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For more than 50 years, optic fibers paved the way in optical communication systems, connecting
the world raging from long-haul terrestrial and submarine connections to the very cable that nowa-
days reaches our homes becoming the defacto standard over traditional copper wire transmission.
Less known is that these same fibers used for high speed data transmission are also high precision,
high quality sensing devices. In this regard, their usage and potential in enhanced oil and gas
recovery shall be addressed.

I. INTRODUCTION [1–3]

For more than 50 years, optic fibers paved the way
in optical communication systems, connecting the world
raging from long-haul terrestrial and submarine connec-
tions to the very cable that nowadays reaches our homes
becoming the defacto standard over traditional copper
wire transmission. Less known is that these same fibers
used for high speed data transmission are also high pre-
cision, high quality sensing devices.

Over the last 20 years, possibly prompted by sev-
eral factors raging from political instability endangering
the world’s biggest producers, dwindling existing conven-
tional reservoirs and less new conventional discoveries to
emerging countries evergrowing apetite for energy and in-
creasing oil and gas prices, enhanced oil and gas recovery
techniques have seen increasing interest and demand.

Many of these techniques, often rely on operating at
high temperature, high pressure conditions while requir-
ing high precision control and monitoring in order to
achieve success and diminish risk in an industry where
failure may cost several millions of dollars and irrepara-
ble damage.

Along with the vertiginous development of optic fiber
communication systems, sensing technologies based on
these same fibers also emerged and over the last decade,
after establishing themselves in different areas such as
aerospace, construction, auto and many other industries,
they are now paving way in the oil and gas industry
through a diversified portfolio of ready to deploy prod-
ucts tailored to the modern age of oil and gas exploration.

In this report, the physical principles behind the mar-
ket’s most significant technological offers regarding optic
fiber sensing shall be addressed, clarified and reviewed.
Their application in enhanced oil and gas recovery shall
be explicited through different techniques and a more
specific usage framework shall also be offered.

At the end of this report, additional remarks regarding
the optic fiber sensing future, market considerations and
also other uses in the oil and gas exploration shall be
quickly reviewed along with some final comments.

II. WHAT ARE OPTIC FIBERS? [1–3]

An optic fiber is no more than a thin, flexible, trans-
parent fiber made of high quality quartz glass or other
materials such as polymers. Sometimes it is simply de-
scibed as a light pipe or a confined waveguide.

Fig. 1. A laser bouncing down an acrylic rod, illustrating the
total internal reflection of light inside an optical fiber.

These fibers have the capability of trapping the light
inside through a series of internal total reflections and
delivering it in the far end with minimal loss as it is
shown in the figure 1. This is the basis of optic fiber
transmission which basically allows to use optic fibers as
signal carriers as it happens in communication systems
or extrinsic optic fiber sensing.

Along with other physical properties, the internal ge-
ometry of the refractive index which controls the optical
path and the speed of light inside the fiber allow to obtain
more exotic behaviours for the internal reflection mecha-
nisms. These physical phenomena will react accordingly
to their surroundings. This is the basis principle behind
reflectometry and interferometry which basically relates
these physical changes of the light within the fiber as a
result of the physical interactions with the environment.
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III. OPTIC FIBER SENSING (OFS) [4–8]

The optic fiber sensing definition often divides itself
between extrinsic and intrinsic. The former simply refers
to sensing where optic fibers are used to relay the signal
between a probe and the electronics used to process it
while the latter refers to sensors where the fiber itself is
used as the sensing element in the device.

Extrinsic optic fiber sensors are as old as optic fiber
themselves and have been used to replace copper wire
since optic fibers offer endless advantadges over copper
wire regarding cost, resistance, reliability and efficiency.

While copper wire signal reliability suffers greatly due
to thermal noise, ordinary fibers stand up flawlessly at
temperatures up to about 300 oC or 700 oC using quartz
glass, and deliver much less atenuation at the same dis-
tance. Unlike copper, optic fibers are immune to oxida-
tion which affects copper greatly in harsh conditions and
also damages signal reliability reducing its lifetime. Op-
tic fibers also endure pressures up to 1400 MPa and have
a lifetime from 5 to 10 years under extreme conditions,
comparing to 1 to 2 years for copper wire.

However, extrinsic usage is always limited by the sens-
ing element itself, which many times relies on electronic
sensing which basically imposes a heavy cap on the optic
fiber advantadges.

On the other hand, intrinsic optic fiber sensing deliv-
ers the refered advantadges of optic fibers down to the
sensing element itself, therefore opening an array of pos-
sibilities providing real time high precision sensing under
harsh conditions.

Intrinsic optic fiber sensing allows for distributed sens-
ing against traditional discrete sensing. While the latter
only allows single point sensing, relying heavily on esti-
mation methods in order to be able to provide a com-
plete picture, distributed sensing delivers a high resolu-
tion sensing profile (see figure 2) which basically means
that, wherever there is a fiber element, one is able to ex-
tract sensing information at that very point in real time
while ditching the problems related to the fragility of
complex sensing elements since the fiber itself works as a
probe.

