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BOREHOLE CHARACTERIZATION

Technical Field

[0001] Various embodiments described herein relate to determining

borehole characteristics in geological formations, including borehole geometry, and

formation density and porosity.

Background Information

{0002} Fluids (e.g., oil, water, gas) may exist in a variety of materials,
including geologic formations. These fluids are often recovered via a well, or
borehole cut into the formation. During exploration and recovery operations, it is
useful to determine the caliper and ellipticity of the borehole as an indication of
formation stress, compaction, and other mechanisms that operate to deform the
borehole. However, rapidly and accurately assessing the caliper and ellipticity of
the borehole, especially when the downhole tool acquiring the associated data
moves off-center, can be difficult. Thus, improved apparatus, systems, and methods '
are needed to quickly and reliably determine the caliper and ellipticity of boreholes

in geologic formations, under a variety of measurement conditions.

Brief Description of the Drawings
{0003] FIGs. 1 A-1B illustrate acquisition and measurement apparatus

according to various embodiments of the invention.

[0004] FIG. 2A-2B illustrate apparatus and systems according to various
embodiments of the invention.

[0005] FIG. 3 illustrates 2 method flow diagram according to various

embodiments of the invention.
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[0006] FIG. 4 is a block diagram of an article according to various
embodiments of the invention.

[0007] FIG. 5 is a top view, conceptual diagram of a downhole tool
positioned in a borehole, according to various embodiments of the invention.
[0008] FI1Gs. 6A-6B FIGs. 6A-6B illustrate graphs of corrections versus
standard deviation for the major and minor axis, according to various embodiments

of the invention.

Detailed Description
[0009] In some embodiments of the invention, the challenges described

above may be addressed by determining values representing the borehole caliper, as
well as the length of the major and minor axes of an ellipse approximating the
contour of the borehole wall, from borehole standoff measurements. Ellipticity may
be computed from a ratio of the lengths of the major and minor axes.

[0010] Borehole standoff measurements can be made in many ways.
Common methods include mechanical devices that follow the contour of the
borehole and acoustic/ultrasonic devices that measure the time it takes pressure
waves to travel from the tool to the formation wall and back. A less common
method is to use a gamma-gamma density tool. These tools contain a source of
gamma rays and detectors that sense gamma rays that scatter into the formation and
then back into the tool. Besides measuring the formation density, these tools
commonly determine a quantity known as the density correction, which is strongly
dependent on standoff, mud weight, and formation density. By measuring the
formation density, which is the primary function of the tool, and measuring the mud
weight or providing it as an external parameter, standoff can be computed.

[0011] FIGs. 1 A-1B illustrate acquisition apparatus 80 and measurement
apparatus 100 according to various embodiments of the invention. Throughout the
following discussion, it is assumed that borehole standoff measurement data is
acquired using a single rotating transducer 82 (e.g., a pulse-echo ultrasound
transducer), well known to those of ordinary skill in the art. That is, while the
transducer 82, mounted proximate to the face 84 of a downhole tool 86, is rotated in
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an azimuthal direction 88 about the centerline 90 of the borehole 92, ultrasonic
energy is transmitted and received by the transducer 82. The time between
launching the signal (e.g., the “IP” or initial pulse) and receiving its return, along
with the speed of sound in the propagation medium 94, can be used to determine the
standoff distance SD, as is well known to those of ordinary skill in the art. If the
downbhole tool 86 is perfectly centered on the centerline 90 of a perfectly cylindrical
borehole 92 (as shown in FIG. 1A), the standoff distance SD plus the radius of the
tool TR gives the radius of the borehole 92 at the point the measurement is taken. If
standoff data 96 (e.g., comprising standoff distance SD measurements) is acquired
throughout one complete revolution of the downhole tool 86, the actual contour 93
of the borehole wall (which is likely not perfectly cylindrical, as shown for the ideal
borehole 92) at the transducer elevation may be obtained. It should be noted that,
while pulse-echo transducers are described for simplicity herein, a pitch-catch
transducer pair (e.g., comprising separate transmitting and receiving transducers)
can also be used for the acquisition of standoff data 96.

10012} To facilitate the measurement of small standoff distances, the
transducer may be recessed below the surface of the tool, and is exposed directly to
the borehole fluid. For the purposes of this document, the “standoff distance” SD is
the distance from a point on the projected outer-diameter of the tool directly over
the face of the measurement transducer 82 to the borehole wall (shown at each data
point 96). The standoff distance SD, which likely varies as the tool 86 rotates in the
azimuthal direction 88, may be calibrated as the distance from the downhole tool
outer surface 84 to the wall, taking into account the distance the transducer 82 is
recessed into the tool outer surface 84, electronic signals delays, etc.

[0013] If the borehole contour 98 is characterized as an ellipse, with a major
axis length MA and a minor axis length M1, then the “caliper,” which is defined
herein to be the effective diameter of the borehole, can be determined as the average
of the lengths of the major and minor elliptical axes (MA-+Ml)/2, or the square root

of the product of the lengths of the major elliptical axis and the minor elliptical axis

MA* MI . Those of ordinary skill in the art may choose one equation over the

other, depending on the expected characteristics of the borehole 92; in many
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instances, the resulting difference in the caliper obtained using one equation will
vary by less than about 2% from the caliper obtained using the other.

[0014] Thus, in some embodiments, a method of determining the borehole
caliper measurement may include acquiring standoff data 96. That is, as the
transducer 82 rotates in the azimuthal direction, the data 96, representing the
standoff distance SD for each data point, can be determined, as is well known to
those of ordinary skill in the art.

