006/065923 A2 | 000 0 0000 R A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
22 June 2006 (22.06.2006)

(10) International Publication Number

WO 2006/065923 A2

(51) International Patent Classification:
E21B 47/02 (2006.01)

(21) International Application Number:
PCT/US2005/045276

(22) International Filing Date:
14 December 2005 (14.12.2005)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

60/635,477 14 December 2004 (14.12.2004) US
(71) Applicant (for all designated States except US):
RAYTHEON UTD [US/US]; 8350 Alban Rd., Suite

700, Springfield, Virginia 22150 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): DOLGIN, Ben-
jamin [US/US]; 7201 Burtonwood Drive, Alexandria,
Virginia 22307 (US). SULIGA, William [US/US]; 8216
Honeysuckle Road, Manassas, Virginia 20112 (US).
GOLDSTEIN, Brett [US/US]; 4721 Saul Road, Kens-
ington, Maryland 20895 (US). VICKERMAN, David
[US/US]; 5244 Ferry Branch Lane, Lothian, Maryland
20711 (US). HILL, John, L. [US/US]; 12280 Tilney
Court, Woodbridge, Virginia 22192 (US). SHENHAR,
Joram [US/US]; 3409 White Oak Court, Fairfax, Virginia
22030 (US). GRINDSTAFF, Keith [US/US]; 84 Arcadia
Street, Stafford, Virginia 22554 (US). COTTEN, Steven,

A. [US/US]; 15743 Vista Drive, Dumfries, Virginia 22026
(US).

(74) Agent: THRONSON, Mark, J.; DICKSTEIN SHAPIRO
MORIN & OSHINSKY LLP, 2101 L Street NW, Washing-

ton, DC 20037-1526 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KN, KP, KR, KZ, L.C, LK, LR, LS, LT, LU, LV,
LY, MA, MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI,
NO, NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG,
SK, SL, SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US,
UZ,VC, VN, YU, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: CENTRALIZER-BASED SURVEY AND NAVIGATION DEVICE AND METHOD

2o

12

He

/4
26

s
EA 8 I

o (57) Abstract: A Centralizer based Survey and Navigation (CSN) device designed to provide borehole or passageway position
information. The CSN device can include one or more displacement sensors, centralizers, an odometry sensor, a borehole initializa-
tion system, and navigation algorithm implementing processor(s). Also, methods of using the CSN device for in-hole survey and

WO

navigation.



WO 2006/065923 PCT/US2005/045276

CENTRALIZER-BASED SURVEY AND NAVIGATION DEVICE AND METHOD

[0001]  This application claims priority to U.S. Provisional Application Ser. No.
60/635,477, filed December 14, 2004, the entirety of which is incorporated by reference

herein.

FIELD OF THE INVENTION

[0002]  The present invention relates, but is not limited, to a method and apparatus
for accurately determining in three dimensions information on the location of an object

in a passageway and/or the path taken by a passageway, e.g., a borehole or tube.

BACKGROUND OF THE INVENTION

[0003]  The drilling industry has recognized the desirability of having a position
determining system that can be used to guide a drilling head to a predestined target
location. There is a continuing need for a position determining system that can provide
accurate position information on the path of a borehole and/or the location of a drilling
head at any given time as the drill pipe advances. Ideally, the position détermining
system would be sAmall enough to fit into a drill pipe so as to present minimal
restriction to the flow of drilling or returning fluids and accuracy should be as high as

possible.
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[0004]  Several systems have been devised to provide such position information.
Traditional guidance and hole survey tools such as inclinometers, accelerometers,
gyroscopes and magnetometers have been used. One problem facing all of these
systems is that they tend to be too large to allow for a "measurement while drilling" for
small diameter holes. In a"'measurement while drilling" system, it is desirable to
incorporate a position locator device in the drill pipe, typically near the drilling head,
so that measurements may be made without extracting the tool from the hole. The
inclusion of such instrumentation within a drill pipe considerably restricts the flow of
fluids. With such systems, the drill pipe diametér and the diameter of the hole must
often be greater than 4 inches to accommodate the position measuring instrumentation,
while still allowing sufficient interior space to provide minimum restriction to fluid
flow. Systems based on inclinometers, accelerometers, gyroscopes, and/or
magnetometers are also incapable of providing a high degree of accuracy because they
are all influenced by signal drift, vibrations, or magnetic or graviutational anomalies.
Errors on the order of 1% or greater are often noted.

[0005]  Some shallow depth position location systems are based on tracking sounds
or electromagnetic radiation emitted by a sonde néar the drilling head. In addition to
being depth limited, such systems are also deficient in that they require a worker to
carry a receiver and walk the surface over the drilling head to detect the emissions and
track the drilling head location. Such systems cannot be used where there is no worker
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access to the surface over the drilling head or the ground is not sufficiently transparent
to the emissions.

[0006] A system and method disclosed in U.S. Patent No. 5,193,628 (“the ‘628
patent”) to Hill, IIL, et al., which is heréby incorporated by reference, was designed to
provide a highly accurate position determining system small enough to fit within drill
pipes of diameters substantially smaller than 4 inches and configured to allow for
smooth passage of fluids. This system and method is termed “POLO,” referring to
POsition LOcation technology. The system disclosed in the ‘628 patent successively
and periodically determines the radius of curvature and azimuth of the curve of a
portion of a drill pipe from axial strain measurements made on the outer surface of the
drill pipe as it passes through a borehole or other passageway. Using successively
acquired radius of curvature and azimuth information, the ‘628 patent system
constructs on a segment-by-segment basis, circular arc data representing the path of the
borehole and which also represents, at each measurement point, the location of the
measuring strain gauge sensors. If the sensors are positioned near the drilling head, the
location of the drilling head can be obtained.

[0007]  The ‘628 patent system and method has application for directional drilling
and can be used with various types of drilling apparatus, for example, rotary drilling,
water jet drilling, down hole motor drilling, and pneumatic drilling. The system is
useful in directional drilling such as well drilling, reservoir stimulation, gas or fluid
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storage, routing of original piping and wiring, infrastructure renewal, replacement of
existing pipe and wiring, instrumentation placement, core drilling, cone penetrometer
insertion, storage tank ﬁonitoring, pipe jacking, tunnel boring and in other related
fields.

[0008]  The ‘628 patent also provides a method for compensating for rotation of the
measuring tube during a drilling operation by determining, at each measurement
position, information concerning the net amount of rotation relative to a global
reference, if any, of the measuring tube as it passes through the passageway and using
the rotation information with the strain measurement to determine the azimuth
associated with a measured local radius of curvature relative to the global reference.
[0009]  While the ‘628 patent provides great advantages, there are some aspects of

the system and method that could be improved.

SUMMARY

[0010] The Centralizer-based Survey and Navigation (CSN) device is designed to -
provide borehole or passageway position information. The device is suitable for both
closed traverse surveying (referred to as survey) and open traverse surveying or
navigation while drilling (referred to as navigatién). The CSN device can consist of a
sensor string comprised of one or more segments having centralizers, which position

the segment(s) within the passageway, and at least one metrology sensor, which
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measures the relative positions and orientation of the centralizers, even with respect to
gravity. The CSN device can also have at least one odometry sensor, an initialization
system, and a navigation algorithm implementing processor(s). The number of
centralizers in the sensor string should be at least three. Additional sensors, such as
inclinometers, accelerometers, and others can be included in the CSN device and
system.

[0011] There are many possible implementations of the CSN, including an
exemplary embodiment relating to an in-the-hole CSN assembly of a sensor string,
where each segment can have its own detector to measure _relative positions of
centralizers, its own detector that measures relative orientation of the sensor string with
respect to gravity, and/or where the partial data reduction is performed by a processor
placed inside the segment and high value data is communicated to the navigation
algorithm processor through a bus.

