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[57] ABSTRACT

L When surveying a borehole using an instrument re-
sponsive to the earth’s magnetic field, a length of non-
magnetic drill collar is necessary to house means for
measuring the magnetic field in the borehole perpendic-
ular to the direction of the borehole axis. The instru-
ment determines the inclination angle and the highside
angle from the gravitation measurements, with these
measurements and the magnetic measurements, the azi-
muth angle 1s determined. Using the method of this
invention a minimum length of non-magnetic matenal
necessary for an accurate measurement may be calcu-
lated and used.} Disclosed are method and apparatus for
surveying a borehole including use of a survey instrument

Jor making gravitational measurements from which the

inclination and highside angles of the instrument may be
determined. Measurements of two components of the local
magnetic field perpendicular to the longitudinal axis of the
instrument may be sensed with the instrument, and may be
used to determine the azimuth angle of the instrument
under the assumption that magnetic interference due to the

pipe string in which the instrument is located lies solely

along the longitudinal axis of the instrument. The accu-
racy of the azimuth determination may be enhanced by an
iteration process. To the extent that the pipe string interfer-
ence includes transverse field components at the instru-
ment, the sensors of the instrument may be separated from

such pipe string members by placing the instrument in
non-magnetic material whose minimum length may be
determined.

24 Claims, 5 Drawing Sheets
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SURVEYING OF BOREHOLES USING
SHORTENED NON-MAGNETIC COLLARS

Matter enclosed in heavy brackets [ 7 appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

This is a continuation of co-pending application Ser. No.
06/892.502 filed on Aug. 1, 1986. now abandoned: which
is a reissue of Ser. No. 06/516,716 filed Jul. 20, 1983, now
U.S. Pat. No. 4,510,696.

This invention relates to the surveying of boreholes
and to the use of a shorter nonmagnetic drill collar for
housing the surveying instrumentation. It is particularly
concerned with the determination of the azimuth angle
of a borehole using a shorter nonmagnetic drill collar.

At present “pivoted compass™ single shot and multi-
shot instruments are used for determination of azimuth
angle. However, with such instruments, the necessary
correction to compensate for the modification of the
earth’s magnetic field in the vicinity of the instruments
can only be performed by assuming the size and direc-
tion of the error field caused by the instrument, requir-
ing a knowledge of the magnetic moment of the com-
pass magnet and using instrumentation located in a
nonmagnetic drill collar having a minimum length of 30
feet and in some areas of the world, as much as 120 feet.
The procedure for determination of the azimuth angle is
necessarily empirical and use of the lengthy nonmag-
netic ¢ollar ts troublesome.

In Russell et al.,, U.S. Pat. No. 4,163,324, there is
disclosed a method for determination of the azimuth
angle of a borehole in which it 1s assumed that the error
vector which modifies the earth’s magnetic vector at
the instrument is in the direction of the borehole at the
survey location. The instrument can be mounted in a
nonmagnetic housing in the form of a drill collar with
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the other components of the dnill string above and 40

below the instrument being typically constructed of
magnetic materials. The effect of this assumption is that
the magnitude of the error vector can be determined
from the difference between the true and apparent val-

ues of the components of the earth’s magnetic field in a 45
single direction which is not perpendicular to the axis of

the borehole.

In the method of Russell et al. for determining the
orientation of the surveying instrument in the borehole,
the steps include determining the inclination angle of
the instrument at the location thereof in the borehole,
sensing, at said location, at least one vector component
of the local magnetic field to determine the local mag-
netic field in the direction of a primary axis of the instru-
ment aligned with the borehole, determining the azi-
muth angle of the instrument relative to the apparent
magnetic north direction at said location, ascertaining
the true horizontal and vertical components of the
earth’s magnetic fleld at the location of the borehole
and determining the correction to be applied to the
apparent azimuth angle from the true and apparent
values for the horizontal and vertical components of the
earth’'s magnetic field.

