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[57] ABSTRACT

In a multiple perforating gun wherein each in a series
of guns is successively fired, the firing arming the next
gun in the series, resistors are provided in series with
the gun actuating circuit in such a fashion, and in con-
nection with surface control, readout, and recorder
equipment, that the condition of the tool is continu-
ously displayed and indicated, whereby a tally may be
kept as to the exact guns fired, and down-the-hole ir-
regularities such as shorts or open circuits may be evi-
denced.

9 Claims, 3 Drawing Figures
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1
SELECTIVE FIRING INDICATOR AND RECORDER

BACKGROUND OF INVENTION

This invention relates to the monitoring of an explo-
sive tool for use in a well bore.

In performing completion operations in a well, it is
often necessary to selectively activate electrically deto-
nated explosive devices, so that a number of comple-
tion operations at separate well depths may be per-
formed with a single trip into a well.

For example, one of the steps in completing oil and
gas wells is perforating the casing to allow entry of the
oil or gas. In some wells the oil or gas bearing formation
is continuous. The casings in these wells are perforated
with one or more guns until the entire productive zone
is opened.

The productive formation is not always continuous in
all wells. There may be wells that have non-productive
streaks in the oil-bearing zone and it would not be de-
sirable to perforate these intervals. Multiple short gun
runs, blanked-off shots of long guns, and spacers be-
tween guns have all been used to selectively perforate
the productive zones in these wells. A better solution
is a multi-gun tool where the operator can selectively
fire each gun separately. Selective fired guns have been
used for many years and a number of problems have
been encountered. The selected gun may fail to fire be-
cause of electric circuit failures, including shorts or
opens in the wire ine or in the down hole circuit. At
times the wrong gun or guns may become armed due
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to an electrical or mechanical failure. If the wrong gun .

is fired, the well may be perforated in the wrong zone
and expensive repairs, such as cementing, may be re-
quired. These problems have been minimized by im-
proved gun design, but have not been eliminated.

The select fire gun consists of several guns connected
in series with down-the-hole switches, ie., “switch
subs. ” The circuits in these switch subs are such that
the bottom gun is set to fire first. The blast from this
first gun switches the first switch sub and the second
gun is armed. Consecutive guns are of opposite polar-
ity, eliminating multiple gun firings.

Each time a switch sub switches, a resistor is dropped
from the circuit, the next gun is armed, and its diode is
of opposite polarity.

SUMMARY OF THE INVENTION

The present invention relates to a method and appa-
ratus for measuring the complete electrical impedance
of a wire line explosive tool, including the wire line, so
that from this measurement the condition of the down
hole tool may be determined. The term “electrical im-
pedance” as used above is meant to include situations
involving non-sinusoidal quantities of non-linear: sys-
tems.

One object of this invention is to provide an arrange-
ment for measuring the electrical impedance of a wire
line explosive tool and from this measurement to deter-
mine if the explosive tool is armed and ready to fire.

Another object is to provide a system to measure the
electrical impedance of a wire line tool, including the
wire line, and from this measurement to determine if
there is a short circuit or an open circuit in the wire line
and tool system.

Another object is to provide an assembly to measure
the electrical impedance of a wire line multi-gun explo-
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sive tool in such a way as to be able to determine which
gun is armed and ready to fire.

Another object is to provide an arrangement to mea-
sure the electrical impedance of a wire line explosive
tool, including the wire line, continuously while run-
ning the tool in a well bore so that from this measure-
ment changes in the operating condition of the wire
line and tool system may be determined.

Other objects of the invention will appear as the de-
scription thereof proceeds.

DESCRIPTION OF DRAWINGS

FIG. 1 is a drawing partly in cross-section and partly
schematic of a down-hole perforating tool and surface
recorder and indicator employing one embodiment of
the invention.

FIG. 2 is a schematic drawing of the down-hole multi-
gun perforating tool circuit.

FIG. 3 is a block diagram of the measuring system in-
cluding the recorder and indicator.