[0012]  Another exemplary embodiment relates to a CSN device utilizing a sensor
string segment which can utilize capacitance proximity detectors and/or fiber optic
proximity detectors and/or strain gauges based proximity detectors that measure
relative positions of centralizers with respect to a reference straight metrology body or
beam.

[0013] Anofher exemplary embodiment relates to a CSN device utilizing an angular
metrology sensor, which has rigid beams as sensor string segments that are attached to
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one or more centralizers. These beams are connected to each other using a flexure-
based joint with strain gauge instrumented flexures and/or a universal joint with an
angle detector such as angular encoder. The relative positions of the centralizers are
determined based on the readings of the said encoders and/or strain gauges.

[0014]  Another exemplary embodiment relates to a CSN device utilizing a strain
gauge instrumented bending beam as a sensor string segment, which can use the
readings of these strain gauges to measure relative positions of the centralizers.

[0015]  Another exemplary embodiment relates to a CSN device utilizing a bending
beam sensor, which can utilize multiple sets of strain gauges to compensate for possible
shear forces induced in the said bending beam.

[0016]  Another exemplary embodiment relates to a compensator for zero drift of
detectors measuring orientation of the sensor string and detectors measuring relative
displacement of the centralizers by inducing rotation in the sensor string or taking
advantage of rotation of a drill string. If the detector measuring orientation of the
sensor string is an accelerometer, such a device can calculate the zero drift of the
accelerometer detector by enforcing that the average of the detector-measured value of
local Earth'’s gravity to be equal to the known value of g at a given time, and/or where
the zero drift of detectors measuring relative displacement of the centralizers is
compensated for by enforcing that the readings of the strain gauges follow the same
angular dependence on the rotation of the string as the angular dependence measured
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by inclinometers, accelerometers, and or gyroscopes placed on the drill string or sensor
string that measure orientation of the sensor string with respect to the Earth's gravity.
[0017]1  Another exemplary embodiment relates to a device using buoyancy to
compensate for the gravity induced sag of the metrology beam of the proximity-
detector-based or angular-metrology-based displacement sensor string.

[0018]  Another exemplary embodiment relates to centralizers that maintain constant
separation between their points of contact with the borehole.

[0019] These exemplary embodiments and other features of the invention can be
better understood based on the following detailed description with reference to the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020]  FIG. 1 shows a system incorporating a CSN device in accordance with the
invention.

[0021]  FIG. 2a through FIG. 2e show various embodiments of a CSN device in
accordance with the invention.

.[0022] FIG. 3 shows a system incorporating a CSN device as shown in FIG. 23, in
accordance with the invention.

[0023]  FIG. 4 illustrates a CSN device utilizing a displacement or strain metrology as

shown in FIGs. 2b, 2¢, and 2e, in accordance with the invention.
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[0024]  FIGs. 5a through 5d show a global and local coordinate system utilized by a
CSN device, in accordance with the invention. FIG. 5b shows an expanded view of the
encircled local coordinate system shown in FIG. 5a.

[0025]  FIG. 6 is a block diagram showing how navigation and/or surveying can be
performed by a CSN system/device in accordance with the invention.

[0026]  FIGs. 7a and 7b show a displacement metrology CSN device, in accordance
with the invention; FIG. 7b shows the device of FIG. 7a through cross section A-A.
[0027]  FIG. 8 shows a CSN device utilizing strain gauge metrology sensors in
accordance with the invention.

[0028]  FIG. 9 shows forces acting on a CSN device as shown in FIG. 8, in accordance
with the invention.

[0029] FIG. 10 is a block diagram of strain gauge data reduction for a CSN device as
shown in FIG. 8, in aécordance with the invention.

[0030]  FIG. 11 shows strains exhibited in a rotating bending beam of a CSN device
in accordance with the invention.

[0031]  FIG. 12is a block diagram illustrating how data reduction can be performed
in a rotating strain gauge CSN device, such as illustrated in FIG. 11, in accordance with
the invention. |

[0032]  FIG. 13 shows vectors defining sensitivity of an accelerometer used with a
CSN device in accordance with the invention.
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[0033]  FIG. 14is a block diagram showing how data reduction can be performed in
an accelerometer used with a CSN device in accordance with the invention.

[0034] FIGs. 15 to 17 show a universal joint strain gauge CSN device in accordance
with the invention.

[0035]  FIG. 18 is a block diagram of a CSN assembly in accordance with the
invention.

[0036] - FIGs. 19, 20a, and 20b show embodiments of centralizers in accordance with
the invention.

[0037]  FIGs. 21a and 21b show gravity compensating CSN devices.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0038] The invention relates to a Centralizer—based Survey and Navigation
(hereinafter “CSN”) device, systém, and methods, designed to provide passageway and
down-hole position information. The CSN device can be scaled for use in passageways
and holes of almost any size and is suitable for survey of or navigation in drilled holes,
piping, plumbing, municipal systems, and virtually any other hole environment.
Herein, the terms passageway and borehole are used interchangeably.

[0039]  FIG. 1 shows the basic elements of a directional drilling system incorporating
a CSN device 10, a sensor string 12 including segments 13 and centralizers 14 (14a, 14b,

and 14c), a drill string 18, an initializer 20, an odometer 22, a computer 24, and a drill
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head 26. A metrology sensor 28 is included and can be associated with the middle
centralizer 14b, or located on the drill string 18. The odometer 22 and computer 24
hosting a navigation algorithm are, typically, installed on a drill rig 30 and in
communication with the CSN device 10. A CSN device 10 may be pre-assembled
before insertion into the borehole 16 or may be assembled as the CSN device 10
advances into the borehole 16.

[0040] As shown in FIG. 1, the CSN device 10 can be placed onto a drill string 18
and advanced into the borehole 16. The centralizers 14 of the CSN device 10, which are
shown and discussed in greater detail below in relation to FIGs. 19-20b, are mechanical
or electromechanical devices that position themselves in a repeatable fashion in the
center of the borehole 16 cross-section, regardless of hole wall irregularities. A CSN
device 10, as shown in FIG. 1, uses at least three centrélizers 14: a trailing centralizer
14a, a middle centralizer 14b, and a leading centralizer 14c, so named based on
direction of travel within the borehole 16. The centralizers 14 are connected by along a
sensor string 12 in one or more segments 13, which connect any two centralizers 14, to
maintain a known, constant spacing in the borehole 16 and between the connected
centralizers 14. Direction changes of the CSN device 10 evidenced by changes in
orjentation of the centralizers i4 with respect to each other or with respect to the sensor

string 12 segments 13 can be used to determine the geometry of borehole 16,
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[0041]  The initializer 20, shown in FIG. 1, provides information on the borehole 16
and CSN device 10 insertion orientation with respect to the borehole 16 so that future
calcﬁlations on location can be based on the initial insertion location. The initializer 201
has a length that is longer than the distance between a pair of adjacent centralizers 14
on tﬁe sensor string segment 13, providing a known path of travel into the borehole 16
for the CSN device 10 so that it may be initiélly oriented. Under some circumstances,
information about location of as few as two points along the borehole 16 entranceway
may be used in lieu of the initializer 20. Navigation in accordance with an exemplary
embodiment of the invention provides the position location of the CSN device 10 with
respect to its starting position and orientation based on data obtained by using the
initializer 20.

[0042]  Asshown in FIGs. 2a-2e, there are various types of centralizer-based
metrologies compatible with the CSN device 10; however, all can determine the
position of the CSN device 10 based on readings at the CSN device 10. The types of
CSN device 10 metrologies include, but are not limited to: (1) straight beam/angle
metrology, shown in FIG. 2a; (2) straight beam/displacement metrology, shown in FIG.
2b; (3) bending beam metrology, shown in FIG. 2¢; (4) optical beam displécement
metrology, shown in FIG. 2d; and (5) combination systems of (1)-(4), shown in FIG. 2e.
These various metrology types all measure curvatures of a borehole 16 in the vertical
plane and in an orthogonal plane. The vertical plane is defined by the vector
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perpendicular to the axis of the borehole 16 at a given borehole 16 location and the local
vertical. The orthogonal plane is orthogonal to the vertical plane and is parallel to the
borehole 16 axis. The CSN device 10 uses this borehole 16 curvature information along
with distance traveled along the borehole 16 to determine its location in three
dimensions. Distance traveled within the borehole 16 from the entry point to a current
CSN device 10 location can be measured with an odometer 22 connected either to the
drill string 18 used to advance the CSN device 10 or connected with the CSN device 10
itself. The CSN device 10 can be in communication with a computer 24, which can be
used to calculate location based on the CSN device 10 measurements and the odometer
22. Alternatively, the CSN device 10 itself can include all instrumentation and
processing capability to determine its location and the connected computer 24 can be
used to display this information.