According to the invention of this Application, there
1s provided an improved method for determining the
orientation of a surveying instrument in a borehole
including the steps of determining the inclination angle
[of the instrument at the location in the borehole, de-
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termining the high side angle of the instrument at the
location, determining the true horizontal and vertical
components of the earth’s magnetic field at the location,
determining the components of the local magnetic field
perpendicular to the longitudinal axis of the instrument
at the location, determining the azimuth angle for the
instrument relative to the apparent magnetic north di-
rection at the location.] and the highside angle of the
instrument in the borehole, determining two transverse
components of the local magnetic field perpendicular to the
fongrtudinal axis of the instrument in the borehole, deter-
mining a value for the component of the local magnetic
field along the longitudinal axis of the instrument, and
determining a value of azimuth angle utifizing the local
magnetic field components, the (nclination angle and the
highside angle. The step of determining the component of
the local magnetic field along the longitudinal axis of the
instrument may be accomplished by utilizing the inclina-
tion angle and data indicative of the earth’s magnetic field
at the borehole. An approximate value of the azimuth angle
may also be utilized in determining a value for the compo-
nent of the local magnetic field along the longitudinal axis
of the instrument, which may then be used to determine a
more accurate value for the azimuth angle. Such an itera-
tion process may be carried out until the obtained values of
azimuth angle converge to within an acceptable error.

The inclination and highside angle are preferably
determined by measuring the gravity vector at the In-
strument. This may be done using three accelerometers
which are preferably orthogonal to one another and are
conveniently arranged such that two of them sense the
components of gravity in the two directions that the
fluxgates sense the components of the local magnetic
field.

L In another embodiment of this application, a system
positioned in a dnll collar 1s disclosed for determining
the onentation of a downhole instrument in a borehole
comprising: means {or determining inclination angle of
the instrument at a location in the borehole; means for
determining the highside angle of the instrument at the
location; means for determining the true horizontal and
vertical components of the earth’s magnetc field at the
borehole; means for determining two components of the
local magnetic field perpendicular to the direction of
the longitudinal axis of the instrument at the locaton,
means for determining the azimuth angle of the instru-
ment relative to magnetic north direcuon at the loca-
tion, the drill collar being constructed of nonmagnetic
material, and having a mmmimum length., L, which 1s
determined by:

L

] [Pvi+ Prl2d
L =2 dr B, 6u 1

A survey instrument according to the present invention,
including means for determining the inclination angle and
highside angle of the instrument and means for determin-
ing componentis of the local magnetic field perpendicular ro
the direction of the longitudinal axis of the instrument.
may be positioned within a pipe string in a borchole and
utilized to determine the orientation of the instrument
within the borehole by being placed within non-magnetic
material in the pipe string to alfow for magnetic field mea-
surements. The non-magnetic material may be extended 10
a determinable length to separate the survey instrument
from magnetic material in the pipe string for the purpose of
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avoiding magnetic field components transverse to the longi-
tudinal axis of the instrument due 1o magnetic interference
from pipe string members.

The determination of the azimuth angle of an instru-
ment 1n a borehole, in accordance with the invention,
will now be described in more detail with reference to
the accompanying drawings in which:

FIG. 1 is a schematic elevational view of a drill string
Incorporating a survey instrument in accordance with
the invention.

FI1G. 2 1s a schematic perspective view illustrating a
transformation between earth-fixed axes and instru-
ment-fixed axes.

FIGS. 3 to 5 are diagrams illustrating, in two dimen-
sions, the various stages of the transformation shown in
FIG. 2.

FIG. 6 is a block schematic diagram illustrating the
instrument shown in FIG. 1.

F1G. 7 illustrates typical error in calculated azimuth
as a function of collar length for the Gulf Coast region.

FIG. 8 is a schematic view of the survey instrument
located in a drilling collar.

