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Fred M. Mayes and Jack Weir Jonmes, Richardson, Tex.,
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23 Claims. (Cl, 324—1)

This invention relates to ‘bore hole logging methods
and apparatus and particularly to methods which involve
the location of recording apparatus within a hole.

Conventional -methods. of well logging, whether of
electrical or other types, involve the absence of the drill
stem during the logging operation. This has two serious
drawbacks in that not only must special time be con-
sumed in running the well log, during which time the
drill stem must be out of the hole, but after a period
of drilling, due to the fact that the drill stem must be
removed, there is inevitably a delay before the new part
of the hole may be logged, during which delay there
occurs invasion of the formation by drilling liquid.
Since the drilling liquid has physical properties of its
own, it may, by penetration of porous layers, greatly
change their properties so as to interfere with their de-
tection. For example, in the case of electrical logging,
the conductivity of the liquid will effect changes in the
apparent conductivity -of the formations; and in the case
of acoustic logging the absorption and velocity of sound
will be changed, etc.

Proposals have been made to effect electrical logging
by using the drill bit or one or more other parts of the
drill stem as logging electrodes. In line with this it has
been proposed to supply special drill stem tubing con-
taining one or more conductors which are electrically
connected in the assembly of the drill stem and extend
to recording apparatus at the surface. The use of such
an arrangement has been found to be impractical because
of high cost and wear.

Proposals have also been made to support one or more
electrodes on wire lines to be dropped below a core bit
into the lower portion of a hole from which the bit has
been raised. This procedure has also proved impractical
inasmuch as special handling has been required at the
surface, but particularly because core bits are not gen-
erally desired for the major drilling activities but are
used only for special purposes.

One of the objects of the present invention is to pro-
vide logging methods and apparatus which may be used
when a drill string is in a bore hole and may be used at
any time with a minimum of interruption in drilling.
Not only may the logging be accomplished just prior to
removal of the drill string for the purpose of changing
a bit, but the logging may be carried out to be promptly
followed by a continuation of drilling. In brief, in ac-
cordance with this aspect of the invention, a self-con-
tained energizing and recording apparatus may be
dropped through a drill string in go-devil fashion or may
be pumped down therethrough when the drill string has
been lifted to only a limited extent from the bottom of
the hole to provide a region for reception of an electrode
or other logging assembly. The apparatus in accord-
ance with the invention includes an assembly of a type
suitable to pass through the mud flow openings of a jet
bit which may be of any of the conveantional popular
types. Such bits are presently widely used since they
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effect the carrying away of cuttings and avoid their re-
working by the drill. These jet openings are generally
at relatively small angles with respect to the drill stem
axis and a flexible assembly may, accordingly, be pro-
jected therethrough to extend beneath the bit. For elec-
trical logging the assembly is an electrode assembly; for
acoustic or other logging it may be of suitable type for
exposure to the walils of a hole.

The self-contained assembly which is lowered to the
vicinity of the bit contains, for electrical logging, not
only means for supplying current to the earth, but also
means for recording various potentials at the electrodes
of the assembly. In accordance with the invention the
recording is effected, desirably, magnetically.

Recording in a self-contained instrument within a drill
stem or bore hole has always presented substantial diffi-
culties because of the limited diametral space afforded.
Without  the possibility of reference to some standard
frequency supply line, there is difficulty in providing con-
stant speed of transport of the recording medium. - Fur-
thermore, since the apparatus used must be kept to a
minimum, stability of measuring circuits is difficult to
maintain.

It is, accordingly, ancther object of the present inven-
tion to provide exciting and recording apparatus which
may be self-contained and is sufficiently simple in con-
struction to be housed in apparatus which may pass
through a drill stem. . In accordance with this aspect of
the inventiosn, a pulse width modulation recording sys-
tem is used which, as will appear hereafter, is essentially
independent of supply voltage changes and of the trans-
port speed of the recording medium.

Also avoided in accordance with the present invention
is the difficulty of maintaining constant current to the
current electrode or electrodes. In the novel system the
record depends on the ratio of potentials to the current
introduced into the earth,

The foregoing general objects of the invention, as well
as other objects relating particularly to details of con-
struction and operation, will be apparent from the follow-
ing description, read in conjunction with the accompany-
ing drawings, in which:

FIGURE 1 is a sectional view illustrating the lower
end of a drill stem, including a jet bit, and the logging
assembly in its approach to the position of the bit;

FIGURE 2 is a view, partly in section, showing a
typical electrode assembly which may be used;

FIGURE 3 is a diagram, both mechanical and elec-
trical, of the loggmg apparatus; and

FIGURE 4 js a diagram illustrating a su1table repro-
ducing means for a record produced by said apparatus.

Referring first to FIGURE 1, there is indicated at 2
the lower end of a drill stem which may be considered to
be located in the newly drilled portion of a hole, the drill
sfem having attached to it through the drill collar 4 a
jet bit 5 which is illustrated as of the multiple cone rock
type though it will be evident that in accordance with the
invention any desired type of bit may be used providing
that it has either jet passages or a central passage of the
type involved in core bits. Under the conditions existing
prior to the beginning of logging, the drill stem will have
been raised to an extent to permit an electrode assembly
to project below the bit free of engagement with the
bottom of the hole.

