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easurements of the magnetic field about the casing string may be utilized to survey and guide driling of a twin well. Such an

approach advantageously obviates the need for simultaneous access to both wells.
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ABSTRACT OF THE DISCLOSURE
A method for magnetizing a wellbore tubular 1s disclosed. The method includes magnetizing
a wellbore tubular at three or more discrete locations on the tubular. In exemplary
embodiments the magnetized wellbore tubular includes at least one pair of opposing magnetic
poles located between longitudinally opposed ends of the tubular. Wellbore tubulars
magnetized in accordance with this invention may be coupled to one another to provide a
magnetic profile about a section of a casing string. Passive ranging measurements of the
magnetic field about the casing string may be utilized to survey and guide drilling of a twin
well. Such an approach advantagéously obviates the need for simultaneous access to both

wells.
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MAGNETIZATION OF TARGET WELL CASING STRING TUBULARS
FOR ENHANCED PASSIVE RANGING
FIELD OF THE INVENTION

The present invention relates generally to drilling and surveying subterranean
boreholes such as for use in oil and natural gas exploration. In particular, this invention
relates to a method of magnetizing a string of wellbore tubulars to enhance the magnetic field
about a target borehole. Moreover this invention also relates to a method of passive ranging
to determine bearing and/or range to such a target borehole during drilling of a twin well.

BACKGROUND OF THE INVENTION

The use of magnetic field measurement devices (e.g., magnetometers) in prior art
subterranean surveying techniques for determining the direction of the earth’s magnetic field
at a particular point i1s well known. The use of accelerometers or gyroscopes in combination
with one or more magnetometers to determine direction is also known. Deployments of such
sensor sets are well known, for example, to determine borehole characteristics such as
inclination, borehole azimuth, positions in space, tool face rotation, magnetic tool face, and
magnetic azimuth (i.e., the local direction in which the borehole is pointing relative to
magnetic north).  Moreover, techniques are also known for using magnetic field
measurements to locate magnetic subterranean structures, such as a nearby cased borehole
(also referred to herein as a target well). For example, such techniques are sometimes used to
help determine the location of a target well, for example, to reduce the risk of collision and/or
to place the well into a kill zone (e.g., near a well blow out where formation fluid is escaping
to an adjacent well).

The magnetic techniques used to sense a target well may generally be divided inb

two main groups; (1) active ranging and (ii) passive ranging. In active ranging, the local
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subterranean environment is provided with an external magnetic field, for example, via a
strong electromagnetic source in the target well. The properties of the external field are
assumed to vary in a known manner with distance and direction from the source and thus in
some applications may be used to determine the location of the target well. The use of
certain active ranging techniques, and limitations thereof, in twin well drilling is discussed in
more detail below.

In contrast to active ranging, passive ranging techniques utilize a preexisting
magnetic field emanating from magnetized components within the target borehole. In
particular, conventional passive ranging techniques generally take advantage of remanent
magnetization in the target well casing string. Such remanent magnetization is typically
residual 1n the casing string because of magnetic particle inspection techniques that are
commonly utilized to inspect the threaded ends of individual casing tubulars.

Various passive ranging techniques have been developed in the prior art to make use
of the aforementioned remanent magnetization of the target well casing string. For example,
as early as 1971, Robinson et al., in U.S. Patent 3,725,777, disclosed a method for locating a
cased borehole having remanent magnetization. Likewise, Morris et al., in U.S. Patent
4,072,200, and Kuckes, in U.S. Patent 5,512,830, also disclose methods for locating cased
boreholes having remanent magnetization. These prior art methods are similar in that each
includes making numerous magnetic field measurements along the longitudinal axis of an
uncased (measured) borehole. For example, Kuckes assumes that the magnetic field about
the target well varies sinusoidally along the longitudinal axis thereof. Fourier analysis
technmiques are then utilized to determine axial and radial Fourier amplitudes and the phase
relationships thereof, which may be processed to compute bearng and range (direction and
distance) to the target borehole. Moreover, each of the above prior art passive ranging

methods makes use of the magnetic field strength and/or a gradient of the magnetic field
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strength to compute a distance to the target well. For example, Morris et al. utilize measured
magnetic field strengths at three or more locations to compute gradients of the magnetic field
strength along the measured borehole. The magnetic field strengths and gradients thereof are
then processed 1n combination with a theoretical model of the magnetic field about the target
well to compute a distance between the measured and target wells.

While the above mentioned passive ranging techniques attempt to utilize the
remanent magnetization in the target well, and thus advantageously do not require positioning
an active magnetic or electromagnetic source in the target borehole, there are drawbacks 1n
their use. For example, the magnetic field strength and pattern resulting from the remanent
magnetization of the casing string tubulars is inherently unpredictable for a number of
reasons. First, the remanent magnetization of the target borehole casing results from
magnetic particle inspection of the threaded ends of the casing tubulars. This produces a
highly localized magnetic field at the ends of the casing tubulars, and consequently at the
casing joints within the target borehole. Between casing joints, the remanent magnetic field
may be so weak that 1t cannot be detected reliably. A second cause of the unpredictable
nature of the remanent magnetism is related to handling and storage of the magnetized
tubulars. For example, the strength of the magnetic fields around the ends of the tubulars
may change as a result of interaction with other magnetized ends during storage of the
tubulars prior to deployment in the target borehole (e.g., in a pile at a job site). Finally, the
magnetization used for magnetic particle inspection is not carefully controlled because the
specific strength of the magnetic field imposed is not important. As long as the process
produces a strong enough field to facilitate the inspection process, the field strength is
sufficient. The resulting field can, therefore, vary from one set of tubulars to another. These

variations cannot be quantified or predicted because no record is generally maintained of the

magnetization process used in magnetic particle inspection.
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Consistent with the above, the Applicant has observed that the magnetic pole
strength may vary from one wellbore tubular to the next by a factor of 10 or more. Moreover,
the magnetic poles may be distributed randomly within the casing string, resulting in a highly
unpredictable magnetic field about the target well. As such, determining distance from
magnetic field strength measurements and/or gradients of the magnetic field strength is
problematic. A related drawback of prior art passive ranging methods that rely on the
gradient of the residual magnetic field strength 1s that measurement of the gradient tends to
be inherently error prone, in particular in regions in which the residual magnetic field
strength of the casing 1s small relative to the local strength of the earth’s magnetic field.

Reliance on such a gradient may cause errors in calculated distance between the measured

and target wells.

McElhinney, in co-pending, commonly assigned U.S. Patent Application Ser. No.
10/705,562, discloses a passive ranging methodology, for use in well twinning applications,
in which two-dimensional magnetic interference vectors are typically sufficient to determine
both the bearing and range to the target well. The two-dimensional interference vectors are
utilized to determine a tool face to target angle (i.e., the direction) to the target well, e.g.,
relative to the high side of the measured well. The tool face to target angles at first and
second longitudinal positions in the measured well may also be utilized to determine distance
to the target well. The McElhinney disclosure addresses certain drawbacks with the prior art
in that neither the strength of the remanent magnetic field nor gradients thereof are required
to determine distance. Moreover, the bearing and range to the target well may be determined
at a single survey station for a downhole tool having first and second longitudinally spaced
magnetic field sensors.