DETAILED DESCRIPTION OF THE INVENTION

Referring now to FIG. 1, 10 designates a bore hole
containing casing 11 to be perforated by a gun assem-
bly 12 which is lowered into the bore hole by a wire line
13. As is well known in the art, the purpose of the gun
assembly is to perforate, as by shaped charges or pro-
jectiles, through the casing and cement 14 into prese-
lected portions of the formation 15.

The gun assembly 12 comprises a series of vertically
spaced guns 16, 17, 18, 19, 20, although of course
more or fewer may be used according to circum-
stances. As many as ten or twenty are commonly used.
It will be observed that the first gun 16 is positioned op-
posite the formation stratum 22.

Referring to Flg. 2; this shows the five guns, 16-20
inclusive, together with the wiring diagram for each. It
will be noted that the cable 13 has a single conductor
21, but it should be noted that a direct current pulse
can be applied to the conductor 21 in either of two po-
larities, positive or negative.

The first gun 16 is caused to fire by applying a posi-
tive pulse to conductor 21. In this first gun 16, 23 desig-
nates the electric blasting cap, which is detonated when
a current passes through it and which then fires the pro-
jectiles of the gun. The diode 24 of gun 16 is arranged
to pass the actuating positive pulse. It will be observed
that all of the other guns in assembly 12 present an
open circuit to a positive or negative pulse by reason of
the fact that their switches are in the “down’ or open
position, as shown in FIG. 2.

The firing of gun 16 by mechanical action throws
switch 25 of gun 17 to the “‘up” position. This action
has already been explained, and need not be detailed
here since this overall arrangement is well known to
those skilled in the art.

Gun 16 having been fired and switch 25 having been
closed as already explained, the second gun, 17, is now
ready for firing. This may be done when desired by ap-
plying a negative firing pulse to conductor 21. It will be
observed that diode 26 in gun 17 is arranged with oppo-
site polarity ta that of diode 24 in the first gun 16.

This sequence is repeated; each time a gun is fired,
it throws the switch on the gun immediately above, so
that that gun is put into position for firing. For the lat-
ter, a pulse of pularity opposite to that used for the pre-
vious gun is employed.
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The arrangement depicted in FIGS. 1 and 2 includes
an optional casing collar locator 27, containing a casing
collar locator coil 28, all of conventional construction.

It will be seen that each gun contains a resistance 29,
38, 31, and 32. These resistors are initially all in series.
As each successive gun is fired, and the switch of the
gun next above is thrown from the *‘down” to the “up”
position, the resistor associated with that switch and
that gun is shorted out, as may be seen by noting the
switch connections of, for example, switch 25.

Tracing the circuit path from the top of FIG. 2 to the
bottom, it may be seen that the impedance from con-
ductor 21 to ground, before any of the guns are fired,
consists of the resistors 29, 30, 31, and 32 in series, to-
gether with the effective forward or reverse impedance,
depending upon the polarity of the measuring current,
of firing diode 24; together with the resistance of the
blasting cap device 23, all in series. When the casing
coliar locator 27 is included in the arrangement, this
total impedance is shunted by coil 28, but the resis-
tance of the latter is so high as to have a negligible ef-
fect on the overall resistance measured. Each of the re-
sistors 29, 30, 31, and 32 may optionally be shunted by
a pair of diodes 33 and 34 (for the case of resistor 29),
in parallel connection with opposing polarities. These
resistor-shunting diodes, such as 33 and 34, are of a
conventional type that will pass {in a forward direc-
tion) the relatively high firing current, typically 0.5 am-
pere, but on the other hand present an impedance in
both forward and reverse directions which is substan-
tially infinite compared to the resistance of the resistor
being shunted, for example resistor 29, for the very low
voltage drop across them during the measuring pulses,
to be described in detail later. The purpose of these op-
tional resistance shunting diodes is to reduce the effec-
tive impedance for the firing current, so that they be-
come more useful as the total number of guns in the ar-
rangement increases.

A typical value of resistance 29 is 10 ohms. A suit-
able diode type for both the shunting diodes 33, 34 etc.
and for the firing diodes 24, 26, etc. is 1 N 4004.

