Modular Resistivity Logging Tool Systems and Methods BACKGROUND [0001] Modem oil field
operations demand a great quantity of information relating to the parameters and conditions
encountered downhole. Such information typically includes characteristics of the earth formations
traversed by a borehole, and data relating to the size and configuration of the borehole itself. The
collection of information relating to conditions downhole, commonly referred to as "logging,” can be
performed by several methods including wireline logging and "logging while drilling" (LWD). [0002]
One often-collected type of downhole information is the electrical resistivity of earth formations
surrounding the borehole. Though such information can be used in a variety of ways, it is often taken
as an indication of the type of fluid in the formation. For example, hydrocarbon-saturated porous
formations have high resistivity, while water-saturated porous formations have low resistivity. [0003]
Electrode-based resistivit g Resistioaly bedgiey Tookbexteie ahd flehaisn resistivity. Such tools
employ an arrangement of electrodes to generate electrical currents and/or potentials, to measure the
resulting electrical potentials and/or currents?%@&%%@ to shape the associated electrical fields to
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low resistivity.
[0003] Electrode-based resistivity logging fools can be used to measure the formation resistivity.
Such tools employ an arrangement of electrodes to generate electrical currents and/or potentials, to
measure the resulting electrical potentials and/or currents, and optionally to shape the associated
electrical fields to focus the measurements in some fashion. The formation resistivity is then
derivable from the observed relationship between electrical current and potential.
[0004] 'The accuracy of electrode-based resistivity logging can be affected by various factors. For
example, the electrodes may react chemically with fluids in the environment to form a surface layer
having a measureable (and variable) electrical impedance, altering the generated and measured
¢lectrical currents and potentials from their ideal values and reducing measurement accuracy. In
tool configurations having a conductive surface near the electrode (e.g., the tool body), the
formation of surface layers can be particularly deleterious if the surface layers have different
impedances. Focusing is achieved by keeping the nearby conductive surface at approximately the
same potential as the measurement electrode, but the difference in surface layer impedances creates
an undesired potential difference in the borehole fluid immediately outside the surface layers,

causing undesired current flows that impair measurement accuracy and further impair spatial



[0005] Thus, the materials used in constructing an electrode-based resistivity logging tool are
important considerations, not only due to their tendencies to form surface layers, but also due to their
effects on tool assembly and strength. Poorly-chosen materials will limit the tool's strength and prevent
it from being used in a drill string or even as part of a large wireline logging assembly. BRIEF
DESCRIPTION OF THE DRAWINGS [0006] Accordingly, there are disclosed herein electrode-based
resistivity logging tools having a central support mandrel isolated from a set of electrode rings by a
layer of composite material, and manufacturing methods therefor. In the drawings: [0007] Fig. 1 shows
an illustratis@uogyivigtetiveldhilting (bavDIzempirommeinil fo608]Eighe shidwesailiasthativewitiedine
logging epyyis ot dRROSLE 3 shev b dlifglive computer system for managing logging

operations. [0010] Fig. 4A shows a cross-section of various parts of a disassembled resistivity logging
tool mod{fedsjoctiniFide 4Bashiolvsiacdros seettisHngf an essendbibasedsistivityitodegay tovbmagule with

optional qtgn%g}%t considerations, not only due to their tendencies to form surface layers, but also due to
their effects on tool assembly and strength. Poorly-chosen materials will limit the tool’s strength

and prevent it from being used in a drill string or even as part of a large wireline logging assembly.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] Accordingly, there are disclosed herein electrode-based resistivity logging tools having a
central support mandrel isolated from a set of electrode rings by a layer of composite material, and
manufacturing methods therefor. In the drawings:
[0007] Fig. 1 shows an illustrative logging while drilling (LWD) environment.
[0008] Fig. 2 shows an ilustrative wireline logging environment.
[0009] Fig. 3 shows an illustrative computer system for managing logging operations.
[0010] Fig. 4A shows a cross-section of various parts of a disassembled resistivity logging tool
module.
[0011] Fig. 4B shows a cross-section of an assembled resistivity logging tool module with optional
adapter.
{0012] Fig. 5 shows a side view of an assembled resistivity logging tool module with optional
adapter.
[0013] Fig. 6 shows an illustrative multi-module resistivity logging tool for a logging string or
LWD assembly.
[0014] Fig. 7 shows a flowchart of an illustrative resistivity logging tool module assembly method.
[0015] Fig. 8 shows a flowchart of an illustrative logging string assembly method.
[0016] Fig. 9 shows a flowchart of an illustrative multi-module resistivity logging tool control
method.
[0017] It should be understood, however, that the specific embodiments given in the drawings
and detailed description thereto do not limit the disclosure, but on the contrary, they provide the

foundation for one of ordinary skill to discern the alternative forms, equivalents, and



[0012] Fig. 5 shows a side view of an assembled resistivity logging tool module with optional adapter.
[0013] Fig. 6 shows an illustrative multi-module resistivity logging tool for a logging string or LWD
assembly. [0014] Fig. 7 shows a flowchart of an illustrative resistivity logging tool module assembly
method. [0015] Fig. 8 shows a flowchart of an illustrative logging string assembly method. [0016] Fig. 9
shows a flowchart of an illustrative multi-module resistivity logging tool control method. [0017] It should
be understood, however, that the specific embodiments given in the drawings and detailed description
thereto do not limit the disclosure, but on the contrary, they provide the foundation for one of ordinary
skill to diszatiitihtoaltehattivedommsespdvalintss gnan embodiments by the scope of the appended

claims.

NOMENCLATURE

[0018] Certain terms are used throughout the following description and claims to refer to particular
system components. This document does not intend to distinguish between components that differ
in name but not function. The terms “including” and “comprising” are used in an open-ended
fashion, and thus should be interpreted to mean “including, but not limited to...”.

[0019] The term “couple” or “couples” is intended to mean either an indirect or direct electrical,
mechanical, or thermal connection. Thus, if a first device couples to a second device, that
connection may be through a direct connection, or through an indirect connection via other devices
and connections. Conversely, the term “connected” when unqualified should be interpreted to mean
a direct connection. For an electrical connection, this term means that two elements are attached via

an electrical path having essentially zero impedance.

DETAILED DESCRIPTION

[0020] The issues identified in the background are at least partly addressed by the various
electrode-based resistivity logging tools and methods disciosed herein. At least some embodiments
employ a resistivity logging tool module having a strong mandrel (e.g., a hollow steel body) with a
connector at each end and a ring support section disposed between the connectors, wherein the ring
support section is configured to receive a set of ring electrodes. The set of ring electrodes is
positioned around the ring support section and is electrically isolated (e.g., by a composite layer)
from the mandrel and from adjacent tool sections of a logging string or logging while drilling
(LWD) assembly.

