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agus nan Eilean
The subject of Borehole Surveying has frequently been dealt with in best practice manuals, guidelines and check
sheets but this book will attempt to capture in one document the main points of interest for public access
through the UHI and SPE websitese alathor would like to thank the sponsors for their generous support in the
compilation of this book and their willingness to release all restrictions on the intellectual property so that the
industry at large can have free access and copying rights.

After matters of health and spirit, Borehole Surveying is, of course, the single most important subject of human
interest. We live on a planet of limited resources supporting a growing population. At the time of writing, the
efficient extraction of fossil fus is crucial to the sustainable supply of the energy and materials we need. Whilst
renewable energies are an exciting emerging market, we will still be dependent on our oil and gas reserves for
many years to come.

As an industry we have not given thecaracy and management of survey data the attention it deserves. Much
better data quality and survey accuracy has been available at very little additional cost but the industry has
frequently regarded accuracy as an expensive luxury. Simple corrections sorveys such as correcting for the
AGNBGOIOK 2F GKS RNAff LIALIS 2N S@Sy al3 O2NNBOGAzZ2Y |
end of the market and we have, unlike nearly all other survey disciplines, thrown good data awaywherii (i S N
data becomes available.

The advent of theSCWSA, The Industry Steering Committee for Wellbore Survey Actuoaght in a new era

in survey practice. Not only was work done on improving the realism of error models, bahaual forum was
provided to allow industry experts to share ideas and experiences. This project has emerged out of a recognised
need for better educational materials to support the understanding of borehole surveying issues. The contents of
this ebook are free to usand distribute. Any additional chapters will be welcome for assessment and potential
inclusion in the book so this is the first draft of a work in progress.

My thanks also go to the many participants in this effort who have contributed from their knowliadspecialist

areas. Irparticular,to Andy McGregor who contributed the write up of the error model, Jonathan Stigant who
contributed the first chapter on geodesy and John Weston, Steve Grindrod and David McRobbie who contributed
other chapters on gyreurveying and magnetic spacing.

Prof Anguslamieson BIERICS
University of the Highland& Islands
Inverness

Scotland
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MDY 22NRAYFGS {2adGd8ya yR T

1.1 The Origirg Reference Surfaces antetzationsin Mapping

T are dhres R aur s ees h (Ellipsoid height) = distance along ellipsoid normal

that are pertinent to good N (Geoid height) = distance along ellipsoid normal
;nwipplng, SHOSTIEE, Hise H (Orthometric height) = distance along plum line

N=

Terrain The topographic
surface of the ground or
seabed

h-H
Geoid An equipotential /

NJ Ellipsoid

surface that is irregular and Geoid
approximates to Mean Sea ] 3

Level (MSL) Normal to Ellipsoid \,Normal to GLlOd L,Terrain
Ellipsoid A regular model Geoid EIIipsoid v

surface that approximates the . . "

geoid, created by rotating an Equipotential Surface where |- 1----at
ellipse about the polar axis. surface which computations E

Used to simplify the approximates are made

computational complexity of to MSL 1/f=a (a-b)

the Geoid |

Figurel: The threereference surfaces in geodesy

Terrain: The terrain is the surface we walk on or the seabed. This surface is irregular. It is the surface we have to
aS0 dzZL) 2dzNJ adzNBSeé YSEadz2NAy3d RSOAOSAI adzOKfadeil I Wi 2
dictate the direction of gravity at a point. In mountainous terrain, the vertical will deflect in towards the main
Wentre2 ¥ Yl adaQ 2F GKS Y2dzyidlAyao

The GeoidThe equipotential surface of the Earth's gravity field which best fits, in adgastres sense, global
mean sea level (MSL). An equipotential surface is a one where gravity is an equal force everywhere, acting
normal to the surface. The geoid is an irregular surface that is too complex for calculation of coordinates.

The EllipsoidTheS f £ A LJ&a 2 A R A aarth thatp¥rdik SelatRelyZimpleic&cblatid of survey

observations into coordinates. The ellipsoid provittes mathematical basis of geodesy. Note that the Geoid is

'y WFOGdzr f LIKeaAOlhdti B 8NFI O5LIE 2 A DESH IGNKE2NMEGA O £
the geoid as closely as possible in the area of operations. Note also that the normal to the geoid (which is
WHSNIAOLFE QU A& y2i GKS aryYS a GKS y2N¥If (2 GKS S
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An ellipsoid igreated when an ellipse is rotated around its polar

FEA&ED® ¢KS WYFGKSYIFGAOFE Q LINE ALJaS
FAIA2NBE H P W Q A& ImapriadsoB R {2 S5Y A
Sljdzl G2 NALFE NI Renidaiior polrxiswin® (i K ¢ a/%p ;‘::iu‘;t:ﬁp,ane) )
Tt O00SYIpdadatza WFQS NJ uA2 2F 0KS / Q | yF
Wi Q 2 —

1.1.1MSL, Elevation and Heigh Focus

Mean Sea Level is established by measuring the rise and fall of 1

GARS&D ¢KAA A& | y2GKSNI WAYSEL 5 AR
2dzEGI LI2aSdb2ayt @FT280800as v2al Minor axis (spin axis) 'y 5 dz(j
the planets to varying degrees. wkll-establishedMSL reference a is semi-major axis

datum is one where tidal movement has been observed for over b is semi-minor axis

@8SFNR G o6KIFIG Aa OFfftSR | Wt | fisflatening =(ab)a YI 22

with a coatline today have established these primary ports along ~ © s first eccentricity = [(a“b%)/aT" = (2+-F)*

that coastline and the predicted level of tides is reported by the LU e’ is second eccentricity = [(a~b?)/b7%
National Oceanographic and Atmospheric Administration (NOAA

and the UK Hydrographic Offitide tables ey = )

e =(a>-b?)/a

sin(l=e
LINKINOAA tide tabledJKHO tide tables (OLis angular eccentricity

In order to tie MSkto both onshore elevations and offshore depths,rigure2: Mathematical properties of an ellipse

these observations are tied to a physical benchmark usually in a

nearby building wall or some other place unlikely to be inundated by the sea. This benchmark is quoted as a
certain height above mean sea édv Sometimes MSL is used also as chart datum for the reduction of depth
measurements to a common reference. Sometimes chart datum is established as the lowest level of low water,
in order to provide mariners with the least possible depth at a poiat {he worst case). Onshore selected
benchmarks represent an origin or starting point that can be used to provide the starting point fdingpeeross

the whole country and continent.

+ &

R
Z W

NEFSNBEYyOS& T2N b2NIK MOPSNIRGIS NI WE yi S RV{I2I ([KSD SV
I AOKE 51 dldgyRD NBDSY50 fHapOF R2dzAa G SR Wh2NI K ! YSNRAOF Y +
Figure 1 shows the difference between heights (h)
above the reference ellipsoid and the height above the
geoid (H) also knoml & W2NIK2YSONR O h (Ellipsoid height) = distance along ellipsoid normal (Q to P)
general picture of this relationship with the definitions = N (Geoid height) = distance along ellipsoid normal (Q to P,)

isin figure 3. The caution is that the GPS system H (Orthometric height) = distance along plum line (P, to P)
LINE OARS&E WKSAIKIQ | 0620S . St S
These heights have to be adjudtto make sure they h=H+N 15 898

matchelevations from other datasets.
. Ellipsoid
1.1.2Coordinate Systems
There are three fundamental types of coordinate
systems that are used wefine locations on thedtth:
WDS20SYGNROQ O22NRAYI (54 “Geoid” 'Y (K
centre2 ¥ |y St f A LJA 2latiRde aMdD S 2
longitude and height (figur8)F Y R Wt NRBR |
and northing and elevation. Various subsets of these
Oy Ff&az oS dmg®fonylaituddans Q O2 v A i 51

. . . Figure3: The relationship between sdiaces
longitude or easting and northing.

Ocean


https://tidesandcurrents.noaa.gov/tide_predictions.html
http://www.ukho.gov.uk/easytide/EasyTide/index.aspx
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1.1.3Geographical Gordinates
These aralerived from an ellipsoid and the origin of the coordinates isaietre of the ellipsoid.

¢KSe& | NB dzadzrftfte NBT
meridian that runs through the Greenwich
observatory just east of London in the UK.
Meridians increase from 0° at Greenwich to
180° east and west of Greenwich. The

WLY Gd§SNY I (AR yNHzy & | GGHKONE
Pacific and is nominally at 180° east or west
Greenwich. However, different island groups
in the Pacific decide to be one side or the
other of the Date Line, and the line is drawn &
various longitudes to defer to national
boundaried ® hy 2t RSNJ Yl
is not always Greenwich. There are several
other reference meridians, mainly in Europe.
A list of these can be found in the EPSG
parameter database.

ORTH POLE ELLIPSOID

In order to facilitate loading of data in some
softwareapplications the convention is that
North and Eastar’LJ2 4 A G A S Q |+ MERIDIANS
West are negativeHowever the reader
should beware that local applications that do F

. LA igure4: Geographlccoordlnate system
notapply2 dz 8 A RS G KSA NIt WIj G vive 5 o ae o Vo
obeythis convention.

0°TO 90°N
0°TO 90°S

Projection coordinates are usu@ll O f f SR
However, thisan beconfusing asn about 50% ofi K
Caution is advised!

St
S

More information about how these two tyeof coordinate system relate will be discussed in the following
chapters.

~

O
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1.2 Princiges of Geodesyg The forgotten Brth science!

2 K& A¢KS C2NB20G3GSy 9| NIlpeérvagiayigBoyacs éf ks sciSrod, lizas illugish $hatls A
is inherently understood! (Daniel Boorstin)

1.2.1Geodesy
Geophysicsrad Geology is a study of the &th. We use models as the other two disciplines do, and make
adjustments for distortion ad errors in those models.

DS2RSae LINRPZARSa (GKS WFNIYS 2F NBFSNBYyOSQ F2NJ I ff
sorts of different data attributes and ensure that they are correctly juxtaposed. So while we are interested in the
relative position of one piece of data to another, the means by which this is achieved is through providing an
WEoaz2fdziSQ FNFYSEg2N] 2N aSid 27F NMz Sa (KFIG Syada2NBa
considered the underlyingandiminli 6 f S R2OUNAY S NBI|dzZANBR (2 SyadzaNB
properly represent the real world they are designed to portray.

Geodesy is defined as the study of:

the exact size and shape of therth

the science of exagositioning of points othe Earth (geometrical geodesy)

the impact of gravity on the measurements used in the science (physical geodesy)

Satellite geodesy, a unique combination of both geometrical and physical geodesy, which uses satellite
datato determine the shape ofthesdtK Q4 3IS2AR YR (KS LRaAGA2YyAy3d 2

E N

Let us return to the ellipsoid that we studied in the
LINBGA2dza aSOGA2Yy oO6FAIda
FgleQ | ljdzkr RN ydG 2F (K¢
centre.  On this diagram we can see two coordinat
systems. One is the Latitude, Longitude and Heig
2T | LRAYG WwtQ Ay &L} O
could just as well be below). The other is a three
dimensionalCartesiarcoordinate system where X is
in the direction of the Greenwich meridiantime
equatorial plane, Y is orthogonal to the Greenwich
meridian and Z is parallel to the polar axis
(orthogonal to the other two axes). Ti&artesian
system is directly referenced to the ellipsaientre,
the geographic system is directly referenced to the
ellipsoid surface and indirectly to the ellipsoid
centre. However, both systems are valid and both
RSAONAROGS AY RAFFSNBy O i
0KS LRAYGI Wt Qo

NORTH POLE

(21NN
v

W
l.j

W
R O

A dzNF I O

(0p))
QX

27

. . . Figure5: Ellipsoid coordinate reference systems
Therelationship between the two systems is per the

following algorithms:

r ¢an b K0 f 02
., I 6An b KO §f 02
Y T QO®@H KB FKlAAY

Q¢ QX

-n
¢ O
> N
<, o
N

z A

06KSNE WAQ Aada (KS NIYRAdza 27F (K StftALBA2AR 4G too
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1.2.2Geodetic Datum

One of the most importantessons in geodesy is the next step. How do we tie the ellipsoid to the real world?
b2g GKIFIG GKS Y2RSf Aa aSd dz)x ¢S KI@gS G2 Fadlk OK A
WSFSNBYyOS 5 GdzyrQy

A Geodetic Datum is an ellipsaifirevolufon attached to the &th at some point.There are two types:
1 AstroGeodetic (Regional usage)
1 Global (Global application)

2S Y2@0S FTNRY aAyYLXe +y StfALAZ2ART WFE2FGAy3IQ Ay &Ll
do this, thehistoric, astregeodetic (regional), preavigation satellite days method and the global method using
satellite orbits.

Figure 6 shows how an astgeodetic
datum is established. Astgeodetic
means the geodetic system is set r
up bydirect observation of the stars |
using very specialized survey instrument
The surface origin is the place where the
survey instrument is set up.

/7 Astro-Geodetic
’ “pefiections of
the vertical P4

— ELIIPiOId

| [Earth’s Axis
i of Rotation
Ellipsoid /

The ellipsoid i h h ;
e ellipsoid is attached at the AXIS'

observation point and several
WEfAIYyYSyiaQ KI @S
mathematically:

The equatorial plane of the ellipsoid has
to align with the physical equatorial plang

Geodetic \
> Latitudes \

The Polar Axis of the ellipsoid has to be
parallel tothe physical polar axis of the
Earth

I
[
I
[
Ellipsoid :
PROid o
Center

Geoid

-
The elli id f hasto b iti ‘\il; {

e ellipsoid surface has to be positione : Astfonomic
so that it matches s closely as possible t Earth’s Center Latitudes

the Geoid over the area of interest of Mass

Figure6: Establishing an Astrgeodetic Datum

In figure 6, note three significant issues:

1. Astro-geodetic (geoid referenced) latitudes are not quite the samgeasletic (ellipsoid referenced)
latitudes. This due to the slight difference in the normal to the respective surfaces. This is the model
WRA &l 2 NI A drcelligRaldSIf the 2egiatmiveted is a continent like the USARussia, then as
thedatumy SG 62N)] Aad ALINBFIR | ONRaa GKS flyR GKSYy St 2
have to be made to minimize the distortion.

2. They take much time to observe under demanding accuracy conditions which can be affected by the
weather.

3. They are sulgict to the observation idiosyncrasies of the observer. Relative accuracy between datums
established in the same place by different observers can be several hundred meters.

The drawback of the astrgeodetic method is that it is only useful over a sfiediregion, and in general cannot

be carried across large expanses of impenetrable terrain or water, sincevistiitity is required. Thus in

archipelagos, like Indonesia, this can result in a large number of small regional datums none of whiclatphite m
with the others. Political boundaries can also mean a multiplicity of datums even in contiguous land masses; West
Africa is a good example, where each country has its own unique-gstrdetic datum.Figure 7 shows a global

view of continental region f R G dzYy WwWof 201aQad 9AIKG RIGdzra (2 020°€
fact there are well over 100 unique astgeodetic datums. Bure 8 shows the proliferatioof datums in SE Asia.
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European

South America

Australian

‘\

Figure7: The World's Major Datum Blocks

LK South Asia :
' m Timbalai
2N =
o8 N
% Kandawala Djakarta Bukit Rimpah

Gandajika Base

Figure8: The multiplicity of Astrogeodetic datums in the Indonesian Archipelago

A global datum is a datum that is established to model the entire global geoid as closely as possible; something al
astro- geodetic datum cannot do. A global is datum is established by observing the orbit of ravgsgllites,
calculating the E NJic&n@eof mass based on the orbits and then adjusting the ellipsoid by harmonic analysis to

fit the global geoid. There have been several variants, but the two primary ones are WGS 72 and WGS 84. WGS
stands for World Geodetic System. The WGS 72 datun$wias 0 f A a KSR F2NJ 4 KS W¢NI ya
2p{ yn ¢gla SadloftAakKSR T2N G§KS Drthe gbbaldasnyi®thetEKE K Q@ 2
centreof mass. Due to iterative improvement of the gravitational analysiscéingre of mass is slightly different

for WGS 72 and WGS 84.



Figures9 to 12show, in cartoon
form, the juxtaposition of two
astro- geodetic datums with the
geoid and a global datum. In
figure 9we see the geoid. Ther
is an outline for representation i
the other figures. In figuréOred

and green astrageodetic

datums are shown connected t
the surface at two different
points.  The differences an
exaggerated for effecfigurell

shows the goid and the global
datum. Figurel2 shows all three
ellipsoids juxtaposed with th
center of the ellipsoids clearl
shown in three different place:
(again exaggerated for effect)
Since latitude and longitude ar
referenced to the centre of the
resgective ellipsoid, it is clea
that a latitude and longitude on
one datum will not be
compatible with a latitude and
longitude on another datum
unless some sort of transforn
takes place to adjust the one t
match the other.
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Figure9: The geoid and an outline of the geoid

FigurelQ: Hlipsoid attached to the earth in two different places

Figurell: Global' ellipsoid attached to the earth's center of mas

Figurel2: All three datums ellipsoids attached to the earth

Reference Datum Transformation: Figi@shows a global (blue) and an astgeodetic or regional datum
(green),with the offset of the two centes. In order for a coordinate on the blue datum to be transformed to the
green datum, the latitude and longitude have to be converted to XJpiesiarcoordinates on the blue datum.
The dx, dy, dz have to be applied giving the x,y,z on the green dahisrcah then be converted back to latitude
and longitude on the green datum.

Numerically thes two sets of coordinates will be different but they will continue to represent the same physical
point in space, as cabe seerin figures Band M. The corollary is that coordinates referenced to one datum

Figurel3: A global datum (blue) and a regional/astrgeodetic datum (green) and the application dfi¢ geocentric transformation
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that are mapped in a different datum will apar in the wrong place! The reader should note that in some of the
larger regional datums, there are a variety of 3 parameter datum transformation sets depending on where in the

region the operator is workingfigure 14).

Figure 14hows threelatitude and longitude locations referenced to different geodetic datums that all represent
the same point. The differences in the rigiand two columns shows the error in mapped location if the datums

are confused

Datum Latitude Longitude Local to WGS84 Local to Local
Aratu 20°36’ 13.2757"N 38°56’ 56.3341"W 236.7 meters 220.56 meters
SAD69 20°36’ 17.4283"N 38°56’ 50.1240"W 65.12meters

WGS84 20°36’ 19.2794"N 38°56’ 51.2166"W

Figurel4: Lat/long locationson different geodetic datums

Datums in China are WGS 84, WGS 72 BE, Beijing 1954 and Xian 1980. Note the difference in the parameters f

the Beijing datum in the Shows various datum transformation parameters in China as theytoeldGS 84
Ordos and Tarim basin, both three parameter transformations and the difference between the South China Sea
and the Yellow Sea seven parameter transformations.

These are captured in tHEPSG parameter databaddote also there are more sophisticated methods of
calculating the datum transformation which may appear in various applications. These include parameters that
not only translate but also allow for rotation and scaling differences between the two datimsEPSG

parameter database also contains many of these. Care should be taken when applying such parameters, and it is

best to obtain the services of a specialist when using them or coding them into software. For most applications in
the E&P domain, ehtee parameter shift will provide the necessary accuracy. In some countries more elaborate
parameters are required by law.

LINKEPSG parameter database



http://www.epsg.org/
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Same datum shift parameters as Ordos basin.
Till further notice.

P 4}
% Beijing 1954 Datum
Songliao Basin

Beijing 1954 Datum

Yellow Sea

Beijing 1954 Datum ;
Ordos Basin |

Tarim Basin

DX : 15.91 ! DX : 12,646
DY : -154.418 { DY : -155176
DZ : -80.863

dX : +15.53
dY : -113.82
dZ :-41.38
PVIX:0
PVIY: 0
PVIZ : 1.814
Scale: -0.38

—————ry—

DZ : 82291

WGS72 BE Datum |
Legacy Marine

.| dX:0
day: 0
dZ:1.9
PVIX:0
PVrY : 0
PVrZ : 0.814
Scale : -0.38

] Beljing 1954 Datum
{ South China Sea

1 dX :+31.4
| v : 1443
|az: 748
PVIX +0
| PVIY  +

Figurel5: Datum transformation parameters in China

1.2.3Distortions in the Ellipsoidal Model
As the reader will have surmised, the ellipsoidal model is not an exact fit. The larger the area covered by a datum,
the more distortion tlere is.

Height and Elevatiorg the elevation above MSL is not the same generally as the height above the ellipsoid.

/| 2NNBOGA2ya Ydzad o0S YIRS (2 Dt{ 2NJ20KSNJ araSttAads
Measurements made anadjusted to mean sea level by the surveyor may be assumed to lie on the ellipsoid as
long as the separation between the two surfaces is relatively small.

Related to the previous one, the direction of the local vertical is not the same as the normaleftigheid. This
RAFFSNBEYOS A& (y26y a GKS WRSTESOUA2Y Ay GKS @SNI.
continental datums. This is done using Laplace corrections at regular intervals across the area of interest. Since
these corrections vary in@on-regularand nonlinear manner, the datum transformation between two datums

may vary significantly across larger datums. The EPSG database is a means of identifying where a particular set
parameters should be used.

Radius & curvature adjustment(Figure B) ¢ The ellipsoid has a radius of curvature at a point (varies across the
ellipsoid). When measuring distances at heights above or below the ellipsoid of more than about 5000 ft, the
distances need to be adjusted to alldw2 NJ 6§ KS OKIFy3S Ay NIRAdzA 2F OdzNIBI
ellipsoid. Measurements made above the ellipsoid need to be reduced and measurements made below the
ellipsoid ned to be increased respectivelso that a map of the area (compiRe | & (G KS WGiNHz2SQ St
correctly onto the map in relation to other features. The calculation can be made with the following equation:

Ellipsoidal length = d[( h/(R + h))where

d = measured length

h = mean height above mean sea leveldative if below)
R = mean radius of curvature along the measured line
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Radius of Curvature Correction
= depth below MSL

250 -

—e—h=0
200 t —a— h=5000
//‘ h=10000
h=15000
—¥— h=20000

—eo— h=25000
+—— h=30000

Correction (feet)

Offset (feet)

Figurel6: The increase in offset correction with depth and offset distance

Section summary

The most important lessons:

The most importantesson from all this is that a latitude and longitude coordinate do not uniquely define a point

in space unless the datum name is included as part of the description! Please also note that knowing the name of
the ellipsoid is not enough. An ellipsoiciishape in space and the sambpsioid can be attached to theaBh at

an infinite number of places. Each time an ellipsoid is attached to another place it represents a different datum.
Particular examples occur in West Africa, where many countrieshes€larke 1880 ellipsoid but set up as a

different astrogeodetic datum in each case, and in Brazil where three datums use the International ellipsoid of
1924,

Ten Things to Remember about Geodesy and References:

1
2
3
4.
5.
6
7
8
9.
1

Latitude and Longitude are not unique as$ qualified with a Datum name

Heights/Elevations are not unigue unless qualifiedwaiheight/elevation reference

Units are not unique unless qualified with unit reference

Orientations are not unique unless qualified with a heading reference

Most field data of all types are acquired in WGS 84 using GPS

Every time data are sent somewhere there is a chance someone will misinterpret the references

Most datasets have an incomplete set of metadata describing the references

All software applications arnot created equal with respect to tracking and maintaining metadata

Data can be obtained by anyone fromanywhei@ K i R2Say Qi YIF 1S A4 NARIKIGH

0. Most people do not understand geodesif you are in doubt; check with someone who knows!

~
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1.3 Principles of CartographyL (1 Qa |

The foundation is the datum. Geographi
coordinates (latitude and longitue)
describe points in the datum. These are
then converted into Projection
coordinates.

