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The report describes a fixed-gap, spark discharge apparatus hav-

e

PP

ing parallel-plate electrodes, and instrumentation :for wmeasuring time~

dependen. 3park characteriztics. The response of lead awride (RD 1333)

-l

to gaseous spark discharge as a function of the electrodi geometry and
of the properties of the discharge circuit is presented. A method for

- measuring the energy in the spark gap is described. A computer program
\J

was developed for reducing the data from the observed cu,rent and volt-

o 3 \

age waveforms te current, voltage, power and energy in the gap and for

plotiing these values as a . :cticn of time.

Results show that the initiation of lead azide by gasecus dis-

charge is not entirely dependent on the energy dissipated in the spark
gap, but is a strong function uf che electrode geometry, the circait
storage capacitance, and series reaistance, particularly as they affect

the energy detivery rate to the spark gap. A comparison with the fixed-

e W g ke o W N

gap, needle-to-plane test method showed that the parallel-plate config-

uration resulted in lower, more veproducible minimum initiaticn energler,
and therefore a better hazard avaluation. The need is discussed for u
versatile electrostatic sensitivity apparatus and a test method for

evaluating hazardous situations.
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INTRODUCTION

This study was undertaken to improve electrostatic sensitivity
tests and to assess the relative electrostatic hazards of several com-
peting proposals to automataz the primary explosives process lire in
nunitions plants.

Electrostatic sensitivity tests are used by the explosives muni-
tions industry to assess the electrostatic hazards associated with
the processing and hendling of explosives. In these tests, a charged
capacitor is discharged through a spark gap in or near the explosive
and a threshold or a minimum gpark energy capable of initiating the
explosive is usually determined. Widely varying minimum energy values
are obtained for the same explosive when different experimental appa-
ratus or conditions are used. It is possible for the ranking of fYe
gensitivities of explosives to vary from one apparatu. to another,

Some of the differences among various types of test u. «vatus
and procedures have been explained by Moore, Sumner and Wy.i:. R
They have shown that the electrical circuit, spark gap-explosi e
geometry, ambient conditions, and the nature of the explosive 3z)!
play important roles. The circuit components and spark pg&, gecusi.ly
~an affect the rate of energy delivery, the efficiency of 2. 7gv
ryansfer, and the character of the spark. One of the problems in
e'n2¢rostatic sensitivity testing i3 the differentiation between the

cont. Jbutiens of the spark and those of the explosive to the observed

St A Rl A, o =




results. For example, an electrostatic seusitivity apparatus which

uses a large capacitance may yield minimum energies for initiation -

T AT T
¥

which are related only to the threshold for gap breakdown and not to
the sensitivity of the explosive., Other important questions relate
u x to the reproducibility of the tests; effects of energy delivery rate,
1 ambient conditions, electrode geometry, and characteristics of the
. explosive (purity, density, and particle size distribution) on ini-
tiatiov probability; and the testing methodology that yields z minimum , '

E; energy most meaningful for a hazavds analysis. This report attempts ; ;

to answer some of these questions.

The electrostatic hazards involved in the plant operations and

-
iy

in any processing line can be predicted only by considering the fol-

. lowing:
(a) The generat on, transport, build-up and relaxation of the
electrostatic charges produced in handling and processing explosives.

(b) A mechanism for the transfer of the stored charge or energy

N e g oottt 37

toe an electrostatic discharge.

e g

(e) The type of discharge obtained (contact or spark).
(d) The transfer of energy into the explosiva.
(e) The minimum spark energy capable of initiating the primary

explosives.,

To satisfy the two goals described (better electrostatic sensi-
tivity testing and improvement of manufacturing technology), the

fullowing objectives were adopted for the electrostatic hazards program:

P ARSI - 2527,
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(a) The development of a versatile electrcstatic sensitivity
é apparatus and testing procedure which are safe, convenient and cepeble
of yielding repr F:ieihle results.
1 (b) The deterunination of the current and voltage characteristics
cf the spark, cf the energy delivery rate, and of the energy delivered
to the apark gap for gaseous discharge as functions of the test para-
meters.,
' (c) The determination of the effect of the energy delivery rate
on the initiation probability.
(d) The determination of the minimum initiation energy most
meaningful for a hazard analysis using gaseous discharge and lead
, azide (RD 1333) as a sample substance.
The work described is part of an effort to advance the level of
competence with respect to electrostatic hazards analysis. This ef-
fort has already produced the following contributions: the quantita-

tive description and hazards analysis of electrostatic charge genera~

tion in a solid~fluid system during filtration and washing processesa;

the characterization of the charging and discharging mechaniems in :

dry primary explosive powders?; the review of existing electrostatic ;

v testing methods and techniques and a critique of the spark initiation

L tests used at both Picatinny Arxsenal and the Naval Ordnance Laboratory1°.
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EXPERIMENTAL

Apparatus

A fixed~gap, parallel-plate configuration was selected ?9r the
design of the electrostatic spark discharge apparatus because it was
found that thies configuration allows better control over the spark-
explosive gecmetry and minimizes corona losses. The apparatus was
desigred to be simple and safe, and to give reproducible results. The
first model (Figures 1 and 2) was also versatile enough in design to
allow it to be used in an extensive vesearch program using either
parailel-plcte or needle-plane electrodes. It consisted of a vari-
able high voltage power supply; an electrical charging circuit; a
triggering circuit; an electrostatic voltmeter; a fixed gap electrode
assembly (the gap could be varied and measured as required); and a
high speed dual beam oscilloscope. A detailed description of the
apsaratus is contalned in Appendix A.

