Oct. 3, 1950

W. L. RUSSELL

2,524,360

METHOD AND APPARATUS FOR WELL LOGGING
Filed Dec. 13, 1946

3 Sheets-Sheet 1

Fig.1

30—\ 40
—DIRECTION 36
AMPLIFIER 33 45 46
131 \ ] 43
™~ DIP 34 L 19
AMPLIFIER
—v/\\/— AN
AMPLIFIER :_II— 44 41
<32
37 ¥4,
10 GYROSCOPIC :
{ STABILIZER
EZ\\Q/‘/ ’ I
% 22
M —Ee . . MOTOR
W_?VW_ ;( B
N 4
i <12 7 - 80~
> 18~/ . 82
< % 81~ o
4 : 3 14 2 ' 183
: LS 2 85) 84
l6 2ajl &= 17 . 23 63
SR ES pl 7111
2jLEE I Hlleas :
. gl 86
3 Y. 60
57— % 665 62 87
20 51— 32 £/ ~H—-g9
g ’ 24 2
GYROSCOPIC .21
ABILIZER 50
18—3H - 90— O .
’ 22 5
MOTOR ) | 74 73 '
70
HORIZONTAL] 23 7
N [l COMPONENT [/
DIRECTION
[
DIP ﬁ 24
ANGLE 25 75
'5' 1 1
z TOTAL 25
L | »
5 e
' : F} 3 2 INVENTOR;
wWllinm § Husmlt
— M z A .



Oct. 3, 1950

METHOD AND APPARATUS FOR WELL LOGGING

Filed Dec. 13, 1946

W. L. RUSSELL

FREQUENCY
DOUBLER

3 Sheets-Sheet 2

2,524,360

To Recorder
g

A

~~-137

llllll {4y uvvvvvvv
102

qa000
ILLiL]

f
l

108~
N
N -
NH 6GYRoscoric HY 2
S' STABILIZER
N 23
Y
‘:oo _~l0I
1 06
(12 106 24
ns w%4 16
0
) 107
4 ﬁg A\l <:
123 A
18 12042 121 .
, \30
127 24—
122 28 25 C zs,j
124 126 :

TULLHT .

h

C O]

14141

A




Oct. 3, 1950

W. L. RUSSELL

2,524,360

METHOD AND APPARATUS FOR WELL LOGGING

Filed Dec. 13, 1946

3 Sheets-Sheet 3

——_“
EF— / I,-ns |
1<%/ / 21 NCI7T ! 6.7 '
GYROSCOPIC /
STABILIZER / ~ —~
3] N 0 / 160 -
22
157~ 150
/ MOTOR / 154 . I55
1847 f 160 ' 160
6344 162 /
/ 156/ 153
/] 152 ; 151 : 3 160 18
/ 15 [Ate- 166 |
5 = = 1 /Cne 77N
di/ / 160 g
S o ” o3 / Fig. 8
154 51K _ 155
-/ 153 | 1~150 2 w0
NS 65 N /1 g e
/] / '§ : "
/ E 0 ) R .jDirfccﬁnn
& o T W wm e
/ / : ; : : 5
/ ; N ' : [ i
/A 14 . i g ‘ .
oS
- = N\ . ' Direction of
RI 9- 7 = _ Coil Axis
- Fig.10
_ 170 171 3
154 - :
FILTER PASSING .
DOUBLE AMPLIFIER
FREQUENCY 172
55 P
1174 PHASE -
FREQUENCY METER , To Recorder
'Gs'é — | DPOUBLER
—F _
1731 . INVENTOR:
IGG—@ - willise £ el

Fig.9



Patented Oct. 3, 1950

2,524,360

UNITED STATES PATENT OFFICE

METHOD AND APPARATUS FOR WELL
LOGGING -

William L. Russell, College Station, Tex.
Application December 13, 1946, Serial No. 715,915
17 Claims, (CI. 175—182)

This invention relates generally to the logging
of wells and is directed particularly to the log-
ging of certain magnetic properties of well for-
mations by which correlations may be carried out
over large distances independent of the ocecur-
rence of marker fossils or lithologic similarities.
The data so obtained are also of considerable
value in improving magnetic core-orientation
methods,

For correlation over short distances electrical,
-radioactivity, and drill-cutting or core-sample
logs have proved very useful and reliable. How-
ever, since they are dependent on lithologic vari-
ations, they may be used only over those dis-
tances where the lithologic succession is per-
sistent. These distances may vary from a few
hundred feet to hundreds of miles. |,

For correlation over larger distances and where
the lithology is not persistent, fossils have here-
tofore been relied on with considerable success.
However, because the volume of material brought
up during the drilling of wells is comparatively
limited, fossils easily found at surface exposures
may by chance be absent from the particular
subsurface samples obtained or may be so dam-
aged by the drill as to be unrecognizable. Fur-
ther and varying factors such as, for example,
changes in environment or separation of. the
areas of deposition by barriers often so compli~
cate the fossil-correlation method as to make
it impractical or impossible to apply. Also, large
areas where fossil correlation would be desirable
are covered to great depths by red beds and
other strata of non-marine origin which are
nearly always devoid of fossils suitable for cor-
relation.

In the orientation of cores by measuring their
weak remanent magnetism, the accuracy of the
results is dependent on the precision with which
the direction of the remanent field in the par-
ticular stratum is known or can be ascertained.
It is often necessary to assume g remanent field
direction parallel to the present earth’s induced
field. However, from observations at outcrops
and other information, it is well known that
remanent field directions vary, so that any as-
sumption that they are. constant or the same
is bound to lead to serious errors upon occasion.

