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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 comprise 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 straight vertical segment or 2 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, {“? @&tléws
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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 prepl anned profile as rru;:nlg as
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drilling stati.on and the dqownhole drilling assenbly, no technique is known
t hat adequat%@i“?F ﬁ%free‘i%‘@%h‘ﬁ? FYHEmSHeavenkediesd thssitime efid aodmidnietionsiol e to a

di recti onatouRéesbdiiaah A& @flling SR Md He 40GnEIY n&ﬁn()gnusembly, 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 -u'ajectory 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 amive 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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Applicant's invention overcones the above deficiencies by devel opi1ng 0% T, 200§
novel nethod of .conputing the optimum path froma cal cul ated position of
the boVeWdP¥W24b a directional or' horizontal target. Refecriusgdsnséig. 1,
at point D, a downhol e calculation can be nade to reconpute a new
trajectory C, indicated by the dotted |line fromthe deviated position Dto
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del ays and 1o ThaseyeteionGROsBiEAhAOS SRRAMICRIechRP 1O MR RILP dndan be
done downhole or with normal™ directional control operations conducted at
the surf dewizental targatsneansists. oftn series ofsimbuler are deftectiens, aad atraight linvabl e
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circul ar afithe dptilent pathsaledldtish.r ai ght |ine segments. A directional target
that is defined only by the vertical depth and its north and east

coor di natﬁg can l}gﬁp{’e&ched fromany point above it with a circular arc
segnent f aferred qdiments ghtnveptian segnent . The invention further

approxi mates the circular arc segnents by linear elenments to reduce the
conpl exity of PEefereshambadiments of a@l iguerdiongane setrforth beloaw Withaelferance $o of

| nvent i ONthe drawings where:

a3y

-

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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Preferred enbodi nents of the invention are set forth below wth rﬁfgriﬁlce
to the drawi ngs where: Fig. 1 illustrates a conparison between tHe pp he0B%
a conveNY?8HM2Horrective path and an optimnized path det%m}ﬁﬁ%:‘?&cordi ng.
to a preferred enbodi nent of the present invention; Fig. 2 i1llustrates a

solution for an optim zed path including an arc and a tangent line; Fig. 3

by- a t angent | ok HREreGE o 3eclxaimgle of deiproninios optimim pos resordidzpat
i ncl udi ngt@mpﬁﬁf@récﬁ&ﬁb@@meﬁﬂqﬁhéhﬁghﬁgn;pl ane; Fig. 5 illustrates a solution
for an optim zed path including a dual "arc path to a sloping plane; Fig. 6

i | lustrates thé&ig ef dHnsrates; $ bpéomekole tassenitEp giftar pperas SRESEHMeSto a
appr oxi nat,i . ogl eg,.angl € defining the curvature of the arc
Pp He@&r@f‘erﬂﬁc?dﬁ%ﬁte %f tﬂg &Vﬁgﬂ%gﬁﬂgi 9

to determne an optimzZ ng to a preferred-enbodi nent of the

i nvention; Fi gFigl 10l illusttdtéd £Bndwit bésthet8% 28R aTe [ num pat hs
according to  a prtgferred enbodi rrgnt %f thelﬁ]s?jepnfb?tg%w&g 11110

C T 2005 PEYRUERSES386 Fig. 8 illustrates a second exanpl e of deternining
opti mum pat hs b 06 ref.erred,.enbodj nent of the invention; Fig. 9
illustrates a gg%?%%nhﬁ% Iogtcg%lg%% 9?%‘?005‘?1“%5%_& L?SCI&EQ%‘?%FPI?@@E well
pr ef er r edkmovimdndrinas betn tphblished e HRNAnRRdad Potrofbind Tdstialts 3k uﬁeﬁown
geonetric zg,l, aﬁlgogz)hl&sfor det erm ning m nimum¢{ curvature paths. -The nethod
of conput PAY & ddobistaice dhis| kneym seometuicarelationshipt ¢ommonly! hsedkbpwn and
has been givddioRAletilRYs td'Getéiiind £ Ainghh LSy &85 ifion or albnoreh%lféll)a?til.l "

In the known relationship, the following description applies:

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

cos (DL) = cos (I - Ij) - sin (I;) - sin (I) - (1 - cos (A2 - Ay))

or in another form as follows:

cos(DL) = cos(Az-Aj)esin(I;)esin(l,) + cos(I;)ecos(ly)

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 (T;) : cos (Ay) + sin (I,) - cos (A2)] - RF

2
ARast = 5 [sin (I,) - sin (A;) + sin (I2) - sin (A3)] - RF
AVert = M;D [cos (1;) + 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.



D20". Fig. 10 illustrates this known geonetric rel ationship corrrmn,l ¥C¢tsreg
by directional (drilliers to determ ne a m ni mum curvature sol ution a 2005
bor eholvwOo 2099241 n t he known rel ati onship, the foll ow ng gegardopbigs
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cos (DL) = cos (12 - li) - sin (li) - sin (12) - (1 - cos (A2 - Al)) or in
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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 thé 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



provi ded on how these neasurenents are obtained. Though Fig. 10 alloyp o,{a@
skilled in the art to determ ne the coordinates of an are, the formo¥ e
avai | abMO 9924 equations is unsuitable for reversing t%Tl@%ﬁfb@&% to
calculate the circular are specifications fromactual neasure

coordi nates. The present invention includes a novel nethod for determ ning
the specjtd | o({ Hﬁ l.ycular _arc and straight |ine segnents that are
needed tob&%ﬁ%‘f&;ﬁtg fhée Btctflfvﬁ‘?é # tareet By 62 eranqlS tahlestthe ﬁmg@;@eamg a

di r ect i ondéfired abdsllawst al target. The inproved procedure is based on the
observation that the orientations and positions of the end points of a
circular are are identical to theNem¢gclafturerno connected straight |ine
segnents. The present invention uses this observation in order to

determ ne an optimumcircular are path based on neasured coordi nates. As

shown i nAZIYP 6, =+ hkzitwth o€ ¢gheditcstibAofd® Bf a nd each ctly
par al | el AZ he angt eAzinfhtRahsleifon® Nokhe ignds gg)ﬁtﬁiﬁ@g??%l??ar arc ?éaﬁ%r&‘
Further B, the 4 angbhes rdber SEhalg ! | Ne segnents can easily ¢g North
conput ed grpm the Sps wréfﬁéb §u§ of ircular arc defined by eHRY fi
angl e angppadi us R tﬁ-végrép? g s afe CRNEYi sa-versa. In parti8e8/k0 fit he
present iyjent or defecm ne i‘é NYEHFIPATAE be R * tan (DOE 2) . degdpda fant
further W ved t ggé[ﬁggi e Yo aEuBs  cyl ar arcs required todégt a

direction r hori i

Fgeen azimapthias e begipningiimhend sfthai ght dégne
segnent s, the desi §RPEFCUIME directional path is reduced to a nuch sinpler
process DAZfesi gmm fﬁ@me(bbb’memaz'ahghtatthedmgh&ﬁ;@mi&andl'@ftﬁecorrpuaggtion of
the directional patlbwéremrve present |ocation of the drill bit may be

provi dedDEddh  t iFmEaaterlyidistahce tadesh fwd pdiftsdri | | -string. Optinmunyresul ts,
e.g. redDiBd tor t=u0kdrtiyal aneRIbiaes16hi r ti ath,to the
target after each %fiveMal gBRL €S ﬁggﬁgﬁ W%ecrggﬁ%%e&%%pﬁo%s t‘?ﬁeﬁ may be
sol ved rpmMBrat i velpyisthce Blleks pﬁlﬂbgappropri at e dogl eg angl e DOG and

length LAN®g a p_aan)l& # i C T.2005 WD 02/099241 PCT/®S02/ 03386
: = ts
current heg@tion_o o?al%h I(ﬁg%ﬁra %{‘t%vvée’rlgoé’?. In each of the tabl#s, the

: ange 1 direction betweerl ends of a circular arc de,
vari abl ot = Difference 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, (+) fi
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 fi
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 '
TVDIP = Vertical depth to a sloping target plane at NTP and ETP ft
coordinates



defined as foll ows: Nonenclature AZDIP = Azinmuth of the direction ﬁé} (ﬂi;p 5
for a sloping target 'pl anedeg North A Z= Azinuth angle from Northd r?W
BT= Curwetwrnesxate of a circul ar arcdeg/ 100 ft BTA= Curvaicyigsoh@sRe0f the
upper circular arcdeg/ 100 ft BTB= Curvature rate of the |lower circul ar
arcdeg/ 100 ft DAZDi fference between two azi nuthsdeg DAZI = Difference

bet ween azinuth. at,th gi nni ng and end of thedeg upper curve DAZ2=
Di fference betgkger? Al ea? ‘ﬁ%@’ E]é"gipFﬂﬁeF&; for degigpings a ¢ dieastignalopath cur ve

Tut
DEAS= Easdéoafiprisifl ot si&a WREI3 i = |.C le of a

sl oping tar gﬂe_t ugﬁane rreglggliced dw}fgrﬁ&taagge% t%o%n%\éﬁéﬁgn Qaémau stance
bet ween tdigechonalitafget. DNOR= Nort herly di stance between two pointsft DOG=
Total change in direction between ends of a circul ar arcdeg DOGL=

Di fference between inclination anglgghid 1t he circul ar arcdeg DOG2=

D fference between inclination angles of the circular arcdeg DOGA= Tot al
change in directign qf the uppe ircular arcdeg DOGB= Total change in
direction of the é)’&éﬁ ‘é‘ur&mwf AdigentsopDiveetional Targetncebet ween two
poi ntsit DVS= Di stance between two points projected to a horizontal planeft
EAS= East coordinateft ETP= East coordinate of vertical depth neasurenent
posi tionf B tical distance between a point and a sl oping target

pl ane, (+§“Y f nt is above the plane

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

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

LA=0 (1)
MDL(1) = MD(1) @)
MDL(2) = MDL(1)+ LA | 3)
MDL(3) = MDL(2)+LA 4
DVS = LA -sin[INC(1)] - - &)
DNOR =DVS- cosfAZ(1)] 6)
DEAS = DVS-sin[AZ(1))] (7
DTVD = LA - cos|INC(1)] (8)
NOR(2) = NOR(1)+ DNOR | ©)
EAS(2) = EAS(])+ DEAS (10)
TVD(2) = TVD(1)+ DTVD | ' (11)
DNOR = NOR(4) - NOR(2) (12)
DEAS =EAS(4)-EAS(2) (i3)
DTVD = TVD(4)~-TVD(2) | (14)




