METHOD AND SYSTEM FOR GENERATI NG A BEAM OF ACOUSTI C

ENERGY FROM A BOREHOLE, AND APPLI CATI ONS THERECF
WOEOMBERMVMIENT Rl GHTS [ 0001] This invention was naOdBUS200$1047184

Gover nment support under Cooperative Research and

Devel opnent Agreenent (CRADA) Contract Nunber

DE- AC52- 06NA25396 awarded by the United States

Depart nent of Energy. The Government nay have certain

METHSNAND 8y &S O ENS0A TINGEABERNOEF ASURTRSERERGY FROM

Invention relates generally to acoustic iInterrogation
of rock forABORGHOLEE.AANE AL MICARYDYS dtEREYEE
particularly to using the conbination of an acoustic
source including a single transducer or an array of
transducers in the wellbore and the acoustically
non-1linear near well bore rock formati on as the source
of an acoustic beam BACKGROUND [ 0003] Acoustic
interrogation of sufg E q% tend to be
limted by the size and power of practical sources,
[0001]aTiels iifveptiae twas enadecheith Wiatnnadnt doppofioliedeadaioptriative Research and

transducers | imted by the po t i SSi
DevelonmpahiAgreqnest SR it -ﬂ@ngarvﬁ@-f*i%ﬁéﬁgiﬁ% rigfyprded by the
UniteS$81R3DSpdaY&t 8f E&draf.| V&l Govehhdnt Bﬁ?%ﬁ&@éér@ﬁl $HHd RIS invention.
while low frequency signals generally require large
sources, clamped to the b&EH3l e wall, to maxini ze
eﬂ&%er t t.l.o \Q@a}‘
[0002] g?’ g&{lt\ll alﬂﬁ%nﬁlon hlgla\tl\élgl %efn fa tb A{E{)E&Q Iﬂtﬁ%o{;‘a&@e yp ?&matlons
around: mquehxdel el moctpagidubmlyfto equgﬁxey:ombgmabn ofbant acemtlh shlase including
s own short

a singlf ndiSa P o SHRHHE QA8 i e VSRR G s Repu§ifiT o incar near

weubdr@aicktﬂ&ﬁiaﬂeﬁds the s6 18606 thnNRBudtic Beah. Wwaves t hat
propagate al ong the borehole wall and refract back

into the well, with [imted penetration onto the
surroundi ng rock formation. U S. Patent No. 7,301, 852
by Leggett, I11 et al.BACK&RQWNDysing a bottom hol e

assenbly having an array of transducers |ocated in
[0003 o pysowiticanteriegation of pbsadarsfbityres tsng tobubaitehby icgirsland power of

prac‘ucarI &%{%gg%/n%r%ﬁjé&glcgﬁ}é?s, Tt offownfi f%ratcglgstl&?Xraﬁ?dﬁnér? ﬁﬁnted by the

rom non near m Xxi
powerarghrissive cepabilgioe b thadle lateccatiic! fHigk ,freqmilcy\@lgh&ls Ih@te a relatively

ot RS I B R A8 SR LRI PGird) clamr
to theeP&tRld Sall @ Blaximize energy transfer to the formation and minimize unwanted
signals within the well bore. Attempts have been made to produce such a low frequency signal,
but each has had its own shortcomings. For example, U.S. Patent No. 5,521,882 by D’Angelo ct
al. discloses an acoustic tool designed to record non-lincar waves that propagate along the
borehole wall and refract back into the well, with limited penectration onto the surrounding rock
formation. U.S. Patent No. 7,301,852 by Leggett, III et al. discloses using a bottom hole
assembly having an array of transducers located in opposite ends of the assembly to produce the
signals that converge at an angle, as reported by Johnson et al (1987). The signals from non-

linear mixing at an angle arc extremely weak and diffuse, and would not penetrate deep into the



source that can produce |ow frequency energy fromthe
borehole in the subsurface environnent. SUMVARY [ 0004]
wo pooaasanelance with an aspect of the inventi onPCHUS2009/047184
met hod of generating a beam of acoustic energy in a
rock formation penetrated by a borehole is provided.
The nmet hod conprises generating a first acoustic
signal at a first frequency; generating a second
surrouﬁ&:lﬁg %c‘}ckcfoﬁﬁa&'aﬁl Irﬁfi }ﬁl OF@I%%IJI‘ aﬁ ?lgct}{erg Ilsfi ﬁéeﬂ%r Jl’lra%glllstlc 51gnal
first frequency, wherein the first acoustic signal
sourceath@t cge poodccalowUustquencyicgergl framethg borshalt edthio putenrfagercayironment.
of transducers located within the borehol e;
transmtting the first ahMMAR¥econd acoustic signals
into an acoustically non-linear portion of the rock
formati on outside of the borehole; conbining the first
and the second acoustic signhals by a three wave m xi ng
[0004]pIhacesdarico wjthnar Apect af tholihverdaded mdthsdofSdegerating mbédne of acoustic

rock fo tion, wherein . the c mat ed t hi
energy, b aar@algém f‘?"ﬁ’PBu@I}e?ﬁ%y ¥ ck bPE?Ehﬂ]ﬁt B HoTHoG dg‘ﬁe%et%"d comprises
generafling QCHisORc RSt Allghdl iat baﬂrstdfr&ﬁl@ﬁdyo rgelse‘rattdgea fdcond a@(ﬁﬂtlé B8nal at a

second acoustic S|gna s and frequency equal to a
seconcafrﬁqt@n@h@éfe@m fre the fisst frawn@méwlgfé%ﬂ@ firgioigepsti signal and second

acoustgd.rsg eagigﬁergtﬁd %ggh afr?}g &t gﬁﬁm%%qgca%h Githif rﬂ# M?ﬁxﬁ{lea transmitting

rmati on; recelving
the firsi gmthltheaiecmnrcb a@rustio Kignale o var scoanﬁmaaﬂylrtonhmsarr pértiec tof dhe rock

rorm SR RSB S o R TBBh b B semts by e
wave H@lifs Fidiess 1of @hemid Bolakat thil@ sig@skinf BE WK Pimati0@krein the
In accordance with an aspect of the_ invention, a

collimgid tthipd flé?aldé@@@ﬁqehmﬁgughn% okt fosmatigiotira smcogikection as an initial
directib® 'E)Fﬁlte'fﬂg][ aﬂﬁ%sre@&ﬁpacgﬁ(st@ s%ﬁ@ rﬁﬁh(ﬁ §‘er }{&}‘/j?cﬁ)gl t-gl'hedlfference of

system conpri ses one or nore rans ucers configured
the firgjend itlat wcendf dcovdticacgmalstand as |agmatudatdelaenﬂcm$>tn afrroadumalcgroperty of
enerate a s d,acoustic signal at
the rofy Eon RIS Heri P RN Sl e s P o5 Rey D hag refected or
backsdaRéRd IfRee iad EhBorhdpcadipgTintheafor0miont tahd tahelyZing thy rd¥eived signal to
transducers, the recejvers configured to detect
detemt“l*ﬁ BiRymationpahoyt e roskfaEmasiona third signal that results
fromthe interaction of the first and the second
[0005]3lworespidancsi withiag aspeqt i the iBfentione & sYskent dpmagtergnning information

about Q%C‘ﬁ'fﬁr‘?nattlia tﬁgzglbg’a &R R HWdeqet"[%%ts%%t{l Iabﬁlgrlses oNne or more

sl gha dgtect fter passing through a portion of
transdudees r@dlgufedr toagdnonteandirst poodessgral pt egianfradpicecyind generate a

seconcim %Oélistrllceal%r)§a Cﬁtalasbecgnd B %ctlurelrjlg}; qupe%enft Hond rt]haeI ¥ét rf‘t%qltlerr]l%y; one or more
receivers in communication with the one or more transducers, the receivers configured to detect
through the rock formation a third signal that results from the interaction of the first and the
second acoustic signals in region of the rock formation outside the borchole, wherein the
detected third signal is detected after passing through a portion of the rock formation and a
processor programmable with machine executable instructions for analyzing the received signal

to determine information about the rock formation.

[0006] In accordance with an aspect of the invention, a system for characterizing a non-linear

property of a rock formation penetrated by a first borehole is provided. The system comprises



to determ ne information about the rock formation.
[ 0006] In accordance with an aspect of the invention,
w@:2@yasame f or characterizing a non-linear propRCT/YSmhH9/@u7184
rock formation penetrated by a first borehole is
provi ded. The system conpri sesone or nore transducers
configured to generate a first acoustic signal at a
first frequency and generate a second acoustic signha
one 01a1tno§: SELAN s ERABERE Yo YEAL L @Nrsf LOMANEfdl ra§ta first frequency and
frequency, wherein the array is arranged in the |r§%
generappedeodrsl aqometicopignalra e@@n@efraf,luermr/rfa?fglezdt iﬁnrrath@eﬁmhcﬂrequency,
Where{% tLg hlgll aq‘&gg%cf]m tBMs@ 'b&%hbl%” 3rhm8 regen\?etr afrnl?é’e% in a second
recelvers eonf
borehdmrandgh cbimmulnmakorf aitirahé ome ar tnbrer tﬂarsdlgmasl, theh@teiveas Wbifizured to

s T T AL ERSk o0l LG BLE LN AN S0 o e st g

the se&)ﬁﬂ %b(ﬂﬁtl@ E[gnzflé InSteiBRbEMe rsok WRLLtRINdulsR (HEHRE b&EhSIBIWitrein the
is detected after traveling through a portion

