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WD 2007/ 141550 PCT/ GB2007/ 002140 - 1 RESONANCE
ENHANCED DRI LLI NG METHOD AND APPARATUS [ 001] The

wQ@e@3antsse nventi on concerns a drilling devi ce, PEAB2001/002140
particular a drilling device for drilling into
material 5 such as a rock 10£nation. [002] The field
of drilling into rock and other materials has driven
a number e i pLLi npl.Qg i's
S SRIRRY ndrihbughater SR RhEo orhRartS
this 10 type of drilling as well as its cost and the

related environnental, issues, all put,severe d nds
1003 1 hEne gFF BT beHBLa ™ 1 QR SHIFTTY® Sy ofev L oe, and
in Pdddiagaethodsill[083]deAs e cimsequehtengi ndust magserial

which e Iog gomnhgle 15 drilling, such as the oi
SuCPn&ﬁgﬁ?GRD e"KEBN13 tdevel op drilling devices and

net hodol ogi es that neet these demands and increase

rillj rat and decr.ease tool wear. 04] .ln thi,s .

[00 dnnegggoﬁ}eﬁﬁedﬁId%#%ﬁﬁQQ3ﬁ?EPiﬁe?%a§L gP&hefb%ﬁterlals
haéﬁﬁﬁﬂﬁhﬁ(bChmmbeﬂe&éﬁébdpménhsrﬁﬁodtaﬂlﬁnggtmﬁmmmlogy. In

wells in rsuit of new.oil reserwves. However., such .
i RO L P T EOOUR Yo eSS0 T EhES
typehablfengeipnesgntadrivding ad echsol ogytsushdastivemarelsated

aof | ow weight:-on-bit, rﬁguced power availability,o' the
eNWIHATARNGRY of STk cofidit i G ovit' $He 28°TPeRgrh &
efAdte Weldesdangsri i bore sodl apsesyf pdcturidding methods.

i ncreased costs of tripping, and increased tool wear

and failure. [005] It is known that drilling rates in
[00cHErt ane =30c6hsegushaseed ndas the dsnprioveid bypdpyl ydownhole

reci procal axi al venents to drill-bit_as i
dr%gg%r tﬁPSEgﬁast hégoﬁat%% allndtug%ﬁé( ’dr?F?ed{,eesrb-%gl |GRretop
driReriGus siyeides | bhagmethictidlodiesauseat t heet npaetseofdemands
t hese axi al ment s Eronntgs fracture
i

npy in the

andyri 1 RR ot & 1L 109 hEFBBY RERI 5 CECBSEqUE AT 1 ng

and 35 material renoval easier. WO 2007/ 141550

PCT/ GB2007/,002140 , Cq C .
[004] Tn this connection, the oil industry is increasingly
having to drill deviated or horizontal long-reach wells in
pursuit of new oil reserves. However, such drilling further
compounds several issues that challenge present drilling
technology such as demands of low weight-on-bit, reduced
power availability, variability of rock conditions over the
length of the well, danger of bore collapses/fractures,
increased costs of tripping, and increased tool wear and

failure.

[005] It is known that drilling —rates iﬁ certain
circumstances can be improved by applying reciprocal axial
movements to a drill-bit as it passes through the material
to be drilled, so-called percﬁssive drilling. This is because
the impact of these axial movements promotes fractures in the
drilled material, thereby making subsequent drilling and

material removal easier.
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[006] In conventional percussive drilling, the

penetration nechanismis based on fracturing,
woraioenismso at t he borehole by |arge | ow frequePClGB2007/002140

uncontrol |l ed i npacts applied by the 5 drill-bit. In

this way, drilling rates faof mediumto hard rocks can

be i ncreased conpared to standard rotary drilling.

However, the downside to this is that these inpacts

conprom se borehole stability, reduce borehole quality
[00'6and Igausevancebenat pdrcandivét dnidatagt r apki penetalation

and/ o 10, failure, [0Q07] Anather. iqp%%kg t

ar,

mecgggéﬁﬂpﬁén%aﬁgddPFIFfﬁﬁty S GRS T Rds Aedh grenole by
largppl Leatiferqoknalyt rasoahtrakxiat vibpattsnsapwlied by the

rotating dri|l-bit. In thi.s mway, ultrasoni c vi tLan,
drlig"g&ttherldl? hjﬁhlfss?ﬁ’laé(ﬂed}l?ﬁl;jhlrf%aaa%ﬁﬁaggoé rf‘%ég\grgd%?o hard
rocRiorBhe bef facirndae <ol epagatriedn t ol Bitendamr ofrfoerry drilling.

si gnificant advantages , over. conventi L p Si
HOW&W%FVin% St %ﬁnﬁ%%%r §Dads tan TBe gg%Fiegﬁ%§%loéﬁﬁECts
confp@ori®d ieh dthe ba- btbbdiikli ngeddoweviesrehehe quality and

| nprovenent s exhi bited_by ultrasonic, drilli re.n
caugg AARE S S S Ar e ot CASSRUEN GPPaciFg” and/oT
faiappld.cable to downhole drilling. [008] It is

therefore an object of the present invention to

provide a drilling apparatus and net hod which seek to

(0025 al heviate supbrpsohl enselppd@htAceorddiiig ing &ddhrsitques

na RS Shel IEARAESR gl NI 00, et opla QUL icpe co

capable o
a tétatynagnditigh-Bitequenacytiossi Wagt,oryltoadonges 30bration,

ontral neans_for control.ling appli.ed rotatignal
ra /cﬁh%%cFFPéﬁgFg 3&§biﬁ§%#’% S i%?gghgo promote
f raeiided| pr seadst hawvi NThad] ashneffemeangnfidi csarty igdy drheges
applied  rotational and/or oscillatory di. S

o e o e S L B3 2B ch R s s con
be L@ 1ARIEr ball owiheudbrwhoehwdbgh heodrbit dsiphssgngjowever,
~wherein the-control, ans |s in.use WO 2007/ 0
ChepcrrRBoBeHFh E155%%§¥%W%VP3e&i&¥%ﬁ%§%ﬁxé%h géégnage not
alwdonhedres 1 soait ehdngre nodudes such directly applicable to
downhole drilling.

[008] It is therefore an object of the present invention to
provide a drilling apparatus and method which seek to

alleviate such problems.

[069] According to a first aspect of the present invention
there is provided drilling apparatus comprising a drill-bit
capable of rotary and high frequency oscillatory loading;

control means for controlling applied rotational
and/or oscillatory loading of the drill-bit, the control
means having adjustment means for varying the applied
rotational and/or oscillatory loading, said adjustment means
being responsive to conditions of the material through which

the drill is passing, wherein the control means is in use



10

15

20

25

30

- 35

sensors for taking downhol e neasurenents of materia

characteristics, whereby the apparatus is operable
waelomnhelse0 under cl osed | oop real -ti ne control PCBEGB2007/002140

[0010] In this way, the drilling apparatus can

function autononously and .adjust the rotationa

and/ or oscillatory Ioadindﬁof the drill-bit in

respaonse to the current,drillin condi ti.Q
ProBpiEm 36 The HPTHTHEE MHCHAGCARGIG L6 0aen gad tneludes
senba‘@éovle:@xdr itdknggr altieSmhbGlall]me%rsej‘rmnahi‘qs tbé material
control neans controls the drill-bit .to_|
chagafERFrAFtieSpr SFEERY TSP RRAE Tkt 0OPEF %@E?%ﬁ’&@&ﬂe
undéentnelsetearsd urddert amntcatttal. the drill-bit 15 to
rotate and inpact on the material a further occasion

- to produce a further set of macro-cracks, wherein the
[oogont lr%)rh trEanswaync hrioai fz:mmrielgr ohppaoaalisanckn function
osci |l | at or venent the drill-hit_for pr N
U ROBPCa e T O 208 ke Wi GO AERE st Ba ded L g ory
loaghieat efathecalriizaddyndm cespatise 20 phepayatdicort zZorid ling
ahead of the drill-bit. [0012]  Con eniently, the . d
congditaeniFent© méshs tont? b8 Fhe pp Fég FofatTonal and "
obt@sel likptrovwed andi ni g tdeesrill-bit so as to achieve
and mai ntain resonance between the drill-bit 25 and
the drilled material in contact therewith. Such
[OO{lﬁﬁonB;tBéE_eriaBJByhe mé(sjtc_ejlnlmgﬂpm@msg ddmee rrlid I tdmmindl-bit
he material, bein rilled mninzes th ner [ t
to dgRAGe PR ot BF] FaeRa Ll P55 u.cesoa[%b%? FeYl gifg Mecro-
cr%?ﬁﬁ”(ﬁ¥ﬁﬂ©dKK¢$PaMégﬁsiﬁEthEeﬂatentablahe@dthﬁ dihel 1-bit
rill-bit is,enhanced, ing the drillLing,actiaq .
to giahe et HEPERY Phkrdks I THEr T [IRGP P& Sovasion to
prd M4 ]a AceptHER] skt @ 1S arntith-aspedts of whheepnesért control

invention 35 there is provided a drill-hi.t .contro
me 3RSt R FHrORASES W FRevirBosyriatsaathern Rbathprents
of Acfhedrdr'i!l:llng)i&p@ﬁatpﬁon&ﬁﬁmd simgrcaltriddt it c@pzid enacro-
CI‘E?(H(I-S O'EI(‘EIIJ.S %tr%r ucae%lcl r'é)(‘): aEZ e!aggdIangloagglfzggntd&%lamq_%angrack

propagation zone ahead of the drill-bit.