Turning now to FIG. 1, it will be seen that the above-
ground end 35 of conductor 21 is connected with the
above-ground control, indicating, and recording appa-
ratus, which is shown for the sake of clarity in block di-
agrams, 36 indicating the circuitry handling the firing
of the guns as well as the impedance measurement; 37
being the visual readout, and 38 being the recorder,
with a typical recording shown in the block. The actual
circuit and apparatus details of this surface equipment,
including that shown in FIG. 3, is conventional and de-
tails need not be set forth to those skilled in the art.
FIG. 3 is a block diagram which again shows the indica-
tor 37 and recorder 38, and presents the firing and im-
pedance measuring apparatus in separate blocks.
Switch 39 is shown in the impedance measuring posi-
tion in which it is normaliy except during firing, when
it is thrown to the other position. The firing circuits 40
are conventional.

Turning now to the impedance measuring circuit, this
is arranged so as to measure the magnitude of the line
and tool resistance as well as to determine the polarity
for minimum resistance, in a manner to be described
later. The recorder 38 continuously records the resis-
tance measured, and is conveniently of a zero center
type, indicating zero resistance at the center and de-
flections to the right for conditions of positive mini-
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mum resistance and deflections to the left for condi-
tions of negative minimum resistance, all as will be
clear from an inspection of FIG. 1.

The indicator 37 actuates a ‘“‘short” light for an ab-
normally low resistance and an “open’ light for an ab-
normally high resistance. A + light indicates the condi-
tion of the minimum resistance being positive, while a
— light indicates the condition of the minimum resis-
tance being negative. In addition, the indicator panel
contains a digital counter which is responsive to the
total resistance of line and gun, and is calibrated so that
the counter number indicates which gun is armed and
ready to fire. A typical arrangement of indicator lights
and digital counter is shown in block 37 of FIG. 1.

While the “‘tool,” i.e., the multiple gun, is being run
into the hole, the first or lowest gun is armed and ready
to fire, as already explained. The invention makes pos-
sible a continuous recording of the resistance so that
any change in the condition of the wire line or the tool
will be detected. Normally, as already explained, the
first gun is wired for positive voltage firing so that the
polarity for minimum resistance will be positive; and
moreover, the recorder will deflect to the right as seen
in FIG. 1, block 38. While running the gun in the hole,
the temperature of the wire line may increase due to
the increase in temperature with depth and the line re-
sistance may increase slightly, again as indicated in
FIG. 1.

As already described, after the gun is properly posi-
tioned, the first gun is fired using the firing circuit. The
blast from the explosion in the first gun 16 operates
switch 25 in the second gun, thus removing the first gun
from the firing circuit and connecting the second gun
17 in turn to the firing circuit. As already noted, the
second gun 17 is wired for negative voltage firing. Ac-
cordingly, after switch 25 has been thrown, as just de-
scribed, the recorder 38 will deflect to the left and the
magnitude of the deflection from zero will be slightly
less, as shown in FIG. 1, because the total resistance is
slightly lowered when the first gun is removed from the
circuit. The indicator light 37 will change from +to —
because of the negative circuit in the second gun; and
the digital counter in indicator 37 will change from Ol
to 02 in response to the lowered total resistance.

In a like manner, after the second gun 17 is posi-
tioned opposite the second zone to be perforated and
has been fired, the blast from the explosion in the sec-
ond gun will throw the second switch, i.e., that in gun
18, causing the recorder to deflect to the right for a
positive third gun, as shown in FIG. 1, block 38. At the
same time, the digital indicator will change from 02 to
03, and the + light will be lighted.

In a continuing and successive manner, each gun,
when positioned and fired, will operate the switch im-
mediately above it, which will arm the next gun up.
Each time this happens, the polarity indication in indi-
cator 37 will change, and the recording pen willi move
to the opposite side of the zero center, as the figure
shows.

If a fault such as a short circuit occurs in the line or
tool while running into the hole or during the firing se-
quence, the resulting low resistance will light the
“short’” light and the recorder deflection will be sub-
stantially reduced. If an open circuit occurs, the result-
ing high resistance will light the “open” light and the
recorder will be deflected off scale. If a wrong gun
should become armed due to a mechanical or electrical
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failure, the digital readout in indicator 37 will show
which gun is now armed and the recorder will show a
reduction in the total resistance.

