FLU D FLOVWRATE DE | t RM NATI ON BACKGROUND OF THE
I NVENTION 1. Field of the Invention The present
invention relates to fluid fiowate determ nation,
and nore particularly to the determ nation of flo
WORB03687¢r hydr ocar bons flowi ng through One P&T/UFR0E074736
portions of a producing welibore. The invention has
particul ar application in horizontal wellbores and
i n:wel | bores having multiple producing zones. 2..
Background of the Related Art FI owr at e
detenfination, 'particularly mass fiowate
determ nation, is an inportant function in the
ef fici ent nafagENEDCWHATE/DECERMBDYTIPNoduct i on from
produci ng subsurface formations (al so known as
reservoirs). Real time O near-real tine flowate
determ nation is particularly valuable in the .
di agnosi s andAEReR0OENIOF GHEGNGENTONN probl ens_ The
overal | mass flowate through conventional, producing
WwEldithetes rventiceasi |y be deternmined at the el | head
usi ng known net hods_ Cbtaining a nore detailed
undeif B2 amgpmdnshtisrelftoly futomwaleidstismilelish gind more
portions ca wellbore, however, is nore difficult and
nsétqzuiarlﬁéﬂ thalceiminaiupidieemies fur tirrmcarbensiistingahmugh
itself. Prior nethods for determning fluid flowates
HEVIRTHEPIS, POFar e & lﬁamaylu@m wighiedgrel Ehepingetitien fgs Zuwésiaand
in h rizontal weilbore segrrents have not been
aRtsatianp gﬂ Eguggp@piwl@pges and in. weg}@s Eyirernuliigle producing
5,610,331, to Western Atlas, describes a nethod for
8BF%r i ni ng a flow regine of fluids in a conduit The

f%tacéggq'o Lg%na? thaet R?eiatmd At

Flowrale determination, particularly mass flowrate detennifafion, s an
importani funclion In the efficient management of hydrocarbon production
from producing subsurface formations {also known as resenvoirs). Real fime
or ngarreal tme flowiate delermination is parlicularly valudble in the
diagnosis and remediation of production problems. The overall mass flowrate
through conventional, producing welibores can easily be determined af the
welihead using known methods. Obtaining & more detalled understanding of
the flow from various downhole. portions of a wellbore, however, s more
difficult and requires ‘making misastrements within the. welbore itself. Prior
methods fof determining fluld flowrates downhole, particuiarly in multiple
sroducing zones and it htnizomal wellbore segments, have not been antively
satisfactory.

US. Patent No. 5,810,331, to Westermn Aflas, discribes a method for

determining a flow regime of fluids in & condult The method generales 2



tenperature, map: of the condUt through he use of a
plurality cit disthbuted tenperature sensors and a
neans for determnfrig the pcisiton of each one of

he sensors within the cross-section of the condu

WO,&OWO&% $egime is deternined by conparing tt?&T’USZOW’OJ"mﬁ

tenperature map with a nmap generated from | aboratery
experi Ments in a flow | oop: The systemof the '331
patent is limted by its requirenent for a
di stributed tenperature prefile, including a
plurality of tenperature indications along a
wel | bore, 8. Patent No 6,618,677 to Sensor
PR depcr Be coadyil beruohphe ae of Bapwally of dislooied
determ ning the nass romnateS of precluded fluid
RIPRIAA SRR Y YP$56% & deienainmei ith prationd eaeh. piee o
t he specification, fluid produced through the
Vig | %%ﬂsefiSeWé%tﬁdmet "mé‘ﬁﬁ@‘éi?ét Pofng dBndg) %éﬁ)@* dEgipe is
exhibits a relatively gh tenperature. The
SHEIRTIEe CHBPHES BB (*%'rpﬁfﬂ*af& fHE Wi 3 tﬁ’?ﬁp@%%faé?fﬁ §Om

t hrough are general |y at ower te.ture than_t
B D Rer T B e R ok S BURdem of 161 46 g irebrate
As_the produced fluj sses upwardly through the
ety BorEEEh§Tia 7S ‘Bé‘é‘fig ?W%Sﬁ%eﬁm’% W‘F‘%%lg Riyraliy of

ubsurfate faormation(s the fluid is said to cool. A
’%F\?@Pt‘ﬁ‘ﬁfﬁd AR é?%%tﬁ’\“? s enpl oyed to nonitor this
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urements at [Fur at ns a
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6, 769, a S0 to Sensor escr
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optic distri t enper at ure sensor to determ ne

éﬂaﬁuécitﬂu%r%tu%té@! tahithe 8rW6kdORQE S-EBQ F}E\%Fb]ﬁg@r &El%ﬁ%

tenperature above t he tenperat re o
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as to cool Under the flow of produced fluid th ugh

Hhe iedid RPES). A8l bRARIsARMH Ge@hskIditad (b rRarafy e

sensor is erhpleyed to generate a distributed
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patent suggests that the: generated profile may be
sofieelrat egbrbardd Qistiied fshparahe, srohs hi rta%ﬁ}aal R0 G
how to achieve this. U S. Patent No. 6, 920,395, also
ensiofisiHighwaMed iSnSdrablafod fte ldifrhBRDLPadientine é.CzﬁéEs
it enploys .a heat sink (rather than tenporary,
fetrieeot e iwig ) the welithie eonitl] Thgs\@lontof hberr7optdg is
di stributed tenperature sensor. The systens of the
11388;re ' BEDfimh@l By AnckddB@laqatre ptasakachResief presigl bi
limted to flowate correl ati ons based n distributed
veaes atohiy tie: prehiofl e .wdbhSe cBatgnt No, 6, 766,854 to
Schl unber ger describes a system for obtaining
downhoEe Fatdnh Mo oB769 8t salsd ac Sdhesmmpligheny peasakibet ed
by awel | bore bore, And is characterized by the Use of
meSersol upingigs pesid | @bid siilipped with a fiber optic distributed



the sidewall of a wellbore, and separate downhol e
tools for installing and conmuni cating with the plug.
The s9ttem bt the '854 patent is limted by the
per manent nature of the sensdr plug and the
WOHEII®E ty of installing and establishing FPCTUS2007/074736
communi cation with it, possibly across a casing wall.
U S Patent No. 6,817,257 to Sensor Dynam cS
descri bes an apparatus and a 'nethod for renote
measur enent of physical paranmeters involving an
optical fiber cable sensor and a cable installation
mechani smfor installing the 'optical fiber cable
ipinpErRivra sy peticafdiyidinivg trwdieciitui tvebme. The cable is
i nstal [ ati on mechani smincludes for propelling a
epifdde & smgstahise gbntuing wobashiyo of deptadiore e wliphiicial
filier cable serisO, and a seal assenbly behveen the
rostipead: and paan @%{ﬁﬁ@ﬁﬁ% 5§ I9e e saduinder hediow2e prpducent
mentions that its 'sensor” can be a flow sensor
g bayiohrihe é‘f?ﬂbfﬁ?n ahﬁf Heeroertis g rifrteshiampeatikaiensses.
sensor, and apPly an algorithmto estimate flow
PIRIOHFH & I alg %ﬁ? %Y"F*‘i%wﬁt?ﬁf%mﬁ’wf%m@%ﬁ“é%@ef cable.
The flo ate-deterrnining solutions nentioned above
Hise 8o asiabiorigoein but ther yoremien mefierenshe eqmaehlp Phe
fﬂ gle nent of a distributed tenperature grof|le over
i ﬁﬁ? F o e W*B%r @ dRdasRistee fs r Egtii PRisgt Ne.

%ﬁ%ﬁiﬁ?n installatjon and otentlgll difficult
: E8Pi BrPSISPh PoPe® B & % Oheawnt st 8re
or. a determnin tlonthat is
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acl | tat eas nst

r cunber ed by a need for
gﬁggﬁl@%&%ﬁ%ﬁeﬂﬁﬁj hn@gAdapt ability in the

| nst ald aslon of §5§ g %@&Lﬁggﬁgg{ﬁg&sﬁ Jﬁuta' %%%&% kel

facilitate its ap fon i1n we ores
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re sections, Inc orizon egs
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bore sect'ions are typically f -con

HE rsﬁde%h el Lv@i@fc@e s k rz&t@ %\A@;ﬁ&i@ NeSs 19 @Q@ilig? and

surface. By way of exa I e of considera

doMrSlrestin dé QitR 1 b ?bb I THE @;@%‘;ﬂ@%ﬁféﬁ 6 G2R8AS by the

wel bor e ling) Ov.a production/reservolr engineer

ddrRabdi® 2ase piraebhhRrgup &Q@' lsﬁé LeRbehethRbiafing and

portion O the horizontal wellbore section hear the
Aefboal cHealhiotioh B oS ibAGactssd el vRingher

Vol unetric flow te, at about the sathratEi,t a nuch
| ove & dte@ant NaaH 287 ROT &l fpsof Dﬁ@ﬁnd&@e&u%ﬂ@%ﬂ_appaf&ig&
and a method foy remiots rheasuremant of .physéeal paramélars nvolving an
optical fiber cable senser and a cable instailation mechanism for instaling the

eptical fiber cable within & specialiv-configured conduit. The insteliation

mechanism includes a meéans for propeling a fiuld along the conduit so as tn



Wil bOre section that is fat fromthe vertica
wel | bore section, DEFI N TI ONS Certain terns are
defined throughout this desc ption s they bsed,:while
Certain other terns used in this desbripfion are

WOGMSOMEE bel o tt told si hr nmeans an ed$TAUSAHIERT4736

or object capable of transferring heat to another
object viith which it is in thermal contact (either
physi cal contaC or radiational "OContact"),

"Conduit' means a natural or artificial hannel throu
h whictr sonething - particularly a fluid - is
conveyed-. "Equilihriuth tenperature" neans a
frgiigricedeiveniier calik esrpondint izcepl aselly bpowep fresarnital
operating conditions, that remains constant under no
Ghetr ofifle ahd Bl avutieis Toe S5 apalpnintcotipmgihpiaisi “eehsof” can be
interest: "Heat Sink" means an environnent or
phpEcentuphised of capsonbithgobipas foromoshbehemecishawt
with which it is in thermal contact(either physical
Fshanetindor gt Moedimate B dut dyss notexplain bay dhigenay
means a path, channel or course by 1, ph sonething
braptivetarly a fluid - passes.

