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INITIATION OF EXPLOSIVES BY EXPLODING WIRES

II. BRffect of Circuit Resistance on the Initiation of
PETH by Exploding Wires

Prepared by:
Howard §. Leopold

ABSTRACT: The effects of circuit resistance and bridgewire
length on the initiation of PETN by exploding 1l mil diameter
platinum wires were investigated. A one microfarad capacitor
charged to 2000 volts was used as the energy source. Increas-
ing circuit resistance reduces the current density and the
energy input to the wire lowering the probability of producing
detonation in PETN. The importance of keeping the extraneous
circuit resistance to an absolute minimum is shown.
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INITIATION OF EXPLOSIVES BY EXPLODING WIRES
11, Bffect of Circuit Resistance on the Initiation of PETH
by Exploding Wires

This report describes preliminary results of a continuing
investigation concerning the initiation of explosives by
exploding wires. The investigation was performed under Task
RUME-48000/212-1/7008-10-04 Problem No. 019, Analysis of
Bxplosive Initiation,

The results should be of interest to personnel engaged in
initiation research und to those interested in the design of
cxplodinz bridgewire ordnance systems. The data and conclusions
nroifor nformation only and are not intended as a basis for
action.

The identification of commercial materials implies no criticism

or indorsement of these products by the Naval Ordnance
Laboratory.

R. E. ODENING
Captain, USH
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1. This is the second report describing experimental
results from an investigation on the interaction between an
exploding bridgewire and explosive materials, m(ﬁnxmf.ml -
wvhich affect the process. Previous investigation had shown that
for best effecting detonation of PETN by an exploding wire
circuit inductance should be kept to a minimum and the bridge-
wire le of 1 mil diameter platinum wire should be chosen so.
as to eliminate a definite current dwell period. It was also
found that secondary current pulses have little effect on
whether or not detonation is produced. This report describes
the effect of extraneocus circuit resistance on the probability
of producing detonation in PETN by exploding platinum wires of
various lengths.

2. In order to best effect detonation in an explosive by
an exploding wire it is desirable to transfer the highest
possible quantity of energy to a volume of explosive in the
shortest possible time. It is also obvious that energy will be
wasted in any extraneous circuit resistance outside of the
bridgewire. This investigation was made to determine the amount
of axternal circuit resistance that could be tolerated and to
st the conditions that determine whether or not detonation
develops.

ELECTRICAL CIRCUITRY

3. A typical o:zloding bridgewire circuit employed in
ordnance uses a one microfarad capacitor charged to 2000 volts.
The actual test circuit used for this investigation has similar
parameters and is shown in Figure 1. The transmission line was
kept as short as nossible cunsistent with the necessity for
testing in an explosive firing chamber. This was done to keep
circuit inductance and resistance to a minimum.

4. The circuit differs slightly from the basic circuit
described in reference (l). A GL-7964 triggered spark gap is
used as the switching device in place of a cold cathode trigger
tube. A physically larger capacitor capable of being charged
to 5000 volts was also incorporated. The larger physical size
of the capacitor results in a slight undesirable increase in
circuit inQuctance. The changes also resulted in a lower
circuit resistance.

References are listed on page 10,
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TEST PROCEDURE .

S. The effect of extraneous circuit resistance on the
initiation of PETN by various lengths of exploding platinum wire )
was determined, An initial series of tests was run using a test -
circuit having the least possible quantity of extraneous resist-
ance. Bxtraneous resistance was then intentionally added to the
circuit to determine the effect on the initiation of PETH.

6. The sxperimental methods employed were previously
described in reference (l). Briefly, PETNM is loaded in a test
fixture which permits photographic observation of the growth of
explosion from a bridgewire. Current and voltage waveforms are
obtained of the exploding wire for each test shot.Concurrently
a smear camera record is obtained of the growth ot the PETH
explosion. The oscillograms and smear camera records are read
on a Telersader. The voltage is corrected for the inductive

t and the instantaneous resistance, instantaneous power,
and cum:lative energy values are then calculated.

