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Summary

Fibre-optic sensing for application in oil and gas wells.

Fibre-optic sensing has the potential to revolutionise well and reservoir surveillance in the oil and gas
industry. Benefits come from the passive nature of fibre-optic sensors, the potential for cost-
effective installations, combined with the possibility of densely-distributed measurements along
the entire length of the fibre. Information obtained with fibre-optic sensors installed in oil and
gas wells contributes to efficiency, safety and ultimate recovery.

A variety of fibre-optic sensors enables measurement of physical effects such as femperature,
pressure, chemical composition, strain and acoustics. A suitable data-infrastructure and processing
capabilities to translate those measurements into valuable information are crucial elements of any
sensing system. The basis is formed by suitable fibre-optic sensors in the well and an znterrogation
unit at surface. This thesis focuses on the development of sensing hardware based on two fibre-
optic techniques: fzbre Bragg gratings and Rayleigh scattering.

Fibre Bragg gratings (FBGy) are point sensors that can be distributed along the length of a fibre-optic
cable. One of the key enablers for cost-effective FBG-based sensing systems is a /ow-cost and
robust interrogation unit. The successful development of such interrogation unit for use in a high-
temperature desert environment is presented (Chapter 3). This development aims at stimulating
commercial low-cost realisations. These can be evaluated in-house in combination with a
dedicated test setup (Chapter 4).

Distributed Acoustic Sensing (IDAS) 1s a tully distributed sensing technique using Rayleigh scattering from
naturally-occurring scatter sites along the length of a standard optical fibre. The backscattered
energy can be interpreted to realise quasi-microphones all along the fibre. DAS has received
much attention recently because of its potential application in down-hole surveillance such as in
fracturing monitoring, flow monitoring, as well as in geophysical monitoring. With a focus on
geophysical applications, this thesis describes the development of suitable znterrogation units (Chapter 5)
and the successful verification of new prototypes in field trials (Chapter 6). To further widen the
geophysical application scope, the sensitivity of the fibre-optic sensing cable for seismic waves
impinging perpendicular to its axial direction required to be enhanced (Chapter 7). This thesis
introduces the development of such cable concepts, and presents results of successful laboratory
and field trial tests (Chapter 8).

Distributed sensing techniques offer the potential of reducing cost while increasing the spatial
resolution. However, the continuous measurement along the cable length introduces
uncertainties in the conversion from optical length in the fibre to a location in the down-hole
environment. While several methods for depzh calibration have been proposed, this thesis illustrates
the development of a novel method: the Magnetic Depth Locator (Chapter 9). Installation of
multiple magnet assemblies in the well provides for permanent depth referencing points, which
makes it very suitable for safeguarding the depth-accuracy required by zme-lapse well and reservoir
monitoring (Chapter 10).

Multiple fibre-optic sensing technologies can be combined in a down-hole environment. The
resulting abundance of measurements continuous in time and distance along the fibre, presents a
unique opportunity for robust well and reservoir surveillance in the oil and gas industry.
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Samenvatting

Glasvezelmeettechnieken voor toepassing in olie- en gasputten.

Het gebruik van op glasvezel gebaseerde meettechnieken in de olie- en gasindustrie biedt revolutionaire
mogelijkheden voor de bewaking en bemonstering van putten en reservoirs. Voordelen zijn ondermeer
het passieve karakter van glasvezelsensoren, de mogelijkheid tot kostenreductie, in combinatie met
een groot aantal meetposities over de lengte van de glasvezel. De informatie die met
glasvezelsensoren wordt verkregen in olie- en gasputten draagt bij aan de efficiéntie en veiligheid
van de productie en aan maximalisatie van de totale winning.

Een verscheidenheid aan glasvezelsensoren maakt het meten van fysische grootheden zoals
temperatunr, druk, rek, akoestiek, en chemische samenstelling mogelijk. Een geschikte infrastructuur en
voldoende verwerkingscapaciteit om deze metingen te vertalen naar bruikbare informatie zijn
cruciaal voor een dergelijk meetsysteem. De basis hiervoor wordt gevormd door de juiste
glasvezelsensoren in de put en een witleesapparaat aan het oppervlak. Dit proefschrift richt zich
voornamelijk op de ontwikkeling van meetsystemen gebaseerd op twee glasvezeltechnieken: fibre
Bragg gratings en Rayleigh verstrooiing.

Fibre Bragg gratings (FBG’s) zijn puntsensoren die op iedere gewenste positie aangebracht kunnen
worden in een glasvezelkabel. Een belangrijke eis aan een financieel aantrekkelijk meetsysteem
gebaseerd op FBG’s is een goedkoop en betromwbaar uitleesapparaat. De succesvolle ontwikkeling
van een dergelijk uitleesapparaat voor gebruik in een warme woestijnomgeving wordt in
Hoofdstuk 3 besproken. Deze ontwikkeling is bedoeld om de invoering op commerciéle basis te
stimuleren tegen een concurrende prijs. Dergelijke commercieel ontwikkelde uitleesapparaten
kunnen intern geévalueerd worden met behulp van een speciaal ontwikkelde testopstelling
(Hoofdstuk 4).

Distributed Acoustic Sensing (DAS) 1s een techniek die metingen op iedere willekeurige positie over de
gebele lengte van de glasvezel mogelijk maakt door analyse van het fenomeen van Rayleigh
verstrooiing: deze verstrooiing wordt veroorzaakt door interactie tussen het ingestraalde licht en
verstrooiingscentra die in het materiaal van een standaard glasvezel aanwezig zijn en wordt
beinvloed door akoestische trillingen van de glasvezel. De teruggekaatste energie kan
geinterpreteerd worden alsof het microfoontjes zijn, verdeeld over de gehele kabel. DAS heeft
recentelijk veel aandacht gekregen vanwege de toepassingsmogelijkheden voor de bewaking van
putten, zowel voor het monitoren van fracturing operaties of van gas- en vloeistofproductie, als
ook voor geofysische metingen. Met de nadruk op gegfysische toepassingen, beschrijft dit proefschrift
de ontwikkeling van geschikte witleesapparatunr (Hoofdstuk 5) en de succesvolle verificatie van
resulterende prototypes in veldproeven (Hoofdstuk 6). Het geofysische toepassingsgebied kan
verder verbreed worden door de gevoeligheid van de meetkabel te vergroten voor seismische
golven die /loodrecht op de axiale richting van de kabel binnenkomen (Hoofdstuk 7). Dit
proefschrift introduceert de ontwikkeling van prototypes van dit soort kabelstructuren en toont
de resultaten van succesvolle laboratorium- en veldproeven (Hoofdstuk 8).

Gedistribueerde meettechnicken zoals DAS bieden de mogelijkheid tot kostenverlaging in
combinatie met een verbeterd ruimtelijk oplossend vermogen. Echter, de meting over de gehele
lengte van de kabel introduceert een onzekerheid in de vertaling van optische lengte in de
glasvezel naar de corresponderende locatie in de ondergrondse omgeving. Naast verscheidene
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andere voorgestelde methodes voor diepte-ijking, wordt in dit proefschrift de ontwikkeling van een
veelbelovend alternatief geillustreerd: de Magnetic Depth Locator (Hoofdstuk 9). Het inbrengen van
permanente magneten in een houder op een goedbepaalde positie in de put levert stabiele
referentiepunten op om de diepte vast te stellen. Dit maakt deze techniek erg geschikt voor het
bewaken van de dieptenauwkeurigheid die is vereist voor fime-lapse herhaalde monitoring van
putten en reservoirs (Hoofdstuk 10).

Op glasvezel gebaseerde meettechnieken kunnen met elkaar worden gecombineerd in een
ondergrondse omgeving. De overvloed aan metingen die dit oplevert, continue verdeeld over de
tijd en de positie in de glasvezel, is een unieke mogelijkheid voor de bemonstering en bewaking
van putten en reservoirs in de olie- en gasindustrie.
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1. Introduction

This thesis describes the development of fibre-optic sensing technologies for application in oil and gas wells, to
optimize production and safety. The design process ranges from early application research, definition of product
requirements, via product development, to field trial deployment, which is an essential part in Shell’s technology
maturation strategy. The work described can only be realized as part of an integrated team effort, with a long-term
goal of commercial-scale application in Shell’s assets.

1.1. Energy challenge

The work presented in this thesis relates to the development of novel fibre-optic sensing
technologies as part of a corporate product development programme in Shell. One of the largest
international oil companies (I0C), Shell dedicates substantial resources to the development and
implementation of the actual fibre-optic hardware- and software tools. The reasons for such
focus can be linked to the growth in global population and energy demand over the next century.

Rapid population growth in combination with increasing prosperity in developing countries is
expected to lead to a surge in energy consumption over the next decades. Despite
implementation of energy saving measures, forecasts indicate an increase in energy demand in
2035 ranging from 55% up to 95% compared to 2000 [1] [2]. Renewable energy sources are
expected to provide a substantial part of the required energy. However, a range of sources will be
needed to supply the energy required over the coming decades. To do this in a sustainable way, a
part of the world’s energy mix can come from renewables, with fossi/ fuels and nuclear power
providing the remainder. Moreover, oil — and potentially gas [3] — are the basis for many products
in today’s industrialised world, e.g., plastics products or industrial chemicals, and it is unlikely that
sufficient alternatives become available over the next decades [4].

As a result, the challenge for oil and gas companies is to supply sufficient amounts of oil and gas
— together referred to as hydrocarbons — well into the future in a sustainable way. This needs
continuous improvements throughout the production cycle. Displayed in Figure 1.1, the
integrated value chain ranges from wpstream to downstream. Activities to explore and produce
hydrocarbons are collectively referred to as upstream activities, and are the focus of this work.
Production locations include onshore oil and gas wells, offshore platform-based or subsea
production-systems, as well as production of, e.g., sugarcane as an ingredient for bio-fuels.
Downstream activities include all efforts to process and refine the hydrocarbons, eventually resulting
in products that can be sold. Products include fuels, e.g., diesel or kerosene, but also chemicals,
e.g., plastics, as feedstock for other industries. Shell, together with most other IOCs, is active in
the entire value chain ranging from exploring new hydrocarbon sources all the way to marketing
and selling of refined products.

The fibre-optic sensing technologies discussed in this thesis are tailored to upstream applications,
although they also offer significant potential for application to downstream. In upstream, the
challenge is to increase hydrocarbon production as the era of “easy 0i/’> is over: easily-drillable
sources of light-oil are becoming increasingly scarce. Instead, hydrocarbon resources that are
more difficult to recover from challenging environments have to be pursued. Such production
environments include deep water — currently up to approximately 3,000 meters of water depth [5]
— and arctic environments with seasonal operations windows due to heavy ice formation, both
illustrated in Figure 1.1. Apart from finding new resources, significant benefit can come from
increasing the u/timate recovery from existing fields. The amount of oil in a subsurface reservoir is called
oil in place. Only a fraction of this oil, the recovery factor, can be recovered and is considered to be a
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Figure 1.1: Integrated value chain of a state-of-the-art IOC and pictorial diagram of modern
hydrocarbon recovery. ‘Easy oil’ is gone, advanced processes to extract more
difficult resources have to be used and are the focus of the work presented in this
thesis. The onshore field (1) uses fracturing techniques in long hotizontal wells to
extract gas or oil from shales. Steam is injected in onshore field (2) to lower the oil
viscosity and consequently increase the recovery factor. New resources are
increasingly found in challenging areas, such as deep sea environments (3) or in
arctic conditions (4). All these more complex production conditions require
monitoring to ensure efficient operation.

reserve. The portion that is not recoverable is not included unless and until additional — and often
newly developed — methods are implemented to produce it. Historically, only about 35% to 45%
of the hydrocarbons in place in a field have on average been produced [6]. With conventional
production technologies it is often not economically feasible to produce more. However,
incremental improvements will already lead to significant benefits: for example, an improvement
of the recovery factor by only 2% can be equated to approximately one year of today’s global oil
demand [7]. Hence it is obvious that to maximize production and meet growing energy demand
in a sustainable way, the efficient management and optimisation of production operations and
systems is crucial. The next sections will illustrate that monitoring, especially by means of fibre-
optic sensing, can provide crucial information in this optimisation process.

1.2. Wells, Reservoir and Facilities Management

Optimisation of production operations provides a significant contribution to increase ultimate
recovery. This includes processes from modelling the reservoir, via optimised well design, to
novel technologies which help in maximizing production from these wells. The first step is to
assure that operation of current production facilities is as efficient as possible. Streamlining of,
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e.g., processes, maintenance schedules, and subsurface models guarantees that all hydrocarbons
that can be recovered with the selected production concept are actually produced. Although this
might result in a production increase of only a few percent, the absolute volumes represent a
significant value and are a substantial contribution to global energy demand.

The Shell group consists of a varied range of operating units (OUs), the majority being independent
Joint-ventures. Operating through-out such a range of assets means dealing with a variety of
processes, communication styles and technologies. In practice, improvements are not only
implemented top-down — from headquarters to the OUs — but are to a large extent also initiated
in the OUs. The resulting variety in requirements poses a challenge for designing novel solutions,
as will be further discussed in Chapter 2. Nevertheless, this cross-fertilisation approach is actually
highly beneficial, since it draws from the extensive and varied experience available amongst
operations staff, and enhances engagement in a continuous improvement loop throughout the
organisation.

Further step-changes in ultimate recovery can be realised by applying so-called enbanced oil recovery
(EOR) techniques. This involves techniques to increase the mobility of the oil in order to ease oil
flow into production wells. One method involves the injection of surfactants (detergents) with the
aim to reduce the surface tension between water and oil in the reservoir, thereby mobilizing oil
which would otherwise remain in the reservoir as residual oil. Szeam injection, as displayed in Figure
1.1 (#2), is another technique that heats very viscous — heary — oil in order to reduce viscosity and
hence help extraction [6]. Unwanted is the situation in which the injected steam or surfactants
‘short-cut’ to a producer well through a small highly-permeable zone, instead of increasing the
mobility of the oil itself. It is crucial to monitor how the injected fluids propagate down-hole
through the reservoir, and act accordingly — for example by redistributing injection fluids to
different sections of the reservoir.

Wells, Reservoir and Facility Management (WREM) is the overarching term for such feedback control.
As illustrated in Figure 1.2, WRFM aims at deriving optimisations for a particular process from
the analysis of objective facts and measurement data. Such process can relate to basic scheduling
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Figure 1.2: Increasing production and optimizing hydrocarbon recovery requires a measure-

model-decide-intervene improvement loop. Availability of down-hole sensor
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of maintenance for, e.g., a flow valve, but also to — significantly more complex — optimisation of
steam injection patterns. Different processes require different cycle times: well-optimisation can
happen on a daily basis, and therefore often requires automated measurement and analysis
capabilities. Field-optimisation can have annual cycles and requires more complex measurements
which need expert analysis. Summarizing, regardless whether such process requires basic failure
monitoring for well-optimisation or reservoir-wide steam monitoring for field-optimisation, the
common denominator is the necessity of having suitable sensors. Obtaining sensors suitable for
down-hole measurements is not trivial as will be further discussed in the next section.

1.3. Focus on in-well diagnostics by fibre-optic techniques

Sensors for use in oil and gas wells, reaching multiple kilometres into the subsurface, are used to
measure a wide range of parameters. Examples include: pressure and temperature distributions
along the well, the presence of certain chemicals, acoustic signals resulting from seismic activities
or due to activities in the well-bore, and mechanical stress on structural components.

A range of different sensors can be used, either temporarily hung-off in the well or permanently
installed as part of the well construction. In the past, electrical point sensors were the only means
to measure. Recently developed fibre-optic sensors provide a very promising alternative. They
provide distributed measurements, are passive, potentially low-cost, have a long service life and a
small form-factor.

Encapsulation 11mm

Coating 250pm Outer tube 1/,

Buffer
Cladding 125pm b)

Inner tube 1/g"
Gel

Core 9ym Fibre - 250pm

Figure 1.3: Build-up of a typical optical fibre and traditional down-hole fibre-optic cable. (a)
A single-mode fibre consists of several layers: light typically is transmitted
through the core, in which it is contained due to the refractive index contrast with
the cladding. One or more coatings are typically added to provide increased
strength to the optical fibre. (b) For down-hole applications, one or more fibres
are typically packaged in a metal control line. Inside this metal outer tube, the
fibre is usually contained in a smaller, ’3” size, metal tube and a plastic buffer
material in between them.
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As displayed in Figure 1.3a, an optical fibre typically consists of three layers [11]. The light
propagates in the core, guided by the contrast in refractive index between the core and the
surrounding cadding. Both core and cladding are made of glass, with the required difference in
refractive index typically provided by the addition of dogpants to the core. Depending on the size
of the core and the refractive index profile between core and cladding, light either propagates in
one single propagation mode in a single-mode fibre, or in multiple modes in a multi-mode fibre. The
typical optical wavelength used in a single-mode core of 9 um is around 1550 nm, whereas multi-
mode fibres have typical core diameters of 50 or 62.5 um and wavelengths between 850 and 1300
nm are typically used. Around the cladding, with a typical diameter of 125 pm, one or more
coatings provide additional strength to the optical fibre.

For down-hole installations, such bare optical fibres are traditionally packed in control-lines, metal
tubes of typically %4” diameter (Figure 1.3b). Inside the control-line, the fibre is — often immersed
in a ge/ — packaged in a second, typically 5" size, znner tube and often surrounded by a plastic buffer
material. A plastic outer encapsulation is often added around the control-line to improve grip for
clamping the cable in the well. All these layers together prevent any stress on the optical fibre
which could lead to damage, or even worse, a fibre break.

Although so far mainly used in low- to medium-temperature environments and provided the
cable has not been damaged during installation, optical fibre in such control-lines has a service-
life track-record of ten years or longer, typically based on extensive testing in the
telecommunications industry [8]. This is one of the advantages resulting from the passive nature
of an optical fibre, compared to a larger reliability risk involved with active electronic
components down-hole. Fibre-optic sensors do consequently not cause Electro-Magnetic Interference
(EMI) nor are they sensitive to EMI, e.g., due to other down-hole equipment such as electrical
pumps.

The component cost of the simple cable construction as presented in Figure 1.3b provides
significant potential for a /Jower-cost sensor compared to electrical sensors, especially in
combination with volume-produced optical fibres from the telecommunications industry. The
most significant part of the cost of a fibre-optic sensing system is in the interrogation unit at
surface. However, this unit can often be used for a number of wells, and servicing or replacement
is straightforward since it is easily accessible and can simply be (un-)plugged. Some sensing
concepts require a sort of mechanical — passive — transducer to convert the measurement
quantity into a measurable impact on the fibre. Most fibre-optic sensing technologies, however,
provide distributed measurements all along the length of the standard cable as displayed in Figure
1.3b. While the basics of commonly-used sensing techniques will be introduced in the next
Section, the explanation above indicates that fibre-optic sensors provide a potentially low-cost
and ruggedized means of measuring signals relevant to monitoring of wells and reservoirs all
along the extent of the well.

1.4. Fibre-optic sensing technologies

Many sensing techniques have been proposed to transform optical fibres into sensors. The
concept of fibre Bragg gratings (FBG) is applied in many applications [9]. A FBG is a local periodic
variation of the refractive index in the core of an optical fibre. FBGs are nowadays znseribed in a
photosensitive tibre by using an intense ultraviolet source, and are typically between 1 and 10 mm
long. The periodic refractive index variation, as illustrated in Figure 1.4a, leads to a similar effect
as seen in atomic crystal layers: Bragg reflection at a wavelength related to the periodicity of the
structure. The reflected wavelength will change if the periodicity or the refractive index changes,
as depicted in Figure 1.4b. This feature enables the use of FBGs as sensors. For example as
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Figure 1.5:

The working principle and some applications of Fibre Bragg Gratings. (a) A fibre
Bragg grating is a spatially limited periodic variation of the refractive index in the
core. Only incident light intensity / at a particular wavelength A will be reflected.
This wavelength is proportional to the period d of the refractive index variation.
(b) A change in length of the fibre will change the periodicity to a value d’, which
will lead to a corresponding change in reflected wavelength. (c) Such length
change of the fibre can be related to temperature 7, but also to applied strain on
the fibre. (d) Pressure can be measured by connecting the FBG to a membrane.
(e) A chemical sensor can be created by coating the FBG with a polymer which
exerts strain as a result of a chemical reaction with a specific chemical.
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Distributed sensing technologies and the scattering mechanisms used. DAS uses
phase shifts derived from Rayleigh scattering, which has the same wavelength A;
as the incident light. Brillouin scattering, often used in strain detection systems, is
characterized by side-lobes around the wavelength of the incident light. The
wavelength of the scattered light changes as a function of temperature 7" and
strain &. DTS uses Raman scattering to determine temperature changes along the
fibre. Temperature is derived from the ratio between the two Raman scattering
wavelength ranges, with one being temperature dependent and the other not. This
thesis focuses on the use of Rayleigh scattering for Distributed Acoustic Sensing.
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temperature sensor (Figure 1.4¢), since a temperature increase will lead to expansion of the glass and
hence to a change in periodicity. Similar, strain on the FBG changes the periodicity as well,
therefore a FBG is a strain sensor. This can be exploited as, e.g., a pressure sensor by attaching a FBG
to a membrane (Figure 1.4d). A chemical sensor can be realised by coating the FBG with a specific
polymer which swells when in contact with a specific chemical substance (Figure 1.4e).

FBGs were first demonstrated in 1978, initially for use as a wavelength filter [10]. Even earlier,
fibre-optic sensors already existed based on a Fabry-Perot interferometer: light passes through a
partly reflecting layer and is reflected by a totally reflecting mirror some distance behind it [11].
An interferometric cavity is formed with a series of resonance wavelengths similarly defined by
cavity length and refractive index. Fabry-Perot sensors are true single point-sensors. Combination
of multiple sensors — multiplexing — on one fibre is hindered by the second reflector as it is
required to form a cavity to reflect light of all wavelengths. In contrast, a FBG only reflects part
of the energy in a limited wavelength band around its peak wavelength and lets the remainder
pass through. This can be used to incorporate multiple FBG sensors onto a single optical fibre
by, e.g., wavelength division multiplexing (WDM), using FBGs with different peak wavelengths for
each of the sensors [11]. An alternative is #me division multiplexing (TDM), which distinguishes the
sensors by time-of-flight of a short interrogation pulse. Such schemes lead to a guasi-distributed
array of point sensors' positioned along the extent of the well.

A truly distributed sensing system can be realised by using naturally occurring reflections all along
a typical optical fibre. These reflections result from the interaction of light in a fibre with
inhomogeneities, which are much smaller than the wavelength of the light. Such inhomogeneities are
most often impurities unavoidably present in the glass and dopants that are being included as
part of typical fibre manufacturing processes. This phenomenon enables truly distributed
interrogation all along the fibre, without any modifications in the fibre: just by sending a light-
pulse into the fibre, energy scattered from each position along the fibre can be detected and its
location determined by travel time. The measurement quantity depends on the type of
backscattering being analysed. Three different backscatter mechanisms are indicated in Figure 1.5,
differing in the interaction between a photon in the light pulse and scatter centres in the fibre.

Raman  scattering, or the Raman effect, results in backscattered light at two spectrally shifted
wavelengths compared to the incident light [12]. The intensity of the so-called an#i-Stokes band is
temperature-dependent, while the so-called S7kes band is practically independent of temperature.
While Stokes-light provides a correction for intensity variations along the fibre, the local
temperature of the optical fibre can be derived from the ratio of the anti-Stokes and Stokes light
intensities. This technique is commonly called Distributed Temperature Sensing (DTS). Shell
contributed to the introduction of DTS as the first distributed sensing technology in the oil and
gas industry, some twenty years ago. Nowadays, typical DTS systems can locate the temperature
to a spatial resolution of 0.5 m, a resolution of 0.5°C, over distances greater than 30 km.

Brillouin scattering also results in two side-lobes, however, with wavelengths depending on, e.g.,
strain or temperature [13]. Brillouin-based fibre-optic sensing is mainly used for static strain and
temperature measurements. Brillouin scattering has applications in the oil and gas industry, for
example for structural monitoring of pipelines and offshore installations.

U Apart from the term ‘quasi-distributed, multiple other terms can equivalently be used, including “waulti-point sensors’ and ‘multiplexed
point-sensors’. For the application of such sensors to pressure measurements, as will be described in Chapters 3 and 4, we have

chosen to use the name ‘Quasi-Distributed Pressure Sensing (QDPS).
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The third scattering mechanism described in Figure 1.5 is Rayleigh scattering: elastic scattering of
photons, resulting in backscattered energy at the same wavelength as the incident light. Rayleigh
scattering is the basis for Distributed Acoustic Sensing (DAS): a technique that essentially allows the
realisation of microphones all along the fibre. Such distributed acoustic sensor provides a wide
range of monitoring opportunities, as will be discussed in detail in Chapter 5 and further.

The work in this thesis focuses on two fibre-optic sensing concepts: FBGs and DAS. The design
of interrogation units for FBGs will be studied for applications such as pressure sensors. After
that, the majority of this thesis will consider the development of DAS technology and its use in
geophysical applications.

1.5. Deployment

The novel fibre-optic sensors as described in this thesis, and for that matter most technology
development for upstream operations, are not products that Shell aims to sell. In contrast,
consumer electronics firms require development of new technology because it directly impacts
the attractiveness of their products. Oil and gas gperators are responsible for the overall process to
maintain hydrocarbon production, not only in a sustainable but also safe way. Most technical
oilfield services are outsourced to specialized service companies. For Shell, technology is an enabler to
optimise production and to obtain a lcense-to-operate: it differentiates Shell from competitors when,
e.g., bidding for a license to explore and produce with a host government. Commercial deployment
of individual technologies is mostly outsourced to service companies. However, the development
of key technologies is crucial for Shell and hence znnovation is a key driver in its strategy”.

Design requirements for down-hole equipment can be compared best to space exploration: a long
service life, combined with high safety requirements and operating accuracy. As will be described
in detail in Chapter 2, wells are challenging environments, amongst others because of the
presence of aggressive chemical conditions, high pressures, high temperatures and stringent
uptime requirements. Equipment often has to operate for more than ten years without any
possibility of repair, while the explosive environment requires high safety standards. Moreover,
while exposed to these conditions, measurements with high accuracy are still needed to provide
information on, often subtle, changes in the reservoir. For example, in Chapter 3 we measure
optical wavelength shifts in the order of only 1 picometer, kilometres deep in the subsurface: an
aspect ratio of 1:10".

