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FLUID FLOWRATE DETERMINATION

BACKGROUND OF THE INVENTION

1. Fiekt of the Invention

The present invention relates 1o fluid flowrate determination, and more
particularly to the determination of flowrates for hydrocarbons flowing through
ong or more portions of a producing wellbore. The invention has particular
application in horizontal wellbores and in wellbores having mulliple producing
ZONRS.
2. Background of the Related Ant

Flowrate determination, particularly mass flowrate determination, is an
imporant funclion in the efficient management of hydrocarbon production
from producing subsurface formations {also known as reservoirs). Real ime
or near-real tme flowrate determination is parlicularly valuable in the
diagnosis and remediation of production problems. The oversll mass flowrate
through conventional, producing wellbores can easily be determined af the
wellhead using known methods. Qblaining a more detalled understanding of
the flow from various downhole portions of a welbore, however, is more
difficult and requires making measurements within the welthore itself. Prior
methods for determining fluid flowrates downhole, partictlarly in muitiple
producing zones and in horizontal wellbore segments, have not been satirely
satistaciory.

& Patent No. 5,610,331, to Western Allas, describes a methad for

determining a flow regime of fluids in & conduit. The method generates a



WO 2008/016876 PCT/US2007/074736

temperature map of the condull through the use of & plurality of distributed
femperature sensors and a msans for detsrmining the position of each one of
the sensors within the oross-saclion of the conduit A flow regime s
deternined by comparing the temperature map with a map generated from
laboratory experiments in a flow loop. The system of the 331 patent is imited
by its requirement for 3 distriibuted lemperalure profile, including a pluralily of
ternperature indications along a weltbore.

1.8, Patent No. 6,818,677 o Sensor Highway describes a fiber optic
sensor system for determining the mass flowrales of produced fluid within a
conduit disposed in a weltbore. According fo the specification, Fud produced
through the wellbore conduit {production tubing) generally exhibits a relatively
high temperature. The subsurface f{ormation{s} that the wellbore extends
through are generally at a lower femperalure than the reservoir from which the
produced thud originated. As the produced fluid passes upwardly through the
wellbore condult past the cocler, surrounding subsurface formation(s), the
fluid is said fo cool A fiher oplic sensor system is employed o monitor this
cooling over a length of the conduit and o generate a distributed temperature
profile. The generated distnbuted femperature profile is compared with a
previously-detenmined temperature-flowrate calibration to delermine a mass
flowrate of fluids within the wellbore conduit. The system of the "877 palent is
thereforg alse limited by a need o acquire measuremenis at a plurglity of
focations along the length of the welibore condu.

S Fatent No. 8769805, also to Sensor Highway, describes a

method of using a heater cable sguipped with a fiber optic distributed



WO 2008/016876 PCT/US2007/074736

temperature sensor fo delermine fud Hiowrate within a wellbore. The cable
heated to a temperatre above the temperature of the wellbore in which it s
pusitionad, ard then de-energized 5o as o cool under the flow of produced
Huid through the wellbore. The fiber oplic distributed temperature sensor is
employed 1o generate g distribuled temperature profile alony the heater cabile.
The "805 palent suggesis that the generaled profile may be conslated to the
Huid flowrate, within explaining how In achieve this. US. Patent No
8,820,395, alsn io Sensor Mighway, s similar to the ‘805 patent except i
employs a heat sink {rather than temporary, active heating) to induce cooling
of a fiber ophic distnbuted tlemperature sensor, The systems of the 395, "805,
V77 and ‘331 patents are therefore all limited to flowrate correlations based
upon distributed temperature profiles.

LS, Patent No. 6,766,854 o Schlumberger describes a system for
obtaining downhole data from a subswface formation penelrated by a
welibore bore, and is characterized by the use of a sensor plug positioned in
the sidewall of a welbore, and separate downhole tools for installing and
communicating with the piug. The systemn of the ‘854 patent is limited by the
permanent nature of the sensor plug and the complexity of installing and
establishing communication with #, possibly across a casing wall.

.S Patent No. 6,817 257 o Sensor Dynamics desoribes an apparatus
and a method for remote measurement of physical parameters involving an
optical fiber cable sensar anid a cable instatlation mechanism for installing the
aoplical fiber cable within a specwily-configured conduit. The instaliation

mechanism ncludes a means for propeliing a fluld along the condult so as o
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deploy the oplical iber cable sensor, and 3 seal assembly betweaan the aplical
fiber cable and the conduil, The 257 patent mantions that ifs “sensor” can be
a fow sensor "based on combining the cutputs from more than one sensor
and applying an algonthm o astimate flow” but does not axplain how this may
be achisved.

