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[57] ABSTRACT

Methods for determining the distance from a borehole to a
nearby, substantially parallel target well for use in guiding
the drilling of the borehole, including positioning a magnetic
field sensor in the borehole at a known depth and providing
a magnetic field source in the target well. The wells may be
vertical or horizontal, and the source preferably is a solenoid
movable in the target to a location at approximately the same
depth as that of the sensor.

The distance between the borehole and the solenoid is
determined, in one embodiment, by moving the solenoid to
depths above and below the depth of the sensor, and detect-
ing maximum field vectors. The distance the solenoid moves
between the maxima is the distance between the wells. In
another embodiment, the ratio of solenoid magnetic field
vectors is used to determine the ratio of the difference in
depth z between the solenoid and the sensor to the lateral
distance R between the wells. This ratio z/r is then used to
determine the separation of the wells.

47 Claims, 8 Drawing Sheets
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METHOD AND APPARATUS FOR
MEASURING DISTANCE AND DIRECTION
BY MOVABLE MAGNETIC FIELD SOURCE

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

The present application is a continuation-in-part of appli-
cation Ser. No. 07/972,835 of Arthur F. Kuckes, filed Nov.
6, 1992 and entitled “Movable Solid Source in Target Well
For Location Measurement”, now abandoned.

BACKGROUND OF THE INVENTION

The present invention is directed, in general, to a method
for guiding the drilling of wells at a substantial depth in the
earth, and more particularly to methods for determining the
distance and direction to a target-well from a borehole being
drilled.

The difficulties encountered in guiding the drilling of a
borehole to intersect, to avoid, or to parallel an existing well
at distances of thousands of feet below the surface of the
earth are well known. Such guidance may be required when
it is desired to avoid existing wells in a field, or when
existing oil or gas wells have blown out and it becomes
necessary to drill intersecting relief boreholes to prevent
serious damage to underground gas or oil fields. Various
electromagnetic methods for the precise drilling of such
relief boreholes have been developed and have met with
significant success during the past few years. Such methods
and the instruments used are described, for example, in U.S.
Pat. No. 4,323,848 and U.S. Pat. No. 4,372,398, both issued
to the applicant herein, and in U.S. Pat. No. 4,072,200 to
Morris et al. See, also, Canadian Patent No. 1,269,710 of
Barnett et al, issued May 29, 1990.

Even though the guidance of boreholes with respect to
existing wells is, in general, well developed, special prob-
lems can occur where existing techniques are not sufficient
to provide the precise control required. For example, when
it is desired to locate and to either avoid or to intersect a
particular target well in a field which includes numerous
other wells, problems can occur. Thus, when multiple wells
lead from a single location, such as a drilling platform, it
may become necessary to drill a borehole to avoid inter-
secting neighboring wells or, alternatively, to intersect a
particular one of, for example, sixteen wells, all starting at
approximately the same location and spreading downwardly
and outwardly from each other. The borehole being drilled
may start at the same general location as the other wellheads,
or may start at a location several hundred feet from the
wellhead of a target well. If intersection with a specific well
is desired at, for example, three thousand feet below the
surface, guidance information can be provided by a low-
frequency alternating current injected into the earth, as from
an electrode in the borehole being drilled, with the resulting
earth current being concentrated in a casing or other elec-
trically conductive material at the target well. The current so
produced in the target well results in a magnetic field which
can be detected from a highly sensitive magnetometer
located in the borehole. However, in multiple-well fields, the
use of such a current injection system results in a target
current being induced in all of the wells in the region, not
just the target well. This produces multiple magnetic fields
which are superimposed at the borehole magnetometer,
making it extremely difficult to obtain accurate distance
measurements to the target well of interest, thus interfering
with drill guidance.
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Problems are also encountered in drilling non-parallel
wells, such as a horizontal well through a field of vertical
wells, or vice versa, where it is desired to avoid the existing
wells, or in the alternative to intersect a specific well.
Another area of difficulty occurs in the drilling of multiple
horizontal wells, particularly where a well being drilled
must be essentially parallel to an existing well. The need to
provide two or more horizontal wells in close proximity, but
with a precisely controlled separation, occurs in a number of
contexts such as in steam assisted recovery projects in the
petroleum industry, where steam is to be injected in one
horizontal well and mobilized viscous oil is to be recovered
from the other. This process is described, for example, in
Canadian Patent No. 1,304,287 of Edmunds et al, which
issued Jun. 30, 1992. Another example is in the field of toxic
waste reclamation, where there is a need to drill parallel
horizontal wells under waste disposal sites so that air can be
pumped into one and toxic fluids forced into and recovered
from the other. Again, in hot rock geothermal energy
systems, there is a need to drill parallel wells so that cold
water can be injected into one and not recovered from the
other.

The need to drill horizontal, parallel wells is of most
immediate concern in the mobilization of heavy oil sands,
where a borehole is to be drilled close to and parallel to an
existing horizontal well with a separation of about ten
meters for a horizontal extension of a thousand meters or
more at depths of, for example, 500 to 1,500 meters. A
number of such wells may be drilled relatively closely
together, following the horizon of the oil producing sand,
and such wells must be drilled economically, without the
introduction of additional equipment and personnel.

SUMMARY OF THE INVENTION

The various difficulties encountered in the precise, con-
trolled drilling of multiple boreholes in close proximity to
each other are overcome, in accordance with the present
invention, through the use of a standard downhole measure-
ment while drilling (MWD) electronic survey instrument
located in the borehole being drilled, in combination with a
magnetic field source in the target well. In one embodiment
of the invention, the MWD instrument, which includes a
well logging magnetometer array, is located in the borehole
being drilled at a selected depth, and a target field solenoid,
suspended by a standard wireline or by a coiled tubing
logging unit, is positioned in the target well. In the case
where the drilling of the borehole is being guided with
respect to a vertical target well, the target field solenoid is
lowered in the target well until the horizontal component of
the target magnetic field produced by the solenoid, as
measured at the magnetometer, is close to zero, indicating
that the solenoid is at approximately the same depth as the
MWD instrument. The magnetometer logging array in the
borehole is fixed at the selected depth, and measurements of
the earth’s apparent magnetic field are made with the
solenoid off and on. The solenoid is then repositioned to
locations above and below the MWD instrument, along the
axis of the target well, and the above procedure repeated at
each of a number of appropriate depths.

The solenoid produces different horizontal target mag-
netic fields in the earth at the different locations of the MWD
magnetometer array, which change from the initial zero to
maximum values as it is positioned at locations both above
and below the location of the magnetometer array. The
horizontal components of the target fields are measured and
the field maxima are correlated with the axial positions of
the solenoid. The distance which the solenoid moves
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between the lowermost and uppermost locations which
correspond to horizontal magnetic field maxima below and
above the zero field location, is the same as the horizontal
distance (or separation) between the target well and the
magnetometer at the depth of the magnetometer. Since the
vertical position of the solenoid can be measured precisely,
the distance between its locations at maximum magnetic
field values can be determined exactly and the precise
horizontal distance between the relief borehole and the
target can be measured directly, with no mathematic
manipulation of the values being required.

The target well may be a cased well, but even though a
magnetic field produced by a solenoid located within a
casing will be attenuated by a factor of up to 25, the
sensitivity of the magnetometer is adequate for accurate
distance measurement as far away as 25 meters or more. The
solenoid appears as a point source for the target magnetic
field at greater distances, but as the borehole being drilled
moves close to the target well, the point source character-
ization of the solenoid changes. This is due to the finite
length of the solenoid and the “pole smearing” effects caused
by the ferromagnetism of the target well casing, which can
result in the poles of the solenoid being smeared out over a
length of up to four feet. Although this will cause the
magnetic field source to be less well defined, and may
introduce some inaccuracy, the method of measuring field
maximum values described above produces distance mea-
surements which allow reliable guidance of the drilling of
the borehole. Well known mathematical methods are avail-
able for compensating for these effects.

