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Introduction

& Wellbore position can be computed by surveying the wellbore using Measurement-
While-Drilling (MWD) survey or gyroscopic surveys

Methods exist to combine overlapping surveys to achieve an improvement in wellbore
positioning AdCCUracy (e.g. chiaetal (2003), Ledroz et al (2016), Bang et al (2019), ElGizawy et al (2023))

® @

Implementation of these methods on a practical level is not well understood

The IPTC2024 paper outlines the practical implementation of combining MWD and
gyro surveys to take advantage of the improved wellbore positioning accuracy

A3
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Introduction 3



o \"
59t General Meeting angﬁ%
171 & 18t of April 2024 -y

Glasgow
Wellbore Positioning Technical Section

Motivation

» Gross error detection with independent overlapping surveys

» Field Acceptance Criteria (FAC) of individual survey tool unable to
detect to all errors

« Example: Error in magnetic declination

+ Take advantage of both surveys by creating a combined survey
with uncertainty smaller than the most accurate of the two surveys

» Have a small wellbore positioning uncertainty
* Maximize production by precisely placing the well within the reservoir
+ Safe drilling and collision avoidance in congested field
» Enable the geoscientist to validate or update the reservoir model

» Critical when a relief well must be drilled and for plug-and-
abandonment purposes

Motivation
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N Example of error ellipses of two
surveys and the combined survey

Well1 Well2 Example of benefit of reduced
wellbore positioning uncertainty
in collision avoidance

——

SF=1 |(Single Survey tool)
SF = 1.5|(combined GWD+MWD)
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Methodology — Individual and Mutual Survey QC

DY
* Magnetic field strength and dip tests for magnetic tool
»  Earth rate for gyroscopic tools
»  Gravity strength test for both tool types
«  Other QC, e.qg., rotational shot, MSA/MSC
J

» Relative Instrument Performance (RIP) test A
» Chi-Square test
« EOU overlap test (qualitative)
» If applicable, company-specific tolerance levels e.g., on

inclination and azimuth differences )

Methodology (1/3) 5
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Methodology — Combining Surveys

Example of azimuth weights as function of E g T eated for lacation: S
inclination and azimuth used for survey averaging | | ; oviminat ool modes 1o T btees
+ After all relevant QC tests have been successfully ¢ orisinal ool medel 2
passed, the overlapping survey data are combined U e T T I e
04 wIl n n - 1 functionl (inc)
« Interpolated to common measured depth points s wlli 7 2 DL fetioszincies)
» Weighted average using weights derived from the o4 o Comen s 2 o0 Y
uncertainties of both data sets 20s o 1 o S
* The new (combined) survey has a listing of MD, . S B A B0t et
inclination, and azimuth values as any other survey N G
01 i xyml i s d 0.1 wIl:w712
+ Error model for the combination of tools w3 L s IS
xymé i = d 0.1 wIl*sin(azi)*w_34
* Independent of the actual survey data ncinaionfdeg]  © oo Admuhlces) offEe ot 2 2 0 e
- Weak geographic location dependency Figure from Bang et al. SPE-195621-MS (2019) | -~ ° © S
« Realized as a standard format Instrument R
Performance Model (IPM) text file that can be mEoLs o e
utilized by common error analysis software me L e 4 0 s lan e
Example combined IPM file | =¥+ : : ¢ Pomes