Without knowledge of the datum,
projection coordinates are not unique
and can easily be wrongly mapped
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W{ |j dzZ NE 2 2 N.

Projected
CRS
is derivative
of the Datum
(Geog, CRS)
Easting, Northing
Elevation (above MSL)

Datum (includes ellipsoid)
is the Foundation
X, Y, Z Cartesian and Lat/Long, Ht

Figurel7: The hierarchy of mapping

Why is it necessary to projegeographic coordinates? We do this for three primary reasons:

I Ease of communication

1 Ease of computation

1 Presentation and Planning

1.3.1Projection Categories

Figurel8shows the various surfaces and orientation of the surfaces with respect to theodtliaxes. The three
surfaces for projecting the ellipsoid are a cylinder, a cone and a plane. The main projection types used in E&P are

Transverse Mercatand LamberConformal Conic

Other projection types that occur less frequently dvéercator,Oblique Mercator (Alaska) Oblique
Stereographic (Syria), Albers Equal ATéa majority of the standard projections in use in E&P are listed with

parameters in the EPSG database.

_— o~

¢CKSNBE FINB Ylye waildlyRI™
definitions, but a projecprojection can be custom
designed fomlpecific purposes if needed. In

genera) one or two of the following criteria can be

presened when designing a projection: Cylindrical
Shape
Area .
Scale Conic
Azimuth

The majority of the projections we use are '

conformal. This means that scale at a point is the 22"

(Azimuthal)

same in all directions, angular relationships are

~ r w1l A v~ A A A s

Normal (Equitorial plane) Transverse (Meridian plane) Oblique (Other plane)

preserved (but not necessarily north reference)

L. .
Q 4 &4

\\
ll \\

ﬂ

and small shapes and areas are preserved.

Figurel8: Types of projection based on various planarientation of surfaces

They are also geerally computational.



Figurel9shows that making the plane surfac
secant to the ellipsoid allows for a greater
area to be covered with an equivalescale
distortion.

LLINKEPSG parameter database

1.3.2Mapping Parameters

A projectionrequires a sebf parameters that
areused toconvert between latitude and
longitude and easting and northing. These
parameters can be found in the EPSG geode
parameter database.

For a Transverse Mercator projection and a
Lambert Conformal Conic projection these ar
respectively:

PLANE
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CYLINDER CONE
s
N N

Figurel9: The plane surface to the ellipsoid

Datum e.g. NADS3 Datum e.g. NAD27
Projection Type e.g. Transverse Mercator Projection Type e.g. Lambert Conformal Conic
Projection Name e.g. Mississippi State Plane Projection Name e.g. Texas State Plane Coordinate
Coordinate System System
Zone Name e.g. West Zone e.g. South Central
Central Meridian e.g 90°20° W Central Meridian | e.g. 99°00° W
Latitude of Origin | e.g. 29°30° N Latitude of Origin | e.g. 27 °50’N
Central Scale e.g 0.99975 *North Standard e.g 30°17'N
Factor Parallel
False Easting e.g 2,296,583.333 (NB = *South Standard e.g 28°23’'N
700,000 meters) Parallel
False Northing eg 0 False Easting e.g. 2,000,000
Units e.g. US Survey feet Fualse Northing eg 0
Unilts e.g. US Survey feet

Thegeographic origin is the intersection of the central meridian with the latitude of the origin. The projection
origin values at that point are the false easting and false northing. The reason for the high positive values for
these parameters where applicahlis to avoid negative values. In both cases above this is for the easting but is

y2i

y80SaalkNE F2NJ 6KS y2NIKAyYy3a

g KAOK I NB

020K WwWnQ.

There are several other types of projection, mostbiich are of more interest to cartographers than having any

application in E&P.

1.3.3Distortions in Mapping

We have already seen in the Geodesy section above, that by timapgile Geoid using an ellipsoid, we have

already introduced somdistortion inthe way that the Brth is represented. Without adjustment, that distortion
increases as we proceed further from the point of origin where the datum was established. Howevenweith a
establisheddatum, these distortions can be minimized. When we eneélculations fronthe B NJi K Q &
flat (projection) surface, we introduce an additional set of distortions. These are in area, shape, scale and

azimuth.

a dzNJF |


http://www.epsg.org/
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These distortions:
1 Can be calculated and understood, but without proper care and weltated workforce, it is easy to
make mistakes.
1 Are nonlinear; that is to say, the size of the distortion varies across the projected area are very important
component in mapping wellbores

The most important and potentially destructive distortions wh@ojecting geospatial data to a map are scale

and orientation, particularly when mapping wellbore positioRgure 18showst WY GNRBSt SEI Y LJX
and azimuthdistortion. This effect happens evahshortdistances but not so obviously to tlege. The
2NASYyGFGA2Y 2N FTAYdziK OKIFy3aS Aa ¢gKIG A& OFfftSR 02
G2NI RQ YSIadaNBYSyda G2 | R2dzad GJndlafly scate disintbrecinbg A 2y
applied tosurvey measuremes to represent a scaled distance on the map.

1.3.4Azimuth Distortion — o Ry
A key point to remember is that the projection central meridiar S SPE S RS

is truly a meridian there is no azimuth distortion. As one move <~
away from the central meridian east or west, the other S
meridians plot on the projection as curved lines that curve é
towards the nearest pole, whereas grid north lines are parallel ~

the central meridian. At any given point, the differerice
azimuth betweerthe grid north lines and the meridian lines is
the convergence angle. On the equator, convergence is
generally zero als@nd increass as one moves north.
Figure20a K2 ga | W3t 201t Q OF NI 2 2)

1 ' | 1 Lo
Figure20: The plane surface can be tangent or secant t
the ellipsoid. Secan¢vens thedistortion.

GREENWICH MERIDIAN

FHgure 21shows a simple way to verify that the value derived is CENTRAL MERIDIAN CENTRAL MERIDIAN
correct (i.e. that the sign of convergence has been correctly / N/ A
applied). Itis important whedealing with convergence to do a / = 5 / = + \
O2dzLJt S 2F walyiadteQ OKSOlay [

/ EQUATQR
Always draw a diagranfrigure 2} \+ 2 \ i = )
Always check that the software application is applying

the correct value, correctly
1 Always have someone else check that the results agre Grid North Line Grid North Line
with suppliedresults of wellbore location
1 If you are not sure find a specialisthe formal algorithm Figure21: Two projection zones with Central Meridians
is Grid azimuth = True AzimuthConvergencéut many
applications @ not observe the correct sigit.is better Figure 21 shows two project zonesith Central
to use TrueAzimuth = Grid Azimuth iycm § NB S| Meridians, as well as nowentral meridians
where (per figure 008 2830 2 Fve Faat> plotted on the projection (curved lines) that
. . .. converge towards the nearest pole. Tw
of CMiin North_ermemehere and the opposite in additional grid north lines are shown to the right|
Southern hemisphere. and left of the figure. Grid north lines are paralle
on the projection, creating a grid. Convergenc
In the equation above, usthesign in the diagram, not the sign | and scale sign distortion vary in a ndmear
t with the softwarebecause some applicationse the fashion across the projection, but can  bg
you ge_ . PP calculated for any given point.
opposite convention.

1
1
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1.3.5Scale Distortion

Referring back tdigure 21, it is clear from the example that a projection will distort the distance letmtwo

points. Clearly the true égth suraice measured) distance betweenchorage and Washington DC has not
changed, but the length on the map can change depending on the projection. Most projections we use have a
ddzo dzyAGeé WOS ythdkampleaiOve thE Migsissippi WesEsthte pldng/projection has a central
scale factor of 0.99975. This means that on the central meridian a 1,000 meter line measured on the ground will
be represented by a line 999.75 meters at the scale of the map. If the map has a scale of 1:10,000, then the line
on the map will be represert by a line 9.9975 cms long. If you plotted the same line on the central meridian of
a UTM projection with a central scale factor of 0.9996, then the line on the map would be represented by a line
9.996 cms long.

~
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7

HY KFYy3IAy3 FTNRBY hySOGHBNI { &
2.1Ellipsoids and &tums

This is covered in more detail in the Geodesy section above but here are some basic guidelines.

The Earth is elliptical in cross section due to the fact tha
the planet is mainly molte rock and the rotation of the

B NIK OFdzaSa | aftA3aIKG WTTI
throws the mass of liquid away from the centre of spin.

T dz3

A datum by definitions an ellipsoidal model of theaEh
and a centre point. Historically we have estimated the
dimensions of the ellipsoid and its centre from surface
observations and the best fit datum has naturally varied
from region to region arounthe world. For example, in
the USA, an elliptical model and centre point was chose
in 1927 and is referred to as the NAD 27 datum.

It uses the Clarke 1866 Ellipsoid (named after Alexande
Ross Clarke a British Geodesist 182814 with
dimensions asollows:

Figure22Y 9 NIi KQ& sédtidnA LJG A OF f ON
SemiMajor Axis: 6378206.4 metres
SemiMinor Axis: 6356583.8 metres

Whereas in 1983 the datum was updated to NAD 83 wh’™ °
uses a spheroid as follows

NORTH POLE

SemiMajor Axis: 6378137 metres
SemiMinor Axis: 6356752.3 metres

Not only did the shape update but the centre point shifte
by several hundred feet. In order to correctly convert
from one system to another, the latitude and longitude
have to be converted to an XYZ coordinatat the
estimated centre of the &th (Geo Centric Coordinates).
After that a shift in the coordinates to allow for the shift
between the centre estimates is applied. Then the
coordinates can be converted back to a vertical angle
(latitude) and horizontahngle (longitude) from the new
centre on the new ellipsoid. In soncasesthere may be

a scale change and even a small rotation around the thr
axes so its not recommended that a horamade
calculationis done for such a critical and sensitive
converson.

Figure23: Geo Centric XYZ coordinates

Latitude and Longitude for a point are NOT UNIQUE. They depend on the centre point and spheroid in use.
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It is worth checking out the EPSG web site. This is the internet domain of the European Petroleum Survey Group
which maintains an accurate database of geodetic parameters and provides on line software for doing such
conversions.

LINKEPSG website

Here, for example is the conversion of a point at 30 degrees North latitude and 70 degrees West Longitude from
NAD 27 to NAD 83.

Latitude Longitude
NAD 27 datum values: 30 00 0.00000 70 00 0.00000
NAD 83 datum values: 3000 1.15126 69 59 57.30532
NAD 83 - NAD 27 shift values: 1.15126 (secs ) - 2.69468(secs )
35.450 (m ete rs) -72.222 (meters)
Magnitude of total shift: 80.453(m eters)

The main consideration here is that it is essential that when positioning a well, the geoscientists, the operator and
the drilling contractor are all working on the same mapeayson the same datum as the shift in position can be
enormous and frequently far bigger than the well target tolerance.

~
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3.1Map Rojections

C2NJ Fye LRAYyG 2y (§KS 9 NheaRaegraghiddNGfh FOIS (THaMlrSxis bf2 NI K A &
revolution).

This fact is independent of any map system, datum or spheroid. However, when a map projection surface is
introduced, it ismpossible to maintain a parallel map North that still meets at a single point.

In this example a vertically wrapped cylinder such as those used in Transverse Mer@atorajections includes
the North Pole but the straight blue line on the globe will become slightly curved on the surface of the cylinder.
The black line in the diagram shows the direction of Map North (Grid North) and clearly they are not the same.

Figure24: Map projection surfaceor parallel map North

When the cylinder is unwrapped, the tioes looklike figure
25. Map Centre Line
True North

Because all True North lines converge to a single point, the al agt-orth (Grid N)

from True to Grid North is referred to as thé/ 2 Yy @S NH S
Angle.

Convergence

Convergence is the True Direction of Map North.

In the case of the Univers@tansverséVercator Projection, the
convergence within one map zone can vary fréhtegrees to +
3 degrees.

When correcting a true North Azimuth to Grid, this convergen
angle must be subtracted from the original azimuth. Itis
essential that a North Arrow is &wn in order to correctly
visualize the relative references.

Figure25:¢ KS W/ 2y @SNEHSy O0SQ
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When magnetic north is included (see next chapter) we have
three different North References to contend with. True

These can be iany order with several degrees of variation
between them so a clear North Arrow is essential on all well
plans and spider maps. A

Magnetic Map (or Grid)

When correcting from one reference to the other it is common
practice to set the company reference North straight upwards
andplot the others around it. Ifigure26 & 27, Grid North is

the preferred company reference, so all quoted azimuths wou
be referenced to Grid and the North arrow is centred on Grid
North.

Figure26: The three north references

In this example the well is heading®8Brid with magnetic North at®@vest of True and Grid Nortl? East of True
- figure 27. Depending on which reference we use, the azimuth can be expressed three different ways. It is easy
to see how confusion can occur.

True

Magnetic Map (or Grid)

60°grid =62"True
= 68°Magnetic

Figure27: The Convergence angle calculation

Worked examples follow on the next pag¥ ® ®

~
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Somesimpleworked examples:

Example 1
Grid North

True North Grid Convergence is +2.5
True Direction is 47.5
What is the Grid Direction
It's 45 degrees

Example 4
Grid North

Grid Convergence is - 0.7 degrees

True North
True Direction is 312.4 degrees

What is the Grid Direction

It's 313.1 degrees

Examples
gnetic Declination is - 8 degr
True North Magnetic Direction is 88 degrees
Mag . .
No. What is the True Direction

It's 80 degrees

True North

Example 2

Grid North

Grid North

Mag
Nort

True North
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Grid Convergence is
+1.8 degrees

True Direction is
91.8 degrees

What is the Grid
Direction

It's 90 degrees

Magnetic Declination is - 8 degrees
Magnetic Direction is 88 degrees

What is the True Direction

It's 80 degrees

And if the Convergence was -2
What would be the Grid Direction
It's 82 Degrees
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Extended example 1

Convergence is the True Direction of Grid North (West is Negative East is Positive)
Declination is the True Direction of Magnetic North (West is Negative East is Positive)

True Bearing = Magnetic Bearing + Declination
Grid Bearing = True Bearing - Convergence
Grid Bearing = Magnetic Bearing + (Declination - Convergence)

(Declination - Convergence) is known as the Grid Correction

True North _
Example Convergence = +3
Grid North Declination = +6

Mag North  Grid Correction =6-3 =3
Magnetic Bearing = 295

Grid Bearing = 298
True Bearing = 301

Extended example 2

Convergence is the True Direction of Grid North (West is Negative East is Positive)
Declination is the True Direction of Magnetic North (west is Negative East is Positive)

True Bearing = Magnetic Bearing + Declination
Grid Bearing = True Bearing - Convergence
Grid Bearing = Magnetic Bearing + (Declination - Convergence)

(Declination - Convergence) is known as the Grid Correction

True North
Example Convergence = +2 degs

Declination = -6 degs

Grid North
Mag .
North\é

A Magnetic Bearing of 70 degs = True Bearing of 64 degs
True Bearing of 64 degs = Grid Bearing of 62 degs
or Grid Correction =-6-2 =-8 so Grid Bearing =70 + (-8) = 62
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4.1 Basic Qtline

l'd GKS KSEFENI 2F GKS LIXFySd Aa |y Sy2N)2 dferericeaBh& G A O
lines of magnetic force run from south to north and these provide a reference for our compasses.

Figure28: Basic Earth internal layers

¢2 TFdAfe RSTFAYS GKS 9INIKQa al 3ySGiA0O CAStR |4 Fyeé -
Strength, usually measured in nhano Teslas or micro Teslas, the Declination Angle defined as the True Direction of
Magnetic North and the Dip Angtiefined as the vertical dip of the Earth vector below horizontal. For computing
reasons, this vector is often defined as three orthogonal magnetic field components pointing towards True North,
East, and vertical referred to as Bn, Be and Bv. A fundamamtalf physics relating magnetic field strength to

electric current is known as the BiSavart Law and this is our best explanation for why B is used to denote
magnetic field strength. If you know better, please contact the auth@tails at thefront of this publication

Field strength approx Declination angle Dip Angle
(direction of magnetic north)  Angle below horizon

Figure29: Elements of the magnetic field vector
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hyS LINPOofSY gAGK (GKS 9 NI K Qastila Ov@nfre dolrse ofthkstérg, Re magnetic K I
core of the Earth has been turbulent with the result that the magnetic vector is constantly changing. In geological
GAYS al0lftSa GKAa OKIFy3aS Aa OSNE NILAR® LG Aa NBTSN
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Figure30: Traking the magnetic North Pole

In order to keep track of this

movement, several global magnetic models are maintained to provide prediction models. For example, an
internationalorganization called INTERMAGNET collates data from observatories scattered throughout the world
to model theintensity and attitude of the ENIi K Q& YIF I3y SGiA 0 FASt RO 9PSNE &St
Geological Survey in Edinburgh where it is iistito a computer model called the British Global Geomagnetic
Model (BGGM). Historically this has been the most commonly used model for magnetic field prediction for the
drilling industry but there are others. The United States National Oceanic and Ataraspdministration (NOAA)

also produce a model known as the High Definition Geomagnetic Model from their National Geophysical Data
Centre in Boulder Colorado. This takes account of more localized crustal effects by using a higher order function
to modelthe observed variations in theaih field. In practice, when higher accuracy MWD is required, it is
increasingly popular to measure the local field using IFR (see chapter 6) and to map the local anomalies as
corrections to one of the global models. Inghvay, the global model takes care of the secular variation over

time and the local effects are not dependent on a mathematical best fit over long wavelengths.

LINKSBGGM NOAA


http://www.geomag.bgs.ac.uk/data_service/directionaldrilling/bggm.html
http://www.ngdc.noaa.gov/geomag/data/poles/NP.xy
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The model in figur&2 below is a combined effort between NOAA and the BGS called the World Magnetic Model
which is updated every 5 years. This is a lower order model, as isténedtional Geomagnetic Reference Field
produced by IAGA but these are freely accessible over the internet whereas the higher order models require an
annual license.

Figure31: Magnetic observatories

The higher ordeworld models (BGGM and HDGM) are considered to be better than 1 degree (99% confidence) at
most latitudes. This may be less truehigher latitudes above 6ut at these latitudes, IFR techniques are
frequently used.

US/UK World Magnetic Model -- Epoch 2010.0
Main Field Declination (D)
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4.3 Magnetic Observatory Distribution

It should be noted that the global models such as BGGM and even HDGM, can only measure longer wave length
effects of theE: NJinfag@natic field distribution and cannot be expected to take account of very localised crustal
effects caused by magnetic minesatypically found in deep basement formations in the vicinity of drilling. See
chapter 6for a discussion of In Field Referencing (IFR), a technique for measuring the local field to a higher
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Figure33: Magnetic Observatory locations

accuracy.

4.4 Diurnal Variation Magnetic Field Variation, Boulder, Colorado 1/1 - 1/2/90

¢KS GSNY S5AdNYIE aAYI =~ ssm
many centuries it has been noticed that the = 51360
magnetic field seems to follow a rough sine = 51350
wave during the course of the day. Hereisa = @ 51340
graph of field strength observations taken in = Al
Colorado over &-dayperiod. "

51310

0 10 20 30 40

It can be seen that the field strength is Time (hours)

following a24-hour period sine wave.

Seechapter 7for a discussion déhterpolated Figure34: Diurnal field variation
In Field Referenciriga method of correcting for

diurnal variation in the field.

Thee variations may be small but for high accuracy MWD work especially at high latitudes, they may need to be
corrected for. We now know that this effeistdue to the rotation of the &th and a varying exposure to the

solar wind. The sun is constantly #ing ionized plasma in huge quantities across the solar system. These winds
intensify during magnetlc storms and the material can be seen on a clear nlght at high or low latitudes, being
O2yOSYUNI SR G GKS YIF3IySiAao IR 3K S R dINZNIF A VI HzailikNG
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During such storms the measurements taken from magnetometers and compasses are unlikely to be reliable
but even in quiet times, the diurnal variation is always present

O
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5.1 Measurement While Drilling (MWD)

MWD usually consists of a namagnetic drill collar as ifigure 35
containing a survey instrument in whicheamounted 3 e
accelerometers, 3 magnetometers and some method of sending t =
data from these to surface. .

Accelerometes measure the strength of thed ENII K Q& 3 NJ- ¢
component along their axis. Magnetomesemeasure the strength
ofthe B NIi K Q & c fiéltl adloyighieik axis. With three accels
mounted orthogonally, it is always possmle to work out which WaY Irigure3s: A nonmagnetic drill collar

WR26YQ YR 6AGK GKNBS YI3IySi2Youoma nu na 1w cd LI
out which way is North (Magnetic). The following equations can be usezhteed from three orthogonal
accelerations, Gx, Gy and Gz (sometimes called Ax, Ay and Az) and three orthogonal magnetic field
measurements, Bx, By and Bz (sometimes called Hx,Hy and Hz), to the inclination and direction (Magnetic).

Gz
I =cos-1
JGx2+ Gy?+ Gz2

A= gan" ((GxBy- GyBx) /GxZ+ Gy?+ G2 )

Bz(Gx?+ Gy?) - Gz(GxBx + GyBy)

In these equations the z axis is considered to point down hole and x and y are the cross axial axes. Some tools ar
arranged with the x axis downhole and y and z form the cross axial components so care should be taken when
reading raw data files and idefiting the axes Similarly there is no consistency in units in that some systems

output accelerations in gs, others in mg and some in analogue co8ittslarly the magnetometer outputs can

be in counts, nano Teslas or micro Teslas.

The magnetometerare of various types but usually consist either of a coil with alternating current used to fully
magnetise a corelgernating with or against thedtth field component, or a small elgo magnet used to cancel
theB NI KQa YIFI3aAySGiAO FASER O02YLRYySylo®

Theaccelerometers are simply tiny weighing machines, measuring the weight of a small proof weight suspended
between two electromagnets. Held vertically they will measure the local gravity field and held horizontally they
will measure zero. In theory we cduineasure inclination with only one accelerometer but a z axis

accelerometer is very insensitive to near vertical movement due to the cosine of small angles being so close to
unity. Besides we also require the instrument to tell us the toolface (rotatigie in the hole).