INC= Inclination angle fromvertical deg LA= Length of tangent |ines that
represent the upper circular areft LB= Length of tangent |ines that! 0CT 2005
r epr eseWOwRE9926ner circular areft MD= Measured depth al OR%EJIJ@E% %4 bore
fromsurfaceft MDL= Measured depth al ong tangent |inesft T
coordi nateft NTP= North coordi nate of vertical depth neasurenent positionft
TARGAZ= Target azimuth for horizontal targetdeg North TVD= Vertical depth
fromsurfaceft TVDI= Vertical,depth of a sloping target plane at north and
eastft codPUﬁr%@gOR\/BWEA\%}U cal depth to a sloping target plane 3(25 P
and ETPft coordinates 7 1 1 0 C T 2005 WO 02/099241 PCT/ US02/ 03386 grr
and Tabl e dor designing a directional path conprising a
circul ar é@&vﬁ)ﬁf%@%ﬁ traight tangent section that |ands on a (16)
directional target. Table 1 Single Curve and Tangent to a Directional
Tar get GI\MIEI!L(B ;AI\GDE(Z)i—mngDsition: MD(I), TVD(1), EAS(1l), NOR(1), q C(1),
AZ(1) Target position: TVD(4), EAS(4), NOR(4) LA=Q(1) ML(1) =1VIIX ?ﬁ(
MDL(2) = MDL(1) + LA( ﬁﬁ 3) = MDL(2) + LA(4) DVS = LA sin[INC(1)](5)
DNOR = DVSNG!(B A thh

DTVD (18)

AZ(3) = arc tan( DEAS J

DNOR (19)

DAZ = AZ(3)- AZ(1) (20)

DOGA = arc cos{cos(DAZ)- sin[IN c(t)]- sin[INC(S)]+ cos[]NC(l)]- cos|IN c@)]}

100-180 (DOGA)
= -tan

BTA-=© 2 @22)
CR:IE);:; tequatlons 2 through 22 until the value caleulated for INC(3) remains
MD(3) = 1\4]3(1)+—-——10°]'3]; iGA (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)] : 27
DTVD =LA - cos[INC(3)] | (28)
TVD(3) = TVD(2)+ DTVD (29)
NOR(3) = NOR(2)+DNOR (30)
EAS(3) = EAS(2) = DEAS 31



DEAS = DVS sin[AZ(1))](7) DTVD = LA . cos[INC(1)](8) NOR(2) = NOR(1)
DNOR(9), EAS(2) = EAS(-1) + DEAS(10) TVD(2) = TVD(1)+DTVD(11l) DNOR = N@ﬁ(M?ﬂﬂS
| NOR(2) (WR)oBs¥81= EAS(4) - EAS(2)(13) DTVD = TVI4) - TVR@)édedhs sfhel 1 OCT
2005 WD 02/ 099241 PCT/ US02/ 03386 DVS = (DNOR2 +DEAS2)'2(15) DMD = Cbvs2
+DTVDR) *' 2(16) MDL(4) = MDL(2) + DMX(17) INCG(3) = are tan D VD T(18) AZ(3)

o ﬁ{ ] Ntc?g)D]EA Ss %Pﬁ%%@ﬁa%ﬁ Ebte‘fz" (I\tlg% H‘?’Zﬁéﬁ'%?gtﬁr ﬂ@zlsylpg}_tbg rP;th(i Sér%ﬁﬁmé)s“ 180
t DOGA an 8@ irelidarcs sépaiaR@ 8Y aGtafdtt BNE séarheitPb@liretto¥3hid a fiEribaht'e
e

cal cul ated for I NC(3) remains” cons
target that includes requirements for the entry angle and azimuth.

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), BAS(6), NOR(6), INC(6), AZ(6)

Start values: LA =0 (1)

LB=0 @)
MDL(f) = MD(1) | 3)
MDL(2) = MDL(1)+LA @
MDL(3) = MDL(2)+ LA | (5)
DVS=LA -sin[INC(1)] . (6)
DNOR =DVS- cos|[AZ(1)] | @)
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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MD(3) = MD(I) + 100DOGA BTA(23) .MX(4)=MX3)+DVD-LA(24) DVS = LA

~ sin[INQ3)](25) DNOR= DVS cos[AZ(3)](26) . DEAS = DVS - sin[Az(3)1 06¥)2005
DTVD = WO 028%2¢INC(3)](28) TVD(3) = TVD(2)+ DTVD(29) NOR( ~ +
DNOR(30) EAS(3) = EAS(2) = DEAS(31) -9 1 1 0 C T 2005 VE?%E?EE%@%%Q

PCT/ US02/ 03386 Fig. 3 and Table 2 show the procedure for designing the path
that requires two circular arcs separated by a straight |ine segnent
required t al di & pnal target that includes requirenents for the
entry angggiéﬁdﬁgygﬁﬁ¥%g2&agle 2 Two Curves with a Tangent to a Diregs)onal
Target G VEN: BTA, BTB Starting position: MX(Il), TVD(1l), EAS(l), NOR(I),

I NC(1), AﬂlWJﬁ.Bgebs[ING(&)] on: TVD(6), EAS(6), NOR(6), INC(6), AZ(6€168tart
values: LA = 0(1) LB = 0(2) MDL(1) = MDX(1)(3) MDL(2) = MDL(1l) + LA(4 )

%(83): Bvﬁ%féﬁ?r@%@(%@oﬁ LA sin[TNC(1)](6) DNOR = DVS cos[AZ((11)7;(7)

EAS(5)=EAS(6)~DEAS (18)
TVD(5)= TVD(6)-DTVD | (19)
DNOR = NOR(5)- NOR(2) { (20)
DEAS = EAS(5)-EAS(2) (21)
DTVD = TVD(5)-TVD(2) | (22)
DVS = (DNOR2 +DEAS? |2 (23)
DMD = (DVS? + DTVD? )" (24)
INC(3) = arc tan(DI?\’,?)) (25)
AZ(3) = are tan(]]))ﬁgls{ ) 26)
DAZ = AZ(3)- AZ(1) | @7

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

100-180 . (DOGA
LA = :

BTA-x tan( 2 ) 29)
DAZ = AZ(6)- AZ(3) | - (30)

DOGB = arc cos{cos(DAZ)- sin[INC(3)]- sin[INC(6)] + cos[INC(3)]- cos[nxic(s)] 1 6y

LB

100-180 (DOGB)
= tan

" BTB.z 2 (32)

-11-



DTVD = LA cos[INC(1)]' (9) NOR(2) = NOR(1) + DNOR(10) EAS(2) = EASH)[Rg -—
DEAS(11) TVD(2) .= TVD(1)+ DTVD(12) DVS = LB sin[INC(6)](13) DNOR &
' cos[ AZ(@)d @Iebp24110 WO 02/ 099241 DEAS = DVS sin[AZ(6)] shvBsemdsRe
cos[INC(6)] NOR(5) = NOR(6)- DNOR EAS(5) = EAS(6) - DEAS TVD(b)=
TVD(6) - DTVD DNOR = NOR(5) - NOR(2) DEAS = EAS(5) - EAS(2) DTVD =

TVD(5) - TV, DVS. = >+ DEA = (DVS2 +DTVD2)' ' 2 INQ(3) =
tartl)( D{/S 3’3@#%&%&@%@&@%@ 110CT2005 P)CT/ USOZ/CE)Sé86 ?rlg)

(16) (17 hys-1a. 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)+ DEAS" (38)
TVD(3)= TVD(2)+DTVD (39)
INC(4) = INC(3) | (40)
AZ(4) = Az(s) | | _ (41)
DVS =LB-sin[INC(4)] (42)
DNOR = DVS - cos[AZ(4)] (43)
DEAS =DVS-sin[AZ(4))] | (44)
DTVD = LB- cos|INC(4)] " (45)
NOR(4) = NOR(5)- DNOR (46)
EAS(4) = EAS(5)- DEAS ‘ @47
TVD(4) = TVD(5)-DTVD | . (48)
m(3)=m(1)+39°_1'3’£9_é (49)
MD(4) = MD(3)+ DMD—-LA —LB | (50)
MD(5) = MD(4)+ 122:D9GB (51)

BTB
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20 21 22 23 24) (25) (26) DAZ = AZ(3) - AZ(1) (
(:lg)rc(ég)s{ ((:os% D,(A.Z)) g-i n% I §\IC()1)]( Sin[INC(3)]+ cos[INC(1)] cos[INC(3)

(28) LWQ02@924180 tan DOGA BTA?C 2 (29) DAZ = AZ(6) -
arc cos{cos(DAZ)sin[INC(3)]sin[INC(6)]+cos[INC(3)] cos[ I N
=100. 180 tan(DOGL3 BTB,c 1l 2 (32) -11 1 1 OCT 2005 WO

02/ 099241PCT/ US02/ 03386 Repeat equations 3 through 32 until

oc}TD‘iﬁé‘\

?§?Z§O?%) LB -

| NC( 3)

S

bl 33) DVS = LA - sin[INC(3)] DNOR = DVS cos[AZ(3)](34) DEAS = DVS
31 nAZ(3) ], % 35) FigT WDaxd [Tablec B sdHobCHR) L4150 T oI ddrertnibhg

EAS(3) = spec Egatlortl)g'?sr( ?113) 01;5:\1/1%3&0 ;ec-lru\J/redz o c;.rnll from a pomt 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 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(L), NOR(L), EAS(1), INC(1), AZ(1)