Methodology (2/3) 6
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# Rveraged IPM ADJUSTED
. . # AV?réged IPM created for location: NorthSea
# Original tool model 1: MWDtool
Methodology — Further Generalization |====: ==
e vector zie-on it Talue formuia
wIl n n - 1 functionl (inc)
wI2 n n - 1 1-51*wIl
. . . . wAl n n - 1 function2 (inc,azi)
» The combined IPM is designed for the ideal case U S S S
. . . MD INCL  AZIM  S1 S2 —acd e
where both surveys are present in an entire section 000 s o - miadinmo o1 sEIlelwIeernad)
531.8 11.07 92.73 0 1 Zii"_n:;iji : i (1) gZ*wAZ/(sl*wAl+52*wA2)
- Frequently occurring complications e o I I S S
560.5  12.69 9039 0 1 o i - R
. Ga S in survevs 578.3 13.33 91.12 0 1 dsfe B - 0.00056 tmd
P . y ) . 598.8 1403 9036 O 1 dete o g = 2 -5”E‘”75in(inc)tmd*tvd
» QOverlapping gyro survey covering multiple MWD 6070 1448 8953 0 1 w3 n o om -1 s (-ei2)2)
SeCtionS 635.9 16.48 86.75 0 1 :WD:""l‘l‘ ‘5‘ ; g S ::n i 12
664.8 19.02 84.34 0 1 xﬁz 1 s 4 0.1 wm:acé g 12
. . . 693.6 20.91 84.10 0 1 meg ; = 3 g-i wfliidj ;?S;;Z(i) f;l;3434
» The averaging procedure should ideally take this 7138 243 825 0 1 o 1 a 401 wnadesinmen et
H H . 4t 722.1 23.13 84.23 0 1 xymd 1 s 4 0.1 wAl_adj*cos (azi) ww_34|
into account to avoid too optimistic or too m11 245 sy o 1 | | f 2 % o0 wileseinane)
pessimistic uncertainties 7575 2601 84d6 1 1 i
7798 2801 8585 1 1 el 2 2 01 s adse iz
+ Correct weighting of error terms depending on 7862 2852 8624] 1 1 my2 184 01 R adiwi2
hich tool tribute to th t a given MD 8087 2095 8756 1 1 1 a4 01 areemmess e s
whic 00Is contribute to e average ata g|Ven 815.1 30.34 87.91 1 1 meyd i 5 4 0.1 WI2_adj*sin(azi) *w_34
. mxy4 1 s d 0.1 wA2_adj*cos(azi) *w_34
+ Correct treatment of systematic errors 275 378 B 1 . s i 2@ ol wemesnta
axyz_mis i s - wI2 adj*
* Include survey indicator s, and adjusted weights Example combined survey listing with survey |
indicator for MWD (S1) and GWD (S2) Example of generalized IPM (not handled in current
software)

Methodology (3/3) 7
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Case Studies

Two case studies to illustrate survey averaging and practical
complications

» Case Study 1: Gap in MWD survey at KO interval due to magnetic
interference from casing parent well

» Case Study 2: Drop gyro survey covering three sections with
independent MWD surveys

The averaging procedure should ideally take these complications
into account

Currently this is not possible in existing software

Generalized method was implemented by Monte Carlo simulation

Case Studies 8
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« Sidetrack with KO at 497m MD Directional surveys acquired in this well
. . . . Survey name Start MD (m) | End MD (m) | Relevant IPM Remarks
° The ObjeCtIVG IS tO COmbIne MWD and Continuous gyro 210 497 | Continuous Gyro Parent well
GWD surveys in 16" and 12.25" MWD in 16” 758 1708 | MWD+FRI+SAG+MS | Gap between KO and 757 m MD
SeCtiOnS MWD in 12.25” 1755 3989 | MWDHIFR1+SAG+MS
MWD in 8.57 4015 4145 | MWDHIFR1+SAGHMS Not used in this study
° 1 1 H . MWD in 6 4149 4244 | MWDAHIFR1+SAGHMS Not used in this study
Practical complication: No MWD B — o e
_betwgen KO at 497 m and 758 m MD Solid state GWD in 12.25” 1720 3960 | GWD
in 16” section due to magnetic
interference from parent well
36” 26” 16” 12.25”
« Two approaches: Cep ZIVV\\//B
1. Ignore gap in MWD —— Continuous Gyro
2. Take gap into account 210 309 497 758 1719 7008, MD
“adjusted approach” . , . ,
("ad) PP ) Schematic overview of available surveys in Case Study 1

Case Study 1 (1/4) 9
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Case Study 1 - Individual and Mutual QC Test Results

Inclination and inclination difference Well #1 Azimuth and azimuth difference WeII #1
70 [ T T T T = 04 96 = T T T ] 3
+— Inclination MWD Aumuth MWD
ivi . —=— Inclination GWD =0 T —s— Azimuth GWD
[ ) Indll\/ldl..lal QC- B I:zl|;?ffl:l':nce V a 94 |—e— A::rr::th Difference VM D
Inclination and e 102 B oo l= e , g
' > @ s U o N )
azimuth g I 8 5 ) AN ] 1 g
. B50+ g §, 90 {71 1N 3 g
differences 5 R LA Wi WSy Y T l, 8 y= Ty L 'S - AL, 2
T S 3 ) ‘ £
£40F c Es88 G 5
* Mutual QC: RIP g £ 2 \ \ ‘ 1§
. 102 E 86 E
and Chi-square 30 S W 2 <
= 84t :
test results el |
2%(;0 1 060 1 560 2060 2560 3(;00 35l00 4660 @ 8%(;0 1 060 1 5100 2060 25;00 30‘00 3500 460.0
° QC teStS passed Measured depth (m) Measured depth (m)
RIP test Mean Results STD Results Co_—ordinate Difference Test : Northing Easting TVD
Inclination 16° 058 Average agreement 052 Good " Chi-square test value 16° section: 10.03 7.29 4.50
- - Averace asroement 0.50 Chi-square test value 12.25"° section: 9.83 338 3.15
AZ'muth 16 055 £e agr _ Good agreement Tolerance: 344 344 344
Inclination 12.25% 0.40 Good agreement 0.44 Good agreement No. Overlapping survey stations used: 15 15 5
Agzimtuh 12.25° -0.51 Average agreement 0.54 Good agreement Pass/Fail Pass Pass Pass