If we want the toolface as an angle from magnetic north corrected to our chosen reference (grid or true) we use
the x and y magnetometers and resolve 15{Bx/By) and if we want the angle from the high side of the hole we
resolve tanl(Gx/Gy). For practical reasons, most MWD systems switch from a magnetic toolface to a high side
toolface once the inclination exceeds a preset threshold typically set betweed 8 degrees.
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High Side (Gravity) Toolface

Measured in Perpendicular
Plane

Azimuth Toolface .
Using Accelerometers
Measured in
Horizontal Plane

Using
Magnetometers

/l/

5.1 Data Recovery

Most commonly, the technique used currently is to encode the data as
series of pressure pulses in the drilling fluid ugingpet valves that will
restrict the fluid flow to represent a one and release to represent a zero
This is known as positive mud pulse telemetry.

Retrievable

Pulsar
There are other systems which will open a small hole to the annulus to

allow the pressure to drop for a 1 dmecover for a zero. This is known a

negative mud pulse telemetry. A third method is to generate a sinusoid: Eixed
continuous pressure cycle onto which a phase modulation can be supe -
imposed to create a decipherable message signal. This is known as  mount Pulsar
continuaus wave telemetry. Figure37: Examples of pulsezquipment

Figure36: Graphical represerdtion of two types of toolface
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The data is interpreted at surface and displayed in a surface display un
Direction is measured from Magnetic North initially but usually correcte:
to either grid ortrue. Inclination is measured up from vertical and
toolface, as mentioned, can be measured either as an Azimuth Toolfac
a High Side toolface. In the picture below, the drilling tool is currently
oriented on a gravity of toolface of 136ight of highside.

|
I

Figure38: Typical toolface display
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5.2 MWD Magnetic facing

Clearly, if we are to make use of magnetic sensors in an MWD tool, we need to ensure that there is sufficient
magnetic isolation to avoid significant magnetic influences from the other drilling equipment.

The folowing explanation is included courtesy of Dr Steve Grindrod of Copsegrove Developmentl
NONMAGNETIC DRILL COLLAR LENGTH REQUIREMENTS

This section describes the theoretical background to drillstring magnetic interference, explains
origin of NMDCl rarts and makes recommendations on NMDC usage and inspection. This is bas
[Reference CUR 252] (SPE 11382 bv S.J. Grindrod and C.J.M. Wolff on Calculatina NMDC le

5.2.1Drill String Magnetic Interference

The drillstrings a long slender metallic bodyhich can locally disturb thdENJI K Q& YI 3y SGA O FASE
string and its shape causes the magnetisation to be aligned along the drillstring axis.

The magnetised drillstring locally corruptsethorizontal comppent ofthe E NIi KQa YIF 3y SGiA O FAS
accurate measurement of magnetic azimuth is difficult. For sensible magnetic azimuth measurement, the
magnetic effect of the drillstring has to be reduced and this is done by the insertion afiagnetic drilicollars

(NMDC) into the drillstring.

Nonmagnetic drill ollars only reduce the effect of magnetic interference from the drillstgiigey do not

remove it completely. An acceptable azimuth error of 0.25° was chosen based on Wolff and de Wardt (Reference
/''w nno FYR /!w yc0O Fa GKA& ¢gla GKS fAYAG T2N wD22|
be noted that more recent work has suggested that magnetic interference azimuth error is likely to be of the

order of 0.25 + 0.6 x sin (Inckin(azimuth) so these values can be exaggerated at high angle heading east west.

By making assumptions about the magnetic poles in the steel above and below the NMDC, the expected optimum
compass spacing to minimise azimuth error and the magnitudeeoépected azimuth error can be calculated.

5.2.2Pole Strength Values

Field measurements by Shell (Reference CUR 252) have been made of pole strengths for typical Bottom Hole
Assemblies. These values are for North Sea area in Northern Hemisphere;hbekkl®e reversed for Southern
Hemisphere. However, it should be noted that the polarity and intensity of magnetic interference is not easily
predictable. In many cases the interference is mainly caused by the use of magnetic NDT techniques which of
course have nothing to do with geographic location. The numbers suggested here are merely a guide and
certainly not an upper limit.

Upper Pole Lower Pole

SNAfE O2ftfFNR dzLJ 2 b dStabilisers andbituptapn >2 6 ¢
10m drill collar below NIDCuptoconn >2 0
Turbinesuptomnnnz >220

5.2.3Azimuth Error

Drillstringmagnetisation affects the observed horizontal component of the local magnetic field. A magnetic
compass detects the horiztal componentofthe ENII K4 & YIF I3y SGAO FASERdD ¢KS RNJ
along the drillstring axis and this affects thast/west component of the observdakld inproportion to (Sine

Inclination x Sine Azimuth). This means that the compass error increases with inclination and with increased
easterly or westerly azimuth of the wellbore.
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5.2.4NMDC Length Selection Charts

Using the formulae from SPE 11382 by S.J. Grindrod and C.J.M. Wolff, NMDC charts can be constructed for
various well inclinations and azimuths and for a maximum acceptable azimuth error. The latter is taken as 0.25
degrees as the limit for good magnetiargeying practice. By varying the DIP and B for local conditions, charts can
be prepared for various areas of the world.

An example chart for a bitna stabiliser BIA is given in figure 39
The charts can be used in two ways.

1. To estimate the recommeied length of NMDC for a particular situation.
2. If a different length was used, an estimate of the possible azimuth error can be obtained.

To find the recommended length of NMDC for a particular BHA, the azimuth from North or South and the
inclination ae used to arrive at a point on the selection chart. Examplea section of a well being drilled at 60°
inclination and 35° azimuth requires 24 m of NMDC.

This is demonstrated on the example chart above, with the 2erall lengthbeing found by visally
interpolating between the 20 m and 30 m length lines.

Where inadequate lengths of NMDC are used, (or when reviewing past surveys where insufficient NMDC was
used) it is possible to estimate the resulting compass efror:

Area: North Sea
BHA: Bit and Stabiliser
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Figure 39Example NMDC length selection chart
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Upper Pole Strength: 900 uwb
Lower Pole Strength: 90 uWb
Length Steel Below NMDC: 2.00 m
Total Magnetic Field: 50,000 nT
Magnetic Dip Angle: 72.00 deg

Acceptable AzimutError: 0.25 deg
Optimum Compass Spacing: 30 % from bottom of NMDC
Produced by Copsegrove Developments Ltd

Possible Azimuth Error for length of NMDC used = Acceptable Azimuth Error x (Length rébflissdjth used)
Example:

If only 2 NMDC's with atal length of 18.9 m (62 ft) were used instead of the recommended
NMDC total length of 24 m (69 ft) we have:

Estimated possible azimuth error = 0.25 x (24)2 / (18.9)2 = 0.4 deg
Note that it is not valid to deliberately cut back on NMDC usage and@ldueoretically correct a survey by the

above formulae. This is because the formula assumes pole strengths for the BHA components and actual pole
strengths are not generally measured in the field.

~

O

CONTENTS



Page| 48
CBALLASEI R WSTSNBEYOAY 3
6.1 MeasuringQustal AnomaliesUsingin-field Referencing

The biggest source of error in MWD is usually the crustal variation. The global models such as the BGGM and
HDGM can only take into account the longer wave length variatiotisei Earth Field and cannot be expected to
allow for the localised effects of magnetic rock in the basement formations. In order to correct for these effects,
the magnetic field has to be measured on site. From these local measurements, a seriesatioraifrom a

global model can be mapped out for the field so that in future years, the more permanent effect of local geology
can be added to the secular effects for an up to date local field model.

IFR is a technique that measures the strength (Fie&h§th), direction (Declination) and vertical angle (Dip
Angle) in the vicinity of the drilling activity to give the MWD contractor a more accurate reference to work to.

To accurately measure the magnetic field locally we can take direasurements from the land, the sea or the

air. On land, a nomagnetic theodolite with a fluxgate magnetometer aligned on its viewing axis, is used to
measure the orientation of the magnetic field against a true north, horizontal reference from whigtatec

maps can be made. A proton or Caesium magnetometer is used to accurately the local field strength. In the air,
only the field strength variations can be measured but if a wide enough area is measured at high resolution, the
field strength data cabe used to derive the effects on the compass and good estimates of the declination and
dip angle can then be mapped. At sea, specialistmagnetic equipment can be towed behind a vessel or

carried on board a nomagnetic survey vessel with very accuratgtude sensors and magnetometers that

output their data at high frequency and the motion effects are taken out in the processing.




Page| 49

6.1.1IFR Survey Maps
Once the measurements havedn taken, contoured maps are produced to allow the MWD contractor to
interpolate suitable magnetic field values for use on his well.

Declination Field Strength Dip Angle

)

400 -

Figure39: Examples of IFR survey results

The IFR survey results are usually provided as digital data files which can be viewed with the supplied computer
program.This allows the contractor to view the data and determine magnetic field values at any point within the
oilfield.

Sendad ooty ©: Po T, Dod A0 o RN 06 > Userbrgut
s

[ Mehewen |
W NZE 1752108
Long [E 052" 07 52825 ﬂ
| UTMZened |
Eau [513007104
s— W

Nodth [2301533

Range 13256407 e . |
\ Beaing [+ 162 12 0591 ﬂ

BGCM Crustal Corrections

MI-‘ISSIB nl
H:I-M’WGZ”‘"

Decl |- 000" 14'13 198"

Figure40: Typical software display of an IFR survey
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Two versions of the field maps are supplied. The first shows the absolute values of the total field, declination and
dip angles, observed at the time of the IFR survey. The secondmeipsthows how these values differed from

the predictions of the BGGM2 RSt ¥ RdzS G2 G4KS YI3IySGAO SFFSOila 2F ¢
corrections which are used by MWD contractors.

The crustal corrections vary only on geological timescales and therefore can be considered to be fixed over the
lifetime of the field. The BGGM model does a very good job of tracking the time variation in the overall magnetic
field. By combining the BGGM model and the IFR crustal corrections, the MWD contractor obtains the best
estimate of the magnetic field at the rig.

First, we use the BGGM model to get an estimate of the total field, dip and declination.
Then the IFR correction values for the background magnetic field are applied by adding the BGGM values and the
corrections. i.e.

Total Field Tf = TIBGGM + Tfustal Correction

Declination = Dec = DecBGGM + DecCrustal Correction

Dip Angle Dip = DipBGGM + DipCrustal Correction

In most cases, this just involves selecting the location of the rig and choosing a single set of crustal corrections. i
some cases, when the magnetic gradients are strong, the MWD contractor may chose a different declination for
each holesection alonghie wellbore. Ithe declination or dip value varied by more than 0.1 degreeshe field

strength varied by more than 50nT along the wellbore, it would be recommended to derive values for each hole
section.

Note on Useof Error Modelsg seefrom chapter 17

Once IFR has been applied to an MWD survey, the contractor can change the error model applied to the survey tc
determine the uncertainty on its position. The Industry Steering Committee for Wellbore Surveyadfccura
(ISCWSA) maintain industry standard error models for MWD that allow software to determine the positional
uncertainty of the wellpath.

Normal MWD for example would have a declination error component of 0.36 degrees at 1 standard deviation but
with IFR this is reduced to 0.15 degrees.

The effect of all this is to significantly reduce the uncertainty of the well position with all the benefits of the
improved accuracy for collision risk, target sizing, close proximity drilling, log posammnahcy, relief well
planning and so on.

Figure4l: Calibrating a marine observation frame on land & using a roagnetic vessel for marine surveying
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6.2 Interpolated Infield Referencing

One solution to diurnal variations is to use a reference station on surface. In this way, the observed variations
observed at surface can be applied to the Downhole Datahwill experience similar variation. This is not
always practical and requires a magnetically clean site with power supply nearby and some method of
transmitting the data in real time from the temporary observatory. The other issue is establishingsisiinb

from which these variations are occurring in order to correct to the right background field values.

In a combined research project between Sperry Sun and the British Geological Survey, it was discovered that the
diurnal and other time variant diurbances experienced by observatories, even a long way apart follow similar
trends. The researchers compared observations made at a fixed observatory with derived observations
interpolated from those taken at other observatories some distance away.mbbeh was very encouraging and

a new technique for diurnal correction was established called Interpolatédeld Referencing or IIFR (not be
confused with IFR discussed below). This technique is a patented method of correctingefeatiant
disturbarcesinthe ENII KQ& YI 3y SGAO FTASER odzi A& 6ARSft& dzaSR d
observed at the nearby stations are effectively weighted by the proximity to the drill site and the time stamped
combined corrections applied to the Downbkadbservations eitheclose toreal time or retrospectively.

LINKBGS GeoMagnetic

~
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7.1Examples of Current 8thods

Over the years there have been severa
methods of calculating survey positions
from the raw observations of measure
depth, inclinaton and direction. At the
simplest level if a straight line model is
used over a length dM witinclination |
and Azimuth Awe can derive a shifn
coordinates as in figure 42

8E = EMsin(l)sin(A)
SMsin(l)cos(A)
= §Mcos(l)

o
O~
S =
I ||

This simple technique is often referred

to as the Tangential Method and is 5 T 77
relatively easy to hand calculate.

However, the assumption that the

inclination and direction remain 3
unchanged for thentervalcan cause

significant errors to accumulate along

the wellpath.

-

NS §H = EMsinq)

Figure42: Tangential method to derive a shift in coordinates

'y AYLINRBO@SYSyd (2 GKAa dvheliethe &zBhutWandiSchbtianiset iyf fid afoven S (i K :
formulas was simply the average of the values at the start and end of the interval.

In the days when there were no personal computers the average angle was the preferred method of calculating
surveys andt produces results similar to the more recent minimum curvature method currently in use.

Average Angle Example

: ; w Md1=1000 Incl=28 Azil=54
ys SOEL 0T . S paRERan ; S ® Md2=1100 Inc2 =32 Azi2 =57
w Delta MD =100
Average Inc 30
8E = éMsin()sin(A) 8 Axerage Azi=555
8N = §Msin(l)cos(A) _ - : _
S§TVD = &m 4 w Delta East = 100 sin(30) sin(55.5) =41.2
B cos(l) w Delta North = 100 sin(30) cos(55.5) = 28.3
w Delta TVD = 100 cos(30) = 86.6
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A further improvement was the Balanced Tangential Method whereby the angle @usana survey station are
applied half way back into the previous interval and half way forward into the next.

L=.5@6M1 +Em2)
Vector AB =

8E = L sin(l)sin(A)
8N =L sin(l)cos(A)
8§TVD =L cos(l)

§m2

Figure43: Balanced Tangential Method

These techniques all suffer from the weakness that the wellpath is modelled as a straight line. More recently, the
computational ability of computers has allowadnore sophisticated approacltin the summary slide figure 44
we seetwo curved models.

Tangential Balanced Tangential Average Angle
method method Q
‘ i \

Radius of Curvature Minimum Curvature
method method

Figure44: Methods ofdealing with curvature

The one on the left assumes that the wellpath fits on the surface of a cylinder and therefore can have a horizontal
and vertical radius. The one on the right assumes the wellpath fits on the surface of a sphere and simply has one
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radius in a 3D plane that minimizes the curvature required to fit the angular observations. This method, known as
0KS WaAyAyYdzy |/ dgNd@vieffedidey the ivdSsirykstarilard.

Attitude Vector at any survey point

Normal Minimum dx = sin(Inc) sin(Dir)
dy = sin(Inc) cos(Dir)
Curvature g7 = Oos(|no)

Angle 8 subtended by arc is found
from dot product of Av and Bv

0 = cos [Ox,OXg + OYA0Yg + 0Z,0Zg]

Radius = oMd /6
Vector from A to B is then

Rtan(6/2) (Av + Bv)

Imagine a unit vector tangential to a survey point. Its shift in x, y and z would be as shown above. The angle
between any two unit vectors can be derived from inverse cosine of the vector dot product of the two vectors.
This angle is the angle subtendatthe centre of the arc and is assumed to have occurred over the observed
change in measured depth. From this the radius can be derived and a simple kite formed in 3D space whose
smaller arm length follows vector A then vector B to arrive at position B.

Notice however that the method assumes a constant arc from one station to the next and particularly when using
mud motors, this is unlikely to be the case.

~
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Figure45: Minimum curvature method
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8.1 Determining TVD

Consider two possible procedures for drilling from A tdBth of these trajectories start and end with the same
attitude and have the same measured depth difference.

A A
Slide Rotate.
then Rotate then Slide

Figure46: Example drillingrajectories

Suppose we were at 50 degrees inclination at A and built to 60 degrees inclination at B. In the case on the left the
curve comes first followed by a straight and vice versa on the right. Clearly the wellpaths are different but the
surveys wuld be identical since the measured depths are the same, the azimuth has not changed and the
inclinations have risen by 10 degrees. Because a single arc is applied, there is a potential for significant TVD erro
to accumulate along the wellpath if the @hges in geometry are not sufficiently observed.

For thisreason,it is often recommended that when building angle faster than 3 degrees per 100 ft (or 30 m) it is
best to survey every pipe joint rather than every stand to ensure adequate observatidnsgyt represent the

well path. In the next chapter it will be seen that a rate gyro can observe at very short intervals indeed with no
additional survey time and in general these are better at determining TVD than MWD. Normally however, gyro
surveys ae interpolated at 10 or 20 ft intervals or equivalent just for ease of handling and processing the data.

8.2 Effect of Survey Interval on Well Path Positionat&ftainty

It is important to note that our industry standard systematic error models haveraditionally modelled for the

effect of survey interval. It is very hard to quantify what the effect of missing data might have been and so the
error models have been published with the caveat that adequate surveys must be taken to accurately reflect the
geometry of the wellpath.
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Clearly if the minimum curvature algorithm were applied to the survey on the left where the inclination and
azimuth are identical at the start and end of the curve, a simple straight line path would be assumed whereas the
reah & A& o0SUGUGSNI NBLINBaASY(iSR 08 (GKS adNwSea 2y GKS N
database a few years ago. | removed every second survey from some high intensity gyro surveys and recalculatec
Then | removed more and plotted the ersoagainst the survey interval. The actual positional error grew in a

guadratic. Here is one example plot.

50ft _ -
40ft IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII\

30ft

20ft

10ft

100ft 200ft 300ft 400ft S00ft 600ft 700ft 800ft
On the x axis is the survey interval and the scatter on the y axis represents positional errors from the original
surveyed position. The green histogrésa set of average positionadrors for each survey interval in 10ft
increments.

The approximate ecation relating these is of the order of .3 x (Interval/100)*2 which has an interesting effect. If
this is even close to correct then reducing our survey interval from 90ft to 30ft reduces our positional error by a
factor of 9 not 3. Similarly, we might exqt that missing a 90ft survey will increase our positional error due to
lack of surveys by a factor of 4 rather than 2.
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What should we do abouhis? Some companies would argue that a simple additional inclination and azimuth
error should be added in pportion to their respective changes from one survey to the nextekample we

might add .1 x azimuth change as an azimuth error and perhaps 0.1 x inclination change as an inclination error.
The shorter the interval, the smaller the change and therefbeesmaller the error applied. Since the md

difference is also proportional to the interval, this has a square term on interval just like the study shows. Others
would argue that as we are trying to model missing data, we might generate misleading umtgeriadels and

we should cover this by best practice.

Most companies agree that when the dogleg severity exceeds 3 degs / 100ft it is good practice to survey every
single rather than every stand.

However, there are some occasions where the lack of ssriiag to be remedied long after the event.
Sometimes when a well is misplaced in TVD, it is necessanatahgse the MWD survey to obtain a better
estimate of TVD. This is done by including the slide sheet information. The technique canusdy bs a rough
guide to the likely TVD adjustment required but has often explained poor production results or severe
disagreement between gyro and MWD depths.

Using the slide sheet figure 47 as an example:

Tool m
- Drill : Comments w0
Surevy | Incl. [Azimuth] Depth | Depth Face 7| Drill | VOB PU.SO Pump | Flow | Pressure e
BHA | Depth |Degree Degree|| From To Feet |OIR | gppy | Hrs. | 10008 | & ROT ¥WT SPM | Rate | OFFI!ON Date Survey
6 | 11519 | 82.8 | 177.3 | 11537 R 165,155 94 | 230 | 3000/3120 | 28-Nov 40
6 11559 ° 165,155 g4 [ 220 [ 3000/3120 [ 28-Nov [E 40
6 | 11551 | 822 | 176 || 11573 r 165,158 94 [ 230 [ 3000/3120 [ 28-Nov 40
6 11591 o 165,155 84 [ 230 [ 2000/3120 [ 28-Nov 40
6 | 11581 | 83.7 | 175.7 [| 11815 r 165,155 94 [ 230 [ 3000/3120 [ 28-Nov 40
6 11621 o 165,155 94 [ 230 [ 3000/3120 [ 28-Nov [EN40NN
6 11829 0 165,155 94 [ 230 [ 3000/3120 | 29-Nov 40
6 | 11812 | 851 | 172.9 || 11848 r 165,155 g4 [ 230 [ 2000/3120 [ 28-Nov [EN40
6 11652 0 165,155 94 [ 230 [ 3000/3120 [ 29-Nov 40
6 | 11644 | 883 | 1758 || 11885 r 185,155 g4 [ 230 [ 2000/3120 [ 28-Nov 40
6 11684 0 165.155 g4 [ 230 [ 2000/2120 [ 29-Nov [ 40
6 | 11676 | 8s.8 | 176.1 || 11888 r y ﬁf g4 [ 220 [ 3000/3120 [ 29-Nov [F 40
6 | 11707 | 90.4 | 176.2 || 11715 r T, 155 €< 94 [ 220 [ 200072120 [ 29-Nov 40
6 | 11739 ] s0.8 | 1752 || 11747 g‘nss 94 [ 220 [ 20002120 [ 29-Nov 40
6 11779 1100 "5 S o4 [ 230 [ 20002120 [ 29-Nov [N4D
6 | 11771 ] sos | 175 || 11785 275 8 165,155 g4 [ 230 [ 2000/3120 [ 28-Nov [EN40
6 11811 350 8 165,155 94 [ 230 [ 2000/3120 [ 28-Nov 40
6 11843 200 8 165,155 g4 [ 230 [ 2000/3120 | 30-Nov 40
6 11851 175 [ 8 165,155 94 [ 230 [ 2000/3120 [ 30-Nov 40
11872 3 165,155 g4 [ 230 [ 200073120 [ 30-Nov 43
8 11390 . 1250 8 165.155 94 [ 230 [ 3000/3120 12-Dec 37
8 11402 goo | 8 185,155 94 [ 230 [ 3000/2120 | 13-Dec [0 37
9 11421 200 8 165,155 90 [ 230 [ 3000/2120 15-Dec [ENSE

Figure47: Typical slide sheet

Looking at the data for BHA 6, we can see a few points where surveys were taken and several changes from
rotating to oriented (sliding) mode. The lengths and toolfaces are listed for each slide. Whilst these values will
only be approximat it is possible to then estimate the wellbore attitude at the points where the slides began and
ended.