[0012] Conveniently, the adjustment means controls the
applied rotational and oscillatory loading of the drill-bit
so as to achieve and maintain resonance between the drill-bit
and the drilled material in contact therewith. Such resonance
in the system comprising the drill-bit and the material being
drilled minimizes the energy inpuf required to drive the
drill-bit.

[0013] In this way, crack propagation in the material ahead
of the drill-bit is enhanced, making the drilling action

easier and thereby ihcreasing the drilling rate.

[0014] According to a second aspect of the present invention

there is provided a drill-bit control method for use with
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controlling applied rotational and/or oscillatory

| oading of the drill-bit, the control neans having
wa@eajoagsrsent neans for 5 varying the applied rorPEr/GBa@I7/002140

and/or oscillatory |oading, said adjustnent neans

bei ng responsive to cond|t|4ons of the materi al

t hrough which the drill is passing; the adjustnent

ans further controlling the appl r.ot at.j on
ar JEER5) adeRr oot ngosreTRet i PR ida sl O Bepfhle  of
o'scam_daiegp‘al atai rotesonaioaddng hendridl -durttamd tmeans for
rilled material, _i ont a r ew
b T G s ety
theafpLioprbate thad't:bgtrnaﬂametaesshhmngheddmsltmemtt means for
accor 15 to. the .l ow n S
Var?ﬁ&ﬂge&é"earﬁfﬁﬁjalr%‘ilaFﬁt?géf?HWpic% fvvee(#] oiijg{['ofr? popding,
Salg.nddt]hl_%tdﬂ'eh'ﬂ e aret ecrenaiglmsmmm ’tchecemﬁtthoA)s of the
ete e a m.t, it of th rills
matFé%BﬁraFF’ﬁSug hr?t%\'a r%) #mgfhl%h%ags 87 a be| né@%ggent
mea@si | Iﬂ%u@r eS%(b]ﬂ‘ﬁf@lBlﬁgl tahlee fapgruenty swkepingal and
or i ng drill C) _estl
Osc§ﬁ§%§°6ﬁ’ tlt?eé‘ %&%n%ﬁcgh@ur%/rll%)blc znogegasga%gt aEH?eve and
maiheésgnattsbhegdeney ahet leril2Shrids analnct@eccﬂmé.lad anaterlal

poi-nt |e t han .t he maxi num on the resonance curve,
in Sogtec td% SH-ri 11 -bit based on this optinum
resonant frequency. 30 [0016] In this' connection,

t he upper |i tof an'pI| ud thedr|II It 4 o
[Ooéﬁgseﬁgﬁ%eﬁa Yue Wife tﬁ)eocgﬁfoé]ﬁ: D€ SO rldabﬁ[ degcermlnlng
appiidgrirate esaiingeptraakiees Eeyjonlchet hdSlﬂ.ﬂ.ﬁ‘tht tawrarding

s anp ibility %hat resona g
to qahmging erra . S58PH0 D007 TH1550 56 Pl GRG0 77 gz?“fgmtam
resonaiR] HetAaregaielsdesllaat t ngna shet dblié ledequeroyial in

Smeemlgé ,
contact therewith:

A) determine a limit of amplitude of the drill-bit
when resonating and interacting with the material being
drilled;

B) estimate a suitable frequency sweeping range for
loading the drill-bit; ‘

C) estimate the shape of the resonance curve;

D) choose an optimum resonant frequency on the
resonance curve at a point less than the maximum on the
resonance curve; and

E) drive the drill-bit based on this optimum resonant

frequency.

[0016] In this connection, the upper limit of amplitude of
the drill-bit is chosen at a value where resonance in the
drill-bit will not become destructive. Beyond this limit
there is a possibility that resonance will start to have a

damaging effect.
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range, this is preferably chosen so that a suitably
narrow range can be eval uated and used to thereby

W@ p@ed413p0 t he remai nder of the nethod. 5 [ 001BJT/GB2007/002140
shape of the resonance curve is based on a basic
resonance curve for the dridl-bit alone, nodified to
take into account interactions with the materi al

[00?%'Kh9r££5§?ds Egtﬁpgﬁéhﬁg%T%q}égﬂrH £SGhOSE %@eeplng

s curve IPess 1 Hhan t e naxi mm
rantye, arbii¢ tie p&@fér@wbyshbosﬁngSOtﬁéﬁﬁaﬁin@ﬁlbﬁﬁly narrOW

TRvidg, i BLo st Al ddug%e%c abl.g tﬁ{éfét%ysge@pl@é the

anAEcor I ng aspect of the present ention
remamederlgfpﬁﬁui@Edﬁaxhethod of dr|II|ng t hrough a

material 15 using a drill-bit capable of rotary and

hi gh frequency oscillatory novenent, wherein the
[00@Bil| | Thé t sShapeonf | e edesonanapactron tHebmgedr oAl a asic

res?ﬁgg%%e cg.{gx}er S%of‘etth%f P bf{ agﬁgnet h‘?ncgf illecp' Eo take

en rotating and inpacting on maf er | a further
1ntoc.uuquntt:ntﬁrﬁEMEomsfwntheth&ﬁmaﬁerzﬂﬂ being drilled.

Osglrﬁol %%ary m)V ﬁ?grggf lﬁ(Esge ogﬁ Irit%l ac?gfj&fe at a point

lessy mdlamo riitwe dnefsoimuypr cpmatrnmgtw n@@@@;@nhb@t foallopviegshooting
then%QQQmﬁkaggazﬁgﬁf qg%?%%gggﬂi of ?ﬁ%&g&?@errltory

dynam ¢ crack propagation zone ah
25 [0020] Preferably, the method is used in the

ooi%jteﬁéc8£ﬁéﬂé'kbiggEE995 EQFQEE'%%SFh@ngr%E%nt invention

ro-¢rac ave mm
themeefisy aptyvadedndi Sngirhodueh drlﬁdmnmrﬁh@ﬂgﬁh al material

u51hrghs§t§2% %€S<§#%%§&¥ gﬁggégkgg BQn&OQEMﬂQ @%equency

nveni ent
oscﬁﬂé@m&nqymmMEMdmﬂﬂ(Mmanexn) haﬂﬂruhiﬂhui(ﬁaIQOﬂﬁuqunﬂﬁ to

et S 92 BO00EL T 1 Bt ob e ELLLE Dot S0t maceo-
craPCH,GBRHO7/A0214Pit6 tREO murhating and impacting on the
material a further occasion, to produce a further set of
macro-cracks, and

wherein the rotational and oscillatory movements of
the drill-bit are synchronized for promoting interconnection
of the mac¢ro-cracks thus -produced to create a localized

dynamic crack propagation zone ahead of the drill-bit.

[0020] Preferably, the method is used in the cbntext of
drilling rock formations, and the macro-cracks formed have
a lengfh of up to ten mm, preferably around 5 mm. Such a
maximum length allows the extent of the crack propagation

zone to be highly controlled.

[0021] Conveniently, a high frequency oscillation is applied
to the drill-bit, up to 1 kHz.

[0022] Preferably, the drill-bit is driven to rotate up to
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[0023] Preferably, the applied rotational and
oscillatory loading on the drill-bit is controlled so
W@300r041580 ntain 5 resonance between the dril | P@T/GB2wA/002140

the drilled material in contact therewith. It will be
appreci ated that at such _rgesonance conditions, |ess
applied energy input is required to create a

200PL8 agating fracture zone. 10 [0024] Conveniently, the
p 5 agating fracture zone extends radially outwardly
no nore than 1/20th of the dianmeter of the drill-bit

m t he_out er ed of : iLlshit., Lt w :
100gB BTk TEE SR ERLC RIS b SCin  STRIGRTY OBt of 4 2C0Y
loabdaal orf r abburdxr itldetmitques woirdhratiledn se @lsoblp maintain
stress in.the mat erqi-al, .hei dri Ll gad. 2 ; ;
resppapEfahiSF St #%ée c%rn]tlelxtblo %]rg%k{}?%r ra}g%ll%%g Rbterial in
condaick! i tigeréhetsi ze Dt ouitltli ngs dipddescliatred uphes ta@h such

preferahl.y 5 The S jn. ari.s :
e RE RN G50 DG PRSP by okt Parary di{ PEng = Trauired
to kechnicquesoamobgdt sy ratactihe soep-change in
nmet hodol ogy adopted. [0026] Conveniently, the present
method is usable in one or nore of shall ow gas, weak

[002dNe @odvEénaehuilgd hheh propssiateln®5f zaneudei Ebingg extends
appl.i cations...This arise I - Hhod

radipd 1y, QUENELe AP BR*S g%‘i%ﬁi ?&?%Hdélflq{h%gﬁea{ﬁé US| n_(ﬁif the

drihilghliyt ctwdm othedolibeal efigactour ectteectini hiresiwhi ¢h will be
m ni.m. ze, glpbal stress in_t ter | bei i d.