Sloping target plane: TVDTP, NTP, ETP, DIP, AZDIP
DNOR = NOR(1) — NTP

DEAS =EAS(1) - ETP

DVS = (DNOR? + DEAS? "2

AZD = aro tanf D5 |
DNOR

TVD(2) = TVDTP + DVS - tan- (DIP)- cos(AZDIP — AZD)

ANGA = AZDIP - AZ(1)

___[1vD(2)-1vD(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)=EBAS(1)+ X -sin[AZ(1)]

-13 -
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1NC(4) = INC(3)(40) AZ(4) = AZ(3)(41) DVS = LB - sin[INC(4)](42) ?\ﬁi T S0
: cos[%%sé?)i DEAS = DVS - sin[AZ(4))](44) DTVD = LB cos,bl NC( 4) zg)
NOR(4) = - DNOR(46) EAS(4) = EAS(5) - DEAS(47) TVIXU}/US02{0p865) -
DTVD(48) MX(3) = MD(1) + 100 DOGA(49) BTA (50) MX(4) = MX3) + DWD - LA -
LB MD(6) = MX(4)+ 100: DOGB(51) BTB -12 1 1 OCT 2005 WO 02/099241

PCT/ US02/ 03386 Fig. 4 and Tabl e 3bShOW the cal cul ati on procedure for

det er m ni ngAtheg? EEVD _cqtmy@' r the circular are required to dri}l .from
a point in épa e-g ove@g hor E ntal sloping target with a single citlclal ar
arc. In horipzgantal drilling operations, the horizontal target is defined
by a di ppi 5§I=a pace and the azinmuth of the horizontal well (12)
extension. The single circular are solution for a horizontal target

requires tn@@(sph@osi@ewi{gn(mm i.é@[@ppﬂgj;@ | ess than the | andin 3§ngl e
and that the starting position be located above the sl oping target @1 ne.

Starti no. pBAT o SlsEAAL Al e N el s e INCBberplne)).

(14)
57100180, DOG) a5
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 . (1)
TVD(5) = TVD(3)| +DTVD - | (22)
m(s):m(1)+m—'B]3r—99- (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(L), NOR(1), EAS(1), INC(1), AZ(1)

-14 -



"~ an=BN- -

VDTP, NTP, ETP, DIP, AZDI P DNOR = NOR(|) -

B:EXEI Tg s pflz?'g?a TDvs = (DNOR2 +DEAS2J/2(3) AM = are t DEAS‘(JL)O(r %005
@é%’%?%' = TVDTP + DVS - tan. (DIP) cos(AZDIP - PZDUSE)0BNGA =
AZDIP - AZ(1)(6) X - [TVD(2)-TVD(1)] tan[INC(1)] 1(7) - cos(ANGA) tan(DIP)
tan[INC(1)] TV(3) = TVD(2) + x cos(ANGA) tan(DIP)(8) NOR(3) = NOR(1) + X

- 1 0 CT 2005 ' WD
AZ(1)] ]
gﬁ)ggzmpcn uso2/ %335’6 e {ﬁn @W‘@ﬁ %EZ@ 1 12(1? Q)Z( g)oe__ e
TARGAZ( 12
cos{cog[ )’goggt ?Z(I%l n {A@S{iﬁ %@ F mﬁé@gé’ IPn):(S)(ll
(14) 1004 VDT() = TVDTPO+NOR(1) +c0s(AZDIP)- tan(DIP)+ EAS(1)- sin(AZDIP)- tan(DIP)

)

INC(5) =90 —arc tan[tan(DIP)- cos(AZDIP - TARGAZ)] 3)

AZ(5)=TARGAZ 4)

DAZ = AZ(5)- AZ(1) | (5)

DTVD =TVDT(1)-TVD(1) (6)

1/2 '
DOG2 =(180).[BT.IDTVD|.7r) @
z 100-180

I DTVD > 0 DOG1 = DOG2 + INC(1) - INC(5) ®
INC(3) = INC(1)- DOGI1

If DTVD <0 DOG1 = DOG2 - INC(1)+ INC(5) | ©)
INC(3) = INC(1)+ DOG1

1=( DOGI )-D’Az (10)

DOGI + DOG2
AZ(3)= AZ(1)+ DAZI | (11)
DAZ2 =DAZ-DAZ1 (12)

DOGA = arc cos{cos[DAZ]- sinfINC(1)] - sin[INC(3)] + cos[INC(1)]- cos[INC(3)]}  (13)

DOGB = arc cos{cos[DAZ2]- sin[INC(3)]- sin[NC(5)]+ cos[INC(3)]- cos[INC(5)]}  (14)

DMD =LA + LB \ (15)

LA =

100-180 tan(DOGA) (16)

7-BT 2

-15-



2(15) LA .)r DVS = LA sin[INC(5)](16) DNOR = DVS cos[AZ(5)](17)Dmr2m5

DVS 18) DTVD = LA INC(5)] (19) NOR(5) =
" EAS(5) w‘&@?g’]}* D)EAS(21) TVD(S;: Of[Tv8((3§](1 +)DTVD 22)2) N[R%ﬁ’”&ﬂé(“f?aﬁloom

BT(23) For all other cases the required path can be acconplished with two

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

Tabl e 4 OUurgo L D o a Sloping Target A VEN. BT, TARGAZ Starting

posi ti on ﬁ. EAS(1), INC(1), AZ(1) -14 WO 02/09927)1 1 1
S 033

OCT 2005 PCTI Ing Target: TVDIP @NTP & ETP, DI P, AZD P

TVDTPO = TVDTP - NTP co§](AZD| P). tan(DIP)- ETP - sin(AZDIP) tan(DI P) (1)

TVDT(1) = DVBTARA +si
tan(DIP) (2) INC(5) =90 - arc tan[tan(DIP) cos(AZDI P _ TARGAZ)]

TARGAZ DARROAZL Pvs. &?{A@ﬁ)] DTVD = TVI ?T(1) - TVD(1) a19)
DEAS =DVS-sin[AZ(1))] (20)
DTVD = LA - cos|INC(1)] 1)
NOR(2)= NOR(1)}DNOR (22)
EAS(2) = BEAS(1)+ DEAS | (23)
TVD(2)=TVD(1)+ DTVD (24)
TVDT(2) = TVDTP0+ NOR(2)- cos(AZDIP)- tan(DIP)+ BAS(2)- sin(AZDIP)- tan(DIP)

| (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)+ DNOR ' (30)
EAS(4) = EAS(2)+ DEAS (31)

TVDT(4) = TVDTP0+ NOR(4)- cos(AZDIP)- tan(DIP) + BAS(4) - sin(AZDIP)- tan(DIP)

(32)
TVD(4) = TVDT(4) (33)
HAT(4) = TVDT(4)-TVD(4) €2
DTVD =TVD(4)-TVD(2) . (35)

-16 -
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=1 BT "DrvDl. 1/2 100.180 If DTVD > 0 DOGL= DO&X + | NC(
INC(5) “;80 ( I NC(1) - DOGL DOGl= DOE | NC(1)+ INC(5) |If DT\}D@C@ 2005
1 NC( 3) —%@% + DOGL DAZ1= DOGL . DAZ DOGL+DOR2) (3) R@yu3mi3ise) (7)
(8) (9) (10) AZ(3) = AZ(1) + DAZ1 (11) DAZ2 = DAZ - DAZI (12) DOGA = are
cos{cos[ DAZ1] sin[INC(1)] sin[INC(3)]+ cos[INC(1)] cos[INC(3)] } (13)
DOGB =ar ¢ IFA3T¥Dst DAZ2]  SNQ(INE3) |  sin[INC(5)]+ cos[INC(3)] cos[éé\iC( 5)]
} (14) DVD=LA+LB LA =100.180 tan DOGA ¢gBT 2 (15)

IfDTVD <0 INC(3) =180 + arc tan [ DI')I“\/;)] 3B74)
If DTVD >0 INC(3) = arc tan( Dﬁ,‘\’;) (37B)
DOG! =|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).v tan(DIP)+ EAS(3)- sin(AZDIP)- tan(D(f;))
HAT(3)=TVDT(3)-TVD(3) - (48)
DVS = LB - sin[INC(3)] | 49
DNOR =DVS. cos[AZ(3)] o | (50)
DEAS =DVS-sin[AZ(3)] | (51)
DTVD = LB - cos[INC(3)] (52)
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(16) -15 1 1 OCT 2005 - WO 02/ 099241 PCT/ US02/ 03386 LB . 100. 180 tDEA [;\9@0
BT2(17) DVS = LA - sin[INC(1)](18) DNOR = DVS - cos[AZ(1)](19)

si n[ AZ(WO RO IOTVD = LA - cos[INC(1)](21) NOR(2) = NORPOT/USIOREE2)
EAS(2) = EAS(1) + DEAS(23) TVD(2) = TVD(1)+ DTVD(24) TVDT(2) = TVDTPO +
NOR(2). cos(AzZDIP) tan(DP) + EAS(2). sin(AZDIP) tan(D P) (25) HAT(2) =

TVDT(2)-T Smﬁ) INC(3)] + LB sin[INC(3)](27) DNo(Fse DVS
cos[,(AZ% 3) ﬁg‘ﬁ)ZﬁNgRXﬂD Si fll[R[Z( S)C](()Z]Q) ONCR(NAé)?( —) NOR( 2% A;DI i DNOR( 3 §?(’)D| -
EAS(4) = EAS 31) TVDT(4) = TVDTPO + 4 cos tan

+ E(As) (4) Eﬁﬁﬁfﬁﬁ&%‘é E%\ISIP) Es)z) TVD(4) = TVDT(4)(33) HAT(4) = TBAY4)-
TVD(4) (34) DTVD = TVD(4)-TV(2).(35) -16 , WD 02/099241 |F DTVD = 0 IN((3) =
90 1 1 0 @VvD(@Y2¥VvD(3)+DVTID (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)+DVID | | (64)

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

(65)
HAT(5) = TVDT(5)-TVD(5) | (66)
1vm(3)=1\m(1)+5)9';1?——-—Gﬁ (67)
MD(5) = MD(3)+——-————-100 ']];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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3386 (36) If DITVD < 0 INC(3) =180 + arc tan [DL J (37A)1 | fn D
EC-(I)-/ IUEIOZ/0 = ( tZin 'DTVD (37B) DOGL="1NC(3)-INC(1~ (38) DOG(2) = 1 I%&Q{P
I NC( 3~%?2/05%é§eat-equat ions 10 through 39 until DVD = LPeT/UBDABES86— LA
sin[INC(3)] (40) DNOR = DVS - cos[AZ(3)] (41) DEAS = DVS - si n[AZ(3))]_
(42) DTVD = LA cos[INC(3)] (43) NOR(3) = NOR(2) + DNOR (44) EAS(3)3—
EAS(2) o prenBOAORL ol iagh) it PRNRls PR AS )ot YFd) oy HBEGrobOR(3)
cos(AzDI P an(DIP) + EAS(3). sin(AzDIP) tan(DlP) HAaﬁS) = _ -
TVD( 3) D%?%’P_ fgﬁfﬁthNC( P a PRER abops/the @cs@tﬁ%gm) }Nhg(f)aEﬂﬁ ?im\&(ogz) .

