wo 20207226509 A 1| 1K PO O O

(12} INTERNATIONAL APPLICATION PUBLISHED UNDER TIHHE PATENT COOPERATION TREATY (PCT)

9) World Intellectual P 'ty
(19 Hor Orsantzation U0 RO R0 A OO A
Tnlernational Burcau / (10) International Publication Number
(43) International Publication Date = WO 2020/226509 Al
12 November 2020 (12.11.2020) WIPOQIPCT

(31} International Patent Classification: ER. KW, KZ LA, LC, LK, LR, L5, LU LY. MA MD, ML,
E218 47407 (2012.01) GHIK 1124 (20006.01) MG, MK, MN. MW, MX, MY, MZ, NA, NG, NL NO, NZ.
E2IB +7/14 (2006.01) OM. PA, PL, PG, PH, PL, PT. QA, RO, RS, RU, RW, SA,

SC, SD, SE. 5G. 5K, SL, ST. SV, 8Y, TII, T). TM. TN. TR,

2 ation: icati H . - -
{21) Imternational Application Number TT TZ. UA, UG, US, UZ, VC, VN, WS, ZA, ZM. ZW.

PCT/NG2020/030118
(84) Designated States rwiless otherwise indicared, Jor every
. _ kined of regional profeciion available). ARIPO (BW, GII.
08 May 2020 (08.05.2020) GM.KE. LR. LS. MW. MZ. NA. RW. SD, SL. ST. SZ. TZ,
(25) Filing Language: English LG, ZM, ZW), Burasian (AM, AZ, BY. KG, KZ, RU. Tl
TMj}, European (AL, AT, BE, BG, CH, CY, CZ, DL, DK,

{22) Imternational Filing Date:

(26} Publication Language: English EE. ES. FI, FR, GB. GR. IR, 11U, [E. IS, [T. LT. LU, LY.
(30) Priority Data: MC, MK, MT, NL, NO, PL, PT, RO, RS, ST, SL SK, SM,
20190589 08 May 2019 (08.05.2019) NO TR). OAPIL (BF. BJ). CF. CG. CL. CM. GA. GN, GQ, GW.

. e EM, ML, MR, KE, SN, TD, TG).
(71} Applicant: SCANWELL TECIINOLOGY AS [NO/NOJ;

Luramytyeien 51, 4313 SANDNES (NO). Published:

(72) Inventor: KVERNVOLD, Morten, Lyngncsvcicn 42, with internationed search report (dre. 21(3))
4018 STAVANGER (NO). —  hefore the expiration of the time fimit for amending the
claims and fo he republished in the event of receipt of

(74) Agent: IIAMS@G PATENTBYRA AS; Postboks 71,4301 amendments (Rule 48.2(1)

SANDNES (NO).

(81) Designated States runless offrerwise indicated, for every
kind of national prorecrion available): AL, AG, AL, AM,
AOQ. AT, AU, AZ, BA. BB. BC. BI1. BN, BR, BW, BY. BZ.
CA, CH, CL,CN, CO, CR, CU, CZ, DL, DJ, DK, DM, DO,
DZ. EC, EE. EG. ES, FL. GB, GD, GE. GIL GM., GT. 1IN,
HR, HU, ID,. IL, IN, IR, IS, JO, JE. KL, KG, KH, KN, KF,

(54) Title: DETERMINATION OFF TEMPERATURTE AND TEMPERATURE PROFILE IN PIPELINE OR A WELLBORIEE

(57) Abstract: The lemperalute in a containment repion of a struclure, e.2. a well, which

2[64 compriscs at least onc tubular, c.g. casing and/or tubing, the containment rcgion contain-
ing pag, can be determined in various methods, apparatug. and computer device. In vari-
200 - : ; . i by :
e ous cmbodiments, an acoustic pulsc is produced and at least onc acoustic wavce travels in
206 R o209 the conlainment region belween relerence locations in responge (o (he generaled pulse: al
so7l least onc scnsor is used to detect the acoustic wave; at least onc travel time of the acoustic
T wave belween the reference locations is determined; al least one acoustic velocily loran
R interval bascd on the travel time taken between the reference locations is obtained; and

the acoustic velocily and an equation ol siate model is used 1o delerming the (emperature,

-—210
vaa\m

00—

T 222




10

15

20

25

WO 2020/226509 PCT/NO2020/050118

DETERMINATION OF TEMPERATURE AND TEMPERATURE PROFILE IN PIPELINE
CR A WELLBORE

Field of invention

The present invention relates in particular to the determination of temperature in struc-
tures that comprise tubulars, such as horizontal, deviated or vertical sections of pipe of
pipelines or wellbores, and which may contain gas in a containment region of such a

structure.