Materials

Lead azide (RD 1333) DuPont Lot Number 51-49, was used for the
investigation. The explosive powder was stored in closed containers
and was preconditioned by storage in the test room at 30 to 45 percent
relative humidity for at least 24 hours prior to test.

Procedures
Parallel~-Plate Geometry

The selected capacitance and resistance were connected in
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PARALLEL-PLATE ELECTRODE APPARATUS

FIGURE 1
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milligrams were used in the tests. It was noted during the reproduc-

ibility tests that these weight varlations had little influence on the
initiation energies. The explosive powder was placed in the sample
holder consisting of a 3/16-inch diameter hole in a disc of & 0.0075-
inch~thick polyvinyl chloride electrical taje on & 3/4-inch~diameter
flat steel disc. The sample holder, after being tapped gently so that
the powder completely covered the bottom and distributed itself evenly
across the hole, was placid on the base electrode. The upper electrode
was lowered to the appropriate gap distance, the thickness of the
electrical tape, 0.0075 inch. Thus, the explosive powder loosely
filled the gap; the spark discharg: occurred through the interstices
of the powder. Throughout this series of tests the gap setting, which
wag read on the dial indicator, was kept constant. The storage capa-
citor was charged to the desired voltage, which was read on the elec-
trostatic voltmeter.

The test was initiated by activating a relay with mercury
wetted contacts for tests below 1000 volts and a Krytron switch for
voltages up to 5000 volts. MNceat of the potential of the capacitor was
developed across the series resistance and the sample spark gap al-
though some energy waz lost in the switch. Initiation or non~initiation
of tie explosive was observed. The spark voltage and current oscillo-
scope traces were recorded photcgraphically to determine the energy
delivered to the sample. Internal triggering of the oscilloscope from

the current pulse was used in making these records. After each trial,




a fresh sample was used, whether or not initiation had occurred. A
total of 25 trials were carvied cut at each set of test conditions,
except when determining the minimum energy. For the latter, the test
parameters were changed after either an iInitiation or the completion
cf 25 trials, whichever came first. After each initiation, the elec-
trodes were cleaned with No. 400 and No. 600 emery cloth and polished
with crocuz cloth to remove the lead deposit.
Point-to-Plane Geometry

A procedure similar to the one used for the parallel-plate
configuration was used for the needle-plene geometry., A 6~8 mg ex-
plosive sample rias placed on the steel sample holder which, im turn,
was placed on the base electrcde. During routine tests, %t was noted
that the sample size in this weight range had little influence on sen-
sitivity. The needle electrode fupper) was lowered to the desired gap
length, usually 0.005 inch, so that the point of the needle was buried
in the powder. A gap of 0.005 inch was used because it was difricult
to obtain a spatk discharge for = 0.QGC75 inch gap in the absence of
powder at the meximum voltage. In addition, Moore, Sumner, and Hyattz
indicated that the 0.005 inch gap was optfmum for energy transfer for
the rneedle-plane electrodes. The storage capacitor was charged to the
desired voltage and wus allowed to discharge through the powder by
activaring the Krytron switch.

Several trizls were carried out on each samp.e of explosive

{

wolder 4f initiation did not oecur in order to increase
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the number of tests cenducted in a day. However, a different portion
of the sample was exposed to each discharge by moving the holder about
on the base electrode. After each explosive initiation, the sample
holder was cleaned and the phonograph needle replaced. It should be
noted that for the parallel-plate configuraticn fresh explouive powder
was used for each trial because with this configuration it was im-
possible to expose a different portion of the explosive sample to
each discharge.
Hinimum Initiation Enexgy Determination

A series of initiation tests, using a range of capaciltances
and resistances, was carried out in an attempt to determine a meaning-
ful minimum energy. The capacitances used were 250, 500, 1000, 2000
and 3000 pF. The wvalues of the resistances were 0.15, 82, 1K, 10K,
100K, 680K and 1.2M ohms. The appropriate capacltance and resistance
were placed in the firing circuit. The starting point was an arbi-
trary one, usually the largest capacitor and resistor, unless a more
efficient value based on experience was known. The energy of the spark
was reduced in increments by decreasing the voltage across the capaci-
tor until no initiation was obtained in 25 consecutive trials, Then
the resistance was changed to the next lower value and the procedure
repeated, using the voltage setting which yielded the lowest enexgy
in the previous “est as the new starting point. This procedure. was
continued until the lowest delivered energy for a speciffc capacitance

was attained. Then a second set of trials was carried out with the
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next capacitor, usually one having half the capacitance of the previcus
. capacitor. This procedure was repeated uncil a minimum was noted or

” all capacitors were used.