The method described above for vertical wells may also
be used in guiding the drilling of horizontal boreholes along
controlled trajectories with respect to horizontal target wells.
To make a determination of borehole separation distance and
orientation with respect to the target well at a given depth (or
distance from the wellhead) along the borehole being
drilled, the drilling is stopped and a solenoid is deployed in
the target well at a point approximately opposite the MWD
instrument in the borehole being drilled. The solenoid appa-
ratus may be deployed on the end of a standard coiled tubing
logging unit which is capable of deploying it to a specified
measured depth. Two MWD survey data measurements of
the earth’s apparent magnetic and gravity fields are made
without moving the MWD instruments. During the first, the
solenoid is energized positively; in the second measurement
the same current in the reversed direction is used to energize
the solenoid negatively. If the effective strength of the
solenoid is known, these two data sets, together with stan-
dard survey parameters such as well direction and
inclination, provide all the necessary information to deter-
mine both distance and direction between the wells. If the
effective strength of the source is not known because, for
example, it may be inside a steel casing which provides
shielding, the solenoid is then moved a few meters to a new
depth and a second MWD data set is obtained with the
solenoid energized positively and negatively as above.
These two field measurements at two depths, together with
the depth increment by which the solenoid was moved,
provide enough information to permit determination of the
separation and relative orientation of the wells with respect
to each other.

In another embodiment of the invention, the horizontal
borehole is guided to be parallel to an existing horizontal
target well at a substantial depth in the earth by the use of
large direct currents injected at the wellheads of the wells,
with the resulting magnetic fields being measured by the
standard MWD instruments. Thus, a DC current source
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having an output of about 100 amperes at 10 volts is
connected between the wellhead of the target well and the
wellhead of the borehole. When a survey is required, the
drill is stopped and the MWD sensor system is activated. A
current of about 100 amperes is caused to flow in one
direction on the target well casing for approximately 30
seconds, and then for approximately 30 seconds in the other
direction. The MWD apparatus takes two measurements of
the three components of the apparent earth’s magnetic field,
one during the first 30 second interval, and one during the
second. The electromagnetic field data for the required
proximity determination is found by simply taking the
different in the MWD magnetic field measurements with the
current positive and with the current reversed. These
measurements, together with down hole tool orientation
measurements of the three components of the vertical grav-
ity vector are used to determine the distance and direction
between the two wells.

This latter technique can be carried out since the electrical
resistance between the two wells in an oil producing sand is
very low so that the injection of a large current into a
wellhead is relatively easy. Furthermore, the bleed-off rate
of the current from such wells is slow and calculable so that
at the depths of interest, enough current is still on the well
casing to have a significant effect on the magnetic field
sensors in the MWD package to permit precise drilling
control of the well.

Although a principal application of the methods of the
present invention is in guiding a borehole being drilled in a
direction generally parallel to that of an existing well, the
method is also applicable to the case where the two wells are
not parallel, as where a horizontal borehole is to be drilled
through a field of existing vertical wells.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing, and additional objects, features, and
advantages of the present invention will become apparent to
those of skill in the art from the following detailed descrip-
tion of preferred embodiments, taken in conjunction with the
accompanying drawings, in which:

FIG. 1 is a diagrammatic top plan, or map, view of the
relative locations of a target well, two nearby wells, and a
relief borehole in an example of the use of a first embodi-
ment of the invention in a well field;

FIG. 2 is a diagrammatic side elevation view of the
relative locations of a vertical target well containing a
solenoid and a generally vertical relief borehole containing
a directional magnetic field sensor, for distance and direction
determination in accordance with a first embodiment of the
present invention;

FIG. 2A is a diagrammatic side elevation view of the
relative locations of a vertical target well and a generally
vertical relief borehole containing an MWD directional
drilling system;

FIG. 3 is a graphical illustration of the variation of the
measured magnetic field at the sensor of FIG. 2 at different
vertical locations of the solenoid in the target well;

FIG. 4 is a graphical illustration of the relationship
between magnetic fields and borehole directions at the
sensors of the embodiment of FIG. 2;

FIG. 5 is a diagrammatic side elevation view of the
relative locations of a horizontal target well containing a
solenoid and a parallel borehole containing an MWD direc-
tional drilling system for distance and direction determina-
tion in accordance with a second embodiment of the present
invention;
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FIG. 6 is an end view of the horizontal well segments of
FIG. 5,

FIG. 7 is a diagrammatic illustration of the relationship
between the solenoid source and the MWD sensor in the
system of FIG. §;

FIG. 8 is a graph representing the relationship between the
solenoid field values S, and S, measured at the sensor, as a
function of the ration z/r;

FIG. 9 is a graph representing the relationship between the
ratio z/r and the ratio S,/S;;

FIG. 10 is a diagrammatic illustration of the relationship
between the solenoid source and the MWD sensor in a third,
non-parallel, embodiment of the invention; and

FIG. 11 is a diagrammatic side elevation view of a third
embodiment of the invention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

Turning now to a more detailed description of the present
invention, there is illustrated in FIG. 1 in top plan, or map,
view a typical grouping of wells in, for example, an oil field
or a gas field where a number of wells have been drilled, or
are in the process of being drilled, from a common region at
the earth’s surface. Such groupings are often found in
off-shore drilling, where numerous wells originate from a
single platform, but such groupings are also commonly used
in on-shore fields. Three generally vertical wells 12, 14 and
16, which may be part of a much larger grouping, are
illustrated, with their relative locations being depicted at a
depth of, for example, 2500 feet below the surface. At this
depth, wells 12 and 14 may be spaced apart by a distance of,
for example, 25 feet, while wells 14 and 16 may be 60 feet
apart. Because of the inaccuracies inherent in well drilling
and well logging techniques, there is a degree of uncertainty
about the exact location of each well. This is illustrated by
the so-called “ellipse of uncertainty” illustrated by the
ellipses 18, 20 and 22, surrounding the wells 12, 14 and 16,
respectively. This ellipse of uncertainty represents the pos-
sible variations in the actual location of each of the produc-
ing wells by reason of the inaccuracies of commonly used
well surveying techniques.

As occasionally happens, a well, which may be in the
process of being drilled or which may be actually producing,
may encounter difficulties such as a blow out, which cannot
be overcome from the wellhead of the damaged well. In such
a case, it may be necessary to drill a relief well, or borehole
24, which starts at a distance from the wellhead of the
damaged well and is drilled generally vertically downwardly
at an angle to intersect the damaged well at a selected depth.
It may be necessary to drill the relief borehole from a
distance of, for example, several hundred feet from the
wellhead of the damaged well and to angle the relief
borehole so as to make tangential contact with the damaged
well at a depth of approximately 3000 feet.

The damaged well, which is illustrated as well 14 in FIG.
1, and which will be referred to hereinafter as the target well,
may be exemplified by a cased well having a 20" casing
down to a depth of about 2400 feet, and having a 13" casing
below that point. The purpose of the relief borehole may be
to make tangential contact with the target well at the 3000
foot depth so that cement can be squeezed into the annulus
on the outside of the 13" casing to fill this annulus up to the
shoe which joins the 13" casing with the 20" casing.

It is important that a relief borehole be drilled in such a
way that it does not unexpectedly penetrate the target well,
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so that the integrity of the well is maintained, while at the
same time moving close enough to the target well to
establish contact at a preselected depth. The problem, as
illustrated in FIG. 1, is that surveys of target wells may result
in an ellipse of uncertainty 20 having a radius of 8 feet or
more. As the relief borehole 24 approaches the target will 14,
the ellipse of uncertainty makes it extremely difficult to
accurately direct the drilling of the relief borehole.

The use of current-emitting electrodes to generate earth
currents which produce corresponding magnetic fields origi-
nating from induced current flow in the target well casing, as
described in the above-mentioned U.S. Pat. Nos. 4,323,848
and 4,372,398 would, in normal circumstances, permit accu-
rate directional drilling of the relief borehole to the target
well. However, in the situation illustrated in FIG. 1, the
problem of locating the target well is exacerbated by the
presence of nearby cased wells 12 and 16 which are approxi-
mately the same distance from the relief borehole at 2500
feet (in this example) as is the target well. In such a
circumstance, prior current injection techniques produce
magnetic fields which are centered on all three wells which,
at distances of about 20 feet or more from the target well,
make mathematical analysis of the fields to isolate the target
well impractical.

