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METHOD OF ORIENTING A SECOND BOREHOLE RELATIVE TO A FIRST
BOREHOLE

The present invention relates to a method of
creating a second borehole in an earth formation at a
selected orientation relative to a first borehole formed
in the earth formation. If, for example, the first
borehole is a well for the production of hydrocarbon oil
and/or gas it can be required to drill the second
borehole to intersect the first borehole at a lower end
part thereof. This may be the case if due to an incident
control of the hydrocarbon well is lost, whereby an
uncontrolled hazardous hydrocarbon release to seabed or
surface may result. When the uncontrolled flow cannot be
stopped at seabed or at surface, a last resort is to drill
a relief well in order to stop flow. The objective of the
relief well is to provide fluid communication with the
target well above the reservoir, and to pump a heavy fluid
via the relief well into the blowout well to stop the
uncontrolled hydrocarbon fluid flow.

Due to some uncertainty in the positions of both the
hydrocarbon well (hereinafter also referred to as *“target
well”) and the relief well, it is not feasible to directly
drill the relief well into the target well at depths that
may range from 1000m to 6000m below the surface or sea-
level. Such well position uncertainty is generally caused
by instrument errors and/or operational errors while using
the survey tools to determine the position of a well.

A proven successful relative positioning technique,
referred to as Active Ranging, is based on the principle
of generating an alternating current (AC) in the target
well by injecting a current in the open hole of the nearby

relief well. The AC starts flowing inside the steel
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material of the target well, the steel material
either being a casing, a drill-pipe or both. The resulting
magnetic field of the AC in the target well can then be
measured in the relief well to determine the relative
distance (RD) between the two wells and the high-side to
target direction (HSTD) from the relief well to the target
well. These parameters are then used to directionally
steer the relief well into the target well and thereby to
make fluid communication between the two wells. However,
locating a target well from a relief well in a thick
subsurface salt layer, Active Ranging is not feasible as
the Salt layer will not conduct electric current. An AC
cannot be generated in the target well, and therefore no
alternating magnetic field can be measured in the relief
well. In view thereof RD and HSTD cannot be measured, and
the relief well cannot be accurately navigated into the
target well.

Us 3,725,777 discloses a method of determining a
relative position between a first well and a second well,
whereby the first well i1s provided with a magnetized
casing. The resulting magnetic field components are
calculated as a function of the radial distance from the
casing. Also the magnetic field is measured in the second
well. The distance and direction between the wells is
determined from a comparison between the calculated
magnetic field and the measured magnetic field.

It is an object of the invention to provide an
improved method to direct a second borehole towards a
first borehole.

According to the invention, a method of creating a
second borehole in an earth formation at a selected
orientation relative to a first borehole formed in the
earth formation, wherein a position parameter represents

a position of the first borehole, comprises the steps of:

PCT/EP2013/069100
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a) providing a borehole element that generates a magnetic
field and is adapted to be arranged in the first
borehole;

b) measuring at least one component of the magnetic field
at a selected distance from the borehole element;

¢) installing the borehole element in the first borehole;
d) measuring the magnetic field in the second borehole
using magnetometer means;

e) providing a finite element model of the magnetic field
using each component of the magnetic field measured in
step (b) as a boundary condition for the finite element
model;

f) calculating the magnetic field in the second borehole
using the finite element model, and determining a
difference between the calculated magnetic field in the
second borehole and the measured magnetic field in the
second borehole;

g) adjusting the position parameter so as to minimise
sald difference;

h) determining a selected direction dependent on the
adjusted position parameter; and

i) drilling the second borehole in the selected
direction.

With the method of the invention it is achieved that
the HSTD direction and the RD between the two boreholes
are determined more accurately than in the analytical
methods used in the prior art. Notably, in the method of
the invention, the magnetic field is measured at said
selected distance from the borehole element, which
measurement is then used in the finite element model to
calculate the magnetic field in the second borehole. It
is thereby taken into account that each magnetic pole of
the magnetized borehole element has a spatial

distribution i.e. the pole is distributed along a certain
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length of the borehole element. This is contrary to the
prior art in which it is assumed that each magnetic pole
is concentrated at a discrete point.