RESULTS

s Spaxk Discharge Characteristics

A series of experiments was carried out to characterize the spark

discharge in alr for the fixed-gap, parallel-plate, electrode sppara-
tus as 2 function of the capacitance and resistance in the spark dis~
charge circuit. These experiments showed that, whez a chargad capaci~

tor was discharged by & mercury switch through the spark gep with no

added series resistance, the current and voltage varied in an oscilla-
tory mannexr due to a 0,.55uH stray inductance in the circuit. The cur~
rent aad voltage were slightly out of phase, the voltage leading the
cﬁrrent. When a KN-22 Krytron switch was substituted for the mercury
switch, oscillatory discharges were not obtainzd since the Krytron pro-=
vided some rectification of the current.

The addition of series recistances to the discharge circuit had
a tworold effect. First, the character of the discharge changed from
oscillatory to unidirectional. With large series resistances, hundreds
of kilohms, the discharge was no longer continuvus but took the form
of a series of burst of sparks due to relaxation oscillations. In
addition to changing the character of the disc#arée, geries resis-

tance also changed the duration of the spark. The effective spark
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duration decreased to a minimum with about 20 chms and then gradually

A

incre.ged with further increasse of resistance. Tue secoad effect of

adding resistance was to reduce the fraction of the energy in the cuapa~

citor that was actualiy delivered to the spark égp; This energy de-

creased from approximately 80 pexcent to 10 to 14 perceat .as the series

resistance wag increased from zero to 1000 ohms and then remained prac-

tically constant at the 10 to 14 percent level as the resistance was
further increased. This second erfect is discussed in more detail in

another section of the report (Energy in the Spark Gap). Increasing

e PR N T T e, oy v
bl R e
v Na g l“l

the capacitance in the circuit increased the duration of the discharge

Ars

ag wall as increasing the energy available across the sparkgap. The

ey

i; spark discharge characteristics are treated in detail in Appendix B.

Reproducibility

Before car .ying out experiments to determine the effect of the

energy delivery rate on the initiavion probability of lead azide

[P

{RD 1333), it was necessary to determine the reproducibility of the

apparatus. Two series of tests were conducted. The results, sum-

marized in Table 1, show excellent reproducibility. !
The first series was carried gqut at approximately the 30 percent

firing point for lead azide. The firing circuit contained three

nominal 1000-pF capacitors in parailel (2850 pF measured capacitance)

charged to 4000 volts, a 56-ohm resistor, a XKW-22 Krytron switch

tube, and a 0.0075-inch spark gap. The 30 percent firi.g point was

selected as a represgentative test Instead of the 50 percent point,




because of the 5~kV maximum voltage limitation of the Krytron for the

test parameters used. One-hunared twenty tests were conducted over
a period of 6 days and were analyzed as through they were thaz results
of fuur sets of 30 trials each or two sets of 60 trials. 4 sample
gize of ten was found to be toc small to give reproducible results.
The second reproducibility test was conducted for the zero firing
point wizh a 330-pF capacitor and & 1.2 megohm resistor. Twenty-five
trials were carried out at each test level. The excetlent reproduc-
1bility of both tests is very likely ifherent in the use of the
parallel-plate electrodes. This point is elaborated upsn in the

DISCUSSION se~tion.

Energy Response Curve

It was of interest to determine whether the datz for the spark
energies required to initiate lead szide (RD 1333) would fit a normal
probability discribution curve. When the data for the complete firing
curve were plotted on probability paper (Figure 3), they yielded es-
gentially a straight line. This indicated that the data could be
considered, for all practical purposes, to be normally distributed.
Each point on the graph is the result of 25 tests for the following
conditioné: 0.0075~inch gap, 2850 pF capacitance, and 100 kilohms
resistance. This result provides some justifica’ion for using the 50
percent firing point in the studies described in this report to

characterive the sensitivity of the explosive.

13
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TABLE 1
E
. Reproducibility Tests Results for the Electrostatic
S
3
b Sensitivity Apparatus
S

a. 120 tests conducted at the 30 percent fixing point for lead azide

(RD 1333) (charging voltage = 4000 volis; series resistance =

56 ohms; storage capacitance = 2§50 pF)

Anunlyzed as Four Sets of 30.$rials Eacly

8/30% 10/30 9/30 9/30 -

* (3 fired out of 30) )

Analyzed as Two Sets of 60 Trials Each

(O

18/60 18/60
b. Two tests, two rreeks apart, of the verxo firing point of lead

azide (RD 1333) at 1.2 megohus snd 30 pF

: Firast Test: 8700 ergs total stored “aergy

Seconil Text: 9500 ergs total stored . nergy
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Energy in the Spaxk Gap

The energy diss - .ted in the spark gap was calculated for the dif-

ferent series resistance circuitas from the current and voltage traces
and is ... vn graphically in Figures 4 and 5 for the mercury and the
Krytron switch circuits, respectively. The curves were drawn by
vigual inspection. The average is shown by the cross bar and standard
deviation by the vertical distance. A dotted line was druwn in the
smaller series resistance region (Figure 5) where the data were diffi-
cult to obtain, as discussed later. The technique for determining
the energy dissipated in tte spark gap is given in Appendix C.