In those cases where the wellhead of the target well is
accessible, however, the distance between the relief bore-
hole and the target well can be determined with great
accuracy, in accordance with the present invention, in the
manner illustrated in FIG. 2. As there illustrated, the relief
borehole 24 is drilled from a wellhead 26 spaced away from
the wells 14, 16 and 18, and particularly from the wellhead
28 of the target well 14. The relief borehole is drilled
vertically downwardly from the surface 30 of the earth and
then is angled toward well 14 for intersection or tangential
contact at a predetermined depth. Target well 14 may include
a steel casing 32 in conventional manner as noted above, or
may be uncased, while the relief borehole 24 is uncased.

In the course of drilling the relief borehole 24, the drill
string (not shown) is periodically withdrawn to allow log-
ging of the borehole by means of a separate sensor such as
a highly sensitive magnetometer 40, preferably a fluxgate
magnetometer such as that illustrated in U.S. Pat. No.
4,732,398. The magnetometer is lowered into the borehole
by means of a wireline 42 connected at its upper end to a
suitable logging vehicle 44. The logging vehicle includes the
surface electronic equipment to which the magnetometer 40
is connected, which equipment may include, for example, a
personal computer for operating the magnetometer and for
measuring and recording magnetic field signals detected in
the borehole, as will be explained below. The magnetometer
40 is lowered by means of wireline 42 to a location at or near
the bottom end 46 of the relief borehole 24 and is fixed at a
predetermined depth for the purpose of making the required
magnetic field measurements.

Alternatively, as illustrated in FIG. 2A, the magnetometer
40 can be part of a standard downhole measurement while
drilling (MWD) instrument 40', such as that offered by
Sperry Sun Corporation, carried by a drill string 42'. Such
equipment consists of a downhole, orientable directional
drilling motor 47 and an electronics package 48 which
measures three components (X, y, z) of the earth’s static
magnetic field, and three components (X, y, z) of the earth’s
gravity vector with respect to the drilling instrument. The
values of these quantities can be communicated to the
surface using drilling fluid pressure pulses which are sensed
by surface telemetry and an associated MWD computer
illustrated at 49.
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For use in determining the distance and direction from the
relief borehole 24 to the target well 14, a solenoid 50 secured
to a wireline 52 is lowered into the target well 14 through the
well casing 32. The upper end of wireline 52 is connected to
a well logging vehicle 54 by means of which the solenoid 50
can be raised and lowered within casing 32 to specified
measured depths. The solenoid includes windings 56 which
are connected to a low frequency source, for example 1.67
Hz, of alternating current at the surface of the earth or a D.C.
source which can be switched on and off, and which can be
reversed in polarity. The source may be located, for
example, in the vehicle 54. When current is supplied to
winding 56 on the solenoid 50, a target magnetic field,
generally indicated by the field lines 60, is produced in the
earth surrounding the target well 14. Casing 32 attenuates
the field and may smear the upper and lower poles of the
solenoid, so that the solenoid appears to be longer than it
actually is. However, even a modest current, in the range of
a few amps, will generate a magnetic field which is readily
measured 150 feet or more away. At a distance of greater
than about 20 feet, the solenoid appears effectively as a point
source so that the simplest analysis of the measurements will
provide accurate guidance of the relief borehole. At a closer
range, the smearing effect of the poles and the finite solenoid
length may require more complex analysis using well known
mathematical methods for compensating smearing and finite
source length.

If direct current is used to energize the solenoid, positive
and then negative current is used. The apparent earth’s field
values obtained with positive and negative energization are
subtracted from each other in order to evaluate the solenoid
field components and to cancel the earth’s field components.

In accordance with the embodiment of FIGS. 2 and 2A,
for the measurement of substantially vertical wells the
solenoid 50 is energized and lowered in the target well 14
until it lies in the approximately same horizontal plane as the
magnetometer 40. When the solenoid is horizontally oppo-
site to the magnetometer, the magnetometer output will
indicate no horizontal field component due to the magnetic
field 60. Thereafter, when the energized solenoid is posi-
tioned above the depth of magnetometer 40, the value of the
magnetic field at the magnetometer will increase in one
direction, and when the solenoid is lowered below the depth
of magnetometer 40, the output of the magnetometer will
increase in the opposite direction.

The horizontal, radially directed component of the mag-
netic field H, amps/meter generated by the solenoid 50, is
characterized by a magnetic dipole moment of m ampere
meter” at a point 61 which is a lateral distance r meters (FIG.
2) and a vertical distance z meters in the nominally vertical
direction above or below the depth of the solenoid, is given
by

H = mrz (Eq. 1)
(2 + 2,)°?

This function, which is plotted in FIG. 3 by curve 62, shows
that the vertical distance interval of the solenoid between the
maximum values of the horizontal field component H, is
equal to the horizontal separation distance r.

The direction to the target well is also easily found by
including the magnetometer 40 in an orientation package
which may include, in addition to the magnetometers, accel-
erometers or inclinometers, or a hydroscope used in a
manner as disclosed in U.S. Pat. No. 4,700,142, issued to the
applicant herein. In the present case the direction of the
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horizontal field component at the relief borehole 24 will
point either toward or away from the target well 14, depend-
ing upon whether the solenoid 50 is above or below the
sensing apparats 40. FIG. 4 diagrammatically shows the
various quantities which may be measured in the plane of
measurement which is perpendicular to the axis 63 of the
sensing or magnetometer 40.

As illustrated in FIG. 4, the tool key direction indicated by
vector TK indicates a radial direction from the tool axis to
a key fixed to the tool body and thus dependent on the
orientation of the tool in the borehole. HS is the direction to
the high side of the borehole, as indicated by inclinometers
or accelerometers, when the borehole is sloped, or off
vertical, as described in U.S. Pat. No. 4,700,142, EF is the
direction of the earth’s magnetic field in the plane of
measurement, and SF the radial direction of the solenoid
field in the plane of measurement. The angles TKSF, TKEF
and TKHS are found from the voltage outputs of the various
sensors in magnetometer 40. The angles HSSF and EFSF are
the directions between the high side (HS) of the borehole
and the solenoid target field, and the direction between the
earth’s field and the target field, respectively, and give the
direction to the target. FIG. 4 shows that

HSSF=TKSF-TKHS (Eq. 2)

EFSF=TKSF-TKEF (Eq. 3)

If a gyroscope is included in the sensor apparatus a similar
procedure can be used to relate the direction to the solenoid
field to the spatial direction indicated by the gyroscope.

If the wells are not parallel, well known mathematical
methods are readily formulated to provide direction and
lateral distance between the wells from the complete three
component set of MWD magnetic field and incomplete data
sets, as will be shown.

The changes in the output of the magnetometer as a result
of the measurement of the solenoid magnetic field at differ-
ent vertical positions of the solenoid 50 above and below the
horizontal plane which contains the magnetometer 40 is
illustrated in FIG. 3 by the curve 62. Measurement of the
solenoid field can be made at discrete locations of the
solenoid with respect to the magnetometer as the solenoid is
moved along the axis of the target well, and these discrete
measurements produce points along curve 62. The horizon-
tal component of the target magnetic field passes through
zero when the depth of the solenoid 50 passes through the
horizontal plane which includes the magnetometer 40, as
indicated at intersection 64 in FIG. 3.

When an AC magnetic field energizes solenoid 50, and the
solenoid is either above or below the depth of sensor 40, the
electromagnetic field produced by the solenoid includes
significant components in the horizontal plane either point-
ing toward or away from the target well. As the solenoid
moves upwardly above or downwardly below the horizontal
plane of the magnetometer with either AC or DC excitation,
the sensed horizontal magnetic field component increases
with distance from the horizontal plane to maximum values,
indicated at 66 and 68 on curve 62; thereafter, further motion
of the solenoid along the axis of the target well away from
the horizontal plane of the magnetometer will result in a
decreasing magnetic field strength due to the increasing
distance, again as indicated by the curve 62.

The position of solenoid 50 along the axis of the target
well 14 is easily measured at the logging vehicle 54 simply
by measuring the length of wireline 52. As described above,
the vertical distance z which the solenoid moves in the target
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well, between the upper maximum point 66 and the lower
maximum point 68 of the horizontal component H, of the
solenoid magnetic field (detected by the magnetometer 40)
is equal to the distance r between the magnetometer 40 and
the solenoid 50. The motion of the solenoid between the
occurrences of these maxima is, therefore, an accurate
measure of the horizontal distance between the target well
14 and the relief borehole 24, and this distance can,
therefore, be determined directly from the axial motion of
the wireline in the target well, without the need for complex
mathematical manipulation of signals.

