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(57) Abstract: Systems and methods of generating power 1n a wellbore extending through a subterranean formation are described. A
swirling flow of pressurized fluid is passed through a vortex tube to generate a temperature differential between first and second out -
lets of the vortex tube. The temperature differential 1s applied to a thermoelectric generator configured to convert the temperature
differential into a voltage. The thermoelectric generator produces electrical power that 1s transmittable to down-hole tools within the
wellbore such as an inflow control valve.
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SYSTEM AND METHOD FOR HARVESTING ENERGY DOWN-HOLE FROM AN
ISOTHERMAL SEGMENT OF A WELLBORE

BACKGROUND OF THE INVENTION
i. field of the Invention
{38011 The present invention relates 0o operations 1 a wellbore associated with the
production of hvdrocarbons., More specifically, the mvention relates to a systemn and method
of generating electrical power in the wellbore by controliing Hluwd Hlow within the wellbore,

such as the mflow of a production fluid mto the wellbore.

[G002] Often mstruments and tools that requure electrical power are positioned at down-hole
focations within hydrocarbon producing wells, For example, clectrically powered sensors are
cmployved to monitor temperature, pressure, flow rates and other down-hole conditions.
(Other clectrically powered tools deploved to down-hole locations are actively controlled (o
achicve various objectives. For instance, down-hole valves are often opened and closed for
the long term management of reservolr performance over a lifctime of the reservoir, which 1s
often 20 years or more. Electrically conductive cables have been deploved to connect these
down-hole toels to a power source disposed at a surtace location. These cables are expensive

and prone to faitlure n the harsh environment of a welibore.

{38031 There 18 a need m the mdustry for systems that can be installed at down-hole locations
within a wellbore to provide electrical power to sensors, valves or other wellbore mstruments
over time. Additionally, there 18 a need for systems that can manage the production of thuds
from wellbores which often extend through separate production zones having dstindt
characicristics such as pressure, porosity and water content. 1t not properly managed, the

varigtion m these charactenstics can contribute to undesirable production patterns.
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SUMMARY OF THE INVENTION

(3804} Descnbed heremn are systems and methods {for providing electrical power m a down-
hole environment. The systems and methods employ a vortex tube, which 18 operable o
gencrate a temporature diffcrential in response to fluid flow therethrough., The voriex tube
icludes a first relatively warm outlet and a second relatively cool outlet, which are
operatively coupled to a thermoelectnie generator. The vortex tube 1s operable to generate the

teraperature ditforential i otherwise gencerally wsothermal segments of g wellbore.

[3805] According 10 onc aspect of the mvention, a power generation system for generating
clectric power 1mnn a wellbore formed n a subterrancan formation mcludes a source of
pressurized fluid, a thermocelectric generator operable 1o generate a voltage w response 1o an
applicd temperature differential, and a vortex tube operatively coupled to the thermoelectric
gencrator 10 apply the temperature differential thereto. The vortex tube mcludes an clongate
hollow body, an miet 1n fluid communication with the source of pressurized {luid, a first
outlet in thermal commuication with a radially outer region of the clongate hollow body,
and a second outlet 1in thermal communication with a radially mner region ot the clongate
hollow body. The first outiet 18 operatively associated with a high temperature nput 1o the
thermoclectric generator, and the second outlet 18 operatively assocuated with a low

temperature mput to the thermoelecinic gencrator.