The flowrate-determining solutions mentioned above are therefore
characterized by systems fequiring the development of & distributed
temperature profile dver a tength of the wellbore, and systeins reqiiring
parmanent installation and potentially difficult communication with downhaole
sensors. A need thersfors exisis for a ﬂﬁWraié—dgtermiﬁning solution that is
the need for a distributed sensing length.

A need further exists for 3 flowrale-determining solution that facilitates
easy installation ~ temporary or permanent -~ but is not encumbered by a
need for permanent installation. Adeplability in the installation of a flowrate-
deternining solution will facilitate Its application i weltbores having. mulfiple
producing zones as well as horizental welibore sedtions, including horztnial
“ieys” of so-calied multiateral wellbores. Horizantal welibore bore sections are.
typioaily flufdly-connected 1o a vertical wellbore section that extends o the
surface. By way of exampie, & i3 of considerable inferest to g drifing enginest
{inthe case of wellbara drilling) or.a production/reservolr engineer tin the cass

of wellbore praduction} whether a portion of the horizontal welibore section

near the vertical section is producing at a much higher vblumetric flowrate, at



SUMVARY OF THE | NVENTI ON hi a first aspect,
there is provided a nethod for determ ning the -
flowate of fluid flowng within a passage,
conprising the steps of: neasuring the equilibrium
wheiRai@tsre of a location of interest w thi BeRUS2007/074736
proxi mate to the passage within which fluid fl ows;
perturbing the tenperature of the | ocation of
interest to a second tenperature; allow ng the
tenperature of the location of interest to return'to
the equilibriumtenperature; nonitoring the
tenperature of the Iocation of interest as it :
tran tions betwe secon nper at ur e an . Lhe.
o b “‘l‘}mf?"ér&fea? Bt SR R el EE Pyt
er at fran I to de ne the flowate of
‘H%gg?ﬁem& Df‘l%%‘%@‘ fm*ﬁ @‘""t’*ﬁ’é’ %%3 Qg euen- In a
second aspect, there i d an apparatus for
deternining the flomw§$%$%?%#§%rocarbon fluids

flow E%gam 'ier}mQ e Bg dchrog%;h&tt \ﬁ% E&%&th&e&e{he?t&mﬂs

‘subsur UM of
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i nter and erature senso I Ona

JRaby plps %‘*&fﬁ‘égh{%ﬁ. Bohggrue AR
f&ﬁt&@?&r%&%ﬁ[ﬁh&g&ﬂ ot fil owrate of fluid flowing wthin

a passage conprises the step of neasurlng

the e%ﬂqhbz?%&%%%ﬂﬁéz% H&%G;Qﬁcehﬁmlsa@ﬁ‘@é g% mﬁ{eﬁ

within or proximate to e passage mnt

f1 OWBruiaR @ iBMPR LB gdof the | ocation of i nt erest |s :
perturnbae?l to a sgco\;r% tenperature, and the -

t eNpefRfihfuin WmbiBukOCRbLRN a WaldRE S ERberhSrd E@;ﬂi;tmn
allowed to returnto its eqU|I|leﬂntenperature The

LREDe ru?&w peesBht bASakRCAdddRnef ithDEREBR! chBMPRbiar
as It traasitionstetWen the second tenperature and

tehRer@A Wishiibs biematreseRiad ped of RRsamNi tor ed
- tenperature transitibn is then used to determne the

f I owr atet efictingarls! il shufrbondrgr wb}btﬁloﬁpéﬂk@ oPASODYR, hest
In particular enbodiments Of the inventive rethod, a

tRAPAARAHBISERBIOWHCS HNOHI thbwne dorbctidiBet Q@y%tnkanﬁmﬁafzt
intenst for perform ng the nmeasuring and nonitoring
s;iremmmﬁﬁneaimgr ature sensSor may Conprise an upti cal
Ti bet .

"Passage” means a path, charinel, or course by whigh something «

particularly a fluld - passes.



I b particul ar enbodi nents, the passage w thin which
fluid flows is defined by a wel |l bore penetrating one
or nore subsurface earth. strata. The fluid in such a
passage may conprise at feast one of oil, gas, water,
and a conbi nation thereof, The passage rnaY be
further defined by a conduit disposed in the
wel | bore, for exanple, by a conduit disposed in a

portion of the | bore t ' : tally

hori zont al . The%§@W$§¥§Y HE _@Fﬁg to the

| NV @D, YR afRe:) tbrdBYprSadars hRiRdotddt@ihiding the flowrate of fluid
tenperature: sink, such as a heat sink or a cold sink. '

flowiee vidhip éassase campisipgipesters b sreastring|thg cqud firipanteagperature

i ] t re. s ; LGUl.ak: : : .
or LS/ TETRSY U808 e LOVRRLEL b wiih i v
pertwhbingitbe sngorasirs tof g [Hhatiomoofi iheresdiot @ soenditamperature; allowing

ST FCIRRIEN T R
mdnibeiEGE tdrfpckdrR i tHedBcidh fottere@tav@aiinbifienSRENES the second

tenperature and the equilibrium :
temperature and the equilibrium temperature; and using the monitored temperature
transition to determine the flowrate of the fluid flowing within the passage. |

| In a second aspect, there is provided an éppaiatus for determining the flowrate of
hydrocarbon fluids flowing within a portion of a wellbore penetrating a subsurface
stratum of interest, comprising: a means comprising a temperature sink positionable atr or
near a location of interest within the wellbore for perturbing the temperature of the
location of interest; and a tefnperatu're sensor positionable at or near the- location of
interest. | o ‘ ‘

In one embodiment, the present disc]os_ure provides a method for determining the

flowrate of fluid flowing within a passage. The method comprises the step of measuring
the equilibrium temperature of a location of interest within or proximate to the passage

within which fluid flows. The temperature of the location of interest is perturbed to a

second temperature, and the temperature

Sa



tenperature defines a tenperature relaxation
hal f-1ife that nay be correlated to flowate Wthin
t he passage. The correl ati on between tenperature
rel axation half-life and flowate wthin the passage.
WORRMSBKSYubst antial |y |inear. | n anot¥eyUS2007/074736
enbodi nent, the present disclosure provides an
apparatus for determining the flowate of hydrocarbon
“fluids flowwng within a portion of a wellbore
penetrating a subsurface stratumof interest. The
i nventive apparatus conprises a nmeans including at
| east a tenperature sink positionable at or near a
lopciiat i loowtioh binfresresit iswititani pildveel welrbtbor eo fier equilibrium
perturbing the tenperature of the |ocation of
imrheeralsts. Tdademptaipe vty Bcsiensdrinfeast t3 ooalled ak for
near the | ocation of interest. I'n particul ar
drbrothinsdietecsnfthe Ivecdndvenpsrasaeicibd eotifimion temperature.
t enper at ure-perturbing nmeans is controllable froma
Jie feapdored datpasntutedrapeitiby sdherheset dnpeemtios the dpwidie of
| ocation of interest to a tenperature other than the
dtuidid WW#@W@YWW at the location of interest.
The tenperature sink according to the inventive
apparlat peiticisy Sohpineds fhibatirginiie oreiod ol Grapaikure
Accordingly, the tenperature-perturbing nmeans may
GOy is posaiicceR dbithe leprtivagh sWraémfeap@ré;mmﬁ@gmﬁ@@ﬁamrm
a heating nediumis transmtted, respectivel The
tedpeniehostepen Kb reaire etisef Hey Femisasorontien) b
|ntegrated within a single unit, or may be installed
separit B Uit PP dRE He bPoESEa GO MEDIR BF’QI‘ gy fhuid flows s

fSCI§I PTI ON OF THE DRAW NGS
by a wellbore penstrating one or. moTe subsurface egrth strata The

fiuid in such a passage may comprise at ledst one’ of oil, gas, water; and a
combination thereof, The passage may be further defined by a conduif
disposed in the weltbore, for example, by a condudt disposed in @ portion of
the welibore that is substantially horizontal

