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- 1 - RESONANCE ENHANCED DRI LLI NG METHOD AND
APPARATUS [1] The present invention concerns a

drilling device, and in particular a drilling device

for drilling into material 5 such as a rock formation

P9 2064é150 el d of drilling into rock and ot hePCT/GB2007/002140
materials has driven a nunber devel opnents in drilling
technology. In this regard, 1the extrenely harsh
conditions involved in this 10 type of drilling as

wel | RBSONABCE ENHANE D PRILBIHE e METHOD e APFARAT Ees,
all put severe demands on the effectiveness,

reliability and safety of drilling nethods. 3]. As a -
[@0hE eqTecpresenfusinvieds iphi epnespl oy d5whhdne dgrice, and

geelak'tgguléycg il e @i dedilstdy , aAIEL KRPN Ht® material

op drilling devices and net hodol ogi es that neet
spRRs@as dendfdk MMt %ease drilling rates and decrease

tool wear. [4] In this connection, the oil industry

[Ré?h ﬁ?ﬁf%?%ﬁé Pg g%XiE?Pto}%é%h#%gfrééﬁeﬁkégr Taterlals
heesdryesn #Homewsry dsweticgmientisngnf dreiheing obpdurdseegy. In
§§¥e£g af&sqﬁ%h%&%E ﬁgfglﬁg Q&ﬁﬁﬁﬁ&oﬁ%'hhvagved in this

echno | ow wei ght - on- bi ¢
typduced ﬁﬁméﬂlagaﬁ¥%bﬁﬁﬂﬂy a%aﬁ¢§b|F9§§ 6¥“¥OERG related

e%%%hh?ﬂl%@aPVeﬁéJ@s 25 dEngtguof éegﬂax\&elt Idenckaltra@er of the
ore co apses ra Ccreas COSLS ri
<XhACFhEFRSSSY 1o ‘iwéﬁ L7R9 sats Fg] SPra %ﬂkln ?Q%&?d

drilling rates in certain 30 circunmstances can be
oved b eci ﬂgﬁ! thquqgﬁgﬁ t@ wnhol
[8:685 %sélg{géé%sse({se’t h:?ﬁ @ésl matlerl al @ ornhose

datmllllled, saowé:nalasedtb@r (9}§S|V’éi‘tﬁﬁrllflr| R e Tiﬁr‘-gn gto develop

d?%ﬁﬁﬂﬁa WRe 1 LEPashaOhet H8Go BXyAls NEVAITEBIM St PEIEDE €Semands
ractures in the drilled material he ebégnaklng

a@@bé@&a@ﬁﬁedﬁrﬂlw araF e ang HeCHeass Fer

[004] Tn this connection, the oll industry is increasingly
havihg 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 bDbore collapses/fractures,
increased costs of tripping, and increased tool wear and

failure.

[005] It is known ‘that drilling rates in 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 percussive drilling. This is because

35

the impact of these axial movements promotes fractures in the
drilled material, thereby making subsequent drilling and

material removal easier.
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WO 2007/ 141550PCT/ GB2007/ 002140 - 2 -- [006] In
conventional percussive drilling, the penetration
nechanisn1is based on fracturing, material at the

y large | ow frequency uncontroll ed
app{[‘) 59 the 5 drill-bit. In this way, dril Fmgé"%’“m”"
rates for medi umto hard rocks can be increased
conpared to standard rotaryZdrilling. However, the
downside to this is that these inpacts conprom se
borehol e stability, reduce borehole quality and cause

[@@8 | errat @:@nvéﬁgl&fxifrbéﬁﬁiu%f‘stﬁ?@pﬁh:@lliﬂ@l wmrpeamﬂr@rclon

aj lure. her_i nmportant deyel pop
mAPRREL Y 45 ERTEH B FHL BTG T SEFOPLCAL | BiE qrorehole by
1&1:@@ asini-Eraxuahcyi hraddrinoltteda itopating agpiliikdbiby the
S Wa. tras o] h n
frr\? hui/réh #oad Igg,p ¥k9i%§ Qag&? FEQE ﬁ%d&ﬂﬁ to hard
rbchato;me her dpagaeser. cqm@r%fhﬁmfsfténdérgnwt%%mtdrllllng
éﬂ fageéh VSRR k@naknper cussi ¥gadr i4Add ithpacts

ower oa s can he applied, allowing for |o
cmpaw@l%ﬁ] BPEeRR1Y | FiRPHoWey e dUdFe RS grdipd ity ‘and
ceubi bhtesh byatdd,r asenicrteni thibagtasghot 2hialwemys and/or
aﬁlstent and are not as such directly applicable to

gdowhhdt e drilling. [8] It is therefore an object of
the present invention to provide a drilling apparatus

met [ 0 ia icues
R R R R TN A,
haﬁv@ﬁ@noﬁhph@pélpgamw @%du%r\%wwﬁgc appstlatiPrations to
a?%dt%.'n@g @rﬁlrl-lﬂrtbl tlﬁaﬁﬂbbev@fy,r Ollﬂzt[ﬁbsl'ﬁﬂﬁ.&l@ibratlon,
requen osci 0 contro
ré‘BHgFoFPgﬂglﬁﬁbPF ‘8 %\{b té?f%?fgl r‘éﬁ%‘?tosr o%itis Cfloroy promote
flraadiing piopheatdiar .| “Ihits, calhe ofdrtr si.gmkahsaiavadigantages
adj.u f R 0
38k S L py Bt MR, G BEREEPIGeds can
bbeap@lm@p@rléuovengof% ridilwt W@h@hwowiélhﬁtrérlrlarl% rﬁ%iﬂ?
tW@'QH@%%VEH%ngB'%&hh%l@é@sb?gaﬂﬁﬁ%%%hﬂct@&1&Qﬂh@0bre not
means is in use W) 2007/141550PCT/ GB2007/ 00214
3AMBYR dBARSRS I SRFaREPURCT PR T KEIFE ST d¥atPBh ?1%1e to
dowghudesdsensosig. for taki ng downhol e neasurenents of
materi al characteristics, whereby the apparatus is

oper abl e downhol e under cl osed | oop real -time contro
[008] It is therefore an object of the present 1nvent10n to

provide a drilling apparatus and method which seek to
alieviate such problems.

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

control means for controlling épplied 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
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5 (0010] In this way, the drilling apparatus can

function autononously and adjust the rotational and/or

oscillatory loading of the drill-bit in response to

e rrent drilling conditions so as to opti

g’?)l %Oﬁ#]ﬁ‘b%?rechani sm and 10 obtain inproved dr :I'E]Ir/i%%é&()%oz“e

rates. [0011] Preferably, the control neans controls

the drill-bit to inmpact on 8he material to produce a

first set of macro-cracks, the control neans further
provitdasl lonnghe happridiusbiin a Hqunhadeal ecahéon mp ngudes
Sélb%Of?t efd Al ok UEd NEERRERAS Odadudicadinge a dffur hekrial

sSet o

nmacr o- cracks, wherein the control nea
chymttraistdssyhaheselyi Shal 2BRREJLH |JrSatQﬁ%FE1qP§\?er?éWP§°le

uRflet he1sldd | rdig fen paeesDELAGréNE er connection of the
macr o- cracks thus produced, to create a |localized

dynam ¢ crack 20 propagation zone ahead of the ,
rdeid] - int .t{0012hyCornheni @rtlling happali attsre senrgapstion

N . | scillator
a}c;::gg%(frmg% %J;J‘fﬁﬂ‘ﬁp adﬁlq_sEiOtt@l"e' %atﬂ%ﬁaﬁs%ﬂd@r‘)rd sillatory

e qri -Dit so as to achi eve and maintain
lpedimarcle thet Wedd lthet din | Fesnanses tanghene arery ¢irilling

