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ABSTRACT

AN OPTICAIL FIBRE SENSOR ELEMENT

An optical fibre sensor element (1) comprising an
optical fibre (2), a protective coating on the optical
fibre, and shape constraining means (3) which causes
the optical fibre (2) to follow a path which extends 1n
a generally longitudinal direction and which is such
that the coated optical fibre (3) 1s not perfectly
straight and it is impossible to draw an imaginary
straight line in any direction which remains inside the
coated optical fibre (3) along the entire length of the
optical fibre sensor element (1).
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AN OPTICAL FIBRE SENSOR ELEMENT

This mvention relates to apparatus for sensing one or more parameters and,
more especially, this mmvention relates to the configuration of an optical fibre sensor
element to mcrease 1ts sensitivity to a measurement parameter. The mmvention has
especial relevance for downhole sensmg n the o1l and gas industry, and for the

manufacture of thin seismic streamers.

There 1s an increasing demand in the o1l and gas industry to improve the
percentage of oil and gas recovered from reservoirs and to reduce operating costs.
This has resulted in the demand for sensing techniques which can guarantee the
availability of downhole measurement over the hfetime of a reservorr. A technique
which addresses this requirement 1s to pump optical fibre sensors and their associated
cables into the reservoir through hydraulic control lines placed in o1l or gas wells.
These control lines can have an internal diameter of around 4mm and will not accept

relatively large optical fibre sensing elements contaming coils of fibres.

Pumping sensors along hydraulic control iines can also be appled to the
measurement of pressure, temperature, acoustic energy, magnetic fields and electric
fields in other types of wells, for example geothermal and sulphur wells, and n nuclear

power stations, mining, refining, chemical processing plants and remote locations.

An altogether different requirement exists in the design of seismic streamers
which are towed behind large ocean-going ships during seismic surveys. Here the
streamers have a large diameter, often not less than 40mm. This large diameter causes
significant drag from each seismic streamer. A way to reduce the drag of the streamer
is to reduce its diameter. For example, the hydrophone elements m the streamer may
be spaced typically every 12.5m over a length of 3km, whereas streamers may be
separated by 100m. A desired configuration 1s to have the separation between
hydfophones approximately equal to the separation between hydrophones 1n the
streamers - ie to form a grid of hydrophones behind the ship. This however 1s not
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possible unless the hydrophone diameter 1s greatly reduced. Unfortunately, this 1s
difficult with existing piezoelectric hydrophones and it 1s also difficuit with optical fibre

hydrophones where the acoustic sensitivity ot the hydrophones 1s created by coiling the
fibre on spools.

It 1s possible to increase the sensitivity of optical fibre hydrophones by coating
a fibre with suitable compliant materials such as polymers. Such a fibre sensor can be
made compatible with pumping down hydraulic control lines mto o1l or gas wells, and
can also form the basis for making hydrophone arrays which can be packaged mto thin

streamers for seismic surveyng applications.

One important problem with this approach 1s that 1t 1s difficult to predict the
acoustic sensitivity of such hydrophones because the sensitivity to acoustic signals
when the fibre is completely straight 1s different from the sensitivity to acoustic signals
when the fibre 1s curved. This is because the acoustic signal 1s not applied to the ends
of a perfectly straight fibre. The fibre 1s in effect squeezed by the acoustic signal. This
is not the case for a fibre which is in general curved, in which case the acoustic signal 1S
applied effectively in all directions. (Squeezing a fibre from the sides only will cause a
fibre to increase in length, whereas applying pressure from all directions will cause a
fibre to decrease in length). The result is that the acoustic sensitivity of a sensor
fabricated simply by coating a fibre will not be predictable and may fluctuate as the

fibre 1s moved.

An aim of the present invention is to configure an optical fibre sensor element

to Increase 1ts sensitivity t0 a measurement parameter.

Accordingly, the present invention provides an optical fibre sensor element
comprising an optical fibre, a protective coating on the optical fibre, and shape
constraining means which causes the optical fibre to follow a path which extends m a
generally longitudinal direction and which is such that the coated optical fibre 1s not

perfectly straight and it is impossible to draw an imaginary straight line in any direction
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which remains mside the coated optical fibre along the entire length of the optical fibre

SEeNsSor element.