Background

Structures such as pipelines or wells comprising wellbore tubulars can contain fluids com-
prising gas in a containment region of the structure. Wellbore tubulars typically penetrate
deep into the Earth’'s surface, and subsurface fluids, e.g. hydrocarbon liquids and/or gas
may accumulate within the wellbore. In various contexts, for instance, it is desirable to
know the temperature in the containment region, e.g. a horizontal, vertical or deviated
section of tubular. Temperature and pressure are key parameters for understanding the

conditions of the well and reservair.

The fluids in a wellbore stratify with lighter fluids such as gas overlying heavier fluids such
as liquids. This is typically the case in wellbores in the oil and gas exploration and pro-
duction industry. In such cases, the wellbore may extend from the surface and penetrate

a target oil and gas reservoir several kilometres below the surface.

At the location of a hydrocarbon reservoir, hydrocarbon fluids e.g. natural oil and gas, may
enter from the formation into the wellbore. In addition, water in the formation may enter
the wellbore. The natural hydrostatic pressure can lead to pressures and temperatures at
the depth of the reservoir formation that are significantly higher than at the surface. As a
result, fluids in the formation may enter the wellbore and travel toward the lower pressure
region of the surface. In an oil and gas wellbore, and in particular in a wellbore which is
shut in at surface, fluid components tend to stratify and cccupy the wellbore according to
the prevailing pressure(-depth) gradient, temperature(-depth) gradient and the composi-

tion of the fluid components. Normally, water is succeeded uphole by oil, and then gas.
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In a traditicnal pricr art method, temperature is measured in a pipeline or wellbore by in-
stalling temperature instruments. Should such instruments fail it is in many cases difficult
or impossible to replace the instruments, especially if the temperature instrument is part of

a wellbore completion.

With reference to Figure 1, another known method is to monitor temperature in a wellbore
1 by lowering a temperature measurement sensor 2 on a wireline 3, so as to read off the
actual temperature at different depths in the wellbore. The wellbore 1 contains gas 5 and
liquid 6, and the wireline 4 can be spooled in or out from a drum 4 at a surface facility.
Such a method can be inconvenient and time consuming, as it requires intervention by
wireline or slickline into the wellbore which leads to significant costs. Intervention by wire-
line/slickline is also enly possible in the tubular, and not in the annular space of the well-

bore (surrounding the tubular).

Summary of invention

An aim of the inventicn is to obviate or at least mitigate one or more drawbacks associ-

ated with prior techniques.

According to a first aspect of the invention, there is provided a method of determining at
least one temperature in a containment region of a structure which comprises at least one
tubular, the containment region containing gas, the method comprising the steps of. pro-
ducing an acoustic pulse, at least one acoustic wave travelling in the containment region
between reference locations in response to the generated pulse; using at least one sensar
to detect the acoustic wave; determining at least one travel time of the acoustic wave be-
tween the reference locations; obtaining at least one acoustic velocity for an interval
based on the travel time taken between the reference locations; and using the acoustic

velocity and an equation of state model to determine the temperature.

The equation of state model may typically have interrelated pressure, temperature, gas
compaosition, acoustic velocity, and/or gas density components. The acoustic velocity may
accordingly be related to the temperature component through the model. The equation of

state model may be as defined anywhere else herein.

The methed may further comprise computing, calculating, or otherwise determining the
temperature from the obtained acoustic velocity, based on or using the equation of state

model.
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The method may further comprise providing a pressure of the gas, and using the pressure

and the acoustic velocity to determine the temperature.

The tubular may comprise at least one tubular of a wellbore extending inte the Earth from
surface and the pressure may comprise a pressure P at or near surface, and the method
may include measuring the pressure P if the pressure is not known. The tubular may
comprise at least one tubular of a wellbore extending into the Earth from surface and the
pressure is based on a pressure Peat or near surface, and an estimated density of the

gas, and the methed may include measuring the pressure Po.

The method may further comprise defining a composition of the gas, wherein the step of
using the acoustic velocity and the equation of state model to determine the temperature
may be performed based on the defined composition of the gas. The composition may be

obtained using a gas chromatograph or a similar instrument

The method may further comprise determining various physical properties of the gas
based on the determined temperature combined with known or measured pressure and

gas composition.