The bit 5 is provided with the usual jet openings 6
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which are usually lined by abrasion-resistant tubes 7. For
present purposes, the lining of one of the holes is pro-
vided by a tube 8 which extends upwardly to open at 9
in the fashion of a funnel for the reception of the elec-
trode assembly. During the progress of drilling, the
mud passes through the tube 8 and through the other
openings lined with the tubes 7, reaching the latter through
the annular clearance 16 which is of such cross-section
as to provide the proper and approximately equal distri-
bution of mud to the jet holes. Generally the total num-
ber of jet holes is equal to the number of cones of a
cone type rock bit, there are two such openings in the
case of a fish-tail bit, etc. The logging assembly is in-
dicated at 11, and comprises a protective casing capable
of withstanding the mud pressures which may be en-
countered at the bottom of a hole. This casing may be of
the same general type as is conventionally used for well
surveying instruments. If it is not to be recovered except
upon removal of the drill stem, its upper end requires
no special structure. If it is to be retrieved from the driil
stem prior to the raising of the latter, it may be provided
with a conventional spear-head adapted to be engaged
by an overshot lowered on a wire line. If it is not to be
dropped in go-devil fashion or pumped down through the
drill stem, it may be supported by a wire line, whereby
it may be lowered through the drill stem when drilling
stops and whereby it may be retrieved after a logging
operation. Electrically, the casing 11 becomes grounded
to the drill stem and provides the ground for its enclosed
circuitry.

In accordance with the present invention, the protec-
tive casing has extending downwardly from its lower end,
supported by an adapter 12, an electrode assembly 13
which will be hereafter referred to as a wand, inasmuch
as it is, as a rule, flexible though with sufficient rigidity
so that it may be forced downwardly along the wall of
a hole without buckling so as finally to extend substan-
tially parallel to the axis of the hole. Depending upon the
particular electrode configuration which is desired, the
wand may be either relatively short or quite long, being
in the latter case upwards of twenty feet in length.

The wand construction is illustrated in detail in FIG-
URE 2 in which portions which may be of great length
are shown broken, the breaks also indicating in some
cases repetitions of sections as will be apparent hereafter.
It comprises a nose portion 14 which is of metal and
constitutes an electrode, which electrode, depending on
the electrical configuration used, may be either a current
electrode or a potential electrode. Consistent with the
vse of the wand in the fashion illustrated in FIGURE 1,
the nose has secured thereto a ball 15 which may be of
rubber or other suitable abrasion-resisting material.
Threaded into the nose 14 is a tubular insulator 16 which
is provided with a threaded stem to which is secured the
lower end of a tightly wound helical spring 17. Such a
spring provides high resistance to direct end thrust, but
at the same time provides sufficient flexibility for bend-
ing of the wand as it passes through a jet opening or must
thereafter deflect to extend downwardly along the wall of
a bore hole. As will become evident a series of springs
sach as 17 provide the major body of the wand, there
being interspersed insulated electrodes. The upper end
of the spring 17 is threaded to the lower end of a tubular
insulator 18 on which is mounted a metallic electrode
tube 19, the tube being confined between an insulating
washer 20 and a flange 21 forming part of the tube 18.
The spring 17 which connects the insulating members 16
and 18 is covered by a flexible insulating tube 22 which
may be of rubber or flexible plastic. The type of con-
struction just described is then essentially repeated, there
being threaded to the upper end of member 18 another
spring 22 which is threaded at its upper end to a further
tubular insulator 23, the spring being covered by the
flexible insulating tube 24 of rubber or plastic. The tube
23 supports between its flange and a washer 26 another
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tubular electrede 25. In further continuation upwardly,
there is another spring 27 surrounded by a flexible in-
sulating covering 28. The construction may be repeated
to provide as many electrodes as desired in the required
positions thereof. Finally the assembly is terminated by
the arrangement involving the spring 30 (which may be
the same as spring 27 or different) covered by the in-
sulating tube 29. The upper end of spring 30 is threaded
to the insulating tube 31 on which there are mounted a
suitable number of collector rings such as 32 and 33 in-
sulated from each other by insulating washers such as 34
and 353. To the top of the member 31 there is threaded
the metallic member 36 which is arranged to be secured
as indicated at 37 in a lug contained within the adapter 12.
An insulated wire 38 connects the member 36 to the nose
electrode 14, while insulated wires such as 39 and 4¢
connect the individual collector rings to the electrodes
such as 1% and 25.

The electrodes may be of lead or other suitable metal,
depending upon the particular electrical system employed.
In the case of an electrode employed for pickup of self-
potential, the electrode may desirably be of the same
metal as the drill stem furnishing a reference so as to
minimize any direct potential differences due to the use
of different materials.

It will be evident from the foregoing that there is pro-
vided an assembly which, except for the limited regions
at the electrodes, is flexible and yet has sufficient stiffness
and resistance to compression so that friction may be
overcome during lowering in the bore hole to the end
that the wand will extend along the hole and not tend
to buckle upon itself. Any desired number of electrodes
flush with the outer surface of the wand may be provided
and located where desired for the particular configuration
involved. It may be noted that the electrodes shown,
though they are individually inflexible, are of such short
lengihs that, from the standpoint of the sinuous path
that the wand may be required to follow through a jet
bit passage and then along the wall of a hole, the wand
as a whole is flexible, though stiff. Other sufficiently short-
sections of the wand may be inflexible, if desired, with
only short flexible joint portions between them. The
wand, nevertheless, will, as a whole, be resistant to buck-
ling so that it will extend generally lengthwise of a hole.

Surrounding the lower end of the wand as it is lowered
with the casing 11, there is a sleeve member 41 of metal
provided with a socket opening 42 for the reception of
the lower end of the casing 11. Restricted mud passage
groove 43 are provided in the inner surface of member
431 and communicate with restricted passages 44 at the
bottom thereof. This bottom is provided with an open-
ing 45 through which the wand may slide, the wand ini-
tially supporting the member 41 by reason of the en-
largement provided by the ball 15. One of the func-
tiens of the member 41 is to serve as a weight and guide
to maintain the wand 13 in substantially axial relation-
ship with the drill stem during lowering. Another is to
provide shock absorption tc prevent damage to apparatus
contained within housing 11. The member 41 is pro-
vided with a conical seat 46 arranged to be engaged by
the conical lower end 47 of the casing 11. An annular
ledge 48 within the drill collar 4 is arranged to arrest
downward movement of the member 41.

