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(57) Abregé/Abstract:

An apparatus and method are disclosed for sensing a characteristic of a borehole. An exemplary apparatus includes a conductive
pipe [102]; an Inlet [104], connected to the conductive pipe, for applying pulse to the conductive pipe; a resonant network device
[110] connected with the conductive pipe; and a transducer which Is in operative communication with the resonant network device
to measure a borehole characteristic, the transducer being configured to sense a modulated vibration frequency induced In the
resonant network device when a pulse is applied to the inlet.
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(57) Abstract:  An apparatus and method are
disclosed for sensing a characteristic of a borehole.
An exemplary apparatus includes a conductive pipe
[102]; an inlet [104], connected to the conductive
pipe, for applying pulse to the conductive pipe; a
resonant network device [110] connected with the
conductive pipe; and a transducer which is in operative
communication with the resonant network device to
measure a borehole characteristic, the transducer being
configured to sense a modulated vibration frequency
induced in the resonant network device when a pulse
is applied to the inlet.
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METHOD AND APPARATUS FOR SENSING A
BOREHOLE CHARACTERISTIC

BACKGROUND

An apparatus and method are disclosed for sensing a characteristic of
a borehole.

U.S. Patent No. 6,766,141 (Briles et al} discloses a system for remote
down-hole well telemetry. The telemetry communication is used for oil well
monitoring and recording instruments located in a vicinity of a bottom of a

gas or oll recovery pipe. Modulated reflectance is described for monitoring
down-hole conditions.

As described in U.S. Patent No. 6,766,141, a radio frequency (RF)
generator/receiver base station communicates electrically with the pipe. The
RF frequency is described as an electromagnetic radiation between 3 Hz
and 30GHz. A down-hole electronics module having a reflecting antenna
receives a radiated carrier signal from the RF generator/receiver. An
antenna on the electronics module can have a parabolic or other focusing
shape. The radiated carrier signal is then reflected in @ modulated manner,
the modulation being responsive to measurements performed by the
electronics module. The reflected, modulated signal is transmitted by the

pipe to the surface of the well where it can be detected by the RF

generator/receiver.

SUMMARY

Exemplary embodiments of the present invention are directed {o an

apparatus and methcd for sensing a characteristic of a borehole. An

exemplary apparatus inciudes a conductive pipe; an inlet coupled (e.g.,

connected) to the cenductive pipe, for applying a pulse to the conductive

SUBSTITUTE SHEET (RULE 26)
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pipe; a resonant network device (such as a resonant cavity) connected with the
conductive pipe; and a transducer which is in operative communication with the
resonant network device to measure a borehole characteristic, the transducer
being configured to affect a modulation of a resonator vibration frequency
induced in the resonant network device when a pulse is applied to the inlet.

In accordance with alternate embodiments, an apparatus for sensing a
characteristic of a borehole comprises means for conducting a pulse through a
borehole; means, responsive to the pulse, for resonating at a frequency which
is modulated as a function of a characteristic of the borehole; and means for
processing the modulated frequency as a measure of the characteristic.

A method for sensing a characteristic of a borehole is also disclosed. An

exemplary method includes transmitting a pulse along a conductive pipe

located within the borghole; and sensing a modulated vibration frequency
induced by the pulse within a resonant network device, located within a hollow

borehole casing, as a measure of the borehole characteristic.

In accordance with another aspect, there is provided an apparatus for
sensing a characteristic of a borehole, comprising: a conductive pipe; an intet
coupled to the conductive pipe, for applying a pulse to the conductive pipe; a
resonant network device connected with the conductive pipe; and a
transducer in operative communication with the resonant network device to

measure a borehole characteristic, the transducer being configured to affect a
maodulation of a resonator vibration frequency induced in the resonant network

device when a pulse is applied to the inlet;, and wherein the inlet further
includes: a probe coupled with the conductive pipe; and an inductor for
electrically isolating the inlet from a common ground potential at a location n
a vicinity of the inlet, wherein the resonant network device uses a

magnetically coupled resonating network.

