wo 2013/101636 /2|1 JININF A1 0O 000 A A

(43) International Publication Date

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

=

(29) World Intellectual Property
Organization
International Bureau

4 July 2013 (04.07.2013)

WIPOIPCT

(10) International Publication Number

WO 2013/101636 A2

(51)

21

(22)

(25
(26)
(30)

(71)

(71)

(71)

International Patent Classification:
E21B 47/00 (2012.01) GO01V 3/24 (2006.01)

International Application Number:
PCT/US20 12/070822

International Filing Date:
20 December 2012 (20.12.2012)

Filing Language: English

Publication Language: English
Priority Data:
112905989 22 December 201 1(22.12.201 1) EP

Applicant (for FR only): SERVICES PETROLIERS
SCHLUMBERGER [FR/FR]; 42 Rue Saint Dominique,
F-75007 Paris (FR).

Applicant (for all designated Sates except AM, AZ, BE,
BW, BY, CA, GH, GM, LR, LS MW, MZ, NA, RW, D, 4.,
SZ USs ZM, ZW): SCHLUMBERGER TECHNOLOGY
B.V. [NL/NL]; Parkstraat 83-89m, NL-2514 JG The Hague
(NL).

Applicant (for AL, AT, BA, BE, BG, CH, CY, CZ, DE, DK,
EE, ES FI, FR GB, GR HR, HU, IE, IS IT, LT, LU, LV,

(71)

(71)

(71)

(72)

MC, MK, MT NL, NO, PL, PT, RO, RS, SE, 9, XK, 9V,
TR only): SCHLUMBERGER HOLDINGS LIMITED;
P.O. Box 71, Craigmuir Chambers, Tortola, Road Town,
1110 (VG).

Applicant (for CA only): SCHLUMBERGER CANADA
LIMITED [CA/CA]; 525-3rd Avenue Southwest, Calgary,
Alberta, T2P-0G4 (CA).

Applicant (for all designated States except AE, AG, AO,
AU, BB, BH, BN BR, BZ, CA, CL, CN, CO, CR, CU, DM,
DO, DZ, EC, EG, GD, GE, GT, HN, ID, IL, IN, JP, KM,
KN, KP, KR, LA, LC, LK, LY, MA, ME, MG, MN, MX, MY,
NG, NL NZ, OM, PA, PE, PG, PH, QA, C, G, ST, SV,
SY, TH, IN, TT UA, US UZ VC, VN, ZA): PRAD RE-
SEARCH AND DEVELOPMENT LIMITED; P.O. Box
71, Craigmuir Chambers, Tortola, Road Town, 1110 (VG).

Applicant (for USonly): SCHLUMBERGER TECHNO-
LOGY CORPORATION [US/US]; 300 Schlumberger
Drive, Sugar Land, TX 77478 (US).

Inventor: HAYMAN, Andrew; Etudes Et Productions
Schlumberger, 1, Rue Henri Becquerel, Bp 202, F-92142
Clamart Cedex (FR).

[Continued on next page]

(54) Titlee METHOD AND SYSTEM FOR CALIBRATING A DOWNHOLE IMAGING TOOL

(57) Abstract: System and methods of generating calibrated downhole im-
ages of a subterranean formation (110) surrounding a wellbore (105). The

method involves measuring open hole and cased hole measurements with a
downhole tool (132); determining (698) open hole parameters (e.g., Z90)
from the cased hole parameters, known parameters and the open hole meas-
urements; and generating (699) downhole outputs from the determined open
hole parameters.



w o 2013/101636 A2 Tl 3o o WALl bonolholl bt

(74) Agents: CHI, Stephanie et a.; Sclilumberger, Ip Admin- (84) Designated States (unless otherwise indicated, for every
istration, 10001 Richmond Avenue, Room 4720, Hous- kind of regional protection available): ARIPO (BW, GH,
ton, TX 77042 (US). GM, KE, LR, LS, MW, MZ, NA, RW, SD, S, SZ, TZ,

UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

EE, ES, Fl, FR, GB, GR, HR, HU, IE, IS, rr, LT, LU,

LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

DO, DZ, EC, EE, EG, ES, Fl, GB, GD, GE, GH, GM, g'\\;l\/ -II;/IRIZ I(\JA';PIN(é;FéI\IBJlrgFlrg;B‘ Cl, CM, GA, BN, GQ,

GT, HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, ' ' ' ' ' ' '

KP, KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, Published:

RIAIDNASENQA%MM };AMIL\IE '\g(\évpﬁxpLM;TMQZANFfo ’\Flg —  without in_ternational search report and to be republished

RU. RW, SC, SD, SE. SG, SK. SL, SM. ST, SV. SY. TH. upon receipt d that report (Rule 48.2(g))

TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,

ZA, ZM, ZW.

(81) Designated States (unless otherwise indicated, for every
kind d national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
Bz, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,



WO 2013/101636 PCT/US2012/070822

METHOD AND SYSTEM FOR CALIBRATING A DOWNHOLE IMAGING TOOL

BACKGROUND

The present disclosure relates to techniques for performing formation evaluation.
More particularly, the present disclosure relates to techniques, such as calibrations, that may
be used in performing measurement, imaging and/or other formation evaluations.

To locate and capture valuable hydrocarbons from subterranean formations, various
wellsite tools may be used to perform various tasks, such as drilling awellbore, performing
downhole testing and producing downhole fluids. Downhole drilling tools may be advanced
into the earth by a drill string with abit a an end thereof to form the wellbore. Drilling muds
(or other drilling fluids) may be pumped into the wellbore and through the drilling tool asit
advances into the earth. The drilling muds may be used, for example, to remove cuttings, to
cool the drill bit and/or to provide a coating along the wellbore. The drilling muds may be
conductive or non-conductive drilling fluids (e.g., oil based muds (OBM), water based muds
(WBM), etc.) During or after drilling, casing may be cemented into place to line aportion of
the wellbore, and production tools may be used to draw the downhole fluids to the surface.

During wellsite activities, downhole measurements may be taken to collect
information about downhole conditions. The downhole measurements may be taken of
various wellsite parameters, such astemperature, pressure, permittivity, impedance,
resistivity, gain factor, button standoff, etc. Downhole tools, such asthe drilling tool, a
testing tool, aproduction tool, or other tools, may be deployed into the wellbore to take the
downhole measurements, such as formation resistivity. These downhole measurements may
be used to generate downhole parameters, such as impedance of electrodes used in taking the
downhole measurements, vectors of the impedance, and the length of such vectors (e.g.,
Z90). In some cases, downhole logs, images or other outputs may be generated from the

downhole measurements.

BRIEF SUMMARY
This disclosure relates to techniques for calibrating downhole measurements. The
techniques involve measurements in cased and open hole wellbores that may be used to
cross-check sensor measurements and/or to determine cased and open hole impedances. This
information may be used to calculate Z90 and/or generate calibrated downhole images (or
other outputs).

In one aspect, the disclosure relates to amethod of generating calibrated downhole
1
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images of a subterranean formation surrounding awellbore. The method involves deploying
adownhole tool into a cased portion of the wellbore (the downhole tool having at least one
sensor pad for measuring downhole parameters), obtaining cased hole measurements (e.g.,
impedance) in a cased hole portion of the wellbore with the sensor pad, determining cased
hole parameters from the cased hole measurements, deploying the downhole tool into an open
hole portion of the wellbore, obtaining open hole measurements (e.g., impedance) in the open
hole portion of the wellbore with the sensor pad, determining open hole parameters (e.g,.

Z90) from the cased hole parameters, known parameters and the open hole measurements,
and generating (699) downhole outputs from the determined open hole parameters.

The may aso involve determining formation resistivity from Z90, passing a current
from at least one button electrode to &t |east one return electrode on the sensor pad and
measuring the current, comparing the current measured by a plurality of the button electrode
and a least one return electrode of the sensor pads, determining a standoff between each of
the button electrode and a measurement surface and adjusting for the standoff, analyzing the
cased hole measurements, the cased hole parameters, the open hole measurements, the open
hole parameters and/or Z90 and adjusting therebetween.

The cased hole impedance may include a button impedance and/or amud impedance.
A measured button impedance may equal area button impedance. The cased hole impedance
has an amplitude, a magnitude, aphase, and an angle. The known parameters may include a
casing curvature, a sensor pad curvature, standoff, and/or mud angle. A curvature mismatch
may exist between the casing curvature and the sensor pad curvature, and adjustments may be
made therefor. The cased hole parameters may include amud angle, amud permittivity, a
standoff, a gain factor, and/or an amplitude offset. The open hole parameters may include an
open hole amplitude and/or an open hole phase.