{3806] In some embodiments, the mlet of the vortex tube 18 operable to be m fluid
communication with the subterrancan formation, and the source of pressurized fiuid 18 a
production fld within a production zone of the subterrancan formation.  In some
cmbodiments, the first and second outlets of the vortex tube arc operable to be m flud
communication with a production tubing such that a flow path delfined between the

sublerrancan formation and the production tubing extends through the vortex tube,

{30071 In some embodiments, the power generation system further mcludes an clectrically
powercd down-hole tool m clectrnical communication with the thermoelectric generator,
wherein the clectrically powered down-hole tool 18 operable {0 selectively receive power
gencrated by the thermoelectric generator. In some embodiments, the electrically powered
down-hole tool 1 an milow control valve contigured for regulating a flow of fhnds between
an inicrior and an coxicrior of g production fubing extending through the subterrancan
formation. In some cmbodiments, the power gencration system further includes a power
storage device electrically coupled between the thermoelectric generator and the electrically

powered down-hole tool,
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G008 In some cmbodiments, the vortex tube 1s configured as a counter-flow vortex tube
with the first and second outlets disposed on longitudinally opposite sides of the clongate

hollow body.

{3609 According to another aspect of the mvention, a power generation system for
harvesting cnergy in a wellbore extending through a subterrancan formation includes a
thermoelectric generator operable to generate a voltage m response (o an applied temperature
ditferential and a vortex tube operatively coupled to the thermoelectric generator 10 apply the
temperature differential thercto. The vortex tube mcludes an clongate holiow body, an inlet
operable 0 be m tluid communication with the subterrancan formation and operable to
generate a swirhng flow of a production tluid along a radially outer region of the elongate
hollow body, a first outlet disposed 1n the radially outer region of the clongate hollow body
and operable to discharge a first portion of the swirhing flow of production fiuid, a restrictor
operable to redirect a second portion of the How of production fthnd from the radially outer
region of the elongate hollow body to a radially mmer region ot the clongate hollow body, and
a second outlet disposed m the radially mner region of the elongate hollow body and operable
to discharge a second portion of the swirling flow of production fhud. The first outlet 18
operatively coupled to a high teroperature nput to the thermoelectric generator, and the
second outlet 15 operatively coupled to a low temperature input of the thermoelectric

gencrator.

8810 In some embodiments, the vortex tube 15 disposed 1 an annular region defined
between the subterrapean formation and a8 production tubmng extending through the
subterrancan formation. In some embodiments, the annular region s defined between two
longitudinally spaced isolation members eoxtending around the production tubing and
cngaging an annular wall of subterrancan formation. In some embodiments, a prossure
differential of about 300 pst 18 detined between an mict 10 the voriex tube and an aperture
deiined in the production tubing, whercin the aperture 18 in thud communication with the first
and second outlets of the vortex tube. In some embodiments, an inflow control valve 1s
disposed at an aperture defined mn the production tubmng, wherein the aperture 18 mn fluid
communication with the first and second outlets of the vortex tube, and wheremn the imnflow
control valve 18 clectrically coupled to the thermoelectric generator o receive power

therefrom.

{3011 In some embodiments, the power gencration system further includes first and second

thermocoupies respectively n thermal communication with the first and second outlets of the
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vortex tube, whercmn the first and second outlets of the vortex tube are respectively operably
coupled to the high and low ternperature mputs of the thermocelectric generator through the
first and second thermocouples. In some embodiments, the restrictor 18 movabie with respect
to elongate hollow body such that an annular orifice defining the first outlet of the vortex tube
is adjustable m size. In some cmbodiments, the mlet of the vortex tube 18 i Huid
communication with a perforation defined through a casmg disposed arcund the production

tubing.

({38121 According to another aspect of the mvention, a method of gencrating power 1 a
wellbore extending through a subterrancan formation includes (1) producing a production
thud from the subterrancan {ormation to the wellbore, (1) passing the production {hid
through a vortex tube to gencrate a temperature diffcrential between first and second outlets

of the voriex tube, and (1) converting the temperature differential 1nto a voltage.