Suitably the borehole element comprises a casing to
be installed in the first borehole, and step (a)
comprises magnetizing the casing so that the magnetic
field is a static magnetic field. For example, if the
casing is formed of a plurality of casing joints the step
of magnetizing the casing comprises magnetizing each
casing joint. Suitably each casing joint is magnetized so
as to have magnetic poles mutually spaced in longitudinal
direction of the casing joint. This technique is also
referred to as passive magnetic ranging (PMR). PMR is
based on the principle of magnetizing series of casing
joints individually and longitudinally prior to running
the casing joints (usually production casing joints) into
the target well.

In order to provide a strong magnetic field, it is
preferred that the casing joints include first and second
casing joints interconnected in a manner that the
magnetic fields of the first and second casing joints
strengthen each other. Suitably the first and second
casing joints have magnetic poles of similar polarity,
wherein the first and second casing joints are
interconnected so that said magnetic poles of similar
polarity are adjacent each other.

To obtain accurate measurements of the magnetic
field, it is preferred that step (b) comprises measuring
each component of the magnetic field at said selected
distance prior to installing the borehole element in the
first borehole.

In a preferred embodiment, the borehole element has
a substantially tubular shape, and wherein each component

of the magnetic field is measured using an annular device
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comprising a magnetometer whereby the borehole element is
moved in axial direction through the annular device. In a
practical arrangement, the annular device i1s arranged
above the first borehole, and the borehole element is
lowered substantially vertically into the first borehole
via the annular device. Suitably, the annular device 1is
arranged at a drilling rig used to drill the first
borehole. Furthermore, each component of the magnetic
field is preferably measured at a plurality of axially
spaced locations of the borehole element.

In order to provide an accurate boundary condition
for the finite element model, the annular device suitably
extends at a relatively short radial distance from the
borehole element, for example at a distance of about 1
inch (25,4 mm).

Suitably the magnetic field is rotationally
symmetric relative to a longitudinal axis of the borehole
element, and the finite element model is a two-
dimensional model involving an axial direction of the
borehole element and a radial direction of the borehole
element. The radial component of the magnetic field
provides a good indication of the magnetic pole strength
for each axial position, therefore suitably step (b)
comprises measuring the radial component of the magnetic
field. To improve the accuracy of the method, step (b)
preferably further comprises measuring an axial component
of the magnetic field. A tangential component of the
magnetic field should be absent for the rotationally
symmetrical magnetic field. Therefore, in order to check
whether the quality of the measurement is adequate and/or
to check whether the calibration for magnetic
interference has been done properly, a measurement in

tangential direction also may be conducted.
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Step (d) of the method of the invention suitably
comprises measuring the magnetic field in the second
borehole using an electronic multi shot system.

Step (f) of the method of the invention suitably
comprises calculating the magnetic field in a coordinate
system characterized by an inclination angle and/or an
azimuth angle of the second borehole. Further, said
calculation suitably also takes into account an
inclination angle and/or an azimuth angle of the first
borehole.

Preferably step (h) of the method of the invention
comprises determining a high-side-to-target direction
from the second borehole to the first borehole. More
preferably, step (h) also comprises determining a
relative distance between the second borehole and the
first borehole.

The method of the invention 1is particularly
attractive in applications whereby the first borehole
extends through a salt layer of the earth formation.
Namely, in such applications the casing generally cannot
be magnetized by injecting a current into the second
borehole.

If the first borehole is a hydrocarbon well
subjected to a blowout, the second borehole suitably is a
relief well drilled to intersect the hydrocarbon well.

It i1is preferred that in at least one of steps (b)
and (d) the measurement result is corrected for magnetic
interference from a source other than the borehole
element. Such interference may be due to, for example,
the earth magnetic field or a magnetized drill string.

The invention also relates to a system for creating
a second borehole in an earth formation at a selected

orientation relative to a first borehole formed in the
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earth formation, wherein a position parameter represents
a position of the first borehole, the system comprising:

— a borehole element that generates a magnetic field
and is adapted to be arranged in the first borehole;

- a device for measuring at least one component of
the magnetic field at a selected distance from the
borehole element;

— installation means for installing the borehole
element in the first borehole;

- maghetometer means for measuring the magnetic
field in the second borehole;

— a finite element model of the magnetic field
wherein said characteristic of the magnetic field is a
boundary condition for the finite element model;

- calculating means for calculating the magnetic
field in the second borehole using the finite element
model, for determining a difference between the
calculated magnetic field in the second borehole and the
measured magnetic field in the second borehole, for
adjusting the position parameter so as to minimise said
difference, and for determining a selected direction
dependent on the adjusted position parameter; and

- a drilling device for further drilling the second
borehole in the selected direction.