The structure may comprise inner and outer tubulars, e.g. casings, of a well, the inner tub-
ular being arranged inside the outer tubular, and the containment region may comprise an

annulus between an inner tubular and the outer tubular.

A plurality of intervals between reference points may be defined, and the method may in-
clude: determining acoustic velocities for the respective intervals based on the times of
travel of the acoustic wave; and determining temperatures for the respective intervals us-
ing the accoustic velocities and the equation of state model. The method may further com-
prise using the temperatures to obtain a profile of the temperature versus distance along

the section of pipe.

The tubular may be or comprise a deviated, vertical, or horizontal tubular or tubular sec-
tion. The tubular may correspondingly be located in a deviated, vertical, or horizontal sec-
tion of a wellbore. A wellbare annulus may surround the tubular. The tubulars may be ar-

ranged one within another, whereby an annulus may be defined between an outer surface
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of an inner tubular and an inner surface of an cuter tubular. The annulus may provide the

containment region.

According to a second aspect of the invention, there is provided a method of performing
an inflow test in a well, using the temperature determined by performing the method ac-
cording to the first aspect of the invention to determine a rate of flow into the containment

region of the structure.

According to a third aspect of the invention, there is provided method of investigating and
quantifying leakage rate of a fluid between a first pipe and a second pipe, wherein the first
pipe is surrounded by at least a portion of the second pipe, where the pipes are arranged
in a well in a ground, wherein the temperature of gas from an annulus surrounding a leak-

age site in the first pipe is determined by the method of the first aspect of the invention.

According to a fourth aspect of the invention, there is provided apparatus for performing

the method of any of the first to third aspects of the invention.

According to a fifth aspect of the invention, there is provided a computer program for com-
puting the temperature from the obtained acoustic velocity in the method of the first to

third aspects of the invention.

According to a sixth aspect of the invention, there is provided a computer device compris-
ing a precessor which when executing the computer program of the fifth aspect of the in-

vention is caused to determine the temperature from the obtained acoustic velocity.

According to a seventh aspect of the invention, there is provided a data carrier, data trans-
mission medium, or data signal carrying any one or more of. the computer program of the
fifth aspect of the invention; the acoustic velocity data or travel time data obtained in per-
forming the method of any of the first to third aspects of the invention; and the determined
temperature data obtained using the travel time data or the acoustic velocity data from

performing the method of any of the first to third aspects of the invention.

According to an eighth aspect of the invention, there is provided apparatus for determining
at least one temperature in fluid comprising gas in a containment region of a structure
which comprises at least one tubular, the apparatus comprising: at least one acoustic

transmitter for producing an acoustic pulse to generate at least one acoustic wave to
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travel in the containment region between reference locations; at least one sensor to detect
the acoustic wave and determine the travel time of the acoustic wave between the refer-
ence locations; and at least one determiner for determining the acoustic velocity from the
travel time and using the acoustic velocity and an equation of state model to determine

the temperature.

The sensor may comprise a microphone. The sensor may be arranged to communicate
data from the sensor to the determiner. The apparatus may further comprise at least one

pressure sensor arranged for detecting the pressure in the containment region.

Various further features of the various aspects of the invention may be defined in the
claims appended hereto or elsewhere herein. The various aspects of the invention may
have further features as defined in relation any other aspect of the invention wherever de-

scribed herein.

By way of the invention, temperature may advantageously be determined and monitored
in pipelines and wellbores, in cases where it may not previously have been possible or

feasible using conventional temperature instruments.

Various further advantages of the invention will be apparent from the following description

and elsewhere throughout.

Drawings and description

There will now be described, by way of example only, embodiments of the invention, with

reference to the accompanying drawings, of which:

Figure 1 is a schematic representaticn according to prior art of a wellbore in which a

temperature measurement tool is being run on a wireling;

Figure 2 is a schematic representaticn of apparatus for determining temperature in a

horizontal pipe according to an embodiment of the invention;

Figure 3 is a schematic representaticn of apparatus for determining temperature in a
vertical or deviated section of pipe of a wellbore according to another em-

bodiment of the invention;
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Figure 4 is a schematic representaticn of apparatus for determining temperature in a
vertical or deviated section of pipe of a wellbore according to yet another

embodiment of the invention;

Figure 5 is a schematic representation of apparatus for determining a temperature
profile with distance in a horizontal pipe accoerding to an embodiment of the

invention;

Figure 6 is a schematic representation of apparatus for determining a temperature
profile with depth in a vertical or deviated section of pipe of a wellbore ac-

cording to yet ancother embodiment of the invention;

Figure 7 is a schematic representation of apparatus for determining temperature in a
wellbore containing gas and liguid according to another embodiment of the

invention; and

Figure 8§ is a schematic representation of apparatus for determining temperature in

an annulus of a wellbore.