Firstly if we take the total curvature generated over the BHA run by measuring the angle changes between
surveys (see minimum curvature described abiovehapter ) we can work out the dogleg severity capability of
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this assembly. If we then apply that curvature on the toolfaces quoted, it is possible to determine a fill in survey
at the beginning and end of easlide by using the approximation that the inclination change will be:
DLS x length x cos(Toolface) and the azimuth change will be the DLS x length x sin(Toolface) / sin(Inclination)

- where DLS means dogleg severity in degrees per unit length. This alloto complete surveys at the start and
end of each slide and minimum curvature will then be more valid when joining the points.

This assumes that:

1. The DLS is unchanged during the run

2. The curvature all happens when sliding
3. The toolface was awstant during the slide

These assumptions are very simplistic but the analysis will generally give a better idea of TVD than the assumptio
that the sparse surveys can be safely joined with 3D constant arcs.

~
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9.1 Background and History of Gyros

What is a Gyro?

A Gyroscope is a device which enables us to measure or maintaifeatation in free space and rotoygs

specifically, operate on the principle of the conservation of angular momentum. The first gyros were built early in
the 19th century aspinning spheres or diskfors), with designs incorporating one, two three gimbals,

providing the otor spin axis with up to three degrees of freedom. These early systems were predominantly used
within the academic community, to study gyroscopic effects as rotor speeds (angular momentum) could not be
sustained for long peria due to bearing frictionfeects. The development of the electricoter overcame this
NEGFGAZY RSOF® LINPG6tSY FyR f8FR G2 GKS FTANBRG RS&AT

As with most scientific and technology advances, continued developare refinement was propagated and

I OO0OSt SNXYrGSR (2 FRRNBaa YATAGINE LW AOFIGA2YA YR 0
control, orientation and navigatimapplications. Rotongos ae still by far the most commorystem used byhe

oil industry.

During the second half of the 20th century several additional technologies were developed and exploited
providing gyroscopic capabilities. These included:

Vibrating Gyros

Hemispherical Resonator Gyros

Quartz Rate Sensors

MHD Sensor

FibreOptic Gyros

Laser Gyros

MEMS Gyros

= =4 -8 -4 8 _a -9

The systems currently considered to have the most potential for the oil industry are the Laser and MEMS systems
Indeed,Inteqdeveloped and successfully marketed and operated the highly accurate RIGEa$trgertial

Gyro Surveyor) for many years servicing the North Sea. The current performance capability of the MEMS unit is
still less than desired but is regarded as having potential for the future.
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9.2 Qilfield Applicationg A Brief History

In the earlyyears of oil well drilling the process of drilling the borehole was more of an art than a science. The
general principals of geology and exploration were understood and followed but the effects of formation changes
and dip on bit deflection and hence bomk trajectory were not clearly understood and largely ignored. This
perpetuated state of ignorance lead to many unresolved lease disputes, where wells drilled and brought on
stream, close to an adjacent lease, would often result in diminished producttes on the adjacent lease wells.
However, as now, wells already in production were cased and the magnetic compass based survey instruments
available, could not provide post completion trajectory data. Throughout this time, many incliratlgrdevices

were developed, later versions of which were accurate to 1 or 2 degrees throughout their operating range.

In 1928 Alexander Anderson published a study of Borehole Survey Inclination Data obtained from a significant
population of wells from various location&nderson had developed a Pendulum Instrument, the position of

which was recorded on film as the tool was lowered in the borehole. This publication, illustrating universal and
significant wellbore deviation, brought focus on the extent of the problemiwithe industry. As a direct result

of Andersons study, J. N. Pew, then the Vice President of Sun Oil Co. instructed a team of Engineers working out
of the Sun Research Laboratory in Dallas, to design and develop instruments which would provide thi@inclina

of the borehole and the Direction of that Inclination within casihgK S p ®pé¢ { ! w2 9] D&NR LYy
incorporated a Gyro Compass Face superimposed over a Bubble Level Unit with the permanent record obtained
with a Camera.

The Sperry Gyrospe Co. was chosen as the Gyro supplier and with each company holding a 50 per cent stake in
the new company, the Sper§un Well Surveying Company was formed and gyro referenced borehole surveying
became a reality on 9th October 1929.

9.3Chronologyof Gyro [@velopment

M (b H /B€vardl designs of Inclinometers and very basic Magnetic Compasses are in use. Companies of note
operating Directional Survey Services are H. John Eastman, Hewitt Kuster and Alexander Anderson.

1929 First Gyro SurveYool designed and built by Spei®yun Well Surveying Company, a joint venture between
{dzy hAf YR {LISNNE D&NR&aoO2LS /2o ¢KS 3I&8NR KIFIR

1930: Gyro Survey Tool Data used in settlement of many Lease Line viaasies in East Texas and California.
In-Run and OuRun Data were recorded.

1936: Gyro Tool Intercardinal Error and Drift Curve Corrections, refined to improve accuracy of survey data in
inclined boreholes.
Survey Tool True Centre Correction methodologyettsped using a two dimensional Polar Coordinate
System Calculation.

1939: 1st K Monel Non Magnetic Drill Collar designed (Not a gyro but notable)

1945: Humphrey (Gyro) provides Instrumentation to Directional Service Companies for the first time (Post
WW11 manufacturing surplus)

1947: Transistors developed but not yet used by industry.
SperrySun buys out Sperry Gyroscopes interest in Sggary Well Surveying Company.

151 Qa8 f1GS mpnnQa ¢Stto2NBa 3ASH RSSLKésditatiggla a Yl £ £ SN
requirement for smaller Gyro Tools.

1960 East Texas Railroad Commission Scandals again encourage tool development. Many wellbores are small
RAFYSGSNI opé [/ laAy3ao FyR a2YS KF-@S B cp RS3I LyO

1961 Use of Solid State Electronics fosfitime in Instrument Timers and Solenoids for Film Advance
mechanisms. Computers used for Survey Calculations at the Office. Field Data continued to be hand
calculated untiimid-seventies

1961 Atomic Energy Commission (AEC) in the USA uses Gyro @vayf acmmyi én S A & ¢ Sad | ;
800¢ 6000ft deep, in Nevada and Alaska. Project ends in 1976.
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1962 0¢ S5Al ® {dzNBStf DENR o6dzAt G dziAtATAYy3I nnIZnnn NLIY

1964 Counter Claims made against Gyro Survey accuracy related to numeroGuitsavA Test Pipe is laid
down the Hurrcane Messa in UtatDver 2000ft of Aluminium Irrigation Pipe is fixed down the hillside on
a continuously irregular course. The first 200ft was near vertical with sections of the pipe path reaching
60-70 degs of ination. Multiple surveys were performed with both Gyro and Magnetic tools, with
surveys taken at 28 intervals. In the final analysis the accuracy of both Survey Systems were proven and
the East Texas Claims Issues finally settled.

M®T pé De Nebped Bifigi26,00RrBrAC Rotors. Specifically designed for Directional Drilling Tool
Orientation and surveying of Production wells in Tubing.

1971 Atomic Energy Commission Test Bore intersected at &DD with Bottom Hole location land surveyed
in at< 5ft variance/error.

1974 Multi-well Platform drilling is prevalent. Level Rotor Gyro System developed with glass file Mercury
Switch used to control the inner gimbal horizontal position tol+2degs but system is sensitive to
gimbal/switch attitude resulting in azimuth error propagation.

1977 LYGNRRdAzOGA2Y 2F { d2NFo OSI wBORNRA Y ICOHRMRAY & § W DOQMNI
Wireline. Inner gimbal position now monitored and controlled by electronic resolver-10.01 degs
resulting in significantly reduced error propagation.

1978 Ferranti Full Inertial System introduced into the North Sea as reconfigured Harrier Jump Jet IN System,
developed for Shell, Mobil, BNOC (BP) and marketed by Eastman Christiansen (Inteq). Runaay Ac
1/1000 ft paentially at all attitudes.

9.4Improving Performance and Service Capability

As outlined above, Gyro Survey Tools were initially and primarily introduced into the industry, to provide a means
of obtaining or checking borehole dtitde, when the wellbore was already cased, negating the application or
repeated use of magnetic based tools (Lease Scandals). Similar conditions were to foster the requirement for
reduced diameter tools when later legal argument ensued over deeper snd@imeter wells. However, the

primary motivation for technology advancement has been the requirement to survey eeged higher angle
boreholes (lryondhorizontal), with significandzimuthalchange at greater latitudes.

The first gros used B the indwstry had no means of inner gimbal/spiris.control but the surveyor could

determine its approximate position from the film recaatleach survey station. Thesgrgs were originally

intended for use up to 2Q 30 degs inclination. However, as boreholdimations increased, hardware

improvements were made and operational techniques were developed which enabled these tools to be used
successfully beyond 60 degs inclination. As noted above, Gimbal Tilt control and Drift Curve correction methods
were refinedto better account for the increasingly difficult operating conditions encountered and its interactive
effects on gyro stability and data quality at a relatively early stage.

9.5The Gyro Survey Process

9.5.1Surface Reference Orientation

Priortotheus@ ¥ b2NI K {SS{Ay3 DeNR&a GKS 3J3&8NR KIFIR (2 0SS Ww
the rig floor) before entering the borehole. On land, this was a relatively simple process involving the
establishment of a Sight Mark or Back Sight (ReV@igiet), from a disnt mark clearly visible from the rig floor

through the Sighting Scope oriented and attached to the Survey Tool in line with the internal Gyro Compass
Reference. This Land Sight Markswon occasion provided by the client, using ldo&l survey cmpany

responsible for locating theg but was often determined by the well survegrapany, using conventional land

survey techniques and a Magnetic Bruntom@ass. For low angle wells the gyefarence was then set to the

Grid or True Nort orientation (cependent on the dient requirements).
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For offshore locations this observed and required Sight Referenceitiead to be preestablished @r each Slot
Position) relative to Platform Centre or calculated using distant installations arréessavisible from theig floor
rotary. If/when no feature was visible from the rig floor the Sight Orientation Reference would be transferred
from a position external to the rig floor (e.g. Helideck).

These techniques were alspg@licable to semsubmersble (foating) installations, with theadded complication
that the sight reference value might be subject to small but constant change. As a last resort the rigs Ships
Compass Heading value would be used. This mobile condition had inguigckdr both the start and end
reference for the sirveyand its effect on Drift Curvdasure and survey reference accuracy.

When setting the Gyro Orientation Reference liaggher inclination surveys theyopp would be set wh the spin

axis perpendicular (@ented acros) to the wellbore path, with due account taken of the expected gyro drift rate
and any change in the wellbore azimuth trajectory. Setting the spin axis in this attitude, provides the most stable
orientation for gyro operation as the gimbals tilt with imetion and reduces the potential for Gimbal Lock

(System Bearing Jam) and subsequent gyro spin out and surveyumidshe offsereference orientation value
(relative to True or Grid North) applied in this technique was accounted and corrected foplyyngpa baseline

shift to the calculated Drift Curve.

9.5.2Gyro Driftg Precession Correction

The vast majority of gyrausveying performed for the indust, even today, still utilises rotor systems. A spinning
gyro otor tends to keep its axis pointing in the same direction. This is called Gyro Rigidity. If a force is applied
which tendsto change the direction of the spirxia, the axis will move at right angles to the direction of the
applied force. If the spin axis horizontal and you try to tilt it, the axis will turn. If the axis is horizontal and you
try to turn it, the spin axis will tilt. iis second characteristic of a gyro is callezcBssion.

In normal operéional use, conditions such as bearing weampperature Coefficients obpansion (Inertial Mass
Distribution¢ C ofG) and System Attitude Change (related to a given wefllp) all interact to generate a net
force which acting on the @&y Spin Axis cause the gyro to preces#t(ffom its initial orientation reference).

The gyro pecession experienced during a survey has historically been corrected with a Drift Curve constructed
with drift data samples recorded during tlirun and outrun surveyThe frequency and duration ofift checks

has tended to change over time but the basic premise has always been to take samples related tottioue at
change and temperature §pticularly fordeeper, hotter surveys). Drifhecks were normally taken &ast every

15 minutes, for aample duration o6 minutes with film systems. However, with the introduction of laternfer
scale readings, SRG and digitatag sampling criteria tended to change to 10 minute intervals with 3 minute
sample duration.

Drift Checks during the survey were no longer rafewor required with the advent of earlier discreet sampling
North Seeking Systems (mow&dr). However, they are beneficial and recommended when operating the current
North Seeking Systems in continuous Dynamic Mode where the individual or calculated sample stations

are not determined by discreet north seek sensing.

The drift correction dta is then either applied on its own or as a supensdhe Gyro Calibration Modelfcrent
systems). The calculated re@he drift correction curve is tiedral closed to the start and end reference date
it a sight dosevation or north seekeference as in current technology systems.

9.5.3True Centre Correction (or Offset Centre Correction)

From an early sige it was recognised that a gyro surveglthadinherent misalignments associated with the
modular structure of the Instrument Stack and more particularly the vane type centralization (Weatherford)
which was universally adopted for running iotb open and cased hole. Thesentralizers were not a présion
piece of manufactured equipment and variants of this centralizer design, all be it with improved centralization
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capability, continue to be used today for some applications. These misalignmenitsimesuall errors in both the
inclination and aimuth values calculated and recorded for each survey point.

In 1936 theSperrySun VeIl{ dzNIZS & Ay 3 / 2 Y Lirug Eentke E@Sdticmelfdioldgy WHich still
formsthebasti 2 F OdzZNNBy G | LILIX A OF (A 2 y dudate Kafculated dEbirpa POIG Y (1 NB Q
Coordinate Method by representing each Station data set as a radial and angoildinate. Provided sufficient

tool rotation has taken place between thetian and outrun samples, the common intercept of easlimple

vector pair denotes the True Centre Correctioal¥e which can then be applied to each indinatisurvey ample.

True Centre Correction is particularly important in shallow, low angle, wweltiapplications where small errors

in Inclination can seriously misreggent current well position and hence adjacent well displacement.

9.5.4Tool Centralization

Gyro Dol Centralization or Decentralization within the cased borehole remains a fundamental and important
aspect of all gyro surveys performed. This applies égjtmkthe limited number of surveys still carried out using
older technologies as well as those performed with thtesasystems inclusive of fuliertial applications.

As noted above, earlier forms 8pring Bow (Weatherford Typegrdralizers could camibute significantly to
errors in trueborehole «is repesentation. Early attempts affiset calculation and correction did provide a
partial solution but this improvaent was also dependent on themtralizer integrity with respect to uniform
vane weartand varying borehole inclination. As now, the main dilemma was to use centralization which
adequately supported the tool in the central axis whilst allowing the system to smoothly progress down hole,
keepinginmindi KS f 2aa 27T S meél.Bndhe bateBole¥akisiosaid Granspdrtzaid the simultaneous
increasing mass supported by the centralizers.

Ultimately, the most effective and practical solution wasua full centralization until the tool could be
guaranteed to run lowside. However, degendent on the casing/survey program deployed, this procedure could
require a minimum of two separate runs in hole in which the second ram performed with very stiff igid)

under gage centralization which basically operated as skids and supporteatha & fixed constant distance
from the contact lowside and hence parallel to the borehole axis.

As wellbore inclination increased, various forms of Sinker Bar were used to aid tool transport but these too could
generate offaxis problems where the Jiar Bar is screwed directly to tisirvey bol but not adequately

supported (entralized), with a tendency to bias the overall tool alignméaeally, SinkeBar should be attached

to the survey ool using a univesal joint or more preferably a connectingd with universal joints at each end.

This hookup predominantly isolates any eéixis interaction between tool and weight bar.

These basic criteria still hold true today where the use of Centrollers (Precision Wheeled Centralizers) and Roller
Bearing@-OSY (NI f AT SNA FNB dzaSR 6AGK b2NIK {SS{Ay3a IYyR 1
inclination.

Ideally the use of Deentralizers should be avoided where possible, in large surface casings near vertical as tool

alignment can be distiyed by the effects of offixis cable tension. Similar problems can exist in the early build or
high dogleg sections within smaller casings.

9.6 ERD and Horizontal Transit

With the prevalence of ER&hd Horizontal Well Profilesym surveying became even more difficto perform
by conventional weline operations. Various techniques were adopted with improvements made relative to
technology advares in both assistedbl transport and surveyobl development.

SideEntry Sub
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The SideEntry Sub was first used with the Magnetic W/L Steering Tool Systems (Pre MWD) in order that drilling
could proceed during deeper drilling operations without the requirement to trip out the §\Bteering Tool from

the drill pipe to make a connection (Add Pipe). Using this system enabled W/L Gyro Surveys to be performed in
extended reach horizontal wells, with the survey tool latched within the BHA and surveys recorded at each
planned depth interval.

The Side Entry Suwpnsisted of a sub with a gdvall orifice with associated clamp and stuffirigrgl

arrangement which allowed the cable to pass through the sub wall with the clamp and gland seal applied as
required. The BHA/dill pipe would be tripped in hole to thkigh angle srvey start depth. The W/L and survey

tool would then be run to bottom within the pipe entering via the side wall sub connected to the drill pipe at
surface. The survey would then commence by tripping in hole to TD with pipe added as noeaisdinbly was
then tripped out (wth outrun data also recorded) to retrieve the Sub at surface with the W/L Tool then pulled out
of hole. The system wasibsequently applied to W/L F&gbing prior to equivalent MWD sensor development.
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9.7Ring Laser Gyr

Ring Laser Gyros (RLGSs) are a form of optical rotatiosos and unlike the preceding mechaniaatbr systems,
contain no moving parts, in their simplest form. Within the sensor, containing a machined quartz block, two laser
beams are formed, one maw clockwise and the other artlockwise around an enclosed polygonal optical path
loop of three, four or more sides with mirrors at the vertices. These laser beams interfere with each other,
creating a standing wave(s) diffraction pattern observed pbhato-detectorlocated at one of the vertex mirrors.

This is a little like dropping two stones into a still pond, where the waves from each stone meet and form a
pattern of waves with even higher peaks and lower troughs where they cancel out.

If the devices rotated, one beam experiences a shift up in frequency, whilst the other experiences a shift down,
causing the interference pattern to move. As the device rotates the v@texo-detectorcounts the fringes and

hence measures the rotation of the sens®his relativistic phenomenon, is known as the Sagnac effect after G.
{3y O 6CNBYOKYlIYylO RSY2yaidNIQiSR IyYyR NBO23ayAaSR (GKS
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Typically, a RLG consists of a triangular block oklkpansion quartz. The laser cavity is machined into the glass
and filled withHe & Ne creating an HeNe laseA high voltage is applied across areas of this cavity to create the
lasing action. At two points of the triangle, very high quality mirrors are placed and at the third vertice the beams
are combined in a prism to producedlinterference pattern which is detected by a photodiode ariggpically,

RLG size is around 8cm on a side.

The sensitivity of a Ring Laser Gyro is proportional to the area enclosed by the laser beams and the scale factor o
the instrument depends on theatio of the enclosed area to the path length. RLGs can be extremely accurate
devices and can measure a range of rotations from as low as 0.01 deg/hr to more than 360 deg/s. This gives then
anenormous dynamicange, of as much as 10"8hey have excelléscalefactor stability and linearity over this

range.

Gyros performance is typically quantified in terms of bias stability and random walk. RLG can have bias levels of
0.01 deg/hr and random walks of 0.005 deg/rt (hr).

To ensure good sensor performanaed bias stability the devices must be built in a high standard cleanroom,
since any contaminants in the laser cavity will degrade performance. They must be machined from glass blocks
with very low coefficient of thermal expansion to ensure that perforneiscmaintained over a wide thermal

range. The use of thermal shielding is essential for deeper oilfield applications.

RLGs suffer from a problem knownWek-in(vhere back scatter from the laser beams at a mirror causes the
AYiSNFSNBy @Y OF NRyABSIK SNE WIAXWAY I (GKS aSyazNJ | RSIR o
To minimise lockn, extremely high quality mirrors are used. Also, typically the sensors are mechanically

WRA (0 K S NB/iRraxed rapiélyaiid pledisely throughd dead band. It is small remaining periods in the dead
band which causes the random walk performance of the sensor to deteriorate.

Ring laser gyros are very commonly used in inertial navigation systems in both civil and military aircraft, rocket
launches, tanks, artilleryand high accuracy attitude systems, such as those used for geophysical surveys from the
air.

w [ Dhevé only been utilised in one borehole survggtem within the oil industry talate. The RIGS Tool was
developed by Sundstrand for Easn Whipstock (Later to become part of Eastman Christiansen, Eastman Teleco
and then Baker Hughes INTEQ). The Inertial Measurement Unit for a second generation RIGS was manufactured
08 |l 2ySesgStftd ¢KS ¢22f o1 a p odgurativnittRakemyesatu® MBng ofin T {
100°C. Ahermal dield allowed RIGS to survey to TD in wells with bottom hole temperatures of up to 150°C. The



Page| 66

RIGS Tool demonstrated consistent lateral accuracy performanc ¢€d00 MD (2 sigma) at all attitudes.
However, the tool was only ever operated within the North Sea Region. It was in commercial service from 1990 to
2006.

¢KS YFAY RNI}Igol O]l 2F OdaNNBydGafte +@FrAftlFofS w[Da Aa
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90 deg C. RLG technolagwlso currently covered by international arms trafficking laws and associated import

and export restrictions which sexely restricts product lacement, R&M and Tool Utilization for any potential

global operation by aervicecompany.

9.8Fibre Optic Gy

Fibre Optic Gyros (FOGS) consist of a coil of fibre optic cable in which two light beams travel through the entire
cable length in opposite directions and are then combined. The development of low loss, single mode, optical
FAONB Ay ( Kndble8 Sahdaceffentdioreomia gyrosto be developed. The sensor operates on a similar
principle to the RLG, where the interference pattern created from the couptepagating light waves, after

travelling through the fibre, is a measure of the angutdation of the device. However, they differ in that an
incoherent broadband light source is used.

Fibre optic gyros tend to be packaged in cylindrical containers, for example 10cm diameter by 2.0cm deep. A
sensor may contain as much as 5 kilometreshwefi FOG sensitivifg a function of coil radius felosed area)
and optical path length, so once again larger sensors tend to be more accurate sensors.

FOG performance in general, is similar to but not quite as good as RLG. Bias stabilities oh® dr degter and
random walks of 0.005 deg/rt(hr) would be typical. RLG has inherently tstéde factostability.

Outside of the oilfield, FOG sensors tend to be used for similar applications to RLGs, but for those applications
where environmental coditions and accuracy is less important and where cost is a factor. Although experimental
devises have been developed, no FOG system has been commercially marketed within the oilfield. Once again
sensor size and temperature concerns are limiting factorgetreral FOG performance is more sensitive than
RLGs to environmental conditions such as shock, vibration and temperature gradients.