Referring to FIG. 1, a drill string comprises a drilling
bit 10 which is coupled by a nonmagnetic drill collar 12
and a set of drill collars 14, which may be made of
magnetic material, to a dnill string or pipe 16. The non-
magnetic drill collar 12 [of a predetermined length]
contains a survey instrument 18 in accordance with the
invention. As shown in FIG. 6, the survey instrument
18 comprises a fluxgate section 22 and an accelerometer
section 24. The accelerometer section 24 comprises
three accelerometers arranged to sense components of
gravity in three mutually orthogonal directions,
[once] one of which is preferably coincident with the
longitudinal axis of the drill string. The fluxgate section
22 comprises two fluxgates arranged to measure mag-
netic field strength 1n two of the three mutually orthog-
onal directions namely along axes OX and OY as will be
described with reference to FIG. 2. Additionally, the
survey mstrument comprises associated signal process-
ing apparatus as will be described hereinafter with ref-
erence to FIG. 6.

The instrument sensors measure local field compo-
nents within a “nonmagnetic’ drill collar 12 which is
itself part of the drill string, the collar being located
close to the drilling bit 10. The outputs from the two
mutuaily orthogonal fluxgates comprise the compo-
nents By and B, of the local magnetic field along the
axes OX and OY respectively. The outputs from the
three accelerometers in the accelerometer section 24
comprise the components gx, g, and g; of the local
gravitation field along the axes OX, OY and OZ.

The five output components gx,g,.2: Bx[, J and B,
[and By] are in the form of proportional voltages
which are applied to a circuit processing unit 26 com-
prising analog to digital converters. The outputs gy,g,,
and g; from the analog to digital converters in the cir-
cult processing unit 26 are ultimately processed through
a digital computing unit 28 to yield values of highside
angle & and inclination @. This computing operation
may be performed within the survey mstrument and the
computed values stored in a memory section 30 which
preferably comprises one or more solid-state memory
packages. However, instead of storing four values ¢, 6,
Bxand By it will usually be more convenient to provide
the memory section 30 with sufficient capacity to store
the five outputs from the analog to digital converters in
the circuit processing umt 26 and to provide the com-
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puting untt 28 in the form of a separate piece of appara-
tus to which the instrument is connected after extrac-
tion from the borehole. Alternatively, the values may be
directly transferred to the surface units via conventional
telemetry means {not shown).

The instrument 18 may also comprise a pressure
transducer 32 arranged to detect the cessation of pump-
ing of driiling fluids through the drill string, this being
indicative that the survey instrument is stationarv. The
measurements are preferably made when the instrument
1s stationary. Other means of detecting the nonmove-
ment of the instrument may be used such as motion
Sensors.

Power for the instrument may be supplied by a bat-
tery power pack 34, downhole power generator or
power line connected with a surface power supply unit.

The preferred form of the invention, using two flux-
gates and three accelerometers as described above. has
the advantage of not requiring any accurately pivoted
components, the only moving parts being the proof
masses of the accelerometers.

FIG. 2 shows a borehole 20 and illustrates various
reference axes relative to which the orientation of the
borehole 20 may be defined. A set of earth-fixed axes
(ON, OE and OV) are illustrated with OV being verti-
cally down and ON being a horizontal reference posi-
tion. A corresponding instrument-case-fixed set of axes
OX., OY and OZ are illustrated where QZ is the longitu-
dinal axis of the borehole (and therefore of the instru-
ment case) and OX and OY, which are in a plane per-
pendicular to the borehole axis represented by a chain-
dotted line, are the two above-mentioned directions in
which the accelerometers and fluxgates are oriented.

A spatial survey of the path of a borehole is usually
derived from a series of measurements of an azimuth
angle y and an inclination angle 8. Measurements of (8,
W) are made at successive stations along the path. and
the distance between these stations 1s accurately known.
The set of case-fixed orthogonal axes OX, OY and OZ
are related to an earth-fixed set of axes ON, OE and OV
through a set of angular rotations (¥, 8, &). Specifically,
the earth-fixed set of axes (ON, OE, OV) rotates into
the case-filled set of axes (OX, OY, OZ) via three suc-
cessive clockwise rotations; through the azimuth angle
¥ about OV shown in FIG. 3; through the inclination
angle &, about OE shown in FIG. 4; and through the
highside angle &, about OZ shown in FIG. 5. [In] If
Uan, Ugand Upare unit vectors in the ON, OE and OV
directions respectively, then the vector operation equa-
ton IS:

