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

i nvention concerns a drilling device, and in particular a drilling device
for drilling into material such as a rock formation. [2] The field of
drilling into rock and other material s,has driven a nunber devel opnents in
drilling technology. In this regard, t%e extrenely harsh conditions
involved in this type of drilling as well as its cost and the rel ated
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reliability and safety of drilling methods. [3] As a conseguence,

i ndustries which enpl oy downhole drilling, such as the oil industry, are
keen to deyedop drilliTige depireeenand iretdrodiobrogi esnthahsneet tdesel degands
and increQ§e drilling rates _and decrease toq}.meard {%% ln this, ...
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drilling further conpounds several issues that challenge present drilling
t echnol ogy such as denmands of | ow wei ghton-bit, reduced power availability,
variabilityo®t]rock condéti phsldvestt herienpghdy ointbe wetk, aadgestioér bore
col | apses/fract wear
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passes thrpough the nmateri.al to be drill.ed, so-called percussive drilling.
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the drill echeateiatbdt bevébynmmkiad issues, all put severe demands on
the effectiveness, reliability and safety of drilling

methods.

{003] As a consedguence, industries which employ
downhole drilling, such as the o0il industry, are keen to
develop drilling devices and methodologies that meet these

demands and increase drilling rates and decrease tool wear.

[0041] In this connection, the oil industry is
increasingly having to drill deviated or horizontal long-
reach wells in pursuit of new o0il reserves. However, such
drilling further compounds several issues that challenge
present drilling technology such as demands of low weight-
on-bit, reduced power availability, wvariability of rock
conditions over the length of the well, danger of bore
cellapses/fractures, increased costs of tripping, and

increased tool wear and failure.

[005] It is known that drilling rates 1in certain
circumstances can be improved by applying recipreocal axial
movements to a drill-bit as it passes through the material
to be drilled, so-called percussive drilling. This 1is
because the impact of these axial movements promotes
fractures in the drilled material, thereby making

subsequent drilling and material removal easier.



subsequent drilling and material renoval easier. -2 [6] Inconventional
percussivedrilling,the penetration nmechanismis based on fracturing
material at the borehole by large | owfrequency uncontrolled inpacts
applied by the drill-bit. In this way,,drilling rates for nediumto hard
rocks can be increased conpared to st&%dard rotary drilling. However, the
downside to this is that these inpacts conprom se borehole stability, reduce
borehol e quality and cause accel erat ed, and often catastrophic, tool wear

and/ or fai . [ 7] ot her i riant. devel opnent_to drilling techni gues
has been t[‘IrP(LaHé:t‘ppl i cat ﬁgh ofccfﬂ‘frg)% Lniso axipa?rﬁf%?%‘ﬁ onséjfjoljal’?%t ati
drill-bit pdrettitsiwaymeghtihdsani ts vidarsaid oon riatdearudiian msokated htgh

| oad inpacts, i|s_used t ranot e fracture propagation.  Thi an. of fer
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reduce
borehole gquality and cause accelerated, and often

catastrophic, tool wear and/or failure.

[007] Another important development to drilling
techniques has been the application of ultrasonic axial
vibrations to a rotating drill-bit. In this way, ultrasonic
vibration, rather than isolated high load impacts, is used
to promote fracture propagation. This can offer significant
advantages over conventional percussive drilling in that
lower lcads can be applied, allowing for low weight-con-bit
drilling. However, the improvements exhibited by ultrasonic
drilliing are not always consistent and are not as such

directly applicable to downhole drilling.

[008] It is therefore an object o¢f the present
invention to provide a drilling apparatus and method which

seek to alleviate such problems.

[009] From GB3286289, it is known to provide a
percussive drill for deep-boring applications, the drill
inciuding an adjustable recoil means controlled by varying

fluid pressure applied thereto.

[0010] US35%90522 discleses a drill housing for a
rotary percussive drill, which is pivotally attached to the
end of a boom member that swings upwardly from a frame of a
mobile member. Percussive control is maintained through a

servovalve supported on the housing but controlled



[9] From (B328629, it is known to provide a percussive drill for

deep-boring applications, the drill including an adjustable recoil neans
controlled by varying fluid pressure applied thereto. [0010] US3990522
discloses a drill housing for a rotary,percussive drill, which is pivotally

attached to the end of a boom nenber t%at swi ngs upwardly froma franme of a
nobi | e menber. Percussive control is maintained through a servoval ve
support ed o#mdthel ousi ng but controlled -3 renotely. [0011] From GB2345931
there is known an oscillating drill bit for drilling subterranean
formations, the oscillation being in both an axial and torsional direction,
to thereby[@rpduce chipsomf QERTER T hitbkresses Whiceth f aai ldodad Bl dtriaei ure

of the chips. al ong,their thinnet_portions. [0012] WD 97/31175 shows i ng
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ground t hrough_which the ojectile is ssing,,to thereby identify.
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facilitate fracture of the chips along their thinner

portions.

f0012] W0 97/31175 shows moling apparatus having a
sensing means located on a projectile being driven through
the ground, the sensing means sensing the dynamic
resistance of the ground through which the projectile is

passing, to thereby identify a ground characteristic.

[0013] GB23434865 discloses a method of drilling
wherein a portion of the drill string is provided with
oscilllation force +to reduce friction between the drill
string and the bore wall and to facilitate advancement of

the string through the bore.

