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FLUID FLOWRATE DETERMINATION 

BACKGROUND OF THE INVENTION 

·1. Field of the Invention 

PCT /US2007 /07 4 736 

Tile present invention relates to fluid flowrate deterrnination, and more 

particularly to the determination of f!owrates for hydrocarbons flowing through 

one or more portions of a producing we!ibore. The invention has particular 

application in horizontal wellbores and in wellbores having multiple producing 

zones. 

2, Background of the Related Art 

F!owrate determination, pai1icular!y mass f!owrate determination, is an 

important function in the efficient management of hydrocarbon production 

from producing subsurface formations (also known as reservoirs), Real time 

or near-real tirne flowrate determination is particularly valuable in the 

diagnosis and remediation of production problems. The overall mass flowrate 

through conventional, producing wellbores can easily be determined at the 

wellhead using known methods. Obtaining a rnore detailed understanding of 

the flow from various downho!e portions of a we!!bore, however. is rnore 

difficult and requires making rneasurernents within tht~ weHbore ltself. Prior 

methods for determinlng fluid f!owrntt::s downhoie, particuiar!y in rnu!Hp!e 

producing zones and ln horizontal v1e!lbore st~gments, have not been entirely 

satisfactory. 

U.S. Patent No. 5,6'10.331, to \A/estern Atlas, describes a method for 

deterrnining a flow regirne of fluids. in a conduit. The method generates a 
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ternperature map of the conduit throu~Jh the use of a plur:::ility of c~istributed 

ternper-ature sensors and a means for detern1in:ng the position of each one of 

the sensors within the cross-section of the c;onduit A flow res.iime is 

determined by comparing the temperature map with a rnap generated from 

laboratory experiments in a flow loop. The systern of the '331 patent is limited 

by its requirement for a distributed ternperature profile, including a plurality of 

temperature indications along a wel!bore, 

U.S Patent No. 6,6"18,677 to Sensor Highway describes a fiber optic 

sensor systern for deterrnining the mass fk»Nrates of produced fluid within a 

conduit disposed in a wt~Ubore. According to the specification, f!wd produced 

through the we!!bore conduit (production tubing) generally exhibits a relatively 

high tt~rnperature. The subsurface formation(s) that the wellbore extends 

through are generally at a lower temperature than the reservoir from which the 

produced fluid originated. As the produced fluid passes upwardly through the 

wellbore conduit past the cooler', surroundin~J subsurface formation(s), the 

fluid is said to cool. A fiber optic sensor system is employed to monitor this: 

cooling over a length of the conduit and to generate a distributec.! temperature 

profile. The generated distributed temperature profile is compared with a 

previously-deterrnined temperature--f!owrate calibration to determine a mass 

flowrate of fluids \iVitllin the wel!bore conduit. The systern of the 'OTl patent is 

th1c'.)refore also lknited by a need to acquire measurements at a plurality of 

locations along the length of the we!ibore condwt. 

U,S, Patent No. 6,769,805, also to Sensor Highway, describes a 

method of using a heater cable t'.)qulpPf3d with a fiber optic distributed 
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temperature sensor to cietermine flu:d fiow-rate within a weHbore. The cab!e is 

heated to a temperature above the ternperature of the weHbore :n \Nhic:h it is 

positioned, and then de--energized so as to coo! under the f!ovlf ot produceci 

fluid through tl1e we!!bore. The fiber optic distributed temperature sensor is 

ernployed to generate a distributed temperature profile along the heater cable 

The '805 patent suggests that the generated profile may be correlated to the 

fluid flowrate, within explaining how to achievc~ tl1is. U.S. Patte:nt No 

6,920,395, also to Sensor Highway, is sirnl!ar to the '805 patent except it 

employs a heat sink {rather than temporary« active heating} to induct"~ cooling 

of a fiber optlc distributed temperature sensor. The systems of the '395, '805, 

'677 and '331 patents are therefore an limited to fim.vrate correlations based 

upon distributed temperature profiles. 

U.S, Patent No. 6,766,854 to Schlumbert;er describes a systern for 

obtaining downho!e data from a subsurface formation penetrated by a 

weUbore bore, and is characterized by the use of a sensor plug positioned in 

the sldevvall of a \iVe!!bore, and separate downhole tools for installing and 

communicating with the plug. The systern of the '854 patent is llrnited by the 

pennanent nature of the sensor plug and the cornplexity of insta!!ing and 

establishing cornrmmication "1Vith it, possibly across a casing wall. 

U .S Patent No. 6 ,8 '!7 ,257 to Sensor Dynamics describes an apparatus 

and a method for remote measurement of physical parameters involving an 

optical fiber cable sensor and a cable instailation mechanism for installing the 

optical fiber cable 1,vithin a spedai!y-configured conduit The installation 

m(~chanisrn indudes a means for propelling a fluid alon~J the conduit so as to 
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deploy trie optical fiber cable sensor, and a seal assembly between the optical 

fiber cable and the conduit. The '257 patent mentions Hiat its "sensor" can be 

a flow sensor "basr."d on cornbining the outputs from more than one sensor 

and applying an algorithrn to esfrnate flow" but cioes not explain how· this may 

be achieved. 