As the assembly comprising the casing 13, the wand
13 and the member 4% is lowered through the drill stem
either by being dropped in go-devil fashion, by being
pumped downwardly therethrcugh by the mud, or by
being lowered on a wire line, the member 41 ultimately
engages and is arrested by the annular seat 48. Once
this occurs, mud flow is restricted by confinement of
flow to openings 44 which provide a cross-section sub-
stantially less than that provided by the bit openings.
Thus a shock absorbing action results. The lower end
of the wand is centralized by the member 41 so that in
its continued downward movement the ball 15 enters



8,065,404

the funmel portion 9 of the liner 8 to guide the
ball and then the wand therethrough, the wand fex-
ing laterally for this passage and then again flexing
when it encounters the wall of the bore hole, whereupon
it thereafter will move downwardly in contact with the
wall. The opening through the liner 8 is directed, as is
usual, between the cones of the bit so that free downward
passage of the wand may occur. Finally, the lower end
of the casing 11 enters the opening 42 of member 41
and seating takes place at 46. The fact that seating
has finally occurred will be signalled to the surface by
the fact that the pump pressure gauge will show a partial
obstruction to free mud flow as the casing 11 enters the
seated member 41. Flow of mud is not completely ar-
rested since restricted flow may still continue through
the grooves 43. When seating has been accomplished,
the wand, and the electrodes thereon, will occupy par-
ticalar definite positicns with respect to the bit, so that
their positions within the bore hole will be known. There-
after logging is effected by the raising of the dril] stem
with notation of the times at which the drill stem occu-
pies various positions. The upward motion of the drill
stem during logging may be uniform or intermittent,
depending upon the length of the hole which is to be
logged. If the length to be logged in a single operation
is less than the free movement of the drill stem within
the derrick without involving removal of sections, the
logging may be continuous at a substantially uniform
rate. If a greater length is to be logged, involving re-
moval of drill stem sections, there will be interruptions
of movement of the electrodes during the removal of
successive sections. A depth-time record will, in any
. event, be made, so that the ultimate log may be corre-
lated with depth through time as will appear more fully
hereafter.

" The invention is not specifically limited to amy par-
ticular type of logging. The logging may be of elec-
trical type, and this will be more specifically referred to
as an example of the application of the invention. How-
ever, as will become apparent, the logging may be of
other types. It may, for example, be high frequency
logging, in which case the wand may carry a radiating
coil or may provide spaced coupling capacitances. Radio-
active logging may be effected, in which case the wand
may contain radiation detecting means. Acoustic logging
may also be carried out, in which case the wand may
contain either pick up devices only or both pick up
devices and means for producing acoustic signals. In
any case, the wand is flexible so as to be capable of
lateral diversion to pass through jet openings in a bit.
As will more clearly appear hereafter, electrical signals,
irrespective of the type of logging used, may be mag-
netically recorded in accordance with the invention.

Since the invention is particularly designed for elec-
trical logging, this will be described in greater detail,
and the recording apparatus will be particularly related
thereto.

In the case of electrical logging, any of the many
known electrode arrangements and systems may be
used. For the so-called resistivity logs, these systems
involve, in common, an arrangement for producing al-
ternating current flow in the vicinity of the bore hole
between one pair of electrodes and other electrodes for
picking up potentials. In some cases these electrodes
may all be independent. In other cases common elec-
trodes may be used for performing different functions.
When self-potential logs are also to be made, the potential
may be picked up between electrodes which also func-
tion as resistivity electrodes. As will become apparent

hereafter, the present invention is broadly applicable to
all of the ordinary systems as well as to others which
are known but not generally used. For purposes of ex-
planation, there will be now described a specific type
of apparatus used in conjunction with a specific system
in which current is introduced into the earth between
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one electrode (the lowermost of the wand electrodes)
and the drill stem, the latter functioning as an electrode,
with the picking up of a pair of resistivity potentials, one
between the drill stem and an electrode located above
but in the vicinity of the current electrode, and the other
between the drill stem and a still higher electrode con-
siderably spaced from the current electrode. The elec-
trodes should be located remote from the lower end of
the drill stem when measurements are being made, and
consequently the length of wand between the uppermost
electrode and its upper end may be many feet, e.g., 20
feet or upward. Self-potential in this system is picked
up between either of the resistivity electrodes just men-
tioned and the drill stem; in fact, the self-potential may
be picked up between the current electrode and the drill
stem, Thus the drill stem functions as a reference for
all three potentials and also as a current electrode. The
recording apparatus associated with this system may with
minor and obvious changes be applied to other systems
in which there may be more individual separations of
electrode functions. It may be remarked that due to
the conductive extent of the drill stem the resistance
between the drill stem and the earth may be regarded
as negligible. As particular special arrangement to which
the invention is also obviously applicable, reference may
be made to that involving a relatively large number of
electrocdes to “beam” currents into the formations with
the objective of securing indications of particularly thin
strata.

Reference may now be made particularly to FIG-
URE 3, which, except for the showing of electrodes car-
ried by the wand, illustrates apparatus which is located
within the casing 11, this apparatus being self-contained
without connection to or control from the surface.