[0014] According to a first aspect of the present
invention there 1s provided drilling module comprising: a
rotary drill-bit; an oscillator configured to apply high
frequency, axial osciliatory loading to the rotary drill-
bit of up to 1 kHz; a vibro-transmission section connecting
the rotary drill-bit and the oscillator, the vibro-
transmissicn section configured tco transmit the high
frequency axial oscillatory loading from the oscillator to
the rotary drill-bit; a vibrational isolation unit for
connecting the drilling module to a drili-string, the
vibrational isolation unit being configured to isclate the
high frequency axial oscillatory lcading from the drill-
string; sensors for taking downhole measurements; and a
controller configured to operate downhole under closed loop

real-time control by utilizing the downhole measurements



wherein a portion of the drill string is provided with oscillation force to
reduce friction between the drill string and the bore wall and to
facilitate advancenent of the string through the bore. [0014] According to a
first aspect of the present invention jhere is provided drilling nodule
conprising: a rotary drill-bit; an osclillator configured to apply high
frequency, axial oscillatory loading to the rotary drill-bit of up to 1
kHz; a vi bimen ransmsesisor ss end | oontoahe thiengddiel Yaotar yodr Malryhiinty arfee t he
oscillator,, the vibrotransm ssi-on sect. configured to transmi the high
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drill-bit;cendithiais opdl nistalmitalonthnbtighowhdahnechd ngotheydrdtiling inodul e
to adrill-string, the vibrati.onal. isaolation unit bein onfigured to
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sensors f ared@kimge downhete maasuw=endritaomndelae cootaol| elriddnfiiguraedit o
operate downhol e undei %hosed l.-time controL%?yFu%iLiZin t.he
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conditions of _material through which the.rotary drill.-hit .is ssi.ng..to
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the rotarycllitdtdiy @ndli-heitreterpassihgough which the rotary drill-bit is
passi ng whereby the high frequency axial oscillatory loading is sufficient
toinitiate cracks in the material through which the rotary drill-bit is

passing. [D@AB41In this way, the drillinglappaiatusycabhéudeiilbing

autononDusI%Fand adj ust %he {otationgl gndégr gggiéla&gEythgading of the
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[ 0016] Pr ef er abl the controller. is configured.tp.sweep a_frequency range
to evaluai%g%ﬁﬁ%ﬁ?i%%sg%ﬁ ?%%r%%EeiF%ff%%goﬁaﬁdﬁﬁ%%ﬁstﬁ% ?%tggy drill-bit
i S passi ngopoirestabths hdahd! img ntachaonssn| datli obtsyst empresedance.

[0017] Conveniently, the oscillator is configured to apply high frequency
axi al osciﬁ%%§iﬁ@gl5%5?%g based on a basic resonance curve for the rotary
drill-bit and nodify the high frequency axial oscillatory |oading to take

Into accoupdqqgferactipnscud by the patepial belpd; dribhedyured to
sweep a frequency range to evaluate conditions of the
material through which the rotary drill-bit is passing to

establish and maintain oscillation system resonance.

[0017] Conveniently, the oscillator is configured to
apply high frequency axial oscillatory loading based on a
basic resonance curve for the rotary drill-bit and modify
the high frequency axial oscillatory loading to take into

account interactions with the material being drilled.

[00181 Preferably, the controller is configured to
determining appropriate loading parameters for the rotary
driil-bit according to the following steps in order to
achieve and maintain oscillation system resonance:

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

B) estimate a suitable frequency sweeping range for



[ 0018] Preferably, the controller is configured to determ ning appropriate

| oadi ng paraneters for the rotary drill-bit according to the follow ng
steps in order to achieve and maintain oscillation systemresonance:

A) determine a limt of anplitude of the rotary drill-bit when resonating
and interacting with the material being drilled; B) estimate a
sui tabl e frequency sweeping range for -5 loading the drill-bit;

C) esti mateodditnghiatpe &f i Bl fleSonance curve; D) choose an opti num

resonant frequency,,on the resqnance curve. at a point |less than the maxi num
on the resonance %ﬂr? o The gﬁaﬁ% Qﬁi%ﬂ§%4§?%%ﬁ%ﬂ%?%ﬁQWI-bit based on
thi s opti mum r esomgntcHooe@uenc \optGanve Heatidant theqentdwldrerctHes confi gur ed
to autononmpusly adjust rotational, and high_ frequency axial oscj]latory
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Pr ef er abl yyesdheacontswtves asdconfigured to control the rotary drill-bit to

i npact on the mater.i thr h ich the rotary drill| bit is passing to
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confi gur edrégocomnt roredideneptary drill-bit to rotate and inpact on the

material a further occasion to produce a further set of macro-cracks, the

controller being configured to synchronize rotational and oscillatory
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loading of the rotary drill-bit in response to current

drilling conditions.

Preferably, the contrecller is configured to control the
rotary drill-bit to impact on the material through which
the rotary drill bit is passing to produce a first set of
macro-cracks, the controller being further configured to
control the rotary drill-kit to rotate and impact on the
material a further occasion to produce a further set of
macro-cracks, the contreller being configured to
synchronize rotational and oscillatory movements of the
rotary dritl-bit for promeoting interconnection of the
macro-cracks thus produced, to create a localized dynamic

crack propagation zone zhead of the rotary driil-bit.

According to a further aspect of the present invention
there is provided a method for controlling a resonance
enhanced rotary drill comprising a rotary drill-bit and an
oscillator for applying high frequency axial oscillatory
loading to the rotary driii-bit <f up to 1 kHz, the method
comprising: applying high frequency axial oscillatory
loading to the rotary drill-bit; taking downhole
measurements; controlling the applied high frequency axial
oscillatory loading downhole under closed loop real-time
contrel by utilizing the downhole measurements to vary the

high frequency axial oscillatory loading responsive to



According to a further aspect of the present invention there is provided a
met hod for controlling a resonance enhanced rotary drill conprising a
rotary drill-bit and an oscillator for applying high freqguency axi al
oscillatory loading to the rotary drill-bit of up to 1 kHz, the nethod
conprising: applying high frequency axral oscillatory loading to the rotary
drill-bit; taking downhol e neasurenents; controlling the applied high
frequency @@l tDses | batmdyet Dadi tigr shoxin heh Ecluntiees cbosed dpoplfeat-tinme

