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(57) Abstract: An apparatus for estimating a parameter includes: an optical
fiber sensor including at least one optical fiber configured to be disposed in
a downhole location and including at least one sensing location configured
to generate measurement signals; at least one light source configured to
transmit a measurement signal having a wavelength to interrogate a sensing
location and cause the sensing location to return a retlected measurement
signal indicative of a measured parameter, and configured to transmit a ret-
erence signal and cause a reflected reference signal to be returned from a
location associated with the sensing location, the retlected reference signal
having a known relationship to hydrogen concentration; and a processor
configured to receive the reflected measurement signal and the retlected ret-
erence signal, estimate the hydrogen concentration based on the reflected
reference signal, and calibrate the first reflected signal based on the estim-
ated hydrogen concentration.



CA 029167745 2015-12-22

WO 2015/030959 A1 {RFII0H | 0ADE NSO R0 0 O AR O

— as to the applicant'’s entitlement to claim the priority of Published:
the earlier application (Rule 4.17(ii1) —  with international search report (4rt. 21(3))



CA 2916745 2017-05-10

L.OSS COMPENSATION FOR DISTRIBUTED SENSING IN DOWNHOLE
ENVIRONMENTS

BACKGROUND

[0001/0002] Fiber-optic sensors have been utilized in a number of applications, and
have been shown to have particular utility in sensing parameters in various environments.
Optical fiber sensors can be incorporated into environments such as downhole environments
and be used to sense various parameters of an environment and/or the components disposed
therein, such as temperature, pressure, strain and vibration. An exemplary temperature
sensing system is a Distributed Temperature Sensing (DTS) system, which utilizes tiber optic
cables or other devices capable of measuring temperature values at multiple locations along
the length of a wellbore. DTS can be used to mcasure, for example, a continuous temperature
profile along the wellbore.

[0003] Some Distributed Temperature Sensing (DTS) systems for use downhole
utilize Spontaneous Raman Scattering (SRS) in optical fibers to measure temperature. The
relative amount of Stokes and Anti-Stokes light generated by SRS 1s dependent on
temperature. The Stokes and Anti-Stokes wavelengths differ from the initial laser wavelength
and so can be separately detected and compared in order to compute the temperature along the
fiber. Errors in calibration can occur as a result of conditions other than temperature causing

changes in loss of the Stokes and anti-Stokes wavelengths.

SUMMARY
[0004] An apparatus for estimating a parameter comprises an optical fiber sensor
including a measurement optical fiber configured to be disposed in a downhole location, the

measurement optical fiber including at least one sensing location disposed along the

measurement optical fiber and configured to generate measurement signals; a reference optical
fiber configured to be disposed in another downhole location, the reference optical tiber
having a greater sensitivity to hydrogen diffusion than the measurement optical fiber; at least
one light source configured to transmit a measurement signal into the measurement optical
fiber having a wavelength to interrogate a sensing location and cause the sensing location to
return a reflected measurement signal indicative of a measured parameter, and configured to
transmit a reference signal into the reference optical fiber and cause a retlected reference
signal to be returned from a location associated with the sensing location, the retlected
reference signal having a known relationship to hydrogen concentration; and a processor

configured to receive the reflected measurement signal and the reflected reference signal,
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estimate the hydrogen concentration based on the reflected reference signal, and calibrate the
reflected measurement signal based on the estimated hydrogen concentration.

[0005] A method for estimating a parameter comprises disposing a measurement
optical fiber in a downhole location, the measurement optical fiber including at least one
sensing location disposed along the optical fiber and configured to generate measurement
signals; disposing a reference optical fiber in another downhole location, the reference optical
fiber haying a greater sensitivity to hydrogen diffusion than the measurement optical fiber;
transmitting a measurement signal having a wavelength into the measurement optical fiber to
interrogate a sensing location and cause the sensing location to return a reflected measurement
signal indicative of a measured parameter; transmitting a reference signal into the reference
optical fiber and causing a reflected reference signal to be returned from a location associated
with the sensing location, the reflected reference signal having a known relationship to
hydrogen concentration; and receiving the reflected mcasurement signal and the reflected
reference signal, estimating the hydrogen concentration based on the reflected reference

signal, and calibrating the reflected measurement signal based on the estimated hydrogen

concentration.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The subject matter, which is regarded as the invention, 1s particularly pointed
out and distinctly claimed in the claims at the conclusion of the specification. The toregoing
and other features and advantages of the invention are apparent from the following dctailed
description taken in conjunction with the accompanying drawings, wherein like elements are
numbered alike, in which:

[0007] FIG. 1 illustrates an exemplary embodiment of a downhole drilling,
monitoring, evaluation, exploration and/or production system,

[0008] FIG. 2 shows a plot of loss characteristics of exemplary optical fibers;

[0009] FIG. 3 is a flow chart illustrating an exemplary embodiment of a method of
performing and/or calibrating a distributed downhole parameter measurement;

[0010] FIG. 4 shows a plot of loss characteristics of an exemplary optical fiber; and

[0011] FIG. 5 is a flow chart illustrating an exemplary embodiment of a method ot

calibrating a distributed temperature measurement.