The solenoid 50 located in the target well generates an
electromagnetic field which is localized to the target well
even when other wells are nearby, and accordingly the
uncertainties inherent in other techniques for distance and
direction measurements are obviated. As indicated in FIG. 1,
the provision of the solenoid in the target well also reduces
uncertainties in the location of the target well, as indicated
by circle 70 surrounding target well 14 in the illustration of
FIG. 1.

The solenoid source 50 also permits determination of the
direction from the magnetometer 40 to the target well within
an angular precision of plus or minus 2° utilizing the
techniques described in U.S. Pat. No. 4,700,142, as outlined
above. Thus, the accuracies provided by the solenoid source
are more than adequate for guiding the relief well to within
about 20 feet of the target well, at which point more precise
measurement systems and methods utilizing injected ground
currents from an electrode in the relief borehole can be used
without undue influence by the nearby wells.

The second embodiment of the present invention is illus-
trated diagrammatically in FIG. 5, in which a generally
horizontal well 80 has a vertical portion 82 and a generally
horizontal portion 84. The vertical depth of the well may be
in the range of 1,500 meters, for example, while the hori-
zontal portion 84 may extend a thousand meters or more. As
has been described above, the horizontal well may be of the
type used in the petroleum industry in an oil producing sand
where it is desired to drill parallel horizontal wells for use in
steam assisted recovery projects. Accordingly, as illustrated,
a second borehole 85 including an upper, vertical portion 88
and a lower, horizontal 90 is drilled in a controlled trajectory
so that its horizontal portion 90 is less than about 20 meters
from the horizontal portion 84 of well 80 and is maintained
generally parallel to the existing well during drilling.
Preferably, the horizontal portion 90 is drilled on a course
which is separated by 10 meters, +1 meter, and is directly
above (i.e., within £3°) the previously drilled and cased well
portion 84.

The relationship of the horizontal wells is illustrated in
FIG. 6, which is an end view of the well portions 84 and 90,
showing an angle 92 which is the deviation of borehole 90
from a line vertically above target well 84. As noted above,
the horizontal portions of the wells may be about 1,500
meters below the surface 94.

The solenoid 50 of the present invention is illustrated in
FIG. 5 as being located in well portion 84, the solenoid being
lowered into the target well 80 through the well casing by a
wireline or by coiled tubing 52 from a logging vehicle 54.
The solenoid preferably is supported on an industry standard
coiled tubing unit available from Dowell Schlumberger
Corporation, the tubing unit being capable of lowering the
solenoid to specified measured depths along the axis of the
target well. The solenoid includes windings 56 (FIG. 7), as
described above, which are connected to a low frequency
source, or a D.C. source 95 whose polarity can be reversed,
at the surface of the earth, the source 95 being located, for
example, in vehicle 54.
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The borehole 86 being drilled is illustrated as incorporat-
ing a standard MWD drilling system 96 supported by a drill
string 98 from a suitable drilling rig 100 located at the
earth’s surface 94. As previously noted, the drilling system
includes a downhole orientable drilling motor 97 and an
electronics package 99 which includes fluxgate magnetom-
eters for measuring the three orthogonal components (X, ¥y,
z) of the earth’s static magnetic field and inclinometers for
measuring the three components (X, y, z) of the earth’s
gravity vector with respect to the drilling tool. If A.C.
measurements were to be made an amplifier and demodu-
lation unit would be added to the MWD unit downhole. The
value of the measured quantities is communicated to the
surface using a conventional drilling fluid pressure pulse
technique, the pulses being detected at sensor and computer
102 and converted to corresponding electrical signals for use
in communicating the well surveying data to the drill
operators. The output signals from sensor 102, therefore,
represent X, y, and z components of the earth’s apparent
magnetic field and the earth’s gravity vector along the
coordinate axes illustrated for borehole 90 in FIG. 7,
wherein the z coordinate lies along the axis of borehole 90
and the x and y coordinates lie in a plane perpendicular
thereto.

At each measurement depth, the MWD drilling system 96
makes two measurements of the earth’s apparent magnetic
field, one with current in a positive sense flowing in the
solenoid, the other with negative. The earth’s field compo-
nents needed for conventional surveying are recovered by
averaging the two measurements. The solenoid field is found
by taking the difference.

To make a determination of the perpendicular distance r
separating well segment 84 from borehole segment 90 (see
FIG. 7) and to determine their orientation with respect to
each other; that is, to determine the angle 92 between the two
wells at some selected depth, the drilling motor 97 is stopped
so that the MWD system is stationary with its magnetom-
eters at a known axial depth from the wellhead. The solenoid
50 is then deployed to a point in well segment 84 which is
approximately opposite, i.e., is laterally aligned, with the
magnetic field sensors of the MWD system 96 with the
solenoid off. A standard sequence of survey data measure-
ments of the earth and gravity fields is made by the MWD
system 96 and this data is communicated to the surface
sensor/computer 102. Thereafter, the solenoid 50 is switched
on to generate a slowly varying magnetic field if A.C.
techniques are being employed; and another sequence of
survey data is obtained. If the effective field strength of the
solenoid is known, these two data sets provide all the
necessary information to determine both distance and direc-
tion between the wells. If a D.C. technique is used, two data
sets are obtained, one with the source positive, the other with
the source negative.

If the effective strength, or magnetic moment, m of the
source 50 is not known; for example, if it is inside a steel
casing which provides some shielding, the solenoid is
moved a few meters to a new depth after the first set of
measurements, and a second MWD data set is obtained with
the solenoid switched off and then switched on with opposite
senses of current flow. These two sets of data, the depth
increment by which the solenoid was moved, and the values
of the survey data taken with the solenoid turned off, provide
enough information to determine the separation and relative
orientation of the wells with respect to each other using the
following methods of analysis.

Assuming the axes of well segment 84 and borehole
segment 90 are approximately parallel, and expressing the
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magnetic field components in cartesian coordinates X, y, and
z fixed at the observation point 96, which is the location of
the magnetometers 99; and using MKS units, the solenoid
field components at the activation point are:

_ pem[2z /tf =1] (Eq. 4)
" 4Bl + 2 /o2

__ Hom3@/D (Eq.5)
C 4Bl + 2/

where in S, is the field component along the z axis, S, is the
field component along the radius connecting the solenoid
and the measuring point projected onto the xy plane, and m
is the positive source momentum point in the positive z
direction, which is down the borehole axis.

The values of S, and S, are plotted as functions of z/r in
FIG. 8, where the solid line 104 represent the value of S, and
the dotted line 106 represents the value of S,, where r is the
lateral distance between the two wells, and z is the axial
spacing between the solenoid and the point of measurement
96, along the axis of borehole 90.

One way of determining the lateral separation, or distance
r between the two wells has been discussed above, with
respect to the embodiment of FIG. 2, wherein the lateral
distance r is equal to the difference in location of the
solenoid 50 at the two maximum values of S, as the solenoid
is moved along borehole 84 past the sensor 96. The distance
between the locations of the solenoid at the two maxima is
equal to the lateral separation r.

Anther way of determining the distance r between the two
wells is by noting that the ratio of the axial field S, to the z
derivative of S,, at the point where z=0, has the following
value:

S, r
ds,/dz) 3

(Eq. 6)

Still another way, and the best way, to determine the
distance r between the two wells is to determine the ratio
(S,/S,) at a few depth locations for the solenoid.
Mathematically, the ratio S,/S, is readily found as a function
of z/r at a given depth location to be:

3(z/r)
Qz/r?-1)

Eq. 7
S./S, = (Eq. 7)

The behavior of the function S,/S, as a function of z/r is
illustrated by curve 110 in FIG. 9.

Assuming that it is possible to set the depth of the sensor
96 and the solenoid source 50 so that they are approximately
opposite each other and their z coordinates are approxi-
mately the same; i.e., if the following relationship exists:

|z/|<0.707 (Eq. 8)
then equation 7 is readily solved for z/r:
3 — (Eq. 9)
- —_ 2 =3
Z/r_4(Sr/Sz)(1 \/1+(8/9)(Sr/SZ) )_w

Measurement of the ratio of the fields S,/S, at two depths
z, and z, will define two values of a; namely, o, and a.,. The
value of 1, that is, the separation between the wells, can then
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be found from the relation:
e (Eq. 10)
@ —a

Choosing two depths, one where S,/S, is approximately +1
and the other where S,/S, is approximately —1; that is, where
the value of z/r is approximately £0.3, are good choices for
this purpose.