BRESE{Als | BoCOUY agh tdialigzbh. thalicAr i BSOR@NG@chani e and
s¥s§en1conpr|3|ng_the drill-bit and the material being
OBERLT et AV IA S Y% FEE§Y i nput required to drive

the drill-bit. 30 [0013] In this way, crack

g iQn i t he ter of i 14~ bicks .
(BRRRR Al I BEhRLo B O Lolligod! Lha Phi i
tbhémpbyti nur ehsi ngtenbalirid | prpfvem ¢ figpt set of macro-

c%%@ié 14152 05%5?% 0R7400244Q her4 condibl Ling BRadAtLS-bit

mpr{ si'ng Iri11-bit capabl e of OSCI||at0r% and _, .
tootrattRoaBfngMRAAL aCBoRPE PR hREIRL fBr TREMETDI PERFION O -
quBFFSSaVQh@%h@ﬂabe@nﬁfohaﬁSGthké&KHy Wrioeck g tdfe td@ntrol

rill-bit, the contro ns vi_n '
mepos SYRF YT ERe. Bl O ToraE: G Oedroneoty H8Piments
@S thkl at b y-boadiag preactingd] Ustemmmnnesdionpeifnghe macro-
responsi I e drei £Ld B zd " @b Wi Ehack
FRe grﬁp¥gi§ﬁﬁhss%ﬁ';q?iéggﬁﬁ%%afggnt neé%s furthéﬁ . ©
roopegekiphgzehe appid e rigttdordiPafd oscillatory
| oading of the drill-bit so as to achieve and 10

mai ntai n resonance at .the drill-bit_ and the dri
[P | fFonerEEitady tﬁbpemf?%gstment means %ohkkggs 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
driiled minimizes the energy inpuﬁ required to drive the
drill-hit.

[0013] In this way, crack propagatlon 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

. 35 there is provided a drill-bit control method for use with
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[0015] Preferably, the nethod further conprises
determ ning appropriate |oading paranmeters for the
drill-bit according 15 to the follow ng steps in order

' and mai ntain resonance between th
%@Fﬁ?¥%§¥gand the drilled material in contac?cchmmwmnmo

therew t h: A) determne alimt of
anplitude of the drill-bit 4en resonating and
interacting with the material being 20 drilled

diB)1legty nmenparadist asloBeriEdnency s éﬁanBlFantj@p?]B?'e of

oLt NG theafi i IdothBirt), loading andCa egbhiBbe timns for
shape of "the resqgnance cu

C%‘b"%#%}rﬁ“rgeéaﬁéh?df?%E%’%’rﬁﬁialoﬁ“FﬁSrZ%s?“erjo%orc‘é(ié)ﬁ?\}gg of

t1od dtﬂﬂﬂAMitlesaetb@mtt$memannaﬂhavmngtamgusﬁmﬂnnum§ans for
curve

' t |
VaRy an%p@f‘?m%’ﬁﬂe eo%a%@?fleoé]fgnca{/h%%&l cj(%’?’é]l apss hi's LoBding,
sabahmummemmﬁeappebennm regpoRF g t%@%fdl{tﬁéms of the
m%&é%:,[a b'tthl:l %@.@ athad Maiyg .’l@%@sé’ﬁ%ﬂnaﬂf-@ ddy usft@ent

not econe destructi ond .this
npand PR s ISSTINNERT t;}i’t%ataprpelsl&ﬁiandf@"\ﬂt|ll°n§%ar gnd
ob&i v By dasmging of feed . drill-bit so as to achieve and

V@2007/141550PCT/ 2007/ 4 1
m@%???&ﬁl?ﬁf?§a§ﬁlt§g g %ﬁ%%h yts%@gp%%% %%&éE?J?%QZQEal
ihscphedetr atilerestidden so that a suitably narrow range

can be evaluated and used to thereby speed up the

remai nder of the nethod. 5 [0018] The shape of the
[petbhakcefeurbeyi s thaseathed £uddies FeuBRARRR WhgARRInIng

?n%gégﬁ%g%hﬁéiféﬁg é&gm?ﬂg¥§fﬂi?jﬂﬁézfﬂﬁﬁli?iﬁiﬁhhﬂﬂdlng
e materi ein
tpedditd B SSE‘Fﬁ%eﬁnor?rt%lrﬁ E%?@Sﬁi\? % Sndn dditain

resonance between the drill-bit and the drilled material in
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
1oad1ng the drill-bit; S

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
reéonance curve; and

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

© frequency.

30

35

[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.



10

15

20

25

30

35

10 less than the maxi mum point to avoid the drill
overshooti ng the maxi num and noving into
unst abl e/ unpredictable territory. [0019] According to

third pect of the present invention there i
Beahiadns g

met hod of drilling through a mat ef HHFB{7/002140
using a drill-bit capable of rotary and hi gh frequency
oscillatory nmovenent, wherePmthe drill-bit is

configured to inpact on the material to produce a
[39F &k Bat repander ostimalciy & myidabile. firearRaRyY Sweeping

ragdt "cf}glémﬁs |§Mﬂa%qy0%hb|§@nﬂﬁbeﬁzhat a fsuAthBLy narrow
occasi on, roduce a further Sﬁ chﬁzo macr o- cracksth

rafpge can SRt 1S of 384 ohgl aegé’cﬁﬁeﬁorgp ©

rémpandt &ﬂ)ftktel‘l&zeﬁthbﬁl.-bit are synchroni zed for
pronoting interconnection of the macro-cracks thus
produced to create a |localized dynam c crack

[P BhlagZhkonhapmeohldewd teSonkacHr FRIYD| ks Eped opp@) basic

rggcﬁ{ﬁ{c@lé’ur‘;@eﬂg@tgﬁg B§1y§-e@1ﬂ Naidige COLﬁé@i(fléﬁ to take
drilling rock formations, and the nacro g nﬁ-ﬁ?d

l%’%‘?/ea%c?lé’ﬁ‘gtwfcﬁrwltoé‘st éﬁtnli*mthﬁr %@5&5@ P&E}ﬁd d%

TSUEhia PeghraNa| poghh okl eMsséhecextrhs ofirtdeatrackoint
opagat i 30 .zone to.b ghl troll

%b 1ic]'?"ay JRaX NN PP %Sg Eﬂc?v%ls% r&f atﬂi ol(raiLq'l szaqzsljn]oo& 1ng

th@lﬂdnammm bhd bidvingpinbo ungimble@npredictable terpltory

2007/ 141550PCT/ GB2007/ 002140 - 6 - 200 rpm [0023]

Preferably, the applied rotational and oscillatory
[POBR ngcerrahpg di? |2 -Wiird #se6Rtr of | Ble spregenty invention

tRB+At 85 Npdotegananc acbpbue o H&Qld&hb|thtbu@ﬁdath%terlal
drilled tﬂlal in co act hergvvlth lr wil h bIe ene
U3bpP ed afEdlt ALt att2Bd nARCBT¥oriit i BhID |Tdgguency

o8Pl 1 £th &h etcpemienpyit whsreaq uihreedirtid lebétt &s aconf 1gured to
ilgéggég%'ﬁi NG, "ACL N8 32008 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

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

dynamic crack preopagation zone ahead of the drill-bit.