detectqﬁt I]de51g1@é ks teteetad jafpr aclingfthewggh @gp(fr‘rl@rmogrﬁhe rock formation and

reﬂect%hﬁ%gﬁp?ﬂhoﬁogéﬁwtyi (F ﬁr%%&gorpél%gfa%%’é @vﬂW IEnEcehlne executable

ne execu trons yzin
instruotienssfor edalyxlggl dle I'ememheltsegmi til)edeltdnfndlreriafdrmmtl(abamut thheock formation
th ﬁ% or mat | ton in nonth nt er aﬁé egl on
in the B‘E‘c SRt ‘roflrr%%lo‘h Wf"ﬂ]e EQ SP%CF?B areholgn o7

ese gd ot her obj ects, tures g charact.eri stics

10007y 8y BRI ord SETHEFT80F HE PR RGP o well a

the mPRRL JF bpGa@tarddUdfdtiond S Me rbBRdleRindh @b k8RRt shdQhe combination
structure and the conbination of parts and econom es

of partgfangepqpricaeies, p@mawﬂauu@e@@lﬂ;@emeemgﬁp@pgmt upsonconsideration of the
followﬁ‘%gcﬁz' %gJ h Iaﬁ&] th%f \Rﬁ%]ﬁier HI&M}VRH 1%19 ¢ t8ttljleo£lzc91gﬁ %y% drawings, all

cIa eference e acco
of whichavibimgsa raltl oﬁfthishisp:ehiﬁcaﬁ(m awberetn dlketﬂef@ence numerals designate
ci ficat.ion mher in Ilgfﬁreference nu

corresS n@n%?{té in ér‘é%‘ﬁ&ﬁ gﬁl@es toltﬁ ?Xﬁéesﬁﬁ mgcargto%l dl?pvgger that the

drawni(%'s ar f@lothléep E esTSill Mstifid 8 M5t QRAerilioWedHY and Rt nbthRitended as a
raw ngs are or the purpose of illustration and

definitipasefy thﬁthn@lﬁs ointhy laYR!PUQPe Aﬁotlseﬂrﬁléh‘a sepcificationiend i theoffaims, the
smgulﬁrffohﬂ of ke m“EE’ gfld t‘tﬁl@’ irﬁ}ﬁ%@tp'hﬂﬂ ref%? nltgsﬁge% Qﬁwt Eb%ftext clearly dictates

speC|f|cat|on and 1 n the cltalns, e si ngu ormo
otherwigg, "an", and "the" include pIuraI referents unl ess

t he context clearly dictates otherw se. BRI EF

DESCRI PTI ON OF THE DRAW NGS [ 0008] Figure 1 generally

shows how t h@RIBF &F SERIBTIONX OFJr b @RAWNMGSf or  P- waves
in the presence of a borehole occurs, in which two

[0008] Figin@eNn e §Sshatvs thow @k fthRk &Rlve nflifBidaiheh@Serloh fBNE-waves in the
presence of a borehole occurs, in which two incident waves at two different frequencies, f; and f>
arc emitted in the formation and, as a result of the non-linear propertics of the formation, lead to
the generation of a third wave with a low frequency of /' =f>— f.

[0009] Figurc 2 shows an experimental test design set-up in accordance with an aspect of the
invention.

[0010] Figures 3a, 3b and 3¢ show some results from the experimental test design set-up of
Figure 2, illustrating the clear coherent SkHz beam signal generated by mixing two primary

beams with frequencies 38 and 43 kHz.



are emtted in the formation and, as a result of the
non-1linear properties of the formation, lead to the
w@emwensat4ion of a third wave with a | ow frequenkgT/082009/047184

[0009] Figure 2 shows an experinental test design
set-up in accordance with an aspect of the invention.
[0010] Figures 3a, 3b and 3c show sone results from
the experinental test design set-up of Figure 2,

[0011]I Flgiﬁ%ti %nghé E@on?étl%/a(gf thO Q&fr@éﬁocégéﬁ%‘[ DL sk 3h@he mijxing region
gener at ed mxing two primary beans with frequencies

locate Sutaddﬂnts‘)omhzle[\ﬂmqqhe Fignals érom hhovwgcasmexgeonmet ry of

[0012]I ﬁgur%%u{s cil(?ngeﬂ C 1ﬂu§ atidn E? [ %]3 m%dglc%na?ﬁgg?ong'\%llﬂpﬂlfe rdgrgnhl%gn of the

ted out ore al's

phaseg}PﬁA?gﬂ&ﬁg»a ?oflu?e %]9 Figure 5 is a schematic

tration sducer array along with the
[0013]dEiG iR 6 ik QRcRmdtglkagsh Bhikkdtinefan@REmple@fABG! Bn@é! of the azimuth
steerin [0013] Figure 6 is a schematic
and inglinagjgp pgfhedﬂanel ofufBe prgy Mgy Ba aeliaradl by r@fatlﬁaxﬂr%ﬁttbeoboréhole axis,
and roElaﬁg ﬂylﬁ] Ok L b&%h&E aki0€ plane of the array
nay e achieve y rotation around the borehol e axis,
[00 14]a1Figunedcdhiowg thendistriphtarmeofgbe pemchs ofi lther artay usédk fdp cblneecmpleemental set-
A 214%1 Figure 7 shows the distribution of the
up in é%lﬁff’sc%’sg fYRe array used for the experinental set up

[0015]i lF‘lgEﬂeg B4 &5l & shdws4xpitindhtal FQARSIbtiIThGUfreS tﬁfﬂdl@ﬂﬂl@u&kh of sources in
ows experinental results obtained fromth
the tfaﬂ'ﬁdo“(CFli Bty 8h Fisure gushosdng fhaf fe érlﬁl%@lé%QHC%fﬁeagﬁne!r beam can be

steeredl bQ Webrinfe the HRMaRIbERAl ThO8laek ldc Fhdif REERE SoditiGh H@ﬁ‘l@ Xransducer

beam can be steered by steering the prinmary beans.
array ¢l thelopppsitel sedd ofdhe aaralstonh dlagbskigigriiboshowh dnotvr stersid cb;er prlmarles

arra t he te si.de of the sandstone bl ock.
results nas%eregk‘?e% 8%5%9%0#% cggf%eélc}(he primaries results in

[0016]aFigtieepedndeashct ad hgecli dffaareaibodiniche qisable o cfe@@limhges, including

-i gur.es 9a and 9b show aspect of an enbodi nent
three-fﬁgﬂg%?r@ | fepecs- a5 t%@é@l °l§-ncl udi ng t hr ee- di mensi onal

[0017] FEEQI%QO sﬁ&\QéJﬁHja 9& 0P8 %H%(ﬁmelﬁtqgrlﬂdrfoﬁh%rc?oslgveﬁh%glﬁﬁhy

aspec of an e odi ment for per orn1ng Ccross-wel
(0018} Gigwigs dphynd [| 00 3BIW Fh @it off am cusherliment Shemevhanource in the firs

boreho?ec’ %ergs%e%faxﬁaﬂ]yea%qgéef%ﬁt t ﬁtg of tﬂo aﬁ&%r&lﬁnﬁ 9 %;&)%d borehole in a
ore e IS nove recelved

configptativ@te¢signed forl mawedirfmmmttohlpmm@ end)bceﬂdhrgrlefequetancm a

[0019] Figure 12 shows system components for producing the third signal in accordance with an

embodiment of the invention.

DETAILED DESCRIPTION

[0020] In an embodiment, an array of transducers is used to generate an acoustic beam in the
non-linear rock formation around the borehole via a three-wave mixing phenomenon by mixing
two collimated primary acoustic signals of higher frequency, as illustrated in Figure 1. The two
collimated primary acoustic signals 110, 120 can be gencrated over a wide range of higher
frequencies by a compact array since high frequency sources can readily fit inside a borehole

130. The non-lincarity of the rock formation 140 around the borehole leads to the generation of



configuration designed for cross-well formation
property and bedding interpretation. [0019] Figure 12
WG bwasxyet em conponents for produci ng the thipd/Ena47184

in accordance with an enbodi nent of the invention.

DETAI LED DESCRI PTI ON [ 0020] In an enbodi nent, an array

of transducers is used to generate an acoustic beamin

the non-linear rock formati on around the borehole via
a colll%akéareﬁ:%ué’f@\/l%am X801 Lo RBRARTRAQRDPY 47 ﬁ(?ﬁlgmteﬁ\ﬁ array beam, having a

l'imated primary acoustic signals of higher

frequeflcr}eqqnmhdy theglififgrenest hesveah tha IﬁlrgzLWeacmustﬂfh%gnalm and with sufficient

o 0 I C
strengt% ?]%B%%g roHB&éé l%g (Hsz#cg 131%0%@ ﬁ :l’?rltneaéiélgm:@sne gl qgvn the high
frequeﬁqrmﬁmtes afd aiystrﬁ)lut‘edenm Iglilnef pz&ﬂhﬂm@yhesmg Gﬁﬂqedﬁlﬂe}foﬁaad'ﬂh@/prlmary

|b isdeabore 30. ﬁl@ n-1ine |tyoft
Sourceﬁ Gélk t8 ﬁf‘é{F’f%ﬁ‘/Pfﬂ 68? ot ié %8 %15‘8?@5 Ucads gep g source (i.c.