The perlurbing step according to the inventive method may :be
performed using a temperature sink, such as a heat sink or a cold sink. The
femiperature sink may be subsjtant%a}iy colocated with the'témpefazu;e SENSGL

i particular embodiments. of the invenlive method, the: using step
comptises correlating the monitored temperature transition o flowrate within
the passage. The fime s-eqﬁired-fbsr'Ehéf'{em'pera_ime of the lncation of inderest
i transition halfway Détween the secord lemperature and the equiflbium
temperalure defines a temperature relaxation half-4ife that may be corelated
o flowratg within the passage. The ;:Ii}.r'reiaﬂan between ismperaturs

relaxation halfdife and flowrate within the passage may be subsiahiéaiiy fnear,



So that the above recited features and advantages of
the present invention can be understood in detail, a
nmore particul ar description of the invention, briefly
summari zed above, may be had by reference to the

enbodi ments thereof that are illustrated in the
appended drawings. It is to be noted, however, that
t he appended drawings illustrate only typical

enmbodi nepts of this invention and are therefore not

Co Bt ERsT et ngresg FRdoQE u0fhe Ah pfifhas fo
defeV@Big 1A fIFRYat8 Gl dioBarBéh Ahide ity wahineeporvien of a wellbore

enbodi nent s, ' re 1l is a seCtional schei atic
Peredighiag asebirfee SRR Pl BisrestnEi IRYIEVH aPRaZAHE ¢qmprises a means
inm%%r]eésp Qtterﬂ?e@z?fhlreasﬁrﬁcs RitPh e 2 G e § BABEA BPinthbsk Bvithin

t he 'l bore having a pgoductlon tubing string
thet Weltterafor petturbimg |ty empetagire peiha tlenatpre ot ukdséshgndlademperature

and aTtquer@turetégpsqﬂ)a %%&g&ng to the present
SASRVRREOBRE'e ot or near T WP S sect i onal ' schemati ¢

r epliepafit@bi enbsfimantweithier thvB@MiengetBod, aht it@aper@e@tjediirbing
" that penetrates two produgi ng fornq%ions or zon&g, . :
megps I copfeolighle| ot & swfase iRgalomodg i Bk tepipsiatye et thefgpation of
intbR§1Eh Rentatiure SHlePHSn thel R URBE AL UERpRRG U BlcNScaBABBinterest.

and a tenperature sensor acCording to the present

i nvéhe teomzratie ginkedcsordingeip dhd srtentejgrappematuamayncasiprispe heat

. embodi nent. of ,a t erature-perturbi .
s b BR e A RehBRRT B deRpBiLH R dERARS 5 Bmorcc o
condute itirb@th. which a kbalinge Snedimd Soraheheleihgi mediuseds i teamainitted,

"and, i.sonmetric represent ﬁﬁons of a further epbod

| nt . .
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BRIEF DESCRIPTION OF THE DRAWINGS
So that the above recited features and advantages of the present invention can be
understood in detail, a more particular description of the invention, briefly summarized
above, may be had by reference to the embodiments thereof that are illustrated in the
appended drawings. It is to be noted, however, that the appended drawings illustrate only

typical embodiments of this invention and are therefore not to be considered limiting



Fi gures 5A-58 are detail ed sectional and isonetric
representations of a still further enbodi nent of a
t enperature-perturbing neans and a tenperature sensor
accordlng to the present invention Figure 6 is a
WOSBRTGT correl ati on between tenperature fRGFHEUSZART074736
fiowate within a passage ac ding to the present
i nvention, DETAILED DESCRIP tON OF THE | NVENTI ON
Figure 1 is a sectional schematic representation of
one enbot hnent of the :present invention fdr
determning the nass flowate of a fluid produced
froma .subsurface formation P and fl owi ng upwardly
th r?’éu‘gﬁ?pa pebdiet nsentbabimy &dming bHetli wpoie dsiente
wellbere Wand terMnating at,a Vel lhead %\H, The
webedBEESW i s characterized by a substantially
vertical. section VW and at |east one substantially
hor i FERFal i sestisna\srhepalistropenitationas savalbogeiving 4
formation FE with the horizontal section \NH being
h%fsp%éfﬂba@%ﬁﬁ} tih RRfeEplen|a ROEETRM fynatign, avibaibrerelibore
assenbl y As .enbodied in Figure 1, an
SHer & é?gl‘déz‘é’fé%*r &F5RE 1Eeh e dBRt PIIRNE | 4 i lemperature-
%gprlses a nmeans (collettiVely referenced as 110,
HAHIrong APeqhsr 2pd, R UPBPRGE RS BRpSFetire 11 thn @resent
-ﬁ%ngre JocetioOS Li, L7 of interest within the
#198nt al section WH of the vvellbore W The

te at ert rb nmeans nc s One or
el S BERns el R Barer e ﬂtfam\*ae%mvwg as

PRI AR SRR pr@maﬁ%%?arga% RS Eh i)
heIERE ﬂ%?ﬂ%méw LBy paE %%p&%fser%?n%%a%gew
E%g{;bxﬁ% s, &n§%h %e%pagat&é sy %guggagtéﬁv Giel G sent.

ce a
ﬁ%g%gbatl on at the respectlve Iocat| ons: of interest
I, L2. in the enbodi nent of Figurethe

tenperakdr£-ReLt HERIDO (IRASiSn of one embodiment of a
temperature-peiiurbing means and a teniperature sensor according to the
Ppresent invention. | |

Figures 4A-48 are detalled sactional and isometric representations of a
further smbodiment of a temperature-perturbing means and a temperaiue
sensor according 1o the prasant inwvention,

Figures 5A-5B are detailed sectional and iseinetric represeniations of a
-stilt further embodiment of a lempsrature-pertinbing means and a lemperaiura.
sensor atcording 16 the present invention.

Figure § is a graphical conglation between temperature relaxation half-

tife and fiowrate within a passage according to the present invention.



controllable froma. surface systemiii that enerates
and controls the transmi ssion of a cooling nedi um or
a heating nediumto the tenperature sinks 110 so as
to perturb the tenperature of the respective

WORHBA3hs of interest LI, L2 to a tenperat RCA/IERHE074736
than the equilibriumtenperature at the |[|ocations of
i nterest. The tenperature-perturbing neans
illustrated in Figure 1 further conprises a conduit
114 through which the- cooling Mediumor healing
mediumfromthe t urface system 11f is transinitS to
ths tenperatures sitilct 110. Such a transm ssion
condui t 1TETrYED REISERC TN PRITHEIBVERTENthes in the
shape of a U-tube, beginning and ending at the
sur f é’@ﬂ%?ﬁ enettiopaiachond fnighigsenthionsai vhaeeibsystiehut
111 is operable to transmt, as appropriate, either a
BBareyigt afvenist fohgewediinm i{l@wasa dovade of adtub protilicadd,
or even electrical current in the case of healing)
e cughbace forgmiigs Foandc brvdnd vpwamivt Grags a production
tenperature sinks 110, causing perturbation of the
jugBaIstingnidedigraeddn atvellpase M spd e linpatad WelheagWH.
|nterest LI, L2 for a tenporary period of tine. which
Threwelhepe b sharasteried %saﬁusmﬁwﬁfaﬂsevmv@ﬂ sealign s ard ped
further taelo The i nventive apparat us
eAvoR% aUSRERGL Marizoni sepir Wonpet sexsteine orOiadidng
{ erg}gure ensors 112 positionable al or near the
EILE R Henbeieasp! 1cion Yy briao fifbet APt BesEEst s

%ﬁ conne ted fo nmmuni cation with surface

SEHER O ‘efo?rsa?*ﬁé’&’ ectroni cs 118 by way of a

[ ink
o IR o T B i
i o e L
N
di .
%%ﬂﬁﬂi%ﬁt%ﬂ%&ﬂﬁWE%.‘??&%@%Q £ S B0 e g

Blad RREEEIRE or THECRMMMLGEL R0 a'wnéﬂang%%ﬁag%geg N5 ©

transm s'si on

gﬂ%%l ; egé) east fonﬁel %Qiﬁ&%bﬁg Q{‘Bﬂ‘nééﬂ %ﬁe Welkf%gm g of

erm t O noni
&w@gz '1,3@23 gggge&q%swgﬁ ?g;t«\éﬁffgagggﬂﬁ 3 ma@e%tid U A m@%
t f e t
%ﬁ%*éi %‘t‘%ﬁ%ﬁ QUIpISE el R SPpichRbn S f?;af%‘a&l%*‘ét 2ee

cold sink {8.g.. an adaptive heat exchanger), s as ¥ induce a lenperdture
periurbabion at the respective locations of interest Ly, L.

