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CONTINUOUS SENSOR MEASUREMENT IN HARSH
ENVIRONMENTS

FIELD OF THE DISCLOSURE

[0001] Embodiments disclosed herein relate generally to sensors and sensor systems
that may be used in harsh environments, such as a high temperature, high pressure,
corrosive environment that may exist within wellbores during extraction of oil and

gas.
BACKGROUND

[0002] In oil and gas extraction processes there is a need to monitor pressure and
temperature. The environment in which monitoring systems must operate is very
harsh; high temperature, high pressure, and corrosive environments typically exist
simultaneously.

[0003] Given the current state of the art, the practical maximum operating
temperature of even specialized high temperature active electronics is about 220°C.
As a result, long distance wired sensor networks, which are conventionally
constructed using active electronics, can only be practically deployed in environments
where ambient temperatures do not rise above 220°C.

[0004] To avoid the temperature limitations of active electronics, passive optics have
been employed. These offer the advantage of being constructed from glass and other
transparent materials which tolerate higher temperatures than doped semiconductors.
To communicate with interrogator modules at the surface, installations which employ
passive optics rely on fiber optic cable. For example, US7636052 describes a system
which interrogates resonant sensor modules with electromagnetic energy through a
coaxial cable.

[0005] However, a primary disadvantage of passive optics is their fragility. Compared
to electrically conductive metallic cabling, fiber optic cables are very vulnerable to
shock and vibration. In certain applications, such as those involving hydraulic
fracturing of wells, fiber optic cables are known to have a high rate of failure.

[0006] One common practice for remote temperature monitoring involves the use of
thermocouples. These devices provide a relatively reliable means of measuring
temperatures in harsh environments. However, thermocouples present practical

challenges to taking measurements at many different points in a system. For example,
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such downhole temperature measurement svstems often depend on the inclusion of
active electronics for signal processing at the point of measurement. As discussed
above, even the most specialized circuitry will not reliably operate above 220°C, and
to overcome the temperature limits of active electronics, most downhole
measurements of extreme temperafures utilize fiber optic measurement systems.
While capable of extreme temperature measurements, fiber optic systems are fragile
and suffer from poor reliability in downhole environments.

{6007} Vartous methods of passively sensing temperature by detecting changes in the
amplitude of a signal have been proposed. For example, thermocouples utilize a
changing voltage at the junction of dissimilar metals. Also, resistance thermal
detectors (RTDs) can be used to vary the amplitude of a signal through changing
resistance within an electrical circuit. In the case of thermocouples and RTDs, remote
detection a long distance from the signal processing device can have technical barriers
due to environmentally induced noise and/or practical concerns with installation
complexity due to individual conductors being required for cach temperature
measurement point.

{3008] Others have proposed utilization of temperature dependent changes of
inductance as a means of temperature threshold measurement. These applications
utilize the Curie temperature of a ferromagnetic material as a means of detecting a
temperature threshold. The Curie temperature is known as the temperature at which a
material abroptly loses its ferromagnetic properties. By selecting a material with a
Curie temperature at a desired threshold fevel, a system can be constructed which can
detect temperature excursions around this threshold.

{6009] US20110180624 describes a method of threshold detection where two
different inductors are constructed with two different ferromagnetic core materials
having rates of permeability change with respect to temperature. The windings of the
two inductors are designed such that the inductance of each is equal at a certain
temperature threshold.

[6814] There exists within the oil and gas industey, pressure sensing clements which
-an measure very high pressure. However, the operational temperature limits of the
pressure measarement devices available in the industry are below the temperature in

many common oil and gas wells. In many cases, the temperature Hmitation is the
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result of the need to have active electronics located in close proximity lo the pressure
transducet. In cases where active electronics are pot the limiting factor for high
temperature, the Hmit is related to the physical construction of the pressure transducer,
such as a bonded foil construction on a strain gauge.

jo011] US7841234 describes an apparatus for sensing pressure in which the magnetic
properties of an elastomeric suspension of ferromagnetic material change in response
to pressure. This patent describes an apparatos for sensing pressure in which the

inductance of a coil changes in response to pressure compressing the physical length

of a coil.
SUMMARY OF THE DISCLOSURE
{0012} Embodiments disclosed herein provide temperature and pressure sensors that

may be highly reliable under the harsh conditions that may be experienced during oil
and gas drilling and extraction processes. Such devices may also be of simple, low-
cost construction, and may be fully passive in its operation.

{0013} in one aspect, embodiments disclosed herein relate to a sensor medule
including a core of ferromagnetic material associated with a wire coil forming a
passive inductor resonant circuit. The passive inductor resonant circuit is tuned such
that #s resonant frequency i1s In a bounded frequency band mterrogable with an
electromagnetic ensrgy signal having a frequency of less than or equal to about 10
MHz.

{0014} " In another aspect, embodiments disclosed herein relate to a temperatore sensor
module including a housing and a temperature sensor disposed within the housing.
The temperature sensor may include a core of ferromagnetic material associated with
a wire coil forming g passive inductor resonant circuit, an inductance of which varies
with temiperature. The passive inductor resonant eircuit is tuned such that its resonant
frequency is i a bounded frequency band interrogable with an electromagnetic

energy signal having a frequency of less than or equal to about 10 MHz

{8015] In another aspect, embodiments disclosed herein relate {0 a pressure sensor
module inchuding a core, including a {ixed core portion and a deflectable core portion,
comprising a ferromagnetic material associated with a wire coll forming a passive
inductor resonant circuit. A gap is formed between at least a portion of the fixed core

portion and an internal surface of the deflectable core portion. A pressure applied to
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an outer surface of the deflectable core portion deflects the deflectable core portion,

decreasing a length of the gap and affecting an inductance of the resonant circuit,

{0016} In another aspect, embodiments disclosed herein relate to a sensor array
wcluding two or more sensor modules comprising a sensor comprising a solid core of
ferromagnetic material associated with a wire coil forming a passive inductor resonant
civeuit.  Each sensor in the array is tuned such that its resonamt frequency is in a
bounded and anigune frequency band, separate and not overlapping with a frequency

band of another sensor module disposed in the array.