In accordance with a further aspect, there is provided an apparatus for
sensing a characteristic of a borehole comprising: means for conducting a
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pulse through a borehole, the means for conducting the pulse including an
inlet. coupled to the conducting means, for conducting the'pulse to the
conducting means; means, responsive to the pulse, for resonating at a
frequency which is modulated as a function of a characteristic of the borehole;
and means for processing the modulated frequency as a measure of the
characteristic: wherein the inlet further includes: a probe coupled with the
conducting means; and an inductor for electrically isolating the inlet from a
common ground potential at a location in a vicinity of the inlet, wherein the

resonating means uses a magnetically coupled resonating network.

In accordance with another aspect, there is provided method for
sensing a characteristic of a borehole, comprising: transmitting a pulse along
a conductive pipe located within the borehole, wherein transmitting the pulse
comprises transmitting the pulse 10 an inlet coupled to the conductive pipe;
and sensing a modulated vibration frequency induced by the pulse within a
resonant network device within a hollow borehole c¢asing, as a measure of the
borehole characteristic: wherein the inlet further includes: a probe coupled
with the conductive pipe; and an inductor for electrically isolating the inlet from
a common ground potential at a location in a vicinity of the inlet, wherein the
resonant network device uses a magnetically coupled resonating network.

In accordance with a further aspect, there is provided an apparatus for
sensing a characteristic of a borehole, comprnising: a conductive pipe; an inlet
coupled to the conductive pipe, for applying a pulse to the conductive pipe; a
resonant network device connected with the conductive pipe wherein the
resonant network device is a resonant cavity located within a hollow borehole
casing, a length of the resonant cavity within the hollow borehole casing being
defined by an inductive isolator at a first end, and by a common ground
connection at a second end; and a transducer which is in operative
communication with the resonant network device to measure a borehole
characteristic, the transducer being configured to affect a modulation of a
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resonator vibration frequency induced in the resonant network device when a

pulse is applied to the inlet.

BRIEF DESCRIPTION OF THE DRAWINGS

Other advantages and features described herein will be more readily
apparent to those skilled in the art when reading the following detailed
descriptio-n In connection with the accompanying drawings, wherein:

Figures 1 A-1D show an exemplary embodiment of an apparatus for

sensing a characteristic of a borehole;

Figure 2A shows an exemplary resonant cavity for use with the Figure

1 apparatus;

Figure 2B shows an exemplary resonant network device formed as a
magnetically coupled electrically resonant mechanical structure for performing

electrical resonance;

Figure 2C illustrates an alternate exemplary wellhead connection;

Figure 3 shows a bottom view of the exemplary Figure 2 resonant

cavity;
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Figure 2C illustrates an alternate exemplary wellhead connection:

Figure 3 shows a bottom view of the exemplary Figure 2 resonant
cavity;

Figuré 4 .shaws' an altérnafé re-x-eémﬁaw--%mbodimen:tif a re!snan?f
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A

having a second (e.g., exterior) conductive casing coupled to a hollow
borehole casing 111. An insulator is used to separate the interior conductor
from the exterior conductive casing.

- The inlet can include an inductive isolator, such as a ferrite
inductance 108 or other inductor or component, for electrically isolating the
inlet from a first potential (e.q., a potential, such as a common ground, of the
return current path of the borehole casing 111) at a location in a vicinity of

the inlet 104. The apparatus 100 can include a means, such as a pulse

generator 105, coupled to the inlet for generating the pulse to be applied to
the conductive pipe.

The hollow borehole casing 111 can be placed into the borehole
whose characteristics are to be monitored. The hollow borehole casing 111

can, for example, be configured of steel or other suitable material.

The conductive pipe 102 can be located within, and electrically
isolated from, the holiow borehole casing using spacers 118. The spacers
can, for example, be configured as insulated centralizers which maintain a
separation distance of the conductive pipe 102 from the inner walls of the
holtow borehole casing 111. These insulating spacers can be configured as
disks formed from any suitable material including, but not limited to nylon.

