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(57) Abstract: Disclosed is an apparatus for estimating a property of an
earth formation penetrated by a borehole containing an oil-based drilling
fluid. The apparatus includes an electrode disposed at a carrier and con-
figured to inject alternating current into the formation. An electrically con-
ductive plate is disposed between the first electrode and a borehole wall. An
electrical insulator is disposed between and contacts the first electrode and
the conductive plate. The apparatus is configured to prevent the drilling flu-
id from being disposed between the first electrode and the conductive plate.
A first sensor is used to measure an electric field established between the
first electrode and the conductive plate. A processor is configured to receive
a measurement of the electric field to use as a floating reference signal to de-
termine a phase difference with respect to a measured electrical quantity re-
lated to the injected electrical current in order to estimate the property.
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APPARATUS AND METHOD FOR FORMATION RESISTIVITY MEASUREMENTS IN
OIL-BASED MUD USING A FLOATING REFERENCE SIGNAL

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of an earlier filing date from U.S. Provisional
Application Serial No. 61/469,920 filed March 31, 2011, the entire disclosure of which is

incorporated herein by reference.

BACKGROUND
1. Field of the Invention

[0001] The present invention relates to the analysis of underground earth formations,
and, more particularly, to the determination of formation resistivity.
2. Description of the Related Art

[0002] Boreholes are drilled into the earth for many applications such as hydrocarbon
production, geothermal production, and carbon dioxide sequestration. In order to efficiently
use expensive resources requires for drilling the boreholes, it is important for analysts to
acquire detailed information related to the geologic formations being drilled.

[0003] Resistivity imaging is one type of process for obtaining the detailed
information. In resistivity imaging, both electrical and induction resistivity instruments can
be used. The resistivity of a formation is measured as a function of depth using a resistivity
tool disposed in a borehole penetrating the formation. Variations in the resistivity are plotted
or displayed to provide an image of the formation.

[0004] In electrical resistivity imaging, one or more transmitter electrodes are used to
inject an electric current into an earth formation. Measurement electrodes, sometimes
referred to as button electrodes, sink these currents and perform electrical measurements that
are used to determine the resistivity of the earth formation. Because the transmitter and
transmitter electrodes are deployed in a drilled borehole having variations in diameter due to
the drilling process, the electrodes may not make contact with the borehole wall. The space
or distance between an electrode and the borehole wall is referred to as the “standoff.”
Variations in the standoff could negatively affect quality of acquired resistivity images.
Moreover, when using oil-based drilling mud, the drilling mud may enter a standoff and this

could make measurement conditions even worse and result in erratic images. It would be
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well received in the art if the quality of resistivity images could be improved when using oil-

based drilling mud.

BRIEF SUMMARY

[0005] Disclosed is an apparatus for estimating a property of an earth formation
penetrated by a borehole containing an oil-based drilling fluid. The apparatus includes an
electrode disposed at a carrier and configured to inject alternating current into the formation.
An electrically conductive plate is disposed between the first electrode and a borehole wall.
An electrical insulator is disposed between and contacts the first electrode and the conductive
plate. The apparatus is configured to prevent the drilling fluid from being disposed between
the first electrode and the conductive plate. A first sensor is used to measure an electric field
established between the first electrode and the conductive plate. A processor is configured to
receive a measurement of the electric field to use as a floating reference signal to determine a
phase difference with respect to a measured electrical quantity related to the injected
electrical current in order to estimate the property.

[0006] Also disclosed is a method for estimating a property of an earth formation
penetrated by a borehole containing oil-based drilling fluid. The method includes: conveying
a carrier through the borehole; injecting alternating electrical current into the formation using
a first electrode disposed at the carrier; measuring an electric field established between the
first electrode and an electrically conductive plate for use as a floating reference signal using
a sensor, the electrically conductive plate being disposed between the first electrode and a
wall of the borehole, an electrical insulator being disposed between and in contact with the
first electrode and the electrically conductive plate wherein the first electrode, the electrically
conductive plate and the electrical insulator are configured to prevent the drilling fluid from
being disposed between the first electrode and the electrically conductive plate; and
determining a phase difference between the floating reference signal and a measured
electrical quantity related to the injected electrical current using a processor in order to
estimate the property.