{8017} In another aspect, embodiments disclosed herein relate to a system for
measuring properties of a wellbore, such as temperature and/or pressure. The system
may inchude: a sensor module comprising a sensor comprising a solid core of
ferromagnetic material associated with a wire coil forming a passive inductor resonant
circwif; an interrogation module having an excitation port configured to provide
electrical excitation to the passive inductor resonant circull, and a sensor port
configured to receive a transmitted response to the elecirical excitation; 8 transmission
line for transmitting the electrical excitation from the excitation port to the passive
inductor resonant circuit: and a transmission line for ransmitting the response to the

electrical excitation from the passive inductor resonant circuit to the sensor port.

[0018] In another aspect, embodiments disclosed herein relate to a process for
measuring a property in a wellbore. The process may include: disposing in a wellbore
a sensor module or a sensor module array comprising at feast one sensor comprising a
solid core of ferromagnetic material associated with a wire coil forping a passive
inductor resonant circuit; interrogating the at least one sensor with an electromagnetic
energy signal having a frequency of less than or equal to about 10 MHz; measuring a
response from the sensor comprising a change in frequency of the electromagnetic
energy signal; and determining a value of the measured property as a function of the

change in frequency of the electromagnetic energy signal.

[0619]

Other aspects and advantages will be apparent from the following description

and the appended claims.
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BRIEF DESCRIPTION OF DRAWINGS

{0020} Figure | is a perspective view of a passive inductor resonant clrcuit, such as
may be used in a temperature sensor according to emboediments herein.

[0021] Figure 2 is a perspective view of a passive inductor resonant cireuit, such ag
may be used in a pressure sensor according 1o embodiments herein.

{0022} Figure 3 is a cross-sectional view of a pressure sensor module according to
embodiments herein.

[0023] Figure 4 is a simplified block diagram of a property measurement system
according to embodiments herein.

{0024} Figure 5 iz a simplified block diagram of a properly measurement systom
aceording to embodiments herein.

{p025] Figure 6 illustrates a property measurement system according to embodiments
herein as may be used when measuring properties of a wellbore.

DETAILED DESCRIPTION

{6026} Embodiments disclosed herein provide a sensor module, which may be used
alone or as part of a senser array. The sensor is designed for use 1n harsh
environments, which as used herein, is defined as temperatures in excess of 220°C,
pressures greater than 100 psig, andfor thal may result in contact with corrosive
chemical compounds. The sensors may include & core of magnetic material

associated with a wire coil, forming a passive inductor resonant circuit.

[0027] The ruagnetic core may include, for example, materials that have a relative
magnetic permeability of greater than about 1000, The magnetic core may be formed
from materials that are of a ferromagnetic composition. In some embodiments, the
ferromagnetic material may include 3C90 Ferrite. In other embodiments, the core
may be formed from material compositions useful o induce changes in inductance of
the passive inductor resonant circuit. For example, a non-magnetic, highly conductive
material can be used to form at least a portion of the core. The core may be of any
variety of shapes. For example, the core may be cylindrical, disc-shaped, doughunut-
shaped, or other number of shapes as known to those skilled in the art. The core may

be held in position within the sensor by a suitable ton-conducting structure.

g
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j0028] The wire coils may be formed from a conductive material, wrapped around the
core. In some embodiments, the wire coils mayv be formed from magnet wire, for
example, such as 22 AWG magnet wire. The wire may be wound around the core one
or more times, such as from 3 to 50 times or more. In some embodiments, the coil
may be a toroid comprising 20 to 50 turns of magnet wire around & core.

16029} The passive inductor resonant circnit may be tuned such that ifs resonant
frequency is in a bounded frequency band imterrogable with an electromagnetic
energy signal having a frequency of less than or equal to about 10 MHz. For
example, transmission lines may provide clectrical excitation to the passive circuit
elements within a sensor module. Depending upon the sensible condition in which
the sensor is subjected, the passive inductor resonant circuit may alter a frequeney of
the clectromagnetic energy signal. Sensor measurements may then be derived from

this response.

[D030] Sensors described herein include passive circuit elements that may be formed
using robust metallic cabling. Sensors described herein may thus avoid the inherent
fragility of passive opties and the temperature limitations imposed by the active
elecironics, improving the reliability of the sensors, even when used in a harsh
environment, which may inclode high temperatures, high pressures, and contact with
corrosive compounds.

{0631} Sensors described herein may be used in systems for measuring andior
monitoring temperature and pressure. For example, the sensors may be deployed in a
wellbore {0 measure the temperature at one or more locations within the wellbore,
The sensors may also be used in a sensor array, where two or more sensors, including
one or more temperalure sensors and/or one or more pressure Sensors, may be
clectrically coupled in series via discrete sections of transmission line. Each sensor in
the sensor array may be tuned such that its resonant frequency is in a bounded and
unique frequency band, separate and not overlapping with a frequency band of
another sensor module disposed in the arvay. In this manner, an interrogation module
may be used to analyze how the sensors in the sensor array may respond 1o varying
frequencies of excitation.  The unique tuning band of cach sensor provides a

mechanism to demultiplex the response of the sensors.
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[8032] While sensors and their use in have been generically described above,
temperature sensors, pressure sensors, sensor arrays including such temperature
and/or pressure sensors, systems for using such sensors, as well as methods for using