DETAILED DESCRIPTION
[0012] Systems and methods for downhole sensing and correction f downhole

optical fiber measurements are provided. An embodiment of a system includes a distributed



CA 02916745 2015-12-22

WO 2015/030959 PCT/US2014/047796

sensmg system such as a distributed temperature sensing (DTS) system that includes one or
morc optical fibcr scnsors. The systecm includces a processing device for reeciving at Icast a
rctlected measurcment signal and a rcflected reference signal from once or more optical fiber
sensors. A measurement signal 1s reflected from a sensing location 1n an optical fiber, such
as a Raman Scattering or other intrinsic scattering location, or a Bragg grating. The reference
signal 1s reflected from a location 1n the optical fiber or another optical fiber corresponding to
the sensing location. The measurement signal provides an indication of a parameter to be
measured (e.g., temperature) and the reference signal provides an mdication of another
parameter different from the measured parameter that has an effect on loss of the
measurement signal (€.g., loss of mtensity of Stokes and/or Anti-Stokes wavelengths).

[0013] In one embodiment, the reference signal loss 18 due primarily to a parameter
such as hydrogen absorption, where measurement signal loss 1s due to both the measured
parameter and at least the other parameter. For example, the reflected measurement signal 1s
has a wavelength or wavelength range that 1s sensitive to loss due the measured parameter.
The reference signal and reflected reference signal have a wavelength or wavelengths that
experience loss primarily or substantially only based on a concentration of hydrogen 1n the
optical fibcr scnsor. In another cxamplc, the system mcludcs a mcasurement optical fiber
having a lower sensitivity to hydrogen diffusion or other condition than a separate reference
optical fiber. The reference signal (having the same or a difterent wavelength than
measurement signal) 1s transmitted into the reference optical fiber to determme the rate
and/or amount of hydrogen diffusion. The parameters measured by the reference signal may
be used to correct or calibrate the measurement signal from the first optical fiber.

[0014] Referring to FIG. 1, an exemplary embodiment of a downhole drilling,
monitoring, evaluation, exploration and/or production system 10 disposed in a wellbore 12 1s
shown. A borehole string 14 1s disposed in the wellbore 12, which penetrates at least one
carth formation 16 for performing functions such as extracting matter from the formation
and/or making measurements of properties of the formation 16 and/or the wellbore 12
downhole. The borehole string 14 18 made from, for example, a pipe, multiple pipe sections
or flexible tubing. The system 10 and/or the borehole string 14 mclude any number of
downhole tools 18 for various processes mcluding drilling, hydrocarbon production, and
measuring one or more physical quantities in or around a borehole. Various measurement
tools 18 may be incorporated mnto the system 10 to affect measurement regimes such as

wireline measurement applications or loggmg-while-drilling (LWD) applications.
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[0015] In one embodiment, a distributed temperature sensing (DTS) system 1s
includcd as part of the systcm 10 and 1s configurcd to mcasurc or cstimatc tcmpcraturc along
thc borcholc 14, the tool 18 and/or othcr downholc components. The DTS systecm includcs
an optical interrogator or measurement unit 20 connected 1n operable communication with at
least one optical fiber sensing assembly 22. The measurement unit 20 may be located, for
example, at a surface location, a subsea location and/or a surface location on a marine well
platform or a marine craft. The measurement unit 20 may also be incorporated with the
borehole string 12 or tool 18, or otherwise disposed downhole as desired.

[0016] The optical fiber sensing assembly 22 1s operably connected to the
measurement unit 20 and 18 configured to be disposed downhole. The optical fiber assembly
22 includes at least one optical fiber 24 configured to take a distributed measurement of a
downhole parameter (¢.g., temperature, pressure, stress, strain and others). The optical fiber
24 includes one or more sensing locations 26 disposed along a length of the sensor core,
which are configured to reflect and/or scatter optical interrogation signals transmitted by the
measurement unit 20. Examples of sensing locations 26 include fibre Bragg gratings, Fabry-
Perot cavities, partially reflecting mirrors, and locations of intrinsic scattering such as
Raylcigh scattcring, Brillouin scattcring and Raman scattcring locations.

[0017] In one embodiment, a length of the optical fiber sensing assembly 22 defines
a measurcment region 28 along which distributed parameter measurements may be taken.

For example, the measurement region 28 extends along a length of the assembly that includes
sensing locations 26. The measurement region 28 may correspond to the length of a tool or
other component, or extend along the entire string or along one or more portions of the string.

[0018] The measurement unit 20 includes, for example, one or more electromagnetic
signal sources 30 such as a tunable light source, a LED and/or a laser, and one or more signal
detectors 32 (e.g., photodiodes). Signal processing electronics may also be included 1n the
measurement unit 20, for processing the signals received at the detectors 32. In one
embodiment, a processing unit 34 18 in operable communication with the signal source 30 and
the detector 32 and 1s configured to control the source 30, receive reflected signal data from
the detector 32 and/or process reflected signal data.