[0007] Further disclosed is a non-transitory computer readable medium having
computer executable instructions for estimating a property of an earth formation penetrated
by a borehole containing oil-based drilling fluid by implementing a method that includes:
injecting electrical current into the formation using an electrode; measuring an electric field

established between the first electrode and an electrically conductive plate for use as a

2



WO 2012/135607 PCT/US2012/031424

floating reference signal, the electrically conductive plate being disposed between the first
electrode and a wall of the borehole, an electrical insulator being disposed between and in
contact with the first electrode and the electrically conductive plate wherein the electrode, the
electrically conductive plate and the electrical insulator are configured to prevent the drilling
fluid from being disposed between the first electrode and the electrically conductive plate;
and determining a phase difference between the floating reference signal and a measured

electrical quantity related to the injected electrical current in order to estimate the property.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The following descriptions should not be considered limiting in any way.
With reference to the accompanying drawings, like elements are numbered alike:

[0009] FIG. 1 illustrates an exemplary embodiment of a downhole resistivity tool
disposed in a borehole penetrating the earth;

[0010] FIG. 2 depicts aspects of the downhole resistivity tool configured to provide a
floating reference signal; and

[0011] FIG. 3 presents one example of a method for estimating a property of an earth

formation penetrated by a borehole containing oil-based drilling fluid.

DETAILED DESCRIPTION

[0012] A detailed description of one or more embodiments of the disclosed apparatus
and method presented herein by way of exemplification and not limitation with reference to
the Figures.

[0013] Reference may now be had to FIG. 1 illustrating an exemplary embodiment of
a downhole tool 10 disposed in a borechole 2 penetrating the Earth 3, which includes an earth
formation 4. The earth formation includes layers 4A, 4B, and 4C. The downhole tool 10 is
conveyed through the borehole 2 by a carrier 5. In the embodiment of FIG. 1, the carrier 5 is
an armored wireline 8. Besides supporting the downhole tool 10 in the borehole 2, the
wireline 8 can also provide communications (e.g., data 9) between the downhole tool 10 and
a computer processing system 7 disposed at the surface of the earth 3. In logging-while-
drilling (LWD) or measurement-while-drilling (MWD) embodiments, the carrier 5 can be a
drill string. In order to operate the downhole tool 10 and/or provide a communications
interface with the computer processing system 7, the downhole tool 10 includes downhole

electronics 6.
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[0014] Still referring to FIG. 1, the downhole tool 10 is configured to measure the
resistivity, or its inverse conductivity, of the formation 4. To measure the resistivity, the
downhole tool 10 includes a first transmitter electrode 11, a second transmitter clectrode 12, a
first current measurement electrode 13 (also referred to as the first button electrode 13), and a
second current measurement electrode 14 (also referred to as the second button electrode 14),
all disposed on a pad 15. The electrodes 11-14 are separated by narrow insulating gaps 16.
Because transmitter electrodes 11 and 12 are generally driven by the same transmitter
electronics and thus are held at the same potential, the overall electrode configuration may be
referred to as a two-button electrode configuration (i.e., referring to a transmitter electrode
and button electrode). The pad 15, in one embodiment, is configured to be extended from the
downhole tool 10 to make contact with the wall of the borehole 2. The portion of the wall of
the borehole 2 at which resistivity measurements are performed may be referred to as a
conductive zone due to electrical currents being injected and measured in this zone using the
above-mentioned electrodes.

[0015] A voltage V applied to the transmitter electrodes 11 and 12 allows electrical
current F from the periphery of the pad 15 to be injected into the formation 4. Then, upon its
return to the pad 15 from the formation 4, current F is measured by the button electrodes 13
and 14.