The flowrate-determining solutions rnentioned above me therefore 

characterized by systems requiring the development of a distributed 

temperature profile over a length ot t!1e wel!bore, and systems requiring 

permanent installation and potentially difficult communication with downhole 

sensors. A need therefore exists for a flowrate·-determining so!ut~on that is 

adaptable to being used in a multitudE~ of downhole locations. not restricted by 

the need for a distributed sensing length 

A need further exists for a f!owrate .. determining solution ti1at facditates 

easy installation --- temporary or permanent .... but is not encumbered by a 

need for permanent instai!ation. Adaptability in the installation of a f!ovnate­

determining solution will facilitate its application in v•./el!bores. having muitiple 

producing zones as well as horizontal we!lbore sections, Including i1orizontal 

''legs" of so-called n:ultilateral wel!bores. Horizontal wel!bore bore sections are 

typicaHy f!uid!y-~connected to a vertical wel!bore section that extends to Hie 

surface. B)' way of exarnp!e, it is of considerable interest to a drilling engineer 

On the case of we!!bore drilling) or a production/reservoir engineer (in tile case 

of wellbore production) whether a portion of the horizontal we!lbore section 

near the vertical section is producing at a much hlgher volurnetr!c flowrate, at 
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about the same rate, or at a much IOV>'<2r rah::, than a portion .of the horlzontal 

weilbore section tllat is far from the vertical welibore section, 

DEF!N!T!ONS 

Certain terms are defined throughout this description as they are first 

used, \Nhi!e certain other terms used in this description are defined below: 

"Cold sink" means an environment or object capable of transferring 

heat to another object \Nith which it !s in thermal contact (eitht:;r phy·sical 

contact or radiationa! "contact''). 

"Conduit" means a natural or artifida! channel through vvhich something 

... particularly a fluid ... !s conveyed. 

''Equ!libr!um temperature" means a balanced temperature condition, 

!:iased upon present operating conditions, that remains constant under no 

external stimulus over a rnonitoring period of interest 

''Heat sink" means an environrnent or object capable of absorbing heat 

from another object with which it ls in thermal ccmtact (either physical contact 

or radiational "contact"), 

"Passage" means .a path, channel, or course by which something -

particularly a fluid ·- passes. 

SUMMAHY OF THE INVENTION 

in one aspect, the present invention provides a method for determining 

the f!owrate at fluid tlowinfJ \-\o'itllin a passage, The method cornprises the step 

of mt:;asuring the equilibrium ternperature of a location of interest \1vithln or 

pro:drnate to the passage within 1Nhich fluid fio\ivs. The ternperature of the 

location of interest is perturbed to a second temperature, and the ternperature 
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of the location of interest is then allowed to return to its equihbriurn 

tfcnriperature. The temperature of the location of interest is rnonitored as it 

transitions between the second temperature and the equilibrium temperature. 

The monitored temperature transition is then used to determine the f!owrate of 

the fluid flowing within the passage. 

In particular embodiments of the inventive rnethod, a tempt'3rature 

sensor is positioned at the location of interest for performing the rneasuring 

and monitoring steps. The temperature sens.or may' cornprise an optical fiber. 

!n particular embodiments, the passage within which fluid flows is 

cJefined by a Wf.c~llbore penetrating one or more subsurface eaiih strata. The 

fluid in such a passage rnay comprise at !east one of oil, gas, water, and a 

combination thert~of. The passage may be further defined by a conduit 

disposed ln the we!!bore. for example, by a conduit disposed in a portion of 

the wellbore that is substantially horizontal. 

The perturbing step according to the inventive rnethorJ may be 

performed using a temperature sink, such as a heat sink or a cold sink. The 

ternperature sink rnay be substantially collocated with the temperatun:·"" sensor. 

In particular embodiments of the inventive method, tht:.: using step 

comprises correlating the monitored ternperature transition to flowrate within 

tht'3 passage. The; fant~ required for the temperature of t!1e location of interest 

to transition ha!'hvay between the second ternperature and the equi!ibnum 

temperature defines a temperature relaxation half-life that rnay be correlated 

to f!mvrate within the passage. The correlation bet\veen ternpernture 

relaxation half-life and flowrate within the passage ma.y be substantially linear. 

6 



WO 2008/016876 PCT /US2007 /07 4 736 

In another asped, the present invention provides an apparatus for 

determining the flowrate ot hydrocarbon fluids flovving within a portion of a 

v1el!bore penetrating a subsurface stratum of interest. The inventivt:: apparatus 

comprist')S a means inc!uding at least a temperature sink positionable at or 

nt~<".ir a location of interest within the v1eBbore for perturbing the ternperatun'J of 

the location of interest and a temperature sensor positionable at or near the 

location of interest 

In particular embodiments of the inventive rnethod, u~ie ternperature· 

perturbing means is controllable fron1 a surface iocation to pe1turb the 

temperature of the location of interest to a temperature other than the 

equilitnium temperature at the location of interest. 