[0015] The borehole standoff data 96 can then be segregated, or grouped
into a plurality of azimuthal bins A-H. In this example, eight bins A-H are shown.
However, any number of bins from four to any higher even number of bins (e.g., 6,
8, 10, 12, 14, 16, etc.) can be used. A plurality of diameters can then be derived
from the borehole standoff data in opposing ones of the plurality of azimuthal bins.
[0016] For example, the data 96 in two opposing bins (e.g., A:E) can be
averaged over each bin, and a simple sum of the two average standoff distances SD
can be added to the diameter of the downhole tool, or two times the tool radius TR,
to provide the borehole diameter. Any of the plurality of diameters obtained by
manipulating the data 96 in this manner over each of the opposing bins A:E, B:F,
C:G, and D:H can be selected as the caliper measurement. Some combination of the
plurality of diameters (e.g., a simple average of the plurality of diameters, denoted
by the average diameter AD) may also be selected as the caliper measurement.
{0017} In some embodiments, a method of determining the caliper
measurement might include acquiring and segregating the borehole standoff data
into a plurality of azimuthal bins, as described previously. After a plurality of
diameters are derived from the acquired borehole standoff data (in opposing ones of
the plurality of azimuthal bins), the average borehole diameter can be determined,
such as by summing the diameters, and dividing by the number of diameters in the
plurality. Finally, the caliper measurement can be computed, as described above.
[0018] The standard deviation ST from the average borehole diameter AD
(with respect to the population comprising the plurality of diameters) can be
calculated, so that the length of the major elliptical axis MA, and/or the length of the

minor elliptical axis MI can be determined using the average borehole diameter AD
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and the standard deviation ST. This can be accomplished by using correction
factors CF1, CF2, CF3, CF4, etc. to correct the average diameter and provide the
major and minor axis lengths MA, MI based on the tool diameter and borehole size,

as follows:

MA = AD+ CFI1*ST
MI= AD + CF2#ST + CF3*ST + CF4*ST

The correction factors CF1, CF2, CF3, CF4, etc. are determined by fitting
theoretical data determined by the borehole size and downhole tool size while the
tool is moved into several potential locations in the borehole, as will be shown by
example below.

[0019] Data 96 may be acquired during many types of operations. For
example, a nuclear logging system may take standoff measurements, without
making any caliper measurements. Using the methods described above, the caliper
can be determined indirectly, using the standoff measurement data 96. Caliper and
ellipticity can be determined for a single revolution about the centerline 90 of the
borehole 92, or some other number of revolutions, and then used to adjust neutron
measurements and density signals, for example.

[0020] In the following paragraphs, the acquisition of standoff data and
determination of borehole caliper is examined in further detail. Thus, during the
acquisition of data 96 for a storage interval (e.g., at least one full rotation), or
shortly afterward, the incoming stream of data 96 can be screened, perhaps by a
secondary processor, such that anomalous values are corrected, nulled, or discarded
before the data 96 is used in any calculations. The azimuthal location associated
with each standoff data point 96 may be recorded along with the standoff distance
SD, or the azimuthal location may be assumed (e.g., given the sequence number of
the data point 96 within a series of such points during a single revolution of the
transducer 82).

[0021] As noted above, the stream of data 96 can then be divided up into

azimuthal bins. When more than one data point 96 is assigned to a bin (e.g., see
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bins A-G), the average of the assigned standoff data points within a single bin can
be used. For example the standoff distance SD associated with two data points in
bin A can be averaged to get the average standoff distance SD for bin A. Similarly,
the standoff distance SD associated with three data points in bin G can be averaged
to get the average standoff distance SD for bin G. The single data point 96 in bin H
does not support averaging, and so its associated standoff distance SD can be used
directly.

[0022]) When at least one rotation of the transducer 82 has been completed,
the bins A-H are analyzed, assuming the data 96 they contain represents an ellipse,
and the lengths of the major and minor axes of the ellipse are computed. As part of
the analysis, it is assumed that the tool 86 has not moved during the storage interval,
so that standoff distances SD that are approximately 180 degrees apart (¢.g.,
standoff distances SD associated with opposing bins, such as bins B:F) can be added
to the tool diameter (e.g., twice the tool radius TR) to obtain the apparent borehole
diameter along that direction.

[0023] A plurality of apparent diameters may thus be derived using borehole
standoff data in opposing ones of the plurality of azimuthal bins in some cases (as
described above), and in others, borehole standoff data in other bins may be used.
For example, a diameter may be derived using the standoff data in a first bin A and
the standoff data in another bin to one side or the other of the bin directly opposing
bin A, such as either one of bins D or F.

[0024) In this manner, the number of apparent diameters that can be
obtained equals approximately half the total number of azimuthal bins, since two
bins are used to determine each diameter. Thus, if there are eight bins A-H as
shown in FIG. 1A, then four apparent diameters can be obtained. The average and
standard deviations of the plurality of diameter values thus oblained can be
computed, from which the lengths of the major and minor axes are determined.
{0025} If multiple rotations of the tool 86 are accomplished during a storage
interval, lengths of the major and minor axes can be determined for each rotation of
the tool 86 during the interval. The values associated with the lengths of the major

and minor axes MA, MI from each rotation may then be averaged to obtain the
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lengths of the two axes that are representative of the storage interval. Finally, the
caliper may be taken as the average of the two axis lengths, and the ellipticity may
be taken as the ratio of the major axis length to the minor axis length.

[0026] In another embodiment, standoff distance data in the azimuthal bins
may be averaged over many rotations before the diameters, major and minor axis, or
caliper are determined. This technique is appropriate when using a gamma-gamma
density tool, which may acquire data over several rotations (which may equate to
several seconds of operation) prior to computing a statistically meaningful result.
[0027] Refinements to account for downhole tool 86 motion will now be
described. If the center of the tool 86 moves in the borehole 92 during a single
rotation, the computed apparent diameters can be distorted. This effect can be
reduced by taking data 96 over more than one rotation, such as from one-and-a-half
rotations (e.g., 540 degrees). By averaging the standoff distance SD in the first 180
degrees of rotation with those from the last 180 degrees of the 540 degree rotational
acquisition sequence, the resulting averaged standoff distance values often provide a
more accurate end result, since there is a better measure of the data that can be used
in conjunction with the standoff distance SD measured in the middle 180 degrees.
This is because the average of two standoff measurements made 360 degrees apart
when the tool is moving may provide a better estimate of what the tool would have
read if it were at the same location at which the 180 degree standoff measurement
was made than either of the un-averaged measurements. Averaging over several
rotations may reduce tool movement-induced errors even further.