Power is supplied by one or more batteries. The elec-
trical apparatus may involve tubes or solely tramsistors,
and the nature of the power supply will depend on the
apparatus used, being solely low voltage in the case of
apparatus which is of tramsistor type, or involving high
voltage supply, either by way of high voltage batteries
or by a vibrator type high voltage power supply in the
event vacuum tubes or thyratrons are used. In order to
conserve power and also delay operation of the record-
ing mechanism until recording is desired, all or appropri-
ate parts of the output of the power supply or supplies may
be controlled by a switch 52 which in FIGURE 3 is
designated a clock switch. What is here indicated is the
switch which supplies operating power only after the
passage of a desired interval of time. The clock switch
may be set at the surface to provide a delay in the ap-
plication of power for such period as is necessary to close
the casing 11, lower it to its final position, and inifiate
the logging operation. Following such pre-set interval,
the switch will apply the power necessary for operation
of the other parts of the apparatus. This type of ex-
pedient is commonly used in delaying the operation of
well surveying instruments. Alternatively, there may be
provided a switch which is responsive either to rotation
of the drill stem or some other inertial action, for ex-
ample, as described in the patent to Emerson et al.,
2,412,976, dated December 24, 1946. It may be noted
that in any case, the initiation of operation may be deter-
mined as to time, either by reason of the pre-setting of
the clock switch or by the occurrence of some operation
such as rotation imparted to the drill stem after the ap-
paratus has been lowered to operating position. The
clock mechanism driving the switch may also supply
timing markings on a recording tape for depth correla-
tion purposes, as hereafter described.

A motor 54 is driven by the power supply battery §5
through the switch 52. This motor drives through reduc-
tion gearing 56 the capstan drum 38 of a magnetic re-
corder of multi-channel type, the tape 62 of the recorder
being pressured against the capstan 58 by means of a rub-
ber pressure roller 60 so as to be, as nearly as possible,
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advanced at the same ispeed’ as the capstan. The tape
is supplied from a reel 64 and received by a takeup reel
66.  This: latter ‘may be driven through' the reduction
gearing with suitable conventional provisiens for slippage.
A group of recording heads 68, 68" and 68" are indicated,
there being more or less of these for recording on a cor-
responding number of channels depending upon:the type
of record which is required for the electrode arrangement
used.  If .the motor 54 is .of constant speed type, it will
be unnecessary to - provide :additional . timing . markings
on the tape. :If, however, the speed may be expected to
be variable to'a considerable degree, timing markings may
be: applied: in" conventional fasnion ‘either from the same
clock that . drives the swiich 52 (as through connection
57 to head 69) or: from another clock.  The motor 54
may, of course, have its speed monitored and controlled
by a clock. . It may be: pointed -out that in the case :of
the : present: disclosure: the ‘matter: of time: markings or
constant speed: is related only to the problem of correlat-
ing the log with depth rather than to the accuracy of the
recorded resistivity or self potential.

Provided at 7¢ is an oscillator of any conventional type
having any suitable frequency: for the particular dimen-
sions ‘of :the system employed, for example, a frequency
of 100 or: more cycles per second. ' This oscillator: is
powered by a battery 72 through a switch 74 controlled
by the clock switch mechanism  52..: The. output of ithe
oscillator ‘is: delivered: through a transformer 76 the sec-
ondary of which is connected through' resistors 8¢ and 82
between the uppermeost current elecirode 78 and: the drill
stem’ which is indicated 'as -ground. = As before noted in
the system <described :the drill stem forms' the common
ground for all references in the circuit: The resistors 80
and 82 are chosen to: provide the desired: current flow in
the -formation. . As will become apparent, constancy :of
this' current is not of importance; though it may be desir-
able to maintain it reasonably: constant by utilizing re-
sistors -of resistance value substantially in excess of that
resistance which appears at any time between electrode 78
and ground.

Shunted: across: the resistor 82 is the resistance 84 .of
a potentiometer, which resistance is arranged circularly
with a short break between its termianls and is wiped by
a contact or wiper 86 driven as indicated at 88 from the
motor 54 through the reduction gearing 56. For a com-
plete revolution of the contact 86 the recording tape 62
may be advanced a suitable small distance which is de-
pendent on the accuracy of reading desired. For example,
the advance per revolution of the wiper 86 may be of the

order of one-quarter inch. There may be several revolu-

tions of this wiper per second. At any rate it is desirable
that the oscillator 79 should operate at a frequency con-
siderably higher than the frequency of rotation of the
wiper, for example, at a frequency upwards of 100 cycles

per second as indicated previously. It will be noted that ,

the connections are such that when the potential at ter-
minal 78 is positive with respect to ground the potential
of the wiper 86 is negative, and vice versa. The poten-
tial at the upper most potential terminal 99 is, therefore,
always opposite in phase to the potential of the wiper.
The potentials appearing at electrode $¢ and at the wiper
are added through resistors 92 and 94 to provide their
sum at the terminal 96. It will be evident, therefore,
that as the wiper 86 revolves, for example from the
grounded terminal of potentiometer 84 to that terminal
connected to the ungrounded end of resistor §2, there
will be, when the resistors are properly chosen, a particu-
lar position of the wiper 8¢ at which the potential of ter-
minal 96 will be zero, for any particular ratio between
the potential at electrode 90 and the current flowing
through electrode 78. Since the electrical configuration
of the earth may be properly regarded as linear, for any
particular configuration in the region of logging there
will be a definite ratio between the potentials appearing
at electrode 990 and across the resistor 82, the latter po-
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tential being proportional to:the: current flowing through
electrode 78.  Thus, the phase-angle of wiper 86 in its
cycle at which a zero potential output appears'at terminal
86 is ‘directly related to: the resistivity conditions in the
earth ‘existing ‘at that time independent of:the current
flow through terminal 78 which may: vary dueto resist-
ance - appearing -at this' terminal,  oscillator output varia-
tions, or the like. (References at the present time: are, of
course, to alternating potentials:at the oscillator frequency,
since: as will immediately: appear, direct potentials and po-
tentials ‘at other stray  frequencies are effectively - elimi-
nated.)