The experimental data show that with a 0.005- to 0.0075-inch gap,
the energy delivered to the spark gap decreased from approximately 80
percent of the total stored energy to 10 to 14 percent of the total
as the series resistance was increased from 0.15 ohm to 1000 ohms.
As the resistance was further increased to 1.2 megohme, the energy
delivered remained practically constant at the 10 to 14 percent level.
Very similar results have been obtained by Moore, Sumner and Wyattl.
They found that with a gap of 0.005 inch, a fairly constant value of
about 10 percent of the original energy appeared in the spark gap
when series resistances of 103 to 107 ohms were used. A possible

explanation for this energy conatancy is given in the Appendix of

Reference 11.
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The data for the small series resistance are of limited accuracy
because of the difficulty of recording the fast current and voltage
traces. With small series resistances in the circuit the durations
of the sparks were in the hundreds of nanoseconds range. Because
these times were too fast for the osciiloscope and photographic f£ilm
being used current and voltage traces were very faint. Small errors
in reading -the peak current and voltage from the faint traces or a
small time shift in aligning the start of the traces; of the order of
10 nanoseconds, could result in large errors in integrating the re-

duced current and voltage data.

The Effect nf the qurgy Delivery Rate on the Initiation of Lead

Azide (RD 1333)

A. Serie..Resgistance

It was shown that series resistance affects the total energy de-
livered to the spark (Figures 4 and 5). A systematic investigation
was also carried out to determine what effect different series resist-
ances have on the rate of energy delivery cf a spark. This rate, in
turn, would affect the initfation probability of lead azide (RD 1333).
The RC time constant of the spark electrical circuit was increased
from approximately 0.1 microsecond to 50 milliseconds by increasing
in increments the series resistance fror approximately 1 ohm to 15

megohms. A Krytron switch was used in all the experiments.
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The energy level at the 50 percent firing point, determined by
the "Bruceton" method?, was used as a2 measure of sensitivity to mini-
mize the number of tests required. As can readily be seen in Table 2
and in the gresph of Figure 6, the energy required in the gap at the
50 percent points of initiation was a strong function of the series
registance in the discharge c¢ircuit. The energy decreased to a mini-
mum as the RC time constant was increased from 0.1 microsecond to
some value beétween 0.1 and 1 millisecond, and then increased as the RC
time constant was further increased to 43 milliseconds.

An important observation should be noted. It took less energy
in the gap to get 50 percent initiation in the 0.1 to 1 millisecond
RC time constant range than at either extreme. This range, which is
the most hazardous (the value fur the series resistance and the stor-
age capacitance which resulted in a minimum delivered energy), is

treated further in the next section and in the DISCUSSION.

B. Storage Capacitance

The dependence of the initiation probability of lead azide (RD 1333)
on the storage capacitance is shown in Table 3 and in the grapn of
Figure 7. As the capacity of the storage capacitors was decreasad
from 2850 pF to 330 pF (the lowest capacitance tested) for three
series resistances (100 K, 680 K and 1.2 M ohmg), the minimum energy
dissipated in the spark gap decvreased from 2700 ergs to 1100 ergs. It
is of interest to consider the RC time constants of the circuits (see

Figure 8). The time constants for all combinations of capacitance
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- -decreaged from 2850 to. 1000 nP .

chiayd 21t s - v . s ’ —F = - AT I VI e T TN R R e
p N LR .

and resistance which resulted in a minimum initiation energy were
approximately the same, 0.1 to 0.4 millisecond. This suggests that
thére is a most hazardous RC time constant which would result in the
initiation of lead azide by the least amount of energy being dissipated
in -the spark gap.
It is doteworthy'that‘:he lowest initiation energy was observed
- with the smallest capacitance tested. This capacitance is in the
range that is expected to be found in the normal handling and process-
ing of primary explosives.

For the 2850~ and the 1860-pF storage capacitors with a 100 kilohm
qeriés tesisté@ge'thé reported minimum- energy valués were actually the
threshold for gap breakdown. For both these caﬁatitanceg,—the.actgal
voltage developed across -the spark gap was -approximately 1200 volts.
Gap breakdown did not occur as can be seen from the current and volt-<
aga ‘traces (Figure 9). As the capacitance was decreased,. higher volt-
-ages were required to initiate the explosive. The higher the applied
‘'voltage is above the spark threghold voltage, the larger the electric-
al current flow. The characteristics of a high -current flow spark
probably accoﬁn;*for the lower initiation energies observed with, the
smallest capacitance.

The energy values at the 50 perceut initiation points for lead
azide vere -determined for three different storage capacitors (Table 4).
Thése energy values decreased only slightly as the capacitance was

or .a. 100-Li1

g g R et A A F AR A L Lt S SR RS LI 43, - - -~ —- - ——— - -
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To demonstrate that the apparatus can be used to distinguish
between two pfimary explosives, the energy value at thé 50 percent
initiation point for basic lead styphnaté (Lot No. 0HC§68-14)7was
determined and was compared to that of lead .azide (Table 4). As ex-
pected, there:-was a,gonsiderahie differénce in ‘the eriergies. The
energy re¢quired to initiate lead styphnate was less than one-half of
‘that :needed ‘for lead azide for the particuiar test con@ition. It 18
apparent that the .apparatus can distinguish the -différence between the

initiation :threshold of lead azide and that of lead §typhnate.