Uner={ui[8][¢lUxrz (4
which represents the transformation between unit vec-
tors in the two frames of reference (ONEV) and

OXYZ) where:

flu] = cosw —siny 0
SInA cosy O
0 0 i

| 3

(8] = cos # O sin @ (3)
O I 0

-sin® O cos @
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-continued
[d] = cosd —smmd O (4]
sin & cosd O
0 0 l
[cosw —sinw © <
W] = : sin s cosy O
L0 0 !
(3)
cos®@ O siné
[0] = 0 ] 0
—~sin® 0O cos@
cosd —sind 0O Y
[b] = | sin d cosd O
0 #, !

The vector operation equation for a transformation in
the reverse direction can be written as,

LUxyz=() @) Unery

Uryz=[o]710)T{w) T UngY (5)
The computing operation performed by the computing
unit 28 will now be described. The first stage is to calcu-
late the inclination angle 8 and the highside angle ¢.
Use of the vector operation equation 5 to operate on the
gravity vector;

(6)

%

yields gravity components in the OXYZ frame

gx=—E sin & cos ¢ (7

gy=gsin & sin o {8)

g;=g cos & (9

Thus, the highside angle ¢ can be determined from

tan &= — (2,7 Bx} (10)

and the inclination angle from

(Exz + gﬂp}.)i (10a)

44

an B =

The next step is to obtain the value of B,and B, the true
horizontal and vertical components of the earth’s mag-
netic field, respectively, from published geomagnetic
survey data or otherwise. [ If geomagnetic survey data 1s
not available, the probe itself } The probe itself. or a
similar sensor with at least one fluxgate or the like. may be
used to measure B, and B, the measurement being made
at a location close to the top of the borehole but suffi-
ciently remote from any ferromagnetic structure which
may cause the true earth’s magnetic field to be modified.

6

By “true' is meant magnetic measurements not influenced
by magnetic material of the drill string.

It will be appreciated that any data indicative of the
earth’s magnetic field may be determined. For example,
the combination of the total magnetic field strength and
the field dip angle is equivalent to the combination of the
north and vertical componentis of the field (the east compo-
nent is always zero). The present calculations ro obiain a
correct azimuth may be effected in terms of any equivalent

10 field data. Also, where the survey instrument or other sen-
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sor is used to determine “‘true” field data, the measure-
ments need not be absolute, that is, the fluxgates need only
be calibrated relative to each other.

The azimuth angle, ¥, is calculated using an [itera-
tion loop] iterative procedure in which the input values
Ibeing] are the highside angle &, inclination angle 6,
and the magnetic field components By, By, B, and B,.
The initial value of azimuth angle, [80] U, 1s calcu-
lated from

~(Byx sind + By cos &} cos 8
(Bxcosd ~ Bysind) + Bysin 8

(111]

[ tandio

—(By sind + By cosd} cos 8
fan o = (By cos & — By sind) + B, sin 0

(11

Successive values of azimuth angle, [Un] ¥, may be
used to determine B; by equation:

B,=B, cos Wiy sin 8+ B, cos 8 (12)
Using B;, the azimuth angle, ¥, may be determined
using the equation

(B¢ sin & + By cos &) (1))}
cos & (Bycos & — Bysin b + Bsin @

7
—

[tany n + 1]
— By stn & + By cos &) (13
tan Un+1 = 558 (Bx cos & — B, sin &) + B: sin B

Equations (12) and (13) are convenient to mechanize n
a computing step until (W4 | —U,) approaches a small
preselected value. Measurement of the local magnetic
and gravitational field components in the instrument
case-fixed frame thus provides sufficient information to
determine the azimuth value.