Large diameter, high accuracy systems have been developed and are in use in space and submarine applications
where size estrictions are secondary.

9.9Vibrating Structure Gyroscope

Coriolis Effect

The Coriolis Effect is an inertial force first described by the 19th century French engiat®matician Gustave
Gaspard Coriolis in 1835. Coriolis showed that if the ordiNamytonian laws of motion of bodies are to be used
in a rotating frame of reference, an inertial forgacting to the right of the direction of body motion foounter
clockwiserotation of the reference frame or to the left for clockwise rotatigmust ke included in the equations
of motion.

The effect of the Coriolis force is an apparent deflection of the path of an object that moves within a rotating
coordinate system. The object does not actually deviate from its path, but it appears to do so bettese

motion of the coordinate system. A simple demonstration example of the effect is a ball rolling across the surface
of a rotating merrygo-round.
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9.10Coriolis Vibratory Gyros (CVG)

A Coriolis Vibratory Gyro (CVG) operates on the principal thiitatimg object (mass) tends to keep vibrating in
the same plane as its support is rotated in space. This type of device is knowprédia Cibratory @ro where
the plane of oscillation of a proof mass is rotated, the orthogonal response resultingheo@oriolis term in the
equations of motion, is detected by a pickoff transducer.

CVGs have been produced in various forms, including thimarigoucault pendulum (1851), vibrating beams,
tuning forks, vibrating plates and vibratinigelis. In the Facault pendulum (an-commercial), the swing path of
the pendulum rotates a fraction of the: NJiréta@ién, dependent on the location latitude. Due to friction effects
in the mounting fixture, some of the energy is transposed into quadrature effects, so that the pendular path
becomes elliptical and theoretically, ultimately circular, negating the Emgoeasuring capability of the system.
This unwanted quadrature effect is present in the majority of CVG designs and necessitates quadrature
suppression control loop electronics, signal processing and compensation.

Two CVG systems show potential [TuniagkFsyro (TFG) and the Hemispherical Resonator Gyro (HRG)] and
these sensor developments are continuously kept under observation by the industry.

9.10.1Micro Hectro Mechanical System (MEM&)Tuning Fork Gyro

A typical MEMS FGncorporates asingle or dual @ntra ¢ massbhalanced) tuning fork (Proof Mass) arrangement,
integrated on a silicon chip. Capacitive measurements are made between the fork tines (Proof Mass) as they
contort relative to device rotation (Coriolis Effect). Current fabraraeaind manufacturing techniques enables the
production of very small sensor devices with proof mass size typically &nhgrh. However, even the best
commercially available MEMS gyro struggles to reach a bias performance of 1 deg/hr, with units atexbsoci
defence developments approaching 0.3 deg/hr. Qilfield applications requires the sensor have a performance
capability within the range 0:0.01 deg/hr.

MEMS @ros have tedate found a wide market in low performance applications. They are used in cars
smartphonesgaming systems etc. In the navigation world they are used to assist GPS acquisition in artillery
shells, but have not yet been used for any form of unaided inertial navigation.

The small size and mass of current sensors results in lowfrpance and resolution with poorer signal to

noise characteristics. Their size does however lend the device to thermal shield encapsulation providing the
necessary thermal operating stability. Improved performance is expected to follow as the industegds in
developing techniques and production methods to produce thicker and larger component parts including the
proof mass. This should result in improved stability and signal to noise characteristics and hence improved
performance. These developmentslivihopefully lead to low volume, high accuracy, high value applications and
the Holy Grail for dowstole surveying in small, rugged, robust, vibration insensitive, accurate inertial navigation
systems which can operate throughout all phases of the dyiffirocess.

9.10.2Hemispherical Resonator Gyro (HRG)

The HRG is often referred to as the Wineglass gyro as the CVG properties for a wineglass were first discovered
and noted by Bryan in 1891. Due to Coriolis Forces, a vibration standing wave patteredriua hemispherical,
cylindrical, or similarly shaped resonating cavity, rotates relative to the gyro case by a fraction of the rotation
angle experienced about the angle of symmetry. The wave rotation scale factor is a function of resonator
geometrybii F2NJ I KSYAALIKSNS Aa F nood

High quality Hemispherical Resonators are commonly machined from quartz, due to its excellent mechanical
properties and it is the dimensional accuracy of the precision ground and polished unit which determines its
accuracy. Teperature effects remain critical in this respect producing quadrahame-uniform mass distribution.
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The system is robust, with almost no moving parts and can be very accurate, under strictly controlled
temperature environments. Litton, now part of Nortsp Grumman, produces a unit with < 0.01°/hr performance
which is used by the military and for space flight in which it has recorded millions of operating hours without
failure. This system has potential for oilfield use but is expensive, requires sighiimperature stabilization

which results in size implications. The system is also covered by the international arms trafficking laws with all the
implications and restrictions applicable as noted above for RLG.
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The purpose of this chapter is to explain the principles of gyroscopes and how such sensors
specifically irGyrodatagyro survey tools to determine borehole azimuth. This section was donated t
book by John Weston @yrodatg but the operating principles are largely applicable to any comme
rate gyros.

10.1Fundamental Bnciples

Gyroscopes are usedwarious applications to sense either the angle turned through by a body (displacement
gyroscopes) or, more commonly, its angular ratéuof, aboutsome defined axis (rate gyroscopes).

The most basic and the original form of gyroscopes make use afehial properties of a wheel or rotor
ALAYYAY3I G KAIK aLISSRP® alye LIS2LXS INBE FLEYATtAlFIN 4.
a pair of gimbals. When the rotor is spun at high speed, the rotor axis continues to point in the isactierd

despite the gimbals being rotated. This is a crude example of a mechanical, or conventional, displacement
gyroscope.

The operation of a conventional spinning mass gyroscopes depend the following phenomena:
1 gyroscopic inertia
1 angular momentum
1 precession.

10.1.1Gyroscopicnertia

Thisis fundamental to the operation of all
spinning mass gyroscopes, as it defines a
direction in space that remains fixed. The
establishment of a fixed direction enables ,
rotation to be detected, by making reference y N\ /INNER GIMBAL
to this fixed direction. The rotation of an " :
inertial element generates an angular
momentum vector which is coincident with
GKS FTEA& 2F &aLAYy 27
the direction of this vector which remains
fixed in space, given perfection in the
constuction of the gyroscope.

SPIN AXIS

. . OUTER GIMBAL
A practical reference instrument may be

designed by having the rotor supported in a

set of frames or gimbals which are free to

rotate with respect to one another about

orthogonal axes as shown in Figure Z&e

orientation of the case of the instrument with Figure48: Schematic representation of a two axis gyroscope
respect to the direction of the spin axis may be

measured with angle pietff devices mounted on the gimbals.
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10.1.2Angular Momentum

The angular momentum of a rotating body is the product of its moment of inertia and its angular velocity. The
angular momentum is chosen to be very high, so that the effects of undesired torques that can act on a rotor and
cause errors are small. Thesults in a gyroscope with little movement of the direction of the spin axis. Any

dzy RSAANBR Y20SYSyid 2F (KS RANBOGAZ2Y 2F (KS &LWAYy | E,
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10.1.3Precession

The tilting or turning of the gyro axis as a result :

applied forces. When a deflective force is applie Precession axis
to the rim of a stationary gyro rotor the rotor
moves in the direction of the forcélowever,
when the rotor is spinning, the same forcauses
the rotor to move in a different direction, as
though the forcenad been applied to a point 90
around the rim in the direction of rotation.

A gyro will resist any force that attempts to Spin.axls

change the direction of its spin axis. However, it

will move (precess) in response to such force; Applied force
NOT in the direction of the applied force, but at

right angles ¢ it, as illustrated in Figure 49he

figure shows the application of a force which

gives rise to a couple about the torque axis. The

resulting turnng movement about the axis of

precession causes the rotor to move to a New  rigure49: lilustration of gyroscopiqrecession
plane of rotation, as the spin axis attempts to aligr

itself with the axis about which the torque is applied.

Torque axis

These rules apply to all spinning gyros:

1. A gyro rotor will always press about an axis at right angles to both the torque axis and the spin axis.

2. A gyro rotor always precesses in a direction so as to align itself in the same direction as the axis about
which the torque is applied.

3. Only those forces tending to rotate the gyrotor itself will cause precession.

4. Precession continues while torque is applied and remains constant under constant torque.

5. Precession ceases when the torque is removed or when the spin axis is in line with the torque axis (the
axis about which the fae is applied).

10.1.4The Application of the PrecessiorriRciple

The principle of precession can be exploited to provide a very accurate measure of angular rotation or rotation
rate. Since a spinning wheel, or rotor, will only precess if a torque igedpp it, a rotor suspended in an

instrument case by gimbals will maintain its spin axis in a constant direction in space. Changes in the angles of the
gimbals will then reflect any changes in orientation of the case with reference to the spin axi®direc

Alternatively, if controlled torques are applied to the rotor to keep its spin axis aligned with a direction defined by
the case of the instrument, then the measurement of these torques will provide measurements of the angular
velocity of the instrument, &d hence of the angular velocity afy bodyto which the instrument is attached.

Various sensor configurations have been developed over the years based on the principles described above.
Attention is focused here on the duakis gyroscope, the type ofssor used irGyrodatasurvey tools.
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10.2GyrodataRate Gyro

The gyroscope used (Byrodatatools is known as a dynamically tuned or tuned rotor gyroscope. It has two input
axes (denoted x and y) which are mutually orthogonal and which lie in a plank ishgerpendicular to the spin

(2) axis of the gyroscope. The rotor is connected to the drive shaft by pairs of flexure hinges to an inner gimbal
NAYId ¢KAEA AYYSNI WIAYolLtQ Aa faz O2yySOGSmedine (KS
being mutually orthogonal. This is often called a Hooke's joint and allows torsional flexibility in two directions (it is
noted that this mechanical arrangement constitutes an internal type of gimbal and is far more compact than the
external gimbasktructure shown in Figurg0). At the other end of the drive shaft is a synchronous motor. The

gyro derives its name from the rotor suspension mechanism which theoretically allows the rotor to become
decoupled from the drive shaft at a certain tuned spegggjcally in excess of 12,000 rpm. The rotor contains

permanent magnets which set up a radial magnetic field within the assembly.

Drive motor

Torquing coil

Rotor y

Spin axis

bearing
Inner /
gimbal
ring
_ Body
Flexure
hinges Permanent magnetic ring

Figure50: Dynamically tuned gyroscope

In the presence of an applied turn rate which causes a displacement of the rotor with respect to the case of the
JeENRS G(KS &LIAY IEAA 2F | NRBG2NI A& YIFRS (2 LINBOSaa
A very accurate angulaneasurement can be made, provided that the torque required to null the deflection can

be generated and measured. The mechanism by which this is achieved is outlined below.

The angular position of the rotor is sensed by qitfe attached to the case of éhgyroscope. When rotor

deflection occurs, the resulting piekf signals are sent to the gyro servo electronics which in turn drives currents
through the torquer coils. The interaction of the magnetic field generated by these currents with the field

produced by the rotor magnets produces forces on the rotor which cause it to precess and so drive its deflection
G2 1T8NRPO® 2KSYy (KS #8aGSY A& WolflyOSROs (GKS OdNNBy
rate to which the gyro is subjedae

This application of the precession principle enables very accurate measurements to be made of the rate of turn of

the case of the gyroscope. The torquebr@ance technique described is fundamental to the application of inertial
measurement systems imhich the sensors are attached rigidly to the survey tool (often referred to as strapdown
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systems) as employed Byrodatatools. The application of a rate gyroscope to determine the azimuth of a
02NBK2fS NBtASa 2y YSI adz\nBioh$Hyms thestbjedt & fhe BIlovdy getian. NI § S
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10.39 | NJiake@fRotation

The Earth rotates about its polar (nortiouth) axis in 24 hours, rotating from West to East at a rate of

approximately 1%hour. The duration of a solar day is 24 hours, tinee taken for an Earth fixed object to point
directly at the Sun. The time taken for the Earth to rotate to the same orientation in space, known as the Sidereal
day, is 23 hours 56 min 4.1 seconds. The Earth rotates through one geometric revoluti@idexelal day, not in

Hn K2dzZNEX GKAOK | OO02dzyia ¥F2N i6RQBo6HHow.IKGE & adNFry3asS

lye LRAYOG 2y GKS 91 NIKQa &ada2NFI O
The direction of the spi@S OG 2 NJ i Fye LRAyG 2
axis defined by the geographic North and South poles.
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illustrated below.

N
Earth’srate, O 4

e

Horizontal component of Earth’s

rate, Q, =QcosL

Vertical component of Earth’s
Latitude, L . rate, (2, =QsinL

S

Figure5L: / I £ Odzf  GAy3 GKS 9FNIKQa NI GS 2F NRUGIFIGAZY

¢KS K2NAT 2y Gt O2YLRySyd 2F 9FNIKQa NI GS Ftglea LR
reference direction to which therientation of the survey tool can be measured using a gyroscope.



10.4How to Measure Azimuth

So how does the ability to measure rates of rotatiol
help us to determine borehole azimuth? Fase of
explanation and understanding of the methods use
in a gyro survey system, consider first the simple
case in which a dualxis gyro is mounted with its
spin axis vertical so that its input axes measure the
K2NAT 2y Gt 02 YLRY Digtéd in2 1
Figure 2.

Calculate lhe gyro measurement about thexes-
x-axis G H@ A Yy h
y-axis GI w@2& h

It can be seen that the ratio of theaxis
measurement to the yaxis measurement defines the
tangent of the direction() inwhich the y axis points
with respect to the true north.

In most practical constructions of rate gyro survey
tools, sensors are attached rigidly to the tool with
the result that the input axis of the rate gyro takes
measurements in the plane perpendicular to the to
axis; not in the local horizontal plane. Therefore,
direct measurements of the horizontal components
2T 9FNIKQa N}XYGS FINB 2yf
vertical.

In general, the output from the gyro measures
O2YLRyYySydGa 2F 9 NIKQa
vertical and horizontal components.

In order to define the azimuth direction of a bere
hole in which the tool is located, it is necessary to
have knowlede of the direction in which the gyro
input axes are pointing with respect to the
K2NAT 2y it 9F NIKQa NI ¢
in terms of the inclination of the well and the
orientation of the gyro input axes with respect to th
high-side of theborehole. This information can be
determined using accelerometers installed in the
tool with their input axes aligned parallel to the axe
of the gyro as shown schematically in figb&
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Figure52: Measuring azimuth
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Gyro y-axis

Gyro x-axis <—

Gyro spin axis Accel.

Accel. x-axis «

Accel. z-axis

Figure53: Instrument configuration with accelerometers

y-axis
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The accelerometers provide measurements of fggcomponents of the specific force acting on the tool due to
gravity (Ax Ay Az). The outputs from the accelerometer allow the inclination (1) to be calculated in accordance
with the following equation.

AT
| =arctarttk———Uu
g A

Theaccelerometer outputs are also used to determine the relation between the input axis of the rate gyro at
each measurement position and the higlde of the hole, often referred to as the higlde tootface angle (TF),
as follows.

e. A 9@
TF = arctane—=)

-} Ay@

Given this information, the azimuth angl&) (can be computed as a function of the gyro measurements, the
inclinationandtoo  OS | y3f S&4 YR (KS @GSNIAOIf O2YLRYSyld 27

e (GX cosTF - G, sin TF)cosI g
A= arctant—— —U
4G, sinTF +G, cosTF +W,, sin|

Summary The rate gro survey tooluses accelerometers to measure components ofgpecificforce due to
gravity; these data areused to compute boretile inclination ando determine the position of all the sensors axes
with respect to the higkside of the hole. The rate gyis usedo sense and accurately measure campnts of
0KS 91 NI KQa & lthe gzimith carSbe FaNRBaedhg ofizGnkal component of Eatitéate always
points to TRUE NORTH.

10.5Sensor Errors

All gyroscopic sensors are subject to ernwtgch limit the accuracy to which the angle of rotation or applied turn
rate can be measured. Spurious and undesired torques (caused by design limitations and constructional
deficiencies) act on the rotors of all mechanical gyroscopes. These imperfagitiensse to precession of the
NREG2NE GKAOK YIYyAFSada AGasStT a F WRNAFGQ Ay GKS |
restrained gyroscope, i.e. one operating in a nulling or rebalance loop mode to provide a measure ofratgular
4 RSAONAROSR Ay {SO0A2Y o3 Fye dzyol yGSR G2NJjdzSa | O
Major sources of error which arise in mechanical gyroscopes include the following:
1. Fixed biag a sensor output which is present even in thesabce of an applied input rotation;
2. Acceleratiordependent (gdependent) biag biases in the sensor outputs proportional to the magnitude
of the applied acceleration. In this context, maswalance effects are of particular concern, and are
discussed fuher below
3. Anisoelastigg2dependent) biag bias proportional to the product of accelerations applied along
orthogonal axes of the sensor;
4. Scale factor errorg errors in the ratio relating the change in the output signal to a change in the input
rate which is to be measured,
5. Crosscoupling/misalignment errorg errors arising because of gyroscope sensitivity to turn rates about
axes perpendicular to the input axes, or is mounted in a position that is physically misaligned with respect
to the required measurement axis.
Each othese errors will, in general, include some or all of the following components:
9 fixed or repeatable terms
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9 temperature induced variations
1 switch-on to switchon variations
 in-run variations

For instance, the measurement of angular rate provided by asggqe will include:
1 a bias component which is predictable and is present each time the sensor is switched on and can
therefore becorrected following calibration
I atemperature dependent bias component which can be@tted with suitable calibration
I arandm bias which varies from gyroscope switmhto switchon but is constant for any one run
1 an inrun random bias which varies throughout a run; the precise form of this error varies from one
type of sensor to another.

The fixed components of error, and &darge extent the temperature induced variations, can be corrected to
leave residual errors attributable to switen to switchon variation and ifrun effects, i.e. the random effects
caused by instabilities within the gyroscope. It is mainly the swittko switchon and irrun variations which
influence the performance of the survey system in which the sensors are installed.

Gyro mass unbalance

The performance of a mechanical gyroscope is extremely sensitive to mass unbalance in the rotor susgension,
non-coincidence of the rotor centre of gravity and the centre of the suspension mechanism. Minute mechanical
changes sufficient to affect gyro performance can arise as a result of shock and vibration to which the survey tool
may be subjected; eithedown-hole or at surface as a result of knocks sustained during transport and surface
handling. Movements of the rotor centre of gravity with respect to the suspension mechanism of a few nano
metres will produce changes is mass unbalance that are sufficiggive rise to significant changes in

measurement accuracy.

Summary Variations in the residual systematic bias components and-thepgndent bias caused by changes in
massunbalance present the major concern in survey systems incorporating mechgyrioatopes. Survey
correction techniques are implemented, either during or after a survey operation, in order to compensate for
survey inaccuracies resulting from the effects of these particular gyro errors.

10.6Survey Tool Calibration
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The purpose of calibration is to evaluate the coefficients for the vario
WSNNRBNR G§SN¥Ya RSAONAOGSR 020So
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compensated thus enhancing its accuracy.

To achieve this, the survey tool is placed on a calibration stand whicl
allows the tool to be rotated between a series of known fixed
orientations with respect to the local geographic axis setrafiby the
directions of true north and the local gravity vector. At each position,
the turn rates and accelerations to which the sensors will be subjecte
in each controlled position are very accurately known. The series of
positions are selected to exeieach error contribution and so allow
each error term to be identified separately and evaluated.

The highly accurate, custom made calibration stands used for this
purpose were designed and developed®yrodata Each calibration
stand comprises a stalsied gimbal system with precisely controlled ar
instrumented gimbal angles. The stands are mounted on a plinth of  ,;e54 Typical calibration stand

granite that has its own foundations separate from, and vibrationally

isolated from, the laboratory. The stands are aligned to true northiwi0.001 degrees and are able to rotate the
tool to any angle of inclination, azimuth or tefaice to an accuracy of 5 arc seconds (5/3600 degrees).

10.7Survey Tool Operating Modes

Gyrodatagyroscopic survey tools contain up to three accelerometers and up to tweatimbyroscopes installed

in various configurations within the survey tool. Systems designed to operate at all attitudes generally require a
full complement of gyroscopes andcaterometers in order to provide measurements of both angular rate and
acceleration about three orthogonal axes; essential for all attitude operation.

Some systems operate by taking sensor measurements at discrete intervals of depth along the well path
trajectory when the survey tool is stationary, in what is described asa@ympassing mode. Such systems

provide estimates of inclination, higgide tootface and azimuth angle as described above. Other systems can be
operated in a continuous measurement gd@ Given knowledge of the survey tool orientation at the start of a
period of continuous surveying, changes in attitude that occur thereafter can be tracked by effectively integrating
the subsequent gyro measurements of turn rate as the survey tool tsagehe well path.

10.7.1Gyro-compassing Mde

Gyro biases, which have an unpredictable behaviour, are measured and corrected for directly at each gyro
compassing station though a process of indexing the gyro. This involves mounting the gyro on aerotatabl
platform and driving it between two positions that are f&part. Measurements of turn rate are taken when the
gyro is stationary at each index position. Whilst the turn rate to which the gyro is subjected is reversed between
the two index positions, anbias which is present in the measurements remains fixed. Hence, an estimate of the
measurement bias can be obtained by summing the two measurements and dividing the result by two. Any
residual bias which remains can still be significant and must thexdferestimated in the field.

Gyro mass unbalance is stable when the gyro is at rest. However, as discussed earlier, it may change significantly
if the gyro is exposed to a mechanical impact, as can occur during transportation or surface handing. Hee avera
mass unbalance for the entire survey should therefore me estimated and corrected in the field.
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Accelerometer calibrations are usually very stable, but they can change over time or as a result of temperature
exposure. It is therefore important that theerformance of the accelerometer pack is always verified for every
recorded measurement and for the survey as a whole.

Gyrodatahas developed a method for field calibration while surveying known as{8tation Correction (MSC).

It is impossible to determine accurately all of the calibration terms in the field, the goal of MSC is therefore to
correct those terms that are more éky to change, namely gyro fixed biases and mass unbalance, whist at the
same time minimising the effect of residual errors in other terms. In addition, a MSC accelerometer test has also
been included, to check the accelerometer measurements throughoustineey; only applicable for survey tools
containing three accelerometer8)SC is a very powerful tool that updates the calibration values of residual

biases and direct mass unbalance for the gyro and checks the performance of the accelerometer package.
Additionally, since MSC is based on a lepiares adjustment technique, the standard deviations of the x and y
gyro biases and mass unbalance are generated. This information is checked against the tolerance defined by the
gyro error model and forms an esg@l part of the quality control (QC) procedure that is implemented each time

a survey tool is run.