In another aspect, the disclosure relates to a system for generating calibrated
downhole images of a subterranean formation surrounding awellbore. The system includes a
downhole tool positionable in a cased portion and an open portion of the wellbore. The
downhole tool includes at least one sensor pad for measuring downhole parameters, at least
one button electrode and &t |east one return electrode on the sensor pad, and electronics in
communication with the button electrode and the return electrode. The electronics obtain
cased hole measurements in a cased hole portion of the wellbore and open hole measurements
in an open hole portion of the wellbore with the sensor pad, and determine cased hole
parameters (e.g., Z90) from the cased hole measurements and open hole parameters from the

cased hole parameters, known parameters and the open hole measurements.
2
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The system may also have at least one guard el ectrode between the button electrode
and the return electrode, at least one wear plate extending from a front fact of the sensor pad,
and/or an electrically insulated material along afront face of the sensor pad with the button
electrode and the electrode positionable therein. A front face of the sensor pad has a
curvature with each of the button electrodes positionable along the curvature. The sensor pad

ispositionable against ameasurement surface via a least on leg.

This summary is provided to introduce a selection of concepts that are further
described below in the detailed description. This summary isnot intended to identify key or
essential features of the claimed subject matter, nor isit intended to be used as an aid in

limiting the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of methods for calibration a downhole imaging tool are described with
reference to the following figures. The same numbers are used throughout the figures to
reference like features and components.

Figure 1-1 illustrates a schematic view, partialy in cross-section, of awellsite having
adownhole tool with a sensor pads for taking downhole measurements in which
embodiments of methods for calibration can be implemented.

Figure 1-2 illustrates a schematic view, partially in cross-section, of aportion 1-2 of
the wellsite of Figure 1-1 depicting one of the sensor pads in greater detail.

Figure 2-1 illustrates atop view, partialy in cross-section, of aportion of the wellsite
of Figure 1-1 taken along line 2i-2i depicting known parameters of the wellsite.

Figure 2-2 illustrates atop view, partialy in cross section, of aportion of the wellsite
of Figure 1-1 taken along line 2,-2, depicting various known parameters of the sensor pad.

Figure 3 isagraph depicting curve fitting of impedance of aplurality of button
electrodes.

Figure 4 is agraph depicting standoff of aplurality of button electrodes.

Figure 5 is agraph depicting curve fitting of standoff for aplurality of button
electrodes.

Figure 6is aflow chart depicting an example method of generating calibrated images

of awellbore.
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DETAILED DESCRIPTION

The description that follows includes example apparatuses, methods, techniques and
instruction sequences that embody techniques of the present subject matter. However, it may
be understood that the described embodiments may be practiced without these specific
details.

The techniques described herein may be used to generate calibrated downhole
outputs, such as downhole images, logs, etc. The methods involve determining downhole
parameters, such asimpedance and Z90, from downhole measurements. The downhole
measurements may be taken by downhole tools with sensor pads positioned in cased and
open hole portions of awellbore. The cased hole and open hole measurements may be used
with known parameters (e.g., casing dimensions, sensor pad dimensions, etc.) to reduce error
that may be caused by measurement variations, such asraw phase offset, phase button
variation, mud angle (sometimes referred to as 'loss tangent’), amplitude button variation,
mud permittivity, sensor variations, curvature mismatch, etc.

Figure 1-1 isaschematic view of awellsite 100 having arig 102 positioned over a
wellbore 105 penetrating a subterranean formation 110. While the rig 102 in Figure 1-1 is
shown as being land-based, it will be appreciated that the rig 102 could be at an offshore
location. The wellbore 105 may be created using a drilling tool (not shown). During drilling,
adrilling mud 112 may be pumped downhole to facilitate the drilling process. Asaresult, a
layer of mud 111 (or mud cake) may form on awall 115 of the wellbore 105. The mud 111
may be an oil or water based mud. A metal casing 106 may then be cemented along the wall
115 with a cement 108, thereby defining a cased hole portion 124 of the wellbore 105
adjacent the casing 106 and an open hole portion 126 therebelow.

A downhole tool 114 may be lowered into the wellbore 105 to take downhole
measurements. The downhole tool 114 isdepicted as awireline imaging tool with sensor
pads 117, but may be any downhole tool, such as amicro-imager capable of taking downhole
measurements (e.g., resistivity) in oil or water based mud. The downhole tool 114 may bea
conventional resistivity tool used to generate images as described, for example, in US Patent
Application No. 201 /01 14309.

Asdepicted in Figure 1-1, the downhole tool 114 has abody 132 (or mandrel) with a
pluraity of spaced arms 116 extending therefrom. Each arm 116 has the sensor pad 117
operatively attached to an end thereof. One or more sensor pads 117 may be positioned about
the downhole tool 114, e.g., on arms 116 and/or mandrel 132. The sensor pads 117 may be

selectively extendable from the mandrel 132 via the arms 116 for taking downhole
4



WO 2013/101636 PCT/US2012/070822

measurements of the formation 110 surrounding the wellbore 105.

The downhole tool 114 may be positioned at various locations along the wall 115 of
the wellbore 105 for taking downhole measurements. The downhole tool may be lowered
into a cased position in the cased hole portion 124 of the wellbore 105 (shown in solid line),
and/or into an open hole position in the open hole portion 126 of the wellbore 105 (shown in
dashed line). In some cases, the downhole tool 114 may be lowered to a calibration position
near abottom of the cased hole portion 124 adjacent the open hole portion 126 of the
wellbore. Due to the proximity between the cased hole portion 124 and open hole portion
126, the calibration position may be alocation where the downhole tool 114 has roughly the
same environmental conditions as atop portion of the open hole portion 126.

Figure 1-2 shows a cross-sectional view of the sensor pad 117 of Figure 1. While the
sensor pad 117 is shown asbeing in a cased hole portion 124 and positioned against casing
106, it may be anywhere in the wellbore 105 and positionable against any measurements
surface (e.g., mud 111, casing 106, wall 115, etc.) The sensor pad 117 is shown having a pad
body 118 with an electrode package 141 therein. The pad 117 may have aface 134
positionable along the casing 106 of the wellbore 105. A portion of the face 134 may be
made of an electrically insulated material 135.

To protect the pad 117 and to keep the face 134 from touching the casing 106 (or the
wall 115), the sensor pad 117 may be provided with an upper wearplate 130 and alower
wearplate 131 at upper and lower ends, respectively, thereof. The wearplates 130, 131 may
protrude adistance (or standoff) @ from the front face 134 to prevent direct contact between
the front face 134 and the casing 106. When ameasurement is desired, the arms 116 may be
selectively extended to aposition where the pad 117 is flushably pressed against the casing
106 (or the wall 115).

The electrode package 141 includes abutton electrode 140 at least one return
electrode 136 and at least one guard electrodes 138. Return and guard electrodes may be on
either side of at least one button electrode. The electrode package 141 may optionally
include one or more button electrodes 140, return electrodes 136, guard electrodes 138,
and/or other electrode capable of taking the desired downhole measurements through drilling
mud (oil or water based) and /or formations. The electrode package 141 is operatively
connected to electronics 142 positioned within the pad body 118. While the electronics 142
is depicted asbeing in the sensor pad 117, a least aportion of the electronics 142 may be
positioned in the arms 116 and/or the mandrel 132 of the downhole tool 114.

Asshown in Figure 1-2, the button electrode 140 emits a current i that passes through
5
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the drilling mud 111 and through the casing 106 and isreceived by the return electrodes 136.
The drilling mud may have electrical parameters that may vary over awide range. Oil-based
muds may have arelative dielectric permittivity between about 2 and about 40 depending, for
example, on the oil-water ratio of the mud. A mud impedance angle of oil-based mud may be
in arange of between about -90 and about -45 degrees depending on oil-water ratio,
temperature and additives. This mud impedance angle range may correspond to aloss
tangent between about 0.00 and about 1.00. When in the open hole position (e.g., 124 of
Figure 1-1), the button electrodes 140 emits a current that passes through the drilling mud
111 and/or the formation 110.