[0020] Preferably, the method is used in the cbntext of

drilling rock formations, and the macro-cracks E£ormed 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 fregquency 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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10 [0024] Conveniently, the propagating fracture zone
extends radially outwardly no nore than 1/20th of the
di aneter of the drill-bit fromthe outer edge of the

i It will be appreciated that this
?V +%ﬁ5%ntrolled | ocal fracture techniques gﬁpgﬁiﬁﬂ&ﬁmo
mnimze global stress in the 15 nmaterial being
drilled. [0025] Preferabff5'1n the context of rock
formation drilling, the size of cuttings drilled are

20p temten nmm preferably 5 nm These are small in
conparison with those 20 produced by conventi ona

drill t dil]lust th t h

(o0 BPats anbin obhS BBLETS CHRGERI AN y ERE neogratabpry
1s@didrafd o8 thabldriln-bhe ds rt@rrﬁ:r@ﬂlstialdoova&gato meartain
r%%%rea}rggﬁd on%\i’%t ur%gxe 9919 55 Wi zé}eZQ:ﬂ:?.l r'dl lm'a%@rlal in

I'S arises as a resu e net hod of
cofieaql esbarevivient | diF swabh | Pey apprgripEefoltddtyusihgsuch

rgéc%gxycec%rfc@.lﬂl eesl ogaksfrastiike & G tWaisChequired

mnimze stfess in the material being drilled.
t%OC{@@Q?]aAE%RH%ﬂQﬁjnﬁofﬁaFBﬁ¥?hz%%%ECt of the present
invention there is provided a drill-bit assenbly

[&S?ﬁr %&nlggpleaﬁ%yl et rd no%ahg%\%lng; Efr% tlulrep'z%%ea%g;tends

r@dﬁ)allbbedautmausléydnwmeeth@n I:biﬂ’frfoldﬁ ﬁgeaépiﬂ‘ﬂ%*éer of the
agiftﬁ@%r%ﬁ%}% &Jc'%rl |l R b d eadi ng-1ah -bhe. 1t will ve

e cont nmeans havi ng adj ust ment _ ne
appreviaiedgthht Appls cEERIGSRT SN A TNkl oFOBEEPT S oﬁy‘?cal

£hRadhRg, t%c%ﬁhquéQJ Wi BNt niveRiiS hey Ngbs ESpansisve 1 the
condltlons ofé% terial through which the drill is

mﬁE%%%%b St ‘wei ght of drill-string per meter
isupto 70963na||er than that of a conventional drill

{Béégrg BRES aﬁo&‘%‘;": P thgesa nR@keholge diamet ersdQfation

n the 'sane conditions. 10 [0028
d@oihavengemthy stilre m gmtteﬂg@rlcmlléterﬂi r?g“-epetﬂp Peffeps MM,

g 0535}& 7@%esaBLLEr ﬁ'ﬁﬁ%‘l tl'?ﬁtccg(fpa&ﬁ%?ﬁveﬁtﬂhortaiose
operating w th.the sa or ehol e ter

PFf@FiuG% PH £HRY SR quﬁéleanaﬁgﬁ’ah%ues 1374 Jo@ébﬁt rate

tReekeepbbiangbeinehghiodfl odyi Bbopteding per nmeter is

substantially 70 % snmaller than that of a conventiona

drill string operating with the sane borehol e di aneter
[oor6lisecanvariensage dhe | piewprdomgithognds 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 drilied.

[0027] According to a fourth aspect of the present invention
there is provided a drili-bit assembly c;.omprising:-

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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20 [0030] In this way, the drilling apparatus can
adj ust the rotational and/or oscillatory |oading of
the drill-bit in response to the current drilling

' so as to optimize the drilling me '
sy 50 as to optini ze the drilling rechaRhsionie

Conveniently, the adjustnent means controls the
applied rotational and oscil’l atory | oading of the
drill-bit so_as to maintain re onance of the s

Compr | SR FPRTE bi PLaRiESRo af | | Gt maEeriap Lo thdor
doezs:aaammﬁgp&mmm&oaatelhanomdmaﬁ@scnmaagayl beading of

he .mat er | of the drill -b|t
%1 Rils %g %%fi g‘%’ eézs?lnécFog na- T her e%vm%g!ra as?rﬁég? feans for
umnwlhgngheaw@plundthpgategpebtan@h@rap@tlkiﬁtqnxulqﬂdﬂnqr
AN% 3 hELﬁ%H£ymé§ﬁ§‘%H%#ﬁSﬂ%%%%ﬂa?@aathSQﬁ&£€¥bns of the

resona ce o formati on

mpGe7ARd 1 ShopeyhcEPAGh/ (21401118 is FEESIRIPr efBiRHSH the
W ghdr iolel dlillttll-stgmi@llg@feﬂeﬁ@: Iipagt ©h 1w m_arexalthan
%duce a fl% t, of na ro-cracks, the drjll.- Same
dhash ofafPRYSR fon3 4y S5F PHe OREFaF A7 ‘eal*flar%
eaehsiliendibnependiice wsd unt hére $emeoﬁra&¢nngccanﬁstldhs.

and wherein the control nmeans synchronizes the
rotational and oscillatory novenments of the drill-bit

FOP28pr ot ard-antiler cohpeaiioht of dhblhexhoing peksneker is

HUt9Re6edot ongr £ esn%l'l%‘iakhéﬁdt@é@%'ﬂ G %aelsntmnal drill
propagatlon zone ahead of the drill-bit

IOBRERS 120 el i, e (R REERBCAR: tiAAESE o0 use in
ﬂﬂé|éamblHrhmadnggc@ﬂdﬂmﬁﬁﬁis for establishing resonant
conditions between the drill-bit and the drill ed
material by the follow ng algorithm 15A)cal cul ating
EHE M onPieferakilasortdet wedspbnoé dfilihetding |pdf tmeter is

é% é%%ﬂkléﬁﬁy'ﬂ l#@ﬁ&ﬁl%f EﬂgndEﬁAQQﬁf@Pkﬁﬁ%éhtlonal drill

estlnatln% e strength of inpacts to produce a
SHOPy APRRGTEPACYiFR Honed 1R tvechrilel 84onateri Gpr use in
L Hatidl aAringihhecsaalingay, stiffness characteristics

20 of the fractured drilled material;

[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 1s based on a predicted

resonance of the drilled formation.
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D)estimating a resonant frequency of the drill-bit
interacting with the drilled material; and
E)recal culating the value of the resonant frequency.

dy state by incorporating the nonl

é’t ZP%H%&SE@ZS characteristics of the fractur eg@@?&;?qog%ozm
material. [0034] In this respect, the applied

rotational and oscill atory & cadi ng based on predicted

resonance of the drilled formation. 30 [0035]
[@@3BjenPeaféyablihe thilegdrilfAnpdbt &% ngorki auredufon dlR2FBnOn

£sPopseptuRgLEoR. £iWMB: set of macro- cracks, the
t%%0$?545550PCT/882007/002140 - drill-bit an

def} Mhdd f BRemt TohathES, qnésd%cfea%.??o CarTed % a
Pl 2 bdiesa 0a9MBbnakbancefa aﬂa:l:m—tamadetarti marero-cabcks,

techn yes Conveni ent.| u

i S Lo 68 G BRGSO RITEP RS SRR L T ohel and
oﬁdiillatl’tg:‘ypamaﬂEhEMSt o ofai rithad n dmddnbnte &brt h@regeking

formati o t | +Bi
LB IPUaLEL O ke AL, WA 1 e
andareliandsayeerigel %%CPFV%@W | EQR®r PHe8adi Hy the

apfi1ihedrill-bit for drilling through soft formations.