Turning now to FIG. 3, this shows the arrangements
of the components of the surface control, indicating
and recording assembly. The impedance from line 35
to ground may be measured in a number of fashions.
For example, it is possible to apply a constant voltage
and measure the current. We find it more convenient
and we prefer to apply a constant current, following im-
pedance changes by noting the change in voltage re-
quired. Because of the non-linear circuits involved, re-
sulting from the operating characteristics of the diodes,
we find it convenient to use a current source having
four levels, two positive and two negative, and to gener-
ate clock pulses which cause the current source to gen-
erate four levels of current in sequence, as shown by
wave form diagram 42 in FIG. 3, which shows current
as ordinates and time as abscissae. Conveniently, as
shown by wave form 42, a pulse of high level positive
current at 5 milliamperes is followed by a pulse of the
same duration of low level positive current at 1 milli-
ampere, which is followed in turn by a high level nega-
tive current of —5 milliamperes and then by a low level
negative current of —1 milliampere. Each pulse dura-
tion may be about 33 milliseconds, as shown by 42 in
FIG. 3. This cycle is then repeated continuously, except
during the actual firing when switch 39 is momentarily
placed in its firing position. These currents are applied
to the line 35 and in consequence to the subsurface
tool, i.e., the gun assembly 12. At each of the four cur-
rent levels just described, and illustrated at 42, the line
voltage is sampled and stored in the sample hold unit
43. The two voltage samples from the positive and neg-
ative high current levels are compared and measured.
The result of this measurement is sent to the decoder
44,

Decoder 44 serves to interpret the above measure-
ment and to energize the appropriate light in indicator
panel 37 if the two voltage samples are above a prede-
termined level. For example, if this predetermined level
is 4 volts, then the “open” light is energized. If the two
voltage samples are below a predetermined level,
which may be 4 volts for example, the “‘short” light is
energized. If the positive current sample voltage is
above 4 volts and the negative current sample is less
than 4 volts, then the — sign light is energized. If the
negative current sample voltage is above 4 volts and the
positive current sample voltage is less than 4 volts, the
+ light is energized.

The digital meter readout 45 which is part of the indi-
cator assembly 37 is operated from the current sample
voltages. When the + light is energized, the low level
positive sample voltage is subtracted from the high
level of positive sample voltage and the resulitng volt-
age is sent to the digital readout 45. With the proper
scale factor and calibration, the digital readout 45 will
indicate the gun number assembly which is armed and

ready to fire. When the — sign light is energized, the '

high level negative sample voltage is subtracted from
the low level sample voltage and the resulting voltage
is sent to the digital readout 45 as already described.
The recorder 38 is operated from the current sample
voltage in the following manner. The high level positive
sample voltage is sent to the recorder in all cases except
when the — light is energized, in which case the high
lével negative sample voltage is sent to the recorder 38.
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It will be observed that one of the advantages of using
constant current instead of constant voltage for the
measuring operation is that the complication is avoided
of unwanted shunting of the measuring resistor, e.g. 29,
by the shunting diodes, e.g., 33 and 34. Thus, if the
measuring resistor 29 is 10 ohms and the maximum
measuring current is 5 milliamperes, then the maxi-
mum voltage impressed across the shunting diodes 33
and 34 during the high current measuring pulse is 50
millivolts, which is well below the forward voltage char-
acteristic of diodes 33 and 34 which is several hundred
millivolts even at the relatively high subsurface temper-
atures encountered during the use of the tool.

As mentioned, the casing collar locator 27 is op-
tional. When it is included, however, it is helpful to uti-
lize a pair of diodes, 49 and 50, of the same type al-
ready described, connected as shown in FIG. 2. The
signal developed by the casing collar locator coil 28 is
very low level, below the forward breakdown voitage of
the diodes, so that all of this low level signal is available
for detection through conductor 21, instead of being
partially shunted by the impedance of the total circuit
below locator 27.

The firing diodes 46, 47, and 48 are identical in na-
ture to previously described firing diodes 24 and 26.
Likewise similar, and also similar to previously de-
scribed diodes 33 and 34, are the other resistor shunt-
ing diodes 51-56 inclusive.

