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HOUSTON–Fiber optic data transmission already has led to revolutionary devel-

opments, and ongoing research in fiber optic sensing technology for applications

in extreme operational conditions will boost the development of fiber optic multiple-

parameter sensing systems further. Such innovations will be of particular benefit to

the oil and gas industry in situations where conventional electronic sensors are not

technically feasible or cost efficient.

It was an eye opener for the oil and gas industry when fiber optic-based distributed

temperature sensing was introduced two decades ago. Suddenly, 

temperature profiles over the entire length of the wellbore could be monitored to de-

liver data for troubleshooting and production optimization. Judging the speed of de-

velopments today, a second fiber optic sensing revolution can be expected in the oil

and gas industry in the near future.

In the multiparameter sensing systems of the future, different types of fiber optic

sensors (flow, pressure, acoustic, chemical, vibration, gravity, etc.) can be manufac-

tured and read through a single optical fiber. Data from the different types of sensors

will be merged and processed through special data mining algorithms to generate

unambiguous information for faster and better decision making.
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Well and production strategies are be-
coming increasingly complex, requiring
accurate and reliable input for decision
making. Maturing assets develop complex
“time critical” process dynamics such as
production decline, liquid loading and salt
precipitation that create the need for real-
time monitoring and control. Measurement
and control technology must give a more
accurate understanding of the key process-
es involved. It also should improve asset
diagnostics to lead to enhanced production
control and recovery strategies without
compromising reliability or safety. Further-
more, the industry has to deal with increas-
ingly complex environmental and safety
regulations, and an increasing shortage of
expert personnel.

Innovations in fiber optic sensing tech-
nology potentially can provide data to help
better understand the key processes behind
decision making in the oil and gas indus-
try. This insight is based on many projects
both inside and outside the industry relat-
ed to monitoring, process modeling and
data processing. These insights are essen-
tial to control and optimize the “new” oil
and gas industry, when one considers the
challenges that lie ahead.

To assess the shape of future fiber op-
tic technologies for the upstream industry,
it is helpful to examine the versatility and
potential of fiber optics based on applica-
tions in other industries and their applica-
bility to oil and gas. Fiber optics is a proven
technology, but one that needs to be
adapted and modified to the restrictions
and challenges of oil and gas applications.
The demands of applications in the up-
stream sector will give rise to further tech-
nological innovations.

Fiber Optic Sensing

Fiber optic sensor has gained increas-
ing acceptance. Among the different fiber
sensor types, fiber Bragg grating (FBG) is
used most widely. An FBG is a periodic
modulation of the refractive index in an op-
tical fiber. This modulation is realized by
exposing the optical fiber to a periodic pat-
tern of ultraviolet light. 

Like a conventional grating, the reflec-
tion of an FBG depends on the wavelength.
Any physical parameters that affect either
the refractive index of the optical fiber or
the period of the grating will cause a
change in the wavelength of the reflected
light. The wavelength shift is a measure of
the physical parameter of interest (i.e., tem-

perature and strain). By coupling a me-
chanical transducer to the FBG sensor,
physical parameters such as pressure,
flow, acoustic signal and gravity can also
be measured.

An extra benefit of FBG sensors is that
each sensor can have a different Bragg
wavelength to enable easy wavelength do-
main multiplexing of an array of FBGs in
a single optical fiber. The multiplexing ca-
pacity can be further extended by combin-
ing time domain multiplexing technolo-
gy.

In extreme environments such as cryo-
genics or space, new-generation fiber
Bragg grating fibers are capable of surviv-
ing temperatures from <-200 to 800 de-
grees Celsius, giving FBG sensors the abil-
ity to measure temperatures across a
broad working range. However, the FBG
has to be integrated into a transducer to
monitor other physical parameters. Prop-
er bonding materials and processes are re-
quired to ensure stable attachment to the
transducer and proper operation of the
FBG sensor.

Conventional high-temperature adhe-
sives for temperatures higher than 300 de-
grees are based on a two-component sys-
tem with solid fillers. This inhomogeneous
material generates uneven mechanical
forces on the FBG that lead to unpre-
dictable distortions of the FBG reflection
spectrum (resulting in large measurement
errors). New, special fiber/FBG technolo-
gy suitable for temperatures up to 500 de-
grees is under development to solve this
problem in the oil and gas industry.