It is accordingly a primary object of my in-
vention to provide a method and apparatus for
making well logs correlatable over great distances
regardless of lateral changes in lithology. An-
other object is to provide a method and appa-
ratus for logging certain magnetic properties of

well formations, which properties are related to.

the earth’s magnetic fleld at the time of deposi-
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tion of each stratum rather than to the nature
of the materials forming the stratum. A far-.
ther object is to provide a method and appa-
ratus for making well logs that are correlatable
on the basis of the time of deposition of the
various strata rather than the nature of the
minerals in the strata, so that strata of the same
age in different locations may be identified as
such even though their mineral compositions
differ. Still another object is to provide a meth-
od and apparatus for obtaining data from which
the nature of the variations in the earth’s mag-
netism in past geological ages may be deter-
mined. A still further object is to provide a
method and apparatus for obtaining remanent
fleld direction data for the various well strata,
which' data are directly applicable to improving
the interpretation of magnetic core-orientation
measurements. Many other and further objects,
uses, and advantages of my invention will become
apparent as the description proceeds.

In general terms the essence of my invention
by which the foregoing and other objects are
accomplished comprises the logging or measure-
ment in wells of the variations in the orienta-
tion and inclination of certain residual or rem-
anent magnetic properties. : .

The magnetic fleld encountered in wells may
be considered as arising from two sources: the
flux induced in the strata by the earth’s present
magnetic poles, and the remanent field. The
former is generally the major component of the
resultant field, while the remanent magnetism
is usually quite small by comparison. Whereas
the variations in the strength of both the induced
and the remanent magnetic fields are often
considerable, they are generally related to the
kind and composition of each rock, being de-
pendent on the content of magnetite. To be
distinguished from these variations, on the other
hand, are the variations in direction of the rem-
anent field which are related to the changes in
direction of the earth’s magnetic field during
the time of deposition
These latter variations result from the move-
ments of the magnetic poles which both have -
in the past and do now affect the. entire earth
in g related and determinable manner. As they
are thus independent of the nature of the rocks,
well logs based on these variations can be cor-
related over distances unlimited by the persist-
ence of the lithologic succession or the oceur-
rence of marker fossils, and the directional in-
formation they contain can be readily employed
in core-orientation measurements,

of the sedimentary. rocks. -
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The remanent magnetism of rocks is apparent-
1y produced almost entirely by the mineral mag-
netite. Since magnetite rarely forms in unmeta-
morphosed sediments, the magnetite now in them
was probably derived from igneous and meta-
morphic rocks. This limits its occurrence to
clastic strata. As the clastic particles contain-
ing some magnetite settle through the water or
air from which they are deposited, the magnetite
tends to become oriented so that its magnetic
fleld is parallel to the earth’s field. As the par-
ticles come to rest on the surface beneath the
fluid, they tend-to retain the same orientation,
and once they have been buried by later de-
posits they are unable to move in response to
subsequent changes in the orientation and dip of
the earth’s field. .

The magnetic permeability of rocks appears
also to be due to the magnetite content, and like
the process of orientation of a particle by its
remanent field, a certain amount of orientation
of the particles occurs due to this property. In
other words, in so far as a particle has a greater
permeability in one direction than in'any other
direction, this will be the direction in which the
particle becomes magnetized while exposed to the
earth’s magnetic field during settling to the bot-
tom of the fluid. Fixing of the particle in place

<«
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by later deposits thus prevents further movement ’

_to align the maximum permeability axis with the
shifting direction of the earth’s field in the same
way that the remanent magnetism becomes fixed.
There are thus two properties—the direction of
the remanent magnetism and the direction of the
axis of maximum permeability—available for the
purposes of this invention.

All rocks deposited from solution would be de-
void of magnetite if pure, so that their magnetic
properties could not be logged. However, many
limestones, dolomites, and other rocks deposited
primarily from solution are found to contain in
their clastic impurities sufficient magnetite for
logging. Moreover 80 per cent or more of all
sedimentary rocks are clastic.

Whereas it is a relatively simple matter to
measure the directional magnetic properties of
small rock samples in the laboratory, the meas-
urement of these properties in wells is tremend-
ously complicated by the presence of the earth’s
field. Consequently the magnetic fleld observed
by the well-logging instrument, while it involves
rock masses many times the size of laboratory
semples, is the resultant of the two fields: the
induced field and the remanent field of which it
is desired to measure the orientation and dip.
While it is quite difficult or impossible to elimi-
nate completely the effect of the induced field on
the measurements, it can be evaluated with suf-
ficient accuracy for the purposes of this invention.

Since the induced field is generally many times
larger than the remanent field, for the purpose
of estimating the magnetite content of rocks, the
remanent field strength may be neglected and the
resultant and induced fields considered equal. It
is chiefly their magnetite content which deter-
mines the permeability of rocks and gives rise to
the variations in the induced flux. As the
strength of the remanent field is also approxi-
mately proportional to the magnetite content to
which it is due, this same measurement of the
resultant field strength is useful for the purpose
of estimating the remanent field strength. There-
fore, in the practice of my invention the strength
of the resultant field in the various strata is logged
along with the variations in its direction, or the
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varietions in direction of the maximum permeé-
bility, or both. By properly employing the data
thus obtained logs related to the direction of the
remanent fleld, or to the direction of the maxi-
mum permeability, which is generally the same,
may be computed. These are the logs useful for
both long and short distance correlations, and
from which information may be derived as to the
variations in the earth’s magnetism in past geo-
logical ages. . ’ .