The temperature sink according to the inventive apparatus may 

comprise a heat sink or a cold sink, Accordingly, the temperature-perturbing 

rneans may cornpnse a conduit through •.vhich a cooling rnediurn or a heating 

medium is transmitted, respectively.. The temperature sink and the 

temperature sensor may be integrated wlthin a single unit, or may be installed 

separately within the v1el!bore bore. 

BRIEF DESCRIPTION OF THE DRAWINGS 

So that the above recited features and advantages of tJ1e present 

invention can be understood in detail, a more particular description of the 

invention, briefly summarized above, may be had by referenc.e to the 

ernbodirnents thereof that are illustrated in the appended drawings. !t is to be 

noted, however, that the appended drawings illustrate only typtca! 

ernbodirnents of this invention and are therefore not to be considered limiting 
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of its scope, for the invention may admit to other equally ettect.ive 

ernbodiments. 

Figure 1 is a st~ctional schernabc representation of a wellbore havint:i a 

horizontal section that penetrates a produdng formation. with the weHbore 

having a production tubing string tl"iert~in that employs a temperature· 

perturbing rneans and a ternperature sensor· according to the present 

inw::;ntion. 

Figure 2 is a s!'.::etional schematic representation of a wellbore having a 

vertical section that penetrates two producing form>~tions or zones, with the 

v-1ellbore having a production tubing string therein that employs a temperature~ 

perturbing means and a temperature sensor acc.ording l.o the present 

invention. 

Figure 3 is a detailed representation of one embodirnent of a 

ternperature-peiiurbing means and a temperature sensor according to the 

present invention, 

Figures 4A-4B arf.o~ detailed sectional and isometric representations of a 

fwther embodiment of a ternperature-perturbing means and a ternperature 

sensor according to the present invention. 

Figures 5A-5B are detailed sectional and isornetrie representations of a 

still further embodirnent of a temperature-perturbing rneans and a ternperature 

sensor according to the present invention. 

Figure 6 ks a graphical correlation between temperature relaxation half·· 

life and ftO\ttrate within a passage accordin9 to the present invention. 
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DETi\ILED DE:SCRIPTION OF THE lNVENTlON 

F!~1ur0 1 is a sectional t'>chernatic representation of one ernbodirnent CJf 

the prE.~sent invention for deti::rrnining the mass flc~wrate of a fluid product:!d 

from a subswface format!on F and flowing upwardly through a product.ion 

tubing strlng TS disposed in a wel!bore VV and terminating at a wellhead WH. 

The Vv'ellbore W is characterized by a substantiai!y vertical section 'vVv and at 

!f.~ast one substanUaily horizontal section \l\Jf1 that penetrates a producing 

formation F, with the horizontal section WH being isolated from the Vf..~rtica! 

section Wv by a packer assembly· P _ 

As embodied in Figure 1, an apparatus according to the pres~:mt 

invention comprises a means (collectively referenrnd as '110, ·111, '114) for 

perturbing the temperature of one or more !ocations L1, b of interest vvlthln 

the horizontal section WH of the we!!bore W. The temperature perturbing 

rneans includes ont~ or more temperature sinks 110 carried on the tubing 

string TS so as to be positionable at or near the respective locations of 

interest L1 , L2 . The temperature sink(s) (described in greater detaii below in 

reference to Figure 3) rnay comprise various applications of a heat sink or a 

cold sink (e.g,, an adaptive heat exchanger), so as to induce a ternperature 

perturbation at the respective locations of interest L-1, L2. 

!n the embodiment of Figure 1, the temperatun:;~perturbing means is 

controllable from a suiiace systern 1 ·1 i that generates and controls the 

transmission of a cooling medium or a heating medium to the ternperature 

sinks 1'10 so as to perturb the ternperature of the respective locations of 

interest Li, l.2 to a temperature other than tile equiiibriurn tempernture at the 
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locations of interest. The ternperature--perturbing means iilustratecl in Figure 1 

fwiher comprises a conduit 114 throu~~h which the cooling rnediurn or heating 

rnedium from the su1iace systt~rn 111 is transrnltted to the temperatures sinks 

110. Such a transmission conduit ·114 may include two parallel branches in 

the shape of a U--tubt~, beginning and ending at the surft'Ke systern 1 ·1 ·1 

Accordingly, the Stffface systern 111 ls operable to transrnit, as appropnate, 

1:~itht"lr a coo!ing or heating medlurn (e.g., a gas or other fluid, or even electrical 

current in the case of heating) through the transrnission conduit ·114 to the 

temperature sinks 1·10, causing petturbation of the local ternperatures at the 

respective locations of interest L~, L2 for a temporary period of tirne, after 

which the temperature perturbation is removed (as described further below). 

