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Preliminary Reliability Assessment of LXxXIQ™ Thermal
Monitoring System

Introduction

This report details the preliminary reliability assessment of the LxIQ™ high temperature thermal
monitoring system. This system utilizes fiber Bragg grating (FBG) array technology leveraging a
proprietary in-line grating manufacturing process developed by LxSix. This automated process produces
gratings in a continuous piece of optical fiber to impart high strength and reliability of the sensing fiber
over other FBG methods. Multiple FBG sensors in the sensing fiber perform point measurements of
temperature distributed over kilometer distances.

LxIQ™ offers unprecedented levels of reliability and quality of data in high temperature steam-flood
environments. LxIQ™ leverages the inherent advantage of FBG sensors, which are frequency-
modulated, to operate effectively, without error, in aggressive hydrogen environments as opposed to
legacy fiber optic distributed temperature sensors (DTS) that are intensity-modulated and therefore
subject to measurement error and failure in similar hydrogen environments. Furthermore, the LxSix FBG
array platform allows for the integration of cable health and diagnostic sensors along the same sensing
fiber- a unique feature that allows easy remote assessment of system health and aging.

Recognizing the performance gaps of legacy DTS products serving the SAGD sector, LxSix developed
LxIQ™ specifically to meet required performance and lifetime in the challenging SAGD downhole
environment, to offer an optimization tool for the development of SAGD best practices. A system aging
and reliability model was determined after extensive laboratory testing of the system. Recent field trial
results in an operating SAGD well verified the reliability model and provide an initial assessment of
lifetime in this well. This report reviews this reliability model and initial lifetime prediction.

Design for Reliability

LxSix follows some basic tenets of reliability in the design and qualification of the LxIQ™ system.
- System failure is the point in which the system performance does not fully meet specification.

- All hardware is designed and specified for the intended operating environment and lifetime (fit for
purpose).

- The reliability process starts with a comprehensive failure mode and effects analysis (FMEA) to
prescribe a suitable reliability test program, including accelerated life testing (HALT) where
possible, to determine a reliability and aging model.

- Verification of the reliability model is accomplished with field performance and evaluation data.

- LxSix will continue to build the database of field performance to further refine the reliability model
and lifetime prediction.
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- LxSix will implement a continuous review and improvement process based on field results.

System Overview and Design Elements
LxIQ™ system-level operating specifications are listed in the table below.

Parameter | Value
Operating Performance
3 Reported Temperature Uncertainty +/-2.5C (150C t 0 230C)
+/-5C (50T to 150C)
3 Reported Temperature Repeatability +/-0.15C/ /Hz
Long Term Uncertainty Drift 1Clyear
Update Rate 10s/channel
Typical Operating Lifetime >5 Years

The LxIQ™ system, shown in the following figure, is comprised of three major components, each with a
specified operating environment.

1. Surface Instrument Module

2. Surface Cabling System

3. Downhole Horizontal Sensing Cable Section
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The standard LxIQ™ system includes a steel-armored optical sensing cable housed within a standard
Coiled Tubing instrumentation string which is terminated at the hot end and wellhead using convention
hardware and techniques. The instrumentation string exits the wellhead and uses a standard wellcap to
seal the sensing cable and any optional components. The sensing cable is then terminated at a junction
box which is connected to a transmission cable to the MCC. A standard NEMA enclosure houses the
system instrumentation, electronics processing, and communications shelf. The cabinet is rated for
typical MCC environment, and comes with UPS and battery backup unit. Data is communicated over
customer Ethernet connections or similar arrangement.
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Environmental Ratings

The three system components each operate in different environmental conditions that are listed in the

tables below for convenience.

Surface Cable and Junction Box

This system is rated for continuous operation under exposure to typical outdoor temperature and

environmental conditions in northern Alberta.

Parameter Value
Operating Temperature -50to 70C
Operating Humidity 10 to 100% condensing
Storage Temperature - 5510 80C

Surface Instrument Rack

The instrument rack is rated for relatively benign conditions anticipated in the MCC room.