SDBEGG0ST) RBOhr dr byt SR FSUTET abbERt Yoo TRt bhbadnioo2!

fraictvert i aechhieuesi swipiolvi deichianigze | Iollsialassembby in the
conmprising: a.drillsstring having a drill pipe and

matgrigl 3"0% .dx jnjde% drill-bit capable of high

frequency oscillatory and 35 rotary | oading; WO

7/ 141550 / GB2Q07/ 00214 ont r ol S :

: ; t
[OO%.% Vi éﬁ&%eﬁaggg’dovﬁhol gh%orgoé%ﬁfgftol |£IJ§1)g ggg?. edformaL ron
drinqQtiaig ,onghe arsd/zer m@cbhtaﬁngyIdxﬂﬁkqﬁogretm@ to ten mm,
prefddds B s LS GANIL! FBA0RL 1 AU 9 BHbYF BBA RE S hose
produced by conventional drilling techniques and illustrate

the step-change in methodology adopted.

[0026] Conveniently, the present method is usable in one or
more of shallow gas, weak zone and fractured high pressure
zone drilling applications. This arises as a result of the
method of the present invention’s ability to drill holes
using highly controlled local fracture techniques which

minimize global stress in the material being drilled.

[0027] According to a fourth aspect of the present invention
there is provided a drill-bit assembly domprising:—

a drill-string having a drill pipe and drill collar;
and

a drill-bit capable of high frequency oscillatory and

rotary loading;
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varying the applied rotational and/or oscillatory
| oadi ng, 5 said adjustnent neans being responsive to
w@onnditgisems of the material through which thePdr/GBR007502140

passi ng, wherein the weight of drill-string per neter

is up to 70% smal | er than_ yhgt of a conventiona

drill string operating with the sane bor ehol e

di anme f r, us th illin dit 0 &
[0028%%égn\%énl eﬁlte s’ REovE d%? ofThr | %snﬁﬁgﬁhglé °oF

comuetarling deveed ﬂ@t%ﬂmbﬂamé&ndd¢mro$©ahlaheryolOleng of
t I I
ehG IVOMORE, e | LonPiL MeAREIAI N MdTug ifedfReans for
vaxxﬂm@ttbasappiqdﬂxiqtéﬁxﬁmahbayd/bheQﬂakﬁﬁa&ﬁry loading,
e . Cor i e
sa i L30T RePhPe PREAHE BEike rBYRBhARNER cof JChdBEfBllS G2 the
matygtinl hehsamghborheladl etlé adet él fiosr peesing, t hevhsaaen the

céﬂ#'&fgdggﬂgL%%QQ% aﬁ%ﬂw%g%g '{%tﬁgttWaWo%*Eha ler than

| T'hg "appar at'us adj ust at’i ona
thw@omflatopyVandpngloﬁruﬁé @tmnhgbmpanatnﬁﬁnwnﬁhatmﬁ same

bo%%??fél”n&f ﬁé!.:' k'oggu angi t't%rés SHfSy dltglff{le?, %ﬁdlwsns

4 anlsn1an ob aininprove ng rates.
25 [0031] Conveniently, the adjustnment nmeans controls

[0%&? %%&yéﬁiéﬁgfgl(%ﬁ% w%ﬁ%h%SBE'&?EQEM %9§ﬂg”ge9fmé98r is

ntarn reésonance o
betm&¢m|%®n@ndhé0 d$mall¢mttbamiﬁh&icﬂfl$e@onﬁ@@tlgmal drill

o< [y [ S5ORADERSPIEORTENS, S0 LADRES 1 Al CORORL) o <
thaelrsdméndraciion easidétiang.t her eby ,|ncrea5|ng the
drilling rate. In this respect, the applied

rotational and oscillatory |loading is based on a
[0@2®Hi dtredf e nagslgnarntcies oveldiet dof| Hed 1flowsratiingn.peds mgrer is

sué¥¥2%€f&§§9 %EﬁéG§§QPZé90@&§Q tha® of a conventional drill
string operating with the same borehole diameter for use in

the same drilling conditions.

[0030] In .this way, the drilling apparatus can adjust the
rotational and/or oscillatory loading of the drill-bit in
response to the current drilling conditions so as to optimize

the drilling mechanism and obtain improved drilling rates.

[0031] Conveniently, the adjustment means controls the
applied rotational and oscillatory loading of the drill-bit
so as to maintain resonance of the system comprising the
drill-bit and the drilled material. The resonance phenomena
enhances crack propagation in the material ahead of the

drill-bit, making the drilling action easier and thereby

~increasing the drilling rate. In this respect, the applied

rotational and oscillatory loading is based on a predicted

resonance of the drilled formation.
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[0032] Preferably, the drill-bit is configured to

i npact on the material to produce a first set of
wore@ro4kssacks, the drill-bit then rotating anBCT/GB2007/002140

i mpacting on the material a further occasion, to

produce a further set of cro-cracks, 5 and wherein

t he control means synchronizes the rotational and

. |l at drill
(00 F3F ereSr AT B oF Rt hA hbbrot br bEkEP RS BPBadRed PRt o
thec&gg%ﬁgfaiLg@agﬁzfﬁuﬁy?anﬁdrema&kﬁpggmagma¢rm7qnm@ks, the
a i11,-bi
ar3 {07 R b e e AP PRl TG ST { Foaglhg Patatial @

furpaeaneteasiber, est guddtiag resorizent SQndelmagro cracks,

bet the drill-b dth
ana GhEER 0 UL 281t e 1L S B 1

osc&@%?ﬂ@@& r%?ﬂﬁﬂ&&ﬂﬁllbge tﬂEIHdﬂmﬂlﬂhimoufothepromotlng
i nfl uence ,of the illed material; estl
lnt@FF@ﬁﬁFﬁ%éfm fe&a&d%e tn&?“ﬁ?%ocﬁﬁ:aedés ’b?%%)aaa? ?E%t Freate
a ]_Z@@e@liibcﬂheiydfahﬂﬂcﬁdcm‘atarIpmkcbpa@’tcabmulm"lmgahhed of the
nonl i near stiffness characteristics 20 of the
drifddsPtred drilled material; D)estimting a resonant
frequency of the drill-bit interacting with the

ed nater oa reca I I f
(00PadonaAR VP Caiohéy CPEr R SEEH) CobapR-pyettrilnds Wi11-
blt'EQQ&%%WijdﬁhﬂdﬁéfKWE¢?86$t5bliéhEBg r@5onant conditions

char ac erlstlc e fractured, dr

betpgems4Fhen ?ﬁﬁil E%%ec?ndthgh%pﬁ?¥ %i?%té??é%r incFy the

foﬁﬁ?wﬂ%?nﬁﬁgefﬁﬁmhng based on predicted resonance of

e ille ormati 035] _Conven tl th

aIgorﬁﬁﬁﬁ%ﬂ@@@FﬁPﬂe%gﬁhEOHAEHSﬁﬁ]rﬁgﬁ%ﬁl%S%k égfﬁhgg the

drifiungtiitoRy i {HARG t Ko nveni eshty, of hehal glariltllem ins trasied. ;
on a non-linear 35

d X
|nter§éF?Bﬁ@aEépﬂeéﬂ“¥ﬂ Wfpﬂgg;%§41%§BaC%elq;dyg Bhfice a

prdfadBHPH 2 zone in the drilled material;

C)calculating the nonlinear stiffness characteristics
of the fractured drilled material;

D)estimating a resonant frequency of the drill-bit
interacting with the drilled material; and

E)recalculating the wvalue of the resonant frequency
for a steady state by incorporating the nonlinear stiffness

characteristics of the fractured drilled material.

[0034] In this respect, the applied <rotational and

‘oscillatory loading based on predicted resonance of the

drilled formation.

[0035] Conveniently, the algorithm determines the unknown

non linear response function.

[0036] Conveniently, the algorithm is based on a non-linear

dynamic analysis, wherein dynamic interactions between the
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-9 drill-bit and the drilled formation under

resonant conditions are nodeled by a conbination of
wa@pagsiss@l and nunerical techni ques. 5 [ 0037RCT/GB2007/002140