The invention has especial relevance for downhole sensing m the o1l and gas
industry, and for the manufacture of thin seismic streamers where reduced drag and

suppression of tow noise 1s important.

In first embodiment of the mnvention, the shape constraming means may include

an elongated member which 1s twisted with the coated optical fibre.

The elongated member may be made from a magnetostrictive material such as
nickel wire, in which case the optical fibre sensor element will be a magnetostrictive

sensor element sensitive to magnetic fields.

The elongated member may alternatively be made from an electrostrictive
material such as polyvinylidene fluoride, in which case the optical fibre sensor element

will be an electrostrictive sensor element sensitive to electric fields.

The elongated member may be made from a material such as a polymer to

enhance the acoustic sensitivity in which case the optical fibre sensor element will be an

optical fibre hydrophone sensor element.

The elongated member may be a capillary for increasing the sensitivity of the
optical fibre sensor element to applied hydrostatic pressure, the optical fibre sensor
element being an optical fibre sensor hydrophone element. A preferred embodiment
for the capillary is a silica capillary. The silica capillary can be drawn and coated in a
similar manner to that used in the manufacture of optical fibre cables in order to
increase the capillary's, and hence the hydrophone element's strength when exposed to
large hydrostatic pressures such as those occurring in downhole applications mn o1l and
gas wells. The advantage of the capillary when used in a hydrophone 1s that 1t can be
designed to deform more than a solid member thus increasing the sensitivity of the

hydrophone element to applied hydrostatic pressure. The capillary may be sealed one
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or more times along its length, and especially at each end of the optical fibre sensing
element. The resulting hydrophone element may be coated 1n a polymer to bind the

structure together, and to increase the acoustic sensitivity.

In a second embodiment of the invention an optical fibre sensor element 1s
coated with a sensitivity enhancing coating for increasing the sensttivity to apphed
hydrostatic pressure, the optical fibre sensor element bemng an optical fibre hydrophone
element. It is preferred that the sensitivity enhancing coating has a non-uniform
outside surface in order to stabilise the sensitivity of the optical fibre hydrophone
element to acoustic signals. A preferred embodiment 1s such that it 1s impossible to
draw a straight line in any direction which remains mnside the sensitivity enhancing
coating along the entire length of the optical fibre sensor element thus equalismg the
strain coefficients along each axis when the optical fibre sensing element 1s subject to

hydrostatic pressure. The sensitivity of the optical fibre hydrophone element will then
be stabilised.

In a third embodiment of the invention, an optical fibre sensor element includes
first reflective means and second reflective means which form an mterferometric
sensing cavity sensitive to hydrostatic pressure. At least one of the first and second
reflective means may be an optical fibre Bragg grating, a partially reflective splice, or if
at the end of a cable, the second reflective means may be a mirror fabricated by coating

metal such as chrome and gold onto the end face of the fibre.

Such an embodiment can be combined to form an optical fibre hydrophone
array comprising a multiplicity of optical fibre hydrophone elements jomed together by
optical fibre. This embodiment is particularly advantageous for mcorporation mto
seismic streamers or pumping downhole for instance into oil and gas wells through

hydraulic control lines.

It is known that the wavelength of light from an optical fibre Bragg grating 1s

sensitive to temperature. Thus an overall system may include monitoring means for
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monitoring the wavelength of hight reflected from the optical fibre Bragg grating in
order to determine the temperature of the optical fibre Bragg grating, thereby allowing
a combination of temperature and another measurement parameter to be measured in
the same optical fibre sensor element. The optical fibre sensor element may mclude
separate temperature sensing means for removing the pressure dependence of the
temperature measurement, thereby yielding measurements of pressure at the Bragg

grating, temperature, and an acoustic signal.

