WO 02/ 099241 PCT/ US02/ 03386 NMETHOD AND APPARATUS FOR DETERM NI NG DRI LLI NG
PATHS TO DI RECTI ONAL TARGETS Field of the Invention This invention provides
an i nprovwo maebdzed and apparatus for determ ning the trajpeatusoyo03zBe
boreholes to directional and horizontal targets. In particular, the
| nproved techni que replaces the use of a prepl anned drilling profile with a

new opti nmum profi l Xﬂﬁ Iﬁgf such that the
borehole from the sur ace t ?argets has reduce tomom ty conpared
with the borehol e t hBRILLINGPATHS T¥(0 DIRBGTIONAL SARGESS profile. The
present invention also provides an efficient method of operating a rotary
st eerabl e dj rech)t' n%I tooI using inproved error control and m nim zing

i ncreases i P‘ifg‘@ PRERUGM, st be applied at the surface for the drilling
assenbly to reach the target. Background Controlling the path of .a
directional Iy dr{hisdavessenpsrades anmprevseimethed and,apnarates £ determBiag
rotation of I | | 3¢ efd I'1ing,
pl anned bor é—%t’{faé&'i%rgro;fgt{og%é Slstg\éﬁlfré%}&z%%%? |h§§g§1t§1 raﬁcé lti %Plé%lg cHsléect i on,
a curved sggirows teahitiqae s¢pladeglthe nenoff ar;trepiaﬂmededrﬂlmgn pmﬁleemdh aenetvar get.
The vertical . drillipg secti pes n se signifjicant pr

di r ect i onal ORBRERFIO lﬁé}tlatr“éﬁ’g’ie ulsgéjag@f Whtsgr‘ieﬁ%acrb@@ht%ﬁfbof‘%@ oI e
assenbly. HyWeyfhee RNGE tdpéis q%%é FduB& to?t%ﬁ%édfnﬁ?é’d B 3hd B&@h&l@‘%ha\f%t i cal
segnment, directiona cont econes extre Important. Fig. 1

i | | ustrat esfoacedr mpfoélnweﬂletpxaphnmadr profide. wdbna meslent:hwomtﬁorpolusmprwrd@s)ala

t ar get Tu5| a broke ine AL The kic off 0|nt KP. may correspond.to the
end of ?ﬁ[%'g}e&hfn%ﬂff’tape@%%@n’fﬁw HS?HCEY‘H F%f}if‘f%‘}ﬁ PPHSI Bt ace
for dril ' | NG &M@nie] fnd mhﬁnﬁﬂﬁg f&'ﬁéﬁ@és 191%51‘%1116 ramt snulst 6K afifedn@iiY sue@Bs esponds
to coordinates where the dril I's assuned to be during drilling. The

assumed ki cfordlid drplbnglassanﬂblsatﬂmmh tHe targetbi t

Background

Controlling the path of a directionally drilled borehole with a tool that
permits continuous rotation of the drillstring is well established. In directional
drilling, planned borehole characteristics may comiprise a straight vertical section, a
curved section, and a straight non-vertical section to reach a target. The vertical
drilling section does not raise significant problems of directional control that require
adjustments to a path of the downhole assembly. However, once the drilling
assembly deviates from the vertical segment, directional control becomes extremely
important.

Fig. 1 illustrates a preplanned trajectory between a kick-off point KP to a
target T using a broken line A. The kickoff point KP may correspond to the end of A
a straight vertical segment or a point of entry from the surface for drilling the hole.
In the .former case, this kick-off point corresponds to coordinates where the drill bit
is assumed to be during drilling. The assumed kick-off point and actual drill bit
location may differ during drilling. Similarly, during drilling, the actual borehole
path B will often deviate from the planned trajectory A. Obviously, if the path B is
not adequately corrected, the borehole will miss its intended target. At point D, a

comparison is made between the preplanned condition of corresponding to planned
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| ocation may differ during drilling. Simlarly, during drilling, the actual
borehole path B will often deviate fromthe planned trajectory A

Obvi ousl ywa dv/mymipath B is not adequately corrected, thedworsbossew ||
mss its intended target. At point D, a conparison is nade between the
prepl anned condition of corresponding to planned -1 WD 02/099241

PCT/ US02/ 03386 oint pn rve and.t he_act ual sition. .Conventionally,
when such aPags PREHET £ 8nd gL BOBEmhec ioEontbo e ot SRHBECDE h, i he
di rectional oBgdriddEhetivesh RCActudl RBd phasedphth, BRCHirtRichREdSNddedizbotPtirNned
path A for the wel|. Thus, the conventional directional drilling

adj ust ment pesgblebackfe theprigwel plasned@neh defor dleg weh. dilnecths coneentignalh

t owar ds t he ;Qri.qi ¥l ath_A. wev.e if this | ecti,on. i s nhot
correct ed adarhbndrBAARRRaY Jedlineh RV Hehectiohs. el AiesoH bk Fhe
target. Theatf ayverda tiseefipilallpldnged ipath nealH@never e 8¢ Mepkdtiont Rener i gi nal
pl anned path A There are several known tools designed to inprove

di recti onal cerregted pgainFdhe paftaryiilecominkeRn ATEECHon paway Traik " the otazgey: )
t bl . , d azi nut
St eer a0l e SYBERISER A AARBHo| PO PRIy P S BB Pl e T

cl osed | oop cont rMhkresyrs beverdlknowhaosie dedigngdab vipsevet ditectiohat driflidd) Fer smal |
i ncrements above 3}98 bel ow t he jé&tended path. Simlarly, Cancto has

devel oped ackaTeleyBAKIS RUPROSy S et o Festeblasveiel) wise SEIPS89 199Povi di ng
re ot usedUn i Rebi e AL AT AT SR KL LIEMRARS on ERE MRS Sose
t he tool s dprepidnnadiealuas. eThe closaut loop centrol aystem is aitersxdedAn pexmisel the hible
PSR I N T v a——
into. a COWI@ﬁedVﬂ‘f&%/}yis%e%ﬂé T}@fen{ it gé(;l‘}’m{l‘éjﬁ %rafe%ﬁig'y?hrgpfroa_im@aa{n%?%ﬂgg of

the trajectory i's provided whil’'e the t s at™t ace,

conput er i s foabsedbemthigbleaseanady. iHuwevehdhdsertedls|typicitt ammoatusedpotdd t o

reduce the ?hrED\lJJVQﬁboc%fe htag rretza% esci %%oﬁgnst?aigl?ttr?m,b Because the tools do not adequately
control curvature rates.

An example of controlled directional drilling is described by Patton (U.S.P.
5,419,405). . Patton suggests that the original planned trajectory be loaded into. a
computer which is part of the downhole assembly. This loading of the trajectory is
provided while the tool is at the surface, and the computer is subsequently lowered
into the borehole. Patton attempted to reduce the amount of tortuosity in a path by
maintaining the drilling assembly on the preplanned profile as much as possible.
However, the incremental adjustments to maintain alignment with the preplanned
path also introduce a number of kinks into the borehole.

As the number of deflections in a borehole increases, the amount of torque
that must be applied at the surface to continue drilling also increases. If too many
corrective turns must be made, it is possible that the torque requirements will
exceed the specifications of the drilling equipment at the surface. The number of
turns also decreases the amount of control of the directional drilling.

In addition to Patton ‘405, other references have recognized the potential

advantage of controlling the trajectory of the tool downhole. (See for example,
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mai ntaining the drilling assenbly on the preplanned profile as nuch as
possi ble. However, the increnental adjustnments to maintain alignment with
t he prepl wonedopaat h al so i ntroduce a nunber of Kkinks i nt ®@dimesobosashol e. As
t he nunber of deflections in a borehole increases, the anount of torque
that nmust be applied at the surface to continue drilling also increases. I|f

requi ronent Loy P8, oot bRen Lo s WORREHS nd sl St ot

the s ur fac €58 i[’i%syl!l fIb_ﬁés Bden Walr fbféo@ljﬁézl ﬁ@@ﬁ&ﬁr&a&ptdaﬁlp%@me tpoglfioﬁ entyeol of
the directional drilli n?. In addition to Patton 405, other references have
e,

recogni zed bawehplstdonnbale, onelwmst prpvidsfa wesns for phning Kke denih o€ thsrspresy t he

) oy A gy AR ST
5812068) . | thehasvdyaRpthsrlownherRo dhezekicludat i n order to conpute the position

of the borehol e downhol e, one nust prqvide a nmeans for defining the depth
of the survédy USRS colanteiowherds en thebetipmrholoassamblys ((Pattony 8 hbe) have been

Cdentified o ' . g "
Usi ng count & TiAdcr dhiep Bpfult 6 RBRATN R 20uding IUET Gl s ipm,
Pl aci ng magnetlicole asekblys (Pattdnh8341886Rt i on and reading themwi th the bottom

hol e assenbly, (Pat.ton 341886) 3. Recording the |engths_ of drillpipe that
will be addéd Resordingdhe ﬁ%&t 5 plgdiilipipe, dhat ikl be Bfldeh 1o g @ﬂﬁ%‘%& in, fe

surface and tNeRuSRLCULEL1NG of B SHEUPINAIERA RSIGLEARY hdnde) byPBobengt hs

downhole. (Wtte ese downhol e syStens hdve ‘reduced the
time and comuhe datlpipedengtiesdawnthede. (@ViecFB8o%93%). f ace drilling station and

t he downhol e LLLi assenply, no technique g kpown that adequately

addresses ni nid\%éhilF ntg‘giengo‘t"gﬁ‘?%ﬁ SiEgs Jpavg Wﬁ??qdeﬁ‘e B eatid COMBIRKAROMSnal  or

hori zontal {&b@REs between a surface drilling station and the downhole drilling assembly, no
technique is known that adequately addresses minimizing the tortuosity of a drilled

hole to a directional or horizontal target.

Summary of the Invention

Applicant’s invention overcomes the above deficiencies by developing a
novel method of computing the optimum path from a calculated position of the
borehole to a directional or horizontal target. Referring to Fig. 1, at point D, a
downhole calculation can be made to recompute a new trajectory C, indicated by
the dotted line from the deviated position D to the target T. The new trajectory is
independent of the original trajectory in that it does not attempt to retrace the
original trajectory path. As is apparent from Fig. 1, the new path C has a reduced
number of turns to arrive at the target. Using the adjusted optimum path will
provide a shorter less tortuous path for the borehole than can be achieved by
readjusting the trajectory back to the original planned path A. Though a downhole
calculation for the optimum path C is preferred, to obviate delays and to conserve
communications resources, the computation can be done downhole or with normal
directional control operations conducted at the surface and transmitted. The
transmission can be via a retrievable wire line or through communications with a

non-retrievable measure-while-drilling (MWD) apparatus.
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Summary of the Invention Applicant's invention overcones the above
deficiencies by developing a novel nethod of conputing the optinmum path
froma calvouawediposition of the borehole to a directi orralT/ws02/k8385 zont al
target. Referring to Fig. 1, at point D, a downhol e calculation can be
made to reconpute a new trajectory C, indicated by the dotted Iine from

the deviated posifion Dta the target T. The new trajectory .i.s independent
of the. ori gi nal - B eemigng die it gsts Dasa o (Bdiseeb pbsiipnal ke

original trahREbRI ¥ahabdeh dtvdyS tRPRATERbN dRMiELDthelshabbOMBY RAEHHIC has a
reduced nunber of turns to arrive at the target. Using the adjusted

opt i mum pat Prilling to gheauget mayhthen eprotesdsint aecoudmse [yith theo pptithembpatbhol e
t han can be atchi evgd by readjusting the trajectory back to the original
pl anned pat ACK™PAIOYN a downhol e cal culation for the optinum path Cis

preferred, to obuhatigvelRlonyfecasiizdsthaOMEesptEnE ORATEIbISAfor Alifecti@sPWhaes, the
conput ati on can be done downhole or w th normal irectional control

oper ati ons &eraudalcdrsets eamsistuef aceriemel ciradamaretdedlectione andr wraight deon can

be via are vabl tre. || rou nj ions:. W Lh..a .
non-retri evtgﬁrgen?fséagj\rg‘g-e \g/\ih%ag?aé%tltk%nl{gg %?%pg§gﬁ%§?§lp %ﬂ é]@ﬂbﬁ %§t§241
PCT/ US02/ 0338fih By eastceodpdihategcdnbe fathdstUffomaddy puisesbod it With acéittalar
position of the borehole after each survey, the invention optimzes the

shape of théhseanente olloyed |Gyhg tsHatghb Iéli/?r gegmaaly t hBe Wveioag fimther
that the. optrbrodn el PR tes A ELTIAR Alinerth BUEL e RO pRRRYN S

consi sts of ofitleamptieumopathicateulatiopnar ¢ defl ections and straight Iine
segnents. A directional target that is defined only by the vertical depth

and its north an ast coordi pates can be reached from any point above it
with a ci rcéﬁrﬁﬂerreg'rlgni’éaﬁﬁ?ﬂtsf’gfm@%@anby a straight line segnent. The
i nvention further . . . )

Preferred embodiments of the invention are set forth below with reference to

the drawings where:

Fig. 1 illustrates a comparison between the path of a conventional corrective
path and an optimized path determined according to a preferred embodiment of the
present invention;