The apparatus 100 includes a means, such as a resonant
network device 110 responsive to the pulse, for resonating at a frequency
which is modulated as a function of a characteristic of the borehole. The
resonant network device 110 can be, for exampie, any electro-acoustic or
other device including, but not limited to any magnetical!y-coupled electrically
resonant mechanical structure for performing an electrical resonance, such
as the resonant cavity of Figure 2A, the tank circuit of Figure 2B, or any
other suitable device. The I’esenan?t*netwmk device can be connecled with
or mechanically coupled to the conductive pipe. A torroidal core af the
resonant network device can be magnetically coupled to the conductive



10

CA 02646145 2008-09-16

WO 2007/117846 PCT/US2007/063909

-nelwerk dewceknown to thmse sksiie&i ln ‘the an:- R&femng t@ Figure *i “tha

_ffmrmed far exampie asa--tmrmdal cs::re "3‘32 at a ﬁrsi e;na:i of theresenant



10

15

20

20

CA 02646145 2014-09-18

5-

cavity, and by a connection 114 at a first potential (e.g., common ground) at

a second end of the resonant cavity.

The resonant network device 110 receives energy from the pulse, and

‘rings’ at its natural frequency. A means for sensing can include a

transducer provided in operative communication with the resonant network
device 110, and coupled {e.g., capacitively or magnetically coupled) with the
first (e.g., common ground) potential. The transducer is configured to sense
a characteristic associated with the borehole, and to modulate the vibration
frequency induced in the resonant network device 110 when a pulse is
applied to the inlet 104. The modulated vibration frequency can be
processed to provide a measure of the borehole characteristic. Thatis, the
vibration frequency induced by the pulse is modulated by a sensed

characteristic of the borehole, and this modulation of the vibration can be

processed 1o provide a measure of the characteristic.

A sensing means can include, or be associated with, means for
processing, represented as a processor {e.g., computer 118). The
processar means can process an output of the resonant network device as
transmitted via the borehole casing 111. The processor 118 can provide a

signal representing the characteristic to be measured or monitored.

The processor 118 can be programmed to produce a process the
modulated vibration frequency to provide a measure of the sensed
characteristic. The measure which can, for example, be displayed to a user
via a general user interface (GUIl) 120. The processor 118 can perform any
desired processing of the detected signal including, but not limited to, a '
statistical (e.g., Fourier) analysis of the modulated vibration frequency.
Commercial products are readily available and known to those skilled in the
art can be to perform any suitable frequency detection (such as a fast
Fourter transform that can be implemented by, for example, MATHCAD

available from Mathsoft Engineering & Education, inc. or other suitable
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VWhere the resonant network device is a natural resonator, the wavelength of

the resonant “ring” frequency can dictate the size (e.g., length) of the device.

Those skilled in the art will appreciate that the size constraint can be

influenced (e.g., reduced) by “loading” the device with inductance and/or

capacitance. For example, the amount of ferrite used in an exemplary

embodiment can he selected as a function of desired frequency and size

considerations.

An instrumentation signal port 122 is provided for receiving the probe
106. A wellhead configuration, as depicted in Figure 18, is short circuited to
the holfow botehole casing. The ferrite inductor 108 thus isolates the
conductive probe of the inlet, which is coupled with the conductive pipe 102,
from the top of the wellhead which, in an exemplary embodiment, is at the
common ground potential. In an exemplary embodiment, because the
wellhead is grounded via short circuiting of the welthead flange 1 24 to

common ground, the ferrite inductor isolates the short circuited wellhead

flange from the conductive pipe used 1o convey a pulse from the probe to the

resonant cavity.

An exemplary impedance 126 between the conductive pipe and the
holiow borehole casing 111, can be on the order of 47 ohms, or lesser or

greater, This portion of the conductive pipe serves as a transmission line for
communication of the down-hole electronics, such as the transducer, with

the surface electronics, such as the processor.

Figure1C illustrates an electrical representation of the resonant cavity
and transducer included therein. In Figure 1C, the torroidal core 112 is
represented as an inductor section configured of ferrite material for

connecting the conductive pipe 102 with the resonant ca;vity 110. As can be

seen in Figure 1C, for a resanant network device configured as a resonant

cavity, an upper portion 132 of the resonant cavity 110 coincides with a
lower section of the torroidal core 112 and can be at an im_pedancegwhich in
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an exemplary embodiment, is relatively high as compared to the impedance

between conductive pipe 102 and the casing 111. For example, the
impedance at the top of the resonant cavity can be on the order of 2000

ohms, or lesser or greater. For magnetic core based, magnetically coupled

resanant networks, those measures may have little or no relevance.