control by, utilizjng the downhple neasurenents to v t he hi f requency
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the met hoc FHf 1FEF Eonpr 126517 SeRHT Ho° &1 F r ban M yoF Abe Rbo Rt (At e>
condi ti onstleé tdhearpterinl-bvht oughpabschgt he rotary drill-bit is passing to
establish and maintain oscillation systemresonance. Conveniently, the high
frequency axial oscillatory loading is applied based on a basic resonance

curve for rherepilary, dehd I mbthoantduttieehi gbmpreguencywaxpahgoscill atory
|l oading is_nodified to take into. account interactigns with the terial
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appr opri at€htoaglh ngh peli atieé erstdoy dhelrebatyidrphbsbhy accesdebyish the
foll owi ng steps_in order to%ﬂggieve ang?naintain oscillation system

resonance: 23§ TRt RSt 137 AKpHFTubE®8fePhe rotary drill-bit when

resonating and interacting with the material being drilled; B) estimate a
sui tabl e frequency sweeping range_for loading.the drill-bit; stimate

t he shape é?ggg?%%%ﬁﬁgte{%%rgégﬁtgr%ﬂBﬁgﬁyaﬁgbﬁ?iﬂﬁﬁ%#i§585XtE%?§ﬁﬂgncy on
t he resonahgeagpI Ved abasepobnt al leasithaasbhenoaxcauneofotrheheesonange
curve; and,E).drive th otary drill-bit based on this,optinumresonant
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response to guryent, dtill}ng, pogditions. 7

Preferably, the method further comprises determining
appropriate loading parameters for the rotary drill-~bit
according to the following steps in order to achieve and
maintain oscilliation system resonance: A) determine a
limit of amplitude of the rotary 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 o0f a resonance curve; D) choose an
optimum resonant frequency on the resonance curve at a
point less than the maximum on the rescnance curve; and E)
drive the rotary drill-bit based on this optimum resonant

frequency.

Conveniently, the rotational and high frequency axial
oscillatory loading of the rotary drill-bit are adjust

autonomously in response to current drilling conditions.



Preferably, the rotary drill-bit is controlled to inpact on the materi al
t hrough which the rotary drill bit is passing to produce a first set of
macro-cracks, and to rotate and inpact on the naterial a further occasion
to produce a further set of macro-cracks, the rotational and oscillatory

nmovenents of the rotary drill-bit being synchronized to pronote
i nterconnection of the macro-cracks thus produced, to create a |l ocalized
dynam c crack propagati on zone ahead of the rotary drill-bit. The control

apparatus s preferably configured to performthe nmetho s defined above
Ahen ountir TR 1 THhg Pt CShCHETT heth Ay EEe B et of dbt §ooEheoftet od
is used i rnchidensont £d Hreigh |whpch octke f oot v odsi 1 Andit hes npeseingacks
formed have a length of .up to ten referably around 5 Such .a
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drilling thgough teriﬁ%%s. h.as rock formations if the | oading of the
drill-bit ‘?é @g‘? %T‘gt%% Jeff‘g%lo‘hance is the systemforned by the drill-bit
and -8 the drilled formation.

The control apparatus is preferably configured to perform

the method as defined above when mounted in a drilling

module as defined above.

Preferably, the method is used in the context of drilling
rock formations, and the macro-cracks formed have a length
of up to ten mm, preferably arcund 5 mm. Such a maximum

length allows the extent of the crack propagation zone to

be highly ccocntrolled.

(0019} An example of the present invention will now be
described with reference to the accompanying drawings in

which:-

Figure 1 shows a drilling module according to an
embodiment of the present invention; and

Figure 2 illustrates graphically how parameters for
establishing resonant conditions in accordance with the

present invention are found.

[0020] 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 1s the system formed by the drill-bit and



[ 0021] However, whil st obtaining this resonance is possible on a test rig
usi ng standardi zed sanples, it was a different matter when drilling through
natural rock formations. This is because drilling conditions vary from

| ayer to layer within a formation. Acgprdingly, the resonant conditions
vary throughout the formation and ther®&fore resonant conditions cannot be
mai nt ai ned t hroughout the drilling process. [0022] The present invention
over cones tiHd sdprloldentdnmateicagni zi ng the non-1inear resonance phenonmenon
when drilling through a material and seeks to naintain resonance in the
system conbi nation of the drill-bit and drilled material. [0023]1n order to
achi eve thicozie appl imwantsehawehilbye agsta bttty tldbnt réydomgntdbeipar aneters
and nechani sns, affecting dri IIjnglj devel o e% an. ac urate. and rgbust

nat henat i ¢S § Gt 3 ey nahd T AEToE oY e Bt ehol & AP s?

mat hemat i aai £ focedt ahd over téieeprasent indgvent dugh toatatell abekand use

f eedback chanisns to automatically adjust.the drilling paraneters so as
to maint ai PTERCHANCe H1T HE H%?%E'?'l'fﬂ}’/ee cg‘!fjfi]t'l% ?T%?‘f]ﬁ%]r%g?lgv?ﬁ% 8¥8nance in
this way, ldeemBcid orawér twies i paghd imgt Coac kazoened adiehd, othéhe drill-bit

i s enhanced and the dri

lling rate i reatly. inproved nd therefore can be

descri bed %%S%Ea%%éﬁﬂ'u e‘ﬁa]ﬁfifrsl?}??l &{(ﬁ%i? e{rﬁ%f %Jfrhﬁ%ﬂjn? #0924] Fi gure 1
shows an ifHaisd fatd viee exaaml ecaid bt Riplk deahhongosndal etaceeddi ng to an
enbodi nent_of tt}gqlgre ent invention. The drilling nodule is equipped with a
pol ycr yst arH #g i o W IFPEDTT®2: A vibrotransm ssion section 2
connects the drill-bit 1 with a piezoelectric transducer 3 to transmt
vi brati ons the -_9 - transducer to.the drill-bit_1. A coupling 4
connect s th@%ul e t ol & RTTTSSL riRGeBt ANy RETECRECR W%?aﬂ‘%ﬁ%@oﬁgti on
unit to i sod@d@nvibiqttlonsnai-1hesdritésaganodupleeficoenthewsbaft .
[0025]DurIé%ﬁfﬁfgéléﬂpgugﬁeéqﬁégg%igi[gignégék£0£gt§§intain resonance

in the system combination of the drill-bit and drilled

material.