{3813] In some embodiments, the method further inchudes transmitting electrical power to a
down-hole tool from a thermoclectric generator operatively coupled to the vortex tube 10
convert the temperature differential nto the voltage. In some embodiments, the method
further includes operating the down-hole tool o selectively pass the production fhnd through

an aperture detined m a production tubing extending through the subterranean formation.
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BRIEF DESCRIPTION OF THE BRAWINGS

{3814} »o that the manner in whach the above-recited features, aspects and advantages of the
invention, as woll as others that will become apparent, are attained and can be understood
detail, a more particular description of the wvention briefly sunimarized above may be had
by reference 10 the embodiments thereot that are illustrated i the drawings that {orim a part of
this specification. It 18 t0 be noted, however, that the appended drawings ilustrate only
preferred embodiments of the mvention and are, therefore, not 1o be conswdered himiting of

the invention's scope, for the mvention may admit t0 other equally effective embodiments.

[8815] FIG. 1 1s a schematic cross-sectional view of a wellbore extending through a plurality
of production zones and having an electrical power generation system therein in accordance
with an embodiment of the present invention,

{3816] FIG. 2 15 an enlarged schematic cross-sectional view of the power gencration system
of FIG. 1 illustrating @ fluid flow path extending through a vortex tube mnstalled on the
oxterior of a production tubing.

[B017] FIG. 3 18 a schematic cross-sectional view of a voriex tube for use m an alternate
cmbodinment of the present mmvention,

6618} FIG. 4 15 8 flow diagram iilustrating an cxample embodiment of an operational

procedure m accordance with the present mvention,
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DETAILED DESCRIPTION OF THE EXEMPLARY EMBODIMENTS

{3619 Shown m side sectional view in FIG. 118 one example embodiment of a welltbore 100
extending through three production zones 1024, 102b and 102¢ defined in a subterrancan
tormation 104, The production zones 102a, 102b and 102¢ wmclude ol or some other
hydrocarbon containing fluid that 18 produced through wellbore 1080, As will be appreciated
by one skilled n the art, although wellbore 100 15 desceribed herem as being employed for the
cxtraction of tluids from subiorrancan formation 104, 1 other cmbodiments (not shown),
wellbore 100 1s equipped o permut the mnjection of tluids into subterrancan formation 104,

e.g., 10 a fracturing operation carried out i preparation for hvdrocarbon extraction.

30201 Wellbore 100 imncludes a substantially honzontal portion 106 that mtersects production
zones 102a, 102b and 102¢, and a substantially vertical portion 108, In other embodiments
(not shown), an orientation of wellbore 100 15 entirely substantially vertical, or deviated to
fess than horizontal, In the example embodiment depicted i FIG. 1, lateral branches 110a,
f10b, and 110c¢ extend from substantially horizontal portion 106 mto respective production
zones 102a, 102b, 102¢, and tacilitate the recovery of hydrocarbon containing fluids
theretrom. In other embodiments (not shown) no lateral branches are provided. Substantially
vertical portion 108 extends o a surtace location 112 that 18 accessible by operators for
monttoring and controlling cquipment mstatled within welltbore 100, As depicted m FI1G. 1,
the surface location 112 1s a terresinial location, and in other aliernative embodiments {(not

shown), the surface location 112 15 a subsea location

{3021 Production tubimg 122 extends from suriace location 112 through substantially
horizontal portion 106 of wellbore 100, Production tubmg 122 mcludes apertures 124
defined therein, which permait the passage of fluids between an mienor and an exterior of the
production tubing 122, Fhnds eniering through apertures 124 are transmitted through
production tubing 122 1o surface location 112, where surface flow linme 134 couples
production tubing 122 10 a reservoiwr 136 for collecting thutds recovered from the subterranean
tormation 104, A casmg 142 18 provided around production tubing 122, defining annular
regions 144a, 144b and 144¢ therebetween. Pertorations 146 or other openings are provided
i casing 142 to pernut fluid flow mto annular regions 144a, 144b and 144c from respective

production zones 102a, 102b, 182¢.

180221 In this example embodiment, 1solation members 132 are provided, which are operable
to Hhudly 1solate annular regions 144a, 144b and 144¢ from one another. Isolation members
132 are constructed as swellable packers oxiending around the exterior of the production

L

~{Y~
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tubing 122 and engaging an annular wall of subterranecan formation 104, The isolation
members 132 serve o 1solate the production zones 102a, 102b and 102¢ from one another
within wellbore 100 such that flnds originating from one of the production zones 102a, 102b

and 1{02¢ flow nto respective corresponding annular regions 144a, 144b, 144c.