[0016] It can be appreciated that the downhole tool 10 can have a plurality of pads 15
symmetrically arranged about the tool 10 so that they can extend in unison to contact the wall
and provide mutual support to each other to maintain minimal standoff from the wall.

[0017] The downhole tool 10 operating in boreholes filled with non-conductive oil-
based drilling fluid can conduct measurements using alternating current to overcome
impedance introduced by both “standoff’ and mud invasion zone. The currents are injected
by transmitter electrodes driven by a voltage source at frequency f= ®w/2rn. Measurements are
based on the sensing of that component of electric current flowing through the measurement
electrodes that is in-phase with the signal of the voltage source. By convention, this in-phase
component of the measured current is called the “real” component of the measured current.
In addition, by convention, electrode separation from the borehole wall together with the
above-mentioned invasion zone is referred to as tool “standoff,” shown as S in FIG. 1. The
electrode separation and the invasion zone are electrically connected in series and they both

present high impedance to injected electrical current prior to it entering the geologic
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formation. Uneven standoffs of transmitter and measurement electrodes in a resistivity tool
can cause erratic resistivity images in oil-based drilling mud.

[0018] Different standoffs between the measurement electrodes cause strong cross
currents between the measurement electrodes that primarily affect the phase of the measured
current. Alteration of the phase results in a leakage of the non-informative imaginary
component of the current into the real component of the current, hence, causing inaccurate or
erratic measurements of the resistivity.

[0019] Certain measurement techniques may be established for detection of formation
resistivity independent of the oil-filled gap thickness, gap material resistivity, and other
properties affecting the gap impedance. As one example, it is assumed that a return electrode
(shown as tool mandrel 17) is very large compared to the transmitter and measurement
electrodes 11-14 such that the ground impedance to the return may be neglected.

[0020] In general, all measured electrical quantities depend on different voltage drops
and phase delays along the current flow path. Both voltage drops and phase delays are
functions of the overall system that includes the tool design, the standoff impedance and the
formation resistivity. Because of the phase delays, currents measured by the button
electrodes 13 and 14 have to be referenced to a reference parameter.

[0021] It is desired to perform measurements of current and voltage at such time
when the voltage drop U across the standoff equals zero. When voltage drop U equals zero,
the impedance measured by the transmitter or button electrodes 11-14 does not depend on the
properties of the standoff such as thickness, resistivity, and dielectric permittivity. Hence, the
voltage drop U may be used as a reference signal when U crosses the zero voltage point. A
reference signal for galvanic resistivity imaging and logging depends on the properties of the
formation 4 and the standoff. By having the reference signal vary in accordance with
variations in the standoff properties, the variations in the standoff properties will be
compensated for automatically. In this manner, the downhole tool 10 uses a floating
reference signal to automatically compensate for any gap or standoff variations to provide
measurements that are much more sensitive to formation resistivity.

[0022] Reference may now be had to FIG. 2 depicting aspects of the downhole tool
10 incorporating measurement techniques for detection of formation resistivity independent
of standoff effects. The downhole tool 10 depicted in FIG. 2 has a two-button configuration.

The disclosed techniques are also applicable to other button configurations.
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[0023] A voltage source 20 is coupled to the transmitter electrode 11 and is
configured to inject voltage V into the transmitter electrode 11. Disposed between the
transmitter electrode 11 and a wall of the borehole 2 is an electrically conducting plate 21,
which can be a metal plate. An electrical insulator (i.e., an electrically insulating material) 22
is disposed between the transmitter electrode 11 and the electrically conducting plate 21. The
electrical insulator 22 is in contact with the electrode 11 and the plate 21. The electrical
insulator 22 represents oil-based drilling fluid, which is also an electrically insulating
material. A sensor 23, such as a voltage sensor, is coupled to the transmitter electrode 11 and
the electrically conducting plate 21 and measures the electric field established between the
electrode 11 and the plate 21. The phase of the electric field is exactly the same as the phase
of the electric field in the gap or standoff between the pad 15 and the wall of the borehole 2.
Output from the sensor 23 correlates to the intensity and polarity of the electric field and is
used as the floating reference signal.

