variable flow
resistance systems 25 described more fully below can provide these benefits by 5 increasing resistance
to flow if a fluid velocity increases beyond a selected level (e.g., to thereby balance flow among zones,

prevent water.Qr gag;coning gic,); Axd/arincreasing resistanee 1o flow df-a fluid; visgosity decreases below
a selected level (e.g., to thereby restrict 10 flow of an undesired fluid, such as water or gas, in an oil
producing wefh: U1 3As 76t herein, the term "viscosity" is used to indicate any of the rheological

properties including kinematic viscosity, yield strength, viscoplasticity, 15 surface tension, wettability, etc.
Whether a fluid is a d&&TEd 6P aﬁ%nﬁg%irga]ﬂh?&) 5§pgﬂi8§7 ohthe %ﬁ% 5Se o the“prddtiction or injection

operation being sondbetednborexample,litil isidesirecbtoovide these benefits by
5 increasing resistance to flow if a fluid velocity increases
beyond a selected level (e.g., to thereby balance flow
among zones, prevent water or gas coning, etc.), and/or
increasing resistance to flow if a fluid wviscosity
decreases below a selected level (e.g., to thereby restrict
10 flow of an undesired fluid, such as water or gas, 1in an oil

producing well) .

As used herein, the term “viscosity” is used to
indicate any of the rheological properties including
kinematic viscosity, yield strength, viscoplasticity,

15 surface tension, wettability, etc.

Whether a fluid is a desired or an undesired fluid
depends on the purpose of the production or injection
operation being conducted. For example, if it is desired to
produce o0il from a well, but not to produce water or gas,

20 then o0il is a desired fluid and water and gas are undesired
fluids. If it is desired to produce gas from a well, but
not to produce water or oil, the gas is a desired fluid,
and water and oil are undesired fluids. If it is desired to
inject steam into a formation, but not to inject water,

25 then steam is a desired fluid and water is an undesired

fluid.



produce oil from a well, but not to produce water or gas, 20 then oil is a desired fluid and water and gas
are undesired fluids. If it is desired to produce gas from a well, but not to produce water or oil, the gas is a

desired fluid, and water and oil are undesired-fluids. Itit isidesirechtyinject steam dntg a formation, but not
to inject water, 25 then steam is a desired fluid and water is an undesired fluid. Attorney Docket No.:

2010-1P-034824 U1P1 US If gas is being flowed, it can be difficult to restrict flow of the gas using
conventional techniques, which typically involve interposing small diameter passages, orifices, etc. in the
gas flow. Unfortunately, 5 these devices can have an increased volumetric flow rate when gas is flowing

instead of oil or another flyid, and can,resitinerosion problems. 4 ; £ NQtg that, gt downhole temperatures

and pressures, hydrocarbon gas can actually be completely or partially in 10 liquid phase. Thus, it should
be understood &#¥atwhén tHeterft"das® i9 ased herdinCstpéretitieal liqiitl eondeisate and/or gaseous

phases are ingluded withinthe scope-@f that terne Referring adgitionallynew ta-FIG. 2, an enlarged
passages, orifices, etc. in the gas flow. Unfortunately,
5 these devices can have an increased volumetric flow rate
when gas is flowing instead of oil or another fluid, and

can result in erosion problems.

Note that, at downhole temperatures and pressures,
hydrocarbon gas can actually be completely or partially in
10 ligquid phase. Thus, it should be understood that when the
term “gas” is used herein, supercritical, liquid,
condensate and/or gaseous phases are included within the

scope of that term.

Referring additionally now to FIG. 2, an enlarged

15 scale cross-sectional view of one of the variable flow
resistance systems 25 and a portion of one of the well
screens 24 1s representatively illustrated. In this
example, a fluid composition 36 (which can include one or
more fluids, such as o0il and water, liguid water and steam,

20 oil and gas, gas and water, oil, water and gas, etc.) flows
into the well screen 24, is thereby filtered, and then
flows into an inlet 38 of the variable flow resistance

system 25.

A fluid composition can include one or more undesired
25 or desired fluids. Both steam and water can be combined in
a fluid composition. As another example, o0il, water and/or

gas can be combined in a fluid composition.



15 scale cross-sectional view of one of the variable flow resistance systems 25 and a portion of one of the
well screens 24 is representatively illustrated. In this example, a fluid composition 36 (which can include

one or more fluids, such as oil and water, Jiguid water-and;steam, 20 oit and-gas; gas-and yater, oil, water
and gas, etc.) flows into the well screen 24, is thereby filtered, and then flows into an inlet 38 of the

variable flow resistance system 25. A fluid composition can include one or more undesired 25 or desired
fluids. Both steam and water can be combined in a fluid composition. As another example, oil, water
and/or gas can be combined in a fluid composition. Attorney Docket No.: 2010-1P-034824 U1P1 US

Flow of the fluid composijtion:36 throxgh the variable flow resistance system, 25 isresisted based on one

or more characteristics (such as viscosity, velocity, density, etc.) of the fluid composition. The fluid
composition 363"5 fieh diseRarget romthe Variablefiow resistititesystei™s foraf fitérior of the

tubular string 22:via @ncqutlet 40s  (sln-athes examples.ithe welh sereen 24imayinag be used in
conjunction with the variable flow resistance system 25 ﬁ&% In injection operations), the fluid composition
S

36 10 could fI5Win’ardppdsite” difedtion thrsight thd'va &lenéhts SR well st 10 (e.g., in
injection bperatiens) assingle yatiable-flowiresistance-systemccoutd besusedcin conjuretionswith multiple

well screens, %u_lggleivna%labi% f_,lovg Jes séanccueb%sg%méstcroiurll% bgzusxgaldaw!,jtlp1 oggtclreltS more well screens,
the fluid composition cou d'be receive

In other examples, the well screen 24 may not be used
in conjunction with the variable flow resistance system 25
(e.g., 1in injection operations), the fluid composition 36
10 could flow in an opposite direction through the various
elements of the well system 10 (e.g., in injection
operations), a single variable flow resistance system could
be used in conjunction with multiple well screens, multiple
variable flow resistance systems could be used with one or
15 more well screens, the fluid composition could be received
from or discharged into regions of a well other than an
annulus or a tubular string, the fluid composition could
flow through the variable flow resistance system prior to
flowing through the well screen, any other components could
20 be interconnected upstream or downstream of the well screen
and/or variable flow resistance system, etc. Thus, it will
be appreciated that the principles of this disclosure are
not limited at all to the details of the example depicted

in FIG. 2 and described herein.

25 Although the well screen 24 depicted in FIG. 2 is of
the type known to those skilled in the art as a wire-

wrapped well screen, any other types or combinations of



from or discharged into regions of a well other than an annulus or a tubular string, the fluid composition
could flow through the variable flow resistance system prior to flowing through the well screen, any other

components could 20 be interconneg@g&p}ggeqﬁgggggwtream ohtheoweH segreen;and/oy yariable flow
resistance system, etc. Thus, it will be appreciated that the principles of this disclosure are not limited at

all to the details of the example depicted in FIG. 2 and described herein. 25Although the well screen 24
depicted in FIG. 2 is of the type known to those skilled in the art as a wire- wrapped well screen, any other
types or combinations of Attorney Docket No.: 2010-1P-034824 U1P1 US well screens (such as sintered,

expanded, prezpacked. wilgmesihisic) may hedised nierexamplss. Addiions) components (such as
ev

shrouds, shunt tubes, lines, instrumentation, sensors, inflow control ices, etc.) may 5 also be used, if

desired.  THeNaridblé flowTresistancesystem 25 iSdefittetPirrsimplified fFomr it FIG. 2, butin a

preferred example the systemscam inglude various passages-and gdevicesdar performing various functions,
as described more fully 10 below. In addition, the system 25 can at least partially extend circumferentially

about the tubdiaF SHHE22 25r' (RB sy&te iy beTorEd Y A WAl of & Yabsr stritute fitérconnected as

part of the tubwilarcstringukeother examples;dhe system 25 may not extend 15 circumferentially about a

tubular string or be formed in a
The variable flow resistance system 25 is depicted in

simplified form in FIG. 2, but in a preferred example the
system can include various passages and devices for
performing various functions, as described more fully

10 below. In addition, the system 25 can at least partially
extend circumferentially about the tubular string 22, or
the system may be formed in a wall of a tubular structure

interconnected as part of the tubular string.