These principles and their relation to my in-
vention will be better understood by reference to
the accompanying drawings forming a part of this
application for purposes of illustration. In these
drawings the same reference numeral is applied
to the same or a corresponding part in the dif-
ferent figures. Thus, . )

Figure 1 is a cross section of a well with an in-
strument embodying the invention shown gen-
erally therein; . " .

Figure 2 is a cross section of one embodiment
of the detectors of my invention; :

Figure 3 is a cross section of Figure 2 on the
lines 3—3; :

Figure 4 is a cross section of an alternative
embodiment of the detector units of my inven-
tion; )

Figure 5 is a circuit diagram applicable to the
detector embodiment of Figure 4;

Figure 6 is a circuit diagram of the fleld-
strength detector of Figure 4; .

Figure 7T is a cross section of a third embodi-
ment of my invention adapted to measuring the
anisotropy of permeability around a well bore;

Figure 8 is a cross section of Figure 7 on the
lines 8—8; :

Figure 9 is a circuit diagram of the apparatus
of Figures 7 and 8 showing the method of record-
ing the data; and

Figure 10 is a graphical representation of an
assumed permeability distribution and the result-
ant detector signal. .

In Figure 1 is illustrated a general arrange-
ment of the apparatus for making measurements
of the various directional properties of the earth’s
magnetism in accordance with my invention,
Adapted to be lowered on a cable 10 into a well H
is a suburface instrument {2 having a rigid outer
housing (3 of non-magnetic material strong
enough to withstand the hydrostatic pressures
encountered in wells. Centralizing springs |4 and
15 at either end of housing i3 may be provided
to hold the instrument 2 in the center of the
well when it is necessary to do so. .

In suitable spaces within housing 13 are locate
power-supply equipment 16, which may include
batteries or alternating-current sources or both,
depending on the specific types of detectors em-
ployed, and amplification equipment {7 consist-
ing of one or more separate amplifier channels,
as needed, for signal transmission and the like.
Mounted in a frame 18, which is preferably freely
suspended from the center of a cross member {9
by a rotatable and flexible connection 20 so as to
hang vertically in a compartment near the lower
end of housing 13, is the magnetic-fleld or per-
meability-direction measuring equipment. When
and if housing 13 tends to rotate, a gyroscopic
stabilizer 21 mounted in frame (8 keeps it ori-
ented in a fixed predetermined direction. Where
the magnetism-measuring devices are such as
to require mechanical power for their operation,
it is supplied by an electric motor 22 likewise
fixed in frame 18, it being understood that pre-
cautions as by shielding or otherwise (not shown)
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will be taken to minimize
the magnetic fields and materials of the motor
and gyro and the earth’s directional magnetic
properties being measured.

The apparatus carried by frame 1§ for these
measurements includes at least one, and pref-
erably two or more detectors sensitive to the di-
rections or direction changes of components of
the remanent magnetic property in different
Planes. Thus, a detector 23 is primarily sensi-
tive to changes in direction in g horizontal plane
of the horizontal component of the measured
property, while the detector 24 is sensitive to
changes in its dip, or more generally to changes
in direction of the component lying in a given
vertical plane. A detector 25 is responsive to
changes in the total magnetic-field strength or
Anduction in the well formations so that the effect
“of these changes on the direction measurements
can be allowed for.

After amplification of the responses of detectors
23, 24, and 25, as necessary, by suitable channels
in amplifier 1, the resulting three signals may
be transmitted to the top of well {1 over separate
insulated leads in cable 10, Such further ampli-
fication as is necessary for recording is provided
by a horizontal-direction signal amplifier 30, g
dip signal amplifier 81, and a field-strength sig-
nal amplifier 82, each of which amplifiers drives
one of the respective recording devices 33, 34,
38, and thereby records on a moving chart 36.
Movement of chart 36 in accordance with the
depth of instrument 12 in the well is accomplished

by any of the conventional expedients of well -

logging, such as by a driving connection 37 actu-
ated from a depth-measuring sheave 38 over
which cable (0 passes. Since the signal trans-
mission and recording in correlation with instru-
ment depth may follow any of several suitable
and conventional practices, no further detailed
description of them is believed necessary herein.
Such modifications of these parts of the system
as may be required to adapt them to the various
specific embodiments of the detection equipment
described hereinafter will be apparent to those
skilled in the art of well logging.

One such embodiment of the measuring equip-
ment is shown in some detail in Figures 2 and 3,
where it will be seen that the suspension 20 for
frame 18 includes an upper 40 and a Iower tubu-

lar member 41 connected by a flexible or uni- -

versal joint 42, upper tubular member 40 being
held inflexibly but free to rotate by a bearing
43 in cross-member (9. Electrical conductors 44
supplying power to or earrying signal currents
from the apparatus mounted in frame 18 extend
through tubes 40 and 41 and are brought out to
slip rings 45 mounted on tube 40 and contacted
by brushes 46. It is to be understood that the
number of these slip rings and brushes will vary
depending on the number of independent elec-
trical-circuit connections to be made between
the fixed and the suspended equipment in hous-
ing 13.
. Best shown in Figure 2 is the dip-detector as-
sembly 24 which in this embodiment is adapted
~ for measuring the angle of inclination of the mag-
netic fleld intersecting the well bore at various
depths. ‘The assembly consists of g pair of highly
. permeable ferromagnetic bars 60 and 5 placed
end to end and having between their adjacent
ends an air gap in which is located a rotatable
inductor coil 62. This coil is mounted for 'rota-
tion about its diameter on a shaft 53 journaled in
@ pair of non-magnetic bearing members 54 and -

interference between

6

6, which may also help to support the bars 80

and 51 as a rigid unit.. The outer ends of the

bars §0, 51 are adjustably clamped to frame (8

by the clamps 56 and 57 movable in slots in the

frame 8. The winding of coil 52 may have one
terminal grounded and the other brought out to

an insulated slip ring 68 contacted by a brush 89

connected to one of the leads 44.