10.7.2Continuous Mbde

Attitude data derived using continuous gyro survey systems have a tendency to drift exponentially with time. In
many gyro systems is common practice to compensate for this effect by forming estimates of the drift at

regular intervals during the survey. This is achieved by holding the tool stationary for short periods of time, and
ddzo0 AN OGAy3a G4KS SadiAYlesoSvRich e tyoli syitfeytétdhe Qufentdobadh K@ &  NJ- |
drift estimates generated by this process are the accumulated effect of all physical errors at the given interval,
and are used to implement a retiine re-calibration of the tool. The qualityna effectiveness of this re

calibration are dependent on many factors that are difficult to predict, including the change ifataollt is

almost impossible to keep track of what happens to the different physical sources of error when drift
compensations applied.

Studies of field data, where comparisons cfim and outrun surveys have been made, indicated that
accumulated azimuth error in most continuous surveys can be estimated using four simple empirical parameters.
The four empirical parameteeze:

9 the error of the initial reference

1 aterm proportiondto measured time (gyro drift)

i aterm proportional to the square roatf measured time (random walk)

1 arandom error which is irrelevant for position error calculations.

Whilst the use of empiricarror sources is a departure from the usual form of error model linked to physical
uncertainties, it does allow realistic uncertainty estimates to be produGgudodatahas developed a new
method for final calculation of continuous surveys called Contisuorift Correction (CDC). It is logically
equivalent to averaging #un and outrun surveys, but adopts a more complex approach which facilitates the
estimation of error model terms, including the linear drift and random walk components.

CDC also checksr tool misalignments provided that the-tun and outrun highside toolfaces are not the same
throughout the survey. The misalignment correction compensates for systematic misalignment for the whole
survey and provides additi@hquality control to tle data.The use of CDC provides several benefits compared to

a simple irrun/out-run comparison. It corrects for linear drift and systematic misalignment and allows QC checks
to be implemented by providing estimates of residual errors that can be chegaidsa the tool error model.

10.7.3Summary

Stationary gyrecompassing and continuous survey methods have been outlined along with procedures
developed byGyrodatafor quality control of the resulting surveys. The powerful MSC and CDC methods provide
comprehensive quality control, for stationary and continuous surveys respectively, and tool performance
characteristics linked directly to ¢hrespective tool error models.
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Running gyro surveys is nearly always a benefit to survey accuracy and provide verification of the MWD surveys,
but clearly the benefit has to be worth the cost. There are certain circumstances however, where running gyros
are the only option for a safeneadequately accurate survey. Please note that in most of these scenarios apart
from a) below, the assumption is that the gyro used is of sufficient accuracy to exceed the accuracy of the MWD.
That is not always the case depending on the type of gyrateameéxpected performance of the gyro must be
ascertained by suitable QC to ensure adequate accuracy.

a)

b)

When magnetic interference from nearby steel preclude the use of MWD.
These circumstances include the following;

Measuring inside casing

Measuring clos to casing shoe

Measuring close to adjacent wells

Measuring close to surface or shallow beneath the rig

Measuring close to a fish or wherdetrackingclose to original casing.

= =4 -4 -8 -9

This would naturally, include conductor surveys after conductors have béand This often

neglected practice ensures that the collision risk assessment is based on the actual as built positions
of the conductors and not an assumption that they landed vertically and parallel. It is not unknown
for driven conductors to crossvb rows of slots from their original surface position so the slot/ target
allocation often has to be reviewed in the light of the conductor survey. When the casing of the
nearest well is 50ft or more away it is usually considered to have negligible effddtWD azimuth
accuracy but the effect rises rapidly with proximity so gyros are often prescribed when separation
from casing drops to 30ft or so.

When TVD accuracy is required less than 3/1000 on step out. This is very difficult to achieve with
MWD in gen hole and whilst the accelerometers may be just as accurate as the gyro sensors in the
vertical plane, the hole quality and the measurement environment cannot deliver this level of
accuracy with confidence.

When the MWD is surveyed every B®ut with dogleg severities exceedingB00ft the MWD

survey interval will not adequately represent the wellpath. Here the gyro provides a higher resolution
survey and can be requested at very small intervals althoughi2 sommon.

When the target dimensions aress than 2% of the step out (1% if IFR is employed). This size of
target will not leave sufficient room for the directional driller to steer successfully without the

reduction in uncertainty afforded by a high accuracy gyro survey for at least pthe ofell bore.

Anywhere, where the separation factor requirements cannot be met using MWD alone.

In sidetrackswhere the original hole contains a fish, or casing and the accuracy requirements

demand an adequate survey during thile-track section closed the original hole.

2 KSy RNAftAy3a Ot2aS (2 tSIFaStAaySasx 3S2 KIIT I NR:
MWD uncertainty wastes too much pay.
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Positive Sag Correction
Sensor Points to Lowside

Negative Sag Correction
Sensor Points to Highside

Figure55: Sag correction schematic

The BHAs used in directiondkrilling are designed to be flexible enough to drill round curves. Inevitably this leads to deflections in the
BHA centreline which is unlikely to remain parallel to the wellbore. As a result, the inclination obsemagneed to be corrected for
the misaignment between the MWD sensor and the wellbore centreline.

Sag Correction Software

Since finite element software or mechanical beam theory techniques are used anyway to model the side forces
and stresses on a BHA as part of its performance design, the saftware calculates the deflected shape of the
BHA and can predict in advance the corrections needed to apply to the observed inclination. This is often the
most important correction required for high angle drilling accuracy for good TVD placemehé dbove

example, there is also a mechanical bend in the BHA at the bent housing so the sag correction may not be just
inclination dependent but may also be toolface dependent if the assembly has a bend that can be oriented.
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¥ Form EEX
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Figure56: Typical sag correction software output
Generallyat low inclinations

sag will be minimal but as it is mainly due to gravity effects, the magnitude is likely to increase with the sine of the
inclination. Here is a typical sag sheet with corrections over a range of inclinations.
Sag Sheet

Sensor Paon = 55.43 ft

Inc Sag (deg) Inc Sag (deg)
0.0 0.000 60.0 0.177
5.0 0.018 65.0 0.186

10.0 0.036 70.0 0.193

15.0 0.053 75.0 0.198

20.0 0.070 80.0 0.202

25.0 0.087 85.0 0.201

30.0 0.102 90.0 0.201

35.0 0.118 95.0 0.201

40.0 0.132 100.0 0.202

45.0 0.145 105.0 0.198

50.0 0.157 110.0 0.193

55.0 0.168 115.0 0.186

60.0 0.177 120.0 0.177

Care should be taken when using bent housings in the BHA since the sag correction will then be toolface

dependent. In such cases, the sag should be calculated on site using softveinean include the bend the
finite element analysis when applied at any toolface.

It is recommended that any well that build above 45 degrees at any point should be sag corrected as a matter of

course. This is a service that most drilling contractors can easily includbeaeflect on TVD accuracy is often
dramatic.
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If we use the approximate rule of thumb that 1 degree of angle produces 2% of distance as an error in position,
even a small inclination error like 0.25 degrees will produce 0.5% of step out as an errbr. ifFdMexample, if
the step out to a reservoir entry point was 3000 ft, the TVD error would bec6ft for only a quarter of 1

degree of sag.

In the analysis of misplaced wells identified by poor production or a poor match with expected geological
formation depths, the lack of sag correction is the most common cause. The cost of carrying out sag correction is
far outweighed by its benefits in terms well positioning particularly at the entry point to the reservoir.
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13.1Drilling Magnetisation

It is well known that the MWD sensors in

themselves are extremely accurate but the

weak link in the system is the accuracy of tt ?——\\\ D)
magnetic field in which the azimuth reading: & '

are taken. We discussed earlier the effects

of local crustal anomalies on theaoacy of

our background reference vector but in this

section we will look at the effects of the Figure57: Drillstring magnetisation

drillstring magnetisation which is always

present to some degree. It should be noted however that since the sensor pack is always setansidegnetic
material, the major interference component is likely to be either from below or above the sensor in the drillstring
and therefore the z axis interference is usually the major influence on azimuth accuracy.

In the 1990s, Dr Robin Hartman of Shell Internatialesieloped SUCOP (Survey Correction Program) to
implement a technique for measuring and removing the magnetic influence of the drillstring.

If a magnetometer is placed in a magnetic field it will measure the component of the field along its own axis. A
good analogy is if a tube with a small flow meter was inserted in stream, the flow through the tube will be the
component of flow along the axis of the tube. Clearly if the tube is held perpendicular to the flow there will be no
flow in the tube and if itd in line with the flow it will experience the fillbw rate of the stream. At any other

angle it will experience the flow vector x cosine of the angle of incidence. This value is often referred to as the
vector dot product. This can be defined as greduct of two vector lengths x cosine of the angle between them.

Infigure 58the magnetic field is represented by the green arrows and
the magnetometers will only measure the component of that field alor
their own axis.

Now imagine two magnetometers facing in opposite directions at sorr
angle to the magnetic field. Clearly thaill read the same magnitude o
field but with opposite signs. Hartman realized that if an MWD senso
pack was rotated around the z axis, the x and y magnetometer readir
would follow a sine wave which should have an average of zero. If th
average wasnything else, there must be a component of the
observation which is permanent. This will be some combination of a
sensor bias or a magnetic field component which is rotating with the
sensors and is never going away.

Figure58: Axis components of magnetometer
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10,000 nT —,
In the field, the drier could observe ]
raw sensor readings at several ]
toolfaces (a rotational shot or cluster OnT ]
shot) and record the values on the x ] l l
and y axes. i
-10,000"T-lllllllllllllIIIIIIIIIIIIIIIIIIIIII|
0 90 180 270 360

Toolface

Figure59: Straight plot of sensor readings

10,000 nT —,

If a mathematical sine wave was then

made to fit this variation, the average

value could then be derived as if the onT
readings had been taken evenly

around the clock.

T B Cony 07 I B I |

{ B E501 00 B L My 1 )
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Figure60: Adding a mathematical sine wave fiit the sensor reaings

In this example, the magnetometer is clearly carrying a positive magnetic field value that is not going away.

This rotational data can then be used to correct the x and y magnetometer values for this bias. This still leaves
the potential for a further magnetic field bias on the z axis. In practice the z axis is often the most significant
direction of influence since the significant magnetic material in the drill string is always above or below the MWD
sensors. Clearly it is npbssible to flip the z axis so the clean z axis is derived from the following formula:

Clean Bz = \/Btz- Clean Bx?- Clean Byz

In this formula, Bt means the total background magnetic field strength and Bx By and Bz mean the sensor axes
readings from the magnetometer. This formula relieglmmaccuracy of Bt and ideally should have an IFR survey

to accurately measure Bt. This simple technique allows the surveyor to calculate bias values for all three axes an
remove the majority of the magnetic interference from the subsequent observations

One caveat that should be kept in mind is the stability of the calculation. The value for Bz is very sensitive to
azimuth and inclination.
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The formula is identical to a Pythagoras formula for calculating one side of a right angled triangle where Bt would
be the hypotenuse and the base would be the cross axial field as follows.

Bt Bz

Bz = Bt2- Bx2- By2

Cross - Axial Field v The formula for Bz becomes
_ > > unstable when Bz is small
— Bx*+ By compared with Bt. The result can

also be positive or negative.

Bt
Bz

Cross - Axial Field Br= /m
=[Bx2 + ByZ

If the value of Bz is very small, which will happen whenrdyiiit high angle heading East or West, the resolution
of clean Bz wilbe extremely sensitive to the accuracy of the other two sides. The slightest error in Bt can
produce a very exaggerated effect on Bz and, in many cases, produce a value in Bz mewsrtivan the
magnetic error. In other words, this technique should not be used in such geometries in case the correction is

more erroneous than the original reading.
eg Bt=50,000nT
Bx?+ By? =49800 nT

Bz=/Bt?-Bx?- By? = 4467 nT

suppose error in Bt is 100nT and Bt appears
as 49900

Bz=/Bt?-Bx?- By? = 3157

So 100 nT on Bt causes 1300nT in Bz !/

For this reason and because the Bz value can be positive or negative it is not recdechthat this technique be
employedA y ( KS rogd zbressabored70 Hegrees inclination within 20 degrees of East / West
(magnetic)

Rt /
240

Y\\(/ / v\ \ ’jyo
21074 | L M is0
180°
s

/ \

Figure6lYb 20 32 [ 2y SQ
correction
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14.1Calculation and &kground

A more recent development on the principle of magnetic interference correction is the use of Multi Station
Analysis.

This technique is similar to thetational shot technique described above but makes use of all aval4Wl®

RIEGE a2 FIN GQAAYSABEHR OANBOS AR yS& G2 | LI & NBINPRAaLS
with modern computers allows a great deal more flexibilityimat we analyse for. In the section following the
mathematics will be set out but for now, the principles and process steps are as follows.

Earlier we discovered that a magnetometer will read a magnetic field value along its own axisertfimre
L2aaAirotsS G2 OFtOdZ 4GS + GKS2NBGAOFE @FftdzS AF 6S 1V
Direction) of the sensor axis. If we gather a lot of raw data from multiple survey stations (with the same BHA), we
can examinghe consistency of the data versus the theoretical values and try to find corrections on each sensor
that make for the least error.

This is known as Mul8tation Analysis and since it is using all the raw data over several stations, in theory, there
is o need to carry out a cluster shot since there will be variations in attitude anyway between each survey
station. It should be said however, that cluster shots are strongly recommended at the start of the BHA run to
produce a strong estimate of correctisfefore drilling much further on what could be a wrong azimuth.

The steps are as follows:

Over several readings observe Bx, By, Bz, Gx, Gy and Gz

Calculate inclination, direction and toolface as normal

Calculate the unit vectors that describe thitita de of each magnetic sensor

Calculate the theoretical value that should have been read

Record the errors (residuals) on each sensor

Calculate the sum of the squares of these residuals

Try variations of scale and bias corrections on each sensor until thl oéstep 6 is minimised
Apply these best fit biases and scale factors over the whole survey

NGO~ WDNE

The next section may help the mathematicians amongst you understand the steps more cleadyfor the
rest, may offer aralternative to counting sheep.
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Consider a section of well with
inclination | and direction A

At this attitude the along hole
unit vector will be:

Along Hole 8N=sinl cos A
— SE=sinl sin A
M dV=cosl

Figure62: Establishing theunit vectors for each sensor axis
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Consider a section of well with
inclination | and direction A

At this attitude the along hole "
unit vector will be: Hohshe SNCcasl coma
Along Hole N =sinl cos A i sV=-sinl

— SE=sinl sin A

M SVmcos] Lateral 6N =- sin A
L S8E=cos A
X V=0

Now Consider the vectors X and Y
set attoolface T (MWD sensor axes)

V= HcosT+LsinT
X=HsinT-LcosT

\ 4

Figure63: Extending the calculation for the unit vectors for each sensor axis
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These formula@escribe the high side unit vector and the lateral unit vector from which we can derive the axes
vectors when sitting at angiven toolface from high side;

In summary, atinclinationl, Azimuth A and Toolface T

The unit vectors of the MWD sensor axes are as follows:

Yaxis 8Ny =coslcosAcosT-sinAsinT
8Ey =coslisinAcosT+cosAsinT
8Vy =-sinlcosT

X axis &6Nx =coslcosAsinT+sinAcosT
S8Ex =coslisinAsinT-cosAcosT
SVx =-sinlsinT

Zaxis 6Nz =sinl cosA
6Ez =sinl sinA
8Vz =cosl

If we describe the &th vector in terms of a north, east and vertical componentaan calculate theoretical
readings for each axiusing the vector dot productf the Earth's magnetic Field Vector os Mag N, Mag E, Mag V
and the Earth's Gravity Field Vector is Gn, Ge an Gv we would expect each sensor to read the vector dot products

as folows;

Y axis

coslcosAcosT-sinAsinT 3 Magn ¢ coslcosAcosT-sinAsinT T Gn
By = coslsinAcosT+cosAsinT Mage Y=| costisinAcosT+cosAsinT Ge
-sinlcos T Magv -sinlcos T Gv

X axis
coslcos AsinT+sinAcosT T Magn coslcosAsinT+sinAcosT T Gn
Bx = cosisinAsinT-cosAcosT Mage | ©X =| coslisinAsinT-cosAcosT Ge
-sinlsinT Magv -sinlsinT Gv

Z axis

: T T

sinl cos A Magn sinl cos A Gn
- sinl sin A Mage | ©6%2= sinl sin A Ge

cos ! Magv cos |/ Gv



In practice we usually ignore any Gn and Ge components autinesthat Gv is the Gravity Gt;

Gx= -sinlcos TGt
Gy = -sinlsin TGt

Gz= cos!Gt

From these very much simpler formulae we can easily derive the
inclination and the toolface

sinl = J(Gx¥+ Gy2)/ Gt

cos|=Gz/Gt I=tan-1(sinl /cosl) resolved 0- 180
sinT=Gy/(-sinl Gt)

cosT =Gx/(-sinl Gt) T=tan1(sinT/cos T) resolved 0 - 360

Returning to our magnetic equationthe red numbers are how known;

Y axis
cosicosAcosT-sinAsinT || Magn
By = cosisinAcosT+cosAsinT Mage
-sinlcos T Magv

X axis
coslcosAsinT+sinAcosT LS Magn
Bx = cosisinAsinT-cosAcosT Mage
-sinlsinT Magv

Z axis
sinl cos A T Magn
Bz= sinl sin A Mage
cos |/ Magv

Each sensor aervation provides onequation;
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(Magn cosl cosT + Mage sinT) cosA + (Mage coslcosT - Magn sinT) sinA = (By + Magv sinl cosT)
(Magn cosl sinT - Mage cosT) cosA + (Mage cosl sinT + Magn cosT) sinA = (Bx + Magv sinl sinT)
(Magn sinl) cosA + (Mage sinl) sinA = (Bz - Magv cos )

We can now reduce the bracketed terms to a simple matrix form:

mi1 m1i2 slnA
m21 m22 cosA
m31 m32

These are now a set of oversubscribed simultaneous equations in
sinA and cosA which can be solved by least squares as follows:
m11 m12 T [m11 m12‘ [ slnA m11 m12]7[ ]

m21 m22 m21 m22 cosA m21 m22
m31 m32 m31 m32 m31 m32
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These equations can be used to solve for sin A and cos A and thus an unambiguous best fit azimuth can be derivi
from the observations. The unit vectors can be calculated and the theoretical readings subtracted from the
observedreadings to produce residuals for each observation and each axis.

I Wa22ydS /NI 2Q lylfeaira Aa GKSY NHzy F2NJ OFNRFGA2Y.
residuals squared is minimized. In the following graphsIfd@ eorrectons, a clear minimuraum squared occurs
at the best value for each correction:

p D_Aagmlk Multi Station Correction ;‘EE“
tep
Irgut and Qualty Contel  Estenate Conection

Ingua 1o Ansiysis LSO Reaidusl Piot | Fiskd / Dip lrgrovement | Comected R Data | Cosected Azimuth |
Parameters To Estimate

Pods Bias Bet Mn Max  Step

P X 0 1060 M0 10

vy 20 A020 B0 10

FZ na o 22 w0 XBias Y Bias
Scale Factor

V% 00123 00377 00623 0.0001 : / :
Y 00123 Q0077 00623 00001 : : /
vz 00463 -0.0969 0.0031 0.0001 )

Least Squaces (L5Q) Analysis

ItNo.: 40

LSQ Resdudl [Charge) L
235983 (2ME)

Best=0.0123 Best~ 00123 Best = -00489

Figure64: Correcting magnetic station observations
All previous raw surveys up to that point are then corrected with this laetimate and the azimuths
recalculated as if there was no magnetic interference present.

In practice the data will be noisy and often requires some filtering before it can be used. Any bad readings are
either weighted low in the least squares calculat@mrthey are removed altogether.
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15.1Forces on the illlpipe

It has not been routinely included in survey procedures to estimate and removadicbanical othermal
expansion of the driflipe and yet clearly the weiglaf the BHA itself and the dilipe suspended below any
section of pipe will stretch it, asill any increase in@vnhole temperature from that observed at surface where
the drillpipe length is measured before deployment.

Integrate the effect of all forces
Upwards Tension acting on each finite element to
determine the strain stretch at
each survey depth and correct in
the field.

Thrust

Requires:

BHA weight Mud weight
Pipe weight Coeff friction
(just as for torque and drag)

Support /

Reaction

N

Friction

Downwards Tension
Flotation

Figure65: Forces acting on a finite element of drillpipe

This diagram represents a finite element of drillpipigh all the forces likely to be acting on the element. There is

an upward tension on the pipe as it is supported by the pipe aboveaawvnwardtension as it carries the

drillstring below. These tensions will not be in alignment in curved hole pfogug | W¢ KNXza 6 Q F 2 N.
to the wellbore, usually upwards in a build section and downwards in a drop section. There is also the weight of
the pipe, countered to some degree by the flotation effect of the drilling fluid, a support reaction and
comresponding friction force. If we estimate the coefficients of friction and assume that the survey models the
shape of the pipe, we can estimate the mechanical stretch by integrating the axial components of the forces on
the pipe and their local strain eftts on each element.

E = Youngs Modulus = stress / stramthe strairF stress / Youngs Modulus

This calculation is most useful for high accuracy, absolute TVD measurement. It may seem sensitive to our
estimate of the coefficient of friction but ipractice this proves to be less than you might anticipate. This is
because when the stress most affects TVD, the well is close to vertical and the friction component is small but
when friction becomes very significant (i.e. at high angle), the streteetafi measured depth does not translate
to much of an error in TVD.
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15.2Thermal Effects

The thermal coefficient of expansion for steel is approximatelyrl/3L000 for every 100C of warming so it is
also possible to estimate from an approximate tegmgture profile, how much additional depth we will gain from
thermal expansion. In the following example of a fairly typical well, there is 2 madfanizal extension plus 5 m
of thermal expansion giving a total oh? of additional drillpipe you nevemnlew youhad!

10.00

EXTENSION

MEASURED DEPTH

Figure66: Measuring thermal expansion of a typical drillpipe

This is one of the reasons that wireline measurements and drillpipe conveyed measurements seldom agree. The
wireline will stretch much more than sééand when warmed up, oddly, becomes shorter rather than longer due

to the lateral expansion of the elastomer within the reinforced sheathing. As a result, wireline is usually corrected
for stretch whereas drillpipe almost never is (at the time of wgjin

Great care should be takavhen using drillpipe depths as they will usually be significantly less than actual depth.
One common mistaken assumption is that if we fail to correct for drillaipgeNE § OK Ay | @SNI A Ol
able to land a horizontal target at the same depth if also ignore the stretch in that. However, in a vertical well the
BHA is supported by the pipehereasthe horizontal wellbore will support the BHA on tlosv sideproducing a

very different stretch profile.