EXPERIMENTAL RESULTS

7. The first test series was run with the basic circuit
{(circuit A) which had the following circuit parameters: -

C = 0.97 microfarad
L = 0.58 microhenry*

Vo = 2000 volts

A circuit can be underdamped, critically damped, or overdamped
dopondinquponmct.horn<2-é-. R-Zc . orlt>2f-c-. A

critically damped circuit under our experimental conditions
would have a resistance of 1.55 ohms. The basic circuit has a
resistance of 0.35 ohm before insertion of the platinum bridge-
wire and is therefore underdamped. The circuit is initially
underdamped for platinum wires 0.025, 0.050, 0.100, and 0,200
inch long but becomes overdamped with a 0.400 inch long wire.
Results of the first test series are shown in Table I,

*See Appendix A,
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Table I. Initiation of PETN with Basic Circuit (Circuit A)

v Sho* Wire Re- Total Wire Length
No. sistance Cirouit {inch) Results
(ohms) Resistance
{ohms)
26 2.30 2,65 0.400  PETN initiated, 4id not
grow to detonation

27 1.13 1.48 0.200 » " "
28 0.64 0.99 0.100 ” " "
29 0.37 0.72 0.0%0 Detonation
30 0.28 0.63 0.025 "

The PETN was detonated with the 0.025 and 0.0%0 inch long wires.
The three longer wires all gave definite current dwells. The
duration of the current dwell increased as the length of the
wire increased. BRach of the three longer wires weakly initiated
the PETN at the time of wire burst and accelerated the burning

. when the restrike occurred. However, detonation 4id not ensue.
See Figure 2. The power, energy, and resistance values were
computed as a function of time for the first current pulse into

. the 0.400 inch length wire. See Figure 3., Calculations based
on the thermal properties of platinum show that approximately
85 millijoules of ene are required to bring the 0.400 inch
wizre 1 to the doi point; 362 millijoules are required
for complete vaporization., It can readily be seen from
Pigure 3 that insufficient energy is deposited in the wire to
cause complete vaporization before the current dwell occurs.
The resistance of the wire increases to 25 ohms in 0.2 micro-
second, It remains at this level for 0.6 microsecond giving a
current platesau characteristic of weak platinum wire explosions.
The resistance then increases rapidly to over 300 chms choking
off the current, at which time the current dwell commences.
The failure to effect detonation under the circuit conditions
employed can be attributed to

1) the weak initial explosion of the wire
because of insutficient energy deposition

2) the limitation and cessation of current flow
because of the rapid resistance increase which
. in effect slows and then stops the input of
electrical energy.

A e w4
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8. A second test series was conducted with 0.70 ohms
extraneous resistance. Cardbon resistors, placed between the
capacitor and the 20 inch long coaxial transmission cable, were
used to increase the resistance. This circuit (Circuit B) is
underdasped initially with the 0.025, 0.050 and 0.100 inch long
wires, and is overdamped with the 0.200 and 0.400 inch long wires.
Test results are shown in Table 2.

Table 2. Initiation of PETH with 0.70 ohm
Extraneous Resistance in Circuit (Circuit B)

shot Wire Re-  Total
No. sistance Circuit Wire Length Result
(ohms) Resistance {inch)
(chms)
k)1 2,36 3,06 0.400 PETN initiated, did
not grow to detonation

32 1.15 1.85% 0.200 " " " "
33 0.66 1.36 0.100 " “ " -
4 0.42 1.12 0.050 " . . "
35 0.42 1,12 0.050 " " - "
36 0.25 0.95 0.025 Detonation
37 0.29 0.99 0.025% " *

Definite dwells again occurred with the 0.400, 0.200, and 0.100
inch wire le s. The 0.0350 inch long wire initiated a
vigorous burning, but no detonation developed. Pigure 4
illustrates the cavity that was burned into the PETN by the
0.050 inch long wire. Detonation developed only with the 0.025
inch length wire. B8See Figure 5. An examination of the current,
voltage, power, energy, and resistance curves for the 0.02% inch
long wire (Shot Mo. 37) shows a burst time of 0.26 microsecond
with peak resistance and power occurring almost simultaneously.
See Figure 6. The resistance of the wire increases rapidly,
overdamping the circuit in less than 0.2 microsecond. At the
time of burst the resistance is roughly twenty times the
original resistance. Arc formation commences almost immediately
after the wire burst with the resistance dropping to 0.25 ohm.
This permits the current to execute an undamped half sine wave
oscillation before cessation of the current flow, probadbly due
to break-up of the test fixture. The detonation wave in the
PETN meets the containing steel ring 2.5 microseconds after the

4
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wire burst, at vhich time the resistance rapidly increases.
Bnexrgy deposition is extremely slow for the first 0.2 micro-
second, rapid during the voltage spike, followed by a steady
rate until the test fixture is blown apart. At the time
detonation commences in the PETN, (roughly 1.0 microsecond after
the time of burst) 350 millijoules or 18X of the energy stored
in the capacitor has been deposited in the wire.