such sensors will be elaborated upon in the sections below,

{0033] Temperature Sensor Modules
{6034} Temperature sensor modules according to embodiments herein may include a

housing, and a temperafure sensor disposed within the housing. The housing may be
tormed of conductive materials, non-conductive materials, or both, where the sensor
is clectrically isolated from the housing. Examples of nonconductive waterials or
substances that may be used to form housings or barriers in embodiments herein
include plastics, elastomers and various sulation materials. For example, a plastic
barrier may include a plastic waterproof housing formed from a thermuoplastic
material having an ultre-high melting point. The sensor may be positioned in the
plastic housing. which may be mounted to, for example, & subsea component o be
placed within a wellbore. An example of an insalation barrier is a layer of epoxy
polymer resin which may be applied to a subsea component, for example. In this
example, the sensor may be mounted on the subsea component under the insulstion
laver. In other embodiments, a metalfic housing may be used, and the sensor may be
disposed within the metallic housing, electrically isolated from the housing such as by

the plastic, slastomerie, or insalation materials,

{0035] The temperature senmsor may include a core of ferromagnetic material
associated with a wire coil forming & passive inductor resonamt circuit.  The
inductance of the passive inductor resonant circuit may vary with temperature. As
noted above, the passive inductor resonant circuit may be tuned such that its resonant
frequency is in a bounded frequency band interrogable with an electromagnetic

energy signal having a frequency of less than or equal to about 10 MHz.

0036} While the temperature dependent nature of ferromagnetic materials
(specifically, the behavior around the Curie temperature), have regularly been used
for tweshold temperature defection, embodiments hercin  wiilize changing
permeability of ferromagnetic materials, or assemblies, below the Curie temperature

as a means of measuring absolute temperature.
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[6037]

[0038]

[0039]

Two embodiments are described herein, including a first embodiment where a
solid core of ferromagnetic material is used with a coil of wire o form an inductor,
and a second embodiment where a closed-core geometry of ferromagnetic material 1s

constructed with a gap perpendicular to the magnetic flux path,

In the first embodiment, three differemt physical characteristics of the
ferromagnetic core, including cross sectional area, mean magnetic path length, and
relative permeability, can vary with temperature.  The core of ferromagnetic material
may include a solid core of ferromagnetic material having a closed geometry. The
wire coil may be disposed around at least a portion of the solid core. The inductance
of the passive inductor resonant circuit formed from a solid core may vary with
temperature, and the inductance (L) of the passive inductor resonant circuit formed

may follow the equation:

T2 4s A
N u A
S0
T
L= 5
£
s

where N = number of turns of the coil of wire, 4 = cross sectional area of the
ferromagnetic core material, 7, = mean magnetic path length through the core, x4, =
relative permeability of the ferromagnetic core material, and g, = permeability of free
space. Bach of 4, L, and g may vary as a function of temperature.

In the second embodiment, core of ferromagnetic material may include a
ferromagnetic material having a closed-core geometry and including a gap in the
ferromagnetic material  perpendicular fo the magpetic flux path.  In some
embodiments, the core material includes two different materials, a primary magnetic
core material and a gap material. The core material is selected with a coefficient of
thermal expansion sufficient 1o significantly vary the gap distance as a function of
temperature change. As illustrated in Figure 1, an inductor s formed with a coil of
wire {inductor windings 1) around core 12, which includes a gap 14. The varying
length 16 of gap 14, due to temperature changes, alters the inductance of the agsembly
by changing the effective permeability of the core. The inductance of the passive

inductor resonant circuit formed from the closed-core may thus vary with
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femperature, and the inductance (L) of the passive inductor rescnant circuit formed

may follow the equation:

where N = number of tums of the coll of wire, 4 = cross scctional area of the
ferromagnetic core material, 7, = mean magnetic path length through the core, u,; =
relative permeability of the ferromagnetic core material, g, = permeability of free
space, I, = length of the gap, and g, = relative permeability of material in the gap.
0640} Each of 4, L, I, and g7 may vary as a function of temperature. The length of
the gap may thus depend on the thermal coefficient of expansion of the core material
as well as the overall geometry of the core. The passive inductor resonant circult may
be designed such that the inductance of the passive induclor resonamt clreuit is
primarily a function of a length of the gap. For example, if #r? is substantially
smaller than j/, it can be seen that small changes in /g can result in large changes in
L. If an inductor is constructed of wires wound arcund a closed-core geomelry (¢.g. a
toroid) with a small air gap perpendicular to the magnetic flux path, the inductance of
the assembly would change with temperature as thermal expansion of the core
material causes growth along the centerline and reduces the length of the gap. In the
case of a toroid, there would also be some circumferential growth, which would cause
some decrease in indactance due to expansion of the mean magnetic path length {(fnr).
However, the decrease in the gap length ({g) will cause a significantly larger positive
change in inductance, provided ur2 is substantially greater than wr/. In some
embodiments a ratio of g, to y is at least 2001, such ag at least 30:1 or 100:1 in some

embodiments.

{0041} Temperature sensors modules aceording to erabodiments herein may be usetul
for measuring temperatures in harsh environments, including femperatures m excess
of 220°C. In some embodiments, the temperature sensor is configured to measure a
iemperature range, such as a range having a maximum temperature below a Curie
temperature of the core and the range inclusive of a temperature of at least 220°C.

For example, temperature sensors herein may be useful for measuring tenperatuce

g9
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over a range, where the temperature range that may be measored may have a lower
limit in the range from less than 0°C to about 300°C and an upper Himit in the range

from about 230°C to abowt 750°C.