[0019] In one embodiment, the sensing assembly 22 and the measurement unit are
configured as a Distributed Temperature Sensing (DTS) system. The DTS system utilizes
Spontancous Raman Scattering (SRS) 1n the optical fiber 24 to measure temperature. Raman
back-scatter 1s caused by molecular vibration mn the optical fiber as a result of incident light,

which causes emission of photons that are shifted in wavelength relative to the mcident hight.
4
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Positively shifted photons, referred to as Stokes back-scatter, are independent of temperature.
Ncgatively shifted photons, referred to as Anti-Stokes back-scattcer, arc dependent on
tcmpceraturc. Accordingly, an intcnsity ratio of Stokes to Anti-Stokes back-scatter may be
used to calculate temperature.

[0020] The relative amount of Stokes and Anti-Stokes light generated by SRS 1s
dependent 1n a predictable way on temperature. The Stokes and anti-Stokes wavelengths
differ from the nitial laser wavelength and from each other. For example, for a pulse
launched at 1064 nm, the Stokes wavelength 1s approximately 1117 nm while the anti-Stokes
wavelength 1s approximately 1016 nm. Scattered light generated at these wavelengths can be
casily separated by an optical filter and measured separately each time a 1064 nm pulse 18
launched mto the fiber. By deducing the magnitude of scattered light at each wavelength as a
function of position in the fiber (e.g., utilizing standard OTDR type techniques) it 1s then
possible to measure the change 1n this scattering relative to a known reference condition and
hence the change m temperature relative to the temperature when that baseline measurement
was recorded.

[0021] Various conditions 1n addition to the measured parameter (e.g., temperature)
can also havc an cticct on the mcasurcment signal and thus cffcct mcasurecment of the
parameter. For example, one major source of differential loss in downhole systems 1s
hydrogen induced loss caused by hydrogen ingress or diffusion at high temperatures. For
example, 1f the Stokes and anti-Stokes wavelengths experience different changes n loss for
other reasons relative to the loss present when a calibration baseline was recorded, the
temperature computed 1s in error. Such changes in loss cause changes 1n measured Stokes and
Anti-Stokes power as a function of position, which can be incorrectly interpreted as
temperature changes.

[0022] In order to account for changes 1n the measurement signals due to parameters
other than the measured parameter, the system 10 icludes an apparatus or system that
cstimates the loss or other change in reflected measurement signals due to other parameters
and/or estimates the changes of such other parameters during measurement.

[0023] In one embodiment, the measurement unit 20 1s configured to launch an
interrogation or measurement signal having selected wavelength(s) into the optical fiber 24
for measurement of a parameter of mterest such as temperature (referred to as the measured
parameter). In one embodiment, the sensing locations 26 are Raman backscattering
locations. The unit 20 receives return signals (referred to as reflected measurement signals)

from each sensing location 26 and estimates the temperature or other measured parameter
S
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based on the return signals for each location. The location of each return signal may be
associatcd with 1ts respective location on the fiber, typically corresponding to depth, using
any suitablc tcchnique, such as optical timc domain rcflcctomcetry (OTDR).

10024| The unit also transmits a reference mterrogation signal (referred to as a
reference signal) into the sensor assembly 22. The reterence signal can be transmitted mto
the optical fiber 24 or mto a reference optical fiber 38. The reference optical fiber can be co-
located with the measurement optical fiber 24 (e.g., disposed together in a cable), or
otherwise positioned so that corresponding depth locations can be 1dentified. The reference
signal causes a reflected or return reference signal to be returned to the umt 20.

[0025] An exemplary DTS system launches pulses from one laser and measures
generated SRS light, switching between the Stokes and anti-Stokes wavelength to calculate
the ratio and compute temperature. The reference signal may be transmitted by launching a
low power laser pulse near, ¢.g., 1240 nm or some other wavelength where molecular
hydrogen produces losses. The reference signal system can be a simple optical time domain
reflectometer at a wavelength such as about 1240 nm, resolving hydrogen induced loss vs.
position at each pulse time.

[0026] In ordcr to launch the mcasurcment signal and rcference signal, and proccss
the return signals, various optical filtering and switching techniques could be used that would
allow all three wavelengths (Stokes, anti-Stokes and hydrogen measuring wavelength) to be
measured by the same system.

[0027] In one embodiment, the hydrogen loss (or loss due to another parameter)
measurement 1s performed in a second auxiliary fiber, e.g., reference optical fiber 38, in the
same or similar location with similar or different characteristics. For example, the auxiliary
fiber might be optimized for increased sensitivity to hydrogen induced loss or for fast time
response to a hydrogen atmosphere. A DTS system designed with this embellishment could
be substantially more accurate in environments with substantial hydrogen ingress. An
exemplary optical fiber having a loss that 1s exclusively or primarily dependent on hydrogen
concentration is Baker Hughes’ CoreBright  fiber.