- Fig. 2 illustrates a solution for an optimized path including an arc and a
tangent line;

Fig. 3 illustrates a solution for an optimized path including two arcs
connected by a tangent line;

Fig. 4, illustrates a solution for an optimized path including an arc landing
on a sloping plane;

Fig. 5 illustrates a solution for an optimized path including a dual arc path to
a sloping plane;

Fig. 6 illustrates the relationship between the length of line segments
approximating an arc and a dogleg angle defining the curvature of the arc to
determine an optimized path according to a preferred embodiment of the invention;

Fig. 7 illustrates a first example of determining optimum paths according to

a preferred embodiment of the invention;
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approximates the circular arc segnents by linear elenents to reduce the
conplexity of the optinmum path cal culation. Preferred Enbodi nents of

| nvent i onwigy @fpesa4ed enbodi ments of the invention are set fpridkobasgyw Wi th
reference to the drawings where: Fig. 1 illustrates a conparison between
the path of a conventional corrective path and an optim zed path

determ ned according to a preferred enbodj nent of the present inyention;
Fig. 2 illustratBg 8 iHeymatesgreeed eampit ?ﬂﬁez@anwag wptlmmth@a%ﬁrda% and a

t angent i ng;, Kl rrgaehlbloﬂ gﬁ%@@e%%qng on for an optimzed path including
ecte

two arcs con angent lTrne; Fig. 4, illustrates a solution for
an optim zed patRig @cilhﬂtratgs arboaﬂom ha]echsn@nblgmfaars pgeratgs peemdingRioga 5

|IIustratesasqut|o for aptim zed path including a dual arc path to
a sl oping pPgffer Gn?t}tlogglerl ydioppand; o| at i onshi p between the |ength of

line segnents ig o] hﬁ&s a3 oRh GedREnR BRAbEGIARY Rictaldifd Athikdigh

curvature of the arc to etermne an optimzed path according to a
preferred eabeduregpathsof the invention; Fig. 7 illustrates a first exanple

of determ ning opfinu ths accordjing taq. ef erred .enbodi t he
S GLION T SR R N AR R

exanpl e of et ahcn 'hag b@é}i FﬁMﬁh@@%?&h@%ﬁéﬂaﬁ@etﬂo%uﬁl Rasehe e cpanbadi rrent

of the invention,; | ustrateés a bottom hol e assenbly of an apparatus

accordi ng tDb26”. Egeﬂ@rlﬂlsdtrzéﬁﬁ)ﬁm keawnogeonteri¢ meletinnship; cemahonly used by

directional drillers to determine a minimum curvature solution for a borehole path.

In the known relationship, the following description applies:

DL is the dogleg angle, calculated in all cases by the equation:

cos (DL) = cos (I - I;) - sin (I;) * sin (Ip) - (1 - cos (Az - Ay))

or in another form as follows:

cos(DL) = cos(Az-A;)esin(l;)esin(I,) + cos(l;)ecos(Iy)

Since the measured distance (AMD) is measured along a curve and the
inclination and direction angles (I and A) define straight line directions in space, the
conventional methodology teaches the smoothing of the straight line segments onto
the curve. This is done by using the ratio factor RF. Where RF = (2/DL) + Tan
(DL/2); for small angles (DL <.25°), it is usual to set RF = 1.

Then: ANorth = AMD

[sin (I;) - cos (A1) + sin (I2) - cos (Az)] - RF

AEast = AMD [sin (I}) - sin (A;) +sin (Ip) - sin (A2)] - RF

AVert= AMD

[cos (I) + cos (I)] - RF

Once the curvature path is determined, it is possible to determine what
coordinates in space fall on that path. Such coordinates provide reference points
which can be compared with measured coordinates of an actual borehole to

determine deviation from a path.



Fig. 10 illustrates a known geonetric relationship for determ ning m ninmum
curvature paths. The nethod of conputing the coordi nates along a circul ar
arc path w® ombda41 known and has been published by the AmerdcgainsoResisel eum
Institute in "Bulletin D20". Fig. 10 illustrates this known geonetric

rel ati onship commonly used by directional drillers to determ ne a m ni num
curvature solution for a borehole path. In_the known rel ationshi t he

fol | owi ng descri phe &ethgsls| andstools) toj abtaincackipd msgsyREcats Qfa‘lhéthogf)%ﬁ‘i”lﬁ al |
cases by th eYa = . PUN IS BTSN - , j 1 -
coss(ay) - NSNS ' asSiRuhidD aepufORibisth and iclingRpd abd sgbneriff! wdiR)
cos(A2- Al ) s kngwi.) Fon {dsBince; ngﬂ USE @salzms, :W:m:m Uedmasm,e@bmmlt HSBel ( AI\/([j))
i s al ong a curve t incljnation i rection angle

A) dot ﬁéesééé%%ﬁt ang }%{réttw%@c’i@g@ ﬂ?ﬁcgl{a%@@?w mmnﬁ Maqxt%&tﬁ%ém SSy

teaches theuyapL Qe e _cfohgo@hﬁgaoghhe'ih%ﬁ%ﬁg%nﬁﬁmeﬁtdesc BnCWIY §e THi S
actor RF. (2/DL) -

I's done by using the ratio Were RF = an (DL/2); for
smal | angl eprovidledon 125) theset measuresueals 4re obkine®F = 1. Then: ANorth = AMD [sin

(Ir) - cos (A) #,.si 12 os (A2).]. AEast = AMD [sin (| - sin (A
Valn (12 ‘o n doyeh Pierto afidvs S0 iped bl detae e fpdriigisale ' he
curvature pahhrd, Sh&l@dBl BT RCavailhble SuPRYSdqRhBortsOisAfis8itdB1e SoRbrsizOPedi nat es
in space fall on that path. Such coordinates provide reference points

whi ch can bgrasesspde edalailets rthaseiraudprc gur dipseificstiars dronaceciadl bosasheside t o
determ ne devi gt i Qn fr.om a b th -5 W. 0 6( 09924e]I P¢ / %02/ 03386. The
ot hoos. and UIERTo Tt BER Lty OR AR DL ghorind TR Rinec e
32 Islerrbl Y, sysdifantioRass e cHedbh arahddirhighh tink nekmeats i ARt afcengrieartal | y
calculate the optimum trajectory from a point in space to a directional or horizontal
target. The improved procedure is based on the observation that the orientations
and positions of the end points of a circular arc are identical to the ends of two
connected straight line segments. The present invention uses this observation in
order to determine an optimum circular arc path based on measured coordinates.
As shown in Fig. 6, the two segments LA are of equal length and each
exactly parallels the angle and azimuth of the ends of the. circular arc LR.
Furthermore, the length of the straight line segments can easily be computed from
the specifications of the circular arc defined by a DOG angle and radius R to define
the arc LR and visa-versa. In particular, the present inventor determined the length
LA to be R * tan (DOG/2). Applicant further observed that by replacing the
circular arcs required to hit a directional or horizontal target with their equivalent
straight line segments, the design of the directional path is reduced to a much
simpler process of designing connected straight line segments. This computation of
the directional path from a present location of the drill bit may be provided each
time a joint is added to the” drill-string. Optimum results, e.g. reduced tortuosity,
can be achieved by recomputing the path to the target after each survey.
Tables 1-4, below, comprise equations that may be solved reiteratively to

arrive at an appropriate dogleg angle DOG and length LA for a path between a



known. For instance, Wsler USP 5812068, Warren USP 4854397, Coneau USP
5602541, and Wtte USP 5896939 descri be known MAD tools. To the extent that
t he neasuwenerwe4do not inpact the invention, no further deaeviopossn wl |
be provided on how t hese nmeasurenments are obtained. Though Fig. 10 all ows
one skilled in the art to determ ne the coordi nates of an are, the form of
the avail ab t | 0 \, rocess to
cal cul ate t{zu“g-re?:lwocc% oﬁ"%g%cdrgfplggl |ca lilFr%?l)gr% 68.% %t %ggﬁ%gﬁabl& e

coor di nat esdefiied apfelfsys: | nvention | ncI udes a novel rret hod for determ ning
the specifications of the circular_are and straight |line segnents that are
needed to calculate the optinum t ABeHAYTE r om a point in space to a
directional or horizontal target. The inproved procedure is based on the
observation that the orientations and positions of the end points of a
circul ar arAZPife i demdinath dDiht déreativisofalip fosam slapimneacget glasier ai ght  HegWorth
segnents. TAwr preseﬂtAzlﬁmqnangwfmﬁﬂsoﬁ]hn S observation in order t 0deg North
determ ne aropti nwn@drpgtg{@{atea&ca@f&mgﬁsed on neasured coordi nat g&/1 s

shown in Figpa 6, the dwo, ﬁg&%ﬁ r@irlllafgeal | ength and each exasd Yy
parallel s tgyg angl e r% fcthe- circular arc LEbg/IOOft

Furtherm)r he | en str lhe segrrents can easily b

comput ed fr the s fe elné:atblet\y_lesen aﬁ@ %u .ar. are de(f1 d

angl e and FS@?LS o S e bebiRen aro R Wi ghd s Pﬁ&ﬁartl W e
present inventor det &PRFNEHV¢he length LA to be R* ta Appl i cant
further obd¥h%&d thatDlﬁg?r‘?néEbé%’Y%Qa@ﬁéﬁhéﬁth@bP@Pmag@@dP%Qﬁhéd to ﬁ?& a
directional or horizdaweatcurds¢get with their equivalent straight |ine
segnent s, thigASesi gn Histerlyalistamoedtetvoceal twpgoints s reduced to a nuch fisi npl er
process of Di@si gni ng Catioslehglt oftarstopgngd takdan plane greanirsd ddwh Sroaoaput dég on of

t he directional pathffomafh@lpl@ﬁ@ent | ocation of the drill bit may be

provi ded eggyp ti n&q)ﬂs@hgébé@e@lgg@@ &gtst he drill-string. Qptinmum gesults,
e.g. reducgg\HRrt uasivgyher g.%) iftgconputing the path o the
target af t gjpgach sur o%xlchﬁ?iﬁsd&eoﬁm fRRLIRRuAAYAL | Ons thgl, may be
sol ved rei tr%érll vely

H-)

~ 1 Pference between inclination angles of the circular arc deg

DOG2 = Difference between inclination angles of the circular arc deg
DOGA = Total change in direction of the upper circular arc deg
DOGB = Total change in direction of the lower circular arc deg
DTVD = Vertical distance between two points ft
DVS = Distance between two points projected to a horizontal plane ft
EAS = East coordinate ft
ETP = East coordinate of vertical depth measurement position ft
HAT = Vertical distance between a point and a sloping target plane, (+) ft

if point is above the plane
INC = Inclination angle from vertical deg
LA = Length of tangent lines that represent the upper circular arc ft
LB = Length of tangent lines that represent the lower circular arc ft
MD = Measured depth along the wellbore from surface ft
MDL = Measured depth along tangent lines ft
NOR = North coordinate ft
NTP = North coordinate of vertical depth measurement position ft
TARGAZ = Target azimuth for horizontal target deg North
TVD = Vertical depth from surface ft
TVDT = Vertical depth of a sloping target plane at north and east ft

coordinates
TVDTP = Vertical depth to a sloping target plane at NTP and ETP ft

coordinates



arrive at an appropriate dogleg angle DOG and |l ength LA for a path between
a -6 WD 02/099241 PCT/US02/03386 current location of a drill bit and a
target. Iweaaooai the tables, the variables are defined ms/fwblsiss:
Nonencl ature AZDIP = Azinmuth of the direction of dip for a sloping target
pl ane deg North AZ = Azinuth angle from North deg North BT = Curvature
rate of a circular arc de /100 ft BTA = Curvature rate of, the 12
circular arc degFenc fand e ehevyalhe rosess efopy qswqgo%eﬁh“’(%l?'éﬁl%art arc
deg/ 100 ft Qﬁlﬁ“ C DIV ff.erence
bet ween azi(r:rut %Itlé)t h‘f‘eﬁ‘@gﬁu %ﬁ?ﬁg@%b Wsﬁgﬁ@g"e@%&%er c&?a\;gsg,&lz% =

Di f ference tietotmeeal tagetrut h at t he begi nning and end of the deg |ower curve
DEAS = Easterly distance between two points ft DIP = Vertical angle of a
sl oping target plane neasured down frpyple deg horizontal plane DVD =

D stance between two points ft DNOR = Northerly distance between two
points ft = Total .change in direction betwen, ends of a circular arc
deg DOGL = Di ffereéi@egngwapﬂcf[‘aﬂgﬁnﬁﬁpanBl’é%:t&n%lhrEaEg‘?tcul ar arc deg
DO&X2 = Difference between inclination angles of the circular arc deg DOGA
= Total change in direction of the upper circular arc deg DOGB = Tot al
change in djres '_gspj%[gf the lower circular arc deg DTVD = Vertical distance
bet ween two “nt

Starting position: MD(1), TVD(1), BAS(1), NOR(1), INC(1), AZ(1)

Target position: TVD(4), EAS(4), NOR(4)

