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= Founded in 1980, Houston, Texas

= Globally positioned to support a wide range of
markets
- Operating in +80 countries, with +47 locations
- Customer base of +625 Customers

= Deliver precision wellbore placement & investigation
solutions for drilling, completions, and production
challenges

- Drilling Services: Performance Motors, RSS, MWD, LWD
- Wellbore Surveying: Gyro, GWD, Conventional Systems

- Production Logging: MicroGuide, CBL, Caliper, Magnetic
Thickness Detection
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BENEFITS OF MULTIPLE SURVEYS 6

= Mutual quality check and validation
= Weighted average gives optimal position estimate

= Weighted average gives minimum position uncertainty
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TWO ASSUMPTIONS 7

= The surveys must have passed standard quality tests

- No gross errors

= The surveys must be interpolated to common MD
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ERROR ANALYSIS PROCEDURE

Weighted Average

Of Multiple Surveys:
Single Survey Analysis (Chia Et Al., 2003)

A\Ved Surve i A\Ved
y reporting
Welldore software WeliSore ﬁ Averaged

directional " positions positions
data \
Averaged
Error model POS tiogn Ave_rc_ilged
Averag ed software . o ﬁ pOSItlon
(ISCWSA) NnesnEniise uncertainties

IPM file

(single survey
results)



IPM FILE EXAMPLE

IPM = «Instrument Performance Model» = Description of surveying tool’s accuracy

mbxy_t1
mbxy_t2

msxy_tl

msxy_t3
msz

#ShortName :MWD+IFR1+SAG
#Descmpnon OWSG MWD + IFR1 + Sag cCorrection

Vector Tie-on

MUUUUULUUUUUULUUUUUUUTIETIQUUUUULUWUI IO VKT

O e e ) ) ) ke LT T DD WD

unit

El

ancoaoaaoal | =1 333

value
35
2

00056
5e-07

COOOOOOOHKNORNO

HORHRERRE

0.1

Formula

1.0

1.0

1.0

tmd

tmd*tvd

sin(inc)

sq;t (A-(w_12)A2)

(sin(inc))

1.0

a LY

1. 0/(mtot“cos(d1p))

1.0/(mtot*cos (di

51n(1nc)*s'ln(azmg/(mtot“cos(dip))

(-cos(inc))/gtot

(tan(dip)* cos(mc)‘sm(azm))/gtot
(cos(inc)-tan(dip)*cos(azm)*sin(inc))/gtot

(-sin(inc))/gtot

(tan(d1p)*51n(1nc)*s1n(azm))/gtot

(sin(inc)*cos(inc))/(2Al

(-(tan(d 1p)*s1n(1nc)*cos(1nc)*51n(azm)))/(2A0 5)
(sin(inc)*cos(inc)) /2

(-(tan(dip)*sin(inc)*cos(inc)*sin(azm)))/2
(tan(dip)*sin(inc)*cos(azm)-cos(inc))/2

(-sin(inc)*cos(inc))

(tan(dip)*sin(inc)*cos (inc)*sin(azm))
(-(cos(inc)*sin(azm)))/(mtot*cos(dip))

(cos(azm))/(mtot*cos(dip))

(-sin(inc)*sin(azm))/(mtot*cos(dip))

(s1n(1nc)‘51n(azm) (tan(d 1p)*cos(1nc)+51n(1nc)*cos(azm)))/(2A0 5)
(sin(azm)* (tan(d1p)*s1n(1nc)*cos(1nc) (cos(inc))A2%*cos(azm)-cos(azm))) /2
(cos(inc)*(cos(azm))A2-cos(inc)*(sin(azm))A2- tan(d1p)*s1n(1nc)*cos(azm))/2
(-(sin(inc)*cos (azm)+tan(dip)*cos (inc))*sin(inc)*sin(azm))

Slide 9

Fixed format table

Contents vary
according to
surveying tool

Averaged IPM = Add another IPM model; add weighting factors to tune the output
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AVERAGED IPM FILE — REQUIREMENTS

Results close to true average
Conservative

= Any combination of tools and range of uncertainties
= Any wellbore profile
= Any number of surveys

= Practical algorithm
Systematic approach
Easy implementation, automation
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STEP 1: IDENTICAL ERROR TERMS

= Correlated: Keep the one with smallest magnitude

= Uncorrelated: Keep one, with improved magnitude
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STEP 2: WEIGHTING FACTORS w,, w,

Error source groups in IPM: Standard error analysis N, E, V uncertainties

D, IA (not suited as weights in DIA system)