In other examples, the system 25 may not extend

15 circumferentially about a tubular string or be formed in a
wall of a tubular structure. For example, the system 25
could be formed in a flat structure, etc. The system 25
could be in a separate housing that is attached to the
tubular string 22, or it could be oriented so that the axis

20 of the outlet 40 is parallel to the axis of the tubular
string. The system 25 could be on a logging string or
attached to a device that is not tubular in shape. Any
orientation or configuration of the system 25 may be used

in keeping with the principles of this disclosure.

25 Referring additionally now to FIGS. 3A & B, a more
detailed cross-sectional view of one example of the system

25 is representatively illustrated. The system 25 is



wall of a tubular structure. For example, the system 25 could be formed in a flat structure, etc. The system
25 could be in a separate housing that is attached to the tubular string 22, or it could be oriented so that

the axis 20 of the outlet 40 is paralle tq the,axis ©f the tullar. stsingo The system 256auld he on a logging
string or attached to a device that is not tubular in shape. Any orientation or configuration of the system

25 may be used in keeping with the principles of this disclosure. 25Referring additionally now to FIGS. 3A
& B, a more detailed cross-sectional view of one example of the system 25 is representatively illustrated.
The system 25 is Attorney Docket No.: 2010-1P-034824 U1P1 US depicted in FIGS. 3A & B asifitis

“unrolled” fromdts; circumferentially extgnding configuration;to a generally planar gonfiguration. As
described above, the fluid composition 36 enters 5 the system 25 via the inlet 38, and exits the system via
the outlet 40. AfesistafeE td-fiowof the HedtfdompositibhBE throGgh tre SysteRt 25 vakies based on one
or more charagcteristicsofthe dluid eamposition. The inlet 38, the outlet 40, and a flow passage 42 and 10
flow chamber 44 through which the fluid composition 36 flows between the inlet and the outlet, are
elements of a vortexedevies 46 wrhich abstriets flow of the duidcocgmpasition basedrareeertain

characteré'stic of the fI%id coggposition Rotati ngl Qw of the fluid corpgosition 36 15 increases in the
he " system Via .the 1nﬁe , %P eﬁ%ts sgstem Vlﬁ1 .
chamber 44, thereby increasing restriction to flow through the chamber, for example, when a velocity of

the fluid comﬁds?tmﬁhb@éas‘&; wheres viscosity c_)f:t;hefﬂ@i_wl cmfn;jds@tidridédreases, when a density of
the fluid compasitionsincreases; apdioryhen aJratio of desied fluid o s pased on one or

more characteristics of the fluid composition.

The inlet 38, the outlet 40, and a flow passage 42 and

10 flow chamber 44 through which the fluid composition 36
flows between the inlet and the outlet, are elements of a
vortex device 46 which restricts flow of the fluid
composition based on certain characteristics of the fluid
composition. Rotational flow of the fluid composition 36

15 increases in the chamber 44, thereby increasing restriction
to flow through the chamber, for example, when a velocity
of the fluid composition increases, when a viscosity of the
fluid composition decreases, when a density of the fluid
composition increases, and/or when a ratio of desired fluid

20 to undesired fluid in the fluid composition decreases.

As depicted in FIG. 3A, the chamber 44 is generally
cylindrical-shaped, and the flow passage 42 intersects the
chamber tangentially, so that fluid entering the chamber
via the inlet 48 tends to flow clockwise (as viewed in FIG.

25 3A) about the outlet 40. A bypass passage 50 intersects the
passage 42 downstream of the inlet 38, and the bypass

passage also intersects the chamber 44 tangentially.

_13_



20 to undesired fluid in the fluid composition decreases. As depicted in FIG. 3A, the chamber 44 is
generally cylindrical-shaped, and the flow passage 42 intersects the chamber tangentially, so that fluid

entering the chamber via the inlet 48,tends{o-flayy, clockwige (as)ieweddn d-1Gg 25 3A)-abey the outlet
40. A bypass passage 50 intersects the passage 42 downstream of the inlet 38, and the bypass passage

also intersects the chamber 44 tangentially. Attorney Docket No.: 2010-1P-034824 U1P1 US However,
fluid entering the chamber 44 through the bypass passage 50 via an inlet 52 tends to flow
counterclockwise (as viewed in FIG. 3A) about the outlet 40. In FIG. 3A, a relatively high velocity and/or

low 5 viscosity flyid,compesition 36,flows through the flow.passage 42 from the. sysigasinlet 38 to the flow

chamber 44. In contrast, a relatively low ve om% and/or high viscosity fluid composition 36 flows through
the flow pass&gé 2236 the chamiset 44ihTF1G 3B-0ONIy A Srhall propdrtishofthé filrFcomposition 36

flows to the chamber 44ada the bypassspassage 50 imE1Gu3AThus, a substantial proportion of the fluid
composition 36 rotates in the chamber 44, spiraling with increasing rotational velocity toward the outlet

40. Note that the 15 retatioa .of the flaid-eamposition 36 ghthecdutlet 40 willdricreasevas the velocity of the
fluid composition entering the, Inlet 38 Increases, and as A yiscosity of the fluid composition decreases.
passage 42 from the system inlet 38 to the flow chamber 44.
In contrast, a relatively low velocity and/or high
viscosity fluid composition 36 flows through the flow

passage 42 to the chamber 44 in FIG. 3B.

10 Only a small proportion of the fluid composition 36
flows to the chamber 44 via the bypass passage 50 in FIG.
3A. Thus, a substantial proportion of the fluid composition
36 rotates in the chamber 44, spiraling with increasing
rotational velocity toward the outlet 40. Note that the

15 rotation of the fluid composition 36 at the outlet 40 will
increase as the velocity of the fluid composition entering
the inlet 38 increases, and as a viscosity of the fluid

composition decreases.

A substantially larger proportion of the fluid
20 composition flows to the chamber 44 via the bypass passage
50 in FIG. 3B. In this example, the flows entering the
chamber 44 via the inlets 48, 52 are about equal. These
flows effectively “cancel” or counteract each other, so
that there is relatively little rotational flow of the

25 fluid composition 36 in the chamber 44.