Parameter Value
Surface Operating Temperature 0to 40C
Surface Operating Humidity 0 to 80% Non-condensing
Storage Temperature -40C to 70C
Operating Vibration 1 grm 20-200Hz
Non-Operating Vibration 2 grms 20-200Hz

Down hole Sensing Cable

The downhole is rated for operation across typical SAGD conditions with survival of short duration

exposure to temperatures up to 300<C.

Parameter Value
Downhole Operating Temperature 50 to 230C
Downhole Operating Pressure < 5000 PSI
Max Non-Operating Temperature (Downhole) | 300C
Storage Temperature -40C to 70C

Downhole Operating Vibration

5 grms 20-200Hz

Non-Operating Vibration

10 grms 20-200Hz

LxIQ™ Preliminary Reliability Assessment

White Paper
April 2008

IXSIX




Design Validation: Surface Cabling System

The standard LxIQ™ surface cabling system is rated for aerial deployment, and is compatible with
conventional cable routing and management hardware. The surface cabling system is comprised of three
key components, each available as standard commodity items used in outside plant telecommunications
networks, and tested to industry standards as listed below.

Item Description Environmental Rating Compliance
Surface Cable 12-Fiber Break-Out -55 to 85T Operating EIA/TIA-455
Cable -70 to 85T Storage

4,800N Short-Term Tension
1200N Long-Term Tension
5,000psi Crush Resistance

Fiber Optic Connector | FC/APC Connector -55 to 85T Operating EIA/TIA-604

Junction Box NEMA 3 Enclosure -55C - 65T NEMA 250 -20003

LxSix relies upon manufacturer ratings and certifications in meeting product specifications and standards
compliance. Full documentation for these products is available to customers upon request.

Design Validation: Surface Instrumentation Module

The standard LxKey™ instrumentation module is housed in a standard floor-mount instrumentation rack
containing the sensor interrogator unit, single-board sensor processing computer, UPS module, and
communications/processor computer and display. The rack includes a wiring harness and junction tray.

Item Description Environmental Rating Compliance

Interrogation MO 125 FBG -0 to 50C Operating NEBS GR-63-

Instrument Interrogator -20 to 70 Storage CORE
0-80% RH Non-Condensing

Instrument Computer | MP125 Processor -0 to 50T Operating NEBS GR-63-

Computer -20 to 70T Storage CORE

0-80% RH Non-Condensing

Computer/UPS NEMA 3 Enclosure -55C - 65C CE

The cabinet is rated for typical MCC environment, anticipating heat but no air conditioning, with ambient
temperatures ranging from 0-35C with excursions up to 50C. The LxKey™ unit is especially robust and
stable with temperature in using a gas cell reference unit that is insensitive to temperature.

Design Validation: Downhole Sensing Cable

The high temperature SAGD environment and thermal cycling under steaming operations present a
number of challenges to both the optical and mechanical integrity and lifetime of fiber cables installed in
these wells. The LxSix OMG-T™ downhole sensing cable combines known armored cable and control
line construction currently used successfully in SAGD, with proprietary optical cable and fiber design
features to meet performance and lifetime in the most rigorous SAGD environments envisioned. In
validation of OMG-T™ for the intended SAGD environment, it is important to look at mechanical and
optical reliability separately.

Mechanical Reliability

Fiber optics is a mature technology with mechanical reliability of fibers and their behavior in a range of
cable designs well understood from the large installed base in telecommunications networks. An optical
cable is considered a system, in which the fiber design itself governs optical performance, with the cable
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sheathing providing protection during installation, and from the environment to maintain fiber performance
over lifetime.

Cable mechanical performance is predetermined by the thermo-mechanical properties of the polymers
and metals used in the cable construction. The glass fiber however, behaves as a brittle material, in
which it breaks before significant plastic deformation, and follows a different mechanical reliability model.
Pristine silica glass optical fiber is inherently strong, with a Young’s modulus of over 10,000kpsi. As
drawn fiber has microscopic surface flaws or cracks, which cause localized stress risers, the extent of
these drive its strength. The Griffith theory of brittle fracture describes the strength of silica fiber, in which
the stress intensity factor K, describes the local stress of the cracks:

K= YZC

Where is the applied stress, Y is a geometrical factor (1.16), and C is the crack length. When the stress
intensity factor K, a function of the applied and crack size, exceeds the critical stress intensity property of
silica (Kc = 0.789MPA/meter) the crack will propagate and fracture. To ensure a minimum strength and
allow for a statistically confident lifetime expectation, a standard quality assurance step in the fiber
manufacture- tensile proof test, dynamically loads the entire length of optical fiber to a defined tensile
level to screen any large flaws and subsequent weak sections to yield fiber with a known minimum
strength.