' = . ) 4 . -

LA TRt g 08 BB G0 ek 8 Bk i L2

segment as shown in Fig. 4. For all other borehole orientations, the landing

trajectory requires two circular arcs as is shown in Fig. 5. The mathematical
calculations that are needed to obtain the optimum path from the above Tables 1-4
- are well within the programming abilities of one skilled in the art, The program can
be stored to any computer readable medium either downhole or at the surface.

Particular examples of these path determinations are provided below.

Directional 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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NOR(4) = NOR(3) + DNOR(53) EAS(4) = EAS(3) + DEAS(54) TVD(4) = 11 0CT 2005
TVD( 3) +DVTD£)5% TVDT(:4) = TVDTPO + NOR(4). cos(AzZDIP) tan(D P) + EAS(4)
sm(AZIjiV tDIP) (56) HAT(4) = TVDT(4)- TVD(4) (57) PCINES02/03386
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)+DVID (64) TVDT(5) = TVDTPO + NOR(5) cos(AzDI P)
tan(DIP) + EAS(5) sin(AzZzDIP) tan(DP) (65) HAT(5) = TVDI(5) - TVD(5)
(66) MDX(3)=M)1) +100lpEeal TRPptVD(MSprtlr Chbxdiate 1 Mhst O6&Hdindtd (67) (68) In
summary, if the directi aI target specification also includes a required
entry angl e -and azi nut tt he path fr any poi nt Ebove the target requires.
circyl ar c segnents separated by a straight |line section. See Fig.
3 When df"]fg‘l"tl Lt{o ho?i®%ontal wel 14 Opérgets, thel¥hl is to place the
wel | bore 'Pd}gétﬁ@o.@ ane ojsgohe -18 WO 4099241 1 1,44T 2005 PCT/ US02/ 03386

Target No. 3 7900 5250 900
The position of the bottom of the hole is defined as follows.
Measured depth 2301 ft.

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

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 fi

6900 to 7900 ft 4.0 deg_{lOO 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) = 120degNorth

TVD (1) = 2300 ft

NOR(l) = 20f

EAS(l) =6#f

LA = 112178

DOGA = 522deg

MDL (2) = 3422.7f
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formation, at an angle that parallels the surface of the plane and’\}\/ﬁ@ﬁngﬂa@

in the 'V\%&z%gv g ed dirrection. Froma point above the target plane
i nclination Jal e is less than the required final angle,PCTES@EE3gsUM pat h

is asingle circular arc segnent as shown in Fig. 4. For all other
borehol e orientations, the landing trajectory requires two circular arcs

as iIs shomv]br(zfi & 332 EFﬁe mat hemati cal cal cul ations that are needed to
obtain the ogti mum pat?l romthe above Tables 1-4 are well within the

progr amm MOBUZ) i & 63 fif one skilled in the art. The program can be stored

to any co readabl ¢ nedi um ei ther downhole or at the surface.

Parti %:/ul apg‘)‘ﬁgig}pl é'sqgf“fhese pat h determ nations are provi ded bel ow

Directional Exanple Fig. 7 shows the planned trajectory for a three-target

directional well. The specifications for these three targets are as

foll ows. INC@CT 206%.8da@ 02/ 099241 PCT/ US02/ 03386 Vertical Depth North

Coor di nat t Coordi,nate. Ft.. Ft. Ft. Target No. 1 6700 4000 1200 Target

No. 2 750%54@30 16538'3@83%‘%‘%Wm§ﬂl7900 5250 900 The position of the bottom

of the hoMDL{3yYeH nsq4h ag follows. Measured depth 2301 ft. Inclination

angle 1.5 degrees fromvertical Azinmuth angle 120 degrees from North

Verti cal B&B%}D 23504385.7Rorth coordinate 20 ft. East Coordinate 6 ft.

Desi gn CUITW@r)e Baaﬁsjg}{ertical Depth Curvature Rate 2300 to 2900 ft 2.5
: .

deg/ 100 f
NOR(3) = 8502 f

EAS(3) = 2786#

MD@4) = 8564.0 ft
MDL (4) = 8720.7 ft
INC(4) = 51.8deg
AZ (4) = 16.3 deg North

TVD 4) = 6700 ft
NOR @) = 4000 ft
EAS(4) = 1200f

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 fi
INC(1) = 51.8deg

AZ (1) = 16.3 deg North
TVD(l) = 6700 &

NOR (1) = 4000 fi

EAS(1) = 1200ft

LA = 4584 ft
DOGA = 31.3deg
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2900 to 4900 ft 3.0 deg/ 100 ft 4900 to 6900 ft 3.5 deg/ 100 ft 69Q00¢P 2005
7900 ft 4.0 deg/.100 fit The required trajectory is calculated as foll ows.
For thé""f’io?’g?”?’arget we use the Fig 2 and Table 1 sol uti BRT/US§283386 5
deg/ 100 ft MDL (1)= 2301 ft INC (1)= 1.5 deg AZ (1)= 120 deg North TVD (
2300 ft NOR (1)= 20 ft EAS (1)= 6 ft LA= 1121.7 ft DOGA= 52.2 deg MDL (2
3422. 7 ftMDlO(é'z;) \ADgQ%%Q@ZM TVD (2)= 3420.3 ft NOR (2)= 5.3 ft EAS (2)=
31.4 ft INC (3)=51.8 deg AZ (3)= 16.3 deg North azinmuth MDL (3)= 4542.4 ft
MD (3)= 4BéB.(2) f = P98I 4113.9 ft NOR (3)= 850.2 ft EAS (3)= 278.6 ft MD

(4)= 8564¢8pfhy ML L4L= 8720.7 ft INC (4)= 5.1.8 deg

EAS(2) = 1301.1ft

1) =
):

INC (3) 49.7 deg
AZ (3) = 335.6 deg North
MDL (3) = 9636.7 fi
MD@3) = 945781t
TVD(3) = 7280.1f
NOR(3) = 46634f
EAS(3) = 115691t

MD (4) = 9797.7f

MDL(4) = 99774 f
INC(4) = 49.7deg

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

NOR (4) = 4900 fi

EAS(4) = 1050 ft

For the third target we also use the Fig 2 and Table 1 solution
BTA = 4.0 deg/100 ft

MD(@1) = 9797.7f

MDL (1) = 99774 fi

INC(1) = 49.7 deg

AZ (1) = 335.6 deg North
TVD (1) = 7500 ft
NOR (1) = 4900 ft
EAS (1) = 1050ft
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) = 16.3 deg North TVD (4)= 6700 ft NOR (4)= 4000 ft EAS ' (4)% 413 5
égr(gac g r gt we ruse tht(a %:i g. 2 and Table 1 solution BTA= 3.5 Jeg?ﬁo@
ft. VD ('i‘?_ "é@%%ﬁ*b ft MDL (1)= 8720.9 ft INC (1)= 51.8 degrbZ/usbymsss6. 3 deg

h TVD (1)= 6700 ft NOR (1)= 4000 ft EAS (1)= 1200 ft LA= 458.4 ft DOGA=
girg deg -(21)\/\0 02/ 099241 NE)L (2)= 9179.3 ft TVD (2)= 6983.5 ft NOR (2)=
4345.7 ft EAS (2)=180gal ft INC (3)= 49.7 deg AZ (3)= 335.6 deg North I\/Dg
(3)= 9636.7 1 M (3)= 9457.8 ft TVD (3)= 7280.1 ft NOR (3)= 4663.4 ft EA
(3) = 1156.1§OE1I[A|\/D=(4-4d9897.7 ft MDL (4)= 9977.4 ft

MDL (2) = 100702 f
TVD (2) 7560.0 ft
NOR (2) = 4964.5ft
EAS(2) = 1020.8ft

Il

INC(3) = 42.4deg

AZ (3) = 337.1 deg North
MDL (3) = 10163.0 ft
MD (3) =-9983.1f

TVD (3) = 7628.6 ft

NOR (3) = 50221 ft
EAS(3) = 996.4 fi

MD (4) = 103504 fi
MDL (4) = 105302 fi
INC(4) = 42.4deg
AZ(4) = 337.1 degNorth
TVD (4) = 7900 fi

NOR (4) = 5250 fi
EAS(4) = 900f

Horizontal Example

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 fi Vertical depth
400 ft North coordinate
1600 ft East coordinate
45 deg inclination angle
-23.