isotrofH€ HELiA dn® orof Aiffo®! |sd)1ff@é RLk acQHSIIER t@eﬁdﬁtlﬁgeesymrﬂoﬂectlon of

referred to as a paranetric array beam having
monojfole hifélpe yoweesatlamped Wethéubpfeélpk@nwél bt fived rfo tah@Ob}qcmad yvithin the
borehddéoustic signals and with sufficient strength to

propagate a considerabl e distance into the rock

[0021]]c PR -u egaﬁfh&%% WF orm%tlon gg{b%%ﬂ%‘r?l%@fzeﬁotﬂro%gﬁ e;a%alysis of the

di str e axi
properhesr emlbkxevesTﬂaeJmmg framthe; tlmmmecmm@p}&homelw alwhigtpegy incident

the application, such as a nopol e
waves gg i lf%?ené?req?%ke? efjb P e ESr A ey Sempaagnts at the
harmofics @nd iftéiiovalaast fitQuddeichly;, £ or ﬁeis)% 2/9 Emdi2ﬁ0!:tlceq;1|aﬁrhs€efct of the
nonopol e baffl ed sources cl anped t he borehol e wal

inventign, thi terge g vacelbadar puxiag @helwmeﬁpm iy ¢¢é1g!3@¢ thesicar in[thg pitjnity of a
Wellbol‘_%e Al tljlé &@131@1{1%%?&/ h'w%(/ %E Rlait ra{c%égg&lcﬁzg If 1S of 1nterest to this

characteri ze roug he anal ysi's
applicgifonP-Tigviesd vesuntayriy fecated he omh DE BIOWARCECTMRIX Ilclftgted in the same or

he i n which t. waves .at two ) )
anotheNRBTED A Bl ¥ R i ST iR Bl bl Benepgfiopept the thira
wave }fd&/ﬁ@uﬁ@ﬁﬂfe%ﬁﬂ@ﬂ&?ﬁh@/ @@hdmpﬂaaﬁdm by GHo ?Hﬂlary sources.
i nt ernodul ation frequencies - fi,f2 + 2/} and 2/,

[0022]€nCthe fifbtA0c %@&Cﬁqe% tindaBye sdupdg nikd Qﬂ?ang%ﬂ' @s fahﬁ&ﬁ)p%vtﬁlfﬂed sources,
collinear mxin enomenon i s designed to occur in

the sogrges arr: cigily i?afélﬁ W@Imfb@r(é theopiray arlecapdsin cppigetthitly dre borchole
wall. Wll ﬁéﬁcsfi deP At fs'él%g %S%XS [)r t%ansé&z;e Sargfdrlk/a{ & cﬁ%t fréq?lency 11

|ca lon. ‘The th wave may be recorded
while ouhersaure srmuttarreeuﬂy vderen htmna&edfrequeht;eﬁs aiacont taniod Welﬂbore a low

frequewet/g y jﬁ 8 /é— Iﬁ%\lzegislr %H %cPE}/ ﬁgrlll‘?r}?:a]:r, lallilxsl}lé ?r} ﬁld flormatlo uorfethe::l' two high
frequency primaries. f is the nonlinear parameter that characterizes the nonlinear relationship
between the stress and the strain and, for example, in one dimension, appears in the equation ¢ =
Ke (1 + fe + ...), where o is the applied stress, K the bulk modulus and ¢ the strain. f typically
ranges from 200 to 1000 for rocks. The volume in which the third wave is created is given by V'
= ma’Ly, where a is a radius encompassing the sources and Ly is a length related to the
attenuation of these frequencies. It should be noted that the attenuation (or absorption) length L,
of a wave characterizes a decrease to //e of the amplitude, is well known by those versed in the

art and is given by



wave having the difference frequency is shown produced
by two primary sources. [0022] In the instance where
W0 b@opsidm@r y sources are arranged as a nonopol BChaSfoba7184
sources, the sources are rigidly baffled in the plane
of the array and can be in contact with the borehol e
wall. Wthin the transducer array, some sources or
transducers are driven at one frequency/;, while
ot hers aregglnultaneously driven at anot her
frequeh@yﬁ——ﬁdjacent to the wellbore, a |low frequefdy
(f_ =l 2 - f) wave i s created by nonlinear nixing in
the formation of the two high frequency prlnarles [

where f fethe, Gpgucaeartz) ) antbe gralith &@t% R aistthe Pawsvalerdty rrﬂs) L7 is the
total aRQR(iGIPRAorh kALLONSN] P DetuegnLhe st ress and the

strain and, for exanple, in one di rensi on, appears in

the equation s = Ke ( 1 + be +...), where s is the
[0023]aplpt didfgroned &sgueniy sigealbisigknaread o peapdeatest flr@msth¢ aphng V_,

y 0] T

recelvér (ﬁ‘u%gél%/ér% %Pgﬁ%?%é%%?%h%\?& rgge%lg)éa %gliﬁ‘terfa&? w1thbcontrast1ng
acoustM_ln’-H)erlalch or b éneksaatics faont aﬂionﬁ)garwmﬁpalshy mlgnd:ri’mesmn to a second

ou and LT is Ien el at ed enuat
borehq}f TRE SETREUBlcE e 5 S IENS Ao e pet aiia detimined by

krLn@%&@B%ﬂhbQﬁvéﬂ%n@@%@ﬂﬁ&h&m%qhﬁwgkﬂyL%, ofr (B pVe.
characterizes a decrease to 1/e of the anplitude, is

[0024]V‘@h$th&nl@1‘{‘g}h Ry 1ﬁt@1‘%§tels MR $& Galleﬂ 13 Q{ Hlsﬁlﬂge 'L§g SHaV BfFines the limit
where/is the f uency IS the quality factor

betwe%mthe eearéietc}mld\ﬁbﬁ/@r elldclseglmys C(frtililest)eamLt is the total
attenuation |length expressed as Lf- 1 =Lf 1 +L 2 1 ~ Z
J' . [0023], Thexdjfference frequency signal is
gener a el % prgp%gates fromthe volune V_, to a @)
receiver or recelver array in the sane borehole by
r\%éré%tlls Qe Wa@%‘nh@%&f faces l‘%g;h/c Caﬂﬁt ASh RIACOP AL s%urce The
i npedance, ackscatter ron1|n onobgeneities, or
frequebgy £ refasth i pnnnatrm:sa Tse oomrdichbreghol cerresploedsptoopdigfandedn less than
curs.in,a,col l.imated beam. 't i dt mhich [
L. R Riohel g5 it PR R e, Elt Re i it o Rp e Lo he
beam driplitddaesys ds L, #K2 whidh isie beAm spreddihg €actor[ 0024]
Anot her Iength of interest is the so called Raylelgh
that. defines the |limt between th
00251 ighg Sty ers PR TIPSR SCBRD (e cpBiRse WHBR Rbect of the

inventio®. TR ehcWBN &), MUNBEnsibns®f akblGek P BeRa/send@fhc 210 Svetd B8 m x 0.4 m x
radi us of the source. The frequency refers to the

0.4 m.plherindivadual Yrecas@ap trat epripiissghe Areoieypdrivyn irpdigmeter, arranged
w1th1nqlI c? genrbgg %Jdgﬁiéfaﬁ%@ t}h[:sou\%cgs &Pﬂeselx dl?tel V%‘h frgcﬁiegg}%m 43 kHz and
the otH.ex ha>1f kspth ztﬂncﬂ]uency f1 =38 kHz. The third wave then had a frequency f =43 kHz —
38 kHz = 5 kHz. Each of the sources 220 having a frequency f; are driven by a signal gencrator
240 that is configured to generate a signal at a frequency f; and an amplifier 250. Similarly, cach
of the sources 220 having a frequency f; are driven by a signal generator 260 that is configured to
generate a signal at a frequency f> and an amplifier 270. The motions at the difference frequency
were detected with a laser vibrometer 280 located on the opposite side of the block of Berea

sandstone 210, ensuring that there was no possible clectronic interference in the strain

measurement.



beam anpl i tude decays as Lp | Lx, which is the beam
spreadi ng factor. [0025] Figure 2 shows an
wezpensent al test design set-up in accor danceP@i/Uk20891047184

aspect of the invention. In the set-up, the dinmensions

of a block of Berea sandstone 210 were 1.8 mx 0.4 mx

0.4 m The individual sources 220 that conprise the

array 230 are 2.5 cmin dianeter, arranged within a
[0026]CkiEGle 38f 3tP k¢ Adi MserickBE b gh Iﬁdi‘)@ a® QHEL BeqUREEs for the set-up of

exCited wth a frequency/ =43 kHz and the ot her half
Figurey, tChrraSpbn@qgl émthy/primarg regudncicThrd thei dideraroeereguercyhengorded with
the lase{ 9%90%?&%2%0 Alg Ipiéll_%ul_aqg ) e%]dégﬁ% ;hcgwsaer%ruggli%\(;slg%n%Li}tt égke kHz and Figure
3b shonglﬁaﬂhelg&nﬁé[rWs@halMGS kh{at Fl@remns‘ho@ls tigeckhird s@ﬁﬂ@f@te@u@cy 5 kHz

.sign at afre n .anmpljfie
resultig Fp eyl RO FTGeh &t B BLSCH IO NN Y Pty is Seen
in Flgﬁireejcdf}hé/ BirdYgl BAsOAHEe ﬂfércﬁ)tllﬁﬁatg(ﬁgr Bafes b8 the prlmarles For the
conf |gured to generate a signal at a frequency/ and

laboratgy [ckprapenp 7gsingTaequabtyi Historaaf $hendiaf veyemelecity @é@@ﬁ@yﬂﬂs the

e 5 B8 o i SR U DR TP, AOec RER RE 45 g ana 38

kHz), ehdeirtiing.2trh éd)r thtdriel was. Ahe fogkidh d@steheectvitbaisource radius of 6 cm,
) terfere e stra ur enent 0026
i rously SPGBk Uil ofF R b et a0 i he far

field régi@fuenci es for the set-up of Figure 2, corresponding
to the primary frequencies and the dlfference