Testing the accuracy and reliability of new designs under such extreme down-hole conditions also
poses a challenge: laboratory-scale tests can often not be complete for two reasons. First, because
it is difficult to build suitable test-equipment to emulate the extreme conditions, such as a
pressure of 200 bar. Second, because it is often the combination of multiple conditions that
poses a limit to the operating envelope, e.g., a pressure of 200 bar combined with a temperature
of 300°C. Such combined experiments are even harder to design and execute, and specifying the
most realistic combination of conditions is often a challenge in itself.

2 Note that traditionally most IOCs see their investment in R&D as a competitive advantage, and hence several aspects of this
introduction apply not only to Shell but to IOCs in general. For several reasons this introduction has been mainly focused on
Shell. First, Shell has been an early investor in R&D related to the fibre-optic sensing technologies described in this thesis.
Second, Shell has traditionally been amongst the largest R&D spenders in the oil and gas sector [14], and as such differentiates

Shell to some extent from other IOCs.
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The combination of challenging operating conditions and limitations to laboratory tests requires
the demonstration of technologies in feld trials. Initial phases of design, modelling and lab tests,
are relatively quickly followed by installation of prototypes in real operating environments. This
approach provides the most realistic test scenarios, and also demonstrates the technology already
in an early stage to the assets: the users.

1.6. PhD on design

The work presented in this thesis is executed within a competitive industrial research centre.
Pursuing set goals and demonstration of designs and procedures in field trials has top priority.
Fundamental understanding fulfils an important supporting role, but is not the main objective.

I work in the In-Well Technology (IW'T) team: a global team of approximately 25 people, consisting
of fibre-optic specialists, researchers, deployment advisors and lab technicians. Staff is distributed
over locations in Rijswijk (The Netherlands) and Houston (USA), with individual projects
drawing from the manpower and expertise from both locations.

The typical work environment is collaborative. Efforts throughout a range of functions within
the organization are needed: scientific staff in collaboration with experimental support, research
teams that are global teams, and technology centres in collaboration with assets around the
world.

Consequently, the work presented here is not the effort of an individual, it reflects a team effort.
My role in this team related to the topics described in this thesis is best described as ‘initiator’ of
the development of new sensor tools or applications. These new ideas are most often the result
of a wide brainstorming process. The first evaluation and development activities were then
executed by myself. These activities include a significant degree of experimental efforts, which
were conducted in close collaboration between myself and lab technicians. If an idea proved to
be interesting, it was often further evaluated in a wider team. The lead in such team was often not
with myself, but I could still provide important expert input based on my knowledge and
experience gained in the initial evaluations. In cases where my input was significantly more
limited, this will be specifically indicated.

The combination of work resulting from a highly collaborative environment, focusing on
technological designs for direct application rather than academic publication, fits well with the
“PhD on design” track commonly used in the three universities of technology in the Netherlands
[15]. Eindhoven University of Technology plays an active role in filling in the landscape along
this new axis of a two-dimensional space of PhDs.

1.7. Content of thesis

The structure of this thesis reflects the industrial setting, in which research and development
activities are executed and aimed at deployment of the resulting technologies in the company’s
operations. Similarly, the contents of this thesis are structured in a dual panel/ approach: a first
chapter describes the design based on modelling studies and laboratory experiments. Feedback
obtained from the execution of field trials is provided in a second chapter, together with a
flavour of the next steps towards commercial-scale deployment.

This thesis describes the main thread throughout the work, focused on the methodologies and
results to realise a technological design which fulfils the requirements of its end-users. A
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substantial amount of work forms the basis, with only a selection published in this thesis:
inherent to the aim of industrial research to obtain a competitive edge, some further details are
confidential and are only published in company-internal reports. Whereas the reader should
understand the full extent of the projects described, the thesis itself is aimed at providing
sufficient information on the goal, approach, novelty and results of the work.

The work presented in this thesis focuses on two fibre-optic sensing concepts: fibre Bragg
gratings (FBG) and Rayleigh scattering, as already briefly introduced in Section 1.4. First, an
introduction to the challenging requirements in oil-field environments and the design strategy
typically used in Shell will be provided in Chapter 2.

The focus of Chapter 3 and 4 will be on the development of a read-out unit — an znterrogation unit
— for temperature, pressure and chemical sensors based on FBGs. These sensors are, cascadeable,
point sensors for quasi-static measurements, with stringent requirements for the long-term
measurement stability.

The remaining, and largest, part of this thesis is devoted to acoustic measurements based on
Rayleigh scattering: Distributed Acoustic Sensing (DAS). Efforts start with development of a
suitable interrogation unit in Chapter 5, followed by field testing the resulting DAS system for
geophysical applications in Chapter 6. The results have proven very successful, and as a result

commercial deployment has already started for specific applications, such as Vertical Seismic
Profile (VSP) acquisition.

Further improvements can be realised by enhancing the sensitivity of the fibre-optic cables: an
analysis of the sensitivity of current state-of-the-art cables is provided in Chapter 7, which forms
a basis for further cable designs. The concept, development and first tests of these revolutionary
cable designs are presented in Chapter 8. The combination of the new developments in
interrogation units and sensor cables has the potential to compete with the sensitivity of current
state-of-the-art sensors, geophones, but at a significantly reduced cost and an enlarged
deployment envelope.

Finally, Chapter 9 and 10 deal with one last source of uncertainty in fibre-optic measurements in
a well-bore: depth calibration. In order to relate measurements to the corresponding reservoir
features, the calibrated position of the sensor cable is required. A novel design suitable for
permanent deployment will be presented and tested.

Together, the fibre-optic technologies described in this thesis provide a suite of down-hole
sensors which — especially when used in combination — provide a step-change in real-time
information obtained from the subsurface. Such additional information is crucial to achieve
sustainable and optimised hydrocarbon production in increasingly complex production systems.
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2. Field deployment and design strategy

The sensors under development are aimed for deployment in wells within Shell Operating Units. The combination
of harsh environmental conditions, high accuracy and hostile deployment conditions is not found in many other
industries. The design of new sensing technologies is a tangled interplay between Operating Units having specific
applications and requirements on the one hand, and specialised companies developing and manufacturing deployable
versions of required sensors on the other hand.

2.1. Down-hole environment

A hydrocarbon well has an aspect ratio up to 1:10°, more extreme than a human hair: whilst a
hair is typically around 100 um thick [16], few people have hair longer than 1 m; well-bores can
extend 10 kilometre or more into the subsurface with a diameter (at the bottom) as small as 0.1
m. The path of a well may be vertical, but it can also be accurately szeered during drilling to deviate in
deeper layers into, e.g., a horigontal trajectory, or a more complicated fishhook or snake-like
trajectory. Such trajectories ensure penetration of one or multiple reservoirs, and create the need
for information about down-hole conditions.

Drilling a well, such as the simplified well in Figure 2.1a, employs several stages [17]. First a very
thick-walled pipe — a conductor — is mechanically pile-driven into the soft unconsolidated surface
burden to provide structural strength to the well. A rvfating drill-bit is then typically used to drill
the hole. After a section has been drilled, the drill-bit is removed and a series of tubulars, casings,
are lowered into the hole. The choice of cased sections depends on mechanical strength
requirements to, e.g., contain or exclude down-hole pressures or prevent ingress of aquifer water.

Conductor a) b) Tubing
Surfc.|ce Production
casing packer
Cement
Reservoir 1
with perforations
Production
casing Icv
Producing Re'servoir 2
; with open hole
reservoir
Figure 2.1: Some typical well schematics. (a) The result of drilling a well: a well with one or

more cemented casing strings and perforations in the production interval, prior to
completion. (b) A completion is added, in this case consisting of a tubing string
with production packers to produce from two zones. [18]
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The casings are subsequently cemented in place by filling the void between hole wall and casing
with cement, as illustrated in Figure 2.1b. This seals the hole from the intersected rock layers. A
hole section can be 100 m but also kilometres deep, and is followed by a repeated drill-case-cement
cycle for the next section. Subsequently smaller hole- and casing-diameters allow drilling of next
sections through the inner diameter of the previous casings until 7ozal/ depth (ID) of the well has
been reached.

Depending on the reservoir(s) to be produced and the design of the well, fluid inflow can be
from an ogpen hole section, or through perforations in the casing. Figure 2.1a indicates a well
producing from one reservoir. Initially cased and cemented throughout the production interval,
shaped ballistic charges are used to perforate the casing to allow inflow of hydrocarbons into the
well. Figure 2.1b indicates a well which produces from two reservoirs. In the top reservoir, the
well is also cased and subsequently perforated to allow inflow. However, in the bottom reservoir,
the well is simply left uncased. Inflow is now possible along the entire depth interval of this open
hole section.

To produce from a well the final task is to install production tubing. As indicated in Figure 2.1b, this
involves lowering a tubing string into the well and placing sealing packers to ensure fluids flow
through the tubing instead of through the casing. The advantage of such a completion includes
protection of the casing against potentially highly corrosive fluids, which can eventually lead to
compromised integrity of the pipe walls. By forcing fluid flow through the tubing, the fixed
casing is protected while the tubing can be periodically replaced. Another advantage of the
completion is the ability to control inflow. Considering again the example of producing from two
reservoirs in Figure 2.1, it is beneficial to control inflow from the two intervals independently.
For example, to optimise production from each: full draw-down of the fluids might provide high
production initially, but reservoir conditions could cause ultimate recovery to be better if
produced at a moderate rate. Such inflow is controlled by installing In-flow Control 1alves (IC1s)
instead of simply having perforations in the tubing at intervals where inflow is desired.

This well-configuration with ICVs is an example of a situation in which down-hole in-wel/
monitoring 1s beneficial: by positioning, e.g., pressure, temperature, chemical or acoustic sensors in
the well, the in- or outflow can be quantified and the contribution of each ICV can be
monitored. Permanent (sensor) instrumentation is typically attached to the outside of the tubing
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Figure 2.2: Rate at which temperature increases with depth is called the thermal gradient.
This gradient can be measured in oil and gas wells during drilling, or by means of
static temperature surveys once wells are completed.



SR.14.100061 -13- Unrestricted

string, or sometimes on the outside of the casing. However, the — annulus — spacing between
either tubing and casing, or casing and hole, sometimes less than 27, imposes significant size
constraints on down-hole instrumentation.

This introduction to well construction is not intended to provide a full understanding of we//
engineering principles, but should provide the reader with an appreciation of the mechanical
environment in which down-hole sensors are installed. Section 2.5 will provide an introduction to
the design process to develop fibre-optic sensors suitable for deployment in such well
environments. The next Sections will first introduce other important parameters defining the
operating range of a typical down-hole sensor.

2.2. Operating range

Apart from the size limitations as discussed in Section 2.2, other important parameters for down-
hole operation of sensors are the prevailing zemperature, pressure and chemical constituents. These
will be further discussed in this Section.

The temperature in the subsurface typically increases with depth as displayed in Figure 2.2. The
wotld-wide average thermal gradient is about 26°C/km, and ranges from a low of about
18°C/km, to a high of approximately 55°C/km [19]. Local variations are caused by differences in
heat flow from the earth’s hot core to the surface as a result of variations in thermal
conductivities of different rock types. Typically, temperatures up to 85°C can be expected in a
well of two kilometre depth.

Pressure also increases with depth. The rock is exposed to the overburden pressure as plotted in
Figure 2.3, which is a combination of /ithostatic pressure and fluid pressure. Lithostatic pressure is
due to the weight of the rock above, and its magnitude mainly depends on the density of the
overlying rocks and the local gravity. The lithostatic pressure gradient is on average around 13
kPa/m and increases with depth. Rock typically consists of a matrix of heavily compacted grains.
The void between the grains, porvsity, where fluids sit, and the connectedness of this porosity
determine the ease with which fluids can flow through the pore spaces, the rock’s permeability.
Grain-to-grain contacts in the rock matrix support the lithostatic pressure throughout the
subsurface. Sensors in a well-bore are therefore mainly subjected to the fluid pressure, or pore
pressure, which is exerted against the rock grains by the fluids within the pore spaces. When the
fluids in rocks are free to move in response to small changes in pressure and are connected to the
surface by permeable rocks such as sandstone, the pressure in the pores is caused only by the
weight of the column of fluid in the rocks above and is called hydrostatic pressure. 1f easy fluid
communication with the surface is inhibited by rocks of low permeability, then abnormal or non-
hydrostatic pore pressures can result. However, for the purpose of estimating which pressures a
sensor would typically have to cope with, the hydrostatic pressure provides a sufficient first
estimate. For a column of fresh water (no sa/t content) with a density of 1.0 g/cm’, the
hydrostatic gradient is 9.81 kPa/m. The gradient increases with increasing sa/nity of the water to
about 10.52 kPa/m for typical water in the pore spaces [19].

Over the reservoir depth, pressure gradients vary depending on which fluid is present, from a
very low pressure gradient for the gas interval to close-to-water gradients in oil. This variation in
pressure gradients can be used to detect interfaces between water, oil and gas by having a
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distributed array of pressure sensors in the well-bore. Pressure sensors for this application will be
discussed further in Chapter 3.

It is only in the reservoir itself, which most often is less than 100 m thick, that hydrocarbons — oil
and gas — are partially filling the pores. Over the total length of a well, the pressure gradient of
water provides a good estimate as it is the dominant fluid in the pore spaces, indicating that
typically pressures up to approximately 200 bar are expected in a 2 km deep well.

Apart from pressure and temperature, a range of chemical constituents and reactions should be
considered in the design of down-hole sensors. Hydrogen-sulfide (FH,S) is not only fatal for humans
at extremely low concentration (50 — 200 ppm), but also severely corrodes metal down-hole.
Appropriate packaging materials should be selected to maximize the sensor’s life. Other specific
conditions can cause a range of chemical reactions of produced fluids, resulting in, e.g., the
formation of hydrates, wax, asphaltines and a variety of chemical scales. These can cause clogging of
the well-bore, but also of sensor interfaces if appropriate measures to reduce build-up are not
implemented in the design [20].

More extreme conditions can be expected as a result of applying specific production techniques.
For example, for enhanced oil recovery (Section 1.2), steam or chemicals are often injected to
reduce oil viscosity and hence improve flow towards production wells. Steam temperatures
down-hole can easily increase above 200°C (because of elevated pressure), with a typical
maximum temperature of 300°C. Chemical surfactants can be strongly acidic or basic, to such
extent that organic tissue may dissolve and only high-grade metals endure long exposure.

Summarizing, down-hole sensors have to withstand aggressive chemicals, in combination with
considerable temperatures and pressures: typically 85 °C and 200 bar in a 2 km deep well, with
higher steam temperatures and potentially over-pressured zones. This harsh environment, which
— as we will see in the next Sections — introduces significant design challenges to provide for a
safe and reliable sensor deployment.
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Figure 2.3: Overburden pressure, which is also called geostatic pressure, is equal to the sum

of the hydrostatic pressure plus the lithostatic pressure. This pressure may also be
thought of as the weight of the ovetlying (pore fluid + sediment) per unit area.
Overburden pressure increases with depth and averages about 22.6 kPa/m or 1
psi/ft. In many cases, sensors are only subject to the hydrostatic pressure.
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2.3. Safety

Safety is a critical issue for the oil and gas industry [21]. Field personnel is exposed to many high-
risk activities and challenging environments. Drilling activities require hoisting and lifting of
heavy and sizeable materials. And last but not least, both drilling and production operations
involve dealing with inflammable and pressurized hydrocarbons, which require a thorough
understanding and strict control of operating procedures.

These safety risks have a direct impact on the work of research teams and require significant
efforts. In every project phase, from initial design to field trials, safety is an important factor and
each risk should be reduced to a level as low as reasonable practicable (ALARP) |22]. Risks are related
to the design of sensors, as well as to operational aspects. Transport during field trials should be
carefully planned, selected and audited. Dedicated safety training should be completed before
entering high-risk sites. Prototypes and their packaging should be designed such that handling
can be done in a safe manner.

The most important safety aspect in the design of fibre-optic down-hole sensors is related to leak
paths. They are a potential risk for fibre-optic sensors since they rely on cables to communicate
to surface. If improperly designed and installed, cables can become a leak path from pressurized,
hydrocarbon-carrying, down-hole zones to surface. Cable constructions and deployment
procedures are carefully designed to avoid these risks. The data obtained by such sensors can
instead be used to enhance safety by providing information about the subsurface conditions and
the integrity of the well. As such, down-hole sensing adds to Shell’s strong drive towards zero
incidents.

2.4. Reliability

Sensors are installed in an environment of heavy steel pipes and equally massive tools. The
contrast could not be bigger with the tiny and fragile optical fibres that form the basis of accurate
down-hole fibre-optic sensors. During running-in-hole, the sensors are continuously subjected to
crushing and friction forces between casing and tubing, or between hole wall and casing. For this
reason, the optical fibres in down-hole cables are packaged in multiple concentric metal tubes, as
illustrated in Section 1.3. If point sensors are included in the cable, the packaging of these sensors
has to be equally sturdy. However, the sheer difference in weight and scale between sensor
components and other well construction components makes foolproof design an illusion. Drill
crews are typically not well equipped nor trained to handle sensitive equipment, and hence a
sufficiently ruggedized design needs to be combined with extensive supervision and training to
avold damage during installation.

If successfully installed, sensors have to operate with — usually — high accuracy under harsh
conditions: pressure, temperature and chemicals, as discussed in Section 2.2. Well completions
typically last from five years up to the lifetime of the well. If sensors are deployed behind casing,
retrieval is impossible and hence sensors have to last the entire lifetime of the well, or need to be
designed for a specific task where the lifetime is known. Wells can be in production for more
than forty years [23].

This combination of rough deployment conditions, harsh environmental conditions and high
accuracy is not found in many other industries. For example, the aircraft industry, where similar
sensing technology is deployed, relies on equipment inspection and maintenance after each flight,
which is a huge contrast with up to forty years of operations without service. The space industry
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provides us with probably the best analogy to upstream operating conditions [24], with harsh
conditions both during deployment and during service life, but also virtually no possibility for
service during the equipment’s lifetime. However, one big difference between both industries is
the scale of commercial operations: while, e.g., a limited number of satellites is launched every
year, approximately 100,000 wells are drilled by oil companies each year [25]. Summarizing, the
oil and gas industry provides an almost unique challenge to the level of reliability required of each
sensor design, combined with cost constraints driven by the scale of deployments.

2.5. Design process

To create suitable sensors, requirements with respect to reliability, operating range, safety and
accuracy have to be considered, incorporated and tested during the design process. Starting from an
actual challenge in an operating environment (an application), a typical design process consists of
the following steps: defining a list of requirements, executing research and market studies to find
potential solutions, selecting the best options, and further mature and test these options towards
a deployable prototype [20]. In Shell, such process involves a range of stakebolders, as llustrated in
Figure 2.4, which especially has major implications for the definition of requirements and the
relation with contractors.

A major — and crucial — challenge is the definition of a /st of requirements. Shell consists of a
heterogeneous group of Operating Units (OUs), each of them operating fields they need to explore
and produce differently as local environmental conditions, as well as political and economical
backgrounds vary. Differences in operating environments result in a range of applications for a
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- Shell R&D
Field trials - Confractors

Figure 2.4: Typical design process in fibre-optics product development in Shell. Each
application refers to an actual challenge found within the operating environment
of one or more Shell Operating Units, and can range from a relatively low-risk
application of such technology (often used as a ‘demonstrator’) towards more
complex applications. Primary involvement from Shell OUs is indicated in blue
and contractors in green. My own involvement typically is in ‘Shell R&D’
activities, indicated in red.
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sensor which measures a certain parameter. Inherently, such range of applications results in a
variety of requirements for such sensor. To keep development efforts focused and hence
improve the probability of success, selecting the right applications up-front is a challenging and
important step. This process is centred in Shell R&D. The selection of requirements is ideally
converging and benefits from synergies between different applications. However, sometimes it is
beneficial to simply focus on one application which represents significant business value. Further
development of additional applications can then build on the momentum gained by the
realization of a first application. Especially because of the different strategies possible, the step of
defining the list of requirements is a crucial part in the design process.

As introduced in Section 1.5, Shell is an gperator. As such, new technology is needed to be able to
operate assets more efficiently, and to obtain and maintain a license-to-operate. While technology
is needed to run the business, most technical aspects are sourced in from specialised companies
and institutes who engineer and manufacture the technologies used. Maintaining all these
technical functions is not Shell’s core business. Not many industries showcase the same
characteristic combination of depending heavily on technology to optimise production on the
one hand, while outsourcing the majority of technical services on the other hand. Probably the
best comparison would be airlines, which also rely heavily on technology, e.g., aircraft, but do not
manufacture them themselves. A key difference, however, is Shell’s substantial involvement with
development of new technologies, while airlines are clearly much less actively involved with the
development of new airplanes.

In the case of fibre-optic sensors, Shell does not intend to create their own fibre-optics
interrogators or even production of fibre-optic components. The aim is to stimulate the fibre-
optic sensing industry to come up with an appropriate solution for the applications in question.
To do this, some research is done in-house to create an understanding of the important
parameters. Meanwhile, potentially suitable base technologies are also being investigated in the
active community of the fibre-optic sensing or oilfield service industries. An important step is
assessing the state-of-art, which helps in determining focus for further development and
partnership. Then, detailed development and engineering is done together with — and often
largely by — contractors that have developed suitable technologies. In parallel, application
engineering is largely done in-house, e.g., to build suitable analysis tools to convert the measured
data into useful information, or to integrate the sensing system into daily operations using
standardised workflows. The manufacturer then often develops the solution further into
prototypes that Shell R&D tests, first in the lab, but quickly after that in field trials to ensure
suitability for a particular application in relevant OUs.

2.6. Deployment

The final aim of technology development in Shell is the commercial use in Shell Operating Units.
This stage is called deployment. Before a technology is ready for deployment, a range of steps to
understand, test and validate the approach are undertaken (Figure 2.4), ranging from modelling,
via lab tests to field trials. In a fiedd #rial, the technology is applied in a real operational
environment.

Field trials are elaborate because of the scale of typical oilfield operations. Although OUs are
generally stimulating new technology with the aim to improve future operations, their main
short-term goal is to minimize down-time in their operations and hence sustain daily production.
This introduces many limitations to the implementation of a new technology, which is often only
a small aspect in the complex operations involved in, e.g., drilling and completing a well. Because
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of these boundary conditions, field trials often take a significant amount of time and effort to
plan and execute.

Although lab testing is easier, cheaper and faster to execute, there are limits to its usefulness.
After optimizing the design and creating an understanding of its performance from lab tests, it is
very hard to simulate all conditions that might occur in a field installation. Scales, forces and
complexity of the parameter space are significantly different between them. Despite the effort
involved with field trials, they are therefore crucial to test and validate a new technology and
should be a vital part of the research cycle for the exploration & production industry.

Summarizing, the position of fibre-optics R&D in Shell is at the heart of the design process,
involving both component-level expertise as well as system engineering aspects. Expertise is nurtured
through detailed research of key issues as well as involvement in field trials to validate a
technology in practice. System-level management of the design process, from the definition of
requirements all the way to final testing, is crucial to ensure that integration between various
parties and sub-components results in an integral sensing system. The described development
efforts are aimed towards commercial deployment of such sensing technology in the regular
operations of the Operating Units.
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3. Interrogation unit for multi-point sensors

To enable permanent deployment of Quasi Distributed Pressure Sensing for field-wide monitoring, a low-cost
interrogation unit is needed. Farsh operating environments translate into high operating temperatures for the unit.
An interrogation scheme has been developed fulfilling all requirements and a prototype has been successfully tested.

3.1. Quasi Distributed Pressure Sensing

A fibre Bragg grating (FBG), as initially introduced in Section 1.4, is a periodic variation of the
refractive index of the core of an optical fibre in its axial direction. Sketched schematically in
Figure 3.1, the essential feature of such a grating is reflection of light at a specific wavelength.
This wavelength is directly proportional to the spatial period of the variation in refractive index.
The spatial period is fundamentally influenced by both axial and radial strain [27]. Axial strain is
the dominant effect, stretching the fibre and thereby enlarging the grating’s spatial period. In this
way, the wavelength becomes a function of the exerted strain.

wavelength

m I
R —
[ d

wavelengt

Figure 3.1: The fibre Bragg grating (FBG) reflects light in a narrow spectral range with a
central wavelength defined by a grating period d. This schematic view only
displays the core of the fibre. Under tensile strain conditions, the central
wavelength increases (as displayed), while under compression it shifts towards a
shorter one. Here, I, R and 7T are the incoming, reflected and transmitted
intensity, respectively.

Hence, FBGs can be used as sensors to measure a range of parameters by converting them into
strain. Examples include measurement of femperature, pressure and chemicals concentration (Figure
3.2), but also static s#rain in structures or acoustic noise as a result of fluid flow. Multiple sensors
can be incorporated onto a single optical fibre by, e.g., wavelength division multiplexing (WDM),
using FBGs with different peak wavelengths for each of the sensors.
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Figure 3.2: FBG sensors can be used to measure a range of parameters by converting them
into strain: (a) An increase in temperature 7 causes expansion of the fibre
material and thereby of the grating period. (b) Pressure p can be determined by
measuring the axial strain induced in a fibre attached to a deformed membrane.
(c) FBGs can be coated with specific polymers, which induce a strain when
reacting with specific chemicals as a result of an increase in concentration C of
that particular substance.
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Of particular interest here is the concept of a pressure sensor as depicted in Figure 3.2b. By
attaching a FBG to a membrane, the FBG will sense strain as a result of fluid pressure deflecting
the membrane. Based on this pressure sensor design, and incorporating multiplexing as described
above, Shell, together with industry partners, is developing Quasi Distributed Pressure Sensing

(ODPS): a multi-point and cost-effective sensor array for permanent down-hole pressure
measurements.