In this way, vibrations can be deactivated when
drilling through soft formations to avoid adverse
[ebfert sohhencbyt By) aingdivetskear neane detemminesisirill-

motion to.drill. effi
o Podptadiy Rt A% e thER Vi Qs iy sy ione
bbevaern ther ddahtilsioit famrmth@nsdrl[ldtﬁ%] mAEESH AL nPH o the

fgli%dlk;% ﬁ?‘ﬁ%‘?h L2f the present 20 invention there is

provi of drillin mat er i al co risi
steps &9 <cagpplythgd oy Il}oé’c%ﬁ";‘?aénaeFB{l%’f‘E ‘?F% \?t%e the
agidiibitc bcbithdwl’dmi i1 Ieheki af ehar am:ele@tma:semal,

2 val ug RO AL FisSRn: PREOICY ol HE: T ol Produtd a

phepagst bng afrd disir2s zqnteerlﬁﬁac‘.éaev\ndtctnliihfé geteridlyr; and

adj ust 'cﬂ%atllaﬁ QEE%%%@%%E&EQ&%Eystq_rfyn%rssr Qﬁﬁf%(cterlstlcs

| oadi ng”'inor mal ntai n the resonant frequency of
Oﬁhéhﬁoékaﬁbldﬁ%@l@wja]teci Heteriédface with the

drl |1 -y test%%a[t@ﬁéola %@&&m@ntﬂmquléabﬂ @ h?fé fduritebit
onpri ses the st gori,thmfrom a

1|’?6ﬁrF‘FFé%9 ‘ﬂjymrﬁe}g ‘gﬁlajsjsq% rffa%le &8 &r m'di ng t he

resonarg) :j‘erc@qumrl_aymﬁ the maleei af ahei resoneey f ficequency,

mnth %Q%a ngégétby incorporating the nonlinear stiffness

characteristics of the fractured drilled material.

[0034] In this respect, the applied . rotaticnal and

.oscillatory loading based on predicted resonance of ‘the

drilled formation.

{00351 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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- 10 - functions: A) cal cul ating the nonlinear
resonant response of the drill-bit w thout the

i nfluence of the drilled material; B)estimating the

t f inmpacts to produce a 5 propagati
%@%ﬁ%sgone in the drilled material; BeT/GB2007002140

C)cal cul ating the nonlinear stiffness characteristics
of the fractured drilled meterial;

D)estimating a resonant frequency of the drill-bit. .
driiftlefddt bng Wha Hrihéedrfoumasipg BpAar ; reapant conditions

arkDENEEEALE ULt NG driiAnkakive ff t &g Twsirant ahd equeacycal
for a steady state by incorporating the nonlinear
Caghrriie$s characteristics of the fractured drilled

mat eri al . [0042] An exanple of the present invention
| nqQw be 15 descr ] | r h
O SR P A B e Sy eS8 e gontrol
nedronst@ alied ithe mahiliedactulddiing taramesabadrreRfiaFain
ré%%&sﬁy %@VQBEkOEbrﬂQQngFirﬁﬁgcﬁa%éﬂyl Yst k@h€Sct with
t}g%a Ically

| y how paraneters for éstablishing resonant
thlorsti RsaddoPdRAEESHPEN the present invention

are found. [0043] In the devel opnent of the present

i pvention, it 25 reali,zed_that rticularl Qb
T FgRrapterEii othE R RByRY nBa=tE | FFfing CAPSISRLY
demdeivales omadilasorpckoddimmatifonsei drihb-hidadiary deilling

L bi te 0 B,O r nangg, 4% ithe b

okl fsgff?redfdbr)%lat%ﬁtem. i A prafe FRgpobaat ich8 can e
déarpindtad g ObU4LiRendEOIGhhiscSt SEBRRERESt hPs 3Void
28 ESPOANEErbSt POSREPLSy allowing the shear mode from the
rotary motion to drill efficiently, and most importantly
eliminating the need to swap drill-bits between hard and soft

formations.

[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 freguency of the material at its
interface with the drill-bit.

[0041] Conveniently, the algorithm has the following



10

on a test rig using standardi zed sanples, it was a
different matter when drilling through natural rock
formations. This is because drilling conditions vary
froml r to layer 35 within a formation.

ROV #g?y, the resonant conditions vary WEF-T/GB2007/002140
2007/ 141550PCT/ GB2007/ 002140 t hr oughout the formation
and therefore resonant condtfions cannot be maintai ned
throu hout the drilling process. [0045] The present
fopge ﬁgPBn overcones this problemby 5 recognizing the
non-1 i rm)afarc&ﬂmangetnémmmml regpbisough the

B R R o PR R R 1o PR R L F P B Sriat
mat er i aB}eE[tCiM]lnlgn Wedeertnmn}idhlcef/elmhast:s hgéo produce a
pIRBLLSRNLS BRYLe Y AhAGGIGLel shdRn }'ﬂ%¥éggaihe

par a

ter ani sms af ectlng

Hovel op”e)acadwua}@@apat hamenidBasr HetHuimes SRRraBERILGTLCS

otthh@y&&%ﬁuk@ﬁeﬁﬂﬁilﬁlﬁndt‘éﬂl%q borehole. This
mat hermtl C r%del allows th sent i nvoﬁgtl on

cal cul at’e 589 edfEck 4he dfil1-bit
iagreeratingl Wythdistdit i ety |rrla|t1euga;1ar amdters so as to

mai nt ai 0 e

i nt i R Ae Bk EE PRLFR LR EbbereBbnans: Erequency
fickre apﬁ@paglart ﬁhgt@rbzklrzwm@qofthtehmdﬂnneam $tikfness

- BRkaneed: 3pdct her diid | £ N0l iggianeat mytbppsoved,
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and therefore can be described as 20 Resonance
Enhanced Drilling (hereinafter RED). [0047] Figure 1
[S)IID@WS amni le'xdﬁlt)li_ét iofe exanplresehta fbfardidnl i wpl Todole be

d%’ﬁcg a an e roeq'llcréenéo O% the r%.s%nt :Llnnvecpraw:t.n s 1in
Ilngrm]a%elsequ SN s J
wgmlqnsr'yst al I i ne di anond ( PCD) drl I I -bit 1. A

vi br ot ransrri ssion section 2 connects the drill-bit 1
wWth a pjezoelectric transducer 3 to transmt

vi brati V%G ofn SREVEY a?hs‘él{k@lft% ragule i Peeprding Ao an

e@%@lﬂn@gt4ofgﬁnecp§e§a&| nilﬁlkérﬁ:?’ltd?z ;g | I -string 5 and
acts as_a Vi br i.sol ati on i sol ate

Ui brat BIRET 1L LTRERG. ROAUPLCTs bl AU Shapfeters for
=043}l sbungngresairant | agnopetais odn aa®midrare r giahesthe
ﬂéggent invention are found.

[0043] In the development of the present invention, it was
realized that particularly high drilling rates could be
achieved when driliing through materials such as rock
formations if the loading of the drili—bit is set to promote
resonance 1is 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 layver to layer

within a formation. Accordingly, the resonant conditions vary
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drill shaft, which transmts the notion through
sections 4, 35 3 and to the drill-bit 1. Arelatively
|l ow static force WD 2007/ 141550PCT/ GL12007/002140 -

ed to the drill-bit 1 together w't
ﬁ%nzgw?lc% oad| ng generate the propagating frapg'l}flr?%zoownoz14o

zone, so that the drill-bit progresses through the
material. 5 [0049] At the ¢anme tine as the rotation of
the drilling nodule 1, the piezoelectric transdu

thzpughotatide tiowiabiene szt AhEre408RCF8FPRBhr pgpél?b?ns

AN L MadhtdlinbRe thos ehiad e sine . dchnilSrly eqveasy.i s
determ ned by cal cul ati ng the non-1linear resonant

conditions between the drill-bit and 10 the drilled
[O®4Er | ghe Sehey@id cahbgnshawn dwerEogese 2hiacqordiley by

to the .fol lown Qri t Lat] drilli
HET AP PR T eponse O The ot P B het B i
thimignfa uemcer ofl t Aed deeekedtemmainhpin Bresen#aes ng ©

#é"’@eﬂ?tc{cﬁrﬂﬂtn%tggn' Erachs HQlPID;gi@earﬂ:l 1o PreRAGRIteRdal .

acture zone in the drilled material; C)cal cul ating
t he nonlinear stiffness characteristics of the