Case Study 1 (2/4) 10
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Case Study 1 — EOU Comparison

EOU (2.45c) at TD of 16” section Well #1
Survey program with MWD GWD .
l l l Survey program with GWD 5 MWD \ combi n.ed' 9ap
[oap |—2- 12.25” . Combined (Gap ignored) £ ignored
i ewp | | =TT ===" Combined (Adjusted approach) é’ .
k7]
EOU (2.450) at first MWD station 5 Combined
in 16” section Well #1 5 . ombined,
2 adjusted approach
MWD 1 1 1 1 1 1 | 1 ]
20 <15 -10 -5 0 5 10 15 20
1 \ GWD Lateral (m)
t EOU (2.45c) at TD of 12.25” section Well #1
N 20 o
% 0 _ MWD «— GWD Combined, gap
£ _Comblned, gap g far / ignored
T ighored P
1 g Or
Co.mbined, -39:’_107 bined
adjusted approach . ombined,
2! . . . . a1 ) i | | | | adjusted approach
-3 -2 -1 0 1 2 3 40 -20 0 20 40 60
Lateral (m)

Case Study 1 (3/4) Lateral (m)
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Case Study 1 — Summary

« EOU comparison shows gain in position accuracy of combined wellbore
« Ignoring gap in MWD survey results in too optimistic EOU in gap; effect disappears at larger MD

Well trajectory and EOU Well #1 3960
— 40 -
E
o 20|
£ 758 ]
= 0 1708 U 1
[®)
(EU -20 1 Survey program with MWD
8 40 H Survey program with GWD
o Combined (Gap ignored)
-60 & I I | |
0 500 1000 1500 2000

2500

L [Essfi NB. For visual purposes, the EOU is scaled
ocal Easling (m) up with a factor of 3 in the Easting direction

Case Study 1 (4/4) 12
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« Sidetrack with KO at 1150m MD Directional surveys acquired in this well
» The objective is to combine MWD T —— S T - S
surveys in the 17.5”, 12.25" and 8.5” Contimuous gyro 1100 2590 | Confinuous Gyro____| Parent well uatil 1150 m MD
sections with the solid-state GWD Mwn:z 1225 1801 2187 | MWD+IFR1+SAG+MS
Outrun Memory Mode (OMM) survey | {006 2670 3564 | MWDIFRI+SAGHMS | Nof ueed it sy
. . . .. Solid state GWD in 8.5” 2139 2600 | GWD Not used in this study
« Practical complication: Continuity of Solid state GWD OMM 214 2625 | GWD Ouirun Memory Mode (OMM)
systematic errors GWD OMM survey
over three independent MWD surveys 36”7 24”7 17.5” 12.25” 8.5” MWD
« Two approaches: Continuous GWD OMM
Continuous Gyro
1. Concatenate MWD surveys — RIGS
2. Take sylstematio errors 214 109 1777 207 ear > MD
correctly into account . . . .
(“adjusted approach”) Schematic overview of available surveys in Case Study 2

Case Study 2 (1/4) 13
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] Inclination and inclination difference Well #2 - Azimuth and azimuth difference Well #2
. . Br ! ‘ inclination MWD |' T T - 0.6 80 ' ‘ ’ ‘ ' AdmuthMwp |
Ll —s— Inclination GWD OMM e A% h
+ Individual QC: " I o = 70 T a2 —
H H -- Reference line (zero) e i
Inclination and a o 04 g . L e &
azimuth g5 lon B Fy I
. = “ D =50 o
differences S 60 & g | o g
£ lo = E 401 ES
: E § 5 Iy
b MUtual QC- RlP 555' § 230. -1 E
and Chi-square 5 0278 ool 22
test results
45 . : . ‘ ; ; g 104 10k . ‘ . ‘ . . . 13
1200 1400 1600 1800 2000 2200 2400 2600 2800 1200 1400 1600 1800 2000 2200 2400 2600 2800
® QC teS'[S passed Measured depth (m) Measured depth (m)
Co-ordinate Difference Test Northing Easting TVD
RIP test Mean Results STD Results - -