The flowrate-determining solufions meniioned above are thersfore
charactenized by systems requiting the development of @ distributed
lfemperature profile over a length of the welbore, and systems requining
paimanent inslallation and polentially difficull corrnunication with downhole
sensors. A need therefore exisls for a flowrate-determining solution that is
adaptable to being used in a multitude of downhole jocations, not restricted by
the need for a distributed sensing length.

A need further exisls for a flowrale-determining solution that facilitates
gasy installation ~ temporary or permanent — bul is not encumbered by a
need for permanent installation. Adaptability in the inataliation of a flowrate-
determining solution will facilitate its application In wellbores having mulliple
producing zones as well as horizental welibore sections, including horizonial
1egs” of so-called multilateral wellbores. Horizontal wellbore bore sections are
typically fludly-connected o a8 vertical weltbors section thal exdends o the

surface. By way of example, if iz of considerable interest {o a driliing enginesy
{in the case of wellbore dilling) or a produchion/resemnvolr enginser (in the cass
of weilbore production) whether a portion of the horizontal wellbore sedlion

near the vertical section is preducing at 8 much higher volumetric flowrate, at
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about the same rate, or at a much lower rate, than a portion of the hadzontal
weltbore section that is far from the vertical welibore section.
DEFINITIONS

Certan terms are defined throughout this desahiplion as they arg first
used, while certain other lerms used in this description are defined below:

‘Cold sink™ means an environment or object capable of transfering
heat to another object with which R s in thermal contact {eithsr physicat
cortact or radiational "contact™),

“Condudt” means a natural or artificial channe! through which something
- particularly a fluid - is conveyed,

Tauilibriom temperature” means a balanced femperature condition,
hased upon present operating conditions, that remains constant under n
external stimuius over a monitoring penod of interest,

“‘Heat sink” means an environment or object capable of absarbing heat
from another oliject with which it is In themmal contact {either physical contact
of radialional "contact™).

‘Passage” means a path, channel, or course by which something -~
particilarly a fluid - passes.

SUMMARY QF THE INVENTION

in one aspect, the present nvention provides a method for delermining
the flowrale of fuid Howing within a passags. The method comprises the step
of measuring the equilibrium temperature of a lonation of interest within or
proximate to the passage within which fluid flows. The temperaturg of the

ceation of interest is pertrbed © a second temperalure, and the temperatuie
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of the focation of interest is then allowed to relrn to #s eguilibrium
wmperature. The temperature of the location of interest is monitored as it

wsifions betwesn the second lempersture and the sguilibnum femperalurs.
The monitored temperatire transibion is then usad {o defermine the flowrate of
the Huid flowing within the passage.

in parbicular embodiments of the inventive method, a temperature
sensor is positioned at the location of interest for performing the measuring
and mondoning steps. The femperature sensor may comprise an optical fiber

in parficular embodiments, the passage within which fluid flows s
defined by a wellbore penetrating one or more subsurface earth strata. The
fluid In such a passage may comprise al least one of oi, gas, water, and a
combination thereof. The passage may be further defined by a conduit
disposed in the wellbore, for exampile, by a condudt disposed in a portion of
the welbore that is substantially horizontal.

The perfurbing step according to the inventive method may be
performed using a temperature sink, such as a heat sink or a cold sink. The
temperature sink may be substantially collocated with the temperalure sensor.

In particular embodiments of the nventive method, the using step
comprises correlating the mondored temperature transition o flowrale within
the passage. The tme reguired for the femperature of the focation of interest
10 fransition halfway between the second temperature and the eguilibrium
femperalure defines a emperature relaxation half-ife that may be comrslated
o flowrate within the passage The correlation between temperaturs

refaxation halfHdife and flowrate within the passage may be substantially inear,
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i ancther aspect, the present ihwendion provides an apparatug for
determniing the flowrate of hydrocarbon fluids flowing within a portion of a
wellbore penetrating a subsudace stratum of interest. The inventive apparatus
comprises & meaans including at least a temperature sink positionable at oy
near a location of interest within the welibore for pedurbing the temperature of
the loeation of interest, and a femperature sensor positionable at or near the
location of interest.

in particular embodiments of the inventive methed, the temperature-
perturbing means is controfiable from a surface location to pertwh the
temperature of the localion of inferest to a temperature other than the
aquilibrium temperature at the location of interest.