LA=0 )
MDL(1) = MD(1) @)
MDL(2) = MDL(1)+ LA 3)
MDL(3) = MDL(2)+ LA 4)
DVS = LA - sin[INC(1)] (5)
DNOR = DVS - cos|AZ(1)] (6)
DEAS = DVS -sin[AZ(1))] (7)
DTVD = LA - cos|INC(1)] (8)
NOR(2) = NOR(1)+ DNOR ©)
EAS(2) = EAS(1)+ DEAS (10)
TVD(2) = TVD(l)+DTVD (11)
DNOR = NOR(4)- NOR(2) (12)
DEAS = EAS(4)-EAS(2) (13)
DTVD = TVD(4)-TVD(2) (14)



DVS = Distance between two points projected to a horizontal plane ft EAS =
East coordinate ft ETP = East coordi nate of vertical depth neasurenent
posi tion {o o2iddd24F Vertical distance between a point and @ GoBsEar get
pl ane, (+) ft if point is above the plane INC = Inclination angle from
vertical deg LA = Length of tangent |lines that represent the upper
circular arc ft LB = Length of tangent lines that represent the | ower
circular arc ft MD = Measured, depth along the wellbore fromsurface ft
MDL = I\/basuDé\éSdéle@l%ﬁ-eD@AtSi gent lines ft NOR = North coordi nate {i5) NTP
= North coordinate of vertical depth nmeasurenment position ft TARGAZ =
Target azinmuth for horizontalytarget deg North TVD = Vertical depth from
surface ft W@F@%rfma\mdyepth of a sloping target plane at nor t h(nd
east ft coordinates TVDIP = Vertical depth to a sloping target plane at
NTP and ETPmL(zgmmler(g).egm WO 02/ 099241 PCT/US02/03386 Fig. 2 apg)
Tabl e 1 show the process’ for designing a directional path conprising a
circular arc followed by %/ rai ght tangent section that |ands on a
directional IN@(%%IarcT L éél ngle Curve and Tangent to a Directionajig

TA Sta

Target G VEN: tDTgDposi tion: NMD(I1), TVD(l), EAS(1), NOR(I),
INC(1), AZ(I)
DEAS
AZ(3)=arc tan(DNORj (19)
DAZ = AZ(3)- AZ(1) (20)

DOGA = arc cos{cos(DAZ)- sin[l'NC(l)]- sin[INC(3)]+ cos[INC(l)]- cos[INC(S)] }oo@

100180 tan(DOGAJ )
BTA -7 2

Repeat equations 2 through 22 until the value calculated for INC(3) remains
constant.
MD(3) = 1\/£D(1)+——————100]'32§GA (23)
MD(4) = MD(3)+DMD - LA (24)
DVS = LA -sin[INC(3)] (25)
DNOR = DVS-cos[AZ(3)] 26) .
DEAS = DVS-sin[AZ(3)] : @7)
DTVD = LA - cos[INC(3)] (28)
TVD(3) = TVD(2)+ DTVD (29)
NOR(3) = NOR(2)+ DNOR (30)
EAS(3) = EAS(2) = DEAS (31)



Target position: TVD(4), EAS(4), NOR(4) LA =0 (1) ML(1) = MX1) (2)
MDL(2) = MDL(1) + LA (3) MDL(3) = MDL(2)+LA (4) DVS = LA sin[INC(I)] (5)
DNOR = DWyo @asdAZ(1)] (6) DEAS = DVS sin[AZ(1))] (7) Dodasezbssse

cos[ INC(1)] (8) NOR(2) = NOR(1) + DNOR (9) EAS(2) EAS(1)+DEAS (10)
TVD(2) = TVD(1) + DTVD(11) DNOR = NOR(4) - NOR(2) (12) DEAS = EAS(4) -

EAS(2) (13) DTV - T\ 4 02/.09924 S02/ 03386 DVS
= (EN)cR(z +)DEA32) Ebzg({ gfzciw&f 3@%%53%5 SpigRinNg tﬁw%ﬁ LGS + DVD
(17) I NC(3}wo cﬁétﬂatt &8s E%\ﬁﬁra(téeﬁﬁ a QTM&’(%%E Teft 18 qlifdll 9FORH d@ectiBhR DAZ =

AZ(3) - AZ(1l) (20) = arc cos{cos(DAZ) " sin[INC(1)] sin[INC(3)] +
cos[ INC( 1) ] targesdhat mqlgglqs rpqyigements far themuy @agletaad(az (22)

Table 2

Two Curves with a Tangent to a Directional Target

GIVEN: BTA, BTB
Starting position: MD(1), TVD(1), EAS(1), NOR(1), INC(1), AZ(1)

Target position: TVD(6), EAS(6), NOR(6), INC(6), AZ(6)

Start values: LA =0 (1)

LB=0 )
MDL(1) = MD(1) 3)
MDL(2) = MDL(1)+ LA (4)
MDL(3)= MDL(2)+ LA (5)
DVS = LA - sin[INC(1)] (6)
DNOR = DVS- cos[AZ(1)] 7
DEAS = DVS-sin[AZ(1))] (8)
DTVD = LA - cos|INC(1)] ©)
NOR(2) = NOR(1)+ DNOR (10)
EAS(2) = EAS(1)+ DEAS (11)
TVD(2)= TVD({)+ DTVD (12)
DVS = LB sin[INC(6)] (13)
DNOR = DVS - cos[AZ(6)] (14)
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BTAt 2 Repeat equations 2 through 22 until the value cal culated for | NC(3)
remains constant. MD(3) = MD(1l)+ 100 DOGA (23) BTA MDX(4) = M) 3)+DMD -
LA (24) W62m9dA1 Sin[INC(3)] (25) DNOR = DVS cos[ AZ( 3)dcti@dio3IsEAS =

DVS sin[AZ(3)] (27) DITVD = LA cos[INC(3)] (28) TVD(3) = TVvD(2)+ DTVD

(29) NOR(3) = NOR(2) + DNOR (30) EAS(3) = EAS(2) = DEAS (31) -9 WO

02/ 099241 PCT/ US02/03386 Fig. 3 and Table 2 show the procedure for

desi gni ng the path t hat res two circular arcs separated by a straight
li ne segmenP. Y&Azzéi:h a directional target that includes

requi renents for the entry angle and azimuth. Table 2 Two Curves with a

Tangent to g7 eqtp an,@[ @g)? G VEN: BTA, BTB Starting position: g@@l)
TVD(1), EAS(1), NOR(1), IN AZ(1) Target position: TVD(6), EAS(

(NSO)?(G) |N%8R(Sf£(l\%R%art NG ues: LA =07(1) LB=0(2) ML(1) w%>1(7

EAS(5)=EAS(6)~DEAS (18)
TVD(5) = TVD(6)-DTVD (19)
DNOR = NOR(5)- NOR(2) (20)
DEAS = EAS(5)~EAS(2) Q1)
DTVD =TVD(5)-TVD(2) (22)
DVS = (DNOR2 +DEAS? )”2 (23)
DMD = (DVS? + DTVD?)"* (24)
INC(3) = arc ta;n( D]?l}\,/?)) (25)
DEAS
= 6
AZ(3)=arc tan( DNOR) (26)
DAZ = AZ(3)- AZ(1) 27)

DOGA = arc cos{cos(DAZ)- sin[INC(1)]- sin[INC(3)]+ cos[INC(1)]- cosINC(3)] ] (28)

_100-180 tan(DOGA) 29
BTA 7 2
DAZ = AZ(6)— AZ(3) (30)

DOGB = arc cos{cos(DAZ)- sin[INC(3)]- sin[INC(6)]+ cos[INC(3)]- cos[INC(6)] }  (31)

[ B - 100-180 an(DOGB) 32)
BTB- 7 2

-11-



MDL(2) = MDL(1) + LA (4)
(6) DNOR = DVS

cos[AZ(6)] (14)
(15) DTVD = LB
EAS(6) -
DEAS = EAS(5) - EAS( 2)
DEAS2) 112 ( D3jS =DND

cos[AZ(1)] (7)
COS[lNC( 1w 020099241 NOR(2) = NOR(1) + DNOR (10)
TVD(2) = TVD(1)+ DTVD (12)

MDL(3) = MDL(2) + LA (5)
DEAS = DVS

DVS = LB

DNOR DAZ = AZ(3)

DNOR = DVS - cos|AZ(3)]

DEAS = DVS-sin[AZ(3))]

DTVD = LA - cos[INC(3)]

NOR(3) = NOR(2)+ DNOR

BAS(3) = EAS(2)+ DEAS"

VD(3) = TVD(2)+DTVD

INC(4) = INC(3)

AZ(s)= AZ(o)

DVS = LB-sin[INC(4)]

DNOR =DVS- cos[AZ(4)]

DEAS = DVS -sin[AZ(4))]

DTVD = LB-cos[INC(4)]

NOR(4) = NOR(5)— DNOR

EAS(4) = EAS(5)- DEAS

TVD(4) = TVD(5)~DTVD

MD(3) = MD({)+

100-DOGA

BTA

MD(4) = MD(3)+DMD - LA ~LB

MD(6) = MD(4) +

100:DOGB

BTB

-12 -

Si n[AZ(l))] (8)

EAS(2) = EA%(sozosdsaS (11)
sin[INC(6)] (13)
-10 WO 02/ 099241 PCT/ US02/ 03386 DEAS = DVS

RS efiatonny Srote D INGRs pable DAk = NOR(S) -
DTVD = TVD(5) - TVD(2) (22)

(21
ms:é)] +DTVD2) 1/ 2 (24)

AZ(3) = arc tan DEAS (26)

DVS = LA sin[INC(1)]
DTVD = LA

DNOR = DVS

si n[ AZ(6) ]
DNOR (17) EAS(5) =
NOR(2) (20)

DVS = (DNOR 2 +

INC(3) = arc tan DS (25§33)
- AZ(1) (27)

(34)
(35)
(36)
@7
(38)
(39)
(40)
@1
42)
43)
44)
5)
(46)
)

(48)

(49)

(50)

(D)



DOGA = arc cos{cos(DAZ) sin[INC(1)] sin[INC(3)] + cos[INC(1)]

cos[INC(3)] } (28) LA =100.180 tan DOGA (29) BTA?t 2 DAZ = AZ(6) - AZ(3)
(30) DOGRo2ape4¢0s{cos(DAZ) sin[INC(3)] sin[INC(6)]+ cosddido3hlsss
cos[INC(6)] } (31) LB =100.180 tan (DOG&B (32) BTB;,r 11\ 2 -11 WO

02/ 099241 PCT/ US02/ 03386 Repeat equations 3 through 32 until INC(3) is
stable. DVS = LA sin[INC(3)] (33) DNOR = DVS cos[AZ(3)] (34) DEAS = DVS
sin[AZ(3))] (35) DTVD = LA cos[INC(3)] (36) NOR(3) = NOR(2) + DNOR (37)

EAS(3) = EAS(2) ip %n(iB@Able BVEXoH the EMBGRdidn ?R@dﬁ@for ddetring th&C( 3)
(40) AZ(4) = AZ(3) (41) DVS = LB sin[IN I) = DVS
cos[ AZ( 4] sresificatbpmstor thysircwlpnh prszeqyiyqd (o4 Céryl @wn ROIRRIn #n9s¢ PRRYMI ] (45)

TVD( 5) DTV éra%;)nta?%ﬁg %}Wgﬁiﬁe E%)a(c gﬁ%%zgﬁtg dnl-{}{g)&raf’ ions,

the horizontal target is defined by a dipping plane in space and the azimuth of the
horizontal well extension. The single circular arc solution for a horizontal target
requires that the starting inclination angle be less than the landing angle and that the

starting position be located above the sloping target plane.

Table 3
Single Curve Landing on a Sloping Target Plane
GIVEN: TARGAZ, BT

Starting position: MD(1), TVD(1), NOR(1), BAS(1), INC(1), AZ(1)

Sloping target plane: TVDTP, NTP, ETP, DIP, AZDIP

DNOR =NOR(1) — NTP (1)
DEAS =EAS(1) - ETP )
/2
DVS = (DNOR2 + DEASz)l (3)
AZD = arc tan( DEAS ) 4)
DNOR
TVD(2) = TVDTP + DVS- tan: (DIP)- cos(AZDIP — AZD) ©)
ANGA = AZDIP — AZ(1) (6)

[TVD(2)-TVD(1)]- tan[INC(1)]

"~ 1-cos(ANGA)- tan(DIP)- tan[INC(1)] @
TVD(3)=TVD(2)+ X - cos(ANGA)- tan(DIP) @®)
NOR(3) = NOR(1)+ X - COS[AZ(1)] ©)
EAS(3) = EAS(1)+ X - sin[AZ(1)] | (10)

-13-



MX(4) = MX3) + DMD - LA - LB (50) MX(6) = MX(4)+ 100BDOGB (51) -12 WO
02/ 099241 PCT/US02/ 03386 Fig. 4 and Table 3 show the cal cul ati on procedure
for deterwigungodspe specifications for the circular arc ragut®dosRedrill
froma point in space above a horizontal sloping target with a single
circular arc. In horizontal drilling operations, the horizontal target is
defined by a dipping plane in space and the azinuth of the horizontal well
extension. The s ngI e circular arg,solution for a horizontal target

requi res thdtAt [EVD(%)@»TWB(Ia]thi on angl e be less than the | andi ndléngl e
and that the starting position be |ocated above the sloping target plane.