The invention will be described hereinafter in more
detail and by way of example, with reference to the
accompanying drawings in which:

Fig. 1 shows a cross section of a first borehole and
a second borehole extending into an earth formation;

Fig. 2 schematically shows a magnetized casing to be
arranged in the first wellbore;

Fig. 3 schematically shows a cross-section of the

first and second wellbores; and
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Fig. 4 schematically shows a vertically oriented
casing and a related polar coordinate system;

Fig. 5 schematically shows the vertically oriented
casing and a related Cartesian coordinate system;

Fig. 6 schematically shows a target well oriented at
an inclination angle and an azimuth angle;

Fig. 7 schematically shows the target well and a
relief well oriented at respective inclination angles and
azimuth angles; and

Fig. 8 schematically shows a flow scheme of an
exemplary method of steering the relief well in the
direction of the target well.

In the drawings and the description, like reference
numerals relate to like components.

Referring to Fig. 1 there is shown a first borehole
1 and a second borehole 2 extending into an earth
formation 4. The first borehole is a wellbore 1 for the
production of hydrocarbon fluid, and extends from a
drilling rig 6 at surface to a reservoir zone 8 of the
earth formation 4. A thick subsurface salt layer 10
overlays the reservoir zone 8. Hereinafter, the wellbore
1 is also referred to as the target well 1. The target
well 1 is provided with a casing 11 which extends through
a major portion of the salt layer, and a lower casing 12
which extends below the casing 11 and into the reservoir
zone 8. The casing 12 is formed of a plurality of
magnetized casing sections 14 so that the magnetized
casing 12 induces a static magnetic field in the earth
formation surrounding the casing 12. An annular device
comprising a magnetometer 13 is arranged below the drill
floor (not shown) of the drilling rig 6 in a manner
allowing the magnetized casing 12 to pass through the
annular device and to measure the magnetic field during

lowering of the casing 12 into the target well 1. A drill
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string 16 with a drill bit 18 at its lower end extends
from the drilling 6 via the casings 11, 12 into an open-—
hole lower section 20 of the target well 1. The target
well 1 is S—-shaped so that the open-hole section 20 is
horizontally displaced from the drilling rig 6.

The second borehole is a relief well 2 passing from
a drilling rig 22 at surface through the salt layer 10,
and directed to intersect the target well 1 at the open-
hole section 20 thereof. The drilling rig 22 is
positioned at some horizontal distance from the drilling
rig 6 so that the relief well 2 extends substantially
vertically or slightly inclined. A drill string 24 with a
drill bit 26 at its lower end extends from the drilling
22 into the relief well 2. The drill string 24 is
furthermore provided with a measurement-while-drilling
(MWD) tool 28 including a magnetometer device for
measuring the components of the static magnetic field in
a three-dimensional coordinate system.

Referring further to Fig. 2 there is shown the
casing 12 with casing sections 14. Each casing section 14
has been magnetized so as to have axially spaced magnetic
poles whereby a magnetic north pole is located at one end
part of the casing section, and a magnetic south pole is
located at the other end part of the casing section.
Furthermore, the casing sections 14 are made-up in a
sequence so that a discrete pattern of magnetic poles is
obtained whereby at selected axial positions of the
casing magnetic poles of similar polarity are adjacent
each other in order to strengthen the magnetic field. In
Fig. 2 the axial position of each magnetic north pole is
indicated by a + sign, and the axial position of each
magnetic South Pole is indicated by a - sign.

Referring further to Fig. 3 there is shown a cross-—

sectional view of the target well 1 and the relief well 2
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whereby the high-side (HS) direction and the high-side-
right (HSR) direction of the relief well are indicated.
The HS direction of the borehole 1, 2 is defined by the
intersection of a cross-sectional plane of the borehole
1, 2 and a vertical plane through the centre of the
borehole 1, 2, and extends in upward direction. The HSR
direction extends in the cross-sectional plane of the
borehole 1, 2 and perpendicular to the HS direction. Fig.
3 furthermore shows the high-side-to-target (HSTD)
direction which is defined by the angle between the HS
direction and the direction from the centre of the relief
well 2 to the centre of the target well 1, measured in
the cross-sectional plane. Also, Fig. 3 shows the
relative distance (RD) between the centre of the relief
well 2 and the centre of the target well 1, measured in
the cross-sectional plane.