{6042} The temperature sensor module, such as illustrated in Figure 1, may further
include a first lead 17 configured to receive an electromagnetic energy signal from a
sowee, as well as a second lead 18 configured o transmil a response fo the
electromagnetic energy signal to a sensing device, which may measure a change in the

frequency of the electromagnetic energy signal.

{0043} By utilizing the continuous change in ferromagnetic properties of the core of
an inductor assembly below its Curie temperature, absolute temperature
measwrements can be made using temperature sensor modules according o
embodimments herein, rather than just threshold temperature detection. Additionally,
inclusion of a gap in a closed ferromagnetic core geometry may allow greater change
in effective permeability over temperature than would be possible by just utilizing the
natural change in permeability with respect to temperature of the primary core

material, although both embodiments may be effective.

{0044} Temperature sensor modules according t  embodiments herein  utilize
changing magnetic properties, coupled with a resonant circuit, to creale a change in
frequency with respect to temperature. This has the advantage of much higher noise
immunily compared with the common methods of correlating signal amplitude to
temperature, Temperature sensor modules herein may be constructed of materials
which can operate effectively in extreme temperatures, whereas prior art solutions
have temperature lmitstions due to material degradation and/or unacceptable
performance drift due to component aging. Further, temperature sensors herein, as
well a3 the supporting hardware, may be construcied of materials that are nwuch more
robust than conventional fiber optic measurement systems. The temperature sensor
module can be constructed of simple metal alloys or exotic ferromagnetic materials,
depending on the desired tradeoffs of performance and cost. The temperature sensor
module can be constructed such that there will be litle or no degradation of
performance over time due to component aging or fatigue, even when located within

the harsh environment. A gapped, closed-core geometry can allow a very large

)
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change in inductance versus temperature, advantageously allowing a high resolution

measurement system,

10045] Pressure Senser Modules

[0046] Temperature sensor modules according to embodiments herein may inclode a
core, including a fixed core portion and a deflectable core portion. At least one of the
fixed core and the deflectable core portions include a ferromagnetic muatedal
associated with a wire coil forming & passive inductor resonant circuit. A gap is
formed between at least a portion of the fixed core portion and an internal surface of
the deflectable core portion. A pressure applied {0 an outer surface of the deflectable
core portion deflects the deflectable core portion, decreasing a length of the gap and

affecting an inductance of the resonant cirewit.

{0047} Referring now to Figure 2, a simplified depiction of a pressure sensor inductor
assembly, including a gapped magnetic core, according to embodiments herein, is
iltustrated. The sensor inductor assembly may include a fixed position core 20, which
may include an outer portion 22 and a rod portion 24, and a variable position core 26.
The bulk of the core may be formed from a ferromagnetic material with substantially
higher relative permeability than air. The core is constructed such that a gap 28 is
formed between a top of the rod portion 24 and an inner surface 30 of the variable
position core 26. The core is constructed such that a length of the gap will change
with applied pressure. For example, the variable position core 26 may be directly or
indirectly deflected inward, such as iltustrated by dotted lines 31, based on an applied

pressure to an outer swrface 32 of the vartable position core 26.

{0048} A wire coil 33 may be wrapped around rod portion 24, forming a passive
inductor resonant circuit. Similar to the temperature sensor described above, the
passive inductor resonant circuit may be tuned such that its resonant frequency is ina
bounded frequency band interrogable with an electromagnetic energy signal having a
frequency of less than or equal to about 10 MHz. The pressure sensor module may
also include a first lead 34 configured to receive the electromagnetic energy signal
and a second lead 36 configured {o transmitl a response to the clectromagnetic energy

signal.

11
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{0049} The mductance {L) of the passive inductor resonant cireuit of a pressure sensor

module according to embodinents herien follows the equation:

N4
! Ly

I )

i T I T Y
Meille  Rrofe

where N = number of turns of the coil of wire, 4 = cross sectional area of the
ferromagnetic core material, /,, = mean maguoetic path length through the core, jop =
relative permeability of the ferromagnetic core material, g, = permeability of free
space, {; = length of the gap, and g,» = relative permeability of material in the gap.
{0030] The length of the gap, as described above, is a function of the relative
deflection of the variable position core based on the applied pressure. The passive
inductor resonant circuit may thus be designed such that the inductance of the passive
inductor resonant circuit is primarily a fonction of a length of the gap. For example, if
pr2 is substantially smaller than o, it can be seen that small changes in Ig can result
in large changes in L. In some embodiments a ratio of .2 10 g Is at least 20:1, such

as at least 30-1 or 100:1 in some embodiments.

{0051} Pressure sensors according to embodiments hevein may be designed to operate
in harsh environments. For example, pressure sensor modules herein may be
configured to measure a discrete pressure range when operating at a temperature
below a Curie temperature of the core, which may include operating temperatures of
at least 220°C. The thickness of the variable position core, the material of
construction of the variable position core, and other design variables may be selected
to provide a change in the gap distance, affecting inductance of the circuit, for
measurement of pressure over a discrete range of pressures. Further, as the flexibility
of the variable core matetial may vary with temperature, systems measuring a
response of the circuit may include temperature as a variable when converting the

response 1o a calcudated pressure,

6052} In some embodiments, the pressure sensor may be configured to measwre a
pressure tange, wherein the range is inclusive of pressures greater than 100 psig
(harsh enviromments). For example, pressure sensors according to embodiments

herein may be configured to measure a pressure range, where the range to be

[
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measured may have a lower limit in the range from about atmospheric pressure ©
1000 psig to an upper Hmit in the range from about 100 psig to about 3000 psig or
higher. As noted above, the range of pressure that may be measuved by a pressure
sensor may depend upon the properties (material and physical) of the variable position

core, as well as the initial gap length (undetlected variable position core).