[0023] In order to achieve this the applicants have,
by accurately identifying the parameters and mechanisms
affecting drilling, developed an accurate and robust
mathematical model of the dynamic interactions in the
borehole. This mathematical model allows the present
invention to calculate and use feedback mechanisms to
automatically adjust the drilling parameters so as to
maintain rescnance at the borehcle site. By maintaining the
resconance in this way, the action of the propagating crack
zone ahead of the drill-bit is enhanced and the drilling
rate is greatly improved, and therefore can be described as

Resonance Enhanced Drilling (hereinafter RED).

[0024] Figure 1 shows an illustrative example of a RED
drilling 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

plezoelectric transducer 3 to transmit vibrations from the



the drill shaft, which transmits the notion through sections 4, 3 and to
the drill-bit 1. Arelatively low static force applied to the drill-bit 1
together with the dynam c | oadi ng generate the propagating fracture zone,
so that the drill-bit progresses throygh the material. [0026] At the sane
time as the rotation of the driIIing'#%dUIe 1, the piezoelectric transducer
3 is activated to vibrate at a frequency appropriate for the nmaterial at
the borehdgasddiced s fliequelty-bHst det ex neaesl byg cal cohaéctyg the

non-|inear resonant condjtions between the drill-bit.,and the drilled

materi al , r%‘%cﬁ'é]r?at ol Js]r#ov%tlfjrflq: ézacg%c%’?d?n‘él}?ﬁa?h‘é fol | owi ng

al gorit hmlsolatlon Wral sl sdd ngr & hel ot 1 earo f eslonadt i T espgnsedoiet he
drill-bit th e influence of the drilled nmateri al

B)estinatlg%P %t§ h of inpacts to produce a propagating fracture zone
inthe drilled materi al; C) cal cul ating the nonlinear stiffness

characteris of the fracture mating a
r esonant f@@%ﬁ%hcy of QWE?QﬁlqIé%§i1+%@e?%%¥?5boﬂﬁt% P%emﬁF?Flﬁagﬁ%?érla
and ; the Eifﬂslalﬂt&ﬂi; nghidte wﬂml%nmsttﬁe resohent threqgency for a
steady state i ncorporating the nonljnear. s ness characteristics of
the fract BT gkﬁ%éiéh.gﬁ%dgﬁi#ﬂ %Fbiat oh§ ¢ Fbﬁ??ﬁ I Blezoel ectric
tranSdUCersﬁhﬁHéffdﬁﬁéﬂﬁpﬁlﬁbdfﬁénmﬁet@maﬁl+bitbltt&gébhéhewbbhehhée site

and cre -
and create a propagating crack.zonein fhe,reter) sl -ahead-of jthe dipll-bit.

that the drill-bit progresses through the material.

[00Z26] At the same time as the rotation of the
drilling module 1, the piezoelectric transducer 3 is
activated to vibrate at a frequency appropriate for the
material at the borehole site. This frequency is determined
by calculiating the non-linear resonant conditions between
the drill-bit and the drilled material, schematically shown
in Figure 2, according to the following algorithm:
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.

[{0027] The vibrations from the piezocelectric
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 nove 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 sheari_ng]égc_ti on di sl odges nore naterial,

whi ch can subsequently be renpved. [0028] The properties of the crack
propagati on dynam cs can be tuned to optimze for ROP, hole quality and
tool lifetoorrdidaal land meordifatwa0rd ,0fi tal shddwreeagd N0 ia@ckst@reakt art ed
as a result ﬁ{hi erts.inthe drill-bit i, agﬁin on the formation. her
drilling tEcHN%IeEFBijerdte %L}ﬁqfoﬂ% Jsfhta‘?/ilrr% SHPERT1 g % HEt TRekolor° hr ough
t he gener at ippoefganicly largest mekin thwe fethoni oy matesthel nehaad eaf ur es
of the RED.system.in terns of.neans of operatipon and focus_.on the creation
and. pr opagii S or Hider SO SR Y CHE ARl bt AT £ SheiE of t he
drill-bit.rdJHH3C]REDpeira) esctiluroudis Fodyadh idssussncyr bx1 al wloseh | ¢at i on of
a drilling head which i.npacts the material and the angul ar geonetry of the
drill-bit Ur?sgeerquseritﬁﬁ itg)geé?%% "in the material. Continued operation of

the drilling bit, i.e continued oscillation and rotation, establishes a
dynam c cr ropagatj,on zone ahead of the drill-bit. [0031] This
phenomeno be bestfkt?e%rrc?poee%hess SncHFO T 22d K henR ‘?EJS(?II‘ Est abl i shnent

of resonarbmant dshezazy dee sy tem e s nipt OBy i hdkel quakrinl andt he
oo ) OGN L LGB, PSR L1, olf1 gl eneteagd per for mnce,
di mensi on typically measures no nore than 1/10th of the diameter of the
o e e Sty dfecll anali St FED gebpgue, pvol s,
[ 0033] RED #tenci iddn-Iias ulripd at inghomuate t o tmatei gaugether drilling
techniques operate through shaving or shearing the rock or
through the generation of much larger cracks. The following
are the main features of the RED system in terms of means
of operation and focus on the creation and propagation of
'macro’ cracks in the immediate vicinity ahead of the

drill-bit.