Referring further to Fig. 4 there is shown a
vertically oriented portion of casing 12 at the drilling
rig 6 during running-in into the wellbore 1. The magnetic
field induced by the casing 12 is rotationally symmetric
relative to the central longitudinal axis of the casing.
In view thereof the magnetic field can be characterized
by a polar coordinate system having r—- and z-axes whereby
the z-axis extends vertically and the r-axis extends
radially outward from the z-axis. In this polar
coordinate system the magnetic field induced by the
vertically oriented casing has a vertical component Bz
and a radial component Br.

Referring further to Fig. 5 there is shown the
vertically oriented portion of casing 12 whereby the
magnetic field is characterized by a Cartesian coordinate
system having horizontally oriented x- and y-axes, and a
vertically oriented z-axis. In the Cartesian coordinate

system, the magnetic field induced by the vertically
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oriented casing has a vertical component Bz and
horizontal components Bx and By.

Referring further to Fig. 6 there is shown a portion
of the target well 1 oriented at an inclination angle 6

and an azimuth angley,. Furthermore there is shown a

Cartesian coordinate system x%, y2, z2 which is similar to
the x, y, and z coordinate system referred to
hereinbefore, however with the additional feature that
the x-axis extends in North direction and the y-axis
extends in East direction. Also there is shown a

: : 6 6 6
Cartesian coordinate system xfﬂ y%w,ZTw

of which the z-
axis extends in axial direction of the target well, the
x—-axis extends in the HS direction of the target well,
and the y-axis extends in the HSR direction of the target
well. The subscript T refers to target well, the
superscript 0 refers to a zero azimuth angle of the x-
axis, and the superscript 60y refers to the orientation of
the target well at inclination angle &y and azimuth
angley,..

Referring further to Fig. 7 there is shown the
portion of target well 1, the Cartesian coordinate system
x?, yP, z§ and the Cartesian coordinate system x?ﬂ yfw,zgw.
Fig. 7 also shows a portion of relief well 2 oriented at

an inclination angle #; and an azimuth angley,, together

. . . 6 6 6 .
with a Cartesian coordinate system_wa,th,sz of which

the z-axis extends in axial direction of the relief well
2, the x-axis extends in the HS direction of the relief
well, and the y-axis extends in the HSR direction of the
relief well. The subscript R refers to the relief well,
and the superscript Oy refers to the orientation of the

relief well at inclination angle 6 and azimuth angley,.
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Referring further to Fig. 8 there is shown a flow
scheme of a method to steer the relief well 2 in the
direction of the target well 1, in which:

— ditem 30 indicates a finite element model of the
static magnetic field induced by casing 12;

— 1tem 32 indicates a position parameter
representing the position of the target well at surface;

— 1tem 34 indicates the magnetic field components
measured with magnetometer 13 during lowering of casing
12 into the wellbore 1, expressed in the polar z—-, r-
coordinate system;

— 1tem 36 indicates the inclination angles and
azimuth angles of the target well and the relief well as
a function of along hole depth;

— 1tem 38 indicates the computed magnetic field

components in the relief well, expressed in the xgw,yﬁw,
oy .
Zp  coordinate system;
— 1tem 40 indicates the measured magnetic field

. . . oy 6y
components in the relief well, expressed in the xp", ¥y,
oy .
Zp  coordinate system;

- item 42 indicates a difference between the
computed magnetic field components in the relief well and
the measured magnetic field components in the relief
well;

— 1tem 44 indicates an adjustment to the position
parameter 32;

— 1tem 46 indicates the calculated high-side-to-
target (HSTD) direction from the relief well to the
target well;

— item 48 indicates the relative distance (RD)
between the relief well and the target well.

During normal operation the wellbore 1 is drilled

from the drilling rig 6 using the drill string 16 whereby

PCT/EP2013/069100
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the wellbore 1 passes through the salt layer 10 and into
the reservoir zone 8 containing hydrocarbon fluid. The
wellbore 1 is cased with casing 11 in conventional manner
as drilling of the wellbore proceeds. The lowermost
casing installed in the wellbore 1 is the magnetized
casing 12 which is passed through the annular device 13
during lowering into the wellbore 1. As the casing 12
passes through the annular device, the magnetometer 13
thereof measures the components Bz and Br of the magnetic
field as a function of the axial position of the casing
12. The measured components are stored in a memory of a
computer (not shown).