The horizontal-component” direction detector

23 is generally similar to the dip detector 24, as

can be seen by referring to Figure 3. Detector
23, like dip detector 24, consists of a pair of highly
permeable ferromagnetic bar members 60 and 81
aligned end to end with an inductor coil 62 in an
air gap between them. Non-magnetic bearing
members §8 and 84 carry a shaft 65 on which the
inductor coil 62 is mounted for rotation about its
diameter and also support the bars §0 and 6f asa

- unit, their outer ends being adjustably fixed to

the frame 18 by clamps 66 and 61, One terminal

of the coil 62 is grounded, and the other is
brought out to a slip ring 68 contacted by a brush

69 connected to another one of the Jeads 44. -

The field-strength detector 25 may be simply

an inductor coil 10 (Figure 2) fixed on & shaft
11 for rotation about its diameter, one end of the
coil - winding being grounded -and the' other
brought out to the slip ring 12 contacted by the
brush 18 connected to a still different one of the
leads 44. Shaft 71 rotates in bearings contained
in a gear box 74 and an adjustable support mem-
ber 18, both of which are clamped in slots in the
frame 8. : :

- In order to generate voltages indicative of the

5 magnetic fields surrounding them, the inductor

colls 62, 62, and 10 are rotated by suitably
coupling them to the motor 22, which is prefer-

" ably of a constant-speed type. While this cou-

pling is a positive one in order to preserve the
phase relations between the various coils, it is
also flexible so as to allow some adjustment of
the measuring units in the frame 18, Thus, the
motor shaft is connected by universal joints 80
and 81 and a spline 82 to a gear hox 83 adjust-

45 ably clamped in s slot in frame 18 by a clamp 84.
Thence torque is transmitted by a similar uni-
versal joint and spline coupling 85 to the shaft
65 of the inductor coil 62. Another flexible
coupling 86 simultaneously transmits power from

60 the box 83 to a second gear box 87 held by the

~clamp 88. From here the shaft 63 of the in-
ductor 52 is driven by a coupling 89. A similar
coupling 80 from shaft 53 to the gear box 74 ‘pro-
vides for rotation of the inductor coil 70. It is

58 thus seen that all of the inductor coils are linked
together so as to be driven in unison by the motor
22, but the flexibility of the couplings permits
limited movement of the various units in the
frame (8.

60  The adjustment and operation of this embodi-
ment of my invention may follow either of two
general procedures. It is assumed that the mag-
netic fleld observed at the earth’s surface at the
well location represents the normal values of
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.68 both the direction and intensity in that area

relatively unaffected by the remanent fields and
the varying permeabilities of the strata below.
It is also assumed, from the known fact that the
contributions of the :remanent fields to the ob-
70 served total fleld strengths are small; that the
.variations in direction of the resultant fields in
the strata will not exceed relatively narrow
limits. - Further, it is obvious that when the axes
of the bars 60, 81 and 80, 5! are perpendicular to
78 2 magnetjc fleld, the induction in exch is equal,
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and no flux crosses the gaps between them to be
intercepted by the inductor 52 or 62 during rota-
tion. :

One adjustment procedure therefore consists
in so adjusting and setting the clamps and bars
that the axis of bars §0, 81 is horizontal and per-
pendicular to one of the expected limiting direc-
tions of the magnetic field horizontal component
to be encountered in the well.. Bars 50, 61 are
so oriented and clamped as to lie in the vertical
plane which includes the surface direction of
the magnetic fleld, their axis being’ turned in this
plane so as to be perpendicular to one of the
limits of variation in magnetic dip to be expected.
The axis of rotation, i. e., shaft 71, of inductor
18 is placed as nearly as possible perpendicular
to the direction of the surface magnetic field.
It may or may not lie in the same vertical plane
as bars 50, 51. The axes of rotation of the small
inductors 52 and §2, i. e, the shafts §3 and 68,
are oriented approximately parallel to the sur-
face field direction so that substantially the only
flux intercepted by them during rotation will
be that crossing the gap from one bar to an-

_other.

The apparatus is thus adjusted at the surface
with the gyro 21 in operation to maintain the
orientation, and with motor 22 running so as
to provide an output signal from the various
detectors which will serve as a reference, the
respective amplitudes at the surface and in the

_well being the significant indications. The in-

10

8

As the amplitude is, as before, a function of
both the strength and the direction of the result-
ant field in a stratum, the indications may be
corrected in a manner similar to the first operat-
ing procedure: either by applying the correction
factor previously mentioned or by.recording the
quotients of the outputs of each of the direc-
tional detectors by the output of the field-
strength detector. The polarity of the varia-
tions may conveniently be determined by using

" the signal from the inductor 70 as a reference

20

[
4

30

strument is then passed through the well, and

the amplitudes of the three signals are recorded
as functions of depth on the chart 38.

It is believed apparent that in this case the
amplitudes of the two directional detectors 23
and 24 will vary with both field strength and
direction. Neglecting variations in strength for
a moment, the outputs will be zero for the limit-
ing field directions that are perpendicular to
the bar axes, of medium amplitudes for direc-
tions parallel to the surface field, and of maxi-
mum amplitudes for field directions approaching
the other assumed limit of directional variation.
The influence of variations in field strength is
eliminated from the final logs, however, by
applying to the uncorrected values a correction
factor which is the ratio of the total field strength
at the surface to its value at the stratum in

50

question in the well. This is the ratio of the '

signal amplitude of the inductor 70 at the sur-
face to its value in the well, and may be em-
ployed either in the subsequent preparation of
corrected logs, or at the time of the logging
operations. In the latter case recorders 33 and
34 may be adapted to record, not the signal
amplitudes directly, but their respective quotients
with the total field strengths for the correspond-
ing strata. .