-C. Nggdle-PIgne,EIgcttodea:

The study -carried: out to compate the spark discharge characteris-
gics,gg‘thg,pgralleieplatg electrodes with those of the more conven-
tional needie-plane configuration showed that the threshold voltages
for -gap breakdown were much higher for the needle-plane configuration.
For example, with a-G.0075-inch needle~-plane gap, a spark was not ob-
gerved for voltages as high as 4000 volts, whereas only 1250 volts were
required for the~parallelép;ate«configgration. When the needle gap was
redugéd to 0;0625 inch, the threghold voltage was still 1750.-volts.

It is interesting to note, in addition, that when either -an in-
ert powder or lead azide was placed in the gap, a threshold voltage
as low a2s 1300 volts was observed for a-0.010-inch needle-to-plane gap
(needle buried in the powder). On—the)other hand, the addition of
powder to the 0.0075-inch gap of the parallel-plate electrodes inhib~-

- the tiresiiold voltage required to. break
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down the gap. This phenomenon concerning the threshold veltidges for

{‘ . gap breakdown is treated in the DISCUSSION.

s Table 5 compares the minimum initiation energy values for lead

( azide (RD1333): obtained by means of the neez:e-plane electrodes with-

;7 those of the parallel-plate electrddes using a 330-pF capacitance and

a range of series reésistances. Values for the needle-plane -‘electrodes.
2 were much higher than those for the: parallel-plate configuration. It

should te noted that -the neédl2-plane electrode configuration, as for

the paralieléblg;e electrodes, yielded lower iritiation .energies for

RC time constants in the range of 0.1 to 1 millisecond. -
. DISCUSSION l
Rate Effect

Experimentai work has shown that the energy of initiation of
lead -azide (RD 1333). by gaseous discharge was a -strong function of
the electrode geometry and the properties of the éischarge circuit.
The series resistance and the storage capacitance affected the dis-
charge rate governing energy delivery to the spark gap. The thres-
hold initiation energy Qf lead azide was considerably decreased when

the duration of the apark was increased from 100 nanoseconds to hund-

reds of—microseéondslby—thg‘inttqduction—pf a large series resistance. |
The least amounf of energy deliverad to the spark gap for initiation

was observed when the RC time constant was in the 0.1 to 1 milli-

. second range.
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Initia;iqn ﬁechagism

The results show that energy delivery rate is an important para-
meter in the initiatici of lead azide (RD 1333) and suggest a timp-
dependent process,. presumably a therma{ diffusion mwechaniem, in which
a minimum spark (heat source) is maintained long enough to give risc
to propagating self~supporting hot-spot in the lead azide crystal.

With no series resistance in the circuit, the spark was visibly
brighter and more violent. The maximum current was in the 30— to 100-
-aupere range (the maximum current-was only millismperes with large
resistance).. More than twice the energy required for the large series
rnsistance experiments was delivered to the spark gap in 100 nano-
seccnds. It is possiblg that for these fast energy delivery rates,
initiation mey not be due to any single mechanism but to a complex
combination of several mechanisms. For example, in addition to a
thermal mechanism, radiation absorption may play an important role be-
causge xhe.lpwes; wavelength. and highest light density are present in

this fast region. Mechanical shock from a fast discharge may- also be

-a factor.

Safe;x

In evaluating the data from a safety point of view, these two-

-markedly different emergy delivery rates are of concern in a hiazard

analysis. The least -amount of energy needed to initiate lead azide

(RD 1333) by gaseous -discharge was observed when the energy was de-

livered over a relatively long time, several hundreds Qf microseconds.
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Since: the effici_enéy of energy transfer for these long times is quite
low, about 10: to 14 percent, :a hazardous situation would not exist un-
less there was 7 to 10 times this minimum energy stored somewhere in

the system and a large resistance to control the discharge. -On the

other hand; although three times as much delivéted energy was required

with zerc resistance as with the large series resistance for initiation,

‘the: total :stored .energy necessary vo deliver this energy was lower with
‘the zero resistance because of thé greater efficiency of delivery, ap-
pi:oximgtely:BO to 95 percent of the stored energy. At the 50 percent
i,q:!.tiatiqn point, however, both the total stored emergy and the de-
liveréd energy were at a minimum with the large series resistances.

Moore, Sumner -and Wyatt? also found: rhgi: some primary explosives,

such- as 1éa?l— -azide ang lead styphnate, were sensitive to -both fast and
jslow discharges. In addition, they found that other primary explosives,
-such ‘as mercury fulminate and tetrazene, ‘were primarily sensitive to
—7s'~low discharges. Morris®?® found ‘that lead styphnate is more :gensitive

ito fast discharges (no- series resistance). From a safety point of view,

rtherefore,x beth fast discharges (zero resistance) -and slow discharges
(large series resistances) must be considered hazardous and must be of
major concern ‘to the process engineer.