The temperature sink according fo the inventive apparatus may
comprise a heat sink or a cold sink. Accordingly, the temperature-perturbing
means may compnse a conduit through which a codling medium or a heating
medium s transmitted, respectively. The temperature sink and the
tempearature sensor may be imegrated within a single unit, or may be installed
separately within the wellbore bore,

BRIEF DESCRIFTION OF THE DRAWINGS

ao thal the abuve reciled features and advantages of the present
nvention can be understood v detall, a more particular description of the
invention, bristly summarized above, may be had by reference to the
embodiments thereof that are ilustrated in the appended drawings. i s to be
noted, however, that the appended drawings Hlusirate  only  typwal

embodiments of this invention and are therefors not o be considered limiting
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of Hs scope, for the invention may admit to other egually sffectve
embodimends.

Figure 1 is a sectional schematic representation of & welthbore having a
horizontal section that penetrates a producing formation, with the wellhore
having a production tubing string therein that employs 8 lemperature-
perurbing means and a emperatire sensor according 1o the present
invention.

Figure 2 is a seclional schematic representation of a wellbors having a
vertical section that penstrates two producing formations or zonas, with the
wellbore having a production fubing string therein that employs a temperature-
perturbing means and a temperature sensor according fo the present
invention.

Figute 3 is a delailed represertation of one embodiment of a
temperature-perturbing means and a femperature sensor according to the
present invention,

Figures 4A-4B are delailed sectional and isometric representations of a
further embodiment of a temperatire-perturbing means and a temperature
sensor according to the present inveniion.

Figures BA-LE are detailed sectional and isomstic representations of =
still further embodiment of a temperature-pertirbing means and a lemperalure
sensor according to the present invention.

Figure B is a graphical correlation between temperature relaxation half-

fife and flowrale within a passage according to the present invention.



WO 2008/016876 PCT/US2007/074736

DETALED DESCRIPTION OF THE INVENTION

Flgure 1 18 a sectional schemalic representation of one embodiment of
the presant nmvention for determining the mass flowrate of a fluld producsc
from a subswiace fonnation F and flowing upwardly through a production
tubiing string TS disposed in a wellbore W and faminating at a welihead WH,
The weilbore W is characterized by a subslantially vertical section Wy and at
least one substantially horizontal sechion Wy thal penetrales a producing
formation F, with the horizontal section Wy being isolated from the veriinal
saction Wy by a packer assambly P

As embodied in Figure 1, an apparatus according 1o the pressnt
mvention comprises a means {collectively referenced as 110, 111, 114} for
perturbing the temperature of one or more locations 1y, Ly of interest within
the horzontal section Wy of the wellbore W. The {emperatiure perturbing
means includes ong or more temperature sinks 110 cartied on the tubing
string TS s0 as to be positionable at or near the respective locations of
ierest Ly, Lz, The temperature sink(s} (described in grealer detail below in
reference to Figure 3) may comprise various applications of a heat sink or a
cold sink {e.g., an adaplive heat exchangsr), su as o induce a temperature
perturbation at the respective focations of intevest Ly, Ls.

in the embodiment of Figwe 1, the tfemperature-perturhbing means
confraflable from 2 surface system 111 that generates and controls the
transmission of a cooling madium or 2 heating medium o the temperature
sinks 110 so as o perturh the lemperature of the respechive localions of

interest Ly, Ly o a lemperature other than the equilibrium temperatire at the
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locations of interest. The temperature-perhrbing means Mlustrated in Figure 1
further comprises a condull 114 through which the cooling medwm or heating
madium from the surface systern 111 & transmitted o the temperatures sinks
110, Such a ransmission conduit 114 may include two paralie! branches in
the shape of & Udube, begiming and ending at the swrface system 111,
Accordingly, the surface syslem 111 is operable o ransmil, as appropriate,
gither a cooling or heatling medium {2.9.. a gas or other fiuid, or even electricst
current in the case of heating) through the fransmission condudt 114 {o the
temperature sinks 110, causing perturbation of the local temperatures at the
respective locations of interest Ly, Ly for a temporary period of time, afler
which the temperature pertirbation is removad {(as described further below).
The mventive apparatus embodied in Figure 1 further comprises one or
mors tenmperalige sensors 112 positionable at or near the locations of interest
L1, Lo The temperature sensors 112 are connected for communication with
surface control and recording electronivs 118 by way of a communicalion ink
116, The communication link 116 can take varicus forms, ncluding a wirsd
link and a wirsless link, with the latter possibly including one or more of the
following: a satellife connection, a radic connection, a connection through a
main central roufer, @ modenm connection, a web-based or internst
connechion, a temporary connection, and/or a connection 10 a remote location
stich as the offices of an operator. The communication link 118 may enable
real time or near-real time transmission of data or may enable timeapsed
transmission of dala, as s required o permt a user to monitor the wellbore