{3823] Power generation system 150 18 provided mn wellbore 108 for generating clectricity
while controlling the mflow of production fluids mto production tubing 122 from annular
region f44a, 144b, 144c. Power gencrafion system 150 generally mchudes vortex tube 152,
thermoelectric generator 154, power storage device 156, and clecirically powered down-hole
tools meluding flow sensors 160, 162, and intlow control valve 164 configured for regulating
the flow of tluids between production tubing 122 and annular region 144b.  As described n
greater detail below, fiow of production fluids through vortex tube 152 18 associated with a
temperature differential established within vortex tube 152, This temperature differential s
cimploved to drive thermoelectric generator 156, whach 1o turn generates an electne current.
The electric current 18 dehivered either directly 10 an electnically powered down-hole tool such
as tlow sensor 162, or through power storage device 130, which supplics electrical power 10
clectrically powered down-hole tools such as flow sensor 160 and inflow control valve 164,
inflow control valve 164 1s configured as any type of valve with a gate, ball or other
clectrically powered closure member operabie to selectively and adjustably permit or restrict
fluid flow through aperture 124 delined m production tubing 122, As one skilied in the art
will recogmize, power generation system 1580 15 also operable (0 provide electrical power 16
other electrically powered down-hole tools (not shown), such as motors, solenoids, pumps,

cte. and/or 10 surtace cquipment {not shown).

100241 Vortex tube 152 also increases resistance i the flow of production fluids from
annylar region 144b mito production tubing 122 with respect o the tHlow of production fluads
from annular regions 144a, 144¢ nto production tubing 122, In some embodiments, this
increase m the resistance to flow 18 emploved to cqualize or otherwise control the relative

inflow of fluids from production zones 102a, 102b and 102¢.

{3825 Referring now o FIG. 2, power generation system 130 18 desenibed in greater detail
Vortex tube 152 includes an clongate hollow body 168 with an et 170 m flmd
communication with perforation 146 m casing 142, Inlct 170 15 arranged to generaie a
swirling flow of fluid entering vortex tube 152 therethrough.,  Curved walls, helical
profrusions or other features are contemplated for generating the swirling flow as known n

the art. A fust outlet 172 1s defined at a longitudinal end of clongate hollow body 168
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opposite mnlet 170, and a restrictor 174 1s disposed within first outiet 172, In the embodiment
depicted 1o FIG. 2, vestrictor 174 15 10 the form of 2 cone valve movable longitudmally with
respect to elongate hollow body 168 such that an annular orifice 176 disposed at a radially
outer region 178a of clongate hollow body 168 18 variable or adjustable 1 size. In other
embodiments (not shown) restrictor 174 s stationary with respect to elongate hollow body
168 such that annular ondice 17618 fixed. A second outlet 180 18 detined at a longitudinal
cnd of clongate hollow body 168 adjacent miet 170, Second outlet 180 18 disposed at a
raciially 1nner region 178b of elongate hollow body 168, Vortex tube 152 1s configured as a
“counter-How” vortex tube with first and second outlets 172, 180 disposed on longitudinally
opposite sides of elongate hollow body 163, Other configurations are contemplated such 48 a
“unt-fiow” vortex tube (sce FiG. 3) wheremn first and second outlets are disposed on a

common longitudinal side of an elongate holiow body.