(need individual weights)
Conversion to
DIA-like system

_ AH, HS, Lat uncertainties used in w;, w,:
Two independent meas.: s; (c49), rements:
Wnd = _ Cam Wno = _ Cam
. ] N D1 — o2 4o2 D2 — o2 4o2
Weighted average: s,, = w;S; + W, S, Sav(N) = Dy Wi S; AH1T94H? AH1T94H?
2 2
2 2 OHs2 9HS1
. ] o, oy 1/0? Wi l= —25— Wy, = —=5—
LS weights: w,; = Trol W2 T 7o w; = ﬁ Ohs1+0hs, 0hs1+0hss
i=1( /0; ) ) )
2.2 9Lat2 9Lat1
' L 2 1 Wa|l= 55— Wa=—7F—" 75
Averaged variance: g, = 27402 o) = 57 (o7 02, +0la, A
i=1\"i
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AH-HS-Lat SYSTEM IS LOCAL => WEIGHTS ARE APPROXIMATE

Survey 1  Survey 2 2
- O " at

Largest values
are used for
weighting factors

l

max (0fa,)

max(0/,1) + max(o7,;,)

I\/‘er Wy = ......
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STEP 3: ADJUSTMENT FACTORS B, B, B,

. Initial average
1 4

Problem _—
= True average may be under-estimated
\/

Solution
= Ellipsoid orientations are approximately equal ‘

= Bp, B,, B, =ratio of ellipsoid axes

= Magnify w,; and w,, by B,, etc. ©

= Update => final averaged IPM file



Slide 15

AVERAGED IPM FILE, CASE 1

#shortname: Averaged IPM file

# survey 1 (tuﬁx), IpMm file: MWD+IFRL+5AG. ipm

# survey 1, wellpath file: mwd-survey. txt

# survey 2 (bottom), Ipm file: GYRO-CONT-SPE178826. ipm

# survey 2, wellpath file: gyro-continuous-survey. txt

#Name Vect _Tie-on__unit walue 1a

drfr e r m 0.247

drfr s r m 1.56

drfs s s m 0.707

dsfs e s - 0.0004

dstg e g im 1.77e-7|

w_12 n n - 1

w_34 n n - ! Id

XymL i s d 0.0447 fT.

Xym2 1 s g 0.0447 Q1. ¢ ()) N - . .
xym3 i 5 0.0447 §1. cos(azi)*w_34 h
Xym3 1 s g 0.0447 §1. E s‘lr(1(az;)*w 31:13) / Welg tlng
xymd i s o 0.0447 Q1. sin(azi)*w_34

x§m4 1 s g 0. 1. (cos(azid*w_34)) — | t

sag i 5 0 1. ol f

decg a g d 0. 1 . a'C OrS
decr a r d 0.1 . (1.0))

dbhg a 4 dnt 1500 1. (1.0/(mrot*cos(dip))))

dbh_rl a r dnt 1500 1. El Oé(mtgt*coi(dw N S

ami a s nt 300 1. sin{inc)*sin(azm CTos{dip

abxy_til 3 s - 0. 1 - 5t)) / WI,MWD Wl,gyro
agxy,twl ? 5 - 0. 1. E%ta (d'l g*cosgéncg*swn%azmg)/gtc(at Ny 3

abxy_tiZ 5 - 0. 1. cos(inc)-tan(dip)*cos(azm)*sin(inc tot

g i s - 0. 1. C(-sin(inc))/gtot)) g WA,MWD WA,gyro
abz a s - 0. 1. (tan(d1p)"s1n(‘mc)“s‘m(azm))/gtut))

asiy_til i 5 - 0. 1. nc)*cos(mc))/( )

ASxy_til a 5 - 0. 1.

asxy_ti2 i s - 0. 1.

asxy_ti2 a s - 0. 1. ((-(tan{dip)*sin(inc) C

asxy_ti3 a 5 - 0. 1. ((tan(d'lp)*s'ln(wnc)*ccs(azm)—

asz i s - 0. 1. (((-sin(inc)*cos(inc))))

asz a s - 0. 1. ((tan(dip)*sin(inc)*cos(inc)*sin(azm))))

mbxy_til a 5 nt 70 1. (- (cns(1nc)*s'ln(azm)))/(mtnt*cos(mp))))

mbxy_ti2 a 5 nt 70 1. (( (cos(azm)) /(mtot*cos(dip)))

mbhz a s nt 70 1. -sin{inc)*sin(azm) (mut“cus(dw))))