Given this, real time sensing opens the possibility
of permanent real time downhole monitoring which in
turn allows for real time reaction and control which ul-
timately results in greater optimization and efficiency
while promising the possibility of much more automation
than that of traditional methods which hopefully will re-
sult in reduced risks. In summary, the ultimate objective
of optic fiber sensing applications in enhanced oil and gas
recovery is the smart oilfield.

Regarding enhanced oil and gas recovery, several im-
plementations of OFS based systems emerged focusing
on temperature, strain (and subsequent derivable mea-
surements) sensing. These implementations often make
use of different physical aspects or approaches and shall
be reviewed in the next section.

Fig. 2. An horizontal drill showing a conceptual distributed
sensing measurement profile.[7]

A. Physical Principles [1–6, 9, 10]

In this section, the physical principles behind the most
relevant OFS technological implementations shall be re-
viewed.

The current dominant OFS solutions available in the
market are mainly based in interferometry or reflectom-

etry or a combination of both.
The interferometry based sensing relies on small dis-

placements, refractive index changes and surface irregu-
larities which will change the destructive and construtive
optical signal patterns allowing measurement.

The reflectometry based sensing is based on the reflec-
tion of waves at the interface of interest. Waves propa-
gate inside the fiber (according to the laws of propagation
regarding that specific fiber) and when there is some dis-
continuity, an impedance break is generated and part of
its energy is reflected back to the injection point. The
analysis of the reflected signal, including Fourier based
methods, can infer information about the system under
consideration and its surroundings.

The fiber Bragg grating (FBG) sensing is considered
a interferometric method whereas Rayleigh, Raman and
Brillouin scattering based methods are reflectometric. 1

1
It should be noted that this is not categoric and using special
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Interferometric Methods

1. Fiber Bragg Grating (FBG) [1, 11–14]

In fiber Bragg grating, a special fiber structured like a
grating, where each grating element alternates its refrac-
tion index as shown in figure 3, is used to obtain both
temperature and strain measurements.

Fig. 3. On top: conceptual schematic of fiber grating; on mid-
dle: refractive index profile of grating; on bottom: interfer-
ometry phenomena inside grating element where the resonant
wavelenght is reflected and the others are transmitted.

An input optical signal is injected and upon contact,
each element of the grating will work as a small inter-
ferometer, basically reflecting the resonant wavelength2

�B of the optical signal back to the injection point and
transmiting all the others along the fiber.

Fig. 4. On left: input optical signal bandwithd; on middle:
transmitted optical signal bandwithd; on right: reflected op-
tical signal bandwithd.

The size ⇤ of the grating will mainly change according
to temperature as established in thermal physics. On

fibers with appropriate specifications, hybrid behaviours based

on both interferometry and reflectometry may be possible. Com-

mercially, it’s possible that some companies offer refined hy-

brid solutions whereas others stick to vanilla approaches. Un-

fortunately, given the possible market value of these exotic ap-

proaches, publically available information usually sticks to the

basic techniques, providing only somewhat vague information

about more sophisticated methodologies.

2
Determined by both the effective refractive index ne of the fiber

grating and the width ⇤ of the grating element.

the other hand, the effective refractive index ne of the
fiber grating will change because of both temperature and
applied strain3. All this will result in a small variation
of the resonant wavelenght �B . Through this variation,
one is able to compute through equation 3.1 changes in
both temperature and strain.

��B

�
= Cs"+ CT�T (3.1)

�B = 2ne⇤ (3.2)

As it should be clear through equation 3.1, the vari-
ations of the reflected output optical signal with wave-
lenght �B can be of both strain and temperature estab-
lishing a crosstalk between these two measurements. To
overcome this difficulty, two different FBG sensing ele-
ments can be used: the one which measures temperature
should be resistant to strain deformation as best as possi-
ble while being thermally expandable whereas the strain
sensing element should be inverse allowing deformation
related to mechanical strain but immune as possible to
thermal expansion.

As it is impossible to obtain such ideal materials in the
real world, in equation 3.1, coefficients of strain4 Cs and
temperature5 CT allow building correlation based models
which allow to refine and diminish crosstalk contributions
in the measurement of both temperature and strain.

Reflectometric Methods

Fig. 5. Diagram showing the peaks of Rayleigh, Brillouin and
Raman. Variational representation for Raman and Brillouin
peaks.[15]

3
The temperature changes the density of the fiber which results

in a variation of the refraction index while the mechanical strain

changes the way light interacts with phonons (inherent vibrations

of the atomic structure of the fiber material) which results in a

variation of the refraction index as well.

4
Related to strain optic coefficient pe.

5
Related to both thermal expansion coefficient of the optical fiber,

↵⇤, and the thermo-optic coefficient, ↵n.
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Despite being based on different phenomena, these
methods share the same general definition of reflectome-
try and the same basic apparatus of a fiber injected with
an optical signal and subsequent backscatter signal pro-
cessing.

2. Rayleigh Scattering [9, 10, 16]

In Rayleigh scattering, a different approach is taken.
An input optical signal is injected in the fiber, this signal
will suffer internal reflections as shown in figure 1 and
eventually return with losses to the injection point as
shown in figure 6.

Fig. 6. Conceptual schematic showing Rayleigh scattering
signal attenuation through a fading optical wave inside the
fiber.