Measurements by the fluxgates must be made through
non-magnetic material. Consequently, the drill collar 12 in
the immediate vicinity of the fluxgate section 22 of the
survey instrument 18 must be made of non-magnetic mate-
rial. The remainder of the drill collar 12 and the drill
string in general may be construcred of magnetic material,
and a correct value for azimuth achieved with the foregoing
method provided the effect of the magnetic material on the
fluxgate measurements lies only along the longitudinal
axis OZ of the survey instrument. This will be the case
provided the drill string members, such as drill collars and
drill pipe, which contribute to the measurable error in the
fluxgate measurements, are cylindrically symmetric, for
example, so that the magnetic poles of such members so
interfering lie along the longitudinal axis of the sensor
instrument [8.

The source of the field of the magnetic material of a pipe
string member is distributed in an annuiar region which is
the pipe or drill collar itself; there is no source of magnetic
field along the axis of the pipe or drill collar. which is
hollow. Any anisotropies in the drill string member. for
example due to lack of concentricity between the inside
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diameter and the outside diameter of the member, varia-
tion in the material density of the member, etc., may, bur
won't necessarily, cause the effective magnetic pole ar the
end of the member 10 be off-axis, resuliing in transverse

field components along the longitudinal axis of the drill 5

string at the survey instrument. At some distance from the
end of a magnetic section of drill collar or drill pipe, for
example many diameters of the drill string member away,
the fluxgates may nevertheless sense only a point pole along
the toofl axis due to the magnetic material if the transverse
fleld due to the pipe string member is sufficiently weak to
be undetectable at such distance. However, if a transverse
field is generated by the drill string member, and if the
drill string member is sufficiently close to the sensor instru-
ment 18 that the fluxgates detect the transverse field, the
assumption that the magnetic flux influence due to the
magnetic material in the drill string lies only along the
longitudinal axis of the survey instrument fails.

To the extent that the drill string introduces field compo-
nents in a transverse direction, for example along one or
both of the OX and QY axes, measurable ar the fluxgates.
the value of the azimuth determined by the foregoing
method will be Incorrect. However, the correct azimuth
may be determined by eliminating the transverse field
components due to the drill string from sensing by the
fluxgates. This can be done by separating the magnetic
material in the drill string from the fluxgates a sufficient
distance so that the fluxgates cannot detect the transverse
fieid effects generated by the magnetic material of the drill
string. Such separation between the fluxgates and the mag-
netic material of the drill string may be achieved by length-
ening the section of non-magnetic material in which the

sensor instrument 18 is located. The minimum length of

non-magnetic material, such as may be provided by the
drill collar 12, that is necessary 1o prevent transverse mag-
netic fields from destroying the validity of the assumption
that the only field effects due to the drill string lie along the
longitudinal axis of the sensor instrument 18 may be calcu-
lated. The length of non-magnetic drill collar need to avoid
error due to drill string interference transverse 1o the longi-
tudinal axis of the survey instrument is small compared to
that needed to avoid error in the longitudinal direction
without the method of the present invention.

The length of the nonmagnetic drill collar may be
determined as a function of the tolerable transverse
error field Bes, as shown in FIG. 8 in which survey
instrument 18 is located within the drill collar 12 having
a mmmmum length, L, and an outer diameter, OD. The
transverse field error will be created by the proximity of
the magnetic material in the drill string 16 above and the
drill collar or bit 10 below. The magnetic material of
these two sources will create poles, Pyand Py, respec-
tively. In the worst case, the poles may be assumed to be
displaced from center by

d=0D/600 {[4)

The transverse error field may be determined by

Berr = [: ]sm N

where 71 1s the angle between the axis and the poles
having a vertex at the survey instrument 18. Therefore:

[ 5
Pyl + [P 0

37w (L/2)

[Sin n=d/(L/2)=2/d/LY sin n=d AL/ (16)
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The error caused in the azimuth angle in radians is
determined by expanding the azimuth angle in a Taylor
series as a function of the transverse field (B,)).