Parameters of pressure, temperature, density, and composition of a gas contained in a
defined space, such as in a section of a wellbore, are interrelated through an equation of
state. The literature describes well known equations of state containing specific mathe-
matical relationships among the parameters of pressure, temperature, density, and com-
position of a gas, for approximating or modelling the condition of a gas-containing region.
A selected parameter can be determined from knowledge of the other parameters using
such relationships. Equations of state have been developed for fluids in wellbores such

as gases and mixtures of gas components contained in pipes in a wellbore.

In example embodiments of the present invention, the acoustic velocity through the gas is
measured and used for determining the temperature. From the determined temperature,
other equation of state parameters can be determined using known equation of state rela-

tionships. The acoustic velocity can be determined based on the formula:
AVaye = f(Payg, Tavg, Comp) [Equation 1a]

where AVavc is the average acoustic velocity, Paves is the average pressure, Tayc is the av-

erage temperature, and Comp is the compeosition of the gas.
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In practice, the acoustic velocity can be determined from the speed of sound relation such
as set out in equation 3.1 of the article of Smith, J. P. and Clancy, J. with title “Under-
standing AGA Report No. 10 Speed of Sound in Natural Gas and Other Related Hydrocar-
bon Gases”, 12 January 2011, published by the American School of Gas Measurement
Technology (ASGMT). This is based on the ideal gas equation and adiabatic conditions.
The American Gas Association’'s AGA Report No. 10 has the title “Speed of Sound in Nat-
ural Gas and Other Related Hydrocarbon Gases”, is published January 2003, and pro-
vides information for computation of sound speed in natural gas and other related hydro-

carbon gases. The speed of sound relation is as follows:

W= [(E—P) (fTT) (z+ pg)T]M [Equation 1b]
where

C, and C, are the constant pressure and constant volume heat capacities of the

gas;

R is the ideal gas constant;

M is the molar mass;

Z is compressibility;

p is density; and

T is temperature.

This equation is an equation of state model relating the acoustic velocity (through the

speed of sound W) to the temperature, density, pressure, and compaosition (through com-
pressibility and molar mass) of the gas. These parameters may be computed through the
procedures as set out in the equations 3.1 to 3.17 and related text of the abovementioned

article of Smith and Clancy.

The equation of state model can in other variants be in the form of a database or table of
precalculated values from the speed of sound relation, e.g. different values of acoustic ve-
locity for different pressure, temperatures, and composition.

In various examples that follow herein, acoustic measurements are performed by sending
an acoustic pulse (positive or negative) into a section of gas-filled or partially gas-filled
pipe. The acoustic pulse reflects back from the end of the gas filled section after a period
of time. If the length of the gas filled section is known, the average acoustic velocity can

be determined by measuring the round-trip travel time for the reflected pulse.
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Based the formula of Equation 1, it is then possible to determine the average temperature
from the determined velocity in a section of pipe if the average pressure and composition
is known or estimated. The relationship of dependence between the acoustic velocity and
the pressure, temperature and composition of the gas in an equation of state model for

wellbore gas contained in a pipe is well known.

Once the average pressure, temperature and gas compaosition has been determined from
the acoustic velocity, the equation of state model can also be used to determine other
physical properties of the gas, such as density, pressure gradient, temperature gradient,

and so forth.
EXAMPLES

Various embodiments are described in the following examples.

Example 1

With reference to Figure 2, apparatus 100 for determining temperature in a horizontal sec-
tion of pipe 102 is generally depicted. The apparatus 100 includes an acoustic instrument
104 which includes a transmitter 106 that transmits an acoustic pulse into the pipe 102.
The acoustic instrument 104 further includes an acoustic sensor 107. Acoustic waves
from the transmitted pulse are reflected from an end 110 of the pipe 102 and propagate
back along the pipe 102. The acoustic sensor 107 responds to the reflected waves re-
ceived at the sensor and the time of arrival of the reflected waves are recorded. From
this, the two-way round-trip travel time of the reflected waves over the length L of the sec-

tion of pipe is obtained.

The acoustic sensor 107 is for example a microphone or a pressure sensitive sensor or

transducer. The transmitter 106 can be a sound generator.