These losses along a fiber at lenght l are described by
the equation 3.3 in which the intensity of the input sig-
nal (Rayleigh peak: see figure 5) decreases exponentially
accordingly to a coefficient ↵RS .

I (l) = I0e
�l↵RS (3.3)

↵RS =

8⇡3kTf

3�
n8p2✏�T (3.4)

The Rayleigh scattering coefficient ↵RS relevantly de-
pends on the eighth power of the refractive index n, the
square of strain optic coefficient p✏ and linearly on the
isothermic compressibility coefficient �T . Again, changes
in the refraction index will allow measurement of temper-
ature which in this case allow extreme sensitivity since
the factor depends on the eight power of the refractive
index. The square dependence on the strain optic co-
efficient also provides good sensitivity for strain related
measurements.

And for last but not the least, of great relevance is
the linear dependence on the isothermic compressibility
coefficient whose dependence allows to build signal pro-
cessing models which help distinguish strain from tem-
perature influences in a single fiber. However, such as in
FBG sensing, multiple fibers more sensitive to temper-
ature or strain are normally used to eliminate crosstalk
issues. As it will be shown further on, the usage of mul-
tiple fibers in scattering based methods is less difficult
than in FBG. Rayleigh scattering inherits the name of
Lord Rayleigh, a 19th century british physicist who first
studied phenomena related to light scattering which are
the basis of this method.

3. Brillouin Scattering [9, 10, 17–20]

In Brillouin Scattering, an optical phenomenon deeply
related to the crystal lattice structure of materials (in
this case, an appropriate optic fiber) is explored to ob-
tain both temperature and strain related measurements.
As established by solid state physics, solid substances
possessing a lattice structure vibrate. These vibrations
are related to the internal energy of atoms (temperature)
and can also be affected by applied strains. These vi-
brations will translate themselves in particle-like entities
often referred as phonons. These fake particles are capa-
ble of interacting with photons through a phenomenon
often described as a mechanical colision. This "colision"
may be elastic or inelastic regarding the conservation of
momentum of both the phonon and the photon. When
the colision is elastic, the energy of both phonon and
photon remain the same. However, when the colision
is inelastic the photon may gain (anti-Stokes photon) or
loose (Stokes photon) energy from the crystal lattice rep-
resented by the phonon. When it is the case, a change
in the frequency of the photon will occur. Thus, an op-
tical signal is injected in the fiber and both Stokes and
anti-Stokes photons are backscattered as shown in figure
7.

Fig. 7. Conceptual schematic showing interaction between
the optical signal and the crystal lattice of the fiber thus gen-
erating Stokes and anti-Stokes photons with bigger and lower
energy respectively.

Phonons are simply one of many possible descriptions
of the intrinsic vibations of the crystal lattice. As it
should be expected, if applied more strain in the fiber,
the lattice will be more rigid and become more sensitive
to vibrations. On the other hand, when temperature in-
creases, the atoms in the lattice will vibrate more and in-
crease the lattice vibrations. Given this, whenever there
is Brillouin scattering, the resulting photon frequency is
given by equation 3.5 depending directly on the square
root of the accoustic velocity within the fiber which is
given by the ratio of the Young’s modulus by the den-
sity of the fiber material which depends on the inverse of
temperature.

⌫B =

2n

�0

s
K✏

⇢T
(3.5)

This frequency also depends linearly on the refractive
index of the material whose variations also allow to mea-
sure temperature, although since the dependence is small
compared to other methods, Brillouin scattering is often
used to exclusively measure strain. Brillouin scattering
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is named after the french 19th century physicist Léon
Brillouin who studied among other subjects, the lattice
structure of crystals.

4. Raman Scattering [21, 22]

Raman scattering shares the same principle described
for Brillouin scattering with a slight change. Whereas
in Brillouin scattering the interaction between the pho-
tons of the injected optical signal and the fiber occur
only with the vibrations of the crystal lattice referred as
phonons, in Raman scattering, some fiber molecules will
contribute vibrational atomic and rotational molecular
energy to the photonic interaction, generating although
less frequently (and therefore showing much less intensity
than Brillouin and Rayleigh backscattering peaks) higher
and lower energy photons for anti-Stokes and Stokes pro-
cesses respectively as shown in figure 8.

As it is expected, Raman scattering photons are
strongly dependent on the temperature of the fiber since
the additional energy variation comes solely from molec-
ular and atomic movement which is the microscopic form
of what is known as temperature. Because of this, this
method is used solely to measure temperature.

Interestingly enough, the intensity of Raman scatter-
ing photons (which translates the probability of Raman
interaction) is described by a Boltzmann distribution de-
pendent on temperature as shown in equation 3.6.

IS
IAS

=

✓
⌫ � ⌫R
⌫ + ⌫R

◆4

exp


hc⌫R
kT

�
(3.6)

It should be noticed that the intensity of the Ra-
man peak for Stokes photons is usually considered con-
stant because these photons are often in the infra-red
region and interact thermally with the system being un-
detectable (see figure as shown in figure 8). They can
even ending contributing to increase the temperature and
generate anti-Stokes photons of higher energy.