Figure 2-1 shows atop view of the downhole tool 114 with four arms 116 extended
such that four sensor pads 117 are positioned against the casing 106. One or more arms 116
and sensor pads 117 may be positioned a various positions relative to the downhole tool 114
(evenly or unevenly). Also shown are various downhole geometries, such asthe casing
diameter ® (which may be between about 3 inches (7.62 cm) to 28 inches (71.12 cm)), apad
curvature radius ®, and acasing curvature radius o (which may be between about 1.5 inches
(3.81 cm) and 14 inches (35.56 cm)). These and other known or measureable downhole
geometries may be used in the determination of various downhole parameters.

Figure 2-2 shows a cross-sectional view of one of the sensor pads 117 in the
measurement position against the casing 106. As shown in this view, the sensor pad 117
may have multiple electrode packages 241 along the front face 134. Thisview also shows
additional downhole geometries, such as abutton standoff dbi -n, the distance from each set of
electrodes 241 to the casing 106 (or the wall 115 when in the open hole portion 126 of the
wellbore 105 as shown in Figure 1). The number of buttons may vary, for example, as a
function of pad width and image resolution requirements. The button standoff di-;; for each
of the electrode packages 241 may vary depending on the pad curvature radius ®, relative to
the casing curvature radius o . A range for the standoff may be between about 0.10 and 30.00
mm. For standoff values outside this range the quality of the measurement may be degraded.
The standoff may be within this range for at least a large portion of alog taken by the
downhole tool. For standoff values smaller than about 0.10 mm, the measurement may
become unstable; for standoff values above about 30 mm the resolution and/or sensitivity
may degrade.

As shown, the button standoff dbi for the electrode package(s) 241 closest to the
casing 106 (or wall of the wellbore) may be approximately the same as the wear plate

standoff ¢ of the wear plate 131. Due to the pad curvature radius @y the button standoff e »-
6
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13 for the electrode packages on either side of the standoff ¢ increases towards either end of
the pad 117.

The downhole measurements taken by the sensor pads 117 in the cased and open hole
positions and the known downhole geometries may be used to determine various downhole
parameters and/or to generate downhole images (or other outputs). Various factors, such as
electrical properties of the mud, offsets of the measurement electronics or other measurement
factors, may affect the quality of the measurements and the resulting images generated
therefrom. The methods herein are configured to 'calibrate’ the measurements based on
control measurements taken in cased hole portion 124 of the wellbore and the factors which

may affect measurements.

DETERMINING IMPEDANCES AND Z90

Impedances of the button electrode 140 and the drilling mud 111 trapped between the
wall 105 of the wellbore and the sensor pad 117 may be determined from downhole
measurements. The button impedances may be used to determine various parameters, such as
Z90. A vector of the button impedance in acomplex plane can be decomposed into two
orthogonal vectors: afirst vector in the direction of the mud impedance vector, and a second
vector orthogonal to the direction of the mud impedance vector. Z90 is alength of the second
vector. In some cases, Z90 may be used as ameasure of formation resistivity that may be
independent of other parameters, such as standoff and rugosity.

Referring to Figure 2-2, to obtain the impedances, the sensor pad 117 of the downhole
tool may be used to pass currents from the button electrode 140 through the casing 106 (when
in the cased hole portion 124) or the formation 110 (when in the open hole portion 126). A
source (e.g., electronics 142) may generate avoltage between the return electrode 136 and the
button electrode 140 with at least one spectral component in a frequency range between about
a 100 kHz and about 100 MHz. The range of generated voltages may be range from about
0.10 mV to about 1000V depending on the required image quality and the resistivity of the
formation and the geometry of the pad (e.g., the electrodes). Voltages below the indicated
lower limit may result isnoisy images, voltages above the upper limit may give rise to mud
stability problems and excessive tool power consumption. The voltage between the return
electrode 136 and the button electrode 140 may result in ameasurement current exchange

therebetween and, due to the small standoff compared to the distance between the two

7
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electrodes and due to the conductivity of the casing 106, the current starts from the button
electrode 140, penetrates through the mud 111 layer, and passes into the casing 106.

The current will then run towards the return electrode 136 where the current will leave
the casing 106, penetrate through the mud 111in front of the sensor pad 117 and terminate at
the return electrode 136 asindicated by the dashed arrow. Asthe current is aternating the
current may run the opposite way or may run both ways at different points in time. The
button current may be in the range of between about 10 nA and 100mA. Currents below the
indicated lower limit may result is noisy images, and currents above the upper limit may give
rise to excessive tool power consumption.

The button current together with the return-button voltage, defines a button

impedance (Z_button):
Z button =V return /1 _button [Ohm] Equation (1)

The equations herein may be identified asbeing based on various parameters, such as
resistance [Ohms], voltage [V], current (or amps) [A], capacitance [F], and frequency [rad].
The button impedance (Z_button), the return voltage (V_return) and the button current
(I_button) are complex phasors having a magnitude and aphase shift which can be expressed

as:
Z button = abs(Z button) * exp (i*angle(Z_button) ) [Ohm] Equation (2)
V_return = abs(V_ return) * exp( i*angle(V_ return) ) [V] Equation (3)
| button = abs(l button) * exp( i*angle(l_button) ) [A] Equation (4)

where the absolute value for Z button, V_button and | _button are functions that give the
magnitude of the signal for Z_button, V_button and | _button, and the angle for Z_button, and
V_button and | _button is a function that gives the phase angle of the signa for Z_button,
V_button and | button (e.g. inthe interval [-pi, pi]). Angle () may be based on afunction
y=angle(x) which is defined as the function y=atan2(imag(x),real(x)) where the atan?{)
function isdefined in Organick, Elliott I, A Fortran IV Primer, Addison-Wesley. pp. 42
(1966). Some processors may also offer alibrary function called ATANZ2, afunction of two
arguments (opposite and adjacent). The function imag() gives an imaginary part of the
complex variable x and the function real() gives areal part of the complex variable x. The

function y=abs(x) may be defined a function y=sgrt(imag(x)2 + real(x)2), where sqrt()



WO 2013/101636 PCT/US2012/070822

denotes the usual square root function. Written out as full equations the following may be
provided:

Z button =V return/ | button [Ohm] Equation (5)
= abs(V__return) * exp( i*angle(V_ return) ) / abs(l_button)

* exp( i*angle(l_button) ) [Ohm] Equation (6)
= abs(V_ return) / abs(l _button) *

exp( i* {angle(V_return) - angle(l button)} ) [Ohm] Equation (7)

which shows that the button impedance magnitude isthe ratio of the return voltage amplitude
and the button current amplitude, while the button impedance phase isthe difference between

the return voltage phase and the button current phase as shown in Equations (8) and (9):
abs(Z button) = abs(V return) / abs(l button) [Ohm] Equation (8)
angle(Z button) = angle(V return) - angle(l button) [rad] Equation (9)

Z button may be considered to be a measurement taken by, for example, the sensor pad 117
and/or downhole tool 114.

Z90 may be determined from the impedances while taking into account potential
sensitivities which may cause measurement error. For example, if the mud impedance angle
isincorrectly estimated, then the Z90 quantity can become sensitive to the standoff @ - If
Aangle(Z mud) isthe estimated mud impedance angle minus the real mud impedance, then:

Aangle(Z mud) = angle estimated(Z mud) - angle(Z mud) [rad] Equation (10)

Performing a similar calculation as above generates the following:
Z90 = abs(Z button) * sin[angle(Z_button) -
angle estimated (Z mud)] [Ohm] Equation (11)
which shows that
Z90 = abs(Z_mud) * sin{ - Aangle(Z_mud) } +
abs(Z form) * sin{angle(Z_form) -

angle(Z_mud) - Aangle(Z mud) } [Ohm] Equation (12)
9
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The above equations show that, given some difference between the estimated mud angle and
the real mud angle, the Z90 quantity can become sensitive to the amplitude of the mud
impedance abs(Z mud) since the first term on the right is not zero. Because the amplitude of
the mud impedance may be dependent on standoff, the Z90 quantity can also be dependent on
standoff. Thus, an estimation of the mud angle (angle(Z mud) ) may be used in the
determination of Z90.

Z90 may also be affected by incorrect measurement phase angle. If either or both of
the phase of the return voltage measurement and the phase of the button current measurement
have an error or offset, then the phase angle of the button impedance (angle(Z button)) can
have an error (assuming the two errors do not cancel). The effect on the measure Z90 may be
the same whether an offset or error isin one of the other or both (except for the sign).