[3026] A first thermocouple 1§ 132 18 coupled to elongate hollow body 168 adjacent first
outiet 172 and a sccond thermocoupie 184 18 coupled to clongate hollow body 168 adjacent
second outiet 180, Thermocouples 182, 184 are operably coupied o thermoelectnic generator
154 such that thermoclectric generator 1534 converts a temperature difterential defined
between the thermocouples 182, 184 1o 4 voltage., First thermocouple 1827 18 operatively
associated with high temperature mput 134a of thermoelectric gencrator 154 and second
thermocouple 154b s operatively associated with low temperature mput 154b of
thermoelectric generator 1534, Thermocelectric generator 154 1 electnically coupled to power
storage device 156, which m exemplary embodiments 185 4 rechargeable battery.,  Power
storage device 156 18 operable to maintamn the voltage generated by thermociectric generator
154 and selectively distribute power to inilow control valve 164 and {low sensor 160. In
some ernbodiments (not shown) How sensor 162 18 alse coupled to power storage device 156

rather than bemng directly coupled to thermoclectnic generator 154,

{36271 Reterring still to FIG. 2, a flow path 18 detined between production zone 102b m
subterranean formation 104 and production tubing 122 that extends through vortex tube 152.
A production thud produced under pressure from production zone 102b enters miet 170 of
vortex tube 152 through perforation 146 1n casing 142 as indicated by arrow 183a. The mlet
178 18 configured to gencrate a swirhing flow of the production fluid along radially outer
region 1782 of elongate hollow body 168 as mdicated by arrows 188b, A first portion of the
production fhuid 18 discharged through first outict 172 as mdicated by arrow 138¢. Restrictor

174 redirects a second portion of the production fhud trom radially outer region 178a to

5.
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radiially inner region 178b of clongate hollow body 16&. A swirling tlow of the second
portion of the production thud traverses radially mner region 178b and 1 discharged through
second outle! 180 as mdicated by arrows 188d. A radial tomporature separation in the
production thiid 1s observable with this type of swirling motion mside vortex tube 152, The
production fhud exiting through first outlet 172 exhibits a higher temperature than the

production tluid exiting through sccond outlet 180,

[3828] Once the production thud has been discharged from vortex tube 152, the production
fluid flows through annular region 144b to mflow control valve 164 as indicated by arrows
188¢. The flow of production tluid through annular region 144b 1s depicted as a generally
ancontamned flow. In other embodiments (not shown), pipes or passageways arg provided to
guide the tiow of production tiuid through annular region 144b,

18029] The production tluid 15 selectively permitied to enter production tubing 122 through

-

iflow control valve 164 as mdicated by arrows 1881, In some embodiments, a pressure
ditferential of about 300 psi 15 defined between mlet 170 to vortex tube 152 and aperture 124
defined in production tubing 122, This pressure differential 1s at least in part due 1o frictional
forces imparted {0 the production fthid by vortex tube 152, The friction al forces are partially
dependent on a length and diameter of vortex tube as well as a swze and conhiguration of mlet
170 and first and second outlets 172, 180, In some embodiments this pressure difforential
tacilitates equalization or regulation of the tiow of production {luid nto production tubing
122 from annular region 144b with respect (o the flows of production from annular regions

144a and 144¢. In this manner, vortex tube 152 serves as a passive mflow control device.

{38308] Referring now to FIG. 3, vortex tube 200 15 depicied m accordance with an alternate
cmbodiment of the present invention. Vortex tube 200 inchludes clongate hollow body 202
with an inlet 204 arranged to generate a swirling flow of fluid entering vortex tube 200
therethrough., A first outlet 208 15 defined at a longitudinal end of elongate hollow body 202
opposite mict 204, Restrictor 210 15 disposed within first outlet 208, and a second outlet 212
1s defined through restrictor 2180, First outlet 208 18 disposed at a radially outer region 21&a
ot clongate hollow body 202 and second outlet 212 1s disposed at a radially ynner region 218b
of elongate hollow body 202, Radial temperature separation i fluid flowing through vortex
tube 200 causes first outlet 208 to exhibit a higher temperature than second outlet 212, Thus,
first and second thermocouples 182, 184 are operabie 10 be coupled to first and second outlets
208, 212, and 1o high and low temperature mputs 154a, 154b of thormoclectric generator 154