Fig. 8. Conceptual schematic showing Raman interaction be-
tween the optical signal and the fiber thus generating Stokes
and anti-Stokes photons with bigger and lower energy respec-
tively. The lower energy photons are in the infra-red region
and will interact thermally with the system becoming unde-
tectable.

As it can be shown in the graphic in figure 9, curves for
different materials can be traced allowing to determine
temperature.

Raman scattering is the most widely used method for
temperature measurement using fibers because it com-
pletely eliminates problems related to crosstalk related

Fig. 9. Graphic showing hipothetical temperature curves
against the ratio of intensities of Raman photons (whereas
IS is usually imposed as an phenomenological constant).

to strain since strain will only change the frequency of
Raman scatering anti-Stokes photons whereas it is the
intensity which relates to temperature.

Raman scattering inherits the name of the 20th century
british-indian physicist Sir Chandrasekhara Venkata Ra-
man who among other feats made valuable contributions
related to spectroscopic behaviour of crystals.

IV. OFS IN ENHANCED OIL & GAS
RECOVERY

A. Technological Implementations [4, 5, 16, 23]

Now that the physical principles behind OFS have been
thoroughly reviewed in the previous section, their tech-
nological implementation in sensors used in the enhanced
oil and gas recovery shall be addressed.

The available sensors can be divided in two major cat-
egories: discrete and distributed sensing. As it should
be suggested by their names, discrete sensing is related
to single or multi point measurement of temperature and
strain related physical quantities while distributed sens-
ing allows to obtain a temperature or strain profile for a
given lenght only limited, not by point of application but
only by intrinsic resolution.
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1. Discrete OFS [12, 16, 23]

The discrete OFS methods are interferometric. The
first sensor ever developed was directly based in the sim-
plest interferometer concept, the Fabry-Pérot interferom-
eter6 which is considered to be of very limited use to
present day challenges. This makes the FBG sensor, the
only available discrete OFS solution currently available
in the market.

A typical FBG implementation basically consists of a
probe as the one shown in figure 10. The probe itself is
a simple device, consisting of a communication fiber and
two sensing fiber gratings, one for temperature and the
other for strain measurement. The gratings themselves
contact the fluid through a transducer tube.

Fig. 10. Left: FBG probe installed on pipe; right: two grating
FBG probe schematic.[12]

Basically the probe can be installed downhole in one
or many points in the pipe requiring proper instalation
and pipe preparation and adaptation as shown figure 10.
Within the point of application, the probe will allow tem-
perature and strain related measurements, thus requiring
the instalation of a new probe every time a new point of
measurement is desired or maintance is required.

Being a simple device, regarding CAPEX, it’s an af-
fordable solution raging from $15K to $25K depending
on several factors from the number of measuring points,

6
The Fabry-Pérot interferometer wasn’t reviewed in the previous

section because it’s functioning mechanism is the same as FBG

but instead of using an optic fiber as a resonance cavity for the

optical signal, it used a composition of mirrors. The fragility,

complexity and the fact that it’s not based on optic fiber render

it as an historical reference as the first sensor to be tried in the

industry.

to the charactheristics of the place of application and
other specific issues. It’s also extremely precise, having
an accuracy of 0.4 oC for temperature and 1µ✏ for strain
and is able to mimic distributed sensing through exten-
sive multi-point implementations allied to computational
estimation methods. It also provides real-time informa-
tion.

However, it’s far from being the first choice for many
applications because it faces inumerous limitations. The
size of the probe and somewhat complex instalation re-
quirements make the OPEX related costs possibly very
big since operations may have to be suspended everytime
a new measuring point is needed, this may also call for
deep engineering expertise since current market solutions
are highly customized, in house made by big oil and gas
players thus generating lack of standardization. All these
factors ultimately increase risks and may result in unseen
escalated costs. Given this, despite being an option for
certain applications, it’s currently an underdog solution
against distributed OFS techniques.

2. Distributed OFS [16, 23]

Of much more interest are the distributed OFS sensing
approaches which currently are distributed temperature
sensing (DTS), distributed temperature and strain sens-
ing (DTSS) and distributed acoustic sensing (DAS).

These methods are reflectometric. Reflectometric
methods may use one or both the time domain, thus
referred as optical time domain reflectometry (OTDR)
or the frequency domain, thus referred as optical fre-
quency domain reflectometry (OFDR). More complex ap-
proaches involve code correlation techniques which ba-
sically involve computational error analysis algorithms
used in the communications industry to analyse the
backscatter signal.

In these three methods the fibers are applied directly
downhole along the pipe as it can be seen in figures 12
and 11. The thinness and and resistance of the fibers,
make their replacement and deployment very easy and
straightfoward, literally reducing the sensor instalation
to sticking the fiber along the pipe. Although a con-
veniently prepared pipe may facilitate deployment and
maintenance operations, this is not a requirement being
possible to simply attach them to the pipe.

These techniques are real time and extremely accurate,
having an accuracy of 0.1 oC for temperature and 2µ✏ for
strain measurements with a 10 cm resolution.