LS U&ﬁdfdi’fddﬂ etb nBFEiﬁﬁédthllls bthe Hebidarats ngaee, by
resonant requenc of t ri -Dplt nt er In
AERREYrg 1 edl‘gr%’?%*#lyalr ne anighioéa?gca? %t | %gat hgne\éﬁjhlt‘:lpllsms
aﬁfecttlmenq es:mma}rﬂtlrfg,equ:@we)loﬁ?@d aast ead-ngtaéf-‘e ppd robust
Eﬁ%{%aﬂ&;c@a“ 1 NG oHAe n8f g Ees§nEQ§£@@i@rEé StiinCSthe
mat 0050]

ractured dri
bordhrated onsTH¥dm Iﬁ&]@%ﬁ%ﬂ@@llecmd@ tr a"Hé&Uéer t§e’25 pregent

ihiansidd t ed t hnaughathe gid | luddi t rhetibathe Ib@dilﬁhﬂlﬁls to

t d t t k
RBPBH A2 e ad P BF, | 10 (L das PERGRGFPFP 1 =% 0

mé@ﬂ{:aﬂueﬁeédharrﬁieata& ahe movenbbewaite. iByshebnrtsmining the

ai nst_the terl al i he_for mat i an, g 130 crack
r? onadvRvet ]i’ cr%at%% % A pr opagaf_%lc‘%lL I‘Cl():gr%c o
zone ahead of the drlll -bit is enhanced and the drilling rate

is greatly improved, and therefore can be described as

Resonance Enhanced Drilling (hereinafter RED).

[0047] f‘igure 1 shows an illustrative example of a RED .
driliing module according to an embodiment of the present
invention. The drilling module is 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 wvibrations of the drilling module from the
shaft.

[0048] During a drilling operation, a DC motor rotqtes 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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30 zone in the formation material ahead of the
drill-bit significantly weakens it, neaning that the
rotating shearing action dislodges nore naterial,

i subsequently be renoved. WO
%O’Wilﬁi’@%opm/ GB2007/ 002140 - 13 - be t unedPEHCBAN07/002140

optinmize for ROP, hole quality and tool life, or
i deal |y a conbination of -allR three. [0052] Cracks are
started as a result of inserts inthe 5 drill-bit

apmipiect itogtbe dhBlYdritatl Gegethpsr vikh | thedyweers doeding
&Eeefa?éee thldr ?)H_Lgﬁaéﬁ'é‘ﬂ@gf%cﬁﬂ%ardd?& the rock @he drill-

ough the generatjon of ch | arger cracks. The
b%‘blﬂ’%#ﬁ-‘ésﬁﬁetflﬁ@uﬂ}él Fh?e’ﬁ?ﬁ?%&alo'f the RED systemin
ternms of neans of operation and focus on the creation

R R T R

médueigh, athnagipzferzeqaentylamtman@gucbrat3| oFp ofichivated to

r h
VJ%M ar geomsté/}%}l 9?1 l%%ﬁlrﬁggfr%%%sgrﬂ%sﬁl?gﬁ%?g%egt the
b@#%hﬂ@se i i tche 'ﬁﬁtserﬁ%que@@ﬁt |J1'ﬁ1é7k?t@§§‘ﬁ&fapoﬁyof°allﬁé‘latlng

£19& i ddd-ng nRiat-, rés@n&@@tddﬂtﬁ.d:l@‘h@ bbatben s dlﬁ.t]a.t—lb@;ln and
est apl i hes a dynani c cr gggg at| n zone_ a

thée CrLF] T2 500557 e S ey be Rt 2,
ad@csmjrbged:oas:r&yrftbhﬂownngdakguehﬁm::s Est abl i shment of

oSN Ea) BBy L SRS O UBEAS & ddborbd Leedne

nat er | e OSC at or
dopt 1t ize 9vitthe usf fC|h@| angyuande pef f Breradiciel Lethdnahavdile

crack pfyeRagaLtL sy Zone Is‘irkaageh o2 thedrdd | tdi broagce a
25 a I|near di mensi on typic ures no more than

PIPBBFHE G (HEHIARePERSORNt EeedFF%ff%‘i‘tma“[%‘”dsas Hence .
| ocal enaekcpropagatinennbsl Loedr ellidifhesknchi@rarseafistics

ectiona nd the RED,{echni que avoids 30
OérgEE FD E‘bﬁaﬂ cﬁ'%‘ "itegtl glg%te eQ]z'one i mredi ately in
front @heshémating- bi tresp0ess] fREDURRAE e ofarktesinit iRit
1H£gpa&%§ﬂ§tﬁﬁﬁﬂwﬁﬁegQHQngﬁlﬁaterlal, and

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 prqpagating 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 subseguently be

removed.

[0051] The properties of the crack propagation dynamics can
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- 14 - technique, its ability to drill holes using
hi ghly controlled | ocal fracture and m nim zi ng gl oba
stress in the formation, the RED technique will Iend

{NPS%%%'{’MYS%)/ well to dri I ling sensitive for m%ﬁﬂ@ﬁzdo%ozmo
cha

enging areas such' as shallow 5 gas;

and fractured high pressure zones. [0058] According to

t he above, the present i n'vehtion can maintain

resonance thrqughout the drilling o eratlon
bRatened] te PRIdES| 55 r o‘?ﬁ]tehé’-' At PBA 5‘?"’]'( ?ﬂe“%s or
iberehgl & sbheinEYiONWECkily, twrdeconsequent!y hi gher
drilling rates are achieved. Furthernore, the
utilization of resonance notion to pronote fracture
[pPBPAgatiamksal dmnsstaonkad wes glat tesWid aphl Leseriost he the

adihhlebit kg ﬁgé%&o &?Cff?ﬁéedf&;ﬂ%tﬂﬁﬁf P Suchyr i ng

present invehtion nhot only offers an 15 increased rate
tgrhpiAaes aPPorR YR A Ry idid (s FHeGiRgr &dgedock or

theshighl EﬁeS@é&ﬁhr@ﬁdmh%rfc&u&dq@&@e&hargiamt ITEEe follow:l.ng
req U|red for_tool tenan 43 acege ég Jns of
BERCENE TR Ho SR AP T nERR ARER 1Y TrBhar F 854 & I

obmm;.ohhmmﬂl Fbewmg par anné ercreedniobe amdli biregagetion of
%%5' T z (4 ar 'T%%eaa{n ?s«fmuu@g&  arcah dbP £ drill-

ERR y an rfe an [MTabrlrty
bP@OGO] In terns of the RED technique, frequency and 25
anplitude of oscillations can be nodified to establish
t he nost efficient and effectjve per

fo . The .
[O8P3BI i shFEht Qﬂeﬁi§€FII5PF8Hg§ys?enPFgéongﬁ%%”?Qﬁ%vwﬁﬁ%al
okkel(ascohl & @r ):lgllhfn@rhda{d- brh&cﬁnirfnbpmhd_dm}ﬂel padterial and
or nati on) provides opt conbi nat.j on_of . eper
thpr FRpifes Behryet the BT el a8t 1 501 1 P8l Backs
i ghaphatmhlayl i Chutinaedopwone tilpa périalmetderiélﬁog bit, i.e

?:%tt&ghbah'o%%ﬁﬂ?ﬂ@%n&gam tg%ﬂnargst%%ﬂg.'sﬁbgn% amic

ril when resonatlng an
CracEr RECPAGATEeh e mfed eﬂf btéenglr&.l. rPé8: In this
connecti on, the l[imt of anplitude of the drlll-bit IS

ORI nof 40 e tetor way 75 PEREcefet s o i chrerieed
kisiemapdsesi bkstdhl idhaentesdnansenandd ist dhe sgsheme(aystem
c%ﬂi%gisﬁggeftfh%mdrilled 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 ﬁo more than 1/10th of
the diameter of the drill-bit.