It will be appreciated that the much more circuitous

flow path taken by the fluid composition 36 in the example
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A substantially larger proportion of the fluid 20 composition flows to the chamber 44 via the bypass
passage 50 in FIG. 3B. In this example, the flows entering the chamber 44 via the inlets 48, 52 are about

equal. These flows effectively "cancel of countesaet.eachygther,sa thatthereisrelatively liftle rotational
flow of the 25 fluid composition 36 in the chamber 44. It will be appreciated that the much more

circuitous flow path taken by the fluid composition 36 in the example Attorney Docket No.:
2010-1P-034824 U1P1 US of FIG. 3A dissipates more of the fluid composition's energy at the same flow
rate and, thus, results in more resistance to flow, as compared to the much more direct flow path taken by

the fluid compositionsin the example of &FIG. 3B . Jf ojliis. adesired flyid,and water.aand/or gas are
undesired fluids, then it will be appreciated that the variable flow resistance system 25 of FIGS. 3A & B
will provide 138 f&sistatice t0Flow B the fiid Cohtpasition 36 4hert it Hasah iHerésed ratio of desired to

undesired 10 fluigh theseine and will provide greates resistancerte flawewhepthe fluid-eemposition has a
decreased ratig of desired to undesired fluid therein. Since the chamber 44 in this exafmple has a

cylindrical shapeWithH Gentral ButfeY 467 &nd tHe fuftPEGimpositioh 1° the example o

5 FIG. 3B. If o0il is a desired fluid, and water and/or gas
are undesired fluids, then it will be appreciated that the
variable flow resistance system 25 of FIGS. 3A & B will
provide less resistance to flow of the fluid composition 36
when it has an increased ratio of desired to undesired

10 fluid therein, and will provide greater resistance to flow
when the fluid composition has a decreased ratio of desired

to undesired fluid therein.

Since the chamber 44 in this example has a cylindrical
shape with a central outlet 40, and the fluid composition
15 36 (at least in FIG. 3A) spirals about the chamber,
increasing in velocity as it nears the outlet, driven by a
pressure differential from the inlet 44 to the outlet, the

chamber may be referred to as a “vortex” chamber.

Circular flow inducing structures 54 are used in the
20 chamber 44 in the configuration of FIGS. 3A & B. The
structures 54 operate to maintain circular flow of the
fluid composition 36 about the outlet 40, or at least to
impede inward flow of the fluid composition toward the
outlet, when the fluid composition does flow circularly
25 about the outlet. Openings 56 in the structures 54 permit
the fluid composition 36 to eventually flow inward to the

outlet 40.
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15 36 (at least in FIG. 3A) spirals about the chamber, increasing in velocity as it nears the outlet, driven
by a pressure differential from the inlet 44 to the outlet, the chamber may be referred to as a "vortex"

chamber. Circular flow inducing strugtures s4.arg isediimihe 20,¢hamber 44 iy the ganfiguration of FIGS.
3A & B. The structures 54 operate to maintain circular flow of the fluid composition 36 about the outlet 40,

or at least to impede inward flow of the fluid composition toward the outlet, when the fluid composition
does flow circularly 25 about the outlet. Openings 56 in the structures 54 permit the fluid composition 36
to eventually flow inward to the outlet 40. Attorney Docket No.: 2010-1P-034824 U1P1 US As

discussed above, in £1G, 34, the;vartex device 46 is;depieted in,a.situation.inuhich anjipcreased velocity

and/or reduced viscosity of the fluid composition 36 results in a substantial proportion of the fluid 5
composition floWwiAGito tRe chantbet 44'¢althe infet 481 Fhe #id-E6rhpdsHRion 36- thds Yspirals about the

outlet 40 in thechamber-4d,and a resistance te flovnthreugh dhe vapex device 46 increases. A reduced
viscosity can be due to a relatively low ratjo of desired fluid to undesirefdl%loiguid in the fluid composition

36. Relativelyiitifé' of the fluid cOMposiion 36 flowgort1on of the

5 composition flowing into the chamber 44 wvia the inlet 48.
The fluid composition 36, thus, spirals about the outlet 40
in the chamber 44, and a resistance to flow through the
vortex device 46 increases. A reduced viscosity can be due
to a relatively low ratio of desired fluid to undesired

10 fluid in the fluid composition 36.

Relatively little of the fluid composition 36 flows
into the chamber 44 via the inlet 52 in FIG. 3A, because
the flow passage 50 is branched from the flow passage 42 in
a manner such that most of the fluid composition remains in

15 the flow passage 42. At relatively high velocities, high
densities and/or low viscosities, the fluid composition 36

tends to flow past the flow passage 50.

In FIG. 3B, a velocity of the fluid composition 36 has
decreased and/or a viscosity of the fluid composition has
20 increased, and as a result, proportionately more of the
fluid composition flows from the passage 42 and via the
passage 50 to the inlet 52. The increased viscosity of the
fluid composition 36 may be due to an increased ratio of

desired to undesired fluids in the fluid composition.

25 Since, in FIG. 3B, the flows into the chamber 44 from
the two inlets 48, 52 are oppositely directed (or at least
the flow of the fluid composition through the inlet 52
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into the chamber 44 via the inlet 52 in FIG. 3A, because the flow passage 50 is branched from the flow
passage 42 in a manner such that most of the fluid composition remains in 15 the flow passage 42. At

relatively high velocities, high densities-angd{or,lay, viscesitigs.. theflujd £emposition 36 tendssto flow past
the flow passage 50. In FIG. 3B, a velocity of the fluid composition 36 has decreased and/or a
viscosity of the fluid composition has 20 increased, and as a result, proportionately more of the fluid
composition flows from the passage 42 and via the passage 50 to the inlet 52. The increased viscosity of
the fluid composition 36 may be due to an increased ratio of desired to undesired fluids in the fluid

composition. 253ince; in FIG 38, the flaws,into the chambes 44 from the two,inlets. 48, 52 are oppositely

directed (or at [east the flow of the fluid composition through the inlet 52 Attorney Docket No.:
2010-1P-034822W1 P 153 oppBsés the flow tHisLigh tednlet 48Y, they cbunteract8ach other. Thus, the

fluid compositian 36 ftows-more directly ta thepoutiet 40 and agesistancestorflow throughdthe vortex device
46 is decreased, and the fluid 5 compogition has reduced (or no) rotation at the outlet 40. Referring

additionally ndW%o FiGt @ af6ther configifation Gfihe Variabie flow Fesisthrice system 25 is
representativelynltustrated.rinrthis cenfigtsation; the vprtextdevicen46 ts used druseres with two additional

Referring additionally now to FIG. 4, another
configuration of the variable flow resistance system 25 is
representatively illustrated. In this configuration, the
vortex device 46 is used in series with two additional

10 vortex devices 58, 60. Although three vortex devices 46,
58, 60 are depicted in FIG. 4, it will be appreciated that
any number of vortex devices may be connected in series, in

keeping with the principles of this disclosure.

An outlet 62 of the vortex device 46 corresponds to an

15 inlet of the vortex device 58, and an outlet 64 of the
vortex device 58 corresponds to an inlet of the vortex
device 60. The fluid composition 36 flows from the system
25 inlet 38 to the chamber 44, from the chamber 44 to the
vortex device 58 wvia the outlet/inlet 62, from the

20 outlet/inlet 62 to a vortex chamber 66 of the vortex device
58, from the chamber 66 to the vortex device 60 via the
outlet/inlet 64, from the outlet/inlet 64 to a vortex
chamber 68 of the vortex device 60, and from the chamber 68

to the outlet 40 of the system 25.