9. A third test series was conducted with the extraneocus
circuit resistance increased to 2.45 ohms. This circuit
(Circuit C) is overdamped without the bridgewires. Results of
the third test series are shown in Table 3.

Table 3, Initiation of PETN with 2,45 ohms
Extraneous Resistance in Circuit (Circuit C)

ghot Wire Re- Total
Mo, sistance Circuit Wire Length Result
(ohms) Resistance {(inch)
(ohms)
38 2,33 4.78 0.400 PETN initiated, did
nnt grow to detonation
39 1,15 3.60 0.200 . " " "
40 0.67 3.12 0.100 " " " "
41 0.34 2.79 0.050 " " " "

‘2 0.29 2.7‘ 0.025 " L] " "

Definite dwells were again observed with the 0.400, 0,200, and
0.100 inch wires. The 0,050 and 0.025 inch long wires both
initiated vigorous burning. Mo detonations occurred with any
of the wires., An examination was made of the current, voltage,
r, ene and resistance curves of the 0.025 inch length
Estwt Mo. 42) tc compare with the same size wire in Circuit B.
See Figure 7. The burst time of the wire is 0,26 microsecond,
the same as in Circuit B. The resistance of the wire increases
rapidly to roughly about thirty-seven times the original
resistance. Almost double that in Circuit B. The interval
between the wire burst and arc formation is longer than for
Circuit B. There is a marked reduction in peak power with
560,000 watts observed compared to 1,300,000 watts with Circuit
B. luorzy deposition is at a slower rate than in Circuit B with
160 millijoules deposited 1.0 microsecond after the burst time.
The electrical processes are uninterrupted since detonation doas
not occur, Once the current reaches its maximm value, it decays

S
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exponentially with a time constant equal to the RC value of the
circuit,

DISCUSSION

10. The circuit before insertion of the wire can be under-

damped, critically damped, or overdamped. A highly underdamped
circuit will have a thgorogicq}rqn;:gntruaxigq-qqu o

1-.: - / g Vo = 2,590 amperas.

The current waveforms for each of the three test circuits with

a shorting bar in place of the wire are shown in PFigure 8. Each
increase in extraneous circuit resistance lowers the possible
iax in the circuit. Di Persio(2) has previously shown that
tﬂ=r0 is a critical value of x depending upon the experimental
conditions below which detonations will not occur. An analysis
of the test shots_reveals ;ho same type of ordering with i = 428
amperes (8.5 x 107 amps/cm?) as the critical current with the
experimental parameters employed. See Table 4., If the circuit
is greatly overdamped and the current limited to less than 428
amperes then there will be no possibility of effecting detonation.
The i ordering gives a good correlation with the probability
of dePBXation for a specific wire size and set of circuit
parameters. However, the value of i,,, shows no dependency on
time., While the critical value of i ,, is good for a specific
set of conditions, it cannot be assumed to apply if the time of
occurrence of i,y was displaced so as to occur earlier or later.
A critical power input should be one of the more important
considerations.

11, The cirxcuit even if initially underdamped, rapidly
becomes overdamped with the 1 mil diameter platinum wires as
can be seen from the resistance curves in Figures 6 and 7. This
indicates that a wire material with a low resistance and co-
efficient of resistivity might be used to increase the current
density in the wire. However, the energy going into joule heating
of the wire at any instant will depend upon the ratio of the wire
resistance to that of the entire circuit. This indicates that
extraneous circuit resistance should be kept to an absolute
minimum in order to keep the wire resistance/circuit resistance
ratio high.