in the embodiment of Figure 1, the temperature-perturbing means is
conirgiiable from a suffacé systern 111 that generates and conticls the
transmission of a ¢ooling medium or 3 healing medium o the temperature
sinks 110 so as to perlul the temperatre of the respeciive locations of

interest Ly, L; To & fempefature other than the squilibrium lemperature at the



WOgPEEt

tenperature detectors (RIDS-) of thernocoupl e-based
sensors, as Well as fiber optic-based sensors, In the
case of fiber optic-basethe communi 16 constitutes a
string of optical fibers and the surface

&%ﬁlcs 118 con an epte-el ectronic uni tPCT/US2007/074736
(including a light source and a |ight detector) and
an appropriate processor/recorder aS are known to
those skilled in the art Unlike the previously-known
fiber otic applications (nentioned above) that relied
on distributed tenperature 'sensing, the sensors
according to the present invention are adapted for a
perdians stigiereshpdedetiperathet-pemirhian reanatiusthded oddgurens
of interest Li, L2, As is also known to those skilled
RbarRemaRses 3 ponshyit dpt teaoht Wivel theaseknogesiien o8 biairgon
t he op tical flbers may be routed betmeen the surface

condU|t that may be attached to the tubln% string
VP Sé‘?%ﬁﬁ?‘“éwfstﬁt?é gt 1 haray Hagludeomet pargl fe§fa@atr¢s tﬁf
t he communication |Iink 116, Such a routing conduit
Ry PR el deU e f5oErgl S5t 3%%@* ﬂ“r? PHECE HapErDf Th
"EF begi nni ng and endi n urface
%ffﬁe it swipse SAEeRY i i %ﬁﬂfatbf%mstﬁlﬂh%ea% PERPPEHE-CS
are operable to transmtt tical pulses through
t* s*%a’m g pr Feiep £t coaF i BH. 4R PEETED
SQrs 112 cau
-*6%‘6’12%8‘ ‘?‘t SPEE .Q?t’* 9%*?*3?{’31 e BE PR &Pﬂ%‘g‘ fHoin thhe
5ens ] t contal enting .
S R R e A R R
respective ocations of interest L., Ly for & temporary period .of —i‘i:'ﬂe-,' affer
which the tempsrature periurbation is removed (as described furthat below).
The inventive apparatiss embodied in Figure 1 fuither comiprises one or
more temperatire sensors 112 positionable-at or near the Jocations of Interest
Ly, Lo The temperature sensors. 112 are connected fof communication with
surtace control and recording electronics 118 by way of a communication iink
148. The communication link 118 can iake various forms, meluding -a. wired
finkand & wirsless link, with the latter possibly including one or more of the
following: a satellite connection, a radio connection, 3 conrection through a
main central router, a8 modem connection, a web-based or intemet
connechion, 3 lemporary connection, andlora connection o a remote location
such as the offices of an opemtor. The communication link 116 may enable
real thine or nearreal time fransmission of data or may. enable ims-lapsed

transmission of data, ag is required o permit a usar to monitor the wellbore

conditions. and fake necédsary remedial aclon based on 2 diagnosis. The
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h the ernbodiment of Figure 1. the tenperature sinkKs.
110 arid the tenperature sensors 112 are. shown as
integrated withih a single unit. it will be
a&FreC|ated by those having ordinary skill in the
WOLPB01I¢ihever, that the tenperature sensor ( HCHEFGFET4736
Install ed separately fromthe tenperature sink(s)
withit-the Well bore. Figure 2 is a sectional
schematic representati on O another enbodi nent of the
present invention for determning the mats flow ate
of a fluid prpduced through a productiop.tubirig
string 1ST disposed in a wellbore W and term nating
wrparaiwe | seasats WEL mEheondiaid e riaimiier of vaulgs tsansdralypas
vertical and penetrates a pair of producing zones or
Fet awt kone Ftineghivirgobelinedy sdbm brerhsothes yistance
acker assenthty P'. As enbodied in Figure 2,
PafbaP ataleiee dBFEfﬁﬁn g tipirpecypledasad seavasnt opell as
Conprises a nmeans (collectively referenced as 210:
Bhpf ophrlmsed §eMS9EY-t ur bi ng the tenperat ure of one or
nore locations L3 L4 of interest within th
r espdt Hiavesed HRET BRlic-ased fenirshdhe é?@ﬁwﬁv‘»aft%‘e ink 116
vertical wellbore W. The tenperature perturb
RRHSEs Rt optRe BherRBhe ermydre ﬂ?@%ivﬁﬁég conpplutes
carried on the tubj ing TS so.as_to
POLPPITHALrE Wit i@P’Uﬁgﬁrm t&%‘é SpuEH Eet ia/light 6%%@98@%“
intere As with the t erat e si.nk(s
AR ageeﬁng%%%recwﬁgr ’t’%?ﬁﬁéﬁ“a‘f’fﬁ ?@&%ﬁ’ 8 1 e )U“il“e
: rlse various applicati heat SI
BB a8 e agplo e Reaforichn 353% el
duc erature perturbation
VRCBOSY Babel A BT ALY PR i8R it ﬁs " e present
' t t r repert.urbin
%2%%%‘?”%‘%gn%m%%%%eﬁca%da%%ﬁﬁ% " SO g

Qe ngtne ‘?htéggtq g‘tﬁts% %EE%%GVJE ri@ﬂq%% §??E§FQCF’F']‘2'L% ef:r%’p g} ng-tmu

cool I hg "ne -‘a heal'ing ne

oStk e 2105 9-rRSy LRuRE gn&b fodi RGP U %QM@&Q&

respective 1ocations of 1Int

I
Frﬁ%ﬁ%@é HE&rAkR8 5 LRk éé%s%qt’t'z 4 é@r%}oﬁ'e p,é:»%&*t ﬁmf”‘t

cat i ons of I nterest t'enper rtuar

C =y Qﬁal btltz;rdﬁétg rt ttﬁéj itﬁﬁnﬁi ﬁ&t 2 UE iﬂ%ﬁé of Q!? Eill:as Chd%inat

214 t rou e coo um or

Gk mb%faaﬂfmms@mm%@m% Ik @i Bl 8P

t e tenperatures sinks 2 a transm'ssi on

FRREH o dddidTaYarcRE MaGe EHEL PR AL lRle. Bé@ﬁtﬁ&f-ﬁnd Bndifle

shape of a U-tube, beginning and endi ng at

SUMkAGRIEY Slefbridl | 1AGCRERENRE, Yhe EBcSWL:868.5Y88 R
2.11, is operable t. as appropriate, either a cooling

afierheat kN Gkt UBke! Guised GRSHHORhOtIBEaIT Fibkrd, 1Ofihe
even electrical current in the case of heating)

thtoughatdne ity aNsMos $homeo gl bald s&@oldh 842, causing
tenperature sinks 210, causing perturbation of the
begatati-efPRMALYNES t@te kBB ESPRCHE ¥endoar 811 GRS Rfains.
interest 1":3, L4 for a tenporary period of tineg,
afidreativh kphiedehtng BRDSKPLLMBPES bath RAKIORshSHTEC BBNRE:
(as described further bel aw), The inventive
apparatus enbodied in Figtire 2 further conprises one
or nore tenperature sensors 212 positionable at or
near the |ocations of interest L3:L4.. The
tenperature sensors 212 are connected for

comuni cation with surface control and rebercting

el ectronics 218 by way of a co on link 216. As with
comuni cati On link 116 described above, the

comrmuni cation link 216 can Li ke various forns,
including a wired link and. a wireless link. The
tenperature sensors 212 may constitute a nunber of
vari ous sensor types' that are known to those having



In the ass of “fib optichsecF sensors, the.
conmuni cati on, hnk 216 constitutes a.string of optica
s and the surface electronics 218 constitutes an
OMel ectronic unit (|nclud|ng a light souroe and

WO 081686t ect or) and an aPPl ' oPriate PCT/US2007/074736
Of oceSSor/recorder a arel known to those skilled in
th rt. Unlike the oreviousltkno.wn fiber
aptic.applications (described above) that focused on
di stributed tenperature senaing, the sensor 212
according to the present invention is. adnptSl M
bcal i zed tenperature deternination,at the_locations
of i vt destivadipealel Niguiest allgoieRmeiatre sitthoS® #md Fleed
in the art, the op tlcal fibers may be routed between
{EHESE P £885%F 461 ﬁfﬁh% hagmaginiwpiehalthigengogle 202 vl
an appropriate conduit that may be attached to.the
P& @P‘E% glert %Wghpés @é&ﬂ@%ﬁ%wﬁi*t My itKe NowpG gt the
constijtutes ' %r of the nlcatlon [ink.