The current source 57 shown in FIG. 3 is of course
conventional, and may derive its power from a self-
contained generating unit, a battery array, a power line,
or the like, as field conditions dictate.

In describing our invention, we have of course given
detailed descriptions of apparatus and procedural de-
tails. By way of summarizing the procedure in some-
what more general terms, it may be helpful to note that
we provide a method of determining the condition of
a down-the-hole electrical circuit which contains a se-
ries of actuatable elements, each of which is capable of
being terminally actuated (that is, actuated once so
that thereafter it cannot be further actuated) by succes-
sive electrical pulses of relatively high intensity and of
alternating polarity and in which the actuating pulse
by-passes the elements which have not yet been actu-
ated through the means of bypassing resistors, each of
which is switched out of the circuit only as its corre-
sponding element becomes actuated, i.e., terminally,
and so as to reach the next element in line to be actu-
ated, and in which we pass a series of measuring pulses
through the circuit of intensity insufficient to actuate
the elements and of alternating polarity; and we then
cause the impedances measured by these measuring

.pulses of alternating polarity to operate an indicating

display which is responsive both to the impedance and
the polarity of the measuring pulses which have been
used to determine the impedance. We further pass the
measuring pulses to a recorder so that we may display
the results of the impedance measurements as a func-
tion of polarity, all of which as explained in detail
above gives an instantaneous picture of the down-the-
hole condition of the circuit and as explained not only
indicates how many elements have already been actu-
ated, but indicates the next in line to be actuated and
also reveals the absence or presence of open circuits
and short circuits.

It will be seen that the invention accomplishes its ob-
jects, with the important feature of the unambiguous
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character of the indications and readouts which has
been described. While we have described the invention
with the aid of a detailed illustrative example, we wish
it to be understood that we do not desire to be limited
to the exact details of construction shown and de-
scribed, for obvious modifications will occur to a per-
son skilled in the art.

Having described the invention, we claim:

1. In a subsurface multiple perforating gun and sur-
face control and measuring assembly comprising a se-
ries of guns in vertical array, and wherein each gun in
said series is successively fired by a firing pulse which
is passed through a circuit extending throughout the se-
ries and switched into only one gun at a time, said firing
switching in the next gun in the series, each said gun
carrying a diode in its firing circuit, with each succes-
sive such diode being connected with alternating polar-
ity, the improvement which comprises the provision of
a resistor in said circuit for each said gun except for the
first gun, each said resistor serving to conduct said fir-
ing pulse to any next adjacent gun which is not yet
switched to its firing position, and each said resistor
being shorted out when its associated gun is switched
into firing position;

impedance measuring means operating at a level too

low to cause firing of said guns and serving to de-
termine the direct current impedance of said cir-
cuit at both positive and negative polarities;

indicating means to indicate the results of said im-

pedance measuring.

3. The assembly of claim 1 which comprises record-
ing means to record the results of said impedance mea-
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surements.

3. The assembly of claim 1 including means to carry
out said impedance measurements by a continuous se-
ries of successive fixed current pulses of both positive
and negative current insufficient to fire any of said
guns.

4. The assembly of claim 3 in which said measuring
current pulses consist of a relatively high positive cur-
rent, followed by a relatively low positive current, fol-
lowed by a relatively high negative current, followed by
a relatively low negative current, repeatedly in succes-
sion.

5. The assembly of claim 4 in which said indicating
means is actuated by the voltages generated by said
measuring current pulses to indicate the various condi-
tions of said gun as to whether a short circuit exists, an
open circuit exists, or whether the next gun in firing
condition is actuated by a positive or by a negative
pulse.

6. The assembly of claim 4 in which said measuring
current pulses actuate a recorder which registers the
impedance thus determined and also the polarity for
minimum impedance.

7. The assembly of claim 4 in which said relatively
high currents are about 5 milliamperes and said rela-
tively low currents are about 1 milliampere.

8. The assembly of claim 7 in which the duration of
each pulse is about 33 milliseconds.

9, The assembly of claim 7 in which said resistors are

about 10 ohms.
* k kK *