In the aerospace sector, composite
materials are essential because of their su-
perior strength-to-weight ratios, com-
pared with metal alloys. Consequently, a
large number of aircraft parts are made
from composite materials. The most im-
portant failure modes of composite mate-
rials are impact by an object, delamination
and debonding. These failure modes can
be monitored by FBG strain sensors at ap-
propriate locations in the structures. 

Embedding the FBG in the composite
structure has the added benefit of protect-
ing the fiber and increasing its lifetime.
However, the inhomogeneity of compos-
ite materials means that embedding stan-
dard FBGs will lead to unpredicted distor-
tions of the FBG reflection spectrum.
Different solutions to this challenge, rang-
ing from using small-diameter fibers to
novel fiber/FBG concepts, are under de-

velopment.
The cost and performance of FBG sen-

sor systems are determined largely by the
type of interrogation system. Custom
systems under development can both ex-
tend the frequency range and lower the
wavelength detection noise level by a fac-
tor of 100. Another direction of interroga-
tor development is to reduce system cost
(high-performance, commercial inter-
rogators cost about $25,000). Low-cost in-
terrogators with only the necessary spec-
ifications can be used to avoid an overly
complex sensor network and enable sys-
tem redundancy.

Other fiber optic sensing technologies
are developed for special applications. In
the defense industry, interferometric-type
fiber optic acoustic sensor arrays are
used to detect threatening objects or intrud-
ers. This technology has been transferred
successfully to acoustic measurement in
ocean-bottom cable system for seismic ap-
plication. For applications such as aero-
space and nuclear fusion, special fiber op-
tic technologies and components have been
developed to function under extreme op-
erating conditions. Furthermore, new
fiber optic sensing technologies with ex-
treme sensitivity are being developed,
some of which will be beneficial in oil and
gas applications.

Developments in distributed acoustic
sensing systems and quasi-distributed
FBG-based sensors for measuring acoustic
pressure, flow, steam quality and chemi-
cal composition are being demonstrated
successfully at an ever-increasing pace.
Technology is becoming more cost effec-
tive and more versatile through multipa-
rameter monitoring using only one fiber.
Combining (quasi-) distributed sensing
with proper signal processing schemes and
data mining technology will provide valu-
able information about well and reservoir
conditions that is not available today.

And this information will be more than
the sum of the data derived from the in-
dividual sensor systems; the extensive de-
velopments in system reliability, deploy-
ability, data mining, signal processing and
information visualization are creating
revolutionary changes in fiber optic sens-
ing and decision making in the oil and gas
industry.

Next-Generation Systems

Fiber optic components and sensing
technologies have been developed/demon-
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strated that are able to operate in harsh con-
ditions, monitor concentrations of differ-
ent chemical substances, and detect micro-
seismic events, pressure and inflow pat-
terns over the full length of a well. Com-
bining distributed technology with multi-
parameter sensing and proper data fusion
will be the basis of the next generation of
fiber optic systems for oil and gas (Figure
1).

The technical breakthroughs necessary
to spark this revolution should come from
three directions. The first is ease of sys-
tem installation. Conventional systems
have been complex to install and hinder
production. Also, practical problems relat-
ed to splicing methods, wet connects and
making perforations without the risk of
damaging preinstalled fibers will have to
be solved.

The second factor is related to system
robustness and reliability. Implementing
additional fiber optic systems is sometimes
put on hold by operators because of lack
of reliability statistics. Early failures and
degradation are attributed to leaking con-
nectors and nipples, or to mechanical
stress caused by poor fiber immobilization.
Fiber optic monitoring systems are con-
figured from sourced components and are
not tested as a system. These components
are tested individually by the supplier, but
against criteria developed mostly for tele-
com applications. Standardized test pro-
tocols for oil and gas applications have to
be developed for both components and sys-

tems to increase confidence and accept-
ance.