12. The addition of extraneous resistance to the circuit
is expected to increase the burst time and reduce the current
at the time of explosion (burst current) in the wire. As can
be seen from Table 4, a lowering of the burst current is
observed as the extraneous resistance is increased. However,

6
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the burst time for a specific length wire stays almost constant
for each of the three test circuits. It was thought that the
constant burst times might be attributed to the surrounding

+ but wires not in contact with explosive exhibited the ’ :
same burst time constancy in the three test circuits. -

13, Some of the differences noted in the 0.028 inch length
wire between circuit B and circuit C can be attributed to the
so-called "anomalous .’4 fect™. This sffect was first reported - - - - .
by Kvartgkhava et al(3) and later investigated by Tucker and
Neilson. They found that the burst time of the wire does not
depend upon the energy delivered to the wire alone, but also on
the value and duration of the current. The higher the current
density at the time of the wire explosion, the greater the
amount of energy deposited in the wire. At the tims of burst,
33.8 millijoules have been deposited in the wire in circuit B
and 19.2 millijoules in the wire in circuit C. Also, the
resistance of the wire is not a unique function of the energy
deposited in the wire, but depends upon the rate of energy
deposition. Slower energy deposition results in a hiqhoi
resistance. See Pi s 6 and 7. Reithel and Blackburni(3) have
proposed that inertial confinement of the wire may account for
the resistance anomaly. They believe that when the current
density is increased, the expansion of the wire is hindered in such
a way that the electrical resistivity of the wire approximates
that of a liquid long after sufficient energy for vaporization
has been deposited in the wire.

14. According to RLC circuit theory, if the capacitance
and inductance are held constant, the value of resistance that
will most rapidly dissipate the energy stored on the capacitor
isRkR = 24%_ (critically damped circuit). The resistance of the
wire increases rapidly up to the time of wire burst and the
circuit resistance can equal z\/%_ for only a brief instant

during the current rise. After the wire burst, the cum of the
arc resistance and *he extraneous circuit resistance may again

equal 25 for a longer period, The R = ZE relationship does

not appear to be of much use when applied to exploding bridge-
wire circuits. The experimental results indicate that the

initial energy deposited in the wire before burst is much more
important than decreasing the discharge time of the capacitor.
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COMCLUSIONS

The resulcs show the importance of keeping extraneous ci.rcnit
resistance to an absolute minimum,

Bach increase in extraneous circuit res!stance will lower
m in the wire before bur-t. vhich in turn results 1n

The probability of effecting detonation is directly related
to the current density in the wire for specific circuit
parameters.

During the capacitor discharge the resistance of relatively
long wires increases very rapidly limiting the curremt
density in the wire.

Gt s Mo oodmorvs A W Wb, B2 o Qe
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APPENDIX A

" When the circuit inductance was determined by measuring
the initial current slope from an oscillogram taken with a dead
short replacing the bridgewire by means of

Le VOB, ()

wvhere L = circuit inductance, V_ = initial capacitor voltage,
and di/dt = initial current sloPe a value of 0.85 microhenry was
obtained. This method was employed because the origimal circuit
contained a thyratron as the switching element wvhich gives only
a half sine wvave pulse and then shuts off preventing the use of
an oscillation frequency method.

When the circuit inductance was determined by the simple
oscillation frequency relationship for an underdamped circuit

2

R B (2)

4 n°C

where T = period of cscillation, and C = capacitance, a wvalue of

of 0,61 microhenry was ocbtained, roughtly 20% lower than the value
obtained by the slope method.

If the circuit parameters are determined by use of the
following relationships

I
6-109.1—' (3) )
’ %
2
c(4, ® + &%) (4) ;
(s) ’

19
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where § = logarithmic decrement of the current, 11 = first

current maximum, 12 = second current maximum, and R = effective
circuit resistance,

values of 0,358 microhenry for the circuit -iaductance and 0.35
ohm for the circuit resistance are obtained. The resistarce
value agrees exactly with the value derived previously from a
single half sine wave measurement m?tfating that the resistance

fiqure is reasonably valid, 3 () in a study of transiemt - — -

conditions at switch-on has shown that a coaxial current shunt
will underestimate the original current slope by 10X or more.

This means the observed 3 will be less than predicted by
t—-0

RIC circuit theory and hence will give an overestimate of L when

used in relation (l). Por this reason it is believed that the

lower figure obtained by the oscillation frequency method

represents a truer value of the circuit inductance.

20
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