The inventive apparatus embodied in Figure i fu1iher comprises one or 

morE~ temperature sensors 1 ·12 positionable at or near the locations of interest 

L1, L2, The temperature sensors '1 ·12 are connected for communication with 

surface control and recording electronics 118 by way of a comrnunicalion !ink 

·1 ie. The communication link 116 can take various for-ms, onc!uding a wired 

link and a wireless link, \Nith the latter possibly including one or rnore of the 

following: a satellite connection, a radio connection, a connection through a 

rnain central routec, a modern connection, a vveb-based or internet 

connection, a temporary connection, and/or a connection to a n:.::mote location 

such as the offlces of an operator. The comrnunication link '1 '16 rnay enable 

real time or ni;;ar-rea! tkne transrnission of data or may enable tirne-!apsed 

transmission of data, as is required to perrrnt a user to rnonilN the we!lbore 

conditions and take necessary remedial action based on a diagnosis. The 
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temperature sensors ·i ·12 may constitute a number of var:ous sensor types 

that are knovm to thosEo'! having ordinary skill ln the art such as f!'?sk;tance 

temperatur€~ fh?tectorn (RTDs} or thennocouple-based sensors, as well as 

fiber optic-based sensors. 

!n the cat;e of fibEc::r optic-based sensors, thEc'! communication lin!t~ i ·rn 

constitutes a string of opticad fibers and HH3 surface electronics 1-13 constitutes 

an opto-eiedronic unit {including a light source and a light detector) and an 

appropriate processor/recorder as are known to those skilled in the art Unlike 

the previously-known fiber optic app!k::atfons (mentioned above) that relled on 

distributed temperature sensing, thEc:: sensors according to the present 

invention are adapted for a localized temperature determination at the 

locations of interest L1, L2, As is a!so known to those ski!!ed in the art, in an 

optical fiber-based sensor solution the optical fibers may be routed between 

the surface electronics 1 ·1 a and the sensor- i 12 via an appropriate conduit that 

may be attached to the tubing string TS via damps or the Hke, and that 

constitutes part of the communication link 116. Such a muting conduit may 

include two paralie! branches in the shape of a U--tube, beginning and ending 

at the suiiact~ ('?lt;.::;ctronk;s '118. Accordingly, the surface electronics n 8 a r-e 

operabh:: to transmit optical pulses thrm.igh the optical fibers in the 

comrmmication !ink i 16 to the fiber optic--based sm1sors ·1 i 2, causing 

backscattered light signals to be returned from tht:; sensors -1·12 that contains 

information representing the ternperatures of both of the respective sensors 
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!n the ernbodiment of Figure i, the temperature sinks 110 and the 

temperature sensors ·112 are shown as integrated within a single unit. H. will 

be appreciated by those 1·1cwing ordinary skill in the art, however. UBt. the 

temperature sensor(s; may be instal!t:;d separately from the temperature 

sink(s) within the \'>'ellbore. 

Figure 2 is a sectional schematic representation of another 

embodiment of the present invention for determirdnq the rnass flowTate of a 

fluid produced through a produGtion tubing string TS' disposed in a we!lbore 

w· and terminating at a we!!head VVH. The we!lbore VV' is substanhal!y 

vertical and penetrates a pair of producing zones or forrnahons F 1, F2 , Isolated 

from one another by a packer asst::;mbiy p·' 

f\s embodied in Figure 2, an apparc)tus according to the prfc.~Sent 

invention cornprises a means (collectively referenced as 210, 211, ~?14) for 

perturbing the ternperature of one or rnore locations L::i L4 of interest wiH1in the 

respective formations F1, F2 penetrated by the vertical we!!bore w·. The 

temperature perturbing means includes one or more temperature sinks 210 

carried on the tubing string Ts· so as to be positionable at or near the 

respadive locations of interest L3, L4 As with the temperature sink(s) i 10 

descrlbed above, the ternperature sinks 21 O rnay comprise various 

appUcations. of a heat sink or a cold sink (t;;.g., an adaptivt.:i heat exchant:ier), 

so as to induce a temperature perturbation at the respective locations of 

inter<io~St L3, L...: 

!n the embodiment of F:qure 2, the ternperature-·perturbing rnean.s !s 

contro!!ab!e from a su1iace system 2·1 '1 that gent"'Jrates and controis the 

12 



WO 2008/016876 PCT /US2007 /07 4 736 

transrnission of a cooling rnediurn or a heating rnediurn to the ternpern"fure 

slnks 2 ·1 O so as to perturb the ternper·~'lturE~ of the respective locations of 

interest L::,, L; to a ternperature other than th·9- equi!ibriurn temperatlm:; at tht~ 

locations of interest The ternperature-pe1iurbing rm.:;ans i!iustrated in Figur~1 2 

further cornpnses a conduit 214 through which the cooling medium or heating 

rnedium from the systern 2·11 is trans:rnitted to the temperatures sinks 210. 

Such a transmission conduit 214 may include t1No parallel branches in the 

shape of a U~tube, beginning and ending at the surface system 2·1 ·1. 