[0028] To implement the mechanisms described for determining a borehole
caliper measurement, a variety of apparatus, systems, and methods may be used.
For example, FIG. 1B illustrates a measurement apparatus 100 according to various
embodiments of the invention. In some embodiments, the caliper measurement
apparatus 100 may include one or more sensors 82 (e.g., ultrasound sensors) to
receive signals 130,

[0029] The apparatus 100 may include acquisition logic 110 (e.g.,
acquisition logic circuitry) to acquire data 112, such as azimuthal location data,

signals 130, and/or borehole standoff distance data 96 representing the standoff
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distance between a transducer 82 and a borehole 92. That is, the acquisition logic
110 may acquire the ultrasonic signals 130 directly as data 96, or digitize the signals
130 to provide digital data 96, to record information representing borehole standoff
distance measurements. The sensor 82 may comprise a single rotating transducer to
couple to the acquisition logic 110 to provide the borehole standoff data 96. In
some embodiments, the apparatus 100 may comprise a gamma-gamma density tool
118 to couple to the acquisition logic 110 to provide the borehole standoff data.
[0030] The apparatus 100 may also include processing logic 116 to
segregate the borehole standoff data into a plurality of azimuthal bins, derive a
plurality of diameters from the borehole standoff data in the bins (including
opposing ones of the bins), determine an average borehole diameter from the
plurality of diameters, calculate a standard deviation from the plurality of diameters,
and compute caliper measurements. The length of major elliptical axes MA and
minor elliptical axes M, based on the average borehole diameter AD and the
standard deviation ST, may also be determined. In some embodiments, the
apparatus 100 may include an ellipticity alarm 120 to indicate out-of-range
ellipticity based on the determined major elliptical axis length and the minor
elliptical axis length with respect to preselected thresholds for the borehole 92.
[0031] In some embodiments, the processing logic 116 may be used to
segregate the borehole standoff data into a plurality of azimuthal bins as a function
of any one of magnetic azimuth, true azimuth, and magnetic toolface. Those of
ordinary skill in the art are aware that magnetic roll or magnetic toolface is defined
as the angle of counterclockwise rotation about the X axis (looking in the positive X
axis direction) required to zero the Y axis magnetometer output and position the Z
axis magnetometer so that its output polarity is negative.

: 10032] The apparatus 100 may also include a memory 124 to store the data
112. In some embodiments, the processing logic 116 may operate to compute
adjustment values, and thereafter adjust various measurements, based on the caliper
measurement values. These adjustments can be made to neutron measurements,
natural gamma ray measurements, porosity measurements, and density
measurements. The processing logic 116 may be inciuded in a downhole tool, or
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above-ground (e.g., as part of an above-ground computer workstation, perhaps
located in a logging facility), or both.

[0033] In some embodiments, the apparatus 100 may include one or more
transmitters 128, such as telémetry transmitters, to transmit the data 112 to an
above-ground computer 136. For example, one or more transmitters may be used to
transmit one or more of a caliper measurement, the major elliptical axis length, or
the minor elliptical axis length to the surface (e.g., above ground), where the above-
ground computer 136 is [ocated. The apparatus 100 may also include one or more
displays 132 to display visual representations of caliper measurements, adjusted
neutron measurements, adjusted natural gamma ray measurements, adjusted
porosity measurements, and/or adjusted density measurements.

[0034] FIGs. 2A-2B illustrates apparatus 200 and systems 264 according to
various embodiments of the invention. The apparatus 200, which may be similar to
or identical to the apparatus 100 described above and shown in FIG. 1B, may
comprise portions of a tool body 270 as part of a wireline logging operation, or of a
downhole tool 224 (similar to or identical to the tool 86 of FIG. 1A) as part of a
downhole drilling operation. A system may comprise more than one of the
apparatus 200.

[0035] FIG. 2A shows a well during wireline logging operations. A drilling
platform 286 may be equipped with a derrick 288 that supports a hoist 290. Oil and
gas well drilling operations are commonly carried out using a string of drill pipes
connected together so as to form a drilling string that is lowered through a rotary
table 210 into a wellbore or borehole 212.

{0036] Here it is assumed that the drilling string has been temporarily '
removed from the borehole 212 to allow a tool body 270 (e.g., a wireline logging
tool), such as a probe or sonde, to be lowered by wireline or logging cable 274 into
the borehole 212. Typically, the tool body 270 is lowered to the bottom of the
region of interest and subseguently pulled upward at a substantially constant speed.
During the upward trip, instruments included in the tool body 270 (e.g., apparatus

200) may be used to perform measurements on the subsurface formations 214
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adjacent the borehole 212 as they pass by, or as the tool body 270 remains
stationary.

[0037] Measurement data (e.g., similar or identical to data 112 of FIG. I1B)
may include standoff distance data that can be communicated to a logging facility
292 for storage, processing, and analysis. The logging facility 292 may be provided
with electronic equipment for various types of signal processing. Similar log data
may be gathered and analyzed during drilling operations (e.g., during logging while
'drilling (LWD) operations). For example, the tool body 270 in this case may house
one or more apparatus 200, and the logging facility 292 may include one or more
surface computers 254, similar to or identical to the computer 136 described above
with respect to FIG. IB.