While the above described McElhinney technique and other passive ranging

techniques have been successfully utilized in commercial well twinning applications, their
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effectiveness is limited in certain applications. For example, passive ranging techniques are
limited by the relatively weak remanent magnetic field about the target well and by the
variability of such fields. At greater distances (e.g., greater than about 4 to 6 meters) a weak
or inconsistent magnetic field about the target well reduces the accuracy and rehability of
passive ranging techniques. Even at relatively smaller distances there are sometimes local
regions about the target well where the remanent magnetic field 1s too weak to make accurate
range and bearing measurements. Active ranging techniques, on the other hand, produce a
more consistent and predictable field around the target borehole. For this reason active
ranging techniques have been historically utilized for many well twinning applications.

For example, active ranging techniques are commonly utilized 1n the dnlling of twin
wells for steam assisted gravity drainage (SAGD) applications. In such SAGD applications,
twin horizontal wells having a vertical separation distance typically in the range from about 4
to about 20 meters are drilled. Steam is injected into the upper well to heat the tar sand. The
heated heavy o1l contained 1n the tar sand and condensed steam are then recovered from the
lower well. The success of such heavy oil recovery techniques is often dependent upon
producing precisely positioned twin wells having a predetermined relative spacing in the
horizontal injection/production zone (which often extends up to and beyond 1500 meters in
length). Positioning the wells either too close or too far apart may severely limit production,
or even result in no production, from the lower well.

Prior art methods utilized in drilling such wells are shown on FIGURES 1A and 1B.
In each prior art method, the lower production well 30 is drilled first, e.g., near the bottom of
the oil-bearing formation, using conventional directional drilling and measurement while
drilling (MWD) techniques. In the method shown on FIGURE 1A, a high strength
electromagnet 34 is pulled down through the cased target well 30 via tractor 32 during

dnlling of the upper well 20. An MWD tool 26 deployed in the drill string 24 near drill bit
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22 measures the magnitude and direction of the magnetic field during drilling of the upper
well 20. In the method shown on FIGURE 1B, a magnet 27 is mounted on a rotating collar
portion of drilling motor 28 deployed in upper well 20. A wireline MWD tool 36 1s pulled
(via tractor 32) down through the cased target well 30 and measures the magnitude and
direction of the magnetic field during drilling of the upper well 20. Both methods utilize the
magnetic field measurements (made in the upper well 20 in the approach shown on FIGURE
1A and made 1n the lower well 30 1n the approach shown on FIGURE 1B) to compute a range
and bearing from the upper well 20 to the lower well 30 and to guide continued drilling of the
upper well 20.

The prior art active ranging methods described above, while utilized commercially,
are known to include several significant drawbacks. First, such methods require
simultaneous and continuous access to both the upper 20 and lower 30 wells. As such, the
wells must be started a significant distance from one another at the surface. Moreover,
continuous, stmultaneous access to both wells tends © be labor and equipment intensive (and
therefore expensive) and can also present safety concerns. Second, the remanent
magnetization of the casing string (which is inherently unpredictable as described above) is
known to sometimes interfere with the magnetic field generated by the electromagnetic
source (electromagnet 34 on FIGURE 1A and magnet 27 on FIGURE 1B). While this
problem may be overcome, (e.g., in the method shown on FIGURE 1A magnetic field
measurements are made at both positive and negative electromagnetic source polarities), it is
typically at the expense of increased surveying time, and thus an increase in the time and
expense required to drill the upper well. Third, the above described prior art active ranging
methods require precise lateral alignment between the magnetic source deployed in one well
and the magnetic sensors deployed in the other. Misalignment can result in a misplaced

upper well, which as described above may have a significant negative effect on productivity
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of the lower well. Moreover, the steps taken to assure proper alignment (such as making
magnetic field measurements at multiple longitudinal positions in one of the wells) are time
consuming (and therefore expensive) and may further be problematic in deep wells. Fourh, a
downhole tractor 32 1s often required to pull the magnetic source 34 (or sensor 36 on
FIGURE 1B) down through the lower well 30. In order to accommodate such tractors 32, the
lower well 30 must have a sufficiently large diameter (e.g., on the order of 12 inches or
more). Thus, elimination of the tractor 32 may advantageously enable the use of more cost
effective, smaller diameter (e.g., seven inch) production wells. Moreover, in a few 1nstances,
such downhole tractors 32 have been known to become irretrievably lodged in the lower well
30.

Therefore, there exists a need for improved magnetic ranging methods suitable for
twin well drilling (such as twin well drilling for the above described SAGD applications). In
particular, there exists a need for a magnetic ranging technique that combines advantages of
active ranging and passive ranging techniques without inheriting disadvantages thereof.

SUMMARY OF THE INVENTION

Exemplary aspects of the present invention are intended to address the above
described drawbacks of prior art ranging and twin well drilling methods. One aspect of this
invention includes a method for magnetizing a wellbore tubular such that the wellbore tubular
includes at least three discrete magnetized zones. In one exemplary embodiment, the
wellbore tubular also includes at least one pair of opposing magnetic poles (opposing north-
north and/or opposing south-south poles) locéted between longitudinally opposed ends of the
tubular. A plurality of such magnetized wellbore tubulars may be coupled together and
lowered into the target well to form a magnetized section of a casing string. In such an
exemplary embodiment, the magnetized section of the casing string includes a plurality of

longitudinally spaced pairs of opposing magnetic poles having an average longitudinal
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spacing less than the length of a wellbore tubular. The magnetic field about such a casing
string may be mapped using a mathematical model. Passive ranging measurements of the
magnetic field may be advantageously utilized to survey and guide continued drilling of a
twin well relative to the target well.

Exemplary embodiments of the present invention advantageously combine
advantages of active and passive ranging techniques without inheriting disadvantages
inherent 1n such prior art techniques. For example, when the present invention 1s used, target
well casing strings having a strong, highly uniform remanent magnetic field thereabout may
be configured. Measurements of the remanent magnetic field strength are thus typically
suitable to determine distance to the target well and may be advantageously utilized to drill a
twin well along a predetermined course relative to the target well. Such an approach
advantageously obviates the need for simultaneous access to the target and twin wells (as is
presently required in the above described active ranging techniques). As such, in SAGD
applications, this invention eliminates the use of a downhole tractor in the target well and
thus may enable smaller diameter, more cost effective production wells to be drilled.
Moreover, this invention simplifies twinning operations because it does not typically require
lateral alignment of a measurement sensor in the twin well with any particular point(s) on the
target well.

In one aspect the present invention includes a method for creating a magnetic profile
around a plurality of wellbore tubulars, the magnetic profile operable to enhance subsequent
passive ranging techniques. The method includes magnetizing a wellbore tubular at three or

more locations along a length of the tubular. The method further includes this magnetization

process for each of the plurality of wellbore tubulars.