Accordingly, the swface systern 2·11 is operable to transrn\t, as appropriate, 

either a cooling or heating rnediurn (e.g., a gas or other fluid .. or f..Wen electrical 

current in the case of heating) through the transmission conduit 214 to the 

temperature sinks 210, causing perturbation of the bca! tt:;rnperatures at the 

respective locations of interest ls, L1 for a temporary period of time, after 

which the temperature perturbation is removed (as described further below) 

The lnventive apparatus ernbodied in Figure 2 further comprises one or 

more templ:>rature sensors 212 positionable at or near the k.1c;;1t!ons of interest 

Ls, L4, The temperature sensors 2. ·12 are connected for cornrnunication v..rith 

surface control and mcorrJing electronics 2'18 by way of a cornrnunication link 

216. As with communication link i rn t:h2scribed above, the cornrnunlcatlon link 

2 HJ can take vanous tcirms, including a vvired link and a wirelc~s~; link The 

temperature sensors 2 ·12 tT1ay constituk~ a nwnber of various sensor types 

that are known to those having ordinary ~;kill in tile a1i, such es RTD or 

therrnocouple-based s1:?nsors, as we!! as fiber optic-based sensors, 
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In the case of fibt-H optic-bo.:ist?d sensors, the communication !ink 21G 

constitutes a string of optical fH:1f.;rs and the surfaci:: electronlcs 2'18 constitutes 

an op!o-e!ectronic unit (inc;uding a !!grit source and a light detector) and an 

appropriate processor/recorder as are known to those skillei::! m the art Unlike 

the previously--knowTJ fiber optic applications (described above) that focused 

on distributed temperature sensing, the sensor 212 according to the present 

Invention is adapted for a localized temperature deterrnination at the locations 

of interest L1, L4, As is also known to those ski!ied in the art, the optical fibers 

may be routed between the surtace electronics 218 and the sensor 2 ·12 via an 

appropriate conduit that may be attached to the tubing strin~J TS' via damps 

or the !ike, and that constitutes part of the cornmunication link 2 "16. Such a 

routing conduit rnay indude two parallel branches in the shape of a U-tube, 

beginning and ending at the surface electronics 218. Accordingly, the surface 

electronics 218 are operable to transmit optical pulses through the optica! 

fibers in the communication link 216 to the fiber optic-based sensors 212, 

cm1sing IJackscattered light signals to be returned from the sensors 2·12 that 

contains information representing tl1e temperatures of both of the respective 

sensors 212. 

!n the embodiment of Figure 2, the temperature slnks 2 iO and the 

ternperaturt~ St'msors 212 art~ shown as integrated within a single unit !t w1B 

be appreciated b/ those having ordinary skiil in the art however. that the 

ternperature sensor(s) may be installed separately from the temperature 

s.1nk(s) within the vi1el!bore, 
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Figure 3 is a detailed representation of a portion of the tubing strin9 

TS·· like the tubing str!n9& TS and TS· shovvn in Figun')s 1 and 2, respectively, 

equipped with one embodirnent of a ternperature-peiiurbing means and a 

temperature sensor according to the present invention. More particuiarly, one 

or rnore joints of the tubing string TS·· is equipped with a gi;.":;rlt')ra!ly U-shapt'::d 

transmission conduit 314 that includes a coiled portion wrapped around a 

reduced··diameter length of the tubing joint (preferably at a mandrel portion of 

the joint). Conduit 3'14 is characterized by a smaller diarneter branch 314a for 

delivering a suitable cooling gas, such as nitrogen or c~Fbon dioxide, 

dovvnhole along the tubing strmg TS", a larger diameter branch 3"14b for 

returning the transmitted cooling gas back to the surtace, and a transition 

region 314c that undergoes an expansion from the smaller diameter of branch 

3·14a to the larger diarneter of branch 314b to effect a cooling of the 

transmitted gas .1il situ. Thus, in the ernbodiment depicted in Figure 3, the 

temperature sink 31 0 resulting from tl1e coils in larger diarnE'~ter conduit branch 

~3'l4b constitutes a heat sink for effecting a drop in the temperature of the 

location of interest Ls, thereby incJucing a temperature transient in accorcJance 

with the present invention. lt \'Viii be appreciated by those having ordinary skill 

in the art that the gas flow could easily be reversed so as to transition from the 

larger diamf.:tf.~r conduit branch :314b to the srna!ler dlarneter conduit branch 

3·14a, themby constituting a cold sink for effecting a rise in the temperature of 

the location of interest Ls, 

V'Jith reference again to Figure 3, the i!lustrated joint of the tubing string 

TS'· is furiher equipped '>Nith a generally U--shaped, conduit for routing optical 
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fibers tr1:::: rein between suiiace electronics (lik:e el12ctrc;nics 1 ·1 s and 2 I 8 

described above with reference to F 1gures 1 and 2) and the !ocation of interest 

L5, vvith the routing conduit constituting'·· a!on9 with the optical fibers ··· part of 

a cornrnun!cafo: .. m !ink 3'16 that includes a coiled portion wrapped around the 