In a fourth embodiment of the present invention, the optical fibre sensor
element 1s of such a size and disposition that it can be pumped, together with 1ts
associated cable, through a conduit to remote locations such as mto an o1, gas, sulphur
or geothermal well or a mine. The purpose of the cable 1s to connect the optical fibre
sensing element to electro-optic mstrumentation which would typically be situated
above ground. The pumping may utilise fluid drag using gas, or a liquid such as water,
water glycol mixture, or silicone oil. Thus the present nvention provides apparatus for
extracting at least one of o1l and gas from below ground, which apparatus mcludes a
well head, production tubing, a conduit, an optical fibre sensor element of the
mvention, and a cable for connecting the optical fibre sensor element to sensor
instrumentation, the optical fibre sensor element and a part of the cable bemg such that
they have been pumped along the conduit, and the optical fibre sensor element bemng an
optical fibre hydrophone sensor element. Preferably, the conduit has an mternal

diameter of 2Zmm - 30mm.

The optical fibre sensor element may be an optical fibre hydrophone element

having a length of around 0.5m to 30m.

The conduit may have an internal diameter of 2mm - 30mm and may pretferably
be hydraulic control line or coiled tubing - both commonly available and used mn the o1l
and gas industry. More preferably, the optical fibre sensing element may be of such a

design that it can be pumped through a conduit containing multiple bends.
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The conduit may contain a pressure communication device which
communicates the pressure from outside the conduit to the inside of the conduit in the

vicinity of the optical fibre hydrophone sensor element.
The conduit may be cemented to the outside of the casing of the apparatus.

The present invention also provides an optical fibre sensor array comprising a
plurality of the optical fibre sensor elements, the optical fibre sensor elements being

jomed together by optical fibre.

A seismic streamer may be constructed comprising a plurality of the optical
fibre sensor arrays, and where at least one of the optical fibre sensor arrays contains a
plurality of optical fibre hydrophone sensor elements. Each optical fibre hydrophone
sensor element may have a length of around 0.1 m to 30m rather than the 30m - 300m

currently used i bobbin-wound conventional optical hydrophone coils.

The seismic streamer may mclude a distributed temperature sensor for

measuring the temperature along the seismic streamer.

The cross section of the seismic streamer may be non-circular in order to
facilitate its winding onto drums. This 1s a preferred embodiment of the invention with
major reductions on the diameter of the streamers used currently and demanding less
space for storing the seismic streamer. Such a thin seismic streamer has advantage

where reduced drag and suppression of tow noise are important.

Embodiments of the mvention will now be described solely by way of example

and with reference to the accompanymng drawmgs m which:

Figure 1 shows an optical fibre sensor element comprising a coated optical fibre

which is packaged in a shape constraming means;

Figure 2 shows an optical fibre sensor element comprising a coated optical fibre

twisted with a elongated member:
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Figure 3 shows an optical fibre sensor element comprising a coated optical fibre

twisted with a elongated member and the entire assembly coated;

Figure 4 shows an optical fibre hydrophone element with a non-uniform

coating;

Figure 5 1s a cross section through the optical fibre hydrophone element shown

in Figure 4;

Figure 6 shows an optical fibre hydrophone with first and second reflective

means;
Figure 7 shows an optical fibre hydrophone array;
Figure 8 shows a magnetic field sensor:
Figure 9 shows an electric field sensor; and
Figure 10 1s a cross section through an o1l well.

Referring to Figure 1, there 1s shown apparatus for sensing one or more
parameters comprising an optical fibre sensor element 1. The optical fibre sensor
element 1 comprises an optical fibre 2 which 1s coated with a protective coating. The
coated optical fibre 2 is packaged in shape constraming means 3 which causes the
coated optical fibre 2 to follow a path which extends in a generally longitudinal
direction and which assures that the coated optical fibre is not held perfectly straight,
that is it is impossible to draw an imaginary straight line in any direction which remains
inside the coated optical fibre along the entire length of the optical fibre sensor

element.

The optical fibre sensor element | may have a helical form similar to a stretched

telephone handset cable.