Once the determination of well separation r at a given
depth has been carried out using any of the above methods,
the effective magnetic moment m of the source, which may
be inside a steel well casing, is readily found from the above
equations or from empirical calibration before deployment
in the borehole. This value often will remain relatively
constant during a sequence of depth measurements, so that
the determination of distance and direction can thereafter be
carried out at any given depth with a single measurement of
the solenoid field. This is done by deploying the solenoid
source 50 to a point approximately opposite the measuring
system 96, and carrying out a measurement of both S, and
S,. From the ratio S,/S,, the value of z/r is readily found from
Eq. 9. Inserting this value, together with a known value of
m from previous evaluation, the separation r can be found
from the relationship:

Hom(2(z /1)* — 1) (Eq. 11)

1/3
- Lmsz(l v <z/r>2)5/2}

or from
_[ Hem3(z/1) }1/3 (Bq. 12)
T anS.(1 + /02y

The xy plane of the MWD tool 96 defines the direction of
the vector r, since S, is generated by measuring S, and S, of
the solenoid field in the xy plane. Each component of the
solenoid field is obtained by subtracting the three each field
components E,, E,, and E, of the static magnetic field
observed with the solenoid off, from the three values of the
apparent measurements of the three earth field components
with the solenoid turned on.

To determine the orientation of the wells with respect to
each other, a measurement of the solenoid field S, is
obtained at a depth where S, has a convenient non-zero
value. The tool key direction TK (FIG. 4) may be the x
direction of the MWD tool 96. The angles TKSF, TKEF, and
TKHS illustrated in FIG. 4 are found from the voltage
outputs of the various xy sensors, as is well known in the art.
The angle HSSF is the direction between the high side of the
hole and solenoid field, while the angle EFSF is the direction
between the earth field and the solenoid field, and these
angles give the direction to the solenoid. The relationship
between these angles is illustrated in Equations 2 and 3.

By noting whether the solenoid energization current is in
the positive or negative sense, and whether the solenoid is
deeper or less deep than the MWD sensors, it is readily
determined whether the solenoid field projection and in the
Xy plane points to or away from the target well bore 84
containing the solenoid source.

Although the foregoing theory describes a case when the
two wells are approximately parallel, the analysis can be
easily adapted to those situations when this is not the case.
For example, a target well 112 and a nonparallel borehole
114 are illustrated in FIG. 10 as being at an arbitrary angle
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with respect to each other. For convenience, it may be
assumed that borehole 114 is generally vertical, and that well
112 is generally horizontal. The solenoid 50 is deployed in
well 112, which is a surveyed well, with its inclination and
an azimuthal direction known from prior measurements, so
that the direction of the unit vector m, denoting the positive
axial direction of the solenoid, is known. This vector, as
illustrated in FIG. 10, lies along solenoid axis 116.

The observation point P in borehole 114 is at the location
of a sensor such as the MWD directional drilling system 96,
the sensor including magnetometers for earth’s field mea-
surement and including inclinometers for measuring the
slope of the borehole. This system provides the spatial
orientation of the borehole 114 and the solenoid field S at the
point P. The direction and strength of the measured solenoid
field vector S, indicated by vector 118 in FIG. 10, at the
observation point P is also known, from the magnetic field
evaluation procedures discussed above.

The methods of analysis disclosed above are also readily
applied to finding the spatial vector R connecting the sole-
noid source 50 to the observation point P. As in the case of
parallel wells, the observation point P is chosen to be at a
depth where the source direction indicated by unit vector m
and the observed solenoid field direction S are not parallel,
and where the vector dot product of [m] 2 and S is less than
0; i.e., where [N®@S<0]. /7 ®S<0. In the context or parallel
wells discussed earlier |z/1|<0.707. The vector [m] # and the
point P define a plane in which S lies as shown in FIG. 10.

The unit vector [?’] # is perpendicular to [m] sz and the unit

vector [2’] % is parallel to [m] A with [2’] 2 being effectively
the same as [m] 7iz. This is analogous to the r and z directions

shown in FIG. 7. The [1"] 7 direction is defined by the
component of the solenoid held S which is perpendicular to
[m] 7 i.e.

(Eq. 13)

s — (s X ff S — (S -

ro=
[S— (S~ Al

~

T ls— (sx dud

This is slightly different from the [r] # direction for the
case of parallel wells, for in that case, as illustrated in FIG.
7 [r] # referred to the direction perpendicular to the axis of
the borehole being drilled, i.e., the observation well, in the
plane of the two wells. For the case of parallel wells [r and

?’] 7 and 1 are the same.
The solenoid field vector S can be decomposed as

A, A,
§=8,7'+S,' '] $=8,7+S, (Eq. 14)

A
[S,=S@mS,'=-S@ '] 5,'=S@h S, -S@i' (Eq. 15)
The spatial vector R from the solenoid source point to the
observation point P can be written as

[R=r' IA”'+Z'£'=r' IA”'+Z'/r'rf1)] R=r'?'+2'8'=r'(r'+2'r'1h1) (Eq. 16)

The ratio of the quantities S,' and S,' are inserted into
Equation 9 in place of S, and S, to yield the ratio z'/r' which
is now defined as . For the case when the effective strength
m of the solenoid source is known, r' is found by inserting
the ratio z'/r' into equations 11 or 12, and the vector R is
completely determined from measurements at a single depth
station.
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For the case when the effective source strength m is not
known, two sets of data are taken at neighboring solenoid
source depths, z,' and z,' along an essentially straight
portion of the target well while holding the observation
depth P fixed. The above procedures can be used to deter-
mine the ratio of z'/r' at each depth, with the value so
determined being o.,' at the first depth and o.,' at the second.
Since the value of r' is the same for both solenoid depths z,'
and z,', equation 10 can be used to find r'. Thus again the
vector R, or R, is found at either depth z,' or z,' by inserting
the appropriate parameters into equation 16, e.g. the spatial
vector connecting the source point and the observation point
P at deployment depth 1 is given by

A “
[R,=r'T" +a,'m)] R,=r'(F+a, i) (Eq. 17)

In a third embodiment of the present invention, the
method for guiding the drilling of a borehole to be parallel
with an existing horizontal well combines the use of the
same standard downhole MWD instrumentation, including
magnetometers, but instead of a solenoid, utilizes the injec-
tion of large direction currents at the wellheads of the wells.
This embodiment is illustrated in FIG. 11, wherein the
existing cased well 80, as previously described with respect
to FIG. 5, has a horizontal segment 84, and the well, or
borehole 86 being drilled includes a horizontal section 90
parallel to and spaced from horizontal section 84. As dis-
cussed above, borehole 90 includes a directional drilling
system which incorporates an MWD capability so that the
drill 97 can be guided to cause borehole 86 to follow the
target well 84, with data telemetry utilizing conventional
drilling fluid pressure pulse techniques being provided.

In sedimentary areas with oil producing sands, the elec-
trical resistance between the well 80 and the borehole 86 is
sufficiently low so that the injection of a large direction
current into a wellhead is accomplished relatively easily.
Furthermore, the bleed-off rate of such currents from well
casings is low and can be calculated with sufficient accuracy
that at the depth of interest, enough known current will still
be on the casing of well 80 to have a significant and
measurable effect on the earth’s magnetic field sensors in the
MWD package 96. Thus the combination of a standard
MWD system with fluid data communication and with the
injection of direct current at the wellheads results in a system
which permits precise drilling control of parallel horizontal
wells.

As illustrated in FIG. 11, a D.C. current source 120 having
a voltage of about 10 volts and a current capacity of about
100 amperes is connected through a reversing switch 122
having a first output terminal 124 connected to the wellhead
126 of well 80 and having a second output terminal 128
connected by way of line 130 to the wellhead 132 of
borehole 86. Reversing switch 122 allows the positive side
of the current source to be connected to either of the
wellheads 126 and 132, with a negative side of the source
being connected to the other.