[0021] At least some tool embodiments employ multiple such resistivity logging tool modules
coupled directly or indirectly (e.g., via intermediate logging tools of other types) to form a multi-
module resistivity logging tool. The modules may include adapters to facilitate such coupling, and
in at least some embodiments, such adapters provide electrical isolation at the joints between
adjacent modules. Such isolation joint adapters may employ a pair of rubber washers and an

insulating layer between the mandrel and the adapter. Additional protection of the overlapping



modifications that are encompassed with the given embodiments by the scope of the appended
NOMENCLATURE [0018] Certain terms are used throughout the following description and claims to
refer to particular system components. This document does not intend to distinguish between
components that differ in name but not function. The terms "including” and "comprising" are used in an
open-ended fashion, and thus should be interpreted to mean "including, but not limited to...". [0019]
The term "couple” or "couples” is intended to mean either an indirect or direct electrical, mechanical, or
thermal connection. Thus, if a first device couples to a second device, that connection may be through
a direct csghestivhomindebindndaplire st stnnebiion Wia othepaevitasnnd cormgetiorppBonversely,
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electrical connection, this term means that two elements are attached via an electrical path”having
essentialiffxsrotimpedance. DETAILED DESCRIPTION [0020] The issues identified in the background
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disclosed herein. At least some embodiments employ a resistivity logging too module having a strong
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multiple such resistivity logging tool modules coupled directly or indirectly (e.g., via intermediate
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electrical isolation at the joints between adjacent modules. Such isolation joint adapters may employ a

pair of rubsenipdehergand drllsgingthgrdysiosetiadivtie FandreiaHeHiibspmontsdaiionsl
protection 9f, the-ONGURRARING into the pit 24 and aids in maintaining the integrity of the borehole.

Depending on the job requirements, the drilling fluid may be oil-based (with a high resistivity) or
water-based (with a low resistivity).

{0023] The drill bit 14 is just one piece of an open-hole LWD assembly that includes one or more
drill collars 26 and logging instruments 28, 31, Drill collars 26 are thick-walled steel pipe sections
that provide weight and rigidity for the drilling process. The logging instruments 28, 31 (some of
which may be built in to the drill collars) gather measurements of various drilling parameters such
as position, orientation, weight-on-bit, borehole diameter, etc. As an example, logging instrument
28 may be integrated into the bottom-hole assembly near the bit 14 to collect pulsed neutron tool
density measurements, acoustic wave propagation measurements, or gamma ray intensity
measurements. Logging instrument 31 may be a multi-module electrode-based resistivity logging
tool having multiple resistivity logging tool modules 32 with adapters 33 that couple the modules
together and integrate the logging instrument mnto the drill string 8.

[0024] Measurements from the logging instruments 28, 31 can be acquired by a telemetry sub (e.g.,
built in to logging instrument 28) to be stored in internal memory and/or communicated to the
surface via a communications link. Mud pulse telemetry 1s one common technique for providing a
communications link for transferring logging measurements to a surface receiver 30 and for

receiving commands from the surface, but other telemetry techniques can also be used.



regions of the mandrel and adapter is achievable with a composite layer and an outer wrapping as
described below. Although not required, the set of ring electrodes for different modules may be
different. [0022] The disclosed tool and method embodiments are best understood in context.
Accordingly, Fig. 1 shows an illustrative LWD environment. A drilling platform 2 supports a derrick 4
having a traveling block 6 for raising and lowering a drill string 8. A drill string kelly 10 supports the rest
of the drill string 8 as it is lowered through a rotary table 12. The rotary table 12 rotates the drill string
8, thereby turning a drill bit 14. As bit 14 rotates, it creates a borehole 16 that passes through various
formatiorié029. A puanio@Ctivhesudates dhidlidy!floidrtwssgtibe féeld pipw 22me3keHyrdt) ddwiimoléithrough
the interiqy of diilh 3ing, & ropgh-orificesn aill Kitb4 BRACIR NG RFAGS ViR the.apnnlus, 9 around
drill string 581 an |1nto a re‘%vengl%n%}p]%?24. The é%ﬂing f|ingid transports guttﬁalgsE ?ro%%éggoreho e 16 into
the pit 24candiietidk usirgaintainimg thegintegritgcod the borehskenbbpehdingion thecjob retyuiremients, the
drilling fluigl may.be oil-based (with a hightesiRtM QLA bASRY (b Lo eRiRlyity 49923] The
drill bit 14%5}%1st60n89piece of_"én oprzgn-%}?e LWD asser%t%ly tﬁ’a% inc?udejs one or more dr%?co?ars 26
and loggithg instrigrilenssrige 31 sDrillichl ansPahatevimioksiatis b Sleahpiloe seativhyssthaerprovidie weight
and rioidiy. aadae, fH0\RIRRS o L 09RIDa InsutBeNinfud (ROMEALMILCHAL 15Ol in to
the drill collars) gather measurements of various drilling parameters such as position, orlenfatlon,
weight-osiobite béte sl dianmetenltetoodueasledtsripleaskig gastirsirulersit 2 SopkyhPanategradd into the
bottom-hglg assemily.neap i fittAsasallathaylsed.0antranderldrrsiy measurements, acoustic

wave propagation measurements, or gamma ray intensity measurements. Logging instrument 31 may
be a mulil¥adldudevalebnoliedasbgi e isfivrildeig disesvovneitirgrbirilorecresionity. ivebing uds|
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into the drill string 8. [0024] Measurements fromthe logging instruments 28, 31 can be acquired by a
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technique for providing a communications link for transferring logging measurements to a surface

receiver SoRIAWforrdekimE difmdrtasi frsmdiecatipRd ertith desingberiasreechritiredcean also be

used. [0QZRLiAL et Iimes duiipethe drilling process, the drill string 8 may be removed from the
borehole 16 as shown in Fig. 2. Once the drill string 8 has been removed, logging operations can be
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operationgoacaWHnNgaRsStoLnghe NersIEeAisSaiered by theowikeliprnlagaingurandesad, and
optionally grocessing the measurements for display to a user. For the logging environments of Figs. 1

and 2, m3ASarRFH R arfsnleE daicnd teeg Bt amBiLpissed il trsraRNgcRaR f@ingludes one
two-dimegisigoal grapmhshawingdhe (maasiined parameleiasafunation ohteal postiaRcofodaptn. [0027]
Fig. 3 shows an illustrative computer system 43 for mana in%c;ogging operations. The computer
system 4R sRABBAR IS e BT irR it IBGYMG FacIy Tot Bra iR My omeRy S SYHE tputing

facilities 4q@idheireling, legming: faciityedd Qhriigss2ho T MR aleaGRMPHERY GysteMuthaldgsrives
logging measurements from such logging facilities. The computer system 43 may include wired or

wireless i iCaHBR? it R RIS U e R8T AD ST i THE D ative
computesisie s 43rEREnpHEE I wesaliwasksdation Sbwith amompHienshpssik4&icaypedindalisplay
device 48 and a user input device 50. The computer chassis 46 includes one or more information
storage d&iEBS W&S@Mﬁ@@’oﬂ%ﬁ%%ﬁ%ﬁ%sﬁi& HSRE°rSHRe g??&ﬁgo%%?‘%o&ﬁraﬁﬁi%?y
informatigg&tReage media 52) that configures the computer system to interact with a user, enabling
the user to process the logging data.and, in the case of local logging facilities, to, manage logging
operation LTI G Ah SR BIAL BB ol D1 36 FOREC S ey oSOT e BB AR
dynamicalytadjustinadogaiigapesatitnshasetodnlsesstivity teelinadidtopianss e sefiware may
also be downloadable software accessed through a network (e.g., via the Internet).
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[0028] In some embodiments, illustrative computer system 43 executes software that assists a user in
the design and configuration of a multi-module electrode based resistivity logging tool, including
determination of relative electrode positions, inter-module distances, mapping of transmitter and
receiver roles to the electrodes, timing of transmitter operations, transmit signal frequencies, and
adaptation planning to accommodate changing downhole conditions. As an example, the computer
system 43 may generate a preliminary resistivity logging plan with a multi-module resistivity tool map
that identifies the locations of receiver electrodes and transmitter electrodes for multiple modules that
are able tztoperatéctogétlétitt cdnflicts prdefestsiirthethalksinitiecsr neppiver deratinns ansd
detected, an.updated resistivity logqi lan may be.selected by an operator or,may be selected
s E R b e R e Ry
electrodesgsathngsistivity toggingtoaladesigns emipleyhodn figutailie rasistivitpigdgitg taokpmedules to
maximize fexbiily, & disassembleg ersion.olan llustiafye resisiivibviogaing ol module 3/
shown (in%l’OSS-SGCﬁBI% in Fig. YN '[%l&ffﬂ The resis |\ﬁ%/nl%§g|ng toof module gﬂ Shown i Ig. 4A
includes aapathdrelédvith thonnegionseftions 82 eladiBdcat oppositereetselandodesngrsupiartesection
80 disposed fetngen fhe.gennecior.aeqlions 82 and 6. The. sopnecier sedion 8 may couegpond to
a male connector section, anc} the connector section 84 may correspond to a female Connector
section. Pherzgsistvityiiggadg toohrasdulesiSivitalp fgoiydecamupticral atEdiizrd 3poritercoupied to