[0030] RED cperates through a high frequency axial
oscillation of a drilling head which impacts the material
and the angular geometry of the drill-bit inserts initiate
cracks in the material. Continued operation of the drilling
bit, i1.e continued oscillation and rotation, establishes a

dynamic crack propagation zone ahead of the drill-bit.

[CGC31] This phenomenon 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.

[0032] Hence local crack propagation is controllable



hole. [0034]As a result of the '"sensitivity' of the RED technique, its

ability to drill holes using highly controlled |ocal fracture and

m nim zing global stress in the fornation, the RED technique will |end
itself very well to drilling sensitive Lornations in chall engi ng areas such
as shal |l ow gas; weak zones; and fracfu} d hi gh pressure zones.

[ 0035] According to the above, the present invention can nmaintain resonance
throughoutlﬂfEEKM§Idfrmﬁsmmﬁfé¢tﬂbnaliﬂyﬁm@dnﬁherkﬁb tecbﬁidhsladgedsfrom
the formation at the borehole sit e qui ckl consequent | her
111§ g, re e ORRe bUda. SEE | fier Tor e0bf e e AT Loni Ot LFREbrBhce
notion to yHomntel friect ure propagation allows | ower weight to be applied to
the drill-bit |eading to decreased tool wear. As such, the present
invention not only offers an increased rate of penetration (ROP) but al so
all ows for{gowzeased trEb héde= span, rasdl betseht gdugeslibe dowat parge

requi red for_ tool naintenance or replacenent. [0036] Once drilled materi al
nechanlcaF‘ﬁ}%pertles are known, the drilling paranmeters can be nodified to
optim ze perd®spance @&stdner@lf,mlti@g tascosdhagti0i ROP, ofotke@EDI ty and
tool life and reliabi)ity 0037 n te e RED technique, frequenc
and anplitEﬁéLQﬁ %%tl%?%l%%ﬁ E%n %?EP%%e§ou§%?gbﬁ?gﬂT¥ﬂe nost | Y
efficient éwmkﬁﬂifﬁdlN@C@Bffﬁﬁ@ﬁ@ﬁe aﬂhemeﬁimbkiﬁ@n@mbbai sseekkathon

systen1res nan betmeen t he scil]ator nd t he d IIed
format i om® E1 e A RS e it Sritr LERGH by BF P BF bhoy and
drilling pﬁﬁfdﬂi&ﬂﬂﬁg sensitive formations in challenging areas such

as shallow gas; weak zones; and fractured high pressure

Zones.

{0035] According to the above, the present invention
can maintain resonance throughout the drilling operation,
allowing material to be dislodged from the formation at the
borehole site more quickly, and consequently higher
drilling rates are achieved. Furthermore, the utilization
of resonance motion to promote fracture propagation allows
lower weight to be applied to the drili-bit leading to
decreased tool wear. As such, the present invention not
cenly offers an increased rate of penetration (ROP) but also
allows for increased tool life-span, and hence reduces the

downtime required for tool maintenance or replacement.

[0036] Once drilied 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).

[0037] 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 resoconance (between the (oscillator},

the drill-bit and the drilled formation) provides the



[0038] Figure 2 graphically illustrates how the paraneters for establishing
and mai ntai ning resonant conditions are found. [0039]Firstly, one needs to

determine a |limt of anplitude of the drill-bit when resonating and
interacting with the material being drjlled. In this connection, the limt
of anplitude of the drill-bit is chosefat a val ue where resonance in the
drill-bit will not becone destructive. Beyond this limt there is a

possi bi | i typt vatim r esonbnseioh | &£ séactgyoehaveiandamagingrel i eay.

[ 0040] Then, a_suitabl e frequency sweeping range for loading the drill-bit

is estimat®YELTHIY'TS estimated so that a suitably narrow range can be
eval uated which can then used to speed up the remai nder of the nethod.

[ 0041] The @ of the_resonapnce curye is th estipat ed. can be seen,
Lhis 1o a [OBPERI r eooRuces cor gEaMRLSat Popt PauS BERhEp EhEAERSer to the

ri ght as apgensetedceodfcihgbef frchgohntingatdntbinbhy resenasting with a
mat eri al being, drill ed. I%%mﬁll be noted that as a consequence the graph

has upper AW HobRPS PERCHRY? Yt he consequence of moving on the curve beyond
t he maxi mum anplitude being a dramatic drop in anplitude fromthe upper

branch to wer branch,._ [0042] As sych, in order to ayoid such dramatic
changes, mh&@%ﬁﬁre undg%¥§5£$e,o?%enﬁ%§? g?egeF%r?bnﬁhﬁoiéméﬁ Bpti num
frequency amplheudesofatice duivVe-pitawpehntekesstibgnahbtieinaxirauting t he

.. Th t t 0, whi ¢h, [ t f [
Choson bol G E nEPelts Far BLseni Fal 1 L0Ea” AL aat Bt 5 FRRCOrEARR T bhe - 13-

limit of amplitude of the drill-bkit 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.

[0040] Then, a suitable frequency sweeping range for
loading the drill-bit is estimated. This is estimated so
that a suitably narrow range can be evaluated which can

then used to speed up the remainder of the method.

{0041 The shape of the resonance curve is then
estimated. As can be seen, this is a typical rescnance
curve whose top has been pushed over to the right as a
consequence of the effect of the drilil-bit interacting with
a material being drilled. It will be noted that as a
consequence the graph has upper and lower branches, the
consequence of moving on the curve beyond the maximum
amplitude being a dramatic drop in amplitude from the upper

branch to the lower branch.