Conveni ently, adjustnment neans updates the contro

nmeans to alter the applied drilling paraneters to

mai ntain resonance of the rock formation i medi ately

1nh contac ith .the drill-bi.t _as_iit _pr.ogr S Vo
a1 } BoSET Sl eiryeq RE AR P ERr o RoaSoRan £ cotdieions
are SaleEiliace! By deactmivan@t bsti ldfat anylyoadahg zofd t hemerical
‘ drill-bit for drilling through soft formations. In
SCRR{9UGAy, vibrations can be deactivated when drilling
t hrough soft formations to avoid adverse effects

hereby all ow ng the shear de fromth r
[00RST] GrP RO T Lt { P BRETy ™ Carl oLt CPRBsREanty comErel
meaﬁgh&bn?uhm%¢¢men&pﬁlieds@anldﬁwq-ﬁmnamdﬁﬂmwehOhmadntain
and soft rmati ons 0Q39]  Accordin fur .
TeSQERBEE Of ﬁP@g%rﬁogr?g:%%eW%(ﬂl?%eeirg P ‘E?%g.gg‘éd“th
thematrhad -ofi tdrid lithgprogmdssdal  conprising the steps
of : applying oscillatory and rotary loading via a

drill-bit; nonitoring material characteristics at the
[oopefercahvént enfagpe whieh ddrpushtméht bieandet eami sedgcgively

val ue for the_resonant frequency,of the.r f-ar QA .
deaﬁFlWF§6295FﬁﬁéP§85¥ %P?ﬁlpﬁeogr¥PF-gfﬁ?lﬁng%a jﬁg?%%gﬂlng
thrbbghap@bfed faaseidiaatsar y Iandilots r otegr,y ohdahgons can be

order to intain, the resonant frequenc . c ;
seaffisne sl AL AT L 0En, T eRORRNN \atuonef dhe Fokvota
adv%%@e40%f£Q@¥§nkﬁFEbby sal Towtdnodt heur $ hesar compiel sésom  the

e step, of applyi a | gorithmfraom a .
rOtﬁéﬂwq@lé??d§ﬁhn?%lgﬂm%%§1§£?Qﬁl%@tSP@|ﬂ¢iftﬁg@0rtantly
elimgseramy thequesaytofswde dmikl+altatbétween rtard aoel soft
with the drill-bit. 35 [0041] Conveniently, the

forg m has the fol | owi ng WO 2007/ 141550
PCT/ GB2007/ 002140 - 10 functions:

[0039] According to a further aspect of the present
invention there is provided method of drilling a material
comprising the steps of: applying oscillatory and rotary
loading via a drill-bit; monitoring material characteristics
at the material interface with the drill-bit; determining a
value for the resonant frequency of the rock formation at its
interface with the drill-bit; and adjusting the applied
oscillatory and/or rotary loading in order to maintain the
resonant frequency of the rock formation at the interface
with the drill-bit.

[0040] Conveniently, said method further comprises the step
of applying an algorithm from a non-linear ‘dynamic analysis
for determining the resonant frequency of the material at its

interface with the drill-bit.

[0041] Conveniently, the algorithm has the following
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A) cal cul ating the nonlinear resonant response of the
drill-bit without the influence of the drilled
woradoensmbg B) estimating the strength of i npack&I/G82007/002140
produce a 5 propagating fracture zone in the drilled
material; C) calculating thgnonlinear stiffness
characteristics of the fractured drilled material;
furdiesdaymting a resonant frequency of the drill-bit
|nteract|ng with the drilled material; and. 10
E) r ec &) Q@laUlRg iee thel OTGALNGRT rraARAnt freeRemey of the
dr{ Ol 81 GRYo 8t AL BDYENGORREr Al fghd Ne- NOMA NERtersa1;

f ness aracteristics of the fractured drilled
naterBweSqumaﬁﬂnqvﬁbﬁa@§M@WﬁU1h@fpﬂéﬁéﬁﬂfinb@nﬂnﬂ¢uce a
pr Aéa@ bfra&@uPQSQBthgn“%E% Qﬁﬁﬁﬁ%ﬁ?%ﬁﬂ%fiﬁi
cconpanyi ng draw ngs in ure shows a o
dril | iCngadstullad iaec shei ﬁ@nﬂanﬁﬁl’ @ Bﬂnﬁéﬁtckmrm%erlstlcs
ofFﬂﬁ@eEEaFEMEQB'891l§@g %Qt%kgﬁﬁe 2 illustrates

graphi ca how paraneters for ‘est abl i shi ng resonant
condi tO) mmm@mr@aﬁ@éowaﬂh theaymreeeneti Mentdehl l-bit

;nEHf%éE&%@ w£994§he|6r£ﬁ§ege% E@yﬁgf ofnd he present

I nvention, It was realized that particularly high
drill |Eﬁgre:ca?tlegil@oﬁmrw Hehe achlevedfwide diqgqnany frequency

fo{kﬁoyggaa?tgkh Sb?”ﬁ%c%%p%%%%lﬂgﬂfﬁg'ﬁgﬁﬁiﬁeépestlffness

oadi n -bit is set To pronote resonance

‘ ChaJSaCFTP%IS§/§l©ﬁ1 pér b8 Byachurge drigiltechnehtgielaldri | | ed

formation. 30 [0044] However, whilst obtaining this
resonance i s pOSSI ble on a test ri g usi n
[0&4Zhddndi 28dmpaspl @8, the waseaents f eneprtiaat twilwhagw be

deflEL1hd 89 LR OUQQfo‘éxgéé' HPCKLEOT L b Q08 Il S drlafings  in

ecause dr| ing conditions vary fron1|ayer o layer
whBshiwthin a formation. Accordingly, the resonant
condi tions vary WO 2007/ 141550 PCT/ GB2007/002140 - 11

t hroughout the formation and therefore resonant
condi thigngre 1 shows a drllllng‘ module according to an

embodiment of the present 1nventlon, and
Figure 2 illustrates graphically how parameters for
establishing resonant conditions in accordance with the

present invention are found.

[0043] In the development of the present invention, it was
realized that particularly high drilling rates could be
achieved when drilling through materials such as rock
formations if the loading of the drill-bit is set to promote
resonance is the system formed by the drill-bit and the

drilled formation.

[0044] However, whilst obtaining this resonance is possible
on a test rig using standardized samples, it was a different
matter when drilling through natural rock formations. This
is because drilling conditions vary from layer to layer

within a formation. Accordingly, the resonant conditions vary
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cannot be mai ntained throughout the drilling process.
[0045] The present invention overcones this problem by
w®G200ea0dm zi ng the non-1i near resonance phenoneCDGBRIE02140

drilling through a material and seeks to maintain
resonance in the system cgg‘oi_nati on of the drill-bit
and drilled material. [00 In order to achieve this

eSSBS S MBI 00 SEBESLSLY ALY BBk scns

canfle¥ebeped ian adeeudr atte-canthaubuste atmih‘émagl pabCﬁﬁdeI
of the dynamc interactions in the borehole. This
mat hemati cal nodel allows the present invention to
[ooeal cuttas e ;ﬂftdsets’[e fieadbaclomeovaricome s o th8s problem by

automatically a st the drill te
rechlinorart e et bihed { et AR P AiParif1ing
thrﬁﬁbht al maigethel eesonswies itotheinwayn trt@cammm of the
e propa i,ng cr ead of .t Ll
oyl BRaRERRRIY PR 42 i RIS LR dibll rlisksn.
and thel(rjeforle can be descri bed as 20 Resonance
ed Drjlli r.ei naf [

[OOEEEV\B AnS rldied:st{ggt SE\FS" ILJE eREESQ?{ [aﬁltg’urﬁa‘;le by
accﬁ@ﬁlﬂbeyacci)diéimﬂgfybn@n em@odupanametethe mre@enmechanlsms
ention drillin dul, e |s e t 2
affﬁﬁ\éﬁgﬁystdﬁlljr i an%‘ﬁ% %m dfi | %&@Pﬁ&%‘ an Robust
math_éﬂﬁ%li}c&&l omosked! | @f 2ttenndghsntioe dmitldragitti ohsawi tim athe

piezoeleclric tra ducr3totras t
bortehgiet'r a%"b“uscer ?gﬁ?ﬂg 4ret - Oderil lcl(\;%p% anléR%S peBent
inv@@%ﬁ@@ﬁ S tbhe cammmma&et 0 aaddr rquIe stEHemi@a&kandl@d”tasli@@Sa to
Vi ratl i sol uni t N soI 0
autea &ﬂaﬁﬁlyng éﬁﬁ e ' 6m tdﬁ slﬁlgft ert?ﬁl% rlns?logoéas ko
mal@ﬁblfllrﬂ ri%ﬁs@ﬁﬁirﬁie ot ehOGomelosle osates Blyemadmitldlining the
shaft ich transmt the t|on h
resggxaglcgndlq ohl’llh% HF\P/H st re(?% £§§|g r%%%tgja%riﬁg icrack
zorfe0Bee aW0o200RE141 250~ BCEE/ @Mé@@@dmd tHe dmipplirel rate

. to the_drill-bit to h t he dynanic
1s g@_ﬁ@lagtlé’ t’rf@pﬁ?gﬁégatzig‘h% uroé:ezone¥1 s%%t ha%)g?%{]kged as
Res¥rdrdce Enhanced Drilling (herelnafter RED) .

[0047] Figure 1 shows an illustrative example of a RED .
drilling module according to an embodiment of the present
invention. The drilling module 1is equipped.' with a
polycrystalline diamond (PCD) drill-bit 1. A vibro-
transmission section 2 connects the drill-bit 1 with a
piezoelectric transducer 3 to transmit vibrations from the
transducer to the drill-bit 1. A coupling 4 connects the
module to a drill-string 5 and acts as a vibration isolation
unit to isolate vibrations of the drilling module from the
shaft.