connectol;“se(fti N:82 duripgaﬁs%emg)lcy. In.some re istiv t}g}lo %ing tool module embodiments, the
adapter 3%is S{r;nﬁittggt.eﬁlc?rlex mST’S, adj lge%tfa lfgé?seﬁ\ﬁ?f ‘iroggﬁgr}'[dol modules 32 may be fitted together
directly wW##SLit Addptstrs38s ant drcadigdmentdieatrodepibedonefetredyidcsgme tadedeifignis amatlnecessary

to provide cleciiical %%9!&5%.‘?8@%%@&%‘%ﬁﬁ‘&%‘?&%&gﬁﬁ%‘ﬁ Qﬁﬁ@?’}\t&‘i#@@&ﬂ%ﬂ%&&é ,be
based on strifig dimension critefia, electrode spacing crltena,eioggl g conflict criteria, availa ity of
adapters,ilthér@timpa;i@iﬁﬁyyd?ggbmrwbmnﬁé@tﬁﬂt’y é@m@ﬁ%%@gﬁ%ﬁi@@h&)ﬁhﬂtﬁ&he connectivity
elementsphgthes, stringsaalians. £1c.JAORhTRevesiRvilPgaing foglmadule 32.5hqw g fig. 4A
also includes a set of ring components 36 to be positioned around the ring support section 80 during
assemblyoTresitiustesitas Serof Higicampoitamds 3Bhe ik supsistigitdo §Gidrowidiettrsddrings

56A-S6C il cnesnanding slecadsping SAAEC. hip soniemalated.iond nehrediired. fhat

electrode ring 56A will be a transmitter electrode while electrode rings 56B and 56C will be receiver
electrodescButauddlransniitter sidunotienar ggrbsnanddete detaaboprmyeire stetiaurkbatsshayitteceiver

e'eC”Odet%g%h‘%l&d?%%ﬂﬁe%@ﬁ&?ﬂﬁ[@é‘é’ Arapanaotngerssadiyl gsia' e dluiraieton 2

embodimen
during assembly, In some resistivity logging tool module embodiments, the adapter 33 is omitted.

For example, adjacent resistivity logging tool modules 32 may be fitted together directly without
adapters 33, an arrangement that may be preferred in some cases if it is not necessary to provide
electrical isolation between adjacent modules. The decision to omit adapter 33 may be based on
string dimension criteria, electrode spacing criteria, logging conflict criteria, availability of adapters,
the compatibility of module connectivity elements (e.g., threads) with the connectivity elements of
other siring sections, efc,

[0031] The resistivity logging tool module 32 shown in Fig. 4A also includes a set of ring
components 36 to be positioned around the ring support section 80 during assembly. The illustrated
set of ring components 36 includes resistivity logging tool electrode rings 56A-56C with
corresponding electrode pins 58A-58C. 1t is contemplated, though not required, that electrode ring
56A will be a transmitter electrode while electrode rings 56B and 56C will be receiver electrodes.
Because transmitter electrodes may be expected to convey greater currents than receiver electrodes,

such electrodes are generally (though not necessarily) larger. In the illustrated embodiment, the
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increased size is achieved by making transmitter electrode ring 56A wider than the receiver electrode
rings 56B and 56C. [0032] Fig. 4A further illustrates bonding rubber rings 76A-76E. Bonding rubber
rings 76A and 76B are positioned on opposite sides of electrode ring 56A, bonding rubber rings 76B
and 76C are on opposite sides of electrode ring 56B, and bonding rubber rings 76D and 76E are on
opposite sides of electrode ring 56D. The illustrated set of ring components 36 includes an optional
composite ring or spacer 77 between bonding rubber rings 76C and 76D. Some embodiments include
a composite spacer 77 between any adjacent bonding rubber rings 76, i.e., bonding rubber rings 76
associatadoveithedifereit atditredelsy Tidiegnuposit@spatersod? arre shhad widecobrdathee radth the
desired eé?%%%gerrli%g Z%ﬁ%m% (; 033] Fig. 4B shows a cross-section of the illustrative resistivity
logging too modulé 32 in 4sSembled form, while Fig. 5 shows an external view. Fig. 5 shows that the
connectoi0&iftidine84 Hffnnduad il 8dviss stithdisiblebivhil estpe ToHT6EI 0B selitipmBRas hquseTéd byddapter
33. Ring port section 80 is covered.by the set of rin onents 36, Durin e a
R S e BT A R e o T o T
80 beforevtheppetitf siriescdmpomedisi8s Hputidtbapldiog. rirbbhisrmanivap, sléctticalrisatatiprribatween
the mandrel 64 and the glectrode tings 56A-56C is assured. During assempbly, the individual rings from
tho set o 155 Lo OTac B8 ol pe g e st SRS Do B ST
moved intortipeiitespectivepplaces diemgdheomreupipber seatioA®D ahd a6é€rnative embodineents, one
or more r}ingg&rom the set of rineg components 36,may ced gver the larger df’)aqm(ﬁter connector

= 1{e Spac WEC ang g%a h%g(@ﬂ rugber I'l‘ﬂ%:stl%gé% 1AINg Funder

section 84 or adaﬁ?é}?pé)f? and moved into plac ng the ring Support sectiori 80°using therma
expansionmgs Shrintovwnsyd astedrblyetéchnindes. TOO84inwsbnpaermbbtiments] thecetedtrodeptins
58A-58C, in d.with electrically coupled to their respective electrode rings 56A-56C.
For examtp e,etsﬁ%de té%g;[{% grﬁlr#ss%%}g%SC may be included with electrode rings 56A-56C as a
pre-asselfidld packdgehrvanottiessereitiodimetie tHastetodesnysysSBazERComhynbdueathined to
include a r [N 0 I , ' I ins

oA o e b B A e S e ined
into electrodeghgé BeAlb6G keriife GlectrodeloingsBBASBECchasebbr adsticedPoRingienpemdrel 64,
thus assuyj i ai : pins. e | 8C,
respeote T S B B A i Lot AR 3 S power
supply aritioekense chplaswaimshoerin Figlad® dovrd ;ﬂnégmé@r}mﬁ@ce‘w&%ﬁ&mﬁw@cﬁode
pins SBAEACHHENAMNSY Q1S FRRIESMAK b seAndcled e RIEsitadRRIB.ORA mAta Al they

are already in place along mandrel 64. Alternatively, power or sense cables may be pre-connected to

electrodex8 8 SBCbafOTBSh 8§ AT G it itoresridspon g ibedsdedindsritngscioon duesrings
56A-56C :[00351,10,Eifls 4B niheruional adrpietA3inps heen matad- with-coNNeSttSReton AR of