They also offers great versatility. Since optic fibers are
relatively cheap, a multi-purpose capable fiber composi-
tion may be installed from the very beginning. This will
allow great upgradability value since the system capa-
bilities will only depend on the post-processing software
and hardware thus allowing system upgrades without the
need of replacing the entire fiber instalation downhole
which can represent tremendous savings when compar-
ing to traditional sensing solutions or FBG. This is true
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Fig. 11. Sensing optic fiber exiting through a wellhead.[23]

for every technique that shall be reviewed. More con-
servative options regarding the fiber deployment are also
available although risking higher costs if upgrades or re-
dudancy is needed.

They are widely available in the market through highly
standardized solutions. Once the fiber is deployed, the
signal injection and subsequent post-processing may be
theoretically be done by any appropriate system built
for such purpose. They are interoperable and coopera-
tive technologies, although specialized companies usually
have complete solutions available and this seems to be the
market trend since profitability seems more related to the
optical signal processing hardware, software systems and
related services than to the direct sale and deployment
of the sensing fibers.

These techniques are expensive, raging from $50K to
$250K depending on the chosen technology, desired fea-
tures, redundancy requirements, fiber charactheristics,
signal processing software and hardware, contractualized
services and so on. However, the easiness of deploy-
ment and maintenance, the simplicity, versatility and re-
sistance of the sensing elements (the fibers), the widely
available complete market solutions and their interoper-
ability make the costs predictable and very stable which
ultimately reduces risks and may result in efficiency gains
and risk related savings.

Distributed Temperature Sensing [24]

The first implementation of distributed OFS to arrive
in the market was distributed temperature sensing (DTS)
and it is to this day, the most deployed technique in oil-
fields and also the most widely available in the market.

DTS systems are based on Raman scattering although,
some solutions may also combine Brillouin scattering to
improve measurement precision.

Most implementations of DTS are mostly OTDR based

Fig. 12. Instalation of distributed OFS fiber for downhole
monitoring. The fiber is the white stripe along the pipe. [23]

where essentially a narrow laser pulse is injected into
the fibre and the backscattered light is analysed. From
the time it takes the backscattered light to return to
the detection unit it is possible to locate the location of
the temperature event. Still, OFDR implementations of
DTS also exist, but being frequency based, they require
Fourier transforms to be applied in real time through
fast Fourier transform (FFT) capable systems which re-
quire very fast and sensitive electronics regarding the low
intensities of Raman scattering anti-Stokes photons. A
code correlation processing is also possible: a coded word
is sent in the form of an optical signal through the fiber.
Through computational real time error analysis, temper-
ature can be measured at each point of the fiber. Despite
requiring more sophisticated systems than OTDR for in-
stance, it works with less expensive lower power laser
units and comparing to OFDR, it generates less noise
because the noise itself is what it is used to extract the in-
formation. Top notch systems can combine all these tech-
niques for the sake of redundancy and reliability. DTS
provides temperature profiling for a maximum lenght of
30 km.

These systems gained a lot of attention by the oil and
gas industry in the United States in order to maximize
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Fig. 13. Typical DTS system display. A temperature gradient
profile can be seen in the top while a pressure profile can be
seen in the bottom (courtesy of Halliburton).

the efficiency of thermally enhanced recovery methods in
recent years which will be presented further on.

A very popular application of DTS is the 3D plot of
temperature profiles through the hole along the time as
shown in figure 14.

Fig. 14. Typical DTS system 3D plot (courtesy of Schlum-
berger).

Distributed Temperature & Strain Sensing [25]

Distributed temperature and strain sensing works the
same way DTS does but it is based on Brillouin scattering
instead of Raman scattering.

Unlike DTS, being based on Brillouin scattering, DTSS
allows the measurement of both strain and temperature

which also means that possible crosstalk issues may oc-
cur which usually requires rather specialized fibers to be
used. Because of this, DTSS has found its way in the
market as a complement to already deployed DTS sys-
tems for the sole purpose of strain related measurements
such as pressure or flow which sometimes results in being
designated only as distributed strain sensing (DSS).

The same signal processing techniques, OFDR, OTDR
and code correlation can be used to interpret the
backscatter signal although, specially regarding code cor-
relation, crosstalk may be a daunting issue since the error
combine both strain and temperature contributions.

However, with the development of systems using dis-
tributed acoustic sensing (DAS) combined with DTS,
DTSS doesn’t seem to be very popular among the in-
dustry.

Distributed Acoustic Sensing [26–28]

Distributed acoustic sensing (DAS) relies on Rayleigh
scattering. Not relying upon physical changes across the
backscatter signal other than than intensity as predicted
by Rayleigh scattering, DAS signal processing will rely
on OTDR combined with appropriate computational al-
gorithms.

Since the sensitivity of this system is related to at-
tenuation rather than intrinsic physical properties of the
light, it doesn’t allow true measurement of temperature
but only of its variations. Although, DAS is very sensi-
tive to these variations and because of this it’s often used
in combination with DTS to provide better temperature
sensing as shown in figure 21 (end of document).

On the other hand, the system is highly sensitive to
strain variations, which makes it extremely sensitive to
strain related measurements allowing to start by obtain-
ing a signature acoustic profile of the of the hole which
will allow to plot a real time turbulence map which may
include flow, pressure and strain among other related
measurements as shown in figure 21 (end of document).