[0038]) Turning now to FIG. 2B, it can be seen how a system 264 may also
form a portion of a drilling rig 202 located at a surface 204 of a well 206. The
drilling rig 202 may provide support for a drill string 208. The drill string 208 may
operate to penetrate a rotary table 210 for drilling a borehole 212 through subsurface
formations 214. The drill string 208 may include a Kelly 216, drill pipe 218, and a
bottomhole assembly 220, perhaps located at the lower portion of the drill pipe 218.
The drill string 208 may include wired and unwired drill pipe, as well as wired and
unwired coiled tubing, including segmented drilling pipe, casing, and coiled tubing.
[0039] The bottomhole assembly 220 may include drill collars 222, a
downhole tool 224, and a drill bit 226. The drill bit 226 may operate 1o creaie a
borehole 212 by penetrating the surface 204 and subsurface formations 214. The
downhole tool 224 may comprise any of a number of different types of tools
including measurement while drilling (MWD) tools, LWD tools, and others.

[6040j During drilling operations, the drill string 208 (perhaps including the
Kelly 216, the drill pipe 218, and the bottomhole assembly 220) may be rotated by
the rotary table 210. In addition to, or alternatively, the bottomhole assembly 220
may also be rotated by a top drive or a motor (e.g., a mud motor) that is located
downhole. The drill collars 222 may be used to add weight to the drill bit 226. The
drill collars 222 also may stiffen the bottomhole assembly 220 to allow the
bottomhole assembly 220 to transfer the added weight to the drill bit 226, and in
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turn, assist the drill bit 226 in penetrating the surface 204 and subsurface formations
214.

[0041] During drilling operations, a mud pump 232 may pump drilling fluid
(sometimes known by those of ordinary skill in the art as “drilling mud”) from a
mud pit 234 through a hose 236 into the drill pipe 218 and down to the drill bit 226.
The drilling fluid can flow out from the drill bit 226 and be returned to the surface
204 through an annular area 240 between the drill pipe 218 and the sides of the
borehole 212. The drilling fluid may then be returned to the mud pit 234, where
such fluid is filtered. In some embodiments, the drilling fluid can be used to cool
the drill bit 226, as well as to provide lubrication for the drill bit 226 during drilling
operations. Additionally, the drilling fluid may be used to remove subsurface
formation 214 cuttings created by operating the drill bit 226.

[0042] Thus, referring now to FIGs. 1A-1B and 2A-2B, it may be seen that
in some embodiments, the system 264 may include a drill collar 222, and/or a
downhole tool 224, including a tool body 270 or a substantially permanently
installed probe (in a downhole well), to which one or more apparatus 200 are
attached. The downhole tool 224 may comprise an LWD tool or MWD tool. The
tool body 270 may comprise a wireline logging tool, including a probe or sonde, for
example, coupled to a cable 274, such as a wireline or logging cable. Thus, a
wireline 274 or a drill string 208 may be mechanically coupled to the downhole tool
224.

[0043] In some embodiments then, a system 264, such as a caliper
measurement system, may include a downhole tool 270 and acquisition logic 110 as
described above and shown in FIG. 1B. The acquisition logic 110, as well as any
other part of the apparatus 100, 200, including the processing logic 116, may be
housed by the downhole tool 270.

[0044] In some embodiments, the system 264 may include a drill bit 226
mechanically coupled to a drill string 208 and the downhole tool 224. The drill
string may include one or more of segmented drilling pipe, casing, and/or coiled
tubing. The system 264 may further include a steering mechanism 298 to steer the

drill bit 226 responsive to determined caliper measurements, adjusted neutron
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measurements, adjusted natural gamma radiation measurements, adjusted porosity
measurements, or adjusted density measurements.

In some embodiments, the system 264 may include a receiver 294 to receive
the determined caliper measurements, and a memory (not shown) to store the
determined caliper measurements in a log (e.g., within the logging facility 292).
The system 264 may also include one or more displays 296 to display visual
representations of determined caliper measurements, ellipticity, adjusted neutron
measurements, adjusted natural gamma radiation measurements, or adjusted density
measurements. The display 296 may be included as part of a surface computer 254
used to receive data from the acquisition logic 110, if desired.

{0045] The acquisition apparatus 80; transducer or sensor 82; tool outer
surface 84; tools 86, 224; azimuthal direction 88; centerline 90; boreholes 92, 212,
propagation medium 94; standoff data 96; contour 98; measurement apparatus 100,
200; acquisition logic 110; data 112; processing logic 116; ellipticity alarm 120;
telemetry transmitters 128; signals 130; displays 132, 296; computers 136, 254;
drilling rig 202; surface 204; well 206; drill string 208; rotary table 210; formations
214; Kelly 216; drill pipe 218; bottomhole assembly 220; drill collars 222; drill bit
226; mud pump 232; mud pit 234; hose 236; annular area 240; systems 264; tool
body or probe 270; cable 274; drilling platform 286; derrick 288; hoist 290; logging
facility 292; receiver 294; steering mechanism 298; azimuthal bins A-H; average
borehole diameter AD; correction factors CF1, CF2, CF3, CF4; major and minor
elliptical axis lengths MA, MI; standoff distance SD; standard deviation ST; and
tool radius TR may all be characterized as “modules” herein. Such modules may
include hardware circuitry, and/or a processor and/or memory circuits, software
program modules and objects, and/or firmware, and combinations thereof, as
desired by the architect of the apparatus 80, 100, 200 and systems 264, and as
appropriate for particular implementations of various embodiments. For example,
in some embodiments, such modules may be included in an apparatus and/or system
operation simulation package, such as a software electrical signal simulation

package, a power usage and distribution simulation package, a power/heat

12



WO 2008/127237 PCT/US2007/009136

dissipation simulation package, and/or a combination of software and hardware used
to simulate the operation of various potential embodiments. |
[0046] It should also be understood that the apparatus and systems of
various embodiments can be used in applications other than for borehole drilling
and logging operations, and thus, various embodiments are not to be so limited. The
illustrations of apparatus 80, 100, 200 and systems 264 are intended to provide a
general understanding of the structure of various embodiments, and they are not
intended to serve as a complete description of all the elements and features of
apparatus and systems that might make use of the structures described herein.