TNC (4)= 49.7 deg AZ (4)= 335.6 deg North TVD (4)= 7500 ft NOR (44313,%3020%

EAS (4)= 1050 ft, For «the third target we also use the Fig 2 and T

sol ut i MHOB¥AS241 0 deg/ 100 ft MD (1)= 9797.7 ft MDL (1)= ®ETAISI2/63386 NC (1) =
49.7 deg AZ (1)= 335.6 deg North TVD (1)= 7500 ft NOR (1)= 4900 ft EAS (1)=
1050 ft 1 1 OCT 2005 PCT/US02/03386 -22 1 1 OCT 2005 . WO 02/0992=41 LA
DOGA  MDL1f 3dpg Novfl dz&huthNOR (2)  EAS (2) INC (3) AZ (3) ML (3) M (3)
TVD (3)

The horizontal target plan has the following specs:
6800 ft vertical depth at 0 ft North and 0 ft East coordinate
30 degrees North dip azimuth
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 fi
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(I) = 3502 fi

MD (1) = 3502 ft

INC(1) = 1l.6deg

AZ (1) = 280 degrees North
TVD(1) = 3500 ft
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. TVD (4) NOR (4
R T A AR B

=9 = 7.4 deg = 10070.2 ft 3
gf?: 4égﬂ§ﬁ%%”§”337.1 deg North = 10163.0 ft _ :9983.1 fecT/Eshidhed 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 PCT/ US02/ 03386

NOR(1) = 10f
EAS(l) = 20#

LA = 6728 ft
LB = 774.5 ft
DOGA = 38.8deg
DOGB = 50.6 deg

MDL(2) = 41748 ft
TVD(@2) = 417251
NOR(2) = 133 ft
EAS(2) = -385+f

INC(3) = 37.2deg
AZ(3) = 95.4degNorth
MDL(3) = 48475 f

MD @) = 479561
TVD(3) = 47082 ft
NOR(G) = -25.2ft
EAS(3) = 3665 %

INC(4) = 37.2deg
AZ (4 = 95.4 deg North
MDL(4) = 588648
MD (4) = 58345 ft
TVD(4) = 5535.6fi
NOR(4) = -84.7 ft
EAS(4) = 99201t

MDL(5) = 6660.8 ft
TVD(S) = 61524 ft

-25-



‘Hori zontal Exanple Fig. 8 shows the planned trajectory for drilli ngog? 5
horizontal target. In this exanple a directional target is used i@?}
the bo¥R8YE9%Fk h the desired horizontal path. The di r e®CraAIsa2/033a6 get i s
defined as follows. 6700 ft Vertical depth 400 ft North coordinate 1600
ft East coordinate 45 deg inclination angle -23 WD 02/099241 15 deg North
azi mut h 20( / US02/ 03386 The horizontal target plan has the

fol |l ow ng\l(é%@l gggéft vertical depth at 0 ft North and 0 ft East

coor di natBAS(3) degl4s8s3 Rorth dip azimuth 15 degree North horizont al

wel | bore target direction 3000 ft horizontal displacenment The position of
the bottomof the hole is as follows: Measured depth 3502 ft Inclination
angle 1. eas 7ARIg|t h angle 280 degrees North Vertical depth 3500 ft
North coordinate 10 ft East coordinate -20 ft The design curvature rates
for the MPB)i onal43%2 & are: Vertical Depth Curvature Rate 3500-4000 3
deg/ 100 fﬁ\IC (%900——364?98%3' 5 deg/ 100 ft 6000-7000 4 deg/ 100 ft

AZ (6) = 15degNorth
TVD(6) = 6700 ft
NOR(6) = 400ft
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) = 7281.3ft
INC(1) = 45deg
AZ (1) = 15degNorth
TVD (1) = 6700 f
NOR(1 = 400ft
EAS (1) = 1600 f

The slopihg target speéiiﬁcation is:

TVDTP = 6800 ft

NTP = 0ft

ETP = 0ft

DIP = 4deg
AZDIP = 30 deg North

The horizontal target azimuth is:
TARGAZ = 15 deg North

The Table 3 solution is as follows:

DNOR = 400ft
DEAS = 1600 ft
DVS = 1649.2 ft
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‘The maxi mum desi gn 'curvature rates for the horizontal well are:
deg/ 100 ft The trajectory to reach the directional target is cal du1 é’tcédzws

using tWO W4 on shown on Fig. 3. BTA = 3.0 deg/ 100 ftpcﬂ§2m33§g5
deg/ 100 Tt MDL(1) = 3502 ft MD (1) = 3502 ft INC (1) = 1.6 de
280 degrees North TVD(1) 3500 ft -24 "W 02/ 099241 NOR(1)= 10 1 EAS(.l)—

20 ft LAg§72.8ft 15)3571\7, ft DOGA= 38.8 deg DOGB= 50.6 deg MDL(2)=
4174. 8 ft TVD( 2) = 19955 (2) = 13.3 ft EAS(2) = -38.5 ft INC (3) =
37.2 deg TD(2) = $88@.2dcg North MDL(3) =4847.5 ft MD (3) =4795.6 ft TVD(3)

=4708.2 TANOR(3) 557252 Tt
X = 1932t
TVD(3) = 68932#%
NOR (3) = 586.6 fi
EAS(3) = 1650.0

LA = 27331
AZ(5) = 15degNorth
INC(5) = 86.1deg
DOG = 41.1 deg

BT = 7.9 deg/100 ft
DVS = 2726 f
DNOR = 2633ft
DEAS = 70.6 ft
DTVD = 1841t

NOR (5) = .850.0ft
BAS(S) = 17206f
TVD(5) = 6911.6f
MD (5) = 7804.1 ft
The end of the 3000 ft horizontal is determined as follows:

DVS = 29932 ft
DNOR = 2891.2f
DEAS = 77471t
DTVD = 20221
NOR = 34778 ft
EAS = 24953 ft
TVD = 71138 ft
MD = 10804.1 £
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- MDL(5)

'EAS(3)= 366.5 ft INC (4)= 37.2 deg AZ (4)= 95.4 deg North MDL(4)= 5886 4.bi
MD E4§: fit TVD§4g: 5535.6 ft NOR(4) = -84.7 ft EAS(4)= 992.10?1‘80[%é Z
g@ﬁ%@?g“rt TVD(5) = 6152.4 ft 1 1 OCT 2005 PCT/ UPQrusS®ansss5 1 1
OCT 2005 WD 02/ 099241 PCT/ US02/ 03386 NOR(5) =-129.0 ft EAS(5) =1458.3 ft
MD (6) =7281.2 ft MDL(6) =7435.2 ft INC (6) = 45 deg AZ (6) = 15 deg North
TVD(6) = 6700If tis WAR(I&jown 4R flte opthB(fi) carvhble fate Fhe dmREfigntaly | andi ng

2ot o | ortaid el B e ChiBAvpaiseldshingihe pectiop. latined of fpsbeds dog

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 £t 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 formatio:;. 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
emrors 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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‘AZ (1)= 15 deg North TVD (1)= 6700 ft NOR (1= 400 ft EAS (1)= 1600 ft The
sl O[(l)i Z]g,“; (%g specification is: TVDIP = 6800 ft NTP = 0 ft ETH 1 QT 2005
"'DIP =4 &feiéfg DI P = 30 deg North The horizontal target aiTUSt2/08386 TARGAZ
= 15 deg North The Table 3 solution is as follows: DNOR = 400 ft DEAS =
1600 ft DVS = 1649.2 ft -26 WD 02/099241 AZD= 76.0 deg North TVD (2)=

= - 6 ft EAS

0.7, [| Hetsmeds Sogie et 192 4o A o R U RS
41.1 deg gaFge—%qlé, @‘83}"%’6 Iatgst survey two-fold, and the fifth survey one time. Altering

the number of surveys or adjusting the weighting factors can be used to further

increase or reduce the influence of the random survey errors and increase or

decrease the responsiveness to a change in true performance. For example, rather

than the five most recent surveys, the data from ten most recent surveys may be

used during the error correction. The weighting variables for each survey can also

be whole or fractional numbers. The above error determinations may be included in

a computer program, the details of which are well within the abilities of one skilled

in the art,

The above embodiments for directional :and horizontal drilling operations can
be applied with known rotary-steerable directional tools that effectively control
curvature rates. One such tool is described by the present inventor in U.S.P.
5,931,239 patent. The invention is not limited by the type of steerable system. Fig.
9 illustrates the downhole assembly which is operable with the preferred
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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DVvS= 272.6 ft DNOR= 263.3 ft DEAS= 70.6 ft DITVD= 18.4 ft NOR (5)= 1%5@:13&%
EAS (5)= 1720.6 ft TvD (5)= 6911.6 ft MD (5)= 7804.1 ft The end of 1th
" ft.hori V24199343 determined as follows: DVS = 2993.2 ft [NGRIS2B8@E. 2 ft
DEAS = 774.7 ft DTVD = 202.2 ft NOR = 3477.8 ft EAS = 2495.3 ft TVD =
7113.8 ft MD = 10804.1 ft 1 1 OCT 2005 PCT/US02/03386 -27 WD 02/099241' 1

10 CT 20 . |1 _kno that the optimym curyature
rate for di ?tegﬁ%e#gs%ﬁg?&iﬁgbhnz%%%\?% Hgl\g\@sl ormatop @ntoogﬂf‘ﬂétev tical
depth of filteresantdyatepttiy arhRAdahesdomiies dntoGHE \ﬂ@ﬁhﬁh@léé@ﬁﬁﬂ@@ﬂetﬁfe fhgaded in
t he downhol g conputer in the formof '‘a table of curvature rate versus

dept h. ThteolisiAweTed intosthghole The leestiintresivanway of presiicting surseyudepthsise as

i ' f. 1he i n be further ptim zed
by Ut | 2 e, ek 158 Wb [t Hind ok B B8 oS titenas B
pract i cal eachpipe febe added)fandhdet@ndhiagthel sevep depBinbased lohetHeGhatbed @9 €9

f..
curvatur epi%e joints and the average length.

It is envisioned that the MWD tool could élso include modules for taking
Gamma-Ray measurements, resistivily and other formation evaluation
measurements. It is anticipated that these additional measurements could either be
recorded for future review or sent in real-time to the surface.