Table 3 Si n f.j Wﬂ?dl ng on a Sl oping Target Plane @G VEN TARGA% rPBT
Starting posi , TVD(1l), NOR(I), EAS(1), INC(1), AZ(1) Sl opi
target plane: DTP, NTP, P, .AZDI P = NOR(1) - NTP (1) DEAS
EAS(1) - ET \3 %@E@(M&D@&S@W | AM = arc tan DEAS DNGE) 4)
TVD(2) = TVDIP + DVS tan. (D P) cos(AZDI P - AZD) (5) ANGA = AZDIP -

AZ(1) (6) | ocl TR ko AT LN i{IOAG a(ﬂ:@& éas[mﬂh&b@@n) c(sJpn( DI P

R g&g%)A]Z( B/]D( ?29) " EAS(3) = EAS(1) XX si n[AZ(1)] (10) GO

BT = 1(;1 1;:;0 (D(;G) 15)
DVS = LA -sin[INC(5)] (16)
DNOR =DVS-cos[AZ(5)] (17)
DEAS = DVS -sin[AZ(5)] (18)
DTVD = LA - cos[INC(5)] (19)
NOR(5)= NOR(3)+ DNOR (20)
EAS(5)= EAS(3)+ DEAS (21)

VD(5)=TVD(3)| +DTVD (22)
MD(5) = m(1)+1—0-9%9 23)

For all other cases the required path can be accomplished with two circular

arcs. This general solution in included in Fig. 5 and Table 4.

Table 4

Double Turn Landing to a Sloping Target

GIVEN: BT, TARGAZ

Starting position: MD(1), TVD(1), NOR(1), EAS(1), INC(1), AZ(1)

-14-



-13 WD 02/ 099241 PCT/ US02/ 03386 LA= ~2+[TVD(3)-TVD(1)]21/2 (11) AZ(5) =
TARGAZ (12) INC(5) =90 - are tan {tan(DIP) cos[AZDIP - AZ(5)]} (13) DOG
= are coswepdloddsp) - AZ(1)] sin[INC(1)] sin[INC(5)] + oealwNehiash
cos[inc(5)]} (14) BT =100.180 tan DOG (15) LA .)r ( 2 J DVS = LA
sin[INC(5)] (16) DNOR = DVS cos[AZ(5)] (17) DEAS = DVS sin[AZ(5)] (18)
DTVD = LA cos[IN 19 = NOR(3) + DNOR (20 EAS(5) = EAS(3) +
DEAS (21) TVDE 5) %Sopm@%l‘ ) T@%@M)P& B)DIB, &@P&;’ l 1OOBE)O)G (23) |(:oa
all other cases the requi red path can be acconplished with two circular

arcs. This gamTR) =JOVDTPoINTP- doa m) fan(D1PY-— ET Pabic(AZDIR)- thn(DE)! e @)
Doubl e Turn Landing to a Sl opi ng Target GIVE BT, TARGAZ Starting

e e e Oy

TVDTP - NTP cos(AZDIP) tan(DIP) - ETP sin(AZDIP) tan(DP) (1) )
IN C(S) =90 —arc tan[tan(DIP)— cos(AZDIP - TARGAZ)] 3)
AZ(5)= TARGAZ (4)
DAZ = AZ(5)~- AZ(1) Q)
DTVD =TVDT(1)-TVD(1) ()
180 BT-lDTVDl-ﬂ' 12 |
DOG2 = ( )[ ] (7)
z 100-180

DOG1 = DOG2 + INC(1) - INC(5)

If DTVD >0 8
g INC(3) = INC(i) - DOGL ®)

If DTVD <0 DOGI1 = DOG2 - INC(1)+ INC(5) ©)

INC(3) = INC(1)+ DOG1
DAZI = ( Doal ) -DAZ (10)
DOG1 +DOG2
AZ(3)= AZ(1)+DAZI (11)
DAZ2 =DAZ-DAZI (12)

DOGA = arc cos{cos[DAZl]- sin[lNC(l)]- sin[]NC(3)] + cos[lI\IC(l)]-_cos[INC(3)]} (13)

DOGB = arc cos{cos[DAZ2]- sin[INC(3)]- sin[INC(S)]+ cos[INC(3)]- cos[INC(S)]} (14)

DMD=1LA+1LB ‘ (15)
LA = 100-180 tam DOGA (16)
7z-BT 2
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TVDT(1) = TVDTPO + NOR(1) cos(AZDIP) tan(DIP)+ EAS(1) sin(AZDl P)
tan(DIP) (2) INC(5) =90 - arc tan[tan(DIP) cos(AZDIP - TARGAZ)] (3)
AZ(5) = TSAAo¢A) DAZ = AZ(5)-AZ(1) (5) DIVD = TVDT(1) -pCiiodp3dsp) DOG2
= (180) C BT IDTVDI )r 112 (7) 100.180 If DIVD > 0 DOGl= DOG + INC(1) -
INC(5) (8) INC(3) = INC(l) DOGL If DTVD < 0 DOGl= DO& - INC(1) + INC(5)
(9) [INC(3) -INC&J DAZ ) DAZ1= DOGL + DOX (10 AZ(3) = AZ(1)
+ DAZ1 (11) 1, -DOf¥B1) (12) DOGA = arc cos{cos[ DAZ1] si n[|N(a(73)]
S|n[INC(3)]+cos[hN@ﬂ1) cogl | 3)]} (13) DOGB = arc cos{cos[ DAZ2]
sin[INC(3)] sin[INC(5)] + cos[INC(3)] cos[INC(5)] } (14) DVD=LA+LB (15)
LA =100. 180 %EA BT Il° 2 JJ -15 WD 02/099241 PCT/ US02/0 B
=100. 180 taﬂﬂggféy 'ﬁ%ﬁ&¢@h BT 2 /1 () DVS =LA sin[INC(1)] (18)?8§MER
= DVS - cos[AZ(1)] (19)

DNOR = DVS - cos|AZ(1)] (19)
DEAS = DVS -sin[AZ(1))] (20)
DTVD = LA - cos[INC(1)] 1)
NOR(2) = NOR(1)+ DNOR (22)
EAS(2)= EAS(1)+ DEAS (23)
TVD(2)=TVD(1)+DTVD (24)

TVDT(2)= TVDTPO+ NOR(2)- cos(AZDIP)- tan(DIP)+ EAS(2)- sin(AZDIP)- tan(DIP)

(25)
HAT(2)=TVDT(2)-TVD(2) (26)
DVS = LA - sin[INC(3)] + LB  sin[INC(3)] @7
DNOR = DVS- cos[AZ(3)] (28) |
DEAS = DVS -sin[AZ(3)] ‘ (29)
NOR(4) = NOR(2)+DNOR (30)
EAS(4)=EAS(2)+DEAS (31)

TVDT(4) = TVDTPO + NOR(4)- cos(AZDIP)- tan(DIP) + EAS(4)- sin(AZDIP)- tan(DIP)

(32)
TVD(4) = TVDT(4) (33)
HAT(4) = TVDT(4)- TVD(4) (34)
DTVD = TVD(4)-TVD(2) - (35)
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DEAS = DVS sin[AZ(1))] (20) DTVD = LA cos[INC(1)] (21) NOR(2) = NOR(1)
DNOR (22) EAS(2) = EAS(1)+DEAS (23) TVD(2) = TVvD(1l)+ DTVD (24) TVDT(2) =
TVDTP 0 +wid¥3(089241C0S(AZDIP) tan(Dl P) + EAS(2) sin(AZD Berianoilsh) (25)
HAT(2) = TVDT(2) - TVD(2) (26) DVS = LA sin[INC(3)] + LB sin[INC(3)]
(27) DNOR = DVS cos[AZ(3)] (28) DEAS = DVS sin[AZ(3)] (29) NOR(4) =

NOR(2) + 4;& ﬁ) EAS( 4) E(AE(Z + DEAS (31) TVDT(4) = TVDTPO + NOR(4).
Cos(AZDI P) HAEYPRE 0+ Eas(BYCB TH%AZDI P) tan(DIP) (32) TvD(4) = TBM(4)
(33) HAT(4) = TVDT(4) - TVD(4) (34) DTD = TVD(4) - TVD(2) (35) -16 WD

02/ 099241 PCT/ US02/ 03386 | F DTVD = 0 | NC(3 (36) If DTVD < 0 ING(3)
=180 + are tARTXR<B7a) BNE3) F 1Bfverciag = are tan DVS (3787A)DTVD

DOGL= | INC(3) - INC(1 (38) DOG2) = Il N 3~ (39)

If DTVD >0 INC(3) = arc tan( le)r\\//%) (37B)
DOGI = |INC(3) - INC(1) (38)
DOG(2) = [INC(5) - INC(3) (39)
Repeat equations 10 through 39 until DMD = LA+ LB

DVS =LA -sin[INC(3)] (40)
DNOR = DVS-cos[AZ(3)] | (41)
DEAS = DVS -sin[AZ(3))] (42)
DTVD = LA - cos[INC(3)] (43)
NOR (3) = NOR(2)+DNOR (44)
EAS(3)= EAS(2) + DEAS (45)
TVD(3)=TVD(2)+DTVD (46)

TVDT(3) = TVDTPO + NOR(3)- cos(AZDIP)- tan(DIP)+ EAS(3)- sin(AZDIP)- tan(DIP)

(47)
HAT(3)=TVDT(3)-TVD(3) (48)
DVS = LB-sin[INC(3)] | (49)
DNOR = DVS- cos|[AZ(3)] (50)
DEAS = DVS -sin[AZ(3)] (51)
DTVD = LB cos[INC(3)] (52)
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Repeat equations 10 through 39 until DVD = LA+ LB DVS = LA sin[INC(3)]

(40) DNOR = DVS cos[AZ(3)] (41) DEAS = DVS sin[AZ(3))] (42) DTVD = LA
cos[ | NC( 3wio d2489241 NOR(3) = NOR(2) + DNOR (44) EAS(3) = EARTA)so208dES (45)
TVD(3) = TVD(2)+DTVD (46) TVDT(3) = TVDTPO + NOR(3). cos(AZDIP) tan(DlP)
+ EAS(3). sin(AZDIP) tan(DIP) (47) HAT(3) = TVDT(3) - TVD(3) (48) DVS =

LB sin[INC(3)], (49 = DVS cos[AZ(3 50) DEAS = DVS sin[AZ(3
(51) DTVDC&&%@)EO&PB%NC{RSZ) -1[7 w(o 2)]2/ (()99)241 PCT/ US02/ 032132[ %]4)
= NOR(3) + DNOR (53) EAS(4) = EAS(3) + DEAS (54) TVD(4) = TVI(3)+ DVID

(55) TVDT(@ASfﬂE@KB@)#]ﬁEBS‘U- cos(AZDIP) tan(DP) + EAS(4) sin( | P)
tan(Dl P) (56) T(4) = TVDT(4) - TVvD(4) (57) DVS = LB sin[INC(5)] (58)

DNOR = DVS = i =
cos[|NC(5)]Tf\’gié‘*%@ﬂ)(3()i%VT8EAS DVS sin[Az(5)] (60) DTVD = LB 55)

TVDT(4) = TVDTPO + NOR(4)- cos(AZDIP)- tan(DIP) + EAS(4)- sin(AZDIP)- tan(DIP)

(56)
HAT(4) = TVDT(4)-TVD(4) (57)
DVS = LB-sin[INC(5)] (58)
DNOR =DVS- cos[AZ(5)] (59)
DEAS = DVS -sin[AZ(5)] (60)
DTVD = LB- cos[INC(5)| (61)
NOR(5) = NOR(4)+DNOR (62)
EAS(5)= EAS(4)+ DEAS (63)
TVD(5) = TVD(4)+DVTD (64)

TVDT(5) = TVDTPO + NOR(5)- cos(AZDIP)- tan(DIP) + EAS(5)- sin(AZDIP)- tan(DIP)

(65)
HAT(5) = TVDT(5)~TVD(5) (66)
MD(3) = MD(1) + 5’%% (67)
MD(5) = MD(3)+ 100- DOGB ';TOGB (68)

In summary, if the directional target specification also includes a required
entry angle and azimuth, the path from any point above the target requires two
circular arc segments separated by a straight line section. See Fig. 3. When drilling

to horizontal well targets, the goal is to place the wellbore on the plane of the
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NOR(5) = NOR(4) + DNOR (62) EAS(5) = EAS(4) + DEAS (63) TVD(5) = TVvD(4) +
DVTD (64) TVDT(5) = TVDTPO + NOR(5). cos(AzZDIP) tan(D P) + EAS(5)

si n(AZDl Ryvo goapdd P) (65) HAT(5) = TVDT(5) - TVD(5) (66) pdviaishrozsshD( 1) +
100 BDOGA (67) MX5) = MD(3) + 100 BDOGB (68) In summary, if the
directional target specification also includes a required entry angle *

and azinmuth, the path fro oi bove.t he .t arget requires, two
circul ar ar@r@éﬁ?fgrﬁtsél’s@?fg]? gﬁ%&%ﬁ?peis < Pt qfitﬁ%%gaé‘ftar“gn?"tggé igjthe 3.
Wien drillip@plahfed@irb&RIA aFrofelal pdidt” SRWE thd Iﬂ&g&qci}lmé whtRe fbaselidalien
wel | bore on tﬁe pl ane of the -18 WD 02/099241 PCT/ US02/ 03386 formation,

at an angl eanglais loss than ghesreghiced findlapgleo thetgpsinping pathdp@ single pigenlanere he