When a survey is required to determine the location of the
borehole segment 90 with respect to target well segment 84,
the MWD apparatus 96 is activated by turning the drilling
fluid pumps off at the drilling rig 100 to stop the drilling
operation. A current of about 100 amperes is then caused to
flow in one direction in the cased borehole 80 for approxi-
mately 30 seconds, and then switch 122 is reversed to cause
current to flow in the opposite direction in the cased bore-
hole for approximately 30 seconds. The MWD apparatus
makes two measurements of the three components of the
earth’s magnetic field; the first measurement is made during
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the first 30 second interval when the current flow is in a first
direction, and the second measurement is made during the
second 30 second interval, when the current flow is in the
opposite direction. These measurements, together with
downhole inclination measurements of the three compo-
nents of the vertical gravity vector, are then sent to the
surface using digital encoding of drilling fluid pressure
pulses when the pumps are turned back on, and these values
are received at the surface sensor 102. Since downhole
measurement and pressure telemetering of the earth’s mag-
netic field and well inclination measurements are known in
MWD surveying systems, the measurement of the magnetic
field produced by the direct current at a given location of the
MWD system 96 is a simple matter. If desired, two sequen-
tial survey measurements at a given depth, one with the
current injection system on, and one with it off, or with its
polarity reversed, can be easily done to provide a base for
comparison of later measurements.

To obtain the standard survey parameters to determine the
direction of the well being drilled, the earth’s magnetic field
data obtained with the current injection in a first (positive)
direction is averaged with the earth’s magnetic field data
with the current direction in the opposite (negative) direc-
tion. The electromagnetic field data for the required prox-
imity determination is found by simply taking the difference
in the MWD magnetic field measurements obtained with the
current in a first direction and with the current reversed.

Precise measurements of the electrical conductivity of the
earth’s strata are carried out for virtually every oil or gas
well that is drilled. Using these conductivity values to
compute the particulars of electrical current flows on oil well
casings of given resistance per unit length and radius is also
a developed art. Using these known measurements, the
following approximate relationship for the current flow 1 on
the casing of well 80 at a depth z holds:

A=+1In(d/a)/(27oR) (Eq. 19)

where a is the casing radius, R is the resistance per unit
length of the well casing which is in an earth of uniform
conductivity o, and L, is the current injected at the surface.

For an earth conductivity o of about 0.1 (ohm meter)™*
and a 7-inch diameter steel casing in well 80 weighting 23
pounds per foot, the exponentiation distance A is approxi-
mately 600 meters. The magnetic field at a depth of 1000
meters, 10 meters away from the reference well for these
conditions is approximately 0.7 microTesla, which is well
within the sensitivity of a typical MWD system, so that the
apparatus gives useful results.

The present invention has been described in terms of a
solenoid movable relative to a sensor in adjacent, nearly
vertical wells as well as a movable solenoid in adjacent
horizontal wells, to parallel and to non-parallel wells, and to
systems where the sensor is included in an MWD system.
The invention is also described in terms of an embodiment
in which a reversible DC current is applied across the two
wells, with the measurements being made by a conventional
MWD device. As illustrated, therefore, the current source in
the target well can be a solenoid having a slowly varying
current or a direct current, or may be a reversible direct
current supplied across the two wells. The sensing magne-
tometer can be deployed independently, or as an integral part
of the drill string in an MWD system.

Although the invention has been described in terms of
preferred embodiments, it will be apparent to those of skill
in the art that the invention is limited only by the scope of
the following claims.
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What is claimed is:
1. A method for determining the distance from a borehole
to a nearby, substantially parallel target well, comprising:

positioning a magnetic field sensor at a first depth within
a partially drilled borehole to detect x, y, and z com-
ponents of magnetic fields at the location of said
Sensor;

placing a solenoid in a target well;

energizing the solenoid to produce a magnetic field in the
earth surrounding the target well and the borehole;

positioning said energized solenoid in said target well at
locations above and below a plane perpendicular to said
borehole at said first depth;

measuring at said sensor the magnitude of the X, y, and z
components of said solenoid magnetic field at selected
locations of said solenoid to identify magnetic field
maximum values on opposite sides of said plane;

measuring the depth of said solenoid in said target well for
each magnetic field maximum value; and

determining the difference between the depths of said
solenoid at each of said field maximum values, which
difference is equal to the lateral distance between said
sensor in said relief borehole and said solenoid in said
target well at said first depth.

2. Amethod for determining the lateral distance r between

two spaced wells, comprising:

positioning a magnetic field sensor at a first depth in a first
well;

positioning a solenoid in a second well adjacent and
generally parallel to said first well;

energizing said solenoid to produce a magnetic field in the
earth surrounding said first and second wells;

measuring said magnetic field at said sensor [for] at two
depths z, and z, of said solenoid along the axis of said
second well to determine at each depth the lateral
component S, and the axial component S, of said
solenoid magnetic field at said first well;

obtaining the ratio S,/S, at each of said two depths z, and
7, in said second well to provide two corresponding
values o, and a, from the relationship:

(1 1+ (8/9)S,/S,)? ) = a; and

3
Zjr= ———
4S5 /S,)

determining the lateral distance r between said wells

where
Z -y
- @) - 112.

3. The method of claim 2, further including determining
the value of the magnetic momentum m of said solenoid
magnetic field from one of the equation:

Hom(2(z/0F - 1)
and
_ Hom3(z/1)
T amd (1 2/

to permit determination of the lateral distance r at any given
depth with a single measurement of said solenoid magnetic
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field components S, and S, from such selected depth by
further determining the value of the ratio z/r from the
relationship

z2/r (1—\/1+(8/9)(Sr/SZ)2 ) and

_ 3
RECHES)
determining the lateral distance r from one of the relations

[ Hom(2(z /1 — 1) }”3
478, (1 + (z/2)*?
and

[ Hom3(z /1) }”3
r=f——— MM —
47S,(1 + (z/r)?2)¥?

4. The method of claim 2, further including selecting said
depths z, and z, to produce values of approximately +1 and
-1, respectively, for the ratio S,/S..

5. A method of determining the lateral distance r between
two spaced wells, comprising:

determining empirically the magnetic moment m of a

solenoid;

positioning a magnetic field sensor at a depth z in a first

well;

positioning said solenoid in a second well adjacent and

generally parallel to said first well;
energizing said solenoid to produce a magnetic field in the
earth surrounding said first and second wells;

measuring said magnetic field at said sensor said first
depth to determine the lateral component S, and the
axial component S, of said solenoid magnetic field at
said first well;

determining the ratio S,/S;;

determining the value of the ratio z/r from the relationship

z2/r (1—\/1+(8/9)(Sr/SZ)2 ) and

_ 3
RETCNES

determining the lateral distance r from one of the rela-
tions:

om(2(z/0? — 1) |'?
- Lmsz(l ¥ <z/r>2)5/2}
and
Hom3(zfr) ]V
s [47rSr(1 + (z/r)z)m}

6. A method for determining the [distance and] direction
from a first well to a second well, comprising:

lowering a sensor tool including a magnetometer and
orienting means to a first depth in a first well;

lowering a solenoid having a known magnetic moment m
into a second well to a known depth z with known
inclination and known axial direction [m] #;

energizing said solenoid to produce a target solenoid
magnetic field S in the earth surrounding said first and
second wells;

measuring at said sensor tool three vector components S,/,
S,"and S,' of the target solenoid magnetic field S at the
sensor tool; and

18

determining from said target solenoid magnetic field
components at said sensor the direction from said first
well to said second well.
7. The method of claim 6, wherein the step of determining
5 the direction from said first well to said second well com-
prises:

determining the quantity [S,'=S@m] S,'=S@h;

determining a separation unit vector t'which is the com-
ponent of the target solenoid field S which is perpen-
dicular to m from the equation

o S—(sxdyh s—(s-rh)rh_

Tls—(sxdvdl s (sl
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determining the value of the solenoid magnetic field
component S,' which is perpendicular to the axial

direction [m as follows] # as follows:
20

" /\I /\I
[S=S.m+S,'T'] $=8,1i1+S,'T

determining the ratio z'/r' as follows:
25

z

== m(1—\/1+(8/9)(Sr/sz)2 )=a

determining the separation r' of the solenoid from the
sensor tool from

42z Y') =1

1/3
- [4nsg<1 v <z’/v>2)5/2} ;
35

where i, is 4m 1077; and

determining the spatial vector R representing the distance

and direction from the solenoid to the sensor tool from
40

/\’ /\’
R=r|I'+(z/r'2’|

8. A method for determining the distance and direction
from a first well to a second well, comprising:

lowering a sensor tool including a magnetometer and
orienting means to a fist depth in a first well;
lowering a solenoid into a second well to a first known

s depth z,' with known inclination and known direction;
0 .. . . .
energizing said solenoid to produce a target magnetic field

in the earth surrounding said first and second wells;
repositioning said energized solenoid at a second known
depth z,' within said second well;