In another aspect, this invention includes a method for surveying a borehole having

a known or predictable magnetic profile, said profile resulting from controlled magnetization
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of wellbore tubulars. The method includes positioning a downhole tool having a magnetic
field measurement device in the borehole. The downhole tool 1s positioned within sensory
range of a magnetic field from a target well, wherein the target well comprises a plurality of
magnetized wellbore tubulars. The magnetized tubulars are positioned in the target well, and
each magnetized tubular has at least one pair of opposing magnetic poles located between
longitudinally opposed ends of the tubular. The magnetized wellbore tubulars are coupled to
one another. The method further includes measuring a local magnetic field using the
magnetic field measurement device, and processing the measured local magnetic field to
determine at least one of a distance and a direction from the borehole to the target well.

In still another aspect, this invention includes a method for drilling substantially
parallel twin wells. The method includes dnilling a first well and deploying 1n the first well a
casing string, a magnetized section of which includes a plurality of magnetized wellbore
tubulars. The magnetized section of the casing string further includes a plurality of pairs of
opposing magnetic poles, the opposing magnetic poles having an average longitudinal
spacing of less than a length of the magnetized wellbore tubulars. The method further
includes drilling a portion of a second well, the portion of the second well located within
sensory range of magnetic flux from the magnetized section of the casing string and
measuring a local magnetic field in the second well. The method still further includes
processing the measured local magnetic field to determine a direction for subsequent drilling
of the second well and drilling the second well along the direction for subsequent drilling
determined.

The foregoing has outlined rather broadly the features and technical advantages of
the present invention in order that the detailed description of the invention that follows may
be better understood. Additional features and advantages of the invention will be described

hereinafter which form the subject of the claims of the invention. It should be appreciated by
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those skilled in the art that the conception and the specific embodiments disclosed may be
readily utilized as a basis for modifying or designing other structures for carrying out the
same purposes of the present invention. It should also be realize by those skilled in the art
that such equivalent constructions do not depart from the spirit and scope of the invention as
set forth 1in the appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present invention, and the advantages
thereof, reference 1s now made to the following descriptions taken in conjunction with the
accompanying drawings, in which:

FIGURES 1A and 1B depict prior art methods for drilling twin wells.

FIGURES 2A and 2B depict exemplary wellbore tubulars magnetized according to
the principles of the present invention.

FIGURES 3A and 3B depict exemplary methods for magnetizing wellbore tubulars
according to this invention.

FIGURE 4 depicts a casing string including a plurality of wellbore tubulars
magnetized according to this invention.

FIGURE 5A 1s a contour plot of the theoretical magnetic flux density about the
casing string shown on FIGURE 4.

FIGURE 5B 1s a plot of the magnetic field strength versus measured depth at radial
distances of 5, 6, and 7 meters.

FIGURE 6 depicts one exemplary method of this invention for drilling twin wells.

FIGURE 7 1s a cross sectional view of FIGURE 6.

FIGURE 8 depicts an exemplary closed loop control method for controlling the

direction of drilling of a twin well relative to a target well.
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DETAILED DESCRIPTION

FIGURES 2A through 2C show schematic illustrations of wellbore tubulars 100 and
100’ magnetized according to exemplary embodiments of this invention. Tubulars 100 and
100’ include a plurality of discrete magnetized zones 120 (typically three or more). Each
magnetized zone 120 may be thought of as a discrete cylindrical magnet having a north N
pole on one longitudinal end thereof and a south S pole on an opposing longitudinal end
thereof. Moreover, the tubulars 100 and 100’ are magnetized such that they include at least
one pair of opposing north-north NN or south-south SS poles 125. Such opposing magnetic
poles effectively focus magnetic flux outward from or inward towards the tubular as shown at
115 on FIGURES 2A and 2B. In the exemplary embodiment shown on FIGURE 2A, tubular
100 includes 16 discrete magnetized zones 120 configured such that tubular 100 also includes
a single pair of opposing NN poles 125 located at about the midpoint along the length
thereof. Alternative embodiments include at least three pairs of opposing poles. For
example, in the exemplary embodiment shown on FIGURE 2B, tubular 100’ includes 16
discrete magnetized zones 120 configured such that tubular 100’ includes four pairs of
opposing NN poles and three pairs of opposing SS poles (for a total of seven pairs of
opposing magnetic poles) spaced at substantially equal intervals along the length of tubular
100°.

It will be appreciated that this invention is not limited to any particular number or
location of the pairs of opposing NN and/or SS poles. Rather, the magnetized tubulars may
include substantially any number of pairs of opposing NN and/or SS poles located at
substantially any positions on the tubulars. Moreover, while FIGURES 2A and 2B show
tubulars having 16 discrete magnetized zones 120, this invention is not limited to tubulars
having any particular number of discrete magnetized zones. Rather, tubulars magnetized in

accordance with this invention will include substantially any number of magnetized zones
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120, although exemplary embodiments including six or more magnetized zones may be
advantageous for certain applications in that tubulars having a greater number of magnetized
zones tend to have a higher magnetic field strength thereabout (other factors being equal).

It will be appreciated that FIGURES 2A and 2B are simplified schematic
representations of exemplary embodiments of tubular magnetization. In practice, tubular
magnetization may be, in some cases, more complex. This may be ilustrated, for example,
with further reference to FIGURE 2C, which shows a more detailed view of the
magnetization of a portion of tubular 100 shown on FIGURE 2A. In the exemplary
embodiment shown, magnetized zones 120 are longitudinally spaced at some interval along
tubular 100 with less magnetized zones 121 interspersed therebetween. In such a
configuration, the degree of magnetization 123 in tubular 100 is relatively high in the region
of the magnetized zones 120 and tails off to a minimum (or even to substantially non
magnetized) in the less magnetized zones 121. It will be understood that the invention is not
limited in this regard.

Referring now to FIGURES 3A and 3B, exemplary tubulars may be magnetized
according to substantially any suitable technique. For example, FIGURE 3A illustrates a
preferred arrangement for magnetizing a wellbore tubular in which an electromagnetic coil
210 (often referred to in the art as a “gaussing coil”) having a central opening (not shown) is
deployed about an exemplary tubular 200. Such coils 210, which are commonly used in the
art to magnetize the threaded ends of well bore tubulars, are suitable to magnetize
substantially any number of discrete zones along the length of the tubular 200 (as shown on
FIGURES 2A through 2C). For example, in one exemplary approach, a coil 210 may be
located about one portion of the tubular 200. A direct electric current may then be passed
through the windings in coil 210, which imparts a substantially permanent strong

magnetization to the tubular 200 in the vicinity of the coil 210 (e.g., magnetized zone 120
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shown on FIGURE 2C). The degree of magnetization in tubular 200 decreases with
increasing longitudinal distance from the coil 210 (e.g., as shown in less magnetized zones
121 shown on FIGURE 2C). After some period of time (e.g., 5 to 15 seconds), the current
may be interrupted and the coil 210 moved longitudinally to another portion of tubular 200
where the process is repeated. Such an approach may result, for example, 1n a magnetized
tubular as shown on FIGURE 2C, in which magnetized zones 120 are longitudinally spaced
along the length of the tubular with less magnetized zones 121 interspersed therebetween. As
described above tubulars magnetized in accordance with this invention may include
substantially any number of magnetized zones 120 with substantially any longitudinal
spacing therebetween.