I d di [ . POj b h
A e SR R e o e e S

is a singl etrgjeétott) asquies twOCEIRRIMr @%s S8 AWhbWnFingFigd 5. FQheamhtheinhgtal
borehol e orientations, the | andi % trajectory requires two circular arcs
as i s showncaleplgiops that arp acedsdie whtaie Hie optiatuy path; thrahovgrkablsddéd to

obtain the goULNARRI. LEAMAG ARAYEs FBLE Safiedin AL il il tah e

programm ng abi I'es o in the ar progra stored
to any conpbé etoréd aslaby eompitdtneaddbiie imediun leither dowaliolé lve & uthé aatface.
Particul ar exanpl es of these path determ pations are_ provided bel ow

Di r ect i onal Paiisiar examples of thespath fricrgingingg A5 IPEded PHOVor a t hree-t ar get
directional well. The specifications for these three targets are as

follows. -1fjrectional Example

Fig. 7 shows the planned trajectory for a three-target directional well. The

specifications for these three targets are as follows.
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WO 02/ 099241 PCT/ US02/ 03386 Vertical Depth North Coordi nate East
Coordinate Ft. Ft. Ft. Target No. 1 6700 4000 1200 Target No. 2 7500 4900
1050 Targ®fo2lo9243 7900 5250 900 The position of the bott goamfisoblssshol e i s
defined as follows. Measured depth 2301 ft. Inclination angle 1.5 degrees
fromvertical Azinmuth angle 120 degrees from North Vertical depth 2300
ft. North coordinate 20 ft. East Coordinate 6 ft. Design Curvature Rates.
Vertical Depth Curvature Rate 2300 to 2900 ft 2.5 deg/100 ft 2900 to 4900
ft 3.0 deg/ 100 ft 49 : ft 0 7900 ft 4.0

deg/ 100 ft The requi rggertlgaa{j%zeg&or ;N?%ghsggcﬁg@%%t eggﬁats@?)g%fl%s. For the first
target we use the Fig 2 arftt. Table 1 solfition. BTA Ft2.5 deg/ 100 ft MDL (1)
= 2301 ft INC (1) = 1.5 deg AZ (1) = 120 deg North TVD (1) = 2300 ft NOR

(1) = 20 ftTargetNo. 1 6700 4000 1200
Target No. 2 7500 4900 1050
Target No. 3 7900 5250 900

The position of the bottom of the hole is defined as follows.
Measured depth 2301 fi.

Inclination angle 1.5 degrees from vertical
Azimuth angle 120 degrees from North
Vertical depth 2300 ft.

North coordinate 20 ft.

East Coordinate 6 ft.

Design Curvature Rates.

Vertical Depth Curvature Rate

2300 to 2900 ft 2.5 deg/100 ft

2900 to 4900 ft 3.0 deg/100 ft

4900 to 6900 ft 3.5 deg/100 ft

6900 to 7900 ft 4.0 deg/100 ft

The required trajectory is calculated as follows.

For the first target we use the Fig 2 and Table 1 solution.

BTA = 2.5 deg/100 ft
MDL (1) = 2301 ft
INC(1) = 1.5deg
AZ (1) = 120 degNorth

TVD (1) = 2300 ft
NOR (1) = 20ft
EAS(1) = 6ft

LA = 1121.7 &
DOGA = 522deg
MDL (2) = 3422.7 ft
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EAS(1) = 6ft LA = 1121.7 ft DOGA = 52.2 deg ML (2) = 3422.7 ft -20 WO
02/ 099241 PCT/ US02/ 03386 TVD (2) = 3420.3 ft NOR (2) = 5.3 ft EAS (2) =
31.4 ft WdH208924F 51.8 deg AZ (3) = 16.3 deg North azi mutger/ddobiosds =
4542.4 ft MD (3) = 4385.7 ft TVD (3) = 4113.9 ft NOR (3) = 850.2 ft EAS
(3) = 278.6 ft MD (4) = 8564.0 ft ML (4) = 8720.7 ft INC (4) = 51.8 deg
AZ (4) = 16.3 deg North TVD (4) = 6700 ft NOR (4) = 4000 ft EAS '(4) =
1200 ft For Té\élaél%d raB¢R3 e use the Fig. 2 and Table 1 solution BTA = 3.5
deg/ 100 ft Abyk1)) =_8564, 0 ft ML (1) = 8720.9 ft

EAS(2) = 314f

INC(3) = 51.8deg

AZ (3) = 16.3 deg North azimuth
MDL (3) = 4542.4 ft

MD (3) = 4385.7ft

TVD (3) = 411391t

NOR (3) = 850.2ft

EAS(3) = 27861t

MD (4) = 8564.0ft
MDL (4) = 8720.7 ft
INC(4) = 51.8deg

AZ (4) = 16.3 deg North
TVD (4) = 6700 ft

NOR (4)L = 4000 ft
EAS(4) = 12001t

For second target we use the Fig. 2 and Table 1 solution
BTA = 3.5 deg/100 ft
MD (1) = 8564.0ft
MDL (1) = 87209 ft
INC(1) = 51.8deg

AZ (1) = 16.3 deg North
TVD (1) = 6700 ft

NOR (1) = 4000 ft

EAS (1) = 12001t

LA = 4584 ft
DOGA = 31.3deg
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INC (1) = 51.8 deg AZ (1) = 16.3 deg North TVD (1) = 6700 ft NOR (1) =
4000 ft EAS (1) = 1200 ft LA = 458.4 ft DOGA = 31.3 deg -21 WD 02/ 099241
PCT/ US02/'983869920DL (2) = 9179.3 ft TVD (2) = 6983.5 ft HORUSE)03386345. 7
ft EAS (2) = 1301.1 ft INC (3) = 49.7 deg AZ (3) = 335.6 deg North NDL
(3) = 9636.7 ft MD (3) = 9457.8 ft TVD (3) = 7280.1 ft NOR (3) = 4663. 4
ft EAS (3),=.1156.9 (4) = 9797.7 ft MDL (4) = 9977.4 ft INC (4) =
49.7 deg Aﬁ@l‘;&i §3§T1%9-3 North TVD (4) = 7500 ft NOR (4) = 4900 ft EAS
(4) = 1050 t¥YD (2) = 6983.5 f

NOR (2) = 4345.7 ft
EAS(2) = 130L.1ft

INC(3) = 49.7 deg
AZ(3) = 335.6 deg North
MDL (3) = 9636.7 ft
MD (3) = 9457.8 ft
TVD (3) = 7280.1 ft
NOR (3) = 4663.4 ft
EAS(3) = 1156.9 ft

MD (4) = 9797.7f

MDL (4) = 99774 ft
INC(@4) = 49.7deg

AZ 4) = 335.6 deg North
TVD (4) = 7500 ft

NOR (4) = 4900 ft

EAS(4) = 1050f

For the third target we also use the Fig 2 and Table 1 solution

BTA = 4.0deg/100 ft
MD (1) = 9797.7ft

MDL (1) = 9977.4 ft
INC(1) = 49.7deg

AZ (1) = 335.6 deg North
TVD (1) = 7500 ft

NOR (1) = 4900 ft

EAS (1) = 1050 ft
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For the third target we also use the Fig 2 and Table 1 sol ution

deg/ 100 ft MD (1)

(1)
ft

10070. 2 ft
INC (3) = 42.4
9983.1 ft i@D

(4)

9797.7 ft

= 335w® @age¥erth TVD (1) =

deg
(3)

TVD (2)

%8k

= 7560.0 ft
6 ft

MDL (1)
7500 ft NOR (1)
-22 WD 02/ 099241 PCT/US02/03386 LA = 92.8 ft DOGA = 7.4 deg
= 4964.5 ft
MDL (3)

NOR (2)
= 337.1 deg North

NOR ( 3)

10350phdA MLy f4kg= 10530.2 ft

MDL (2)
TVD (2)
NOR (2)
EAS (2)

INC (3)
AZ (3)

MDL (3)
MD (3)

TVD (3)
NOR (3)
EAS (3)

MD (4)

MDL (4)
INC (4)
AZ(4)

TVD (4)
NOR (4)
EAS (4)

10070.2 ft
7560.0 ft
4964.5 ft
1020.8 ft

42.4 deg

337.1 deg North
10163.0 ft
9983.1 ft
7628.6 ft

50221 ft

996.4 ft

10350.4 ft
10530.2 ft

42.4 deg

337.1 deg North
7900 ft

5250 ft

900 ft

Horizontal Example

= 9977.4 ft

= 50221 ft
I NC (4)

INC (1)

BTA = 4.0

= 49.7 deg AZ

EAS (2)

= 10163.0 ft MD (3)

EAS (3)

= 42.4 deg

MOL (2)

= 4900 ftpcTise2/0d386= 1050

= 1020.8 ft

996.4 ft

Fig. 8 shows the planned trajectory for drilling to a horizontal target. In this

example a directional target is used to align the borehole with the desired horizontal

path. The directional target is defined as follows.

6700 ft Vertical depth
400 ft North coordinate
1600 ft East coordinate

45 deg inclination angle

-23.

VD



AZ (4) = 337.1 deg North TVD (4) = 7900 ft NOR (4) = 5250 ft EAS (4) =
900 ft Horizontal Exanple Fig. 8 shows the planned trajectory for drilling

to a horig@dmoosgarget. In this exanple a directional targgtydesnsssed to
align the borehole with the desired horizontal path. The directional

target is defined as follows. 6700 ft Vertical depth 400 ft North

coordi nate 6\%} East ord| nate 45 deg inclination angle -23 WO

02/ 099241 P / 5 deg North azinmuth The horizontal target plan
has the follow ng specs: 6800 ft vertical depth at O ft North and O ft
East coordinate 30 degrees North dip azinuth 15 degree North hori zontal
wel | bore target dfheé@menial Bowpopkn hagthe follevaing ¢pensi acement The position of

(ne, 0, oM Shon S AT a8 b i IOBSUEIRR: [, 0002 11 el nation
North coor dlslmategrebﬁ)Noﬁh dpastinmeor di nate -20 ft
15 degree North horizontal wellbore target direction
3000 ft horizontal displacement
The position of the bottom of the hole is as follows:
Measured depth 3502 ft
Inclination angle 1.6 degrees
Azimuth angle 280 degrees North
Vertical depth 3500 ft
North coordinate 10 ft
East coordinate -20 ft
The design curvature rates for the directional hole are:

Vertical Depth  Curvature Rate

3500-4000 3 deg/100 ft
4000-6000 3.5 deg/100 ft
6000-7000 4 deg/100 ft
The maximum design curvature rates for the horizontal well are:
13 deg/100 ft

The trajectory to reach the directional target is calculated using the solution

shown on Fig. 3.

BTA = 3.0 deg/100 ft
BTB = 3.5 deg/100 ft
MDL(1) = 3502 ft

MD (1) = 3502 ft

INC(1) = l.6deg

AZ (1) = 280 degrees North
TVD(1) = 3500 ft
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The design curvature rates for the directional hole are: Vertical Depth

Curvature Rate 3500-4000 3 deg/ 100 ft 4000-6000 3.5 deg/ 100 ft 6000-7000

4 deg/ 100wig o2koex4iaxi mum desi gn curvature rates for the haidizehwbesssyel |

are: 13 deg/100 ft The trajectory to reach the directional target is

cal cul ated using the solution shown on Fig. 3. BTA = 3.0 deg/100 ft BTB =

3.5 deg/ 100 ft MDL(1) = 3502 ft MD (1) = 3502 ft INC (1) = 1.6 deg AZ (1)

= 280 degr eMORE@} t 1 19¥D(1) = 3500 ft -24 WO 02/ 099241 PCT/ US02/ 03386

NOR(1) = 10xf S(1)y=-20 ft LA = 672.8 ft LB = 774.5 ft DOGA = 38.8
EASU eg 2L

deg DOGB = eg (2) = 4174.8 ft TVD(2) = 4172.5 ft NOR(2) = 13.3
ft

LA = 6728 ft

LB = 7745 fi

DOGA = 38.8deg
DOGB = 50.6 deg

MDL(2) = 4174.8 ft
TVD(Q) = 41725 ft
NOR(2) = 133 ft
EAS(2) = -385ft

INC(3) = 37.2deg

AZ (3) = 95.4 deg North
MDL(3) = 4847.5 ft

MD (3) = 4795.6ft
TVD(3) = 47082 fi
NOR@3) = -25.2ft
EAS(3) = 366.5 ft

INC(4) = 37.2deg
AZ (4) = 95.4 degNorth
MDL(4) = 5886.4 ft
MD (4) = 5834.5 fi
TVD(4) = 5535.6 ft
NOR(4) = -84.7 ft
EAS(4) = 9920 ft

MDL(5) = 6660.8 ft
TVD() = 61524 ft
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EAS(2) = -38.5 ft INC (3) = 37.2 deg AZ (3) = 95.4 deg North MDL(3) =
4847.5 ft MD (3) = 4795.6 ft TVD(3) = 4708.2 ft NOR(3) = -25.2 ft EAS(3)

= 366.5 fivodaNood) = 37.2 deg AZ (4) = 95.4 deg North Miler)soz05R886. 4 ft
MD (4) = 5834.5 ft TVD(4) = 5535.6 ft NOR(4) = -84.7 ft EAS(4) = 992.0

ft MDL(5) = 6660.8 ft TVD(5) = 6152.4 ft -25 WD 02/ 099241 PCT/ US02/ 03386
NOR(5) = -129.0 ft EA}E%%% = 1458.3 ft MD (6) = 7281.2 ft NMDL(6) = 7435.2
ft INC (6)NOKE) g5g-129.Q8B) = 15 deg North TVD(6) = 6700 ft NOR(6) = 400
ft _

EAS(5) = 14583 ft

MD (6) = 7281.2ft
MDL(6) 74352 ft
INC (6) 45 deg

AZ (6) = 15 degNorth
TVD(6) = 6700 ft
NOR(6) = 400 ft
EAS(6) = 1600 ft

The horizontal landing trajectory uses the solution shown on Fig. 4 and Table 3.