In the second and ordinarily preferred adjust-
ment procedure, the bar axes are oriented per-
pendicular to the surface directions of the com-
ponents of the magnetic field to which they are
responsive, instead of perpendicular to. one of
the limiting directions expected in the well,
Consequently the outputs of the inductors 52
and 62 are zero whenever the field component
direction in the well is the same as it is at the
surface, and the direction of a variation from
the surface direction is easily ascertained from
the fact that the alternating-current output of
‘the inductors 52 and 62 shifts 180 degrees in
phase as the direction changes from one side of
the surface reference direction to the other,

. cated at an apex of the triangle.

60

with which to compare the phases of the signals
from the inductors 52 and 62, for the reason that
the phase variations in the field-strength signal
are small because the changes in total fleld di-
rection are small. The manner of applying a
phasemeter to this determination will be ap-
parent to those skilled in the art.

In Figure 4 is shown an alternative embodi-
ment of my invention which is simpler mechan-
ically than the embodiment of Figures 2 and 3°
in that no rapidly moving parts are employed
corresponding to the various rotating inductor
coils. Briefly, these detectors comprise station-
ary ferromagnetic cores exposed to the steady
magnetic field and periodically saturated by addi-
tional pulsating or alternating fluxes induced
therein by exciting windings. Pickup coils about
the cores are so arranged that when there is no
external steady field the voliages induced in
them by the additional fluxes balance out. But
in the presence of such a field the balance iz
disturbed, giving a resultant voltage which may
be used to indicate the field strength or its di-
rection relative to the cores, or both.

As, in .this embodiment, the horizontal-com-
ponent detector 28 and the dip detector 24 may
be practically identical except for their orienta-
tion in the frame {8, only the latter will be de-
scribed in detail, since it is shown to better ad-
vantage in the drawing. For clarity the elec-
trical leads and connections have been omitted
here.

Arranged as the sides of a triangle, preferably
equilateral, are the three highly permeable, sat-
urable ferromagnetic cores 198, 101, 182, carry-
ing the respective exciting windings 183, 104, 108
and the respective sets of pickup windings 108,
107; 108, 109; and (16, 1tf. Although they are
not strictly essential, the induction in the cores

_due to an external field is increased by the arcu-

ate pole pieces 112, 113, 114, each of which is Jo-
These pole
pieces may conveniently carry the clamps i1y,
16 by which the unit 24 is fastened in the sup-
porting frame (8.

The field-strength detector 2§ in this embodi-
ment may consist of & single permeable, satura-
ble ferromagnetic core 120 having arcuate pole -
pieces 121 and 122, the tips of which are bent
backward towards the central part of core 128 s0
as to form nearly closed flux paths with the two
halves of the core. Within each flux path and
surrounding core (28 are the exciting windings
123 and (24, while a single pickup winding 12§
encircles core 120 at its center. Mounting of the

" entire assembly on a disc or plate 128, pivoted

70

[

to a cross-member 121 clamped to frame 18, pro-
vides for adjusting the direction of the core axis,
plate (26 being fixed in a desired position by a
serew 128 clamping it to cross-member 21.
The circuit connections of this embodiment of
my invention are shown in Figure 5. Although
the exciting coils 103, (04, 18§ are there shown
connected in serles and to a suitable source 138
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of alternating current, they can equally well be
in parallel rather than series. The pickup cofls
are Y-connected in pairs, coils 106 and {] form-
ing one pair, 107 and 108 another, and (09 and
110 a third. As may be observed from an inspec-
tion of the drawing the relative directions of
these pickup and exciting windings are such that
the voltages induced in each coil of a pickup
pair by the alternating exciting fluxes tend to
balance out; for example, the voltage in coil (1}
due to the flux excited by coil 103 in its core is
equal and opposite to the voltage in coil 106 due
to excitation by coil 104, and so on for the other
two pairs. However, a resultant voltage appears
in each coil pair, considered as a unit, if the in-
duction due to an external steady fleld (which
depends both on the field strength and its direc-
tion relative to the core) brings one core closer
to saturation than another, so that the induced
voltage is distorted by a saturation “cut-off” ef-
fect in one coil different from that in the other
coil of the pair.

In the presence of such an external fleld, each
of the three coil pairs will generally show such g

resultant voltage, fach proportional to the com- 2:

bonent of the fleld in one of the three .core di-
rections. The vector combination or resultant of
these three individual voltages is then the qi-
rection and strength of the total field component
lying in the plane of the triangular core struc-
ture. For transmitting this information to the
appropriate recorder (either the horizontal re-
corder 33 or the dip recorder 34, depending on
the orientation of the triangular detector unit in
frame 18) the outer terminals of the Y-connected
coll pairs may be connected by the three leads
131 to a 3-coil Y-connected stator 132 consisting
of the coils 133, 134, and 135 oriented 120° apart,
As these three voltages and their resultant are
of twice the frequency of source 130, the direc-
tion of the resultant in stator 132 is indicated by
the position of a rotor 138, to which is supplied
a current of the same double frequency and
proper phase from the source (30 through a fre-

quency-doubling circuit {37, The alignment of -

rotor 136 is an indication of the resultant field
direction, and for transmission to the recorder,

for example, recorder 34, it may be made to ad- .

Jjust the contactor 138 of g potentiometer 139 in

series with a battery 140, thereby sending to the :

recorder a direct-current signal over the leads
141 indicative of the magnetic-field dip in the
well.