The acoustic instrument 104 or apparatus 100 also includes a computer device 112. The
computer device 112 includes memory 113 for storing a computer program and data. The
computer device 112 may further include a microprocessor 114 for executing at least one
computer program. The computer program when executed can cause the computer de-
vice 112 to output an instruction to the transmitter 106 to transmit the pulse into the pipe
102. A computer program can also be executed to process and/or analyse response data

from the sensor 107 to determine the travel time and acoustic velocity.
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In this example, the horizental section of pipe 102 is gas filled or partially gas filled with
the end 110 of the section 102 comprising an acoustic reflector. The length L is known
e.q. from previous knowledge about the pipe, e.g. by knowing the location of the reflector.
The pressure P in the pipe is measured, e.g. using a pressure sensar exposed to the inte-
rior of the pipe. Since the pipe section 102 is horizontal it can be appreciated that there is
no hydrostatic variation in the section, such that the pressure P applies uniformly within
the pipe section 102. The composition of the gas may be known or can be measured on-

site using a gas analyser.

The average gas temperature Tave and density in the section of pipe 102 can then be de-

termined according to the following:
Tavg = [ (P, AVyyg, Comp) [Equation 2]

When the average gas temperature Tavsis determined, the physical properties such as

the density or gravity of the gas can be determined using the following equation:
Gas Density /Gravity = f(P, Tyye, Comp) [Equation 3]

where P is pressure in the pipe, AVavc is the average acoustic velocity to the reflector and

Comp is the composition of the gas.

The equations can be implemented on the computer device. For example, the computer
program may comprise machine readable instructions for calculating the acoustic velocity,
temperature and density according to Equations 2 and 3 based on input data. Data from
the acoustic instrument e.g. arrival times of reflected waves, provide input to the calcula-
tion. When the program is executed by the processor, the computer is caused to perform

the calculations of temperature and/or density.

Example 2

Referring to Figure 5, this example differs from Example 1 in that the section of pipe 102
additionally includes further reflection locations 120a-120d. Thus, acoustic waves from the
transmitter are also reflected from each of the reflection locations 120a-120d. Using the
same principle as for the reflected waves of Example 1, the average acoustic velocity to
each reflector 120a-120d is determined by using the sensor 107 and measuring the

round-trip travel time for the acoustic pulse to reflect back from each reflector.
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The reflection locaticns 120a-120d are locations along the length of the pipe 102 where
the cross-sectional diameter changes from one diameter to another. The distances to the

changes in cross sectional diameter are known from a pipe schematic.

By determining T,y to each reflection point using Equation 2, the temperature profile, i.e.
the temperature versus distance along the pipe, in the pipe can be obtained. Similarly, the

gas density profile in the pipe can be obtained using Equation 3.

Example 3

Referring to Figure 3, a vertical section of pipe 102, is gas filled or partially gas filled with
the end 110 of the section 102 comprising an accustic reflector. The apparatus 100 oper-
ates as explained above in relation to Example 1. The average acoustic velocity is ob-
tained by measuring the round-trip travel time over the distance L for reflected acoustic

waves to reflect back from the end 110.

The pressure in the pipe is measured to give an average pressure Pave for the length L.

The composition of the gas is known or can be measured onsite using a gas analyser.

The average gas temperature and density in the section of pipe 102 is then determined

according to the following:
Tave = f(Pavg AVgyq, Comp) [Equation 4]

When the average gas temperature Tavs is determined, the physical properties such as

the density or gravity of the gas can be determined using the following equation:
Gas Density/Gravity = f(Pyye, Tave, Comp) [Equation 5]

where Payc is the average pressure in the pipe section, AVays is the average acoustic ve-

locity to the reflection point and Comp is the composition of the gas.

In variants of this example, the pipe 102 can have multiple reflection locations such as lo-
cations 120a-120d in Example 2 which are locations along the length of the pipe where
the cross-sectional diameter changes from one diameter to another. In such variants, the
distance to the changes in cross sectiocnal diameter is known from a pipe schematic. The
average pressure down to each reflection location or in the interval between successive
reflection locations is measured, e.g. using a pressure sensor. As this is a vertical pipe

and if the gas filled column stretches a significant vertical distance into the Earth, pressure
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and temperature conditions can vary significantly with depth e.g. due to geothermal gradi-
ent and hydrostatic effects. The acoustic velocity down to each reflection point is deter-
mined be measuring the round-trip travel time for the acoustic pulse to reflect back from
each reflection point. The temperature and density can then be obtained from the Equa-
tions 4 and 5 for successive intervals along the pipe. By determining T, down to each
reflection point, the temperature profile in the pipe can be determined. Similarly, the gas
density profile in the pipe can be determined.