The potential appearing at terminal 96 provides an’in-
put through connection 98 to a high gain amplifier 100:
This amplifier, as shown, is conventional -and may com-
prise three transistor: stages: involving: NPN: silicon tran-
sistors,  silicon . transistors: being preferable - in: view of
their being able to withstand the elevated temperatures
which may be encountered:in ‘a‘hole, ' ‘Signal magnitudes
are ‘desirably :chosen 'so: that! the ‘amplifier 160 ‘has its
output Ilimited by overloading. . ‘This: means that except
at: the phase position of wiper 86 in the vicinity of zero
potential output. at terminal 96 the output consists essen-
tially: of amplitude limited waves at the: frequency of os-
cillator 7¢ which: change .180° in: phase from one side of
the zero input to the: other. Operation in this fashion
leads to simplicity ‘in recording through the use of a phase
comparison arrangement involving another amplifier 166
which may consist of: a single transistor stage. :The input
to-this amplifier:is through connection 108 from one ter-
minal of the secondary of transformer 76. ' This input is,
of course, in phase with the input to the €arth from the
same terminal: of the transformer. - Here also because of
the high level of signal input, the output from the am-
plifier ‘186 is also limited by overloading so that its out-
put delivered :at 119 iconsists of essentially: rectangular
pulses which on opposite sides of the zero potential condi-
tion at terminal $6 are in phase or 180° out of phase with
respect to the output at 112 from amplifier 188.. By res-
son :of the: common : power supply from battery 102
through  clock' operated switch 104, the outputs of the
two amplifiers will have at least approximately the same
magnitudes. Accordingly, when the outputs at 112 and
116 are respectively added through resistors 114 and 116,
there is produced at terminal 118 an output which is very
small on one side of the zero condition at terminal 96
and very large on the other side of that condition. The
terminal 1¥8 is connected at 120 to the recording head
68”. As aresult of the foregoing, therefore, during each
cycle of revolution of wiper 86 there is produced a cycle
of the record consisting in one part of substantially zero
signal and in the other part of a high intensity signal at
the oscillator frequency. Considering the train of oscil-
lations as a pulse, it will be evident that in each complete
cycle on the tape there will appear a pulse the width of
which, with respect to the duration of the cycle, is a
direct measure of the ratio of potential at electrode 99
to the current through electrode 78, or the reciprocal, de-
pending upon the particular reversals of phase which may
have occurred in the particular system employed. The
pulse width, with respect to the length of the cycle, is,
therefore, a direct measure of earth’s resistivity condi-
tions. The system may be conveniently described as in-
volving pulse width modulation recording, but it is to be
understood that this does not imply constant frequency
of repetition of the cycles. In fact, one of the advantages
of the invention is that constancy of frequency is not im-
portant, and accordingly no particular care need be ex-
ercised to secure constant speed of the motor 54. On the
other hand, by utilizing the motor 54 to drive both the
wiper 86 and the tape in the recorder at rates having con-
stant ratio, there is substantial constancy of cycle length
on the tape, though even this is not necessary in view of
the fact that the information of interest resides solely in
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the ratio of pulse width to width of a cycle for each par-
ticular cycle involved.

It may be noted that if the oscillator frequency, is con-
trolled so as o be reasonably constant, the pulses record-
ed on the tape may be used for time measurement with-
out additional time markings, it being desirable in this case
not to produce in the low intensity portions of the cycles
complete balance of the outputs at 119 and 112 so that
each cycle of the oscillator will record though at such
widely different levels that the high amplitude pulse trains
constituting the variable length pulses may be readily dis-
tinguished in ultimate reproduction of the record.

The production of one record channel has now been
fully described, and it will now be obvious how the input
appearing at the lowermost potential electrode 122 may
be similarly recorded on another channel. The potential
appearing at this electrode 122 and the potential of wiper
86 are added through the resistors 124 and 126 to pro-
duce at terminal 128 an output similar to that produced
at terminal 96 in that through a cycle there will be pro-
duced a zero alternating potential condition preceded and
followed by outputs 180° related in phase. The terminal
128 feeds an amplifier 13¢ which may be identical with
amplifier 169. Its output at 132 is added to the output
119 from amplifier 186 through the resistors 134 and 136
to provide at terminal 138 signals similar to those ap-
pearing at terminal 118, Terminal 138 is connected at
149 to the recording head 68’ to provide a secoad record
channel.

Self-potentials are picked up between electrode 122 and
ground. To effect recording thereof, signals appearing at
electrode 122 pass through the low pass filter 142 which is
particularly designed for maximum attenuation at the os-
cillator frequency. The output of the filter is, accordingly,
essentially direct, slowly varying in accordance with the
rate of logging involving the encountering of different
strata. The output of the filter is added through resistors
144 and 145 to the output provided at the wiper 150 of a
circular potentiometer 148 similar tc potentiometer 84,
the wiper 150 being driven through connection 152 at the
same speed and in the same phase relationship as the
wiper 86. The potentiometer 148 is energized by batteries
154 and 154, through the clock controlled switch 156 and
resistors 158 and 158%’. The connections are such that
during a cycle of rotation of wiper 150 there will appear
at terminal 166 for one position of the wiper a zero poten-
tial output, the potential at this terminal being respec-
tively positive and negative on opposite sides of this posi-
tion of the wiper. The varying output thus produced is
fed through resistor 162 to the contact point 164 of a
chopper 166 which is driven from the oscillator at its
frequency through connections 168. The result is the
production at 179 of a signal at the oscillator frequency
which shifts 180° in phase as the output at 163 vpasses
through zero. From this point on the signal is handled in
precisely the same fashion as the alternating signals pre-
viously discussed. Amplification is effected by an am-
plifier 172 which may be identical with amplifier 180.
Its output at 174 is added through resistors 176 and 178
to the output from amplifier 106 to provide at terminal
180 signals of the same type as those previously discussed
appearing at terminals 118 and 138. The terminal 186 is
connected at 182 to the recording head 68 to provide a
record channel identical with those already described and