As the magnitude of the resultant voltage in
stator 182 is proportional to the total strength
of the magnetic field, in the case of this embodi-
ment of the dip detector 24, it may be measured
there in place of using the separate detector 25.
This may be accomplished, for example, by a suit-
able pickup coil having its axis oriented by the
rotor 136 to a position berpendicular to the re-
sultant field of stator (32. .

However, as shown by Figure 6, the exciting
coils 123 and 124 of the preferred separate field-
strength detector 25 of this embodiment are con-
nected in series opposition and to the source 130.
When core 120 is aligned parallel to the average
direction of the magnetic field or to its direction
at the surface, then the double-frequency un-
balance voltage in pickup coil 125 varies in ampli-
tude directly with the field strength. If desired,
a rectifier 142 may convert this to a direct-cur-~
rent voltage for recording by the recorder 35,

Source 130 may also supply the exciting voltage
for the horizontal-component detector 23 which

Cr

—

is exactly like the detector 24. However, a sepa-
rate rotor and stator unit is required to ahalyze
the three components of the horizontal flux and
transmit an indication of their resultant to the
direction recorder 33. - ‘

In operation, it is only necessary at the surface
to set the detector 23 in a horizontal plane, the
detector 24 in the vertical plane which includes
the surface fleld direction, and the fleld-strength
detector core 120 barallel to the surface fleld,
Thereafter the gyro 21 maintains the orientation
of frame (8 while the Instrument is passed
through a well. If desired, the directional logs
may be corrected by the output of the detector
25 during the logging run as in the Figure 2 em-
bodiment, or the data from the three detectors
may be recorded directly for use in breparing cor- -
rected logs later,

An embodiment of my invention directed to
the measurement of g directional earth magnetic
property different from the remanent magnetism
but like in it indieating conditions of deposition of
the earth sediments, namely, the property of di-
rectional anisotropy of the permeability, is shown
in Figures 7 and 8. As the success of this meas-
urement depends to g considerable extent on
maintaining concentric the instrument and the
walls-of the well, it does not appear feasible to
measure other components of the permeability .
than its values in a plane perpendicular to the
well axis; that is, the horizontal component in
a vertical well. : :

The apparatus for this measurement consists of
a central tube 150 on the axis of the oriented
frame (8 adapted to be rotated by the motor 22

- through gears i5f and 152. A cross arm 153 is -

clamped at its center to tube 150 and carries at
its extremities the coils 154 and 155, the axes of
which lie along cross arm {53, Fastened also to
cross arm 153 at its center are the permanent bar
magnets {56 and 157 with their axes also aligned
parallel to the arm. Magnetic shields {58 and
159 above and below these magnets and coils iso-
late this section of the apparatus from the re-
mainder of the instrument,. Although they are
not essential, it is often ‘helpful to balance out
the earth’s magnetic field at least partially by a
plurality of small permanent magnets 160 set in
the outer wall of the portion of frame 18 in-
cluded between shields 158 and 159. -The coils
154 and 155 are connected electrically in series
and their leads are brought out through the in-
terior of tube 150 to slip rings 162 contacted by
brushes 163, whence suitable leads extend to an
amplifier and the recording system.

Also mounted on the tube §50 in a position to
be shielded from the magnets. 156, 157, and 160
is an inductor coil 165 rotatable by tube 150 about
the coil diameter. The leads for this coil 165 may
also be brought out through the tube | 50, slip
rings 162 and brushes 163.

The tooth ratio of gear 151 to 152 is preferably
1:2 so that the shaft of motor 22 rotates at ex-
actly twice the speed of tube 150. Coupled di-
rectly to motor 22 is a small single-phase alter-
nator 166 which therefore generates 5 current of
twice the frequency of rotation of tube 150.

The circuit connections for this embodiment of .
my invention are shown in Pigure 9. The coils
154 and 155 are connected to a filter 170 which
preferably passes only a frequency equal to twice
the frequency of rotation of shaft or tube 150,
and in particular rejects that frequency equal to
the rotation speed. The signal from this filter
is then amplified by an amplifier 171 and passed
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to one set of input terminals on a phase-meter or
bridge 172. The other input to phasemeter 172
is taken from a double-pole double-throw switch
118 which connects either to the inductor 165 or
the alternator 166. The output of inductor 183
is preferably fed through a frequency doubler
{14. The signal from phasemeter 1712 may be
transmitted directly to the recorder for recording
in correlation with depth, the log then being
simply a trace varying according to the phase
angle between the two voltages entering meter

i12.
The operation of this embodiment of the in-
- yention can best be understood from Figures 8
and 10. Let it be assumed that the permeability
is a maximum in the direction of the arrows 116
and s minimum in the direction at right angles
thereto designated by the arrows i11. 'Then, as
the coils 158 and 155 rotate, along with magnets
158 and 157, some of the flux from the latter will
pass through the coils and enter the formations
of well 11. Because of the greater permeability
_in the direction 176, more flux will pass through
the coils when cross arm 1538 points in this direc-

tion and less when it points at right angles, paral-

1el to the arrows 171. These positions of maxi-
mum and minimum flux are reached twice for
each revolution of the shaft 150, so that the in-
duced voltage due to the permesability effect will
have twice the frequency of rotation. On this
basis it can be differentiated from the signal due
to the rotation of coils {54 and 155 in the un-
balanced portion of the earth’s magnetic field,
which will be the same as the frequency of rota-
tion.