If during further drilling of the wellbore 1 an
unintended control situation occurs, such as a blowout,
it may be required to shut the wellbore 1 in. This can be
achieved by pumping heavy wellbore fluid into a lower
part of the wellbore 1 via relief well 2 that needs to be
drilled so as to intersect the wellbore 1 at the lower
part thereof. The relief well 2 is drilled from drilling
rig 22 using drill string 24. In order to steer the
relief well 2 in the direction of the target well 1 the
following method is used.

At selected drilling intervals the magnetometer

device 28 1is operated order to measure the components 40

of the magnetic field in the coordinate system xgw,yﬁw,

zﬁw. Also, the components 38 of the magnetic field in the

. 6 6 6
coordinate system wa,th,sz

are calculated by the
finite element program 30, whereby the position parameter
32 1s used as input parameter for the calculation. The
mathematical procedure to calculate the components 38 of
the magnetic field in the coordinate system x?ﬂ ygw,zgw
will be explained hereinafter in more detail. In a next

step the measured components 40 of the magnetic field and
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the computed components 38 of the magnetic field are
compared in order to determine the difference 42 (if any)
between these components. Then, the difference 42 between
the computed magnetic field components in the relief well
and the measured magnetic field components in the relief
well is used to determine an adjustment 44 to the
position parameter 32. The components 38 of the magnetic

field in the coordinate system x?ﬂ ygw,zgw

are then
recalculated by the finite element program, whereby the
adjusted position parameter 32 is used as input
parameter. In a next step, the difference 42 between the
computed magnetic field and the measured magnetic field
is again determined. The calculation procedure with the
finite element model 30 is then repeated until the
difference 42 between the computed magnetic field
components in the relief well and the measured magnetic
field components in the relief well is smaller than a
selected maximum. Once the difference 42 is smaller than
the selected maximum, the computer system 30 calculates
the high-side-to-target (HSTD) direction from the relief
well to the target well and the relative distance (RD)
between the relief well and the target well. The relief
well 2 is then further steered in a direction dependent
on the calculated HSTD and RD.

The mathematical procedure to calculate the

components 38 of the magnetic field in the coordinate

system x?ﬂ ygw,zgp

is outlined below. The magnetic field
induced by the magnetized casing 12 is rotational
symmetric relative to the longitudinal axis of the
casing. In view thereof the magnetic field can be
expressed in a polar coordinate system with axes z and r,

wherein the z-axis extends in the longitudinal direction
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of the casing, and the r-axis extends radially outward
from the casing.

The casing 12 is oriented vertically at the drilling
rig 6 during measurement with magnetometer 13, therefore
the z-axis extends vertically and the r-axis extends
horizontally. Thus, the component Bz of the magnetic
field is a vertical component and the component Br of the
magnetic field is a horizontal component. The magnetic
field can also be expressed as a vector: [r,z Br,Bz]. The
components of this vector are computed with the finite
element method.

The magnetic field can also be expressed in a
Cartesian coordinate system with x-, y- and z-axes. In
this coordinate system the z-axis extends vertically, and
the x- and y-axes extend horizontally. For ease of
reference, the x—-axis is taken in North direction and the
y-axis in East direction, therefore the x, vy, z
coordinate system also is referred to as N, E, V
coordinate system. However any other horizontal
orientation of the x- and y-axes is feasible. Taking into
account this coordinate system, the magnetic field is in
vector notation: [x,y,z Bx,By,Bz]. To transfer between the
vertically oriented polar coordinate system and the
vertically oriented Cartesian coordinate system, the
following notation is used whereby the subscript T refers
to the Cartesian coordinate system pertaining to the
target well and the superscript 0 refers to the North

direction of the x-axis.

W = [@/]]];

VAN

Bx1°

By
Bz

= (@[]

in which:

PCT/EP2013/069100
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%40
Li is the position vector expressed in the N, E, V
ASS

coordinate system;

T
t] is the position vector expressed in the polar

coordinate system;
'Bx1°
By
| Bz

is the magnetic field vector expressed in the

T

N, E, V coordinate system;

g;] is the magnetic field vector expressed in the
polar coordinate system;
cosg. 0
[Qy]==.ﬂn¢T 0| wherein ¢T is the angle between the
0 1

radial field vector and the x-axis, also referred to as
the Toolface angle.