The results are as follows.
The starting position is:
MD (1) = 72813ft
INC(1) = 45deg
AZ (1) = 15degNorth
TVD (1) = 6700 ft
NOR (1 = 400ft
EAS (1) = 1600 ft
The sloping target specification is:
TVDTP = 6800 ft

NTP = 0ft

ETP = 0ft

DIP = 4 deg
AZDIP = 30 degNorth

The horizontal target azimuth is:
TARGAZ = 15 deg North

The Table 3 solution is as follows:

DNOR = 400 ft
DEAS = 1600 ft
DVS = 1649.2 ft

-26 -



EAS(6) = 1600 ft The horizontal landing trajectory uses the sol ution shown
on Fig. 4 and Table 3. The results are as follows. The starting position

is: M (Woez0s@fl. 3 ft INC (1) = 45 deg AZ (1) = 15 deg féanidp2oddp (1) =
6700 ft NOR (1 = 400 ft EAS (1) = 1600 ft The sl oping target specification
is: TVDIP = 6800 ft NTP = Ot ETP = Ot DIP =4 deg AZD P = 30 deg
North The h 'zontzil\xé%r e azhi_rmth is: TARGAZ = 15 deg North The Table 3
solution i f ol Mows- = 400 ft DEAS = 1600 ft DVS = 1649.2 ft -26
WO 02/ 0992411\;}3({% USO2683386 AZD = 76.0 deg North TVD (2) = 6880.2 ft ANGA

= 15 deg
ANGA = 15deg
X = 19321t
TVD (3) = 6893.2ft
NOR (3) = 586.6 ft
EAS (3) = 1650.0ft

LA = 2733 f

AZ (5) = 15 degNorth
INC(5) = 86.1deg
DOG = 41.1 deg

BT = 7.9 deg/100 ft
DVS = 2726 ft
DNOR = 2633ft
DEAS = 70.6 ft
DTVD = 184 #ft

NOR (5) = .850.0ft
EAS(5) = 17206 %
TVD (5) = 6911.6#t
MD (5) = 7804.11t
The end of the 3000 ft horizontal is determined as follows:

DVS = 29932 ft
DNOR = 2891.2ft
DEAS = T774.7 ft
DTVD = 20221t
NOR = 34778 ft
EAS = 24953 ft
TVD = 7113.8ft
MD = 10804.1 ft
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X = 193.2 ft TVD (3) = 6893.2 ft NOR (3) = 586.6 ft FEAS (3) = 1650.0 ft
LA = 273.3 ft AZ (5) = 15 deg North INC (5) = 86.1 deg DOG = 41.1 deg BT

= 7.9 degiwtPR/od241DVS = 272.6 ft DNOR = 263.3 ft DEAS = ptyisoblo33sHTVD =
18.4 ft NOR (5) = 850.0 ft EAS (5) = 1720.6 ft TVD (5) = 6911.6 ft MD
(5) 7804.1 ft The end of the 3000 ft horizontal is determ ned as foll ows:

0% - 29932 (1 QR 2BRAE i BT goR Lgh (RRUR ol S R -
horizontal wells is a function of the vertical depth of the section. Planned or desired
curvature rates can be loaded in the downhole computer in the form of a table of
curvature rate versus depth. The downhole designs will utilize the planned
curvature rate as defined by the table. The quality of the design can be further
optimized by utilizing lower curvature rates than the planned values whenever
practical. As a feature of the preferred embodiments, the total dogleg curvature of
the uppermost circular arc segment is compared to the planned or desired curvature
rate. Whenever the total dogleg angle is found to be less than the designer’s
planned curvature rate, the curvature rate is reduced to a value numerically equal to
the total dogleg. For example, if the planned curvature rate was 3.5°/100 ft and the
required dogleg was .5°, a curvature rate of .5°/100 ft should be used for the initial
circular arc section. This procedure will produce smoother less tortuous boreholes
than would be produced by utilizing the planned value.

The actual curvature rate performance of directional drilling equipment
including rotary steerable systems is affected by the manufacturing tolerances, the
mechanical wear of the rotary steerable equipment, the wear of the bit, and the
characteristics of the formation. Fortunately, these factors tend to change slowly
and generally produce actual curvature rates that stay fairly constant with drill depth
but differ somewhat from the theoretical trajectory. The down hole computing
system can further optimize the trajectory control by computing and utilizing a
correction factor in controlling the rotary steerable system. The magnitude of the
errors can be computed by comparing the planned trajectory between survey
positions with the -actual trajectory computed from the surveys. The difference
between these two values represents a combination of the deviation in performance
of the rotary steerable system and the randomly induced errors in the survey
measurement process. An effective error correction process should minimize the
influence of the random survey errors while responding quickly to changes in the
performance of the rotary steerable system. A preferred method is to utilize a
weighted running average difference for the correction coefficients. A preferred

technique is to utilize the last five surveys errors and average them by weighting the
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WO 02/ 099241 PCT/US02/03386 It is well known that the optinum curvature
rate for directional and horizontal wells is a function of the verti cal
dept h of Wwwoeo2aeet4i on. Pl anned or desired curvature rates rcansse/odasaded in
t he downhol e conputer in the formof a table of curvature rate versus
dept h. The downhol e designs will utilize the planned curvature rate as

defi ned by Ny i f j C im zed
by Ut 11 21 i T gaoE AL AR, shdontl ket @B, 0 M R sER
practical . feeafddahe fmurthflatebtesupreyfteorfott, end tei fifinsuwryeyt e timealAlbogeg
curvature of the uppernost cirgular arc segnment js conpared, to the planned
or desired gl‘?rWH’E‘. e‘ﬁesr”é‘(%'.s e tﬁﬁ@”t‘%ﬁ’é’lg B{fffse@algﬁaluéeq ioif'b'ﬁhl?ﬁ to be
less than thg design@iug R HIMRAL BF YRS YafddnRlsBrvel NGy MRl Hcfeab@ld® 1S
reduced to a value nunerically equal to the total "dogleg. For example, if

t he pl anneddeareasattie ecspansivenass ®. Hch0@efin tmecberfosmancsq lfior examiplgl rgheras . 5,
a curvature ratg % . 5/ ]fOO f% shoul ghbﬁﬁtusrﬁd ftor thF initti al ci rc%l ar arc
section. Thi@nJPe NG PRStiPeent SHYaYR dhe R8¢ FUP P TSt BrPLE VH S BA%P8s  t han
woul d be pr gglicRBing\ths birbt gbidztibhe Tk 3igdingaladigbled e cheh datvep @by alsere rate
performance of directional drilling equipnent including rotary steerable

systenms is be¢mdelet fingtional nymbersadiberabaye ereletmpinatiophmay bedrdwdeddn wear
f th t bl i f . i e }
ohar act or 1 sPieel Rt PRieuf i RIBAL op ARNIEE bl Wil ol ot GBbr g siited (o

slowy andiggeertal | y produce actual curvature rates that stay fairly
constant with drill depth but differ sonmewhat fromthe theoretical
trajectory. ThEeg@wve karbedimaense fom gireeipnaband horizogfal [dadling, ppesatinstgan

trajectory th%;%i ) il bzl r QN i{n
control li ngB?hn“%‘E) ﬁéo(% g‘%{ 91 Steer a{gﬁggaggesx?@r% dl%?ggnrfaggtrolﬁgu%g?%}f.@%}#ggp{é%%drls can
be conput edclrywattesrpates.nOne heack | tasin &d descaiped thyr thebptesae ninvertoeyn PSSPt i ons
with the actual trajectory conputed The difference

f t
bet ween t heS®ad PaieibsThe eSS ngt B Pudieaiooet YrEablesYiemofign
perfor mance gy%shlat%s  fealibwihSIE" 3ReMbHY SWEEh 2R ohBablARHRM e | fidRERA errors

in the sur
embodiments. The rotary-steerable directional tool 1 will be run with an MWD tool

2. A basic MWD tool, which measures coordinates such as depth, azimuth and

inclination, is well known in the art. In order to provide the improvements of the

present invention, the MWD tool of the inventive apparatus includes modules that

perform the following functions.

1. Receives data and instructions from the surface.

2. Includes a surveying module that measures the inclination angle and azimuth of
the tool

3. Sends data from the MWD tool to a receiver at the surface

4. A two-way radio link that sends instructions to the adjustable stabilizer and
receives performance data back from the stabilizer unit

5. A computer module for recalculating an optimum path based on coordinates of
the drilling assembly.
There are three additional methods that can be used to make the depths of each

survey available to the downhole computer. The simplest of these is to simply

download the survey depth prior to or following the surveying operations. The
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measur enent process. An effective error correction process should mnimze
the influence of the random survey errors while responding quickly to
changes i wade9oper f ormance of the rotary steerabl e systemCTAUSIZO3386r ed
method is to utilize a weighted running average difference for the
correction coefficients. A preferred technique is to utilize the last five

d. h b I ght i th -28 WO 02/099241
PCT/ US02! 03988 SHgioBh gt BERARGLF GrEeY, SRR STamRYoR Befo SHFYY the
Four 701 . kil deBRShdSHY Bk VAASH OIS dfihol OHh b 8Ble BT vy

two-fold, and the fift surve% one time. Altering the nu of surveys or
adj usti ng tteel isdpyhreidigtofthe holes Therledstinisire vayfafiprédicting swevesadeptivrisr educe

the influence of the random sur,vey..error.s. and,i ngrease or. ecrease .t he

Fesponsi venEaPB HERa IR it [V AFIERPPaTARELr B Nepsine SRIEERERE [ han
the f|ve_ MO&dch pasee b@uﬂ&@b{%ndtdla%nﬂﬁﬁﬁg fHeOdﬁhF@ermﬁbasreﬂQﬁmhe&uﬁﬂ&Y%f may be
used during the error correction. The weighting variables for each survey

can al so bripgirints apd the avsragsdengthunbers. The above error deterni nations

winin tho abit i PrBsheRAtbe RO bR 3hd et plOLES BEGHEK: < 1o

di recti onal Gamfth-Rey | Zonfeadurerdénts,| | legisgr atmdnsthean foldeatRpP! évthatiohh known
rotary-steerable directional tools that effectively control _curvature
rates. One Bigeswremaits.i ¥ iganisipyed they these additional meagyismests Goyld pithepbe

5,931, 239 Paksiiea (G EYAISY BPhBuRbLkBY Bl e 1 ype of steerabl e

system Fig. ustrates t own e assenb ich is operable with
t he pref err ed Thentoehlmde tcompliber mothale ywdl atiliad)| surfice doadedndhta) adhindalwi || be
run with an, MAD f oo i ¢, MAD_t ool a/\/ni h. measures coordi nates such