[u = WB)) = W("UBXBy + :L: ( Berr)
= U + U ]
U o= W8y = UrBy + —Tl-;-r— (Boprd = " + O 7
Therefore, the error in azimuth, &y, is given by
[SU=(u6/8B;)Byrr ] 80U =(50/58) 8,/ (18)

By definition,

B =Br - B’
where Bris the earth’'s magnetic field strength.
Therefore:

[B{YB,/5u)=—BA6B./5u) ]
BA68,/0W)= — BA68,/5U)

(19
B, 1s approximately constant between about 20.000
and 60,000 uT as determined from (for example)
pages 75-76 of the U.S. Geological Survey publica-
tion by E. B. Fabiano, N. W. Peddie. D. R. Barra-
clough and A. Zunde entitled “International Geo-
magnetic Reference Field [980: Charts and Grid
Values™.
From Equation (12),

6B,;/0Uu= —B, sin ysin & (20
Using average values, < B,/B;> =1,
_ 1
<SIN P D> = —
N2
!
<51 0> = ——
2
then
53;/'5!1!‘—" Bm‘? (21}
By definition, Be,,=(8B,/511)6y (213
IFrom equation (21)
From Equation (16),
(23}
L B,owW I:Pm + [Py (d) ]
: 4m(L/2)’
(23
B nbs [Pl + | Prl|itd)
: N 4 (L)
Solving equation (23) for L,
\ (234)

L =2

(iPe] = 1Pr ) 2d
4 B, &
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For [ Pyl + || =2000 micro Webers }
Pyl + | Pl =2000 micro Webers and a collar having an
outer diameter of 74", d, from equation (14), equals
0.013 in. Equation (14) may vary slightly with configu-
ration of collar.

For an acceptable error in azimuth angle, ¥, of 0.25
degrees in the Gulf Coast, the minimum nonmagnetic
collar length is

L=6.4 ft.

FIG. 7 illustrates the error incurred in the calculation
of azimuth angle as a function of collar length, L, for
B, equals 25 micro Tesla, a value for the Gulf Coast
region. As the length of non-magnetic collar 1s in-
creased, the extraneous transverse magnetic field
strength ts reduced and the calculated azimuth ap-
proaches the true azimuth.

Therefore a mimimum L of between about 5 to 7 feet
will result in a calculated azimuth angle falling within
the acceptable error region of FIG. 7 for the Gulf
Coast. Other collar lengths will be calculated accord-
ingly for different regions, collar configuration and
outside diameter.

Using this determination, a system of this invention
for determining the orientation of a downhole instru-
ment in a borehole would comprise a means for deter-
mining tnclination angle of the instrument at a location
thereof in said borehole; a means for determining the
highside angle of said instrument at said location: fa
means for determining the true horizontal and vertical
components of the earth’s magnetic field at the location
of the borehole;] a means for determining components
of the local magnetic field perpendicular to the direc-
tion of a primary axis of the instrument aligned with the
borehole at said location, said drill collar being con-
structed of non-magnetic material, and having a mini-
mum length, L, determined as follows:

|
WL

Numerous variations and modifications may obvi-
ously be made in the apparatus herein described without
departing from the present invention. Accordingly, it
should be clearly understood that the forms of the in-
vention described herein and shown in the figures of the
accompanying drawings are illustrative only and are
not intended to limit the scope of the invention.

What 1s claimed is:

[1. A system for determining the orientation of a
downhole instrument positioned tn a drill collar in a
borehole comprising: 2 means for determuning inclina-
tion angle of the instrument at a location thereof in said
borehole: a means for determining the highside angle of
said instrument at said location; a means for determining
the true horizontal and vertical components of the
earth’s magnetc field at the location of the borehole; a
means for determining components of the local mag-
netic field perpendicular to the direction of a primary
axis of the instrument aligned with the borehole at said
location, said drill collar being constructed of non-mag-
netic maternial, and having a minimum length, L, deter-
mined from the equation:
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where P, 1s the magnetic pole created by the magnetic
material above the sensor, Py is the magnetic pole cre-
ated by the magnetic material below the sensor, d i1s the
displacement of the poles P, and P, from the axis of the
instrument, B, is the North component of the earth’s
magnetic field at the tinstrument, and & is the error in
the azimuth angle.]