[0028] FIG. 2 1illustrates signal loss in different types of optical fibers that may be
used 1 the system 10. A loss plot 40 shows the signal loss as a function of wavelength of an
un-doped, substantially pure silica core optical fiber (¢.g., a CoreBright' " fiber). This fiber
may be used as a reference fiber for calibration of a measurement fiber. The loss spectrum of
the un-doped fiber 1s shown as curve 42. The loss plot 40 also includes a curve 44 showing

the loss spectrum of a doped optical fiber, such as an optical fiber having a Germanium
6
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doped core. In addition to curves 42 and 44, a third loss plot 1s shown in FIG. 2, which
corrcsponds to anothcr un-dopced, substantially purc corc fiber.

[0029] As shown 1n FIG. 2, thc curve 42 has pcaks corrcsponding to losscs duc to
molecular hydrogen 1n the fiber, and also demonstrates that signals having different
wavelengths exhibit different sensitivities to hydrogen. The losses shown by the peaks
(labeled as “Molecular H,” in FIG. 2) in curve 42 are solely or at least substantially due to the
presence of molecular hydrogen. The losses are not significantly atfected by other
parameters or conditions.

[0030] In contrast, the curve 44 exhibits losses due not only to hydrogen, but also
due to other factors. Such additional losses include permanent losses in the optical fiber. For
example, the curve 44 shows additional losses associated with dopant (e.g., germanium)
deficient-type defects along the fiber, which can be referred to as short wavelength edge
(SWE)-induced loss. Another source of loss 1s the presence of hydroxyl (OH) groups in the
fiber. In the example of FIG. 3, a loss peak due to OH groups 1s evident at around 1400 nm.

[0031] One embodiment includes a measurement optical fiber such as a Ge-doped
single mode fiber for transmission of measurement signals having a selected wavelength
(c.g., ncar 1064 nm or ncar 1550 nm), and an un-dopcd rcference fiber such as a purc silica
cor¢ fiber co-located with the measurement fiber. For example, the measurement fiber and
reference fiber are deployed as part of a single cable or otherwise deployed so that the
positions and depths of each fiber can be correlated. The measurement and reference fibers
have loss characteristics similar to those shown 1n Fig. 2.

[0032] As discussed further below (e.g., shown in FIG. 4), the shape of hydrogen
induced loss in the pure silica core fiber 1s temperature dependent, thus temperature should be
known to correct for the molecular induced hydrogen loss. For example, a measurement of
hydrogen near the peak at 1240 nm shows a very rapid temperature dependence, which
means that one should know the temperature 1 order to use this correction to predict the
hydrogen loss at other wavelengths of use.

[0033] The reference fiber, which only has molecular hydrogen loss, allows for casy
measurement of the hydrogen present in the fiber at a given time and position by estimating
the loss 1n the reference fiber. This allows for the estimation of hydrogen 1n the measurement
fiber and the corresponding proportion of the loss mn the measurement fiber due to hydrogen,
which would otherwise be difficult to estimate. This information may be used to more

accurately calibrate the system to account for changes 1in hydrogen levels by, €.g., diffusion.
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[0034] FIG. 3 illustrates a method 50 of measuring downhole parameters. The
mcthod 50 includcs onc or morc stages S1-54. Although the method 50 1s described 1n
conjunction with the systcm 10 and the mcasurcment systecm dcescribed above, the method 50
1s not limited to use with these embodiments, and may be performed by the measurement unit
20 or other processing and/or signal detection device. In one embodiment, the method 50
includes the execution of all of stages 51-54 n the order described. However, certain stages
may be omitted, stages may be added, or the order of the stages changed.

[0035] In the first stage 51, the optical fiber sensing assembly 22 along with the
borehole string 12, tool 18 and/or other components are lowered downhole. The components
may be lowered via, for example, a wireline or a drillstring.

[0036] In the second stage 52, measurement signals including pulses of light having
a selected wavelength or wavelength range are generated by the light source 34 and sent to
the optical fiber 24.

[0037] For example, the measurement signals are transmitted with a wavelength at or
near 1064 nm. In one embodiment, the wavelength or wavelength range 1s selected based on
knowledge of parameters or conditions other than the measurement parameter that cause loss
or othcrwisc affcct the mcasurcment signal. Such paramcters or condition should be
corrected for 1n order to provide an accurate measurement. For example, based on the
composition of a given fiber (and prior to disposing the fiber downhole) a relationship
between signal loss for a given wavelength and a particular parameter such as hydrogen
concentration can be estimated. Once the hydrogen concentration 1s determined downhole
using a reference signal, the amount of loss due to the hydrogen concentration can be
calculated and used to correct the reflected measurement signals.