It should be noticed that usually, this system is always
in combination with DTS which is not surprising since
the latter is very common whenever OFS is applied in
the oil and gas industry.

B. Usage in EOGR [5, 23]

Now that the physical principles and their technologi-
cal implementations have been reviewed, a review of the
application of these techniques in the enhanced oil and
gas recovery techniques will be performed followed by a
more specific application review.

As it can be predicted, since OFS techniques pro-
vide high resolution high precision harsh conditions dis-
tributed sensing for temperature and strain related mea-
surements, its application whenever pressure and tem-
perature are paramount, they easily become the natu-
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ral choice. Given this, they are used frequently in ther-
mal, physical and other EOGR methods. To be noticed
that OFS finds a natural application in hydraulic fracking
where DAS and DTS based systems offer real time sand
displacement distribution information as well as temper-
ature and pressure measurements.

1. Hydraulic Fracking [29]

As it can be easily shown in figures 15 and 21 (end of
document), a DTS-DAS system allows the monitoring of
the hydraulic fracture real time, allowing to optimize op-
eration. Further on, a detailed description of an hydraulic
fracking operation using DTS shall be performed. Acid
stimulation can also be optimized through DTS-DAS as
it is shown in 21.

Fig. 15. Conceptual schematic of hydraulic fracking operation
monitored through a DTS system. [5]

2. Thermal & Physical Methods

As it can be expected, distributed OFS has gained a
lot of traction in thermal and physical EOGR methods.
It has mostly found usage in gas lift monitoring and op-

timization, production and inflow monitoring, injection
profiling, water management, well integrity monitoring
and ESP optimization. Further on, detailed examples
shall be provided.

Given this, mostly through DTS, techniques such as
in-Situ combustion (ICS), steam flooding, cyclic steam
stimulation (CSS) and steam assisted gravity drainage
(SAGD) and CO2 flooding have promptly adopted OFS.

In figure 16, a SAGD operation requires the usage of
DTS to control and optimize steam injection.

Fig. 16. Diagram of steam assisted gravity drainage (SAGD)
operation using OFS. [5]

C. Specific Applications [24, 30–45]

In this section, a few specific cases with different objec-
tives in some wells shall be briefly presented. Since DTS
is by far, the most established OFS technology, most of
these applications rely on it in combination with other
techniques. The review presented in this section is a
brief information overlay since these cases are explored
indepth in their corresponding articles which are cited in
each case.

1. Production & Inflow Monitoring, Gas Lift Monitoring &
Optimization [34, 45]

The Marco Polo platform is a tension leg platform
(TLP) set in 1300 m of water in the Gulf of Mexico.
Production commenced in 2004 from the six Marco Polo
field wells. These wells are tied back to the platform via
vertical risers with dry trees on the platform. Produc-
tion is from reservoirs approximately 3700 m subsea true
vertical depth (SSTVD) and about 50 oC.

Flow assurance concerns heavily influenced the com-
pletion design philosophy of these wells. The produced
fluids are laden with asphaltenes and waxes. Hydrate
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formation is also a concern with shut-in temperatures
approaching 3 oC in the 1300 m water depth environ-
ment. The wells were designed to avoid conditions that
would allow these solids to form using mechanical and
chemical means. Mechanically, dual barrier risers with
separate tubing strings for production and gas lift were
installed, allowing a gelled insulating fluid to be used as
the riser fluid. This insulating fluid allows the well to re-
tain more heat above the seafloor where cooling is more
prevalent. Production tubing above the mud line is also
plastic coated to deter waxes from adhering to the tub-
ing walls. Chemical injection lines are run down to the
subsurface safety valve and the production packer so that
hydrate, paraffin, asphaltene, and scale inhibitors can be
utilized.

Permanent downhole pressure and temperature FBG
monitored gauges and DTS were run in each of the wells
to provide data for reservoir and production management
and to help prevent flow assurance issues. Marco Polo
represents the first field-wide installation of DTS in a
deepwater Gulf of Mexico field. The DTS system pro-
vides real time temperature data along the entire fiber
optic run to assist avoiding environments conducive to
hydrate and wax formation.

Since no data is available for the above case, an ex-
ample of DTS data for gas lift valve monitoring obtained
from the Tern Alpha platform in the North Sea is shown
in figure 17.

2. Injection Profiling & Water Management [39]

Cogdell, Texas is an old reservoir re-activated by using
alternating injections of water and CO2 as the tertiary
recovery mechanism. Complex geology makes it neces-
sary to monitor both injection and production over time
to determine the effectiveness of the sweep.

DTS systems are installed on one injector and four
producers, in a six-spot pattern, for continuous mon-
itoring across the crest of the reservoir. Conventional
production logging is not possible because electrical sub-
mersible pumps restricted access, and repeated injection
logging required to monitor changes with the same res-
olution during several water and gas cycles, would be
impractical.

Permanent DTS monitoring of the injector enabled a
quantitative analysis of the injection profile. This contin-
uous profile monitoring process identified the zone taking
the majority of the injected fluid and indicated that in-
jection into the other zones varied with the water and
gas cycle.