25 Each of the vortex devices 58, 60 includes two
passages 70, 72 and 74, 76, respectively, which function

somewhat similar to the passages 42, 50 of the vortex
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10 vortex devices 58, 60. Although three vortex devices 46, 58, 60 are depicted in FIG. 4, it will be
appreciated that any number of vortex devices may be connected in series, in keeping with the principles

of this disclosure. An outlet 62 of thq%\{grg%g@l]gg&@%om%sporgﬁt@_qrp15 inled of thepvortex device 58,
and an outlet 64 of the vortex device 58 corresponds to an inlet of the vortex device 60. The fluid

composition 36 flows from the system 25 inlet 38 to the chamber 44, from the chamber 44 to the vortex
device 58 via the outlet/inlet 62, from the 20 outlet/inlet 62 to a vortex chamber 66 of the vortex device 58,
from the chamber 66 to the vortex device 60 via the outlet/inlet 64, from the outlet/inlet 64 to a vortex

chamber 68 of the vartex deg&ge%@nqggnbtpmg%r 68 to the.outlet:40 of the system 25. 25Each

of the vortex devices 58, 60 includes two passages 70, 72 and 74, 76, respectively, which function
somewhat S|n§|13é?ﬂestﬁé3p%%s§6e§’22c§0%¥%§ vBﬁéQMibrﬁéﬁbo%ﬁeFﬂ% PHARR034824 U1P1 US

device 46. Hoyeversthesgropertians; ofdhe fluidi composition:36 whicheflews through each of the passages
70, 72 and 74, 76 varies based on a rotation of the fluid composition as it enters the regpectlve vortex

device 58, Sﬁ%oﬁés%Jr%%darﬁoﬁethﬁlg}tbeeﬁwt e respective vortex device

5 60, as described more fully below.

Referring additionally now to FIG. 5, a cross-
sectional view of the variable flow resistance system 25 is
representatively illustrated, as viewed along line 5-5 of
FIG. 4. In this view, the manner in which the outlet/inlet

10 62 and outlet/inlet 64 provide fluid communication between

the vortex devices 46, 58, 60 can be readily seen.

In FIG. 5, it may also be seen that the vortex devices
46, 58, 60 are “stacked” in a compact manner, alternating
orientation back and forth. However, it will be appreciated
15 that the vortex devices 46, 58, 60 could be otherwise
arranged, in keeping with the principles of this

disclosure.

Referring additionally now to FIGS. 6A & B, the

variable flow resistance system 25 of FIGS. 4 & 5 is

20 depicted, with a relatively low viscosity, high density
and/or high velocity fluid composition 36 flowing through
the system in FIG. 6A, and with a relatively high
viscosity, low density and/or low velocity fluid
composition flowing through the system in FIG. 6B. These

25 examples demonstrate how the resistance to flow through the
system 25 varies based on certain characteristics of the

fluid composition 36.
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Referring additionally now to FIG. 5, a cross-sectional view of the variable flow resistance system 25 is
representatively illustrated, as viewed along line 5-5 of FIG. 4. In this view, the manner in which the

outlet/inlet 10 62 and outlet/inlet 64 provide, fluidrcommunigationhetyeep the yostexdevicess46, 58, 60
can be readily seen. In FIG. 5, it may also be seen that the vortex devices 46, 58, 60 are "stacked" in

a compact manner, alternating orientation back and forth. However, it will be appreciated 15 that the
vortex devices 46, 58, 60 could be otherwise arranged, in keeping with the principles of this disclosure.
Referring additionally now to FIGS. 6A & B, the variable flow resistance system 25 of FIGS. 4 & 5is 20

depicted, with a relatiyelyjew viscosity ;high.density and/ar high velogity fluid,compasition 36 flowing
through the system in FIG. 6A, and with a relatively high viscosity, low density and/or low velocity fluid
composition floWiRG tHrotigh thé syStet ¥ FIG. 6B. Fhesd 25 ekanisies denidnstratd hbi the resistance

to flow throughdhesystems 25 vasies based-on gertaineharactesistics of the fluidscamposition 36. Attorney
Docket No.: 2010-1P-034824 U1P1 US In FIG. 6A gig,nificant spiraling flow of the fluid composition 36
is present in the Vdttex device 46 {SinfildFks tatdescribedapove TBfAtiond8 FIEC3AY s a result, the

fluid compositiore:36 is ratating significantly -wiendt flaws from ithe chamiber 4dtodthe Mortex device 58
via the outlet/inlet 6% .
via e outlet/inlet 62.

This rotational flow of the fluid composition 36
causes a greater proportion of the fluid composition to
flow through the passage 70, as compared to the proportion

10 of the fluid composition which flows through the passage
72. The manner in which the rotating fluid composition 36
impinges on the curved walls of the passages 70, 72 at
their intersection with the outlet/inlet 62 causes this
difference in the proportions of the fluid composition

15 which flows through each of the passages.

Since a greater proportion of the fluid composition 36
flows into the chamber 66 of the vortex device 58 wvia the
passage 70, the fluid composition rotates within the
chamber 66, similar to the manner in which the fluid

20 composition flows spirally through the chamber 44 of the
vortex device 46. This spiraling flow of the fluid
composition 36 through the chamber 66 generates resistance
to flow, with the resistance to flow increasing with
increased rotational flow of the fluid composition in the

25 chamber.

The fluid composition 36 rotates as it exits the

chamber 66 via the outlet/inlet 64. This rotational flow of
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This rotational flow of the fluid composition 36 causes a greater proportion of the fluid composition to flow
through the passage 70, as compared to the proportion 10 of the fluid composition which flows through

the passage 72. The manner in whicty the rotating. fluid:cafaposition 36-impinges.an the curyed walls of
the passages 70, 72 at their intersection with the outlet/inlet 62 causes this difference in the proportions of

the fluid composition 15 which flows through each of the passages. Since a greater proportion of the
fluid composition 36 flows into the chamber 66 of the vortex device 58 via the passage 70, the fluid
composition rotates within the chamber 66, similar to the manner in which the fluid 20 composition flows

spirally through,the-shamber 44 of the vartex device 46. This spiraling. flow of the fluid-composition 36

through the chamber 66 generates resistance to flow, with the resistance to flow increasing with
increased rotatiohdf flow ' erthe Thid cobmposiibnihtAE D5 chamBer STHETIUid comiposition 36 rotates as it

exits the chamber66 via the eutlet/inleb 64+ This retational flowiof Altarpey Dacket N0 2010-1P-034824
U1P1 US the fluid com%)sition 36 causes a grea7tgr proportion of the fluid composition to flow through the
passage 74, as C8hpared i the propaftisit 8F the fuid compositich Which figiws tHratigh the passage 76.

Similar toothatdesecribeolr the vortex chamber 58, the manner in which the
rotating fluid composition 36 impinges on the curved walls
of the passages 74, 76 at their intersection with the
outlet/inlet 64 causes this difference in the proportions
of the fluid composition which flows through each of the

10 passages.

Since a greater proportion of the fluid composition 36
flows into the chamber 68 of the vortex device 60 via the
passage 74, the fluid composition rotates within the
chamber 68, similar to the manner in which the fluid

15 composition flows spirally through the chamber 66 of the
vortex device 58. This spiraling flow of the fluid
composition 36 through the chamber 68 generates resistance
to flow, with the resistance to flow increasing with
increased rotational flow of the fluid composition in the

20 chamber.