condiiions and take neceasary remaedial action based on a diagnosis. The

10
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&

tfamperaturs sensors 112 may constitule & number of vanous sensor iypes
that are known to those having ordinary skill in the art, such as resistance
temperature detectors (RTDs) or thermooouple-based sensors, as well as
fiber optic-based sensors.

In the case of fiber oplic-hased sensors, the communication ink 116
constitutes a string of optical fibers and {he surface electronics 118 constitutes
an oplo-electronic und (including a fight source and a light detector) and an
appropriate processorfrecorder as are known to those skilied in the art. Unlike
the previously-known fiber optic applications {mentioned above) that relied on
distributed  temperature sensing, the sensors according to the present
inverdion are adapted for a localized temperature delemmination at the
iocations of inferest Ly, Lo As is also known {0 those skilled in the art, iy an
oplical iber-based sensor solution the optical fibers may be routed belween
the surface glectronics 118 and the sensor 112 via an appropriate conduit that
may be altached to the tubing string TS via clamps or the lke, and that
constitutes part of the communication link 118, Such a rouling condult may
include two parallel branches in the shape of a U-lube, beginning and ending
at the swface slectronics 118, Accordingly, the surface electronics 118 are
opurable o tansmit opdical pulses through the oplical fibers in the
comnunication lnk 118 to the fiber optic-based sansors 112, causing
backsecattered light signais to be returmed from the sensors 112 that containg
miormation representing the temperatures of both of the respeclive sensors

112

11
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i the embodiment of Figure 1, the lemperature sinks 110 and the
temperature sensors 112 are shown as infegrated within a single unit. B will
be appreciated by those having ordinary skill in the art, however, that the
temperature geasor(sy may be installed separalely from the lemperature
sink{s} within the welthore.

Figure 2 5 a sectional schematic representation of another
arbodiment of the present invention for determining the mass flowrate of 3
fluid produced through a production tubing string T3 disposed in a welibore
W oand terminating at a wslihead WH. The wellbore W' is substanitially
vertical and peneatrales a pair of produting vones or formalions Fy, Fy, isolaled
from one another by a packer assambily P

As embodied in Figure 2, an apparatus according to the present
vention comprises @ means {collectively referenced as 210, 211, 214) for
pefturbing the temperature of ong or more locations La Lq of interest within the
respective formations Fy, F: penelrated by the vertical wellbore W, The
temperature perltrbing means includes one or more temperature sinks 210
carried on the tubing string T8 so as o be positionable at or near the
respactive locations of interest La, Ls As with the temperature sink(s) 110
described above, the lemperabie sinks 210 may comprise  various
appiications of & heat sink or 8 cold sink {2.g., an adaptive heat exchanger),
0 @5 {0 ihduce a temperature perturbation at the respective locations of
interast 15, La