The monitoring allowed the identification of the flow
contribution from each interval as well as changes over
time. CO2 entry was also identified. This data confirmed
sweep paths from the injector to the producers and pro-
vided an improved understanding of the operation of the
water and gas injection in the Cogdell reservoir.

DTS monitoring provided important information for

Fig. 17. Gas lift valve monitoring graphic. The graph shows
the raw data extracted from the distributed temperature
system indicating the initial thermal profile of the wellbore
(thicker line) and the various thermal profiles following initial
kick-off. These profiles clearly show the gaslift valves opening
and closing, and the significant Joule Thomson effect of the
gas passing through the operating valve at 2,640 m. The well-
bore then begins to heat up due to the hotter fluids beginning
to flow from below. [45]

well and pattern performance analysis where prior ability
to monitor response was limited or non-existent.

3. Well Integrity & Monitoring [32, 34]

BP-Amoco operated Wytch Farm, England has in-
stalled DTS systems on two of their extended reach
drilling (ERD) wells in order to provide real time reser-
voir surveillance. This approach to reservoir monitoring
has provided important information about the well and
reservoir performance. This type of zonal contribution
and fluid data would normally be acquired by running
production logs on the end of coiled tubing at infrequent
intervals, however the dual completion on Wytch Farm’s
M-12 well made conventional production logging impos-
sible.

DTS data has been recorded over 2 years throughout
well tests and shut-ins, as well as during normal periods



11

of production. Data analysis is performed both visually,
by correlating time related thermal events observed in
the well with known reservoir and production anoma-
lies, and theoretically by comparing recorded tempera-
ture data with that predicted by thermal profiles gen-
erated using nodal analysis fluid flow and heat transfer
software. This software allows estimates of production
by zone to be compared to actual recorded temperature
data, enabling a variety of production scenarios to be
investigated and the most likely identified.

The installation DTS monitoring on Wytch Farm field
has enabled the asset to recognise flow behind casing and
cross flow during shut-in in the M-12 well and water fin-
ger encroachment to be identified in the M-17 well. This
data has provided important information about both the
reservoir and well performance in real time, which would
not usually have become available until later in the wells
life.

With hurricane Ivan in 2004, hurricanes Katrina and
Rita in 2005 and the Deepwater Horizon oil spill in 2010,
the Gulf of Mexico operating area has suffered significant
damage to its offshore structures. These experiences have
shown it is essential to not only collect environmental and
structural data, but to have this data readily available
to stakeholders and technical experts for assessment in
the aftermath of a storm or other unexpected event that
threatens structural integrity.

These events have been called the greatest disasters
related to oil and gas development in history. Hope-
fully, through wide deployment of next generation well
integrity & monitoring systems, the impact of such catas-
trophes may be diminished or even avoided.

4. Fracture Height Monitoring & Electric Submersible
Pumps Optimization [24]

As it was shown, DTS can provide a temperature pro-
file of the entire wellbore in real time, which in turn,
can provide an enhanced understanding of the downhole
flow (or injection) profile. Historically, DTS has been a
niche service for steamflood and geothermal applications
due to its high bottomhole temperature (BHT) surviv-
ability. Acceptance of the technology, deployments costs,
and value added are the reasons applications outside of
steamflood and geothermal wells are being recognized.

However, DTS finds usability in different situations
non related to steamflood applications of DTS. For in-
stance, in an oilfield located in north-central Sumatra,
Indonesia three cases were explored to optimize comple-
tion and improved the well management strategies:

• Determined fluid level for electrical submersible
pump (ESP) optimization;

• Monitored real time fracture height growth during
a mini-frac treatment;

• Flow profiled in an artificial lift completion where
the producing interval was inaccessible for a con-
ventional production logging test (PLT).

ESPs reliability is often questioned and many times,
their "health" can only be acessed while waiting for a
problem to develop and have to diagnose it using post

mortem analysis. Through DTS, the fluid level was
succefully determined which allowed optimization which
hopefully improved the reliability of the ESP.

Fracture height growth monitoring is a very valuable
in hydraulic fracking. Blind or estimated fracture height
analysis may result in subperformance results or even
compromise the entire fracking operation. With DTS
(nowadays used along with DAS), a precise control is ob-
tained greatly improving the success of these operations.

In this deployment, the fiber spirals between the outer
tube the sand screen as it can be seen in the figure 18.

As it was already referred, a DTS-DAS data screen is
present in figures 22 and 21 (end of document) while an
instalation example diagram in figure 19.

Fig. 18. Cover of March 2012 edition of Journal of Petroleum
Technology. The optic fiber is spiraling along the sand screen.
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Fig. 19. Installation example of sand screen and gravel pack
using pump’s own fiber system. [23]

5. Real Time Stimulation Monitoring [31]

A combined system of DTS to measure the dis-
tributed temperature across the entire wellbore and a
molecular telemetry transmission system that provides
a single-point determination of bottomhole pressure can
be assembled. Such system has been used to per-
form real-time downhole monitoring of multi-stage acid-
stimulation treatments performed on wells that contain
multiple non-isolated pay intervals. The fiber-optic for
the DTS is contained inside a length of capillary tubing,
which is placed concentrically inside a larger size cap-
illary tubing. The created annulus between these two
strings of capillary comprises the molecular transmission
system for determining the bottomhole pressure.