Thus, with the relatively high velocity and/or low
viscosity fluid composition 36 in FIG. 6A, rotational flow
and resistance to flow is increased in each of the vortex
devices 46, 58, 60, so that overall flow resistance is much

25 greater than that which would have been provided by only
the single vortex device 46. In addition, the rotational

flow through the chambers 66, 68 of the vortex devices 58,
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5 above for the vortex chamber 58, the manner in which the rotating fluid composition 36 impinges on the
curved walls of the passages 74, 76 at their intersection with the outlet/inlet 64 causes this difference in

the proportions of the fluid composition-whichflavss threugh each ©f the A0 passages: p1 Sinice a greater
proportion of the fluid composition 36 flows into the chamber 68 of the vortex device 60 via the passage
74, the fluid composition rotates within the chamber 68, similar to the manner in which the fluid 15
composition flows spirally through the chamber 66 of the vortex device 58. This spiraling flow of the fluid
composition 36 through the chamber 68 generates resistance to flow, with the resistance to flow

increasing withgnereased rotational flow.of the fluideampgsitiondn the 29 chamber; . ; o Thus, with the
relatively high velocity and/or low viscosity fluid composition 36 in FIG. 6A, rotational flow and resistance
to flow is incredsettin“éach 6fthelforfekdéVidés 46 £58 %60, <u'that overall flow resistance is much 25

greater than that which would have been grovjded by o,r:%)%the, singjlqgivortex d«;vice 46. In addition, the
rotational flow through the charibers 6668 of tie VorteX deVices 58" Altothey DockgNo.:
2010-1P-03482414tR1 {JS 60iis duertodthe tratatiopal fiowwof thée fluidstompesitipn t36nat’éach of the

outlet/inlets 62, 64. In FIG. 6B, a relatively hi iscosity and/ar low velocity flyid composition 36 flows
through e syLiam 5578 NbtG Tk B tationar Bom of f6 Mtk Someelton S8 each of the chambers 44,
66, 68 is significahtly feddred; landsorthedresistancesto flowof dhe fluickesrpositionthrbugh the

chambers is alse signifigantly reduced, (ENys, the resistancgdo fiow of therelatively Righ viscosity
through the chambers is also significantly reduced. Thus,
the resistance to flow of the relatively high viscosity
10 and/or low velocity fluid composition 36 is much less in
FIG. 6B, as compared to the resistance to flow of the
relatively low viscosity and/or high velocity fluid

composition in FIG. 6A.

Note that any of the features of any of the

15 configurations of the system 25 described above may be
included in any of the other configurations of the system
and, thus, it should be understood that these features are
not exclusive to any one particular configuration of the
system. The system 25 can be used in any type of well

20 system (e.g., not only in the well system 10), and for
accomplishing various purposes in various well operations,
including but not limited to injection, stimulation,
completion, production, conformance, drilling operations,

etc.

25 It will be appreciated that the system 25 of FIGS. 4-
6B provides significant advancements to the art of

controlling flow in a well. The resistance to flow of the
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10 and/or low velocity fluid composition 36 is much less in FIG. 6B, as compared to the resistance to flow
of the relatively low viscosity and/or high velocity fluid composition in FIG. 6A. Note that any of the

features of any of the 15 configuratimg&gk@ysm@p@ described; ahgve maysbe ingluded;in any of the
other configurations of the system and, thus, it should be understood that these features are not exclusive

to any one particular configuration of the system. The system 25 can be used in any type of well
20system (e.g., not only in the well system 10), and for accomplishing various purposes in various well
operations, including but not limited to injection, stimulation, completion, production, conformance, drilling

operations, etg; 251t will be Appreciatedsthat the system. 251 FIGS, 4- 68 provides significant
advancements to the art of controlling flow in a well. The resistance to flow of the Attorney Docket No.:
2010-1P-034824991P1 US filiid dorip6sitier 36/througts te 8ystehf28 eahde Sibstaftially increased by

connecting the yortex deyices,:46.58,:60 inseries, anddyskesisfing flaw of the, fluihcomposition in
response to its rotation as it passes from 5 one vaortex device to the next.
composition 1n response to 1ts rotation as it passes from

5 one vortex device to the next.

The above disclosure provides to the art a variable
flow resistance system 25 for use in a subterranean well.
The system 25 can include a vortex device 58 or 60 through
which a fluid composition 36 flows. A resistance to flow of
10 the fluid composition 36 through the vortex device 58 or 60
is dependent on a rotation of the fluid composition 36 at

an inlet 62 or 64 to the vortex device 58 or 60.

The resistance to flow of the fluid composition 36
through the vortex device 58 or 60 can increase in response
15 to an increased rotation of the fluid composition 36 at the

inlet 62 or 64 to the vortex device 58 or 60.

The rotation of the fluid composition 36 at the inlet
62 or 64 can increase in response to a decrease in

viscosity of the fluid composition 36.

20 The rotation of the fluid composition 36 at the inlet
62 or 64 can increase in response to an increase in

velocity of the fluid composition 36.

The rotation of the fluid composition 36 at the inlet
62 or 64 can increase in response to a decrease in a ratio

25 of desired to undesired fluid in the fluid composition 36.
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The above disclosure provides to the art a variable flow resistance system 25 for use in a subterranean
well. The system 25 can include a vortex device 58 or 60 through which a fluid composition 36 flows. A

resistance to flow of 10 the fluid compasition.36 through the vortex device 58 0560 isdepengent on a
rotation of the fluid composition 36 at an inlet 62 or 64 to the vortex device 58 or 60. The resistance to

flow of the fluid composition 36 through the vortex device 58 or 60 can increase in response 15 to an
increased rotation of the fluid composition 36 at the inlet 62 or 64 to the vortex device 58 or 60. The
rotation of the fluid composition 36 at the inlet 62 or 64 can increase in response to a decrease in

viscosity of the fluid ggmpesition 36. 20The, rotation of the.fluid composition 36, at the inlgt 62 or 64 can

increase in response to an increase in velocity of the fluid composition 36. The rotation of the fluid
composition 36"attheqAle? 6276164 8an Ticrease fATtesponse to d'decreasé irf A rafio 25%f desired to

undesired fluiddn the: fldig.cenapaesitien 36: Afterney Recket Ne. £ 20104R-034824W1P1 US

vortex device 58.

5 The vortex device 58 can comprise at least first and
second passages 70, 72 which receive the fluid composition
36 from an outlet 62 of another vortex device 46. A
difference in proportions of the fluid composition 36 which
flows through the respective first and second passages 70,

10 72 is dependent on the rotation of the fluid composition 36
at the outlet 62. The difference in the proportions of the
fluid composition 36 which flows through the first and
second passages 70, 72 may increase in response to an

increase in velocity of the fluid composition 36.

15 Rotation of the fluid composition 36 in a vortex
chamber 66 increases in response to an increase in the
difference in the proportions of the fluid composition 36

which flows through the first and second passages 70, 72.

The above disclosure also describes a variable flow
20 resistance system 25 which can include a first vortex 46
device having an outlet 62, and a second vortex device 58
which receives a fluid composition 36 from the outlet 62 of
the first vortex device 46. A resistance to flow of the
fluid composition 36 through the second vortex device 58
25 can be dependent on a rotation of the fluid composition 36

at the outlet 62 of the first vortex device 46.
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An outlet 64 of the vortex device 58 can comprise an inlet 64 of another vortex device 60. The inlet 64 of
the vortex device 60 can comprise an outlet 64 of another vortex device 58. 5The vortex device 58 can

comprise at least first and second passages-(0,/Z-whichyeceivepthe fluid gempositipns36 from an outlet
62 of another vortex device 46. A difference in proportions of the fluid composition 36 which flows through

the respective first and second passages 70, 10 72 is dependent on the rotation of the fluid composition
36 at the outlet 62. The difference in the proportions of the fluid composition 36 which flows through the
first and second passages 70, 72 may increase in response to an increase in velocity of the fluid

composition 36. 15Ratatiqn, ot the fluid composition 36 in,a vortex;chamber, 66 increases in response to

an increase in the difference in the proportions of the fluid composition 36 which flows through the first
and second passdges 70CT72 e aBové Histicsure also deséiivessa variabRCEffoWw 20 reSistance system

25 which can inglude aifirstvartex 46 deviceshaving ansuilet £2; andra seeond wertex device 58 which
receives a fluid composition 36 from_the outlet 62 of the first vortex device 46. A resistance to flow of the

fluid compositiGi 36 through thaSsecbndVordedavice B8 25°can beUepehdent BRE fotation of the fluid
composition 36 atthecauitet 62 of thetitst vorteledevieel 460 Attaraey f2atket Nod: 2010-4-034824 U1P1
us The roﬁltiorcliof the quidtcomp%sétion 36 at the outlet 62 may increase in response to a decrease in
Viscosity Of ul composition .