{0053} Figure 3 is a cross-sectional view of an embodiment of a pressure sensor
module according to embodiments herein.  The pressure senser module 50 may
include a houasing or base 52, which may include a recessed housing 54, The housing
and base may be formed of conductive materials, non-conductive materials, or both,
where the sensor is electrically isolated from the housing.  Examples of
nonconductive materials or substances that may be used o form housings or bartiers
in embodiments herein include plastics, clastomers and various insulation materials,
Base 52 may also inclade one or more holes 56, which may be used o dispose the
pressure sensor modale on a subsea component to be placed within a wellbore, such
as via screws or other attachment mechanisms. A hole S8 may also be provided
through which the ends (leads) of the wire coils may be disposed.

{06541 A fixed position core 50 may be disposed within the recessed housing portion
54 of base 52. The fixed position core may include a bottom portion 62, side portions
64, and a ceniral rod portion 66, which may be a contiguous construction in some
enthodiments. A hole 68 may be provided within bottom portion 62, and when
aligned with hole 58 in the base, may provide for passage of the leads of the wire coil.

{0035] A variable position core 70 may be disposed over rod portion 66, providing a
variable gap 72 between an inner surface of the variable position core 70 and a top of
the red portion 66. The inductor assembly, as ilustrated in Figure 3, may have a
variable value of inductance with applied pressure, and may be combined with
capacitor elements to form a resonani oireuit. The frequency of this resonance can be
determined by methods known by those skilled in the @t and the frequency of
resonance can he directly correlated to the applied pressure. Those skilled in the art
will also recognize that other methods of correlating inductance change to pressure
are possible including, but not limited to direct measurement of the inductance.

{0056} The core materials may be of ferromagnetic composition.  However, other

material compositions can be used to induce changes in inductance. For example, a

L3
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non-magnetic, highly conductive material can be used for the variable position core.
In this case, the opposing magnetic field created by eddy cwrrents in the variable
position core would cause a change in inductance proportional {o the gap length.
{3037] As noted above, the variable position core may be direetly or indirectly
deflected as a result of pressure in the environment to be sensed. For example, the
variable position core may be isolated from the harsh environment and indirectdy
deflected by a piston, or other mechanical means, a position of which may be affected
by the pressore in the environment to be sensed. In other embodiments, the pressure
sensor module, such as that as illustrated in Figure 3, may be disposed within the
harsh environment. In such embodiments, the deflectable core portion may be formed
from a material or coated with a material on an outer surface of the variable position
cote, where the material of selection or coating is suitable for use i corrosive

enviromments.

{0058} As the pressure sensor module, such as that ilinstrated in Figwe 3, may be
disposed on a subsea component te be placed within a wellbore and exposed 1o harsh
environments, it may be desirable to seal various portions of the sensor from the
environment. For example, one or more seals 75 may be provided to sealingly engage
the base to the subsea component, preventing gases, flulds, and/or solids in the
environment from entering the sensor via holes 58, 68, Similarly, the variable
position core 70 may be sealingly engaged with recessed housing portion 54, such as
via seals 76. Variable position core 70 may be threadedly connected to recessed
housing portion 54 in some embodiments, providing for removal of the variable
position core 70 and fixed position core, as well as visnal inspection or repair of the
resonant cireut,

{6039} Other devices that use inductance changes to measure pressure rely on
changing the geometry of the inductor windings or changing the permeability of the
core material through application of pressure. Pressure sensors of embodiments herein
use the variability of an air gap with applied pressure in the magnetic core as the
mechanism to measure pressure. Pressure sensors according to embodiments herein
may be constructed of materials, which can operate effectively in extreme
temperatures, without overt limitations dee to material degradation  and/or

unacceptable performance drift due to component aging. The pressure sensor
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assembly can be coustructed of simple metal allovs or exotic ferromagnetic materials,
depending on the desired tradeoffs of performance and cost. Pressure sensors
according to embodiments herein may be constructed such that there will be little or
no degradation of performance over time due 1o component aging or fatigue, which is
a dramatic improvement over state of the art devises, which require sensifive
electronic components to be located within the harsh environment.

10066} While described above with respect to pressure measurement, a similar device
may be designed and used in other industrial sensing applications, such as for the

measurement of material displacement,

{0061} Sensor Array

{00621 The above-described temperature and pressure sensors may be used in a
sensor array.  For example, a sensor grray according to embodiments hereln may
include two or more sensor modules, each including a sensor, such ag a temperatwe or
pressure sensor, having a solid core of ferromagnetic material associated with a wire
coil forming a passive inductor resonant circuit. Each sensor in the array may be
tuned such that its resonant frequency is in a bounded and unique frequency band,
separate and not overlapping with a frequency band of another sensor module
disposed in the array. The passive inductor resonant cirenits may be tuned such that
their resonant frequency s in a frequency band interrogable with an electromagnetic
energy signal having a frequency of less than or equal to about 18 MHz In
embodiments herein, the passive inductor resonant circuit of the temperature or

pressure sensors may be an un-doped passive inductor resonant circuit,

[6063] The sensor modules are connected in series via one or more transmission Haes.
The transmission lines, such as for ransmitting an electrical excitation signal, and a
transmission line for transmitting a response to the signal, may be formed from
metallic cabling, Advantageously, such cabling may be used in harsh environments,
including high temperature environments where fine electronics cannot be ased, as

well as vibratory and other enviromments unsuitable for use of fiber optic cabling.