With continued reference to FIGURES 3A and 3B, opposing magnetic poles may be
imposed, for example, by changing the direction (polarity) of the electric current between
adjacent zones. Alternatively, the coil 210 may be redeployed on the tubular 200 such that
the electric current flows in the opposite circumferential direction about the tubular 200. In
this manner, a tubular may be magnetized such that substantially any number of discrete
magnetic zones (e.g., zones 120 shown on FIGURES 2A through 2C) may be imposed on the
tubular 200 to form substantially any number of pairs of opposing magnetic poles (e.g.,
opposing poles 125 shown on FIGURES 2A and 2B). The use of an electromagnetic coil 210
deployed about the tubular 200 may be advantageous in that such an electromagnetic coil 210
imparts a magnetic field having flux lines substantially parallel with the axis of the tubular.

In certain embodiments, it may be advantageous to provide the coil 210 with
magnetic shielding (not shown) deployed on one or both of the opposing longitudinal ends of
the coil 210. The use of magnetic shielding is intended to localize the imposed magnetization
in the tubular, for example, by reducing the amount of magnetic flux (provided by the coil)

that extends longitudinally beyond the coil. In one exemplary embodiment, such magnetic
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shielding may include, for example, a magnetically permeable metallic sheet deployed on the
longitudinal face of the coil 210.

Moreover, 1t will be appreciated that electromagnetic coil 210 may be traversed
longitudinally along all or some portion of the length of tubular 200 during magnetization
thereof. For example, tubular 200 may be held substantially stationary relative to the earth
while coil 210 is traversed therealong (alternatively the coil may be held stationary while the
tubular 1s traversed therethrough, for example, while being lowered into a borehole). In such
arrangements, slower movement of the coil (or tubular) tends to result in a stronger
magnetization of the tubular (for a given electrical current in the coil). To form a pair of
opposing magnetic poles the direction (polarity) of the electric current may be changed, for
example, when the coil 210 reaches some predetermine location (or locations) on the tubular
200.

It will also be appreciated that, in accordance with this invention, wellbore tubulars
may also be magnetized via a magnetic and/or electromagnetic source deployed internal to
the tubular (although in general external magnetization is preferred). For example, FIGURE
3B, shows an internal electromagnetic source 210’ (e.g., including a magnetic core having a
winding wrapped thereabout) deployed in the through bore 202’ of tubular 200°. Such an
internal electromagnetic source 210’ may be used to magnetize individual wellbore tubulars
or, alternatively, lowered into a cased borehole to magnetize a section of a predeployed
casing string. Tubular 200’ may be magnetized, for example, as described above with respect
to FIGURE 3A, via moving source 210’ to discrete locations in the tubular 200°. Opposing
poles may likewise be formed via occasional current reversals as described above. Moreover,

source 210" may also include magnetic shielding (not shown) to localize tubular

magnetization to more discrete zones.
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Turning now to FIGURE 4, one exemplary embodiment of a casing string 150
including a plurality of premagnetized tubulars 100 is shown. In the exemplary embodiment
shown, casing string 150 includes about four times as many pairs of opposing poles 125 as
tubulars 100 (three on each tubular 100 and one at each joint 135 between adjacent tubulars
100”). The pairs of opposing poles 125 are spaced at intervals of about one fourth the length
of tubular 100” (e.g., at intervals of about 2.5 meters for a casing string including 10 meter
tubulars). Casing strings (or sections thereof) magnetized in accordance with this invention
include a plurality of pairs of opposing poles with the longitudinal spacing between adjacent
pairs of opposing poles less than that of the length of a single tubular (e.g., between about one
half and one twelfth the length of the tubulars). In other words, casing strings (or sections
thereof) magnetized in accordance with this invention include a greater number of pairs of
opposing poles than tubulars (e.g., between about 2 and 12 times the number of pairs of
opposing poles as tubulars).

It will be appreciated that the preferred spacing between pairs of opposing poles
depends on many factors, such as the desired distance between the twin and target wells, and
that there are tradeoffs in utilizing a particular spacing. In general, the magnetic field
strength about a casing string (or section thereof) becomes more uniform along the
longitudinal axis of the casing string with reduced spacing between the pairs of opposing
poles (1.€., increasing ratio of pairs of opposing poles to tubulars). However, the falloff rate
of the magnetic field strength as a function of radial distance from the casing string tends to
increase as the spacing between pairs of opposing poles decreases. Thus, it may be
advantageous to use a casing string having more closely spaced pairs of opposing poles for
applications in which the distance between the twin and target wells is relatively small and to
use a casing string having a greater distance between pairs of opposing poles for applications

m which the distance between the twin and target wells is larger. Moreover, for some
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applications it may be desirable to utilize a casing string having a plurality of magnetized
sections, for example a first section having a relatively small spacing between pairs of
opposing poles and a second section having a relatively larger spacing between pairs of
opposing poles.

The magnetic field about exemplary casing strings may be modeled, for example,
using conventional finite element techniques. Figure 5SA shows a contour plot of the flux
density about the casing string configuration shown on FIGURE 4. As described above,
casing string 150 includes four pairs of opposing magnetic poles per tubular 100”. As also
described above, each tubular 100” is configured to include 16 discrete magnetic zones.
Further, 1n this exemplary model, each tubular has a length of 10 meters and a diameter of 0.3
meters, which 1s consistent with lower well dimensions in SAGD applications. It will be
appreciated that this invention is not limited by exemplary model assumptions. As shown on
FIGURE 5A, the magnetic field strength (flux density) is advantageously highly uniform
about the casing string, with the contour lines essentially paralleling the casing string at radial
distances greater than about three meters.

It will be appreciated that the terms magnetic flux density and magnetic field are
used mterchangeably herein with the understanding that they are substantially proportional to
one another and that the measurement of either may be converted to the other by known

mathematical calculations.

A mathematical model, such as that described above with respect to FIGURE 5A,
may be utilized to create a map of the magnetic field about the target well as a function of
measured depth. In one exemplary embodiment, magnetic field measurements about each
magnetized tubular made prior to its deployment in the target well may enhance such a map.
In this manner, the measured magnetic properties of each tubular may be included as input

parameters in the model. During twinning of the target well, magnetic field measurements
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(such as x, y, and z components measured by a tri-axial magnetometer) may be input into the
model (e.g., into a look up table or an empirical algorithm based on the model) to determine
the distance and direction to the target well.