Monitoring the thickness and depth of the oil layer in a reservoir is an application for which such
QDPS system is especially suitable [28]. Gas, oil and water have, in increasing order, different
densities, and hence these fluids will vertically separate accordingly under steady-state conditions.
An array of pressure sensors can be deployed in a borehole to monitor the hydrostatic pressure
profile as a function of depth as depicted in Figure 3.3a. The intersects between gas-oil and oil-
water gradients define the extent of the oil layer. The fluid-contacts in the well can in principle be
related to the fluid-contacts in the reservoir. If this relation is known, the extent of the oil layer in
the reservoir can be determined from measuring the extent of the oil layer in the well. A first
version of a QDPS sensor array has been deployed in a field trial and was used to monitor the
pressure profile for a duration of more than half a year. A numerical simulation of the thickness-
variation of the oil-rim over time as displayed in Figure 3.3b was executed to demonstrate the
expected tracking accuracy. Such variations can be the result of changes in, e.g., production rates
or water injection rates (to maintain reservoir pressure and hence optimise production). Thin oil-
rims increase the risk of producing water rather than oil. Hence, pressure monitoring by means
of a QDPS system can provide a basis for feedback control to optimise hydrocarbon production.
An example would be by gas- or water-injection to control the oil-rim and drive it towards the
producing wells.
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Figure 3.3: (a) Measurement principle for oil-rim monitoring. The gas-oil contact (FGOC)

and the oil-water contact (FOWC) are derived from multiple measurements of the
hydrostatic pressure and the fluid densities. (b) Automated interpretation of
simulated pressure data (with pressure-noise added), tracking substantial
variations in the depth of the oil-water contact over time. Note that the depth is
expressed in True Vertical Depth (TVD), which is independent of the deviation of
the well trajectory. TVD is offset by an unspecified depth z.
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A wide range of other applications for quasi-distributed sensing systems exist. A market study
was conducted to identify a common set of system requirements, including pressure, temperature
and chemical sensing applications [29]. The oil-rimz monitoring application as described above is,
within the selected range of applications, representative of a challenging application in terms of
the high precision required. One of the other main insights from this study is that most of the
envisioned low-cost applications only require the measurement of a limited number of sensors
and a significantly limited acquisition rate. This insight will prove itself very useful, as we will see
in the next sections.

FBG-based sensors currently under development have significant potential to meet the
established requirements. However, a sensing system does not only consist of the sensors
themselves, but also requires an interrogation unit to read out one or more sensors. As will be
discussed further in the next section, there is still a gap in the specifications of current
commercially-available interrogation units.

3.2. Requirements interrogation unit

Translating system requirements for the complete sensor system — based on the eatlier discussed

market study — into requirements for the interrogation unit, leads to the wser-requirements as stated
in Table 3.1 [30].

To enable large-scale implementation of permanent distributed sensing systems, and especially
QDPS systems, the interrogation units should be cost-effective, both for initial purchase as for
maintenance during operation. Examples of important deployment locations are large, scattered
oilfields in desert environments. A suitable interrogator unit should be rvbust enough to be placed
just next to the well in the open air and should have /low power consumption. Ambient temperatures in
such environments can reach values up to 60°C. Other possible deployment locations would be
below sea level or even in a down-hole environment.

Table 3.1: User-requirements for a low-cost high-temperature FBG interrogation unit.
Repeatability and absolute accuracy are expressed in picometre (pm, 10-2m).

Costs target Priority

Unit cost 1 < US$8,000 for series production

Environmental target specifications

Max. ambient temperature 2 60°C

Robustness 3 outdoort, sand, field installation
Power 4 < 100 W

Communication 5 wired to computer or RTU
Max. humidity 5 82%

Application target specifications

Repeatability 1 <2pm

Absolute accuracy 1 <4 pm

Number of sensors (wavelength range) 2 = 6 (30 nm)

Channels 2 =2

Acquisition time 3 =<10s
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Despite the aim of low-cost and high-temperature suitability, the measurement precision is
crucial for most identified applications. The peak wavelength values correspond to measurement
quantities, like pressure or temperature. A typical FBG sensor response is 20 pm/bar for in-well
pressure sensors and 12 pm/°C for temperatute sensors.

Repeated measurements of the same FBG peak wavelength under the same conditions will
typically show a spread with a normal distribution. The repeatability is the standard deviation (1o)
of such a normal distribution [32]. Interesting to note is that the repeatability can be several
orders of magnitude better than the interrogator’s hardware resolution, since the peak wavelength
is the result of a multi-point fit of the, typically, Gaussian shape of a FBG reflection peak [29].
Also note that repeatability and precision are sometimes used in the same context, whereas
repeatability is preferred by standards [32] and as such typically used in interrogator datasheets.

The absolute accuracy is the sum of the temperature stability and the average deviation from the
“real” peak wavelength value. Most important is the temperature stability: the variation in
measurements of a constant FBG peak wavelength due to varying the interrogator’s temperature
over its operating temperature range.

Comparing typical commercial specifications to the user-requirements stated in Table 3.1,
indicates that the main challenge is to improve the robustness while significantly reducing the
price. The reduced acquisition rate and wavelength range otfer opportunities for a trade-off to realise
this challenge. Interesting opportunities are offered by recent developments in the optical
telecommunications industry towards lower-cost, more accurate and more compact components.

Since Shell is not aiming at producing suitable interrogation units themselves, the objective is to
stimulate the commercial realisation of a suitable interrogation unit. A project was initiated to
facilitate commercial realisation by suggesting feasible ideas through its deliverables: knowledge
and a prototype of a low-cost high-temperature FBG interrogation scheme.

As such, the objective is the development of a low-cost high-temperature FBG interrogation unit.

3.3. Selection of interrogation scheme

In order to develop an interrogation unit fulfilling the user-requirements of Table 3.1, a
structured design process was followed as represented in Figure 3.4. As outlined in the previous
sections, the project started off with a market survey of applications within Shell and present
state-of-the-art interrogation technology. Based on the resulting necessary and feasible user-
requirements, the next step entails evaluation of several design approaches. Eventually this feeds
into selection of a suitable interrogation scheme for further development into a stand-alone

prototype.

Start End

Selection & evaluation of Prototype design,
<>-' Market survey -’<>_' interrogator design -’<>_' build, test

Baseline Targeted Design Prototype,
document user-requirements specifications report
Figure 3.4: Flow-chart of the subsequent phases in the project and respective milestones and

deliverables.
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An interrogation unit to read out one or more FBG sensors, is mostly an integrated combination
of light source, detector and analysis module. The light source sends light into the fibre. A
detector then analyses the reflected light to find the peak reflection(s) and determine its
wavelength(s).

A literature study identified three concepts, based on a tuneable laser, tuneable filter, and
spectrometer, respectively. Initial design considerations resulted in the selection of two schemes
for further experimental evaluation. Only an overview of the evaluation study will be provided
here. The selected interrogation scheme will be discussed in more detail in Section 3.4.

The tuneable laser based interrogation scheme employs a tuneable laser to step through the wavelength
range, while a photo-detector measures the reflected intensity for each wavelength step. This
setup is conceptually very interesting because of its modular approach and low costs. On the
other hand, the tuneable laser suffers from reliability issues, the tuning step size of 200 pm is
rather coarse and the temperature stabilised FBG calibration reference is not rugged over the full
temperature range yet. Further improvement of these issues, without significant cost increase,
would result in a potentially interesting option for the future.

The tuneable filter based interrogation scheme is based on a combination of a broadband light source
and a tuneable filter, which sweeps the wavelength to which the photo-detector is exposed. This
concept presently already offers an extremely high sweep resolution due to continuous tuneable
filter tuning. An extensive multi-point calibration simultaneously for each FBG measurement
guarantees the accuracy under all conditions.

Further details of the evaluation study can be found in [29]. Eventually, the zuneable filter based
interrogation scheme was selected for further development into a stand-alone prototype.

3.4. Tuneable filter based interrogator prototype

Figure 3.5 schematically displays the #uneable filter based interrogation scheme in more detail [30]. It
uses a Super Luminescent Light Emitting Diode (SLED) broadband light source in combination
with a tuneable filter to identify the wavelength response of both a calibration path and an
interrogation path. The interrogation path uses a circulator to send light into the FBGs and to
direct the reflected light into a photo-detector (#1). The calibration is done in parallel by splitting
part of the light into the calibration path, which measures the absorption spectrum of a gas cell
with a second photo-detector (#2). An optical switch is used to enable measurements of two
optical fibres, i.e. channels, with FBG sensors.

Gas cell Photodetector 2
SLED Fabry-Perot _C) ABC

tuneable filter . A

x Circulator !
1 Photodetector 1

DAC Splitter Qﬂ
DIO
n
L, toFBGsensors
Switch L, toFBGsensors
Figure 3.5: Schematic representation of the optical assembly for the tuneable filter based

interrogation scheme. The figure also displays analogue and digital control and
measurement instances.
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Figure 3.6: Spectral measurement of molecular absorption lines of hydrogen cyanide (H3CN)
in a gas cell at a filling pressure of 100 Torr, as measured by recording the
transmission through the cell while sweeping the tuneable filter, at (a) room
temperature and (b) at a temperature of 70°C.
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Figure 3.7: (a) Raw photo-detector recording of the reflected intensity from a fibre with two

FBGs while sweeping the tuneable filter at elevated temperature. By using the gas
cell calibration, the optimal wavelength range for each part of the spectrum can be
selected (indicated by number 1 and 2). (b) These wavelength ranges can be
combined into one continuous and calibrated spectral response, and the peak
reflection wavelength of each FBG can be determined (red crosses). Note that
some part of the sweeped range in (a) is not used to construct (b), because no gas
cell calibration peaks are available in the related wavelength range.
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To avoid pollution with e.g. desert sand, a fan-less thermodynamic approach was chosen. An
extensive market survey considering products from more than 40 suppliers was conducted to
guarantee sufficiently low wavelength-dependencies and temperature-dependencies. To minimize
the eventual unit cost of the interrogation unit, only volume-produced optical components from
the telecommunications industry were considered. Based on extensive tests up to ambient
temperatures of 70°C, components from 10 suppliers were selected for use in the prototype.

Nonetheless, some components unavoidably have large temperature-dependencies. The tuneable
filter exhibits the largest temperature-dependency: for an identical control voltage, the filter’s
transmission wavelength is different for different temperatures. Accurate temperature-
stabilisation of such components would be a possibility, however, would require an extensive —
and expensive — thermodynamic design and hence increase power consumption.

The novelty of our design is the implementation of a fully-automated online wavelength-
calibration instead, compensating each measurement for potential temperature influences over
the entire wavelength range [31]. A hydrogen cyanide gas cell is especially suited as calibration
reference [33]. Figure 3.6a shows the transmission spectrum of such gas cell, measured by a
photo-detector while sweeping the tuneable filter through the wavelength range of interest.
Clearly visible are the gas cell’s multiple molecular absorption lines, uniformly spread over the
wavelength range of interest. Each of these lines is extremely stable and well determined, with an
inaccuracy of only 0.5 pm due to a collisional shift of the line position over the full temperature
range.

The measurement in Figure 3.6a was done at room temperature. Figure 3.6b shows the results of
an identical voltage sweep of the tuneable filter, but at a temperature of 70°C. These results show
that the tuneable filter’s relation between control voltage and transmission wavelength is indeed
highly temperature-dependent. Furthermore, Figure 3.6b also shows that parts of the gas cell
spectrum are measured twice. This is a result of the periodic transmission peaks of the Fabry-
Perot filter used [34]. Although at first sight this duplication seems to complicate the
interpretation of the measurements, it is actually crucial to guarantee that all parts of the
spectrum are eventually measured.

In order to exploit these gas cell measurements for calibrating the parallel FBG measurement, a
peak-search algorithm is necessary to detect all gas cell absorption lines and also place them in
the right order. Although increased noise levels at elevated temperatures impose a challenge, a
reliable algorithm could be developed successfully.

A high-capacity processing unit is required to run the extensive peak-search algorithm used for
the online multi-point calibration. For this purpose, an integrated data acquisition and processing
unit was selected. This — entirely autonomous — unit is the basis for all control, measurement and
data processing tasks. Capabilities include voltage drive and measurement at rates of at least
100,000 samples per second, as is necessary to realise the high optical resolution of approximately
1 pm. Extensive testing showed that this processing unit fulfils the requirements up to ambient
temperatures of 70°C and potentially beyond.

Figure 3.7 demonstrates application of the calibration results to an FBG sensor measurement
with two FBGs in series in one fibre. Figure 3.7b shows the measurement over time during a
sweep of the tuneable filter. This measurement is taken at an elevated operating temperature.
Analogous to the gas cell measurement in Figure 3.6b, the wavelength spectrum is not centred
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Figure 3.8: Peak wavelength of two temperature stabilised FBGs, while the interrogator is

placed in an oven and the oven temperature is varied between room temperature
and more than 60°C. The grid lines in the upper figure are spaced at 2 pm.
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and parts of the spectrum are duplicated. Using the wavelength-calibration obtained from the
simultaneous gas cell measurement, wavelengths can be attributed to measurement points and
partial spectra can be combined. In this way, as illustrated in Figure 3.7a, one continuous — and
calibrated — spectral response can be assembled. This spectrum can be used to determine the
peak reflection wavelength of each FBG, now being accurately calibrated.

Summarizing, this combination of a low-cost optical design in combination with a continuous
referencing methodology enables a multi-point calibration in order to guarantee the accuracy of
every FBG optical spectrum, at all temperatures and at all times. Validation tests are described in
the next section.

3.5. Validation by experimental testing

Figure 3.9 shows the setup used to validate the performance of the interrogator prototype. The
interrogation unit was placed in an oven to enable testing over a temperature range from room
temperature up to 70°C. The interrogation unit was connected to a pair of FBGs and to a PC,
which were all placed outside of the oven. To guarantee constant FBG peaks, temperature
stabilised FBGs were used.

oven temperature

‘} oven temperature stabilised FBG box
O
| P FBG 1 FBG 2 I
I I ~15350m  ~1550nm
L e inmerroaator KL 1| | |
PC > interrogator T 1 11 |
ethernet | profotype R | |
| ch2 | I |
. L 3
Figure 3.9: Schematic overview of the setup used for testing the FBG interrogator prototype.

The SLED broadband light source is the bottleneck component for high-temperature operation.
Due to self-heating and a case temperature rating of 70°C maximum, its ovet-temperature
protection is activated above 63°C ambient temperature.

The average acquisition rate is 8 seconds for all sensors in one channel, which is mainly caused
by the time required for the peak-search algorithm. The acquisition rate is well in line with the
maximum requirement of 10 seconds.

The most important test result is displayed in Figure 3.8, showing the peak wavelengths of two
temperature stabilised FBGs while the temperature of the oven with the interrogation unit was
varied between room temperature and more than 60°C.

The repeatability is the standard deviation in repeated measurements of the same constant FBG
peak at room temperature. From the data in Figure 3.8 it can be concluded that the repeatability
is better than 0.6 pm. This is a factor two better than most commercial high-end interrogators.

The maximum difference between the average measured wavelength and the calibrated peak
wavelength value of the respective temperature stabilised FBG is 1.0 pm. This is the absolute
accuracy of the interrogator at room temperature. For increasing temperatures, some residual
temperature dependence in one or more optical components is seen. This could be investigated
further, although the temperature dependency is already sufficiently reduced to a maximum of 2
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pm. Including the repeatability, this results in a temperature stability of 2.5 pm. Adding the
absolute accuracy at room temperature to the temperature stability, results in an absolute
accuracy over the full temperature range better than 3.5 pm. This fulfils the absolute accuracy
requirement of 4 pm.

3.6. Conclusions

Summarizing, this Chapter reported on the development of a low-cost high-temperature
interrogation unit for fibre Bragg gratings. A market survey of state-of-the-art FBG interrogation
technologies with a focus on oil- and gas-well applications resulted in a list of user-requirements
(see Table 3.2). The evaluation of various interrogation schemes led to the selection of the
tuneable filter based interrogation scheme for further development into a stand-alone prototype.

‘The tuneable filter based interrogation scheme presently already offers an extreme high sweep resolution
due to the continuous tuneable filter tuning. Accepting the temperature-dependencies of low-cost
components, an extensive multi-point calibration simultaneously to each FBG measurement
guarantees the required accuracy under all conditions.

Laboratory tests, at room temperature and at various elevated temperatures, showed that the
prototype fulfils all user-requirements. The repeatability of 0.6 pm is a factor two better than
most commercial high-end units. The temperature stability is better than 2.5 pm over a
temperature range from 20°C up to 63°C. The absolute accuracy of 3.5 pm is also well below the
requirement, as summarised in Table 3.2.

Hence it can be stated that all requirements — financially and technically — were fulfilled. This
result confirms the feasibility of low-cost Quasi Distributed Pressure Sensing systems and their
potential for commercial-scale realization. In Chapter 4 we discuss the implementation path
towards field-wide deployment, including the design of a test programme for evaluation of
commercially-introduced interrogation units.

Table 3.2: Final test results for the tuneable filter based stand-alone prototype, compared to
user-requirements. Specifications marked with “n.i.” were not (conclusively)
investigated. The unit cost for the tuneable filter based interrogation scheme is
based on estimated volume-pricing for the required components.

Costs target User-requirements Tuneable filter based prototype
Unit cost < US$8,000 US$7,000
Environmental target specifications

Max. ambient temperature 60°C 63°C

Robustness field installation, sand fanless, metal enclosure
Power <100 W <40W
Communication wired to PC or RTU Ethernet

Max. humidity 82 % n.i.

Application target specifications

Repeatability <2pm 0.6 pm

Absolute accuracy <4 pm <3.5pm

Number of sensors 2 6 (30 nm) 6 (31 nm)

Channels >2 2

Acquisition time <10s 8s
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4. ‘Towards deployment of Quasi Distributed Pressure
Sensing

In order to enable initial field trials of Quasi Distributed Pressure Sensing (QDPS) systems, standard lab-grade
interrogation units had to be used in combination with a thermal switch to prevent operation above the maxinum
operating temperature. While sensor development continues, a test programme has been set-up to evaluate the high-
temperature performance of newly developed interrogation units.

4.1. Development cycle

The realisation of a low-cost Quasi Distributed Pressure Sensing (QDPS) system requires
development of a fibre-optic pressure sensor that can compete on specification, cascadability,
price and reliability against most other (and much more expensive) down-hole sensors on the
market. The development path, together with an industry partner, eventually led to a field trial of
the first version of such sensors in 2008. An array of nine sensors was installed and pressure
readings were acquired for almost a year. The results proved, at a significantly reduced cost, its
suitability for down-hole pressure measurements. Further improvements to optimise long-term
stability and reliability resulted in a ‘Mark II’ sensor design, which was installed at the end of 2012
for a second field trial [35].

DPS development First field trial Continued development| | Second field trial
with industry partner installation of pressure of next-generation pressure of pressure sensors Mark Il +
sensors Mark | sensors automated oil-rim detection
[ 2004 2007 | 2008 | 2009 | 2010 | 2011 | 2012 |
Long-term drift test Interrogator feasibility End monitoring trial Sensor manufacturing
1+ yrs lab test of sensors at study for low-cost high- recovery of down-hole of Mark Il pressure sensors
high pressure and temp. temp. design (Chapter 3) sensors for analysis for field frial installation
Figure 4.1: Milestone events in QDPS development timeline.

The extent of the development cycle as described above, and summarized in Figure 4.1, is a good
illustration of a typical design process in Shell as earlier introduced in Section 2.5. Field trials are
essential to evaluate performance of new or modified designs, especially in view of the diverse
parameter-space and extreme length-scales typical of down-hole environments, as introduced in
Chapter 2. One step further, integration of a new technology into the daily operations of each
operating unit should also be part of the system design. The aim is to provide actionable
information to the engineer. In this particular case, acquired pressure data has to be transported
to the office, stored and finally interpreted. All these steps have to be integrated in the operating
unit’s data management system, and most importantly, should provide an automated way of
interpretation of the data [30]. For oz/-rim monitoring (Section 3.1) this means that, rather than, e.g.,
looking at pressure data intermittently downloaded onto a USB drive, the interpreted position of
oil-water and gas-oil contacts should be made available in the company-wide online database.

Field-wide deployment can only start after the prolonged field trial campaign and sensor
development phase have been concluded. Since more robust and lower-cost interrogation units
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are especially an enabler for such larger-scale deployment, development of interrogation units has
so far been limited to a study to confirm the feasibility of suitable interrogation units (the topic of
Chapter 3). Now that the project has progressed further towards deployment, the need for such
interrogation units becomes increasingly relevant. The aim is to encourage vendors to provide
suitable units through a combination of: generating suitable interrogation concepts within Shell
(Chapter 3), sharing such concepts with the industry, as well as evaluating commercially-available
candidate interrogation units.

4.2. Interrogation units in initial field trials

The first two field trials of QDPS systems for oil-rim monitoring have been executed in an oil-
field in a desert environment. Figure 4.2 shows the instrument cabinet installed next to the well.
Due to the surface extent of such oil-fields, a power grid and wired data network is typically not
available. Hence, this installation includes solar cells and a wireless communications link.

Note the large size of the instrument cabinet. Due to the unavailability of interrogators that can
withstand high operating temperatures, lab-grade interrogation units have been deployed. The
enclosure has been designed such that some shade is provided and hence reduce the temperature
to which the interrogation unit is exposed. Nevertheless, a temperature control had to be
incorporated to switch the unit off at higher temperatures to avoid damage due to high
temperatures.

This is undesirable since data is lost when temperatures are high, which could include a
significant part of the day, especially in summer in desert environments. Moreover, as we know
from Chapter 3, inaccuracies can already occur at temperatures lower than the damage-threshold.
Furthermore, the setup includes a separate processing unit. The combination of all such

Figure 4.2: Exterior view of the QDPS instrument cabinet, illustrating (a) its position next to
a well in a desert environment with minimal infrastructure, and (b) instrument
cabinet dimensions to house laboratory-grade components providing an
automated acquisition system.
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Figure 4.3: Schematic overview of setup used for testing a FBG interrogation unit.

additional components is too costly for field-wide deployment. Therefore, crucial for the success
of QDPS field-wide deployment is the availability of more robust and lower-cost interrogators.

4.3. Testsetup

In order to allow in-house evaluation of potentially suitable interrogation units, a laboratory setup
has been designed and realised. Since the operating temperature range is a crucial parameter for
the envisioned applications, the setup focuses on testing the measurement repeatability and
absolute accuracy at various operating temperatures and temperature gradients. However, other
parameters, such as robustness, power consumption and reliability, are also important criteria in
the evaluation process.

The measurement setup generally consists of an oven and a reference measurement, as depicted
in Figure 4.3. An oven with a temperature stability of approximately 0.1 K has been used to
house the interrogation unit to be tested. The temperature in the oven and in the laboratory has
been continuously monitored by calibrated thermometers. To protect the interrogation unit from
overheating, a safety switch is installed to disable the oven in case the oven temperature
unexpectedly exceeds the interrogation unit’s temperature rating [37].

The interrogation unit is connected to two temperature-stabilised FBGs in series. Located
outside of the oven, the stability of the temperature-stabilised FBG wavelengths at room
temperature is better than 1 pm. Such wavelength stability is sufficient to prove the absolute
accuracy requirement of 4 pm (Section 3.2). However, the FBG stability might not be sufficient
to evaluate the actual specification: Some laboratory-grade interrogation units have absolute
accuracy specifications in the order of 1 to 2 pm (although only at low temperatures).

A third reference FBG connected to an additional interrogation unit at room temperature has
been added as an extra reference for possible temperature-dependent variations in the FBGs. All
three FBGs are part of the same temperature-stabilised assembly, and as such can be considered
to be subject to identical temperature variations. The reference interrogation unit is used to
characterise the reference FBG: an industry-standard, accurate Micron-Optics sm125-500
laboratory-grade interrogation unit [38]. The variation in the mean of the reference FBG can be
used to correct the other two FBGs, which can possibly improve the accuracy that can be
determined.

An interrogation unit is typically subjected to a temperature pattern as plotted in Figure 4.4a.
Ideally, interrogation units are tested from room temperature up to 65°C. The interrogation unit-
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Figure 4.4: Typical oven temperature sequence for testing an interrogation unit up to a

temperature of 65°C. (a) The interrogation unit is tested at various stable
intermediate temperatures as well as during temperature ramps. (b) The analysis
procedure considers data-sets both during the second half of a temperature ramp
(considered worst-case) and after two or more hours of temperature stabilisation
(considered best-case).

under-test (or device-under-test: DUT) is subjected to low and high temperatures for both short and
longer periods of time, in order to get a first impression of longer-term stability. Although proper
evaluation of long-term stability requires tests of one or more years, the current six day test
programme is designed to facilitate vendors in providing a unit for initial evaluation. Temperature
gradients range from 0.15°C/min to 1°C/min. Logging surface temperatures in a typical desert
environment indicated that temperature gradients of 0.15°C/min are regulatly occurting and
0.25°C/min is a typical higher bound. Higher temperature gradients are added to explore
boundaries of the unit’s operating envelope.

As illustrated in Figure 4.4b, a wait time of two hours or more has been incorporated before each
next temperature change, to allow full stabilisation of the DUT. After stabilisation, data is
acquired for 20 minutes at the DUT’s optimal sample rate. Such dataset is considered to be
representative of best-case performance. Another dataset taken in the second half of each
temperature gradient is considered a worst-case, since the DUT is internally also exposed to the
temperature gradient and is potentially not stabilised yet. Together, these results provide a good
estimate of the practically achievable performance.

To accommodate the interests of commercial interrogation unit manufacturers, the test results
obtained so far are not presented in this thesis and will only be used for internal evaluation and
selection purposes. Each manufacturer is provided with the test results of its own unit, and is at
liberty — in case of a positive test — to disclose that its unit is approved to comply with Shell’s
requirements as set out in Section 3.2.

4.4. Typical test results

In this section, we discuss the performance of the test setup. For this purpose, we present test
results of an interrogation unit that was available in our laboratory. The temperature rating of this
interrogation unit is limited to 50°C, and is as such not a suitable candidate for low-cost field
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deployment. Nevertheless, the results, as displayed in Figure 4.5, are representative of the
envisioned test and analysis scheme.

Data has been continuously acquired with a 0.5 Hz measurement rate. Only the average values
and the standard deviation in 20-minute datasets — as depicted in Figure 4.4b — have been used
for evaluation purposes. Consequently, each dataset contains typically 600 datapoints. The
standard deviation given is the standard deviation in each series; the average value has a statistical
error that is a factor of 1/v600 smaller and is negligible in all cases. The data-points are
represented by blue dots (average value) and red bars (standard deviation in series) in Figure 4.5.