[0055] Heﬁce local crack propagation is controllable in
terms of its .directionality and the RED technique avoids
crack propagation outside the zone immediately in 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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[0063] Then, a suitable frequency sweeping range for
| oading the drill-bit is estimated. This is estinated
so that a 10 suitably narrow range can be eval uat ed

| ¥ﬁgﬁp%ﬁa§%then used to speed up the renalndeﬁcﬂEB&ﬁ%mnmo

064] The shape of the resonance curve
then estimted. As can be seen, this is a typica
resonance curve whose top™ 1% has been pushed over to
the rig as consequence Qf the effect of

t&FPPFg-B?t it &b&&tltﬁg it Hait@?.%l%mgh&mwg&olled
lbtaM frabenrotaed nbainbsiry giobaquencesd e ghaptoimstion,

p nd_ l.ower_ branch he, co uence Vi
AR o A SBind 8L SRTPERURICET] Y108 g
senafbive @fp@“pazﬁ)onn anplchamdlengmm aheaappephbra@ncﬂhatldow

h 0 d
gtgggh g%r 2Bh808ENand Pxﬁaﬂvﬁqﬁ%ds}?grh pge%%%l EQn oi

ramati c changes I ch esira e next
step is to choose an optinum frequency on the

[beSeNantadHHivg alo atkPéJI Bbot€sS thBakrhent5 ien®IBhotan
t he_resonance curve. ent to which fhe opt

nRABEAGY FRORHENED | SRERBEMI el BUP § hE bl oPeTdtion,
a@dsgnhyaibyesbis o slm‘ etiys lodgedr fand fboe formation at the

b% %Hgﬁébéfé% égﬁﬁ%ig%hblI£§Hr@gﬁgééﬂé%t&&h ?H@¥ #ﬁ?lllng

osen fur fraxi mum anpt 1t u
r@@ﬁer@)re m‘wﬁly Fmthﬂmcrr@gafcae%tzalJt?eartltqme0§a1feqqnance

mo@GbAT tol -p%m@stage FWBYutE Oﬁ}%agmrﬂsamﬁgmw&mwelgm
poi .nt on resonance cu ndi ng on the sensed

té’h&?eac%léﬁﬂrjs?ci‘ cke thFhéirﬁ*&tlePFBI 1ﬁéldﬁﬁgdrt|°| |¥5Frsased tool
wpeegre&s eﬁclﬁhetdél ldreskat @fﬂfﬂi‘lt&orﬂ fndtheoRROP ic¥fers an

.chan |rre ri etlp Io rmty, of erial
EERER, 1L RoRCREE At LR bl ' Hagh o BT 8l s
ingeceeasdd.tooND ROB sbANS 50PET/ @2@@7/1@@20246 -th156 downtime
r%%Qﬁ@LdFEB§|E¥olt é&éﬁ&ﬁHﬁﬂéﬁ%f %- a¥eReft . the chosen

optI mum resonant frequency, and e process i s updated
-periodically within the cl osed Ioop operating system
[@h5bhe once drilled material mechanical properties are

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

[0060] In terms of +the RED technique, frequency and
amplitude of oscillations can be modified to establish the
most efficlent and effective performance. The establishment
of oscillation system resonance (between the (cscillator),
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
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5 control neans. [0067] Wth the present invention,
the weight of drill- string per neter can be up to 70%
snaller than that of a conventional drill string

era with the sane borehole 10 di aneter
Y’ b’ %E drilling conditions. Preferably ¥ éﬁ gﬂﬁﬁm&uo

the range 40-70% smaller, or nore preferably it is
substantially 70% smal | er= }9068] For exanpl e, under
%ypical drilling conditions and a 15 drilling depth of
of2 W0

dildzpd ¥ mherr gresenpsinggandy iptgragsiagswieh the
niflﬁ/erﬂallt beshi %l}ﬂﬁ.'e@ht[)r mxle:rtrnﬁ) eéo;h:ielé%tbm/edthé OMiR8t 4 of
: an 0 | n 0 . m(usin
AR T hE e, T8) kGsad 3b [oEErbEnatiere
riepphenatedrin | thyg cbndﬂbbmhsvadd.anc&iIquqmede@¢$tnﬁctive
B%%gﬁg %% (fﬁﬁﬁ% 'ere Esaalﬁbééf% QQ 4% ucegé oﬁﬁﬁgé w1ll

string weight per meter 1s°re rom4

5%@Fﬁ1€8thﬁﬂ%r@ agiynoreffaaty) to 14.7 kg/n1(u5|ng
RED technique) - a reduction of 70% 25 [0070] Under

drillin condlt ons and a drillin p of
[Pﬁ%égo ey s?s?g?ﬁa FDrETEITERCY 0SB Mo I n@?z%‘”f Hepading
tthel |drigii-bag wesd gbstpeateret erhis deducadnfatem 750 Othat a
e}/ [y lell 23. % .kg/ m (usi
Sﬁ%ﬁ%g QQQE‘(_[,‘? 5%1118 can, tl%]l%ocefg(%%:'[%{)ﬁﬁ(n Ztsh%gl used
toespeedofipt hhe| gwmm%mdaﬁ Heredyediriodl.f ract ure it
produces, the RED technique can save up to 35% of
nergy cost on the r|g and 75% of drill cbl]ar weight
[Qgﬁﬁg he shppe qipFs IeSORRRFe hEUtivRlet 8t BoRP t fritHated.
s| |claﬁt bat §de1€ﬂb©1di§e:[1§ ad&f&ﬁ‘p’aldé&.drhebﬁaﬁcéheﬂ\ﬁv@mhose top

plication. of ve on_.only for_ the ur poses
WP B R erBRS, RV abe (R BR @R 1 Por S SR P R d Pe
etfdepanyfdithfeerdmntl lcdmift gurtatraohdngt e thetaithabrial being

nMerRt.s ng, st ht, f rd d 1 |
SIS AT SSRGS J L4 1o koo
haysi WPPBFta§écﬂPUﬁroPrﬁﬁ§hﬁ%duF%en%@ﬂiﬁﬁqﬁﬁﬁq|QﬁiWﬁ?lng on

tRRPEARTE b &ydrd R RAKEGH! fpHiddd M@ing a dramatic drop

in amplitude from the upper branch to the lower branch.

[0065] As such, in order to avoid such dramatic changes,
which are undesirable, the next step is to choose an optimuim
frequency on the resonance curve at a point less than the
maximum on the resonance curve. The extent to which the
optimum resonant freguency 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 drregularly
due to low uniformity of material being drilled, then the

safety factor may be increased.



10 application. For instance, different drill-bit
geonetries and materials nay be used. [0074] In
another exanpl e, other vibration neans nmay be used as
ye to the piezoel ectric transducer

ﬁ§J7ﬂ§1:§g 15 the drilling nodul e. For exan‘pllt&r/GBzoommmo
nagnetostrlctlve materi al nmay be used. [0075]
Furthernore, it is also entPsaged that the vibration
means nmay be deactivated when drilling through soft 20
formations to avoid adverse effects. For exanple, the

[¢oddll | pondapdyl ecak tagp@f£§ﬁﬂtibnveﬁ1+ém ey hiée chosen
deactivated so as. to fu

t t
ORI 1 GoRORTe WRGREPEL Y 1ICAG CRTRT afUppEf=ced

. p&efddisaill yf @i hinobhe Thkoskd | 1daxy qmatattengaﬁyshem p€ the

10

15

20

25

actlvated to apply resonant 25 frequencies once deeper
HEPY S8R For mat i ons are reached. This offers
consi derable tinme savings by elimnating the- downtine

d\%”ﬁh W@Eﬂ BLheI M 58 .the; RESOSSAH,Y £Re swagﬁﬁ:i ldf Ngrill-
nodu et ween these dlfferent for i on q;q%f a
SHRGr R MRS T 31 eFRT oRe pPBYit@es’ Foh&RdiHeEwi 1 noe 3i

cHRPEABL AL ldrig1havirmigy operaenaggyithpths, sempr beedhole

rate of penetratio d I
e R L e e
it Chainrsctke Acad:rglel 140B170% ocematberne@mo@n‘eorpnﬁf@r\mbtlﬁ it is
sgg§{+¢g% %b g&agggpr|5|ng a drill-bit capable of

ator

OSClI rotary | oading and a control neans
.for controlling applied rotational and/or.oscillatory

[b@@@' Ngoef ek&@pﬂé}f |- hrrcd ot ,tytpH%aQOHI:iDlnti@é&ﬂﬁhdnaMJdngsl and a

ust ment neans fo e applied r QN
SRhBE SRS Gt Horg P0lat by VA R EBT IR el mddne 0 3
hole size, the drlll -string weight per meter is reduced from
38.4 kg/m (Standard Rotary Drilling) to 11.7 kg/m (using RED
technique) - a reduction of 69.6%.