Example 4

Referring to Figures 4 and 6, a vertical section of pipe which is gas filled or partially gas
filled, the average acoustic velocity AVave in the gas filled section of the pipe is measured.

The compaosition of the gas may be known or can be measured using a gas analyser.

The apparatus 100 in this case further includes a pressure gauge 109. The surface pres-

sure Py is measured using the pressure gauge 109.

The measured acoustic velocity AVavs, the surface pressure Py, and gas composition
Comp are first used to estimate the average temperature of the gas column based on the

following:
Taver = f (P, AVayg, Comp) [Equation 6]
Gas Density (D,) = f(Py, Tyvc1, Comp) [Equation 7]

However, assuming a simple surface pressure Pp results only in a rough determination of
the temperature and density. An improved, estimated average pressure to the reflector is

calculated using:
Piyer =Py + Dy xg«xTVD/2 [Equation 8]

where g is the gravitational constant and TVD is vertical depth to the reflector from the mi-
crophone.

The measured acoustic velocity AVavs, estimated average pressure Paysy, and gas com-
position Comp are then used to estimate, and improve the estimation cf, the average tem-

perature of the gas column, as follows:

Tavgz = f(Pave1, AV, Comp) [Equation 9]
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Gas Dens[’fy (Dz) == f(PAVG]J THVGZI Comp) [Equat|0n 10]

This iteration continues until the average temperature does not change anymore. At this
point the determined average pressure and temperature will match the measured acoustic

velocity.

The next “iteration” would look like this:

Paygo = Po+ Dy e g« TVD/2 [Equation 11]
Taves = f(Pavga, AV, Comp) [Equation 12]
Gas Densf.ty (Dz) = f(PAVGZ’ T;‘IVG3’ Cﬂmp) [Equat|0n 13]

As mentioned above, the equation of state model can in other variants be in the form of a
database or table of precalculated values from the speed of sound relation, e.g. different
values of acoustic velocity for different pressure, temperatures, and composition. There-
fore, in some examples, the acoustic velocity can be determined based on the measure-
ment of acoustic waves returned to the sensar as described above, and then the tempera-
ture associated with the acoustic velocity can be found from the model, e.g. by reading off
the temperature from a database or look up table. In other variants, a theoretical value of
the acoustic velocity can be calculated for a given, pressure, temperature, and composi-
tion e.g. based on the equations above. The actual measured acoustic velocity can then
be compared with a theoretical calculated value, to obtain a temperature which preduces
a "high fit” match between the measured acoustic velocity and that predicted. To find the
best match, the assumed or estimated pressure and composition parameters may be var-

ied iteratively from an initial guess or estimate.

The determined temperature may be used in various ways. Inthe above examples, the
temperature or profile of temperature with distance along the pipe is determined based on
measured acoustic velocity to one or more reflectors. The average gas pressure FPaye can

then be determined using equation of state relations as follows:
Pav = f(Tave, AV, Comp) [Equation 14]

By obtaining determining Pavs (and Tavc based on AV) for each interval between reflec-
tors the profile and variation of pressure along the pipe can be determined and plotted.

By plotting the profile, the changes in pressure, temperature and density/gradient at each
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reference point can be visualised. In addition, the resulting parameters measured and
calculated can be verified against data collected in other ways. For example, the plot
produced can be used to identify any measurement/calculation which is not consistent
with measurements of temperature and pressure made direct in the well. Measure-
ments/calculaticns which does not give the expected result may indicate that the meas-

urements should be repeated.

As indicated in Figure 7, a wellbore 201 is provided with apparatus 200 for determining
the temperature in a section of pipe 201 of the wellbore that contains gas. The wellbore
201 penetrates into a hydrocarbon reservoir at 250 so as to allow communication of fluids
from the reservoir into the wellbore 201. Corresponding features to those described in the
examples above are referenced with the same numerals but incremented by one hundred.
The wellbore 201 includes a lower section of pipe 222 which is liquid filled, e.g. with water
and oil. The reflector at the lower end of the gas filled section is in this case the gas-liquid
interface 210. The change in acoustic properties at the interface 210 leads to reflection of
the acoustic waves transmitted into the pipe. The acoustic waves are typically transmitted
from the acoustic instrument 204 via the wellhead and/or valve tree. The instrument 204

is arranged at the surface, e.g. on the rig or installation (not shown).