It is well understood that crack growth in silica optical fibers is driven by stress and the chemical
environment, in which corrosive bases and moisture fuel crack growth which can be described by:

da / dt = V (K/Kc)"

Where da/dt is the crack growth rate, V is a constant, n is the corrosion susceptibility value, K is the stress
intensity factor and Kc the stress intensity factor associated with failure; this leads to lifetime prediction
equation:

(n+1)/m -n

F )= (71 I+ ()

where tf is the predicted lifetime for a cumulative failure probability (F) under an applied service stress

(a), fis the failure stress and m is the slope of the Weibull distribution, which plots the fiber
breaking strength for a set of given test fiber. In applying this model, the main parameters governing
lifetime are the initial strength and the corrosion factor that determine the fatigue rate. This rate can be
reduced, thus extending the fiber lifetime by use of hermetic coatings to retard the ingress of moisture
attacking the glass surface, as well as packaging the fiber in sealed, dry environments.

The corrosion susceptibility factor for conventional polymer coated fiber is around 20. By applying a
simplified lifetime equation below, a statistically relevant lifetime prediction can be made based on the
tensile proof testing of the fiber and the stress corrosion factor in a given application stress level.

n

tt=[p/ 1]

Using this equation, for standard 125um fiber prooftested at 100kpsi, the fiber lifetime will exceed 25
years under a 20kpsi application load. Relative to a sharp bend or loop in a downhole cable, this
correlates to a bend radius of just under 3.5cm. Use of high quality fibers and monitoring fiber stress
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throughout cable manufacturing leads to high mechanical reliability and low risk in yielding downhole
optical cables.

In the case of FBG arrays, fiber coatings are removed in short sections of the fiber to allow laser
exposure to create the grating in the fiber. By adding additional prooftesting of the grating section, design
service life in excess of 10-years is predicted using the proprietary LxSix in-line grating manufacturing
process. The following figure compares Weibull modulus for different fibers. Here the telecom-type
polymer coating is used as a standard reference, as this fiber has superior strength characteristics based
on the properties of the coating and a more refined manufacturing process. The polyimide material used
in the sensing array fibers, rated to 325%, is required to operate at the SAGD temperature regime.
Material characteristics of the polyimide coating and its manufacturing process result in comparatively
lower inherent strength which is reflected in the lower Weibull modulus shown. The relatively high
modulus for gratings produced in the polyimide fiber reflects the ability of the LxSix process to produce
gratings with high reliability. To ensure a minimum strength and lifetime expectation, each grating is
prooftested at 100kpsi to ensure a device service life in excess of 10-years.
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The sensing fiber is housed within a 316L stainless steel cable structure to endure the rigors of
installation and maintain performance by protecting the fiber from excess stress and well fluids. Multiple
production lots of this cable have been produced and tested in full compliance with the operating
specifications. The cable has been designed to be mechanically compatible with conventional Coiled
Tubing (CT) integration and well injection procedures, and designed to appear and pbehave mechanically
as conventional down-hole control lines and other instrument strings such as bubble tubes. This enables
the product to leverage the knowledge and experience of CT installers to apply this well deployment
method to optical sensing cable in a transparent fashion.

Coiled tubing with OMG_T

Fiber optic c?
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The mechanical specifications of the LxSix OMG-T cable are outlined in the table below.