[0043] Definitions of starting position location and starﬁng orientation (inclination
and azimuth), from a defined local coordinate system (FIGs. 5b) provided by the
iniﬁalizer 20, allows an operator of the CSN device 10 to relate drill navigation to
known surface and subsurface features in a Global coordinate system. A navigation
algorithm, such as that shown in FIG. 6, can combine the readings of the sensor string
segment(s) 12, the odometry sensor(s) 22, and the initializer 20 to’calculate the borehole

16 position of the CSN device 10.
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[0044] A CSN device 10 provides the relative positions of the centralizers 14. More
precisely, an ideal three-centralizer CSN device 10 provides vector coordinates of the
leading centralizer 14c in a local coordinate system, as shown by FIG. 5b, where the “x”
axis is defined by the line connecting the centralizers 14a and 14c and the “z” axis lies in
a plane defined by the “x” axis and the global vertical “Z.” Alternately, the position of
the middle centralizer would be provided in a coordinate system where the “x” axis is
defined by the line connecting the centralizers 14a and 14b and the “y” axis and “z”
axis are defined same as above. Coordinate systems where the x axis connects either
leading and trailing centralizers, or leading and middle centralizer, or middle and
trailing centralizers, while different in minor details, all lead to mathematically
equivélent navigation algorithms and will be used interchangeably.

[0045]  FIG. 3 illustrates a CSN device 10 in accordance with the metrology technique
shown in FIG. 2a, where angle of direction change between the leading centralizer 14c
and trailing centralizer 14a is measured at the middle centralizer 14b. As shown, the
CSN device 10 follows the drill head 26 through the borehole 16 as it changes direction.
The magnitude of displacement of the centralizers 14 with respect to each other is
reflected by an angle 6 between the beam forming segment 13 connecting the
centralizers 14c and 14b and the beam forming segment 13 connecting the centralizers

14b and 14a, which is measured by angle-sensing detector(s) 29 (a metrology sensor 28)
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at or near the middlé centralizer 14b. Rotation ¢ of the sensor string 12 can also be
measured.

[0046]  FIG. 4 shows a CSN device 10 configured for an alternative
navigatién/survey technique reflecting the metrology techniques shown in FIGs. 2b, 2¢,
and 2e, i.e., both displacement and bending/strain metrology. Di3plaéement metrology
(discussed in greater detail below in relation to FIGs. 7a and 7b) measures relative
positions of the centralizers 14 using a straight displacement metrology beam 31 (as a
sensor string 12 segment 13) that is mounted on the leading and trailing centralizers,
14c and 14a. Proximity detectors 38 (a metrology sensor 28) measure the position of the
middle centralizer 14b with respect to the straight metrology beam 31.

[6047] Still referring to FIG. 4, strain detector metrology (discussed further below in
relation to FIGs. 8-12) can also be used in the CSN device 10, which is configured to
measure the strain induced inAa solid metrology beam 32 (another form of sensor string
segment 12) that connects between each of the éeﬁtralizers 14. Any deviation of the
centralizer 14 positions from a straight line will introduce strains in the beam 32. The
strain detectors or gauges 40 (a type of metrology sensor 28) measure these strains (the
terms strain detectors and strain gauges are used interchangeably herein). The strain
gages 40 are designed to convert mechanical motion into an electronic signal. The CSN
device 10 can have as few as two strain gauge instrumented intervals in the ‘beam 32.
Rotation ¢ of the sensor string 12 can also be measured.
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[0048] In another implementation, both strain detectors 40 and proximity detectors
38 may be used simultaneously to improve navigation accuracy. In another
implementation, indicated in FIG 2d, the displacement metrology is based on a
deviation of the beam of light such as a laser beam. In a three centralizer 14
arrangement, a coherent, linear light source (e.g:, laser) can be mounted on the leading
centralizer 14c to illuminate the trailing centralizer 14a. A reflecting surface mounted
on trailing centralizer 14a reflects the coherent light back to a position sensitive optical
detector (PSD, a metrology sensor 28) mounted on middle centralizer 14b, whicﬁ
converts the reflected location of the coherent light into an electronic signal. The point
at which the beam intersects the PSD metrology sensor 28 is related to the relative
displacement of the three centralizers 14. In a two centralizer 14 optical metrology
sensor arrangement, light from a laser mounted on a middle centralizer 14b is reflected
from a mirror mounted on an adjacent centralizer 14 and redirected back to a PSD
metrology sensor 28 mounted on the middle centralizer 14b. The point at which the
beam intersects the PSD metrology sensor 28 is related to the relative angle of the
orientation of the centralizers 14.

[0049] As mentioned above, a CSN navigation algorithm (FIG. 6) uses a local
coordinate system (x, y, z) to determine the location of a CSN device 10 in three
dimensions relative to a Global coordinate system (X, Y, Z). FIG. 5a indicates the
géneral relationship between the two coordinate systems where the local coordinates
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are based at a location of CSN device 10 along borehole 16 beneath the ground surface.

- A CSN navigation algorithm can be based on the following operation of the CSN device
10: (1) the CSN device 10 is positioned in such a way that the trailing centralizer 14a
and the middle centralizer 14b are located in a surveyed portion (the known part) of the
borehole 16 and the leading centralizer 14c is within an unknown part of the borehole
16; (2) using displacement metrology, a CSN device 10 comprises a set of detectors, e.g.,
metrology sensor 28, that calculates the relative displacement of the centralizers 14 with
respect to each other in the local coordinate system; (3) a local coordinate system is
defined based on the vector connecting centralizers 14 a and 14c (axis “x” in FIG. 5b)
and the direction of the force of gravity (vertical or “Z” in FIG. 5b) as measured by, e.g.,
vertical angle detectors, as a metrology sensor 28; and (4) prior determination of the
positions of the middle and trailing centralizers 14b and 14a. With this information in
hand, the position of the leading centralizer 14c can be determined.

[0050]  An algorithm as shown in FIG. 6 applied by, e.g., a processor, and
functioning in accordance with the geometry of FIG. 5c can perform as follows: (1) the

CSN device 10 is positioned as indicated in the preceding paragraph; (2) the relative

Y 9% . . .
%7.8" and positions (y, z) of any two adjacent sensor string

angular orientations
segments 13 of a CSN device 10 in the local coordinate system are determined using

internal CSN device 10 segment 13 detectors; (3) three centralizers 14 are designated to

be the leading 14c, trailing 14a, and middle 14b centralizers of the equivalent or ideal
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three-centralizer CSN device 10; (4) relative positions of the leading, middle, and
trailing centralizers 14 forming an ideal CSN device 10 are determined in the local
coordinate system of the sensor string 12.

[0051]  FIG.7a shows a CSN device 10 according to an alternative exemplary
embodiment of the invention that utilizes straight beam displacement (such as shown
in FIGs. 2b and 4) and capacitance measurements as metrology sensors 28 to calculate
the respective locations of the centralizers 14a, 14b, and 14c. As shown in FIG. 7a, a stiff
straight beam 31 is attached to the leading and trailing centralizers 14c and 14a by
means of flexures 33 that are stiff in radial direction and flexible about the axial
direction (7). A set of proximity detectors, 38 can be associated with the middle
centralizer 14b. The proximity detectors 38 measure the displacement of the middle
centralizer 14b with respect to the straight beam 31. An accelerometer 36 can be used to
measure the orientation of the middle centralizer 14b with respect to the vertical.
Examples of proximity detectors include, capacitance, eddy current, magnetic, strain
gauge, and optical proximity detectors. The Global and Local coordinate systems
(FIGs. 5a-5d) associated with the CSN device 10 of this embodiment are shown in

FIG. 7a.