The coated optical fibre 2 is preferably one specifically designed for operation

in water and/or high-temperatures and pressures. Such fibres are usually provided with
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a protective coating of a polymer such as silicone, polytetrafluoroethylene, acrylates or
polyimide. The fibres are often carbon coated prior to the apphcation of the polymer in

order to improve hermeticity.

The shape constraining means 3 may be fabricated from a polymer such as for
example a polyurethane which has the advantages of being very robust. If the optical
fibre sensor element 1 were subjected to hydrostatic pressure, the pressure would act
in all directions within the optical fibre sensor element | reducing its dimensions 1n all
directions. This would not be the case if the optical fibre sensor element 1 were
straight and hydrostatic pressure were applied to only a part of the optical fibre sensor
element 1 whereupon the linear length of the optical fibre sensor element 1 would
increase. This lengthening occurs only if the optical fibre sensor element 1 1s straight.
If it is curved, the optical fibre sensor element 1 will shorten. This effect has particular
relevance to acoustic sensors and to hydrophones where an acoustic pressure wave 1S
applied to only a short section of the optical fibre sensor element 1. It 1s important to
know whether this acoustic pressure wave will increase or decrease the length of
optical fibre sensor element 1. Ensuring by design that the coated optical fibre 2 1s not
completely straight results in a known response to the acoustic pressure wave. The
embodiment shown in Figure 1 can therefore be seen to stabilise the response of the

acoustic sensor to pressure waves and thus to acoustic signals.

Figure 2 shows an embodiment where the optical fibre sensor element 1 1s
constructed by twisting the coated optical fibre 2 and an elongated member 21. Thas
embodiment assures that the coated optical fibre 2 is not held perfectly straight, that 1s
it is impossible to draw a straight line in any direction which remams mside the coated

optical fibre 2 along the entire length of the optical fibre sensor element 1.

The optical fibre sensor element 1 may be a hydrophone element sensitive to
acoustic signals, and the elongated member 21 may be a capillary. The advantage of

the capillary when used in a hydrophone is that it will deform more than a sold
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member thus increasing the sensitivity of the hydrophone element to applied

hydrostatic pressure.

Figure 3 shows a particularly advantageous configuration for a hydrophone
element 31 where the elongated member 21 1s a silica capillary 32 which is drawn from
a larger capillary in a similar manner to the method for drawing optical fibres. The
silica capillary 32 can be coated m manufacture with the same coatings used in optical
fibre manufacture i order to increase the strength of the sihca capillary 32, and hence
the strength of the hydrophone element 31 when exposed to large hydrostatic
pressures such as those occurring i downhole apphcations in o1l and gas wells. A
sensitivity enhancing coating 33 1s apphed to the resulting hydrophone element 31 m
order to bind the structure together, and to increase the acoustic sensitivity yet further.

The coating 33 may be a polyurethane.

Figures 4 and 5 show an embodiment for a hydrophone element 41 where the
sensitivity enhancing coating 33 1s a non-cylindrical coating 42 where the axial
symmetry of the outside surface 1s broken. The advantage of this embodiment in
comparison to the embodiment shown in Figure 3 1s that hydrostatic pressure apphed
to the outside does not merely squeeze the hydrophone element 41, but couples mnto
the structure more uniformly in all three orthogonal directions. This results in an
improved stability of the response to pressure changes and enhancement of the
sensitivity of the hydrophone element 41 to acoustic signals. It 1s preferred that the
non-uniformity is increased to such an extent that it 1s impossible to draw a straight line

in any direction through the hydrophone element 41 which remains mside the

hydrophone element 41 along its entire length.

Figure 6 shows an embodiment for an optical fibre hydrophone element 51
where a first reflective means 52 is incorporated into the coated optical fibre 2 near
one end of the optical fibre hydrophone element 51 and a second reflective means 53 1s

incorporated into the coated optical fibre 2 near the other end of the optical fibre
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hydrophone element 51 so as to form an mterferometric sensing cavity sensitive to
hydrostatic pressure and acoustic signals. One end of the optical fibre hydrophone

element 51 is connected to optical fibre hydrophone electro-optical instrumentation 54

with an optical fibre cable 55.