55 measuring at said sensor tool three vector components S_,
S, and S, of said target S to obtain magnetic field
vectors S;' and S,' at each of said first and second
depths z,' and Z,';

determining the quantities

60
(S =8, -] 7, =8, -

and

[S3, =8, -] S5, =5,/
65

where m is the magnetic moment of the solenoid;
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determining separation unit vector [?’] 7' which is the part
of the targer solenoid field vectors S, or S, which is
perpendicular to [m] 7 at said first and second depths
from the equations

oSS xih 8 - i
IS, — (S, Xl 15, ~ S, Aol

or

o S, (S, xih S, (S, Ay

= S s il | IS — s, o

determining the values of the solenoid magnetic field
components S;,' and S, which are perpendicular to the
axial direction [m] 7 as follows:

[S, = Siii+ SLC] S, = S+ 55,7
and

[S, = Sh,ift+ Sy01 S, = 8 fu+ 55,7

determining the ratios z,'/r' and z,'/r' as follows:

4 B 3 T moe e 2L
R GRS EL
and

Z5 3

e — ) 2 | =
R s e AR

determining the separation r' of the solenoid from the
sensor tool from:

’

% -2
r= ;

and

;
71 -7

determining the spatial vector R representing the distance
and direction from one of the solenoid locations to the
sensor tool from:

A A
[R,=r'T" +(z,i)Z"] R,=r'(i"+(z,'[1)2).

9. The method of claim 8, further including:

determining the magnetic moment m from the relation-
ship

_ #emQE /1) -
dmd(1+ (z) o)

1z

determining the spatial vector R of the solenoid from the
sensor tool at any depth from the relation:

A A
[R=r|I +(z/1)Z"] Ry=r'(F+(z,'/1)2).

10. The method of claim 6, wherein the step of determin-
ing direction includes determining the orientation of said
magnetometer within said first well at said first depth;

measuring the vector components of said magnetic field at

said magnetometer and determining a direction from
said first well to said second well relative to said
magnetometer; and
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determining from the orientation of said magnetometer
and the relative direction of said second well the actual
direction of said second well from said first well.
11. Amethod for determining the distance from a borehole
to a nearby, substantially parallel well, comprising:

positioning an MWD directional drilling system at a first
depth within a borehole said drilling system having a
sensor to detect vector components of magnetic fields
at said first depth;

measuring components of the earth’s apparent magnetic
field at said sensor;

supplying a DC current reversible between first and
second directions to electrically conductive material in
a nearby target well to produce a reversible magnetic
field superimposed on the earth’s magnetic field;

measuring, during a first time interval, vector components
of the total magnetic field at said sensor with said direct
current in said first direction;

measuring, during a second time interval, vector compo-
nents of the total magnetic field at said sensor with said
direct current in said second direction; and

determining, from differences between measurements of
magnetic field vector components at said first and
second intervals, the distance between said borehole
and said well at said first depth.

12. The method of claim 11, further including:

measuring [at said sensor] vector components of the

earth’s gravity; and

determining, from said components of said direct current

magnetic field and said vector components of gravity,
the direction from said sensor to said target well.

13. Apparatus for measuring the distance and direction
between points in two boreholes extending into the earth,
comprising:

a solenoid deployed at a first selected point in a first

borehole, said first borehole having a known inclination
and direction at said selected point;

means energizing said solenoid to generate a character-
istic known solenoid magnetic field;

a magnetic field sensor deployed at a second selected
point in said second borehole, said field sensor includ-
ing means measuring three vector components of said
characteristic solenoid magnetic field at said second
point;

orientation means to determine the spatial orientation of
said magnetic field sensor at said second point in said
second borehole; and

means responsive to said spacial orientation of said sensor
and to said measured vector components at said second
point in said second borehole and further responsive to
said characteristic known solenoid magnetic field to
determine the distance and direction between said first
and second points.

14. The apparatus of claim 13, wherein said magnetic field
sensor and said orientation means are carried by a measure-
ment while drilling downhole instrument.

15. The apparatus of claim 14, wherein said sensor
comprises a magnetometer.

16. A method for measuring the distance and direction
between points in two boreholes extending into the earth,
comprising:

determining inclination and direction of a first borehole;

deploying a solenoid at a first selected point in said first
borehole;
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energizing the solenoid to generate a characteristic sole-

noid magnetic field;

deploying a magnetic field sensor at a second selected

point in a second borehole;

measuring with said magnetic field field sensor three

vector components of the characteristic solenoid mag-
netic field produced in said second borehole by ener-
gization of said solenoid;

determining the spacial orientation of the magnetic field

sensor in said second borehole; and

determining from the generated solenoid characteristic

field, from the measured magnetic field components,
and from said spacial orientation and said inclination
and direction determinations the distance and direction
between the solenoid and the magnetic field sensor at
said first and said second points, respectively.

17. The method of claim 11, wherein the step of deter-
mining the distance between said borehole and said well
includes measurement of magnetic field components at said
sensor prior to supplying said DC current and measurement
of magnetic field components at said sensor during the
supplying of DC current.

18. A method for determining the distance from a bore-
hole to a nearby substantially parallel well in a plane
substantially perpendicular to said borehole, comprising:

positioning at a first depth within a borehole a magnetic

field sensor for detecting x and y vector components of
magnetic fields at said first depth;
measuring during a first time interval, x and y vector
components of the earth’s magnetic field at said sensor;

thereafter supplying [at] fo electrically conductive mate-
rial in said well a D.C. current [reversible between first
and second directions] fo produce a magnetic field
superposed on the earth’s magnetic field,
measuring, during a second time interval the x and y
vector components of the earth’s apparent magnetic
field at said sensor with said D.C. current flowing in
[said] a first direction;

determining the differences between said earth’s magnetic
field components and said earth’s apparent magnetic
field components measured during said first and second
time intervals; and

determining from said differences the distance between

said borehole and said well at said first depth.

19. The method of claim 18, further including:

measuring, during a third time interval, x and y vector

components of the earth’s apparent magnetic field at
said sensor with said D.C. current in [said] a second
direction; and

determining the differences between said earth’s magnetic

field vector components and said apparent magnetic
field vector components measured during said first and
third time intervals.

20. The method of claim 19, wherein the step of deter-
mining the distance between said borehole and said well
includes determining the strength of the target magnetic field
vectors at said sensor during said first and third intervals.

21. A method for determining the distance from a relief
borehole to a target well, comprising:

lowering a magnetic field sensor into a partially drilled

relief borehole;

fixing the sensor at a first depth within the borehole;

lowering a solenoid into a target well;

energizing the solenoid with a low-frequency alternating

current to produce an alternating magnetic field in the
earth surrounding the target well and the relief bore-
hole;
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moving said energized solenoid vertically in said target
well, said solenoid passing through a horizontal plane
at said first depth;
measuring at said sensor the magnitude of the horizontal
component of said magnetic field to identify magnetic
field maximum values above and below said horizontal
plane during the vertical motion of said solenoid;

measuring the depth of said solenoid in said target well for
each magnetic field maximum value; and

determining the difference between the depths of said
solenoid at each magnetic field maximum value, which
difference is equal to the distance between said sensor
in said relief borehole and said solenoid in said target
well at said first depth.

22. A method for determining the distance between two
spaced wells, comprising:

lowering fluxgate magnetometers to a first depth in a first

well;

lowering a solenoid into a second wall;

energizing said solenoid to produce a magnetic field in the

earth surrounding said first and second wells;

moving said energized solenoid along the axis of said

second well, said solenoid passing through said first
depth during its motion;

measuring said magnetic field at said magnetometer at a

multiplicity of depths of said solenoid along the axis of
said second well to determine the maximum magni-
tudes of the measured magnetic field when said sole-
noid is above said first depth and when said solenoid is
below said first depth; and

determining the depths of said solenoid when said maxi-

mum magnitudes are determined to obtain the horizon-
tal distance between said first and second wells.