Reference measurement

Before evaluating the device-under-test, it is crucial to verify the ultimate stability of the
temperature-stabilised FBGs and the reference interrogation unit first. Figure 4.5¢ shows a total
room temperature variation of 2°C, which is close to the upper bound of temperature variations
in the laboratory. Normal FBGs have a typical temperature sensitivity of 12 pm/°C, which would
result in unacceptable wavelength variations up to 24 pm as a result of the variation in room
temperature. The FBGs have been actively temperature-stabilised to mitigate this potential error
source. Figure 4.5d shows that the remaining wavelength fluctuation is less than 0.5 pm, which is
equivalent to a temperature stabilisation as accurate as 0.05°C. This stability is sufficient to
evaluate the requirements as set out in Section 3.2.

Since all three FBGs are part of the same temperature-stabilised assembly, the reference FBG can
be considered representative of the stability of the other two FBGs. If even better reference
stability is required, the temperature-dependent behaviour of the reference FBG can be used to
correct the two other FBG measurements for this systematic long term effect in the temperature
stabilisation loop. Due to the very small statistical error in the average values, this is a valid
procedure.

The repeatability within a measurements series, represented by the maximum value of the
standard deviation of all series, is 0.9 pm. This value is consistent with the specifications of the
reference interrogation unit. Summarizing, we conclude that both the repeatability and long-term
stability of the reference measurement performs as expected and can indeed be used to guarantee
the evaluation accuracy to the desired level.

Device-under-test

Using the temperature-dependent behaviour of the reference FBG, any room temperature
variations can be excluded from the evaluation of the DUT. We investigate stability over
temperature and time as a practical measure for monitoring applications, where mainly variations
over time are of importance. We do not worry about absolute calibration. The resulting
temperature stability of the interrogation unit under test, represented by the maximum variation
in the average values after correction, is 0.8 pm (Figure 4.5a/b). A cotrection has been applied
for the influence of room temperature variations on the FBGs, although in this case the
correction is negligible due to the well-performing temperature-stabilisation. The measured
temperature stability represents the (minor) correlation between the oven temperature to which
the DUT is subjected and the measured wavelengths, as careful inspection of Figure 4.5a and
Figure 4.5b indicates. The repeatability, represented by the maximum standard deviation, is 1.4
pm. These results are in line with the specifications of the interrogation unit. However, this
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Overview of measurement data for testing of an interrogation unit available in the
lab. Measurement steps indicated by blue dots and red bars are used to calculate
final results, selected as described in Figure 4.4b. The remaining (intermediate)
measurements, not used for the final results, are indicated by green bars. Each
data-point represents a 20-minute dataset, in this particular case sampled at 0.5
Hz. Longer-term drift tests have been executed towards the end of the test
sequence (between day 4 and 6), resulting in a lower density of data-points.
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interrogation unit is only rated up to 50°C and as such is not a good candidate for the envisioned
tield applications.

Nevertheless, the results indicate that the setup can be used to accurately characterize the
temperature stability and repeatability of interrogation units better than approximately 1 pm. As
such, the described testing programme provides a fast and representative tool to evaluate the
temperature-performance of interrogation units. Determination of the absolute accuracy is
impossible, because it depends on the absolute wavelength calibration of the reference
measurement.

4.5. Conclusions

Shell does not intend to produce interrogation units themselves. Instead, the goal is to encourage
vendors to provide suitable interrogation units. The first step in support of this goal was an early-
stage study of the technical feasibility for the envisioned applications. A next step involves the
set-up of a test programme aiming at evaluation of candidate interrogation units. Such evaluation
provides a first selection criterion, followed by a more detailed qualification of the integrated
system of down-hole FBG sensor and interrogation unit.

Low-cost high-temperature interrogation units are an enabler for field-wide deployment of
QDPS systems, but also, e.g., temperature or chemical sensing systems. Only few — potentially
suitable — interrogation units have recently either become commercially available or have been
announced. The main technical challenges for such interrogation units are: sustain performance
at high operating temperatures, combined with a ruggedized packaging to withstand field
deployment, and provisions for incorporation in a remote operations network.
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5. Delocalized sensing: Distributed Acoustic Sensing

Distributed Acoustic Sensing (DAS) is a fibre-optic sensing technigue allowing the measurement of acoustic
Strains at all positions distributed along the length of an optical fibre. The initial focus of the development was on
the interrogation unit, which has been developed together with a third party. The in-company efforts focused on
experimental evaluation and understanding of the behaviour of interrogation units, in order to contribute to
continunons redefinition of the development focus and applicability base.

5.1. Sensing system

In Chapters 3 and 4, fibre Bragg grating-based (FBG) point sensors are considered. Whereas
multiplexing is possible, a dedicated FBG has to be purposely installed at each measurement
location. A considerable increase in spatial resolution while simplifying the installation can be
provided by true distributed sensing along the entire length of an optical fibre. Distributed Acoustic
Sensing (DAS) is a fibre-optic sensing technique which uses light backscattered from (naturally
present) inhomogeneities in a standard telecommunications optical fibre. Analysis of the
backscattered signal transforms the fibre into a continuous array of microphones sensitive to
dynamic strain imposed on the fibre. By merely installing a cost-effective and small form-factor
tibre-optic cable, DAS can provide information on acoustic signals impinging all along the length
of the optical fibre. Initial applications in the ‘80s and ‘90s mainly involved protection of assets,
for example telecommunication cables, railways, or military bases [39]. By burying a fibre-optic
cable along the asset’s perimeter, acoustic signatures of, e.g., approaching individuals and vehicles
can be detected in a simple way without being noticed by the intruder.

Shell was the first energy company to investigate DAS for real-time monitoring of hydraulic
fracturing operations [40]. Inflow into the well of fluids from tight formations can be increased by
means of fractures created by down-hole injection of high-pressure fluids. To optimize the
fracturing process, and hence maximize well productivity, monitoring and control of the amount
and location of injected fluid is crucial. The first trials were very successful, and were followed by
joint product development with one of the DAS manufacturers, OpzaSense Ltd.. The aim was to
develop a range of applications, targeting both geophysical monitoring of the area around a well,
as well as monitoring of events in a well, e.g., fluid flow. Flow applications include the hydraulic
fracturing application, but also zonal production allocation and performance monitoring of
injection wells. The geophysical applications include seismic characterisation of the subsurface
(for example through Vertical Seismic Profiling, Chapter 6) as well as monitoring seismic activity
originating from the subsurface using artificial sources (wicro-seismic, Chapter 06). Traditionally
geophones are used for these applications, whereas DAS has the potential to provide a
distributed and low-cost alternative. The geophysical applications are especially demanding in
terms of signal fidelity and repeatability, and have therefore been chosen as a platform for further
development of the znterrogation unit.

The interrogation unit is not the only important component of a distributed sensing system. Such
sensing system consists of distinct components as depicted in Figure 5.1: an optical fibre in a
sensing cable connected to an interrogation unit, as well as infrastructure and algorithms to
analyse the data generated. Infrastructure and algorithms are essential for efficient operational
use. The fibre-optic cable is the actual sensor converting a physical stimulus into an optical
response, and we will see in Chapter 7 and 8 that significant gain for geophysical applications can
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come from the development of improved cable designs. A suitable interrogation unit is the basis
for any application, and therefore initial focus was on the development of the interrogation unit
and optimisation of the interaction of light pulses with the optical fibre. OptaSense was
responsible for development of the interrogation unit. Shell’s efforts concentrated on the
evaluation of enhanced prototypes, to understand the behaviour of interrogation units and aid in
continuous redefinition of the development focus and applicability base. This Chapter will
provide an introduction to the DAS concept and the road towards important improvements in
the interrogation scheme.

RTU) (Field domain
Telemetry) (Server
Office domain

Storage Back-up

Sensing cable > Interrogation unit > Data handling > Data analysis

Figure 5.1: Distributed sensing system, consisting of individual components that only
together can deliver useful information. An interrogation unit uses a fibre-optic
sensing cable to make measurements along the length of the cable. The resulting
raw data has to be transported from the field in order to be stored and processed,
indicated by data handling. Next, data analysis procedures and algorithms are
required to convert raw data into information that can help to optimise field
operations and development. The right-hand figure shows a typical result of
Vertical Seismic Profile acquisition with DAS, depicting an intensity plot of
acoustic amplitude in time (vertical axis) versus distance in the fibre (hor. axis).

5.2. Rayleigh scattering

The capability of DAS to measure acoustic disturbances in the optical fibre is based on the
principle of Rayleigh scattering. Similar to optical speckle resulting from diffraction on a rough
surface [42], Rayleigh scattering results from the interaction of light in a fibre with inhomogeneities
much smaller than the wavelength of the light (Figure 5.2a). Such inhomogeneities are mostly
impurities in the glass and dopants that are being included as part of typical fibre manufacturing
processes [41]. Each of these scattering sites can be seen as an independent source with a random
amplitude and phase, but at the wavelength of the incident light. Some energy scatters in such a
direction that it is trapped in the fibre and transmitted back to the source (Figure 5.2b).

Often, short light pulses are used to probe the fibre. Such a light pulse travels along the fibre
while a small fraction of its energy is continuously scattered back to the interrogation unit. Even
though the back-reflected Rayleigh scattering equates only to approximately -65 dB/km of the
incident light, the backscattered light can be successfully analysed to provide information on the
amplitude and phase of the assembly of scattering sites along the length of the fibre.

If the distribution of scatterers in the area covered by the pulse reflection changes, the amplitude
and phase of the backscattered light change as well. These changes are a function of imposed
strain and temperature. If slow variations in temperature and background strain are ignored, the
retrieved signal becomes dominantly a function of acoustic strain on the fibre: the lowest acoustic
frequency of interest is typically in the order of 1 Hz, although some applications might require
even lower frequencies. On the other end of the spectrum, frequencies of interest can be as high
as 500 to 5,000 Hz.
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Figure 5.2: Rayleigh scattering of a light pulse in an optical fibre. (a) Local inhomogeneities
are present throughout the fibre. (b) Interaction within the active volume of the
pulse causes Rayleigh scattering of the incident light. Local strain or temperature
changes cause a change in the overall amplitude and phase of the backscattered
light.

A fibre is sensitive to both axial and radial strain [43]. Axval strain directly impacts the optical path
length to a particular scattering site. Radial strain causes a change in refractive index through the
so-called opro-elastic effect, resulting in a change in the group velocity of a light pulse and hence an
apparent change in optical path length. A bare fibre is approximately four times more sensitive to
axial strain than to uniform strain in the radial direction. The sensitivity to radial strain is reduced
even further after packaging in typical cable designs. This topic of strain coupling through fibre-
optic cables will be further considered in Chapter 7. For now it is important to realize that
acoustic strains impact the phase of individual scatterers. The backscattered light results from an
almost infinitely large assembly of scatterers, and hence is also influenced by acoustic strain.

5.3. Fibre-link probing schemes

In this Section probing schemes using Rayleigh scattering will be introduced. First the case of
using an incoherent light source is discussed (OTDR). This is useful because it gives an excellent
reference frame for introducing the use of a coherent light source (C-OTDRK). DAS is based on
the latter, coherent, type of light source. The minimum requirement for the use of a coherent
probing scheme is that the emitted light is coherent over the duration of the light pulse. As will
be explained in Section 5.4, more stringent coherence requirements are posed by the practical
implementation of such probing schemes.

OTDR

The first application of Rayleigh scattering for sensing purposes involved the determination of
optical loss along a fibre-optic cable, now known as the commonly used Optical Time Domain
Reflectometry (OTDR) diagnostic tool [44]. A small fraction of a light pulse’s energy is continuously
scattered back into the interrogation unit, as depicted in Figure 5.3a. The backscattered light is
analysed as a function of arrival time # to provide spatial resolution at distance 4 in the optical
fibre:

ct
d(t)y=—, 1
0= ©)
Note that 7 is the time corresponding to the two-way distance 24 travelled in the optical fibre.
The time 7 depends on the local speed of light ¢’ = ¢/n, with # the refractive index of the fibre-
optic glass.
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Figure 5.3: OTDR detection schemes. (a) Incoherent OTDR interrogation scheme, detecting

the backscattered intensity in time 7" from positions d in the fibre, resulting from
emitting a light pulse into the fibre. (b) Single-pulse coherent OTDR setup, with a
light pulse of frequency f; being sent into the fibre, and backscattered light being
analysed for resulting amplitude, or, alternatively, for phase by interference with a
reference signal of frequency £.

A typical OTDR trace of a fibre assembly consisting of two fibres in series is shown in Figure
5.4a. Uniform loss over the length of each fibre causes an exponential decay in the received
signal. The initial large signal is often a result of reflections within the OTDR system or at the
front connector and can be disregarded. The splice between the two connecting fibres can be
seen at a distance of 1 km in the form of a jump in signal level. Finally, beyond the end of the
fibre no signal is backscattered anymore; a narrow peak in the signal is due to a reflection at the
end of the fibre.

Despite the random amplitude and phase of individual scatterers (Section 5.2), smooth and
repeatable traces can be obtained. The reason for this is the use of an incoberent light source: the
wavelength of the emitted light has a non-zero spectral width. Hence, these fluctuations in the
output of the source also lead to a change in phase of the emitted light over time. This instability
leads to a crucial phenomenon in OTDR: diversity. The incoherent illumination of the scattering
sites leads to diversity in the combinations of scatter ensembles and hence a large amount of
different overall scatter energy amplitudes and phases are observed. After averaging multiple
measurements, all these diverse combinations together lead to a trace representative of the loss
along the fibre as displayed in Figure 5.4a.
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Figure 5.4 Typical OTDR traces as a function of distance d in the fibre, for (a) conventional

incoherent OTDR, and (b) coherent OTDR. Vertical axes in arbitrary units. [44]
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Coherent OTDR

By using a coberent light source instead, diversity can essentially be switched off. The result of such
individual measurement is illustrated in Figure 5.4b. The observed signal is indicative of the
random amplitude and phase of the backscattered signal, as a result of vector summation of the
random amplitude and phase of individual scatterers within the pulse reflection. The advantage
of using a coherent signal is the possibility of correlating the backscattered signal with a reference
signal (Figure 5.3b). For example, from the same source, directly routed to the detector (more
details in Section 5.4). The resulting cross-product term is not only related to the amplitude of the
backscattered signal, but has a linear dependence on the phase difference between the
backscattered signal and the reference signal. Because of the large amplitude of the reference
signal, the correlation product essentially provides amplification to the original backscatter signal.
In this way, the signal-to-noise ratio can be increased by 21 dB or more and is now mainly limited
by the noise in the backscatter signal rather than by detector noise [45]. Introduction of diversity
is necessary to retrieve the backscatter envelope, for example by using a source with alternating
frequencies [46], resulting in an improved version of a typical optical loss trace as displayed in
Figure 5.4a.

The discussion of OTDR techniques for fibre-link characterisation could be extended further,
including improved interrogation schemes as well as other concepts such as those based on
taking into account the polarisation of Rayleigh backscattered signal (POTDR [44]) or using
other, for example Brillouin scattering mechanisms instead (BOTDR). However, the main goal
here is not to find the optimal tool for diagnostics of the optical loss in a fibre-link, but rather to
exploit Rayleigh backscattering for sensing dynamic strain, or in other words: acoustic signals.
The coherent OTDR concept as discussed so far provides an interesting platform for this
objective.

5.4. Acoustic probing schemes

Single-pulse C-OTDR

To measure strain variations with frequencies ranging from several Hertz up to 1,000 Hz or
higher, the absolute amplitude and phase of the backscattered signal is not of importance. It is
the change over time, between individual measurements, that represents the acoustic signal.

In the simplest realisation, it is sufficient to monitor the amplitude of the backscattered signal over
time at a particular position in the fibre. As a result of strain, the phase of each individual
scattering site changes. Unfortunately, the vector summation of a large amount of scatterers
within the pulse reflection does not result in a linear dependence of the overall backscatter
amplitude. Some applications, such as the detection of an intruder in perimeter protection, can be
sufficiently served with this non-linear amplitude response. However, it is not sufficient if the
exact temporal shape of an acoustic waveform is important as in, e.g., seismic applications.

An alternative is correlation with the before-mentioned reference signal of frequency f, (Figure
5.3b), to obtain the phase change of the backscatter signal directly. The pulse sent into the fibre
and the reference signal, also called /ocal oscillator signal, are usually derived from the same source.
If the reference signal is of the same frequency as the backscatter signal (f, = f)), then the cross-
product is at baseband, so-called homodyne detection. If the reference signal is at a different
frequency (f;, # /), altered from the source signal by an appropriate external modulator, the cross-
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product occurs at the difference frequency (beterodyne detection [47]). Many variations on this
theme have been proposed and realised, for example heterodyne single-pulse detection [48],
leading to systems useful for specific applications such as intruder detection.

Dual-pulse C-OTDR

One of the largest challenges for single-pulse systems is the fact that the light source should be
coherent over a significant amount of time: the light pulse has to travel along the full length of
fibre, which can for example be a 5 km long well with a two-way travel time corresponding to
approximately 0.05 ms, to interfere with an — only then generated — reference signal. Achieving
such coberence time is challenging for current state-of-the-art laser systems, and even more so for
cost-effective laser systems [49].

An alternative concept is provided by launching two subsequent pulses into the optical fibre and
analysing the interferometric result of the backscattered pulses, as schematically displayed in
Figure 5.5. This concept relaxes the coherence requirement to the short time between the two
pulses of a pulse pair, typically in the order of 100 ns [51], and consequently provides a potential
reduction in noise floor.

The dual-pulse C-OTDR concept is developed into a commercial service by OptaSense, with technical input and
evaluation by Shell. As part of a larger Shell-wide team, the author was involved in providing technical feedback
based on a combination of modelling and experimental evaluation.

Inberent to the confidential nature of collaboration on a commercial basis, the related information in the following
sections will be solely based on publicly available information.

The pulses in a pulse pair have different frequencies (typically differing in the order of 1 to 5
MHz [52])
interfere at the detector. The interference requirement implies that the scatter region for the first

allowing heterodyne detection. This imposes the requirement for the pulse pair to

b
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Figure 5.5: Dual pulse interrogation scheme [50] [51]. A coherent source emits two pulses at
optical frequency £; and £, respectively, with a pulse duration ¢p and separated by
a time tc These pulses travel through the fibre and back-scatter due to Rayleigh
scattering. Each sample time 7 corresponds to a position d along the optical fibre.
The detector is selectively sensitive to reflected energy at the beat frequency due
to interference between the pulses. In order to interfere, the pulses have to reflect
from scattering sites distributed over a pulse length /» and separated by a gauge
length /c.
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pulse has to be further into the fibre than the scatter region for the second pulse, in order for
both backscatter signals to travel back together and interfere. The gauge length /. between the
two pulse reflections is determined by the delay time 7. between the two pulses of a pair (Eq. (1)).
The cross-product in the heterodyne detection arrangement contains a phase term with a linear
relation to fibre strain. As such a strain sensor was created, defined by the gauge length between
the two pulses. The number of such strain sensors along the optical fibre depends on the sample
rate of the detector: if the detector samples at a sample interval AT, the distance between adjacent
measurement channels is governed by Eq. (1) and is defined as the channel length Iy = cAT/2n.

5.5. Lab evaluation

The signal response in a field trial can be the result of a wide range of parameters, not all related
to the interrogation unit. A laboratory setup can provide a first means to study the response of
the interrogation unit itself in a reduced parameter space that is easier to control.

For this purpose, the fable-tgp setup of Figure 5.6 has been developed. A fibre has been glued
along the (vertical) length of a Perspex cylinder. The cylinder has been pre-loaded within a stiff
metal frame, together with a prezo-electric actuator (PZT). Because the Perspex cylinder is the
weakest element in the stack, actuation of the PZT will result in an axial compression of the
cylinder. Deformation of the cylinder results in (predominantly) axial strain in the optical fibre.
Isolated fibre segments have been attached to the cylinder to study the influence of spatially
localised strain sources. Multiple fibre segments within one channel length have been attached to
the cylinder to study the response to more distributed strain signals. The PZT is capable of
generating signals up to approximately 500 Hz and the induced strain can be monitored by FBGs
as well as electrical strain gauges for reference [53].

Multi-segment Single-segment

20 segments 1 segment
Frame |

Perspex cylinder

ho + Ah(t)
Fibres glued vertically
on cylinder
Piezo-electrical I
actuator I o - //
70m
a) b)
Figure 5.6: Table-top axial strain test-setup. (a) Picture showing frame, piezo-electric

actuator, Perspex cylinder and fibres. The cylinder has a height Ay of
approximately 100 mm. (b) Schematic representation of single- and multi-
segments glued to the Perspex cylinder. A strain gauge and FBGs were attached
to the cylinder for reference. The piezo-drive induces an amplitude 4 A(z).
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Testing of an initial prototype interrogation unit resulted in several important observations.
These helped in improving the understanding of the functionality and working principles of the
interrogation schemes. These tests also provided useful information on the limitations in the
performance. Amongst others, signal distortion, non-linear response at higher strain amplitudes,
sub-optimal spatial resolution, and signal drift over time were observed. Some of these effects
could be attributed to the preliminary design and construction of these first prototypes.
However, part of the observations are related to a fundamental characteristic of Rayleigh
scattering: fading. Fading is a result of the spread in backscattered signal resulting from the
combination of the random distributed amplitude and phase of individual Rayleigh scatterers.
This will be treated in detail in the next section.

5.6. Trade-off: stability vs spatial resolution

Fading leads to two features in our measurements: (1) strong variations in signal amplitude, even
for adjacent locations; (2) signal drift over time for one particular fibre location.

First, the response along the fibre length exhibits strong variations in signal amplitude. One pulse
reflection location can provide a large backscattered signal, whereas signal emanating from an
only slightly different position might be virtually absent. This is a direct result of the interference
of many waves of the same frequency, having different phases and amplitudes, which give a
resultant wave whose amplitude, and therefore intensity, varies randomly [42]. If each individual
scatterer is modelled by a vector, then it can be seen that if a number of vectors with random
angles are added together, the length of the resulting vector can be anything from zero to the
sum of the individual vector lengths — a random walk[54] [55].

Second, for each position along the fibre, as inferred from the two-way travel time, the signal
might drift over time. At one time the signal might be substantial, whereas later in time the signal
might have almost entirely vanished. Strain and temperature influence the optical path length, by
physical elongation or by changing the speed of light, and as such essentially ‘shift’ scattering sites
along the fibre. The scattering sites observed in a pulse reflection at a constant two-way travel
time therefore have changed. Such new combination of random amplitudes and phases may lead
to a randomly different overall backscattered signal amplitude.

Whereas most C-OTDR interrogation schemes (Section 5.3) are only concerned with the overall
phase change of backscattered pulses over time, problems arise when a sufficiently strong optical
signal is at some point not observed anymore due to fading as described above. Such channel is
not accurate anymore and has a far-from-perfect proportionality to fibre strain. Even worse,
there might be time periods in which no acoustic signal at all can be retrieved for a certain
position in the fibre.

The random distribution underlying fading can be reduced by creating ‘diversity’ in the acquired
signals. As discussed in Section 5.3, diversity in fibre-link diagnostic applications can be created
by averaging over, e.g., multiple wavelengths in time. Since we are interested in rapidly-varying
acoustic signals, it is not an option to simply average multiple diverse samples 7z #ime. However, it
is possible to acquire signal for multiple pulse pairs at different wavelengths sizultaneously [52].
Alternatively, diversity can be created spazzally [57]. Slightly shifted pulse reflections can be used as
depicted in Figure 5.7. Data acquisition at an integer N-multiple of the repetition rate is the extra
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Figure 5.7 After an optical pulse pair is injected into the optical fibre, the scattered light is

sampled at times 73, corresponding to different locations in the fibre (Eq. (1)). In
this example, four subsequent samples are analysed and combined into a single
output channel. Each channel represents a fibre length, equal to the channel

length /cx, determined by the sample rate and the number of diversity samples.
[57]

requirement to the initial dual-pulse interrogation scheme. A number of N subsequent ‘diversity
samples’ can then be analysed and compared to select diversity samples that exhibit a non-faded
response[56]. This spatial diversity scheme provides a significantly reduced probability of
suffering from fading: if the probability of observing a non-significant signal amplitude for a
single sample is for example 10%, then by using the information from, e.g., four samples reduces
this probability to (at best) only 0.01% [52].

A downside of introducing spatial diversity is the enlarged spatial extent covered by each output
channel. Instead of each sample providing a channel, multiple spatially-shifted samples are
combined into one output channel. At the same sample rate, the channel length is proportional
to the number of diversity samples used per output channel. Furthermore, the sensitivity in the
traditional dual-pulse scheme extended over one gauge length only. Since now an output channel
is representative of multiple spatially shifted diversity channels, the sensitivity is extended over a
larger fibre length. For most geophysical applications this is not a significant problem since
wavelengths are long. For example, a 100 Hz signal (which is close to the upper bound of typical
seismic source signals) at a typical wave velocity in sand formations of 2500 m/s, results in a
wavelength of 25 m. Such wavelength is still larger than the typical extent of the sensitivity of a
channel, and therefore spatial diversity can be applied. Nevertheless, apart from the extent of a
channel, it remains important to know the exact location of the output signal that is built up from
the selection of diversity samples.
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Summarizing, the concept of introducing spatial diversity is a method beneficial in reducing the
impact of fading in coherent Rayleigh-scattering reflectometry, at the expense of a degraded
spatial resolution. This represents the usual trade-off that is part of real-life design.

5.7. Continuous development

Prototype interrogation units have been developed and built based on the concept of spatial
diversity, now commercially branded as ‘OptaSense ODH-3’ units. Again, tests were conducted
in a laboratory environment to provide a first evaluation of its performance. The setup used is
identical to the setup described in Section 5.5, allowing an easy comparison with the results of
initial prototypes. Typical test results are provided in Figure 5.8, showing the response to an
amplitude scan of a 90 Hz continuous wave [58]. The results of an initial DAS prototype, to
some extent behaving as an intensity-detection based C-OTDR system (Section 5.3), are given in
Figure 5.8a. Clearly visible is the expected non-linear amplitude response, especially at higher
frequencies. Figure 5.8b displays the results for an ODH-3 prototype. As a result of phase-
detection in combination with diversity sampling, the strain response is now quasi- linear up to
high strain values.
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Figure 5.8: Response as a function of the amplitude of the applied strain (in volts) at 90 Hz;

(a) initial prototype with random fluctuations at higher amplitudes; (b) ODH-3
with spatial diversity sampling, showing a nearly linear response up to highest
strain input.