216
R AP G PGS cBRN S "%Vé PR \X‘B'Tbg’r'“‘alfﬁ”é?éfame

S. in t e shape of a U-tube, beginning and
%’H%n%‘ﬁ‘g’é’fﬁ‘? "&UPf ace el ectronics 218. Accordingly,

t he rface electro 218 are operable.to transmt
ont SRS B oL heliRe T e g[gpfﬁ?%‘f“?” it anciher
218
SORTUPESTY AR pue B Bt e b %Wﬂ?&a«g%s ¥é
g 1

*3? SRR bl RIS R %@ﬁ%é&i@ﬁ%@%@? Sk, |
U SRR o BRSO v, ers

w’ﬁcati Qt%i é%{g?ﬁ %%Faﬁi%% o3 ?%%?L!ﬁ%%%b% ﬁrﬁ%@g&}l}f SF~ isolated

I'nt'egr at
APRIRE! -ordinary skill |nthe
&B&%g\ﬁg\%g}&yﬁ %Q%Agﬁ'gaer atui e sensor(s) may be

t gld te8 e f
0 RSB 130 BT
FOBHRR RN Ghoark g&&z;e%e@f ie‘?ag’eﬁieﬁ' f%H 21 hi éﬁ; the

tubing strings TS an S sho I n Fi gores

{)&%ﬁﬁﬁg ek ¥petdid BPSR Wntdle RR8HGRNQYL BBRL LE wﬁmn the

enper at ur e- pertur bi ng means and a terrperature sensor

AGHOHIE NBmidlichdI &, Fe?@ﬁétrét&y SOt h@tvalMie w@%&é au afey
one or nore joints of the tubing string IS

efhticPRed Wiy 8RRy Rkhdednabapamdid 'Ee.ﬁ#‘ib%i‘ét@%' ks 210

conduit 314 that includes a coiled portion w apped
B5EuN Gnathe edphe diveligavet eb dsergbb REdbABd UPloPGiehP it
(Preferably at a Mandrel portion of the joint).
feapditve liv3diddss ¥ phasaateri zadvwlly tee BMldRtrediiaiBt e1o
branoh 314a for delivering a suitable cooling gas,
geahbas #idveogen GmEssiben sdikexizde, rdpwahapesalangus
the tubing string TS-, a larger diameter branch 314b
bpsichigtnarafiarigat ek tr armshﬁ dtiet: coal kngligabediagkhdmehihe
Surface; and a transition region 314c that undergoes
an asxjpansianafteonekhe: gralshetordbatet espafivdbianabnsida
to the larger dianeter of branch 314b to effect a
@oobkiiAg iaf the transmitted gas in situ. Thus, in the
enbodi nent depicted in Figure 3, the

in the embodiment of Figure 2, the lemperature-perturbing means is

cantrotiable. from a surface systemn 211 that generates and controis the

12



tenperature sink 310 reu.tth3g fromthe coils in

| arger diaineter conduit branch 314b constitutes a

heat sink for effeCting a drop in the tenperature of

the | ocation of interest Ls, thereby inducing a

WO KM% ure transient in accordance with tH&I/US2007/074736

presentl nyention, It will be appreciated by those

havi ng ordi nary skill in the art that the gas flow

could easily be reversed so as to transition fromthe

| arger diameter conduit branch 314b to the smaller

di aneter conduit branch 314a, thereby constituting a

cold sink for effecting a rise in the tenperature of

Fﬁe""*’*?%‘%%”t Ploh cepiEetieEt L5 healing Hnedpe ria dloe MERREF o
ure 3, the illustrated joint of the ubing string

ﬁl* ¥ gﬁ% ’:}é&‘u Opi%‘éréff‘%ﬂi‘%ﬁ’fﬁ\“f?%?@‘?ﬁl ghitpedsrEs I incetiy s ﬁf

rout i.ng .opt bers therei n between surface

e tortide a@?ﬁ"“?@"‘"“é‘i’% Cfeofiaedhy saitiive ‘ﬁ@@@é‘% r’%" Hed

f F 1 d 2
PeRieh gl i Bt APt HO bR & B8 IkHg Ebinge 2
. t1tut | th th t fi b -
GRS et 2 ao Ol e oSt ey e oS o
ti Li,nbed- di t ngt h
BRabirc? fffaBﬁ?@ﬁgyﬁq%ﬁfn%%%ﬁf@ﬁ%fﬁﬁﬁﬁa ' Bare e pake 219

d h b d
e SRS oo AP OGO O3

Bl SO LA B A S BB
ABeBFd, 0 YARd 9 8@@% 28020 WQ{%&GCW&Q 389 ppropriate,
Qi@{ f Qreﬂﬁﬁg%r Fs?étm‘ﬁ' rlvédillﬂﬁ Ig“a@ P%ﬁ&@ b R 108 & RN ASaricas Ay

I nar e tenp era ure sensor

&m@ﬁ%% AR ALALS Al AR %é%és% &Paﬁué bepal 4 ey

processing means, as a,re,aitt known to those ski

iéﬁi;ﬂfe@ur@%nm 210, céd%n%%ﬂ%@%@@ﬂ HERE &’%& Bk furds (@

W'l as some others described herein a tenperature

S2P8IRNE 1GEREM br FlGeand &, %&r@%ﬁ%rg REEG Wi BLRT after

conduit 14 are coiled together such that the two are

Which Wd 1e608LAGE Pl BaRAGH RINEE (AldctBBed further b&iow;
flowate-determ ning |location of interest 15, Thi

pr onotesmanief e cusenef m%@@@ldh@%&ﬁprﬁ@é&h@&
nmediumthat is transnmtted via the

hRrPehRkiitae RERINE DI DEoRRAGNE bi Ol iRGbcaBoAPaSMERB] ©
tenperature transient via the tenperature-sensing
cQnduite BRthekdiSreCRIMGEN U 2REREH RIS EREMUnication with
surface control and recording eletlronics 218 by way of a communication fink
218. As with cammunication link 118 described above, the cominunication ink
236 can take various fonms, including @ wited link and & wirgless Jink. The
femperature sensors 212 may constiote a number of varlous sensor fypes
that are known 10 those having ordivary skl in the art, such s RTD of

thermocouple-based sensors, as well as fiber optic-based sensors,
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Fi gures 4A-4B are detail ed sectional arid isonetric
representati-ons of a further enbddinert of a
t enPer at ure- perturbi ng neans and a tenperature sensor
according to the present invention, Unlike the
WOogn§@#tent s depicted in Figures 1-3, which RGEYES2007/074736
adapted (O use with a tubing string typically having
an opened end, the enbodi nent shown in these figures
is adapted for uSe with a tubular "stinger 420 having
a closed conical end Ore 422. When so-equi pped,
thestinger 420 is adapted for ,placenenthin a
wel | bore (shown as op hole, but could be cased and/ or
| i ne® theocass of hbeoiinnered deigsrhdhd buhduhboienShikadadi .
In other words, the -fluid in the we bore W wll|
FASWLIEE G otoR ertiied Baso pnd O sudearieRtohies 81§ pryebtdez0,
rather than through the tubular joints that make up
Pherigeietlerc 220 (PFHANS 1 FgbreupD apd adighi pjeeicniand an
onebbt|inment o tenperature perturbi means and a
FREREEER P ESEUASHRTIECHOVERIYGYT B el Sgﬂ‘ g émhe att. Uniike
dnvention, Mre particularly, one or nore joints of
R @f%\fqﬂﬁ@éfwa o“fbﬁg@@em%@%f@m ﬁtfﬁsaﬂig‘ér@maﬁ Yl focused
%g : ,ed transm sSi On conduit 414 that includes a
sl 6ﬁ%mwaweaﬁwﬂaﬂ@umw TeaRficAgling 1o the present
reduced diameter portion of the stinger 420. The
BEHEER a’fﬁéé% %140 Bize ipRatauTe frdrragTetien siine leations

artlal fromthe slim.er in Flgure4
it

fidprerpLyy %y%sm[ﬁséﬂ WAIEPET P et iepidial fibess
RROIA SHTUTTHe PO er R TG a 2 do e ‘*8?‘5%%32 Vhgof
S Rl ] ) e b B R SRR e
L Gie RKE SERinbOYSIU part of te communication link 216. Such a
-,muﬁr}g gonduit may include two paralls! branchss in the shape of a Utube,
‘beginning and ending at the surface electronics 218, Accordingly, the sufdte
eleckonics 218 are operable 1o transmit optical pulses -through the optical
fibers in the communication link 218 % the fiber optic-based sensors 212,
causing backscatisred fight sigrials fo be relured fiom the sensors 212 that
cortaing information representing the temperatures of both of the respective
sensors. 2172,
in the embodiment of Fige 2, the femperature: sinks 210 and e
femperalure sensors 212 are shown as intedrated within a single onit, i will
be appreciated by those having ordinary skilt in the art, however, thet the
famperalufe sensor(s) may be installed separately from the lempbrature

gink{z) within the wallbore,

i4



Theil lustrated portion of the s.tin.ger 420 is

further equipped with a generally U shaped, conduit

(parall el branches thereof shown | abel ed as 416 and

partially pulled away fromthe stinger in F| ure 4B
WORgs/0desdk i ty) for routing optics, fibers' {U@p07/074736

known tenperature sensing neans therein betvveen

surface electronics (like electronics 118 and 218

descri bed above with reference to Figures 1 and 2)

and the location of interest L6. with the routing

conduit constituting - with the optical fibers --

part of a_communication |ink 416. The optinal fibers

are SHEFpEd Wi TR ERERC B hBEHCT Shiberiubing sting

gen 0T that is_deployed_ |bte cornmunicatien |ink 416 .