The dowﬁhole computer module will utilize; -surface -loaded data, minimal
instructions downloaded from the surface, and downhole measurements, to compute
the position of the bore hole after each survey and to determine the optimum
trajectory required to drill from the cument 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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't he uppernost circular arc segnent is conpared to the planned or desb{ﬁg 5
~ curvat u,%ofl%gilmenever the total dogleg angle is found to be | &ds PP

the designer’s 1pI anned curvature rate, the curvature rateCTASIZRYELd to a
value nunerically equal to the total dogleg. For exanple, if the planned
curvature rate-was 3.5/100 ft and the required dogleg was .5, a curvature

rate of .5/ x0Qud i for.the initial circular arc section.
Thi s procedure v‘\h{sﬁ% progﬁtggyrg(?’r%g‘t%ﬁbygé@mtl%}ahaﬂlkfs%laé]%t@gpaﬂlﬂalnkvmul d be
produced by tethd ériging plmed|tmjurgstyval ue. The actual curvature rate

perfor mange f c@i rgclti onal drilljing equipnment including rotary steerable
systens iS affect&d 'BOP CHAT fegientivatrontingywilb minimize she differenves beticea! Wear

of the rotatye fli@flcadHed r .of the bjt. and_ the
characteristics of thea??.or %ﬂ?ﬁ@ag&?ﬁgﬁgagpgs a‘fmﬁ‘é"éf'f'g}élﬁdﬂg alinlgad 0 change
sl owly andiqeadueed toptuosityluce actual curvature rates that stay fairly

constant drill depth but differ somewhat fromthe,, theoretical
traj ect or%lim. ﬂﬁoefgho% cf‘i’g‘?bénﬂﬂ‘i‘p‘iﬁ PiRYidirg 8 tnyesise nomtrolt dfccuroptieniate aid e

trajectory a@ibiBly foVre8SeRHn iliwzing.a correction factor in
controlling the .lra_ic})’t ary st eergb ea@%%réathl’ﬁggﬁ%v PR PLOdeles HEajeptonor s can

be conput edths#) utilirgscthe mjnirmem praicsictur iR Ghesy TR WRPHIBHE Kiand BRS! L1 ONS
with the acggﬁloﬁisjéﬁctor%ﬁ «?rﬁ@{ét ed frogmthe surveys. e dirterence

bet ween t heSe" t g 3 Ky ef thecdodasi nati on of the deviation in
per f or manceWhile proferfed! dhdoBintHik 3! nd {he rand i nduced errors
in the suiﬂ,\iey, measur ement proceg’ts?.tﬁeA%#'?@:ﬁ? eﬁeéef’rciﬁsc’eg‘?raé&vpoweprocess
shoul d niskilicAZB theart warldrsnegnizs thahwariauoBUELUAUENs 64r BE Snaldi therefeSPONdi Ng
qui ckly Y e, perforpance qf the rotary steerable system A

pr ef errehﬂtr?fgtﬁﬁgg IS %]g%&ﬁhﬁsg‘é‘tﬁn MPQW?&FWW% average difference for
the correction coefficients. A preferred technique is to utilize the |ast
five surveys errors and average them by weighting the -28 WO 02/099241 1 1
OCT 2005 PCT/US02/03386 | atest survey five-fold, the second | atest survey

four-fold, the third |atest survey three-fold, the fourth | atest survey
two-fold, and the fifth survey one tinme. Altering
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't he nunber of surveys or adjusting the weighting factors can be used to
further increase or reduce the influence of the random survey errotd Qhfq 2005
increase or decrease the responsiveness to a change in true perfornmance.
For exanple, rather than the five nbst recent surveys, the data fromten
. st recent surveys may be used during the error correction. The weighting
vari ables for e rvey can also be whole or fractional nunbers. The
above error detmmw_%e included in a conputer program the
~details of which are well witciin the abilities of one skilled in the art.
The above enbodlent & methodiafalriliimmalbosehdlenfoinzanatalve glondd suifaicopebas i ons
can be applied with known rotary-steerable directional tools that
ef f ecti vel 9r vont sub-sudfacey targete acadréfhg ONe réfetdhck AbdjedtSrydsRa! 508 dndYod he
present inventor in U S P. 5,931,239 patent. The invention is not ?I mted
by the typsomprisihger abl e system Fig. 9 illustrates the downhol e assenbly
which is operable with the preferred enbodinents. The rotary-steerable
directional toofetdmith | a ol . 2. A hasig MAD tool, which
measur es coor diéleétt es i5rJ cﬁﬁgfsédgtee\é%hngda%pwt Elg‘r'lvdthq ﬁ&qlﬁnﬁaﬂf e pPrEzent known
in the art;, order ..t 0. proyide the inprovenents of the present invention,
the MAD tolgfétg}n4%eéqlkggﬁ?ri%ﬂﬂ%%$3?%g°‘%h@ des nodul es that performthe
followi ng functigns. 1. Receives data and instructions fromthe surface. 2.
| ncl udes a sur mi?‘ﬂgl%ameev traigetony plagr wsthréeedimenkionalt spone anghied aedonzi nut h
of the tool 3. Sends data fromthe MAD tool to a receiver at the surface
4. A two- vingrer ibiisurface largéta bassd muiscoordinatesdf id piegerithecatidh WFROUEI bit,
stabilizer and receives performance data back fromthe stabilizer unit 5.
A conput ersaitbflesy erdjedtoryesian bei tddﬂé}nﬁﬁbcpmd'b?@iﬂb LdLppt es of
the drilling assemJ)Iu.y.ﬂy?ﬁere aﬁ%e t hree addi iongﬁ%?ﬁ%gésfe@ﬁ%efﬂggﬁb e used
to make tI}ﬂaIert hs of each survey available to the downhol e conputer. The
sinplest of these is to sinply download the survey depth prior to or
foll owi ng the surveying operations. The -29

2. The method of claim 1, wherein said new trajectory plan 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 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,
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1 1 OCT 2005 WD 02/099241 PCT/ US02/ 03386 nost efficient way of handling
the survey depth information is to calculate the future survey deptdgs 200
1oad these values into the downhol e conputer before the tool is |owered
into the hole. The Iﬁast intrusive way of predicting survey depths is to
use an average |%dd? GoTa{‘H%gleﬂFﬁmed;ﬁYﬁeﬁﬁst@wm teciallingrof theegineld ng t he

| ength of each pipe to be added, and determ ning the survey depth based on
the nunber definingisetd singletcsrcatire thespeetvanen- -irtergédtinglendpsinensfithé fised t hat
the MAD tool could also include nodules for taking Ganma-Ray neasurenents,
_resistivit yndsecontditengdnd iin@tégdmen@val uati on neasurenents. It is anticipated
that these additional neasurenents could either be recorded for future
review or sent in real-time to the surface. The downhol e conputer nodul e
will utilize; : surface |oaded data, mnimal instructions downl oaded from

t he surface, and. do oIe rene coppute thep5|t|on of . the
bore hol e after%eac%urvg%gﬁgdlaﬁn e’fvé?rﬁi’h@‘m‘éwéﬁqcf‘ﬁ%l’ ary igrladesoyajd
required to deill fromthe current 1[;l_)oleon of the borehole to the.

di rect i onalSEHCHEFUEORGE AngeRiding from gnsnd @At srid simgle ewputd which is
capability can optionally be installed at the surface in order to mnimze
t he vol ume clrseg4e said Hiast sumsyrfadsdargetit fromthe MAD tool to the surface. The
downhol e conmputer will also include an error correction nodule that will’
conpare the trajectory determ ned. from the surveys to the planned
trajectory and utilize those differences to conpute the error correction

term The error orr erid fthodl bf aﬁmlld%&r&b%ﬁ%d&oﬁl& 0683 fade Al petM ' '
correct for manufacturing tol erances, tool wear, wear , é for[f'm

ef fects. ThgMaGaaDelitabindir h%iehgeaﬁ%yanmg& ginry%ge %ﬁeazgfgﬁ@gm zont a

drilling operations t’hr ou | 'ow n ol e
assenbly d reqU| the entire, directional well.
This elim %g “W'Ir% Lct$ plaT e ‘@SS %ﬁrﬁgﬁ?ﬂvﬁﬂt&%{ﬁ’wcw%@wwc change t he
characteristics of the bottom hol e assenbly to better neet the designed
trajectory requirenents. 2. The process wll drill a snmooth borehole with
m ni mal tortu05| ty The process

7. The method of claim 6, wherein at least one of said first and second

curvature is 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
said tangent line segments meeting at an intersecting point C, where LA = R tan
(DOG/2),l |
wherein R = a radius of a circle defining at least one of said first and second
curvature,
- and DOG = an angle defined by a first and second radial line of the circle
defining said at least one of said first and second 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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‘of redesigning the optimumtrajectory after each survey will sel ecftdgta 2005
m ni mum curvature hole path required to reach the targets. This w |
elimnate the -30 ,WD 02/0992.11 1 1 OCT 2005 PCTIUS02/03386 tortuous
adjustnments typically used by directional drillers to adjust the path back
~to the original planned trajectory. 3. The closed | oop error correction
routine will mni n%}zdl% t he ﬂ_i}%éérences between the intended trajectory and
_the act uaf™MFPstng Yidpawnt of tandrseeandifangent|ling segments correspdnding to
tortuosity. 4-- Through the conbi nation of providing a precise control of
cur vat ur e Spigsecapdocuryafureabi | ity to redeterm ne the optimum path, the
invention provides a trajectory that utilizes the m ninum practi cal
curvature rates. This will further expand the goal of mnimzing the
tortuosity of the hole. Wiile preferred enbodi nents of the invention have

been descri bed9abpyemetidad H 1 . ] nize that various
nodi fi cations can bemr?ade %f?gg%lg{ %’%\}m&? l{ﬁlgkﬁféf&{éspt)ar F%ﬁfﬁ(‘%ﬁg’%ek KEMERTSid  and
scope of hABZe{gleviell vhith 4 requiDET a2€16 B VAT ahSafiAithVERY sdid phessRt foostide

drilling al.e. froman.above.groun urface to one or nore

sub-surf agépﬁérﬁ@@tb& ‘a?cagérd%PWgW’(Ellsﬁ éﬁg %’F%&@flew thamaid fisst pulrisurfacestaigdt. met hod
conprising: determning at predeterm ned depths bel ow the ground surface, a
present |ocation of a drill bit for drilling said borehole; and

cal cul ating a déwTheapetbodpfclpiran, ivhetelt eetehifbpsialNflesdtI6QtbA oBfed ONE or