[0052] The relationship between these proximity detectors 38 and the straight beam
31 is shown in FIG. 7b as a cross-sectional view of the CSN device 10 of FIG. 7a taken
through the center of middle centralizer 14b. The proximity detectors 38 measure
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position of the middle centralizer 14b in the local coordinate system as defined by the
vectors connecting leading and trailing centralizers 14a and 14c and the vertical. The
CSN device 10 as shown in FIGs. 7a and 7b can have an electronics package, which can
include data acquisition circuitry supporting all detectors, including proximity
detectors 38, strain gauges 40 (FIG 8), inclinometers (e.g., the accelerometer 36), etc.,
and power and communication elements (not shown).

[0053] Data reduction can be achieved in a straight beam displacement CSN device
10, as shown in FIG. 7a, as explained below. The explanatory example uses straight
beam displacement metrology, capacitance proximity detectors 38, and accelerometer
36 as examples of detectors. The displacements of the middle centralizer 14b in the
local coordinate system (x, y, z) defined by the leading and trailing centralizers 14c and
14a are:

Ahorizontal =d, cos@+dysing

vertical=—dz Sin@+d, cos@

[0054]  Where dhorizontal and duericat are displacements in the vertical and orthogonal
planes defined earlier, d: and dy are the displacements measured by the capacitance
detectors 38, and as indicated in FIG. 4, @ is the angle of rotation of the capacitance
detectors 38 with respect to the vertical as determined by the accelerometer(s) 36. Thus,

the centralizer 14 coordinates in the local (x, y, z) coordinate system are:
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0
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0
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0

0

where wi are position of the leading (i=3), trailing(i=1) and middle (i=2) centralizers 14c,
14b, and 14a, respectively, aﬁd; L1 and L2 are the distances between the leading and
middle 14c and 14b and middle and trailing centralizers 14b and 14a.

[0055]  The direction of vector w2 is known in the global coordinate system (X, Y, Z)
since the trailing and middle centralizers are located in the known part of the borehole.
Therefore, the orientations of axes x, y, and z of the local coordinate system, in the

global coordinate system (X, Y, Z) are:

B=2
1
z=|§'§'i‘
—g.x
o (Eq. 3)
y=79Xx
0
where g =
1
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[0056]  The displacement of the leading centralizer 14c (FIG. 5b) in the coordinate
system as determined by the middle and trailing centralizers 14b and 14a (respectively,

FIG. 5b) can be written as:

Uy =X-(d3—iy)
iy = 5-(i3 i) (Eq.4)
ug =27 -(3 —itp)

Calculating us in the global coordinate system provides one with the information of the
position of the leading centralizer 14c and expands the knowledge of the surveyed
borehole 16.

[0057] As discussed above, an alternative to the straight beam displacement CSN
device 10 is the bending beam CSN device 10, as shown in FIG. 2c and FIG. 4. FIG. 8
shows a CSN device 10 with strain gauge detecfors 40 attached to a bending beam 32.
The circuit design associated with the resistance strain gauges 40 and accelerometer(s)
36 is shown below the CSN device 10. Any type of strain detector 40 and orientation
detector, e.g., accelerometer 36, may be used. Each instrumented sensor string 12
segment 13, here the bending beém 32 (between centralizers 14) of the CSN device 10
éan carry up to four, or more, sets of paired strain gauge detectors 40 (on opposite sides
of the bending beam 32), each opposing pair forming a half-bridge. Thgse segments 13
may or may not be the same segments 13 that accommodate the capacitance detector 38
if the CSN device 10 utilizes such. In the device 10 shown in FIG. 8, strain gauge

detector 40 and accelerometer 36 readings can be recorded simultaneously. A
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displacement detector supporting odometry correction (A!) can also be placed on at
least one segment 13 (not shown). Several temperature detectors (not shown) can also
. be place on each segment 13 to permit compensation for thermal effects.

[0058]  Itis preferred that, in this einbodiment, four half-bridges (strain detector 40
pairs) be mounted onto each seﬁso_r string segment 13 (between centralizers 14) as the
minimum number of strain detectors 40. The circuit diagrams shown below the CSN
device 10, with voltage outputs V41, V¥, V&, and V¥, represent an exemplary wiring of
these half-bridges. These detectors 40 can provide the relative orientation and relative
position of the leading centralizer 14c with respect to the trailing centralizer 14a, or a
total of four variables. Itis also preferred that at least one. of the adjacent sensor string
segments 13 between centralizers 14 should contain a detector (not shown) that can
detect relative motion of the CSN device 10 with respect to the borehole 16 to determine
the actual borehole 16 length when the CSN device 10 and drill string 18 are advanced
therein.

[0059]  Shear forces act on the CSN device 10 consistent with the expected shape
shown in FIG. 8 where each subsequent segment 12 can have slightly different
curvature (see chart below and corresponding to the CSN device 10). ”fhe variation of
curvatures of the beam 32 likely cannot be achieved without some shear forces applied
to centralizers 14. The preferred strain gauge detector 40 scheme of the CSN device 10

shown in FIG. 8 accounts for these shear forces. The exemplary circuit layout shown
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below the CSN device 10 and corresponding chart shows how the sensors 40 can be
connected.

[0060]  FIG. 9illustrates two dimensional resultant shear forces acting on centralizers
14 of a single sensor string segment 13 comprised of a bending bean 32 as shown in
FIG. 8. Four unknown variables, namely, two forces and two bending moments,
should satisfy two equations of equilibrium: the total force and the total moment acting
on the bending beam 32 are equal to zero. FIG. 9 shows the distribution of shear force
(T') and moments (M ) along the length of bending beam 32. The values are related in

the following bending equation:

=— (Eq. 5)

Where ¢ is the angle between the orientation of the beam 32 and the horizontal, E is
the Young Modulus of the beam 32 material, I is the moment of inertia, and L is the
length of the segment 12 as determined by the locations of centralizers 14.

[0061]  According to FIG. 9, in a small angle appréximation, the orientation of the
points along the axis of the segment 12 in each of two directions (y, z) perpendicular to
the axis of the beam (x) may be described such that the relative angular orientation of
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- the end points of the segment 12 with respect to each other can be represented by

integrating over the length of the segment:

X X X
M dx xdx
=\—dx=M, |——+(M-,~-M;)- Eq. 6
J‘E‘ IIE-I (M3 -My) IE-I'L (Eq. 6)
0 0 0
or,
(L=x)-dx Ly &
. Eq.
IEIL Zd[E-LL (Eq.7)

The values of the integrals are independent of the values of the applied moments and
both integrals are positive numbers. Thus, these equations (Egs. 6 and 7) can be

combined and rewritten as:
O=M,-Int? + M, - Int> (Eq. 8)

J
and Inty’ are calibration constants for a given sensor string segment 12 such

%4
where I

as that shown in FIG. 9) .