[0038] In one embodiment, the measurement signals are transmitted at a wavelength
for which a significant source of loss 1s known. For example, the mterrogation wavelengths
are selected from those for which the presence of molecular hydrogen 1s a main source of loss
in addition to temperature, ¢.g., around 1064 nm or around 1550 nm. Thus, if the amount of
hydrogen 1n a fiber at which a reflected measurement signal 1s generated 1s known, the
amount of loss at the reflected measurement signal (e.g., at the Stokes and Anti-Stokes
wavelengths) can be calculated.

[0039] In the third stage 53, one or more parameters other than the measured
parameter are measured using the DTS system and/or an additional apparatus or system
disposed with the DTS system. In one embodiment, a reference signal 1s transmitted into the

optical fiber 24 or a reference optical fiber. This signal 1s used to estimate the amount of
8
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hydrogen 1n the optical fiber 24 at various times and depths for use n correcting the
mcasurcments pcerformed 1n stage 52.

[0040] Thc amount of hydrogen in the optical fiber 24 at cach mcasurcment location
at or around the time of interrogation 1s estimated. Measurement of the molecular hydrogen
in the fiber 24 at a given location 1s performed at a particular wavelength utilizing any
suitable technique for associating return reference signals with location or distance, such as
OTDR.

[0041] In one embodiment, the reference mterrogation signal 1s transmitted with a
wavelength or wavelength range at or near a known hydrogen absorption peak. For example,
the loss 1n fibers due to molecular hydrogen can be measured using pulses at 1240 nm. Then,
the loss change at the Stokes and anti-Stokes wavelengths can be computed based on the
measurement at 1240 nm, by using the ratio of loss between the wavelengths. For example,
the loss associated with the signal returned based on the reference signal 1s computed by
using the ratio of loss at these wavelength in the molecular hydrogen spectrum.

[0042] Various wavelengths can be used to detect hydrogen concentration,
depending on temperatures and fiber types. Such wavelengths can be 1dentified based on
absorption pcaks gencrated by testing various fibers.

10043] In one example, reference signals having wavelengths around 1240 nm and/or
1900 nm are used for measurmg hydrogen absorption. Molecular hydrogen in glass causes
absorption peaks near 1240 nm and 1900 nm that have long tails into useful DTS wavelength
ranges. This absorption 1s completely reversible, 1.¢., the hydrogen can be driven out of the
fiber and the loss eliminated. At other wavelengths, hydrogen reactions may create
permanent losses that are not reversible. In this example, the molecular hydrogen level 1s
estimated as a function of position under the assumption that molecular hydrogen 1s a
reversible loss mechanism and that the absorption spectrum of molecular hydrogen 1s
predictable. The estimated hydrogen level can be used to correct DTS measurements, thus
avoiding the need for more complex systems such as dual-ended systems.

[0044] Loss due to hydrogen concentration 1s also dependent on the temperature.
Thus, 1n one embodiment, the hydrogen concentration 1s ¢stimated based on the wavelength
of the reference signal and the reflected reference signal, the location from which the
reflected reference signal was generated, and the temperature at the location. The
temperature may be estimated using any suitable device or technique, such as using previous
measurements associating depth with temperature, or using downhole measurement devices

such as optical fiber devices (e.g., DTS) or discrete devices such as P/T gauges.
9
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[0045] An example of such temperature dependence 1s shown in FIG. 4. A loss plot
60 shows thc loss duc to molccular hydrogen as a function of tcmpcraturc for the reference
optical fiber discusscd m conjunction with FIG. 3. Thce loss plot shows a loss spcctrum for
various temperatures. Curves 61-68 show the loss spectrum at 125°C, 150°C, 175°C, 200°
C, 225°C, 250 °C, 275" C and 300 C, respectively. As 1s evident, the amount of loss
Increases with temperature.

[0046] An exemplary auxiliary or reference fiber includes a core that is pure or at
least substantially pure silica. The reference interrogation signal 1s transmitted with a
wavelength at or near 1240 nm, at which the only or primary signal loss cause 1s hydrogen
diffusion.

[0047] In one embodiment, the reference signal 18 transmitted in the same fiber 24
that 18 used for the DTS measurement, thus avoiding the need for an added fiber or a
turnaround device downhole. In another embodiment, the reference signal 1s transmitted 1n a
second or auxiliary optical fiber disposed at or near the first fiber 24.

[0048] The auxiliary fiber can have the same or different characteristics as the
measurement fiber. For example, the auxiliary fiber may be configured for Raman
backscattcr so that changes 1n the Stokcs and Anti-Stokces signals can be uscd to correct the
measurement signals.

10049]| In one embodiment, the auxihary fiber 1s configured to have increased
sensitivity to a parameter such as hydrogen diffusion to facilitate measuring the parameter.
For example, the auxiliary fiber 1s configured to have increased sensitivity to hydrogen
induced loss. In another example, the auxiliary fiber can have characteristics causing it to
have a faster response to exposure to hydrogen (e.g., absorb hydrogen faster than the
measurement fiber.