This relatively large differential impedance at the top of the resonant
cavity relative to the conductive pipe above the resonant cavity provides, at

least in part, an ability of the cavity to resonate, or "ring” in response to the

pulse and thereby provide a high degree of sensitivity in measuring a
characteristic of interest. In addition, the ability of the transducer to provide
a relatively high degree of sensitivity is aided by placing a lower end of the
resonant cavity at the common ground potential.

The Figure 1C electrical representation of the resonant network

device, for a coaxial cavity formed by the conductive pipe and the borehole
casing, includes a representation of the resonant network resistance 128

and the resonant network inductance 130. A lower portion of the cavity
defined by the common ground connection 114 js illustrated in Figure 1C,
such that the cavity is defined by the botiom of the torroidal core 112 and the
ground connection 114. A capacitance of the sleeve associated with the
resonant cavity is represented as a sleeve capacitance 134,

The transducer associated with the resonant cavity for modulating the
vibration frequency induced by the puise, as acted upon by the characteristic

to be measured, is represented as a transducer 136.

For a resonant cavity configuration, the bottom of the resonant
cavity can include a Packer seal, to prevent the conductive pipe 102 from
touching the hollow borehole casing 111. The Packer 138, as illustrated in
Figure 1C-and in Figure 1A, includes exposed conductors 140 which can
interface with conductive partions of the resonant cavity and the hollow
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and ferrite coupling transformers are provided. Again, the hollow borehole
111 can be seen to house the conductive pipe 102. Each resonant network
device is configured as a torroidal core 208 having an associated coil
resonator 210. No significant impedance matching, or pipe-casing shorling
maodifications, to an existing well string need be implemented. The coaxial
string structure can carry direct to a short at the Packer using the ferrite
torroid resonators as illustrated in Figure 2B, without a matching section as
with the resonant cavity configuration.

In an electrical schematic representation 212, the conductive pipe can be
effectively represented as a single turmn winding 214 in the transformer
construct, and several secondary windings 216 can be stacked on the single
primary current path. The quality of the Packer short is of little or no
significance. Metal-toothed Packers can aiternatively be used. The return

signal using this transformer methad can be detected, in exemplary

embodiments without using a low Packer shorting impedance.

In the exemplary Figure 28 embodiment, gpacing between multiple
resonant network devices 208 can be selected as a function of the desired

application. The resonant network devices 206 'shouid be separated

sufficiently to mitigate or eliminate mechanical constraints. In addition,
separation should be selected to mitigate or eliminate coupling between

them.

In an exemplary embodiment, one width of a ring can decrease
coupling for typical applications. The inductance andfor capacitance of each
resonance network device can be modified by adding coil {urns, and the
number of turns can be selected as a function of theapﬁpii‘cation; or

example, the number of turns will set a ring frequency of each resonant

network device, Exemplary embodiments can be on the order of 3 to 30

turns, or lesser or greater.
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Figure 5 shows exemplary electronics which can be implemented in
the processor 118 for providing the signal processing already described. In
an exemplary embodiment, the puise generator 105 of Figure 1A provides
an impulse. The pulse can be a narrow puise that can be generated using a
readily available off-the-shelf pulse generator. An exemplary pulse is on the

order of 1 to 2 nanoseconds at 75 volts, having a width at half of its height

on the order of 3 nanoseconds. A peak voltage of the pulse is on the order
of 10 to 1000 volts depending on, for example, a depth of the borehole. For

example, at 30,000 feet, a 1000 volt puise can be used. Those skilled in the

art will recognize, however, that any desired pulse of any desired
characteristic can be used provided a suitable response from the resonant

network device can be achieved with a desired accuracy and tolerance of

the characteristic.

In Figure 5, a pulse section representing a pulse generator 1056 of
Figure 1A is provided to transmit an exemplary impuise 502. This pulse is

supplied to a gated, directional coupler 504 associated with the probe 106 of

Figure 1A. During an initial pulse, a hijgh‘ sensitivity receiver associated with
the signal processor 118 is disabled, and the pulse is applied to the
conductive pipe 102.