Parameter Value
Material 316L Stainless Steel
Nominal Armor Dimensions 4.5mm OD x 0.5mm Wall
Maximum Operating Tensile Strain > 500lbs
Minimum Bend Radius (on Mandrel) > 6 inches
Minimum Bend Radius (unsupported) > 12 inches
Collapse Pressure > 10,000 PSI
Burst Pressure > 10,000 PSI
Minimum Buckling Force < 200lbs

Optical Reliability: Hydrogen Performance

In assessing optical reliability in the OMG-T™ downhole sensing cable, it is assumed that the mechanical
protection provided by the cable will buffer any bending or other perturbation to maintain optical
performance. The LxIQ™ uses single mode fibers with enhanced mode parameters and glass
composition to impart superior optical bend-tolerance that exceeds the minimum mechanical bend radius
described previously. Optical performance and reliability thus becomes dependent on hydrogen
response of the fiber, which has proven to be the primary failure mode of fiber optic systems in SAGD, yet
provides a key advantage of the LxIQ™ system over competing DTS products due to its superior
hydrogen performance.

Any optical system deployed downhole in oil and gas wells must deal with hydrogen which is present in
the well chemical environment, as well as the product of galvanic reaction between well fluids and steel
completion parts in the well. Hydrogen diffusion into optical fibers manifests into both transient and
permanent attenuation i.e. signal loss. Transient losses are reversible, caused by absorption due to
dissolved hydrogen in the glass. Permanent losses are irreversible, caused by chemical reactions of
hydrogen with glass precursor defects that form light absorbing species (e.g. hydroxyl ion). In both cases,
loss growth is dependent first on hydrogen diffusion rate, a function of temperature and hydrogen
concentration, in which initial transient loss is observed, its magnitude governed by the hydrogen
solubility in the glass, which quickly achieves a saturation and loss equilibrium point as a function of
temperature and hydrogen partial pressure. From there growth in permanent losses takes over and
dominates.

Hydrogen loss creates significant measurement errors in amplitude-modulated sensors such as legacy
DTS systems, and eventual catastrophic failure as the sensing fiber darkens and loses signal. Fiber optic
cables used in the conventional oil and gas wells typically use hermetic coatings or cable elements as a
barrier to hydrogen; however these materials become porous above 200C and therefore unsuitable for
SAGD conditions. Being based on frequency-modulated FBG sensors, measurements performed by the
LxIQ™ system are not affected by the diffusion of hydrogen and can operate with high fidelity in these
environments. Furthermore, LxIQ™ uses single mode fibers selected for resistance to hydrogen
darkening. The figure below shows modeled hydrogen loss of the OMG-T™ cable under extreme
temperature and hydrogen conditions in excess of that anticipated in SAGD operations.
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As seen in the figure, permanent losses begin to dominate shortly after transient loss saturates upon
reaching solubility at given temperature and hydrogen pressure.
approaching 30dB for a kilometer horizontal sensing section, the model shows the LxIQ™ system fully
functional and operational to specification beyond 5-years under 3 Bar pure hydrogen at 300<C.

Design Validation Summary

LXIQ™ is comprised of three major components, each operating under different environmental conditions.
Each component has been designed and tested to validate performance in these conditions. The table
below lists environmental ratings of these component groups and their compliance with these

specifications.

With a system dynamic range

Parameter | Value | Compliance | Test Method
Surface Cabling System

Operating Temperature | -50 to 70C Yes EIA/TIA-455
Operating Humidity 10 to 100% condensing Yes EIA/TIA-604
Storage Temperature - 5510 80C Yes NEMA 250-2000 3
Surface Instrumentation Rack

Operating Temperature | 0to 40C Yes NEBS GR-63-CORE
Operating Humidity 0 to 80% Non-condensing Yes NEBS GR-63-CORE
Storage Temperature -40C to 70C Yes NEBS GR-63- CORE
Operating Vibration 1 grm 20-200Hz Yes NEBS GR-63-CORE
Non-Operating Vibration | 2 grms 20-200Hz Yes NEBS GR-63-CORE
Downhole Sensing Cable

Operating Temperature | 50 to 230C Yes LxSix Internal
Operating Pressure < 5000 PSI Yes LxSix Internal
Storage Temperature 300C Yes LxSix Internal
Storage Temperature -40C to 70C Yes LxSix Inter nal
Operating Vibration 5grms 20-200Hz Yes LxSix Internal
Non-Operating Vibration | 10grms 20-200Hz Yes LxSix Internal
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Design Verification: Field Trial Results

A trial system was installed in a pilot injector well at Nexen Long lake project in November 2007. An
injector well was chosen to expose the system to higher temperature. The objective of the field trial was
to verify performance of LxIQ™ in live SAGD operating conditions and provide data to validate the
predicted reliability and aging model as well as generate an initial lifetime projection for the system.