The standard electrostatic sensitivity tests are usually conduct.d
under -specific test conditions, at best, designed to simulate a portic-
ular hazard. In general, no attempts are made to investigate the ef-

fects of the rate of energy delivery on spark sensitivity. The results,

34




fob sl

coysequencly, cannot be used to evaluate all of the different handling
situations to which an explosive may be exposed. If a complete assess-
meﬁt of the electrostatic hazard of an unknown material is required,
then a thorough research program is necessary. 7

In many practical hazardous situations, an exact knowledge of the
sensitivity of a particular explosive is not necessary. It is suffi-
cient to know thé relative sensitivity of the explosive being dealt
with and then take appropriate precautionﬁl“. (A sensitive explocive
can be defined as one that can be initiated with enéigies in thé order
of leos,ergs.) The electrostatic sensitivity tests considered in this.
report provide a comparison among the sensitivities of explosives, i.e.,
a ranking of their sensitivities. The tests could also be used to
«valuate potential additives which might be used to reduce the electro-~
static hazard of primary explosives. 7

Gap Breakdown

The: shape of the electrode plays an important role in geseous dis-
charges. Lower threshold voltages for gap breakdown were ohserved for
gaseous digcharge in the parallel-plate configuration than in the needle-
plane electrodes for a constant gap distance. The addition of powder,
either inert or lead azide, to the gap decreased the ti:reshold voltage
for the needle-plane electrodes but increased it for the -paralliel-plate
electrodes. A possible explanation for this phenomenon is photon feed-

back. When a:gas'beéins to break down, photons are enitted in all
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directions. In the unconfined needle-plané configuration; the photons
could spread out andFeéqape, whereas in. the parallel-plate -configura-
tion the protons are confined between the two flat and polished elec-
trodes (the photons which strike the anode are reflacted back to- the
cathode). The photons striking the cathode cause emission of secondary
electrons, which give rise to the development of a complete discharge.
The addition of powder to the gap has two opposing effects. It
enhances the electric field in the spaces \between the particles because
of the ‘dielectric. properties of the powder. However, it alsc interferes
with .the action of the -photon field and the aecﬁndgry~é1eggrogs which
affect the development of a discharge. Apparently; for the parallel-
pl#:e configuration and for lead azide, the interference with the photon
emigsion outweighed thé enhancement of the electric field. With the
needle configuration a lower threshold voltage was observed because
photon emission initially played -an unimportant role; hence, the
strength of the electric field was the prime factor in the breakdown

of the gap.

It 18 also possible that higher breakdown voltages observed for
the needle-plane -configuration occurred because the steel needles
developed. thin oxides of relatively high dielectric strength on their
surfaces in the présence of air. Pitgéls noted that oxides on a needle
can triple the breakdown voltage required for a particular air gap,
whilé the oxide film had only a small effect on flat electrodes because
they had enough surface area. None of the tests conducted to date can

detérmiﬁeiﬁhichréf the ﬁwo models is -appropriate.
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Flectrodé Ceometry

Initiation energy values for lead azide may have been lower for
the parallel-plate electrodes (or, equivalently, initiation probability
at a given energy may have been greater) because that coﬁgiggration
confined the powder nore than did the needle-point geometry. The :8park
resulted in a rapid movement of air which tended to -blow tﬁé powder
avay from the electfi¢ discharge. The parallel-plate electrode con-
figuration used in this work, however, tended to ¢onfiné the powder

and p~witted more efficient "¢, _ “ing" between ‘the discharge and the

-powder.

Anotheiépéssible contribqt@ng‘fgctpr wag that a latger volume of
the explosive was sampled with the parallel-plate cohfisuz'@'éiqn than
with the,negglgéplane‘gquétry where only the explosive near the néedle
was sampled. 7W§gn:;§ggg~§gxies resistances ﬁéééain the circuit, the
discharge was not a cghtinuppg one;.-bhut ratherra series of bursts of
sparks. 1ﬁe sparks: in this Qeties did not all follow the same path;

With the larger surfaces of the flat electrodes, a larger péftiqn of

the explosive powder was sampled. Figure 10 shows .an undggpﬁated‘éa@glef

of lead azide in the explosive holder;-magnifigd'lé‘timegg'é?;er beipg
exposed to a burst of §pa;k8 (.2 megéhm series'resistance); The black
specks on the surface oflthe lead aziég grystals are free lead due to:r
decomposit, on from the -discharge anﬁgahpw therlargg area that was

sampled.
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LEAD AZIDE POWDER AFTER SPARK DISCHARGE: -NO DETONATION
- (magnified 15 times)

FIGURE 10
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CONCLUSIONS

1, Théfe 18 a definite need for a versatile electrostatié sensitivity
test apparatus and testing method that can be used for basic explosivées
tegearch, The fixed spark-gap discharge apparatus with parallel-plate
electrodes which was used in this study is versatile and is capable of
yielding reproducible results.