[0024] The downhole tool 10 is configured to prevent any borehole fluids from
entering between the transmitter electrode 11 and the electrically conducting plate 21 and,
thus, prevent any borehole fluids or matter from contaminating the electrical insulator 22. In
the embodiment shown in FIG. 2, the transmitter electrode 11, the electrical insulator 22, and
the electrically conductive plate 21 are disposed in a sealed chamber 24. In one embodiment,
parts or portions of one or more of the electrode 11, the insulator 22, and the plate 22 are
incorporated into a body of the chamber 24. An insulating frame 25 is disposed within the
chamber 24 and is configured to support the electrode 11, the insulator 22, and the plate 22.

[0025] In one or more embodiments, the radial extension of the chamber 24 is smaller
than the axial and azimuthal of the electrodes 11-14. With this type of configuration, the
electric field at the plate 21 will be almost normal to the surface of the plate 10 and,
consequently, the plate 21 will be transparent with respect to the electric field produced by
the transmitting electrode 11. Hence, the electric field produced by the transmitting electrode
11 in the presence of the plate 21 is the about the same as without the plate 21. The phase
shift between the current injected by the transmitter electrode 21 and the electric field in the
gap or standoff equals with an opposite sign, the phase of the complex conductivity of the
drilling fluid.

[0026] Still referring to FIG. 2, an electrical sensor 26 is coupled to the transmitting
electrode 11. The sensor 26 is configured to measure an electrical property of the

transmitting electrode 11 such as current flow or voltage. In one embodiment, a voltage
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measurement is performed when the floating reference signal is zero. Similarly, an electrical
sensor 27 is coupled to the transmitting electrode 12. An electrical sensor 28 is coupled to
the measurement electrode 13 and is configured to measure an electrical property of the
measurement electrode 13 such as current flow or voltage. Similarly, an electrical sensor 29
is coupled to the measurement electrode 14. The voltage source 20 and the electrical sensors
26-28 are coupled to the downhole electronics 6. The downhole electronics 6 include
processing circuits for receiving as inputs various electrical measurements performed by
sensors in the downhole tool 10. A processor in the downhole electronics 6 or the surface
computer processing system 7 can process the various electrical measurements with respect
to the floating reference signal to estimate the resistivity of the formation 4 as a function of
depth using the principles discussed above.

[0027] It can be appreciated that the transmitter electrode 12 can also be used in
conjunction with an individual electrically conductive plate 21 and an individual electrical
insulator 22 and, thus, provide another floating point reference signal. Similarly, the
measurement electrodes 13 and 14 can be used in conjunction with individual electrically
conductive plates 21 and individual electrical insulators 22 and, thus, provide multiple
floating point reference signals. In one or more embodiments, a single electrically
conductive plate 21 and a single electrical insulator 22 can be used in conjunction with the
electrodes 11-14. With the single plate 21 and the single insulator 22, measurements are
performed on the electric field in front of each electrode (i.e., between each electrode and the
single plate 21). The advantage of using multiple floating reference signals is the ability to
account for standoff variations that are more closely spaced as a function of depth in the
borehole 2.

[0028] FIG. 3 presents one example of a method 30 for estimating a property of an
carth formation penetrated by a borehole containing oil-based drilling fluid. The method 30
calls for (step 31) conveying a carrier through the borehole. Further, the method 30 calls for
(step 32) injecting electrical current into the formation using a first transmitter electrode
disposed at the carrier. Further, the method 30 calls for (step 33) measuring an electric field
established between the first electrode and an electrically conductive plate for use as a
floating reference signal. The electrically conductive plate is disposed between the first
electrode and a wall of the borehole. An electrical insulator is disposed between and in
contact with the first electrode and the electrically conductive plate wherein the first

electrode, the electrically conductive plate and the electrical insulator are configured to
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prevent the drilling fluid from being disposed between the first electrode and the electrically
conductive plate. Further, the method 30 calls for (step 34) determining a phase difference
between the floating reference signal and a measured electrical quantity related to the injected
electrical current in order to estimate the property.