[0027]f FigGiéeNSiows” i WedBBirWMol fhd Birdc@R@hted MR tREhdR0and! the mixing
particular, Figure 3a shows a primary signal at 43 kHz

regionzguépide thebercBeje S"ﬁ@ﬂ?sthaﬁkgﬂﬁé fromﬁh@r&m}m@ ah apupdad. Shejeprength of the
dlffereﬁl:égg’r I/“éc;oe r %‘%ﬁrcé?ﬁc}r&}%ﬁogusa I%%}?éc $§ the rb%%%{%ﬁée/nd%dqﬁ% strengths of
the prmmny Isourear “f1 gt f,n ghohor-heeatr \momrtlesrwf iths rocAsfoirmatﬁmeqmrﬂonnding the
boreh ‘iﬁ 3c, thISthltghSi nal has in er| B‘Fﬁ f I
ore O&% P \é/aVCpPlgBléerri | ?]I‘é Sﬁ}lf ergsu ]éCl’lCC requency. In

Figurel &0BIr 8140k Y ar@ XRE v aBRmbeks h3Bcidtc@UAtH the prasiOr fr@fuc®les f; and f,
and a wave vel ocit y of 2000 nis, the attenuation
respecreiigt he_f & thenwayapsmpen papsiasd jvaitty 7 thidayave of Sregyency (2 — /1)
e 43
genera&rc]rdf (ﬁ)}?%;allt’l]ﬁen\ét%{’ll}ﬁrl%{?%\lav ﬁéﬁrg@t&&ahy Slglle;eﬁ% C?I g}@g#ggﬁé& frbﬁ the Dorizontal
which sourspendsat ¢is ©hndGcamspislsito m@a@medpuditectlm Gl@ivto Thﬂ borehole.

The DR PRI Paan v BT Peft %teﬁ%f’#%ﬁﬁ Fihe "
ooz bORGRTS0TGs bRSE RSt TR
thirdvfdg,%h&teﬂb?ﬁl tchebs ottt GdsePfiémcoupl ed. The strength of

e

D,(k atan6)D, (k_ L, (tan 0)2) , 4)

& zﬁ8182 (k_ a)z ¢
%,—/

H e 2
(2)

wherein f is the nonlinear parameter of the formation, ¢ is equal to k L, where & =k, —
k; and L is the borehole separation. €; and &; are the strains at frequencies f; and f>, respectively.

The functions D4 and Dy (of the angle theta measured from the beam axis) are directivities that



difference (/2 - fi) beam source and the focusing
ef fect of the beam depend on the strengths of the
w@eimasyicour ces f and , the non-Ilinear propereCEESINI/047184
the rock formati on surroundi ng the borehol e and the
wave nunbers of the primary source and resulting
difference frequency. In Figure 4, k and are the
wavenunbers associated with the primary frequencies f
arise fﬁ)‘ﬁgthe infS Re&h 'avﬁ{dylenéﬂ;_L% §f thb @0&9@6"1%5}5&@9@51 aﬁl?eo(ﬁfe%ﬁ@%/ Dy is
h the third wave of frequency (/2 - f|) gener at ed
g“@nbw nonlinear mxing in the formation. The angle q is
counted fromthe horizontal which corresponds to g =0
and correspo t azimuth direction relative to
t he bngh@ 59 CHHBBF ry source are considered to(®e
distributed i & ®ifcle of radius a. [0028] A
di mensi onl ess equatlon for the strain field at the
r\% eer!? glrs theoéesseq f&ncﬁgg 85%@Erepw% ?jlf&r))g:ren | te ?h%glé&lgl\ﬁ%’{ {()iy déllp to
Westefveﬁ))ﬁl{slg_veﬁtb&n q) Dw (k_ Lt (tan gf ) , (4) (1) (2
wherein b is the nonlinear parameter of the formation,
Vis equal to where k_ = - k and L is the
bor eho € (FEP ralion ei and e are the strains at
frequenties/y7ang/, respectively. The functions DA gnd
D (of the angle theta neasured fromthe beam axis) are
directivities thatarise fromthe finite wdth a, and
| engt h Ltkofggng soyrce respectively. The dlrectlv y
DA is ﬁfven by: % = 2J (k_ atanqg) (5 k_ atan'é
mhere J is the Bessel function of order 1 with DA (0)
directivity Dadue to Westervelt) is given by:
[0029]. U@@UVcleoutcalﬁ the tepratiop lgngtivlygsotédial | y, Lsource is the
attenuation length Lt so that k _

— 2
4%, tan” 0 (8)

Xy =

[0030] Note that similarly to D4, Dy (0) = 1, (namely the directivity factor is a maximum on-axis
of the beams).

[0031] Figure 5 shows a schematic array along with the definition of the phase shift 4@ and the

angle of steering 6:

d
Agz):wTsin@ , (8)

where o is the frequency of the primary, f; or f>that is to be steered, d is the distance
between the sources and c is the P-wave velocity of the formation. In the illustration, the
primary sources having the frequency of f; and f alternate along the x-axis and the steering
angle 0 is measured away from the z-axis and towards the x-axis, wherein the x-axis and the z-

axis are mutually perpendicular.

[0032] In some embodiments, the direction of the beam is steered by selectively controlling the

azimuth of the array by rotation around the tool axis, and the inclination, the angle between the



tan2 g, (8) 4k, [0030] Note that simlarly to DA, DW
(O =1, (nanely the directivity factor is a maxi mum
woeanssieof the beans). [0031] Figure 5 shows BCT/US2009/047184
schematic array along with the definition of the phase
shift Df and the angle of steering q: f=-sin q, (8) c
where wis the frequency of the primary, [/} or /
2that is to be steered, d is the distance between the
plane %P YR %%nlaeﬁ tie hr?a)l BEd Fhavae %Rl 0Ght %oﬁgspgﬁ'@rné %{E@Bf Ptation are
In the illustrati'on, the primary sources having t
111ustr2ft¢detqufegwy 60fBy use ddnduanl (hershawe) thic pfegc tofi ghexareyicgn bn dffectively
. S - e
controg%gmtatoz\sr\gllitg glgcti ﬂﬁggr)r(a&g))% ;[’%e \%ﬁgig’tgr:’sncgl? ﬁr\éﬁ))é)_e que%”t‘o s]['égrut%%grx éh%ngmg the
directigasf the arimanufretakhgicygye apefdi cul ar . [0032] I n sone
enbodi nents, the direction of the beamis steered by
[0033]Sﬁh| 2otd Mﬁb(}ﬂu@@rﬁ’tﬁ rak lihdi@atihie ofdicnptihargfsidda® Arahdy, By achieved by
ion around the tool axjs, and the inclination

contro 1H’é té?]@q ladivis nbiecedf SomEidhe clsmepts dn fhepourasrariapenofingghat the third

signal Wmt t‘ﬂ@ erﬁl@Juo@%ilﬁmha—rjiﬁhé:@irércﬁ&ﬁ) ordk Bﬂmaﬁgss A(ﬁfexﬁrﬂf)ﬁtdf QL'ﬂ:h control
are il ustrate in |gure . y use of actuators (

realizegdhiowthg labh@tqry an ehoo‘fn mhl"elg@neﬂayBE arpybe ehérebmiting| qxample the array
used iff %pet]tra orat% Was 181 rrﬁf) 6}"nve rbd} rllsI gratelvgral ar-rral}ﬁ rgfcé\riggc? ]foor S“columns”.
can 9

eerin or C I r eC
In col@rfnnt]hewprﬂretmdMefsr ﬁamwhdﬁﬁl} labeldd “1”[tﬁﬁl3é}]: donﬁgmmﬁa to produce a
[ al s

ment s, | ncl. i i on of
frequeawﬁ V@thawh?fef &1% O I - FOH& %ﬁ Hf %re qeR Vﬂrrem the

transdSREEIaBdled & £ esMMused B PrétRics BeG&RcR Y RAYingMebh Befsd: |B?ta phase of
the third signal wthin the formation w | [g i nherit

A@ andith€€hds@icef 1abdIQ] i ai@EdnBiguredio ﬁ%@ﬂw Lr@fucBHCH h&ARE k Obro phase
realized in the | aboratory is shown in Figure 7. By

offsctwaly ofluan onfivd mansdngerexanpheyn vthercr ey taseldcdrn lateied “4” are
| aboratory was divided into five regions or several
configarerd 49 produte fieaebnty falavingobagnredtset hyna pbisgrad 24, @ g the transducers
transducers are shown both |abeled "1" that are
labeled 051f arg wbefigurad for @ddwce aafréquenpyer dyviog bienvbftdaoby aghyse of 4@ . In
phase del a In colum 2, four transducers are shown
columwe rf@irntr%qﬁéuqeﬁa%r@ Fhewn sviicagi they trapduggre labglefl i 61 raé@crlrﬁgured to

produce frequency/} having been qoffset by a phase of
produce frequency f; having béen offset by a phase of 34 and the transducers labeled “7” are

configured to produce a frequency f> having been offset by a phase of 24@ . In column 5, two

transducers are shown wherein the transducers labeled “8” are configured to produce a frequency

/> having been offset by a phase of 34@. In the laboratory demonstration, the phase difference

between cach of these “columns” chosen to steer the primaries 15 degrees from the perpendicular
to the plane of the transducers. In this non-limiting example, the transducers were attached to the
sandstone block as shown in Figure 2. Other configurations are also possible without diverting
from the scope of invention. For example, more or fewer transducers may be used, the
transducers may be arranged in alternative patterns, and the relative phase of the signals may
differ considerably from the example described, so long as phase differences among the primary

acoustic signals result in steering or control of their direction of propagation.