reduced-diameter !ength of the tubin~J joint The optical fibers rnay be 

equipped with a fiber opfo:>based temperature s12·nsor (not shown) that is 

deployed in the comrnun ication link 316 at or near the location of interest Ls 

for a purpose that 1Nill be described below. The temperature sensor may be a 

convenliona! sensor or a customized !nstrurnent having appropriate 

rneasurement performance, as wm be apparent to those having ordinary skill 

in the art. The ternperature sensor may be used w·ith appropriate data 

acquisition and signal processing means, as are also knovvn to those skilled in 

the art 

!n the ernrJodirnent of Figure 3 (as wel! as some others described 

herein), a ternperature sens:ng conduit 316 and a temperature-perturbing 

conduit '.314 are coiled together sucl1 that the two are in full contact with each 

other at the flowraie--determining location of interest L~,. This prornotes an 

efficient use of the cooling or heating mediurn that is transmltted via the 

ternperature-perturbing conduit to effect a measurable temperature transient 

via the ternperature-sens!n9 condurt and its conveyed temperature sensor. 

Figures 4A-4B are deta!led sectional amj isometric representations of a 

further embodiment of a temperature--perturb!ng means and a ternperature 

sensor according to t!:e present invention. Unlike the Ennbodirnents depleted 

in Figures 1-·3, 1Nh!ch were adapted for use v11!th a tubln~J string typically having 
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.:rn openeci end. il1e ernl:iodirnent shovvn in these fiqures is adapted for use 

w!th a tubulas "stinger" 420 having a ciost:x.l conical end or nose 422. VVhen 

so .. equ!pped, the stinger 420 is adapted for placement within a \rVF.:l!bore vv·' 

(sho1ivn as op hole, but cou!d be cased and/or lined) so as to be lmmerst~d in 

the fluid f!O\·\l strearrL In other words, the fluid in t!'1e well bore VF· win flow 

around the nose prniion 422 and the stinger 420, rnthe1· than through the 

tubular joints that rnake up the stinger -420. 

The stinger 420 ls equippt;~d with on~} embodiment of a ternperature­

perturbing means and a temperature sensor according to the present 

invention. More particularly, one or more joints of the stinger 420 is equipped 

with a generally U--shaped transmission conduit 4·14 that Includes a co!!ed 

portion wwpped around a leading, reduced~diameter portion of the stinger 

420. The conduit 414 (parallei branches thereof shown partially pulled away 

from the stinger in Figure 48 for clarity) may be characterized by diarneter 

changes like the conduit 3-14 of FIG. 3, but other known solutions for effecting 

a cooling or heating of a location of inten?st Ls ma)' also be emp!oyed so as to 

induce a te1T1perature transient in acco1-dance with the present invention. 

lhe i!lustrated portion of the shngf::-r 420 is further equipped with a 

generally U--shaped. conduit (parnl!e! branches thereof shown !abeled as 4"16 

and partlaHy pui!ed avva<y< from Hie stinger !n Fl9ure 48 for dar!ty) for routing 

optical fibers or other. known temperature sensing nll?ans therein between 

surface eiectron1cs (like electronics 118 and 2i 8 described above with 

reference to Figures i and 2) and the location of interest L;:;. with the routinn 

conduit l~onstituting - with the optical fibers --- part of a cornrnunication !ink 
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4 rn. The optical fibers me equipped with a fiber oplrc>based ternperalure 

sensor that is deployed in the communication link 416 at or near the location 

of interest Ln for a purpose that will be described below 

FifJures 5A-5B are detailed sectional and Isometric representations of 

a still further embodirnent of a t~:n11p<o::rature-perturbing rneans and a 

temperature sensor according to the present invention. This ernbodirnent is 

very slmi!ar to that shown ln Figures 4/\~48 Thus, one or rr1ore joints of the 

stinger· 520 is equipped with a generally U-shaped transmission condult 5-14 

that includes a coiled portion wrapped around a leading, grooved portion of 

the stinger 520. The conduit 514 (parallel branches thereof shown partially 

pulled away from the stinger in Fi9ure 58 for darity) rnay be characterized by 

diameter changes Hke the conduit 314 of FIG. 3, but other known solutions for 

effecting a cooling or heating of a location of interest L1 may alst:. be f.:mploy·ed 

so as to Induce a temperature transit'lnt in accordance with the pr'f~Sf;nt 

invention. 

The illustrated portion of the stinger 5~W is further equipped with a 

generally U-sheped, conduit (paral!t~! branches thereof shown labeled as 516 

and paiiia!!y pulled away frorri the stinger in Figure 58 for darity) for routing 

optical fibers or other, known temperature sensing mean~'> the:·ein betvveen 

surface electronics (Hke electronics 118 ami 2'18 descri!:Jed above with 

reference to Figures 1 and 2) and the location of intt::n%t L7, with the routlng 

conduit constituting ·-- along with the optical fibers - part of a cornrnunication 

link 516. The optical fibers are equipped with a fiber optic--based ternperature 
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sensor H1at ;s ciep!oyed in the cornrnunication link !516 at or near the location 

of interest L"" for a purpose that wiil now be described. 