[ 2. The orientation system of claim 1 wherein said
means for determining the components of local mag-
netic field comprises a means for sensing measured com-
ponents of said local magnetic field, said sensing means
being located at least one third of said length of said
drill collar from an end of said drill collar.}

[3. The orientation system of claim 1 wherein said
instrument s located in a drill string extending in said
borehole, said system being located between the lower
dnil string end connecting to the drill bit and an upper
dnill string end connecting to the surface.]

[4. The orientation system of claim 3 wherein said
drill string i1s comprised of magnetic matenal.]

J. A method of determining the orientation of a survey-
ing instrument in a borehole comprising the steps of

a. determining the inclination angle of the instrument in
the borehole;

b. determining highside angle of the instrument in the
borehole;

c. determining two transverse components of the local
magnetic field perpendicular to the longitudinal axis
of said instrument in the borehole,

d. determining, without directly measuring, a value for
the component of the local magnetic field along the
longitudinal axis of the instrument in the borehole
utilizing the inclination angle; and

e. determining a value of azimuth angle of the instry-
ment utilizing the local magnetic field components
the inclination angle and the highside angle. and
without utilizing a directly measured value for the
local magnetic field component along the longitudinal
axis of said instrument.

6. A method as defined in claim 5 further comprising:

a. providing data indicative of the earth’s magnetic field
at said borehole; and

b. using said earth’s magnetic field data in the step of
determining a value for the component of the local
magnetic fleld along the longitudinal axis of the in-
strument in the borehole.

7. A method as defined in claim 6 further comprising.

a. utilizing the inclination angle. the highside angle.
earth’'s magnetic field data and said transverse com-
ponents of the local magnetic field perpendicular 1o
the longitudinal axis of the instrument to obtain an
approximate value of azimuth angle;

b. using the approximate value of the azimuth angle ulso
in determining the value for the component of the
local magnetic field along the longitudinal axis of the
instrument in the borehole; and

¢. s0 determining a more accurate value for azimuth
angle.

8. A method as defined in claim 7 comprising the add!-
tional steps of using such more accurate value of azimuth
angle as an approximate value of azimuth angle to deter-
mine a further value for the component of the local mag-
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netic field along the longitudinal axis of the instrument in
the borehole, and determining a new more accurate value
of azimuth angle using said further value for the compo-
nent of the local magnetic field along the longitudinal axis
of the instrument as in claim 7.

9. A method as defined in claim 8 comprising the addi-
tional steps of repeating the steps of claim & until the ob-
tained values of azimuth angle converge to within an ac-
ceptable error.

10. A method as defined in claim 6 wherein the earth’s
magnetic field data s determined by utilizing sensing
means included in such a surveying instrument.

11. A merhod as defined in claim 6 wherein the earth’s
magnetic field data (s determined at the surface of the
earth in the vicinity of said borehole.

12. A method as defined in claim 6 wherein the earth’s
magnetic field data is determined in terms of horizontal
and vertical components of said field.

13. A method as defined in claim 5 wherein said instru-
ment is provided located in a drill string in said borehole,
sard instrument being located between the lower drill string
end connecting to a drill bit and an upper drill string end
connecting to the surface.

14. A method as defined in claim 5 further including
providing said surveying instrument positioned in non-
magnetic material having a length no shorter than a length
L determined by the equation. |

L

l ]

where P is the magnetic pole of magnetic material above
said non-magnetic material, Pr is the magnetic pole of
magnetic material below said non-magnetic material, d is
the displacement of the poles Py and Py from the axis of
the instrument, B, is the north component of the earth’s
magnetic field at the borehole, and 6W is an acceptable
error in the azimuth angle.

15. A method as defined in claim 14 wherein the trans-
verse components of the local magnetic field are deter-
mined by utilizing sensing means included in such a sur-
veying instrument and located at least one third of said
length of said non-magnetic material from an end of said
non-magnetic material.