[0048] During a drilling operation, a DC motor rotates the
drill shaft, which transmits the motion through sections 4,
3 and to the drill-bit 1. A relatively low static force
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bit progresses through the material. 5 [0049] At the
sane tinme as the rotation of the drilling nodule 1,
W b@7piszoel ectric transducer 3 is activated tBCT/GB2007/002140
vibrate at a frequency appropriate for the nmaterial at
the borehole site. This f gquency i s determ ned by
cal cul ating the non-linear“resonant conditions

bet ween the drill -bi nd 10, the drill Lal., -
400 LEREngD EAFI g bhbihFn L GAPEP3® "hEBoFAPnG/R8 ek oading
genbehtewing alreprigtiingA)fralculrat i zwnd hesmoghanedhe drill-
. resonant response of .the rill-bit without th
bitj RFPYEREESHS %?‘Ffé’u(??’i |"1Lkbed f?m%ﬁeerrlr%]r'; B) est i nat i ﬁg t he
?trength of inmpacts to produce a 15 propagati ng
racture zone in the drilled material, C)cal Lng- -
[00fRé ol itﬁéarsaé?e?f?:ﬁ@?s ac%agggt err(?tls% ity é%at%gé *r291ing
mod;,ﬂl@Ctllf edhdriﬂilhea;bdermefcetrwd:; tDpestiunetd N3 asr esonamted to
.. frequency of the drill-bit_ _interacti i
VibGRLR & Fa FT e hP BB EPF SRR EC ACH | (TerbhTaL BF the
borktheleesanrant Tmﬁauenegueﬁoy d sstasdtyrositreg@e by calculating
i ncorporating the nonlinear ,stif i-Stis
theoPORRALPEaE: SFETAPTI FEACTEt ePare OGE0] fng . 1L Pit® and
theVi Brat i eas faoaribe, pi ecoehecicatlyr ansouceril3 RSure 2,

transmtted . thr h the drjll-bit 1 to the borehole
accgridnda i@ %tﬁoﬁ%"iuorb%g% 9?151%?15% zone in the

mat er A pta Bbeddt Ohg the donllinbbtr. rAsonhetdmielspdpise of the

.caontinues to rotate and nove forward,, i e .
ariddatiia AR STl T TLUREST of hab Tontr AR AR TS L

It. F_By\@s’ﬁim?thﬁgcrteﬁd i srehgahprafpai@panygscrackp8duce a

zone in t rmati on materjal ahe f_th ril.l-bit
Proﬁaﬁﬁitﬁn@arﬁa&? end Tt n{égﬁi ﬁﬁl?ggg F‘ﬁé:%rrgtaalt’i ng

shgar cmgallaamaemngi shedgesl ms®r neticifiralss whiactedamristics

subseguent e, r ed., 35.[0051] The properties of
of {4 o ‘b‘i/%%a%%%fg%gd’i)%ﬁﬁ%?(:an WO 2007/ 141550 .

rF:CIT/ GBPeO¥iRA214G = #8sohentureeduenant i of zehtordROR,-bit
in;ﬁié;ﬁ?ﬁ%ﬁﬁﬁ&ﬁ”%&é°8£iiié§’mS er&gf?|5¥da conbi nat i on

E)recalculating the value of the resonant frequency

for a steady state by incorporating the nonlinear stiffness

characteristics of the fractured drilled material.

[0050] The vibrations from the piezoelectric transducer 3
are transmitted through the drill-bit 1 to the borehole site
and create a propagating crack zone in the material ahead of
the drill-bit. As the drill-bit continues to rotate and move
forward, it shears against the material in the formation,
cutting into it. However, the creation of a propagating crack
zone in the formation material ahead of the drill-bit
significantly weakens it, meaning that the rotating shearing
action dislodges more material, which can subsequently be

removed.

[0051] The properties of the crack propagation dynamics can
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[0052] Cracks are started as a result of inserts in

the 5 drill-bit inpacting on the formation. O her
wa@leiorhaxsego techni ques operate through shavi ng PET/GB2007/002140

shearing the rock or through the generation of nuch

| arger cracks. The follow ngs are-the main features of

the RED systemin terns of neans of operation and

f S the .cr.eati pr. | .on. ' rO .
e WL IRSER (80, 30 POOPROULON ) Ay SRS Ruse, on
iddaltly [D0&63hb REL: dperaf eglihitbuge.a hi gh frequency

axial oscillation of a drilling head which inpacts

the material and 15 the angular geonetry of the .
[0 | Clrackisnsere s stairtedt easr ackseswlt hefnategents in the

.CGont,i.nued, Lon t rikli Lt, I
dré%%ﬁ%%%edlogg%?%ggiO%Bangﬁygta%%%ﬂ?tgg%ébli?ﬁ&gzidrllllng
tealymagmes opeckter bpagavhosheoneaheadsbéarheg the rock or

rill-bift. 4 [ e n:ﬂ%é e :
thcﬁ%ﬁﬁi%&% %ég%égg ?%nggeéuegiggggggbs. $?3b||s %g%lOWlng
arefthhesmianciedtutde o dttean KBy stwstercotiprigimg ehaneans of
illed material, _(t cill s -anhd e L= bi
Op%ﬁ)F%ﬁ%egRFﬁekgfyﬁcigﬁcaﬁg%dC%%%?ﬁfﬁgngéa T%ggb%é%ggké of
'maraek Erapegatn drhe dmnmedidoraricinite ahredd -of ttheddrill-
bi 5 a linear dinension typically nmeasures no nore than
710th of the dianeter of the drill-bit. [0055] Hence
| ocal crack propagation is controllable in terns of

[Od§§] di&ﬁﬁ;io fggé ndtﬁpﬁﬁgﬁD Eecﬁﬂi UEfygﬁﬁghqfO axial
crack propagation outside zone | di ate I n
osdibatoén dhe dmriillllibict heald0@béFhREDPRehsetbanmaesnial and
i n._high | it 08..hok e, .. 3% ]:
thq el ot 87, POHPE 5 pte Rpnt e ooy Ta s sgrace
in ROF GBAGO7Z/002T40t iviect eplemaduion iotfsthbi driylingdpit) i.e
ol e Si hi.ghl.y_co ol | .l qcal n :
o MR R CaRar OBt r R oy vt 2 e 8 g synamie
crdakchprgqoagation| endei abebfl wer ycheeldriloldritl i ng
sensitive formations in challenging areas such- as

shallow 5 gas; weak zones; and fractured high
[0 @5 4&bsUite sz phegiomenon may be best described as synchronized

kinematics. Establishment of resonance in the system (system
comprising the drilled material, (the oscillator) and the
drill-bit) optimizes the efficiency and performance. The
dynamic crack propagation zone is local to the drill-bit and
a linear dimension typically measures no more than 1/10th of
the diameter of the drill-bit.

[0055] Heﬁce local crack propagation 1s controllable in
terms of its .directionality and the RED technique avoids
crack propagation outside the zone immediately iﬁ front of
the drill-bit. .

[0056] RED hence can result in high quality true gauge hole.

[0057] As a result of the ‘'sensitivity' of +the RED
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[ 0058] According to the above, the present invention

can nmaintain resonance throughout the drilling
wop@rasisen, allowi ng material to be di sl odgedrPdT/GBRG0M©O02140

formation at the 10 borehole site nore quickly, and

consequently higher drilling, rates are achieved.

Furthernnre the utilization of resonance nntion to

%¥ﬁ§§?$ #?fgy) @.h@@ ﬂbgg@BuEQ coﬁﬁ%olled

plie - | eadi ng to ec as

locﬁe]arfraﬂcstmlanct henprregemltg ohedatli ehrﬁet‘s bnl yheffermation,

théanF\ '%bcé rgte °f1e91‘%ﬁ ﬁé’éh?” ﬁﬂi 2lS0ri11ing
allTows Tor i crease e-span, and hence

sensiduces themdowonsmein relqauedgftog teogs nainahemancehallow

gagy Sgkaﬁﬁﬂggt ak90§%]ac9ﬁ%%§xgrr{< réhv\%f@sthsetﬂf‘l nes.

hani ca properti és are i ng
paraneters can be nodified to optim ze performance of

R o =
ma trelehih queesbneggencychamigizBitanptheudeméfl ldgw | | apgomsion,
allc% cf HQE'&H?E' L8 gt QFF%ELEBg%ab“ tth%f ffo%&’a[’élcﬂ{‘dat the

i've perfornance.

borgrdl¢ ation BYsE eqr ¥ Ssonanced (@emmmemhby hlgher drllllng
scj 1965 h IRt angd .t

ra g e e s R o AaT o op T T gpnee

motgfdn ctencpyromdtedrﬁﬁaqmg:qaepr@pmateon 3@1p®©6ﬂ10@1guwelght

to 2bgr ?ﬁ%ﬂ]ﬁa&h ytbl lﬂ’hset rat €91 h]&Wct ll%aQﬁr agre{gr %iecr%ased tool

esta I Ng and nal ntarni ng resonant conditions
wedounds 3su¢0p6heri psesgnt o wrsedisont ondét ecvmﬁyweOéfers an

1n$1%ég§?<9t he'% Hﬂ'd %@Q\Iﬁ%y &41§§{%PPCT£%2%E&0%{4L%WS for

en resonatu interactin _
ingwedsede tordt el i fib-bpang cﬂnd | edncen xﬂ@@@nﬁe@tl@@wntlme

re%@f %&nké of 5o@MpLi Lude af-o %(¥§44§%%#?A§ chosen at

Wher 8° resonance In t Wi || not
beconme destructive. 5 Beyond this limt there is a

[O(gé;%gi} deé%/fég}ﬁ.tlgaes%agecﬁ_ﬂllmeéﬁﬂ{caf ngg‘rtles are

known, the drilling parameters can be modified to optimize
performance of the drilling (according to ROP, hole Quality
and tocl life and reliability).