23. The method of claim 22, wherein the step of deter-
mining the distance between said first and second wells
includes measuring an upper depth of said solenoid when
said magnetic field is at said maximum magnitude above
said first depth, and measuring a lower depth of said
solenoid when said magnetic field is at said maximum
magnitude below said first depth; and

determining the difference between said upper and lower

depths to obtain a direct measurement of said horizon-
tal distance.

24. A method for determining the distance and direction
from a first well to a second well, comprising:

lowering a sensor tool including a magnetometer and

orienting means to a first depth in a first well;
lowering a solenoid into a second well;
energizing said solenoid to produce a target magnetic field
in the earth surrounding said first and second wells;

moving said energized solenoid along the axis of said
second well, said solenoid passing through said first
depth;
measuring at said sensor tool the magnitude of said
magnetic field at a multiplicity of solenoid depths;

determining the depths of said solenoid at which the
magnitude of the horizontal components of said mag-
netic field is at a maximum for solenoid locations above
and below said first depth to thereby obtain a direct
measure of the horizontal distance between said first
and second wells at said first depth; and

determining from said magnetic field at said sensor the

direction from said first well to said second well.

25. The method of claim 24, wherein the step of deter-
mining direction includes determining [spaced] spacial ori-
entation of said magnetometer within said first well at said
fist depth;
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measuring the horizontal components of said magnetic
field at said magnetometer and determining a direction
from said first well to said second well relative to said
magnetometer; and

determining from the orientation of said magnetometer

and the relative direction of said second well a compass
direction to said second well from said first well.

26. The apparatus of claim 13, wherein said second
selected point is located in a plane passing through said first
selected point, said plane being perpendicular to a longitu-
dinal axis of said first borehole.

27. The apparatus of claim 13, wherein said means
energizing said solenoid comprises means for energizing
said solenoid with a reversible direct current.

28. The apparatus of claim 27, wherein said first and
second selected points [line] /ie in a plane perpendicular to
a longitudinal axis of said first borehole, and further includ-
ing means for moving said solenoid selectively to third and
fourth points on opposite sides of said plane, respectively,
for measurements of vector components of said character-
istic solenoid magnetic field with said solenoid at said third
and fourth points.

29. The method of claim 16, wherein the step of energiz-
ing the solenoid includes supplying to the solenoid a direct
current having a first direction for a first period of time and
thereafter supplying to the solenoid a known direct current
having a second direction for a second period of time to
generate said characteristic solenoid magnetic field, and
measuring vector components of said characteristic solenoid
magnetic field during said first and second periods of time to
obtain a first set of measured vector components.

30. The method of claim 16, wherein the step of deploying
a magnetic field sensor in a second borehole includes
locating the sensor at a selected first depth along the second
borehole and wherein the step of deploying a solenoid in a
first borehole includes positioning the solenoid along the
first borehole at substantially said first depth.

31. The method of claim 30, wherein the step of energiz-
ing the solenoid includes supplying to the solenoid a direct
current having a first direction for a first period of time and
thereafter supplying to the solenoid a known direct current
having a second direction for a second period of time to
generate said characteristic solenoid magnetic field, and
measuring vector components of said characteristic solenoid
magnetic field during said first and second periods of time to
obtain a first set of measured vector components.

32. The method of claim 30, further including moving
said solenoid a known depth increment to a second depth
along said first borehole and thereafter supplying to the
solenoid said direct current having said first direction for
said first period of time and supplying said direct current
having said second direction for said second period of time
to obtain a second set of measured vector components, the
determination of distance and direction additionally includ-
ing said second set of measured vector components and said
depth increment.

33. The method of claim 16, wherein the step of measur-
ing vector components includes measure vector components
in a plane perpendicular to the longitudinal axis of said
second borehole, and wherein the step of determining dis-
tance and direction includes determining the distance and
direction along said plane from said sensor to said solenoid.

34. The method of claim 6, further including determining
the distance from said first well to said second well.

35. The method of claim 6, further including:

moving said energized solenoid in said second well; and

measuring at said sensor tool the magnitude of said

magnetic field at solenoid deaths above and below said
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first depth to obtain a direct measure of the horizontal
distance between said first and second wells at said first
depths.

36. A method for determining the direction from a first
well to a second well, comprising:

lowering a sensor tool including a magnetometer and

orienting means to a first depth in a first well;
lowering a solenoid into a second well to a known depth
z with known inclination and known axial direction;
energizing said solenoid to produce a targer solenoid
magnetic field S in the earth surrounding said first and
second wells;

measuring at said sensor tool vector components S, and

S, of the target magnetic field S at the sensor tool in an
XY plane perpendicular to the axial direction of the
solenoid; and

determining from said vector components at said sensor

tool the direction from said first well fo said second
well.

37. The method of claim 36, further including determining
the spacial orientation of said sensor tool; and

determining the spacial vector R connecting said solenoid

and said sensor fool.

38. The method of claim 36, further including determining
the magnetic moment of said solenoid.

39. The method of claim 36, further including measuring
said vector components at multiple deaths of said solenoid.

40. A method for determining the distance from a borehole
to a nearby substantially parallel well in a plane substan-
tially perpendicular to the borehole, comprising;

positioning at a first depth within the borehole a magnetic

field sensor for detecting x and y vector components of
magnetic fields ar said first depth;

supplying to electrically conductive material in the well a

direct current reversible between first and second
directions to produce a reversible magnetic field super-
posed on the earth’s magnetic field;

measuring, during a first time interval the x and y vector

components of the earth’s apparent magnetic field at
said sensor with said direct current flowing in said first
direction;

measuring, during a second time interval the x and y

vector components of the earth’s apparent magnetic
field at said sensor with said direct current flowing in
said second direction;

determining the differences between the earth’s apparent

magnetic field components measured during said first
and second time intervals; and

determining from said differences the distance between

said borehole and said well at said first depth.

41. The method of claim 40, wherein positioning a mag-
netic field sensor includes positioning an MWD directional
drilling system within said borehole for detecting x, y and z
vector components of magnetic fields at said first depth.

42. The method of claim 41, wherein supplying a direct
current to electrically conductive material includes energiz-
ing a solenoid positioned in the well.

43. A method for determining the distance from a borehole
to a nearby well comprising:

positioning within the borehole a magnetic field sensor for

detecting vector components of magnetic fields;

supplying to electrically conductive material in the well a

direct current reversible between first and second
directions to produce a reversible magnetic field super-
posed on the earth’s magnetic field fo provide an
apparent earth’s magnetic field;
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measuring, during a first time interval, x and v vector
components of the earth’s apparent magnetic field in a
plane substantially perpendicular to the well at said
sensor with said direct current flowing in said first
direction;

measuring, during a second time interval, the x and v
vector components of the earth’s apparent magnetic
field at said sensor with said direct current flowing in
said second direction;

determining the differences between x and v vector com-
ponents of the earth’s apparent magnetic field mea-
sured during said first and second time intervals; and

determining from said differences the distance between
said borehole and said well in a plane substantially
perpendicular to said well.

44. The method of claim 43, wherein positioning a mag-
netic field sensor includes positioning an MWD directional
drilling system within said borehole for detecting x, y and z
vector components of magnetic fields.

45. The method of claim 44, wherein supplying a direct
current to electrically conductive material includes energiz-
ing a solenoid positioned in the well.

46. Apparatus for determining the lateral distance
between two spaced boreholes comprising:

electrically conductive means deployed in a first borehole
having an elongated axis;
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means supplying a reversible DC current to said conduc-
tive means to produce a characteristic, known circular
magnetic field surrounding said conductive means and
said first borehole;

a magnetic field sensor in a second borehole for measur-
ing at least two vector components of said magnetic
field in a plane perpendicular to said axis of said first
borehole;

means for determining the spatial orientation of said
sensor; and

means for determining from said sensor measurements
and from said determined spatial orientation the
direction, in a plane perpendicular to said axis, from
said first borehole to said second borehole.

47. The apparatus of claim 46, further including means

for measuring said vector components during a first time

interval during which said reversible DC current flows in a

first direction in said conductive means, and for measuring

said vector component during a second fime interval during
which said reversible current flows in a second direction in
said conductive means, and means for determining from the
difference in between measurements made during said first
and second intervals the distance between said boreholes.