. 2. A bas ,
as depth, CirFRRon o aloaded e Surfaceygd NFASUFRINGIS, 10 POMPHRer to
vent | ve o e S e A ons
trajectory required fo drill from the current position of the borehole to the -
directional and horizontal targets. A duplicate of this computing capability can
optionally be installed at the surface in order to minimize the volume of data that
must be sent from the MWD tool to the surface. The downhole computer will also
include an error correction module that will compare the trajectory determined from
the surveys to the planned trajectory and utilize those differences to compute the
error correction term. The error correction will provide a closed loop process that
will correct for manufacturing tolerances, tool wear, bit wear, and formation effects.
The process will significantly improve directional and horizontal drilling
operations through the following:
1. Only a single bottom hole assembly design will be required to drill the entire
directional well. This eliminates all of the trips commonly used in order to
change the characteristics of the bottom hole assembly to better meet the
designed trajectory requirements.
2. The process will drill a smooth borehole with minimal tortuosity. The process
of redesigning the optimum trajectory after each survey will select the minimum

curvature hole path required to reach the targets. This will eliminate the
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1. Receives data and instructions fromthe surface. 2. Includes a surveying
nodul e that neasures the inclination angle and azinmuth of the tool 3.
Sends datwdnmmishe MAD tool to a receiver at the surface PET/US0R0SB80AY
radio link that sends instructions to the adjustable stabilizer and

recei ves performance data back fromthe stabilizer unit 5. A conput er

nodul e for recal cul ating an optinmum path _based qn_coordinates of . th

drilling assefasfupus W@ﬁ@%%ﬁ?@éuﬁémﬁlﬁﬁ%ﬂnaﬁéﬂﬂﬁé§° pgjgst tb,%p,aﬂagaq]g ed to

make the dept f | able to the downhol e conputer. The
si mpl est of tﬁb:tshgongﬁ oplsa?#r%}/&x]eﬁx%l oad the survey depth prior to or

foll owi ng theTherkckayd hgpogresradorecison fbluene w219 mGinki2¢ GEOdHerdACH hdBEIr03386

nost efficient way aof handlln e pt h infor s.tq calcul ate
the future smev‘él%}’ gi‘é)gt? 10618%3?}?4‘?‘6?4% ﬁlﬂoge‘&ﬁrrput er
before the t?d)}edhgedtg &d.into the hoI e. The least intrusive way of
predicting survey depths | to use an average length of the drill pipe

joints rather T‘tﬂmlghrthas:urribhgitibh@f Ipeamgdilngca‘ preeiac mopﬁnpieoﬁ curmiumdmeﬁandand

determning t e t h .bage t he er o ts and t he
aver age | eggt © 3?‘%‘{1 st%éﬁg‘%mﬂ%al i@%@a tIB}S?m’t?Blﬂrngg% ?Jﬁﬁtp{?'de
modul es for tﬁi&tﬂahz&&mlmmsﬁa%ﬂém’&maﬁue FaRSd, SPHiY ALY figfiér @iﬁm ther mat i on

eval uati on neasurenents. IS anti ci Eat ed that these additi onal
measur enent s go@lqummamgdhetqrww)deﬂ f:l‘mlef uture review or sent in

real -tine to esur ac ;

surface | oade%}ﬁ%re 0%1 ghle’ 18?4 Vgg’a%fhg?%lhﬂ ﬁbovseu ace and
downhol e MegSIWdCHERE Srt wumom@gr@ze ﬁabﬁvmstmmﬁ@éuohb%ab%anm fetd er each
survey and to determ ne the optinum trajectory required to drill fromthe

current posvithan departing filgst diespisit ead saepe of the invention.
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directional and horizontal targets. A duplicate of this conputing
capability can optionally be installed at the surface in order to mnimze
t he vol unwoaok/ogesn t hat nust be sent fromthe MAD tool t@®cCThsSoyw3sace. The
downhol e conmputer will also include an error correction nodule that wll
conpare the trajectory determned. from the surveys to the planned

trajectory andwlﬁkfilgglgg%qji fferences to conpute the error correction
term The err *| provide a closed | oop process that will
correct for manufladtmethod of dtilingrdescholoftbm\smabovdgtouns sirfacano oh@oimat i on
effects. The process will significantly inprove directional and horizontal

drilling ORRFAIHIASFALE FRE&S adddRIASId LIRERCekrajédMry pharS kA8 et t om hol e
assenbly design will be required to drill the entire directional well.

This elim n%ﬁéﬁﬁ#@ of the trips comonly used in order to change the
characteristics of”the bottom hole assenbly to better neet the designed

trajectory requirenents. 2. The process.wW || i1l a.,smpoth borehole with
m ni mal tortuosi fl‘ff.emﬁﬂglgp%&%? H‘Fgﬁﬁﬁ%\é\’}’ﬁlﬂ?"%e g??émgﬁgi'[%?ﬁ?n? PreSf®¥ct ory
after each survey will select the mninmum curvature hole path required to
reach the t Wcaiéensof arénild bififen drdlingpaidberchels; and3o WO 02/ 099241 PCT/ US02/ 03386
tortuous adjustnents typically used by directional drillers to adjust the

pat h back to thealculeimgahepltmjuedy taajdEoeicerymor8 sufdserfadedardtsibasgl @r r or
correction routine will mnimze the differences between the intended

trajectory asidinBRs a€bdidbrdséd166utioh bethealil 1Y 88id nEW thaj¥dtddly Rlngo | ead to
reduced tortuosity. 4. Through the conbi nation of providing a precise

control of guryat Ul glgéﬁéﬁfﬁﬁfof&gge@g%é ttréﬁeéti?p{ﬁﬁ‘ﬁt erm ne the optinmum path,

the invention provi a trajectory that “utilizes the m ni mum practi cal
curvature rates. This will further expand the goal of mnimzing the
tortuosity of the hole.

2. The method of claim 1, wherein said new trajectory includes a single
curvature between said present location of the drill bit and a first sub-surface target

of said one or more sub-surface targets.

3. The method of claim 2, wherein said single curvature is determined
based on a present location of the drill bit and a position of said first sub-surface

target.

4. The method of claim 3, wherein said single curvature is @stimated by a
first tangent line segment and a second tangent line segment, each of the first and
second tangent line segments having a length LA and meeting at an intersecting
point, where LA =R tan (DOG/2),

wherein R = a radius of a circle defining said single curvature,
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Whi |l e preferred enbodi nents of the invention have been described above, one
skilled in the art would recogni ze that various nodifications can be nade

t hereto wibtohoe4departing fromthe spirit and scope of tIRETIUNVBM3BON. - 31
WO 02/ 099241 PCT/ US02/ 03386 WHAT IS CLAIMED: 1. A nethod of drilling a
borehol e from an above ground surface to one or nore sub-surface targets

according to a rgh@€DENGe dn'aapRCdeBinyd bY afirstsiat dedtRidradial B aTthstirde
determ ning at predeterm ned depths bel ow the ground surface, a present

Locatl on of agnsthl thidideld lrvalidh E&gﬁftf\’gglgﬁ?gr%g%tkgn%gﬂs}%gﬁﬁé Gtthahgg a new

trajectory to sard one or nore su on coordi nates of
sai d present %ocat%gn of the drill bit, said new trajectory being

det er ni ned PR @?983 ar?lgF?ltlg}eSFﬁger?t%ference trajectory plan. 2. The nethod of

claim1l1, wherein said new trajectory includes a single curvature between
said present |ocation of the drill bit and,a first sub-surface target of
said one or nore sub-surface targets. 3. The nethod of claim2, wherein
sai d singl e curvat (he mshokotelmimsdvheaeis saidorswalrgedsprincludesstaidosingle t he
drill bit and a position of said first sub-surface target. 4. The nethod

of claim 3, cuhatet andatagstigldropnusiy addisfthe saié strghad@dathye which is' st t angent
| ine segnent and a second tangent |ine segnent, each of the first and

second t anggpedt k&1 ERTRM-Sultadithiged | ength LA and neeting at an
intersecting point, where LA = Rtan (DOE 2), wherein R = a radius of a

circle defining said single curvature, -32 WO 02/099241 PCT/ US02/ 03386

6. The method of claim 1, wherein a first of said sub-surface targets
includes a target, having requirements for at least one of entry angle and azimuth,

and said new trajectory includes a first curvature and a second curvature.

7. The method of claim 6, wherein said first and second curvature are each
estimated by a first tangent line segment A and a second tangent line segment B,
each of the first and second tangent line segments having a length LA and meeting
at an intersecting point C, where LA =R tan (DOG/2),

wherein R = a radius of a circle defining said single curvature,

and DOG = an angle defined by a first and second radial line of the circle
defining said single curvature to respective non-intersecting endpoints of the first

and second tangent line segments.

8. The method of claim 7, wherein said first and second curvature are
interconnected by a straight line joining a non-intersecting endpoint of the first and

second tangent line segments corresponding to said first curvature with a non-
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and DOG = an angle defined by a first and second radial line of the circle
defining said single curvature to respective non-intersecting endpoi nts of
t he firstwoanaymecond tangent |ine segnments. 5. The net ho@cafusot/ed3ss 3,
wherein said new trajectory includes said single curvature and a tangent
line froman end of the said single curvature which is closest to said

first sub-s . T Iy i i: of said
sub-surfac e&ﬁéarrg%gfl é %(l%ﬁ)?:?tuo élée @I%% %F&gge%? gncﬁ%\‘}%{g h%ée reﬁ%%rgésﬁ%ridugg?fol east
one of entry. Q%Ie and azimuth, and said newtrajectory includes a first
curvature atfd 0BGy ™F-vature. 7. The method of claim 6, wherein said
first and second curvature are each estinmated by a first tangent |ine
segnent A and a second tangent |line segnent B, each of the first and
second tangent |ine segnents having a length LA and neeting at an

i ntersecting poi ot The mdtiesceoflddaim R whereinAid st suthaurica tiget @mmdeus of a

circle defining said_single curvyature,. and .= an Le defined .by afirst
and second Q%%%ara?w%@?afwr@ ABelg of griry ﬁi?‘f@%g‘él?alamg] A BrEeRt JoRetiPg ¢ o _
respecti ve gigid BRbRECH d kRN Sl stallew/hiishaid ARdsaLaend. tapaent | ne

segnents. 8. The nethod of Claim 7, wherein said first and second curvature
are interconnected by a straight l[ine joining a non-intersecting endpoint

of the first and,_ second,.tangept line se nts. corr ondj to said first
curvature with algroﬁﬁf-3 %@“\ﬂ%ogfrwéﬂ%eﬁe%%%%ﬁ rFﬁ?Ptﬁg%t&l} ?ﬁ_hgndpoi nt
of the firsfinpd coppHeRek 4:8888ihg LbABIRRATEN BoreRS1E ASRARHN AtkabiRingsal d second
curvature. 9. The nethod of clarm4, wherein said first sub-surface target

conpri ses ainchivationzmdain agishythywherein the beriehelg degpidliepesticiermingd hased@niarut h and
sai d present

hal | w ¢ nanalr e Pt aforlbasnd Gt Ala SordER b S il 7€

location.

11. The method of claim 1, wherein determining said present location of the
drill bit comprises ascertaining coordinates for a borehole depth and measuring an
inclination and an azimuth, wherein the borehole depth is determined based on a.
communication of a depth measurement provided from a drilling station located

above ground.

12. The method of claim 1, further comprising determining an error of the
measurements for at least one of an inclination and an azimuth, wherein said error is
calculated as a weighted average, which weights more recent error calculations

more heavily than less recent error calculations.

13. A computer readable medium operable with an apparatus for drilling a
borehole from an above ground surface to one or more sub-surface targets
according to a reference trajectory plan, said computer readable medium

comprising:
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10. The method of claim1l, wherein determ ning said present |ocation of the

drill bit conprises ascertaining coordinates for a borehole depth and
measur i ngware2/0p92el i nati on and an azi nuth, wherein the bor @calesoziessh i s
predet erm ned based on a nunber of drill segnents added together to drill

said borehole to said present location. 11. The nethod of claim1, wherein

det er i ni N9 sai dyg SFENE A d@%ﬂoﬁf&:&{?em%r@étbxjrﬂmﬁgtatﬁfé'&@trehﬁﬁédﬁéﬁtﬁéta' ni ng

coordi nates for a neasuring an clination and an

Communi cat | HOBR: %é‘rﬁgﬁ %S%S%ﬁ%ﬁe&spé’ﬁ%ﬁ%@l?ﬁg ffing Pl gorebale on

| ocat ed above ground 12. The nethod of  cl rp furt her conpri s ng
det ermi ning an esqupuigsrepdable progeam Bsann for F‘g?u 3f{ng LAY TIeEtopy 57

inclination r?eﬂ(g rﬁl&e% b e ¢ @%%fs%a@ec?@d hoedins ET bfsaiE eS8 ﬁo@ﬁf eWei ght ed
aver age, wh? s nore recent error calcul ation nor e eaV| 't han

| ess recentdsgil bn;saﬁhzh@mhajectmﬁbelﬁgdetérmimathtdependemtdbabf the mefdienpe oper abI e
with an apparatus for drilling a borehole froman above ground surface to
one or mor eM¥EHOS M MHce targets according to a reference trajectory plan,
sai d conputer readable nedium conprising: -34 WO 02/099241 PCT/ US02/ 03386
conput er readabl e program neans for determ ning at predeterm ned depths

bel ow t he gr oundl4iifeaveiputer peasiebletmediamm oif olain fl 3 awhierein) sajst ¢onistterdr i | 1 i ng
sai d borehole; conmputer readabl e program neans for cal culating a new

trajectory feadsé froghiie n¥ansureakubtisy cfidaewtaigars chiasktsasimpdor di nat es  of

said present |ocation of the drill bit, said newtrajectory being
determ ned lgrq EdYsat @4 pIteF‘@ht ﬁ&:faﬁliﬁﬂf:@le dh[l%teﬁlﬁqarf{rspitt%ﬂsurtjaée taF iR
conput er readabl e mediumo alm 13, wherein said conputer

of said one or more sub-surface targets.