The processor 118 controls the gated, directional coupler 504 to gate
the receiver on and thereby detect a return from the transducer located in
the resonant cavity., This return is generally depicted as the modulated
vibration frequency 506. A timing and delay system 508 can set a delay

preset (e.g., 8150 nano seconds as illustrated in Figure 5) to control the

gating for receipt of the feedback pulse.

During the gating on of the receiver within the processor 118, the
modulated vibration frequency passes through the gated directional coupler
504 and through a band pass filter unit 510. A filtered signal from the band
pass filter unit 510 is supplied to an analog-to-digital signal recorder 512 and
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into a master control unit 514 (e.g., microprocessor, such as Pentium, or other
suitable microprocessor) of the processor 118. One skilled in the art will
appreciate that any of the functionality illustrated in Figure 5 can be

implemented in hardware, software, firmware, or any combination thereof.

A telemetry/communication link system 516 can be provided o
transmit information obtained from the borehole o any desired location. The

telemetry/communication link system can be any suitable transmission
and/or receiving system including, but not limited to wireless and/or wired

systems.

Figure 6 shows an exemplary method for sensing a characteristic of a
borehole using, for example, an apparatus as described with respect to the
preceding figures. In Figure 8, at block 602, an operator can set timing
parameters (e.g., via the graphical user interface). These parameters can
include, without limitation, a pulse rate, a pulse height, a received delay, and
so forth. In hlock 604, a pulse is supplied (e.9., fired) through'the directional
coupler, and into the conductive pipe of the borehole.

After a specified delay, at block 606 the timing and delay system 508 of Figure §

opens a receiving gate to detect the modulated vibration frequency from the

transducer. This modulated vibration frequency constitutes a ring which

enters the band pass filter in block 608, and which is recorded by the analog-

to-digital recorder 512.

In block 610, a digitized signature of the ring can be processed for
frequency, using, for example, a Fast Fourier Transform (FFT). In block 612,
the ring frequency can be eguated, through software such as look-up tables

transducer parameter, and then prepared for transmission or storage.

Those skilled in the art will appreciate that exemplary embodiments
as described herein can provide down hole telemetry using passive
techniques and resonant structures. As such, the apparatus as described
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We claim:

1. Apparatus for sensing a characteristic of a borehole, comprising:.

a cohductive pipe;

an inlet coupled to the conductive pipe, for applying an electrical pulse
to the conductive pipe,

a resonant network device connected with the conductive pipe; and

a transducer in operative communication with the resonant network
device to measure a borehole characteristic, the transducer being configured
to affect a modulation of a resonator vibration frequency induced in the
resonant network device when an electrical pulse is applied to the inlet; and

wherein the inlet further includes:

a probe coupled with the conductive pipe; and

an inductor for electrically isolating the inlet from a common ground
potential at a location in a vicinity of the inlet, wherein the resonant network
device uses a magnetically coupled resonating network.

2. Apparatus according to claim 1, comprising:

a pulse generator coupled to the inlet for generating the pulse to be
applied to the conductive pipe.

3. Apparatus according to claim 1, wherein the pulse is an electrical
transient.
. Apparatus according to claim 1, comprising:

a hollow borehole casing located within the borehole, wherein at least a
portion of the hollow borehole casing is at a common ground, and wherein the
conductive pipe is located within, and is electrically isolated from, the hollow

borehole casing.

9. Apparatus according to claim 4, wherein the conductive pipe is
electrically isolated from the holiow borehole casing using spacers located at
multiple junctions of pipe sections used to form the conductive pipe.
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6. Apparatus according to claim 4, wherein the hollow borehole casing is
at a common ground potential at both the location in the vicinity of the nlet
and at a location in a vicinity of a resonant cavity.

T Apparatus according to ¢laim 1, comprising.
a processor coupled with the transducer for processing an output of the
transducer to provide a signal representing the characteristic.

8. Apparatus according to claim 1, wherein the characteristic is at least
one of a material composition, a temperature, a pressure or a flow rale as
sensed at a location along a length of the borehole.