The third factor is the ability to han-
dle the vast amounts of data generated by
a system. Sampling strategy and data pro-
cessing are critical factors in utilizing a
monitoring system. Being able to process
the data coming from different sources
into tangible information at an early
stage, or filtering raw data and only
keeping the interesting events can facil-
itate easy data transport, storage, process-
ing and interpretation. Special electron-
ics for parallel data processing to reduce
process time and translate multiparame-
ter data into unambiguous information for
decision making are being used already

in other industries.
The smart wells of the future will be

equipped with a variety of sensors that can
operate under extreme environmental
conditions. Lifetime, stability and reliabil-
ity are the most important requirements for
downhole sensors. For conventional elec-
trical sensors, the failure rate increases sig-
nificantly as operational temperatures
rise. Optical fiber-based sensors have no
electrical components in the sensing ele-
ment and the glass fiber is stable up to sev-
eral hundred degrees, making the technol-
ogy ideally suited for permanent well mon-
itoring and high-operational temperature
applications such as stream-assisted grav-
ity drainage.

Oil And Gas Solutions 

Optical time domain reflectometry
(OTDR) is a light scattering technique that
measures the condition of a fiber network
and pinpoints local optical loss, which is
an indication of the condition of the fiber.
A short optical pulse is launched into the
fiber and the optical properties of the re-
flection are measured as a function of time
to achieve a relation between the distance
and the local scattering. 

The different types of scatt er -
ing–Rayleigh scattering (amplitude is a
function of composition and density vari-
ations in the fiber), Raman scattering
(amplitude is a function of temperature),
and Brillouin scattering (the wavelength
is a function of temperature and strain)–are
related to the different physical parame-
ters. Measuring scattering as a function of
time results in distributed sensing of the
particular parameter.

FIGURE 1
Next-Generation Fiber Optic Sensing System
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The most well-known distributed sens-
ing technology for oil and gas is distrib-
uted temperature sensing (DTS) systems.
DTS is based generally on Raman scatter-
ing. Several commercial systems are
available. The optical fiber in a downhole
DTS system has to be optimized to ensure
a long lifetime. The development of pure
silica core fiber greatly reduces the prob-
lem of hydrogen darkening of convention-
al optical fiber with a germanium-doped
core. Furthermore, the fiber has to be pro-
tected by a cable to survive installation and
downhole operations.

By continuously monitoring and log-
ging DTS data, changes in the well can be
observed. Field applications using DTS
data in production and completion scenar-
ios include:

· Gas lift monitoring/optimization;
· Production/inflow monitoring;
· Injection profiling and water man-

agement;
· Well integrity and monitoring;
· Electric submersible pump opti-

mization;
· Fracture height monitoring; and
· Real-time stimulation monitoring.

Multiparameter Sensing

Single-point fiber optic sensors can be
designed to measure a range of physical
parameters. Initial single-point sensors for
oil and gas applications were developed
mainly with Fabry-Perot interferometer
technology. Single-point sensors general-
ly provide higher sensitivity and resolution
than distributed sensing technology, and
measurements of pressure, temperature and
acoustic signal have been demonstrated. 

The main disadvantage of Fabry-Per-
ot sensors is the lack of multiplexing po-

tential. Making multiple-point measure-
ments with single-point fiber optic sensors
required a fiber optic network with mul-
tiple fibers. FBG technology, with its
unique multiplexing capability, solves
this problem. Even sensors for different
physical parameters can be multiplexed in
the same fiber to enable multiparameter
sensing. Multiple-drop downhole pressure
and temperature sensing with nine sens-
ing points has been demonstrated by
Shell and SmartFibres.

By mounting an array of FBG strain
sensors on a construction, the deformation-
induced strain distribution can be meas-
ured. For a construction with known me-
chanical design and material properties, the
shape and deformation of the construction
can be calculated. This quasi-distributed
strain sensing technology with FBGs has
been used by Shell and Baker Hughes in
a fiber optic, real-time compaction mon-
itoring system to measure casing deforma-
tion (i.e., axial compression, bending,
buckling, etc.). The multiplexing capaci-
ty of an FBG sensor system depends
largely on the interrogation technology and
the sensor network topology.

DAS, Vortex Flow Sensors

Distributed acoustic sensing (DAS) is
a new monitoring technology with many
potential applications, including gas lift,
ESP monitoring, 3-D vertical seismic
profiling, and hydraulic fracturing. DAS
technology is basically a combination of
Rayleigh scattering-based OTDR with a
fiber optic interferometer for acoustic
signal detection. 

High-performance acoustic sensor ar-
rays developed for naval defense applica-
tions based on fiber interferometer tech-

nology have demonstrated noise levels
even below the ambient noise level of the
sea, and have been used in towed arrays
and hull-mounted arrays on submarines.
In oil and gas, this same technology has
been used in ocean-bottom cable seismic
data acquisition as well as reservoir mon-
itoring.