[0069] Under typical drilling conditions and a drilling
depth of 12,500 £t (3787 m}, for a 17 1/2" (0.44m) hole
size, the drill-string weight per meter is reduced from 49.0
kg/m l(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

30

35

(Standard Rotary Drilling) to 23.1 kg/m {using RED technigue)
- 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 335% of energy

cost on the rig and 75% of drill collar weight savings.
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bei ng responsi Ve to conditions of the material through
which 10 the drill is passing; the adjustnent neans
further controlling the applied rotational and

‘%ﬁ%b%?ﬁggy | oadi ng of the drill _-bit SO as t]?%@ﬁlﬂinﬁﬁcﬁnmo

( ain resonance at the drill-bit and
drilled material in contact therevvith, t he net hod

further conprising determ di'ng appropriate 15 | oadi ng
[Earamaters for the drill-hit accordin

to the X
o bwiligvst e PROGF AEPOT o hthi WBFe . A e T P odiment
déE?:@ilﬁétl‘}Qlé”iﬁil\f@t%ﬁohbeaﬁr labbibd:&t:aﬁg dhe:rdr iJJnlv@@htion only
erial _in con e et er.ni ne t _of
f%ﬁpﬂt‘? u%‘ér%cfsetsh@ lﬁ'flsqb-?:%\dciﬁnv\h%% R r%‘ - an enfion
mapties &'ﬂpipllling\td) wanlyedirifereat drgifigudriipad; B)e detailed

]i%% J(’h ng a%]é%l‘{cj NS iﬁt@g&% = Sﬁgggecgo{n the art

t?regbh%m%fét-curve 25D) choose an opti mum r esonant
frequency on the resonance curve at a point Iess t han

t he_maxi mum on t he resopance gurve; and

[BP7RI - fior pxe®alen tHF 541101351-% FsgBﬁ%toEg & W1’ may
be modified as appropriate to the particular drilling
application. For instance, different drill-bit geometries and

materials may be used.

[0074] In another example, other vibration means may be used
as alternative to the piezoelectric transducer for vibrating
the drilling module. For example, a magnetostrictive material

may be used.

[0075] Furthermore, it islalso 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.



frequency. 30 2. A nethod. according to claim1 wherein

‘the drill-bit is configured to i.npact’' on the materi al

to produce a first set of macro-cracks, the drill-bit
then rotating and inpacting on the material a further
occasion, to produce a 35 further set of macro-cracks, -
and wherein the.rotational and oscillatory
nmovenments of the drill-bit arf synchroni zed for
pronoting interconnection of

produced to create a localized dynam c crack
pFéEb@%t|on zone ahead of the drill-bit. 5 3..A method
according to claim 2, wherein the nethod is used in

$he macro-cracks thus

t'he contggtdgi Iﬁ%ﬁ BgnEQSF m@&mghpqﬂ§ranQEMhﬂﬁﬁ1 drilling

¢ro-cracks of up to 1

Jappauahes oemRRLS Y to ctlrléhlmb&t Weaklg Rf hPBﬁllia"—"rY and

RS

fESﬂHESCX09§§h§|§hﬁoa b%n%ﬁ@hlﬁﬁahg Ebe dbhhkehltnguppplied

A nmet ho ccor .t I :
LReFSELonRL 3834p¥ | perilaery panihg . PET LR’ d8 ipd-php, the
I RFPntrbl redrd hm&mgcaﬁg;luagnemt azrgarxsnéoufvumrms thet gpplied

5rotatlonal and/or oscillatory loading, said adjustment means

io
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being respon51ve to conditions of the material through whlch
the drill is pa351ng, the adjustment means further'
controllihg the applied rotational and oscillatory loading
of the drlll*blt so as to achieve and maintain resonance at
the drill~bit and the drilled material in contact therew1th,

the method further comprlslng determining appropriate
loading . parameters .for the drill-bit according to the
foliowing'steps ih order to achieve and méintain resonance
between the drill-bit and the drilled material in contact

‘therewith:

A) determine a limit of amplltude of the drill-bit
when resonating and 1nteract1ng ‘"with the material being
drilled; ' ' .

_B) estlmate a su1table frequency sweeplng range for,
1oad1ng the drill-bit:

C) estimate the shape of the,K resonance curve; -

D) choose an optimum resonant frequency on the.
resonance curve at a point less tharn the maximum on the
resonaice curve; and - .

BE) drlve the drlll bit based on thls optlmum resonant

frequency.

2. A method according to claim 1 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 matefial-a further occasion, to produce a
fu:ther set of macro-cracks, and . B -



wherein the applied rotational and oscillatory | oading

on the drill-bit is controlled so as to nmintain
resonance at the 20 drill-bit and the drilled materi al
in contact therewith. 7. . A method according to any

one of claims 2 to 6, wherein the dynamic crack
propagati on zone extends radially outwardly no nore
than 1/20th of the .diameter_ofgthe drill- 25 bit from
t he outer edge of the drill-bit. 8. .A nethod

accordi ng @30y eHe ebtetabAB13aha o§c1mbéf@tﬁ m$wbments of
size of cuttings drilled

TeERB CELELTRA g Te0 SKAFRERILF o8| E R TR 155 Pt REgOTgect ion
ONEf Ot HPI RaOfo-shiidiyv ghss \meiduzede amd ckrateurmedlocalized
drill.i I -
osTFPRaES S Teh e on” M SISO, e diptiete.
ontrolling applied rotational and/or OSC|IIatory

| ogdi ng ofy 'inlé‘?:hgﬁ' !al:ch&:.mShEoC@I!anP'z MY cRAVEAE method is
adj ust ment nmeans f or vaﬁglng he. appli‘ed 5 rotatlona

antiFef dscitneateF PSadtin Bkt PR df At nEPTaiRe and where
beiBgrbes pafiss VEo i angid izoMsernftt e rat drd alonthr ough

" which the drill is passing, wherein the

control -means is in use provided on the apparatus in a -
16o¥mhol e |Focaetbadanacéordinges teensdrinf of, 10vhegeiing a high

dow@ghsnggawemmoﬁf @atae;;mea:h@aa%sr IBHi10Spit, up to

wher e apparatus 1s operabl e downhol e under

cl %8 6 | oop real -time control, the .drilling apparatus
fyrther conpri si ng: npans for determning a

"g‘t of W&é&#&? % h@ﬁi&? Pd L Qiﬁa ‘@hegff@zsorbﬁ{éf&n the
and’i nteracting e nateri al _

15 drill-bit is dr_’g.ven to rotate up to 00 rpm.

6. A method according to any one of claims 2 to 5,

wherein the. applied rotational and oscillatory 1oadii1g on the

'drill-—'bit_: is controlled so as to maintain resonance at the
20 drill-bit and the drilled material in contact therewith.