[0060] In terms of the RED technique, frequency and
amplitude of oscillations can be modified to establish the
most efficient and effective performance. The establishment
of oscillation system resonance (between the (oscillator),
the drill-bit and the drilled formation) provides the optimum

combination of energy efficiency and drilling performance.
[0061] Figure 2 graphically illustrates how the parameters
for establishing and maintaining resonant conditions are

found.

[0062] Firstly, one needs to determine a limit of amplitude



10

15

20

25

30

35

[0063] Then, a suitable frequency sweeping range for
loading the drill-bit is estimated. This is estimted
waoorhatsse 10 suitably narrow range can be evedT/aGB2@?7/002140
whi ch can then used to speed up the renainder of the
met hod. [0064] The shape of;4he resonance curve is
then estimated. As can be seen this is a typical
ofrﬁﬁ@nﬁﬁﬁﬂjpﬂfﬁ? wngﬁer%%%na%? Ea%nﬁfeﬂn98§?€@%9&eﬁﬂféh the
as a consequence o he effect o
mat:lsrlrial bbﬁliﬂgt edatlled. wiinh thimt echakedsdiong thel lldehit of
amﬂilﬁﬁéé gﬁinQ%%p Hgﬁﬁﬁaﬁlﬁ CODS eQUENLE Eﬂ? ?Jagglugaswhere
upper an ower branc t he consequence of novin
re%¢n@m@@vélbeybﬁd dhelha&ihuwwddplmp&debbepmg adestructlve
Be (MBI L5 OF O LA € 1
ef& theﬂfsovver ranc%]Pea%%%] ASSISE%EY%%%JFG?%Q%% 1
stagiehtdrhanei & ceaagdsg aftfiestt .are undesirabl e, the
next step is to choose an optinum frequency on the
resonance curve at a point less than the 25 maxi mumon
(0@l r dhemange stditedleThecaneanly twerhiioh rhageopei mipading
thd e%l‘fnﬁﬁ.t-r)lrtequnceysﬂlﬁa%%enTR%EOVKst h%s@ﬁl LYY so that a
essentially sets a safety factor and
sukhingeabh eF odr irablde bl 14¢ ngvabtetedl yhichi samytirn used
eh fyriher Lrom, é'a%mj tude point. The
ko gl[%tro Lﬁeans may%l nt&t%(hecl ﬁ?gﬂgg}‘s alter the safety
faMOr i.e. nove away fromor towards the maxi num
4PtTW%t§Ha§@38?aEﬁ8 EHESEanQEP%w@dgil 2116, Se0SeHated.
aracteristics of the materiral being drilled-or
As m@grl@@ss@qen,thélar sl a Ftdrpl@aérpdeesonafnqawecwmhose top
h n g Yy ~d t | for
had BQQh 9uEE%%‘H6H toUtfe %1q$¥L%§SQ o%%e%&ence o% the

material being drilled, then safety ctor
effrct nefedded. dnmikﬁbit14n5§@aP@IMGBZGOﬂ¢OezmﬁienlaMSbelng
dripﬂgﬁl fn%ﬂﬂi 6%‘n898§r@5g% délggﬁsgg EB% Cngﬁa raph
tinumresonant frequency, rocess is upda
has p@mb@th eaf )lqmetmlbirart@qﬁ,os’eldel oopsegeeapen@fsy@t@mg on

th@fc&JVE 6E§6¢é:§%e %# % %{ilyﬁég BgfngrgsgPématlc drop

i nvention string pe
lnkﬁﬂ@#ﬂt@deoﬁﬁgmath@rum@@m1hnﬂﬁqh to the lower branch.

[0065] As such, in order to avoid such dramatic changes,
which are undesirable, the next step is to choose an optimum
frequency on the resonance curve at a point less than the
maximum on the resonance curve. The extent to which the
optimum resonant frequency is chosen below the maximum
essentially sets a safety factor and for changeable/variable
drilling materials, this may be chosen further from the
maximum amplitude point. The control means may in this regard
alter the safety factor, i.e. move away from or towards the
maximum point on the resonance curve, depending on the sensed
characteristics of the material being drilled or progress of
the drill. For example, if the ROP is changing dirregularly
due to low uniformity of material being drilled, then the

safety factor may be increased.



conventional drill string operating with the sane

borehol e 10 dianeter for use in the sanme drilling
w@onnditgisems. Preferably it is in the range 40rP@D&B2007/002140

smaller, or nore preferably it is substantially 70%

smal l er. [0068] For exanpl§6 under typical drilling

conditions and a 15 drilling depth of 12,500 ft (3787

m, for a 12 1/4" (0.31m hole size, the drill-string

wei ght per meter is reduced from 38.4 kg/m (Standard
[OOR@t]ar]ynExilyj ngjhet 0 dfpdrkigisn (isi oFiRED tdchiibguerhosen
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\geig Rer. meter is reduced from49.0 kg/m(Standard
CONRSCar FB™1ing) to 14.7 kg/ m (using RED technique) -
a reduction of 70% 25 [0070] Under typical drilling

di lons ndadrlllln cdepth of » 500 (3787 4+411-
[oo%o/? thlé\ (B @éﬁftho eVt z%o?het%ériﬁg-légl}:i n%§ drill
str\zmlggrpenoemeﬂérebams bedupedof rodh 73m@l kgt mtheSt aplgat dof a

Rotary Dril]i. tpo 23.1 Kk n E c u
corBg bR (AN, LPrEy] of BTGNS "L FER Lo mhhieher o
diawaBeand otrhesdynanittef sacteude i liltingr cdudesiontse RERLferably

t.echni can save up.io_35%of ener (o : :
it ity o toar S 0T TRe1 FAR L ABF one roaeF RGOt SRR LY it is
subdAAAE4TT50 RET/ 32005 002140 - 17 [0072] It will be

understood that the illustrated enbodi nent descri bed

herein shows an application of the invention only for
[00d8g pEOpOsRampiei | buslte&attiy@ncalln dpriddtinge ddmelitions and a

vent i may.. b ny, di f.f.erent "
léglrﬁ‘] Lifeéitl}b %f f% g@ét l%g%epr{%bdl%rr%n slbellr{4 (0.31m)
horﬁrgmdﬁnmeaWﬂﬂiﬂk}ﬁﬁhIﬁgfweﬂdhﬂjparIMEiantlstKEduced from

355 R STy " Todt H S0 dsbrldprt A o 1R 750

tedraridue)l areﬂrrédm@glon of 69.6%.

[0069] Under typical drilling conditions and a drilling
depth of 12,500 ft (3787 m), for a 17 1/2" (0.44m) hole
size, the drill-string weight per meter is reduced from 49.0
kg/nl‘(Standard Rotary Drilling) to 14.7 kg/m (using RED
technique) - a reduction of 70%.

[0076] Under typical drilling conditions and a drilling
depth of 12,500 ft (3787 m), for a 26" (0.66m) hole size the
drill-string weight per meter is reduced from 77.0 kg/m
(Standard Rotary Drilling) to 23.1 kg/m (using RED technique)

- a reduction of 70%.

[0071] As a result of the low WOB and the dynamic fracture
it produces, the RED technique can save up to 35% of energy

cost on the rig and 75% of drill collar weight savings.
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10 application. For instance, different drill-bit

geonetries and nmaterials may be used. [0074] In
warerherssexanpl e, other vibration nmeans nmay bePCF6#2004902140

alternative to the piezoelectric transducer for

vibrating 15 the drillingpdule. For exanple, a

magnet ostrictive naterlal may be used. [0075]

Euyt h V, t
O NATRES, kb ko0 SRR M 15 A B iner
desaiﬂhﬁdnﬂexﬂmntsh@w&lmnadppiseaEibecD§ th@rh@m&ﬂﬂhpn only

fordeacdh%ﬁ%éégkéng%”f%fu?EggFﬁgﬁseﬁh b?g%@ﬁ %nﬂﬂ@/fﬁ%entlon

S0 as unction as a rotar
ma yd bied Iappglﬁddt;bema\hﬁrdlfféﬁsen’d r¢¢mf1@umﬁm@$1 d?h@ pirrailed

embo% 5%%4 bé1 ngkgglng%onEigi?%gtﬂggglgkfﬁﬁe&hfﬁ %ﬁé art

ed t0 apply resonant requenci es once deeper
to hiamgleromkt f ormati ons are reached. This offers
consi derable tinme savings by elimnating the downtine
whi ch woul d ot herwi se be necessary to swap drilling
[OOﬁimnébrbekwm@debhéhe dirfifldréritt fsgordcirons. B@ [0oiele may

The sent ' rg v d t
© péhe ﬁaegkanel B%RﬁFﬁhal asﬁ%gqﬁl é%ﬁ%%%%}?ﬁ1tﬁgflllng
apphqnanmmﬁLréke:@ﬁspeneenaﬂnéﬁetsmmadrlhbrbwédg¢mm%¢rles and

ity and i nproved tool life and
matree |a i I?(%ag%ogg%w 141550 PCT/ GB2007/ 002140 - 18
d ai s . Exllllng apparatus conprising: a drill-bit

[ofAPAPIS %Og%@ fifl1 8, 9B hE2AVEBEY e 3nORELAL 8Ol Voe used
di ng; con neéns or control I ng applie

as radtimrrmiaive amll/td"re mﬁd@l@@ﬂi@d@ﬁ&@@cem@or vibrating
drj II on hav,

th 6ir l&%yq%énoghe%apg %Xgﬁgﬁéfl%nrh%&é%géf%?}%%%Y ator?/r:Lal

maycbmlugedsald adj ust rent nmeans 10 bei ng responsive to
conditions of the material through which the drill is
passing, wherein the control neans is in use provided

[0@H5 T hédurthermore, it is also envisaged that the vibration

means may be deactivated when drilling through soft
formations to avoid adverse effects. For example, the
drilling module of the present invention may be deactivated
so as to function as a rotary (only) drilling module when
first drilling through an upper soft soil formation. The
drilling module can then be activated to apply resonant
frequencies onde deeper hard rock formations are reached.
This offers considerable time savings by eliminating the
downtime which would otherwise be necessary to swap drilling

modules between these different formations.