mandrel 64 in an isolation joint configuration that includes a dielectric compound layer 65 between
threaded BeEtieP B3 of RBEPIElES Hivd it cupiedt seetion 87 br siamarisr smbpHangdiaion feimoere

configurafipn. 150, ineludest ISplalRRWRRARE!S 2P (4] BEJSHAIRRWASHRIS: (4:ARA A4 be

installed during the assembly process to ensure that adapter 33 and mandrel 64 are electrically
isolated otce adsumiBR asccmnisidiatondaspalRpg theiss|sine heesHersS Y 2epdirrsalranisigd ater 33

and mandiel64,algnesthe apghydirections shown for Fig. 4B. [0036] Once the isolation joint
configuration between adapter 33 and mandrel 64 is complete, the assembly process is finished by

adding vat¥fis dxasinalaapersrrys.ahaspracdedint foyBrBEGiay B vy wbelserindButer
surface of e dhigagied serllanL3-0f-adamies 3gansHte preaaiihe, @E'%@ﬂd@égﬁﬁ&@%l&%@@%ﬁs

shown, the composite layer 68 may extend in the X direction between the bonding rubber ring 76A and
isolation WakiBided Wil sl ioRE pRoteivescuRET fasersvd Revismedipnaither grakey e iviapped

around n%&%ﬁ@%%%@ﬂf%@?&%f thenaguledihclRe MisLIyersi4 R R Rrvideweal segistance
and serve as insulatgg rings 54A-54D (Fig. 5) to enable fine-tuning the widths and/or spacing between

electrode?i ¥ BEALS8C cxiphingr(hesledipta i setiberd el ée st aiy syt Anien Bl BRs A B i

electrodeqings.at athanmadulead e st Multseduigesisivitilaamingiteo s snaydee fing-tHoed by
adjusting the overlap of outer layers 70A or 70D with the electrode rings. ) _
electrode rings 56A-56C have been placed onto the mandrel 64, thus assuring the desired alignment

for the electrode pins. Underneath electrode pins 58A-38C, respective mandrel openings 59A-59C



[0037] The cross-section of Fig. 4B also shows various indentations/grooves 90 and 92, and threads
94 along the interior surface of mandrel 64. The indentations/grooves 90 and 92, and threads 94 may
be machined before or after assembly of the module 32 to facilitate joining the module 32 to other
modules or sections of a LWD string or wireline logging string. [0038] Fig. 5 shows a side view of an
assembled resistivity logging tool module 32 with optional adapter 33. As shown, the electrode rings
56A-56A and their respective electrodes 58A-58C are separated from each other by insulating rings
54B and 54C. Further, insulating ring 54A may separate electrode ring 56A from adapter 33 and
insulatingipg:54l maanseparatesumdictiveditip56C mmmopmg@wmemmmmmm In

some em odlmle ri)eletor §O%glqt% ﬁ& g@g%h peeg:}go mgludesggboA (L co] holes or

protrusmns(s 62 I}watgfam itate tur rning man urlng assem y or ¢ |sassem strlng or
wireline Ie@gmga‘etemgxaslhmIangnprceiemeh@wdet[sm)\’i\ﬁﬁ Aty bleeprobeided @Imeadtapteﬂ@@ {0039] It
should be yn reflr%lé(t)ogl {haLhe em%%%}%e”t ‘}Bri and 56%;{!48?53“" bR OEL sg
embodiments, for examp e, mgy ave ad tlona ewe rode rings. Furt er the width of the
electrodevtifogstBEASHC ard Qheeﬁlml‘éﬂeglﬁﬁgsksmaﬁﬂ@imdm# gthen i€ spacing between

andfor th@or%e%s“ﬁ?'% e gleglinde éﬁ%gté% PR %Xt@&’wﬁﬁ%%‘a’& HOLR AIMENSIoNs, pL

illustrativ istivit Iogglng tool mo 32 are given herein escriptive purposes an s]hould not
be takeniastirmitlagom iany wanfidhrasideriltn ot iidstratidasyistivinptogdifyaood isdake SRaaddi the

optional adapler$3may a?Pe? §‘PB£9XGEP&E?JX Sebiloh %B'E%Qﬁa%dﬂéif&?%ﬂé {esikale r{&%{hc%ﬁﬁgaﬁ'ﬁl%ﬁown n

Figure 5. More specifically along the X axis, insulating ring 54A may have a length of approximately 8

units, eledsouelrides ﬁehtmawhﬁweséiteemglt%ffappﬁ@mmawaﬁmaﬁi’sands”ﬁﬂamdmngtsul@ fairdave a
length of gppjximately it conductive, ring R6B:may naye a-length, of apRipximaeidaBike

insulating ring 54C may have a length of approximately 3.5 units, conductive ring' 56C may have a

length offambkrmat@mamnmd@}mﬁymﬁ@as@wévﬁ%@démeﬁ&mﬁ%mﬁ@@@w&@nd
connectogéggﬂg&g&%gl@raqfr&lm%sm%p@% efigth of approximately 10 units. Further, the

center-to-center spacing between electrodes 58A and 58B may be approximately 3 units, while the

center _toLQ?éﬁtepeptaémgsséweeﬁlejé@n’éew@e&eﬂf@%@myﬁeaaém@v@mh@iyswewg tarther,
the visiblg lengi of adantesAshin Fid. iRy LS APRRXN MG RHBSEnple, a composite layer 68

may be placed around the outer surface of the threaded section 63 of adapter 33 in the area of the
isolation joint configuration. As shown, the composite layer 68 may extend in the X direction
between the bonding rubber ring 76A and isolation washer 72, Further, various protective outer
layers 70A-70D (e.g., fiberglass) are wrapped around non-conductive surfaces of the module 32.
The outer layers 70A-70D provide wear resistance and serve as insulating rings 54A-54D (Fig. 5) to
enable fine-tuning the widths and/or spacing between electrode rings 56A-56C. Similarly, the
spacing between electrode rings 56A and 56C and the electrode rings of other modules (e.g., in a
multi-module resistivity logging tool) may be fine-tuned by adjusting the overlap of outer layers
70A or 70D with the electrode rings.

[00371 The cross-section of Fig., 4B also shows various indentations/grooves 90 and 92, and
threads 94 along the interior surface of mandrel 64. The indentations/grooves 90 and 92, and
threads 94 may be machined before or after assembly of the module 32 to {acilitate joining the
module 32 to other modules or sections of a LWD string or wireline logging string.

[0038] Fig. 5 shows a side view of an assembled resistivity logging tool module 32 with optional
adapter 33. As shown, the electrode rings 56A-56A and their respective electrodes 58A-58C are
separated from each other by insulating rings 54B and 54C. Further, insulating ring 54A may