The present invention provides, through various embodiments as 

dt:;scribod and suggested herein, a method for determining the flowTate ol' flulc.i 

f!m:ving within a passage. As mentioned above. the present invention has 

particular application in which a fluld~tlov,,i passage is defined by a we!lbort'? 

penetrating one or more subsurface eatih strata. The fluid in such a passage 

may comprise at least one of oil. ~1as, water, and a combination thereoL The 

passage may be further defined by a conduit disposed in the wel!bore, for 

exarnple, by a conduit disposec1 in a portion of the we!lbore that is 

substantially horizontal. 

The flowrate--dt.~termining method comprises the step of rneasunng the 

equilibrium temperature of a location of interest '>ivithin or proximate to the 

passage within which fluid flows. This may be achieved by a fiber-optic based 

solution as described above, but other solutions known to t11ose having 

ordinary skill in the art may also be applied to advantage. Thus, for example, 

solutions involving the use of resistance temperature detectors (RTDs) or 

other thermocouple devices may be employed to rneasure the equi!ibriurn 

temp<.::rature. 

The present invention further includes the establishment of a 

ternperature transient by perturbing lhe local ternperature at the flowrnte .. 

deterrnining location of interest. Accordingly, the temperature of the location of 

interest is pulsed or perturbed to a s.econd ternperature (other than its 

equl!lbrium temperature), and the ternperatun':\ of the locatior. of interest is 
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then al!owed to return to its equi!ibrium tt::mpt:;rature. The temperature of the 

iocation of inti;;rest is monitored by tile fiber-optic based sen~::.or, or other 

ternperature--rnonitorin9 means ernployec:l, as the ternpt;;ratu1\:.: transitiom::. 

between the second temperature and the equi!ibriurn ternperature. 

/'Vs mentioned above, the temperature-perturbing step may be 

peiiormed uslng a ternperature sink. such as a heat sln~: (e.g., a cooled fluid) 

or a cold s.lnk (e.g., a heated fluld or an electrical heater}. The temperature 

sink may be either perrnanent!y installed (e g., on production tubing) or 

inserted on a temporary carrier (e.g , a stin9er), and may he substantially 

collocated 1Nith the temperature sensor. !t wm therefore be appreciated by 

those skilled in the art that it is not necessary to change the temperature of 

the fluid flowing through the passage to practice the :nventive method, even 

ttiough the focal temperature at the location of interest experiences a 

transient 

The monitored ternperature transition is then used to determine the 

t!owrate of the tluld flowing within the passage, such as, for example, by 

correlating the monitored ternpc-;rature transition to flowrate within the 

passage, One aspect of t!1e present inw.mt!on relates to the discovery that thi:~ 

tirne required for the temperature of the location of interest to transition 

halfway between the second ten1perature and the equi!ibriurn ternpt:rature 

defines a ternperature relaxation halt~!ite. that rnay bf; correlated to flowrate 

v-liU1in the passage. in particular ernbocJiments of the inventive rnethod, 

interpretive rnode!s such as Cornputatlonal Fluid Dynamics (CFO) models are 
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ernployed to correlate the n-:onitGred temperature transition to flo'<NTate V-lithin 

the passane. 

Figure 6 is a graphica! representation of a line<:"lr correlation between 

ternperature relaxation ha!f-iife and flowrate within a wel!bore passage 

according to the present invention. The graph represents data monitored over 

a ·1s.second cooling transition between a perturtied temperature and an 

equ!llbrium tf?mpf:rature. The monitored data tor linear regrt:,;ssion (R2
) is 

O,fi825, indicating that 98 25%, of the variation of corresponding fluid flovvrate 

is accounted for by the natural log ternperature relaxation half.life (Le,, the 

monitored temperature delta and its time). 

In the case of 'vvel!bore flow of a formation--produc:ed fluid. the fluid's 

temperature is influenced by: (a) the ternpt~rature of the subsurface forrnatlon 

or zone from which the fluid is recovered; (b) the temperature of the 

subsurface formation or zone(s) through 'Nhich the fluid passes before it 

encounters the ternperature sensor of the invention: and (c) the time required 

for the fluid to reach the ternperature sensor after it enters the wellbore bore. 

By using the temperature relaxation half-life to determine fluid flowrate, many 

of the local effects of the wellbore passage, including type and size of the 

wel!bore. tlowrate--detenninlng location within the welibore, characteristics of 

the specific produced fluid, among others that rnay complicate flovvrate 

determination, are rninirnized or elkninated. Further benefits of such a 

correlation relate to its independence of how !onn the temperature 

perturbation (f.~.g., cooling fluid) is applied, to what magnitude the perturbation 
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is applied (e.g., vo!urne of cooiing fluid), and even the effectiveness of the 

perturbation (e.g., coo!irig fluid thermal properties). 

Ernpiricai data have indicated lhat a mass flowrate can be accurately 

derived solely from a ternperatun.~ relaxation correlation of the type that is 

sho1Nn in Figure 6 .. Additional inforrm.~tion rnay be derived if the temperature 

relaxation profile :s analyzed using a more detaiied, firsH::irincip!es approach 

to the relaxation dynamics. For examp!12, the inventive method may further be 

useful for determinin9 the composition of two-phase and three-phase 

production fluids, including the oi!lwater and oi!/water/gas ratios. 