In a DAS system, local Rayleigh scat-
tering is used as a reflector in the fiber, and
OTDR technology enables real distributed
measurement of disturbances (e.g.,
acoustic sensing along a long optical
fiber). The extremely sensitive interfero-
metric detection technique can measure
acoustic signal-induced changes of fiber
length at a very high resolution level.

DAS systems can operate with fiber
lengths to 10 kilometers, spatial sampling
down to about one meter, and a frequen-
cy range up to about 10 kilohertz. Figure
2 shows a basic block diagram of a DAS
system. In comparison to a standalone fiber
optic interferometric acoustic sensor, a
DAS system has a simple sensing cable
and is compatible with single-mode opti-
cal fibers in a well. The trade- off is a low-
er signal-to-noise ratio (lower detection
limit).

In enhanced recovery operations such
as steam-assisted gravity drainage with
multiple injection and production points,
it is important to measure the flow distri-
bution between the various points to op-
timize production. Achieving this would
require installing flowmeters at various in-
tervals in injection wells to measure the
amount of fluid injected at each location.
Flowmeters suited to the HP/HT operat-
ing conditions at the bottom of injection
wells are expensive, making deploying
multiple meters very costly.

One solution is a robust, simple flow
sensor based on the proven mechanical
concept of vortex shedding (Figure 3). An
obstruction placed in the flow will gener-
ate a periodic pressure fluctuation (vortex)
at a frequency that is proportional to the
flow. The FBG vortex flowmeter consists
of a shedder bar as an obstruction and a tail
plate with an embedded FBG to pick up
the vibration.

Using proper fiber optic components
and optimized mechanical design results
in a rigid fiber optic flow sensor that can
be used at temperatures to 335 degrees
Celsius and pressures to 140 bar. FBG vor-
tex flowmeters offer a much larger turn-
down ratio than orifice plate meters, and

FIGURE 3
Vortex Shedding from Flow Obstruction
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have the ability to accurately measure the
density of the medium, making it ideal for
steam quality measurements.

Chemical Sensors
Although FBG sensors generally are

used to measure physical parameters, the
technology has been extended to include
chemical sensing functionality. FBG-
based chemical sensors in an array config-
uration can be developed into a distributed
chemical sensing (DCS) system to detect
specific molecules along the full inflow
area of a producing well. Possible appli-
cations are detecting formation water
and/or water breakthrough. The sensors
also can detect small quantities of chem-
ical compounds such as hydrogen sulfide.
Another interesting application is monitor-
ing carbon dioxide concentrations in car-
bon capture and storage reservoirs.

There are different technologies for
fiber optic chemical sensing. One ap-
proach is to use a chemically responsive
coating to generate an axial strain in the
fiber/FBG under the influence of the
presence of a chemical compound (Figure
4). Applying different coatings on differ-

ent FBGs makes the DCS system suitable
for measuring chemical compositions.

When measured properly, the strain-in-
duced FBG wavelength shift can provide

quantitative information about an environ-
ment’s chemical composition. The chal-
lenges of such distributed chemical sensors
include the sensitivity of the coating, the

FIGURE 4
Coating-Based Fiber Bragg Grating Chemical Sensor
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processing of the coatings onto the FBG,
and optimizing chemical selective re-
sponsive polymeric coatings for different
chemical elements.

To date, the sensitivity of various coat-
ings for humidity, CO2 and H2S have been
demonstrated. Figure 5 shows the stabil-
ity of the humidity coating after periodic
temperature (from 23 to 80 degrees Cel-
sius) and humidity cycling (50 to 100 per-
cent) in a climate chamber for about six
months. No degradation of the coating re-
sponse was observed.

Combining multiparameter sensing
and quasi-distributed sensing with signal
processing and data mining technology is
providing game-changing capability that
represents the foundation of the new gen-
eration of monitoring systems for control-
ling and optimizing well efficiency and
production. �

Editor’s Note: The authors acknowl-
edge Shell, SmartFibres, Hong Kong
Polytechnic University, and colleagues at
TNO for their contributions to developing
the FBG-based sensor concepts discussed
in this article.
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Sensor FBG Reflection Wavelength Change 
(Multiple Temperature/Humidity Cycles)

FIGURE 5
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