As such, the ODH-3 interrogation unit with spatial diversity sampling provides a promising
technique for, especially, geophysical sensing. Chapter 6 will give an overview of the extensive
field trials executed after the first laboratory experiments. The field trials have provided a wealth
of information on acoustic sensitivity of the integrated sensing system in a down-hole
environment. As expected, we have also gained more insight in the limiting factors.

The interrogation scheme with spatial diversity sampling is especially beneficial for a range of
seismic measurements. However, as will be described in Chapter 6, further development is
needed in some areas, especially to improve performance as compared to geophones. Also, for
other applications other interrogation schemes might be more suitable, depending on
requirements such as spatial resolution, signal stability and frequency response.
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Without going into any detail, it is worth mentioning the application of flow-assurance
measurements in wells. Typical seismic applications are concerned with far-field illumination of
the optical fibre with long-wavelength acoustic waves. Instead, flow measurements in a wellbore
are concerned with noise-logging of near-field signals of much wider frequency content. Due to
the limited extent of features in a wellbore, spatial variation of acoustic waveforms can be large
and hence spatial diversity sampling is less effective. Trade-offs can be made in other areas, for
example signal stability (fading) is less important when concentrating on the average frequency
content of flow noise.

The universal interrogation unit should combine good signal stability and linearity with a good
(sub-meter) spatial resolution, and should allow measurement of frequencies ranging from quasi-
static up to approximately 10,000 Hz. However, such an interrogation unit is potentially
significantly more expensive than appropriate for most permanent monitoring applications.
Therefore, the development of special purpose interrogation units is a more likely scenario, each
with specific trade-offs for different applications.

While Distributed Acoustic Sensing is already being deployed on a commercial basis for selected
geophysical and flow applications, further development work is ongoing and has the potential to
enable an additional number of novel applications.
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6. DAS for Geophysics: deployment

DAS interrogation units have been tested in a range of field trials. Although preparation and execution of field
trials is elaborate, they are necessary to prove the applicability of a new technology in operational situations. Field
trials of Vertical Seismic Profiling (V'SP) and micro-seismic monitoring are presented. V'SP results show the
usefulness of the current development for commercial application. Micro-seisnzic results were less favourable, but
clearly indicate the potential for future improvements in the noise floor of DAS' interrogation units and — especially
— directional sensitivity of fibre-optic cables.

6.1.  Field trial resourcing

Interrogation units for Distributed Acoustic Sensing (DAS) have been developed together with an
industrial partner. The concepts and initial laboratory tests (Chapter 5) indicate promising
performance for down-hole applications. In a laboratory environment it is typically not possible
to fully encompass the parameter space influencing performance. Therefore, testing of newly-
developed interrogation units in fe/d trials is crucial to prove their use for the actual applications.

The execution of field trials is elaborate, however. Research teams, operating units and
contractors have to work together in realising a field trial. Major constraints, e.g., on timing and
scope, are often imposed in order to minimize negative effects on asset productivity during the
field trial operations. The companies developing fibre-optic interrogation units are typically not
familiar with oilfield operations and therefore need considerable support. Research teams are
often the only party having the overview of all parts of the project, from new technology to
operational constraints, and as such project management is often centred in the research teams.
While this role is crucial, it also requires considerable effort to integrate the vast range of
different views within such multi-faceted team. Another critical constraint is safety. Risk
exposure in oilfield operations is relatively large, and efforts to minimize risk are significant,
especially in consideration of the new and unproven technologies trialled. The new technology
must not compromise the safety of the operations in any way.

Consequently, field trials, which at first glance might appear like simple and straightforward tests,
are often significant efforts with preparation times on the order of months to years. Therefore,
careful evaluation and laboratory testing prior to initiation of a field trial is important to gain
efficiency. After evaluation in such first steps, the enhanced DAS interrogator prototypes were
considered ready for further evaluation in field trials.

The field trial results presented in this Chapter focus on two geophysical applications: [ertical
Seismic Profiling and micro-seismic monitoring. The reason to choose geophysical applications for the
first field evaluation of the new interrogator prototypes was two-fold. First, these geophysical
applications are seen as some of the key applications of DAS. Second, all applications require a
suitable level of interrogation hardware, sensing cable and data-analysis. Novel data-analysis
methods are an initial bottleneck for many applications, whereas geophysical applications clearly
required improved signal fidelity of the interrogation hardware. As such, geophysical applications
provided an ideal test-bench for evaluating the novel interrogator prototypes.
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6.2. Vertical Seismic Profiling

Vertical Seismic Profiling (VSP) is a borehole seismic measurement primarily used for correlation
with surface seismic data or for obtaining images around the wellbore with a higher resolution
than surface seismic can deliver. In a general context, VSPs vary in the number and location of
sources and geophones. Typical configurations — and the ones used in our measurements —
include checkshot, gero-offset, offset and walk-away surveys. In such configurations, measurements are
made in a wellbore, typically using geogphones inside the wellbore, and a source at the surface near the

well (Figure 6.1).
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Figure 6.1: Vertical seismic profiling (VSP) acquisition geometries include: (a) checkshot and
zero-offset VSP, targeting direct waves and reflections, respectively; (b) offset
VSP; (c) walk-away VSP geometries extend lateral subsurface coverage.
Processing involves filtering of several artefacts, for example down-going and
reflected multiples [59].

Following the review paper of Christie et al. [59], the simplest and earliest variety — a common
practice since 1940 — is the checkshot or velocity survey. In a checkshot, a stationary seismic source is
used, while a single down-hole receiver is moved along the well-depth, usually locating it at the
most relevant reflectors. Checkshots measure the travel time of waves propagating directly from
source to receiver with no reflections along the way (Figure 6.1a). The arrival times of these
direct waves correspond to the first arrivals — or first breaks — in the seismic traces. Since the
receiver-depth positions are known, checkshots provide a profile of seismic velocity near the
well. Such measurement is required to relate surface-seismic travel-time to depth: in surface
seismic, instruments record the time an acoustic wave takes to travel from a surface source to a
reflector located at a certain depth and back to the surface to the position of a receiver. In order
to determine the depth-position of such a reflector, some estimation of the rock's velocity is
needed which can be obtained by acquiring a checkshot.

The checkshot source and receiver combination is similar in a gero-gffsetr 1°SP, as indicated in
Figure 6.1a. The aim is now to observe subsurface reflectors, both along the well-bore and
below. This requires a higher density of receiver positions than in a check-shot survey and longer
trace recordings extending beyond the first arrivals to include later-time reflections. In order to
extend the lateral coverage of the subsurface by recording reflections further from the well, the
single surface-source can be positioned at a larger distance, termed offse, from the well (Figure
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0.1b). The data recorded in this way can be processed to obtain a partial image of a subsurface
reflector.

The checkshot and the two VSP techniques described so far use a single source position. The
walk-away VSP collects data from multiple surface source locations along a line that extends from
the well (Figure 6.1c). Each line typically has a large number of source positions. Combining
reflections acquired from all source positions provides an umbrella-shaped coverage of the
formation around and below the well. This results in an image of a cross-sectional slice defined
by the direction of the walk-away line. A three-dimensional image can be obtained by acquisition
of multiple walk-away lines: a 3D [”SP. This data is then processed to create an image that usually
has higher resolution than that from surface seismic surveys. The enhanced detail is ideal for
monitoring subtle changes in the subsurface as a result of, e.g., improved oil recovery processes.

The applications and configurations of VSP extend beyond the basic concepts discussed above,
including walk-above VSPs, salt-proximity surveys, shear-wave VSPs, reverse VSPs, and drill-
noise VSPs. However, the field trial results presented in this Chapter only concern basic
checkshot, zero-offset and offset VSP acquisition. Individual shot records acquired in this way
are sufficient to evaluate the quality of the DAS interrogation units and systems.

The surface sources used to transmit a seismic signal into the subsurface differ between onshore
and offshore operations. The source in offshore environments is often an air-gun. On land,
vibrators, accelerated weight drops (AWD) and dynamite are commonly used. The frequency content of
such source signals is typically limited to a range from about 1 Hz to approximately 100 Hz. Air-
gun, AWD and dynamite sources emit their energy as a pulse, with peak energies in the above-
mentioned frequency range. Vibrators, as displayed in Figure 6.2, are typically used to sweep
through a similar frequency range in a time interval on the order of 10 seconds. The received
signal is correlated with the sweep signal to obtain the equivalent of a pulsed signal after
processing, at the benefit of increased overall source energy and optimised frequency content.
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Figure 6.2: A vibroseis (or ‘vibe’, ‘vibrator’) is a commonly used surface soutce in seismic

acquisition on land. (a) Vibrator displayed during a field trial in Oman. Visible is
the hydraulically vibrated base plate, which is used to couple vibrations into the
subsurface. (b) Schematic model of an AHV-IV vibrator [61]. The necessary force
to actuate the base plate is provided by a hydraulic system and a reaction mass.
Acceleration sensors monitor the actual displacement.
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The amplitude effectively generated in the subsurface depends strongly on the coupling between
source and ground, as well as on the characteristics of the shallowest rock layers. To give a first
idea of the forces used, note that a medium-sized vibroseis as shown in Figure 6.2 produces peak
forces in excess of 200,000 N [60].

Typically, a down-hole receiver array consists of geophones. A geophone is a mass-spring-system
based point-sensor with its signal being proportional to particle velocity at the location of the
geophone (more about geophones in Chapter 8) [62]. Production in a well typically has to be
stopped to allow geophones to be inserted, also their cross-section causes a significant
obstruction to hydrocarbon flow in a well-bore while deployed. As a result of their dimensions as
well as the cost of geophones, strings of multiple geophones are only temporarily inserted into
the well-bore. These strings contain geophones at a typical spacing in the order of 10 to 20 m.
VSP surveys typically start at five to seven geophones, with the maximum number of geophones
limited to approximately 100 geophones, largely by economical factors. If a well requires more
geophones because of depth and required spatial resolution, a limited array is often shifted to
various positions instead, at the expense of an increase in acquisition time.

The virtue of DAS is two-fold. First, it replaces discrete geophones by a continuous fibre, with
measurement channels distributed all along the fibre. This results in a significant increase in the
number of channels at a reduced cost. Second, compared to mostly temporary geophone
deployments, fibre-optic cable has a much smaller footprint and can therefore be permanently
installed without significant reduction in the well’s flow cross-section. In that way, the
permanently installed fibre-optic cable allows repeated measurements without the costs involved
with repeated deployment of temporary geophone arrays. This is ideal for time-lapse monitoring
of, e.g., production-related changes in the reservoir.

6.3. DAS signal quality

VSP measurement data is typically represented in a depth-time plot’ (Figure 6.3a). The first arrival
represents the wave front, emitted by the surface source, travelling down into the subsurface and
arriving at subsequent depths along the length of the cable. Upon encountering an acoustical
impedance contrast, due to a change of properties between rock layers, energy is partially
reflected back. For the ideal case of a vertical well and a horizontal layer interface, the depth of
the layer interface can be read at the intersection between first arrival and reflection slope.

One of the most straightforward applications of such dataset is the generation of checkshot
velocity profiles. By using the time-lag in first arrivals between subsequent channels, interval
velocities can be deducted as plotted in Figure 6.3b. Now that we have obtained seismic
velocities, we can compare them with velocities obtained from well-logging tools, such as the
sonic tool measurement in Figure 6.3b. A logging tool is lowered in a well-bore and can include a
range of sensors, including electrical, nuclear and acoustic measurements, providing detailed
information in close proximity to the borehole. In Figure 6.3b, good agreement is observed
between geophone data and the sonic log, as can be expected. The DAS curve also corresponds
well with the available sonic logs.

3 A depth-time plot typically plots depth on the horizontal axis, which might be counter-intuitive at first sight. Originating from

surface seismic, where channels represent lateral distance, this convention is widely adapted in the geophysical community.
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Figure 6.3: (a) Zero-offset VSP recorded on DAS, with the first arrival highlighted in red. The
rather small depth range recorded on the conventional geophone array is also
shown. The strongest reflector observed is shown with a dashed white line. (b)
Interval velocities calculated from DAS (blue, smoothed) and geophone (black,
smoothed) data and their comparison with sonic logs. Please note that the depth
scale is in feet and not in metres. [63]

The checkshot velocity profile is used to convert travel times in surface seismic data to depth.
Combined, this allows integration of the areal — but rather coarse — coverage provided by surface
seismic between wells, with detailed property information obtained by logging tools in the
vicinity of each well.

Figure 6.4 shows data simultaneously taken with DAS and geophones from the same well. The
reflections are easier to see on the geophone record. The underlying reason can be derived from
spectral plots of geophone and DAS data. As indicated by the boxes in Figure 6.4, signal spectra
are obtained around the first arrivals, whereas noise spectra are taken after a long time when no
signal is received anymore. It can be observed that the resulting signal-to-noise ratio (SNR) is
substantially lower for DAS compared to geophones, especially at deeper locations where
instrument noise is dominant. The full-depth coverage of the fibre-optic cable compared to the
typically limited depth range of the geophone array, as indicated in Figure 6.3a, is a significant
advantage of DAS compared to traditional geophone deployments.

The development of interrogation units, as described in Chapter 5, is illustrated by the data
quality of VSP measurements in Figure 6.5. Data from 2009 (not shown) taken with an early
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prototype showed characteristics similar to an amplitude-based C-OTDR system: significantly
suffering from phase instabilities and amplitude variations, the measurements were not
interpretable yet. The implementation of a dual-pulse setup in combination with spatial diversity
sampling led to an improved version, the ODH3. With the introduction of ODH3 prototypes
and production versions in 2010 and 2011, respectively, highly improved data is acquired as can
be seen in Figure 6.5a and Figure 6.5b. Further improvements in repeatability and reduction of
instrument noise floor lead to an increased visibility of reflections in 2011.
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Figure 6.4: Top: Geophone and DAS data and the windows used for signal- and noise-
spectra. Bottom: Scaled frequency spectra for geophone (blue) and DAS (red)
data for the indicated windows. [63]
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Figure 6.5: Zero-offset VSP recorded by DAS: (a) 2010 data from Pinedale with an ODH3
prototype, (b) 2011 data from Pinedale with an ODH3 production version. Each
set is a stack of 32 sweeps (Automatic Volume Control applied (1s gate)). [64]
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Although the DAS instrument noise-floor is still significantly higher than for a geophone,
stacking of multiple measurements can reduce the noise to a level that already is often sufficient.
The impact of this result is dramatic since it shows that DAS technology can yield a useful VSP

result, despite the fact that there is still significant scope for further improvement in the DAS
SNR.

The field trial results discussed so far have been obtained in North-American assets, and have been presented to
show the applicability of the newly-developed interrogation units. The next Sections focus on further extension of the
applicability of DAS' technology, with major involvement of the author of the thesis in coordination, execution and
interpretation of described activities.

6.4. Angle-dependent sensitivity

All data shown in the previous section are the result of zero-offset VSP measurements. For zero-
offset VSPs, sensitivity is mainly limited by the inherent noise level of the interrogation unit. The
dual pulse interrogation concept has some limitations due to the integration of induced strain
over the gauge length /. (Chapter 5), resulting in differential displacement A/. . The response to
primary (compressional) waves essentially scales with the apparent wavelength A = v/(f cos @),
determined by a combination of wave velocity v, frequency f, and incidence angle 6 of the
acoustic wave with respect to the axis of the fibre-optic cable [65]:

l
|Al;| = cos8 |1 — cos <2nf—VGcos 0). @)

By assuming that a conventional down-hole fibre-optic cable is — for P-waves — only sensitive to
signals propagating along its length, which will be explained further in Chapter 7, this relationship
implies zero signal in two situations. First, if the wavelength of a P-wave travelling along the
length of the cable is exactly equal to the gauge length, the strain over one channel will integrate
to zero differential displacement. This results in a comb-like spectral response as indicated in
Figure 6.6. The dependence on wavelength (or equivalently, frequency) is challenging to
characterize experimentally, since transmission through the subsurface is heavily reduced for
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Figure 6.6: Differential displacement Alz between the two pulses effectively separated by the

gauge length /g as a function of the ratio between gauge length and apparent
wavelength A, normalized with the amplitude A of the incident wave on the fibre.
Maximum sensitivity corresponds to displacement in counter-phase between the
two pulse locations. The transfer function through the well- and cable-
construction has been neglected here, but will be further treated in Chapter 7. [65]
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increasing frequencies. For example, at a formation velocity of 2500 m/s and a gauge length of
10 m [60], the sensitivity would drop to zero at 250 Hz. At this frequency, experimental data so
far has been found to have insufficient incident energy at depth to allow a proper
characterisation.

Second, if the apparent wavelength is very long compared to the gauge length, the pressure
gradient and hence the differential displacement in a channel is negligible. This is represented in
Figure 6.6 by the zero crossing at /./A = 0. Practically, such long apparent wavelength can be the
result of signals at a very low frequency or low velocity. Alternatively, the same situation arises if
the apparent wavelength approaches infinity as a result of a broadside incidence angle. Broadside
means that the wavefront arrives perpendicular to the length of the fibre, or in other words 6 =
90°. For such broadside wavefront, the pressure gradient along the length of the cable is
negligible, thus resulting in zero signal. Characterisation of the incidence angle dependence is less
problematic. Field data indeed confirms this behaviour (Figure 6.7), often simplified to cos’d for
wavelengths much larger than the gauge length.

Not only is this cos’d behaviour worse than for conventional geophones, which exhibit an angle-
dependence proportional to cos 6, it also implies that DAS in combination with traditional cables
is only a single-component receiver. Geophones often have three-component sensitivity, allowing
measurement of signals arriving at any incidence angle. The angle-limitation of DAS reduces the
walk-away angle range that can be addressed, and reduces the sensitivity for well trajectories
where the source is predominantly perpendiculatly oriented towards the well (such as for a source
placed above a horizontal well). The development of cables with improved directional sensitivity
will be discussed in Chapter 8.

Summarizing, a number of applications exist in which useful VSP data can be acquired, despite
the directional limitations of conventional fibre-optic cables. Good results have been obtained
for cable cemented behind casing; the potential use of cable installed on-tubing will be
investigated in the next Section.
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Figure 6.7: Far-offset shot gather from Pinedale 2011 illustrating broadside insensitivity of
DAS acquired with standard fibre-optic cable — the amplitude of the first arrival
dims as the incidence angle approaches 90° with respect to the well. [64]
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Figure 6.8: Schematic of a well. The blue line and the green line represent two typical
deployment locations of the fibre-optic cable: (blue) On the outside of the casing,
cemented in place, in direct contact with the formation; (green) clamped to the
tubing, surrounded by fluid, and acoustically coupled through — potentially
multiple — casing strings.

6.5. Cemented vs tubing-conveyed cable deployment

All field trial results discussed so far have been acquired with fibre-optic cable cemented behind
casing. For this deployment model, the cable is installed on a casing string, and subsequently
cemented in place together with the casing as illustrated in Figure 6.8. This was the initial
deployment model as introduced for the hydraulic fracturing application (Chapter 5): at the time
of fracturing operations, no other completion pipe string is installed in the well yet. However,
deployment behind casing is not always the preferred approach. First, it is not allowed
everywhere because of well integrity concerns. Depending on the well design, a leak path to the
surface might form in a micro-annulus between the cement and the fibre-optic cable. Second, since
a cemented cable cannot be retrieved anymore, exchanging the cable in case of failure is not
possible’. Installation on a fubing string as part of the completion would allow retrieval and
replacement during the lifetime of the well, and is more cost-effective as well. Third, if it would
be possible to use such existing cable installations as well, opportunities for deployment of DAS
would increase significantly. Most existing fibre-optic installations (especially for Distributed
Temperature Sensing) have cable already installed on tubing.

Acoustic coupling is expected to be much better if the cable is in direct and solid contact with the
formation, compared to being shielded by multiple casing layers, essentially hanging or laying
loose inside the casing immersed in fluid. A first field trial to assess the sensitivity in on-tubing
installations was conducted in Schoonebeek [67]. An existing cable — installed for DTS — was
used to acquire VSP data [68].

4 Please note that it is possible to install fibre by pumping it into a pre-installed capillary tube, a means of fibre deployment that

will allow periodic exchange of the fibre. However, we have not verified acoustic coupling of such installation yet.
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Figure 6.9: Shot-record from a near-offset VSP at Schoonebeek (deviated well, ~900 m vertical
depth; stack of 109 AWD shots). In the figure can be observed: the largest peak
corresponding to the first arrival, a down-going wave transmitted directly from the
surface source and arriving to the fibre-optic cable along the well trajectory;
followed by some source-related reverberations; and, starting from approximately
channel 75, the arrival of a refracted wave. [64]

The results in Figure 6.9 clearly show that also in this case there is sufficient sensitivity [69]. The
SNR is lower than in some other field trials, but this is partially caused by the use of a less
powerful (AWD) source [70]. Still, the results show first arrivals of sufficient quality to extract a
checkshot velocity profile [64]. Describing the exact coupling mechanism is challenging due to
the fibre-optic cable being positioned inside a complex well configuration, but it should be
appreciated that any acoustic signal coupled in the axial direction along the cable is integrated
over multiple meters of cable and in that way the overall sensitivity is increased. More details on
acoustic coupling into fibre-optic cables will be discussed in Chapter 7.

The same favourable coupling in on-tubing installations was identified in other subsequent field
trials. This insight allows a major increase of the applicable range to wells where cable has already
been installed on tubing, or to cases where installation on casing is not allowed or not cost-
effective [71].
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6.6. Micro-seismic monitoring

Micro-seismicity 1s another geophysical application that has been evaluated in field trials. Passive,
continuous acquisition monitors seismic activity originating from the subsurface. Such activity
can include naturally-occurring earthquakes, but in the context of the oil- and gas industry mainly
focuses on production-related events. A field trial has been conducted in Oman (2011), in a field
where micro-seismic activity is related to compaction due to subsidence and reactivation of
faults, driven primarily by gas depletion [74]. A fibre-optic cable was installed, collocated with an
array of eight geophones in a vertical observation well of 400 m depth. The combination of the
geophone system and a fibre-optic cable was then cemented all the way to surface in order to
realize a permanent installation with optimal coupling. The field trial took place seven months
later. Meanwhile, the geophones had already been recording and detected on average 1 to 4
events per day.

The field trial consisted of two phases. First, high-quality VSP data was acquired using a
vibroseis, confirming that fibre and instrument were working as expected [72]. In the second
phase, DAS data were recorded passively and continuously for about one week [73].

During this period, eight micro-seismic events were detected by the geophones. The main
location of the seismic activity occurred along a system of normal faults crossing the field
approximately northeast-southwest (Figure 6.10). Hypocentres — the origins of the micro-seismic
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Figure 6.10:  Map of the trial location in Oman, the eight events detected by the geophone
network during the DAS trial period, and main faults in the area. Date and time of
the events are given in the legend; the moment magnitude is indicated at the site
of the event. The well with DAS and geophones is located at position (x,y) = (0,0).
[74]
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events — were located between 3 and 10 km away from the DAS well and about 1 km below the
surface. Although some of the micro-seismic events were quite large, at this initial stage of data
processing no significant signal in the DAS continuous record has been observed. It is likely that
these events are simply undetectable given the current noise floor of DAS in combination with
the limited angular sensitivity and wavelength dependence of a conventional down-hole cable.
The higher noise floor of DAS compared to geophones has already been illustrated in Figure 6.4,
while the directional sensitivity and wavelength dependence are described by Eq. (2).

A sensitivity analysis was carried out to quantify how strong the micro-seismic signals would look
in DAS. The SNR of the P-wave arrival from the micro-seismic events as detected in the
geophone array varies between 1.4 dB and 11.2 dB, as summarized in Table 6.1. The lower limit
corresponds to the event on November 27", originating 9 km away with a moment magnitnde of
0.72, whereas the upper limit is the SNR of the strongest event. Moment magnitude is a scale
used by seismologists to measure the size of earthquakes in terms of energy released. Signal and
noise were estimated as the root-mean-square (RMS) amplitude during and before the P-wave arrival
on the vertical component geophone data, respectively.

To calculate the equivalent signal measured in DAS, the geophone particle velocity
measurements are translated into DAS differential displacements [65], and the dependence of
DAS with respect to incidence angle and seismic wavelength (Eq. (2)) is taken into account.
Calculation of the DAS noise floor resulted in a RMS value of 1.7 nm differential displacement
over one gauge length. Table 6.1 displays SNR values obtained from comparing expected DAS
signal to measured DAS noise, indicating the contributions of wavelength- and angle-
dependencies. Note that signal reduction as a result of the wavelength-dependency is much lower
than as a result of the angle-dependency: the events originate from a location such that their
wavefronts arrive at the fibre-optic cable under an almost broadside incidence angle (Section 6.4).
Taking all factors into account, the SNR is in the best case scenario -9 dB, which is about 20 dB
below the best SNR of the geophone data and explains why micro-seismic events are not
observable in these DAS records. Our basic processing increases this SNR only by 3 dB. Without
the influence of angle and wavelength dependency, the SNR of the largest event would have been
4.6 dB (only 6.6 dB lower than geophones), indicating that not only the current DAS noise floor
is a limitation, but also its directional sensitivity. Hence, development of cables with improved
directional sensitivity has a significant impact.

Table 6.1: Measured geophone signal magnitudes vs calculated SNR levels for DAS, for
representative micro-seismic events in Oman. Estimates assume a P-wave
velocity of 2750 m/s, a peak energy centred at a frequency of 40 Hz, and a DAS
noise floor of 1.7 nm differential displacement over a gauge length on the order of

10 m.
Event 24-Nov 23:55  25-Nov 2:17  27-Nov 6:21 2-Dec 6:27
Moment magnitude 0.4 0.83 0.72 -0.01
Measured SNR in geophones [dB] 9.66 11.22 1.41 8.82
Calculated SNR in DAS, 3.46 4.64 479 2.62
instrument noise floor only [dB]
+ sensitivity to incident angle [dB] -13.90 -14.49 -22.02 -6.14

+ wavelength sensitivity [dB] -16.65 -17.23 -24.76 -8.93
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This sensitivity analysis is exclusively for P-waves. The SNR for shear waves in the geophone
data is about 12 dB higher than that of P-waves, and that would increase the chance for DAS to
detect them, provided that the noise floor is the main limitation for shear waves. However, ray
tracing modelling suggests that with the characteristics of this field, shear-wave apparent
wavelength and incidence angles are likely to be less favourable for DAS than those of P-waves.