in the embodiment of Figure 2, the temperature-periurbing means i

controffabide from a surface system 211 that generates and conirols the

12
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fransmission of a cooling medium or a heating medium {0 the temperature
sinkg 210 80 as to pertrb the temperatre of the respecive locations of
intereat Lz, Ly 10 @ temnperature other than the equilibnium lemparature at the
Incations of interest. The temperature-perturbing means lustrated in Figure 2
further comprises a conduit 214 through which the cooling medium or heating
redivm from the system 211 is transmitied 1o the tlemperatures sinks 210,
Such a ransmission condul 214 may include two parallel branches in the
shape of a U-tube, beginning and ending at the surface system 211
Accordingly, the surface system 211 & operable fo fransmit, as appropriate,
either a cooling or healing medium {£.9., a gas or other fluid, or even electrical
current in the case of heating) through the transmission conduit 214 o the
femperature sinks 210, causing perturbation of the local femperatures at the
respective locations of inlerest Ls, Ly for a temporary peried of time, after
which the temperature pedurbation is removed {(as described further batow}.
The inventive apparatus embaodiad in Figure 2 further comprises one of
nore temperature sensors 212 positionable al or near the jocations of interest
La, Lg The temperature sensors 212 are connected for communication with
swface control and recording electronics 218 by way of a communication link
218, As with communication link 118 described above, the communication ink
216 can take vanous fonms, including e wired link and 2 wirgless link. The
fermperature sansors 212 may conshifule a number of varous sensor types
that are known 1o those having ordinary skil in the arl, such a3 RTD or

thermocouple-based sensors, as well as finer oplic-pased sensors.

13
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it the case of fber optic-based sensors, the communication link 218
constities a sinng of optical fibers and the surface electronics 218 constities
an opto-electronic unit (including a light sowee and a light detecten and an
approprigte processorfrecorder a5 are known 1o those skilled in the al. Unlike
the previously-known fiber oplic applications (described above) that focused
ary distributed temperature sensing, the sensor 212 according 0 the present

vention is adapted for a localized lemperature determination at the locations

(}:'

of interest Ly, La. As is also known {0 those skilled iy the art, the opticad fibers
may be routed between the surface elechonics 218 and the sensor 212 via an
appropriate conduif that may be altached o the fubing string T8 via clamps
o the like, and that constifutes part of the communication ink 216, Such a
routing conduit may include two parallel branches in the shape of a Ustube,
beginning and ending al the surface electronics 218, Accordingly, the surface
electionics 218 are operable to fransmit optical puises through the optical
fibers in the communication link 216 to the fiber optic-based sensors 212,
causing backscatltered light signals to be returned from the sensors 212 that
comtaing information representing the temperatures of both of the respective

sensors 212,

"J;

in the embodiment of Figire 2, the temperature sinkg 210 and the

temperalure senzors 212 are shown as integrated within a single unit, | will
be appreciated by those having ordinary skill in the art, however, that the
tem

SIS
pez]

0

&%

lure sensor(s; may be installed separately from the emperature

sinkig) within the weitbore,

14
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Figure 3 is g delailed representation of a podion of the fubing string
T8 tike the tubing strings T5 and T8 shown in Figures 1 and 2, respectively,
equipped with one embodiment of & temperature-perfurbing means and a
ternperature sensor according to the present invention. More particuiarly, one

or mae joints of the tubing string 1

A

T equipped with a ganerally Usshaped
fransmission condud 314 that includes a coiled portion wrapped arcund a
reduced-diameter length of the tubing joint {preferably at & mandral portion of
the jointy, Condult 214 is characterized by a smaller diameter branch 31da for
delivering a suitable cooling gas, such as nitrogen or carbon dioxide,
downhole along the twbing string 187, a largsy diameter branch 314b for
returning the fransmifted cooling gas back to the surface, and a franstion
region 314g that undergoes an expansion fram the smaller diametsr of branch
314a to the larger diameter of branch 314b to effect a cooling of the
transmifted gas i siu. Thus, i the embodiment depicted in Figure 3, the
temperature sink 310 resulling fram the coils in larger diameter conduil branch
214h constitutes a heat sink for effecting a drop in the temperature of the
lncation of interest Ls, thereby inducing a temperature transient in accordance
with the present invention, it will be appreciated by those having ordinary skili
iy the art that the gas flow could easily be reversed so as to fransition from the
iarger diameler condull branch 314b to the smalier diameter conduit branch
3da, thereby constitiding ) oold sink for elfecting a rise in the temperature of

the focation of interest Ls.
With reference again to Figure 3, the dlustrated joint of the tubing shring

T57 is further equipped with a generally U-shaped, conduit for routing optica

15
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fibers themin between swface electronics {like elsctronics 118 and 218
described above with reference to Figures 1 and 2} and the ipcation of interest
Ls, with the routing conduit constituting — along with the optical fibers -~ part of
a cormmunication ink 316 hat includes a coded portion wrapped arcund the
reduced-diameater length of the lubing joint The optical fibers may be
pauipped with a fiber oplic-based temperatire sensor {(not shown) that is
depioyed in the communication ink 316 at or near the ocation of inlerest s
for a purpose that will be described below. The femperature sensor may be @
conventional  sensor or 3  cusiomized  instrument having  appropriate
measurernent perfonmance, as will be apparent {o those having ordinary skill
i the art. The temperature sensor may be used with appmpriate dala
acquisition and signal processing means, as are also known o those skilled n
the art.