Turning now to FIGURE 5B, the magnetic field strength verses measured depth
(longitudinal position along the casing string) is shown at radial distances of 5, 6, and 7
meters from the casing string shown on FIGURE 4. As shown, the magnetic field strength is
approximately constant along the length of the casing string at any particular radial distance
(e.g., within a few percent at a radial distance of 6 meters). Moreover, the magnetic field
strength 1s shown to decrease with increasing radial distance (decreasing from about 0.9 to
0.3 Gauss between a radial distance of 5 and 7 meters). It will be appreciated that during
exemplary twinning applications of such a target well, the radial distance to the target well
may be determined and controlled based simply on magnetic field strength measurements.
As described in more detail below, the direction to the target well may likewise be controlled
based on measurements of the direction of the magnetic field in the planeof the tool face.

Turning now to FIGURE 6, one exemplary technique in accordance with this
invention 1s shown for drilling twin wells, for example, for the above described SAGD
applications. In the exemplary embodiment shown, the lower (target) borehole 30’ is drilled
first, for example, using conventional directional drilling and MWD techniques. However,
the mvention is not limited in this regard. The target borehole 30’ is then cased using a
plurality of premagnetized tubulars (such as those shown on FIGURES 2A and/or 2B as
described above). As also described above, the use of a premagnetized casing string results
in an enhanced magnetic field around the target borehole 30°. Measurements of the enhanced
magnetic field may then be used to guide subsequent drilling of the twin well 20°. In the
embodiment shown, drill string 24 includes a tri-axial magnetic field measurement sensor

212 deployed in close proximity to the drill bit 22. Sensor 212 is used to passively measure
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the magnetic field about target well 30°. Such passive magnetic field measurements are then
utilized to guide continued drilling of twin well 20’ along a predetermined path relative to the
target well 30°, for example, via comparing them to a map of the magnetic field about the
target well 30’ as described above with respect to FIGURES 5A and 5B.

It will be appreciated that this invention is not limited to drilling the lower well first.
Nor 1s this invention limited to a vertical separation of the boreholes, or to SAGD
applications. Rather, exemplary methods in accordance with this invention may be utilized to
drill twin wells having substantially any relative orientation for substantially any application.
For example, embodiments of this invention may be utilized for river crossing applications
(such as for underwater cable runs).

With continued reference to FIGURE 6, exemplary embodiments of sensor 212 are
shown to include three mutually orthogonal magnetic field sensors, one of which is oriented
substantially parallel with the borehole axis. Sensor 212 may thus be considered as
determining a plane (defined by By and By) orthogonal to the borehole axis and a pole (B2)
parallel to the borehole axis, where By, By, and Bz represent measured magnetic field vectors
in the x, y, and z directions. As described in more detail below, exemplary embodiments of
this invention may only require magnetic field measurements in the plane of the tool face (By
and By as shown on FIGURE 6).

The magnetic field about the magnetized casing string may be measured and
represented, for example, as a vector whose orientation depends on the location of the
measurement point within the magnetic field.  In order to determine the magnetic field
vector due to the target well (e.g., target well 30°) at any point downhole, the magnetic field
of the earth is subtracted from the measured magnetic field vector. The invention is not
limited in this regard, since the magnetic field of the earth may be included in a mathematical

model, such as that described above with respect to FIGURES 5A and 5B. The magnetic
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field of the earth (including both magnitude and direction components) is typically known,
for example, from previous geological survey data. However, for some applications 1t may
be advantageous to measure the magnetic field in real time on site at a location substantially
free from magnetic interference, e.g., at the surface of the well or in a previously dnliled well.
Measurement of the magnetic field in real time i1s generally advantageous inthat it accounts
for time dependent vanations in the earth’s magnetic field, e.g., as caused by solar winds.
However, at certain sites, such as an offshore drilling rig, measurement of the earth’s
magnetic field in real time may not be practical. In such instances, it may be preferable to
utilize previous geological survey data in combination with suitable interpolation and/or
mathematical modeling (i.e., computer modeling) routines.

The earth’s magnetic field at the tool may be expressed as follows:

M, = H (cosDsim Azcos R + cos D cos Az cos Incsin R —sin Dsin Incsin R)
M., =H,(cosDcos Azcos Inccos R + sin Dsin Inccos R —cos Dsin Azsin R)

M ., = H (sin DcosInc—-cos Dcos Az sin Inc) Equation 1

where Mgy, Mgy, and Mgz represent the x, y, and z components, respectively, of the
earth’s magnetic field as measured at the downhole tool, where the z component is aligned
with the borehole axis, Hr 1s known (or measured as described above) and represents the
magnitude of the earth’s magnetic field, and D, which is also known (or measured),
represents the local magnetic dip. Inc, Az, and R represent the Inclination, Azimuth and
Rotation (also known as the gravity tool face), respectively, of the tool, which may be
obtained, for example, from conventional gravity surveying techniques. However, as
described above, 1n various relief well applications, such as in nearhorizontal wells, azimuth
determination from conventional surveying techniques tends to be unreliable. In such

applications, since the measured borehole and the target borehole are essentially parallel (i.e.,
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within a five or ten degrees of being parallel), Az values from the target well, as determined,
for example in a historical survey, may be utilized.

The magnetic field vectors due to the target well may then be represented as follows:

My =By -Mg,
M, =B, -M,,
M_,=B,-M,_, Equation 2

where Mryx, Mry, and M7z represent the x, y, and z components, respectively, of the
magnetic field due to the target well and By, By, and Bz, as described above, represent the
measured magnetic field vectors 1n the x, y, and z directions, respectively.

The artisan of ordinary skill will readily recognize that in determining magnetic field
vectors about the target well 1t may also be necessary to subtract other magnetic field
components from the measured magnetic field vectors. For example, such other magnetic
field components may be the result of drill string and/or drilling motor interference.
Techniques for accounting for such interference are well known in the art. Moreover,
magnetic interference may emanate from other nearby cased boreholes. In SAGD
applications in which multiple sets of twin wells are drilled in close proximity, it may be
advantageous to incorporate the magnetic fields of the various nearby wells into a

mathematical model.

The magnetic field strength due to the target well may be represented as follows:

M=M2 + M2 + M2 Equation 3
where M represents the magnetic field strength due to the target well and Myy, M7y,

and M7z are defined above with respect to Equation 2.
Turning now to FIGURE 7, a cross section as shown on FIGURE 6 is depicted
looking down the longitudinal axis of the target well 30°. Since the axes of the twin well and

the target well are approximately parallel, the view of FIGURE 7 is also essentially looking
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down the longitudinal axis of the twin well 20°. The magnetic flux lines 65 emanating from
the target well 30’ are shown to substantially intersect the target well 30’ at a point T. Thus a
magnetic field vector 70 determined at the twin well 20°, for example, as determined by
Equations 1 and 2, provides a direction from the twin well 20’ to the target well 30°. Since
the twin well 20° and target well 30’ are typically essentially parallel, determination of a two-
dimensional magnetic field vector resulting from the target well 30’ (e.g., in the plane of the
tool face defined by Bx and By on FIGURE 6) i1s advantageously sufficient for determining
the direction from the twin well 20’ to the target well 30°. Such two-dimensional magnetic
field vectors may be determined, for example, by solving for M7y and Myy in Equation 2.
Thus measurement of the magnetic field in two dimensions (By and By) may be sufficient for
determining the direction from the twin well 20’ to the target well 30°. Nevertheless, for
certain applications it may be preferable to measure the magnetic field in three dimensions.