9. Apparatus according to claim 1, wherein the inlet includes.

a probe coupled with the conductive pipe; and
an inductor for electrically isolating the inlet from a first potential at the

location in the vicinity of the inlet.

10.  Apparatus according to claim 1, wherein the resonant network device is

a resonant cavity located within a hollow borehole casing, a length of the
resonant cavity within the hollow horehole casing being defined by an
inductive isolator at a first end, and by a common ground connection at a

second end.

11.  Apparatus according to claim 1, wherein the transducer includes:

passive electrical components.

12.  Apparatus for sensing a characteristic of a borehole comprising:
means for conducting an electrical pulse through a borehole, the

~means for conducting the pulse including an inlet, coupled to the conducting

means, for conducting the pulse to the conducting means;
means, responsive to the pulse, for resonating at a frequency which is

modulated as a function of a characteristic of the borehole; and
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means for processing the modulated frequency as a measure of the
characteristic;

wherein the inlet further includes:

a probe coupled with the conducting means; and

an inductor for electrically isolating the inlet from a common ground
potential at a location in a vicinity of the inlet, wherein the resonating means
uses a magnetically coupled resonating network.

13.  Apparatus according to claim 12, comprising:
means, connected with the inlet, for generating the pulse.

14.  Apparatus according to claim 13, wherein the pulse is an electrical,
transient pulse.

15.  Apparatus according to claim 13, wherein the inlet further includes:

a probe coupled with the conducting means; and

an inductor for electrically isolating the inlet from the common ground
potential at the location in the vicinity of the inlet, wherein the resonating

means uses a capacitively coupled resonating network.

16.  Apparatus according to claim 13, wherein the inlet further includes:

a probe coupled with the conducting means; and
an inductor for electrically isolating the inlet from the common ground
potential at the location in the vicinity of the inlet, wherein the resonating

means uses a magnetically coupled resonating network.

17.  Apparatus according to claim 12, comprising:
a hollow borehole casing located within the borehole, wherein the

conducting means is a conductive, cylindrical pipe located within, and
electrically isolated from, the hollow borehole casing.

18.  Apparatus according to claim 12, comprising:
a transducer for modulating the frequency to provide a signal
representing the characteristic.
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19.  Apparatus according to claim 12, wherein the characteristic 1s at least
one of a material composition, a temperature, a pressure or a flow rate as
sensed at a location along a length of the borehole.

20. Method for sensing a characteristic of a borehole, compnsing:
transmitting an electrical pulse along a conductive pipe located within
the borehole, wherein transmitting the pulse comprises transmitting the pulse

to an inlet coupled to the conductive pipe; and
sensing a modulated vibration frequency induced by the pulse within a

resonant network device within a hollow borehole casing, as a measure of the
borehole characteristic;

wherein the inlet further includes:

a probe coupled with the conductive pipe; and

an inductor for electrically isolating the inlet from a common ground
potential at a location in a vicinity of the inlet, wherein the resonant network

device uses a magnetically coupled resonating network.

21. Method according to claim 20, comprising.
processing the modulation of vibration frequency to provide a signal
representing the characteristic.

22 Method according to claim 21, wherein the characteristic is at least one
of a material composition, a temperature, a pressure or a flow rate as sensed

at a location along a length of the borehole.

23.  Method according to claim 21, wherein the processing includes:
performing a statistical analysis of the modulated vibration frequency.

24.  Method according to claim 20, comprising:
calibrating a transducer used to produce the modulated vibration
frequency before inserting a sensor into the borehole.
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25.  Apparatus for sensing a characteristic of a borehole, comprising:

a conductive pipe;

an inlet coupled to the conductive pipe, for applying a pulse to the
conductive pipe;

a resonant network device connected with the conductive pipe wherein
the resonant network device is a resonant cavity [ocated within a hollow
borehole casing, a length of the resonant cavity within the hollow borehole
casing being defined by an inductive isolator at a first end, and by a common
ground connection at a second end; and

a transducer which is in operative communication with the resonant

netwark device to measure a borehole characteristic, the transducer being
configured to affect a modulation of a resonator vibration frequency induced In

the respnant network device when a pulse is applied to the inlet.
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