15. The computer readable medium of claim 14, wherein said single
curvature is estimated by a first tangent line segment and a second tangent line
segment, each of the first and second tangent line segments having a length LA and
meeting at an intersecting point, where LA =R tan (DOG/2),

wherein R = a radius of a circle defining said single curvature,

and DOG = an angle defined by a first and second radial line of the circle
defining said single curvature to respective non-intersecting endpoints of the first

and second tangent line segments.
16. The computer readable medium of claim 15, wherein said new

trajectory includes said single curvature and a tangent line from an end of the said

single curvature which is closest to said first sub-surface target.
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readabl e program neans for calculating said new trajectory calculates a
single curvature between said present location of the drill bit and a
first subweurfgwel t arget of said one or nore sub-surfacePCaruger/ei3sds. The
conput er readabl e nedi um of claim 14, wherein said single curvature is
estimated by a first tangent line segnent and a. second tangent |ine
segnent, each of {th i | ] a length
LA and neeting é?'gPEFE?%F§£ca?ﬁggggﬁﬁg?gﬁﬂ%?ti¥§ﬁ§§%£§§%§% g@? wherein
R = a radi us qf circl efining,said single curvature, a = an angl e
et i ned by Suftor el indults et niiing e ienR o iebondlionty doelent o
single curvature to respective non-intersecting endpoints of the first and
second t angard a7y, gagd seidmew tiagectony dnclsies atfEpt queeaiies|aad gsasaith of cl ai m 15,
wherein said new trajectory includes said single curvature and a tangent
line from anuwadgref the said single curvature which is closest to said
first sub-surface target. -35 WD 02/099241 PCT/ US02/ 03386 17. The conputer
readabl e nedi um of claim 13, wherein a first of said sub surface targets
includes a target, having requirenments for at |east one of entry angle and

azimith, and sal ‘i'&”?ﬂe%ﬁ%rﬁfé}?éa gﬂblﬁgleﬁ oPclEiitn{ gf vf?ﬁé"ré&f}‘%h‘i‘&eﬁré’t’h‘i‘xda second

curvature. 18. The conput rea nedi um o aim 1/, wherein said first
and second curvature are each estipate a first tangent Line segnment A
2nd a second ool ARt pRSER SRRy e oot b BPRA nd 2 859 angent
i ne segnments having a |length LA and nmeeting . at an jntersecting point C
where LA = Rngsy lmocegopnt Byfarl phthg fizstand sepond tareent lse segwenlfapingg sai d
single curvature, and DOG = an angle defined by a first and second radi al
line of thelangthcl4 andefdetinggt smintersscting pointiCywhened-A & R taPOG/AR
non-intersecting endpoints of the first

wherein R = a radius of a circle defining said single curvature,

and DOG = an angle defined by a first and second radial line of the circle
defining said single curvature to respective non-intersecting endpoints of the first

and second tangent line segments.

19. The computer readable medium of claim 18, wherein said first and
second curvature are interconnected by a straight line joining a non-intersecting
endpoint of the first and second tangent line segments corresponding to said first
curvature with a non-intersecting endpoint of the first and second tangent lipe

segments corresponding to said second curvature.

20. The computer readable medium of claim 14, wherein said first sub-
surface target comprises a horizontal well with a required angle of entry and
azimuth and said present location of said drill bit is at a depth which is more

shallow than said first sub-surface target.
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and second tangent |ine segnents. 19. The conputer readable mediumof claim
18, wherein said first and second curvature are interconnected by a

st rai ght wore/0pisni ng a non-intersecting endpoint of thePCiTresn2/essde second
tangent |ine segnments corresponding to said first curvature with a
non-intersecting endpoint of the first and second tangent |ine segnents
correspondi ng to sai ci@second curvature, 20. The conputer readabl e nedi um of

clai m 14, wher ei _r?ls qomfer seaslable medipm OF-_éi]ra{:}'éthW P}U_sﬁ?éd @WRBHPZoNt al
well with a réﬁﬁgléﬁgg@ﬂ%eﬁgg?ﬁ@é\kﬁl éﬁﬁg ga@?féegéhg?gﬁi‘msﬁ” L BLggENt |ocation

of said drill bit ‘isTat a ow than said first
sub- sur f ace compgists ascSEainifg RO MMaGRS foPChdrcoI2/d6BRg G her2in the hercholguleher

readabl e nedi um,of claiim 13, wherein i.J conputer. readabl e pr.ogram nmeans
For et or m it WSt Basedhon {biathed of Gl RGeS pdegosciues i Arigdat
ascertai ni ngopdRiHonaidEsedcdl IRafg, €hol e depth, wherein the borehol e depth

is predeterm ned based on a nunber of drill segnments added together to
drill said borehole to said present |ocation. 22. The conputer readable

medi um net hod of gl ai,m 13 erein conputer . r bl e, prqgram neans for

det ermi ning said r:@?n qugﬁf?%ﬁ%fmﬁ‘én&ﬁql?de‘gﬁd am‘cbﬁﬂﬁ%ﬁé@ CQLBEEE ai ni ng
coor di nat es réflabR 205@H0MBariaBE feterIBhisRidipescROLERINEABPERI bits det er i ned
based on a communication of a depth neasurenent tgr ovided froma drilling

station | oc&oB@riseroAseciipining ¢oo@ateper € benghele deptbanhercin the borehwlsfdepthai m 13,

further co i . onput er readabl e pr.ogr neans for determning an
error of nenggsgagﬁn%lﬁ?%g?%g 05 commipcagion of p gﬁt’ﬁ}rﬂ%qsmg{epéwogﬁﬁd%%t h,
wher ei n sai dir@lingstatich ahtedbedvepramda Wei ghted average, which weights nore
recent error calculations nore heavily than |ess recent error

cal cul ati ons.
23. The computer readable medium of claim 13, further comprises a

computer readable program means for determining an error of measurements for at
least one of an inclination and azimuth, wherein said error is calculated as a
weighted average, which weights more recent error calculations more heavily than

less recent error calculations.

24. An apparatus for drilling a borehole from an above grouﬁd surface to
one or more sub-surface targets according to a reference trajectory plan,
comprising;:

a device for determining at predetermined depths below the ground surface,
a present location of a drill bit for drilling said borehole; and

a device for calculating a new trajectory to said one or more. sub-surface
targets based on coordinates for said present location of the drill bit, said new

trajectory being independent of the reference trajectory plan.
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24. An apparatus for drilling a borehole froman above ground surface to
one or nore sub-surface targets according to a reference trajectory plan,
conpri si NyO ovogkevi ce for determ ning at predeterm ned depth3/user/asss he
ground surface, a present location of a drill bit for drilling said
borehol e; and a device for calculating anew trajectory to said one or nore

sub-surface target $,0a586 Hc1SRPIAIWIRIES sdif@devil forRaRaBMglaGRa | On of the

drill bit, said new trajectory bel'ng I ndependent of the reference
trajectory plan. -3 02/099241 P 2 . i claim
24, wher ei n@g}g?tary (fu\c{\geﬁ Brie |°&‘6‘faé‘tcﬁgﬁ?§f§ge eﬁgg\llﬁt% ?%Sjeét?%% %%cogﬁ%%&gltl gg a

single curvature between said present |ocation of the drill bit and a
first sub-sendafest sub-gatacstarggl of saideonsor more S BrEGr {48615t ar gets. 26. The
apparatus of 25, wherein said device for calculating said new trajectory
approxi mates said single curvature by a first tangent |ine segnent and a
second tangent |ine segnent, each of the first and second tangent |ine
segnents havi ng26. Taegpurdths af2h, meetdingaiddevne fortoalcaiatingsgidpeint , where LA
= Rtan (DOG 2), wherein R = a radius of a circle defining said single

curvature, agg%t?%%r@r@ﬂnﬁ%!sﬁid%{gw&&vwr@bﬂﬁﬁt tagentSRRQABEmERdInala | i ne of

the circle sald single curvature to respective non-intersecting

endpoints of the first. an C i . appar at us
of o1 =i m 26 GRS FapTine bt Sl o MR pid 8o RERAESH: fo el BP0

cal cul ates sai.d single curvature and a tangent line fr an end of the said
singl e curvgi‘Y}P%a\;\ﬁﬂggghL |TBESHOE af P WUGTRP ngf’m%’t}’gb%ﬁﬁxa;ég%rget. 28. The

apparatus claim 24, wherein a first of said sub-surface targets includes a
target, haviP@G&Pguirements for at |east one of entry angle and azinuth,

wherein R = a radius of a circle defining said single curvature,
and DOG = an angle defined by a first and second radial line of the circle
defining said single curvature to respective non-intersecting endpoints of the first

and second tangent line segments.

27. The apparatus of claim 26, wherein said device for calculating said new
trajectory calculates said single curvature and a tangent line from an end of the said

single curvature which is closest to said first sub-surface target.

28. The apparatus claim 24, wherein a first of said sub-surface targets
includes a target, having requirements for at least one of entry angle and azimuth,
and said device for calculating said new trajectory calculates a first curvature and a

second curvature.
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and said device for calculating said new trajectory calculates a first
curvature and a second curvature. -38 WD 02/099241 PCT/US02/03386 29. The
appar at uswoloaiom228, wherein said device for cal cul ati ng sa&cCd/usemi3s@j ect ory
estimates each of said first and second curvature are each estimted by a
first tangent |line segnent A and a second tangent |ine segnment B, each of

the first and sggopd tangent |ing segnments. having a lenqgth LA and nmeeting
at an intersecti 28 QEBPPR wus %ﬁg}}%mﬁqmﬁsggﬁ%(ﬁ%a%a!lc%g}g&a Y a radius
of a circle defining said single curvature, and DOG = an angl e defined by a
first and sBeieai@ry @Q%ﬁf%ﬁteﬂ qapk obsaid fest and sqcend gEVRHFhy e SAFHeSHMARdEDYCUr vat ur e
to respective non-intersecting endpoints of the first and second tangent

| i ne segnenfisst t@@entTihe seppantad asd ekecmnditang2st linssegmient B,adach dEthiedestf or
calculating said new trajectory determnes a straight |ine segnment joining

first and sggPedordifandtmiIRR segfiditshfin@h Whptl LANH @hdeting aPar@feréddtifg sect i ng
endpoi nt of the first and second tangent [|ine segnents corresponding to

said first Q%Yﬁt%&e"ﬂﬁx@ﬁ‘taﬁ({b’d@ﬁzgrSeCti ng endpoint of the first and
n

second tang i ne segnents correspgonding to said second curvature. 31.
The apparatus of ¢l ai. m 25 ner ei n.sai LIst.sub-surface target conprises
a horizontal wel Wﬂﬁ?‘?%‘?é%‘ﬁ%&%ﬁ?gﬁ ‘gef%lfn%srﬁ(f?n%lﬁ&ma'? h and said
present location of said drill bit is at. a depth which is nore shallow than
said first sub-8u¢PRG=aaagele defined by a fiss sad seqoad sadigl lmeatshe citfler ei n sai d
device for determning said present location of the drill bit conprises
means for adefmihgsaidsmgtoonrditmatte sespostiva nobdntetsebtingiapiphintswidhefirstt he
borehol e depth is predeterm ned based on a nunber of drill segnments added
t oget her t oafd kdcbné tindeaimRhiebBerite. sai d present | ocation.

30. The apparatus of claim 29, wherein said device for calculating said new
trajectory determines a straight line segment joining first and second curvatures,
said straight line joining a non-intersecting endpoint of the first and second tangent
line segments corresponding to said first curvature with a non-intersecting endpoint
of the first and second tangent line segments corresponding to said second

curvature.

31. The apparatus of claim 25, wherein said first sub-surface target
comprises a horizontal well with a required angle of entry and azimuth and said
present location of said drill bit is at a depth which is more shallow than said first

sub-surface target.

32. The apparatus of claim 24, wherein said device for determining said
present location of the drill bit comprises means for ascertaining coordinates for a
borehole depth, wherein the borehole depth is predetermined based on a number of

drill segments added together to drill said borehole to said present location.
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-39 WO 02/099241 PCT/ US02/ 03386 33. The apparatus of claim 24, wherein
said device for determ ning said present location of the drill bit

conpri seswo@ane2fior ascertai ni ng coordi nates for a borehacCansepoisss wher ei n
t he borehol e depth is determ ned based on a comunication of a depth

measurenent provided froma drilling station |ocated above ground. 34. The
apparatus of claim24, further conprising neans for neasuring at |east one
of an azimuth and depth of the drill bit; and neans for determ ning an

error of the nmeaddr @iespparitos oficlaine 24 twlmnein shididerice iforodatevatiniog ssidd azi nut h,

wherein said errqr is cal.cu as_a weighted average, which i ghts nore
Facent e r oPFBHH QDR GhLETTLEhESUPRYS IR {58er BRTTd costigpies I

cal cul ati ongereBdle dEP@, WRERAMHRhordIBIdechth WefcRhihel BasdAr@aet er m ned dept hs
are anticipated dept hs, said nethod further conprising | oading the

anti ci pat ed ceaprnicatipmpba degsh seeaswementnrovided frome &dlling sigtiomdochisdehol e,
sai d | oadi ng Qecurs i(pg while the processor is at the above ground surface
prior to be PI%] G8Wet%ed into the borehole. 36. The nmethod of claim 35,
wherein the anticipated depths are determ ned based on an average |ength
of drill pipe segrrents. -40 . .
4. The apparatus of claim 24, further comprising
means for measuring at least one of an azimuth and depth of the drill bit;
and
means for determining an error of the measurements for at least one of the
inclination and azimuth, wherein said error is calculated as a weighted average,
which weights more recent error calculations more heavily than less recent error

calculations.

35. The method of claim 1, wherein the predetermined depths are
anticipated depths, said method further comprising loading the anticipated depths
into a processor that is lowered into the borehole, said loading occurring while the

processor is at the above ground surface prior to being lowered into the borehole.

36. The method of claim 35, wherein the anticipated depths are determined

based on an average length of drill pipe segments.
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