[0042] As such, in order to avoid such dramatic
changes, which are undesirable, the next step is to choose
an optimum freqgquency on the resonance curve at a point
less than the maximum on the rescnance curve. The extent to
which the optimum resonant frequency is chosen below the

maximum essentially sets a safety factor and for



changeabl e/variable drilling materials, this may be chosen further fromthe
maxi mum anpl i tude point. The control nmeans may in this regard alter the
safety factor, i.e. nove away fromor towards the maxi mum point on the
resonance curve, depending on the sens characteristics of the materi al
being drilled or progress of the driTl.” For exanple, if the ROP is changing
irregularly due to low uniformty of nmaterial being drilled, then the

saf ety facioindeyb e/ vacrasisedr { D043 Fhated tyal 4 hetlappanay Use i shdsénen at

t he chosen_opti num resonant frequenc nd.the process is updated

peri odi cal 1% Wi%hi i The eFd%aéalriﬂHBpa f‘%?‘??\gp%@%tfem? The Jé%%trfl%?nﬁeans.
[ 0044] W t hndheipresent rédumenta Diner ttige Wwea fbit vy of aciedt) - 51¢i ngoperaneyer can
be up to 70% snal |l er than that of, a conventiona,lgladrill string Oﬁerating

with the BT HBTEF G it PR F PR ROTIE (AR Samet A PP RG €ohdft i ons.
Pref er abl yadgendind dhechangendéd 760 samté et st 0es nof etips ehetabiylit is

substantially 70% smaller. [0045] For ex l e,.under typical drilli
condi tion Ja]rﬁ‘?‘?ll fyF Pt I ot S 12} 5%16@@“(3287%%,gﬁs%rppjaeifli/ ﬁﬁe
(0.31m hat@p sigzeshdheish i1trsdulagl pedght tpelowetes fosmteduséd from 38. 4
kg/ m (Standard Rotary, Drill] to 11.7 kg/m (usin D technjque) - a
reducti on fﬁt%@%imab%’méil‘%ﬁﬁ%dm YRR tkagi ??f%ﬁycg‘?\%&??oﬁgy?ﬂ% a drilling
depth of 1h&Mh44a(3787 nm), for a 17 1/2" (0.44m hole size, the
drill-string weight per nmeter is reduced from49.0 kg/m (Standard Rotary
Drilling) to 14.7 kg/ m (using RED technique) - a reduction of 70%
[ 0047] Underoa4pj cal driihanyy cotitk t 4opsratds ai dridtivag deptheothda2eb00 ft
(3787 m, gé%iﬁﬁ%GIeégk§E¥ofrequency, and the process is updated
periodically within the closed loop operating system of the

control means.

[0044] With the present invention, the weight of
drill-string per meter can be up to 70% smaller than that
of a conventional drilil string operating with the same
borehole diameter for use in the same drilling conditions.
Preferably it is in the range 40-70% smaller, or more

preferably it is substantially 70% smaller.

[0045] For example, under typical drilling conditions
and a drilling depth of 12,500 ft (3787 m), for a 12 1/4"
(0.31m) hole size, the drili-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%.

[0C46] 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/m (Standard Rotary Drilling) to 14.7 kg/m

{(using RED technique) - a reduction of 70%.

f0047] Under typical drilling conditions and a
drilling depth of 12,500 ft (3787 m), for a 26" (0.66m)



- 14- hole size the drill-string weight per neter is reduced from77.0 kg/m
(Standard Rotary Drilling) to 23.1 kg/ m (using RED technique) - a reduction
of 70% [0048]As a result of the |ow WOB and the dynamc fracture it
produces, the RED techni que can save up to 35% of energy cost on the rig
and 75% of drill collar weight savi n‘gs.4 [0049] 1t will be understood that

the illustrated enbodi nent described herein shows an application of the

i nvention iy §i0de tthee R POSEs: ©ing |dasjiatpOn. mdte Pragtiegutde fnvention

may be applied to, many different configurations; t et ai |l ed epbodi nent s
bei ng st ral gt FeFAtar b‘ytt%@%eR%%W FtHe are ‘Jf]gfn]ﬁil’/erﬂe £S5+ 19050] For

exanpl e, trun diddiniiie sectd oredict fn e} @ may be nodified as appropriate
to the particular drilling application. For instance, different drill-bit
geonetries and materials nay be used. [0051]1n another exanple, other

vi bration meEpqs; my bendisedeasu Bt teF Natd VEow Orddeapd ezioel @ghamict ransducer
for vibrating the drilling nodule. For exanple, a nmagnetostrictive_pateri al
may be uséddGOPE2] RuR A, Fhe iRER) ke $Rged t HAre t 1R B?bgafi on
neans nay de Fvaded ahemdridd ingdthsough sofilfesmbit onsigltavoi d
adverse effects. For exanple, the drilling nodule of the present invention
may be deat?VW¥&i®d so as to function as a rotary (only) drilling nodule
when first drilling through an upper soft soil formation. The drilling
nodul e can then be activated to apply resonant frequencjes_once deeper hard
b & ’

rock formatiGhdl are rebcnetl 1§ s B oednshakr BBF el {112 EAVFAgs by
el i m nat i ngnddiei BlovntdeBc WhEed norkth otheryi s8 HepDhecessaiyot orswap

invention only for the purposes of illustration. In
practice the invention may be applied to many different
configurations; the detailed embodiments being

straightforward to those skilled in the art to implement.

[0050] For example, the drill-bit section of the
module may be modified as appropriate to the particular
drilling application. For instance, different drill-bit

geometries and materials may be used.

[0051] 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.