2. The parallel-plate configuration yields a lower value. for the mini-
muti initiation -energy of lead azide (FD 1333)‘than the needle-plane.
geometry. One of the problems with the needle-plane geometry is that
thewrgpid movément of air resulting from the spark tends to blow the
explosive pcwder away from the electric discharge. The parallel-plate
elgct;odeléonfiguratiqn—tends to confine ‘the powder and permits more
efficient "coupling' between the discharge and powder. Another advan-
tage of the para..lel-plate configuration is that a. larger volume of the
explosive powder is sampled than-with the needle-plane geometry where
only the explosive powder near the needle is tested.

3. The addition of resiétances in series. with the spark gap changes
the nature of the -discharge and affects the fraction of the -energy
storeéd in the -capacitor that is delivered to the spark gap. As the
series resgistance is increzsed, the form of the discharge changes from
oséilla;ory (underdamped) to unidirectional {overdamped) . With large
series rggistaécég (hundreds of kilohima), the discharge is no longer

cbntihﬁéqs but takes the form of a serfes of bursts of sparks due to
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relaxation oscillations, As the series resistance is increased from
zero to 1000 oiims, thgyénergy fraction delivered to the 0.0075-inch
spark gap decreases from 80 to 100 percent to 10 to 14 percent of the
griginal stored energy. It then remains practically constant at thié
10 to 14 percent level as the résistance is further increased to 1.2
megohm.,

4. The gengitivity of lead azide (RD 1333) to gaseous discharge is not
entirely -dependent on the energy dissipated in the spark gap. Rather,

it is' a strong function of the electrode, geometry and the properties

of the discharge circu t, particularly the effects of the series ve-

sistances and the storage capacitors on the discharge rate. In all
tests the lead azide (RD 1333) was initiated by gaseous discharge with
the minimum -energy when the RC time constant of the discharge circuit

was relatively long, in the 0.1- to l-millisecond range. This indicates

that lead azide may be characterized by a '"most hazardous RC time con~

stant" which determines the optimum rate at which energy -can be delivered
to initiate the explogive. The results show that the energy delivery
rate is an important parameter and suggest that a time-dependent pro-
cess, possibly diffusion of heat from the spark channel into the azide
crystal, is important for spark initiation. 4

5. From a safety point of view, both. fast and slow spark discharges

must be considered hazardous and must be of major concern. to the pro-
cess engineer. Some primary explosives are sensitiye to hoth. fast and
glow discharges, while other primgry'explpsiygg are sengi;iye.to eithe:

one or the other.
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6. The minimum delivered energy to initiate lead azide by gaseous dis~

charge decreases as the capacitance is decreased to 330 pF (the small-
est caﬁ#citagce tested) . For the smaller c;pncitaﬁces, larger currents
flow in the spark discharge for a given delivered energy, indicating
that the standard test procedure should use smaller capacitors. When

large storage capacitors &re used (1860 pF and above), electrostatic

sensitivity apparatus may actually be determining the threshold voltage

for gap breakdown rather than the minimum initiation energy for sensi-
tive primary explosives. ’
7. The paraliel-plate spark gap -apparatus -could easily distinguish.
between two primary explosives. For example, for a specific test con-
dition, the énergy value -at the 50 percent initiatibn point for basic
lead styphnate is less than one half of the value for lead azide (RKD-
1333)- (see Table 4).

FUTURE WORK.

1. The study will be extended to-other primary explosives to determine

‘their electrostatic sensitivities and whether these sensitivities can

‘be characterized in terms of rate effects. The effects of -temperature,

humidity, gap length, and explosive particle size on the sensitivities
of the explosives will also be investigated, These results will lead

directly to the parameters needed for developing better standard test

_ procedures. In order to determine these parameters. the following im-

provements and modifications will have to be made to the teat apparatus:
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;a. Design and fabrication of a more efficient data reduction
apparatus, possibly including an analog mult@plier. 7

B. Design and evaluation of an inexpensive, mass-produced spark
ampoule in which the electrodes are an integral part of the sample as-
sembly. This ampoule will also allow the easy preparation of samples
at a:¢ontrolled humidity and temperature vhick then can be tested in
an ordinary laboratory environment.. 7
2. Futire experimental work of .a more fundamental nature could include
the study of the nature of the spark and the determination of the
chargcté&iatqurof the spark gap in more detail in order to lgad';é a
better understanding of electrostatic sensitivity. This program
should include the following: 7

a. an attempt to characterize the spark ‘discharge through its
current voltage charactéfistica and to determine how the energy trans-
fer efficiency depends upon applied voltage, capacitance and series
registance. Measurements to date seem to indicaté that the efficiency
is relatively independent of these variables over a wide range. How-
ever, this result is difficult to -understand if one tries to analyze
enexgy delivery using reasonable models for the spark Aharacteristics.
Also the current-voltage characteristics for small capacitances (330
pF) are very different from those for larger capacitances (2850 pF);

b. the determination of the :current-voltage characteristica for

different gaps, and gaps with. explosives;
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c. an attempt to study the size of the spark and the light output
E ) using photographic techniques;

E

b,

d. an attempt to measure time-to-explosion using. photo~optical or

photometric techniques;

e. an attempt to determine the energy delivered to the spark gap

. ] at the fast delivery rates by integrating the voltage-charge phase
' portrait of the spark gap obtained by recording ‘the charge transferred

E ' to a capacitor in series with the gap.
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APPENDIX A

'Dgééfipgidﬁ of Apparatus

The electrostatic sensitivity apparatus consisted.of a charging
circuit, a triggering circuit, the electrode assembly and a high speed
dual beam oscilloscope.