The target well usually does not extend vertically,
but rather extends at inclination angle &y and azimuth
angle ., which angles may vary with depth. Therefore the
coordinate system in which the radial magnetic
symmetrical field is expressed, 1s rotated about the
inclination angle & and the azimuth angley,. The
position vector, expressed in the rotated coordinate

system of the target well, is referred to as:

]

The rotations can be represented using the following

[oy4

Target Well

matrices:
[cosGr 0 —sinér

| sinfy 0 cosér

[ cosy,  siny, 0
[¥7] = |=siny,, cosy, O
0 0 1
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Using these matrices, the position vector in the rotated

coordinate system of the target well is:

d

oy %0
= [er] ¥7] [3’]

Target Well ZlTarget Well
X107
Since the position vector [y] is known from a
ZlTarget Well
5 target well survey, and the radial magnetic symmetrical

field vector

Bx1°

By
Bz

Target Well

is known from the measurement during

running-in of the casing, it is now feasible to transform

0

Bx
10 By into the coordinate system of the relief
Bzlrarget wen
well, with the objective to model the HSTD and the RD as
a function of along hole depth of the relief well. The
procedure to perform this transformation is as follows.
X107 2" %10
15 [y] = M = [er][¥7] [y]
Z-Relief Well z Target well Z-Target well
Bx1° x19¥
Hence the [By vector with bﬂ coordinates of
Bzlrarget wen Z-Relief Well
the relief well trajectory becomes:
Bx1%¥ Br
By =[Gl 717 (6] ] [ |
Bz Relief Well
20
cosbp 0 —sinb, siny, 0
in which [@g] = _0 1 0 ] and [¥] = |—siny, cosy, O0].
sinfg 0 costg 0 1




10

15

20

25

30

WO 2014/044628 PCT/EP2013/069100

Bx1®27
It follows from |By that the modelled HSTD is:
Bzl geier weir
_1(By
HSTD04e11ea = tan 1 {E}'

The HSTD is also derived from the target well
survey and the MWD tool measurements in the relief well,
and is referred to as HSTDpeasured- DUe tO survey errors in
both the target well and the relief well, HSTDpodeileq MAy
deviate from HSTDjeasureq. The horizontal surface
coordinates of the target well are then adjusted to
minimize the error between HSTDpeasured @NA HSTDpogeiied-
Once a minimal error is achieved, the RD between the two
wells is computed.

It is to be understood that in applying the method
and system of the invention, the magnetic field
measurements in steps (b) and (d)should be corrected for
magnetic fields that may originate from sources other
than the magnetized borehole casing, such as the earth
magnetic field and magnetized parts of the drill string.

The finite element method is powerful and simple
for the rotationally symmetric magnetic field, as the
problem is a two-dimensional problem whereby the magnetic
field is calculated in the axial direction and the radial
direction only. The trajectory of the target well is
relatively straight since typical trajectory curves
generally have a radius of much more than 100 m.
Therefore as soon the magnetic field is detected in the
second borehole, the relative distance and direction to
the target well can be derived directly, i.e. by

correcting for the local earth magnetic field wvector.
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In the detailed example described above, the
magnetic field is generated by magnetized casing joints.
Alternatively, the magnetic field can be generated by
other suitable borehole elements such as, for example,
one or more magnetized drill pipe sections.

The present invention is not limited to the
embodiments described above, wherein wvarious
modifications are conceivable within the scope of the
appended claims. Features of respective embodiments may

for instance be combined.

PCT/EP2013/069100
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CLATIMS

1. A method for creating a second borehole in an earth
formation at a selected orientation relative to a first
borehole, wherein a position parameter represents a
position of the first borehole, the method comprising the
steps of:

a) providing a borehole element that generates a
magnetic field and is adapted to be arranged in the first
borehole;

b) measuring at least one component of the magnetic
field at a selected distance from the borehole element;

¢) installing the borehole element in the first
borehole;

d) measuring the magnetic field in the second
borehole using magnetometer means;

e) providing a finite element model of the magnetic
field using each component of the magnetic field measured
in step (b) as a boundary condition for the finite
element model;

f) calculating the magnetic field in the second
borehole using the finite element model, and determining
a difference between the calculated magnetic field in the
second borehole and the measured magnetic field in the
second borehole;

g) adjusting the position parameter to minimise said
difference;

h) determining a selected direction dependent on the
adjusted position parameter; and

i) drilling the second borehole in the selected
direction.