Assuming the following:
Aangle(Z button) = angle measured(Z button) -
angle(Z button) [rad] Equation (13)
then it follows that:
Z button_measured = abs(Z_button) *
exp{i*angle_measured(Z_button) } [Ohm] Equation (14)
= abs(Z button) * exp{i*angle(Z_button) }*
exp{i* Aangle(Z_button) } [Ohm] Equation (15)
= Z button * exp{i*Aangle(Z_button) } [Ohm] Equation (16)
=(Z mud + Z formation) * exp{i* Aangle(Z_button) } [Ohm] Equation (17)
Performing a similar calculation Z90 may be generated as follows:
Z90 = abs(Z button) * sinfangle_measured(Z_button)
- angle(Z _mud) ] [Ohm] Equation (18)
Z90 may be rewritten asfollows:
Z90 = abs(Z mud) * sin{ Aangle(Z button) } + abs(Z form) *

10
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sin{ angle(Z_form) + Aangle(Z button) -
angle(Z mud) }. [Ohm] Equation (19)

This shows that, given some difference between the measured phase of the button impedance
and the real phase of the button impedance, the Z90 quantity can become sensitive to the
amplitude of the mud impedance abs(Z mud) since the first term on the right is not zero.
Because the amplitude of the mud impedance may be dependent on standoff, the Z90
quantity may also be dependent on standoff. Thus, the measured phase of the button

impedance may need to bethe same or close to the real phase of the button impedance.

Z90 may be dependent on incorrect mud angle and incorrect measurement phase
angle. By combining the impedance and phase angle equations above and the effect of both,
an error or offset in the mud angle and an error or offset in the measured button impedance

phase may be derived. Assuming the following:
Z90 = abs(Z button) * sinfangle_measured(Z_button) -
angle estimated(Z mud) ] [Ohm] Equation (20)
it follows that:
Z90 = abs(Z mud) * sin{ Aangle(Z button) - Aangle(Z mud) }
+abs(Z_form) * sin{ angle(Z_form) - angle(Z_mud) +
Aangle(Z button) - Aangle(Z mud)} [Ohm] Equation (21)

If Aangle(Z button) - Aangle(Z mud) = O (i.e,, if the error or offset in the measured phase is
equal to the error or offset in the estimated mud angle such that the difference is zero), then
Z90 may be independent of the amplitude of the mud impedance and, therefore, in first order
approximation, independent of standoff.

Z90 may aso beused to determine various formation parameters. The formation
properties may be derived from the Z button measurements. The button impedance
(Z button) may be used as afirst order approximation equal to the sum of the impedance of
the path through the mud between the button electrodes and the formation, and the impedance
of apath through the formation itself. In other words, the button impedance may be the total
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impedance of the mud impedance and the formation impedance in series where the

impedances are complex phasors as described above and as set forth below:
Z button =Z mud + Z formation [Ohm] Equation (22)

The mud impedance between the button electrode and the formation may dominate the mud
impedance between the return electrode and the formation. Depending on model accuracy,
the latter impedance may be neglected. The formation properties may then be obtained from
Z button. Z mud may be estimated and subtracted from Z_button as follows:

Z formation =Z button - Z mud. [Ohm] Equation (23)

Z fomation gives the complex formation impedance which can be converted with ak-factor

(geometric factor) into aresistivity and apermittivity of the formation.

The complex mud impedance (Z_mud) may be difficult to estimate since it varies
with the thickness of the mud layer between the button electrode and the formation

(standoff). To address this, the phase angle of the mud impedance may beused as follows:

Z90 = abs(Z button) * sinfangle(Z_button) -

angle(Z_mud)] [Ohm] Equation (24)
= imag( abs(Z button) * exp{i*[angle(Z_button) —

angle(Z_mud) ] }) [Ohm] Equation (25)
= imag( abs(Z button) * exp{i*angle(Z_button) } *

expf{- i*angle(Z_mud) }) [Ohm] Equation (26)
=imag( [ abs(Z_mud) * exp{ i*angle(Z_mud) } + abs(Z_form)
* exp{ i*angle(Z form) } ] * exp{ -i*angle(Z_mud)}) [Ohm] Equation (27)
=imag( [ abs(Z_mud) + abs(Z_form) *

exp{ i*angle(Z_form) - angle(Z_mud)}) [Ohm] Equation (28)

= abs(Z form) * sin{ angle(Z form) - angle(Z mud) }  [Ohm] Equation (29)

12
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This shows that, with the help of an estimated mud impedance phase angle angle(Z mud), a
quantity Z90 can be determined from the measurement. Z90 may be approximately
proportional to the magnitude of the formation impedance Z_ formation when there is a
difference between the phase angle of the mud impedance and the phase angle of the

formation impedance.

Z90 may be independent of the amplitude of the mud impedance abs(Z mud) and,
therefore, independent of the thickness of the mud layer between the button electrode and the
formation (standoff). The formation resistivity may be over alarge range of resistivity values
monotonically related to the magnitude of the formation impedance and, therefore, to the Z90
quantity. Z90 can, thus, be used as a measure of formation resistivity. Based on the above,
from the measured button impedance (Z_button) and an estimation of the mud angle
(angle(Z_mud)), aquantity Z90 which may be ametric/measure of formation resistivity can

be determined. This metric/measure may be independent of standoff.

In some cases, it may be useful to adjust Z90 for various errors that may occur under
various conditions, such as mud angle, formation resistivity, standoff, amplitude of mud
impedance, phase angle, and phase button variation. By determining various known and
measured parameters, Z90 may be adjusted. For example, an incorrect mud angle (or mud
impedance angle) can affect 290. If the mud angle isincorrectly estimated, then the Z90
quantity may become sensitive to the standoff. Where Aangle(Z mud) isthe estimated mud

impedance angle minus the real mud impedance angle, it follows that:
Aangle(Z mud) = angle estimated(Z mud) -
angle(Z_mud) [rad] Equation (30)
Performing a similar calculation as above, Z90 can be expressed as follows:
Z90 = abs(Z button) * sin[angle(Z_button) —
angle estimated (Z mud) ] [Ohm] Equation (31)
Z90 = abs(Z_mud) * sin{ - Aangle(Z_mud) }
+ abs(Z_form) * sin{ angle(Z_form) - angle(Z mud) —

Aangle(Z_mud) } [Ohm] Equation (32)

13
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Based on the above equations, given some difference between the estimated mud angle and
the real mud angle, the Z90 quantity may become sensitive to the amplitude of the mud
impedance abs(Z mud) since the first term on the right is not zero. Because the amplitude of
the mud impedance may be dependent on standoff, the Z90 quantity may also be dependent
on standoff. Thus, an estimation of the mud angle (angle(Z mud)) may be useful.

Measurement phase angle may affect Z90. If either or both of the phase of the return
voltage measurement and the phase of the button current measurement have an error or
offset, then the phase angle of the button impedance (angle(Z button)) may have an error
(assuming the two errors do not cancel). The effect on the measure Z90 may bethe same
whether the offset or error isin one of the other or both (except for the sign). Assuming the

following:
Aangle(Z button) = angle measured(Z button) -
angle(Z button) [rad] Equation (33)
it follows that:
Z button measured = abs(Z button) *
exp{i*angle_measured(Z_button) } [Ohm] Equation (34)
= abs(Z button) * exp{i*angle(Z_button) }*
exp{i* Aangle(Z_button) } [Ohm] Equation (35)
= Z button * exp{i*Aangle(Z_button) } [Ohm] Equation (36)
=(Z mud + Z formation) * exp{i*Aangle(Z_button) } [Ohm] Equation (37)
and performing asimilar calculation as above with the following:
Z90 = abs(Z button) * sinfangle_measured(Z_button) -
angle(Z_mud) ] [Ohm] Equation (38)
it follows that:
Z90 = abs(Z mud) * sin{ Aangle(Z button) } + abs(Z form) *

sn{ angle(Z_form) + Aangle(Z button) -
14
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angle(Z_mud) } [Ohm] Equation (39)

This shows that, given some difference between the measured phase of the button impedance
and the real phase of the button impedance, the Z90 quantity may become sensitive to the
amplitude of the mud impedance abs(Z mud) since the first term on the right is not zero.
Because the amplitude of the mud impedance may be dependent on standoff, the Z90
guantity may also be dependent on standoff. Thus, it may be useful for the measured phase

of the button impedance to be the same or close to the real phase of the button impedance.