Af and the transducers | abeled "3" are configured to

produce a frequency / 2having a zero phase offset. In
w@oloanse4dy five transducers are shown wherei n PEEUS2009/047184

transducers | abeled "4" are configured to produce

frequency/; having been offset by a phase of 2Df and

the transducers | abeled "5" are configured to produce

a frequency/ having been offset by a phase of Df . In
[00341COLIRAhohRUhe Eﬁ&%ﬁ:ﬁ%@ rS&ufE Bb@ReWR WSS QleBrid'En which case no
transducers | abel'ed "6" are configured to produce

phase $hiBquanpbigd bﬁwcm@lebgdnmm D sdnle hyguae Phetoavsdhc Bulfs velred steering is
oot 15 L ATSRFSY R AL 924 BLF LIS 3B S prn

at a frequicbdynofSH0 Kiw and :aﬁksﬂhld: ettDparadns bto&%kﬂhefe&heﬂ dffvehich has any phase

ducers | abeled "8" are configured t uce a
offset fqﬂ@]ﬁa It reSRECHVS draB CIgf e e%?/g]ér gwgg a% requgngy of /> — fi =
5 kHz tie i BOREALLhYicSeaB) ﬁ{eréﬂ‘i:leo M c@ﬁ%s@%@@stgérfﬁg% Eﬁﬁféd by using the
bet ween each of these "col ums” chosen to steer the

phase gentrpd desesibad injestption do Fraymg ¥ hibe pesapendf eashant thofipshend the second
rs
frequeRJn r‘rpea[s %el{ E t % gfn%e éljn%gr n\?\Jé {héé g#’f? niﬁ&a ttlénc{:#ﬁ&gof the array on the
opposﬁeafadsbﬁ:the sdnidstoke blsclsindisated by Bieguircke iR theGidves.
configurations are al so possible wthout diverting
[0035]f IhGoink Renbs diapatspthe ithivedigrhad is. enE@dedew&fmiuﬁe -vaytiey ke, Whlch can be
fewer transdugers be. use ansducers may
introdygerl a4 SSRGS L AE Yorang, g r?fsbo BT b e e My include

one oGS & vaahlé]ﬁ’orﬁﬂngﬁﬁhﬁudéay vehidtforin @&ﬂ%n@? raloY afVafMid® phase of
exanpl e descri bed, [ ong as phase ferences anong

the firgthie seqondr of b&ébﬁhg tﬁrsé agd ¢fieaicgondesigriats. iThegeesaicd digneoyarying code of
| 0
the thl%?g%éag c@a estlﬁlsgg\g({ mgés{fec& 1!189 o?fﬂl%ﬁ Pad 1%(94}%1%9 ﬁfﬂi dlonalltyh in some

e experi ment resu
embodilmaﬁs etei crglimhmdv\dhffehnmé.)eamocqnhhs ebrehi bhnd sf appl dfethe primary

ween the "caqgl ums” ile F| 8
frequepgeuls S IRGHOLEb AT 7 tapbPris 0 B SMGER: BSSL pppnpartculr
frequehéy. AN tBe fosulfifig HﬁrdSJ'é@fﬂ% 11 Wi oY Vs@e@@cro@s $@ideatequency range.
t ransducers operating at a frequency of 60 kHz and a

[0036]9*13@&1’1'&5)j 98 8itd APGoM dnNGpak oPtheckitentiteiden @6 cRhite WRLER, A8®ding three-
any phase of f set appFled to their respective

dimengipigh dmpgesr yoursk thelbersbola. The eelligiatpd aliffeipnas b&amr(émfe)rﬁﬂyerated by
the mégfl?‘d(': ?éescﬂfe% 1Iﬁ'_tlﬁls 1Hé‘gntlbt? 15 QfHBR ofl%rebtlnlgd grﬂrﬁ thg?ock formation

contrast, when steerin by usi ng
around the weiihsre. Jn difbdree bearh badbé mmredluatl Ipalmlctllar &'llr@:ltlbe tor J,nvestigate a
. ocat.i.on of .each of the fi
partie i GHRAT I OBk (GBI s MRS s e NETGAR ogiged sons the
beam @il $@herhc 0RTIENRNC BAdaLTor QlattdRig 8T BY sORmid1&a@BPOFhé €cflected and
face of the sandstone block jindicated by the circle in

scatterggh Wy $SGe @cong@)ggjrecplﬁeg@f@y@ﬁﬂ%wﬁgﬁqogehoiq{éorttm ggge of single well
imagi}) IFlireh DaCRALAMIE b oY AeY iy 04RIe MhGReAAER and tool

configurations.

[0037] In Figure 9a, an array of transducers is arranged on a circular array 905 with a borehole
910. Two primary frequencies f; and f> are produced by the array and mix in a non-linear region
outside the wellbore 925 to produce the difference frequency f;. The difference frequency beam

is reflected or scattered from an adjacent bed or other body and this reflected beam 930 is

10



introduced into either the first or the second signal,
or both. The tine-varying code may include one or nore
w@booa/152amé ati on in anplitude, a variation in fPEQUSVOY)47184
and/or a variation in phase of the first, the second,
or both the first and the second signals. The received
ti me-varying code of the third signal can be used to
neasure a tinme-of-flight of the third signal.
recelvéﬁﬁi}b thie 8@ eYs 9 115N n $IRB r&IHRO6 0TBHeSurra ?Q‘ﬁ tﬁé)&lrdu'fﬁ?taﬁgy 905 including
fference beam can be broad band if one of
the rem\{erﬁai’lﬁ ¢anelpuenddenp pigd davepthet lhngthgﬁlfﬁ the bqnlgée @f image a particular
[ il h i cul
forma (; &Egﬁl%;/b%? us’ﬁ?rﬁg{?erretéuﬁ{ |>|L’1 gantl#I S t% %I%?t&% ?ﬁgmoffhe borchole
to image fawRfdn acinysdircation sieuhd tgbwrdyler aﬂ'lgu&e 9b &E&@é afFhlgu@ /e linear

9a_and 9b v an ect. of the i ntlon
array Qﬂngg‘tlr@tl?lhag(g%wgqrﬁ (?Sdg pﬁﬁlaf et E bﬁaws angréeég array configured
along ﬂ{eobcbﬁy of i BOERNL! BithcFN@raG hdy B@trglgte@ drb@ldee aobeAR to achieve

(/2 -_/}) generated by the nethod described in this
imagigrfdernagiang yyound theppishgler creating an i mge of the

rock formation around the wellbore. The difference
[0038]_b51mnr®arduh@ aff meedivied wavsgarmis cart aproetissedctol generase an image of the
reﬂectiopr]lvoerst alng[%}eslgltog ch?ra#tergﬁqlc? f {h%gflf)lor%ar‘%g)];ll :)Tlglglclflrgegtaw fr\;ﬁé{b am and the
time d:ﬁeﬂaghtvmhy figethe ﬂaiaeoﬂiseﬁvhaetslcﬁtmred vaear arorgesaatct edlstmgumhmg this

e sei C waves. reflected and scattered
deviecfign PREEH g blg}agla%&ac IAUCS A PgFEnY P hosCHligpakgpropole and
dipole(sh@ted NG KaReutRf rRleNG Ri beab@GAJAD. with 83HFv8SticHal @bes is that
9b illustrate exanples of the many possible

the compmstioanefnen amage 66|formeion gisousticoProPeIlicOITY Pet Ry @ detailed
specifi %Qtlona&g'la\geﬁ(@ck’t?/q{elé {)or e%?l? ?%%ﬁo@fh%'lﬁ%gnﬁ@ i tﬁé B&ﬁﬁ &{d the time

of flightr mepsemmmsdlmphf}damlnmpm\mdh@ eld lityyto tidhamtifiyr thao@rion mihxrei the waves
nonlln i d e we bore 25 to
are rofldiilre PG FRPBADE. TieclUengy) of PPy, 1By s localizes the

sourceh 0B GeLRAREN JRe@Fed svav@taloﬁgttmlb@wn apadioarmd the @fcadtlay localizes the
adj acent bed or other body and this reflected beam 930

positigns¢fethe pepitared povse ajoge dhe/beagn path. iThus He %@@#ﬁou@agglﬁowﬂh a beam
sourceTﬁ@seﬁfsr@Xlngag'iﬁtﬁﬁ)nceglrd%h@(ﬁ fArih %c%@%‘[m? ltl?:edﬁ eng c 11} contrast to

recei vers 915 can be moved up an
converthmalb@pebmig spwcesmalyeh acquar tan @uctvazrte fdotlaﬂmt vaocitygaede] e focusing
the a at e

compifisf A% 19 V8" Elpmklsbes Mooty Rt ORE pff b oy

beam H£§ egihuoal aidirbndtda deceviel @ith rbgdtetohe ibbfk\h@leaﬁnd the imaging
alternative, linear arral\{ configuration 920. Fi Ygﬁér e. 9%, .
would; tgnd ioiess higherresalugon dhanatcoskeniienal JquFrSalith g dircctivity and

consedu@fif h&Hfgﬁg{)ae{sof&gtﬂehgrlgiﬁ' St ee tdmRcARRY ehpl %tlcﬁiaﬁéaleﬁlfference beam
array may be rotated around the tool axis to achieve

frequency for the invention ranges from 500Hz to10kHz. The low frequency part of the range is

at the very low end of the range used by conventional sonic logging tools, which implies a

greater depth of penetration, up to several hundreds of feet, due to less attenuation. It is

important to note that, since the beam is being generated in the formation outside the borehole,

this low frequency beam generation mechanism will not lead to the generation of borehole

modes, such as the Stoneley wave, that capture a large part of the energy generated in the

borehole by conventional sources. Morcover, the backscatter of acoustic energy can be used to