The gas filled section 202 can include further reflectors such as points of narrowing of the
pipe in the wellbore as 120a-120d as described above. Such points of narrowing may be
found for example at joints, sleeves, or collars between sections of pipe in the well. Other
physical features or artefacts in the pipe extending through the wellbore can be utilised

similarly as “reflectors” where these can produce an effect in the acoustic waves returning

to the sensor 207 in response to the pulse transmission.

Although various examples above refer to a section of pipe in a wellbore, the same tech-
nique can be applied more generally in a well, for instance to fluid columns in the casing
or tubing annuli of an cil and gas well, such as is described briefly now with reference ad-
ditionally to Figure 8. In Figure 8, a central production tubing 433 is surrounded by a first
casing 435. The first casing 435 is surrounded by a second casing 437, which in turn is
surrounded by a third casing 439. The casings 435, 437, 439 comprise tubulars which
are arranged at different heights relative to the production tubing and extend into the sub-
surface of the earth. An annulus A, the so-called “A-annulus”, is defined between the pro-
duction tubing 433 and the first casing 435, an annulus B, the “B-annulus”, is defined be-

tween the first casing 435 and the second casing 437, and an annulus C, the “C-annulus”
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is defined between the second casing 437 and the third casing 439. A packer element

451 provides a barrier in a lower part of the A-annulus.

As can be appreciated, a fluid column is present in the A-annulus comprising liquid FL and
gas FG. By leakage through the hole 432 through the wall of the first casing 435, fluid has
entered into and accumulated in the B-annulus such as shown in Figure 8. The B-annulus
acts in effect as a separation chamber for the various fluid phases. Accordingly, the B-an-
nulus also fluid column cemprising liquid FL and gas. The well 401 is provided with appa-
ratus 400 for determining the temperature in the section of the B-annulus containing gas
FG. Corresponding features to those described in the examples above are referenced
with the same numerals but incremented by a multiple of one hundred. A lower section of
the B-annulus is liquid filled with Liquid FL, e.qg. water and cil. The reflector at the lower
end of the gas filled section is in this case the gas-liquid interface 410. The change in
acoustic properties at the interface 410 leads to reflection of the acoustic waves transmit-

ted into the pipe, back to the sensor e.g. microphone 407.

In this particular example of Figure 8, a further measuring arrangement 420 includes a
flow meter 464 and a pressure meter or gauge 466. The measuring arrangement is in
fluid communication with the B-annulus through the fluid line 462. The pressure meter or
gauge 466 can measure differential pressure between the A- and B-annuli by respective
pressure sensors 465, 465’. The measuring arrangement 420, can be used to quantify
the leakage rate, with the valve 469 being used to regulate the pressure differential be-
tween annuli constant. The patent publication WO2010/151144 describes a measure-
ment arrangement generally of this kind for quantification of leakage using the pressure
meter and flow meter. There is incorporated herein by reference the method and appa-
ratus as set out in claims 1 and 7, or any other claims, in the patent publication
WO02010/151144, wherein the temperature meter mentioned in that document may not be
required, but wherein instead, a temperature may be determined by measuring the acous-
tic velocity AV for the gas column of the B-annulus. This can facilitate a more accurate

determination of temperature and hence improve the leakage quantification.

In further variants, the determined temperature from acoustic measurements as explained
above can be used in wellbore inflow tests, where the leakage rate of gas into the pres-
surised chamber is determined as pressure is bled off. The chamber may be an annulus
such as the B-annulus in the example of Figure 8, and the acoustic velocity in the gas in
the chamber is obtained by recording the arrival of acoustic waves returning from known

reflection points therein. In such an inflow test, the following equation applies for the leak
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flow rate Qv after the pressure is bled down and monitored for subsequent build up due to

leakage at times {r and t::

Qy [Equation 15]

_ MW [P Plvl]
T pRT|Z,7,  ZTy

where

MWW is molecular weight of the gas;

Prand P: is the pressure at time ¢ and #: respectively;

Vi and Vs is the volume of the chamber containing the gas at time ¢; and {5;
T:and T is the temperature at time ¢ and ¢;;

Z; and Z; is the compressibility of the gas at time ¢; and {5;

R is the Rankine constant; and

T is temperature.

The temperatures T1 and T2 are obtained from acoustic transmission and measurement
of returning acoustic waves over time in the gas in corresponding manner to that de-

scribed in the various examples above.

In pricr art the temperature is typically not measured. However, the temperature parame-
ter is an important parameter for an accurate and reliable determination of the leakage
and/or leakage rate. In particular, the technigue herein of making an acoustic velocity-
based determination of the temperature can be beneficial in that it can provide a reliable

average temperature for a large volume chamber of gas.