The resistance to flow of the fluid composition 36
through the second vortex device 58 can increase in
response to an increase in the rotation of the fluid

10 composition 36 at the outlet 62 of the first vortex device

46.

An outlet 64 of the second vortex device 58 can

comprise an inlet 64 of a third vortex device 60.

The second vortex device 58 can include at least first
15 and second passages 70, 72 which receive the fluid
composition 36 from the outlet 62 of the first vortex
device 46. A difference in proportions of the fluid
composition 36 which flow through the respective first and
second passages 70, 72 is dependent on the rotation of the
20 fluid composition 36 at the outlet 62 of the first vortex

device 46.

The difference in the proportions of the fluid
composition 36 which flows through the first and second
passages 70, 72 may increase in response to an increase in

25 velocity of the fluid composition 36.

Rotation of the fluid composition 36 in a vortex

chamber 66 of the second vortex device 58 may increase 1in
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the fluid composition 36, in response to an increase in velocity of the fluid composition 36 and/or in
response to 5 a decrease in a ratio of desired to undesired fluid in the fluid composition 36. The

resistance to flow of the fluid composgition,36-threugh the secand yerex geyicedss can increase in
response to an increase in the rotation of the fluid 10 composition 36 at the outlet 62 of the first vortex

device 46. An outlet 64 of the second vortex device 58 can comprise an inlet 64 of a third vortex
device 60. The second vortex device 58 can include at least first 15 and second passages 70, 72 which
receive the fluid composition 36 from the outlet 62 of the first vortex device 46. A difference in proportions

of the fluid compgsition.36 which flow through; the respeetive first and second passages 70, 72 is

dependent on the rotation of the 20 fluid composition 36 at the outlet 62 of the first vortex device 46.
The differenc@ PRI propoitics 6fthefliid Cormpbiition 36 whiéh flowsthfougtthe first'dfd second

passages 70, lZ=may.inerease indespensestosan icrease in25 velocity of the fluid composition 36.
Rotation of the fluid composition 36 in a vortex chamber 66 of the second vortex device 58 may increase
in Attorney Docket Nth£2@1b0+R-084824dd1PE WS so describes a variable flow

5 resistance system 25 which can include a first vortex
device 46 which causes increased rotation of a fluid
composition 36 at an outlet 62 of the first vortex device
46 in response to an increase in a velocity of the fluid
composition 36, and a second vortex device 58 which

10 receives the fluid composition 36 from the outlet 62 of the
first vortex device 46. A resistance to flow of the fluid
composition 36 through the second vortex device 58 may be
dependent on the rotation of the fluid composition 36 at

the outlet 62 of the first vortex device 46.

15 Note that the vortex devices 46, 58, 60 may be of the

type known to those skilled in the art as fluid “diodes.”

A well device (e.g., the variable flow resistance

system 25) for installation in a wellbore 12 in a
subterranean zone (e.g., in formation 20) can include a

20 first fluid diode (e.g., vortex device 46) comprising: a
first interior surface 80 (see FIGS. 4 & 5) that defines a
first interior chamber 44, and an outlet 62 from the first
interior chamber 44, the first interior surface 80 operable
to direct fluid (e.g., fluid composition 36) to rotate in a

25 rotational direction through the outlet 62; and a second
fluid diode (e.g., vortex device 58) comprising: a second

interior surface 82 that defines a second interior chamber
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response to an increase in the difference in the proportions of the fluid composition 36 which flows
through the first and second passages 70, 72. The above disclosure also describes a variable flow 5

resistance system 25 which can mclpigg@rfglr@g,vgg@kggvl@g 46 W@imqmgglgrzpq;sgglro@guon of a fluid
composition 36 at an outlet 62 of the first vortex device 46 in response to an increase in a velocity of the

fluid composition 36, and a second vortex device 58 which 10 receives the fluid composition 36 from the
outlet 62 of the first vortex device 46. A resistance to flow of the fluid composition 36 through the second
vortex device 58 may be dependent on the rotation of the fluid composition 36 at the outlet 62 of the first

vortex device 46. 15Nofe that the vortex devices, 46,5860 may;he ofthe type knows,to those skilled in

the art as fluid "diodes." A well device (e.g., the variable flow resistance system 25) for installation in a

wellbore 12 int& stibtétrarednt 26i%e ?e?gof?ﬁlféfl?rlrﬁld%f)z@l)lé&r?ﬁqcﬁ}d@g 26%irst fuid divde (e.g., vortex

device 46) comprising: @ first igeriesurface 80 {see FiGSo 44 S) that defines i first interior chamber 44,
and an outlet 62 from the first interior chambher 44i th%ﬂrst interior surfac% 80 operable to dlrect fluid (e.g.,
mﬂdComposﬁgﬁggyﬁ)ﬂﬁgkaﬁcelVlng the uid rotating in the rotational

5 direction through the outlet 62.

The second fluid diode can include an inlet (in the
FIGS. 4-6B example, the inlet of the chamber 58 is the same
as the outlet 62 of the chamber 44) operable to receive the
fluid 36 directly from the outlet 62. The second interior
10 chamber 66 can comprise: a cylindroidal chamber 66, a first
flow passage 70 from the inlet 62 to the cylindroidal
chamber 66, and a second flow passage 72 from the inlet 62

to the cylindroidal chamber 66.

The second interior surface 82 may be operable to
15 direct a majority of the fluid 36 to the first flow passage
70 in response to receiving the fluid 36 rotating in the

rotational direction through the inlet 62.

The first interior surface 80 may be operable to
direct fluid 36 to rotate in a rotational direction about a
20 first axis of rotation 84, and the second interior surface
82 may be operable to direct fluid 36 to rotate in a
rotational direction about a second axis of rotation 86.
The first axis of rotation 84 can be parallel to the second

axis of rotation 86.

25 The first fluid diode 46 and the second fluid diode 58
may be in fluid communication between an interior and an

exterior of the well device (e.g., the variable flow
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25 rotational direction through the outlet 62; and a second fluid diode (e.qg., vortex device 58) comprising:
a second interior surface 82 that defines a second interior chamber Attorney Docket No.: 2010-1P-034824

U1P1 US 66 in fluid communication yvith-theQutlet 62, the;second interierspyface,82 operaple to direct
fluid (e.qg., fluid composition 36) to rotate in the rotational direction in response to receiving the fluid

rotating in the rotational 5 direction through the outlet 62. The second fluid diode can include an inlet
(in the FIGS. 4-6B example, the inlet of the chamber 58 is the same as the outlet 62 of the chamber 44)
operable to receive the fluid 36 directly from the outlet 62. The second interior 10 chamber 66 can

comprise: a cylindroidal chamber 86, adirst flow passage 70 from the inlet 62 1 the cylindroidal chamber

66, and a second flow passage 72 from the inlet 62 to the cylindroidal chamber 66. The second interior

surface 82 may betpefabléto A5 difect® Aoty of the HtitF36 ftHE first lof passale7o in response
to receiving thefluidr36-rotating inithenrotational direction threugh the irlep 62T he fikst interior surface 80
may be operable to direct fluid 36 to rotate in a rotational direction about a 20 first axis of rotation 84, and

the second interibr Surfacé 83" may b& Sperabie & dirc&HIUIG 36 1OTOtLE in A rotatighal direction about a
second axis of fiatatibn 860 T hetfirstvaxis af¢otation284. can bevearalleldo the second @xis of rotation 86.

comprise a section of a completion string 22.