‘ serving by pulse width modulation to measure the self-

potentials appearing at terminal 122,

The procedure for logging has already been outlined
but may now be briefly repeated in the light of description
of the recording system within the housing 11. Follow-
ing a cessation of drilling, the apparatus within the hous-
ing is prepared for recording and the clock switch 52
controlling the energization circuits is set for a time delay
sufficient to permit the logging apparatus to be positioned
at the lower end of the drill stem and logging commenced.
Time synchronization is noted. The housing 11 may be

10

15

20

25

30

40

50

55

60

65

70

75

i0

closed, and the assembly of housing and wand dropped
or lowered through the drill stem, the drill stem being
lifted sufficiently to permit the wand to project fully as
the housing 11 reaches its seated position. Then, when
the time is noted for beginning logging, the drill stem may
be raised at a suitable rate, correlations being noted be-
tween position and time. During this raising of the drill
stem the apparatus within the housing 11 operates as al-
ready fully described to produce the multiple channel
records on the tape 62. When the logging is completed
the apparatus may be recovered in one of the fashions al-
ready mentioned, being withdrawn by means of an over-
shot, or by removal of the entire drill stem if it is desired
to change the bit. If the region of logging is less than
the possible movement of the drill string within the der-
rick, the logging apparatus may, of course, have been per-
manently connected to a wire line through which it is both
lowered and withdrawn.

It will be evident that the logging may be carried out
so quickly after the cessation of drilling that the drilling
fluid will not have had a chance to penetrate substantially
into porous formations. Thus logging may be carried
out without the masking of results which has heretofore
frequently occurred due to the long time involved in re-
moving an entire drill stem and correspondingly delaying
the beginning of logging.

1t will be evident that the types of channels described
for the various signals may be supplied in any number
required for a particular electrode arrangement. If fo-
cusing electrodes are used, the cutput signal connections
may correspond to those illustrated while the current con-
trol means of conventional type may be included in the
casing 11, the current being supplied from the oscillator.

From the foregoing it will be evident that the signals
which may be recorded by the system described need not
originate as elecrode potentials, but so long as the signals
are either alternating or direct they may be subject to the
same types of operations as have been described to pro-
duce pulse width modulated records. The signals may,
for example, result from high frequency logging; or they
may result from acoustic logging, utilizing a system of
conventional type for indicating, in terms of a potential,
a time interval. Signals may also be derived as meas-
ures of counts from a radioactive detection system. It
will thus be evident that the system shown particularly
in FIGURE 3 is of quite general applicability to well
logging.

Whatever the method of logging involved may be, it
is desirably carried out, as above described, by the raising
of the drill stem relatively slewly during the logging op-
eration so as to carry upwardly within the hole the wand
which carries or mounts the detecting elements such as
the electrodes which have been described.

Reproduction and recording of the pulse width modu-
lated magnetic record may be carried out in any of vari-
ous fashions used for transforming such a record into an
amplitude modulated visible recorc with correlation with
time. For example, a magnetic pickup associated with
each channel may give rise to pulses at the beginning and
end of each pulse of the magnetic record, after detection
and filtering to transform the trains of pulses at oscillator
freguency into rectangular pulses, to trigger, through an
amplifier, a bistable multivibrator respectively to its on
and off states, the output from one state being then fed
through a limiter and low pass filter to effect averaging
and provide an amplitude modulated wave which may be
photographically recorded using an oscillograph. One
suitable circuit for this purpose is disclosed in the applica-
tion of Blake and Holtkamp, Serial Number 649,485, filed
March 29, 1957.

The foregoing circuit involves averaging of pulses, and
would require rather rapid rotations of wipers 86 and 150
consistent with relatively rapid movement of the logging
apparatus within the hole in order to effectively detect
thin strata. Accordingly, there is illustrated in FIGURE
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4 another type of recording system in which, essentially,
each cycle of the wipers produces an individual contri-
bution to the record, while at the same time the record is
of the conventional type with which interperters of logs
are familiar.

The apparatus of FIGURE 4 comprises a capstan ar-
rangement 184 driven by a constant speed drive 186 to
advance the tape 62 past recording heads. FIGURE 4
illustrates the apparatus for reproducing a single channel
and it will be understood that it may be duplicated for
reproducing all channels simultaneously with optical or
multiple gun cathode ray tube systems being used to
produce side by side records on a single photographic
strip. The constant speed drive 186 may also be used
to advance through a capstan arrangement 188 the photo-
graphic film or paper 199 on which the final record is to
be produced.