The first and second reflective means 52, 53 may be an optical fibre Bragg
grating, or a partially reflective splice. If desired, at the end of a cable, the second
reflective means 53 may be a miurror fabricated by coating metal such as chrome or

gold onto the end face of the fibre.

The embodiment of Figure 6 can be combined as shown in Figure 7 to form an
optical fibre hydrophone array 61 comprising a multiplicity of the optical fibre
hydrophone elements 51 joined together by optical fibres 62 and connected to optical-

fibre hydrophone-array electro-optical instrumentation 63 by the optical fibre cable 55.

The outer diameter of the optical fibre hydrophone array 61 may be
approximately 1 mm, made up from the coated optical fibre 2 having a diameter of
around 0.25mm, the silica capillary 32 having a diameter of around 0.25mm, and the
coating 33. Such dimensions make it ideal for pumping through hydraulc control lines
into oil and gas wells in order to monitor electrically submersed pumps, chokes and

valves, and to monitor sand production and flow rates from an oil reservorr.

The outer diameter of the optical fibre hydrophone array 61 of approximately
| mm makes the array ideal for incorporation into seismic streamers where 10 to 100
optical fibre hydrophone elements 51 or more may be fabricated mnto a single array
linked back to the seismic survey ship by the optical fibre cable 55. If each optical fibre
hydrophone element 51 were around Sm in length, and separated by 12.5m, and 1if 100
optical fibre hydrophone elements 51 were incorporated into each array, a 3km
streamer could be fabricated from three optical fibre hydrophone arrays 61 with the
optical-fibre hydrophone-array electro-optic instrumentation 63 kept on board the

seismic survey ship. Each streamer could then be made far thinner than the 40mm to
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50mm diameter streamers currently in use in the seismic survey business. The length
of the optical fibre hydrophone element 51 may typically be | to 10m long which
would make its sensitivity one to two orders of magnitude less than conventional
bobbin-wound optical hydrophone coils. Although at first sight this may seem a major
disadvantage, conventional optical hydrophone coils have been designed for military
use, for example, for detecting submarines at great distances in deep water. This 1s not
the same requirement as for typical seismic surveys which are often carried out n fairly

shallow water (such as the North Sea) where the levels of background acoustic noise

are far higher.

There may also be an advantage in using thinner coated optical fibre 2 with a
glass diameter of around 80um or less with a coated diameter of around 10pm m order
to further increase acoustic sensitivity or effect a higher packing density m the final

structure.

If the optical fibre hydrophone array 61 were to use Bragg gratings for the first
and second reflective means 52, 53, then it is possible to interrogate the optical fibre
Bragg gratings in order to determine the centre wavelength reflected back to the
instrumentation. This centre wavelength is pressure and temperature sensitive, thus
allowing acoustic signals and a measurement of pressure and temperature to be
monitored in the same array. In the seismic streamer application, it would be necessary
to remove the temperature dependence of the pressure measurement derived from the
Bragg grating in order to calculate the depth of the streamer. This could be achieved
by including a distributed temperature sensor fibre in the streamer which 1s interrogated
by a distributed temperature sensor such as the York DTS 80 manufactured by Y ork

Sensors Limited of England.

The seismic streamer can be designed with one or more optical fibre
hydrophone arrays 61 together with a distributed temperature sensor fibre all packaged

in a thin (less than around 20mm outer diameter) polyurethane sleeve contamning
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kerosene for buoyancy control. This could advantageously be designed with a non-
circular cross-section to aid coiling onto small diameter drums and to provide a
hydrodynamic fin-like structure such as seen in keels of sailing boats. The latter
structure will reduce tow noise and drag, and dampen torsional modes of a long array.
One of the consequences of these design approaches 1s that streamers may be of
significantly longer length than the 3km n current use, and more streamers may be

towed m a grid-like pattern.

Figure 8 shows an embodiment of the mvention which 1s aimed at sensing
magnetic fields. The apparatus comprises a magnetostrictive sensor element 71
comprising the coated optical fibre 2 twisted with a magnetostrictive elongated
member 72 which contains magnetostrictive material along its length. The
magnetostrictive elongated member 72 may be nickel wire which 1s magnetostrictive.
Partially reflective mirrors may be incorporated into this embodiment and arrays

formed 1n a similar manner to the optical hydrophone array 61.