A tool face to target (TFT) angle may be determined from the x and y components

of the magnetic field due to the target well (Mzy and M7y in Equation 2) as follows:

TFT = arctan( Aﬂj” )+ arctan(—Gi) Equation 4

TY Gy

where TFT represents the tool face to target angle, M7y and M7y represent the x and
y components, respectively, of the magnetic field vector due to the target well, and Gy and Gy
represent x and y components of the gravitational field in the twin well (e.g., measured via
accelerometers deployed near sensor 212 shown on FIGURE 6). As shown on FIGURE 7,
the TFT indicates the direction from the twin well 20’ to the target well 30’ relative to the
high side of the twin well 20°. For example, a TFT of 180 degrees, as shown on FIGURE 7,
indicates that the target well 30’ is directly below the twin well 20’ (as desired in a typical
SAGD twinning operation). It will be appreciated that in certain quadrants, Equation 4 does
not fully define the direction from the measured well 20 to the target well 30°. Thus in such

applications, prior knowledge regarding the general direction from the measured well to the
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target well (e.g., upwards, downwards, left, or right) may be utilized in combination with the
TFT values determined in Equation 3. It will be appreciated that TFT may also be expressed
relative to substantially any reference such as high side, right side, etc. The invention is not
limited in this regard.

With reference again to FIGURE 6 and as described above, a typical SAGD
application requires that a horizontal portion of the twin well is drilled a substantially fixed
distance substantially directly above a horizontal portion of the target well (i.e., notdeviating
more than about 1-2 meters up or down or to the left or right of the lower well). As also
described above, the separation distance between the two wells may be maintained by
controlling the dnlling direction such that the magnetic field strength is maintained within a
predetermined range (based upon the particular distance required and the magnetization
characteristics of the wellbore tubulars). The placement of the twin well substantially
directly above the target well may be maintained by controlling the drilling direction such
that the TFT angle is maintained within a predetermined range of 180 degrees. At a TFT
angle of 180 degrees, the twin well resides directly above the target well. Table 1
summarizes exemplary TFT tolerances for separation distances of 6 and 12 meters and left
right tolerances of 1 and 2 meters. For example, to maintain a left right tolerance of + 1
meter at a separation distance of 6 meters requires that twin well be drilled such that the TFT
1s maintained at 180 + 9 degrees. Likewise, to maintain a left right tolerance of + 2 meters at
a separation distance of 6 meters requires that the TFT be maintained at 180 + 19 degrees.

TABLE 1

+/-2 meters | + 19 degrees | + 9 degrees
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While the passive ranging techniques described herein require only a single magnetic
field sensor (e.g., sensor 212 on FIGURE 6), it will be appreciated that embodiments of this
invention may be further enhanced via the use of a second magnetic field sensor
longitudinally offset from the first sensor. The use of two sets of magnetometers typically
improves data density (i.e., more survey points per unit length of the twin well), reduces the
time required to gather passive ranging vector data, increases the quality assurance of the
generated data, and builds in redundancy. Moreover, in certain applications, determination of
the TFT at two or more points along the twin well may be sufficient to guide continued
drilling thereof. Additionally, and advantageously for embodiments including first and
second longitudinally spaced magnetic field sensors, comparison of TFT at the first and
second sensors indicates the relative direction of drilling of the twin well with respect to the
target well. Further, since the drill bit 1s typically a known distance below the lower sensor, a
TFT at the drill bit may be determined by extrapolating the TFT values from the first and
second sensors.

The drilling direction of the twin well relative to the target well may be controlled
by substantially any known method. The invention is not limited in this regard. For
example, in one exemplary embodiment, magnetic field measurements may be transmitted to
the surface (1.e., via any conventional telemetry technique) where they are input into a
numerical model (e.g., a magnetic field map as described above with respect to FIGURES 5A
and 5B) to determine the direction and distance to the target well. The direction and distance
may be compared to desired values to determine any necessary changes to the drilling
direction. Such changes in the drilling direction may then, for example, be used to compute
changes to the blade positions of a steering tool (e.g., a three-dimensional rotary steerable

tool), which may then be transmitted back downhole. Alternatively, the magnetic field
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measurements may be utilized to compute magnetic field strength and TFT, which may then
be utilized to determine changes to the drilling direction (if necessary).

Moreover, 1t will be appreciated that the drilling direction of the twin well may be
controlled relative to the target well using closed loop control. In general, closed loop control
of the drilling direction includes determining changes in the drilling direction of the twin well
downhole (e.g., at a downhole controller) based on the magnetic field measurements. Such
closed loop control advantageously minimizes the need for communication between a drilling
operator and the bottom hole assembly, thereby preserving normally scarce downhole
communication bandwidth and reducing the time necessary to drill a twin well. Closed loop
control of the drilling direction may also advantageously enable control data (magnetic field
measurements) to be acquired and utilized at a significantly increased frequency, thereby
improving control of the drilling process and possibly reducing tortuosity of the twin well.

Referring now to FIGURE 8, one exemplary control method 300 is illustrated for
controlling the direction of drilling a twin well relative to a target well. As shown at 305,
magnetic field data 1s acquired, for example, using a tri-axial magnetometer (e.g., sensor 212
on FIGURE 6). The magnetic field strength due to the target well and the tool face to target
angle are then computed downhole at 310 based on the measured magnetic field data. At 315
a controller (not shown) compares the magnetic field strength and TFT computed at 310 with
a desired field strength and TFT 320 (e.g., preprogrammed into the controller or received via
occasional communication with the surface). The comparison may include, for example,
subtracting the computed magnetic field strength from the desired magnetic field strength and
subtracting the computed TFT from the desired TFT to determine offset values. The offset
values may then be utilized to compute a new drilling direction (if necessary), which in turn
may be utilized to compute new steering tool blade positions at 325. For example, the above

described offset values may be used in combination with a look up table or a predetermined
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algorithm to determine the new steering tool blade positions. The steering tool blades may
then be set to the new positions (if necessary) at 330 prior to acquiring new magnetic field
measurements at 305 and repeating the loop.