A cathode ray oscillograph tube 192 has its trace area
focused by a lens system 194 on the photographic record
member 1929. The magnetic pickup 196 is arranged to
provide, through a rectifier and filter 197 (to transform
the pulse trains to pulses at cycle frequency) and through
a differentiating circuit 188 and a diode 288, triggering
pulses to a horizontal deflection control 22 which,
through connection 284, produces horizontal deflection of
the electrode beam in the tube 192. As will be evident
from what has been previously discussed, the pulse mod-
ulated records have trains of high amplitude pulses inter-
spersed with substantially zero signals or low intensity
signals, The horizontal deflection control is desirably so
arranged (with a slight time delay unit invelved) so that
upon the initiation of a high intensity train a signal is in-
troduced to the horizontal deflection control and after a
slight predetermined delay this control returns the oscil-
loscope spot to an irnitial position to initiate a sweep cycle.
The control 282 should be adjustable in conventional
fashion to predetermine the time for a sweep to corre-
spond to the cycle interval of the record. As has already
been mentioned, using the arrangement shown in FIG-
URE 3 in which the tape is driven by the same motor as
the wipers 86 and 150, even if the motor speed changes a
single cycle will have the same length on the tape. Thus
a constant speed drive 186 in reproduction results in a very
nearly constant frequency of the pulse cycle. The signal
from head 196 is also delivered at 286 to the intensity
control 208 which through output line 218 controls the in-
tensity of the oscilloscope spot, the intensity on the average
then being in correspondence with the tape signal. The
result, in accordance with the foregoing, is that during
one cycle the trace of the oscilloscope spot will be as in-
dictated, the frace starting at 212 and having high intensity
at 214 to the point 216 corresponding to the end of the
high level train on the record. Then it may continue at
218 at quite low intensity, again having high intensity at
220 to produce a spot marking the end of the sweep.
This spot will result if, as stated, the return to the begin-
ning of the sweep is slightly delayed beyond the begin-
ning of the high intensity signal.

For the purpose of picking up time markers, a re-
producing head 222 is provided which operates through
an amplifier 224 constituting a time marker control to
provide an output at 226 to illuminate a neon or similar
lamp 228 which through a slit 23@, the image of which
is projected on the record member 190, wili provide time
markings at 236.

The record will be as indicated on the member 190,
the showing illustrating, of course, what would result
after development. The high intensity signals produce
the area 232 having a boundary corresponding to con-
ventional resistivity or self-potential traces. At 234 there
is provided a line marking the successive locations of the
spot 228. By this line a check is afforded of the con-
stancy of the length of the sweep. If this varies, due
account may be taken of the variation, since the recorded
information is essentially involved in the ratio of the
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high intensity signal duration to the entire period of
the cycle.

It was menticned above. that timing markings could be
derived from the oscillator cycles. This may be readily
effected by counting the cycles put out by the head 196
and providing an output, for example, upon each hun-
dredth cycle to provide high intensity of the oscilloscope
spot throughout a complete sweep, thereby providing hori-
zontal lines for time indication.

The mechanical assembly disclosed herein and com-
prising the flexible wand, and the means for diverting such
wand through a bit is claimed in the copending applica-
tion of John Bennett, Preston E. Chaney, Jack Weir
Jones and Fred M. Mayes, Serial Number 685,717, filed
September 23, 1957.

What is claimed is:

1. Apparatus comprising means providing an exciting
current to a system to be measured, means providing a
first potential which is a function of a response of the
system to said exciting current, which response is to be
recorded, means providing a second cyclically varying
potential having a predetermined waveform proportional
in amplitude to said exciting current and having a cycle
frequency independent of the frequency of said first
potential, means sensitive to a predetermined relation-
ship between said first and second potentials, and means
controlled by said sensitive means for recording the phase
relationship of said predetermined relationship to a cycle
of said second potential.

2. Apparatus comprising means providing a first po-
tential which is a function of a quantity to be recorded,
means providing a second cyclically varying potential
having during each cycle an amplitude varying substan-
tially linearly with time, means sensitive to a predeter-
mined relationship between said first and second poten-
tials, and means contrclled by said sensitive means for
recording the phase relationship of said predetermined
relationship to a cycle of said second potential, said re-
cording means providing a pulse width modulated record,
the lengths of the pulses of which establish said phase
relationship.

3. Apparatus according to claim 2 in which said re-
cording means provides a magnetic pulse record.

4, Apparatus according to claim 2 in which said means
providing a second potential comprises a potentiometer
having a contact moving at a substantially constant speed
during each cycle.

5. Apparatus comprising means providing a first po-
tential which is a function of a quantity to be recorded,
means providing a second cyclically varying potential,
means sensitive to a predetermined relationship between
said first and second potentials, and means controlled by
said sensitive means for recording the phase relationship
of said predetermined relationship to a cycle of said sec-
ond potential, the first mentioned potential being al-
ternating at a frequency substantially greater than that of
the cycles of variation of said second potential.

6, Apparatus according to claim 5 for the logging of
bore holes in which the quantity to be recorded is derived
from the earth in the vicinity of a logging means, and
in which all of said means are contained in a housing
local to the region of a bore hole being logged and mova-
ble in such hole.

7. Apparatus adapted to move within a bore hole com-
prising a housing and supporting means therefor, said
supporting means being of a type isolating the housing
from the surface with respect to electrical signal trans-
mission, means providing a first potential which is a func-
tion of a quantity to be recorded, means within the hous-
ing providing a second cyclically varying potential, means
within the housing sensitive to a predetermined relation-
ship between said first and second potentials, means within
the housing and controlled by said sensitive means for re-
cording on a medium advanced at a rate proportional to
the frequency of the cycles of said second potential, the
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phase relationship of said predetermined relationship to
a cycle of said second potential, and means within the
housing for advancing said medium at said rate.

8. Apparatus adapted to move within a bore hole com-
prising a housing and supporting means therefor, said
supporting means being of a type isolating the housing
from the surface with respect to electrical signal transmis-
sion, means providing a first potential which is a func-
tion of a quantity to be recorded, means within the hous-
ing providing a second cyclically varying potential, means
within the housing sensitive to a predetermined relation-
ship between said first and second potentials, and means
within the housing and controlled by said sensitive means
for recording the phase relationship of said predetermined
relationship to a cycle of said second potential.