The mud angle and phase angle may also affect Z90. The mud angle and measured
phase angle can be combined to derive the effects of error or offset in the mud angle and error

or offset in the measured button impedance phase. Assuming the following:
Z90 = abs(Z button) * sin[angle_measured(Z_button) -
angle estimated(Z mud) ] [Ohm] Equation (40)
it follows that:
Z90 = abs(Z mud) * sin{ Aangle(Z button) - Aangle(Z mud) }
+abs(Z_form) * sin{ angle(Z_form) - angle(Z_mud) +
Aangle(Z button) - Aangle(Z mud)} [Ohm] Equation (41)

If Aangle(Z button) - Aangle(Z mud) = 0, or if the error or offset in the measured phase is
equal to the error or offset in the estimated mud angle such that the difference is zero, then
Z90 may be independent of the amplitude of the mud impedance and, therefore, provide a
first order approximation independent of standoff.

CASED HOLE ANALYSIS

The cased hole measurements, such as those taken using the downhole tool 114 in the
cased portion 124 of the wellbore 105 of Figure 1-1, may be used to provide reference
measurements in calibrations or as inputs for further analysis. 1n using the cased hole
measurements, one or more of the following can be assumed: 1) the casing 106 isanear
perfect conductor or insulator, 2) the cased hole measurements have a comparable magnitude
of measurement current in alow-resistivity formation, 3) the cased portion 124 has similar

environmental conditions as the adjacent open hole portion 126, 4) the casing 106 has a
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known diameter ® and curvature radius @, (Figure 2-1), and 5) the casing 106 has a smooth
surface with negligible rugosity.

The phase angle of the measurement (e.g. return voltage divided by button electrode
current) may be defined by the phase angle of the mud and the phase offset of the
measurement system. A basic two impedance model of the current-injection measurement
may be used. A voltage is applied across two complex impedances in series, one representing
the mud the other representing the formation (or the casing if the tool islocated in the
casing). The current is measured and the voltage divided by this measured current to generate
the total impedance of the two impedances in series. If the formation/casing impedanceis
nearly zero (due to the high casing conductivity), then the current may be defined by the mud
impedance. Thus, the total impedance may be assumed to be equal to the mud impedance.
The magnitude of the mud impedance may vary with the standoff (thickness of the mud layer
between the casing and the electrodes). Thus, the mud impedance phase angle may not vary
with the standoff asit is assumed to be geometry invariant.

Various techniques may be performed, such as comparisons, to evaluate
measurements and address various issues affecting the measurement. For example, the cased
measurements may be used to ensure that the reference casing measurement has roughly the
same measurement current magnitude as the open-hole formation measurement. Electronic
measurement systems may behave differently for different signal magnitudes. When
measuring aweaker signal, the effect of internal crosstalk may be different than when
measuring a stronger signal. In another example, aweaker measurement may be performed at
different electronic gain settings with different gain and phase offsets. The signal strengths
may be similar between ameasurement taken in the casing as areference measurement and a
measurement of alow resistivity formation. Therefore, application of a casing reference
measurement to correct the formation measurement may be less prone to errors than
corrections based on reference measurements that have a different signal strength than the
strength of the signal to be corrected.

Mud properties can also be measured by measuring with the sensor pads retracted
from the formation (i.e. with areference pad closed measurement). However, this
measurement may involve weaker signals than when the sensor pads are pressed against a
borehole wall with arelative low formation resistivity. In another example, the cased

measurements may also address variations in temperature and pressure of borehole fluids.
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Drilling mud can be measured a surface and tools can be calibrated at surface aswell. To
obtain the desired mud correction, however, these surface measurements may be extrapolated
to downhole pressure and temperature conditions, or measured a surface under similar

pressure and temperature conditions as downhole.

In yet another example, the cased measurements may also be used to address
curvature of the sensor pad relative to the casing (or pad curvature radius cpp) as shownin, for
example, in Figure 2-2. If an array of electrodes is placed on a sensor pad with aknown
curvature and if this pad ispressed against the casing, then the signal amplitudes the other
electrodes can be determined based on measurements of afew electrodes, (e.g., 20or 3

electrodes).

The obtained casing measurements may be used to generate various reference
measurements (or cased hole parameters), such asraw phase, phase button variation, phase
calibration, mud angle, amplitude button variation, amplitude calibration, and mud
permittivity. The casing measurements may be, for example, resistivity measurements taken
in casing to generate one or more image measurements and one or more return voltages using

one or more return electrodes in a sensor pad as described above.

Raw phase may involve a determination of araw phase offset (including mud angle
effect and electronics phase offset) to be used with orthogonal processing. The phase of
measured impedance isthe raw phase offset in the Z90 processing including both the mud

angle and the sensor phase correction.

Phase button variation may involve areduction in phase variation between multiple
button electrodes (see, eg., Fig. 2-2). Inthis case, voltage and current may be used to
determine a phase of measured button impedances. Because the casing is assumed to be a
near perfect conductor, the buttons may read the same phase (in principle equal to the phase
of the mud impedance). Variations in readings in the phase of the measured button
impedances may be calibrated (or corrected) with respect to each other.

Phase calibration may involve calibration of a sensor using aknown mud angle. One
or more return and one or more button electrodes may be used to generate avoltage and
current. This information may be used to generate a phase offset of the measured impedance.
This offset may be used to correct the sensor or measurements taken by the sensor to provide

amore accurate measurement.
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The mud angle may be known, or determined from other measurements. Because the
casing may be assumed to be anear perfect conductor, the mud impedance may determine the
phase of the measured impedance. The phase of measured impedance may be equal to the
mud angle. Thus, the phase of the measured impedance may be calibrated (or corrected)

using the mud angle.

A determination of mud angle may be performed. One or more button and return
electrodes may be used to generate voltage and current. This information may be used to
generate aphase of measured impedance. Because casing may be assumed to be anear
perfect conductor, the mud impedance may determine the phase of the measured impedance
and, therefore, the mud angle may be equal to the phase of measured impedance. Thus, the
mud angle can be converted into an equivalent loss tangent tan(delta mud).

Amplitude button variation involves reducing amplitude variations between buttons
using afitting curve or abutton standoff (e.g., dbi-13 of Figure 2-1). One or more return
electrodes may be used with multiple button electrodes to generate multiple button currents.
The voltage and button currents may be used to generate measured button impedances.
These may be fitted to a smooth curve (e.g., quadratic) through the impedances. Mismatch
between the curve and button impedances may be determined for each button electrode. The
mismatches may be used to correct button impedances and to reduce button to button

impedance variations.

Amplitude calibration involves calibration of sensors using mud permittivity and wear
plate standoff ¢: (Figure 2-1). One or more return electrode, one return voltage, one image
button, and one button current may be used to generate voltage and current. A measured
impedance may be generated from the voltage and current.

Mud permittivity may be known, or generated from other measurements. The mud
permittivity may be processed with estimated standoff, button size, signal spectrum
(frequency), and impedances calculated. The calculated impedance may be used to correct or
calibrate the measured impedance calculated from the voltage and current. Mud permittivity
may be estimated using button impedance and wear plate protrusion. For example, one or
more return electrodes, one return voltage, one image button, and one current button may be
used to generate voltage and current. Measured impedance may be generated from the
voltage and current. The impedance may be processed with estimated standoff, button size,
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parallel plate capacitor model, signal spectrum (frequency), and epsilon mud (smud) may be
generated.

The cased hole measurements may also be used in combination with curvature
mismatch concepts, such asraw phase curvature, mud permittivity and button standoff, and
amplitude calibration curvature (discussed further below). Raw phase curvature involves a
determination of araw phase offset (including mud angle effect and electronics phase offset)
to be used with orthogonal processing. One or more return electrodes may be used to
generate one return voltage. A difference between a casing curvature radius o and apad
curvature radius ¢, may be known. Two image buttons may be chosen such that these have
different standoffs due to curvature difference. A voltage and current may be generated from
the button electrodes, and a phase of measured impedance generated. Z90 may be
determined from processed data, and a casing resistivity generated. Raw phase offset of
measured data may be optimized until Z90 processing gives a casing resistivity equal to about
0.00 Ohms and/or negligible variation between button electrodes with different standoff. The
sum of the mud angle and the sensor phase correction may be used as an optimal phase offset.