[0041] Meanwhile, along the Y axis, the inner diameter of the mandrel 64 along connector section 82
may be approximately 1.5 units (e.g., inches), the outer diameter of the washer 72 may be
approximately 2.475 units, the outer diameter of the washer 74 may be approximately 2.65 units, the
width of the composite layers 68 and 75 may be approximately 0.2 units, the width of the outer layers
70A-70D may be approximately 0.3 units. Further, the bonding rubber rings 76A-76E may have a
T-shape with a total length of approximately 0.7 units along the X axis and total width of approximately
0.475 units along the Y axis. Further, the apertures for electrode pins 58A-58C may have a length of
approximateiye . #vcinoits Atengp théotraxdsrand A suitithsolapp ningmate iy Q. 5Epa-86 cumits alongdhe Y
avis. Smaller aperures havingalsngth,of aprroximalely 0,44 anis alond the X direction and,a width of
approximately 35°Units along the Y'direction may ex%en?j]?hroug composite layer 75 and part of the
ring supporcbaetion BoludngaipdiehG4tiospp polktsede pirousiping GBMd S ibrael entmogencaldlicigi4-urther,
additional, apertures having.a length of imately 0.34 units along the X direction may extend from
the small e o R SR S R S
connectefhed showermonySengewdelding afP42BSome modules and module components may vary in
Size, '9”31& 1]’ ﬁ%’?ﬁ&f&oﬁefﬁ%@‘&sfﬁo%xﬁmﬁ? AMENSIoNS gIVENL! %ﬁdﬁjﬁ'}’g‘ﬂ&@ei@ﬁt%&a %45 for each
module may vary. For example, the mandrel 64 may be consfructed from a magnelhza le matérial that
serves to‘shia|dosrdmerios &frthrearmsindrestyoh frorddixeerhal fsagnetictfisldsindoWenber, ube wkith
magneizgple alsial maresulbianniamalmadpelied A hapascts qoaing megsuigments and
that needs toebe accoﬁnte%S for. Alternat%e%y, a non-%ag;‘%etizab e mrgtegri‘éﬁaﬁl%ot%’ro Lde itsown
magnetichiiei¢erowievdie pratneti fieldbettatipenegtrEié H nomrvmgnetizable material may affect
l0gging rigaBtIENL> ARG LR MAANERRIR.BeARCRUIGT ot B ASIRERN O MOEINS! ey
magnetizable mandrel 64 or a non-magnetizable mandre 64}1‘ used may epené ofi pre |cteg or
known loéidgsopietionporceondishe B0dd) Rigkeproviteisng biook diagrahe bingth itifigirativave

muIti-mo%ﬁgt{ﬁaﬁﬁgg\w%m%@ala%m 1O snints AdRRIEIS 9.9 %@0@5&_{5{3{8@)@9.%

instrument sections.”As shown, the system 100 comprises a plurality of resistivity logging too?%nodules
32A-32C(%dthaugpsothérlaniatieribare possibeieatiiishthe mddulep3dGleshbuitetave a
transmittgrJing elegiodes(abelpd < Ta 1910 YSRIRRERIRMY MR FECaNERS I EIseNades fiapgled "R”
for convenience). Though the'modules 32A-32C are shown with similar electrade configurations, it is
contempﬂ@t@@tﬁﬁﬂm@f@aﬁt&e&m@c@ﬁﬂgma_ﬂmﬁﬁ%m banplayeetibitf aiffessheatrbdllesitFor
example SOMEMOAHES DAY 0aue 4 SAURad-vidihiEansifer apd fﬁga%ﬁ{gﬂ%%ﬁé“&%?ﬁa%@

reduced inter-electrode spacings for use with higher signal frequencies. [0 The system electronics
(multi-mdeRghrelsistienisiing 0Bl CoptrsiteH 10HNH SAfe Fiydisive unientd o erproviiatsboliniiesistivity
logging t%ﬁﬁ!ﬁ‘g@ﬁ%‘%i@%a?@lgv%tg'i@%ﬂj&taﬂﬂ@(ﬁﬂﬁb&?q BRRIUARRHMINIR QUGS MAdues

32A-32C, or alternatively may be placed in a separate electronics module and coupled to the resistivity
logging t681 wydies 3degbelmmitigairihd Yomiofivelver dabReeurie-sarideseatiiadoneshown,
the transpllRhIRG EICEHPEES RSHLAENEmMOdUeR B2 AR GIRI&ARURIE IR INEPAWEBERMRRYY unit 1

04 via power cabling. The receiver ring electrodes in each of the modules 32A-32C are coupled to the
data acq G]g;ﬁ@qeéﬁgxg%égqjm@ﬂ%ap@@gﬁ@@@abﬁ ﬁJ@_ii‘s. Further, the visible length of adapter 33 in

Fig. 5 may be approximately 6.5 units.

[0041] Meanwhile, along the Y axis, the inner diameter of the mandrel 64 along connector section
82 may be approximately 1.5 units (e.g., inches), the outer diameter of the washer 72 may be
approximately 2.475 units, the outer diameter of the washer 74 may be approximately 2.65 units,
the width of the composite layers 68 and 75 may be approximately 0.2 units, the width of the outer
layers 70A-70D may be approximately 0.3 units. Further, the bonding rubber rings 76A-76E may
have a T-shape with a total length of approximately 0.7 units along the X axis and total width of
approximately 0.475 units along the Y axis. Further, the apertures for electrode pins 58A-58C may
have a length of approximately 0.75 units along the X axis and a width of approximately 0.55-0.56



[0045] The power supply unit provides to each of the transmit ring electrodes a respective transmit
signal that is distinguishable in some fashion from the other transmit signals, e.g., by being transmitted
at a different time, being transmitted at a different frequency, and/or being transmitted with a different
modulation pattern. It is contemplated that the power level and carrier frequency of each transmit
signal will be adjustable, and moreover, that they may be adjusted during the course of the logging
run. In at least some embodiments, each transmit signal includes at least two frequency components
from a supported set of five different signal frequencies provided by the power supply unit 104, e.g.,
50Hz, 10@Hz, 20@HkEs 308tz Sard S50E046THa aldegbt gomprembadiméddsythie data Gedisition
and storage ynit 198 %C&kﬂ{ﬁso?%ﬂ %5%%? E?%Yﬁ.%&%ﬂé"ﬁ@ e e@“’&%-é&?oﬁeﬁ?a%ee{%@ elgr%ﬂif?ﬁ'e .
voltage response to the operatio of each fransmit ring electrode. In at least some embodiménts, unit
106 furtherupesitedsy to Tomdpmicaiéhropne seprativeerheaSireimemdred & loggyipepfaciity alethmsurface.
Based ong,predetermined cupaRt eRIRS. b Anspitierand veliade fesnenses detecled al different
receivers, the formatiion reseiggvﬁyééan be ést}l{mategl. %B%th mu?%(lgplegnogaﬁzs 32§§32C, fo{%ngat%n
resistivitynit\loegiderivedioverayagicens Spatidheesoilitons angvarivusdeptivs Binvedtigddon by
controlling hig liaasialigty i cleeti e amieueRlach (R LeRier ring electrode voltages
are considered. Although three modules are illustrated in Fig. 6, additional or fewer modules could be
employed#izh L3umestrigley sidamedulsgetrpatnig fOD47]ST Hestontolish. 1@2pmpyr o rion the levels
of the meashad YllAgRIESRANSES ARTANAIcL RS SR Bual S PeARtEINSHh 10 heyadequalg. may

boost the transmit signal power and/or lower the transmit signal frequency to return the measured
voltage résponsdslitiapes peaisiestavstd, iophvensanptifate mises rbdt veligg cordipldrisasteier of
approaching,or 8x¢889iag 2.REEREINDH. DS GantRleL A0, Ray reduce e ransmitsignalRower

and/or raise the transmit signal frequency. The controller 102 may further detect operational faults

such as, @gniHedispmcpeid ARG dopetuvaritny BRIt aee BrlanaeHolsehatisrrainshsmitter ring
e|eCFr0deAMa‘Ek?e¥)9®iB&9-%§ﬁ€ﬁHM@ romtriber H&aﬂ%dH&@'f@,rB%V%%Hpﬂd @ﬁﬂtﬁomgver,
multi-module resistivity logging tool controller 102 relies on the Iog%lng crew to monitor tool
performafieenatiel fsldehat asharmip dicthendhagnpiidpe ratieriabMmme abet! jogusy Feesrremenis adlowchart
of an i”“%ﬁ‘@t%%f %%E%l@@%'@%&ﬁé@%@?ﬁé&%l@éﬁﬁ%@WH&%@?%@&%&&%@Q%&EB%WB%&W