The LxSix FBG array platform allows for placement of proprietary diagnostic grating sensors in tandem
with the thermal sensors to investigate the actual well environment and track cable degradation and
aging. This enables real-time holistic monitoring of the system to better understand and determine failure
modes, and rate both short and long term performance of the system. The trial system included 60
thermal sensors with these diagnostic sensors, as well as 8 collocated thermocouples to serve as
downhole temperature references to assess system measurement performance.

The downhole sensing section was integrated into a 38mm instrumentation string and installed in the well
using conventional coiled-tubing injection equipment and procedures without encountering any problems
or delays. Since startup all 60 optical sensors are fully operational with good step response coincident
with well operations, and meeting or exceeding expectations in measurement performance and lifetime.
A comprehensive data analysis was performed at 2,000 hours. The charts below show unfiltered raw
data of thermal measurements (I) and comparison between collocated optical sensors and reference
thermocouples (r).
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The structure seen in the first 1,000 hours of the comparison chart is attributed to thermocouple
grounding and EMI noise issues that were later resolved around the 1,000-hour point. System
performance results form the 2,000-hour data analysis is summarized in the table below.

Parameter Performance
Accuracy +27C(3 )
Resolution 0.17C/ Hz
Lifetime (at specification) +10 Years

The system has been operational at temperature for over 3,500 hours; well beyond the point where
legacy fiber optic systems typically fail. Hydrogen and its effect on the optical sensing cable has been
observed, although minor, with less than 1% loss of system operating power. No degradation of system
measurement performance in terms of accuracy and resolution has been observed since startup.
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Estimating Operating Lifetime
Operating lifetime is defined as mean time to failure (MTTF) in which failure is the point in time where the

system falls out of specified performance. The potential mechanisms of disrupting operation fall into two
categories; short and long-term, comprised of the following;

Short-Term
- Non-conforming installation processes
- Extreme down-hole chemical environment (hydrogen)
- Extreme down-hole stress via T/CTE (e.g. coiled-tubing compression)
- Unknown

Long Term
- Hydrogen induced attenuation in the down-hole optical fiber
- Stress corrosion of the down-hole optical fiber
- Unknown

Short-term failure mechanisms are associated with what is customarily referred to as “infant mortality”,
which describes early life failure, usually during or within the first few days or even hours of installation.
Longer term failures follow a life path strictly a function of system power, in which the system will continue
to operate to specification as long as there is sufficient optical signal to noise (OSNR) to maintain
measurement performance. Longer term failure modes include stress corrosion acting on the fiber that
could result in fiber mechanical failure, which is unlikely barring any cable material defects or operational
anomalies, but more typical is cable aging due to hydrogen and subsequent gradual signal loss over time.
Extensive laboratory testing indicates hydrogen aging as the primary failure mode of the LxIQ™ system
which will follow an aging and reliability curve shown below.

/ Early Response to Hydrogen Ingress (Reversible Loss )

T / Hydrogen Saturation; Aging (Permanent Loss)