The first and second fluid diodes 46, 58 can be in
fluid communication between the interior and the exterior
to communicate injection fluid 36 from the interior of the

10 well device 25 to the exterior of the well device 25. The
well device 25 may comprise a section of a working string

22.

The outlet 62 can comprise a first outlet 62, the
first fluid diode 46 can further comprise a first inlet 38,
15 the first interior surface 80 may include a first side
perimeter surface 80 and first opposing end surfaces 88, a
greatest distance between the first opposing end surfaces
88 can be smaller than a largest dimension of the first
opposing end surfaces 88, and the first side perimeter
20 surface 80 may be operable to direct flow from the first

inlet 38 to rotate about the first outlet 62.

The second fluid diode 58 can comprise a second inlet
62 operable to receive the fluid 36 directly from the first
outlet 62, the second interior surface 82 may include a
25 second side perimeter surface 82 and second opposing end
surfaces 90, a greatest distance between the second

opposing end surfaces 90 may be smaller than a largest
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25The first fluid diode 46 and the second fluid diode 58 may be in fluid communication between an interior
and an exterior of the well device (e.g., the variable flow Attorney Docket No.: 2010-1P-034824 U1P1 US

resistance system 25). The first fluid.dipde 46 and the-seeend flyig djode 5§-canhe in Buidys
communication between the interior and the exterior to communicate production fluid 36 from the exterior

of the well device 25 to the 5 interior of the well device 25. The well device 25 may comprise a section of
a completion string 22. The first and second fluid diodes 46, 58 can be in fluid communication
between the interior and the exterior to communicate injection fluid 36 from the interior of the 10 well

device 25 to the exterior,of the well device 25, The well devige 25, may.comprise.a section of a working

string 22. The outlet 62 can comprise a first outlet 62, the first fluid diode 46 can further comprise a first
inlet 38, 15 thaSitstintetictSurface ™80 ffaySHEltdea first Side périmetersurface®80iand first opposing end

surfaces 88, & grgatestdistancehetweenthe dirstaapposing end susfases 88 cancbesmaller than a largest
dimension of the first Oﬁposing end surfaces 88, and the first side perimeter 20 surface 80 may be

operable to difédtffow from the first inlet 38 to rotate about the first outlet 62.

5 A method of controlling flow in a wellbore 12 in a
subterranean zone 20 can include communicating fluid 36
through a first fluid diode 46 and a second fluid diode 58
in a flow path between an interior and an exterior of a
well device 25 in the subterranean zone 20. Communicating

10 the fluid 36 through the first fluid diode 46 and the
second fluid diode 58 can cause the fluid 36 to rotate
within the first fluid diode 46 in a rotational direction
and to rotate within the second fluid diode 58 in the

rotational direction.

15 The fluid 36 may comprise a production or injection

fluid.

Communicating the fluid 36 through the first fluid
diode 46 and the second fluid diode 58 can control a
resistance to a flow of the fluid 36 between the interior
20 and the exterior based on a characteristic of the flow. The
characteristic may comprise at least one of wviscosity,

velocity or density.

A resistance to flow through the second fluid diode 58

can be based at least in part on a characteristic of inflow

25 received by the second fluid diode 58 from the first fluid
diode 46.
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The second fluid diode 58 can comprise a second inlet 62 operable to receive the fluid 36 directly from
the first outlet 62, the second interior surface 82 may include a 25 second side perimeter surface 82 and

second opposing end surfaces 90, agreatest distance between the seeend opposinggnd syrfaces 90
may be smaller than a largest Attorney Docket No.: 2010-1P-034824 U1P1 US dimension of the second

opposing end surfaces 90, and the second side perimeter surface 82 can be operable to direct flow from
the second inlet 62 to rotate about a second outlet 64. 5A method of controlling flow in a wellbore 12 in a
subterranean zone 20 can include communicating fluid 36 through a first fluid diode 46 and a second fluid

diode 58 in a flow path betwegn,an interior and.an extarior;of awel| device, 25 imthe subterranean zone
20. Communicating 10 the fluid 36 through the first fluid diode 46 and the second fluid diode 58 can cause

the fluid 36 totdtate Witin e TirstHid Biode™46 i & fotationardirectionrarnd t FotafeSwithin the second
fluid diode 584n ¢he setationalidirection, 18Fhedluid 36 may eemprisera peaductionor injestion fluid.
Communicating the fluid 36 through the first fluid diode 46 and the second fluid diode 58 can control a
resistance to a tloW o the i 36 Hethveenthe intitior 20 art e éxtafiof ha%d 8f a characteristic of the
flow. Thescharacteristicl may«compriseatleast one of Viscosity, VElecimbiodensityt s A resistance to flow
through the sgqqnd fiyid,digds 58 5an be biased at least fn part anya sharagterists ofinflow

merely as examples of useful applications of the principles

of the disclosure, which are not limited to any specific

details of these embodiments.

10 Of course, a person skilled in the art would, upon a
careful consideration of the above description of
representative embodiments, readily appreciate that many
modifications, additions, substitutions, deletions, and
other changes may be made to these specific embodiments,

15 and such changes are within the scope of the principles of
the present disclosure. Accordingly, the foregoing detailed
description is to be clearly understood as being given by
way of illustration and example only, the spirit and scope
of the present invention being limited solely by the

20 appended claims and their equivalents.
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25 received by the second fluid diode 58 from the first fluid diode 46. Attorney Docket No.:
2010-1P-034824 U1P1 US ltis to be understood that the various examples described above may be

utilized in various orientations, such as:ipclined, ipverted,horizoptal pverticgl; £t sand 1 varous
configurations, without departing from the 5 principles of the present disclosure. The embodiments
illustrated in the drawings are depicted and described merely as examples of useful applications of the
principles of the disclosure, which are not limited to any specific details of these embodiments. 100f
course, a person skilled in the art would, upon a careful consideration of the above description of
representative embggigeniss reagdity@ppresiate that many modifications, additions, substitutions,
deletions, and other changes may be made to these specific embodiments, 15 and such changes are
within the scope of the principles of the present disclosure. Accordingly, the foregoing detailed description
is to be clearly understood as being given by way of illustration and example only, the spirit and scope of
the present invention beinghlimitéd sotely by tie 20iappendedtdlaims and theit Equivalentsa Attorney
Docket No.: 2010:1P-034824 U1P1 US C
Ssubterranean zone, comprilsing:
5 a first fluid diode comprising:
a first interior surface that defines a first
interior chamber, and
an outlet from the first interior chamber, the
first interior surface operable to direct fluid to rotate
10 in a rotational direction through the outlet; and
a second fluid diode comprising:
a second interior surface that defines a second
interior chamber in fluid communication with the outlet,
the second interior surface operable to direct fluid to
15 rotate in the rotational direction in response to receiving

the fluid rotating in the rotational direction through the
outlet.