Various modifications and improvements may be made without departing from the scope

of the invention herein described.
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CLAIMS

1. A method of determining at least one temperature in a containment region of a
structure which comprises at least one tubular, the containment region containing gas, the
method comprising the steps of:

producing an acoustic pulse, at least one acoustic wave travelling in the contain-
ment region between reference locations in response to the generated pulse;

using at least one sensor to detect the acoustic wave;

determining at least one travel time of the acoustic wave between the reference lo-
cations;

obtaining at least one acoustic velocity for an interval based on the travel time
taken between the reference locations; and

using the acoustic velocity and an equation of state model to determine the tem-

perature.

2. A method as claimed in claim 1, wherein the equation of state model has interre-

lated pressure, temperature, gas composition, and gas density components.

3. A method as claimed in any preceding claim, which further comprises providing a
pressure of the gas, and using the pressure and the acoustic velocity to determine the

temperature.

4. A method as claimed in claim 3, wherein the tubular comprises at least one tubular
of a wellbore extending into the Earth from surface and the pressure comprises a pres-

sure Py at or near surface, and the method includes measuring the pressure Pp.

5. A method as claimed in claim 4, wherein the tubular comprises at least one tubular
of a wellbore extending into the Earth from surface and the pressure is based on a pres-
sure Ppat or near surface, and an estimated density of the gas, and the method includes
measuring the pressure Ps.

6. A method as claimed in any preceding claim, which further comprises defining a
composition of the gas, wherein the step of using the acoustic velocity and the equation of
state model to determine the temperature is performed based on the defined composition
of the gas.
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7. A method as claimed in any preceding claim, which further comprises determining
various physical properties of the gas, such as density -based on the determined tempera-

ture combined with measured or know pressure and composition.

8. A method as claimed in any preceding claim, wherein the structure comprises in-
ner and outer tubulars, e.g. casings, of a well, the inner tubular being arranged inside the
outer tubular, and the containment region comprising an annulus between an inner tubular

and the outer tubular.

9. A method as claimed in any preceding claim, wherein a plurality of intervals be-
tween reference points are defined, and the method includes:

determining acoustic velocities for the respective intervals based on the times of
travel of the acoustic wave; and determining temperatures for the respective intervals us-

ing the acoustic velocities and the equation of state model.

10. A method as claimed in claim 9, which further comprises using the temperatures to

obtain a profile of the temperature versus distance along the section of pipe.

11. A method of performing an inflow test in a well, using the temperature determined
by performing the method according te any preceding claim to determine a rate of flow

into the containment region of the structure.

12. A method of investigating and quantifying leakage rate of a fluid between a first
pipe and a second pipe, wherein the first pipe is surrounded by at least a portion of the
second pipe, where the pipes are arranged in a well in a ground, wherein the temperature
of gas from an annulus surrounding a leakage site in the first pipe is determined by the

method of any of claims 1 to 10.

13. Apparatus for performing the method as claimed in any preceding claim.

14. A computer pregram for computing the temperature from the obtained acoustic ve-

locity in the method of any of claims 1 to 12.

15. A computer device comprising a processar which when executing the computer
program of claim 14 is caused to determine the temperature from the obtained acoustic

velocity.
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16. A data carrier, data transmission medium, or data signal carrying any one or more
of: the computer program of claim 14; the acoustic velocity data or travel time data ob-
tained in performing the method of claims 1 to 12; and the determined temperature data
obtained using the travel time data or the acoustic velocity data frem performing the

method of any of claims 1 to 12.

17. Apparatus for determining at least one temperature in fluid comprising gas in a
containment region of a structure which comprises at least one tubular, the apparatus
comprising:

at least one acoustic transmitter for producing an acoustic pulse to generate at
least one acoustic wave to travel in the containment region between reference locations;

at least one sensor to detect the acoustic wave and determine the travel time of
the acoustic wave between the reference locations; and

at least one determiner for determining the acoustic velocity from the travel time
and using the acoustic velocity and an equation of state model to determine the tempera-

ture.

18. Apparatus as claimed in claim 17, wherein the senser comprises a microphone.

19. Apparatus as claimed in claim 17 or 18, wherein the sensor is arranged to com-

municate data from the sensor to the determiner.

20. Apparatus as claimed in any of claims 17 to 19, further comprising at least one

pressure sensor arranged for detecting the pressure in the containment region.
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