it the embodiment of Figure 3 (as well as some others described
herein}, a temperature sensing conduit 316 and a temperature-perturbing
conduit 314 are colled together such that the two are in full contact with each
other at the flowrate-determining location of interest Lg. This promotes an
efficient use of the cooling or heating medium that is fransmitted via the
temparatre-pertyrbing conduit to effect a measurable temperaturs transient
via the temperaturg-sensing condut and s conveyed tlemperature sensor.

Figures 44-48 are detalled seclional and isomelno represeniations of a
further embodiment of a lemperature-perurbing means and a temperature
sensor according to the present invention. Unlike the embodiments depicted

i Figures 1-3, which were sdapted for use with a tubing string typically having

16



WO 2008/016876 PCT/US2007/074736

N

an opened end, the smbodiment shown in these flgures 15 adapisd for use
with & tubular “stinger” 420 having g closed conical end or nose 422 Whaen
so-eguipped, the stinger 420 s adapted for placement within a welibhora W7
{shown as op hole, bid could be cased andfor inad} 30 as to be Inmersed in
fluid flow stream. In other words, the fluid i the wellbore W will flow
around the nose podion 422 and the stingsr 420, rather than through the
tubudar joints that make up the stinger 420

The stinger 420 is 2quipped with one embodiment of a femperature-
pertirbing means and @ temperature sensor according Yo the present
invention. More padicularly, one or more joints of the stinger 420 s sguipped
with 3 generally U-shaped transmission conduit 414 that includes a coiled
poriion wrapped arcund 3 leading, reduced-diameter portion of the stinger

20, The conduit 414 (paralie! branches therecf shown partially pulled away
from the stinger in Figure 4B for cladity) may be characterized by diameter
changes like the conduit 314 of FIG. 3, but other known solutions for effecting
a cooling or haating of a location of interest Ls may also be emploved so as to
induce a femperature fransient i accordance with the present invention.

The dustraled portion of the stinger 420 s further equipped with &
generally U-shaped, condult {parallel branches thereof shown iabeled as 418
and parlially puliad away from the stinger in Figure 48 for clarity) for outing
optical fibers or other, known lemperature sensing means thereln between
surface slectronics (ke electronics 118 and 218 described above wilh
reference {o Figures 1 and 2Y and the focation of interest L, with the muting

condult constituting ~ with the optical fibers ~ part of @ communication link

17
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415, The optical hibers are squipped with a fiber oplic-based temperature
sensor that s deployed in the communication ink 418 al or near the localion
of interest Lg for a purpnse that will be desoribed below.
Figures SA-8B are detailed sectional and sometic representations of
a sfil further embodiment of a temperature-pertutbing means and 2
temperalure sensor according to the present invention, This embodiment s
vary shimifar to that shown in Figures 44-4B. Thus, one or wiore joints of the
stinger 520 is equipped with & generally U-shaped transmission conduit 514
that mcludes a coded portion wrapped around a lsading, grooved portion of
the stinger 520, The conduit 8§14 {parallel branches thereof shown partially
pulled away from the stinger in Figure 88 for clanty) may be characterized by
diameiar changes like the conduit 314 of FIG. 3, but other known solutions for
effecting a cooling or heating of a location of interest Ly may alse be employed
S0 as I induce a lemperature fransient i accordance with the present
invention.

The ilustrated portion of the stingsr 520 is further equipped with a
generally U-shaped, conduit {parallsl branches thereof shown labeled as 516
and padially pulled away from the stingsr in Figure 8B for olarity) for routing

optical fibers or other, known temperature sensing means therein belween

Fomin

surface slpchionics (ke slectronics 118 and 218 descibed above with
reference 1o Figures 1 and 2} and {he location of interest Ly, with the routing
oonduit constituting ~ along with the oplical fibers - pard of a communication

hnk 516, The optical fibers are equippad with 3 fiber optic-hased temperaturs

18
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sansorinal s deployed in the eammuntication ink 518 at or near the location
of interest Ly for a purpose that will now be desaribed.
The present invenfion provides, through various embodiments as

describad and suggested herein, a method for defermining the fowrate of fluid
flowing within g passage. As mentioned above, the present invention has
particular application in which a fuid-flow passage is defined by a wellbors
penstrating ong or more subsurface earth strata. The fluid b such a passage
may comprise at least one of oll, gas, waler, and a combination thereof. The
passage may be further defined by a conduit disposed in the wellbore, for
example, by a conduil disposed in a potion of the wellbore that s
substantially horizontal.