For a more detailed explanation of the issues affecting depth measurement read the following chapter by Harald
Bolt, a recognised global expert on the subject.
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15a.1 Discussion: Whydgher

Depth is the most important disurface parameter measured. Depthfinesthe along hole position of all the
sub-surfaceparameters measured, and hence defiiiee well construction activity, the geologies drilled and the
horizons produced. Without accurate, consistent and credible depth measurement the entire database related to
subsurface is compromised and the uncertgiassociated with any subsurface measurement cannot be

reasonably ascertained.

Along hole depth is the key component of TVD, which is the main descriptor in well bore positioning and reservoir
geometrical descriptions.

However, there is a great deal discussion and lack of clarity on how depth is measured. There is a
correspondingly significant spread of measurement results that bring into doubt the validity of depth as a
measured parameter. The scale of the depth measurement discrepancy has bedbetbby Forsyth et.al.
Even operators do not have a common platform for expectations in depth accuracy or requirements for the
associated uncertainty.

Definitions of terms

tKS 62NR aGaRSLIIK:E A& RSAONAROSR I a flomahvaekyowlédgedziEiRrénne | 2
point, usually assumed to be at surface (typ. MSL, GL, ORT, etc.), along a described pdthdgenhgle

Measured Depth, MD, or True Vertical Dleg VD, from surface) using described units (ft or m). The use of these
G§KNBES RSAONRLII2ZNRE Aa ONRGAOFKE Ay dzyRSNREUGI YRAY 3 GKI

MD is the basis for TVD. TVD is not usually measured directly and relies on deviation surveyg,ad#fiuth
and inclination along hole to derive the actual vertical depth of any point.

a5 Aad RSaAON®O
5SLIKéES al/FfAON
GECNXzS ' f2y3 12fS 5SLINKET YR Ad LINPDDOavRGR150rRagsyth ¢ A (i K
et.al. for a full definition of commonly referred to deptrms).

& ye 2F aS@OSNIft ljdzAdS RAFFSNByld

SR ©
0 NI @ y

Defining accuracy expations

Accuracy expectations vary according to the application of the data. Seismic depth accuracy is limited by the
NBaz2tdziAzy 2F aSAaYAO aradaylrta GKId Aa RSTFAYSR o0&
at 1,000 M, s@an be assumed to be around 5:1,000 at best. For most well construction, accuracies in the order

of 1:1,000 are typically sufficient. Most wireline companies quote 5:10,000 to 2:10,000, but few actually achieve
this. Forsyth et.al. demonstrated thabére is very little evidence to suggest that these accuracies are routinely
achieved. For compaction studies where movements of formation boundaries and markers are measured,
accuracies of at least 1:10,000 are required.

Table 1 overleaf,llustrates a nmber of different applications where the accuracy requirements can be seen to
be different. As increasing accuracy requires increasing calibration, verification and correction requirements, it is
clear that increasing accuracy can only be attained atas®d operating cost.

Ip. Forsyth, H. Bolt and A. Loermans, 2013, Improved Depth Quality Management: Where Old Theory Should Meet (Near)
Future Practice, presented at SPWLA Nexteans Conference, New Orleans, 201
2 H. Bolt,Wireline Depth Determination Rev 4.0, ICT Europe, 2015, (availablewia)virelinedepth.comWDDrev4.0)
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Tablel:! £ 2y 3 K2t S RSLIK Ic@OrdpNdalGelaptéd-frivdBoiietad.o | y R & £

Measurement Domain relevance Method Measurement System @ 10,000 ft @ 1(.)’(.)00 ft

relevance Trueness + Precision +

Geological mapping| Major geological events Seismic 2-way tlme, depth 100 ft 20 ft
conversion

Well construction Significant reservoir eventy 5 N& f £ S NJ Indicated depth 50 ft 6 ft

Mecha_nlcal SENVICE | Minor reservoirevents Indicated depth 30 ft 5ft

operations

Reservoir geometry | Major bed events Calibrated depth 15 ft 3ft

OWC/GWC mappin¢ Minor bed events Calibrated depth 5ft 1ft

Detailed OWC/GWC o

mapping Wireline

Fracture Minor bed events Way-point depth 2 ft 05 ft

identification/place

ment

Pressure gauge Compaction events Way-point w/ r(_eal-tlme 05 ft 01t

accuracy/resolution stretch correction

ENAEff SNR&a 5SLIK YR 2ANBftAYS 5SLIK

Driller@ Depth, attained from the measurement of drill pipe in the well bore, is typically uncorrected, and can at
0S40 0SS RSEAONAROGSR Fa 0SAy3d GAYRAOIFIGSR 5SLIIKE D ¢t KS
measurement verification processsociated with drill pipe measurement, and typically corrections are not
routinely or consistently applied across the industry. The movement of the drill pipe is also irregular, with depth
measurements being made under differing pipe loads and pipe strgditions (torque, pressure support,
temperature, rotational and sliding friction, etc.).

Wireline cable can be calibrated in length, and the length measurement made can be verified. The measurement
made can be subject to systematic environmental ections that accounts for temperature, stretch and other
influences. The measurement is made ahlying pull out of hole (POOMhen ascending to surface with an
increasing tension regime distributed along the cdblen the tool stringto surfacé. Ths means that the cable
tensional regime can be modelled, and hence corrected. The affilityreline depthto provide a calibrated,

A ¥ 4 oA x

GSNAFTASR YR O2NNBOGSR YSIadaNBYSyid A& | YIF22NI RAFTT.

S5NAffSNBRQ 5SLlipkmalyyR gANBEAYS TFTANAIDG

SENAffSNNR&a 5SLIIK Aa YIRS O2ylAydz2dzat e RdzZNAYy3I GKS RN
YR LINB&ASYGSR I OO2NRAY3 G2 GKS FANRG YSIFAaAdzZNBER RSLI
measurement usually lacksilibration and verification, and is not corrected. Also, as the drilling process is
dynamic, significant changes in indicated depth occur during the drilling process as WOB is increased and
decreased, as stanRpipe pressures are varied, and mud flows amad weights vary an as the pipe as rotated and

slid along the hole. There are a multitude of other factors, such as BHA assembly and drill pipe string compositior
that also affect the actual bit and LWD/MWD sensor positions.

3(2YS RSLIIK RFEGEF LINPGARSNE LINRPGARS RSLIHK2 RSTF ARSIRG K A  SK N
correction is then applied at hold up depth (HUD) dimeh itis assumed to be linearly distributed over the length of the well.

Solie &Rodgers and Fitzgerald & Pedersen describe this process. See also ldoteki
http://fesaus.org/webcast/2010/05/HLubotzki/Member0922/index.htidowever, here are a numberfissues that limit

the validity of this approach. See WDDrev4.0 Section 28, pp9 @hd Sections 40 & 41, p. 800. This approach is not
recommended for definitive TAH determination, and specifically not in wells with deviation or significahbleveall

friction.


http://fesaus.org/webcast/2010/05/HLubotzki/Member0922/index.htm
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Wireline Depths are usualigeasured more consistently, but current practices are varied between logging
companieg; see Table 2 These variances includehether or not calibrated cable length is made available and
what (if any)verification processes are deployed. There are aladdmental differences in the application of
correction, with few companiesaving a comprehensiyeredibleand published correctiodetermination and
application process.

& 02y @Sy i A 2B Primkrdis wién KB &lohdiofe dapth is defing by wireline for the first time
It is selfevident that this measurement should be scrutinized for the applied calibration, the measurement results
verification and judicial application of the corrections. By convention, all subsequent wireline degpths
synchronized to the First Primary to assure that the depths of wireline logs results correspond. Fearsthisit
is critical that the processes used to define First Primary log depths are closely scrutinized. This includes detailed
QC of the utized measurement methodologies (including calibration, verification and correction). It is also
important that the First Primary log is accompanied with an uncertainty statement that then defines the accuracy
of the depth measurement provided.

Review ofpractices

Different companies log depth in different ways, and they result in different measuremdiatsle 2 gives a
summary of 4different wireline companies surveyed in the same location and illustrates that very different
methodologies are used in ddpmeasurement as well as totally different correction mechanisms.

Table2: Depth determination methodologies deployed by a number of logging companies. This highlights different ways of making
depth measurements, but with diffeig outcome

Company Method description

Duatwheel measureheadith fastest wheel algorithm to provide cable length. Tool zero defined at surface with fiurn
o zero used as depth measurement verification. Correction determined at/near HUD by observitagviogup depth
differences. No other correction or adjustnteapplied in the return to surface.

Tool zero determined at surface, but depth synchronized to any downhole defined depth datum. Magnetic mark deter
calibrated cable length. Although equipped with a dual wheel measurehead, only a single wkedltis define logging
depth. 29wheel used to detect slippagedparty algorithm used to define elastic stretch. HUD correction applied with
alonghole adjustment as needed to magnetic mark depth to adjust fop&ty defined stretch.

>

Magnetic maks used in combination withparty software to define cable length. Duaheel measurehead with fastest
wheel algorithm used to define depth when magnetic marks were compromised. Stretch chart used to provide HUD
correction despite more advanced ®arty correction software being available. No correction or depth adjustment is ma|
other than that at HUD.

Calibrated depth provided ostensibly by magnetic marks, but in practice depth is derivedfnpant duatwheel
X measurehead with fastest whealgorithm. Depth synchronized to defined depth when possible. Stretch charts used to
determine HUD correction. Unclear methodology for correction tracking.

15a.2 Calibrationg Principles and factice

Calibration is the determination of the instrument response relationship to the calibration standards applicable to
the measurement

In the case of drill pipe, there is no real calibration other than the measurement of the pipe length, usually
determined onthe pipe racks. This is often done by hand using a steel tape measure, but is also done using
laser, measuing from shouldefjoint to shoulderjoint along the pipe length.
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Figure67: Drill pipe strapping in defining drill pipe length

Figure68: Drill pipe length measurement using lasémage courtesy of DigTally)

The pipe tally is then used to define the pipe length in the hole, with interpolation ofipiggh providing the
continuous length measurement. When pipe length is environmentally corrected, various factors may be taken
into account, and these should be detailed in the correction informat®ut invariably, these corrections are not
applied, ad scant attention is paid to them.

Some wireline companies rely on calibrated measureheads to provide line length, but unfortunately the
measurement provided is then not corrected for existing line stretch, and the error can be significant. Other
comparies use calibrated line length defined by magnetic marks with gives a far more robust line length
measurement that can be verified through observation of the actual magnetic mark tally.

Figure 69overleaf,llustrates the role of magnetic marks used whairlling out of hole. It can be seen that under
varying tension conditions the magnetic marks define the length of cable between the surface and the tool string,
and that this can then be corrected for stretch according to the surface and downhole esuddnsion.

It is important to note that without a credible calibration process the application of corrections is questionable.
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The objective of the verification process is to quantify thenpliance of the measurement the calibration
process.This is shown by the conformance of the measurementka@wvn standard as well as stability of the
measurements provided.

In the case of depth, this is difficult as a number of issues are not well defined. This includes the robustness and
relevance of the calibration standards as applied to the depth measemgrthe influence of environmental and
measurement conditions on the measurements made, and the availability of a credible verification process and
standard.

For drill pipe, the measurement made is based on the meadlergth of the drill pipe Usuall the temperature
of the measurement process is not recorded, so that the relevafitemperature correction is at doubt. Also,
the calibration process itself, including both systematic and well as random error induced by tHmsackpipe
length meastement, is often not well defined.

Role of corrections

Corrections are designed to adjust the measurements made back to calibration conditions so that the accuracy of
the calibration can be adhered to. The correction process should take into accoeffiéets that materially

affect the validity of the measurement compared to the calibration conditions.

The most common corrections on drill pipe include hydraulic pressure ballooning, thermal expansion, torque and
in-hole buckling, tension and compressiof the pipe along the well bore, rotational and sliding pipe frictional
forces, weight support due to contact with the borehole wall, mugight buoyancy, mud movement frictional
effects, pressure support at the bit.

Wireline corrections for first printg open hole logging are typically limited to thermal expansion and elastic
stretch. Corrections for cased hole services are usually related to compensation to line tension related to
pressure. Typically this involves pressure support through wellhewstriod (GIT and stuffing box effects on

surface tension) and measurement inaccuracies through sheave angle when using lower sheave wheel tension.

Stick&Pull affects wireline measurements, and can affect both first primary as well as cased hole. kitaer be
corrected realtime or post operationally.
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15a.3 Pipe Properties Versus Cabl®perties

Drill pipe and wireline have fundamentifferences, andire subject to totally different measurement influences.

It is clear fromFig. 7Qthat the measurerant systems used and the applicable corrections are different and will
lead to different results unless there is meticulous application of calibration methodologies and correittions.
also clear from the diagram that the correction coefficients betweerious sizes of pipe, tubing, coiled tubing, e
line, braided line and slickline will vary considerably. Hence the medium used to create the measurement must
be understood and characterized before a Raw Depth can be developed through to a True Alddgptnle

I YIF22NJ RATFFSNBY(G Ay K2g S5NAffSNNRE 5SLIIK YR gANBT .
YSIFadNBYSyd LINRPOS&aa LI &ao SENAffQa 5SLIWK oFyR KSy
the hole, with the drill pipe in aombination of tension and compression, typically rotating and sliding. Wireline
depth is defined while measuring the hole, going up with increasing tension alone the line. Drill pipe MWD
measurements are made-gitu, while drilling.

During the drillingorocess the drill pipe is subject to various changes in associated stresses, such as changes to
WOB, sliding and rotating, pressure fluctuations in the pipe, changes in mud density inside and outside of the
pipe, torque of the drill pipe, temperature vances due to mud versus formation temperature, etc. This means
GKFd 6KSY S5NARAEfSNEQ 5SLIK olyR KSyOS [25ka25 RSLIK
and variable, and most importantly, not repeatable. This is a major differenbemiriéline where the tension

regime is repeatable as are the depth determination conditions.

Mono-Conductor Wireline
316" - 516"
OO

Slick Line
0.082" - 0.125"

Bralded Line

Lalel g Multi-Conductor Wireline
5/16" - 1732"

4 %" drill pipe ....

Figure70: Comparison of depth measurement mediums (not to scale)

Thermal expansion

Thermal expansion affects the measured depth by adding depth to the measured value with increasing
temperature. Knowledge of the thermal expansion coefficients is required to provide a credible thermal



Page| 103

expansion correction.

What is important to realizesithat the temperature is a gradient along the well, and the thermal expansion
should be calculated as of the calibration temperature of the pipe or wireline. For this reason, the calibration
temperature should be recorded as part of the pipe length diedength calibration record.

The relationship for the thermal expansion correction is:

YO & €1 1 "YBO g £ Q'QQ QeMO A Y
where  Th.Exp.Corr thermal expansion
Th.Exp.Coefthermal expansion afficient
Length= calibrated along hole lengf{leither drill pipe or wireline)
Thup= temperature at HUD
Tsurt= surface temperature
Tean= temperature at which the Caliited depth is defined (typ Fsur)

Thermal correction for drill pipe is@nstant based on material properties of drill pipe steel. This is usually taken
as being ~8.6-k ft/ft/degF. Table 3overleaf gives a series of thermal expansion coefficients for steel used in
drill pipe.

Table3: Example @nits/deg F) thermal expansion coefficients

Mean Expansion Coefficient - a - (1076 in/in °F)
Temperature Range (°F)

Material
-32  32-212 | 32-400 32-600 32-750 32-900 32-1100 32- 1300
a %Agfy1?;g,f'm o) 7.7 8.0 8.4 8.8 9.2 9.6 9.8
Mild Steel
©.1-02%C) 7.1 7.8 8.3 8.7 9.0 95 9.7
Stainless Steel 10.8 1.1 1.5 1.8 12.1 12.4 12.6 12.8

(18% Cr. 8% Ni)

Being simply solid steel, slick line has a similar thermal expansion coefficient to drill pipe. This means that drill
pipe and slick line undergo the same expansion in the same well.

Table4: Example (units/deg F) thermal expansion coefficients for slickiftable courtesy of Sandvik
Sandvik CS-9A for wirelines (Wire)

Thermal expansion

o -6 o
20-100 C 11*10 "/ C

o -6, 0
68-210 F 8*10 °/ F

Eline (typ. larger fconductor) have different thermal expansion coefficients to that of drill pipe and steel
because of the irrnal architecture and materials used in the core. Generally, as the wireline diameter increases
the thermal coefficient decreases and is even negative, as the line length is effectively shortened with increasing
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temperature. But the thermal expansionefticient is verydependenton the exact line being used, and care has

to be taken in assuming any one coefficient as being valid for a different type of line of the same size. What is alsc
important is that electric wireline can have different thermal arpion coefficients at different temperatures,

further complicating the exact correction applicable. Tahledow,gives a table of typical expansion coefficients

for different sizes of wireline.

Table5: Example (units/deg Rhermal expansion coefficients

Line type Th.Exp.Coeff units
(CS9A, all sizes) dlickline 8 E6 ft/ft
(undefined) monocable 6 E6 ft/ft
(7THA2RP) heptacable 5E4 ft/ kft/kibs
(undefined) heptacable 5E4 ft/ kft/klbs
(7-46P) heptacable -3E6 ft/ft
(undefined) heptacable -6.7E6 m/m
(7-462V) heptacable -8.36 E6 ft/ft

(new type 0.5") heptacable -9.921 &6 ft/ft

When determining the correction, it is important to be sure that the coefficient units correspond to the units
being corrected for.

Surface versus dowhole tension

Tensiormeasured at surface is often seen as a representation of the tension along the hole to TD. However, this
is really only the case is a straight vertical well with negligible frictional influences. In this case, only, the tension
at surface can be envisag as being distributed evenly along the length of medium in the well to the BHA or tool
string. In this case, changes in tension are representative of changes in the effective length of the pipe or line in
the well and changes in the BHA or tool stringtion.

In a real borehole, these changes in tension can be due to a multitude of other effects, including friction along the
well bore, differential sticking, key seating, sloughing of formation, pipe or line weight supported by the borehole
wall, hydrailic pressure changes, etc. In other words, the tension at surface is a caropiewsite of numerous
factors.

However, specifically in the case of wireline, surface tension during POOH is repeatable at given speeds, and
across specific well bore incremts is also repeatable. This means that a logging tension measured at e.g. 1,000
m will repeat with the same value at the same speed.



Page| 105

Surf.Ten, Ibs CHT, Ibs
BO00 2500

| |
5500 |I I 2000
| Repeat CHT |

Mwwlh II' A uhll h| L AL | JI j NI' k .J‘l
el A "'*"Lw o PRI, ol e WA .

Main Log CHT [

4500 J
| | [ I
*LW || Repeat Surf.Ten | |} LIl [\
J‘I\'I
oo Mmmwﬁ}ﬂ ]

Main Log Surf.Ten i

3500 ]
2320 2340 2360 2380 2400 2430 2440

Figure71: Example of wireline logged tension repeatability

When measuring from surface, dog POOH the tension in the wireline can be seen as incrementally decreasing
between any two points such that any change in the tension can be corrected for according to the elastic
correction coefficients valid between these points. This means thabmigtthe tension but also the elastic

stretch for a wireline is repeatable. This also means that corrections can be incrementally introduced between
individual measurement points when using wireline.

For drill pipe this is not true, as the WOB and dglifarameters (mud pressure, density, flow rates,

sliding/rotating, torque, etc.) change during the drilling process, such that the effective position of the BHA is not
the same during the drilling and subsequent ascents and then descents in the hole LA¥D and MWD
YSIFadaNBYSyidia NS RSTAYSR dzaAy3a RNAffSNEQ RSLIIKaAzZ A
between the measurements made during first drilled descent and subsequent ascents and descents. For this
reason it is alsolovious that first drilled depths cannot be expected to correspond to wireline depths.

Tension and stretch regimes

A tension regime is a description of the changes in tension with depth that the wireline undergoes during descent
and then the ascent. Undeiormal conditions, the tension regime during pull out of hole (POOH) at logging
speeds is repeatable, creating the ability to determine incremental corrections between points that are
repeatable and hence predictable.

A stretch regime is thelastic stretch associated with a given tension regime. As the tension regime is repeatable
and the parameters for elastic stretch are known, the stretch regime is then also repeatable and predictable
between points.
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Figure72: Tension regime differences between two sequential logging runsagi = loggedurface tension, CHT (Ibs) and depth (ft}, X
axis = data sequence number)

In the case of drilling, the tensions measured are not repeatable as, by definition, the hole is being drilled. This
means the measurements made cannot be repeated, for verifingiiorposes. Obviously, any subsequent
descent and ascent of the drill pipe over a drilled interval will have a totally different tension characteristic.

Elastic stretch equation

1 221SQa [l RSAONROSA G(KS St adA isaSeAvRoNdentsd doteftio? T 0
for stretch (or compression in the case of drill pipe) can be made based on the elastic stretch equation insofar
that the deformation is elastic and linear in character. In the case of well bores, the tension decréages go
downhole because of there is increasing less line or pipe weight at any point through to the end of the line or pipe
where the tool sting or BHA is.

a3
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The equation usetb determine drill pipe stretch is based on the calculated stretch constant based on the pipe
dimensions. Elastic stretch is then givas:

Yo O 0 "8

where L =stretch in inches
F = pull force, in thousands of pounds
L = length, inthousands of feet
S.C. = charted Stretch Constant, in inches of stretch per thousand pounds of pull per thousand feet of length

The equation used to provide wireline stretch correction in a borehole environment includes both surface and
cablehead tensiorThis is then:

vt g e 7 YO BYDRE O0OY o s s e 2 o~
WwQl Q8YQd @O w c YQ¢ 0 QeMOY® ¢ Q'QQ

where wireline. Stretch= elastic line stretch
St.CoefE elastic stretch coefficient*
Length= calibrated along hole length
Surf. Terr line tension measured at surface
CHT or BHA tension measured at the cable head or BHA
Terncan= Calib.Lengtfdefined tension

It is important to note the roJe of Calb.Ten, and when the length calibration is méglehould be included (even
AT GKAA Aa al SNReésx adzOK a Aa GKS OFrasS ¢KSy &aidNF LI

Stretch coefficient
The stretch coefficient is a major parameter in the stretch correction, and must be accurately known.