[0047] Applications that may include the novel apparatus and systems of
various embodiments include electronic circuitry used in high-speed computers,
communication and signal processing circuitry, modems, processor modules,
embedded processors, data switches, and application-specific modules, including
multilayer, multi-chip modules. Such apparatus and systems may further be
included as sub-components within a variety of electronic systems, such as process
measurement instruments, personal computers, workstations, medical devices,
vehicles, among others. Some embodiments include a number of methods.

[0048] For example, FIG. 3 illustrates a method flow diagram 311 according
to various embodiments of the invention. In some embodiments of the invention, a
method 311 may begin at block 321 with acquiring the borehole standoff data,
perhaps using a single rotating transducer, or a gamma-gamma density tool. The
transducer may comprise a pulse-echo ultrasonic transducer, or a receiving unit of a
pitch-catch ultrasonic transducer pair.

[0049] The method 311 may then continue with segregating borehole
standoff data into a plurality of azimuthal bins at block 325, and deriving a plurality
of diameters from the borehole standoff data in the plurality of azimuthal bins at
block 329. Segregating borehole standoff data at block 325 may include
segregating borehole standoff data as a function of any one of magnetic azimuth,
true azimuth, and magnetic toolface.

[0050] As noted above, the plurality of diameters may be derived using

borehole standoff data in opposing ones of the plurality of azimuthal bins in some
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cases, and in others, borehole standoff data in other bins (e.g., using a first bin and
another bin to one side or the other of the directly opposing bin) may be used. In
some embodiments, the method 311 may continue with selecting one of the plurality
of diameters, or a combination of diameters (e.g., a simple average of the diameters)
as a caliper measurement at block 333. Selecting the caliper may also comprise
selecting a mid value of the plurality of diameters as the caliper (e.g., if there are an
odd number of calipers, selecting the caliper with the middle value, or if there are an
even number, selecting one of the two caliper values closest to the middie value, or
an average of the two caliper values closest to the middle value).

[0051] The method 311 may inciude, at block 337, transmitting the caliper
measurement to the surface (e.g., above ground). The method 311 may also include
receiving the caliper measurement as a received caliper measurement at block 341,
and using the received caliper measurement in a Jog at block 345.

[0052]

[0053] In some embodiments, a method 311 may continue to block 355 after
acquiring the borehole standoff data at block 321. At block 355, if the data
acquisition interval is determined to be incomplete, then the method 311 may go
back to acquiring additional data at block 321. The acquisition interval may be
selected for one revolution of the transducer or other sensor, or perhaps for more
than a single revolution (e.g., 1.5 revolutions, as described above, or 2 revolutions,
or any other number). Once the acquisition interval is completed, as determined at
block 355, then the method 311 may include segregating the acquired borehole
standoff data into a plurality of azimuthal bins at block 359. Segregating the
borehole standoff data at block 359 may include segregating the borehole standoff
data as a function of any one of magnetic azimuth, true azimuth, and magnetic
toolface.

[0054]) The method 311 may continue with determining a first average
standoff value within each one of the plurality of azimuthal bins at block 363. If the
data has been acquired over more than one rotation, then block 363 may include
determining a second average standoff value within a subset of the.plurality of

azimuthal bins, and determining, within the subset of the plurality of azimuthal bins,
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a combined average vatae of the first average standoff value and the second average
standoff value, as described above with respect to the example of a rotation interval
of 540 degrees. A subset of bins covering more or less than 180 degrees may be
used to determine the combined average, if desired.

[0055] The method 311 may continue at block 367 with deriving a plurality
of diameters from the borehole standoff data in opposing ones of the plurality of
azimuthal bins. As noted above, the plurality of diameters may also be derived by
using borehole standoff data in other than opposing ones of the plurality of
azimuthal bins (e.g., using a first bin and another bin to one side or the other of the
directly opposing bin). Deriving the plurality of diameters may comprise adding the
average standoff value from a first one of the plurality of azimuthal bins to the
average standoff value from a second one of the plurality of azimuthal bins, and
then adding this sum of averaged standoff values to the tool diameter.

{0056] The method 311 may continue at block 371 with determining an
average borehole diameter from the plurality of diameters derived at block 367. The
method 311 may include calculating a standard-deviation from the average borehole
diameter at black 375, and then computing, at block 379, a caliper measurement, a
major elliptical axis length, and/or a minor elliptical axis length based on the
average borehole diameter and the standard deviation. The method 311 may
continue from block 379 to either one of blocks 337 or 383, or both.

[0057} Thus, in some embodiments, the method 311 may include averaging
a plurality of calipers over an acquisition interval that includes more than one
revolution of a single transducer to provide the caliper measurement at block 383.
Similarly, the method 311 may include averaging a plurality of major axis lengths
over an acquisition interval that includes more than one revolution of a single
transducer to provide the major elliptical axis. The method 311 may also include
averaging a plurality of minor axis lengths over an acquisition interval including
more than one revolution of a single transducer fo provide the minor elliptical axis.
[0058] At block 387, the method 311 may include calculating ellipticity
from the major elliptical axis length and the minor elliptical axis length, perhaps to

be used as a direct indication of borehole stress. At block 391, the caliper
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measurement can be used to determine or adjust various quantities. For example,
given the casing outer diameter, the borehole wall inner diameter, and the length of
the borehole, the method 311 may including determining a volume of filler material
(e.g., cement that goes between the casing and the borehole wall) from the caliper
measurement. The method 311 may also include adjusting formation porosity
estimates, density measurements, neutron measurements, and natural gamma ray
measurements based on the caliper measurement.