[0076] The present invention provides the following
benefits, namely drilling having lower energy inputs,
improved rate of penetration (ROP), improved hole stability

and quality and improved tool life and reliability.
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apparatus in a downhol e | ocation and includes sensors
for taking downhol e neasurenents of materi al

W@h@raetssr i stics, 15 whereby the apparatus i s POEGERI0E/002140
downhol e under closed loop real-time control. 2.
Apparatus according to claigml1l, wherein the control

means controls the drill-bit to inpact on the nateri al
c1 to 20 produce a first set of nacro-cracks, the
atBitrol neans further controlling the drill-bit to

rotate and inpact on the material a further occasion
to produce, a further set of _macro-cracks, wherein the
1 cont r%?lﬁﬁja%% SDREhPbAT 268™Ph&1PEf at i onal and
osci |4 atgariy Impiemestpablet hef drolthrlyi tafidr I@sh frequency
gﬁgm}ti ng.i nterconnection of the macro-cracks thus
oscC

8Ge&d, 1@ N% a4 | ocal i zed dynani c crack
pr opageht 881 zoneanbeatbr ofcdmierdi Lihgbi 4ppBiedppatatasonal

ccording fo claiml ar 2, rein.the, 30 ad]
and 5n30%%ﬁlt£ﬂ%r¥h§°§ﬂ&lr’igedo o?c eloﬂgﬁénggtbsm %g]tagtrnglcml
meaheadhagiok t heljdisithenhki t- meanas tforackieyéngandhe applied
i,ntai,n resonance .between the drill-hi.t “
rotEAPPEY Sier O BE G LEoREdct PRLT B AL ety usjfent means
beidgi Fesbiohsdert ral cordied oher ofséhwi materiilali hgprwdgh which

2007/.141550 PCT/ GB2007/002140 - 19 apparatus

thee §drilsiiy REYF 119~ bit capabl e of oscillatory and

r ot aryhéeadhnghandoateont melanreans forusenproffidag on the

applied ,rotatjonal .and/or_oscillatory loading
aPPEFRIHSpi 2 fh Owé"g’rﬂlreol HeansChad iy %/ncﬁ lulgc?érr%n? 8&%%%? tor
takfieky vasyhngleheneapnlieedtri o obdt imomtad r Bt/ wharacteristics,
oscill atory | oadi'ng, said_adj.ustment an ei
Wherré%éfo 'e\/éa}é(pti1 ﬁsor%e&@%l edrr?rg’tnélrol% 4 dreougdt’wl%\ﬁnefichloop
reallhe igid |doritsrqiassi ng; the adjustnment neans further
controlling the applied rotational and oscillatory

|l oading of the drill-bit so as to achieve and
2. mai nt AppatasoBareecaidity tdwe dradinh-bjt wandetihe tdei Idadrol

sl SfiL 4T CORLACL. IS 1 B rebiog 2Ry eo
prRRUYOPEI aterkeadisly pd aneteosciackshe dhel ledmtrol means
further controlling the drill-bit to rotate and impact on the
material a further occasion to produce a further set of
macro-cracks, "wherein the control means synchronizes the
rotational and oscillatory mbvements of the drill-bit for
promoting interconnection of the macro-cracks thus produced,
to create a localized dynamic crack propagation zone ahead
of the drill-bit.

3. Apparatﬁs according to claim 1 or 2, wherein the
adjustment means controls the applied rotational and
oscillatory loading of the drill-bit so as to achieve and
maintain resonance between the drill-bit and the drilled

material in contact therewith.

4. A drill-bit control method for use with drilling
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according to the follow ng steps in order to achieve

and 15 mai ntain resonance between the drill-bit and
wao b@7dsiskd ed nmaterial in contact therew th: A)CT/GB2007/002140
determine a limt of anplitude of the drill-bit when

resonating and interacting wth the material being
drilled; 20 B) estinmate-a sultable frequency sweeping
h N it st {
o ot PR R0 e v B2 oraERbaEs U e Hnpory and
rotragonboedingqaadcya orontieol rles@nanéercmretmllalrpml applied
S n : S CAL VY
o o P r Cbit- babad 8A HRES Capti Rurd s Sbrany’ the
corfreguareans GavA ety seinedrti Meang tfmroughyan@ratbel applied
i I I t
rof i AR G811 S8R o P A O peans
beimy cordpansEde tooi qma@itmns tde et emat'faﬁr:t@l ptlodoeeh awhich
thé'ra%lfft %T 58 95 Cks, %pe i Qh£ t%% ns further
rotating and’ P al furt
corm:nalslnng tbe raqxpja@da chzrtratkmn@bt apfl mmdlca'm loading
n 2007/ 141550 7/
5,000, 102000 L1550, 20 | PErORy o S Grn the Shdhee ac
th@rdﬂilhbl’ar@n@ymar@mkb@dfmtwmfotlrmgcontact therewith.
i nterconnection of the macro-cracks thus produced to
create a localized dynam c crack propagation zone
5. ahead Pofmé¢bleodr iddediiding 7o Almsthod, adoetdieny comprising
t c e _
i e
accﬁ@lrdredg hawe the etﬁgtlho@ﬁngp gtegdmm Irder Ataetdwideve and
C r a _fre c .
ma fFHED r?a d%éﬁé% WF g HE d?F?EbP%% 3%%?o%hfkngllled,

05CI T TR IS appli e dri

‘material in contact therew1th

A) determine a limit of amplitude of the drill-bit
when resonating and interacting with the material being
drilled;

B) estimate - a suitable frequency sweeping range for
loading the drill-bit;

C) estimate the shape of the resonance curve;

D) choose an optimum resonant frequency on the
resonance curve at a point less than the maximum on the
resonance curve; and

E) drive the drill-bit based on this optimum resonant

frequency.

6. A method of drilling through a material using a
drill-bit capable of rotary and high frequency oscillatory
movement, wherein the drill-bit is configured to impact on
the material to produce a first set of macro-cracks, the
drill-bit then rotating and impacting on the material a
further occasion, to produce a further set of macro-cracks,

and
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9. A nethod according to claim7 or 8 wherein the 15

drill-bit is driven to rotate up to 200 rpm 10. A
woredonodisaccor ding to any one of clainms 6 to 9,PCTOBR@I7/002140

the applied rotational and oscillatory | oading on the

drill-bit is controlled so as to mmintain resonance at

the 20 drill-bit and the drilled material in contact

t her ewiddreirllthd ﬁeta@ﬂoasmowaﬂ%é&ﬁ@t&ﬁﬁ Rbvements of
wherei n, the dynam c crack propagation

cl ai 6 to
thgeh {]i%f]%h‘asalféd?&wk}row%%r%@39 RECHDE &P haRtersopRection
ofOﬂjkhemdbaﬂBbQécQ% tfleudr iddodue i tof roreihe Ut €hcalized
e of the drill-bit. 12. A nmethod according to an
S RS S S P AR Sl I

drilled are up to ten nm 30 13. A nethod accordlng to
any o a 7 to, 12 for _use in one or
" shal | %ﬁﬁb %w%ﬁ?%ﬁé&@%uﬁPfQ%ﬁﬁWwéxiWWﬁﬁ%l%rEggum@thOd is
usé@n&ndmﬂélﬁgna§ﬁ£|@ﬂldﬁﬁiliﬁb Podki Ebrhiatt id3seM Y where
rllllngé%%ck 35 formati ons co rising: WO

r
ma%%ﬁ]i%ﬁ%%og@@f‘?@ | GOLEAEI PT AR FPI 181 ng
“having a drill pipe and drill collars; and a
dr|II-b|t %%ﬁ Ie of h frequency OSC|IIator and .
rot ar y* 9 mEQnsCHROW déd i Wh 9§éln a high
é@kﬂﬂh@j’eofsﬁlll%(ﬂﬂdrm b.!snglp%ﬂmelcﬁdtémt@lté Oﬂﬁﬁlﬁngﬁer up to
scillatory loading of the drill-bit, the control
ans havi ng adjustnment neans for varylngxthe appl i ed
rotational and/or oscillatory | oading, said
9. adj ust ment ns belﬁéhresgon5|ve to_conditions of the
10 ma rW% R tRe el i's Eéss$¢u;Whereln the
drhBAsi i@edm@’vght tof rdrdte St ity 5 ABReEr 1S up to
70 % smal l er than that of a conventional drill string
operating with the sane borehole dianeter for use in

10t he sanemetRBdi tddWt:diky to any one of claims 6 to 9,

wherein the applied rotational and oscillatory loading on the

8.