It will be appreciated that closed loop control methods, such as that described
above, may be utilized to control the direction of drilling over multiple sections of a well (or
even, for example, along an entire well plan). This may be accomplished, for example, by
dividing a well plan into a plurality of sections, each having desired magnetic field properties
(e.g., magnetic field strength and TFT). Such a well plan would typically further include
predetermined inflection points between the sections. The inflection points may be defined
by substantially any method known in the art, such as by predetermined inclination, azimuth,
and/or measured depth. Altematively, an inflection point may be defined by a magnetic
beacon (or anomaly) premagnetized into the target casing string. During drilling of a multi-
section twin well, the drilling direction of the twin well may be controlled with respect to the
target well 1 each section, for example, as described above with respect to FIGURES. In
this manner, an entire twin well may potentially be drilled according to a predetermined well
plan without intervention from the surface. Surface monitoring and/or interrupt may then be
by way of supervision of the downhole-controlled drilling. Alternatively, directional drilling
can be undertaken, if desired, without communication with the surface.

In certain applications it may be advantageous to determine the location of the

magnetic sensor deployed in the twin well (e.g., sensor 212 on FIGURE 6) relative to one of

the pairs of opposing poles on the target well casing string. The longitudinal position of the
magnetic sensor relative to one of the pairs of opposing poles may be determined, for
example, via measuring the component of the magnetic flux density parallel to the
longitudinal axis of the twin well (the z direction as shown on FIGURE 6). It will be

appreciated that the longitudinal component of the magnetic flux density is substantially zero
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(a minimum) at the pairs of opposing poles and increases to a maximum at about the mid
point between two pairs of adjacent opposing poles. Conversely, the radial component
(determined from the x and y directions shown on FIGURE 6) may be likewise utilized with
the understanding that the radial component of the magnetic flux density is at a maximum
adjacent to the pairs of opposing poles and at a minimum at about a mid point between the
pairs of opposing poles. By monitoring the longitudinal and/or radial components of the
magnetic field, any mismatch between the measured depths of the two wells may be
accounted. In one advantageous embodiment, the longitudinal component of the magnetic
field may be transmitted uphole in substantially real time during drilling (e.g., via mud pulse
telemetry). Such dynamic surveying enables the relative longitudinal position between the
two wells to be monitored in real time.

It will be understood that various aspects and features of the present invention may be
embodied as logic that may be represented as instructions processed by, for example, a
computer, a microprocessor, hardware, firmware, programmable circuitry, or any other
processing device well known in the art. Similarly the logic may be embodied on software
suitable to be executed by a processor, as is also well known in the art. The invention is not
limited 1n this regard. The software, firmware, and/or processing device may be included, for
example, on a downhole assembly in the form of a circuit board, on board a sensor sub, or
MWD/LWD sub. Alternatively the processing system may be at the surface and configured
to process data sent to the surface by sensor sets via a telemetry or data link system also well
known 1n the art. Electronic information such as logic, software, or measured or processed

data may be stored in memory (volatile or non-volatile), or on conventional electronic data

storage devices such as are well known in the art.

[0002] The magnetic field sensors referred to herein are preferably chosen from among

commercially available sensor devices that are well known in the art. Suitable magnetometer
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packages are commercially available from MicroTesla, Ltd., or under the brand name Tensor

(TM) by Reuter Stokes, Inc. It will be understood that the foregoing commercial sensor
packages are identified by way of example only, and that the invention i1s not limited to any
particular deployment of commercially available sensors.

Although the present invention and its advantages have been described in detail, it
should be understood that various changes, substitutions and alternations can be made herein

without departing from the spirit and scope of the invention as defined by the appended

claims.
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CLAIMS
[ claim:

1. A method for creating a magnetic profile around a plurality of wellbore
tubulars, the magnetic profile operable to enhance subsequent passive ranging techmques, the
method comprising:

(a) magnetizing a wellbore tubular at three or more locations along a length of the
tubular; and,

(b) repeating (a) for each of the plurality of wellbore tubulars.

2. The method of claim 1, wherein the tubular in (a) is magnetized at six or more

locations along the length of the tubular.

3. The method of claim 1, wherein (a) further comprises magnetizing the tubular

with an electromagnetic coil positioned around an outer circumference of the tubular.

4. The method of claim 1, further comprising positioning a magnetic shield

adjacent to a magnetization source positioned around an outer circumference of the tubular.

5. The method of claim 1, wherein (a) further comprises magnetizing the tubular

with an electromagnetic coil positioned within the tubular.

6. The method of claim 1, wherein (a) further comprises magnetizing the tubular

such that at least one pair of opposing magnetic poles i1s located between the longitudinally

opposed ends thereof.
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7. The method of claim 6, wherein each of said magnetized wellbore tubulars

includes at least three pairs of opposing magnetic poles.

8. The method of claim 1, further comprising:

(¢) coupling a first wellbore tubular to a second wellbore tubular.

9, The method of claim 8, wherein the first wellbore tubular or the second
wellbore tubular is magnetized in accordance with (a), but where the first wellbore tubular

and the second wellbore tubular are not both magnetized in accordance with (a).

10. The method of claim 8, wherein the first wellbore tubular and the second

wellbore tubular are both magnetized in accordance with (a).

11.  The method of claim 8, further comprising:

(d) lowering the coupled wellbore tubulars 1nto a borehole.

12.  The method of claim 1, further comprising:

(c) measuring a magnetic field strength at each of the magnetized locations along

the length of the tubular.

13. The method of claim 12, further comprising:
(d) inputting the magnetic field strength measurements into a mathematical model

to generate a magnetic field map.

14.  The method of claim 6, wherein (a) further comprises magnetizing a wellbore

tubular positioned in a borehole.
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15.  The method of claim 14, wherein (a) further comprises magnetizing coupled
wellbore tubulars positioned in a borehole.
16. A method for creating a magnetic profile around a length of coupled wellbore

tubulars, the magnetic profile operable to enhance subsequent passive ranging techniques the
method comprising:

(a) magnetizing a tubular at three or more locations along a length of the tubular,
such that the magnetized tubular includes at least one pair of opposing magnetic poles located

between the longitudinally opposed ends thereof;
(b) repeating (a) for each of a plurality of wellbore tubulars; and

(C) coupling at least two of the magnetized wellbore tubulars to one another.

17.  The method of claim 16, wherein the wellbore tubular magnetized in (a)

comprises at least three opposing magnetic poles.

18. The method of claim 16, wherein the length of coupled wellbore tubulars has a
ratio of pairs of opposing magnetic poles to wellbore tubulars in the range from about 2 to

about 12.

19.  The method of claim 16, wherein an average longitudinal spacing between the

pairs of opposing magnetic poles 1s less than an average length of the magnetized wellbore

tubulars.
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20.  The method of claim 19, wherein the longitudinal spacing of the pairs of
opposing magnetic poles 1s in the range from about one half to about one twelfth the average

length of the wellbore tubulars.

21.  The method of claim 16, wherein (a) further comprises magnetizing the

wellbore tubular at six or more locations along the length of the wellbore tubular.

22. The method of claim 16, wherein (a) further comprises magnetizing the

tubular with an electromagnetic coil positioned around an outer circumference of the tubular.

23.  The method of claim 16, further comprising:

(d) measuring a magnetic field at each of the magnetized locations along the

length of each magnetized tubular.