[0059] It should be noted that the methods described herein do not have to
be executed in the order described. Moreover, various activities described with
respect to the methods identified herein can be executed in iterative, serial, or
parallel fashion. Information, including parameters, commands, operands, and other
data, can be sent and received, and perhaps stored using a variety of media, tangible
and intangible, including one or more carrier waves.

[0060] Upon reading and comprehending the content of this disclosure, one
of ordinary skill in the art will understand the manner in which a sofiware program
can be launched from a computer-readable medium in a computer-based system to
execute the functions defined in the software program. One of ordinary skill in the
art will further understand that various programming languages may be employed to
create one or more software programs designed to implement and perform the
methods disclosed herein. The programs may be structured in an object-orientated
format using an object-oriented language such as Java or C++. Alternatively, the
programs can be structured in a procedure-orientated format using a procedural
language, such as assembly or C. The software components may communicate
using any of a number of mechanisms well known to those skilled in the art, such as
application program interfaces or interprocess communication techniques, including
remote procedure calls. The teachings of various embodiments are not limited to
any particular programming language or environment. Thus, other embodiments
may be realized.

[0061] FIG. 4 is a block diagram of an article of manufacture, or article 485
according to various embodiments, such as a computer, a memory system, a
magnetic or optical disk, some other storage device, and/or any type of electronic

16



WO 2008/127237 PCT/US2007/009136

device or system. The article 485 may include a processor 487 coupled to a
computer-readable medium such as a memory 489 (e.g., fixed and removable
storage media, including tangible memory having electrical, optical, or
electromagnetic conductors; or even intangible memory, such as a carrier wave)
having associated information 491 (e.g., computer program instructions and/or
data), which when executed by a computer, causes the computer (¢.g., the processor
487) to perform a method including such actions as segregating borehole standoff
data into a plurality of azimuthal bins, deriving a plurality of diameters from the
borehole standoff data in opposing ones of the plurality of azimuthal bins, and
selecting one of the plurality of diameters or a combination of diameters as a caliper
measurement. In fact, any of the activities described with respect to the various
methods above may be implemented in this manner.

[0062] To turther demonstrate the benefits of the disclosed apparatus,
systems, and methods, an example implementation will now be discussed. FIG. 5 is
a top view, conceptual diagram of a downhole tool 86, 86°, 86*” positioned in a
borehole 927, 92°°, 93”7, according to various embodiments of the invention. Given
the conceptual realization of FIG. 5, a wide range of conditions in circular and
elliptical boreholes can be considered. The borehole shapes considered were a 10
cm (4 in.) diameter circle, represented by borehole 92°, an ellipse with a major axis
length of 10 cm (4 in.) and a minor axis length of 7.5 cm (3 in.), represented by
borehole 92"°, and an ellipse with a major axis length of 10 cm (4 in.) and a minor
axis length of 5 cm (2 in.), represented by borehole 92°”°. The tool diameter was
taken as 2.5 cm (1 in.). Those of ordinary skill in the art will realize that the results
obtained can be scaled to other geometries. It should be noted that these are extreme
examples, since the circular-borehole diameter is four times as big as the tool
diameter, and the major axis of one ellipse has twice the length of its minor axis.
For simplicity, the value of each azimuthal bin was taken as the standoff at the
center of the bin rather than an average over all azimuths in the bin.

[0063] Seven different cases were studied: three with circular boreholes and
four with elliptical boreholes. The circular boreholes used circle 92° as the borehole

and considered the tool in locations 86’ (Circular Case 2), 86" (Circular Case 1),
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and 86°*" (Circular Case 3). The elliptical boreholes used ellipse 92°° with tool
positions 86’ (Elliptical Case 2), 86" (Elliptical Case 1), and 86°"’ (Elliptical Case
3), as well as ellipse 92°*” with tool position 86’ (Elliptical Case 4). The radii and
apparent diameters measured at different angles were arithmetically determined for
each case. The average and standard deviation of the apparent diamelers were then
determined for each case. The difference between the major axis and the average of
apparent diameters represents the major-axis correction, and the difference between
the minor axis and the average of apparent diameters represents the minor-axis
correction.

{0064] FIGs. 6A-6B illustrate graphs of corrections versus standard
deviation for the major and minor axis, according to various embodiments of the
invention. The seven points represent the seven different cases (three circular and
four elliptical). T here is clearly a correlation between the required correction and the
standard deviation. The graphs and equations illustrate correction as a function of
the standard deviation with a solid line.

[0065] Since the correction in each case is defined as the difference between
the true axis length and the average diameter, the axis lengths are obtained by
adding the corrections to the average diameter. This leads to the following

equations.

Major Axis Length (MA) = Average Diameter (AD) + 1.54*StdDev (STD)
Minor Axis Length (MY) = Average Diameter (AD) + 1.14*StdDev (STD) —
5.81*StdDev*(STD?) + 4.12%StdDev* (STD")

Thus, the values 1.54, 1.14, -5.81, and 4.12 correspond to the correction factors
CF1, CF2, CF3, and CF4 described pre;viousl'y. In practice, the specific numeric
values for correction factors in the above equations will be slightly different due to
the averaging over each azimuthal bin and averaging effects characteristic of the
tool. Applying these equations to the cases described above led to the results listed
in the tables I and II below. For simplicity, all dimensions in the tables and figures
are shown in inches. |
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Circular Borehole — TABLE |