b5 e e nggea doht shovhtndriases [ end dreaPilirpose

that wiil be descr.i bed ?el ow. Figure's' 5A-5B ate

FRrRREr s Bt Pﬁ’r‘?ﬁ?”%‘?&l ?o??ﬁ}?ﬁaé“? EPPEEBAEEFBNE DR

s.till further “%)odl a
FE\%@“&? ﬁf*’%“ﬁ@?’% er?e%‘?? ’ﬁﬁ%‘**aﬁt*é%é’@gtﬁﬁiaﬁﬁf one

to th r.esent t on.

g R e )
é%ﬁﬁ"ﬁ%@&héja%fn% Jh B Ry e St ot A e B &
SRt el o B %&Eﬁ %%%*"%ﬁﬁaf % %@%Efé%ﬁg“éﬁﬁ%ﬁfo
AT A S P
ﬁ@“‘?ﬁ}l S kv e e 'M’ bfEah Genagse
Ahithlc0B8nd e BHIECLERG 3 -9%%5'{%9 m&&a&!a%gh Yoo for,

ocation of 1 nter SO "es

IAGHES R LEARGHAL %&wg@{?ba@atm' e ACRALM MG %ﬁ&f&he

present i nvention | ustrated pOftIOﬂ

&hioRg8 ke @%Q&ﬁc&r&d&@lan%bm AL b %:ﬁ@f‘:ﬁéﬁéﬂey ofhbranch

U-'shaped, conduit (parallel branches thereof

haheledd Ganfetd! by braph | Bds ey %&&ﬁzﬁ%ﬂ RHaer
in: Figure. 8 for cl arity) for routing optical fibers

QlinsAlRQY GakMOYHR, RO SR ahY e SERT:D GoitBial 3n FRRFEHED the
bet ween surface el ectronics (11 ke electronics 118 and

2Beaest sink adn alewey Yolrhink e he e RER iR Wh 88uilhafei2)

and the location of 'interest Li, With the routing
sondedrstieensd kbatdiMgfor He0ng Nekdp hh@e QBhp&atid ibb8lsS

pad of a communication i nk 616. The 6001 fibers are
BaatiopRe thiarth . ahblebe 1ol Bicy Raseskrb@PPRLR ML 8 accordance
with the present invention. # will be appreciated by those having ordinary skill
in the art that the gas flow could easily be reversed =0 as totransition from the
jarger diameter condull Brinch Y14b to e smalier diametdr corduit brandh
314y, thersby csnéﬁil.éiing & oold sink for effecling a rise in the lemperalure of
the focation of interest L,

With refererice again ¥ Figure 3, the Hustrated joinl of thé bing string

TE" is further equipped with a gyenerally Usshaped, conduit for routing optical
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sensor that is deployed in the comunication |ink 516
at or nearthe locaticn of interest Ly for a purpose
that will now be descri bed. The present
i nvention provides. through various enbodi nents as
WOResH¢Ied and suggested herein, a Method [ tR{T/US2007/074736

determning the flowate of fluid flowng wthin a
passage. As nentioned above'.the prese vention has
particuiar aPpliCation in which .? fluid-flow passage
is defined by a, weil bore penetrating one or nore
subsurface eadh strata. The fluid in such a passage
may conprise at |eaSt one of oil, gas, water, and a
tondi inerpiobettvhen eoflacdTvecpassadiks Mayirdis! 0TS hes 2138
defined by a conduit disposed in the wellbore, for
dscarpedahdyy with calnaby todiigpes édnif B andpibe tdc@riorod! inthest
wel | bore that is substantially horizontal. The
k4 atth dreametideeosd it aeashtubshodicooithitsesplichidibsteepret ohe
suring the equilibriumtenperature of a |ocation of
? veErBsicalpn WS Er hph ok @ colpttiretipaseaned afouhd e
"VWiich fluid flows. This may be achieved by a ,
oy gphper barel dolhet dmoakbrdedbei pEgalabove, mbuthe
ot her sol uti ons known to these having ordinary skill
FHARHRS Wit aniREr Ardetprechpiissiiroraddamraghowmhiiat is
for exanple, solutions involving the use of _
fesmetdnde suwperietion driéf e et oy saqr i pipcalianey! interest i
hernocoupl e devices may heptgyed to nmeasure, the

g GiRsTRRsE &ffﬁiﬁf»@h%%g%ﬁ‘t@a?%.y bejp Plecds@Reralpg egfsoppay be a
‘fUrther includes the' est ablﬂi shment _of a = =
conveptional ‘sensot or 8 ouslomized instument having  approprigte

measurement peormance, as will be apparest fo those. having ordinary skifl
in the art. The temperature sensor may be used with appropdate data
asquisition and sighal processing means, as are also known 1o thoss skilled in
‘the art,

in the embodiment of Figure 3 (as well as some cthers describied

.....

hereir), 4 letiperalure sensing conduit 318 and a temperature-pedurbing
conduit 314-ars coilled together such that the two are in fulf cordact with each
other at the flowrate-determining focation of interest Lg. This promotes an
efiiciant nse of the oooling or heating medium that is transmitted via the.
temperature-peturbing corduit to effect a measurable femperature transisnt
via the temperature-sensing condull and s conveyed temperature sensen
Figure's 44-4B are detailed sectivnal and isomelvic representations of a
further embodiment of 2 lemperaturesperurbing means and a tetmperature.
sensar according to the present fvention. Unlike the smbodintents depicted

w Figures 1-3, which wére adapted for use 'with & ubing string typically havifg
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tenperature transient by perturbing thel tenperature
at the flewate- datemining |ocation of interest.
Accordi nghe tei nperature of the | ocation of interest
is pul sed or perturbed to a second tenperature (other
WO 2HEP16878 equi | i bri unenperature), and the enfGRBR27OT4TI6
(3f the. location of interest IS then Uowedto return
to its equilibriumtenperature Thei enpecature O the
| ocation of intetest is nonitored by the fiber-optic
based sensor, or other tenperature-nonitoring ean
enpl dyed, as the tenperature transitions between the
sechdt Chi perai Ure and the equilibriumtenperature.
As cpemdd enkdhabowedivkhesiempiarbter Bpesd Mriipgdstepse
may be Performed using tenperature sink, such as a
héat ighuik GBogy” 420 codlged chbad dyniorn bad aokidss K When
(e.g., a bathed fluid or an electrical heater). The
st-enpeEsid e gingkr 4@lyisbetagiet Her piperren edtbib e wallbal Ve
§e g., on production tubing): or inserted on a
gmpoRrary folr biretoufkehgrased asthion§erd soands mynbersed in
substantially collobated with the tenperatur sensor.
the Wid fow sépafoirectber wppise that Bdd by thehogiboskiN'T il Sow
the' art that it is not necessary to change the
denpéia ope geitivh 2R anddthe | Bnfergidth rabghthh dhipas’s dwe
to practice the inventive nethod, even though the
fupigh wﬂffﬁ%ﬁé@iﬂa@%ﬁé‘fhaﬁmﬁm4P%cat| on of interest
experiences a transient The nonitored
t enpet&ttingst $4hsi sugned S HER sveaiimenidd pelemipRgiihe
fl oWate of the fluid flowng within the passage,
BEERDIEE , PP SREnP| EMPB{RLEBr PYISAL ia550EhHE %ofﬁh& Fresgnt
era ure transjition to flowate within
t%g;g‘ﬁ’ae Hﬁﬁﬁw%a%ﬁaéﬁ’t o5t o RregPESER G Hipgwt ‘FW ﬁéP*ﬁF%%

that the tine required for th

the disco u
e R R TR IR A Wﬁ%@aﬁwﬂ%n
econd t npa_e ture a%gthe equil.ib Lij L
%%%é%? T BBy Ao o b fRas SR+ e] BT 6h the s
Life.t orre ateﬁlé}toflov\/rate

Tags*@ga'éipg ‘h{‘rﬁ %/HIE bﬁfag?heé“’ SEFHRHAG gy émﬁélg awa‘y
"“etﬂ% st TR s P05 BRAh et e o Y ameter

changes fike the condait 314 of FIG. 3, but other known solutions for effécting
a copling or healing of a location of inlerest Lg may also be smploved so 85 o
induce a femperature Transient in accordance with the présent invention.