The flowrate-determining method comprises the step of measunng the
equilibrium termperalure of a location of interest within or proxdimate o the
passage within which fluid flows. This may be achisved by a fiber-oplic based
solution as described above, but other sclutions known fo those having
ardinary skill in the art may alse be applied o advantage. Thus, for example,
solutions involving the use of resistance femperature detectors (RTDS) or
ather thermocnuple devices may be employed {o measure the equilibrium
temnpearaturs,

The present invendion further oludes the establishment of a
temperature transient by pedurbing the local temperature at the flowrate-
determining location of interest. Accordingly, the temperature of the location of
mtarast s pulsed or partivbed © a second temperature {other than {3

equiibnium lempearature), and the temperature of the location of intsrest s
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then aliowed {o return to s equilibrium temperature. The temperature of the
iocation of interest s monttored by the fiber-optic based sensor, or other
termperature-monftoring  means employed, gz the lempsrature transitions
betwaean the second emperature and the squitibrium emperature.

As mentioned above, the temperature-perdurbing slep may be
performed using a temperatire sink, such as a heat sink {e.g., & covled Thsid)
or & cold sink {1, a heated Huid or an slectrical heater). The femperaturs
sink may be ether pesrmanently installed {e.g., on production tubing) or
inserted on a temporary camier {eg, a stinger). and may bs substantially
coliocated with the lemperature sensor. it will therefore be appreciated by
those skilled in the arf that it is not pecessary fo change the temperature of
the fluid Howing through the passage o practice the inventive method, even
though the local temperature at the eabion of inferest experiences a
transient

The monitored temperature transition is then used o determine the
flowrate of the fluid flowing within the passage. such as, for example, by
correlating the monitered  lemperature transition o fowrste within the
passage. One aspect of the prasent invention relates to the discovery that the
time required for the temperature of the location of inlerest {0 transition
halfway between the second temperature and the eguilibrium temperature
defines a temperature relaxation half-ife that may be correlated to flowrate
withinn the passage. in particular embodiments of the inventive method,

interpretive models such as Computational Fluld Dynamics (CFD) models are
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employed {0 correlate the monitored temperatre transifion o Howrate within
the passags.

Figure € is a graphical representation of a linear correlation behween
temperature relaxation halflife and flowrate within s wellbore passage
according {¢ the present invention. The graph represents data moniiorsd ove

18-sevond cooling transition belween a perdurbed lempersture and an
equilibrium {emperature. The moniored dats for lnear regression {f‘i*i is
0.9825, indicating thal 98.25% of the variation of coresponding fluid flowrate
is accounted for by the natural log lemperature relaxation halfdife (e, the
manitored temparature delta and s time}.

fn the case of welibore flow of a formation-produced fuid, the fluid's
temperature s influenced by (a) the lemperature of the subswface formation
or zone from which the Huid s recovered; (b} the temperature of the
subsurface formation or zone{s) fhrough which the fluid passes befors it
encouniers the temperature sensor of the invention; and () the time required
for the fluid 1o reach the temperature sensor affer it enters the wellbore bore.
By using the temperature relaxation halfiife to delermine fluid flowrate, many
of the local effects of the welbore passage, including type and size of the
welibore, Rowrate-determining ocation within the welibore, characterstios of
the specific produced fluid, among others that may complicals flowrate
determination, are minimized or eliminated. Further benefits of such a
correlation relate to #s independence of how long the temperature

pertutbation {2.g., cooling fluid) is applied, to what magnitude the perturbation
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is apphed {g8.g.. volume of cooling fluid), and even the effectiveness of the
perfurhation {&8.9., cooling fuid thevmal properiies),

Empiical data have indicated that a mass flowrate can be accuralely
derved solely from a lemperature relaxation comrelation of the type that is
shown in Figure 6. Additiona! information may be derived # the temperature
refaxation profide s analyzed using & more detalled, first-principles approach
to the relaxation dynamics. For example, the inventive method may further be
usefl for determining the composition of twoeephase and three-phase
production fluids, including the oiffwaler and oifiwaler/gas ratios.

it will be further appreciated that the inveniive method is useful for
develeping a production profile for a horizontal wellbore, showing the specific
volume of oif production along the length of the horizontal welihors bore. The
inventive method is also similarly useful for determining the mass flow volume
of produced off from one or more specific producing formations or zones
which are penstrated by a common wellbore.

it will be understood from the foregeing description that varous
modifications and changes may be made in the preferred and allernative
smbodiments of the present invention without departing fram its true spint.