Actual Dimension Computed Dimension Computation Error
Case
No. Major Axis Minor Axis Major Axis  Minor Axis  Caliper  Ellipticity Caliper Ellipticity
1 4 4 4.06 3.76 3.91 1.08 2% 8%
2 4 4 4.00 4.00 400 1.00 0% 0%
3 4 4 4.01 3.95 3.98 1.02 0% 2%
Elliptical Borehole ~ TABLE I}
Actual Dimension Computed Dimension Computation Error
Case
No.  Major Axis Minor Axis Major Axis  Minor Axis Caliper Ellipticity Caliper  Ellipticity
1 4 3 4,07 2.75 3.41 1.48 ~-3% 11%
2 4 3 4,05 3.23 3.64 1.25 4% ~6%
3 4 3 3.88 3.17 3.53 1.23 1% -8%
4 4 2 3.97 2.04 3.01 1.94 0% -3%
{0066} The worst result for the circular borehole is with the tool positioned

one tool radius off center (Case No. 1), which is very extreme. More typically, the
borehole diameter would be less than 1.25 times the tool diameter, so the offset
would not be less than one fourth of the tool radius. Thus, in circular boreholes the
caliper error should generally be 0.5% or less and the ellipticity error less than 2%.
Using a 15 cm (6-in.) diameter tool in a 19 cm (7.5-in.) diameter hole, for example,
this translates to a maximum caliper error of about 0.1 cm (0.038 in.) and a
maximum ellipﬁci ty error of about 2% — more than adequate precision in most
situations.

[0067] The worst caliper error for elliptical boreholes occurs for case 2.
Thus, the average caliper measurement in an elliptical borehole with a minor axis
length of 15 em (6 in.) and a major axis length of 20 cm (8 in.) will have an error of
about 0.7 cm (0.27 in.), which is still quite useful for correcting nuclear
measurements.

[6068] Thus, it should be noted that various embodiments of the invention
described herein each provide a useful, concrete, and tangible result. The
embodiments disclosed are useful because, for example, caliper measurements may

provide a direct indication of the state of formation stress in a borehole, or the

19



WO 2008/127237 PCT/US2007/009136

outcome of a particular drilling technigue. This indication is specific, substantial,
and credible. Caliper measurements are tangible, because they convey the real-
world, as opposed to abstract, contour of the borehole at the point where standoff
distance measurements are made. Caliper measurements are also concrete, since the
measurements are substantially repeatable.

[0069] Implementing the apparatus, systems, and methods of various
embodiments may provide the ability to determine borehole caliper measurements at
reduced cost, since only a single transducer is needed. Measurement accuracy may
also improve, even over a conventional two-transducer system, when used in
elliptical boreholes. Accurate measurements can also be obtained more rapidly,
since less data processing is required than in some other systems known to thosé of
ordinary skill in the art, especially when tool motion in the borehole occurs. Thus,
indications of formation stress and compaction, as well as adjustments to various
measurements, may be arrived at with greater confidence in a variety of situations.
[0070] The accompanying drawings that form a part hereof, show by way of
illustration, and not of limitation, specific embodiments in which the subject matter
may be practiced. The embodiments illustrated are described in sufficient detail to
enable those skilled in the art to practice the teachings disclosed herein. Other
embodiments may be utilized and derived therefrom, such that structural and logical
substitutions and changes may be made without departing from the scope of this
disclosure. This Detailed Description, therefore, is not to be taken in a limiting
sense, and the scope of various embodiments is defined only by the appended
claims, along with the full range of equivalents to which such claims ate entitled.
[0071] Such embodiments of the inventive subject matter may be referred to
herein, individually and/or collectively, by the term “im./ention” merely for
convenience and without intending to voluntarily limit the scope of this application
to any single invention or inventive concept if more than one is in fact disclosed.
Thus, although specific embodiments have been illustrated and described herein, it
should be appreciated that any arrangement calculated to achieve the same purpose
may be substituted for the specific embodiments shown. This disclosure is intended

to cover any and all adaptations or variations of various embodiments.
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Combinations of the above embodiments, and other embodiments not specifically
described herein, will be apparent to those of skill in the art upon reviewing the
above description.

[0072] The Abstract of the Disclosure is provided to comply with 37 C.F.R.
§1.72(b), requiring an abstract that will allow the reader to quickly ascertain the
nature of the technical disclosure. It is submitted with the understanding that it will
not be used to interpret or limit the scope or meaning of the claims. In addition, in
the foregoing Detailed Description, it can be seen that various features are grouped
together in a single embodiment for the purpose of streamlining the disclosure. This
method of disclosure is not to be interpreted as reflecting an intention that the
claimed embodiments require more features than are expressly recited in each claim.
Rather, as the following claims reflect, inventive subject matter lies in less than all
features of a single disclosed embodiment. Thus the following claims are hereby
incorporated into the Detailed Description, with each claim standing on its own as a

separate embodiment.
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Claims
What is claimed is:

1. A method, comprising:
segregating borehole standoff data into a plurality of azimuthal bins;
deriving a plurality of diameters from the borehole standoff data in the
plurality of azimuthal bins; and
selecting one of the plurality of diameters or a combination of diameters as a

caliper measurement.

2. The method of claim 1, comprising:

acquiring the borehole standoff data using a single rotating transducer.

3. The method of claim 1, comprising:

acquiring the borehole standoff data using a gamma-gamma density tool.

4. The method of claim 1, wherein the selecting comprises:

selecting a mid value of the plurality of diameters as the caliper.

5. ‘The method of claim 1, wherein the plurality of diameters are derived from

the borehole standoff data in opposing ones of the plurality of azimuthal bins.

6. The method of claim 1, wherein segregating borehole standoff data into a
plurality of azimuthal bins comprises:
segregating borehole standoff data as a function of any one of magnetic

azimuth, true azimuth, and magnetic toolface.

7. The method of claim 1, comprising:

transmitting the caliper measurement above ground.
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8. The method of claim 7, comprising:
receiving the caliper measurement as a received caliper measurement; and

using the received caliper measurement in a log.

9. A method, comprising;
segregating borehole standoff data into a plurality of azimuthal bins;
deriving a plurality of diameters from the borehole standoff data in the
plurality of azimuthal bins;
determining an average borehole diameter from the plurality of diameters;
calculating a standard deviation from the average borehole diameter; and
computing at least one of a caliper measurement, a major elliptical axis
length, or a minor elliptical axis length based on the average borehole diameter and

the standard deviation.