The Hustrated portion of the sBitger 420 i further equipped with a
generally U-shaped, conduit (parallel branches thersof shown fabeled as 446
ard partially pulled away from the sfinger In Figure 48 fr clarity) for outing
optical fibefs: or otner, known {emperature sensing means thetein belwesn
surface slectronics: (ke slectionics 118 and 218 described above with

reference to Figures 1 and 2} and the iocation of intersst Ly, with the routing

congult constituting ~ with the optical fibers — part of @ communication ink
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enpl oyed to correlate the nionitored tenperature
transitito tlowate within the passage. Figure 6 is
a graphical representationorrel ation bet\Wen intture
rel axation hatf-life and flowate within a well bore
WOREBLAFS according to the present inventi on PCTHS2H7AM{36
represents data nonitored over a 16 accord cooling
transition between a perturbed tenperature and an
e<l1-1 iiib flu Mtetn.peraturt The nonitored data
for linear regression (R2) is 0.9825, indicating that
98...25%of the variation of corresp.bnciing fluid
flowate i s accounted for by the natural Iog
ﬁéﬁm“b‘teaﬂﬁahé Fesra @it iRBAPRH PO |<f bbqn@dubﬁ% FomSgred
enperature delta and it tinme In the case of
%«%WSP%@%W&BW%% inghg é‘f’*ﬁﬁi"%ﬁfﬁ? Hyddeater aw the fpgation
g 's. tenp eratur% s._influenced by: (a) the
éﬁiﬁ%wmj%a B oPHOE UL P F*%%%’b?%?%‘h on O zone from

whi ch_t he d IS recovered; the tenperature of

the s%}%%fa? c@ ?ﬁr%"i@%ﬁpﬁ‘i‘m?o?i‘ (*%‘3"“‘?%' &%Wﬁﬁ&% the
t the t t
8o TBET  FEbTIaTH Phit ARAPTE) TRE TG Fedd 18 For

erature se qQr aft

%ﬁw&?&ﬁﬁﬁ Selignr| Fertinans, 6 TS Rt Fhe BRoT fe spLpaimmL i

L Pl biele AR HBRarF it Raudi e
%ff”?*% el i R t‘ﬂghvﬁpﬁﬁ.fﬁnwﬁgsmwwﬁm
g{agggg;&gg%h&é p8iod Qw?%p?{gﬁcaéeﬂﬁoe?re%gu%:g obicll S TENO

%-%%@%éeﬁ@ rTh@' da%&?%%’ (ol Q:%%crge%r&%ﬁle% QHJV%%J ﬁQiniy

correfation relate nde

bigaty 2%9% Hrsﬁn e B g@tﬂ By g;iﬁn }m 5939 l‘“i}éracﬁaﬁf@d ﬂys

appli at gnlt e ‘per
Qiﬁ!?}'eie? AdrBied fike thELoHiB: Pz HORE TN Qutf &H{ir%uwﬁ Qgiug :13%&]

.efl eCtivensso perturbati on'te. g cool i ng

bﬁ%@b c%faﬁ%;%&é»)g ofal mznrﬁﬁmﬁé;@walm%@ DA Boloved

indicated thala nmasSs flowate can bé accurat e
gerisvedinggle %Yteffﬁﬁa!jﬁt@ret m%@try ra%nh&r@érﬁ:é a0 e ;)resegt

correlation of the type that is shewn in Fgti
Adghitlchonal i nformati on may be derived if the
ternperature relaxation profile is analyzed using a

nor e et Rkidvathd fbrisd Dﬁﬁﬁen§§iz\§bﬁ§g.@@§3ﬁﬁl@‘éh chQppdewith a
rel axation dynam cs. For exalMl e, the hventive nethod

gakriyni-Beipeticodrtigh WarkiRl bRABLREThOEAHENLHE GRIROS 410N
of two-phase and three-phase pr oduction fl uids,

bt badaiyohdibe aohl fual Be sangkab Flgor! 88 kgasart@tihosuting
optical fibers or other, known iemperature sensing means therein between
surface alpsiionics (ke elsctronics 118 angd 218 destiibed above with
refererice to Figures 1 and 2} and the location of interest Ly, with the souting

sondult constituting ~ aleng with the optical fibers - part of a communication

hnk 316. The oplical fibers are aquipped with 3 fiber optic-based lemperature
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It wll be. further appreciated that the inventive
nmet hod i s Useful for devel oping a production profile
for a horizontal weil bore, showi ng the specific
vol une of oil production along the |ength of the
WORHB0XSH al wel | bore bore. The inventive nettGEdSpE7/074736
also simlarly useful for determ ning the mass fl ow
vol une of produced on). one or nore specific
produci ng formati ons or zones which are penetrated by
a conmon wel | bore. It WII be understood frern
the foregoing desdriptin that varioUS inedifications
end changes may be made in the preferred and
smihemringits veslembod e ot smodicdthe lipk 85® Rt o rwefitel lomiion
Wi t hout departing fromits true spirit Thi s
désvrsidy ifor hepdeatien détndvobe gercposkes of il lustration
only and should net be ainstMed in a liiWing sense
The & tarese@k ipusinBon nvenddsornhshol | vaibe: deterivientd as
only by the | anguage of the clains that fqUow. The
desprhed conprIesisay ofintd metbneé f Katersinlhg thenliarnsled! figd
mean "including at last' such that the recited
flowdg Wi BRSABRHt A5 iferdoerhibyvar aprespénngetiophas
,g.r_,quP" Simlarly, the terns ctcoatairataittreing,"”
mRifuier papisatien Bl whichenfidios phresee inwdefined by a wellbore
2008/ 016876PCT/ US2007/ 074736 an open s rgfekant. atr
EREr YRS S Ayt avbaugas caty ¥ttt hediidde Puedea passage
t heplural forns thereof talispecifically excluded.
may compnise at least one of oll, gas, waler, and & combination thereof. The

passage may be furlher defined by a conduit digposed In the wallborg, for
example, by a conduit disposed in a porlion of the welthore that &
substantially horizonial.

The flowrate-determining method comprises the step. of measuring e
eguilibium température of a location of inferast within of proximate 1o the
passage within which fiuid flows. This may be achieved by a fiber-optic based
solution &g described above, but other solutions. kriowit o ihose having
ardinary skill in the art may also be applied © advantage. Thus, for example,
solutions involving the use of resistance tfemperature detectors (RTDS) or
ottter theétmacauple devices may be emplbyed fo msasiure the equilibrium
termnperating,

The pesent invention further chudes the establishment of a
temperature transient’ by perhubing the local temperature at the flowrate-
determining location of inlerest. Atcordingly, the temparature of the location of
interest s pulsed or pertirbed 1o a second tempersture {other than its

squilipium femperaturd), and the temperature of the logation of interest is
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CLAI M5 Whatls clained is: 1, A nethod for determ ning
the flcwate of fluid flowng within a passage,
coMorising the steps O; measuring the
equi libriumtenperature of a location, of interest
WORDSHiIgs70r prc' imate to the passage w thi n MUTAR2007074136
flows-, perturbing the ternperature of the
| ocation of interest to a second tenperature;
allowing the tenperature O t e |ocationof interest:
to return to ft-1'e equilibriumtenperature;
nmonitoring the tenperature of the |ocation of
Interest as it transth
then alfowed fo elum ig %isreqajiibﬁum temperature. The femperature of the
focation of interest is mordiored by the fiber-oplic based sensor, or oiher
lemperature-menitoring  Means employed, as the lempsrature bansitions

As mentioned above, the temperetwre-perturbing step may be
performed using & termperatize sink, such as a heat sink {e.g., & cooled fuid)
or'g cold sink {e.g., 4 healed fuid or an slectical heater). The temperaturs
sink may be sither permanently installed {e.g., on production wbng) or
inserted on a temporary carrer {e.g., a stingér), and may be substantially
colipcated with the lemperatufe sensor. It will therefore beé appreciated. by
those skilled in the art that it Is nat necessary to change the temperahure of
the fluid flowing through the passage 16 praciice the inventive method, even
ihough the local femperature a the focalion of interest experiences a
rangient:

The monitored temperalure ansifion is ther used 1o delerming the
Tflowrate of the fluld flowing within the passage, such as, for example, by
comrelating the menilored femperature transifion to flowrste within the
passage. One aspect of the present invention relates to fhe distovery that the
time requied for the temperature of the lopalion of intersst o transifion
halfway between the second temperature and fhe eguiibrum femperature
defines a temperature rslaxation half-fe that may be corsiated to flowrate

‘within the passage. In particular embodiments of the wentive method,

interpretive models such as Computsiions! Fiuid Dynamics {CFD) modsls are
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het Ween the second tenperature and the eguilibriurn
teMoerature; and using the nonitored tenperature
transition to determne:the flowate of '"the fluid
flowng within the passage. 2. The Method of daim1,
WORRE 086576 a tenperature sensbr is PosiROTHAP7474736
the ocation of nt&0st for perform ng the neasuring
and nonitoring steps. The nethod of claim1,
wherein the passage is defined by well bore
penetrati ng one or noia subsurfate earth strata. 4.
The nmethod of claim 3, wherein the passage is defined
by a conduit disposed in the wellbore, 5. The nethod
ginplghai n Syttt el matinexd bonemgat fuhdticonpibesss vakhin
| east one of oil gas, water, and a conbi natien
tsanevfae.