{0004] Property Measurement System
{0065] A simplified block diagram of a system for measuring properties of an

environment, such as temperature and/or pressure of a wellbore, is illustrated in
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[0066}

[0067]

[0068]

Figure 4. The system may include one or more sensor modules 86, and an
interrogation module 82. The sensor modules 80, such as a temperature and/or
pressure module as described above, may include a sensor having a solid core of
ferromagnetic material associated with a wire coil forming a passive inductor resonant
circuit. The interrogation module 82 may include an excitation port 84 and a sensor
port 86. Excitation port 84 may be configared to provide electrical excitation, such as
an electromagnetic energy signal, to the passive inductor resonant circuit of the sensor
modules 80, Sensor port 86 may be configured fo receive a transmitted response o
the electrical excitation. The system may also include a transmission line 88 for
wransmitting the electrical excitation from the excitation port 84 to the passive
inductor resonant cireuits of the sensor modules 80, as well as a transmission line 90
for transmiiting the response to the clectrical excitation from the passive inductor

resonant circuit of the sensor modules 80 to the sensor port 86.

The electrical excitation provided by the excitation port may be at a frequency
of less than or equal to about 10 MHz. As noted above with respect to the sensor
array, the tansmission line for transmitting the electrical excilation and the
transmission line {or transmitting the response may be formed from metallic cabling,

thus negating the inherent flaws associated with fine electronics and fiber optics.

Measurement systemns according to embodiments berein may include one or
more sensor modules 80, As illustmted in the embodiment of Figure 4, the system has
two sensor modales 80, In other embodiments, the measurement system may include
three, tour, five, ten, twenty, or more sensor modides. Regardiess of the number of
sensor modules, the sensor modules may be connected in series via intermediate

transmission lnes 90,

The sensor modules may each be tuned such that they have a resonant
frequency in a bounded and unique frequency band, separate and not overlapping with
a frequency band of another sensor module disposed in the measurement system. In
this manner, the interrogator medule may provide electrical excitation that is bounded
in frequency to a selected sensor module’s frequency band, and may denwmltiplex the

responses received from the multiple sensor modules.
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[0069] As Hlastrated in Figure 3, measurement systemns according to embodiments
herein may also include a data acquisition and/or control system 94, which may be
confipured to communicate with the inerrogation module, such as via a wired or
wireless network ling 96, In this manner, the inferrogation module may have the
ability to.exchange information with an external systers using a network Hnk.

{0070} To avoid the inherent fragility of passive optics and the temperature
Himitations imposed by active electronics, sensor array measurement systems
described herein make use of passive cirenit elements that are interrogated with low
frequency electromagnetic energy. In this way, robust metallic cabling can be used
instead of fragile fiber optics. Also, the materials used to fabricate the passive circuit
elements do not have to include doped semiconductor materials, allowing passive
circuit elements to operate at muuch higher temperatures than active electronics.

{0071} As described above, measurement systems according to embodiments herein
may include three primary components: an interrogation module, transmission lines,

and sensor modules.

16072] The Interrvogation Module: The interrogation meodule is an apparatus that
provides electrical excitafion to the passive circuit elements within the sensor
modules. In turn, the intervogation module will sense how the passive circuit elements
respond to this electrical excitation. Sensor measorements will be derived from this
response. Specifically, the fransmitted response 1o excitation and not the reflected
response is measured. For this reason, the interrogator has two ports: an Excitation

Port and a Sense Port.

{0073} The network topology used o connect the interrogation module to the sensor
modules is therefore a single bus that is driven and terminated by the excitalion and
sense ports of the interrogation module. Bach sensor module is connected in series
with this bus using discrete segments of transmission cable, such as Hlustraled in

Figure 4.

{0074] Farthermore, the interrogation module may excente a frequency sweep of the
electrical excitation i provides. In this manner, the interrogation module may analyze

the sensor modules response to varying frequencies of excitation. This also provides
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a mechanism to demultiplex the response of multiple sensor mwedules, which will be

elaborated on in the "Sensor Modules" section bellow.

0075} In some embodiments, the measurement gystem may be designed for oil and
gas applications, such as to monitor the environment in high pressure, high
temperature wells, As illustrated in Figure 6, an interrogation module 110 may be
placed at the surface 112, or other suitable locations, where pressure and temperature
are low enough to be well tolerated by conventional electronics, Using transmuission
line segments 114, the sensor modules 116 may be placed inside a well 118, where
environmental conditions are not favorable for active electronics. By separating the
interrogation module, which is the only clament of this system {o contain active
clectronics, operators are free to expose the sensors modules fo much higher

temperatures and pressures,

{0076} Transmission Lines: Transmission lines are used to connect the interrogation
maodule to the passive sensor modules. Also, cach passive sensor module is conmected
in series with segments of transmission line. Because the system operates at low
frequencies, there is no requirement for the use of coaxial cable. Further, the use of
transmission lines allows the interrogation module to be displaced from the high
pressure and high temperature enviromments the sensor modules are intended to

mcasure.

{0077} Sensor Medules: Each sensor module containg a resonant passive clreuit
Impedances within this passive cirenit are designed to change with respect to
environmental conditions, such as pressure and/or temperature. In doing so, the
resonant frequency of the passive circnit will also change, thus environmental
conditions can be derived from the resonant frequency of a passive sensor module.
The resonant properties of this circult will moedulate the electrical excitation provided
by the interrogation module in the frequency domain. This is the response that the
interrogation module senses and the method by which data is collected from the
sensor modules,

[6878] Another feature of the system is sensor module plurality that is implemented
using frequency division multiplexing, or FDM. Each sensor module may be tuned

such that its resonant frequency will lay in a bounded and unique frequency band,
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separate from and not overlapping with the frequency band of other sensor modules.
This allows the inferrogator module to demultiplex information from multiple sensor
modules by providing electrivcal excitation that is bounded in frequency to a specific
sensor moduale's frequency band.