The sensitivity analysis shows that situations exist in which DAS as of today is able to
successfully detect micro-seismicity. In fact, DAS has detected micro-seismic events associated to
hydraulic fracturing in another Shell field [75], where the distribution of events with respect to
the location of DAS was more favourable than in this Oman field trial. Proximity, direction of
propagation, frequency content, and magnitude, all play a role in successful detection.

Meanwhile, DAS can still represent a complementary solution to monitoring the field in Oman,
provided the network is designed differently: DAS should be deployed preferably closer to the
main area of seismic activity. DAS wells could cover more densely this area, while leaving the
geophone installations for farther, sparser wells. Additionally, the sensitivity of geophones, either
collocated with the fibre-optic cable or in separate wells, could be used to identify an event and
trigger the DAS recording, reducing data volumes and processing times. Although the SNR of
the raw DAS signal is likely not sufficient for instant event identification, DAS might provide
additional information after more extensive (post-)processing taking into account its supetior
spatial resolution and spatial distribution [70].

6.7. Conclusions

Field trial results of both Vertical Seismic Profiling and micro-seismic monitoring have been
discussed. Apart from the promising results obtained so far, the data also indicates limitations
resulting from the current DAS noise floor and the directional sensitivity. Future hardware
versions are planned to improve the noise floor (Section 5.6) and current cable developments
(Chapter 7 and 8) are ongoing to increase directional sensitivity, thus broadening the probability
of success for a wider range of applications.
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7. DAS for Geophysics: transfer function

Existing down-hole fibre-optic cables provide good sensitivity for axially-incoming signals, but show poor broadside
sensitivity. This conclusion is based on a mix of numerical modelling and experimental studies to characterize the
acoustic coupling throngh cable- and fibre-layers.

7.1. Traditional down-hole fibre-optic cable

For down-hole use, optical fibres have historically been incorporated in control-lines of /4 outer
diameter as introduced in Section 1.3. The first use of such metal pipes in wells was as hydraulic
lines to actuate down-hole valves. Another application involves housing of electrical wires, which
allow connection of multiple down-hole sensors or actuators. Alternatively optical fibres can be
included: typical down-hole cable designs can include ten or more optical fibres, and multiple
sensors can be multiplexed on each fibre. The cylindrical metal control-line structure provides
the required robustness: it has a good pressure rating, the metal can be chosen to withstand
down-hole corrosive conditions, and an additional (plastic) encapsulation can further increase
crush-resistance and provide grip for clamping the cable to tubing or casing strings.

Figure 7.1 shows a typical down-hole cable structure. Several variations exist: some of them are
displayed in Figure 7.1a. Most designs contain the optical fibre(s) in an inner tube (Figure 7.1b).
Both the inner and outer tubes are typically manufactured from flat metal strips which are folded
around the optical fibres and then welded to form a pressure-tight tube. The inner tube, with a
smaller diameter and wall thickness, is formed by a special burr-less welding process to reduce
the risk of mechanical or thermal damage to the fibre. The inner tube is often filled with an
immobilizing gel during the welding process. A plastic buffer is often applied around this inner
tube to fill the void space between inner tube and outer tube. Because the optical fibre is already
protected by the inner tube, the thick outer tube can be formed by standard processes used for
the traditional control-lines as well.

These fibre-optic control-lines have already been deployed for tens of years, predominantly for
Distributed Temperature Sensing or to connect discrete fibre-optic point sensors such as
pressure-gauges [78]. As such, these fibre-optic control-lines are generally well accepted within
the industry: their capability to maintain well integrity is accepted, and cable costs are already at a
reasonable level due to the high quantities being produced. Additionally, rig crews know how to
handle control-lines.

Fibres (3x)
Gel

Inner steel tube

a)

Inner jacket (Buffer)
Outer steel tube

Outer enccpsu|oﬁon

Figure 7.1: Down-hole cables [77]. (a) Typical products available on the market. (b) Cross-
sectional view, with outer encapsulation (in dark blue), two metal tube layers (in
grey), buffer (in light blue), and fibres embedded in gel (in yellow) in the inner
tube.
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Looking at the sensing capabilities of such cables, their thermal conductivity is sufficient for
(DTS-based) temperature measurements. However, the use of these cables to measure acoustic
signals with Distributed Acoustic Sensing (DAS) is a recent development. Field trials, as
presented in Chapter 6, indicate that standard cables show enough acoustic sensitivity for signals
impinging along the length of the cable to be detected. For signals impinging perpendicularly to
the cable, broadside, the sensitivity observed in field trials is insufficient.

To provide a theoretical understanding of the acoustic sensitivity of standard down-hole cables, a
study has been conducted to characterise the acoustic coupling through the different cable-layers.
This study includes a combination of numerical modelling (Section 7.3) and experiments (Section
7.4).

This work has been conducted at an early stage of the project, partially in parallel to the field
trials as discussed in Chapter 6. At that time, the main goal was to get an initial understanding of
important factors determining the sensitivity of fibre-optic cables. As such, the work involved a
number of embryonic, exploratory efforts. While such work might not always be clearly defined,
it enables crucial insights in an early project phase. Retrospectively, the combination of modelling
and experimental results provides useful conclusions in two respects. First, it gives an
understanding of the reason for the good axial sensitivity as encountered in field trials (Chapter
6). Second, it indicates whether significant broadside sensitivity improvements can be likely
achieved by mere modifications to the traditional cable designs.

7.2.  Fibre-optic sensitivity to strain

Before considering the impact of various cable layers on acoustic sensitivity, the sensitivity of a
bate optical fibre is defined. As introduced in Chapter 5, DAS is sensitive to changes 07 in the
travel-time # of back-scattered light pulses travelling through the fibre. Such a phase lag can
essentially be introduced in two ways. First, physical elongation of the fibre, equivalent to an
axially applied strain, leads to a shift of the scatter centres contributing to that particular pulse
reflection. Second, strain causes a change in the density of the fibre material, which modifies the
refractive index and hence the effective speed of light in the fibre. This relation between applied
strain and refractive index is desctibed by the photo-elastic effect and the related Pockel tensor P [79].
The tensor component that is normally measured in Bragg scattering experiments by longitudinal
waves is P, while for scattering by a shear wave the effective component is P, [79]. Assuming an
axial strain ¢ and a radially-uniform broadside strain, the resulting change in travel time is

described by:

ot €o

T &7y [(Pr1 — Pag)ey + (P11 — 2Pi4)E,], 3)
where ¢, is the dielectric constant of vacuum and the broadside strain &, = &, + Ey. The
assumption of a radially-uniform broadside strain corresponds to a hydrostatic pressure: this is an
acceptable approximation for most of our applications, in which the acoustic wavelengths are
significantly larger than the cross-section of the cable. The coordinate system is defined in Figure
7.2. For a bare optical fibre with both core and cladding layers of glass, the Pockel tensor can be
experimentally evaluated [80] and Eq. (3) becomes:

St
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Figure 7.2: Coordinate system as used in this Chapter. (a) The axial coordinate z is
petpendicular to the paper plane and is directed along the length of the cable; the
coordinates x and y are perpendicular to the axis of the cable. (b) Axial strain &,
and radially-uniform broadside strain are defined in this coordinate system.

Summarizing, the effect of axial strain on a bare optical fibre is approximately 3.5 times larger
than the effect of broadside strain. Note that the broadside sensitivity is entirely due to the
photo-elastic effect.

So far, only the effect of strain on pulse propagation in the bare optical fibre has been
considered. The bare fibre is normally covered by a coating layer and integrated in a fibre-optic
cable structure (Section 1.3). The transmission loss through the package of all these layers
decreases the impact of the externally applied strain on the bare fibre. Hence, these layers
determine to a large extent the effective acoustic sensitivity of a fibre-optic cable.
Characterisation requires an acousto-mechanical analysis of the acoustic coupling through such
fibre- and cable layers, which will be presented in the next Sections.

7.3. Modelling of axial and radial strain coupling

Based on first analytical studies [78], it was recognized that the interaction of acoustic waves with
a multitude of cable layers is preferably approached numerically. Hence, the strain distribution
throughout fibre- and cable-layers was studied by means of a finite-element model implemented
in a commercial software package [82]. Realistic modelling of a down-hole cable in its down-hole
environment involves an extreme range of length scales. A wave with a wavelength typically on
the order of 10 to 100 m arrives along a well which is several kilometres deep. This wave is
measured by means of DAS with a spatial resolution on the order of 10 m, using a fibre-optic
cable that is less than 1 cm wide and contains an optical fibre of only 250 um thickness. With
reasonable computing resources, it is difficult to accurately model dynamic strain in such a
geometry with a difference in length scales up to 1:10". Two simplifications were introduced to
provide a fit-for-purpose model in a reasonable timeframe.

First, instead of modelling acoustic — dynamzic - strain, static strain was studied. This assumption is
reasonable as long as the bulk modulus and shear modulus do not significantly change as a function
of frequency, and furthermore damping is not significant. This assumption is valid for most fibre-
and cable-layers since they consist of stiff, solid materials, such as metal, glass, polyethylene and
acrylate. The gel typically used in cables (see Section 7.1) does not fulfil this criterion. Therefore,
the mechanical characteristics of various gels have been experimentally evaluated by means of
rheometer measurements [82]. Bulk and shear moduli values reasonable for the acoustic frequency
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range of interest have subsequently been selected and used in the static models. This approach
provides sufficient insight into the influence that the cable construction has on acoustic
sensitivity of fibres in down-hole cables.

Second, in view of the large range of length scales, the model only considers the impact of an
acoustic signal directly incident on the cable itself. The interaction with the environment is
represented by defining the incident signal in two extreme cases: a displacement-limited and a force-
limited regime. Along the length of the cable, the effective stiffness is fairly low and as a
consequence the cable will comply with its surroundings: the displacement or strain at the cable
boundary is the same, irrespective of the mechanical properties of the cable. In the radial
direction, the cylindrical cable is — relatively-speaking — much stiffer. The presence of the cable
influences the strain distribution around the cable as well, and imposes limits to the forces —
stress — exerted by the surroundings onto the cable. Hence, a force-limited regime can be
assumed. These two cases can also be explained in terms of acoustic impedance: in the axial direction
the impedance of the cable matches with its surroundings, while a large contrast exists between
the two in the radial direction.

Axial sensitivity

First, the axial sensitivity of a typical fibre-optic cable structure has been considered by using the
displacement-limited approach. This has been realised by imposing a fixed axial strain as
boundary condition on the outside of the cable. A two-dimensional axially-symmetric model
allows evaluation of the strain distribution throughout the cable, into the optical fibre (Figure
7.3). The loss of axial strain while being transmitted through the cable structure is displayed in
Figure 7.3. Most cable layers transmit strain with low loss: the thin layers of solid materials
support transmission of shear strain very well. An incremental improvement of approximately 2
dB might be realised by removing the outer encapsulation.
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Figure 7.3: Numerical model of strain distribution throughout cable layers, in response to

axial strain on cable exterior. The cable includes an outer encapsulation and gel-
embedded optical fibre. Depending on the location of the fibre, either stretched
and located in the middle of the gel layer, or overstuffed and close to the inner
wall of the inner tube, the reduction in strain at the fibre location, compared to the
strain at the cable exterior, can vary between 37 dB and 3 dB, respectively.
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Strain transfer through the gel is much less efficient, because it does not support shear forces
well. The axial sensitivity depends heavily on where the fibre is located in the inner tube. If the
fibre is located in the centre, fully surrounded by gel, this leads to a huge signal loss: in this model
estimated at 34 dB. On the other hand, the loss of strain is negligible if the fibre is located near
the inner wall of the inner tube, especially if the fibre is in direct frictional contact with the metal
tube. By positioning the optical fibre close to the tube wall, a fibre-optic cable with high axial
sensitivity can be realised. The most likely location of the optical fibre inside the inner tube will
therefore be studied further in Section 7.4.

Radial sensitivity

The modelling efforts also enable a characterisation of the radial sensitivity. For this purpose a
force-limited approach has been chosen: a radially-uniform static stress has been applied to the
exterior of the cable (Figure 7.4). The strain distribution into the optical fibre has again been
evaluated. Figure 7.4 shows that the inner and outer tubes dominate the loss of radial stress in the
cable. Determination of the absolute strain magnitude also requires taking into account the
contrast in acoustic impedance between materials. Nevertheless, the poor radial transfer
efficiency can largely be attributed to the inherent radial stiffness of cylindrically-shaped, metal
tubes in combination with Eq. (4). Summarizing, traditional down-hole cable designs are in first
approximation significantly less sensitive to broadside signals. This results from a combination of
poor mechanical coupling through the cable in combination with the lower broadside sensitivity
of the optical fibre itself.

The conclusions presented in the above Section are based on the work of Di Wu [82], who joined the IW'T team
as a trainee from the Design and Technology of Instrumentation (DTI) technological design programme at
Eindhoven University of Technology. His project was supervised by the anthor of this thesis.
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Figure 7.4: Numerical model of the response to applied radial symmetric stress on the

exterior of the cable. The stress drops mostly on the outer tube and the inner tube
(indicated by red arrows); hence those layers are responsible for the majority of
radial stress absorption. Due to stress concentration with a 1/r dependency, we
can observe an effective gain in stress.



SR.14.10061

Figure 7.5:

a)

¥

FBG 1-4

£
N

Figure 7.6:

inside
metal tube \

- 68 - Unrestricted

Typical pitch: 1T-5m
“almost straight”

Two possible locations of the fibre in the inner tube. (a) The fibre can be located
straight in the centre of the tube. (b) However, practice showed that due to fibre
overstuffing in the cable’s inner tube, the fibre will naturally shape in its lowest
energy state: a helical path along in the inner tube wall.
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Laboratory-scale setup to characterize the axial strain transfer into a fibre-optic
cable. (a) The setup comprises a % metal tube spanned between a ceiling-
suspended mounting point and a mechanical vibrator. The tube is subsequently
filled with air, a typical cable gel, and a rubber. An overstuffed fibre with FBGs is
incorporated in the tube fill. One additional FBG is attached to the outside of the
tube. (b) The strain ratio between the FBG on the outside and the FBGs on the
inside (KFBG; / FBGs>i=1.4) is plotted, as a function of excitation frequency and
tube fill.
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7.4. Axial strain coupling in practice

Modelling of the axial sensitivity, as described in Section 7.3, indicated that a large difference in
sensitivity can be expected based on the actual position of the optical fibre within the inner tube.
If the fibre is located at or near the inner tube, good sensitivity is expected. On the other hand, if
the fibre is centred in the gel layer (Figure 7.5a), transmission losses up to 34 dB occur.

Field trials demonstrate the ability to measure seismic signals, despite the currently higher
instrument noise floor of DAS compared to geophones (Chapter 6). If one would additionally
assume high signal loss related to a centred fibre, observation of any signal would become very
unlikely. Hence, the fibre is more likely positioned at or near the wall of the inner tube, in more
direct contact with the surroundings.

This assumption is actually very likely, since the optical fibre is typically incorporated in a cable
with an intentional overstuffing of 0.3 to 0.7%: the cable is shorter than the fibre inside [83]. Such
fibre overstuffing is realised during the production process by bending the cable considerably,
which results in additional fibre being pulled into the cable. Overstuffing improves the reliability
of the cable: it compensates for differences in thermal expansion between the metal tubes and
the glass of the fibre, and provides some slack to mitigate bending-induced strain. However, the
additional length of fibre has to fit in the cable. Naturally, an overstuffed fibre will shape itself in
a helical shape with the maximum possible diameter to minimize its energy state [84]. As a result,
it will curl up against the inner tube walls, as illustrated in Figure 7.5b. Nevertheless, this can still
be considered a “straight” fibre for DAS measurements, since the pitch resulting from typical
overstuffing is between 1 and 5 m.

Direct contact between fibre and inner tube should result in negligible signal loss. This has been
demonstrated in a laboratory experiment [85], as illustrated in Figure 7.6a. A cable-segment was
prepared to resemble the &7 inner tube of a typical down-hole cable. This cable segment was
vertically spanned between a fixed mounting-point in the ceiling and a shaker on the laboratory
floor. The shaker was actuated to produce vertical vibration displacements, inducing an axial
strain in the inner tube at frequencies between 1 and 1,000 Hz.

The cable segment was 12 m long, limited by the ceiling height of the laboratory building. The
large aspect ratio between cable length and diameter ensures that this test represents a continuous
cable segment. An issue is that the cable length is still on the same order as the DAS gauge
length. As such, a DAS measurement might still be affected by non-homogeneous strains
induced at the ends of the cable. For this reason, a fibre with multiple FBGs was used instead of
a standard fibre with DAS. Both fibre-optic measurements are sensitive to axial elongation and
changes in refractive index as a result of applied strain. FBGs were positioned away from the
ends, providing point-measurements representative of a continuous cable segment. The optical
fibre incorporated five FBGs. A part of the fibre was in-house loosely inserted in the metal tube
such that four FBGs are distributed over the length of the tube. These measurements are
assumed to be representative of the acoustic sensitivity of a fibre in a down-hole cable. The fifth
FBG was attached to the outside of the tube, delivering reference measurements to quantify the
amount of axial strain induced in the tube wall. The combination of FBGs allows measuring the
transfer function for axial strain from the inner tube into the optical fibre. This experiment has
been conducted for three different tube fills: air, a typical cable gel, and a rubber-like material.

The results, presented as the ratio between FBG readings inside versus outside the tube, are
displayed in Figure 7.6b. At frequencies up to approximately 100 Hz, the axial strain transfer is
almost without loss for gel and rubber, while even for air the transfer efficiency is still only
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reduced approximately by a factor two. Numerical simulations (Figure 7.3) indicate a significant
loss if the fibre would be centred in the inner tube. Hence, the combination of results indicates
that the optical fibre is located loosely in contact with the inner tube wall. Strain transfer is to a
large extent provided via simple frictional contact, directly between inner tube wall and optical
fibre. While we cannot guarantee the position of the fibre in this experiment, tube fill likely
provides stabilisation to the position of the fibre against the wall.

At frequencies above 100 Hz, the induced signal is limited by the maximum force delivered by
the shaker and as such error-bars in the transfer-ratios are larger. Nevertheless, the observed
transfer loss up to 1,000 Hz is still typically only 6 dB. Summarizing, especially for frequencies up
to 100 Hz, the main frequency range of interest for many seismic applications, the combination
of modelling and experimental evidence indicates that the loss of axial signal is negligible, almost
independent of tube fill.

7.5. 2D directivity

The coupling of strain through cable layers has been discussed in the previous Sections. Further
investigations in this Section focus on the coupling of strain from the outside of the fibre into its
core. A numerical model of the core, cladding and coating layers has been developed [82]. The
investigation parameter in this study is the coating material.

Table 7.1 illustrates the resulting strain transfer efficiency for fibres coated with acrylate versus
copper [86]. Acrylate is a typical coating material for standard telecommunications-grade fibre,
while copper was chosen to show the influence of a significantly stiffer coating. A force-limited
regime has been assumed for all cases: the gel will not be able to support large radial strains, and
also the axial strain that can be transmitted onto a stiff copper-coated fibre will be limited.

Firstly, we consider the acrylate-coated fibre. The axial strain transfer ratio is almost unity. This
result supports the good sensitivity found in experiments (Section 7.4) and field trials (Chapter 6).
The radial sensitivity is significantly less, analogous to the reduced sensitivity due to losses
through cable layers as presented in Figure 7.4.

The copper-coated fibre is less sensitive to both axial and radial strain because of its larger
stiffness. The model shows that the ratio between axial and radial sensitivity is different for
acrylate-coated versus copper-coated fibres. This characteristic can be used to provide a sensor
that can differentiate broadside from axial signals: locating both fibres in exactly the same
environment and interrogating both fibres simultaneously provides two signals with different
contributions from axial and radial strain [86]. The combination of these two measurements can
be used to distinguish these two directional components. This concept can be realised by
integrating the two fibres with different coatings inside the same cable and connecting both

Table 7.1: Difference in axial and radial strain transfer into the fibre core, for acrylate and
copper fibre coatings. A force-limited coupling regime and identical coupling to
the environment are assumed. [86]

Transfer efficiency for Axial/ radial
Fibre coating Axial strain Radial strain transfer ratio
Acrylate 99.2% 0.18% 551:1

Copper 17.9% 0.13% 138:1
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Figure 7.7: Proposal for broadside signal analysis. By installing two fibres A and B in an
identical way next to each other, only differing in the coating of the fibre, the axial
and broadside response can be differentiated from each other. Significantly
different coating materials, for example acrylate and copper, lead to different axial
and radial strain transfer into the core. [86]

fibres in series, as indicated in Figure 7.7. This setup provides a directionally-sensitive sensor in two
directions, allowing independent determination of axial and broadside signal components.
However, the two orthogonal broadside components cannot be distinguished yet. State-of-the-art
geophones can provide directional sensitivity in all three orthogonal directions independently, as
will be further discussed in Chapter 8. As such, a 2D directionally-sensitive sensor is an
important step in that direction.

This concept unfortunately does not provide a solution for the low radial sensitivity of the
combination of down-hole cable and optical fibre. Observing radial strain contributions due to
weak seismic signals is currently unlikely, considering the current DAS instrument noise floor
(Chapter 6). This concept has not been evaluated in a field situation yet. Nevertheless, the
concept provides a way of realising independent determination of the broadside signal
component, especially in view of future improvements in DAS instrument noise floor. This only
requires inclusion of an additional optical fibre in a standard down-hole cable design.

7.6. Lessons learned

The combination of numerical modelling and experimental tests, as presented in this Chapter,
indicates that the axial sensitivity of traditional down-hole fibre-optic cables is sufficient for DAS
measurements. The broadside sensitivity, on the other hand, is significantly lower: without a
major reduction of the instrument noise floor of current DAS interrogation units, broadside
sensitivity is negligible. As such, typical down-hole cables are essentially one-dimensional sensors
in the axial direction. This behaviour is also seen in field trials (Chapter 6) and has meanwhile
been confirmed in additional, large-scale, experiments.

Based on a sensitivity-analysis of optical fibres with different coatings, a first concept for
directional sensitivity is presented. Using two parallel fibres with coatings of different stiffness,
axial and broadside signal can be independently determined. Unfortunately, this concept suffers
from low radial sensitivities compared to the current instrument noise floor. Hence, more
advanced ideas are required to improve broadside sensitivity and directional selectivity. This will
be the topic of the next Chapter.
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8. DAS for Geophysics: directionally-sensitive cable design

A range of geophysical DAS applications is in need of a directionally-sensitive cable. A broadside-sensitive cable
has been developed and tested, incorporating a helically-shaped fibre. As a next step, component-selective cable
designs are proposed, designed and tested.

8.1. Applications

The field trials and sensitivity analysis presented in Chapter 6 and 7 indicate that typical down-
hole fibre-optic cables are predominantly sensitive in the axial direction and lack sensitivity
perpendicular to this axis. Further efforts are required to provide cables which have better
directional sensitivity, i.e., are not only sensitive along the length of the cable. These enhanced
cables can serve a range of promising geophysical applications. Figure 8.1 gives an overview of
such applications and their required directional sensitivity.

Veertical Seismic Profiling (17SP, Section 6.2) in wertical or moderately deviated wells is often
sufficiently served by a cable that — to a large extent — is only sensitive along its length (Figure
8.1a). If the deviation of a well increases towards horizontal trajectories and hence the angle of
incidence increases towards perpendicular — or broadside — to the cable length, cable sensitivity is
significantly reduced (Figure 8.1b). As introduced in Chapter 0, if the angle between the seismic
propagation vector and the direction of the cable is 6, then the sensitivity of a cable with a
straight fibre is approximately proportional to cos’d. A cable with a straight fibre will therefore
not detect P-waves propagating perpendicular to the cable length. This limited directional
sensitivity is also a constraint for mzicro-seismic monitoring applications (Section 0), e.g., passive
micro-seismicity induced by reservoir-compaction or hydraulic fracture characterisation, where
seismic waves originate from events in the subsurface ‘next to the well” (Figure 8.1c). Whereas for
down-hole applications the suitability of traditional cables depends on the specific geometry as
depicted in Figure 8.1a through c, surface seismic always suffers from the low sensitivity at
broadside incidence angles (Figure 8.1d).
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Figure 8.1: Schematic representation of several geophysical monitoring applications and the
orientation of the fibre-optic cable (red line). Vertical Seismic Profile acquisition
with the cable installed (a) in a vertical well or (b) in a strongly deviated or
horizontal well. (c) Micro-seismic monitoring of subsurface events. (d) Surface
seismic. The sensitivity in applications b) through d) is currently limited by the
predominantly axial sensitivity of traditional fibre-optic cables. [97]
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Table 8.1: Overview of cable requirements for a range of down-hole (top) and surface

(bottom) geophysical applications, compiled by analysing common knowledge in

the oil and gas business. [87]

REQUIREMENTS DOWNHOLE APPLICATIONS
# A B C D E F
Application VSP VSP VSP VSP Cross-well [Microseismic
Vertical Seismic | Vertical Seismic | Reelable Vertical | Reelable Vertical | Detection of active | Hydrofrac or
Profile in simple Profile in deviated | Seismic Profile in | Seismic Profile in | source in reservoir
vertical well well structure vertical well deviated well neighbouring well | surveillance
structure structure structure monitoring
Cable orientation Vertical Deviated Vertical Deviated
Duration of use Permanent  |Permanent  |Reelable Reelable Permanent  |Permanent
1. Axial sensitive to signals along
direction of cable ® ® ® ® o ®
2. Broadside sensitive to signals
impinging perpendicular to cable o ® o ® ® ®
3.Component selective
sensitivity to one broadside comp.
4. 3C sensitive to three orthogonal
components O O O O O .
5. ngh sensitivity geophone-
like sensitivity if high SNR required o o o O o ®
6. Ruggized to survive (mainly
in-well) deployment . . . . . .
7.Size limitation to fitin
typical well dimensions . . . .
8. Extended length for >km
sensing lengths
| @ Required | O Desired |
REQUIREMENTS SURFACE APPLICATIONS
# G H I J K
Application Monitoring |Datahole  [Subsea Exploration |Microseismic
4D reservoir 4D reservoir Deployment on Temporary Hydrofrac or
monitoring in monitoring in ocean bottom deployment on reservoir
trench shallow dataholes surface surveillance
monitoring
Cable orientation Horizontal ~ |Horizontal ~ |Horizontal — |Horizontal  |Horizontal
Duration of use Permanent Permanent Permanent  |Temporary  |Permanent
1. AXICIl sensitive fo signals along .
direction of cable
2. Broadside sensitive to signals
impinging perpendicular to cable . . . . .
3.Component selective
sensitivity to one broadside comp. . O O . .
4. 3C sensitive fo three orthogonal
components O O O O .
5. ngh sensitivity geophone-
like sensitivity if high SNR required o O O O ®
6. Ruggized to survive (mainly
in-well) deployment O . O
7.Size limitation to fit in
typical well dimensions
8. Extended length for >5km o ®
sensing lengths
| @ Required | @) Desired |
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Table 8.1 provides a more detailed overview of applications for cables with enhanced directional
sensitivity [87]. This overview is based on a market study of possible geophysical applications in
the oil and gas industry in general.