[0050] For example, a DTS measurement fiber might be carbon coated to resist
hydrogen ingress, but a reference fiber 18 not carbon coated or has a thinner coat. The
reference fiber provides a fast responding system for measuring the environmental hydrogen.
The DTS fiber would respond more slowly, but the faster responding reference fiber can be
used to predict future hydrogen induced loss.

[0051] Another embodiment includes controllably adding hydrogen to a cable or
other carrier to maintain the same loss using the reference fiber to monitor hydrogen
concentration. The reference fiber acts as a control mechanism or monitoring fiber 1n a
control loop, which 1s used by a processor such as the measurement unit 20 to control the

amount of hydrogen added to the cable and the measurement fiber to maintain a selected
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hydrogen concentration, ¢.g., the concentration present when the measurement fiber was
initially calibratcd. For cxamplc, a DTS fibcr could be calibrated n the presence of hydrogen.
When deployed, the hydrogen monitoring fiber could be uscd to detect the actual hydrogen
level present downhole. Hydrogen could be controllably added to maintain the design level
used 1 the nitial calibration process.

[0052] In the fourth stage 54, the amount of hydrogen or other parameter
measurement as a function of location and time 1s used to correct the measurement signals.
When the amount of hydrogen 1s known, the loss at wavelengths corresponding to the Stokes
and anti-Stokes wavelengths of the measurement signal 1s calculated. The loss in the Stokes
and Anti-Stokes wavelengths are used to calibrate or correct a prior calibration.

[0053] In one embodiment, the reference measurements can be used to measure
hydrogen absorption as well as provide predictions regarding hydrogen absorption at later
times. For example, the reference fiber 1s configured to absorb hydrogen at a greater rate
than the measurement fiber, ¢.g., by configuring the reference fiber to have a thinner carbon
or other hydrogen protective coating than the measurement fiber or by configuring the
reference fiber to have a thinner cladding than the measurement fiber. In this embodiment,
thc hydrogen diffusion mcasurcment 1s taken over some time period and a rate of diffusion
into the reference fiber 1s estimated. By knowing the relative characteristics of the fibers, a
diffusion model or prediction 1s generated for the measurement fiber that predicts the
hydrogen concentration of the measurement fiber at future times, which can be used 1n future
calibrations.

[0054] In one embodiment, the measurement signals and reference reflected signals
are used to calculate the hydrogen absorption while taking into account response variations of
the reference signal depending on temperature. The measurement signals can be calibrated
using the reference signals and knowing the hydrogen absorption characteristics of the
wavelengths (Stokes, Anti-Stokes and reflected reference wavelength) based on temperature.

[0055] An example of a calibration method 70 for a temperature measurement
system (¢.g., a DTS system) 1s shown 1n FIG. 5. The method 70 includes an iterative process
that performs successive hydrogen concentration estimations until a convergence 1s reached.
The method may be performed 1n conjunction with system 10 but 1s not so limited.

[0056] In stage 71, an imitial temperature value (T) 18 computed using return
measurement signals without any calibration or correction for hydrogen concentration. The
temperature T can be computed for one or multiple locations (¢.g., distributed temperature

measurements). In stage 72, an mitial hydrogen concentration (H) 18 estimated using the
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return reference signal and 1nitial temperature T. In stage 73, the temperature T 18 re-
computcd (rcferred to as corrected T or Teor) by correcting the tecmpcerature T using the
cstimatcd concentration H as an input hydrogen concentration (Hinpue). In stage 74, a revised
hydrogen concentration (H;.v) 18 estimated using the re-computed temperature T. In stage 73,
the revised concentration Hiey 18 compared to the mput concentration Higpue. [ Heey 18 within a
selected tolerance or agreement with Hinpu, Hrev 18 used for calibration. If Hiey 1s not within
the selected tolerance, stages 73-75 are repeated as another iteration using H,e, as the imput
into stage 73. Iterations are repeated until hydrogen concentration values are estimated that
sufficiently converge.

[0057] The methods described herein could be used 1n conjunction with other
techniques where appropriate for calibration. For example, in addition to measuring loss due
to non-measurement parameters using the method 50, additional techniques can be used to
measure loss due to other parameters. Such additional techniques include, ¢.g., techniques
for measuring permanent change in the fiber due to reactions with OH.

[0058] The methods described herein can also be used to correct for permanent loss
changes. For example, the formation of the hydroxyl permanent loss 1s a function of the
time, tcmpcraturc and hydrogen Ievel the fiber has scen. The system 10 can be usced to track
these parameters and accumulate a history of the exposure. For example, if the permanent
change 18 proportional to the total hydrogen exposure, the permanent change can be
calculated as an integration of the hydrogen level measured through time.

[0059] The systems and methods described herein provide various advantages over
prior art techniques. A DTS system as described herein can be substantially more accurate in
environments with substantial hydrogen ingress. In addition, the systems and methods can
provide real time and distributed calibration and/or updates to calibrations.