t0 apply a temperature differential to thermocelectric generator 154,

9.
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16631} The configuration of vortex tube 200 1s described as a “uni-flow” vortex tube with
first and second outlets 2038, 212 disposed on a comnmon longitudinal side of elongate hollow
body 202, The temperature separation observed m 4 um-tHiow voriex tube 18 generally less
prominent than the tomperature separation observed in a counter-tlow voriex tube. A unt-
tlow vortex tube such as vortex tube 200 presents certain advantages when placed m an
annular space surrounding production tubmmg 122 (FIG. 2) where space 1s himmted.  For
cxample, m some embodiments, first and sccond outlets 208, 212 disposed on a common
longitudinal side of elongate hollow body 202 permit a larger diameter clongate hollow body
202 10 be emploved since there s no need for Hluid to How along an outside of vortex tube

200 mn the manner described above with reference 1o arrows [88e¢ (FIG. 2),

130332] Retferring now to FIG. 4, an operational procedure 300 for use of power gencration
system 150 (see FIGS. 1 and 2) 18 described. A production thid 1s produced (step 302) from
production zone 102b such that the produchion thud enters wellbore 100, The production
fluid 18 then passed through vortex tube 152 to generate a temperature diffcrential between
first and second outlets 172, 180 (step 304). The temperature differential 15 converted 10
voltage (step 306) with thermoelectric gencrator 154 and first and second thermocouples 1382,
184, Electrical power 18 transmuitted (stop 308) from thormoclecinic generator 154 10 a down-
hole tool such as wmflow control valve 164, In some cmbodiments, the power s temporarily
stored 1 power storage device 156 betore bemg transmitted to intlow control valve 164,
intlow control valve 164 18 operated (step 310}, cmploving the clectrical power transmitied
thereto 1o seloctively pass the production fluid through aperture 124 detined in production
tubing 122, In this manner, power generation system 150 harvests energy stored in the
produciion thiid by gencrating a temperature differential i a down-hole segment of wellbore
100, which may be generally 1sothermal, and employing the harvested energy to drive a

down-hole tool.

1383331 The present mnvention described herein, theretore, 15 well adapted to carry out the
obiects and attain the ends and advantages mentioned, as well as others mherent therein.
While a presently preferred embodiment of the mvention has been given for purposes of
disciosure, numerous changes cxist in the details of procedures for accomplishing the desired

results. These and other similar modifications will readily suggest themselves to those skalled

<

§i®

in the art, and are mtended to be encompassed within the spirit of the present mvention

disclosed herem and the scope of the appended claims,

-10-



What 1s claimed is:

1. A power generation system for generating electric power in a wellbore formed

In a subterranean formation, the power generation system comprising:

a source of pressurized fluid, wherein the source of pressurized fluid is a
production zone in the subterranean formation containing a hydrocarbon containing fluid,

wherein the pressurized fluid is a production fluid produced under pressure the production

Zone;

a thermoelectric generator operable to generate a voltage in response to an

applied temperature differential; and

a vortex tube operatively coupled to the thermoelectric generator to apply the

temperature differential thereto, the vortex tube comprising:

an elongate hollow body;

an mlet in fluid communication with the source of pressurized fluid,

wherein the inlet of the vortex tube is operable to be in fluid communication

with the subterranean formation, wherein the inlet of the vortex tube is in fluid
communication with the subterranean formation through a perforation of a

casing, the casing surrounding a production tubing;

a first outlet in thermal communication with a radially outer region of
the elongate hollow body, the first outlet operatively associated with a high

temperature input to the thermoelectric generator; and

- 11 -
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a second outlet in thermal communication with a radially inner region of
the elongate hollow body, the second outlet operatively associated with a low

temperature input to the thermoelectric generator.

2. The power generation system according to claim 1, wherein the first and second
outlets of the vortex tube are operable to be in fluid communication with the production
tubing such that a flow path defined between the subterranean formation and the production

tubing extends through the vortex tube.