Power/ Transmission

Time

Lifetime

It is important to note that the system will go through a phase of performance roll-off where a decrease in
system performance occurs. The nature of these systems is to not catastrophically fail, but to age slowly
over time and then exhibit degradation of performance, typically in accuracy and resolution, and then
eventually stop reporting meaningful data. The time it takes to pass through these phases depends
heavily on well conditions; specifically the combination of high temperature and high hydrogen levels will
cause acceleration to failure. LxSix continues to collect data of on-board diagnostic sensors to monitor
power levels and cable aging effects to track the system through these phases.
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Field performance results of fiber optic systems in SAGD point to hydrogen induced attenuation in
sensing fibers as the dominant source of failure. Assuming the equipment has passed the “infant
mortality” stage, the main driver for failure becomes hydrogen aging and hence the focus for estimating
long term operating lifetime. Hydrogen failure will be modeled as the time required for the hydrogen
effects to create enough optical loss so that the reported optical temperature data is out of operating
specification. Since sensors at the toe involve a longer optical path length, it is likely that sensors located
here will get to a non-operating point sooner than sensors in the heel that are closer to the
source/receiver electronics. By monitoring the loss growth using the integrated LxIQ™ diagnostic tools,
an exponential model can be used to extrapolate the operating lifetime of the system. The 3-D plot below
shows the combined effect of temperature and hydrogen on the operating lifetime of a system.
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After 3,500hrs of operation, all indications are that the system has not suffered from any “infant mortality
issues and shows no signs of near term gauge failure. The methods described above to determine
operating lifetime are now applied to assess the health of the trial system. Please note that a complete
data analysis of the trial system was performed at 2,000 hours and these results are used in the following
analysis. In order to determine the current health of the system, data is analyzed to investigate the
possibility of any drift in system accuracy, and also diagnostic information will be analyzed to provide
insight into the root cause of system failure, which has been identified at this point as hydrogen induced
attenuation in the fiber optic cable. A statement can then be made comparing the current system health
and its position relative to failure.
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Data below shows the trend lines of reference thermo-couples versus the optical sensors. A decrease in
these lines would be expected with any significant hydrogen ingress into the cable. After analysis it is
concluded that there is no substantial correlation between the responses of the optical sensors or a
correlation to position. All readings are within the reported error bands and again there is no measurable
change over time in the reported uncertainty of the optical system.

o 200 400 600 800 1000 1200 1400 1600
In Well Operation (hrs)

Optical loss change of the system is analyzed below for multiple sensors. Losses from each optical
sensor are plotted and normalized for distance. The graph below shows a nominal change of
approximately 0.1% of the total optical budget available, meaning that at 2,000 hours the system is
functioning at 99.9% of its factory “out of the box” level.
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To extrapolate operating lifetime values based on changes in the optical transmission over time, the
“Optical Transmission Change” plot is analyzed using the last 300 hrs of data where the heel temperature
has returned to the 200 level. The slopes of the toe sensors (which have the losses amplified due to
being the farthest location from the optical source) are analyzed using trend line methods. The slope of
this linear approximation is then used to calculate the time required until a failure point is reached. If an
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optical transmission slope of -0.2 dB/1000hr is used, as shown in the data, this translates to a lifetime of
approximately 150,000 hrs or 17 years. It is important to note that this is the time to failure for sensors
furthest located form the source and that the remaining sensors would take even longer to fail. These
plots are shown below.
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Summary

LxSix has introduced the LxIQ™ high temperature thermal monitoring system designed specifically for
high temperature steam flood and SAGD horizontal monitoring. The LxSix system is based on fiber
Bragg grating array sensing technology that is capable of operating in hydrogen environments without
error as opposed to legacy DTS systems. The system is comprised of three major components, each
with specific operating environments, in which design validation testing has shown each to be suitable in
their designated environments. A qualitative model has been presented for estimating the operating
lifetime of the system. The effect of hydrogen ingress into the optical cable and its impact of increased
loss in the cable has been identified as the major contributor to system failure. Operating regimes over
various hydrogen and high temperature environments has been explored and the point of failure for the
different conditions has been identified. Evidence shows that the LxSix LxIQ thermal monitoring system
should easily survive for a lifetime of greater than 5 years for the majority of SAGD applications. This
model has further been used to analyze the health of LxIQ™ trial system installed in a SAGD injector
well. The trail system is fully operational after 3,500 hours with only a minor decrease in optical
transmission. There are no signs of near term failure and only 0.1% of the optical budget has been
consumed. A 2,000 hour data analysis is used to project system lifetime estimated to be >15 years for
these well conditions. This analysis will be updated at 5,000 hours. Further system installations are
planned in 2008 and field results covering a broader range of well conditions will be factored in the
reliability analysis.

For further information on LxIQ™, please contact:

Peter Ficocelli

LxSix Photonics

514 599-5714 ext. 263
pficocelli@Ixsix.com
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