24.  The method of claim 16, further comprising:

(e) inputting said magnetic field measurements into a mathematical model to

generate a magnetic field map about the length of coupled wellbore tubulars.

25.  The method of claim 16, further comprising:
(d) lowering the wellbore tubulars into a borehole.

26. A method for creating a magnetic profile around a wellbore tubular, the

magnetic profile operable to enhance subsequent passive ranging techniques, the method

comprising:



CA 02490953 2004-12-20

32

(a) providing a magnetic field generating device in proximity with a wellbore
tubular, the magnetic field generating device producing magnetic flux that intersects at least a
portion of the wellbore tubular; and

(b) creating relative motion between the magnetic field generating device and the
wellbore tubular along at least a portion of a length of the wellbore tubular, such that the
magnetic field generating device magnetizes at least two discrete portions of the welbore
tubular, the at least two discrete portions providing at least one pair of opposing magnetic

poles located between longitudinally opposed ends of the wellbore tubular.

27. The method of claim 26, wherein:
(a) comprises providing an electromagnetic coil about the wellbore tubular; and

(b) comprises moving the coil along the longitudinal axis of the wellbore tubular.

28. The method of claim 26, wherein:

(a) comprises providing an electromagnetic coil about the wellbore tubular; and

(b) comprises lowering the wellbore tubular through the electromagnetic coil into a

borehole.

29.  The method of claim 26, wherein (b) further comprises maintaining the

magnetic field generating device in a generally stationary position while moving the wellbore

tubular.

30. A method for surveying a borehole having a known or predictable magnetic

profile, said profile resulting from controlled magnetization of wellbore tubulars, the method

comprising;:
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(a) positioning a downhole tool having a magnetic field measurement device m
the borehole, said tool positioned within sensory range of a magnetic field from a target well,
wherein

(i) the target well comprises a plurality of magnetized wellbore tubulars positioned 1n
the target well, each magnetized wellbore tubular having at least one pair of opposing
magnetic poles located between longitudinally opposed ends of the wellbore tubular, and said
magnetized wellbore tubulars coupled to one another;

(b) measuring a local magnetic field using the magnetic field measurement
device; and,

(c) processing the local magnetic field measured in (b) to determine at least one of

(1) a distance or (i1) a direction from the borehole to the target well.

31.  The method of claim 30, wherein the plurality of magnetized wellbore

tubulars has a ratio of pairs of opposing magnetic poles to magnetized wellbore tubulars 1n a

range of from about 2 to about 12.

32.  The method of claim 30, wherein the pairs of opposing magnetic poles
have an average longitudinal spacing in the range of about one half to about one twelfth the

average length of the magnetized wellbore tubulars.

33. The method of claim 30, wherein the magnetic field measurement

device includes a tri-axial magnetometer.

34, The method of claim 30, wherein (b) further comprises measuring a first and

second orthogonal magnetic field vectors.
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35. The method of claim 34, wherein (b) further comprises measuring a third
orthogonal magnetic field vector.
36. The method of claim 30, wherein the processing in (c) further comprises:

(1) processing (i) the local magnetic field measured m (b) and (11) a reference
magnetic field to determine a portion of the local magnetic field attributable to the target
well;

(2)  processing the portion of the local magnetic field attributable to the target

well to determine at least one of (1) a distance or (1) a direction from the borehole to the

target well.

37.  The method of claim 36, wherein the reference magnetic field 1s measured at a

site substantially free of magnetic interference.

38. The method of claim 36, wherein the portion of the local magnetic field

attributable to the target well 1s determined according to the equations:

M, :BX —MEX
Mpy =B, —Mpg,
My, =8B,—Mg,

wherein M7y, Mry, and M7z represent x, y, and z components of the portion of the local

magnetic field attributable to the target well, By, By, and B represent x, y, and z components

of the local magnetic field, and Mgy, Mgy, and Mgz represent x, y, and z, components of the

reference magnetic field.
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39.  The method of claim 36, wherein (c) further comprises:

(3) determining a field strength of the local magnetic field attributable to the

target well; and

(4)  processing the field strength to determine the distance from the borehole to the

target well.

40. The method of claim 39, wherein the field strength 1s determined according to

the equation:

M =M2 + M2, + M2,
wherein M represents the field strength and M7y, Mry, and M7z represent x, y, and z

components of the portion of the local magnetic field attributable to the target well.

41. The method of claim 39, wherein processing the field strength 1n (4)
comprises inputting the field strength into a mathematical model, the mathematical model

including a computed magnetic field map about the target well.

42. The method of claim 36, wherein (c) further comprises:
(3) determining a tool face to target of the local magnetic field attributable to the

target well; and

(4) processing the tool face to target to determine the direction from the borehole

to the target well.

43.  The method of claim 42, wherein the tool face to target is determined

according to the equation:
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TFT = arctan(M” ) + arctan(-—-q{)
M., Gy

wherein TFT represents the tool face to target, Mry and M7y represent x and y

components of the portion of the local magnetic field attributable to the target well, and Gx

and Gy represent x and y components of a local gravitational field.

44.  The method of claim 30, wherein the downhole tool comprises first and

second longitudinally spaced magnetic field sensors.

45, The method of claim 30, wherein:

(b) further comprises measuring a longitudinal component of the local magnetic
field using the magnetic field measurement device; and

(¢) further comprises processing the longitudinal component measured in (b) to
determine a longitudinal position of the magnetic field measurement device relative to one of

the pairs of opposing magnetic poles on the wellbore tubulars in the target well.

46. A method of drilling substantially parallel twin wells, the method comprising:

(a) drilling a first well;

(b) deploying a casing string 1n the first well, a magnetized section of the casing
string including a plurality of magnetized wellbore tubulars, the magnetized section of the
casing string further including a plurality of pairs of opposing magnetic poles, the opposing
magnetic poles having an average longitudinal spacing of less than a length of the magnetized

wellbore tubulars;

(c) drilling a portion of a second well, the portion of the second well located
within sensory range of magnetic flux from the magnetized section of the casing string;

(d) measuring a local magnetic field in the second well;
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(€) processing the local magnetic field measured 1in (d) to determine a direction
for subsequent drilling of the second well; and
(f) drilling the second well along the direction for subsequent drilling determined

in (€).

47.  The method of claim 46, further comprising:

(g)  repeating (c), (d), (¢), and ().

48.  The method of claim 46, wherein (e) further comprises:
(1) processing (1) the local magnetic field measured in (d) and (i1) a reference
magnetic field to determine a portion of the local magnetic field attributable to the target

well;

(2) determining (1) a magnetic field strength and (i1) a tool face to target of the

local magnetic field attributable to the target well; and

(3) processing (1) the field strength and (11) the tool face to target determined in (2)

to determined a direction for subsequent drilling of the borehole.

49.  The method of claim 46, wherein (d) and (e) further comprise using a closed

loop control system.

50. The method of claim 46, wherein (e) is executed downhole.
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