{6879} Systems according to embodiments hercin have several advantages owver
systems based on fiber optics. For example, systems described herein take advantage
of phenomena that are related to electricity. Because of this, sensor clements can be
interconnected via conductive metallic cabling which is not as fragile as fiber optic
cabling. In relation to other solutions which are based on electricity, measurement
systems according to embodiments herein may displace all active electronics from
passive sensing elements at significant distances; may be no longer bound by the
inherent environmental limitations of conventional active elgctronics, and provides
that sensing elements can be deploved in environments with greater temperatures and
Pressures.

{0080} Furthermore, other solutions which are also capable of displacing active

' electronics from passive sensing elements at great distance utilize reflect based
sensing schemes, Transmission lines in such systeras have a less favorable frequency

response as compared o the transmission based sensing scheme used by systems

herein.
6081} Methods of Use
{0082} As alluded to above, sensor systems and sensor array systems according to

embodiments herein may be used for measuring a property, such as temperature
and/or pressure in a wellbore. One method for measuring a wellbore property, such as
pressure and/or temperature, according to embodiments hetein may thus include a
first step of disposing in a wellbore a sensor module or g sensor module array
comprising at least one sensor comprising a solid core of ferromagnetic material
assoctated with a wire coil forming 4 passive inductor resonant eircuit. At least one
sensor may then be interrogated with an clectromagnetic energy signal having a
frequency of less than or equal to about 10 MHz. A response from the sensor, such ag

a change in frequency of the electromagnetic energy signal may then be measured o
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determining a value of the measured property as a function of the change in frequency
of the electromagnetic energy signal, The sensor module array may include two or
more sensor modules connected in serics via one or more transmission lines, which
may cach have a unique frequency band, the method also including demultiplexing

the vesponses received from the two or more sensor modules.

{0083] As described above, embodiments herein provide sensors, sensor modules,
sensor arrays, and measurement systems thal are robust in construction.  Sensors
described herein include passive cireuit elements that may be formed using metallic
cabling. Sensors described herein may thus avoid the inhevent fragility of passive
optics and the temperature limitations fmposed by active electronices, improving the
reliability of the sensors, even when used in 8 harsh environment, which may include
high temperatures, high pressures, and contact with corrosive compounds.

{0084] While the disclosure includes 2 Hmited number of embodiments, those skilled
in the art, having benefit of this disclosure, will appreciate that other embodiments
may be devised which do not depart from the scope of the present disclosure.

Accordingly, the scope should be limited only by the attached claims.
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CLAIMS

What is claimed:

-

A sensor module, comprising: a core of ferromagnetic material associated with a wire coil
forming a passive inductor resonant circwt, wherein the passive inductor resonant circuit
is tuned such that its resonant frequency is in a bounded frequency band interrogable with
an olectromagnetic energy signal having a frequency of less than or equal fo about 10
MHz.

P

A temperature sensor module, comprising:

a housing;

a temperature sensor disposed within the housing and comprising a core of
ferromagnetic material associated with a wire coil forming a passive inductor
resonant circuit, an inductance of which varies with temperature; and

wherein the passive inductor resonant circuit is tuned such that its resenant frequency
is in a bounded frequency band interrogable with an electromagnetic energy signal

having a frequency of less than or equal to about 1} MHz.

ez

The temperature sensor module of claim 2, whergin the inductance (L) of the passive

inductor resonant circuit follows the equation:

Nopop, A

X
{

¥

where
N = pumber of turns of the coil of wire,
A = cross sectional area of the ferromagnetic core material,
[ = mean magnetic path length through the core,
4 = relative permeability of the ferromagnetie core material, and
#, = permeability of free space;
wherein each of 4, I, and g vary as a function of temperature.
4. The temperatre sensor module of claim 2, wherein the core of ferromagnetic material
comprises a [forromagnetic material having a closed-core geometry with a gap
perpendicular to the magnetic flux path, and the wire coil is disposed around at least a

portion of the core.
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5. The temperature sensor module of claim 4, wherein the induclance (L) of the passive

inductor resonant circuit follows the equation:

){J = N }
gi’}'i ‘%‘* é(}
Heq iy Hyp by

where

A= pumber of turns of the coil of wire,

A = cross sectional area of the ferromagnetic core material,

I, = mean magnetic path length through the core,

1 = relative permeability of the ferromagoetic core material,

o = permeability of free space,

ly = length of the gap, and

&2 = relative permeability of material in the gap:

wherein each of 4, L, 1, and 1,y vary as a function of temperatare,

6. The temperature seasor module of claim 3, wherein the inductance of the passive inductor
resonant circuit is primarily a function of a length of the gap.

7. The temperatore sensor module of claim 5, wherein a ratio of g, 1o g, s at least 51,

8. The temperature sensor module of claim 2, wherein the temperature sensor is configured
{0 measure a temperatare range, the range having a maximum temperature below a Cuare
temperature of the core and the range inclusive of a temperature of at least 220°C

9. A pressure sensor module, comprising:

a core, including a fixed core portion and & deflectable core portion, comprising a
ferromagnetic material associated with a wire coil forniing a passive inductor
resonant circui;

a gap between at least a portion of the fixed core portion and an intermal surface of the
deflectable core portion:

wherein a pressure applied to an outer surface of the deflectable core portion deflects
the deflectable core portion, decreasing a length of the gap and affecting an
inductance of the resonant circuit.

10. The pressure sensor module of claim 9, wherein the passive inductor resonant circuit is

tuned such that is resonant frequency is in a bounded frequency band interrogable with

i~y
2
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oy
i

16.