10. The method of claim 9, comprising:
acquiring the borehole standoff data during at least one revolution of a single

rotating transducer.

11. The method of claim 9, wherein deriving the plurality of diameters
comprises:
deriving the plurality of diameters from the borehole standoff data in

opposing ones of the plurality of azimuthal bins.
12, The method of claim 9, comprising:
determining a first average standoff value within each one of the plurality of ~

azimuthal bins.

13.  The method of claim 9, wherein deriving the plurality of diameters

comprises:
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adding the first average standoff value from a first one of the plurality of
azimuthal bins to the first average standoff value from a second one of the plurality

of azimuthal bins, and a tool diameter.

14. The method of claim 12, comprising:

determining a second average standoff value within a subset of the plurality
of azimuthal bins; and

determining, within the subset of the plurality of azimuthal bins, a2 combined
average value of the first average standoff value and the second average standoff

value.

15. The method of claim 9, comprising:
averaging a plurality of calipers over an acquisition interval including more

than one revolution of a single transducer to provide the caliper measurement.

16. The method of claim 9, comprising:
averaging a plurality of major axis lengths over an acquisition interval
including more than one revolution of a single transducer to provide the major

elliptical axis length.

17. The method of claim 9, comprising:
averaging a plurality of minor axis lengths over an acquisition interval
including more than one revolution of a single transducer to provide the minor

elliptical axis length.

I18.  The method of claim 9, comprising;
calculating ellipticity from the major elliptical axis length and the minor

elliptical axis length as an indication of borehole stress,

19. The method of claim 9, comprising:

determining a filler material volume from the caliper measurement.
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20.  The method of claim 9, comprising:

adjusting a formation porosity estimate based on the caliper measurement.

21.  The method of claim 9, comprising:

adjusting a density measurement based on the caliper measurement.

22.  The method of claim 9, comprising:
adjusting a natural gamma ray measurement based on the caliper

measurement.

23. The method of claim 9, wherein segregating borehole standoff data into a
plurality of azimuthal bins comprises:
segregating borehole standoff data as a function of any one of magnetic

azimuth, true azimuth, and magnetic toolface.

24. The method of claim 9, comprising:

transmitting the caliper measurement above ground.

25. The method of claim 24, comprising:
receiving the caliper measurement as a received caliper measurement; and

using the received caliper measurement in a log,

26. An apparatus, comprising;
acquisition logic circuitry to acquire borehole standoff data; and
processing logic circuitry to segregate the borehole standoff data into a
plurality of azimuthal bins, derive a plurality of diameters from the borehole
standoff data in the plurality of azimuthal bins, determine an average borehole
diameter from the plurality of diameters, calculate a standard deviation from the

plurality of diameters, and compute at least one of a caliper measurement, a major
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elliptical axis length, or a minor elliptical axis length based on the average borehole

diameter and the standard deviation.

27. The apparatus of claim 26, comprising:
an ellipticity alarm to indicate out-of-range ellipticity based on the major

elliptical axis length and the minor elliptical axis length.

28. The apparatus of claim 26, wherein the processing logic circuitry is to adjust a

neutron measurement based on the caliper measurement.

29. The apparatus of claim 26, wherein the processing logic circuitry is to adjust a

density measurement based on the caliper measurement.

30. The apparatus of claim 26, wherein the processing logic circuitry is to adjust a

natural gamma ray measurement based on the caliper measurement.

31. The apparatus of claim 26, comprising:
a rotating transducer to couple to the acquisition logic circuitry and to

provide the borehole standoff data.

32. The apparatus of claim 26, comprising:
a gamma-gamma density tool-to couple to the acquisition logic circuitry and

to provide the borehole standoff data.

33. The apparatus of claim 26, comprising:

a display to display the caliper measurement,
34. The apparatus of claim 26, wherein the processing logic circuitry is to derive

the plurality of diameters from the borehole standoff data in opposing ones of the

plurality of azimuthal bins.
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35. The apparatus of claim 26, wherein the processing logic circuitry is to
segregate the borehole standoff data into a plurality of azimuthal bins as a function

of any one of magnetic azimuth, true azimuth, and magnetic toolface.

36. The apparatus of claim 26, comprising:
a transmitter to transmit the at least one of the caliper measurement, the

major clliptical axis length, or the minor elliptical axis length above ground.

37. A system, comprising:

a downhole tool;

acquisition logic circuitry included in the downhole tool to acquire borehole
standofT data; and

processing logic circuitry to segregate the borehole standoff data into a
plurality of azimuthal bins, derive a plurality of diameters from the borehole
standoff data in the plurality of azimuthal bins, determine an average borehole
diameter from the plurality of diameters, calculate a standard deviation from the
average borehole diameter, and compute at least one of a caliper measurement, a
major elliptical axis length, or a minor elliptical axis length based on the average

borehole diameter and the standard deviation.

38. The system of claim 37, wherein the processing logic is included in the

downhole tool.

39. The system of claim 37, comprising:
a drill bit mechanically coupled to a drill string and the downhole tool; and
a steering mechanism to steer the drill bit within a formation responsive to

the caliper measurement.

40. The system of claim 37, wherein the drill string includes at least one of

segmented drilling pipe and coiled tubing.
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41. The system of claim 37, comprising:
areceiver to receive the caliper measurement; and

a memory to store the caliper measurement in a log,.

42. A computer-readable medium having instructions stored thereon which, when
executed by a computer, cause the computer to perform a method comprising:
segregating borehole standoff data into a plurality of azimuthal bins;
deriving a plurality of diameters from the borehole standoff data in the
plurality of azimuthal bins; and
selecting one of the plurality of diameters or a combination of diameters as a

caliper measurement.
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“&” document member of the same patent family
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