This descnplion i inlended for purpuses of Hlustration only and should

1ot be construed in a imiling sense. The scops of this bwention should be
determined only by the language of the claims that fuilow. The term
‘comprising” within the claims s infended to mean “éncmdmg al least” such
that the recited fisting of elements in a claim are an opan set of group

Similarly, the terms “containing,”™ having,” and “including” are all ntended to mean

o
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an open set or grovpof elemeants, "A7 "an” and other singuiar termns are intendad

o melude the plural forms thereof unless specifically excluded,
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CLAIMSE
What is claimed 1s:
1. A method for determnining the flowrate of fluid Bowing within 8 passags,

comprising the steps of:

measuring the eyullibnium temperature of a location of interest within or
proximate {o the passage within which fluid flows:

pertirbing the temperature of the location of interest fo a second
temperature,

allowing the temperatire of the location of interest o rstum o the
eqidhbrium temperatie;

momitoning the temperature of the location of inlerest as it transitions
betwesn the second temperature and the equilibrium temperaturs; and

using the monitored temperature fransition o detennine the flowrale of
the fluid flowing within the passage.
2. The method of claim 1, wherain:

a temperature sensor s postionsd at the location of interest for
parforming the measuring and monitoring steps.
3. The method of claim 1, wherein the passage is defined by a8 wellbore
penetrating one or more subsurface sarth sirata.
4. The method of claim 3, wherein the passage is defined by a conduit
disposead in the welibore.
& The method of claim 3, wherein the Howing fuid comprises at least one

of oll, gas, water, and a combination thersof,
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&, The metihod of claim 4, wherein the conduil is disposed iy a portion of

the wellbore that iz substantially honzontal,
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g The method of claim 2, wherein the periurbing step s perdonmed using
a heat sink.

9. The meihod of olaim 2, wherein the perlurbing step is perfonned using
& cold sink.

10, The method of claim 8, wherein the perturbing step is performed using
a heal sink substantially collocated with the temperature sensor.

11.  The method of claim 9, wherein the perturbing step s performed using
a cold sink positioned substantially coliocated with the temperature sensor,
12, The method of claim 1, wherein the using step comprises correlating
the monitored temperature transition to flowrate within the passage.

13.  The method of claim 12, wherein the time required for the temperature
of the jocation of inferest fo transition halfway between the second
temperature and the squilibrium temperature defines a temperature relaxation
half-life that may be correlated to flowrate within the passage.

14 The mathod of claim 13, wherein the correlation between temperature
refaxation haif-life and flowrate within the passage is substantially inear.

15 An apparatus for determining the flowrate of hyddrocarbon Hluids Hlowing
within a portion of a wellbore penetraling a subsurface stratum of inferest,

COMPIsing:
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a means comprising & ltemperalure sink positionable at or near a
lecation of interest within the wellbore for perlurbing the tempearalure of the
location of interesy and

a tempergiure sensor positionable at or near the location of interest.

1. The apparatus of claim 15, wherein the temperalure-peritrbing means
is controllable from a surface location to perturh the femperature of the
tocation of interest {o a temperature other than the equilbrium temperature at
the location of interest.

17, The apparatus of claim 15, wherein the lemperatore sink comprises 3
heat sink.

18.  The apparatus of claim 15, wherein the temperatire sink comprises a
cold sink.

18, The apparatus of claim 17, wherein the tfemperature-perturbing means
comprises g conduit through which a cooling medium i transmifted.

20, The apparatus of claim 18, wherein the temperature-perturbing means
comprises a condult through which a heating madium is fransmitted.

21, The apparatus of claim 15, wherein the temperature sink and the
termperature sensor are infegrated within a single unit,

22, The apparatus of claim 15, whersin the temperature sink and the

temparature sensor are installed separately within the wellbore bore.
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