The stretch coefficierfor drill pipe is based on the cross sectional area of the pipe and the material properties of
the pipe. The general equation for stretch constant (S.C.) is:

W8 —
w

where a-= pipe wall cross-sectional area in square inches

Common drill pipesT Sa I NB GFodzZ F SR 0St2¢d b23S GKFG AOG Aa
misconception that the rate of stretch for oil field tubular material is also affected by the grade of si&eINJ

80, etc.). This is not true. Higher grades of stesiehgreater elastic limits and can therefore be stretch further
0ST2NBE NBIFOKAY3 GKSANI StFLadAo tAYaAlta GKry OFy £26S)

4 TechFacEngineering handbook, Baker Hughes Incorporated, 2011
http://assets.cmp.bh.mxmcloud.com/system/v1/f631836b7905345b0ce8c49e3c45f2c6/FactsBook2011-RevA. pdf
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Table6: Example elastic stretch coefficients for viaus drill pipe sizes

oD "°".""a' ID Wall Area Stretch Constant
Weight

in. Ib/ft in. in® in./1,000 Ib/1,000 ft
2.3/3 485 1.995 1.304 0.30875
- 6.865 1.815 1.843 0.21704
2.7/8 6.85 2.441 1.812 0.22075
10.40 2.151 2.858 0.13996
9.50 2.992 2.590 0.15444
3-1/2 13.30 2.764 3.621 0.11047
15.50 2802 4.304 0.09294
4 11.85 3.476 3.077 0.13000
14.00 3.340 3.805 0.10512
13.75 3.958 3.600 0.11111
a2 16.60 3.826 4.407 0.09076
18.10 3.754 4.836 0.08271
20.00 3.640 5.498 0.07275
5 16.25 4.408 4.374 0.09145
19.50 4276 5.275 0.07583
542 21.90 4778 5.828 0.06863
24.70 4870 6.630 0.06033
6-5/8 25.20 5.965 6.526 0.06129

This is also true for slickline.

For braided and+ine this is not so, as the elastic stretch coefficient of the line is then also affected by the lay
and internal architecture of the wireline. The stretch coefficient also increases with higher tension. OEM values
for stretch coefficiat are often quoted, but these values relate to specified (near maximum pull) levels and refer
to new lines after initial permanent deformation has been worked out of the line.

Table7: Example OEM stretch coefficients for variseline cables (adapted from WireWorks)
Cable ODinches | 3/16 | 7/32 1/4 9/32 5/16 3/8 7/16 15/32 | 0.49
StCoeff | ft/kft/klbs 30 |22 1.9 1.6 1.2 1.0 0.70 0.77 0.60

Actual stretch coefficients applicable to logging conditions are often lower tha@E values. Stretch
coefficient for wireline can be estimated from-$itu measurements made during HUD pick up and verified at
stick and pull events.
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Figure74: HUD stretch coefficient example for agonductor cable

Wireline ¢ initial permanent deformation

Eline is subject to initial permanent deformation (IPD) when new. IPD does not affect drill pipe of slickline. This
phenomenon is caused by compression of the cable core (composed of copper conductor, insulation argd packi
material) and intrusion of the core insulation material into the bedding of the inner armour wire layer. There is
also a settling of the armour wires into a lay pattern that allows minute, but critical, abrasion of the outer and
inner armour wire layes. IPD continues through till when the stabilized core and armour wire spatial
configuration is achieved. The progression of IPD over any length of cable depends on the temperature, the
tension that the line is subject to and the number of pull cyclestardength of time of temperature and tension
exposure. As a rule, the effect of IPD has manifested itself after 6 to 10 runs in the well. Correction for IPD has
the effect of increasing measured depth, and is only applicable to POOH depths.

Drill pipe ¢ specific corrections

Corrections for drill pipe depth measurement are varied, and complex. This comes because the pipe during
drilling is at varying levels of tension, and compression, and the neutral point changes during the drilling. Further
compliation is the frictional losses along the drill pipe, and then torque that affects the amount of pipe in the
hole. Drill pipe buckling will also affect the amount of pipe in the hole that is not reflected in the position of the
bit (see Fig. 9). Balloomjrof the pipe caused by mud pressure will shorten the pipe, but this varies with mud
pressure and mud density. The WOB will also be affected by bit nozzle pressure.
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greater than along hole lengtfimages courtesy of Pegasus Verjex

Dealing with Stick&Pull

Stick&Pull is usually a wireline depth data quality issue that manifestsatsshort, but sudden, irregular build
ups of tension at surfaceoften caused by the tool string being momentarily stuck and the suddenly reléasing
When these builelps correspond to buildips of CHT, then the cause is tool sticking. When caus#teliools
string sticking, the build up of the line tension has the same (or almost the sante:lpuas is experienced at TD.

Stick&Pull can also be caused by differential sticking and sometimes by key seating of the wireline cable. When
the Stick&Pulis caused by lorbole cable sticking, the tension builgh angle is higher than that at TD.

Stick&Pull affects not only logged depths, but also in particular the responses of array instruments that use
adjacent depth responses to calculate actual valugor this reason, the logged depth data should be made
available for eventual recalculation of array data. One of the problems with this is the sudden tool movement at
the time of release can mean that a relatively large logging interval is passethbytthe data being properly
sampled through the interval.

In cased hole, ¥¥o can occur as a function of simple harmonic oscillation of the line tension during POOH ascent
of the tool string. This can usually be solved simply by changing the |epgied.

Stick&Pull does not affect the overall logged depth given that calibrated line is used. When measurelyead
depth is used, the measured depth data can be severely affected and the validity of the logged depth data is
compromised.

WhenSurf.Ten, CHT and stretch coefficient data is available, Stick&Pull can be correctedae@he advantage

of reaHime correction is that array instruments are able to provide processing based on a corrected depth. This
may require very fast procesginas much of the released depth movement occurs in a very short time.

Stick&Pull can also be corrected pagteration, and be dealt with as an environmental correction. This should be
done after all the other corrections have been appfied

Other correction factors
There are numerous other influences, usually minor, that can affect along hole depth measurement by both drill

5 F. Witteman and Y. Karpekin, 2013, Effect of Irregular TotioM on Log Responsesa Case Study, Petrophysics, Le Log,
Feb 2013

6 H. Bolt, Letter to the Editor, Petrophysigs 1213, Feb 204, Vol55(1)
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pipe and wireline. These are not listed here, but most of these relate to the validity of the measurements of
length, surface andownhole tension. The main corrections that affect wireline are thermal and elastic stretch
correction. The main effects on drill pipe measurement are thermal and elastic stretch, and then a host of further
drilling parameters as mentioned above. Iryarase, when corrections are made, these should be detailed in the
depth data log, and should be so that they can always be reversed aradadated.

Correction determination process
The main correction process includes thermal and elastic stretchcatame

The important thing is that the correction is applied over logical intervals where the most obvious changes occur.
These are usually identified by the tension regime and will correspond to changes in well geometry and major
changes in drilled geody.

It is recommended that, per tension regime interval, the thermal correction is made and then the elastic stretch
(followed by evt. other corrections) is applied over each individual interval sequentially.

Way-point depth navigation

Way point navigaon is a wireline process sequence that allows the tension regime and hence stretch regime to
be determined while running in hole, and then using this to correct for elastic stretchimeaduring the ascent.
The method relies on the repeatability arision, as earlier described.

At points along the well bore while running in hole, and specifically at significant geological boundaries and know
dog legs and other places where tension events are anticipated, the tool string is stopped and moved apwards
logging speed. The surface and cablehead tension values are noted.

It can be expected that these values will be repeated on the logging ascent, and yet each of the measured point
values can be considered as incremental. That means that the tensibalsmstretch between any two points

can be compared to arrive at a stretch contribution valid between these points. By adding these contributions up
the total stretch applicable to the ascent can be mapped prior to pick up at HUD.

®® G
@ Straight well with no significant

tension regime events
e Cork-screw well, orwell with
expected tension regime events

@ Deviated well with expected
tension regime events

" Significant changes in deviation/azimuth
™= Suggested raw depth way-points

Figure76: Example of how to apply wayoints in different types of wells
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The waypoints are selected as points where a tension check is made of surface and cablehead tension such that
an approximation can be developed of the expectedsten regime.

Measurement uncertainty determination
As has been elsewhere and earlier discussady® can be classified as systematic and random

Systematic errors in well depth measurement abound. They include errors related to well datum referencing,
tool zero definition, incorrect measurement technigues or human error in procedure and reporting. They also
include errors arising from operatioperformed outside the recommended performance envelope (gudt,

stick & pull, stuck line/tools, etc.). Problems of this nature are not dealt with in this paper even if, as individual
incidents, they can have serioasnsequences. Y\én unrecognized, siematic errorscan be repeated andan
becanean ingrained errosource, as there is no means of identifying them.

(p))
=
A
(p))
p
&

SENAff SNR&E 5SLIK SNNRN KIa 0SSy RSaONARoOoSR St a

Wireline mndomg non-systematio; measurement uncertainty can be described as:

Agcm’z Ad"Qé Q A&é‘l i

where:
A = depth measurement uncertainty
K = line length measurement uncertainty
K =correction uncertainty

Calibration error is often described by logging companies as the measurement error, and a survey of various
companies results ifiable 8 overleaf

" For other examples of systematic and random errors, see V. Lindberg, Uncertainty arér&pagation, Rochester
Institute of Technology, Jul 2000
http://www.rit.edu/cos/uphysics/uncertainties/ Uncertaintiespartl.html#systematic
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Table8: Various depth measurement accuracy claims

Methodology Supplier lj dz2 GISARO daN]
single wheel measurehead (OEM) none available

dual wheel measurehead (CEM) 3:10,000

dual wheel with fastest wheel algorithm (major well logging company) 5;10,00()8

dual wheel measurehead (CEM) 3:10,000

magnetic mark (major welllogging company) 1:10,000

magnetic mark (CEM) 1:10,000

The error model for the correction is then defined by the exact relationship used. This can vary, but is usually a
function of the measurement error of the tension devices, the temperature measentiand the stretch and
thermal expansion coefficient errors. In any case, per interval it is a single figure.

When a straightine model is assumed for correction, this then leads to the following example of error (assuming
a correction model error of/+2.39 {t/10,000):

Table9: Straightline model depth uncertainty variances

10,000ft well FET R H HHI T
Raw depth- 1:1,000 10ft 10.28ft
Calb.measurehead

5:10,000 5ft 2.39ft | 5.54ft
Mag.markcalib.- 1:10,000 | 1ft 2.59ft

When the waypoint model is used, the correction error is significantly affected, as the corrections per interval
are smaller, albeit more numerous. The error is defined by:

But the total correcton error is diminished (in this example, it will be assumed to be 1.46ft/10,000 ft). In this
case, the uncertainty is then:

Table10: Way-point model depth uncertainty variances

10,000ft well TiTH HE HHI T
Raw depth 1:1,000 101t 10.11ft
Calb.measurehead

5:10,000 5t 1.46ft 5.211t
Mag.mark calib-

1:10,000 1ft 1.771ft

B¢ KS adFGSR LISNF2NXIFYyOS aLISOATAOFIGAZY A NBTFSNI (2 impNsB)LIS |  t
as being of 5:10,000. While the accuracy is not stated as such, internal (not publically available) documentation goes on to
further imply a line measurement accuracy of 1:10,000.
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Tables9 and 1Gllustrate that uncertainties can be determined per logged depth data set. The differences
between the uncertainties shown tables 7 and 8indicate that significant differences, and improvements, in
measurement uncertainties can be achieved throughctheice of thevariousavailable measurement
methodologies.

Sources of error before measurement

There are a variety of potential error sources, the most important being calibration error and referencing error.
Mundanec but critical: is a clear and uneyocal referencing of the surface reference points. This can be defined
in a number of different ways, but it is absolutely necessary that whatever reference is used that it is applied
consistently across all measurements made. When the rig moves afidiogit is important that a sustainable
referencing system is in place that allows the originally defined reference system to be applied.

Offshore, an important source of potential error is accounting for wave and tide error. This can be compensated
for with wave compensation, but needs to be watched carefully.

Calibration error can, and does, occur. If the error is systematic, then given that the calibration parameters have
been adequately noted, it may be possible to poperationally recreate aadibrated length. If the effort is
random, this is not possible.

Sources of operational error

Operational error is usually down to process error and this is invariably related to engineering and operational
training and management. A critical elementpoé-job preparation is assurance that the right skills are in place
to provide the correct process and being able to deal with variances as they occur.

Mechanical error can also occur (measurehead error or failure, tension load cell failure, etdie depth data
provider should have in place a bagi system to allow the error to be identified and in any case allow a safe
recovery to surface.

Meeting accuracy expectations

Table lproposes a series of accuracy requirements that can be consideregirgsdpplicable to the various tasks
listed. It is not to say that this table is what it should be, but it does illustrate that different accuracy expectations
are applicable to different stages of exploration, well construction, production and assegemeat. What is

also important to recognize is that at the well site, during the depth data acquisition process, the depth data
acquisition requirements may not be cognizant to the well site operations. For this reason it is of critical
importance that hese requirements are considered as part of the data requirements statement, and that the QA
and QC functions are tuned to this.

Once the requirements are stated, it is up to the data provider to put in place the calibration, verification and
correction pocesses that facilitate the required accuracy to be provided.

QA & QC check points

QA and QC have to be designed to assure that the data to the accuracy requirements are met, and verify that the
processes and procedures followed are consistent andaordance with the stated procedures of the depth

data supplier. Given that this is the case, and given that the equipment and personnel involved in the depth data
acquisition are able to perform the tasks, then the consistency, and accuracy, of theddepthrovided will

result in a manageable error margin.

~

O

CONTENTS



Pagel| 115

MclddzY I Yy 9 NNZ NJ gy @QSMNIaldANGB Ve y

When surveyors refer to error models they are usually referring to the inaccuracies of instruments or
measurement systems. Clearly these cannot compensate for bad practice and human error such as using grid
North instead of True or GPS on the wrong daturhe instrument inaccuracies are often referred to as
modellable errors whereas the practical mistakes are referred to as unmodellable errors. Great care has to be
taken when using industry standard error models to ensure that best practice has beereddigibre assuming

that the calculated uncertainties are representative. The following section points out a few common mistakes.

16.1Common Humaikrors

Common Pitfalls
The following common well planning pitfalls are listed to raise awareness. Pastesqe has shown that these
are likely errors that can be overlooked. Best policy is to review this list after producing a new well plan.

Missing Data

The most frequent reason for collision is not poor surveying but rather that the object well cante &sdaNLINR & S
It is essential that the well planner ensures that he has all the data needed to plan a safe well path. Always check
a list of wells with the client to ensure that nothing was lost in migration.

Using Gyro Error Models for Undrilled Sect®n

LG YlIe ¢Sttt 0SS GKFG | 3I@8NRP adz2NBSe Aa LXFYYSR Ay T2
2NJ Y2NB | OOdzN) 1Sfe RSaONARoAy3dIé¢ GKS ¢Sttt LIGK 2F (K:
drilled with MWD. It is important during well planning that the anticipated survey program as each well section is
drilled, is used. The updated or most accurate survey and error model should be entered and used for anti
collision purposes right before a new section idlelli But during the initial planning the as drilled error models
should be used to the total depth of the well to confirm the entire well can be drilled conforming to required
separation factor rules.

16.2Misapplication of Uncertainty in Top Hole

Thele are two common problems ipplying uncertainty in the tofpole section.

Tophole uncertainty must include the radius dimension of the well. This is unlike deep sections where the
measurement uncertainty dimension is so great that the radius dimensionponent of the uncertainty is a very
small percentage. In the top hole when measurement uncertainty is just beginning to accumulate, the well radius
dimension is a significant component in aotilision.

If the area being scanned includes multipites (platforms or surface locations from which wells have been
drilled) then the uncertainty as to the actual coordinates of the surface site must be determinedciundied in
the calculations.

Caging

G/ F3AAYy3IE AA GKS S NYwwel dhh tofoBger®e dfillRd diieit@ tife pdoKpdditiBning of y S
previously drilled wells. This usually happens later in the development cycle of pad or platform drilling. It is
useful to include all future planned wells in the collision scanning at géwenplg stage and during drilling

operations so that, whilst not safety critical, sensible avoiding action can be taken so that the potential for future
caging is minimized.
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Overly Conservative Targets
Small targets cost a large amount of money to dslttee directional driller in the field will not be afforded much
Tt SEAOAfAGE FNRY (KS LXFTYYySR (NI 2SO02NE YR g6Aff K|

Curved Section Close Approaches

Interpolating at long intervals when scanning campletely miss a close approach to approach another well.

It is recommended to always perform a 3D visualization run down the planned well to visually sense the effects all
close approaches.

Initial numerical scan reports should always be run atft@® 30 m intervals. Then refine localized zones with
searches using 15 or 5m intervals to better characterize the near close approaches.

Long Parallels

It is almost impossible to keep a well straight, so the situation of having two wells witlpéoale! vertical

sections before very deep kick offs should be avoided. (Even if it were possible to maintain a straight well, the
survey uncertainty will be growing and with it the risk of collision). Where this happens the planner should

Ay Of dzRISIQ W@ dzNI AaS (GKS AyOtAylGAz2y G2 | NRdzyR p RS13
been achieved to compensate for the uncertainty at the deep kick off point.
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17.1Error Models and Instrument Performance Models

Historically four error models have been commonly used in the industry (including one special model developed
by Shell for internal use only). These error models definevanous error sources affect the observations in the

well and thus the positional uncertainty along the wellbore. The mathematical relationship between for example,
a bias error on the y axis accelerometer and the positional error at a given surveyspmicomplicated formula

but easily established by these error models. The key to their ability to successfully represent the positional
uncertainty is not usually the mathematics but rather the coefficients used to define the numerical accuracies for
various tools and how they improve with corrections such as sag, IFR, stretch, interference corrections and so on.

The error models are:

The Cone of Uncertainty Model

The Wolff and De Wardt Error Model
The SESTEM Error Model

The ISCWSA Error Model

A briefexplanation of each follows.

The Cone of Uncertaintwas a simple model applied in the early versions of COMPASS introduced by Angus
Jamieson in the early 1980s. It consisted of a simple ratio with measured depth that applied over a range of
inclinatiors. For example, an MWD survey might provide uncertainty of 7ft/1000ft at up to 15° of inclination,
then 10ft/1000ft at up to 30° degrees of inclination and so on. This model was widely used but is very
conservative and probably not suitable for closdlidg situations.

The Wolff and De Wardt Error Mod&las published in 1981 and used 5 separate sources of error. These are: a
compass reference error; a drillstring magnetization error; an inclination error; a misalignment error; and a
relative depth erg2 NJp lff G22fa 6SNB OfFaaAFASR a SAGKSNI a3
A set of values (coefficients) were chosen for each tool and the mathematical model produced an ellipse of
uncertainty around the wellbore that could be wk#r anticollision calculations. These coefficients were only
meant to be used for North Sea operations and were reference to the quality of tools available at the time.

In 1987 theShell Extended Systematic Tool Error Model (SESMd)developed infle Hague by Robin
Hartman. It provided a significant improvement on the earlier models. This model considers the equipment
running conditions, the location of the well, the background magnetic field accuracy, and considers the
measurement error sourceg their individual component levels.

Around the same time, a group of industry wellbore surveying experts formebhthestry Steering Committee
for Wellbore Survey Accuracy or ISCWS#Aler the leadership of Hugh Williamson. Under the auspices of
ISCWSA sophisticated model recognized as the industry standard has been developed.

ly WLtaQ A& |y WLyadaNdzySyd t SNF2NXYIFyOS az2RStQ FyR |
propagate. Itis these IPMs that determine how big the uncertainty envelope will be. The temptation is often to
use IPMs that are overly optimist That is not a best practice. A good guideline is that the IPM values should be

a realistic representation of the errors in the entire system and be able to be demonstrated by good quality
control in the field or in the calibration process. In aliesithe error models and IPMs should be agreed with the
client during the well planning stage in order that subsequent changes do not render a planned well undrillable.
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17.2Modelling Uncertainty

Uncertainty modding provides a method afetermining how far out we might be when we estimate something.
This can be very useful in all sorts of fields. If for example | were to take a bet on the height of the next person to
walk down the street, | would want to know, first of all, what was tieemal range of heights for people and

even then | would not bet on the average. | would be much safer to bet that they fall between $83.0.2
YSGSNA KAIK &2 GKIFIG L FY O2yFARSy(d GKIG Ye o6S0G Aa

LYy 2NRSNJ (2 Sail of amdbéth the aredadge Britl he rar§eiof the mgS Bdrent I2am fryin@

G2 SadAyYlLdiSo ¢KS DSNXIY YIFIOGKSYFGAOAlIYX DlFdzaa RSa
measurements (of which our heights are one). In this graph the x axis is heigleay@xis describes the

number of people in a given sample that might fall in a given height range.

A Number of
People Deviation = Ob - u
Standard Deviation o
2
o= Z (Ob ' IJ)
N-1
+— J—»
o
H .
Height (cm)
Average
Height

Figure77: Modelling deviation graphically

In Figure 7the average height is in theentreand it can be seen that most pple fall close to the average. The
deviation of any observation is just how far it is from the average.efample,f | am 1.80m tall and the average

Ad MOPpnYI Y& KSAIKIG GRSOAIFIGAZ2YE g2dd R 0S rediey @ b 21
fewer people there will be.
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deviations squared, divided byNwhere N is the number of the sample. This number is used a great deal in
uncertainty modelling and serves as a measure of the distribution around the average.

We usually use the Greek letter signsg for standard deviation.

For naturally occurring measurements Gauss showed that about 67% of observations will fall wighia,195%

within 2 sigma and 99.7% within 3 sigma. So if sigma is 0.2m and the average was 1.50m, | could bet on the next
LISNE2Y (2 0SS 6Si6SSy mMdo YR MPTY YR Y& daO2yFARSYy
overly generous so | may cide to bet at 2 standard deviations and say that the next person will be between
M®PMY YR MOpY P b2¢ Y& GO2yFARSYy OS¢ 3I2Sa dzLJ (2 dpr
and now | would only be wrong 3 times in 1000 or 99.7% confidebliearly with a critical estimate we would

want a confident result. In theory it is not possible to obtain 100% confidence with the Gaussian model so we
KIS aSi GKS fAYAdla a2YSHKSNBO® ¢ KAA& A& hethdisgnyfa NBFS
levels, the lower the risk.

It should be noted that in nature nothing follows the Gaussian Model exactly. For example, we know that there
are no people 3m high in the world so very low risk values are often ignored.

17.3Probability in Twdimensions

Something interesting happens when we try to guess two parameters at the same time and still need to be
O2yTARSY(G 2F 2dz2NJ SadAyYlGaSao [ SGQa ale ¢S y2¢ 3TFdzSa.
important that we understand€ | & G KSa$S LI NI YSGSNBR INB y20 aO02NNBf ||
taller friends might like to think, there is no relationship between height and intelligence. If we were measuring
KSAIKG YR 6SAIKGZ 6S YA 3KlerpbobledBepivbakily2gyi toch©reNaddhar ( A -
shorter people in general.

Watch what happens when we plot the normal
distribution curves for the twgarameters at once.

In this diagram | have drawn the distribution curve
on 1Q for two height groups on either side of
average height. Note that the average IQ for the
small group is the same as the average 1Q for the " all

group.
This demonstrates no celation between height

and intelligence. The average intelligence of all
height groups remains the same.

Figure78: Plotting two normal distribution curves at once



































































































































































































































































































































































