Eight requirements have been defined in order to differentiate between applications. First, we
have the regular axial sensitivity (#1). Next, broadside sensitivity (#2) is an essential first step towards
enhanced cables as indicated in Figure 8.1. Some applications not only require sensitivity to
broadside-incident signals, but also need the ability to distinguish between energy incident from
different directions, i.e. components. Surface seismic applications benefit from this single-component
selectivity (#3) by being only sensitive to the vertical direction: this is the direction in which
subsurface reflections (and refractions) are incident. Moreover, being only sensitive to the vertical
component reduces the noise-contribution from ground-roll energy which is also present in the
horizontal directions. For micro-seismic monitoring, it is important to know the origin of a sub-
surface event. Micro-seismic signals have often only low signal-strengths. The required high
sensitivity (#5) makes micro-seismic monitoring a challenging application: even with dedicated
geophones, the signal of an event is sometimes sufficiently weak to be only detected by sensors
in one well. The ratio between incident energy in different directions is typically used to
determine the event’s origin, for each well individually. Whereas for surface seismic only the
vertical direction is sufficient, in this case all three components need to be measured
independently (a #hree-component sensor (#4)). Apart from ensuring a cable has sufficient
sensitivity, it also has to withstand the deployment. In general, down-hole applications typically
require more ruggedized cable designs (#6) in order to survive deployment and long-term down-
hole conditions (Chapter 2) compared to surface deployment. Limited well-bore space also
imposes more stringent sige limitations (#7), whereas some surface applications require extended
sensing lengths (#8) to achieve sufficient spatial spread.

DAS can provide a viable solution for above applications if the directional sensitivity of fibre-
optic cables is improved. Such development for Distributed Geophysical Sensing (DGS) aims at
extending the applicability of DAS and its potential advantages such as lower cost, user-
controlled spatial sampling and small footprint.

In general, two ways to improve directional sensitivity with DAS are being considered: fibre
shaping and cable shaping,.

Fibre shaping aims at incorporating the fibre in the cable in such a way that it has a projection in
the broadside direction. While different realisations to achieve this are possible, a belically-shaped
fibre is introduced in Section 8.2. This concept fundamentally has broadside sensitivity to radial
strain induced by changes in pressure, resulting from an impinging acoustic wavefront.

Cable shaping, on the other hand, involves construction of a cable so that an axial movement of
the fibre is obtained when the cable experiences a transverse wotion. Mass-spring-system-based
realisations are introduced in Section 8.3, employing an inertial member to induce axial strain in the
optical fibre. Proof-of-principle experiments have been conducted and confirm increased
broadside sensitivity (Section 8.4), while introduction of asymmetries in the design results in a
component-selective cable.

A field trial of both concepts will later be presented as well. The results of this field trial indicate
the feasibility of the concepts to improve directional sensitivity, and provide an outlook (Section
8.6) for further development into deployable versions.
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8.2. Helically-shaped fibre

Shaping fibre in a cable such that it has a projection in the transverse direction can be achieved
by incorporating the fibre in a helical shape along the axial direction of the cable. The transverse
projection of such helically-shaped fibre is significantly larger than for an overstuffed fibre in a
traditional down-hole cable as discussed in Chapter 7.

The response as a function of the angle of incidence 6, with respect to the axis of the cable, is
given in Figure 8.2. The response is calculated taking into account the orientation of the incident
wave with respect to the axis of the helically-shaped optical fibre. A cable with a helically-shaped
fibre is nearly equally sensitive in all directions (red solid curve). A specific linear combination
can be made mathematically with the shaped fibre and the straight fibre response (green curve)
that results in a response without inline sensitivity (purple curve). In other words: a broadside-
sensitive cable [88].

A broadside-sensitive cable is then sensitive to radial sz7ain coupled from the formation into the
cable. As such, the response depends on the acoustic impedance contrast, resulting from the
difference between cable material and soil properties. As an example, the dotted lines in Figure
8.2 show the reduced sensitivity in case the soil is harder than encountered in Schoonebeek [97].
This creates a challenge in manufacturing of the cable: optimal materials should be chosen to
minimize the impedance contrast and hence maximize sensitivity. The properties of these
materials should meanwhile also allow efficient use in the cable production process and result in
a cable that can be successfully deployed.

An 800-metre long cable has been manufactured and deployed in a surface-seismic field trial in
Schoonebeek, an oilfield in The Netherlands operated by NAM. The cable was installed in a
trench (Figure 8.9a), alongside an array of accelerometers to provide a reference measurement.
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Figure 8.2: Amplitude response as a function of the angle of incidence 6 for a cable with a
straight fibre (green), a (helically-) shaped fibre (red) and a mathematical linear
combination (1*shaped — 1.37*straight) of these two for ground conditions as seen
in Schoonebeek (purple). For a harder soil than encountered in Schoonebeek, the
response would be as shown with the dotted lines, resulting from a change in

sensitivity of the shaped fibre. All curves are normalized based on the response at
6= 0° of a cable with a straight fibre. [97]
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Trial results are shown in Figure 8.3. It clearly shows that the cable with the shaped fibre records
reflection energy, which is absent from the cable with the straight fibre. The ground-roll, a surface
wave which has inline and vertical components, is seen by all systems. It can also be observed
that the cable with the shaped fibre is more sensitive to ground-roll from ambient noise sources
than the vertical accelerometer: ground-roll is indicated by red arrows in Figure 8.3c, while it is
largely absent in Figure 8.3a [89].

The experimental results of this helically-shaped fibre concept show that it is an interesting
solution for applications that require broadside sensitivity. Further research activities were carried
out, confirming the radially-symmetric broadside sensitivity [89]. Component-selectivity is the
next step, and will be discussed in Section 8.3.

Receiver lateral position Receiver lateral position Receiver lateral position

Time [ms]

Figure 8.3: Shot records recorded in three collocated detector systems: (a) vertical
accelerometers; (b) a straight fibre; (c) a shaped fibre. The white arrows point at
reflection energy, absent on the straight fibre; the red atrrows on the shaped fibre
record (c) point at ground-roll from ambient noise sources. [97]

The author’s involvement with development of the belically-shaped fibre mainly entailed support to the design,
execution and analysis of field trials. Involvement with the development of inertial-member designs, as described in
the next Sections, is significantly more extensive, ranging from initial idea generation, via proof-of-principle
laboratory experiments and field trialling, to follow-up development efforts.

8.3. Inertial members

The broadside-sensitive cable has a disadvantage as illustrated in Section 8.2: it can distinguish
between inline and broadside signal components, but not the azimuthal incidence angle, i.e., not
between broadside waves that arrive — in this horizontal deployment — from up, down, left or
right. Ideally, a cable sensitive to one broadside direction only would be preferred for certain
applications. In surface seismic, such a component-selective cable oriented vertically would
reduce the sensitivity to surface waves. A three-component cable could be used in a range of
applications, e.g., in (down-hole) micro-seismic monitoring where one wants to distinguish
between the different directions to determine where the event originates from.
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Figure 8.4: Diagram of an inertial sensor, showing the mass m free to move uni-directionally
within the case under the influence of a spring (spring-constant k) and damper
(damping coefficient c). [93]

A potential cable design is based on the same concept as traditional geophones: a mass-spring
system as illustrated in Figure 8.4. By suspending a mass inside a case using a spring, motion of the
case is transmitted to the mass. The finite s#ffness of the spring causes an znertial effect with at
least one resonance frequency: the mass will follow the motion of the case at frequencies significantly
below the resonance, while the motion of the mass will be in counter-phase at frequencies above
the resonance: a frequency-dependent difference in motion of the mass versus motion of the case
is the result. The large amplitude-response at the resonance frequency is suppressed by including
a fine-tuned damping. By limiting the motion of the mass mechanically to one direction only, a
component-selective sensor is created. Such sensor can be placed in the soil using a spike to pick-
up surface seismic, or lowered in a well to conduct, e.g., VSP surveys (Chapter 6). After almost a
century of development efforts and further improvements, electrical geophones have evolved
into extremely accurate and reliable sensors [91].
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Figure 8.5: Fibre-optic cable concept exploiting inertial members (#26) to induce strain on

an optical fibre (#13), by means of an inertial member flexing between supports
(#15). (a) Perpendicular cable cross-section. (b) Longitudinal cable cross-section
as indicated in a). Analogues to a basic mass-spring system, the inertial member
fulfils the combined role of mass and spring. Broadside motion of the cable case
(#12) will cause a differential displacement (#18) of the inertial member, resulting
in an axial strain on the fibre. Figure from patent application [92].
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An electrical geophone combines this mechanical system with an electrical pick-up of the motion
of the mass within the case, resulting in a sensor-reading proportional to the velocity of the case.
The same concept can be used to realise a fibre-optic sensor, by using an optical fibre to detect
the relative movement of the mass compared to the case. Realisations of fibre-optic geophones
exist already [90]. Still, there is a challenge in translating such concepts into a fully-distributed
sensor. Creating a distributed mass-spring system, along the entire length of a sensing cable,
allows the use of Distributed Acoustic Sensing to interrogate such distributed znertial assenbly.
While multiple realisations can be envisioned, two specific concepts will be presented here: a
strip-based inertial member and a bowspring-based inertial member.

One realisation is depicted in Figure 8.5. This involves attaching a s#p (#20) to the optical fibre
(#13) and supporting the strip periodically along the length of the fibre (#15). In this way, a
mass-spring system is created. The strip’s density is providing the mass and the strip’s stiffness is
acting as a spring. Broadside signal now leads to flexing of the strip (#18). The fibre, attached to
the side of the strip, will experience an axial strain as a result of the strip’s flexing motion. Thus
the axial strain is now related to the broadside dynamic displacement of the cable.

By shaping the strip such that the stiffness in the two broadside directions is different, the fibre
can be made predominantly sensitive in one particular broadside direction. An example can be
found in Figure 8.5a, where the strip has different dimensions in the x- and j-direction. The
higher stiffness in the y-direction, due to a wider cross-section, limits the deflection, resulting in a
lower signal compared to the more sensitive x-direction: hence a component-selective sensor has
been created [92].

Another realisation involves the use of bowspring-like components. In analogy to the flexing of the
strip in the previous concept, the bowspring assemblies convert the broadside motion of an
inertial mass into an axial strain on the optical fibre. Figure 8.6 shows a bowspring assembly with
two pairs of bowspring blades (#50A, 50B and #51A, 51B). One end of each bowspring blade is
connected to a sleeve (#53A, 53B) which slides along the central member. The other end of each
bowspring blade is fixed to an elongate central member (#52), which serves as inertial mass. The
bowspring blades serve as springs to suspend the mass of the central member within the cable.
An optical fibre is fixed between the two sliding sleeves. The central member will move out of
phase with the cable’s inner wall (#55) in large parts of the frequency spectrum. This will cause
the sliding sleeves to move and vibrate in opposite longitudinal directions relative to each other

57
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Figure 8.6: Fibre-optic cable concept exploiting inertial members to induce strain on an
optical fibre (#54), by means of a central member (#52) suspended between two
pairs of bowspring blades (#50A,B and #51A,B). Broadside motion results in axial
strain (#58) on the part of the optical fibre attached between the two sliding
sleeves, resulting from an inertial differential movement (#56) between central
member and cable enclosure (#55). Figure from patent application [93].
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as illustrated by the arrow (#58), inducing an axial strain on the optical fibre attached between
the sliding sleeves. Because the bowspring blades only support inertial motion of the central
member in one broadside direction, again a component-selective sensor is created [93].

These inertial sensors are sensitive to ground motion rather than to strain. Hence, the acoustic
impedance contrast between sensor cable and soil has a lower impact on the sensitivity than for,
e.g., the helically-shaped fibre (Section 8.2). A #hree-component sensor can be realised by combining
multiple component-selective sensors: two orthogonally-oriented component-selective cables can
be combined with a straight fibre to enable independent measurements of all three components
of a seismic wave. The result is a sensor with directional sensitivity similar to a geophone. The
maximum number of sensors in a sensing cable is now only determined by the channel length of
the DAS interrogation unit. This setup has the potential to provide a more densely-distributed
array of sensors than typically economically achieved with geophones.

8.4. Proof of principle

A laboratory experiment was set-up to generate the proof-of-principle test of such inertial
member designs (Figure 8.7). The primary goal was to show increased broadside sensitivity.
Ultimately, the inertial sensor design has to be of down-hole cable dimensions, with typical
down-hole cables having a '/4” outer diameter. A vibration stage has been fitted with cylindrical
grooves of such dimensions in order to simulate the inside of such a cable. Inside these grooves,
inertial member prototypes have been inserted.

Shaker Base plate Cable prototypes

v /|

Figure 8.7: Schematic representation of the shaker table, showing the base plate with three
grooved bars containing cable prototypes. The yellow artows indicate the
direction of shaking. [94]

Experimental results showed significantly increased broadside sensitivity of the inertial-member
designs. The baseline for this measurement is a typical fibre in gel as used in conventional down-
hole cables. To illustrate the improved sensitivity in a realistic frequency range, a seismic signal
recorded in the field has been synthesized and fed into the driver of the vibration stage. The
signal represents a dynamite shot and was originally recorded by geophones in an exploratory
seismic survey. Figure 8.8 displays the raw time data for such an attempt for a DAS channel
containing the (reference) fibre with gel, and for a DAS channel containing an inertial member
assembly. While the signal observed in the fibre-in-gel is rather small (Figure 8.82), the inertial-
member assembly result clearly shows a response to the original input signal (Figure 8.8b). This
clearly illustrates the increased broadside sensitivity [94].



SR.14.100061 -81- Unrestricted

210} a) <E>=0.004  0.001 |
T:, 0 e /.\
& &)
w10}
3

0.5 1 1.5 2 2.5 3 3.5
210} b) <E>=0.104 £ 0.009 ]
1 ®
8=
w10}
3 ‘ ‘ ‘

0.5 1 1.5 2 25 3 35

Time [s]
Figure 8.8: Results for a dynamite-shot input signal to the shaker table [94], for two test

assemblies (from top to bottom): fibre-in-gel (reference) and inertial member.
Plotted is the measured DAS signal as a function of time. The RMS amplitude
<E> in a frequency range 5-120 Hz, including noise, has been calculated. The
indicated error represents the intra-experiment error of three repeated datasets.

8.5.  Field trial

Demonstration of the improved sensitivity in the lab, for both designs as introduced in Section
8.3, was followed by manufacturing and deployment of prototypes in a field trial. The cable
prototypes have been deployed in the same surface seismic field trial in Schoonebeek as the
helically-shaped fibre (Section 8.2). Deployment of this cable is illustrated in Figure 8.9a. As
discussed in Section 8.2, the helically-shaped fibre prototype is a continuous cable allowing fully-
distributed broadside measurements.

The inertial member prototypes have been installed alongside the helically-shaped fibre
prototype, in the same trench [95]. So far, only point sensors have been built as illustrated in
Figure 8.9b. To enable characterisation of their component-selectivity, three-component
accelerometers have been collocated to provide a reference measurement. Based on our analysis
of the experimental results [96], it can be concluded that all prototypes delivered promising
results, despite the non-optimized frequency response of these first prototypes. We are
sufficiently encouraged to continue our investigations.

8.6. Outlook

The cable prototypes with improvements to broadside and component-selective sensitivity —
incorporating fibre shaping and cable shaping concepts — are valuable solutions for both surface
and down-hole applications (Section 8.1). Improved directional sensitivity has been successfully
demonstrated in a surface-seismic field trial.

Further development of both concepts is planned. The broadside-sensitive helically-shaped fibre
will be trialled in other environments to investigate the fidelity of the signal, including other
ground conditions and down-hole installations. The fully-developed cable shall be a readily
deployable, continuous cable for both surface and down-hole broadside sensitivity.
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To aid the development and characterisation of distributed sensors further, a novel test setup has
been developed based on the initial setup as depicted in Figure 8.7. This setup enables input of
arbitrary wave-fronts, irrespective whether these are combinations of axial, broadside,
compressional, or displacement signals. In this way it is possible to test the response of a
sufficiently long test piece under conditions as encountered in the field, at the benefit of
improved development cycle-times inherent to controlled laboratory experiments [98].

Using this facility, the component-selective inertial-member concept will be further developed
towards a distributed, integrated prototype cable with optimized frequency response in three
components.

The combination of these cable solutions has the potential to provide the required degree of
directional sensitivity to further enhance the application scope of DAS for geophysical
applications such as found in Table 8.1.

Figure 8.9: Deployment of prototype cables in Schoonebeek for a surface seismic field trial.
(a) Broadside-sensitive cable is spooled from a transport reel and positioned in a
trench. (b) Several component-selective prototype sensors installed in a
ruggedized box, ready for deployment next to the broadside-sensitive cable
prototype in the trench. [97]
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9. Depth calibration for DAS: design

The Magnetic Depth Locator (MDL) is a tool which provides a non-intrusive means of depth referencing for fibre-
optic Distributed Acoustic Sensing (DAS) in-well measurements. The possibility of repeating the calibration at
negligible incremental cost, makes it very suitable for safeguarding the depth reference accuracy of time-lapse well
and reservoir monitoring.

9.1. Well-logging accuracy

Depthy referencing is a crucial aspect for traditional we/l-logging operations. Well-logging includes
geophysical measurements in a well-bore, as well as petrophysical measurements. Geophysical
measurements — such as VSP acquisition as introduced in the previous Chapters — provide an
areal coverage away from the wellbore. The field of petrophysics aims at characterising the rock
properties and fluid distribution in greater detail and at a better depth resolution than typical
geophysical methods can achieve, however, typically limited to the immediate vicinity of the well-
bore (typically up to about 1 metre away). Petrophysical evaluation tools include nuclear logs
(such as a GR /g, detecting natural gamma rays), electrical resistivity logs, down-hole nuclear
magnetic resonance (INMR) scanners, rock samplers (coring), flow sensors, pressure measurement
and fluid-collection devices. Whereas individual tools can provide information down to the
molecular level of the sub-surface, it is the combination of these individual measurements that
provides the most valuable information. Iogging fools are typically only temporarily lowered in a
well using an electric wire-line providing real-time data-transfer to surface. The depth of each
individual measurement in a well-bore has to be accurately known, in order to compare and
integrate various datasets at the correct location. Eventually, the results have to be related to
depth in the formation, rather than just to a depth relative to the well-bore. Therefore, depth
referencing is of paramount interest in well-logging quality-control procedures.

Continuous measurements along the well-bore by means of fibre-optic cables are becoming an
increasingly valuable surveillance solution, complementary to well-logging. They allow acquisition
of (cased-hole) petrophysical and geophysical data in real-time without well-intervention unlike
wire-line tools. These datasets show changes during the life of a well, also in well-configurations
where deployment of traditional logging tools is not possible or too expensive. Distributed
Acoustic Sensing can measure acoustic signals along a fibre-optic cable, which can be used for a
variety of applications: seismic surveys, flow assurance, performance monitoring, hydraulic
fracture monitoring and many others. Like in conventional well-logging, it is crucial to calibrate
the fibre length to a common depth reference. This allows such fibre-optic datasets to be
compared against each other and to integrate them with other well-logs and areal datasets.

This Chapter provides an overview of typical depth inaccuracies in fibre-optic installations
(Section 9.2), followed by an example of the accuracy that is required for field application
(Section 9.3). Starting from Section 0, a novel non-intrusive depth-referencing tool for DAS
measurements will be introduced.

9.2. Depth accuracy

Fibre-to-formation depth conversion has many possible sources of error. These inaccuracies —
and the calibration steps required to correct them — can be summarized in three contributions
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(Figure 9.1). First, the calibration from the distance as inferred by the DAS interrogation unit to
the physical Jength in the fibre. Second, the relation between physical length of the fibre and
location with respect to the well-configuration, the so-called drillers’ depth. And third, the
correlation between the drillers” depth and formation depth as typically established using standard
practices from a wire-line logging survey. The main goal of depth referencing is to relate (sensor)
measurements accurately to important features in the formation, e.g., reservoirs or other zones-
of-interest. Generally less important for data interpretation are, e.g., the absolute depth all the
way from surface or the drillers’ depth, although these can be valuable intermediate steps in a
depth-referencing procedure.

Fibre length

\ 4
A\ 4

Drillers” depth

Formation depth

Figure 9.1: Typical calibration steps to achieve calibration from measured fibre length to
position in the formation.

Uncertainties in the conversion from drillers” depth to formation depth are: stretching of the
pipes due to being hung-off in the well, thermal expansion of the pipes (e.g., due to reservoir
temperatures typically ranging from 50°C up to approximately 300°C in case of steam injection)
and differences in reference depths (e.g., referenced from the drill floor versus a reference to a
part of the well-head assembly, such as the z9p bottom flange).

A number of techniques have been proposed to provide a direct calibration from fibre-to-
formation by using wire-line logging tools. One of the most promising techniques measures the
acoustic signature of a logging tool travelling upwards through the well-bore [99]. A depth
reference can be obtained by combining the location in the fibre where the noise is generated
with the wire-line depth at each moment in time. Such a cased-hole wire-line survey accurately
measures the depth location of the DAS channels, which can be tied to formation depth if the
cased-hole survey also contains a logging tool — such as a GR log — which can read formation
properties through the casing.

Unfortunately, the use of logging tools is not always an option. The well might not be accessible
to logging tools due to the inability to slide tools into the well, for example in long horizontal,
snake or fishhook wells, subsea wells, or due to testrictions in the wellbore such as narrow
tubing. In observation wells, it might not be economically feasible to log the well with
conventional logging tools [100]. These economical and practical limitations play an even more
important role in time-lapse monitoring for well and reservoir management. Although the
calibration should be confirmed over time, periodic running of logging tools is likely too
expensive, especially if production deferment is also taken into account. In such cases, it would
be valuable to have depth markers as part of the well-configuration. If such permanent depth
markers can be observed in a DAS measurement, they would provide a non-intrusive means of
depth calibration.

Since usually depth markers are attached to the well-configuration, they do not provide a marker
relative to the formation. Previously described uncertainties in the conversion from drillers’
depth to formation can therefore not be corrected for in this way directly. In Chapter 10 a
combination of calibration steps will be presented as solution for this. However, there is a
significant number of error sources related to the calibration from fibre to well length, and these
can be calibrated with such depth markers attached to the well configuration. For example:
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e The fibre is installed in the cable with a certain overstuffing to withstand thermal expansion,
and the cable is generally not installed along the pipe in a straight line but rather (partially)
wrapped around it due to installation procedures. Both fibre-overstuffing and cable trajectory
might change over time due to, e.g., temperature cycles and slow downward migration of
fibre and cable. Fibre-overstuffing is typically 0.5% to 1% of the cable length [101], and it
might potentially — for example under influence of gravity — fully stretch over time. Partial
wrapping of cable around the pipes can be of similar magnitude or larger, and can also
change over time — for example due to temperature cycles.

e Connection of different DAS interrogation units also introduces significant errors, especially
for drive-by solutions, repeated often and with varying equipment. Each time, the
interrogation unit can have a slightly different fibre distance offset and fibre length
conversion. Most likely, different lengths of lead-in cables will be used, which also affects the
calibration each time. Although channel offsets and lead-in cable length can be calibrated by a
surface marker, even the smallest change in fibre length conversion creates significant errors.

e Considering the refractive index value only down to two decimals already introduces an error
of about 0.5% in the length conversion. For example, both 1.47 and 1.465 are common
refractive index values depending on which fibre is used, and often not known by the
installer and cable vendor. A mismatch between the refractive index used for length
conversion and the actual refractive index of the fibre, introduces a highly undesirable
systematic error. This systematic error can easily occur, and change between surveys, due to
differences in acquisition equipment, fibre specifications and installation documentation.

e Splice chambers along the optical path, e.g., to feed the cable through a packer, have some
extra length of fibre. Also, the cable is often wrapped multiple times around the tubing just
before exiting at the well head. This makes calibration methods using acoustic signals along
the cable at surface significantly less useful, adding to the need for down-hole depth markers
especially if wire-line tools cannot be deployed for an initial calibration to formation depth.

As summarized in Table 9.1, if depth markers would not be implemented, the above-mentioned
errors in fibre length over time can easily add up to 2% of the cable length (which corresponds to
the average total error in Table 9.1). For a 1 km long well, this results already in a depth
inaccuracy of 20 m, or more than two DAS channels, assuming a channel length on the order of
10 m (Chapter 5), and can potentially vary over time.

Table 9.1: Typical sources of errors and their influence on depth accuracy for a 1 km deep
well. Please note that the etrors given are only crude estimates based on general
cases. The majority of errors is always leading to additional fibre length and hence
individual errors can be linearly summed.

Error source Error Remark Length error for
a1lkm well [m]

Fibre overstuffing in cable 0.5-1.0%  of cable length 5-10
Refractive index variation +0.005 refractive index difference -3 —3
Splice chamber 1-10m extra fibre length 1-10

Cable not installed straight along pipe 0.5—1.0%  of well depth (estimate) 5-10

Total per 1 km deep well (estimate) 8—-33m
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9.3. Application

To show the impact of a fibre length error on the order of 20 m, consider a crucial reservoir
monitoring application: #ime-lapse Vertical Seismic Profiles.

In-well DAS has been trialled (Chapter 6) for time-lapse purposes to monitor sub-surface
changes over time due to, e.g., steam injection, together with dedicated time-lapse surface seismic
systems which serve as a reference. First, consider the surface-seismic system, solely to quantify
how accurate seismic travel times have to be for time-lapse monitoring. To minimize repeatability
errors, sources and receivers are typically permanently installed. During periods of steam
injection, typically observed maximum time shifts due to changes in the reservoir ranged from
0.2 ms to 5 ms [103].