[0060] Prior art techniques tend to increase cost and complexity of downhole
systems. For example, the addition of discrete temperature gauges to the system can help to
maintain calibration at particular locations along the fiber. Additionally, the DTS can be a
dual-ended system, in which two optical fibers are present and are connected at the bottom of
the well such that light travels down one fiber and up the other. By measuring temperature
using SRS 1n both directions, it 1S possible to separate changes due to temperature from
changes due to fiber loss changes. The disadvantage of a dual-ended system with point
temperature gauges 18 that this adds cost to the system, requiring at Icast twice the fiber and

added gauges to monitor and additional components downhole. Generally, components
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downhole are expensive to assemble and at greater risk for failure than components above
ground.

[0061] In contrast, thc systcms and mcthods described hercin can be cmployed with
a relatively low cost. For example, the reference signal can be generated by a relatively
mexpensive second laser. In addition, 1n some embodiments, the measurement and
calibration can be performed via the same fiber, thus reducing the number of required
downhole components.

[0062] The optical fiber assembly 22 and/or the measurement system are not limited
to the embodiments described herein, and may be disposed with any suitable carrier. The
measurement system, optical fiber assembly 22, the borehole string 14 and/or the tool 18 may
be embodied with any suitable carrier. A "carrier" as described herein means any device,
device component, combination of devices, media and/or member that may be used to
convey, house, support or otherwise facilitate the use of another device, device component,
combination of devices, media and/or member. Exemplary non-limiting carriers include drill
strings of the coiled tube type, of the jointed pipe type and any combination or portion
thercof. Other carrier examples include casing pipes, wirelines, wireline sondes, slickline
sondcs, drop shots, downholc subs, bottom-holc asscmblics, and drill strings.

|0063] In support of the teachings herein, various analysis components may be used,
including a digital and/or an analog system. Components of the system, such as the
measurement unit 20 may have components such as a processor, storage media, memory,
input, output, communications link, user interfaces, software programs, signal processors
(digital or analog) and other such components (such as resistors, capacitors, inductors and
others) to provide for operation and analyses of the apparatus and methods disclosed herein in
any of several manners well appreciated 1n the art. It 18 considered that these teachings may
be, but need not be, implemented 1n conjunction with a set of computer executable
instructions stored on a computer readable medium, including memory (ROMs, RAMS),
optical (CD-ROMSs), or magnetic (disks, hard drives), or any other type that when executed
causes a computer to implement the method of the present mmvention. These instructions may
provide for equipment operation, control, data collection and analysis and other functions
deemed relevant by a system designer, owner, user or other such personnel, in addition to the
functions described 1n this disclosure.

|0064] Further, various other components may be included and called upon for
providing for aspects of the teachings herein. For example, a power supply (e.g., at least one

of a generator, a remote supply and a battery), cooling unit, heating unit, motive force (such
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as a translational force, propulsional force or a rotational force), magnet, electromagnet,
scnsor, clectrodce, transmatter, reeciver, transceiver, antenna, controller, optical unit, clectrical
unit or clcctromcechanical unit may be includced m support of the various aspcects discusscd
herem or 1n support of other functions beyond this disclosure.

[0065] Tt will be recognized that the various components or technologies may
provide certain necessary or beneficial functionality or features. Accordingly, these functions
and features as may be needed in support of the appended claims and variations thereof are
recognized as being inherently included as a part of the teachings herein and a part of the
invention disclosed.

[0066] While the invention has been described with reference to exemplary
embodiments, 1t will be understood that various changes may be made and equivalents may
be substituted for elements thereof without departing from the scope of the invention. In
addition, many modifications will be appreciated to adapt a particular instrument, situation or
material to the teachings of the mvention without departing from the essential scope thereof.
Therefore, it 18 ntended that the mnvention not be limited to the particular embodiment
disclosed as the best mode contemplated for carrying out this invention, but that the mvention

will mcludc all cmbodiments falling within the scopc of the appended claims.
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What is claimed 1s:

L. An apparatus for estimating a parameter, the apparatus comprising:

an optical fiber sensor including a measurcment optical fiber configured to be disposed 1n
a downhole location, the mcasurement optical fiber including at least one sensing location
disposed along the measurement optical fiber and configured to generate measurement signals;

a reference optical fiber configured to be disposed in another downhole location, the
reference optical fiber having a greater sensitivity to hydrogen diffusion than the measurement
optical fiber;

at least one light source configured to transmit a measurement signal into the
measurement optical fiber having a wavelength to interrogate a sensing location and cause the
sensing location to return a reflected measurement signal indicative of a measurcd parameter, and
configured to transmit a reference signal into the reference optical fiber and cause a reflected
reference signal to be returned from a location associated with the sensing location, the reflected
reference signal having a known relationship to hydrogen concentration; and

a processor configured to receive the reflected measurement signal and the reflected
reference signal, estimate the hydrogen concentration based on the reflected reference signal, and

calibrate the reflected measurement signal based on the estimated hydrogen concentration.

2. The apparatus of claim 1, wherein the measurement signal wavelength is a first
wavelength having a loss associated with the measured parameter and the hydrogen

concentration, and the reference signal wavelength i1s a second wavelength having a loss that 1s

primarily dependent on the hydrogen concentration.