Mud permittivity and button standoff may be performed using curvature mismatch
between pad and casing (difference between acasing curvature radius ¢ and apad curvature
radius ¢,). One or more return electrodes may be used to generate areturn voltage. A casing
radius, pad curvature radius and pad geometry with button layout may be known or
measured. For example, three or more image buttons may be chosen such that these have
different standoff dueto curvature difference, and three button current measurements may be
generated. The standoff difference may be calculated based on geometry (positions of
buttons, curvatures, estimated positioning of the pad against casing (which button is closest to
the casing)). Voltage and currents may be determined, and measured impedance generated.
The information may be processed (measured impedance difference, standoff difference,
button sizes, signal spectrum (frequency)), and epsilon mud and standoff of individual
buttons may be determined.

Amplitude calibration of sensors using differential standoff instead of estimated
standoff may be performed. This may involve a combination of mud permittivity standoff
curvature and amplitude calibration as described above.

The cased measurements may be used to estimate the mud angle and the measurement

phase offset, for example, in asingle step. Asshown in Figure 2-1 through 2-2, the sensor
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pad 117 may be positioned against the casing with standoff elements (e.g. wear plates 130,
131 or hard insulation protruding elements on the pad) preventing the button and return
electrodes 140, 136 from touching the metal casing 106. Therefore, alayer of mud 111 may
remain between the button electrode 140 and the metal casing 106, the latter of which may
have aresistivity at least two orders of magnitude lower than the formation. In one example,
raw phase offset may be used to estimate mud angle in the casing. The raw phase offset
(RawPhs) (including mud angle effect and electronics phase offset) may be determined for

use with orthogonal processing.

A measurement of the phase of the return voltage and of the phase of the button
current in the casing may be performed. The phase of the button impedance,
angle_measured(Z button) in the casing, may be determined by taking the difference of the
two phase values. Using equation (22), Z formation in this case represents the impedance of
the current path through the casing and Z_mud represents the impedance of the current
through the mud. Because the casing is assumed to be a good conductor, Z formation is
assumed to be very close to zero and it can be neglected such that in the casing may be

represented as follows:

Z button casing ~Z mud_casing [Ohm] Equation (42)
which gives:

angle(Z button casing) ~ angle(Z mud_casing) [rad] Equation (43)
and, thus:

angle_measured(Z_button_casing) ~ angle(Z_mud_casing) +
Aangle(Z button) [rad] Equation (44)

Using Equation (10) above and selecting angle_measured(Z_button_casing) asthe estimated

mud angle, the following is generated:
angle estimated(Z mud) = angle_measured(Z_button_casing)
[rad] Equation (45)
which may be rewritten as:

Aangle(Z button) ~ Aangle(Z mud) [rad] Equation (46)
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Such that, in the following formula:
Z90 = abs(Z mud) * sin{ Aangle(Z button) - Aangle(Z mud) }
+abs(Z_form) * sin{ angle(Z_form) - angle(Z mud) +
Aangle(Z button) - Aangle(Z_mud)} [Ohm] Equation (47)

the first term becomes negligible and, therefore, Z90 may become standoff independent. In
other words, if the button impedance measurement has aphase offset, then the button
impedance measurement in the casing may aso have the same phase offset because it is
measured with the same system. Then, if the casing measurement is used as a measurement
of the mud angle, then the mud angle may have about the same phase offset as the standard
openhole measurement. In the Z90 formula, the mud angle can be subtracted from the open
hole button impedance angle and, therefore, if both contain the same offset (or error), the

offset disappears as set forth below:
(A + offset) - (B + offset) =A- B [rad] Equation (48)

Based on the above methodology, the cased hole analysis may be used to verify
sensor measurements and determine various cased hole parameters (e.g., mud, tool or other
parameters measured in the cased hole parameters). The downhole tool 114 may have
several imaging buttons where neighboring button electrode measurements correspond to
neighboring pixels in the borehole image. An image processing technique known as
equalization can be done after the data has been converted to aresistivity image. This
technique may be used, for example, in configurations where the image buttons
measurements have varied average values over a chosen equalization window length, or
where the image buttons give the same response in front of the same formation. 1f the image
buttons respond differently, the final image may have darker and lighter vertical lines that

may hide relevant information in the image.

Casing measurements may be used to help align the image buttons to respond in the
same way under the same conditions where the electronics and sensor phase offsets cancel
using the phase button variation as discussed above. Thus, for each image button the offsets
may cancel and the image buttons may read the same Z90 value in front of the same

formation.
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In addition, the casing measurement may give an indication of relative phase offsets
of the different image buttons. The measurements of the individual image buttons in the
casing each can beidentified with the angle of the mud impedance as described above. The
fact that the mud isthe samein front of different buttons may suggest that the phase of each
button measured should read the same where no phase offsets are present in the button
measurements (due to sensor or electronics offsets), or if the phase offsets of the image
buttons were the same. If the image buttons have different phase offsets, then an average and
estimate of which buttons have a small or large offset with respect to the average can be
determined. In some cases, individual image buttons may have such large offsets that some
measurements may be replaced with data from aneighboring button(s), either by, for
example, averaging the data of the buttons on either side.

By performing casing measurements in subsequent well-logging runs or jobs, the
relative button phase offsets may be evaluated to track whether the tool degrades and/or
varies over time and under different known conditions. In other words, phase offsets may act
as an indicator that can be used for quality control.

In some Z90 applications, the measured phase values may be corrected such that they
read the same in the casing as is expected. By determining the difference between each button
phase and average phase, the button offset may be determined. The button phase values may
be corrected by subtracting each button offset from the corresponding button phase.

OPEN HOLE ANALYSIS

Open hole analysis may be performed using many of the same techniques as the cased
analysis. The downhole tool 114 may be positioned in the open hole portion 126 of the
wellbore as shown in Figure 1-1 for performing open hole measurements. The open hole
measurements may be performed using mud measurements with the same electronics and the
same sensors as the cased hole measurements such that the phase offsets due to electronics
and sensors both cancel. Measurements and analysis based on cased hole and open hole
applications (as well as known parameters) may be evaluated.

The casing measurement (AngMudpOff), an open hole amplitude measurement
(AbszpOff), and an open hole phase measurements (AngZpOff ) may be used to determine

Z90 using the following equation:
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Z90 = AbszZpOff * sinNfAngZpOff - AngMudpOff] [Ohm] Equation (49)

The resulting Z90 may be ametric or measure of formation resistivity nearly independent of

standoff. An image may be generated from the resulting Z90.

SEPARATION OF MEASUREMENT OFFSETS AND MUD EFFECTS

In some cases the mud angle may be known, or measured with another tool, such as a
dielectric scanner or other downhole tool. It may also be possible to measure at surface and
the value downhole derived. In such cases, the measurement may be done in the casing with
the imaging tool. The measured button impedance phase may read the mud angle. If not, the
phase measurement can be calibrated (or corrected) by applying a difference between an

expected measurement and an actual measurement to each button phase.

In some cases, the calibration of the tool may be such that the offsets due to
electronics and sensor offsets may be small or sufficiently accurately known in comparison
with the accuracy with which the mud angle is determined. For example, if the offsets are
smaller than about 1 degree and abutton impedance angle of about -80 degrees is measured,
the mud impedance angle may lie between about -79 and about -81 degrees. Thus, the mud

angle can be determined assuming that the known offsets are sufficiently accurate.

The mud angle may beused as an indication of the quality or stability of the mud.
Where the mud angle value is above -90, then the more likely the mud angle may vary over
different parts of the open-hole log, the more likely the mud will be inhomogeneous, and the
more likely the angle between the formation impedance angle and the mud angle will be
small. Thus, adegraded oil-based mud imaging performance for mud angles far above -90
deg can be expected.

AMPLITUDE

In some cases, the casing measurement may not be sufficient as areference for button
impedance phase measurement, or as areference for button impedance amplitude
measurement. In afirst order approximation, the button impedance in the casing may be
equal to the mud impedance assuming the casing is agood conductor such that the

‘formation’ impedance isnegligibly small. The mud impedance may then be approximated as
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the impedance of a (leaky) parallel plate capacitor. The complex capacitance formula for

such a capacitor is:
C= A * (eps _r*epsO+(sigma / (i*omega))) / s [F] Equation (50)

where C isthe capacitance, A isthe button area, eps r isthe relative mud permittivity, epsO is
the permittivity of free space, i isthe squareroot of -1, omega = 2 *pi * operating frequency,
sigma = the mud conductivity, and s = the mud thickness between the button and the casing

(standoff). The complex mud impedance then follows as:
Z mud = (i*omega*C) ' = s/ (i*omega*
A*eps r*eps0 + A*sigma) [Ohm] Equation (51)

The button area (A) or any other parameter may be dightly adjusted compared to readlity to
include fringing capacitance or other geometric effects, such asthe casing and the button not

being paralel or either being curved.