Now we can have a look how these time shifts translate to repeatability requirements for a VSP
acquisition with a down-hole receiver array, or fibre-optic cable for that matter. This situation is
illustrated in Figure 9.2. First consider a time shift of 5 ms. This is considered a rather large
effect, but it would still be masked by a down-hole sensor displacement — assume an average
wave velocity of 2500 m/s [102] — of only 12.5 m: a shift in the order of 1.5 DAS channels. We
estimated that DAS possibly has an error of 20 m or more (Section 9.2); clearly this is a large
error for which we should find a way to calibrate for.

On the low end, a time shift of 0.2 ms equals only 0.5 m of sensor position inaccuracy. Such
extremely high accuracy is not always required because of the expected magnitude of the time
shifts, and relative depth calibration might often be sufficient for time-lapse monitoring: The aim
is that DAS channels' depth positions should remain constant from survey to survey, or in other
words, the relative depth calibration should be sufficiently constant over time. This is achieved in
the surface time-lapse applications by having permanent installations. However, in a well, for the
reasons explained in Section 9.2, fibre-to-depth calibration could change over time and therefore
the relative depth calibration condition may no longer be met.

A A N
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Figure 9.2: Simple case of a check-shot in a VSP installation. (a) Initially consider a first

arrival ¢ incident on a sensor in the well-bore at depth dp This part of the well is
located in a formation with acoustic wave velocity v . An increase observed in
arrival time ¢; in a repeat survey can be interpreted as either (b) a change in
position of the sensor to depth d;or (c) by a change in properties of the formation
resulting in a lower velocity vz Time-lapse depth calibration with the Magnetic
Depth Locator cancels the impact of a change in sensor position over time as
depicted in (b).
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Non-repeatability of the DAS channel to depth calibration reduces the possibility of success of
in-well time-lapse monitoring programs, especially in fields where the reservoir time-lapse effects
are small and increase slowly over time. Natural subsurface features — such as a time-invariant
non-reservoir reflection — cannot always be used for depth calibration. Even if possible some
inaccuracy might still be accumulated over the fibre length from that feature downward to the
reservoir. Thus, suitably placed depth markers can facilitate calibration all the way down to the
reservoir, and even further down to the end of the fibre when required.

Concluding, depth markers as part of the well-configuration can help significantly in correcting
for a majority of depth-calibration inaccuracies. The Magnetic Depth Locator (MDL) concept, as will
be presented in Section 0, provides such depth markers. In that way, it provides a non-intrusive
on-demand depth calibration method enabling accurate time-lapse DAS measurements for well
and reservoir monitoring.
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9.4. Magnetic Depth Locator

Acoustic vibrations are generated locally in a fibre-optic cable at positions where a magnet is
placed next to it, by applying an AC electric current through the cable’s inner tube [104]. As
depicted in Figure 9.3, the interaction between the applied current and the perpendicularly
oriented magnetic field results in a Lorentz force on the inner tube containing the fibre. By
applying an alternating current, the Lorentz force also alternates and thus induces an oscillation
of the inner tube. This vibration is localized since the generation of Lorentz force only extends
over the length of the field-generating magnets.

A standard down-hole fibre-optic cable can be used (Chapter 1), in which the inner tube is used
to convey the electrical current and is insulated from the outer tube by a polymer buffer, e.g.,
polypropylene. This allows current flow along the length of the cable without shortcutting to the
well environment. The cable’s outer tube — control-line — or the well construction is used as a
return path for the current.

The vibration induced in the fibre-optic cable can be picked up by DAS. In this way, the optical
channel collocated with the magnet can be determined at the various magnet-positions along the
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Figure 9.3: Concept of the magnetic depth locator. The combination of an AC current 1(%)

through the fibre-optic cable and a local magnetic field B creates an AC Lorentz
force Fr(f) and hence a local vibration signal detected by DAS at the position of
the magnet. The return path for the electric current is provided by either the outer
tube or the adjacent formation. The gap between buffer material and outer tube is
crucial to allow for vibration of the inner tube.
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Figure 9.4 MDL signal as a function of electrical current. The numbers (7,j) in the legend

indicate the current path through the respective cable tubes. Within the limits of
the power source, the signal is proportional to the current through the cable’s
inner tube. A current through the outer tube had a negligible influence on the
acoustical signal generated, in line with the larger stiffness of the outer tube.

cable length and thus a depth reference is provided. DAS measurements are entirely unaffected
once the electrical current is switched off, while repeat calibrations only require applying the
current again. The simple procedure of determining the optical channel which observes the MDL
vibration provides only depth accuracy equal to the length of one channel, currently on the order
of 10 m. A solution to obtain sub-channel accuracy will be presented in Section 9.6. The next
Section will first describe optimisation of the signal reliability.

9.5. Reliability

To characterize the basic response function of an MDL depth marker, laboratory tests were
conducted. A setup comprising of 24 m length of typical down-hole cable was used for this [103].
Magnets could be attached all along the length of this cable and an electrical current could be
applied to the cable. The resulting response was then measured with DAS.

Initial tests indicated that the DAS signal-response to the induced vibration is proportional to the
electrical current at a given frequency through the cable’s inner tube, indicated in Figure 9.4.
Current flow through the outer tube does not significantly influence the signal, since the larger
stiffness of the outer tube reduces the induced motion. The acoustical signal is mainly due to
vibration of the inner tube, due to alternating current through the inner tube interacting with the
permanent magnetic field. This has the advantage that the motion is only limited by the free
space between buffer and outer tube wall, and not by any restraints to the outside of the cable,
for example clamps or cement.
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Figure 9.6:

Magnet assemblies incorporating (a) one magnet and (b) five magnets as used in
the laboratory reliability tests. The overall length of the five-magnet assembly is
0.4 m. Also note the fibre-optic cable underneath and the mounting clips used to

immobilize the cable onto the substructure.

_______________________________________________________________________

___________________________________________________________________________

| ——Type A - Assembly of 1, on top
-#-Type A — Assembly of 5, on top
| =—Type A — Assembly of 5, two sides horizontal |
——Type B — Assembly of 5, on top

=+ Type B — Assembly of 5, two sides horizontal |
—o—Type A — Assembly of 5, two in series on top

Threshold [rad]

Fraction of cable segments that show DAS signals above the threshold value,
plotted for a six different magnet configurations and types. The ‘Type B -
Assembly of 5, on top’ is currently considered for deployment, and displays a
considerably increased performance compared to the single-magnet assembly.
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Tests have also shown that there is a variation in the signal along the length of the cable, caused
by manufacturing variations in the thickness of the gap between buffer and outer tube [105].
Signal reliability tests have been performed and show signal variations of orders of magnitude. To
improve the performance, these tests have been repeated for various magnet assemblies, ranging
from one magnet (Figure 9.5a) to an assembly of five magnets (Figure 9.5b) of an approximately
20% stronger type.

Results of these reliability tests can be found in Figure 9.6. Here the fraction of cable segments
having DAS signal amplitudes larger than the specified threshold value are shown. This fraction
provides an indication of the reliability of generating sufficient signal with a magnet assembly.
For this purpose the laboratory cable was divided into 48 segments and the DAS response was
measured for the magnet assembly, subsequently being placed at each of these segments. If the
signal strength would be the same in all cable segments, one would expect an instant signal drop
from 100% to 0% as soon as the threshold increases above the signal strength. Due to variations
in the gap between buffer and outer tube, the signal varies along the length of the cable.

For a single magnet the large variation in signal strength is shown by the gradual decrease in
percentage. For assemblies of multiple magnets distributed over 0.4 m, the transition zone is
much better defined. Moreover, the combination of multiple magnets and the choice for stronger
magnets increases the average signal strength due to the increase of magnetic field. This
additionally shifts the full curve to larger signal strength, resulting in a significantly larger
percentage of cable segments showing good signal strength. Compared to the expected amplitude
at 50% reliability of one magnet, the best performing magnet assembly shows a comparable or
higher signal in 95% of all active cable segments — at the same electrical current. A 9x larger
signal is observed in at least 50% reliability of all cable segments.

Summarizing, by using assemblies of multiple magnets close to each other, the cable response
reliability has been substantially improved. For further enhancement of the reliability, the number
of installed assemblies can be increased beyond the number needed for accurate calibration.
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MDL signal as a function of channel offset in the DAS box. The measurement
and analysis procedure is the same as in Figure 9.7, but now the magnet has been
physically moved by 2.6 m. The measured average shift of the channel centres
equals (2 * 0.9) m, in good agreement with the physical offset.
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9.6. Sub-channel accuracy

DAS integrates signal impinging over the gauge length, typically on the order of 10 m. For a far-
field wave, typical for geophysical applications, the observed — averaged — wave arrival will
therefore correspond to the centre of each channel. Application examples discussed in Section
9.3 require the centre of each channel to be determined with an accuracy down to approximately
0.5 m. To achieve such positioning accuracy, the centre of each DAS channel has to be
determined with sub-channel accuracy.

To achieve a position accuracy better than the DAS gauge length, the channel offset feature of the
DAS ODH3 interrogation system can be used [103]. This feature allows bulk-shifting of all
channels in sub-channel steps. The result of scanning through these channel offsets is illustrated
in Figure 9.7. All optical channels are bulk-shifted by sub-channel steps and in that way
essentially moved past the magnet assembly. By shifting the channel position over a sufficient
distance, the boundaries of a particular channel can be observed. This enables determination of
the channel offset for which the magnet assembly is centred in that particular channel.

By scanning the channel offset over more than one channel, the magnet assembly position can in
this way be determined with accuracies better than 1 m. Figure 9.7 and Figure 9.8 demonstrate
this accuracy by moving the magnet by a known physical distance (here 2.6 m) and calculating the
change in position by repeating the channel offset scan.

9.7. Conclusions

The Magnetic Depth Locator (MDL) provides a non-intrusive method of depth referencing for
fibre-optic DAS in-well measurements. The possibility of repeating the calibration at negligible
incremental cost, makes it very suitable for safeguarding the depth reference accuracy of time-
lapse well and reservoir monitoring.

This Chapter provided an overview of the feasibility and applicability of the MDL concept. The
variety of laboratory experiments conducted — to optimize the method and find its limitations —
has been translated into a magnet-assembly design, cable specifications and a calibration
procedure. To move the concept into practice, ruggedized packaging and deployment procedures
will be considered in Chapter 10.
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10. Depth calibration for DAS: deployment

The Magnetic Depth Locator is a solution for depth calibration of a down-hole fibre-optic DAS' cable. Field
deployment requires functional and ruggedized system components. These are being developed and are part of an
integrated calibration procedure from fibre to formation which has been trialled in a test well.

10.1. Towards a deployable system

The Magnetic Depth Locator (MDL) has been introduced in Chapter 9 as a tool for depth
calibration of down-hole DAS measurements, especially suitable for repeated calibrations without
well-intervention and at negligible incremental cost. Laboratory findings have enabled
identification of a functional system configuration in terms of an effective current path and an
optimised magnet assembly (Section 9.5). The Lorentz force, resulting from the combination of
an AC current and a magnetic field, is most effective in inducing vibration in a typical down-hole
cable’s inner tube, also referred to as fibre-in-metal-tube (finrf). As such, it is only the vibration of the
fimt, within the outer tube, which contributes to the depth reference signal induced by an
electrical current through the fimt. As a result of cable manufacturing tolerances, variations in the
void between fimt and outer tube can limit the vibration of the fimt in some sections of the
cable. Hence, a spatially-distributed array of magnets can be used to ensure the generation of a
sufficient signal.

An MDL installation in a well-bore consists of several components, as summarized in Figure
10.1. These components will now be briefly introduced [106]. A dedicated power source is required
to provide sufficient AC current to generate a suitable acoustic signal. The current is coupled into
the fimt of the down-hole cable at the point where this cable is terminated. Typically this is in a
pressure-barrier which is usually attached to a well-head outlet, and hence such component requires
modification to allow an insulated electric current path into the fimt. In case of a continuous
down-hole cable throughout the well, the current is conducted by the fimt. Insulation to the outer
tube is provided by a plastic buffer material between the fimt and the outer tube. At the down-
hole end of the cable, a closed electrical circuit is realised by short-cutting the fimt to the outer
tube and the tubing or casing. Such termination can be a turm-around assembly, typically installed to
splice a down- and up-going fibre together allowing measurement of these two fibre-sections in
series. Conducting well-components — such as casing — or, alternatively, the formation itself
provide a return path to surface.

In case of a discontinuous down-hole cable, for example because of a packer or an unexpected
cable break, a splice-chamber has to be used to connect two lengths of cable together. Packers are
used as part of a completion to improve well-integrity and force production fluids through the
tubing string while isolating the annular space between tubing and casing (Section 2.1). Only a
short length of cable can be fed through a packer, requiring connection to a second length of
cable above the packer. Since splice-chambers are typically made out of conducting metal, a
modification is required here to connect the inner tubes together, i.e. ensure insulation from the
environment. Last but not least, magnet assemblies are clamped to the cable at each position in
the well where a depth marker is required (discussed later in Section 10.2).

The components listed are in various stages of design and manufacturing. The power source and
magnet assemblies are dedicated core components of a MDL system. Other components,
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Figure 10.1:  Overview of components required for deployment of the Magnetic Depth Locator
in a well-bore. [106]

especially the pressure barrier, splice-chamber and turn-around assembly, are used in typical
fibre-optic installations for well-integrity purposes and therefore need to be modified to allow a
suitable electrical current path. These components are often integral parts of the fibre-optic
installation as offered by vendors, and modifications are therefore preferably realised together
with fibre-optic installers. The design and realisation of a magnet-assembly prototype — the core
component of any MDL system — will be discussed in the next Section.

10.2. Assembly development

A housing has been developed to hold the assembly of magnets [106]. The design of this housing
is aimed at a reliable deployment and optimum signal characteristics by focusing on three
requirements:

e Ruggedization: The magnets are contained in an zzser?, fitting inside a metal sensor camp. The
insert can be manufactured using a quick and cost-effective rapid-prototyping process and
consists of glass-reinforced nylon;

o Aljgnment of magnets: For optimum signal generation, it is important that the magnets in each
assembly are properly aligned with and distributed along the cable. For this purpose, the
insert consists of two parts: the magnets are held in a base-part, and the cable is placed so
that it is flush and aligned with the magnets when sandwiched with the counter-part acting as
a lid;

e Ease of handling: It is important to assure that the make-up of the insert and clamping on the
rig-floor does not take too much time and minimises the risk of loose parts falling into the
well. For that reason, the insert only consists of two parts, the holder and the lid, while the
associated magnets are fixed to the holder. Moreover, the two parts ¢ick together and in that
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way hold the assembly together and aligned. A clamp rigidly squeezes all parts against the
pipe wall and provides further mechanical protection.

A prototype insert has been designed and manufactured to incorporate the above requirements.
The 3D rendering in Figure 10.2a shows the bottom-part with an array of magnets. Figure 10.2b
shows the #gp-part attached to the bottom part, ensuring alignment of all magnets and the fibre-
optic cable. Before running-in-hole this insert is covered by a metal clamp, which protects it from
being crushed while running in-hole and firmly holds the magnet assembly in place against the

pipe.

The prototype is tailored to a 3%2” tubing deployment. This is a size often found in operating
units, however, the design can easily be scaled to fit other dimensions as well. The first
installation of this magnet assembly has been performed in a dedicated zesz well. The completion
in this test well also consists of 3%2” tubing. More details regarding installation in the test well and
use for depth calibration can be found in Section 10.4.

.'-._.
-

Figure 10.2: 3D renderings of the magnet assembly insert: (a) bottom part fitting onto a 3.5”
pipe, showing the fibre-optic cable and space for five magnets; (b) top part
‘clicked’ onto the bottom part and in that way fixing the cable and magnets
together in an aligned way. [106]

10.3. Integrated approach

The detection of magnetic-field-induced vibration in the DAS measurements results in a
calibration of the fibre length to the exact location of each magnet assembly. The simplest way to
determine the magnet assembly’s position in the well, also referred to as driller’s depth, is during
installation. The position of the magnet assembly relative to the pipe joint on which it is mounted
can be measured before running-in-hole when laying out the tally. The f/ly includes a list of
measured lengths of all pipe-joints in order of installation. The lengths of all pipe joints installed
above a magnet assembly in combination with the position of that magnet assembly on a
particular pipe joint can be used to obtain an initial estimate of the magnet assembly’s position in
the well. The length of pipe-joints measured at surface is however not accurate in absolute terms:
pipes stretch in the well because of the weight of the pipes hanging off from them and also due
to thermal expansion. Generally speaking, human errors in manual length measurement happen
and can lead to a significant cumulative error over a large number of joints. Hence, depth
accuracy is not necessarily guaranteed. Depending on the application and the required depth
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Figure 10.3:  Steps for depth calibration with the Magnetic Depth Locator. To calibrate fibre
length to position in the formation, a combination of several measurements is
advised. [106]

accuracy, additional calibration steps can be included to provide a more accurate calibration to
drillers’ depth and eventually to formation depth (Figure 10.3).

A verification of the position of the magnet assembly in the well can be obtained by lowering a
logging tool in the well which detects pipe collars. The position of a magnet assembly can be
marked by mounting it on a pipe joint with a significantly different length, e.g. a pup joint, causing
a clear deviation from the otherwise regular pattern of pipe-collar signals along the depth of the
well. Such relative depth measurement is often used to relate logging measurements to well
features. In combination with the fairly accurate measurement of the distance between nearest
pipe collar and magnet assembly, the actual position in the well can established [106].

Alternatively, the position of a magnet assembly can also be detected directty [107]. A
magnetically-sensitive logging tool, such as a casing collar locator (CCL), is sensitive to an induced
magnetic field. Acoustic logging tools, such as a sonic cement-bond log (CBL), are sensitive to the
amount of metal around the tool. Depending on the deployment cost and sensitivity of the
various logging tools in a particular well configuration, either direct or relative methods may be
used to verify the position of a magnet assembly in the well.

This position in the well can also be related to a position with respect to the formation. The same
(wire-line) tool-string can also include a tool — such as a Gamma Ray log — which can read
formation properties through (tubing and) casing. This combination allows relating the position
of the magnet assembly in the well to a position with respect to the formation [106].

Together, these measurements ensure an accurate calibration of fibre length to location in the
formation and enable comparison of fibre-optic datasets with other well logs and areal, e.g,,
surface seismic, datasets. After an initial calibration to the formation, repeat calibrations to
mitigate changes in the length conversion in the fibre-optic installation only involve additional
MDL calibrations. Such repeat calibration can be executed at negligible additional cost without
well-intervention, as only a power source and DAS interrogator are required. The next Section
describes a trial in a test well in which this integrated calibration approach has been tested.



SR.14.10061 -99 - Unrestricted

10.4. Test-well trial

Depth calibration with the Magnetic Depth Locator was investigated in a dedicated test well
[108]. This trial involved the installation of five magnet assemblies distributed over a 300 m long
production tubing. This installation was used to perform test-calibrations with the MDL system
in combination with wire-line tools as described in Section 10.3.

Figure 10.4 shows the installation of a magnet assembly before running-in-hole. The two parts of
the magnet assembly are clamped together to provide alignment between the cable and the
magnet assembly (Figure 10.4b). A metal clamp is placed over the insert to provide mechanical
protection (Figure 10.4c). The installation procedure took only five minutes for each of the
assemblies, and was successfully completed for all five magnet assemblies. At the end of the test
period of about four weeks, the assemblies were retrieved. Visual inspection did not show any
damage: the magnet-assembly is sufficiently ruggedized for down-hole deployment.

The drillers’ depth of each magnet assembly was carefully monitored during well-completion,
providing information on which assemblies were installed at which depths. This involved length-
measurements of all pipe-joints as well as measuring the distance from each magnet assembly to
the nearest pipe collar. After completion of the well, the position of each magnet assembly was
verified using a wire-line logging run [109]. Such a logging run also provides the opportunity to
relate the position of the magnet assembly to a position in the formation when using specific
formation-reading logging tools.

Figure 10.4:  Installation of a magnet assembly: (a) bottom part of the insert with five magnets
aligned flush with the fibre-optic cable; (b) top part of the insert ‘clicked’ onto the
bottom part; (c) a down-hole instrumentation clamp positioned over the insert
and clamped to the tubing joint. This provides a ruggedized assembly for reliable
down-hole deployment. [108]
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After having established the physical position of each magnet assembly, the MDL system can be
used to calibrate the fibre length in a DAS measurement. Several calibrations were executed to
verify the signal reliability and calibration accuracy in a real well environment. These tests were
completed successfully and provided insight in the operating range of the MDL system. While
the detailed results are under consideration at the moment of writing and are not presented here,
the results indicate errors in depth assignment as expected based on the a priori analysis given in
Section 9.2 [110].

10.5. Way forward

The deployment of the MDL system should preferably be done by the service company that
installs the entire fibre-optic system in a particular well. The concept is well suited for this
approach because it uses standard fibre-optic cable and magnet assemblies that can be easily
clamped to the cable. Furthermore, implementation of electrical current paths in fibre-optic
components — such as pressure barrier and splice chamber — is handled best by the service
company itself, because of company-specific component designs, regional differences in
legislative requirements and to assure the overall reliability of the fibre-optic system. The results
from the test-well trial show enough evidence to consider discussing further development of
selected components with service companies.

Field trials are a logical next step for further development of the MDL system and should include
jointly developed components. Such trials should aim at demonstrating the MDL system as a
non-intrusive depth reference for DAS fibre-optic well and reservoir monitoring.
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11. Concluding remarks

A number of novel fibre-optic sensing technologies have been described in the preceding Chapters, with significant
contributions to the ability to obtain detailed sensor readings in a well-bore. This Chapter reviews the progress to
date as well as identifies additional steps towards a step-change in well and reservoir surveillance.

11.1.  Strategic approach to develop in-well fibre-optic sensing tools

Cooperation with zndustry partners is an essential part of Shell’s approach to innovation. This applies
to further development of components in a Magnetic Depth Locator installation, but has also
been an essential aspect in all other projects described in this thesis. Shell does not intend to
produce their own fibre-optic sensing systems, but aims to stimulate the fibre-optic sensing
industry to develop an appropriate solution for the upstream applications in question. The
development of key technologies is, however, an enabler to optimise production and to obtain a
license-to-operate, thus gaining a competitive advantage. To generate sufficient novel technology
concepts and guide development into suitable solutions, adequate in-house expertise is required.
This vision has resulted in an R&D capability which operates at the frontline of fibre-optic
sensing research in the upstream industry. The multi-lateral working relationship with academia,
commercial research institutes and commercial companies provides a good illustration of Shell’s
efforts in maturation of new technologies: synergies between the different entities are multi-fold
in the frontline research to provide novel sensing concepts. Cooperation with universities also
has the advantage of nurturing the academic qualifications of young Shell staff, as is the case in
this PhD-on-design thesis.

This thesis reports on fibre-optic sensor developments for application in oil and gas wells. Such
developments have to advance through subsequent stages of waturation before achieving the goal
of commercial deployment in upstream operating units. This section provides a short recap of the
progress described in this thesis and the next steps towards further technology maturation. The
advances in fibre-optic sensing system development described in this thesis involved a major
contribution from the author. Next steps provide a general outlook for further development, but
not necessarily reflect actual activities planned to be carried out by the author or the IWT team as
can be expected in such multi-faceted research organisation.

The development of an interrogation unit for point sensors based on fibre Bragg gratings (FBG)
is a nice example of the initial stage of such an approach. Proof-of-principle was obtained for a low-
cost high-temperature interrogator. This result confirmed, in an early project stage, the feasibility
of field-wide deployment of low-cost Quasi Distributed Pressure Sensing (QDPS) systems, as
well as, e.g., temperature or chemical sensing systems. Now, about four years later, when Shell-
(co-)developed FBG-based sensors are becoming available for deployment, a dedicated test
programme allows evaluation of commercially-introduced interrogation units before implementation in

field trials.

Distributed Acoustic Sensing (DAS) has matured most rapidly in its development towards a
successful tool for operating units. After lab and field evaluation of prototype interrogation units,
further development has led to improved interrogators which have been trialled in a range of
different scenarios. As a result, DAS is currently already being deployed on a commercial basis for
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selected geophysical and flow applications. This success provides a basis for enabling an
additional number of novel applications, triggering further developments of which two are
introduced in this thesis: directionally sensitive cables and depth calibration.

The first is directed to improved directional sensitivity as an important enabler for additional
geophysical applications which require sensitivity to broadside-incident waves. Novel cable
prototypes have been developed and demonstrated in field trials. Further developments are planned to
result in readily deployable, continuous cables for both surface and down-hole directional
sensitivity.

The second promising development is the Magnetic Depth Locator (MDL). This device, with its
integrated calibration workflow, has been developed to provide a non-intrusive method of depth
referencing for repeated fibre-optic DAS in-well measurements. A first zest-well trial of the core
components was completed successfully.

11.2. Commercial success

Ongoing development has the potential to provide a capable suite of fibre-optic sensors for the
upstream business. While this is a promising prerequisite, the effective use of fibre-optic sensing
in the oil and gas industry requires consideration of two crucial aspects: value-of-information and the
integration of multiple data sources. Only this approach leads to the commercial success required
by IOCs to operate.

The value of fibre-optic sensing technologies is in the information that can be extracted from the
measurement data. For day-to-day production monitoring, data analysis should be awfomated and
the resulting information should be actionable. Operators do not have the time nor the expertise to
analyse raw measurement data manually. Therefore, intelligent processing systems should be
implemented to automate data analysis. The outcome of such analysis should contain
information that can be used to optimise production operations, either directly by adjusting
production parameters or as input to models such as a reservoir simulator. For longer-term field-
development purposes, streamlined processing workflows can assist local teams in interpreting
data and assuring that the resulting information is adequate input for further field development
decisions.

Whereas individual sensing technologies might provide usable insight, it is the combination of
several sensing technologies that will lead to the most conclusive information. As an example,
temperature profiles (from DTS) and noise logs (from DAS) can both provide valuable
information about flow behaviour into and along the well-bore. However, in most scenarios, it is
the combination of these two that leads to the most clear conclusions. The challenge here is in
the processing and analysis capabilities to combine multiple datasets, and solve for the larger set
of related parameters in an advanced, automated manner.

The combination of multiple fibre-optic sensing technologies with advanced processing
algorithms and workflows will provide a significant advantage in optimising efficiency, safety and
ultimate recovery. In that way, the densely-distributed measurements in time and along the entire
length of the fibre have the potential to revolutionise wel/ and reservoir surveillance in the oil and gas
industry. This thesis provides tools to travel along this road to advanced diagnostics in oil and gas
wells.
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