11



i magi ng of formations around the borehole. [0038] The
recordi ngs of received waveforns are processed to
w@emwensaies an i mage of the reflection or transnPGEUSIN09/047184
characteristics of the formation. The directivity of
the beamand the tine of flight may fix the |ocations
where scattered waves are generated, distinguishing
this device fromnormal sonic imging techni ques using
image Geavanhd 8nahold N “HHatis s id Qﬂﬁluthnﬁﬂoiﬂallr%tlaﬁl dhndilR@hEmovement of the
sources. An associated effect of using a beam conpar ed
array Ri0tafongdhe/enthadhal sources is that the conputation of
an i mge of formation acoustic properties nmay not
[0039]r Eeguricr1® shode baiabredt Q;fbthc iifviegtagr fom pofformive bwsi-wyll ioradgtaphy. The
frequefg%(rjra{ngeé Sg}ﬁi%%r 1{‘% Thgalrjgeé ﬁ{vle\%/t}g]%?rf f)g/seVﬁrélP%urrl'areds of feet
from thEpberekolé,heambe | dppyied (inl dendssfwellt htadiQc ahd Olﬁm\b@ﬁbﬁy tapplication.
waves are reflecteﬂ or scattered, In particul t he
Furthegperse the pran) ngfure ofeiha seusse pramifs distingt @rossesing pe 0{1 Heaetes for cross-

well 1r§é§iﬁg3§1§1 &Bss[v@élptrogl% ra%ﬁ??ﬂa?ﬂﬁfér %Mleap%{dﬁ@lges LR RBAT cused sources.
diTection and the del ay | ocalizes the position of
In thig %@e@cﬁttt@a@dsogmqu&éoais @nlgsrathfé figeapmqpberhholTHOZ0 wi detected with
recelvergrl%:g'&l ﬁ)40m%8§(p th Wlsgc ol tfo?eehmles P58 G RESSS %vrgllsto%o aphy, the travel
ficati on and Teductlon in uncertai £he
times ﬁnmﬂhplltﬂda:g ef |dneamﬂﬁvmbetw6emmmmommhnc{ fwélvére adojween wells are
rces which re Ire an. accuya tailed velocity :
proces \g}th fvarlloqsaelaggr éhyclélﬁﬁrﬁ]togtql%ﬁ c{ﬁftoto @ngbcqo%@eé;tlon of velocity and
attenuftwntslﬁ%ﬁ%'m lo® the%@l@?&ﬁmﬁ&? &AM tR YABUSEE AfREkrable parametric beam
st eerab he array beam has azi nut hal and
sourcej el bagay P@nbfdﬁqaé@ftd §1d getodtedhby @8 ey of sletoler bor &hol e cte. in the
n e S
sccon Brchif, ALY Sl iohP B SR NE, LTG0 EPS LAY sweep
sequertialiy exqross thea rdoeigeis tialasg tlee tidtectoni ¢fi theafiretherrival easier and more
b treflectlon The antici pated di fference beam frequency
rOusfor the invention ranges from 500Hz tolCkHz. The | ow

) of the range js at the v w end of
[0040}; %‘gqﬁﬂ 3% B@é&b O¥ GHVERES ol dBYREOT agﬁ?% Cotugee in the first
borehdMisChloV RIS Ad TRl at Q%Mrﬁ'ht?fof P&ABS AN IR a $Borfddborehole. In
several hundreds of feet | ess attenuation. |t

this aspect; thp peragietria Yraydrcem yoarce gsheretsd tiyempéngnviteinigleg pagks around the
orehcﬁg @eﬁ‘]f’ & &Qﬂ ﬂretdl]ﬁ t&% F@He@sﬁreoﬁﬁdsérg tarig Qp{hl%nl%hqtne \2{5 gpertles of

reque cy beam generati on nec ani em
the neametlhaer@eg@natheomt}mée Wworeahnolrg sodlss In shi€ bordgutatieon, the parametric

wa at _capture rt of the ene
array RS BOREIERTORE BeroRanah By rervtreR e gl ragas eivers o
locatioMbY .60 W&Econt R rddalek BEethe Bcairc @GNS bt M(XNEY;PYThe 3Burb€is moved up
used t oi mage around the borehole by rotation in

hole togy |osifian %ih@dl steilanfigta m collgqiedite AaR MEVERS pEnYof M2, Yi). From
Equation (4), it is evident that the sum over many Y; of the ratio of M(X1,Y:)/M(X2,Y;) would be

proportional to the ratio S (Xi1)/f (Xz), where S are non-lincar properties within a mixing
distance (a few feet) of the source borehole. By repeating the measurements over many locations
Xi, a log of relative strengths of non-linear properties close to the source borehole and within a
chosen depth interval can be obtained from Equation (4) as a weighted average of a signal ratio

such as the formula
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array 920 al ong the borehole. [0039] Figure 10 shows
an aspect of the invention for perform ng cross-well
wao omeasaphy. The frequency range of 500Hz to 1PKFHES2009/047184
with a range of investigation of several hundreds of
feet fromthe borehole, can be applied in a cross-well
i magi ng and t onography application. Furthernore, the
beam nature of the source pernits di stinct processing

yobﬁ<M@&ﬂggg%ﬁ5g i magi ng and cross-wel |

Y‘fﬁafj§4#7?—+fﬁﬁﬂ fHactes usin
o cusé@“@@ﬁﬂ wral\W . Xihi s ggzect t he begn1source

1010 i s generated fron1one borehole 1020 and det ect ed
th re 0 020 in a.se reho .
00411 ERRITET e v D 2B b B PR PO BB ooy i
the diféerpidetfredaancof i. edl(;r2 ect)). aAﬁcbthaI rslabed esranddnt ofithe SOMHIREarity of the
and receivers between mqﬁis are processed MAgglvarlo

formaiesgr JBTRPIIFOREIS TSGR NE S GBRR I He 267 65 egeeiegrienal at

the freaﬁenwk,?c f})yo ﬁ@%n@telhﬁfw%uhe@o&&é ength of the rock
formati on between the wells. Wth a steerable

[0042]pld rthgre tard sﬁfr@gamﬂg@l@nt surrqundingesaborelanic. e g@lapm eh bpdonfigured in
tools t ? L8GHE Qn(p patc eﬂo(r%roq)ﬁoﬁ fhn?ﬁ%‘?&pe%ﬁg@%} se to etenhf:eho ¢. Because the

e Secon
statistin@xdistibutsing néy Ithe\/\mﬂlledlcﬁlyﬂteﬁgms iofathd y&alsh\,eihp e&iﬁh] lreﬂlctdtlaitj/ ytesponse

cross the rec ers e det n of .th
would gl e FiodSines Bnar il BorsBugle (opmfmes gianggies of the
rock a0l lthd Bordhow %ul@sf@ﬁ?t mbfe FApedly Wﬂmrb@@ct\’\ﬂﬁ@@drﬂe location.
the source in the first borehole is noved axially and

Thereforss atsingaa aingle pellr alhighy spsttial feardnendogviof Hha fafuseieangan be also

enm&%ﬁumn elmnm1% |s aspect, the paranetric array beam
& Source eneré 3d by m xing within the rocks around the

[0043]b1®1geﬂaoﬂ2eslmm @aemwfm@uemd f¢mprbdxmlﬁsg the thedsighel. andfirst generator

ate a | og e non I|ne propertl f the near
1210 caafiged & %ﬁ‘él@liab%a &ﬁé?@uﬁtm SR ﬁ%@ilwgfe ded asecong generator 1215

confightel Sto CRASHGW &dcbA acddfe @@ﬁzﬂr@tar fr&qRh&2Y, He %Bﬁhﬁl@d to a transducer
generated froma location Xi in one borehol e and

assembly d@p @ @rrpegedrvithiagybordiold. varbsamtstqeppa ol ¥ystem 1225 and a beam
ammu&ea?nﬁqgclﬂl%lglb 91)1%1‘01 ln?ecgérﬁﬁn @?@ ld{ e(%uﬂegqglthcbﬁar%ﬁ r ass%ﬁlbly 1220
. € source I s noved up holTe to

ocatl on
and ars conflgareddat@eathe fiew) thesdcend, taod/gi beh ahenfﬁajsamﬂelﬂe &lcgr[thdlgnals The

azimugﬁggélgﬁl[ipg% coﬁﬁ@@@#&%@g@p %in% Tae L \#1? %‘yt(tytflt%) modulating
the phaRUbH tHRefiRf, AROKdo@BAndI R BJE thAFits® aﬁd (tﬁ% kédoRd 28Rhls or activating
actuatc\)/\rQ %{1 ethebtre?nrsceiucryr) gsslerlnggfatro e%fregtpce;)rn“érlcﬂegf t\lllme tblgallrgs aATeé(cellyeg assembly 1235
can be located in cither the borchole containing the transducer assembly 1220 or in another
borehole. The receiver assembly 1235 includes one or more receivers configured to receive the
third signal. The received third signal can be stored in a raw data recorder 1240 and processed
using a signal processor 1245. The processed data can be stored and displayed by a computer
1250. The receiver assembly can be connected to the data recorder 1240 and signal processor