[0029] In support of the teachings herein, various analysis components may be used,
including a digital and/or an analog system. For example, the downhole electronics 6 or the
computer processing system 7 may include the digital and/or analog system. The system may
have components such as a processor, storage media, memory, input, output, communications
link (wired, wireless, pulsed mud, optical or other), user interfaces, software programs, signal
processors (digital or analog) and other such components (such as resistors, capacitors,
inductors and others) to provide for operation and analyses of the apparatus and methods
disclosed herein in any of several manners well-appreciated in the art. It is considered that
these teachings may be, but need not be, implemented in conjunction with a set of computer
executable instructions stored on a computer readable medium, including memory (ROMs,
RAMs), optical (CD-ROMs), or magnetic (disks, hard drives), or any other type that when
executed causes a computer to implement the method of the present invention. These
instructions may provide for equipment operation, control, data collection and analysis and
other functions deemed relevant by a system designer, owner, user or other such personnel, in
addition to the functions described in this disclosure.

[0030] Further, various other components may be included and called upon for
providing for aspects of the teachings herein. For example, a power supply (e.g., at least one
of a generator, a remote supply and a battery), cooling component, heating component,
magnet, electromagnet, sensor, electrode, transmitter, receiver, transceiver, antenna,
controller, optical unit, electrical unit or electromechanical unit may be included in support of
the various aspects discussed herein or in support of other functions beyond this disclosure.

[0031] The term “carrier” as used herein means any device, device component,
combination of devices, media and/or member that may be used to convey, house, support or
otherwise facilitate the use of another device, device component, combination of devices,
media and/or member. Other exemplary non-limiting carriers include drill strings of the
coiled tube type, of the jointed pipe type and any combination or portion thereof. Other
carrier examples include casing pipes, wirelines, wireline sondes, slickline sondes, drop
shots, bottom-hole-assemblies, drill string inserts, modules, internal housings and substrate

portions thereof.
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[0032] Elements of the embodiments have been introduced with either the articles “a”
or “an.” The articles are intended to mean that there are one or more of the elements. The
terms “including” and “having” are intended to be inclusive such that there may be additional
clements other than the elements listed. The conjunction “or” when used with a list of at least
two terms is intended to mean any term or combination of terms. The terms “first” and
“second” are used to distinguish elements and are not used to denote a particular order. The
term “couple” relates to a first device being coupled directly to a second device or indirectly
through an intermediate device.

[0033] It will be recognized that the various components or technologies may provide
certain necessary or beneficial functionality or features. Accordingly, these functions and
features as may be needed in support of the appended claims and variations thereof, are
recognized as being inherently included as a part of the teachings herein and a part of the
invention disclosed.

[0034] While the invention has been described with reference to exemplary
embodiments, it will be understood that various changes may be made and equivalents may
be substituted for elements thereof without departing from the scope of the invention. In
addition, many modifications will be appreciated to adapt a particular instrument, situation or
material to the teachings of the invention without departing from the essential scope thereof.
Therefore, it is intended that the invention not be limited to the particular embodiment
disclosed as the best mode contemplated for carrying out this invention, but that the invention

will include all embodiments falling within the scope of the appended claims.
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CLAIMS
What is claimed:

1. An apparatus for estimating a property of an earth formation penetrated by a
borehole containing oil-based drilling fluid, the apparatus comprising;:

a carrier configured to be conveyed through the borehole;

a first electrode disposed at the carrier and configured to inject electrical current at
frequency f'into the earth formation;

an electrically conductive plate disposed between the first electrode and a wall of the
borehole;

an electrical insulator disposed between and contacting the first electrode and the
electrically conductive plate wherein the apparatus is configured to prevent the drilling fluid
from being disposed between the first electrode and the electrically conductive plate; and

a processor configured to receive a measurement of the electric field to use as a
floating reference signal to determine a phase difference with respect to a measured electrical
quantity related to the injected electrical current in order to estimate the property.