16. A method of determining the orientation of a survey-
ing instrument in a borehole, comprising the steps of:

a. determining the inclination angle of the instrument in

the borehole;

b. determining the highside angle of the instrument in
the borehole;

¢c. providing data indicative of the earth’s magnetic field
at the borehole;

d. determining two transverse components of the local
magnetic field perpendicular to the longitudinal axis
of the instrument in the borehole;

e. calculating, without directly measuring, a value for
the component of the {ocal magnetic field along the
longitudinal axis of the instrument in the borehole
utilizing the earth’s magnetic field data; and

I determining a value for the azimuth angle of the in-
strument utilizing said local magnetic field compo-
nents, the Inclination angle and the highside angle,
and without utilizing a directly measured value for the
local magnetic field component along the longitudinal
axis of the instrument in the borehole.

I17. A method according to claim [6 wherein said value

for the component of the local magnetic field along the
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longitudinal axis of the instrument is determined also
utifizing the inclination angle and an approximation of the
azimuth angle of the instrument.

18. A method according to claim 17 wherein the approxi-
mation of the azimuth angle of the instrument is deter-
mined from the inclination angle, the highside angle, the
transverse components of the local magnetic field perpen-
dicular to the longitudinal axis of the instrument, and
earti’s magnetic field data.

19. A method according to claim 17 comprising the
additional steps of determining a further value for rthe
component of the local magnetic field along the longitudi-
nal axis of the instrument utilizing the previously deter-
mined value for the azimuth angle, and determining a new.,
more accurate value for the azimuth angle uulizing said
further value for the component of the local magnetic fieid
along the longitudinal axis of the instrument.

20. A method according to claim 19 comprising the
additional steps of repeating the steps of claim 19 uniil the
obtained values of azimuth angle converge to within an
acceptable error.

21. A method according to claim 16 which comprises:

@. wtilizing the inclination angle, the highside angle.
earth's magnetic fleld data and the transverse compo-
nents of the local magnetic field perpendicular to the
longitudinal axis of the instrument to obtain an ap-
proximate value of the azimuth angle for the instru-
ment,

b. utilizing the inclination angle and said approximate
value for the azimuth angle also in determining said
value for the component of the local magnetic field
along the longitudinal axis of the instrument; and

¢. So determining a more accurate value for the azimuth
angle.

22. A method according to claim 21 comprising the
additional steps of utilizing such more accurate value for
the azimuth angle as an approximate value for the azimuth
angle to determine a further value for the component of the
local magnetic field along the longitudinal axis of the
instrument, and determining a new, more accurale value
for the azimuth angle using said further value for the
component of the local magnetic field along the longitudi-
nal axis of the instrument as in claim 21.

23. A method according to claim 22 comprising the
additional steps of repeating the steps of claim 22 until the
obtained values of azimuth angle coverage to within an
acceptable error.

24. A method according to claim 16 wherein the local
magnetic field components are determined by utilizing
sensing means included in such a surveying instrument.

23. A method according to claim {6 wherein the carth’s
magnetic field dara is determined by utilizing sensing
means included in such a survey instrumeni.

26. A method according 1o claim 16 wherein the earth’s
magnetic field data is determined ar the surface of the
earth In the vicinity of said borehole.

27. A method according to claim 16 wherein said instru-
ment is provided located in a drill string in said borehole,
said instrument being located between a lower drill string
end connecting to a drill bit and an upper drill string end
connecting to the surface.

28. Apparatus for determining the orientation of a sur-
veying instrument in a borehole. comprising:

a. means for determining the inclination angle for the
instrument in the borehole, |

b. means for determining the highside angle of the in-
strument in the borehole;
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instrument in the borehole utilizing the earth’'s mag-
netic field data; and
f. second calculating means for calculating a value for

¢. means for storing data indicative of the earth’s mag-
netic field at the borehole;

d. means for determining two transverse components of the azimuth angle of the instrument utilizing said
the local magnetic field perpendicular to the longitu- 5 local magnetic field components, the inclination angle

dinal axis of the instrument in the borehole; and the highside angle, and without utilizing a di-
. . . . rectly measured value for the local magnetic field

e. first calculating means for calculating, without di- L. . i
component along the longitudinal axis for the instru-

rectly measuring, a value for the component of the ment in the borehole.
local magnetic field along the longitudinal axis of the 10 * % o+ x e
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