1245 though a wired or wireless connection. The computer 1250 can include machine readable

instruction configured to process and manipulate the processed date as would be apparent.
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di stance (a few feet) of the source borehole. By
repeating the neasurenents over many |ocations X1, a
wo o@9ns24iel ati ve strengths of non-1linear propeP@T/8S52009/047184

close to the source borehole and within a chosen depth

i nterval can be obtained from Equation (4) as a

wei ght ed average of a signal ratio such as the

formulaP X 2 ) , Measured Signal [X 2,Y ) [0041] It is
[0044]uﬂgﬁ‘(fu%h eRink B font e bEROYEchiRah 'd@ﬁllef&p!hh SprdoSc bfflustration based

i gnal” whose dom nant frequency is the difference

on Whﬁtrleq:uefmﬁy/ cansiderefl fto e fhic) mosirpmadtieal anélmtfcm@d pipbalimentent is to be
undersggodtt %l 52912 g!ﬁthlﬁb] ?Sagr’%llaeté% fc%;[h% gﬁlrgo% J[h?tpth]e %%8{1&? %iStHOt hn*lted to the
disclodelienthediziened bei, ghahe edntiabie i rneimdahtbycdvfer rollifichtdoris r@d equivalent

one e tted t. the source. [004 ere are stron
arrangpiagity Sviip MRS rig C%{? % @ppepﬁ@ @ cdioe s¥pnpde. though
refererfc® R g4y E‘éiielh"['o 1 @&hPutt O tHIB RS 'Irﬁzllﬁi@q &h&at Surfosk ngﬁﬁter a purpose-
non-linear properties very close to the borehole.
built cpapnigs antAd Csingludigg imeghing icxeoutablet ingricepns 4nel nregrp@giei ép execute
the me%ﬁ({dg ”29&!}1? u%rI a(%gg o?ﬂgt%rk Op%th%i’il )}SIH g}g e!n(gc)t%ﬂquh%¥16¥1ﬁe As shown in

figure sldut@eddtmcalﬂacmd hi}htHeeretfheem cm)uld mﬁwgopscnmeptacemmgf aridhae cither
e bor ehol nore ra

.ock t. dl
stored i gt e 10 o Tman e v sl Tor Bt prcesant ARY Slofage. As a

furtheSdxAgipe:, Yk to b@uﬂﬂe@kboﬂﬁﬁiﬂﬂ@é prefR R BEIon REtedipldtiankt, to the extent
function can be al so generated using equation (9).

possibfep paesqr pig feaurep oy gEnbogncahraoheromtiRcs Wil onsr &5 dRRIE figtures of
any othd@ndbBiifadngi gnal . A first generator 1210 configured to
generate a first acoustic signal at a frequency/; and

a second generator 1215 configured to generate a
second acoustic signal at a frequency/ are coupled to
a transducer assenbly 1220 arranged within a borehol e.
A beam steering control system 1225 and a beam azi nut h
and inclination control mechanism 1230 are coupled to
the transducer assenbly 1220 and are configured to
steer the first, the second, and/or both the first and
the second signals. The azinmuth and inclination
control nechani sm 1230 can be configured to steer by
ei ther nodul ating the phase of the first, the second,
and/or both the first and the second signals or
activating actuators on the transducer assenbly to
effect control of the beans. A receiver assenbly 1235
can be |ocated in either the borehole containing the
transducer assenbly 1220 or in another
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borehol e. The receiver assenbly 1235 incl udes one or
nore receivers configured to receive the third signal
wab@onsaed ved third signal can be stored in a PEIUSHDH047184

recorder 1240 and processed using a signal processor

1245. The processed data can be stored and di spl ayed

by a conputer 1250. The recei ver assenbly can be

connected to the data recorder 1240 and signha
WHAPI®EEIIEDLR45 though a wired or wirel ess connection

The conputer 1250 can include nachi ne readabl e

i nstruction configured to process and mani pul ate the

e . -
1 PREREREEH AR N gD APRRE e {8 M i Ehrea by o
borehqdestimomethod corhprissiige at i on based on what is currently
considered to be the nost practical and preferred
egdnodting afisst atdusiissipial bea findéeqicood t hat such det ai
is solely for that purpose and that the invention is
ngdnetating & @ﬁd:oh@ addnetiakigel m&adéc@mwajuaimytcﬁfferbmttharﬁﬁe fike
contrary, i nt ended t ver nodifications and
frequegey pgIcEhie §f$ arfystietier @ﬁ fecqreacristis Senehdc gpngrated Bypap array
0ftran§@t9:@1% 18fatddNGiARPBRMIRGOR! @i ms. For exanpl e, though
reference is made herein to a conputer, this may
' t?aﬁisﬁh@lﬁng?‘thg%ﬂﬁ aflll t}fé%f%&?%c&&ﬂ@ kﬁ%ﬁéls irffo WE&Q@%@H& hén-linear
onmputer; an ASIC | nc I ne executa
poﬂwmn§®¢untﬂbm@nmndu@nb@fénﬁ@dmpb execut e the nethods, a
conmputer array or network, or other appropriate
camputing thedevti and theéscshlmmus'tin sfgingls be allfee tvhee Watieg process to
ol | ect ed ive nder go
seners P4 ¢ T Pt AL RER Sk B RN AR R signa
propagda@Qlthro@gh the @(ﬂ:&rfblﬁﬂiaﬁldn iPa bapheedifc@tiod w dﬂlﬁftlapdlﬁféﬁ&s bfN@c first and

and storage. As a further exanple is to be
second grquyticrsigpalseRd has hEcpraseimual tﬁ@éwif%we@é H%eefrfﬁq agel dhe second

acousttcll‘?énalsta‘ﬁdtaﬁ Gmt ?ﬁﬁlﬁ@ Heﬂ?ﬂﬁé@ﬂt Bhe 71109 nlﬁeaq prdRES of 8RUYEER B tion;

any enbodi ment can be conbined wth Forie or more
f T:
i e T s e LRtk spavered
ﬁmnaaiMEmM@tmﬁwanﬂmdbpmnEMrated by a borehol e, the nethod
rating rst.acoustic
P B e B Duchringf S BEGHE 4 DL PRk Fiwfr
at a second frequency dlfferent than the first
frequency, wherein the first acoustic signal and
2. SARIhdAE Qb®idcS Wi alaimN ewBabRIA 6k @B redkival alf located in
transducers |located within the borehol e; transmtting
anothey herehplest and the second acoustic signals into an
acoustically non-1inear

3. A method in accordance with claim 2, wherein the received signal is received by the one

or more receivers by transmission, reflection and backscattering.

4, A method in accordance with claim 1, wherein the one or more receivers are located in

the same borehole.
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portion of the rock formation outside of the borehol e;
conbining the first and the second acoustic signals by
wWa@2abngR16vave m xXi ng process to generate a col PCTHEHS®A9/047184
third signal in the rock formation, wherein the
collimated third signal propagates through the rock
formation in a sane direction as an initial direction
of the first and second acoustic signals and has a
5. f K SOUIRIAGH a@&)‘t‘@zlncé Rith cgt'nfl f eﬁl?t'ﬂ@teco‘ﬁ{prf‘sﬁg rf)t'aﬁl% thé an§ Btransducers
second acoustic signals and an anplitude dependent on
about an aranofl thnberchqle opwrenyto ebntrthen pooktf orthafitsomd theswiond agpustic
[ I e or nore receivers after it has
sgndgﬂf%&n%&%ﬂ of %t sca?¥ered from an i nhonogeneity in
t he fornatlon analy2|ng the received signal to

term ne i nformation, abou he rock. formation. 2. A
6. é%@%ﬂ acgOEBAL IR CtTe - @F%F%Oflpfm'rei n the one or
NI ol BE &h YiRlifat®n fHIRCAN 1@ Hatb DhAAQIIAET in Q%ﬁi%@a@smg&hr(ﬁgh the
met hod rn accordance with claim 2, wherein the

borehle@ds.ved signal is received by the one or nore
receivers by transm ssion, reflection and
backscattering. 4. A nethod in accordance with claim
7. 1A nwitlerden acdoldanonwitb clam bewhaeri thecaitratl mglcomatisd introducing a

contrOQOF q;l‘ﬁﬁnﬁgp gﬁ‘g‘llw%gl? ﬁtdéqsg%](%ﬁ]éé {‘]ﬂ%&g‘i%%sgsﬁg?emvgf h claim

transducers about an axis of the borehole in order to

control an azinmuth of the first and the second
8. abaushqddn apepidanse with claig 6awhersi)the capfrotlig comipriges\ig/ese of one
or mor@-actafPRlth efad tl?é:lﬁ F&lﬁ@ﬁ‘ @ff%ta{}?§| aim1, further

conprising: controlling an I nclination of the
coIIinated third signal in a plane passing through the

ole axis, 7. thod.in accordance with clai m 6,
0. waFRed o AColimes with PRy Ao R R Guct n o
CatrbRing @e 2ithethahd ¥einph@asenbethsesninaicd @RS bighyaelafive to the
t he transducers in the array. 8. A nethod in
borehodgcor dance with claim 6, wherein the controlling
conprises the use of one or nore actuators to change
the inclination of the array. 9. A nethod in
10.  atewathislno ecadirddnce Wath wlaim 7§ wherhiarthe anmhyzing fatgher comprises

processing the received third signal to generate an image of the rock formation.

1. A method in accordance with claim 8, wherein the analyzing further comprises

processing the received third signal to generate an image of the rock formation.