It will be furtt1er appreciated that the inventive method is useful for 

developing a production profile for a horizontal wel!bore, showing the spedfic 

volume of o!! production along the ifmgth of the horizontal wellbore bore. The 

inventive method is also similarly useful for determining the mass flow volume 

of produced oil from one or more specific producing formations or zones 

which are penetrated by a common we!lbore, 

It w\!! be understood from the foregoing description tl1at various 

modifications and changes may be made in the preferred and alternative 

ernbodirnents of the present invention without departing from its true spirit 

This description is intended for purposes of illustration only and should 

not be constrrn:.;d in a limiting sf..'mse. The scope of this invention should be 

determ!nc~d only by the language of the claims that follow. The term 

"cornprising" within the claims is intended to mean "including at least" such 

that the recited listing of elements in a daim are an open set or group 

Similarly, the terms "containing," having," arid "including'' al'e all inti~ndtd to rr1ean 
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an open ~:et cir gronp of ckrnenB. ''A'' "an" and otiler singular terrns are intended 

to include the plural forms thereof unh::iss specifical!V exciuded. 
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What is claimed is: 

1. A method for determining the flowrate of fluid f!owinf1 within a passage, 

comprising the steps of: 

measuring the equilibrium ternperature of a location of interest vvithin or 

proximate to the passage within which fluid flows; 

perturbing the temperature of the location t)f interest to a sec.ond 

temperature; 

allov>ting the temperature of the location of interest to return to the 

equilibrium temperature; 

morntofing the temperature of the location of interest as it transitions 

between the second temperature and the equi!ibriurn te1T1perature; and 

using tile monitored temperature transition to determine the fiowrate of 

the fluid flowing within the passage. 

2. The method of claim 1, wherein: 

a ternperature sensor is position~~d at tht; !oc.ation of interest for 

peiiorming the measuring and rnonitoring steps. 

3, The method of clain1 1, vvherein the passage is defined lJy a vvellbc~re· 

penetrating one or more subsurface eatih strata. 

4. The method of claim 3. wherein the passage is defined by a conduit 

disposed in the wel!bore, 

5 The method of claim 3, vvherein the flowing fluid comprises at least one 

of oi!, gas, water, and a combination tr1ereof. 
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the v,rellbore tt1at ls substantially honzonta!. 

7 ~rhe rnethr)(i of cla!n·1 2, vvhere~n tr1e terTlperature sensor corr1prises an 

optical fiber. 

8. The rnethod of claim 2, wherein the perturbing step is performed usinfJ 

a heat sink. 

9. The rnethod of dairn 2, wherein the periurbing step is pertormed usinfj 

a cold sink. 

1n v. The method of claim 8, wherein the perturbing step is performed using 

a heal sink substantially collocated with the temperature sensor. 

11. The rnethoci of dairn 9, wherein the perturbin~J step is performed using 

a cold sink positioned substantially co!iocated with the temperature sensor. 

i 2. The rnethod of GI aim 1, wherein the using step comprises correlating 

the monitored temperature transition to flov.trate wlthin the passage. 

'13. The method of c!alrn 12, wl1erein the time required for the temperature 

of the location of interest to transition halfway between tlle second 

temperature and the equilibrium temperature defines a temperature relaxation 

half life that may be correlated to flowrate within the passage. 

"14 Trie rneti-1od of clafrn 1 ~3, wherein the correiation betv.,1een temperature 

reiaxc:Jtion half-life and f!owrate v,;ithin the passage is substantially linear. 

·15. .A.n apparatus for deterrnining the flowrate of hydrocarbon flt.iids flowing 

within a portion of a wel!bore penetrating a subsurface stratum of interest 

conwnsing: 
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a rneans cornprisin9 a temperattH"E~ sink positionable at or near a 

location of interest within the wellbore for perturbin9 the temperature of the 

location of interest; and 

a temperature sens.or positionable at or near thE"~ location of interest 

16, The apparatus of claim ·15, wherein th(:! temperature-perturbing rneans 

is controllable from a surface location to perturb the temperature of the 

location of interest to a ternperature other than the equilibrium temperature at 

the location of interest. 

17. The apparatus of ciaim 15, wherein the temperature sink corn prises a 

heat sink, 

18. The apparatus of claim 15, wherein the temperature sink comprist~S a 

cold sink. 

19. The apparatus of claim 17, wherein the temperature-perturbing rneans 

comprises a conduit through which a cooling med!wn is transmitted. 

20, The apparatus of clairn 18, wherein the terr1perature,perturbing means 

comprises a conduit through which a heating medium is transmitted. 

21, The apparatus of claim 15, wherein U1e temperature sink and the 

temperature sensor are inh.:;grated within a single unit 

22. The apparatus of daim 15, wherein the tE.o;mperature sink and the 

temperature sensor are instaHed separately within the weilbore bore. 
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