3. The apparatus of claim 2, wherein the reference optical fiber is configured to absorb

hydrogen at a faster rate than the measurement optical fiber.

4, The apparatus of any one of claims 1 to 3, wherein the processor 1s configured to estimate
a rate of diffusion of hydrogen into the reference optical fiber, predict a rate ot dittusion into the
measurement optical fiber based on the estimated rate of diffusion, and calibrate the reflected

measurement signal based on the cstimated rate of ditfusion.
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. The apparatus of claim 1, wherein the reference optical fiber is made of a first materal
that causes significant signal loss based only on the hydrogen concentration, and the

measurement optical fiber is made of a second material that causes significant signal loss based

on the hydrogen concentration and at least one additional parameter.

0. The apparatus of claim 5, wherein the reference optical fiber has a high sensitivity to

hydrogen diffusion relative to the measurement optical fiber.

7. The apparatus of claim 6, wherein the processor 1s configured to estimate a rate of
diffusion of hydrogen into the reference optical fiber, predict a rate of diffusion into the
measurement optical fiber based on the estimated rate of diffusion, and calibrate the reflected

measurement signal based on the estimated rate of diffusion.

8. The apparatus of any one of claims 1 of 7, wherein the measurement optical fiber includes

a plurality of sensing locations arrayed along the measurement length.

9. The apparatus of claim 8, wherein the plurality of sensing locations are locations of

spontaneous Raman scattering.

10. The apparatus of any one of claims 1 to 7, wherein the at least one light source 1s
configured to transmit the measurement signal into an end of the measurement optical fiber, the
reflected measurement signal including light back scattered from the sensing location, and the
processor is configured to receive the reflected measurement and reference signals at the same

end.

11. The apparatus of any one of claims 1 to 10, wherein the downhole location and the other

downhole location are thc same downhole location.

12. The apparatus of any one of claims 1 to 10, wherein the downhole location and the other

downhole location are different downhole locations.

13. A method for estimating a parameter, the method comprising:
disposing a measurement optical fiber in a downhole location, the measurement optical
fiber including at least one sensing location disposed along the optical fiber and configured to

generate measurement signals;
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disposing a reference optical fiber in another downhole location, the reference optical
fiber haying a greater sensitivity to hydrogen diffusion than the measurement optical fiber;

transmitting a measurement signal having a wavelength into the measurement optical
fiber to interrogate a sensing location and cause the sensing location to return a reflected
measurement signal indicative of a measured parameter;

transmitting a reference signal into the referencc optical fiber and causing a reflected
reference signal to be returned from a location associated with the sensing location, the reflected
reference signal having a known relationship to hydrogen concentration; and

receiving the reflected measurement signal and the reflected reference signal, estimating
the hydrogen concentration based on the reflected reference signal, and calibrating the reflected

measurement signal based on the estimated hydrogen concentration.

14. The method of claim 13, wherein the measurement signal wavelength 1s a first
wavelength having a loss associated with the measured parameter and the hydrogen
concentration, and the reference signal wavelength is a second wavclength having a loss that 1s

primarily dependent on the hydrogen concentration.

15. The method of claim 14, wherein the reference optical fiber is configured to absorb

hydrogen at a faster rate than the measurement optical fiber.

16. The method of any one of claims 13 to 15, wherein calibrating includes estimating a rate
of diffusion of hydrogen into the reference optical fiber, predicting a rate of diffusion into the
measurement optical fiber based on the estimated rate of diffusion, and calibrating the retlected

measurement signal based on the estimated rate of diffusion.

17. The method of claim 13, wherein the reference optical fiber 1s made of a first material that
causes significant signal loss based only on the hydrogen concentration, and the measurement
optical fiber is made of a second material that causes significant signal loss based on the

hydrogen concentration and at least one additional parameter.

18. The method of claim 17, wherein the reference optical fiber has a high sensitivity to

hydrogen diffusion relative to the measurement optical fiber.
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19. The method of claim 18, wherein calibrating includes estimating a rate of diffusion of
hydrogen into the reference optical fiber, predicting a rate of diffusion into the measurement

optical fiber based on the estimated rate of diffusion, and calibrating the retlected measurement

signal based on the estimated rate ot diffusion.

20. The method of any one of claims 13 to 19, wherein the measurement optical fiber

includes a plurality of sensing locations arrayed along the measurement length.

21. The method of claim 20, wherein the plurality of sensing locations are locations of

spontaneous Raman scattcring.
22, The method of any one of claims 13 to 21, wherein estimating the hydrogen concentration

includes estimating a rate of diffusion of hydrogen into the reference optical fiber and calibrating

the reflected measurement signal based on the estimated rate of diffusion.

23. The method of any one of claims 13 to 22, wherein the downhole location and the other

downhole location are the same downhole location.

24. The method of any one of claims 13 to 22, wherein the downhole location and the other

downhole location are different downhole locations.
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