[0062] If two sets of strain gauges 40 (Ry, Rz and R, Rs)are placed on the beam 32

(see FIG. 9) at positions x: and x: (see charts below drawings in FIG. 9), the readings of
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these strain gauges 40 are related to the bending moments applied to CSN device 10

segment as follows:

oo MO)d 4
"2 EL 2E
=M(X2)'d2 - d2
2.E-l, 2EI

'(M1+(M2—M1)"z—lj
(Eq. 9)

-(M1+(M2—M1)%)

where I: and I: are moments of inertia of corresponding cross-section (of beam 32 at
strain gauges 40) where half bridges are installed (FIG. 9), and d: and d2 are beam

diameters at corresponding cross-sections.
[0063]  If the values of the strain gauge outputs are known, the values of the

moments (M) can be determined by solving the preceding Eq. 9. The solution will be:

2 'E'Il'glx2'd2_E12'€2'x1'd1

M, =
dy-dj (L—x) % —x-(L-x,) (Eq. 10)
Moo 2 —E I g (L-x) di+E 1, & -(L-x,)-dy '
5= .
dy-dy (L=x)x-x-(L-x)
which may also be rewritten as:
My=my-&+my,-& (Eq. 11)

My=myy-g1+myy-&)

where mi;are calibration constants. Substitution of Eq. 11 into Eq. 8 gives:
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v=¢ - (Intf9 smyyt+ Intg 'mz’l) + &y (Intlﬂ "Myt Intg . mz,z) (Eq 12)

[0064]  Similarly, vertical displacement of the leading end of the string segment 12
may be written as:
(L-x)

L x x
L dx+M2'jdij L

y= ledxf
o oF

I]»(Lx)L I(Lx)x
OEIL EI-L |

L L oo (Eq. 19
M, j- x-L -dx—-j g
OE-I‘L OE-I~L

.Ij‘(l‘_)f)z -dx+M2-[]£-x—_—)£——-dx

[0065]  As was the case in relation to Egs. 6 and 7, both integrals of Eq. 13 are
positive numbers independent of the value of applied moment. Thus, Eq. 13 may be

rewritten as:

y=M-Int) + M- Int) (Eq. 14)

and also
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y=£&- (Intly my+ Im‘%’ my 1)+ €y (Intly ‘ ml',2.+ Intzy my2) (Eq. 15)

[0066]  Note that the values of "/ are the same in both Eq.12 and Eq. 15. In

addition, the values of the Int factors satisfy the following relationship:

Inf +Inf =L-Inf (Eq. 16)

which may be used to simplify device calibration.
[0067]  For a bending beam 32 (FIG. 9) with a constant cross-section, the values of the

integrals in Eq. 16 are:

Im‘lzyz——L—
2E-1
Intﬁ:——L——
2 2E-1

) (Eq. 17)

1 L

3E-I
2
6E-I

[0068] The maximum bending radius that a CSN device 10, as shown in FIG. 9, is
expected to see is still large enough to guarantee that the value of the bending angle is
less than 3 degrees or 0.02 radian. Since the cos(0.02)~0.999, the small angle

approximation is valid and Egs. 6-17 can be used to independently calculate of
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projections of the displacement of the leading centralizer 14 relative to a trailing
centralizer 14 in both “y” and “z” directions of the local coordinate system.

[0069]  FIG. 10 shows a block diagram for data reduction in a strain gauge CSN
device 10, such as that shown in FIG. 9. Calibration of the bending beam 32 of the CSN
device 10 should provide coefficients that define angle and deflection of the leading

centralizer 14c with respect to the trailing centralizer 14a, as follows:

Y Y,.¥Y v
y=¢& 'p1 +& -pj

zZ Z..7 Z
=& -py +€ -p)

Y v
Py

(Eq. 18)
1}Y=£1Y~p1Y’9+82 .

Z Z _Zv Z 7Zv
v =& -p; +€) - p)

where coefficients p* are determined during calibration. These coefficients are referred

to as the 4x4 Influence Matrix in FIG. 10. Additional complications can be caused by
the fact that the CSN device 10 may be under tension and torsion loads, as well as

under thermal loads, during normal usage. Torsion load correction has a general form:

_ [COS(pTT) —Sin(PTT):'. € (Eq. 19)

Y Y
€j j
z T T z
&t sin(p'7) cos(p't) | | £4
J ICorrected J
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where 7 is the torsion applied to a CSN device 10 segment 13 as measured by a torsion

detector and p,is a calibration constant. The factors in Eq. 19 are the 2x2 rotation
matrix in FIG. 10.

[0070]  Still referring to FIG. 10, the thermal loads change the values of factors p¥.

In the first approximation, the values are described by:

@ = . . p%
Pj correctd = (1+CTEX AT) Pj

(Eq. 20)
=(1+CTEy -AT)- p¥

ol
Pj Correctd

The CTE’s are calibration parameters. They include both material and material stiffness
thermal dependences. Each value of p,-a has its own calibrated linear dependence on

the axial strain loads, as follows:

a = &, . p%
Pj correcta = (1+Y/ SX) Pj (Eq.21)

P Correcta = (1 +Y77 ey ) Pj
The correction factors described in the previous two equations of Eq. 21 are referred to
as Correction Factors in FIG. 10.

[0071] ~ Now referring to FIG. 11, if the strain gauge detectors 40 can be placed on an
axially rotating beam 32 constrained at the centralizers 14 by fixed immovable borehole
16 walls forming a sensor string segment 12. Advantages in greater overall

measurement accuracy from CSN device 10 that may be gained by rotating the beam 32
=28 -
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to create a time varying signal related to the amount of bending to which it is subjected
may result from, but are not limited to, signal averaging over time to reduce the effects
of noise in the signal and improved discrimination bending direction. The signals

created by a single bridge of strain gauge detectors 40 will follow an oscillating pattern

relative to rotational angle @ and %n  and the value of the strain registered by the strain
gauge detectors 40 can be calculated by:

cos

£(P) = ey, Sin( P By — 1) = £°% sin( @)+ £7°° cos() + Epggs (Eq. 22)

where ®#94 @m are defined in FIG. 11 and ¥ is the angular location of the strain
detector 40.

[0072]  One can recover the value of the maximum strain and the orientation of the
bending plane by measuring the value of the strain over a period of time. Eq. 22 may

be rewritten in the following equivalent form:

cosy sin q/:|

&
—sin iy cosy { :I'}'goﬁer (Eq. 23)

£(@ =[sin @ cos w]—[ o

£Z and g7

where are strain caused by bending correspondingly in the “xz” and “yz”

planes indicated in FIG. 11.
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. .4 y
[0073]  Thus, if the value 8(#) is measured, the values of the £ and € may be

recovered by first performing a least square fit of &(®) into sine and cosine. One of the

gsm, l&,CDS, and Eo

; . . # .
possible procedures is to first determine values of ffse by solving

equations:

£p =% CC+8%° . CS+ Eppe €
£g = S0 +£%°°. 85 + Eoffset S (Eq. 24)

sin cos
Ege = €7 CHE™ S+ togigr - T

where:

T
£s = [ et@) - sin( @) - A @)
0

T
ec = [£(@) - cos(@) - dex0)

0 (Egs. 25)

T
£ = [£(@)-dD)

0
T '
CC = [cos(@) cos(@) - d@t)
0
T
SC = [ sin( @) - cos(@) - d@(®)
0
T
5§ = [ sin( @) - sin( @) A1)
. ,

T
C = Jeos(®) - (0)
0

T
S = [sin( @) - #®)
0]
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fé'yand&‘z

The values o can be recovered from:

z - sin
d =[‘?°“*” My | & (Eq. 26)
Y sy cosys || oCos _

The matrix in Eq. 26 is an orientation matrix that must be determined by calibrated
experiments for each sensor string segment 12.

[0074]  Now referring to FIG. 12, the block diagram shows a reduction algorithm for
the rotating strain gauge 40 data. Since the strain gauge 40 bridges have an unknown

offset, Eq. 23 will have a form as follows:

(@) = (Eqax Terror)-sm(@— @, — ) +affset (Eq. 27)

\

. gY and gz o . "
Correspondingly, are determined by solving the least square fit into

equations Eq. 26, where:

3 error =min (Eq. 28)
p
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[0075]  Inamore general case, where two approximately orthogonal bridges (2 and

4 Z
b) are used to measure the same values of © and £ then a more general least square

fit procedure may be performed instead of the analytic solution of the least square fit
described by Eq. 28 for a single bridge situation. The minimization function is as

follows:

(D) = Epay - S @ = @, = W) +affset? +error ?
gt (@) = Eqpax S @— By — Wb)+aﬁsetb +errorb

>, (erro.rf']z + (error,-b )Z = min

H

(Eq. 29)

where indexes a and b refer to the two bridges (of strain gauge detectors 40, FIG. 9),

index i refers to the measurement number, and g and Y are the Gauge Orientation
Angles in FIG. 12 and Eq. 29. The Gauge Orientation Angles shown in FIG. 12 are
determined by calibrated experiments for each sensor string segment 12.