The proposed application took place in the Elk Hills
Oil Field, California, where the 300 m thick shales pose
a major challenge in developing a successful treatment
design strategy.

The temperature profile across the multiple pay inter-
vals yielded valuable information for identifying which
zones were taking the acid, allocating how much acid
these zones were taking (relative to one another), and
identifying the zones not taking acid. This allowed on-
the-fly changes to be made on-site in real time regarding
the make-up of the acid treatment, the pumping rates,
and when and where to apply diversion processes.

This system enabled the operator to continuously mon-
itor the wellbore temperature across the interval that was
being stimulated as well as from a single-point bottom-
hole pressure below the lowest perforation. In this case,
the system was deployed inside the work string used for
the acid stimulation, but the system can also be perma-
nently deployed.

The nominal ratings for this specific monitoring sys-
tem are 250 oC and 70 MPa. This allows the system to
be applied in a large number of wells, either onshore or
offshore. Furthermore, there are no downhole electronics
and no moving parts, making the system extremely well

suited for harsh environments.

V. MARKET [23]

The companies currently offering OFS solutions re-
garding oil and gas production are Baker Hughes, CG-
GVeritas, Fiber SenSys, FISO Technologies Fotech,
IFOS, Intelligent Optical Systems, Halliburton, LIOS
Technology, Luna, Micron Optics, Northrop Grumman,
NP Photonics, Opsens, Optiphase, OZ Optics, Petrospec
Engineering PGS, QinetiQ, Schlumberger, TGS, Weath-
erford and Zeibel.

The current clients of these companies include Aera
Energy, AGIP, Anadarko, BHP Petroleum, BP, BSP
(Brunei), Centrica Energy, Chevron/Texaco, Cono-
coPhilips, EnCana, Husky Energy, Oxy/Occidental,
PDO (Oman), PDVSA, Petrobras, Pemex, Saudi
Aramco, Shell and Suncor.

This market is going through an avalanche of acquisi-
tions and therefore many of the providers have become
subsidiaries of their clients.

In 2013, the market related to OFS amounted to $622
million. In 2017, it’s expected to increase up to $1525
million owing 73% growth to the oil and gas industry.

VI. OTHER USES FOR OPTIC FIBERS IN OIL
& GAS [15, 46, 47]

The usage of optic fibers in the oil and gas industry
covers a myriad of applications. Modern communication
and signal transmission is done almost exclusively by op-
tic fibers. Regarding OFS, pipeline monitoring is a pop-
ular application along with LNG monitoring, umbilicals
and all sort of subsea equipment such as RVs, christma
tree monitoring and all kind of structure integrity mon-
itoring related applications. In a more industrial tone,
OFS may provide control systems for modern refineries
or FPSOs. Safety related applications are endless in this
industry.

Fig. 20. Photonic crystal fiber (PFC) microscopic structure.
The alveolar structure allows directional strain measurement
also conferring more flexibility and resistance.
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VII. THE FUTURE FOR OPTIC FIBERS IN OIL
& GAS [48–50]

The current challenge to optic fibers in the O&G in-
dustry is improving precision, reliability and resistance.

At around 1000 oC in hydrogenated environments, op-
tic fibers transparency goes dark due to a phenomnon
referred as hydrogen darkening. A possible solution re-
lies on sapphire glass fibers which are able to stand up
to 2000 oC and are currently scaling to mass production
fabrication.

Regarding precision and accuracy there is the photonic

crystal fiber (PFC) (see figure 20). PFCs possess an alve-
olar structure which allows much more precise and direc-
tional measurements of strain related quantities. It also
may improve the fiber resilience and resistance to strain.

VIII. FINAL REMARKS

It is concluded through this report, that OFS tech-
nology and optic fiber related technology are paramount
to the future of the industry showing great promise re-
garding the challenges of the 21st century in oil and gas
exploration.
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Fig. 21. The top graph shows the amplitude of the DAS signal is displayed along 260 m of wellbore throughout the 3 hour
stimulation job. The perforation cluster spacing is 50 m. The colors represent acoustic energy levels (red is high, blue is low)
across a high frequency range. The higher amplitudes of the acoustic signal clearly show which perforation cluster are taking
fluid. The middle graph illustrates the recorded DTS data. Cooling can be observed (blue colors) at various locations during
the hydraulic fracture treatment. Cooling is indicated at locations where a fracture is initiated due to the cooler fluid injected.
The bottom graph shows the surface treating pressure, slurry rate and proppant concentrations. This interval was completed
using slickwater with low proppant concentrations.[27]

Fig. 22. The graphic shows the proppant distribution placed in each perforation cluster based on the acoustic signal measure
throughout the treatment. In this example the hydraulic fracture stage shows that the 2 heel clusters are the dominant ones,
while the toe clusters are stimulated a negligible amount. This quantification of the fluid and proppant placement demonstrates
how effective this hydraulic fracture stage was in stimulating the target rock around the wellbore. Because this fracture stage
resulted in a non uniform distribution of fluid and proppant placement, this may impact the inflow performance and the recovery
from this stage. The DAS data was crosschecked through seismic with success.[27]