nore sub- flace targets based on ¢oordi hates of said present |ocation of
the drill aglhtb,%’"% ﬁéﬁ&%ﬁ}‘%&?%‘&"ﬁﬁar@%wgh@md@manddneasuépgmmw ly of

t he ref er antidatisrdu®C 0 h¥multh, herdn tHe f. i erejn said new
trajectory plan includes a eréin t1EBordRS18 WptHis ftelerhinelf B3] &h & |

number of drill segments added together to drill said borehole to said present
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 claith 1, further comprising measuring inclination and
azimuth angles of a new borehole drilled according to the new trajectory plan at at
least a first location, a second location and a third location in said new borehole,
calculating actual trajectories of the new borehole between the first location and the
second location, and between the second location and the third location, comparing
the actual trajectories with the new trajectory plan used to drill the new borehole

between said first, second and third locations, and determining an error between the
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‘'singl e curvature between said present |ocation of the drill bit apd a first
sub-surface target of said one or nore sub-surface targets. 3. T ¢t KB
of claim?2, wherein said single curvature is determ ned based on a present
| ocation of the drill bit and a position of said first sub-surface target.
4. The nmethod of claim3, wherein said single curvature is estimated by a
first tangent |ine segnent and a second tangent |ine segnent, each of the
first and second tangent |ine segnents having a length LA and neeting at
an intersecting point, where LA = R tan (DOG 2), wherein R = a radius of a
circle defining said single curvature, -32i 10 CT 2005 and DOG = an angl e
defined by a fir ial Lline, of ircle defining said
_single curvat urea%%a?gﬂgcgg?%\%gdﬁ@%n?%kr&‘regré’& PI:?B t‘é Btﬁ’a?‘ﬁf'g“é‘fmf F@Tffqtlpgt and
second tangg M]Q[%n%agge .The nethad of claim3, wherein said new
trajectory p I HC eLay ‘H’”“Sf’?l‘b*eémdiﬂ;ﬁ)‘é&]&ﬁeé ag A gveightechajeanage whichf r om an
end of the said single curvature which is closest to said first

sub- sur f ace “FHEFIROTCFECept SRR eaietiatiams ancre heavilythen kssregeritienst of sai d
sub-surface targets includes a target, having requirenents for at | east
one of entr§aleHali¥sand azi nuth, and said new trajectory plan includes a
first curvature and a second curvature. 7. The nmethod of claim®6, wherein
at | east one of said first and second curvature is estimated by a first
tangent |ine segnent A and a second tangent Iine segnent B, each of the
first and second;3 angshi en th LA and . said tangent
|ine segments meeting a uﬁ%ﬁ?@?@i%gﬁ%ﬁg é’f“@ y OEQR“’L“&?

(DOE 2), whgy; us of, acircle deflnln | east one of said
first and seégdr?ge Bgr&ra?;la %groélﬁﬁ Spifgseto gpe ahgree ﬁuﬁ@ée taygess agoosdingind
second radltgl v}ne o the Ci @g defining said at |east one of said first
and second CUrValTre! rfl-l‘j’c'ioé%B ¢ Jalkcqrapnter readable medium comprising:

-34/1-



‘intersecting endpoints of the first and second tangent |ine segnents, T8
The nmethod of claim 7, wherein said first and second curvature aré? 0CT 2005
interconnected by a straight line joining a non-intersecting endpoint of
,the first and second tangent |ine segnents corresponding to said first
curvature with a non -33 1 .1 0 CT 2005 intersecting endpoint of the first
and second t angefiMRYiffereadahipprogrampmeansfon detaymining & pretiesemined depihyat ur e.
9. The method of claim4, wherein said first sub-surface target conprises a
hori zont al W the grauad suréacer epreseng lazatibn efit dyill dicfopdiiMakRa@draaid present

| ocation of said drill bit is at a depth which is nore shallow than said
first sub-surfaceomputgetadable propanimieladfoptalehlading énewﬁa.%jéid?%g%qﬁm ni ng
said present location of the drill bit conprises ascertalni coor di nat es

for a bor ehthice-diphdiomd dpaRas Yhid 'y ' 1 i doan azimith, wherein
t he borehole depth is prgdet er nl1 ngaaﬁéns?ggﬁlgnaghcggar{g%? bﬁsfedd’r“i |l segments

added t oget ; } I orghol gt i.d present |ocation. 11. The
met hod of c“iagfdr’ﬁt’ éf?sd‘;m%éé‘irdeﬁﬁg%é?"ec ﬁ?‘h?ﬁ‘&e?ﬁ@w@é@ﬁw trajectonyatarcheingie  dri | |

bit conpris cear.t ai ni oordi nates for a borehole depth and neasuring
an inclina ?eg%§r§ﬁdn(§?°8§%ﬁﬁ't‘}ﬁt FIENGE taectoymitol e depth is deternined

based on a. comunication of a depth neasurenent provided froma drilling
station | ocated above ground. 12. The nethod of claith 1, further
conprising measuring inclination and azinuth angles of a new borehol e

drilled accor di ig- flhetcomputa readablechaliympfehimt] 3atvheteidsdid eor‘ﬁbﬁtér]t | ocat i on,
a second location and a third location in said new borehole, "calculating

act ual tr ajrexiableipesgrain mbamsTereanahy ﬁi@ﬁéﬁ‘ﬁ-ﬁj&c&)ﬁliafab%gfc{lk?cation and t he
|

second | ocati on, and. between the second | ocati'on & (‘i’s&sl‘%%ti on,

| een the second 1 ocaton ant'th i
GrITE the mewbo ehajech SRR Boadthidh e i B MR ShiseHecetiet ehs . and

det erm ni ngaia%ng%ﬂ{org%%& actert]aergét:s%.4 110CT 2005

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 plan 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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‘actual trajectories and the new trajectory plan to deternine an error
correction term wherein said error correction termis cal cul ated h9C3 2005
wei ghted average, which weights nore recent error cal cul ati ons nore

heavi |y t'han Ies;z rﬁ.ﬁent error calculations. 13. A conputer readable

medi um oper abl e Wt hPARCHPYSF kedabls mediym of qlzim 13, wharein @i firstofsaidaubabove
ground surface to one_or nore sub-surface targets according to a reference
traj ect ory PIrERe tagsty incdvdesadprreet having requisainemts fomgléast omg oflentry@ngleT 2005
conput er readabl e program neans for determ ning at predeterm ned depths

bel ow t he garstazimyily it egid acwregeniry ihades afirstfcusvatiiteland Risecdr@ drilling
sai d borehol e; conputer readabl e program neans for cal culating a new

traj ectory qirastuten three-di nensional space to said one or nore sub-surface
targets based on coordinates of said present |location of the drill bit,
said new trajectory plan being determ ned independently of the reference
trajectory plan. 14. The conputer readable nmediumof claim1ll, wherein said
conmput er readab m. eans .for cal culatjng_sajd new trajectory plan
cal cul ates a si nc!:j .'e%gg{”\%g?tﬁf écaﬁé"[‘%& fug, p °ﬁ’r"ég@n‘("i‘1’rﬁﬁ‘aﬁti lg3st one phsdidr i | |
bit and a f}rﬁ_t dSub-s rface target of said one or nore sub-surface
targets. 15.75THE ¥GRAPLEUVAE S LBUmated By @rfirst tangest Hing scgndné eand s sécdndi ngl e
curvature is estimted by a first tangent |ine segnment and a second tangent
| i ne segner@ngwhdine seement B.icach ofisnid Siext and seanddatgent lise sqpnens kavigva ng a

| ength LA and. neeting at an intersecting point, where LA = R tan (DOd 2),
wherei n R =eagthddi,ssidghngent line begnttats meating 0 afl ifbREIRGPHIMAL, Wiikre BAC DOG =
an angle defined by a first and second radial line of the circle defining
sai d singl eRear(DHd@A2%, t 0 respective non-intersecting endpoints of the first
and second tangent |ine segnents. 16. The conputer readable mediumof claim
15, wherei n sai dwh&¥in B =3} Qr : } : i i e ure.and a
tangent line from an enﬁ?@lﬁe&agg?%e g%éﬁggt(s:l&rﬁ%f?ﬁ?eﬂgq%’%yl&g&%%g%st to
said first gphmeldrface target. -35

and DOG = an angle defined by a first and second radial line of the circle
defining said at least one of said first and second curvature to respective non-

intersecting endpoints of the first and secorid tangent line segments.

19. The computer readable medjum 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 line

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 diill bit is at a depth which is more
shallow than said first sub-surface target.
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"1 1 .OCT 2005 17. The conputer readable nmediumof claim 13, wherein a first
of said sub- surface targets includes a target, having requi remer\tf dear 2008
.least one of entry angle and azimuth, and said new trajectory includes a
first curvature and a second curvature. 18. The conputer readabl e nmedi um of
claim 17, wherein at |east one of said first and second curvature is
estimated by a fi'olr tar;_l?ent |ine segment A and a second tangent line

- segment B, each Of ol R‘*‘%‘tre‘?j‘jr?gles@é‘é)‘ﬁﬂ‘Qfaﬁgﬁhﬁ,lwmlsegdmomutmvi ng a

| engt h LA, readablelpitd mel j an_inters i.ng point C
where LA = R t.an[ﬁ(%%%; 2) l,u%ev\%grggi n ﬁlg%%rg%?%ngtl%ﬁaggnﬁﬁ’ccl‘ﬁﬁt@fi ni ng at

| east one 6PMPAISEs scerainmgoontinates foe uibeadholedeptt) HIES Theéborailk Geglff | ned
I g said at Teast one

by a first .an cond.radi line of the circle definin

of said fi r@?‘%ﬁ%%“%‘é‘%ﬁa“éfﬂva?w@rﬁ drdlsssments addeshtogethertosdrit said)

endpoi nt s gﬁr&bﬁtbisgﬂp@gﬁtﬁﬁ&ﬁ&g tangent |ine segnments. 19. The conputer
readabl e nmedi um of cl ai m 18, erein said first and second curvature are
i nterconnected by a straight line joining a non-intersecting endpoint of

the first and sego tangent |i segnents corresponding to said first
curvature with gahcp)lgl-cic §eé6??dp? ledpeipmmethed phelaim 1 3¢ wherdinseouutert angent

line segmeaidablegroganondiior Qe Rhiling ER1et YRMIELor AR aJ11E, COTPUL er

readabl e medi um of claim 14, wherein Irst su rget .
conpri ses &OWBPFEReAaINOEconiditntes foegbbrehdleategtie wikreti tiieboratitle dgAh MUt h .