7. . A method according to any one of claims 2 to 6,

wherein the d-ynamic'cr:aclc propagafion zone extends radially

outwardly no more than 1/20th of the-diameter of the drill-
25 bit from the outer edge of the drill-bit. o

‘8. A mefhod according to any one of claims 3 to.7,
wherein the size of cuttings drilled are up to ten mm.

30 9. A method according to any on of claims 3 to 8 for use
in one or more of shallow gas, weak zone and fractured high
pressure zone drilling applications.

10. Drilling apparatus comprising:- )
35 d& drill-bit -capable of rotary and -high frequency



Means for estimating a suitable frequency sweeping

range for loading the drill-bit nmeans for
choosi ng an opti num resonant frequency on 20 the.

resonance curve at a point |less than the maxi mum on.

t he resonance curve; and means for driving

the drill-bit based on this optinum resonant

frequency. 25 11. Apparatus according to claim10,

wherei n the control means cont3®ls the drill-bit to

I npact_on the materi al to produce a first 'set of
meef ot kY ¥RdidGit A4 means further controlling

the drill cbntrba rméaﬁe ahdrlmpattommlhbe appbie@]ramatlonal
furt ogcasi P ph a fur r Q

b STy oEREELEREOEy P UBAIRG] o) 408 BT ObiEY ehe, control
trmﬁamﬁenhaﬂiﬂg'aﬁdjugtmanatdm?ammvéﬁﬁht§a§wlpae the applied

grk&%aﬁ&éniﬂ“&dﬂ?%&nbbﬁglhEESf?Clﬁgﬁﬁdgqns@&dﬁB@Justment means
macr o- cracks thus produced,  t0 create a.loca :

dylh%h% ﬁwsaf%agafzpeﬁléb%s aﬂ%zfa'eofﬂae‘-ﬁélaﬂ. FﬁrﬂP?h which
Ye-dr{fl ¥ dpadsdidy,t assenbly for use in the

dril1ing aﬁgarﬁggu 208! cEhBED) a5 Lis COMPILE o,pgm&ed on the

drill-stri pipe an
andpﬁarahuSIlula.ckpmbbéeoﬂdmagﬁOﬁréqmbnnyckﬁﬁﬁaIQﬁQﬁ%rS for

lﬁggagfﬁ@rﬁohﬁﬂglggmeasuremenﬁgnkﬁpHﬂﬁ%ﬁﬁhpr@HhQSQtéﬁlstlcs,

ownhol e for contro ie tio
ostREFeRyHRe GRANRGTYF. Pﬁe08?¥$$l%|4d°“ de, &ﬁ@fea 2losta toop
rTEﬁesl-hﬁMhélg:@ﬂ;ﬂﬂI ment means for 10 varying the
applied r tiong nd/ I
adjustnengk%ea%é agégggﬁg%vgﬁ co%%gﬁ ons the
mat eri al maoagrfqm@mt@mr&mma.énpa‘éspﬁg amplitude of -the

- 1Bhgrei p-Ae mrghfeﬁnﬂldd Hd iingeRPBELIBECWitE YBelRaterial

70 % smal | e an that of a conventional drill string
15b%b%?a F+é} th the same.borehol e di aneter for use
in the SanEansmﬁdr(EEmlmatlng a suitable frequency sweeping

range for loading the drill-bit
_means for choosing an.optimum resonant frequency on
20 ‘the resonance curve at a point less than the maximum on the
resonance curve; and _
means for driving the'dril}-bit based on thié optimum

resonant frequency.

25 11. ‘Apparatus according to claim 10, wherein the control
means controls the drill-bit to impact on the material to
produce a first set of macro-cracks, "the control means
further controlling the drill-bit_to rotate and imﬁact on the
material a further occasion to produce a further set of

30 macro-cracks, wherein .the control means synchronizes the
fotational and’ oscillatory movements of the dri;l-bit for
pro@oting intérconﬁeption of the macro-cracks thus produced,

" to create é'ldcalized dynamic crack propagatibn zone ahead
~ of the drill-bit,

35



13. Adrill bit assenbly According to claim12,

. Wherein the weight of drill-string per neter is
substantially 70 % 20 smaller than that of a -
conventional drill string operating with. the same

borehol e diameter for use in the same conditions. 14.
JAdrilt-bit assenbly according to claim12 or 13, 25
wherein the adjustment means cgntrols the applied °
rotatlonal and OSC|IIatory Ioaaﬁng of the drill-bit so

nance at e dr|II-b|t and th .
dr|J1t2I ‘ed rm erl aJr nlcontazfcste"%’ﬁé'r ekfh. U56 13R tﬁe drilling
dr idppapetuaseéntlgimctordi ndl t compwisirgof cl ai ns 12

to 14, wheer Q131018 2dhySEIPIN rae@}aﬂe% eﬁ?&drlll collars;
dr|II-b|t | oadi ng paraneters or estab ng resonant

co ions between the drill-bit and the drilled
Bat eri al by ddig1+-plikopapgobd G hia f:35¢$)§r&i:§€ lﬂs’rﬁa.llﬂ.@tory and
th@otgnllggg resonant response of the -
T2t ?ﬁoﬂt the influence of the drllled
rmterl al ; control Bresns mpiregitied stirenguleof dowdstls for

to c%e%mag PLOPEaR Ifeﬁaftaasw &ndpoe e,gblﬂeawfy hedding of
ial;_ Ccalculating the nonlinear, stiffness

ch§ ﬁcPEF%%fPt%rEFQﬁ qad ol BEaRE gAY 1Y aflititaend) means for
1D) eaicyinyi Bhe' aplp&seaarﬁ:thteauamC)anat/otheasd&u.ubtbry loading,
C t r
| PRABTRLIG hOR: LISHSL Re it TSI v i copditions of the
f ornaaem-ehdyhgwagle !blyid:tnquacdmllngwt e ssdmidi near

St ffness &Q:@w %ﬁb%é:‘?élﬁ@%@fdrtﬁﬁ—gfzéﬁh&rﬁé’r cﬂiédéxeqs up to
9% g Adrill- Elassenbl accord g to cl ai

érépﬁ,ler than that of conventl nal drlll string

15 operatlng with the same .borehole diameter for use in the same

conditions.

13. A drill bit assembly acéoiding to claim 12, wherein
the weight of dfill—string per meter is substantially 70 %
20 smailer than that of.a conventional drill string operxating
with - the same borehole diameter for use in ' the same

conditions. .

i4. A drill-bit assembly according to claim 12‘0r'13,

25 wherein the adjustment means controls the applied rotational

and osc1llatory loading of the drill-bit so as to maintain

" resonance &t the ' drill-bit and the drilled material in
contact therew:t.th.‘

30 15. A drill-bit assembly according to any one of claims
12 to 14, wherein.thé adjusfment means determines drill—bif
loading parameters for establishing resonant conditions
between the drill-bit and the drilled material by the'
following algorithm: . L .

35 A)calculatlng the nonlinear resonant re5ponse of the



the algorithmis based on determ nation of a.

non-1inea response function. 15.17. A drill-bit : '
assernbl y  according to any one of clains 12 to 16,

wherein the adjustnment neans can sel ecti-vely

.deactivate oscillatory loading of the drill-rbit for
drilling through soft fornmations.
' - 22 -

10
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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 steédy state by iqcorporaﬁihg the rionlinear stiffness

characteristics of the fractured drilled material.

16, A drill-bit assembly acéording'to claim 15, wherein

_the algorithm is based .gn determination of a. noh;-lir;ear

response function.

17. A drill—bit assembly ﬁccording'to any one of claims

12 to 16, wherein the adjustment -means can selectively
deactivate oscillatory loading of the drill-bit for drilling
through' soft formations. . ' '