— X " 116 Chi-square test value 17.5” section: 8.76 251 6.06
[ncll_natmn 175 0.57 Verage agreemen - Average agreement Tolerance: 344 344 344
Azimuth 17.57 -0.55 Average agreement 083 Good agreement No. Overlapping survey stations used: 15 15 15
Inclination 12257 0.01 Good agreement 0.81 Good agreement Pass/Fail Pass Pass Pass

Azimuth 12.25™ 0.20 Good agreement 031 Good agreement Chi-square test value 12 257 section® 0.08 0.04 0.10
Inclination 8.57 0.29 Good agreement 0.83 Good agreement Chi-square test value 8.5” section: 022 009 132
Azimuth 8.57 -0.03 Good agreement 033 Good agreement Tolerance: 18.8 18.8 18.8

Case Study 5 (2/4) No. Overlapping survey stations used: 5 5 5
Pass/Fail Pass Pass Pass




. \"
59th General Meeting %gé&
17th & 18t of April 2024 -y

Glasgow The Industry Steering Committee on
Wellbore Positioning Technical Section Wellbore Survey Accuracy (ISCWSA)

Case Study 2 — EOU Comparison

l l - EOU (2.45c) at TD of 8.5” section Well #2
78" | 12.28” 85 MWD m— Syrvey program with MWD
—| Continuous GWD OMM m— Survey program with GWD OMM
Continucus S 201 s Combined (Concatenated MWD)
" ; e Syrvey program with Continuous Gyro
” EOp (2.45¢) at TD of 17.5” section Well #2 5l — — — — Combined (Adjusted approach) |
e Survey program with MWD MWD, = === mm Syrvey program with MWD (concatenated)
— Survey program with GWD OMM concatenated
10 - Combined (Concatenated MWD) ! £ 10+ GWD OMM |
Survey program with Continuous Gyro Y
B 5t | ff AN
E 5/ GWD OMM~_, MWD 5 | 3\ TR MWD
o T
< -
(o] =
£ 0 -
gyro
51 L L L | meag ) | | e |
/ COmbIned, both -10 Comblned’ Comblh"-e--d-’. .................
Continuous gyro approaches s adjusted approach concatenated MWD
-10 1 I I I | | 1 - - ! L . .

-20 -15 -10 -5 0 5 10 15 20 -25 -20 -15 -10 -5 0 5 10 15 20 25
Lateral (m) Case Study 2 ( Lateral (m)
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Case Study 2 — Summary

Well trajectory and EOU Well #2
700 I Survey program with MWD
Survey program with GWD OMM
. . 500 Combined (Concatenated MWD) 2625
» EOU comparison shows improved accuracy o [ survey program with Continuous Gyro
combined surveys 350
£ 400 2187
* Full benefit of survey averaging only achieved with z -
] [\
adjusted method 8
200 |
» RIP and Chi-Square tests Combined (MWD+OMM) 100} 1200
vs Continuous Gyro show good agreement . | | | | | |
0 200 400 600 800 1000 1200
Local Easting (m) _
Mean Results STD Results 780
Good agreement Good agreement 400 — 760 2625
Good agreement Good agreement = g% %
300 > s £740
Co-ordinate Difference Test Northing Easting TVD é a0 % é 535
Chi-square test value: 11.06 10.90 0.18 % e % 480 2187 §
Tolerance: 344 344 344 § 40 3 0 = 700
No. Overlapping survey stations used: 15 15 15 _— 630 900 920 940 980 980 680
Pass/Fail Pass Pass Pass 580 Gigcaleégstinzd?m) 660 Local Easting (m) e Local Efgﬁng (m) e
Case Study 2 (4/4) 16
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Practical Considerations

Acceptable size of gap

Correct computation of combined survey and treatment of
systematic errors

VAN

Applicable for BHA with MWD and GWD
Requires sufficient survey stations for mutual QC

Relation between combined survey and source data

Many tool combinations N
Geographic dependency of combined error model
Automatization of survey averaging process

Consistency between combined survey, its IPM, and the

source survey data and their [IPMs J

Practical Considerations 17
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Summary

» Discussed implementation of combining wellbore survey tools to achieve improved
wellbore accuracy

» The process was illustrated with two field data examples

» Practical aspects must be handled appropriately when computing the average of
overlapping surveys

» Benefit of combining surveys can be obtained with existing software, but to achieve
the full benefit, some modifications are required

» Advantages with reducing the lateral and vertical uncertainty for mature and new
developments can be significant

Summary 18
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