12. A method in accordance with claim 9, wherein the analyzing further comprises

processing the received third signal to generate an image of the rock formation.

13. A method in accordance with claim 1, further comprising:
encoding the third signal with a time-varying code by introducing a time-varying
component including one or more of chirping or frequency sweep to one of the first and the

second acoustic signals,
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controlling the azinmuth and an inclination of the
collimated third signal relative to the borehole. 10.
wQ@\20vetismads i n accordance with claim7, wherei n PEEUS2009/047184

anal yzing further conprises processing the received
third signal to generate an inmage of the rock
formation. 11. A nethod in accordance wth claimS8,
wherein the analyzing further conprises processing the
r\%ﬁ&éi‘ﬂ_@ﬁje 443l ffzglg%'oglﬁ}ﬁlscsttﬁmg%&ﬁgﬁngﬁ hBRER Hmd-Be- ﬂl@ﬁtkof the
formati on. hod in accordance with claim?9,

third sighel: ei n t he anal yzing further conprises processing the
received third signal to generate an i nage of the rock
formation. 13. A nethod in accordance with claim1,

14, fAmidierd i aoqrdmicagith ehandBnghdréie thdvimetysiygigalbmpbhdntsecomprises

me- var code by introducing a time-varying

an“%@ﬂﬁbﬂEﬂ¢“&h@F@&Wﬁ@aaﬁg BYSfore of chirping or
frequency sweep to one of the first and the second
acoustic signals,wherein the analyzing conprises using

15, thanashnsoiapeprdancereih gleém 4. fuirther eomprisingght of the third
V\hltjﬂ‘&af!eedblték fr@nqﬁé &%%r'xﬁbr@?e%‘é’*v&% rt](? rlé[Ht ttlna c%h%'d@d]ﬁ’%st and second

erein the nme-vary

acousticadigratsi to max imiaerp lsughaldecngﬂn eﬁuhe r@ywedtﬂniddcsngqah ase 15. A
nmet hod in accordance with claim4, further conprising:
usi ng feedback fromthe one or nore receivers to

16. OKing@fiodtin@coPdiRcO&4th Liaie B, AnfcsS@aprdingcoust i ¢ signal s
to maximze a signal strength of the received third

sisirgaficcdbagk framihag prsprimpre Ecceivera e eyt the comingddirst and second
acoustlNidfA&Mto GRARAILS h B8nal Y& EMGH E%Q backed | Jmlstg?el one or

nore receivers to orient the conbi ne rst and second
acoustlc S|gnals to naX|ntze a signal strength of the

celv d thir gﬂ ﬁ met hod. i n accordance t of
c i aélfe ﬁr&"‘ 18 n%l IR gﬁ“%&!ﬁﬁ‘@ﬁ%ﬁt‘?men °
non- 111€B°ar ﬁt@ﬁeﬂﬂb@@t&he ek peiatios pekirhde theolchbl ﬁi&icb@rﬂancc with B
i mate the borehaole, 1 n accordance wt

(Xy)/ B%q) yhishye saughioche produciehr ((racaswrad pieprldt- %})/(eeasured signal
(X2,Y; %%E%H‘tﬁ% 4eRl £ X’l for'a ’tfﬁ%%tétxﬁﬁ %'aqnﬁl geﬁ@ta‘t\ﬂ% ll))zatﬁﬁ@vlthm a

wel ghti'n actor for Y1, 'for all i, wherein Is a
first b(frp]n(gc }@eﬂ@s@pnq’q gcﬂcgmag ilagatigw whhin the first borehole, and Y is an i

receiving location within a second borehole, to determine the relative strengths of a non-linear

formation around the first borehole.

18. A method in accordance with claim 1, wherein the collimated acoustic beam has well-

defined directivity in both an azimuth and an inclination direction.

19. A method in accordance with claim 1, wherein the analyzing further comprises

processing the received third signal to generate an image of the rock formation.

20. A system for determining information about a rock formation penctrated by a borehole,

the system comprising:
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first borehole, X is a second generating |ocation
wthin the first borehole, and Y1 is an i receiving
wo ewatisame wi t hin a second borehol e, to deternm PET/UR®09/047184
rel ative strengths of a non-linear formation around
the first borehole. 18. A nethod in accordance with
claim1l, wherein the collimted acoustic beam has
wel | defined directivity in both an azinmuth and an
| el or Rrd RhsdhdBCldnPBurcd & ¢eRe DALt AduBFCRERAPRGE Aduency
claim1, wherein the analyzing further conprises
and gepm@‘@eassgcmgl atctmastlr: @tgealwéd scchmd Gregicgaaliffereng érnmrth@ érsafrequency;
d()e eg)rr rrnnor%rls Eecelve fsg% %%ntlrlmolrrl%cag on lélath? 8r(1:ei(grfr8?re trtansducers the receivers
configpedes date tthrbtyg}ﬁhb woktfmine],tloh hehlayﬁg@m}ﬁompmltssmg therigte@iction of

nore transdqucers confi ured t te a firs
the firgf g dhejseceg @ﬁ%ﬂstlaflgaalr Myrggiop Pgﬁfg é?@f aﬂadwg@rr@rffsﬁ%e bprehole,
where QRO AGOURY kign S i@t affer PRSRBUNGLEPMEREYN 8F hE esgnt

fromthe first frequency; one or nore receivers in
format¢gsyranchi cati on with the one or nore transducers, the

red. t : :

R O S BRSSO IR, fvine e
receivediigah ot detarmirfe ihfoembtionstboatitle tdek femabna. acousti c

signals in region of the rock formati on outside the

borehol e, wherein the detected third signal is

det ect ed aft assi portlon of the rock
2L r O HEEm ahacca @g‘&f% "g‘% RHPRE PEMQIC FRORTHERT &
conﬁgﬁﬁéﬁ@&fo@@h& dt ll’b%"stf dh%fomﬁ%nfn%le aned ¥ Mébl&glgllap received

si gna determ ne i nformati on about the rock

formation. 2 1. A systemin accordance with claim 20,
wherein the one or nore transducers are configured to

22. pA%géﬂfﬁ 1@5%5&1@1%6 \Qlﬂ?clglfm 20 m%@:&;th% p?tﬂ:q%s%r g'fﬁl@llre@ 8rogrammable

si gha A system i n accor ce wmth claim?2

with mghkeine cxractltablepns@meacsnfor pedficing hiemage of) thermpekfoematianh
machi ne executabl e instruction for producing an i nage
of the rock fornation 23 A systentin accordance with

% 20 mh ei n ” transducers re
ﬁ}/ﬁ H%%ccf) anee Vg W '&reélg/ SRF PLore transducers are

mnﬂgﬁﬁaﬁ@@t@fazlng a non- Ilnear property of a rock
formati on penetrated by a first borehole, the system

conpri si ng:

24. A system for characterizing a non-linear property of a rock formation penctrated by a first
borehole, the system comprising:

onc or more transducers configured to generate a first acoustic signal at a first frequency
and generate a second acoustic signal at a second frequency different from the first frequency,
wherein the array is arranged in the first borehole;

one or more receivers, arranged in a second borehole, and in communication with the one
or more transducers, the receivers configured to detect through the rock formation a third signal
that results from the interaction of the first and the second acoustic signals in region of the rock
formation outside the first borehole, wherein the detected third signal is detected after traveling

through a portion of the rock formation and reflecting from an inhomogeneity; and
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one or nore transducers configured to generate a first
acoustic signal at a first frequency and generate a
waemonsk4acousti c signal at a second frequency BUCT/820091047184
fromthe first frequency, wherein the array is
arranged in the first borehole; one or nore receivers,
arranged in a second borehole, and in conmunication
with the one or nore transducers, the receivers
Ca@ﬂ%b&%r‘%ﬁo%@mgﬁtﬂ%%lthﬁﬁﬁ(ﬂﬁ%@x@ﬁﬁaﬁ@&&r&ﬁ%ﬂ@fo’r Qﬁhlfzm the
third signal that results fromthe interaction o %
receivéd yignal terhencsaoomaticacabaert the rask deralagion m the gbwhinedfr intprgction
T ' flrst borehol e, wherein the
mgmn&%ﬁ%@ﬁ@%”?%ﬂ% S|%%gquggje ected after traveling
through a portion of the rock formati on and reflecting
from an |nhon0 enej a proc ssor bl e
25 Wit dhigrerda @cwlh%lﬁlgl ?‘ﬁ g 08¢ 9 mogeﬁga@%%@ %Fhe
conﬁgﬁfe‘:@% ?I%qu&?l Anakt dn@ o@@hﬁﬁqﬂbd’l@ aﬁm @ﬁométsigﬂﬁl about the
rock formation in the non-linear interaction region
between the first and the second boreholes. 25. A
systen1in accordance with claim 24, wherein the one or
26. §sts%rf1 %%Hfﬂ%ﬁfé V@lﬁ?clglﬂpiﬁt g\!‘href‘efiin e rg)p(fcggjsgpf% f@fthdr ?t%rrammable
one” of a nono and a di’'pol e si gha . A systemin
with mackioe dmw@bkmmdnrucﬂl@u for pebdugihe preinmge loé therrode®smatidnsetween the
ﬁmtmuﬁ& t her $%og$%qyable wi th machi ne executabl e
INSY PUERT A1 produci ng an i mage of the rock
formati on between the first and the second borehol es.
27. A systemin accordance with claim 24, wherein the

27. ORGyREm WMDER ofdaARSHIECEhitn 24, ViR hgWhe8r nBreafhndducady arc

configured in an array.
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