includes obtaining a mandrel with a connector section at each end and a ring support section disposed
between THESHAREt GRS BISEk B5seA IMstiglepradraguiredicre ebrifestsr S8sien8nsialBsridspond
to a male.gompgctor section at one end and a female connector section at the other end, where the
male connector section has approximately the same outer diameter as the ring support section and

has a smi8WH ofiter Aiarudss thdtate Jaerae chrinetisiistivaonv-aAYsitsitbyRY ieBptdachround
the ring sypRertsectgmat Rloskil 24 andihemaselial ing:ceMPanssissnryed ARtonaesitign along

the ring support section at block 156. The composite layer disposed at block 152 electrically isolates

the mand&lFPorthE Ry efe s M b detshviRe 1e8eiae g corpbneitd 16049 RpBIBRIBS, an

adapter isaifachestdo R ef thencamneaisngestionsotthesmandiehinan dsalatian: el qanfigdration.
The isolation '!oiqt configuration may include washers and a dielectric layer as described previously. At

block 166/ dosie IR ERiARRI BRI SO HACHE TS SRR IR S e pRetdimal o racpRSfacRE Jouter
layer is appbigch areunshitiie isplation jginiirdapieiaaspvendbedneneeciarapartionmehtheset of ring
components, thereby forming the previously described insulating rings. The protective outer layer is

insulating’@htE Ftrntelrepadsson s i i et SRRl doRtRdater Mg Urschydaemp s s

embodimgadsidheRioIRCHVR AUt layer is.astinatglass aicerbomibeewrans Fuithedilsatratie
materials for the composite layer of steps 154 and 158 include fiberglass, ceramic, or thermoplastic.

[0050] Fifle8roE WS AR SRR R SENE TRUIE M GHule resistivity logging tool string assembly
method 2604]Thendgthed 2Q:naysheprifeunad RyitheitpggipaLiew el the |eggiagigelstring
design befqre assembly. As shown, the method 200 comprises determining a default spacing and
operation chtdriafoF R HlaTHE dERE Y EL6tRAE B Sfin G0 @IS EI R 63 %‘Bf@ﬁed‘gfﬁdl?g%%?h Fand
operationakaiiigsin mambenspecifiediyitoal designersdn sheraprraling-narugihted the doebigaprovide
for optima| oPeration cl[oss the W{d st ?ﬁasible rang}e of downhole %wironments._ At block 204, default
spacing 4T BPeTatRsa SRS 18 6t ik 1B Y [8arB AR bRl tesie fidoiy YooTaistative
examplesongluflgoacpustiilegaing:teelshiugleas hagnetie esenansaioggingriadeisnalasireagnetic
telemetry tools, and survey modules. Such tools can potentially

10



experience interference from the currents injected by the multi-module resistivity logging tool or may
impose spacing or sizing requirements that are incompatible with the default spacing and operational
criteria for the multi-module resistivity logging tool. [0051] The possible tool string configurations are
examined and, if there is a co-existence conflict (block 206), a determination is made regarding
whether a single resistivity logging tool module solution is possible (block 208), e.g., whether the client
can obtain the desired resistivity logs with a single module resistivity logging tool. Such single module
solution options may involve adjusting the number of transmitter or receiver ring electrodes of a single
module, adjdsking MeXBfacinghelwiernitheving elepiodes | ddjustimgthezgeldti odemadtitgzand/or
Spf”‘c'”.9331%9!%%%@%‘9&1%?‘%%%{5‘&}%9%5‘*‘4(??@QFJ'&&RJE&?OWE{QE{&%%Q IRARIE Sl e Ve R, gpd/or
adjusting logging operations (power level, frequency, and/or timing). If an acceptable single module
solution isipessiblelibigck 208), then the selected resistivity logging tool module is combined with the
other loggjng,tosls,in bloc .10 f.a.singl I iQn. Is rmined to he infeasible in
plock 208 B e R e o
devised iridiolckha @ tdikarmsidls pacihagrandsbper diionaheritdria ofthestivenidgging tbvlseiBach

single mqdyle solytion gﬂ.{d&aﬁ maY. nyelve.Addings %wtﬁﬂ%&@ ; 83%5%9’9%99’3?%#9%i¥‘l ualmadules,
adjusting the number of transmitter or receiver ring electrodes of individual modules; aqjusting the
spacing betiveeriterent mpdidatirodetend lstineptimirigdeiedtiotieowidtleschatdoresperdirrgseraajabting the

module r@@éﬁrmﬁmagg@%ﬁ%wsé%mﬁé%ﬁ%e@w Mi&?&{%?,%ﬁ‘z]ﬁ gg%@ﬁgﬁ%ﬁﬂﬂ lR99INgse

operations (power level, frequency, and/or timing). This solution is then employed in‘the assembly
process 6f Blsckoggng|two do-aixistehceneoriibrigitaitifredtinublook208naherctidesl éfalghss dhrion can

be emplayed, 1 Blogk-2d4.4Q05h Eai%uﬁp%ﬁgg"%egoﬂf’w%‘ﬁﬁf@&fﬂ&%ﬁ&@%&&ﬂ%ﬁ MUl wSIREVitY

logging tool ‘control method 300. The metho may be performed, for example, by a logging facility

computeP8ysicibhyradistiityg ©gdfihg bt deriolits 198HnmandgésHegging operations with or without
involvemanidf 3,/000iNg QRGN AsSow e e300 FARRESERiFaeR YIRGRMuylismedule

resistivity tool map at block 302. The map, for example, may include the positions of transmitter and
receiver fitf§istetiorle sensasetae diwitbrBRALIG SleRilids erdnge A dangitrgiethisgorraionayf ks may
include “%%I?s\‘ﬁiﬂarﬁlg PREFBHONG! [reQHLEGH ORHMIEARM DAWET 16y §hARLOHRFAL S AC R MARRMIET ring

electrode. At block 304, multi-module resis_tlwtgﬂlpgglng operations are performed based on the map,
e.g., by SBRGAIEQEIPEITERRIE Forih i titerBgd i daheshdecanBird siotiptdperesattipgTvaltage
responses,fRf-gach FeaaiNaliHing.AlERdS: IROIORK3A6ERtMagdiie fesisiityJogaing aRgEtions

are monitored for consistency with expected operations. If a resistivity logging defect is detected (block

308), an (sitkitaly e hp ritieaedistiNity Byinly pridicteténnided BABEHGh tHeSHYAY drry the
detected gefagt(Rlork 310 pfMRBRIRINS YRdaied Teaipiv0aingRIAN AL AGIKISE thepower

levels and/or frequencies for one or more transmitters of the multi-module resistivity logging tool.