17.

an electromagnetic energy signal having a frequency of less than or equal to about 10
MHz.
The pressure sensor module of claim 9, wherein the inductance (L) of the passive

inductor resonant circudt follows the equation:

where
&= puraber of tums of the coil of wire,
A = cross sectional area of the ferromagnetic cors material,
Ly = mean magnetic path length through the core,
He = velative permeability of the ferromagnetic core malerial,
He = permenbility of free space,
f, = length of the gap, and

e = telative permeability of material in the gap.

. The pressure sensor module of claim 11, wherein the inductance of the passive inductor

resonant cireuit is primarily a function of a length of the gap.

. The pressure sensor module of claim 12, wherein a ratio of 167 1o g6/ 1s at least 50:1.

#

. The pressure sensor module of claim 9, wherein the pressure sensor is configured to

measwe a pressure range when eperating at a temperature below a Curle temperature of

the core and Inclusive of operating temperatures of at least 220°C.

. The pressure sensor module of claim 9, wherein the pressure sensor is configured {o

neasure A pressure range, wherein the range is inclusive of pressures greater than 100

psig.

The pressure sensor module of claim 9, wherein the deflectable core portion conprises an

outer surface material suitable for use in corrosive environments.

A sensor array, comprising:

two or more sensor modules comprising a sensor comprising a solid core of
ferromagnetic material associated with a wire coil forming a passive inductor resonant

circutt;
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1%,

wherein each sensor in the array is tuned such that its resonant frequency is in a bounded
and unique frequency band, separate and not overlapping with a frequency band of

another sensor module disposed in the array,

. The sensor array of claim 17, wherein the sensor modules are connected in series via one

or more transmission lnes.
The sensor array of claim 17, wherein the passive inductor resonant circuits are tuned
such that their resonant frequency is in a frequency band interrogable with an

o

electromagnetic energy signal having a frequency of less than or equal to about 10 MHz.

. The sensor arvay of claim 19, further comprising a fransmission line for transmitting the

clectromagnetic energy signal and a transmission lne for transmitting the response m the

sensor modules, wherein the transmission lines comprise metallic cabling.

. The sensor array of claim 20, wherein the sensors and the transmission cables are

configured to operate at temperatures of greater than 220°C,

. The sensor array of claim 20, wherein the sensors are configured to operate at pressures

greater than 100 psig.

. The sensor array of claim 17, wherein the passive inductor resonant circuit is an un-doped

passive inductor resonant cireut,

. The sensor array of claim 17, wherein the sensor comprises at least one of a temperature

sensor and a Pressure Sensor.

. A systemn for measuring properties of a wellbore, such as temperalure and/or pressure, the

system comprising:
a sensor module comprising a sensor comprising a solid core of ferromagnetic
muaterial associated with a wire coil forming a passive inductor resonant circuit;
an interrogation nmodule comprising:
an excitation port configured to provide elecirical excitation to the passive
inductor resonant cireuit; and
a sensor port configured o receive a fransmitied response to the electrical
excitation;
a transmission line for transmitting the electrical excitation from the excitation port {o
the passive induetor resopant cirewdt; and
a transmission line for transmitfing the response to the electrical excitation from the

passive inductor resonant cireudt to the sensor port.
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26.

27.

L4l a0
—

33.

The system of claim 23, wherein the eleetrical excitation provided by the excitation port
is at a frequency of less than or equal to about 10 MHz.

The system of claim 25, wherein the transmission line for travsmitting the electrical
excitation and the transmission line for transmitting the response comprise metallic

cabling.

. The system of claim 25, wherein the passive inductor resonant circuit is an un-doped

passive induetor resonant circuit,

. The system of claim 25, wherein the sensor module and transmission lines are configured

to operate at temperatures of at least 220°C,

. The system of elaim 28, further comprising one or more additional sensor modules.

1. The system of claim 30, wherein the sensor module and the one or more additional sensor

modules are connected m series via one or more additional transmission lines.

. The system of claim 30, wherein the sensor module and the one or more additional sensor

madules are cach tuned such that its resonant frequency is in a bounded and unique
frequency band, separate and not overlapping with a frequency band of another sensor
module disposed in the system.
The system of claim 32, wherein the interrogator module is configured to:
provide electrical excitation which is bounded in frequency to a selected sensor
module’s frequency band; and

denultiplex the responses received from the multiple sensor modules.

.The system of claim 23, further comprising a data acquisition and control system

configared to communicate with the interrogation module.

CThe svstem of claim 25, wherein the sensor module comprises a temperature sensor

configured to measure temperature range inclusive of a temperature of at least 220°C,

. The system of claim 25, wherein the sensor module comprises a pressurs sensor

configured to measure pressure in g range of pressure exceeding 100 psig while exposed

to a temperature of at least 220°C,

. A process for measuring a property in a wellbore, comprising:

disposing in a wellbore a sensor module or 2 sensor module arvay comprising at least one
sensor comprising a solid core of ferromagnetic material associated with a wire coil
forming a passive inductor resonant circuity

interrogating the at least one sensor with an electromagnetic energy signal having a

frequency of less than or equatl to about 10 Mz,

jd
Ln
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measuring a rvesponse from the sensor comprising a change in frequency of the
electromagnetic energy signal; and
determining a value of the measured property as a function of the change in frequency of
the electromagnetic energy signal.
38. The process of claim 37, wherein the sensor module array comprises two o more Sensor
modules connected in series via one or more transmission lines.
39. The process of claim 38, further comprising demultiplexing the responses received from

the two or more sensor modules.

i
e
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1. claims: 1-8, 17-39
Sensor module
1.1. claims: 1-8, 17-24

Sensor with the resonant frequency in a bounded frequency
band

1.2. claims: 25-39

Measuring properties of a well-bore

2. claims: 9-16

Pressure sensor module
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