2. The well device of claim 1, wherein the second
20 fluid diode includes an inlet operable to receive the fluid
directly from the outlet, and the second interior chamber
comprises:
a cylindroidal chamber;
a first flow passage from the inlet to the
25 cylindroidal chamber; and
a second flow passage from the inlet to the

cylindroidal chamber.
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WHAT IS CLAIMED IS: 1. A well device for installation in a wellbore in a subterranean zone,
comprising: 5a first fluid diode comprising: a first interior surface that defines a first interior

chamber, and an outlet from the firstinterior champer. they, . .firsh interier surface,operablesto direct fluid
to rotate 10 in a rotational direction through the outlet; and a second fluid diode comprising: a second

interior surface that defines a second interior chamber in fluid communication with the outlet, the second
interior surface operable to direct fluid to 15 rotate in the rotational direction in response to receiving the
fluid rotating in the rotational direction through the outlet. 2. The well device of claim 1, wherein the
second 20 fluid diode includes an inlet operable to receive the fluid directly from the outlet, and the
second interior chamber comprises: a cylindroidal chamber;

3. The well device of claim 2, wherein the second
interior surface is operable to direct a majority of the
fluid to the first flow passage in response to receiving

5 the fluid rotating in the rotational direction through the

inlet.

4. The well device of claim 1, wherein the first
interior surface is operable to direct fluid to rotate in
10 the rotational direction about a first axis of rotation,
and the second interior surface is operable to direct fluid
to rotate in the rotational direction about a second axis

of rotation.

15 5. The well device of claim 4, wherein the first
axis of rotation is parallel to the second axis of

rotation.

6. The well device of claim 1, wherein the first
20 fluid diode and the second fluid diode are in fluid
communication between an interior and an exterior of the

well device.

7. The well device of claim 6, wherein the first

25 fluid diode and the second fluid diode are in fluid
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a first flow passage from the inlet to the 25 cylindroidal chamber; and a second flow passage from the
inlet to the cylindroidal chamber. Attorney Docket No.: 2010-1P-034824 U1P1 US 3. The well device

of claim 2, wherein the second |nter|g5§gggg%|s[)gg§@{pl@g) diregt;a majarity af the flujd tqthe first flow
passage in response to receiving 5 the fluid rotating in the rotational direction through the inlet. 4. The

well device of claim 1, wherein the first interior surface is operable to direct fluid to rotate in 10 the
rotational direction about a first axis of rotation, and the second interior surface is operable to direct fluid
to rotate in the rotational direction about a second axis of rotation. 155.The well device of claim 4, wherein

the first axis of rotation s parallel o the second axisof rotationy 1. 8- Thewell device of claim 1,

wherein the first 20 fluid diode and the second fluid diode are in fluid communication between an interior
andeu1emen&P&WHé%ﬁ%Féeﬁé@dUCtlon fluid from the exterior of the well

device to the interior of the well device.

5 8. The well device of claim 7, wherein the well

device comprises a section of a completion string.

9. The well device of claim 6, wherein the first and
second fluid diodes are in fluid communication between the
10 interior and the exterior to communicate injection fluid
from the interior of the well device to the exterior of the

well device.

10. The well device of claim 4, wherein the well

15 device comprises a section of a working string.

11. The well device of claim 1, wherein the outlet
comprises a first outlet, the first fluid diode further
comprises a first inlet, the first interior surface

20 includes a first side perimeter surface and first opposing
end surfaces, a greatest distance between the first
opposing end surfaces is smaller than a largest dimension
of the first opposing end surfaces, and the first side
perimeter surface is operable to direct flow from the first

25 inlet to rotate about the first outlet.
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7. The well device of claim 6, wherein the first 25 fluid diode and the second fluid diode are in fluid
Attorney Docket No.: 2010-1P-034824 U1P1 US communication between the interior and the exterior to

communicate production fluid from the exterioy of the welkdevice to therinterior:of the wyell device. 58.The
well device of claim 7, wherein the well device comprises a section of a completion string. 9. The well

device of claim 6, wherein the first and second fluid diodes are in fluid communication between the 10
interior and the exterior to communicate injection fluid from the interior of the well device to the exterior of
the well device. 10. The well device of claim 4, wherein the well 15 device comprises a section of
a working string. 11. The well device of claim 1, wherein the outlet comprises a first outlet, the first
fluid diode further comprises a first inlet, the first interior surface 20 includes a first side perimeter surface

and first opposing end surfages,.& greatest:distanice hetween the first:epposing-end surfaces is smaller
than a largest dimension of the first o posing end surfaces, and the first side erimet%gsurface IS

operable to difet fow frofttthie first 25 iffet 1o fotite SbStRB Tirst outiet P - a0 1e

receive the fluid directly from the first outlet, the
5 second interior surface includes a second side perimeter
surface and second opposing end surfaces, a greatest
distance between the second opposing end surfaces is
smaller than a largest dimension of the second opposing end
surfaces, and the second side perimeter surface is operable
10 to direct flow from the second inlet to rotate about a

second outlet.
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Attorney Docket No.: 2010-I1P-034824 U1P1 US 12. The well device of claim 11, wherein the second fluid
diode further comprises a second inlet operable to receive the fluid directly from the first outlet, the 5

second interior surface includes a second side pssimeter syrface gng-sesond apposingene surfaces, a
greatest distance between the second opposing end surfaces is smaller than a largest dimension of the

second opposing end surfaces, and the second side perimeter surface is operable 10 to direct flow from
the second inlet to rotate about a second outlet. Attorney Docket No.: 2010-1P-034824 U1P1 US 13.
A method of controlling flow in a wellbore in a subterranean zone, comprising: communicating fluid

through a first fluid djade apd a.second.fluid diede im a flow-path betweep.an interior;and,5 an exterior of a

well device in the subterranean zone, communicating the fluid through the first fluid diode and the second
fluid diode catisés tHe fitiaad rétate witki e first Atid diode in a rotational direction and to rotate within
the second fluid diode itheiretational 10dirgction:oughl4. e Biethod of claimdk3, avberein the fluid
comprises a production fluid. , , ,

second fluid diode in a flow path between an interior and

5 an exterior of a well device in the subterranean zone,

communicating the fluid through the first fluid diode and

the second fluid diode causes the fluid to rotate within

the first fluid diode in a rotational direction and to

rotate within the second fluid diode in the rotational

10 direction.

14. The method of claim 13, wherein the fluid

comprises a production fluid.

15 15. The method of claim 13, wherein the fluid

comprises an injection fluid.

16. The method of claim 13, wherein communicating the

fluid through the first fluid diode and the second fluid
20 diode controls a resistance to a flow of the fluid between
the interior and the exterior based on a characteristic of

the flow.

17. The method of claim 16, wherein the
25 characteristic comprises at least one of viscosity,

velocity and density.
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1515. The method of claim 13, wherein the fluid comprises an injection fluid. 16. The method of claim
13, wherein communicating the fluid through the first fluid diode and the second fluid 20 diode controls a

resistance to a flow of the fluid betwgen the interigr-and the extesior hased or,a characteristic of the flow.
17. The method of claim 16, wherein the 25 characteristic comprises at least one of viscosity, velocity and

density. Attorney Docket No.: 2010-1P-034824 U1P1 US 18. The method of claim 16, wherein a
resistance to flow through the second fluid diode is based at leastin  part on a characteristic of inflow
received by the second 5 fluid diode from the first fluid diode.

18. The method of claim 16, wherein a resistance to
flow through the second fluid diode is based at least in
part on a characteristic of inflow received by the second

5 fluid diode from the first fluid diode.
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