2. The method of claim 1, wherein the borehole element

comprises a casing to be installed in the first borehole,
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and wherein step (a) comprises magnetizing the casing so
that the magnetic field is a static magnetic field.
3. The method of claim 2, wherein the casing is formed
of a plurality of casing joints, and wherein the step of
magnetizing the casing comprises magnetizing each of the
casing joints.
4, The method of claim 3, wherein each casing joint is
magnetized to have magnetic poles mutually spaced in
longitudinal direction of the casing joint.
5. The method of claim 3 or 4, wherein the casing
internately includes first casing joints and second
casing joints, the first and second casing joints having
magnetic north poles and south poles, wherein the first
casing joints and the second casing joints are
interconnected so that magnetic poles ¢of similar polarity
are adjacent each other.
6. The method of any one of claims 1-5, wherein step
(b) comprises measuring each component of the magnetic
field at said selected distance prior to installing the
borehole element in the first borehole.
7. The method of one of claims 1-6, wherein the
borehole element has a substantially tubular shape,
wherein the step of measuring at least one component of
the magnetic field includes:

measuring each component of the magnetic field using
an annular device comprising a magnetometer; and

moving the borehole element in axial direction
through the annular device.
8. The method of claim 7, wherein the annular device
is arranged above the first borehole, and wherein the
borehole element is lowered substantially wvertically into

the first borehole through the annular device.
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9. The method of claim 7 or 8, wherein the annular
device is arranged at a drilling site used to drill the
first borehole.

10. The method of any one of claims 6-9, wherein each
component of the magnetic field is measured at a
plurality of axially spaced locations of the borehole
element.

11. The method of any one of claims 7-10, wherein the
annular device is arranged at a relatively short radial
distance with respect to the borehole element.

12. The method of any one of claims 1-11, wherein the
magnetic field is rotationally symmetric relative to a
longitudinal axis of the borehole element, and wherein
the finite element model is a two-dimensional model
involving an axial direction of the borehole element and
a radial direction of the borehole element.

13. The method of one of claims 1-12, wherein the step
of measuring at least one component of the magnetic field
comprises measuring a radial and/or axial component of
the magnetic field.

14. The method of one of c¢laims 1-13, wherein step (f)
comprises calculating the magnetic field in a coordinate
system characterized by an inclination angle and/or an
azimuth angle of the second borehole.

15. The method of claim 14, wherein said calculation
takes into account an inclination angle and/or an azimuth
angle of the first borehole.

16. The method of one of claims 1-15, wherein the step
of measuring the magnetic field comprises measuring the
magnetic field using an electronic multi shot system.
17. The method of any one of claims 1-16, wherein step
(h) comprises determining a high-side-to-target direction

from the second borehole to the first borehole.
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18. The method of any one of claims 1-17, wherein step
(h) comprises determining a relative distance between the
second borehole and the first borehole.

19. The method of any one of claims 1-18, wherein said
position parameter representing a position of the first
borehole comprises a horizontal position of the first
borehole at surface.

20. The method of any of claims 1-19, wherein step (h)
comprises using the adjusted position parameter to update
the finite element model of the magnetic field.

21. The method of any one of claims 1-20, wherein the
first borehole extends through a salt layer of the earth
formation.

22. The method of any one of claims 1-21, wherein the
first borehole is a hydrocarbon well subjected to a
blowout, and the second borehole is a relief well drilled
to intersect the hydrocarbon well.

23. The method of any one of claims 1-22, wherein in at
least one of steps (b) and (d) the measurement result is
corrected for magnetic interference from a source other
than the borehole element.

24. A system for creating a second borehole in an earth
formation at a selected orientation relative to a first
borehole formed in the earth formation, wherein a
position parameter represents a position of the first
borehole, the system comprising:

— a borehole element that generates a magnetic field
and i1s adapted to be arranged in the first borehole;

- a device for measuring at least one component of
the magnetic field at a selected distance from the
borehole element;

— installation means for installing the borehole

element in the first borehole;



10

15

WO 2014/044628

— 24 —

- magnetometer means for measuring the magnetic
field in the second borehole;

- a finite element model of the magnetic field
wherein said at least one component of the magnetic field
is used as a boundary condition for the finite element
model;

- calculating means for calculating the magnetic
field in the second borehole using the finite element
model, for determining a difference between the
calculated magnetic field in the second borehole and the
measured magnetic field in the second borehole, for
adjusting the position parameter so as to minimise said
difference, and for determining a selected direction
dependent on the adjusted position parameter; and

- a drilling device for drilling the second borehole

in the selected direction.

PCT/EP2013/069100
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