Arrays of electric field sensors can be made using multipies of an
electrostrictive sensor element 8! shown in Figure 9 where the coated optical fibre 2 1s
twisted around an electrostrictive elongated member 82 which contams electrostrictive

material, for example polyvinylidene fluoride.

The sensor elements described above may be combined into arrays sensmg
acoustic, magnetic field and electric field signals. The sensor elements may be

incorporated into the same arrays, or they may be combined 1n separate arrays.

A section through a typical oil well 91 i1s shown i Figure 10. The o1l well 91
contains a length of production tubing 92 through which o1l flows to the surface, a
casing 93 which separates a rock formation 94 from the mside of the ol well 91, and a
conduit 95 strapped to the outside of the production tubmg 92 by straps 96. The
conduit 95 is typically a hydraulic control line which may either be strapped to the

outside of the production tubing 92 as shown, or alternatively cemented to the outside
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of the casing 93 in order to enhance the acoustic coupling from the reservoir to an
optical fibre hydrophone sensing element 51 which has been pumped through the
conduit 95 using fluid drag from either a gas such as nitrogen or methane, or a hquid
such as water, a mixture of water and glycol, a light-grade oil, or a silicone o1l. The
acoustic coupling may also be improved with a pressure communication means (not
shown) such as a valve or an orifice or a membrane located in the vicinity of the optical

fibre sensing element 51 connecting fluid inside the conduit 95 to the outside.

It is to be appreciated that the embodiments of the invention described above with
reference to the accompanying drawings have been given by way of example only and
that modifications and additional components may be provided to enhance

performance.
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Claims

. An optical fibre sensor element comprising an optical fibre, a protective coating
on the optical fibre, and shape constraining means which causes the optical fibre to
follow a path which extends in a generally longitudinal direction and which is such that
the coated optical fibre is not perfectly straight and 1t 1s impossible to draw an
imaginary straight line in any direction which remains mnside the coated optical fibre

along the entire length of the optical fibre sensor element.

2. An optical fibre sensor element according to claim 1 1n which the shape

constraining means includes an elongated member which 1s twisted with the coated
optical fibre.

3. An optical fibre sensor element according to claim 2 m which the elongated
member is a capillary for increasing the sensittvity of the optical fibre sensor element to
applied hydrostatic pressure, the optical fibre sensor element being an optical fibre

sensor hydrophone element.

4, An optical fibre sensor element according to claims 1 and mncluding a sensitivity
enhancing coating for increasing the sensitivity to applied hydrostatic pressure, the

optical fibre sensor element being an optical fibre hydrophone eiement.

5. An optical fibre sensor element according to claim | and including first
reflective means and second reflective means which form an interferometric sensmg
cavity sensitive to hydrostatic pressure, the optical fibre sensor element being an

optical fibre hydrophone sensor element.

6. Apparatus for extracting at least one of oil and gas from below ground, which
apparatus includes a well head, production tubing, a conduit, an optical fibre sensor
element according to claim 1, and a cable for connecting the optical fibre sensor

element to sensor instrumentation, the optical fibre sensor element and part of the
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cable bemg such that they have been pumped along the conduit, and the optical fibre

sensor element being an optical fibre hydrophone sensor element.

7. Apparatus according to claim 6 i which the conduit contains a pressure
communication device which communicates the pressure from outside the conduit to

inside of the conduit in the vicinity of the optical fibre hydrophone sensor element.

8. Apparatus according to claim 6 in which the conduit 1s cemented to the outside

of a casing of the apparatus.

9. An optical fibre sensor array comprising a plurality of optical fibre sensor

elements according to claim I, the optical fibre sensor elements being joined together

by optical fibre.

10. A seismic streamer comprising a plurality of optical fibre sensor arrays
according to claim 1, and including at least one of the optical fibre sensor arrays

contains a plurality of optical fibre hydrophone sensor elements.
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