and said p : ion of said.drill bif is at a depth which is nore
shal | ow t hgsﬁ&géz}l{ndh?‘fﬁéﬁ888-?&!‘?‘&8%”&0&%&&&@&%%8%6@6@promasﬁmn.a The
conput er r deiliiyl satiSRobaE@hb&eABiB, Wherein said conputer readable
program neans for determ ning sald present |location of the drill bit

conprises ascertaining coordinates for a borehole depth, wherein the

borehol e depth LS. predeterm ned based on a nunber of drill segnents added
together to dri |2P. gglled:omputer readable medium of claim 13, further comprises a computer

readable program means for receiving measurements for inclination and azimuth
angles at at least a first location, a second location, and a third location in a new
borehole drilled according to the new trajectory plan, and for calculating actual
trajectories of the new borehole between the first location and the second location,
and between the second locatio;l and the fhird location, comparing the actual
trajectories with the new trajeétory plan used to drill the new borehole between said
first, second and third locations, and determining an error between the actual
trajectories and the new trajectory plan to determine an error correction térm, wherein
said error correction term 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 ground surface to one

or more sub-surface targets according to a reference trajectory plan, comprising:
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‘borehole to said present |ocation. 22. The conputer readabl e nmedi um net hod
of claim 13, wherein conputer readable program neans for deternminl B§Ts20%
present .l ocation of the drill bit conprises ascertaining coordinates for a
borehol e depth, wherein the borehole depth is determ ned based on a
comuni cation of a depth neasurenent provided froma drilling station

| ocat ed above ground. 23. The conputer readabl e nedium of claim 13, further
conprises a conputer readable program nmeans for receiving nmeasurenents for
‘inclination and azinmuth angles at at least a first location, a second

| ocation, and a third location in a new borehole drilled according to the
new trajectory pl . f,or calculating actuyal trajectories of the new

- bor ehol e bet ween f(ﬂeev l%r}ggfletfe%éﬂqgc?ﬁ pEﬁQ&‘%"Hé‘@é’@Bﬁé belewathe groundsurfhe, ween
the second | ocatjon and the third | ocation, conparing the actual

traj ect ori ePrcEHOFRONRAA drilhbis &rairifling said berebiolepardk i | | t he new bor ehol e
between said first, second and third |ocations, and determ ning an error
bet ween the act ud deviedprerlaratim andv trthiecoenplanag geéSdndsRial Padef,er m ne
an error correction term wherein said error correction termis calcul ated

as a wei ght edidanerongre wWib-airfase itahEs bARU®N doBRER i |.Qns Jmor e
heavily than | ess recent error caFcuI ati or?s.0 24. %ﬁfogg%g%g%sgéglséartloﬁrqfl ling

a borehol e fikOdwiIBit 2RV . r re.sub-surface targets
according to a refer enclgevi‘:g Ergjjéglgtr}f)yl 3%5 S’F‘g‘ﬁf‘g‘%ﬁg’r@rﬁ??"gf’ﬁg‘% refgiente frajgetpry 05 4
device for erm ning at predeterm ned depths bel ow the ground surface, a
present location of a drill bit for drilling said borehole; and a device
for calculating a new trajectory plan in three-di nensional space to said
one or nore sub-surface targets based on coordinates for said present

| ocation of the drill bit, said new trajectory plan being independent of
the reference trajectory plan. 1 1 0 CT 2005 25. The apparatus of claim
24, wherein said device for calculating a new trajectory plan calcul ates a
single curvature between said present |ocation of the dril
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bit and a first sub-surface target of said one or nore sub-surfaceqt@199§5-
26. The apparatus of 25, wherein said device for calculating said new
trajectory plan approximates said single curvature by a first tangent |ine
segnent and a second tangent |ine segnent, each of the first and second
tangent |ine segnments having a length LA and neeting at an intersecting
point, where LA = Rtan (DOE 2), wherein R a radius of a circle defining
said single curvature, and DOG an angle defined by a first and second

radi al |ine of 26h&heiappdretus détiaim 04, whdrcdinshidglericeUbredleulgtinga i@spect i ve
-non-intersecting endpoints of the first and second tangent |ine segnents.

27. The appre@typlagicalufited 2fnglvb@veiufe BaivelaNd pRséMNo&mba W e dig sai d new
trajectory plan calcul ates said single curvature and a tangent |ine from an

end of thgit 2880 %1096 MAdHEE j j | QRE Ld first
sub-surfacleat ar ggt .S gSS rﬁfﬁ%%par%%gﬁ%?ﬂl@?%is%ﬁg’i&aéﬁ?g?%k% a first of said
sub-surface targets includes a target, having requirenents for at | east
one of entry angle and azinmuth, and said device for calculating said new

trajectory plan c%,lhcul ates a _first curvature and a _second curvature. -38
1 1 OCT 2005 286 The 2pppamsofid>.orhessinspdsgvicaher wiqulaingsaitknavce f or
calculating said new trajectory plan estimates at | east one of said first
and secontfaigaiovapiana@ppipximétes said singlegurnatire by afogitengenilian degment andid

tangent |ine segment B, each of the first and second tangent |ine segnments

havi ng a heemind tinkeankinssigthengrRgendf the fiest and BEOLE tanFest lintdsegineatd
intersecting point C, where LA = R tan (DOE 2), wherein R = a radius of a

circle dehinhpd 16t LAl 4R Bedinp @b [Rers@idg BEXAL S ﬁ&e@@g4=3( Qﬂf(b@ﬁh)by a

first and second radial line of the circle "defining said single curvature

to respective - . nher ] e 0] of .th irst and second tangent
| i ne segnents. .ré“ﬁ]{e gg%&é{rlg uasag({fe %ﬁiﬁ%ﬁ %é& s\%ﬁ%’rcélmt%rgt d device for

I | ati i d traject t i i | i t
caloul ating sal o BRI st drafe itieRb 1S Totond aasl il Sfthe ollle 29

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 plan calculates said single curvature and a tangent line from an end of the

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

28. The apparatus of 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 plan calculates a first curvature and a

second curvature.
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"said straight line joining a non-intersecting endpoint of the fitﬁt°€f§W5
second tangent |ine segnents corresponding to said first curvature w a
non-intersecting endpoint of the first and second tangent |ine segnents
corresponding to said second curvature. 31. The apparatus of claim 25,
wherein said first sub-surface target conprises a horizontal well with a
required angle of entry and azinmuth and said present |ocation of said
drill bit is at a depth which is nore shallow than said first sub-surface
_target. 32. The apparatus of claim 24, wherein said device for determning

said present |oggti he drill' pit. conprises.neans for ascertaining
coordi nates for ga, Bﬁ?éﬁ%ﬁrémasgf‘ﬁ‘,m e} ?rﬁmtsﬁlf‘g%“?rfg{ gelgelating said new

" predet er m ngg. on a nunber of drill segnents added together to drill
sai d bor ehoﬁg’e?@%g 28 © ?‘BétéﬁPﬁF?j%QPF 8?15314 §§ﬁtﬂn‘ism¢d290@ﬁgsg)'ﬂfestappar at us
of claim24, wherein said device for determning said present |ocation of

the drill bf2nEeHHaecisceaenteh ard o secoad tangeni liermggment Bj exeh of tHeofirseandbor ehol e
dept h, wherein the borehole depth is determ ned based on a conmuni cation

of a depth sesasditasgenttlinsrsoginentd hiviagadersith LIl £l saiPfahSéht 1963k &henrabove
ground. 34. The apparatus of claim 24, further conprisSing neans nfor

measuring amebtt@sit aanftefectiily ShiUl WhéBl.A AR 1aAgbiRE) 5Ng! € of a new
borehole drilled according to the new traj ector3 plan”at least a first

| ocation, a SeCOWﬂgereirPRaJégt{aiusad’fQ cqrcwﬂ&erfglil{cé)scaﬁégqgiﬁﬂ ??%i!jd new bor ehol e;

means for cal culating actu trajectories fiol e between the

first location _secon catjon, and, between the second | ocation
and the third | atat %—;— gﬁagﬁéjlﬁﬁge#b\la@&téflﬁf?ﬁ% radialdinenf thecifglen t he
act ual traj& ories,and the new trajectory plan used to drill said new -
bor ehol e be sald §ngle Qyvatyredo rspegitre mnrintetsscting emlpotnds ofthe dirsriané an
error correction term wherein said error correction termis calculated as
a wei ght ed oeendigagentiinetsegmentht s nore recent error calcul ati ons nore
heavily than less recent error calculations. '

30. The apparatus of claim 29, wherein said device for calculating said new
trajectory plan determines a straight line segment joining first and second curvatures,
said straight line joining a non-intérsecting 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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"35. The nethod of claim1l, wherein the predeterm ned depths are
antici pated depths, said nethod further conprising |oading the anli’cch'a?@'él
depths -into a processor that is |owered into the borehole, said |oading
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
antici pated depths are determ ned based on an average |length of drill pipe
segnents. -40

33. 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 determined based on a

communication of a depth measurement provided from a drilling station located

above ground.

34. The apparatus of claim 24, further comprising

means for measuring at least one of an azimuth ?nd inclination angle of a new
borehole drilled according to the new trajectory plan at least a first location, a second
location, and a third location in said new borehole;

means for calculating actual trajectories of the new borehole between the first
location and the second location, and between the second location and the third
location; and

means for determining an error between the actual trajectories and the new trajectory
plan used to drill said new borehole between said first, second and third locations to
determine an error correction term, wherein said error correction term 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.

3
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