msxy_til a s - 0. 1. ((sin(inc)*sin(azm)*(tan(dip)*cos(inc)+sin(in Tos (azm)))/(2/0.5)))

msxy_tiz a 5 - Q. 1. ((sm(azm)"(tam(dwp)*sm(mc)*cos(mc) (co C))A2%cos(azm)-cos(azm)))/2))

msxy_ti3 a 5 - 0. 1. (( (cos(inc)* (cos(azm))A2-cos(inc)*(sin(a: s2-tan(dip)*sin(inc)*cos(azm))/2)) \

s a 5 - Q 1 ((-(=in(inc)*cos(azm+tan(dipy*cos(ip *sin(ing)*sin(azmid))

axyz_m;s B s d 0. 1. (1 (iney P \ .

aAXYZ_5 i s - 0. 1. 1.2*sin(inc)*cos(inc d m
ax;z,zb i 5 - 0. 1. (sin(inc)/grot)) t A JUSt ent
axyx_;yb i r - 0. 1. (cus(1n[)(p/gt;x§;§ O n . gyro

ngxy_bl n n - 1 erot*cos (inc 0 /

ng& b2 n n - 1 ((cos(azt)/erot)) L— faCtO rS
ngxy_gdl n n - 1 ((cos(azt)*s'ln(mc)/‘erot)) 15

ngxy_gd4 n n - 1 ((51n(azt)“s1n(1n[)/cus(1 (4]

ngxyErn n n a 1 n(‘mc)’\z))/(erut"cushnc))))

gxy_bl a 5 0.05 1.

xy_b2 a 5 d 0.05 1.

gx¥_gd1 a s d 0.2 1. BD B| BA
gxy_gdd a 5 d 0.3 1. =

gxy_rn a r d 0.2 1. ngxy_rmn)) 0 15

gxy_rn a s d 0.2 1. (0.4082*ngxy_rn)) 15 150

runsp n n m 2800

ngxy_Td n n - 1 ((ngxy_'\d+smd/sm(mc 0.5%din))) 15 150

ngxy_rwd n n - 1 md/ ((sin(inc-0. S*dm))nz))) 15 150

gxy_1d a s d 0.12 20, 380(ngxy_1d/runsp))

gxy_rwd a s d 0.25 2490. 380 (sqrt(ngxy_rwd/runsp)))
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CASE 1: Inc = 0-30°, N-S

0 T T T 2.8c ellipses x10:
100 Survey 1= MWD 1800 ]
Survey 2 = cont. gyro '
-500 F True average
IPM average -2.000 F .
-1,000 iy
—_ —=2,200 .
E £
£ £
E -1,500 B 7] ‘E _2’400 L -
- =
-2,000 [ . -2,600 [ ]
-2,500 - -2,800 .
1 L 1 1 1 -3’000 L 1 L L 1 1
-1,000 -500 0 500 1,000 1,500 2,000 0 200 400 600 800 1,000 1,200 1,400

East (ft) East (ft)



CASE 2: NEAR HORIZONTAL, N-S

North (ft)

0 T
5,528
-1,000 - .
-2,000 - 1
-3,000 1
-4,000 -
2.80 ellipses x10:
— Survey 1 = MWD
-5,000 [ — Survey 2 = GWD
— True average
— |IPM average
6,000 12392 | . | ]
5,000 4,000 -3,000 -2,000 -1,000 0 1,000 2,000
East (ft)

North (ft)

-4,800

-5,000

-5,200

-5,400

-5,600

-5,800

-6,000

-6,200
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-3,400 -3,200 -3,000 -2,800 -2,600 -2,400 -2,200 -2,000 -1,800 -1,600

East (ft)



North {m)

CASE 3: NEAR HORIZONTAL, E-W

500

-500 |

-1000

-1500

-2000

\ I
4584 ‘ '

iy

-600

-700

North (m)

-800 |

-900
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CONCLUSIONS: AVERAGING METHOD

= Individual surveys must pass QC routines: no gross errors
= Algorithm

- D, I, Aweighting factors + adjustment factors
- Analytic, no iteration, suited for automation

= Results
Close to true average, conservative

Any tools, any uncertainties
Any wellbore profile; best accuracy in tangential sections

Any number of surveys

= Possible challenges
- Validation of method for different well profiles
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CONCLUSIONS: BENEFITS OF AVERAGING

One survey data set per wellbore

Optimal wellbore positions + improved accuracy

Optimise survey programs

Improved reliability of anti-collision calculations

May turn unfeasible projects into achievable ones
- Small drilling targets
- Long extended reach wells
- Highly congested fields
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