[0076] Now referring to FIG. 13, which relates to the accelerometer 36 described
above as incorporated into the CSN device 10 electronics package as discussed in
relation to FIGs. 7a and 8. A tri-axial accelerometer 36 can be fully described by the
following data where, relative to the Global vertical direction “Z,” each component of

the accelerometer has a calibrated electrical output (Gauge factor), a known, fixed
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spatial direction relative to the other accelerometer 36 components (Orientation), and a

measured angle of rotation about its preferred axis of measurement (Angular Location):

Gauge | Angular | Orientation
factor | Location

Accelerometer X | mV/g Vyz Nx, Ny, Nz
Accelerometer Y | mV/g ¥z Nx, Ny, Nz
Accelerometer Z | mV/g Vyz Nx, Ny, Nz

[0077]  The coordinate system and the angles are defined in FIG. 13. Based on the

definition of the local coordinate system, rotation matrices may be defined as:

1 0 0

Ry (@zy)=|0 cos(pzy) -—sin(@zy)

Eq. 30
0 sin(ozy) cos(@zy) (Eq. 50)

cos(pzy) 0 —sin(@zyx)
Ry(pzx)=| O 1 0 (Eq. 31)
sin(pzy) 0 cos(@zy)

—8

[0078]  Thus, for a CSN device 10 going down a borehole 16 at an angle ¢vz=- 6 after
it has been turned an angle dz=, the readings of the accelerometer 36 located on the

circumference of a CSN device 10 can be determined as:
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0
a=|N; N, N | Ry(@+yy) Ru(-6)-| 0
-8
sin(6) (Eq. 32)
a=[Ny N, N,||sin(p+y,)cos6)| g
cos(p + ¥y )cos(8)

a=c,-g-sin(@)+ g -cos(f)- (Cl -sin(@) + ¢y -cos((o))

where fit parameters ¢, ¢1, and ¢ are determined during initial calibration of the tri-
axial accelerometer 36 and g is the Earth’s gravitational constant. The equations

describing all three accelerometer 36 readings will have the following form:

(X
2 —cos@)- (c,X -sin(@)+c - cos(go))+ ¢ -sin(9)
8

Y
12 =cos(B)-(c! -sin(p) +c! -cos(@))+c -sin(@) (Eq. 33)
g

aZ

—=cos(8)- (clz -sin(p) +c? ~cos(¢))+ c? -sin(6)
L 8

‘//zy

=0
[0079]  For ideal accelerometers 36 with ideal placements , Eq. 33 reduces to:

=~ sin(@)
(Eq. 34)
= c0s(6) - sin(p)

=~ cos(f) - cos(p)

o S oo | o [,
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[0080] Now refefring to FIG. 14, a data reduction algorithm as shown corrects
accelerometer 36 readings for zero offset drift and angular velocity. Such an algorithm
can be used by a zero drift compensator, including a processor, with a CSN device 10 as
shown in FIG. 11, for example. The zero drift compensator works by rotating the CSN
device 10. A zero drift compensator can operate by enforcing a rule that the average of
the measured value of g be equal to the know value of g at a given time. Alternatively,
a zero drift compensator can operate by enforcing a rule that the strain readings of the
strain gauges 40 follow the same angular dependence on the rotation of the string 12 as
the angular dependence recorded by the accelerometers 36. Alternatively, a zero drift
compensator can operate by enforcing a rule that the strain readings of the strain
gauges 40 follow a same angular dependence as that measured by angular encoders
placed on the drill string 18 (FIG. 1) or sensor string 12.

[0081]  Because the zero bffset of the accelerometers will drift and/or the
accelerometers 36 are mounted on a rotating article, a more accurate description of the

accelerometer reading would be:

a® =c§ - g -sin(6) + g - cos(6) - (cla -sin(@)+c5 -cos((o))+ off* +c - w* (Eq. 35)

-35-



WO 2006/065923 PCT/US2005/045276

where off is the zero offset of the accelerometer, w is the angular velocity of rotation,
and index o refers to the local x, y, and z coordinate system. Equation 35 can be solved
for the angles. The solution has a form:

cos(d)-sin(@) =df -a* +dY -a" +df -a* -d - @’

cos(6) -cos(@) =d) -a* +df -a" +d} -a® -4 - & (Eq. 36)
sin(@) =df -a* +d) -a’ +df -a* -d; - &’

The values of the twelve constants d§ are determined during calibration. Equations 36

are subject to a consistency condition:

cos2(8)-sin2 (@) + cos2(8) - cos? (@) +sin* () =1 (Eq. 37)

The notation may be simplified if one defines variables, as follows:

V,-l— X X+d aiY+dlz~a,-Z
WE=df -aX +d} -of +df -of
LV?_ 3X aX+d ,-Y+d3Z a?

e Eq. 38
OF, =dX -off X +af -off ¥ +df -off ? (Eq. 38)

JOF, = d2 Off +d2 Oﬁ +d2 Oﬁ

OF, =d¥ -off X +df -off¥ +df -off*
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where index i refers to each measurement performed by the accelerometers. Note that
offsets OF1, OFz, OF; are independent of measurements and do not have index i.

Consistency condition Eq. 37 can be rewritten as:
(Vi -OF —d? @) +(V? - OF, -d¢ -} +[V} ~OF, -d? - " =1 (Eq.39)

[0082]  Since w is small and the value of cos(f) = 1, the value of w is determined

using:

. 2 2 2 2 ~
i), avf) vl ), av,-zJ
2 2
s Lo ot _ ot ot . z[aVil] {BV,}

W = Eq. 40
cosz(ei) 1_(Vi3)2 ot ot ] (Eq. 40)

[0083]  The necessity for any correction for cos(é) #1 must.be determined
experimentally to evaluate when deviation from this approximation becomes
significant for this application.

[0084]  Since the accelerometers 36 have a zero offset that will change with time,
equation 40 will not be satisfied for real measurements. The value of offsets OF:;, OF,

OF;, are determined by the least square fit, i.e., by minimizing, as follows:
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min(Z[(Vil -OF -d/ ~a)2)2 +(V,-2_ ~OF, -d? - o )2 +
l. |

) (Eq. 41)
+(Vi3—0F3—d§"~a)2)2—1:l )

[0085]  Once the values of the offsets OF1, OF;, OFsare determined, the rotation angle

can be defined as:

V! - 0F -df - o?

sin(g;) = >
\/(Vil - OF, —d{"-aﬂ) +(v,-2 —OF, —dg’-aﬂ)z
(Eq. 42)
V2 - OF, -d? - o*

(pi)=
L ‘/(Vil ~0F ~df [ + (V2 ~0F, a9 -2 ]

[0086] When valueé of the offsets OF;, OF,, OF_3 are known, the values of offsets of
individual accelerometers 36 and the values of ¢, and cos( ;) can be determined.
[0087]  Now referring to FIGs. 15-17, each of which shows a universal joint angle
measurement sensor 50, which is an alternative embodiment to the strain gauge
displacement CSN device 10 embodiments discussed above in relation to, e.g., FIGs. 2¢
and 8. As shown in FIG. 15, the universal joint 50 can be cylindrical in shape to fitin a
borehole 16 or tube and is comprised of two members 56 joined at two sets of opposing
bendable flexures 54 such that the joint 50 may bend in all directions in any plane

orthogonal to its length. The bendable flexures 54 are radially positioned with respect
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to an imaginary center axis of the universal joint 50. Each one of the two sets of
bendable flexures 54 allows for flex in the joint 50 along one plane along the imaginary
center axis. Each plane of flex is orthogonal to the other, thus allowing for flex in all
directions around the imaginary center axis. The strain forces at the bendable flexures
54 are measured in much the same way as those on the strain gauge detectors 40 of the
"CSN device 10 of FIG. 8 using detectors 52. Spatial orientation of universal joint 50
relative to the vertical may be measured by a tri-axial accelerometer 57 attached to the
interior of universal joint 50.