2. The apparatus according to claim 1, wherein the first electrode, the electrical
insulator, and the electrically conducting plate are disposed within a sealed chamber.

3. The apparatus according to claim 1, further comprising a sensor configured to
measure an electric field established between the first electrode and the electrically
conductive plate.

4. The apparatus according to claim 1, wherein the first electrode comprises a
plurality of first electrodes, each first electrode associated with an individual electrically
conductive plate and an individual electrical insulator disposed between and contacting the
cach first electrode and the individual electrically conductive plate wherein the apparatus is
configured to prevent the borehole fluid from being disposed between the each first electrode
and the individual electrically conductive plate.

5. The apparatus according to claim 1, wherein the processor is further
configured determine the phase shift when the floating reference value is approximately zero.

6. The apparatus according to claim 1, further comprising a second electrode
configured to receive electrical current injected into the earth formation by the first electrode.

7. The apparatus according to claim 6, further comprising a sensor coupled to the
second electrode and configured to measure an amplitude and phase of the received electrical

current.
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8. The apparatus according to claim 7, wherein the electrically conductive plate
comprises one electrically conductive plate that is disposed between the first and second
electrodes and the wall of the borehole.

9. The apparatus according to claim 8, wherein the electrical insulator comprises
one electrical insulator disposed between and in contact with the one electrically conductive
plate.

10.  The apparatus according to claim 1, further comprising a voltage source
coupled to the first electrode and configured to inject alternating voltage at the frequency f
into the first electrode.

11.  The apparatus according to claim 1, wherein the measured electrical quantity
is alternating voltage injected into the first electrode.

12.  The apparatus according to claim 1, wherein the property is resistivity or its
inverse conductivity.

13.  The apparatus according to claim 1, wherein the property is a location of a
boundary between layers of the formation.

14.  The apparatus according to claim 1, wherein the carrier comprises at least one
of a wireline, a slickline, a drill string, and coiled tubing.

15. A method for estimating a property of an earth formation penetrated by a
borehole containing oil-based drilling fluid, the method comprising:

conveying a carrier through the borehole;

injecting alternating electrical current into the formation using a first electrode
disposed at the carrier;

measuring an electric field established between the first electrode and an electrically
conductive plate for use as a floating reference signal using a sensor, the electrically
conductive plate being disposed between the first electrode and a wall of the borehole, an
electrical insulator being disposed between and in contact with the first electrode and the
electrically conductive plate wherein the first electrode, the electrically conductive plate and
the electrical insulator are configured to prevent the drilling fluid from being disposed
between the first electrode and the electrically conductive plate; and

determining a phase difference between the floating reference signal and a measured
electrical quantity related to the injected electrical current using a processor in order to

estimate the property.
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16.  The method according to claim 15, wherein the phase difference and the
measured electrical quantity are determined when the floating reference signal is
approximately zero.

17.  The method according to claim 16, further comprising receiving and
measuring an electrical current due to the injecting using a second electrode.

18.  The method according to claim 17, wherein the measured electrical quantity is
an alternating voltage applied to the first electrode and the property is estimated by dividing
the measured electrical current into the measured alternating voltage.

19. A non-transitory computer readable medium comprising computer executable
instructions for estimating a property of an earth formation penetrated by a borehole
containing oil-based drilling fluid by implementing a method comprising:

injecting electrical current into the formation using an electrode;

measuring an electric field established between the first electrode and an electrically
conductive plate for use as a floating reference signal, the electrically conductive plate being
disposed between the first electrode and a wall of the borehole, an electrical insulator being
disposed between and in contact with the first electrode and the electrically conductive plate
wherein the electrode, the electrically conductive plate and the electrical insulator are
configured to prevent the drilling fluid from being disposed between the first electrode and
the electrically conductive plate; and

determining a phase difference between the floating reference signal and a measured

electrical quantity related to the injected electrical current in order to estimate the property.
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