The graphs of Figure 10 will show this even
more clearly. Adopting the arrow 118 (Figure 8)
as the reference direction, the upper graph shows
the assumed variation in permeability around
the well {(. It varies from a maximum value of
uz at about =/4 to a minimum of ju at 3r/4, back
to & maximum gz at 5r/4 and to a minimum g1
again at Tr/4. As the voltage in coils 154 and 158
is proportional to the time rate of change of flux
through them passing into the formations from
magnets 156 and 157, it is represented by the
lower graph, which, it will be observed, is dis-
placed by a phase angle of »/4 from the perme-
ability graph and has a frequency of twice the
frequency of rotation of the coil-magnet struc-
ture.

As the direction of the horizontal component
of the magnetic field does not vary greatly be-
cause it is largely due to induction rather than
remanent magnetism, it is used as the reference
direction when switch 113 is thrown to the upper
position. Alternatively, when switch 113 is in
the lower position the output of alternator 166,
which has a directional sense because of the
orientation of frame I8 by the gyro 21, is used
as a reference signal. Either one is adequate to
indicate the variations of the direction of an-
jsotropy of the permeability in the different
strata of a well,

The logs made in the practice of my invention
are useful in many ways, for example, in direct
correlation from well to well by the similarities
of appearance of the logs, or for the preparation
of master logs showing the attitude of the earth’s
magnetic field at the various times of deposition
of the strata. Also, the data will be found highly
useful in improving the accuracy of core-ori-
enting procedures which rely on the remanent
magnetism of cores for directional orientation.

‘Although in the case of the remanent mag-
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yetism it has been proposed to measure more
than one component, i. e., the horizontal com-
ponent and the dip, it will be appreciated that
most of the advantages of the invention are re-
tained if logs are made of only one component,
such as the direction of the horizontal com-
ponent.

While the invention has been described in
terms of the foregoing specific embodiments

thereof, it is obvious that many modifications-

will occur to those skilled in the well-logging art.
The invention should therefore not be consid-
ered as limited solely to these specific embodi-
ments but is best defined by the following claims.

I claim:

1. The method of logging wells which com-
prises the steps of measuring at a plurality of
depths within a well the direction of the hori-
zontal component of the earth’s magnetism, said
magnetism including flux due to both the in-
duced and the remanent fields, measuring at a
plurality of depths the dip of sald magnetism,
and recording separately the variations of sald
direction and of said dip as functions of depth.

2. The method of logging wells which com-
prises the steps of producing a first electrical
signal varying with the direction of the hori-
zontal component of the magnetic fleld in a
well, said field being the resultant of both the
induced and the remanent magnetism, producing
a second electrical signal varying with the dip
of said magnetic field, producing a third elec-
trical signal varying with the strength of said
fleld, and recording the variations in each of
said signals as functions of depth.

3. The method of logging wells which com-"

prises the steps of producing within a well a first
electrical signal varying quantitatively with the
direction of the horizontal component of a di-
rectional earth magnetic property, producing
within said well a second electrical signal vary-
ing quantitatively with the strength of the mag-

netic field in the well, and recording the varia-.

tions of each of said signals as functions of depth.

4. The method of logging wells which com-
prises the steps of, at the earth’s surface, orient-
ing a first elongated ferromagnetic core perpen-
dicular to the earth’s magnetic field and in a
horizontal plane, orienting a second elongated
ferromagnetic core perpendicular to the earth’s
magnetic field and in a vertical plane, passing
said cores through a well while maintaining their
orientations, and recording as functions of depth
in said well the variations in flux traversing said
cores longitudinally.

5. The method of logging wells which com-
prises the steps of, at the earth’s surface, orient-
ing a first elongated ferromagnetic core in a
horizontal plane and perpendicular to one of the
limiting directions expected of the varying hori-
zontal component of the magnetic field in a well,
orienting a second elongated ferromagnetic core
in a vertical plane and perpendicular to one of
the limiting directions expected of the varying
dip of the magnetic field in said well, passing said
cores through said well while maintaining their
orientations, measuring the strength of the mag-
netic fleld in said well, and recording as func-
tions of depth in said well said magnetic-field
strength and the variations in magnetic flux
traversing each of said cores longitudinally.

6. The method of logging wells which- com-
prises the steps of exposing to the magnetic field
of the formations of a well a plurality of saturable
ferromagnetic cores arranged as the sides of &
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polygon forming a plane of investigation, in-
ducing additional periodic saturating fluxes in
said cores, measuring the differences in said sat-
urating fluxes in sald cores due to the presence
of flux from said formations therein, determining
the resultant direction of said differences, meas-
uring the total intensity of the magnetic fleld in
sald well formations, and recording as functions
of depth in said well the variations of said re-
sultant direction and said total intensity.

7. The method of logging wells which com-
prises the steps ot impressing on the formations
of a well at varying depths therein a constant flux
" while rotating the source of said flux about the
axis of said well, intercepting a portion of said
flux passing into said formations, producing an
electrical signal varying with the amount of in-
tercepted flux around said well, and recording in
correlation with depth the varlations in phase of
that component of said signal having a frequency
equal to twice the frequency of rotation of said
source.

8. The method of logging wells which com-
prises the steps of impressing on the formations
of a well at varying depths therein a constant
flux while rotating the source of said flux about
the axis of said well, intercepting a portion of said
flux passing into said formations, producing an
alternating electrical signal proportional to the
variations in said intercepted flux around said
well, said signal having g frequency equal to twice
the frequency of rotation of said source, produc-
ing a second electrical signal by rotation of an
inductor in the earth’s magnetic fleld, doubling
the frequency of said second signal, and record-
Ing the variation in phase between said alternat-
ing signal and said doubled second signal as a
function of depth in said well.