[0052] furthermore, it is alsco 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 rescnant
frequencies once deeper hard rock formations are reached.
This offers considerable time savings by eliminating the

downtime which would otherwise be necessary to swap



- 15- drilling nodul es between these different formations. [0053] The

present invention provides the follow ng benefits, nanely drilling having

| ower energy inputs, inproved rate of penetration (ROP), inproved hole
stability and quality and inproved ppqL life and reliability. - 16- Cains
1. Adrilling nodule conprising: a rot ﬁy drill-bit (1); an

oscillator configured to apply high frequency axial oscillatory |oading to
t he rotarydgliilindidodwlesipdiovdekHhese differenti boomatamssi ssion section
connecting the rotary drill-bit and the oscillator, the vibro-transm ssion
section configured to transmt the high frequency axial oscillatory | oading
fromthe op®id3pnt or toarideroiaity iivéhtbod;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.



a vibrational isolation unit for connecting the drilling nodule to a

drill-string, the vibrational isolation unit being configured to isolate
the high frequency axial oscillatory loading fromthe drill-string; sensors
for taking downhol e neasurenents; and 16 a controller configured to

|

oper at e downhol e under closed | oop real™tine control by utilizing the
downhol e neasurenents fromthe sensors to control the oscillator by varying
t he hi gh fgleguency axial oscillatory |oading responsive to conditions of

materi al through which the rotary drill-bit is passing to establish and
mai ntain oscillation systemresonance between the oscillator, the rotary
drill-bit and theanatrenilahgt hoaugh whinphikhagrotary drill-bit is passing

whereby the high fr ncy, .axjal oscillatory loading is sufficient to
initiate & Jiyncfrﬁlglelﬁ“&{%}i@ % hrough which the rotary drill-bit is

passing. 2. A drihl beginodibe acadidumegd @oCkh@ipmhyl hivwhe feicaudmeycont rol | er
is configured to s p a frequency ran to eval uate. ditions of the
material RGPS R T HeY (rajg?aéﬁs)'}/‘i‘jrﬁcl’ ?Sb‘? tr?tsa]i)\éscilﬂéf"t st @bl R h-And

mai ntai n gsaidd;ati on systemresonance. 3. A drilling nodule according to
any preceding claim . - 17 - wherei.n the oscillator is configured to apply
hi gh frequency axPaliBZEriIFarsry SE3Ldi ﬁ&‘%&?@d CORPE Bddi% Hh&d-"ﬁgcﬁgéf curve
for the ratmry drid larhi ttiandbsmdi Tardhe theghy fsesenoysmxsal owsci | | at ory

| oading to take into account interactions wth the material being drilled.
40A dr 1| A IO PEGE G O S oot o € f TR b1 LR

cont r ol | ercd i Xiorfd g rieshdindl et ©snii ¢ go Sl Dpréat o | teeli ngt payaneters for
the rotary d,r]io]lsl-bi; according to the following steps in order to achieve
and mai nt A1 05& 1 ati on system resonance: A) deternmine a limt of
anpl i tude of the mowabyadfiihla-lbiitsolaend oneseriat ifeg amthneattdmractiieg wi th t he

e Por P i g (o g ar DL SIS S EnU 13PAE; Lighuency sweepl ng
isolation unit being configured to isclate the high
frequency axial oscillatory loading from the drill-string;

sensors for taking downhole measurements; and

a controller configured to operate downhole under
closed loop real-time control by utilizing the downhole
measurements from the sensors to control the oscillator by
varying the high frequency axial oscillatory loading
responsive to conditions of material through which the
rotary drill-bit is passing to establish and maintain
oscillation system resonance between the oscillator, the
rotary drill-bit and the material through which the rotary
drill-bit is passing whereby the high frequency axial
oscillatory loading is sufficient to initiate cracks in the

material through which the rotary drill-bit is passing.

2. A drilling module according to claim 1, wherein the
controller is configured to sweep a frequency range to
evaluate conditions of the material through which the
rotary drill-bit is passing to establish and maintain

oscillation system resonance.

3. A drilling module according to any preceding claim,



C) estimate the shape of a resonance curve; D) choose an optinmm
resonant frequency on the resonance curve at a point |less than the nmaxi num
on the resonance curve; and E) drive the rotary drill-bit based on
this optimum resonant frequency. 5. A d{}lling nodul e according to any
preceding claim wherein the controlTelt’ i's configured to autononously

adj ust rotational and high frequency axial oscillatory |oading of the

rotary drigdehifn ithd eSROISEat@r CLE &b £ it dd Ngo COMELYileNgh 6. A drilling
nodul e according to claim5, wherein the gontroller IS configured to

control tHeFSHHMRGY AF1L HIctblatpattlordine agedi aF nP3%GR which the

rotary drijdsdhdnds Aassd NGt ook ofieLr@ dF1B1-158t PhdMAsHOf¢raeks, the
controller be|2€¥further configured to control the rotary drill-bit to

rotate and'i@pakfeBitihe Fatak iafchl FareRerlorERy ohct b2FF otiiE® a furt her

set of maci@-&iREkSntd MecttodS-wront£19d | BEcdei Y soONhG gdredi &@. synchroni ze
rotational and oscillatory novenents of the rotary drill-bit for pronoting

i nterconnection of the macro-cracks thus produced, to create a |ocalized

dynani c crack propagatiilgn ngonedanead Hordied dardnyridddcdiing dlaibn,met hod

for controlling a resonance enhanced rotary drill congrlslng a rotary

drill-bit EhRIET st | FAGFOFRT appl GPRG ARER F FegRhey™ kB oscillatory

| oadi ng t oapheop Oty Ilﬁédlin?@&a@émé‘@ef@ flokHzhe t Aot &Ry hadiTOAPLESI Ng:

appl ying high frequency axial_ oscjllatory Ipading to the rotary drill-bit;
according to the followiling stegs in order to achieve” and
maintain oscillation system resonance:

D) determine a limit of amplitude of the rotary
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 a 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 rotary drill-bit based on this optimum

resonant frequency.

5. A drilling module according to any preceding claim,
wherein the controller is configured to autonomously adjust
rotational and high frequency axial oscillatory loading of
the rotary drill-bit in response to current drilling

conditions.