Figure 6 i @ graphical representation of ® finear corrslation behveer
temiperature relaxation hatfdife and flowrate within a wellbore passage
according {6 the present invention, The graph represents data monilored over
a 15-second cooling transition betwegn a peruibsd fempersture and an
equiibtiug tefmperalure. The monitored data for near regression (R is.
0.8825, indicating thal 98.25% of the variation of corresponding fluid fowsate
is accounted for by the nataral fing‘ isinpemivre relaxation halife e, the
menitored femperatire delta and iy time).

In the case of wellbore flow of a formation:produced Buid, the fuid's
temperature is influenced by (a) the temperature of the subsurface formation
or zong resn which ihe Td s recovered: (b} the temperature of the
subswface formation or zone(s) through which the fluid passes before it
gncounters the temperature sensor of the invention: and (&) the time reguired
tor the fitid o reach the temperature sensor afier it enters the wellbore bore.
By using the temperature relaxation half-ife to defermine fluid Howrate, fhany
of the local effects of the welibore passabe, including type and size of the
welibore, fiowrate-determining location withiy the welbore, characteristics of
the specific produced fluid, among others thal may complicals fowrate.
determination, are minbnized or elimingled. Further benefits of such a

correfation relate to #s independence of heow long the temperature

perurbation (e.¢.. cooling fluid) is applied, to what magnitude the perturbation
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WO 2008/ 016876PCT/ 1JS2007/ 074736 6. The Met hod of
"claim4, wherein, the cOndult is dispoCe.d in a
portion of the wellbore that is substantially

hori zontal s The. net hod of claim 2, wherein the

WOL200886836 Ur € sensor conprises an optic fi berpCciBuseeg/o74736

nmet hid.cf claim2, wherein the perturbing step s
performed using a heat.sink. 9:.The nethod of claire

Z. herein the perturbiing step is erfornmed using

is applied {2.g., volumie of cooling fluid), and even the effectivenass of the
perturbation {e.g., cocling fluld thérmal properiies),

Empirical data have indicated thal & mass flowrate can be accurately
derived solely from a femperature relaxation carelation of the type that is
shown in Figure 8. Additional information may be derived if the tfmperature
refaxation profile is analyzed using 3 more detaited, first-principles approach
to the refaxation dynamics. For exaimple, the inventive method may further b
useful for delermining the composition of twe-phase and thressphase
production fiuids, including the oillwater and oilwaler/gas ratios.

it will be further appreciated that the inventive. method s useful for
developing o produdtion profile for a horizontal welibore, showing the specific
voitime of o production alehyg the length of the borizontal webBbors. bore. The
inventive method is also similarly useful for determining the mass flow volurhe
of produced off from one of more specific producing formations of Zones
which are pensiratad by a common welbore.

it wil be understood from the foregoing description that varieus
modifications and changes may be made in the preferred and aliernative
embodimenis of méprasent invention without departing from its true spiit.

This description is intended for purposes of HBusiration only and should
not e constived in § Hmiting sense. The. scope of this wentioh shouid be
determined only by the language of the claims that foliow. The ferm
“comprising” within the claims is intended to mean “indluding at least® such
thal the reciled fisting of slements in a claim are an open set of group.

Shnilarly, the terms “containing,” having,” aad “ickding™ are all infended 1o wian
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a cold sink. 10. The, nethod of Cairn 8, wherein the
perturbing step i perfOrned using a heat sink
stibstaritiallytellacated with the,tenpetature
sensor. 11. The nethod of claim9, wherein the
WORRBIOL8Ht ng step is perfornmed using a col d HGIKIS2007/074736
positioned stibstantially collocated with the
tenperature sensor. 12. The method of claim 1,
wherein the iJkiflg step conprises correlating the
Monitored tenperature transition to flowate within
t he passage, 13:.The nethod of claim 12, wherein the
time required for the tenperature of the |ocation of
IR B TOPEF alasid of el FUApibesingdrr et eddaatied
tenmperature and the equilibriumtenperatioadefines a
‘eariEiedbaplarel orax émr%%funﬁas spacificdivieeiidady be
correlated tb flowate within the passage.
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14. The net hod of claim 13, whetein the correfption
bet ween tenperature relaxation halflife and fl bwate
within the passage is substantially linear, 1.5, An
"apparatus for determning the fiowate of
wayasiosezsbon fluids flow within a portion ofP/us2007/074736
wel I-bore 'penetrating a subsurface stratum of
i nterest, conprising: a means cot hpfising a
tenperature sink positionable at or near |ocation of
interest within the wellbore for peitrbing the
~tenperature at the |ocation of interest; and a

t enperature: sensor positionable at or near the
| ocation of inter ¢Thpsmppar atus of claim 15,
Wherein the ternpenture-p rtOrbing neans is
controllable froma surface location to perturb the
tenperature of the location of interest to a
tehpér @dnee isot her than the -equilibriumtenperature
at the location of interest. 17. The apparatus of
cl. ai ni biEthodtier dstermtihepbedcsiatk oidbirpiovdeswithin a passags,
comprising the steps oft

measuring the equilibrium temperature of a location of interest within or
proximate to the passage within whichs fluid flows;

perusbing the temperature of the losation of interest fo & second
‘temperatire;

allowing, the temperature of the location of interest to refum fo the.
‘sauifibrium empefature;

monitoring the temperature of the Tocation of interest as it transitions
hebween e second temperature and the equilibrium temperature; and

u’_s-iég e monitored femperatire ransition to deleming the Howrale of
‘the fluid flowing within the passage.
2. The method of claim1, whersi:

a femperatures sénsoi is posiioned at the location of interest for
performing the measuting and monitering steps..
3. The method of claim 1, wherein the passage is defined by a wellbore:
penetrating one or mole subsurfate carth sirata.
4. The method of claim 3, wherein the passage is defined. by a conduit
disposed in the wellbore.
B The method of claim 3, wherein the flowing fuid comptisgs at least one

of ofl, gas, water, and a combination thereot.
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heat sink. 18. The apparatus of claim15., wherein
the teffl peratute sink bbprises a cold Sink, 19, The
apparatus of claim17, wherein the

er at ure-perturbi ng neans Conprises a conduit

te
WQ 2¥8BR%whi ch a cooling inediuni is transt hPET/ER7A74736
20. The apparatus of claim 18" wherein the .
t enper at ure- perturbi ng nmeans conprises a conduit
t hrough which a heating nediumis transmtted. 21.
The apparatus of claim 15, wherein the tenperature
sink and the tenperature sensor are integrated within
a single unit.  The ap_gar atus of claim15, =~
viher eiffie. et wipdn &t whereli Bk candiittih dispesegdp atngrtien of
sensor are installed separately within the well bore
pbg wellbore thatis substantially horizontal,
7. The-method of claim 2, wherein He lemperature sensor comprises an
opfical fiber.
8. The method of claim 2, wherein the ,ﬁaﬁurbing step s performed using
a heatsink,
Q. ’?f;e‘maih‘é{ﬁ of olaim. 2, whersgin the' ;:reﬁwtzm'g step Is perfonmed tsing
& cold sink.
10, The method of claint 8, wherein the perturbing step is perfcrmed using
& heal sink substanfially colidcated with the temperalure sensor.
1. The method of claim 9, wherein the perturbing step is performed using
a cold sink positioned subistantially celiceated with the temperature sensor,
12. The methad of claim 1, whereih the g8ing step comprises correlating
the monitored temperature transition 1o flowrate within the passage.
13, The method of claim 12, wherein the tivie required for the témperaturs
of the location of infefest fo Iansitioh halfway between the second
temperature and the equilibrium temperalure. defines a tfemperatute relaxation
half-life that ray be correlated to flowrate within ‘the passage.
t4.  Thé meathod of claim 13, wherein the comrelation betweel tempsratise
refaxation hall-ife ang flowrate within the passage is substaniially insar.
15, Ap‘apparatus for determining the Howrate of hydsocarbon fluids Howing
within a pf‘;rﬁ;}n of a wellboie penetraling a subsurface stratuni of inferest,

comprising:
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& means comprising a femperalure siak positionable at of near a
lozation of interést within the wallbore for pertirhing the teimperature of the
location of nterest; and

-a temnperature sensor posiionable at or near the focation of interest. |
18.  The apparatus of claim 15, whetlein ihé ’(empéram:ienﬁe‘rtgirﬁihg means
is confrollable from a surface location fo perturb the femperature of the
focation of inferest to a temparature other than the ‘esjmi_lib;%u‘m termperature al
the locafion of interest.

17, The apparatus of claim 15, wherein the ien‘xp:eraijure sink comprises a
heat sink., |

18.  The apparatus of claim 15, wherein the temiperatie sink comprises g
cold sink,

19.  The apparatus of claim 17, wherein the temperature-perturbing means
comprises a eohduit through which a cooling mediom & transmitted.

20, The apparatus of claim 18, wherein the tempéraialreﬁperiu-{bing means
| cehap{is&gg conduit through whish a heating medium is ransiitted.

2%, The a‘ppafah_ss of claim 15, 'wh.é.kin_ ihé t{emperature sink and the.
temperature sensor are infegrated within a single unit,

22, The apparatus. of claim 15, whersin the fempsrature sink and the

temperature sensor are instalied separately within the welbore hore.
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