[0088]  The universal joint 50 may be connected to a middle centralizer 14b of a CSN
device 10 as shown in FIG. 16. A spring 58 can be used to activate the centralizer 14b
(this will be explained in further detail below with reference to FIGs. 19-20b). The
universal joint 50 and middle centralizer 14b are rigidly attached to each other and
connected with arms 44 to leading and trailing centralizers 14a and 14c.

[0089]  Asshown in FIG. 17, the universal joint 50, when located on a CSN device 10
for use as a downhole tool for survey and/or navigation, is positioned at or neér a
middle centralizer 14b of three centralizers 14. The two outer centralizers 14a and 14c
are connected to the universal joint 50 by arms 44, as shown in FIG. 17, which may
house eiectroru'cs packages if desired. The universal joint 50 includes strain gauges 52

(FIG. 15) to measure the movement of the joint members 56 and arms 44.

-39-



WO 2006/065923 PCT/US2005/045276

[0090] As discussed above, the CSN device 10 of the various embodimeﬁts of the
invention is used for the survey of boreholes 16 or passageways and navigation of
downhole devices; the goal of the navigation algorithm (FIG. 6) is to determine relative
positions of thé centralizers 14 of the CSN devi;e 10 and to determine the borehole 16
location of the CSN device 10 based on that data. Now referring to FIG. 18, which is a
block diagram of the assembly of a CSN device 10, the first local coordinate system (#1)

has coordinate vectors as follows:

cos @ 0 sin 6
X=| 0 Y=|1| Z=| ©
—sin @ 0 cos @
| (Eq. 43)
0
g=| 0
-1

where €080 is determined by the accelerometers 57 and g is the Earth gravity constant.
Given a local coordinate system (FIGs. 5a-5d) with point of originﬁ and orientation of

x-axis Xi Ma, , and the length L of an arm 44, the orientation of axis would be:

v. =%
YT
1Z; = _g-”?‘ .()E'l..g) (Eq. 44)
Fz+X;-(X;-2)
Y;=Z;xX;
L
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[0091] Referring again to FIG. 5d, which shows the local coordinate system

previously discussed above, the reading of strain gauges, e.g., 52 as shown in FIG. 15,

4
provide the angles .9 of the CSN device 10 segment leading centralizer 14c position
in the local coordinate system. Correspondingly, the origin of the next coordinate

system and the next centralizer 14b would be:

2, .2
SR 2 yF+zE) o .
ri+1=G+Xi(Li—§'%J+Yi‘Yi+Zi'Z (Eq.45)
4

[0092]  The orientation of the next coordinate system will be defined by Eq. 46 where

the new vectors are:

diyp = a; +tan(d) )-¥; + tan(87) - Z;
and '

0 (Eq. 46)
g§=|0
-1

[0093]  Using Eq. 45 and 46, one can define the origin and the orientation of the CSN

device 10 portion in the unknown region of a borehole 16 in the first local coordinate

system. After applying equations 45 and 46 to all CSN device 10 segments 13, the
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location of the CSN device 10 portion in the unknown region of a borehole 16 is
determined. The shape of the CSN device 10 is defined up to the accuracy of the strain
gauges 40 or 52. The inclination of the CSN device 10 with respect to the vertical is
defined within the accuracy of the accelerometers 36 or 57. The azimuth orientation of
the CSN device 10 is not known.

[0094]  Now referring to FIGs. 19, 20a, and 20b, embodiments of centralizers for use
with CSN devices 10 are shown. As previously discussed, centralizers 14 are used to
accurately and repeatably position the‘metrology sensors 28 (FIG. 1) discussed above
within a borehole 16. Additionally, the centralizer 14 has a known pivot point 60 that
will not move axially relative to the metrology article to which it is attached. Tﬁe
centralizer 14 is configured to adapt straight line mechanisms to constrain the
centralizer 14 pivot point 60 to axially remain in the same lateral plane. This
mechanism, sometimes referred to as a “Scott Russell” or “Evan’s” linkage, is
cofnposed of two links, 64 as shown in FIG. 19, and 64a and 64b as shown in FIGs. 20a
and 20b. The shorter link 64b of FIGs. 20a and 20b has a fixed pivot point 60b, while the
longer link 64a has a pivot point 60a free to move axially along the tube housing 34.

The links 64a and 64b are joined at a pivot point 66, located half-way along the length of
the long link 64a, while the short link 64b is sized so that the distance from the fixed

point 60b to the linked pivot 66 is one half the length of the long link 64a.
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[0095]  This centralizer 14 mechanism is formed by placing a spring 68 behind the
sliding pivot point 60a, which provides an outward forcing load on the free end of the
long link 64a. This design can use roller bearings at pivot points, but alternatively they
could be made by other means, such as witﬁ a flexure for tighter tolerances, or with
pins in holes if looser tolerances are allowed. A roller 62 is positioned at the end of the
long link 64a to contact the borehole 16 wall.

'[0096]  According to this centralizer 14 concept, all pivot points are axially in line
with the pivot point 60b of the short link 64b, and thus, at a known location on the CSN
device 10. Additionally, this mechanism reduces the volume of the c'entralizér 14. FIG.
19 shows a centralizer 14 embodiment with a double roller, fixed pivot point 60. This

~ embodiment has two spring-loaded 68 rollers 62 centered around a fixed pivot point 60.

FIGs. 20a and 20b have a single roller structure, also V\Zith a single fixed pivot point 60,

but with one spring-loaded 68 roller 62. |

[0097]  In an alternative embodiment of the invention, a device is utilized for

canceling the effects of gravity on a mechanical beam to mitigate sag. As shown in

FIGs. 21a and 21b, using buoyancy to compensate for gravity-induced sag of a

metrology beam of a CSN device 10 having a proximity-detector-based or angular-

/

metrology-based displacement sensor string, accuracy of the survey or navigation can

be improved. Asshown in FIG. 21a, an angle measuring metrology sensor CSN device

10 can enclose the sensor string segments 13 within a housing 34 containing a fluid 81.
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This fluid 81 provides buoyancy for the segments 13, thus mitigating sag.

Alternatively, as shown in FIG. 21b, a displacement measuring metrology sensor CSN

device 10 can likewise encase its straight beam 31 within a fluid 81 filled housing 34. In

this way, sagging of the straight beam 31 is mitigated and with it errors in displacement

sensing by the capacitor sensor 38 are prevented.

[0098]  Various embodiments of the invention have been described above. Although

this invention has been described with reference to these specific embodiments, the

descriptions are intended to be illustrative of the invention and are not intended to be

limiting. Various modifications and applications may occur to those skilled in the art

without departing from the true spirit and scope of the invention as defined in the
“appended claims.

[0099]  What is claimed as new and desired to be protected by Letters Patent of the

United States is:
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CLAIMS
1. A survey and navigation metrology device, comprising:
at least one sensor string segmeht;
at least three centralizers;
at least one metrology sensor; and
at least one odometry sensor.

2. The survey and navigation metrology device of claim 1,

wherein said metrology sensor is an angle detector.

3. The survey and navigation metrology device of claim 2,
wherein said angle detector is configured to measure the
angle between a first sensor string segment and a second

centralizer and a second sensor string segment.

4. The survey and navigation metrology device of claim 3,
wherein said first sensor string segment connects a first
centralizer and a second centralizer and said second
sensor string segment connects said second centralizer and

a third centralizer.
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5. The survey and navigation metrology device of claim 1,

wherein said metrology sensor is a displacement detector.