1k

drill-bit is controlled so as to maintain resonance at the

drill-bit and the drilled material in contact therewith.

11. A method according to any one of claims 6 to 10,
wherein the dynamic crack propagatidn zone extends radially
outwardly no more than 1/20th of the diameter of the drill-
bit from the outer edge of the drill-bit.

12. A method according to any one of claims 7 to 11,

wherein the size of cuttings drilled are up to ten mm.

13. A method according to any on of claims 7 to 12 for
use in one or more of shallow gas, weak zone and fractured

high pressure zone drilling applications.

14. A drill-bit assembly for use in drilling rock

formations comprising:-
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15. Adrill bit assenbly according to claim 14,

wherein the weight of drill-string per neter is
waastnarsso al ly 70 % smaller than that of a  PCT/GB2007/002140
conventional drill string operating wth the same

borehol e di anmeter for use-ipithe sane 20 conditions.
16. A drill-bit assenbly according to claim 14 or 15,
wher eian dihiel ladj st HaviRANS: e@nlnobs hgnape&hﬁﬂ collars;
apngotational and oscillatory |oading of the drill-bit
So as to maintain 25 resonance at the drill-bit and
t he cﬂaldnmi]ﬁﬁﬂﬂWdﬂpdble o@nhagh £REHEWWER. odéii1fatory and
ro€%£§ LL. assenbly according to any one of clainms to
m% B9 he drill-bit is configured to inpact on

t he SiBDH‘tB:tcﬂrl aleta@spr Oﬁbl@el@eéﬁl I sin sety Qf downhole for
[ n rotatin

cracks darjl]’ b|
o G SR A nr e A9TaL 1TRTRT OBEeALRORFYt Boading of
th@ﬂdmhkikbuﬁurtM®rc6ﬁiréﬁ e - Edﬁ@%é,a@fgstmgﬁfeh@ans for
Va} ?F %rol ans, synchr oni zes tE? rotational and

Sr?p LB gRPRY OB STl Rt i hgpding,
safﬁiadﬂm%tmam@cmeaﬁSOBe&h raehoneiaek s d isn Prodiueed s +he
nadfe IE §007/14lggo PCT/SBZOO7/00214O 22 a
oca |ze ' B1EPaéRepAGpadatiSoP et Bhead of t he
drlllwbemelethA @éubhtbbf @ﬁﬁ@ﬂbbir@ﬁ@ob@knﬂeﬁgraﬂ¥ up to

514 to 17, _wh th dj ust
70 A St B Wanar Tt b PoatPRECpatanBleractbl string

opegsitablg shitthg thes eaaRt beeBHble0ASamBeLWeeB i A8c in the same

coﬁq I-b|t and the drilled material by the follow ng
gorfF%nl A) cal cul ati ng the nonlinear resonant
response of the 10 drill-bit without the influence of

the d rial; ) estimating the strength of
15 rrpac't& dtr&q&rrg) cE APET M FRAcEQr €12dé/e % theréin
thaﬂwdﬂgﬁtnafedraﬂl €ir@abCWéﬂ|Mgteﬂh§sngﬁbbﬁﬁﬁﬁlaléy 70 %

t|ff s ristics of, the fractured dril
smﬁnﬁ%ﬁ E ggﬁf i PatTHY S redbnant it éqeérdpdoforarating

w1t@r|hheblﬁame borehole diameter for wuse in the same

conditions.

16. A drill-bit assembly according to claim 14 or 15,
wherein the adjustment means controls the applied rotational
and oscillatory loading of the drill-bit so as to maintain
resonance at the drill-bit and the drilled material in

contact therewith.

17. A drill-bit assembly according to any one of claims
to 16, wherein the drill-bit is configured to impact on the
material to produce a first set of macro-cracks, the drill-
bit then rotating and impacting on the materdial a further
occasion, to produce a further set of mécro—cracks, and
wherein the control means synchronizes the rotational
and oscillatory movements of the drill-bit for promoting

interconnection of the macro-cracks thus produced to create
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interacting with the drilled material; and
E)recal cul ati ng the value of the resonant frequency
wo en7a4sseady state by incorporating the nonli PEERGB2007/002140
stiffness characteristics of the fractured drilled
material. 20 19. A drill-bi22assenbly according to
claim 18, wherein the algorithmis based on
a decerdizest | dynefnia nonatkngatopacesiaisezbUBCt 419824 2%F the
dr2Di—ydrill-bit assenbly according to any one of
claims 14 to 19, wherein the adjustnent neans can
sel ectively deactivate oscillatory |oading of the

1gdrill 4bif,.sfor_drillj g hrough soft fornations. 30 ,
21. AAneC{ olgL ok?{%r%%gl ngi% ﬁﬁggffaépgc&ﬁprainé’i e et claims
l43@3fgfiowheapphyth§ a@gbbka&mﬂyIfﬁﬁﬁﬁWHéﬂé&diﬁggr@kﬂi?—bit
lodyidHd | ls it itorin terial. characteristics at

o i hle drmtpe%éa eif%?%rf%g% geﬁ”*?é}{oﬁlréud?% |J;%§<fl,nant conditions
betgtassy nitdieng dar Mdl-te tf ornchethesoaant 1 efir egyeasy ; of 15?6 the

Folesk forLmd g .its interface with the 35 drill-bi
and ad%oust nPP%lﬁrg' applied oscillatory and/ or WO

2007/ 24¢530URETAGR2A0E MORAT40 a3 rasraimt |Radidisd bf the
driandey; « qQ, @l i h sonant frequency . of the rock
e i o O Trn ErF RRGRER, Ret RSO AL marerial;
wher ePhesé&ildatenodciarr sheengehprésesmphetst &b Obroduce a

Q%@@l%i-rﬁ ;ldnear- dynap ¢ analysis al gorithmfor
P deter m %I n% t Ee J’lsé r}%%g%a# ﬂquaﬁ&éegf Mt higtler i al
at itS) falentaténw thetmenl tiddt Hifriddss ANBIAE ristics
of ageording | & wherein.the algorithm has the
foll owm ng ‘%%n&ct%gis:féqdniﬁ%ﬁf%bf ating the nonlinear
resondhestenpbhseg &f tdwonalt | Frbighewcthoit the drill-bit
intkRbLyence Qfi it rill terial, _B)estimating the
S rengt% (‘)A;fitlhrrpqg}ﬁdsél loﬂr;ef die elél?)JrOpéﬁati ng fractute
zone khregelduistédgmaher ivallue Qftaticsl abikBgabhhe frequency
ngnl.i I i characteristics, 15 of the
forfgagF%%gg'3%#%%%35%3.%%?Eﬁ?ratlng the nonlinear stiffness
characteristics of the fractured drilled material.

19. A drill-bit assembly according to claim 18, wherein
the algorithm is based on determination of a non-linear

response function.

20. A drill-bit assembly according to any one of claims
14 to 19, wherein the adjustment means can selectively
deactivate oscillatory loading of the drill-bit for drilling

through soft formations.

21. A method of drilling a material comprising the steps
of: applying oscillatory and rotary loading via a drill-bit;
monitoring material characteristics at the material interface
with the drill-bit; determining a value for the resonant
frequency of the rock formation at its interface with the

drill-bit; and adjusting the applied oscillatory and/or
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D) estimating a resonant frequency of the drill-bit
interacting with the drilled material; and
warnggalssul ating the value of the resonant fr eRCEG8007/002140
for a steady state by incorporating the nonlinear
stiffness 20 characteristi23 of the fractured drilled
material. 23. Adrilling apparatus substantially as
roherei hbeflong idescrddedtai hhinehenenee teddh@ant frequency

a j rawi ng. 25, 24. .A nethod of drillin a. .
of ng{ig??g:&x{lsu s]%réaﬁctlioargl gt agge héPEFﬁE@f&r é“d:ébc‘?}il%e‘grwihb%t ;
whekd &t epeédt mettie dactomnyesy i dﬂ@npﬂjk’_)éféls nghgz\"gt@@b %lf %%plying

u tially,as, herei nbefore_described, :
- grerblyssuihantl oy, ogy et L noel ne denst L08R e
resonant frequency of the material at its interface with the
drill-bit.

22. A method according to claim 21, wherein the algorithm
has the following functions:

A)calculating the nonlinear resonant response of the
drill-bit without the influence of the drilled material;

B)estimating the strength of impacts to produce a

'propagating fracture zone in the drilled material;

C)calculating the nonlinear stiffness characteristics
of the fractured drilled material;

D)estimating a resonant frequency of the drill-bit
interacting with the drilled material; and

E)recalculating the value of the resonant frequency
for a steady state by incorporating the nonlinear stiffness

characteristics of the fractured drilled material.

23. A drilling apparatus substantially as hereinbefore

described with reference to the accompanying drawing.

24 . A method of drilling a material substantially as
hereinbefore described with reference to the accompanying

drawing.

25. An assembly substantially as hereinbefore described

with reference to the accompanying drawing.