Further, thehdipdtsiedtie sietirgr I6Ggmer PR My Gith &rcsbieadeselesB sttt thifersidess: of
receivers gfifhemltinediies sisivibaleogingdanlJafpal Ak ilock 3Lauthecentillghpeiiorms a

multi-module resistivity Ioggéng plan, which if no logging defect was detected, is the current plan, but
which otieriiSbSIEIROUBESTEE RegFIEF PR, In block 314 the collected resistivity log is further

processegparnd/ondispiayaeh anddlocks306Bl4-te: renaateduniuloaging ispemplelgs, should

these levels be determined to be inadequate, may boost the transmit signal power and/or lower the
transmit signal frequency to return the measured voltage responses to acceptable levels. Conversely,
if the measured voltage responses are approaching or exceeding a preset Hmit, the controller 102
may reduce the transmit signal power and/or raise the transmit signal frequency. The controller 102
may further detect operational faults such as, e.g., mconsistent performance of a receiver ring
electrode or a nonoperational {ransmitter ring electrode, and may omit such electrode from further

usage. In alternative embodiments, the multi-module resistivity logging tool controller 102 relies on
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[0055] The various logging management methods described herein can be implemented in the form of
software that can be communicated to a computer or another processing system on an information
storage medium such as an optical disk, a magnetic disk, a flash memory, or other persistent storage
device. Alternatively, such software may be communicated to the computer or processing system via a
network or other information transport medium. The software may be provided in various forms,
including interpretable "source code" form and executable "compiled" form. The various operations
carried out by the software as described herein may be written as individual functional modules (e.g.,
"objects"{heihgtioms coms whroutitee §)oljthifrihersourckicode]l [0086)NMs therdigs harigtioisantithe
modifica%) s will become apparent to those skilled in the art once the above disclosure is fully
appreciated. For example, though the methods disclosed herein have been shown and described in a
sequentifiti8shitis, athesist sOmechdithd saribus ilivstratsdvopdrgivgstmbyotdarssnduyrentydr in a
different sgquence, ithRazahla repsiliandiinisadedhakine oloning Falns e pierpigted to
embrace all such variations, equivalents, and modifications. CLAIMS WHAT IS CLAIMED IS: 1. A
resistivityidgging obenotaiencbsnpresihgtween ihasdraboity edrndcid? sébionghatce swhviendthad a ring

support saetion REIWAST TG, CORRESIAL TS SRR & FANBPSLG Y ASBOP G QURG NG figsupPort

section;
section at the other end, where the male connector section has approximately the same outer

diameter as the ring support section and has a smaller outer diameter than the female connector
section. A composite layer is applied around the ring support section at block 154, and then a set of
ring components is moved into position along the ring support section at block 156. The composite
layer disposed at block 152 electrically 1solates the mandrel from the ring electrodes included mn the
set of ring components.

[0043] At block 158, an adapter is attached to one of the connector sections of the mandrel in an
isolation joint configuration. The isolation joint configuration may include washers and a dielectric
layer as described previously. At block 160, a composite layer is applied around the isolation joint
adapter. Finally, a protective outer layer is applied around the isolation joint adapter and over the
mter-electrode portions of the set of ring components, thereby forming the previously described
insulating rings. The protective outer layer is insulating and thus can be used to fine-tune the
spacing between the ring electrodes. In some embodiments, the protective outer layer is a fiberglass
or carbon fiber wrap. Further, illustrative materials for the composite layer of steps 154 and 158
include fiberglass, ceramic, or thermoplastic.

[0050] Fig. 8 shows a flowchart of an illustrative multi-module resistivity logging tool string
assembly method 200. The method 200 may be performed by the logging crew to verify the logging
tool string design before assembly. As shown, the method 200 comprises determining a default
spacing and operational criteria for a multi-module resistivity logging tool (block 202). Such default
spacing and operational criteria may be specified by tool designers in the operating manual for the
tool to provide for optimal operation across the widest feasible range of downhole environments. At
block 204, default spacing and operational criteria is determined for at least one other desired
logging tool. lllustrative examples include acoustic logging tools, nuclear magnetic resonance

logging tools, electromagnetic telemetry tools, and survey modules. Such tools can potentially
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a set of ring electrodes disposed along the ring support section around the composite layer, wherein
the composite layer electrically isolates the set of ring electrodes from the ring support section; and an
adapter in an isolation o nt configuration with one of the connector sections. 2. The resistivity logging
tool module of claim 1, wherein the mandrel comprises a male connector section at one end and a
female connector section at the other end, and wherein an outer diameter of the ring support section
and the male connector section is smaller than an outer diameter of the female connector section. 3.
The resistivity logging tool module of claim 1, wherein the set of ring electrodes comprises at least one
electrodestznsmrittenterigrand aviedkt woelsciededdyeibemidgsnodnEhesiesisyvigdogging wol

module o im.3, wherein the electrode.tr itter. ring is wider-than the elegtrode receiver rings. 5.
The resiatl g o By e e N B SR e o
electrodecrieigticanbicaitolia &ityhe g hdingwigbestiiniyd tpeib géparate the plurality of electrode rings from

each othgj,sf- The {;%%é%i‘éi%éf’&%ﬁkgcéo?f medule okG féiﬁl]lifi)é(\fv %fe&'h%‘% %¢} ol ng.glectgggs, further
comprises a composite ring positione rllz)e ween two of the bonding rubber rings. .

(block 206), a determination is made regarding whether a single resistivity logging tool module
solution is possible (block 208), e.g., whether the client can obtain the desired resistivity logs with a
single module resistivity logging tool. Such single module solution options may involve adjusting
the number of transmitter or receiver ring electrodes of a single module, adjusting the spacing
between the ring electrodes, adjusting the ring electrode widths and/or spacings, adjusting the
module materials (magnetizable to non-magnetizable or vice versa), and/or adjusting logging
operations (power level, frequency, and/or timing). If an acceptable single module solution is
possible (block 208), then the selected resistivity logging tool module is combined with the other
logging tools in block 214,

[0052] If a single module solution is determined to be infeasible in block 208, then an alternative,
possibly suboptimal, multi-module resistivity logging tool solution is devised in block 210 to honor
the spacing and operational criteria of the other logging tools. Such single module solution options
may involve adding, omitting, and rearranging the individual modules, adjusting the number of
transmitter or recerver ring electrodes of individual modules, adjusting the spacing between the ring
electrodes, adjusting the ring electrode widths and/or spacings, adjusting the module materials
{magnetizable to non-magnetizable or vice versa), and/or adjusting logging operations {power level,
frequency, and/or timing). This solution is then employed in the assembly process of block 214. If
no co-existence conflict is identified in block 206, then the default solution can be employed in
block 214.

[0053] Fig. 9 shows a flowchart of an illustrative multi-module resistivity logging tool control
method 300. The method 300 may be performed, for example, by a logging facility computer
system or resistivity logging tool controller that manages logging operations with or without
imvolvement of a logging operator. As shown, the method 300 comprises receiving a multi-module
resistivity tool map at block 302. The map, for example, may include the positions of transmitter
and receiver ring electrodes associated with multiple modules along a logging string. The map also

may include the available operational frequency options and power level options for each
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7. The resistivity logging tool module of claim 1, further comprising a plurality of outer layer wraps
placed over insulating sections of the set of ring electrodes. 8. The resistivity logging tool module of
claim I, wherein the isolation joint configuration comprises: a dielectric layer between threads of the
adapter and threads of a selected one of the connector sections; a first washer to separate an end of
the selected connector section from the adapter; and a second washer to separate an end of the
adapter from the selected connector section. 9. The resistivity logging tool module of claim 8, further
comprising a composite layer and a fiberglass wrap disposed around the isolation joint configuration.