6. The survey and navigation metrology device of claim 5,
wherein said displacement detector is configured to
measure the displacement of a straight beam relative to

one of said three centralizers.

7. The survey and navigation metrology device of claim 6,
wherein said straight beam is fixed to a first centralizer
and a third centralizer, where said one of said three
centralizers is a second centralizer between said first and

second centralizers.

8. The survey and navigation metrology device of claim 7,
wherein said displacement detector comprises a

capacitance proximity detector.

9. The survey and navigation metrology device of claim 8,
wherein said capacitance proximity detector comprises a

plurality of capacitor plates.

10. The survey and navigation metrology device of claim 1,

wherein said metrology detector is a strain detector.
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11. The survey and navigation metrology device of claim 10,
wherein said strain detector is positioned on a first
bending beam between a first centralizer and a second

centralizer.

12. The survey and navigation metrology device of claim 11,
wherein said strain detector comprises a first pair of strain

gauges and a second pair of strain gauges.

13. The survey and navigation metrology device of claim 12,
wherein each of said first and second pairs of strain
gauges comprises a first gauge at a first position on said
first bending beam and a second gauge at a second
position on said first bending beam, said first and second
positions on opposite sides of the circumference of said

first bending beam.

14. The survey and navigation metrology device of claim 11,
further comprising a second strain detector positioned on a
second bending beam between said second centralizer and a

third centralizer.
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15. The survey and navigation metrology device of claim 11,

further comprising an accelerometer.

16. The survey and navigation metrology device of claim 1,

wherein said metrology detector is an optical detector.

17. The survey and navigation metrology device of claim 16,

wherein said optical detector comprises a laser.

18. The survey and navigation metrology device of claim 1,
wherein said centralizers are each configured to position a
portion of the metrology device in the geometrical center
of a passageway through which said metrology device

extends.

19. The survey and navigation metrology device of claim 1,

further comprising a plurality of metrology detectors.

20. The survey and navigation metrology device of claim 19,
wherein said plurality of metrology detectors comprises at
least one angle detector and at least one displacement

detector.

21. The survey and navigation metrology device of claim 19,

wherein said plurality of metrology detectors comprises at
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least one displacement detector and at least one strain

detector.

22. The survey and navigation metrology device of claim 19,
further comprising means for calculating a local

coordinate system of said device.
23. A downhole navigation device, comprising:
a flexure-based universal joint; and

at least three centralizers, one of which being associated

with said universal joint.

24. The downhole navigation device of claim 23, wherein said
universal joint comprises a first strain gauge at a first
flexure and a second strain gauge at a second flexure, said

first and second flexures being in orthogonal planes.

25. The downhole navigation device of claim 23, further
comprising means for calculating the position of the

navigation device.

26. The downhole navigation device of claim 23, further

comprising an accelerometer.
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27. The downhole navigation device of claim 23, wherein said
universal joint is configured to measure the angle between
the two centralizers of said at least three centralizers not

associated with said universal joint.
28. A downhole navigation device, comprising:
a first bending beam;

a first centralizer connected to a second centralizer by said

first bending beam;
a third centralizer; and

a first set of strain gauges on said first bending beam, said
first set of strain gauges being configured to measure

changes in first bending beam shape.

29. The downhole navigation device of claim 28, further
comprising a second bending beam connecting said

second centralizer and said third centralizer.

30. The downhole navigation device of claim 29, wherein said
second bending beam comprises a second set of strain

gauges.
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31. The downhole navigation device of claim 30, wherein said
first and second set of strain gauges are configured to
measure shearing forces acting on said downhole

navigation device.

32. The downhole navigation device of claim 28, further

comprising an accelerometer.

33. The downhole navigation device of claim 28, wherein said
first set of strain gauges comprises at least four pairs of
detectors, each of said pairs being positioned on said

bending beam on opposing sides thereof.

34. A centralizer for maintaining a metrology device in a center

of a hole, comprising;:
a first pivot point;
a first link pivotally mounted to said fixed pivot point;
a second pivot point;

a second link pivotally mounted to said movable pivot

point;

a third pivot point connecting said first link with said

second link;
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an elastic member configured to bring the first and second

pivot points towards one another; and
a roller connected to one of said first and second links.

35. The centralizer of claim 34, wherein said first pivot point is

fixed and said second pivot point is movable.

36. The centralizer of claim 34, wherein said elastic member is a
spring.
37. The centralizer of claim 34, wherein said first link is longer

than said second link.

38. The centralizer of claim 37, wherein said third pivot point is

at a midpoint along the length of said first link.

39. The centralizer of claim 37, wherein said roller is connected

to said first link.

40. The centralizer of claim 34, wherein said first link and said

second link are the same length.

41. The centralizer of claim 40, wherein said roller is connected

to said first link and said second link.
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42. A method of surveying or navigating a passageway,
comprising:
providing a device within said passageway, said device

comprising a leading centralizer, at least one middle

centralizer, and a trailing centralizer;

determining the location of said leading centralizer relative

to that of said middle and trailing centralizers; and

determining the distance of said device from an entrance of

said passageway.

43. The method of claim 42, further comprising using an

accelerometer to determine roll of said device.

44. The method of claim 42, wherein said determining the
location of said leading centralizer comprises utilizing a

local coordinate system.

45. The method of claim 42, wherein said determining the
location of said leading centralizer comprises using an
initializer to orient said device to said entrance of said

passageway.
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46. The method of claim 42, wherein said determining the
location of said leading centralizer comprises determining
an angle between said leading centralizer and said trailing

centralizer using said middle centralizer as a center point.

47. The method of claim 46, further comprising providing a

universal joint configured to measure said angle.

48. The method of claim 42, wherein said determining the
location of said leading centralizer comprises determining
the displacement of a beam between said leading

centralizer and said trailing centralizer.

49. The method of claim 48, further comprising providing a
capacitance detector configured to measure said

displacement.

50. The method of claim 42, wherein said determining the
location of said leading centralizer comprises measuring
the strain on a bending beam between said trailing

centralizer and said leading centralizer.
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51. The method of claim 50, further comprising providing strain
gauges between said leading and central centralizers and

between said central and trailing centralizers.

52. The method of claim 42, wherein said determining the
location of said leading centralizer comprises determining

the displacement of an optical detector.

53. The method of claim 52, further comprising providing a
laser configured to determine the displacement of said

optical detector.
54. A passageway survey and navigation device, comprising:
an accelerometer;

at least one strain gauge configured to measure changes in

the shape of said device; and

a zero drift compensator, said zero drift compensator being

configured to rotate at least a portion of said device.

55. The device of claim 54, wherein said zero drift compensator
comprises means for calculating the zero drift of said

accelerometer and said strain gauge.
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56. The device of claim 54, wherein said zero drift compensator
is configured to compensate for zero drift of said
accelerometer and said strain gauge by enforcing that an
average of a measured value of g be equal to a known

value of g at a given time, g being the force of gravity.

57. The device of claim 54, wherein said zero drift compensator
is configured to compensate for zero drift of said
accelerometer and said strain gauge by enforcing that a
strain reading of the strain gauge follows a same angular
dependence on a rotation of said device as an angular

dependence recorded by the accelerometers.

58. The device of claim 54, wherein said zero drift compensator
is configured to compensate for zero drift of said
accelerometer and said strain gauge by enforcing that a
strain reading of the strain gauge follows a same angular
dependence as measured by angular encoders on said

device.
59. A metrology sensing device, comprising:

at least three centralizers;
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a beam connecting at least two of said at least three

centralizers;

a metrology sensor associated with said beam;

a housing encasing said beam and said metrology sensor;

and

fluid within said housing and at least partially supporting

said beam.

60. The metrology sensing device of claim 59, wherein said

metrology sensor is an angle measuring sensor.

61. The metrology sensing device of claim 59, wherein said

metrology sensor is a displacement sensor.
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