9. Apparatus comprising means providing a first po-
tential which is a function of a quantity to be recorded,
means providing a second cyclically varying potential hav-
ing during each cycle an amplifude varying substantially
linearly with time, means sensitive to a predetermined re-
lationship between said first and second potentials, and
means controlled by said sensitive means for recording
the phase relationship of said predetermined relationship
to a cycle of said second potential, said means for re-
cording including means for advancing a recording medi-
um at a rate proportional to the frequency of the cycles
of said second potential and means for effecting said re-
cording on the medium in the form of pulses.

10. Apparatus according to claim 9 for the logging
of bore holes in which the quantity to be recorded is
derived from the earth in the vicinity of a logging means,
and in which all of said means are contained in a housing
local to the region of a bore hole being logged and mov-
able in such hole.

11. Apparatus comprising means providing a first po-
tential which is a function of a quantity to be recorded,
means providing a second cyclically varying potential,
means sensitive to a predetermined relationship between
said first and second potentials, and means controlled by
said sensitive means for recording the phase relationship
of said predetermined relationship to a cycle of said sec-
ond potential, said means providing a second potential
comprising a potentiometer having a contact moving at
a substantially constant speed during each cycle, and said
means for recording including means for advancing a
recording medium proportionately to the movements of
said potentiometer, and means for effecting said recording
on the medium in the form of pulses.

12. Apparatus according to claim 11 for the logging
of bore holes in which the quantity to be recorded is
derived from the earth in the vicinity of a logging means,
and in which all of said means are contained in a housing
Jocal to the region of a bore hole being logged and mova-
ble in such hole.

13. Apparatus comprising means providing an exciting
current to a system to be measured, means providing a
first potential which is a function of a response of the

.system to said exciting current, which response is to be
recorded, means providing a second cyclically varying
potential having a predetermined waveform proportional
in amplitude to said exciting current, means sensitive to a
predetermined relationship between said first and second
potentials, and means controlled by said sensitive means
for recording as a pulse width modulated record the phase
relationship of said predetermined relationship to a cycle
of said second potential, the lengths of the pulses of said
record establishing said phase relationship.

14. Apparatus according to claim 13 in which the
pulse width modulated record is of magnetic type.

15. Apparatus comprising means providing an exciting
current to a system to be measured, means providing
a first potential which is a function of a response of the
system to said exciting current, which response is to be
recorded, means providing a second cyclically varying
potential having a predetermined waveform proportional
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in amplitude to said exciting current, said first men-
tioned potential alternating at a frequency substantially
greater than that of the cycles of variation of said second
potential, means sensitive to a predetermined relationship
between said first and second potentials, and means con-
trolled by said sensitive means for recording the phase
relationship of said predetermined relationship to a cycle
of said second potential.

16. Apparatus comprising means providing an excit-
ing current to a system to be measured, means providing
a first potential which is a function of a response of the
system to said exciting current, which response is to be
recorded, means providing a second cyclically varying
potential having a predetermined waveform proportional
in amplitude to said exciting current, said second poten-
tial having an amplitude during each cycle varying sub-
stantially linearly with time, means sensitive to a prede-
termined relationship between said first and second po-
tentials, and means controlled by said sensitive means for
recording the phase relationship of said predetermined re-
lationship to a cycle of said second potential.

17. Apparatus comprising means providing an excit-
ing current to a system to be measured, means providing
a first potential which is a function of a response of the
system to said exciting current, which response is to be
recorded, means providing a second cyclically varying po-
tential having a predetermined waveform proportional in
amplitude to said exciting current, said means providing
said second potential comprising a potentiometer having
a contact moving at a substantially constant speed during
each cycle, means sensitive to a predetermined relation-
ship between said first and second potentials, and means
controlled by said sensitive means for recording the phase
relationship of said predetermined relationship to a cycle
of said second potential.

18. Apparatus for logging of bore holes comprising
means providing an exciting current producing excitation
of the earth in the vicinity of a logging means, means
providing a first potential which is a function of a re-
sponse of the earth to said exciting current, which re-
sponse is to be recorded, said response being derived from
the earth in the vicinity of the logging means, means pro-
viding a second cyclically varying potential having a pre-
determined waveform proportional in amplitude to said
exciting current, means sensitive to a predetermined rela-
tionship between said first and second potentials, and
means controlled by said sensitive means for recording the
phase relationship of said predetermined relationship to a
cycle of said second potential.

19. Apparatus according to claim 18 in which all of said
means are contained in a housing local to the region of
a bore hole being logged.

20. Apparatus for the logging of bore holes compris-
ing means providing an exciting current which flows in
the earth in the vicinity of a logging means, means pro-
viding a first potential which is a function of a response
to said exciting current, which response is to be recorded,
said response being a potential picked up from the earth
in the vicinity of the logging means, means providing a
second cylically varying potential having a predetermined
waveform proportional in amplitude to said exciting cur-
rent, means sensitive to a predetermined relationship be-
tween said first and second potentials, and means con-
trolled by said sensitive means for recording the phase
relationship of said predetermined relationship to a cycle
of said second potential.

21. Apparatus according to claim 20 in which all of
said means are contained in a housing local to the region
of a bore hole being logged.

22. Apparatus according to claim 20 in which said
exciting current and said variable potentials are alternat-
ing at a frequency substantially greater than that of the
cycles of variation of said second potential.

23. Apparatus according to claim 21 in which said
exciting current and said variable potentials are alternat-
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