9. The method of preparing well logs which
comprises the steps of measuring as a function of
depth in a well the direction of a component of
the magnetic fleld therein, which measurement
also varies with the strength of said fleld, meas-
uring as a function of depth the strength of satd
field, and plotting in correlation with depth a
quantity proportional to the quotient of the di-
rection measurement and the fleld-strength meas-
urement. .

10. The method of breparing well logs which
comprises the steps of measuring as functionsg
of depth in a well the directions of a plurality of
components of the magnetic ficld therein, which
measurements also vary with the strength of said
fleld, measuring as g function of depth the
strength of said fleld, and plotting in correla-

tion with depth a quantity varying with the-

quotient of each component direction measure-~
ment and the field-strength measurement at the
corresponding depth.

11, Apparatus for logging wells comprising an
instrument housing adapted for lowering into. a
well, a reference framework in said housing and
movable relative thereto, means “or maintaining
said framework oriented in a fixed direction,
means carried by said framework
a first electrical signal varying quantitatively with
the direction of a directional magnetic bProperty
of well strata, means carried by said framework
for producing a second electrical signal varying

quantitatively with the strength of the magnetic 7

field in the well strata, and means for recording
the variations of each of sald signals in correla-
tion with depth in a well.

12. Apparatus for logging wells comprising an
instrument housing adapted for lowering into a

for producing ¢
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- 8ald framework and capable
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well, a reference framework in said housing and
movable relative thereto, means for maintaining -
sald framework oriented in a fixed direction, at
least one magnetic induction means carried by
of varying an elec-
trical signal in accordance with changes in direc-
tion of a magnetic-fleld component in a well,
means for producing a second electrical signal
varying with the magnetic-field strength in a
well, and means for recording the variationg of
each of said signals in correlation with depth in
a well,

13. Apparatus for logging wells comprising an

- Instrument housing adapted for lowering into a
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well, a reference framework in -said housing and
movable relative thereto, means for main :
said -framework oriented in & fixed direction,

means for producing a first electrical signal vary-

Ing with the direction of the ‘horizontal compo-

nent of the earth’s magnetic field, means for pro-

ducing a second electrical signa] varying with

the dip of the earth’s magnetic fleld, means for
producing a third electrical signal varying with
the strength of the earth’s magnetic fleld, all

of said signal-producing means being carried by
said framework, and means for recording the
variations of each of said signals in correlation
with depth in a well. :

14, Apparatus for logeging wells comprising an
instrument housing adapted for lowering into a
well, a reference framework suspended in said
‘housing and rotatable relative thereto, means for
maintaining said framework oriented in a fixed
direction, a plurality of coplanar saturable fer-
romagnetic cores mounted in said framework and
defining a plane of investigation of a magnetic-
fleld component, said cores being at least par-
tially saturable by flux from the well strata, means
on each core for inducing periodically an addi-
tional saturating flux therein, a pickup-coil means
on said cores connected in opposition in pairs
whereby voltages from said additional saturating
fluxes tend to cancel out leaving residual volt-
ages varying with the well strata flux in said
cores, means for combining said residual voltages
to produce a resultant field indicative of the
strength and direction of said magnetic-field
component, and means for recording variatfons
in the strength and the direction of said com-
ponent in correlation with depth in a well, .

15. Apparatus for logging wells comprising an
instrument housing adapted for lowering into a
well, a reference framework suspended in said
housing and rotatable relative thereto, means for
maintaining said framework oriented in a fixed
direction, two sets of saturable ferromagnetic
cores mounted in said framework, each of said
sets comprising a plurality of coplanar elongated
cores defining a plane of investigation of a mag-
netic-field component, one of said sets being hori-
zontal and the other in a vertical plane includ-
ing the magnetic-field vector at the earth’s sur-
face, and each of said cores being at least par-
tially saturable by flux induced therein from the
well strata, means for Inducing in each core an-
additional periodic saturating flux, pickup-coil -
means on said cores responsive to differences in
said saturating flux in said cores due to the well
strata flux therein, means for deriving from said
pickup means resultant fields indicating the di-
rection of the magnetic-field component in the
plane of each set of cores, means for measuring
the total magnetic-field strength in said well
strata, and means for recording said total field
strength and the variations in direction of said
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resultant fields for each set of cores in correlation
 with depth in said well. :

16. Apparatus for logging wells comprising an
instrument housing adapted for lowering into a
well, a reference framework suspended in sald
housing and rotatable relative thereto, means for
maintaining said framework oriented in a fixed
direction, rotary means carried by said frame-
work and adapted for rotation about the longitu-
dinal axis of sald framework, means on said ro-
tary means for inducing an additional magnetic
flux in well strata, pickup means on said rotary
means adapted to intercept a portion of the flux
" passing to the well strata from said flux-induc-
ing means, means for detecting an output from
said pickup means having a frequency twice the
frequency of rotation of the rotary means, and
means for recording the phase of sald output in
correlation with depth in a well.

17. Apparatus for logging wells comprising an
- jnstrument housing adapted to be lowered into a
well, rotary means in said housing rotatable about

10

the longitudinal axis thereof, means on said rotary -

means for inducing an additional magnetic flux
in the strata of a well, pickup means on said
rotary means adapted to intercept a portion of

<0
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the flux passing to the well strata from said flux-
inducing means, means for detecting an output
component from said pickup means having a fre-
quency twice the rotational frequency of the ro-
tary means, an inductor coil for producing an al-
ternating voltage by rotation in the earth’s mag-
netic fleld, and means for recording the phase
angle between said pickup output and said alter-
nating voltage in correlation with depth in a well.
’ WILLIAM L. RUSSELL.
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