6. A drilling module according to claim 5, wherein the
controller is configured to control the rotary drill-bit to
impact on the material through which the rotary drill bit
is passing to produce a first set of macro-cracks, the
controller being further configured to control the rotary
drill-bit to rotate and impact on the material a further

occasion to produce a further set of macro-cracks, the



t aki ng downhol e neasur enents; controlling the applied high
frequency axial oscillatory |oadi ng downhol e under closed | oop real-tine
control by utilizing the downhol e neasurenents to vary the high frequency
axial oscillatory | oading responsive tgq conditions of material through

which the rotary drill-bit is passing ‘establish and maintain oscillation
system resonance between the oscillator, the rotary drill-bit and the
Paterial t&wﬁnﬁﬂll@ﬁ?ﬁbiﬂgéddﬁﬁﬂguﬁﬁdlﬁot&ynibr@@SSérmbuﬁmi@malt@mdhigh

requency axi oscillatory | oad is suffici ihitiate cracks in the
material tHt Wi e HRe errbﬁsar(ifgﬁh' Ir%??rYs J'tso}ﬁjgt JE%r BT hbidd

accordi ng irxSt@imidat foi tdertieomucso-ngracks thus §mm:@@, acdrequency

range to eval uate condit f th t | th h t t
i1 -bi t TR P T BT AR T PR PP BEEr TP FOE sgeee o

resonance.thd.rdxdmf hosh vcaoitlj ng to claim7 or 8, wherein the high
frequency axial oscillatory loading is applied based on a basic resonance
curve for the rotary drill-bit and the high frequency axial oscillatory
Iboadi ng [ is7 modi fi agg@hﬁkfdmhﬁr%mumg i eleaeinzons: Writaridel mmiteral

eing dri - met hod accpor di n one o /7 to 9,
further d%iﬁ&%l?ﬁ?Rﬁ&%ﬂQﬁrﬁrﬁPEﬂﬁﬁ +£feb$5 %gg%a?%ﬁki%?é gfofhe
rotary dridppbyin@acogidi figederide iz@iipvw@@lm@@srynlmdemgtaoatheeve and
mai nt ai n OSCI||aI¢%£%fySIe 3 esonanc mne alimt

ri

of
anpl i t ude TR R Y h nk$%505%?|%€%%3§ FATRT A2t#%g with the
mat eri al being dre@@q@lng high friBqwesidyeia A sisddidller freduentingweepi ng

range for Ioam|¥%r§mh£¥iilﬁ£%t

taking downhole measurements;

controlling the applied high frequency axial
oscillatory loading downhole under closed loop real-time
control by utilizing the downhole measurements to vary the
high frequency axial oscillatory loading responsive to
conditions of material through which the rotary driil-bit
is passing to establish and maintain oscillation system
resonance between the oscillator, the rotary drill-bit and
the material through which the rotary drill-bit is passing
whereby the high frequency axial oscillatory loading is
sufficient to initiate cracks in the material through which

the rotary drili-bit is passing.

8. A method according to claim 7, further comprising:
sweeping a frequency range to evaluate conditions of
the material through which the rotary drill-bit is passing

to establish and maintain oscillation system resonance.

9. A method according to claim 7 or 8, wherein the high
frequency axial oscillatory loading is applied based on a
basic resconance curve for the rotary drili-bit and the high
frequency axial oscillatory loading is modified to take

into account interactions with the material being drilled.



C) estimate the shape of a resonance curve; D) choose an optinmm
resonant frequency on the resonance curve at a point |less than the nmaxi num
on the resonance curve; and E) drive the rotary drill-bit based on
this optimumresonant frequency. 11. A nethod according to any one of clains
7 to 10, wherein the rotational and i frequency axial oscillatory

| oading of the rotary drill-bit are adjust autononously in response to

current dr1id | i ng gondithbanaccdzdAnie tho dngc eorkdidty dl@i@dsai?mtbl g,wherein the
rotary dl‘lﬂ is controll t0| act onthemat through whi ch the
rotary dri yr qr i PSS % IRRSIPEEI 0 %%Jr% cracks, and to

rotate anq:aﬂm@:tem ﬂdlemerrd@rp dﬁlham@c&ca@mmm@ s oghuse a furt her
set of macrao-cracks, the rotational_and oscillat novenents of the rotary
drill-bit ]T‘Fﬁ“é"sﬂn i 298 DT St EFER T N ‘(h)e%‘:t‘ B H* the macro-cracks
thus pr Odmlltaﬁ;ﬁﬁeai@taerdl %@édﬂa&@b@lynam c crack propagation zone ahead

of the rotary driI 13Acotr0| ar at.u nfl red t erformthe
met hod of any one® %{?F&F%n‘fe fo fﬁlhﬁhé?%p Zf 915 ?\'&p%dul e

aCCOfding<iﬁi£ﬂﬁbiﬂﬁhﬁgn(&éﬂdﬁaﬂiﬂg)éhd 1nteract1ng w1th the material
being drilled;

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

C}) estimate the shape of a resonance curve;

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

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

resonant frequency.

11. A method according to any one of claims 7 to 10,
wherein the rotational and high fregquency axial oscillatory
loading of the rotary drill-bit are adjust autonomously in

response to current drilling conditions.

12. A method according to claim 11, wherein the rotary
drill-bit is controlled to impact on the material through
which the rotary drill bit is passing to produce a first
set of macro-cracks, and to rotate and impact on the
material a further occasion to produce a further set of
macro-cracks, the rotational and oscillatory movements of
the rotary drill-bit being synchronized to promcte
interconnection of the macro-cracks thus produced, to
create a localized dynamic crack propagation zone ahead of
the rotary drill-bit.

13. A control apparatus configured to perform the method
of any one of claims 7 to 12 when mounted in a drilling

module according to any one of claims 1 to 6.