10. A loggimgrstitingirgoeivstisitig At blonkiRfodutemesistivityi $oguinggook pvingoaspitealitfoofitdodules,

each of t%gsggotgy !ﬁg nh;g‘f)/,l negg, by employing each transmitter ring electrode in sequence and monitoring
the resulting voltage responses for each receiver ring electrode. In block 306, multi-module
resistivity logging operations are monitored for consistency with expected operations. If a resistivity
logging defect is detected (block 308), an updated multi-module resistivity logging plan is
determined based on the map and the detected defect (block 310). For example, the updated
resistivity logging plan may adjust the power levels and/or frequencies for one or more transmitters
of the multi-module resistivity logging tool. Further, the updated resistivity logging plan may gather
voltage sense data from a different set of receivers of the multi-module resistivity logging tool.
[0054] At block 312, the controller performs a multi-module resistivity logging plan, which if no
logging defect was detected, is the current plan, but which otherwise is the updated logging plan. In
block 314 the collected resistivity log is further processed and/or displayed, and blocks 306-314 are
repeated until logging is complete.
[0055] The various logging management methods described herein can be implemented in the form
of software that can be communicated to a computer or another processing system on an
information storage medium such as an optical disk, a magnetic disk, a flash memory, or other
persistent storage device. Alternatively, such software may be communicated to the computer or
processing system via a network or other information transport medium. The software may be
provided in various forms, including interpretable “source code™ form and executable “compiled”
form. The various operations carried out by the sofiware as described herein may be written as
individual functional modules (e.g., “objects”, functions, or subroutines) within the source code.
[0056] Numerous variations and modifications will become apparent to those skilled in the art once
the above disclosure is fully appreciated. For example, though the methods disclosed herein have
been shown and described in a sequential fashion, at least some of the various illustrated operations
may occur concurently or in a different sequence, with possible repetition. It is intended that the

following claims be interpreted to embrace all such variations, equivalents, and modifications.
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a mandrel with a connector section at each end and a ring support section between the connector
sections; a set of ring electrodes disposed around its ring support section; and a composite layer
disposed around its ring support section, wherein the composite layer electrically isolates its set of ring
electrodes from its mandrel, wherein one of the modules of the multi-module resistivity logging tool
includes an adaptor in an isolation joint configuration with one of its connector sections. 11. The
logging string of claim 10, wherein two of the modules of the multi-module resistivity logging tool are
directly coupled to each other without an adaptor. 12. The logging string of claim 10, wherein the
adaptor couples its corresponding module to antth&iMisodule of the multi-module resistivity logging
tool. w |?9§ ing claim 10, wherein the adaptor couples its corresponding module to a
logging string section that is not part of the multi-module resistivity logging tool. 14. The logging string
of claim 11 Awdsstaitytivegme dedesrofuhe srmititsngrlule resistivity logging tool are separated from each

other by a IOQQ{a&hStlrlngl go%% (rih%&!)%oqgtap Qa(éhogﬁg %n'lﬂ%'ﬂh@%’%%% %gé cl)\{}lttYeéwgcC’flqgetg&nector

sections;

a composite layer disposed around the ring support section;

a set of ring electrodes disposed along the ring support section around the composite layer,
wherein the composite layer electrically isolates the set of ring electrodes from the ring support
section; and

an adapter in an isolation joint configuration with one of the connector sections.

2. The resistivity logging tool module of claim 1, wherein the mandrel comprises a male connector
section at one end and a female connector section at the other end, and wherein an outer diameter of
the ring support section and the male connector section is smaller than an outer diameter of the

female connector section.

3. The resistivity logging tool module of claim 1, wherein the set of ring electrodes comprises at

least one electrode transmitter ring and at least two ¢lectrode receiver rings.

4. The resistivity logging tool module of claim 3, wherein the electrode transmitter ring is wider

than the electrode receiver rings.
5. The resistivity logging tool module of claim 1, wherein the set of ring electrodes comprises a
plurality of electrode rings and a plurality of bonding rubber rings that separate the plurality of

electrode rings from each other.

6. The resistivity logging tool module of claim 4, wherein the set of ring electrodes further

comprises a composiie ring positioned between two of the bonding rubber rings.
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15. The logging string of claim 11, wherein the different modules of the multi-module resistivity logging
tool are configured to perfon-n resistivity logging operations at different frequencies. 16. The logging
string of claim 11, wherein resistivity logging operations for the logging string are dynamically
configurable based on a map for the multi-module resistivity logging tool. 17. A resistivity logging tool
module assembly method, comprising: obtaining a mandrel with connector sections at each end
and a ring support section between the connector sections; disposing a composite layer around the
ring support section; and moving a set of ring electrodes to a position along the ring support
section, Whéheirethse conpasitetiay erceldetoicaliyniso latelsthesptiohpng kiebtsodes: frohythe ripg

support s cyg over i sul§ |nS rﬁ%nOfo errg&d%les oghg@ ulti-module resistivity logging tool includes
an adaptgr in an isola tIOI’lJ int configuration with one OfOItS connector sections.

8. The resistivity logging tool module of claim 1, wherein the isolation joint configuration
comprises:
a dielectric layer between threads of the adapter and threads of a selected one of the connector

sections;
a first washer to separate an end of the selected connector section from the adapter; and

a second washer to separate an end of the adapter from the selected connector section.

9. The resistivity logging tool module of claim 8, further comprising a composite layer and a fiber-

glass wrap disposed around the isolation joint configuration.
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18. The method of claim 17, further comprising attaching an adapter to one of the connector sections
in an isolation joint configuration and disposing a composite layer around the isolation joint
configuration after said attaching. 19. The method of claim 18, further comprising applying a protective
wrap around the isolation joint configuration and around insulating ring sections of the set of ring
electrodes. 20. The method of claim 17, wherein moving the set of ring electrodes to a position along
the ring support section comprises moving two electrode rings and a spacer ring between the two
electrode rings, wherein the spacer ring set comprises a composite ring between two bonding rubber
rings. 10. A logging string, comprising:

a multi-module resistivity logging tool having a plurality of modules, each of the modules

having:

a mandrel with a connector section at each end and a ring support section between the
connector sections;

a set of ring electrodes disposed around its ring support section; and

a composite layer disposed around its ring support section, wherein the composite layer

electrically isolates its set of ring electrodes from its mandrel,
wherein one of the modules of the multi-module resistivity logging tool includes an adaptor

in an isolation joint configuration with one of its connector sections.

1t. The logging string of claim 10, wherein two of the modules of the multi-module resistivity

logging tool are directly coupled to each other without an adaptor.

2. The logging string of claim 10, wherein the adaptor couples its corresponding module fo

another module of the multi-module resistivity logging tool.

13. The logging string of claim 10, wherein the adaptor couples its corresponding module to a

logging string section that is not part of the multi-module resistivity logging tool.
14. The logging string of claim 1I, wherein two modules of the multi-module resistivity logging
tool are separated from each other by a logging string section that is not part of the multi-module

resistivity logging tool.

15. The logging string of claim 11, wherein the different modules of the multi-module resistivity

logging tool are configured to perform resistivity logging operations at different frequencies.

16. The logging string of claim 11, wherein resistivity logging operations for the logging string are

dynamically configurable based on a map for the multi-module resistivity logging tool.
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17. A resistivity logging tool module assembly method, comprising:

obtaining a mandrel with connector sections at each end and a ring support section between
the connector sections;

disposing a composite layer around the ring support section; and

moving a set of ring electrodes to a position along the ring support section, wherein the
composite layer electrically isolates the set of ring electrodes from the ring support section.

wherein one of the modules of the multi-module resistivity logging tool includes an adaptor

in an isolation joint configuration with one of its connector sections.

18. The method of claim 17, further comprising attaching an adapter to one of the connector
sections in an isolation joint configuration and disposing a composite layer around the isolation

joint configuration after said attaching.

19. The method of claim 18, further comprising applying a protective wrap around the isolation

joint configuration and around insulating ring sections of the set of ring electrodes.
20. The method of claim 17, wherein moving the set of ring electrodes to a position along the ring

support section comprises moving two electrode rings and a spacer ring between the two electrode

rings, wherein the spacer ring set comprises a composite ring between two bonding rubber rings.
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