3. The power generation system according to claim 1, further comprising an
electrically powered down-hole tool in electrical communication with the thermoelectric
generator, wherein the electrically powered down-hole tool is operable to selectively receive

power generated by the thermoelectric generator.

4, The power generation system according to claim 3, wherein the electrically

powered down-hole tool is an inflow control valve configured for regulating a flow of fluids

between an interior and an exterior of the production tubing extending through the

subterranean formation.

5. The power generation system according to claim 3, further comprising a power

storage device electrically coupled between the thermoelectric generator and the electrically

powered down-hole tool.

-12 -

CA 2918968 2018-03-05



6. The power generation system according to claim 1, wherein the vortex tube is
configured as a counter-flow vortex tube with the first and second outlets disposed on

longitudinally opposite sides of the elongate hollow body.

7. A power generation system for harvesting energy in a wellbore extending
through a subterranean formation, the power generation system comprising: a source of
pressurized fluid, wherein the source of pressurized fluid is a production zone in the
subterranean formation containing a hydrocarbon containing fluid, wherein the pressurized

fluid is a production fluid produced under pressure the production zone;

a thermoelectric generator operable to generate a voltage in response to an

applied temperature differential; and

a vortex tube operatively coupled to the thermoelectric generator to apply the

temperature differential thereto, the vortex tube comprising:
an elongate hollow body;

an 1nlet operable to be in fluid communication with the subterranean
formation through a perforation of a casing, the casing surrounding a production
tubing and operable to generate a swirling flow of the production fluid along a

radially outer region of the elongate hollow body;

a first outlet disposed in the radially outer region of the elongate hollow

body and operable to discharge a first portion of the swirling flow of the

_13 -
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production fluid, the first outlet operatively coupled to a high temperature input

to the thermoelectric generator;

a restrictor operable to redirect a second portion of the flow of
production fluid from the radially outer region of the elongate hollow body to a

radially inner region of the elongate hollow body; and

a second outlet disposed in the radially inner region of the elongate
hollow body and operable to discharge a second portion of the swirling flow of
the production fluid, the second outlet operatively coupled to a low temperature

input of the thermoelectric generator.

8. The power generation system according to claim 7, wherein the vortex tube is
disposed in an annular region defined between the subterranean formation and the

production tubing extending through the subterranean formation.

9. The power generation system according to claim 8, wherein the annular region
1s defined between two longitudinally spaced isolation members extending around the

production tubing and engaging an annular wall of subterranean formation.

10. The power generation system according to claim 9, wherein a pressure
differential of about 300 psi is defined between an inlet to the vortex tube and an aperture

defined in the production tubing, wherein the aperture is in fluid communication with the

first and second outlets of the vortex tube.
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11. The power generation system according to claim 9, wherein an inflow control
valve 1s disposed at an aperture defined in the production tubing, wherein the aperture is in
fluild communication with the first and second outlets of the vortex tube, and wherein the

inflow control valve is electrically coupled to the thermoelectric generator to receive power

therefrom.

12. The power generation system according to claim 7, further comprising first and
second thermocouples respectively in thermal communication with the first and second
outlets of the vortex tube, wherein the first and second outlets of the vortex tube are
respectively operably coupled to the high and low temperature inputs of the thermoelectric

generator through the first and second thermocouples.

13. T'he power generation system according to claim 7, wherein the restrictor is

movable with respect to elongate hollow body such that an annular orifice defining the first

outlet of the vortex tube is adjustable in size.

- 15 -
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Produce a production fluid from a
production zone in the subterranean

formation into the wellbore

Pass the production fluid through a
. vortex tube to generate a
temperature differential between first
and second outlets of the vortex tube

Convert the temperature differential to a

voltage with a thermoelectric generator

Transmit electrical power from the
thermoelectric generator to a down-hole
tool configured as an inflow control valve

or o a power storage device

Operate the down-hole tool to
selectively pass the production fluid
through an aperture defined in a
production tubing extending through
the subterranean formation

FIG. 4
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