A measurement in the casing with aknown-geometry tool provides a measured
impedance amplitude: abs mGasured(Z_button_casing). This impedance measurement can be
used to solve for one out of three main unknowns defining the measured button impedance
amplitude: gain factor (p), button standoff (s) and the relative mud permittivity (eps r). The
one unknown can be solved if information about two other unknowns can be determined. The

mud conductivity may to first order be neglected.

The measured amplitude may have an offset with respect to the real impedance
amplitude. A gain factor p may be defined as follows:

abs mGsured(Z button casing) =p *
abs(Z_button_casing) [Ohm] Equation (52)

The factor p may change over time, with temperature, pressure, etc. The factorp can
originate from gain offsets in the measured current and/or voltage. The three unknowns enter

in the equation in alinear manner as follows:
abs mGasured(Z _button_casing) = cnst *

p *s/epsr [Ohm] Equation (53)
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where cnst is some known constant. Depending on other information provided, there are
several optional approaches: 1) determining p, given information about s and eps r or
information about s/ eps r, 2) determining s, given information about p and eps r or
information about p / eps r, 3) determining eps r, given information about p and s or
information aboutp *s, 4) determiningp * s, given information about eps r, 5) determining
s/ eps r , given information about p, 6) determiningp / eps r , given information about s,

and/or 7) verifying whether information about p, Sand eps r is coherent.

Information may be based on the order of magnitude, an interval of confidence, a
value with some standard deviation, or some other basis. An example of information about p
involves a calibration measurement of the tool at the surface. A standard calibration setup
involves placing the sensor pad a a given small distance (e.g., about 4 mm) from ametal
sheet (which may be curved to follow the shape of the pad). A (known) gas or fluid or solid
material may be placed between the pad and the sheet. The standoff and the medium between
the button and the metal sheet may be accurately known or measured. Then atool
measurement may be taken. From this measurement and knowledge of the standoff and
medium, factor p can be determined. Thisp can be used later in the downhole measurement

as input information.

As shown in Figure 2-2, button standoffs dbi-n and the protrusion of the wear plates

130, 131 (or standoff @) of the pad 117 isknown. The button-to-casing distance (or standoff)
may be assumed to be close to the wear plate protrusion (or standoff). For example, eps r
(Equations 50-53) is avalue obtained with another measurement, such as a dielectric scanner
or a separate mud sensor. An example of information about p/eps r is avaue obtained by
measurement with the sensor pads a distance from the casing or borehole wall. |f both p and
s are known, for example from the above examples, then the mud permittivity downhole can
be determined. If both eps r and s are known, for example from the above two examples,

then the system amplitude offset (p) downhole can be determined.

MULTIPLE BUTTONS

In the case of atool with an array of button electrodes, an impedance measurement
can be generated for each button electrode. The button electrode may be indexed through |

for n measurements as follows:
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abs mGasured(Z_button_casing) J = cnstJ *
pj *sJ /epsr [Ohm] Equation (54)

where eps r isnot afunction ofj because the mud permittivity may bethe samein front of

the buttons in the casing, cnstJ isknown for each button, and the default value forpJ isone.

Although acurvature difference between the button array and the casing may lead to a
different standoff s for each button electrode, the standoff s may not be random. The button
electrodes may follow apart of acircle with acurvature radius rl. This part of the circle will
be in some way defined by amandrel position, articulation, wear plates, etc., inside the
circular casing with inside curvature radius r2 (which is also known) (see, e.g., ¢ of Figure
2-1).

The standoffs of the array of button electrodes starting on one edge of the sensor pad
117 towards the other edge of the sensor pad may be a smooth curve. For example, if the pad
curvature radius ¢ is smaller than the casing radius Oc, then the button electrodes a the edge
will have the most standoff (e.g., dbi, dbii)- The standoff reduces smoothly to the minimum
value as the buttons are followed towards the middle of the sensor pad (e.g., dbi) and
assuming a centered mandrel and standard sensor pad articulation. Thus, a smooth curve of

standoffs may be assumed as a function of button electrode positions.

The gain factorspJ may not follow a smooth curve. They may have random offsets.
These random offsets can be corrected by plotting the function
abs mGasured(Z_button_casing) J as afunction ofj , and then changing the valuespJ until
abs meas\xrGd(Z_button_casing) J becomes a smooth function ofj . For example,
abs meas\xrGd(Z_button_casing) J may be plotted as a function of / for the default values of
pJ and fit aquadratic curve through the points. The distances between the individual points

and the curve can then betranglated into the following values forpJ :
p_j = abs mGasured(Z_button_casing) J / quadratic J [Ohm] Equation (55)
where quadratic J means the value of the quadratic fitting function at position of buttonj .

Button electrodes having avalue forpJ that is different from the rest of the button
electrodes can also be detected. This may be an indication of aweak or broken button which
may affect images, for example resulting in a striping effect in the final image after

processing. The data may be replaced or enhanced as previously explained.
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CURVATURE MISMATCH

If there is aknown curvature mismatch between the pad curvature ¢, and the
curvature of the inside of the casing d(see, e.g., Figure 2-1) then, in the case of multiple
buttons, the eps r of the mud on one hand and avalue for standoff for each button electrode
on the other hand can be separated. Thus, mud permittivity can be distinguished from
standoff. The standoff difference that various buttons may have in order to respect
geometrical constrains of pad and casing curvature can be estimated.

In an example implementation, the sensor pad 117 may be pressed against casing 106
as shown in Figure 2-2. Some additional standoff keepers prevent the button electrodes from
touching (e.g., protruding wear plates). For example, six button electrodes with button
current spaced at roughly 10mm may be provided. The button impedance (Zibut) may be
determined as some voltage divided by the button current for each button electrode. A curve
may be fitted through the button impedance values. This curve may have aminimum & the
button position where the button electrode is closest to the casing. In other words, the
position of the minimum of the fitting curve determines where the sensor pad is closest to the
casing. Thisinformation together with the geometry of the sensor pad and the curvature of
the casing, may provide an estimate of the relative casing standoff of each button.

For aminimum distance (or standoff) (x-axis) between the sensor pad and the casing
indicated by the variable somin (i.e. the standoff a position 3.4 of Figure 3 shown below) and
assuming known pad curvature, known button electrode positions on the pad and known
casing curvature, the button standoff for each button can be determined. For afunction
(fibut) giving the standoff for each button electrode in a casing with diameter (casingdiam),
for a sensor pad with a curvature radius (crvrad), and for a given value somin a aminimum

standoff position (xsomin), the standoff for each button (soibut) is given by:
soibut (somin) =fibut(casingdiam, crvrad, somin, xsomin)  [m] Equation (56)

Figure 3 isagraph 300 depicting button impedances (Y -axes) versus button electrode
position (x-axis). The button impedances 370 are depicted with a quadratic polynomial fit
line 372 therethrough. The quadratic fit shows aminimum at button electrode position 3.4,
i.e. the azimuth position closest to the formation, measured in button step units, is located a
position xsomin = 3.4 units. Based on Figure 3, the following may be approximated:

soibut (somin) ~fibut(casingdiam, crvrad, 0, xsomin) + somin [m] Equation (57)
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In this case there is maximum afew percent error a the edge button electrodes given that
somin lessthan or equal to about 5mm. Figure 4 is agraph 400 depicting a small difference
between soibut (somin) 474 and the approximationfibut(casingdiam, crvrad, 0, xsomin) +
somin 476, for somin=5mm. In this graph 400, standoff (y-axis) is plotted against button

position (x-axis).

A simple model may relate the button impedance to the button standoff. The model
may be based on an approximation of the button impedance in casing by aparallel plate
capacitor where the button surface is one plate and the casing isthe other plate. The mud in

between may act as a (lossy) dielectric and, therefore, in first order approximation:

Zibut = 1/(i*w Cibut), [Ohm] Equation (58)
with:

Cibut = emud *€0 * Abut / soibut, [F] Equation (59)

where w isthe angular frequency, €6 isthe free-space dielectric permittivity, emud isthe
relative mud dielectric permittivity and Abut is the button surface area. From this, it may be

deduced that the button impedance is approximately proportional to the button standoff:
Zibut =k * soibut. [Ohm] Equation (60)

The proportionality provides away to determine constant k after which somin can be
obtained. With €6, Abut and w known, emud may be determined. The de-averaged standoff
may be given by:

daso = soibut (somin) - < soibut (somin)>, [m] Equation (61)

Equation (38) showsthat daso can be approximated by the following (< x > denotes the

average of x over the buttons):

dasoibut = soibut (0) - < soibut (0)>. [m] Equation (62)
The de-averaged button impedance may be given by:

daZibut = Zibut - < Zibut >. [Ohm] Equation (63)

The constant k can now be determined given that k may minimize the sum over the button

electrodes of the squared difference between dazibut/k and dasoibut based on the following:
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k=argmin sumibut{ (daZibut /k - dasoibut )3 [Ohm/m] Equation (64)
An agorithm, such as the Golden Section Search, can be used for the minimization.

With the thus-obtained k and Equation (41), the standoff of the button electrodes may
be determined. By fitting a quadratic and determining the minimum, somin may also be
determined. In addition, emud may be determined with the obtained value for k together with
equations 39-41 and with the help of known €6, Abut and w.

Figure 5is agraph 500 depicting final so¥, 578, quadratic curve 580, and minimum
582. Inthis graph, standoff (y-axis) is plotted against button position (x-axis). In this

example, the minimum 582 isat 3.4, so_; = 2.8mm, and ¢ i= 10.4.

In the curvature mismatch technique, relative errors in the button impedances may not

propagate to so_. , where the different button electrodes have the same relative amplitude

min’

error. A relative error in the button impedances may lead to asimilar relative error in ¢ d-

Outlier button impedances can be eliminated.

Other fitting functions, including smoothing and interpolation functions, may be used.
Other means may be used to determine which button electrode is closest to the formation, e.g.
acoustic, mechanical. Other ways of matching Z¥, and soibut, such as fitting a quadratic
therethrough and optimizing so,j, until the x* terms match, may beused. Using amore
complicated model between Z%,, and soibut .g., including second order terms and/or
potentially based on computer simulations, such as finite elements, may be performed. After

finding so;, , 0, i.Ma = SO, May be set and Equation 37 may berecalculated with the

min ?
approximation so,,, (o0, ) ~finu (Casingdiam, crvrad, o, jnitiai, XSO ) + (SO .. - SO, nimiai)-
Other geometries (button number, size, spacing, etc.) may be used. The technique may be

used, for example, in four terminal measurements with oil based mud (OBMI).

Figure 6isaflow chart depicting amethod 600 of generating calibrated images of a
wellbore. The method 600 involves deploying (690) a downhole tool into a cased portion of
the wellbore (the downhole tool having &t least one sensor pad for measuring downhole
parameters), obtaining (692) cased hole measurements in acased hole portion of the wellbore
with the sensor pad(s), and determining (694) cased hole parameters from the cased hole
measurements. The method may also involve deploying (696) the downhole tool into an
open hole portion of the wellbore, obtaining (697) open hole measurements in an open hole

portion of the wellbore with the sensor pad(s), determining (698) open hole parameters from
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the cased hole parameters, known parameters and the open hole measurements, and
generating (699) downhole outputs from the determined open hole parameters. The method
may berepeated or performed in any order.

Although only afew example embodiments have been described in detail above,
those skilled in the art will readily appreciate that many modifications are possible in the
example embodiments without materially departing from this invention. Accordingly, the
such modifications are intended to be included within the scope of this disclosure as defined
in the following claims. In the claims, means-plus-function clauses are intended to cover the
structures described herein as performing the recited function and not only structural
equivalents, but also equivalent structures. Thus, although anail and a screw may not be
structural equivalentsin that anail employs a cylindrical surface to secure wooden parts
together, whereas a screw employs ahelical surface, in the environment of fastening wooden
parts, anail and a screw may be equivalent structures. It isthe expressintention of the
applicant not to invoke 35 U.S.C. § 112, paragraph 6 for any limitations of any of the claims
herein, except for those in which the claim expressly uses the words 'means for' together
with an associated function.
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CLAIMS
Weclam:

1 A method of generating calibrated downhole images of a subterranean formation
(110) surrounding awellbore (105), the method comprising:

deploying (690) a downhole tool (132) into a cased hole portion (124) of the wellbore,
the downhole tool having at least one sensor pad (117) for measuring
downhole parameters;

obtaining (692) cased hole measurements in the cased hole portion of the wellbore
with the at least one sensor pad, the cased hole measurements comprising a
cased hole impedance;

determining (694) cased hole parameters from the cased hole measurements;
deploying (696) the downhole tool into an open hole portion of the wellbore;

obtaining (697) open hole measurements in the open hole portion (126) of the
wellbore with the at least one sensor pad, the open hole measurements
comprising an open hole impedance;

determining (698) open hole parameters from the cased hole parameters, known
parameters and the open hole measurements, the open hole parameters
comprising Z90; and

generating (699) downhole outputs from the determined open hole parameters.

2. The method of claim 1, further comprising determining formation resistivity from
Z90.
3. The method of claim 1or 2, wherein the a least one sensor pad comprises at least

one button electrode and & least one return electrode and wherein each of the obtaining
comprises passing a current from the a least one button electrode to the at least one return

electrode and measuring the current.
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4, The method of claim 3, further comprising comparing the current measured by a
plurality of the at least one button electrode and &t least one return electrode of the a least

one sensor pad.

5. The method of any preceding claim, further comprising determining a standoff
between each of the at least one button electrode and a measurement surface and adjusting for
the standoff.

6. The method of any preceding claim, further comprising analyzing one of the cased
hole measurements, the cased hole parameters, the open hole measurements, the open hole
parameters and Z90 and adjusting the one of the cased hole measurements, the cased hole
parameters, the open hole measurements, the open hole parameters and Z90.

7. The method of any preceding claim, wherein the cased hole impedance comprises

one of abutton impedance, a mud impedance and combinations thereof.

8. The method of claim 7, wherein a measured button impedance equals areal button
impedance.
9. The method of any preceding claim, wherein the cased hole impedance has an

amplitude, amagnitude, a phase, and an angle.

10. The method of any preceding claim, wherein the known parameters comprise one of

acasing curvature, a sensor pad curvature, standoff, mud angle and combinations thereof.

11. The method of claim 10, further comprising determining a curvature mismatch
between the casing curvature and the sensor pad curvature and adjusting the cased hole

parameters for the curvature mismatch.

12. The method of any preceding claim, wherein the cased hole parameters comprise a
mud angle, amud permittivity, astandoff, a gain factor, an amplitude offset and

combinations thereof.

13. The method of any preceding claim, wherein the open hole parameters comprise an

open hole amplitude, an open hole phase and combinations thereof.
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14. A system for generating calibrated downhole images of a subterranean formation

(110) surrounding awellbore (105), the system comprising:

adownhole tool (132) positionable in a cased hole portion (124) and an open hole
portion (126) of the wellbore (105), the downhole tool comprising:

at least one sensor pad (117) for measuring downhole parameters;
at least one button electrode (140) on the at least one sensor pad;
at least one return electrode (136) on the at least one sensor pad; and

electronics (142) in communication with the at least one button electrode and
the at least one return electrode, the electronics obtaining cased hole
measurements in the cased hole portion of the wellbore and open hole
measurements in the open hole portion of the wellbore with the at least
one sensor pad, the cased hole measurements comprising a cased hole
impedance, the open hole measurements comprising an open hole
impedance, the electronics determining cased hole parameters from the
cased hole measurements and open hole parameters from the cased
hole parameters, known parameters and the open hole measurements,

the open hole parameters comprising Z90.

15. The system of claim 14, further comprising at least one guard electrode (138)
between the at least one button electrode and the &t least one return e ectrode.

16. The system of claim 14 or 15, further comprising at least one wear plate (130,131)

extending from a front fact of the at least one sensor pad.

17. The system of any of claims 14-16, further comprising an electrically insulated
material (135) along afront face (134) of the at least one sensor pad, the & least one button
electrode and the at least one return electrode positionable in the insulated material.

18. The system of any of claims 14-17, wherein afront face of the at least one sensor pad
has a curvature (¢s,), each of the a least one button eectrode and the at least one return
electrode positionable along the curvature.
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19. The system of any of claims 14-18, wherein the at least one sensor pad is
positionable against ameasurement surface (106, 111, 115) via at least one leg (116).
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