Qpargiﬁg‘Cirpqit

High voltage was provided by a Precise Measurement Curporation
variable 0-5 kilovolts'éqwer supply. The voltage was measured with a
Model‘ESD Sensitive Research Electrostatic Voltmeter, either 0-2000
volts or 1500-5000 voIté, Low inductance transmitting ceramic cape-
citors from ngtralab (850 series) wére -3ed as the energy storage dis-
charge capacitors. The circuit was designed so that the appropriate
capacitance, from 25 to 10,000 pF, could be manually :connected as either
a -single capacitor or a group of capacitors: in parallel in the circuit.
The capacitance of the storage capacitors and the stray capacitance of
the electrical leads in parallel with the storage capacitor were mea-
sured in situ in the circuit ueiing a General Radio Company Type 1656
Impedance Bridge. |

Iriggering Circuit

Fast, low-loas switches were used in the triggering circuit. For
voltages up to 1000 volts, a JHlelZQ-ll mercury wetted contact relay,

capable of nanosecond switching speede, was used to- transfer the poten=

tial of the selected capacitor to the spark gap. A schematic of the

eleé;ronic circuit is shown in Figure 11.
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For higheér voltageé, a KN~22 Krytron (EG&G Inc) switch tube was
used (Figure 12). The Krytron is a four-element cold-cathode gas fill-
ed fwitch tube which operates in an arc discharge mode in- the 500-5000.
volt range. The Krytron was triggered by an EG&G'TR-i30.trigger trars-
former.

The Electrode Assgmbly

The ‘parallel-plate electrode assembly consisting of two- 3/4-inch

diameter stecel plates is shown in Figures 13a and b. The spark gap
containing the explosive is between the ‘two giactrodes. The lower por-
‘tion of the upper electrede could bé easily removed for cleaning purposes.

It vwas slipped onto the shaft of the upper electrode assembly and was-

secured by a set screw. The base or lower electrode was connected to

‘ground through a series resistor, which could be maniually changed dur-

ing testing. The upper portion of the base electrode served as -the

explosive sample holder. It was a detgchab1e3‘30118 cylinder of hard-
ened steel, 3/4-inch diameter x 3/8-inch long. A layer of 0.0075-inch
thick electrical tape with a 3/16-inch diaméter hole for the explosive

wap taped to the top siurface of ‘the steel cylinder. The explosive

powder in the hole was semiconfined between the upper,electrode and the

sample holder. The desired gap between the upper electrode and the

gsample holder was set and maintained by a fine screw adjustment knob

which was connected to, but insulated from, the upper electrode and

‘was located outside the firing chamber. The gap setting was. read on-

a dial indicator attached to the fine screw adjustment knob.
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FIGURE 13a

PARALLEL-PLATE ELECTRODE ASSEMBLY
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Test Explosive

Test in ,
3/16" dia. hole

- Upper Electrode - Steel

Test Gap, 0.0975“ - Electrical Tape

Sample Holder - Steel
(3/4" Diameter Cylinder)

“Base Electrode - Stael

~Teflon Insulator

FIGURE 13b  PARALLEL~PLATE ELECTRODE ASSEMBLY
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The electrode assembly also could be used in -the more cogventional
point-to~plane configuration. Thi§ was acéomplished by substituting a

phonograph néedle holder {(see Figure 14) with a removable phonograph

A |

needle for the upper electrode shaft.

The firing chamber (10-inch x 10-inch x 10-inch) was made of 1/2-

inch thick clear plastic (Lucite ®) and sized to fit into a available
humidity contérol box for future humidity controlled experiments.

High Speed Oscilloscope \

The current and voltage characteristics of the spark were recorded.

photographically on .a dual beam Tektronix 555 oscilloscope uaing a P6013A

high voltage probe with a Type L Plug-In and a CT-2/P6041 current probe
with-a Type K Plug=In. The oscilloscope has a time base from 100 nano-
seconds to 5 secords per centimeter. Thr~ voltage probe has a built-in ‘

10001 attenuation -circuit and a rise time of 14 nanoseconds. The cur-

rent probe can register currents from 10 milliamperes -to 100: amperes.
When a large resistor was used in series with the spark gap, the current
was too low to give a deflection -on the oscilloscope and, consequently,

the current probe could not be used. Iﬁgtegd, a second P6013A voltage

probe with a Type K Plug=In was used to measure the voltage drop across
the series resistor to determine the current. The instantaneous current ‘
was taken as VR/R vwhere, VR was ‘the instantaneous potential drop across

the resistor, R. -
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Carbon resistors with wattage’ ratings ranging from 1/4 to 1 vatt
vere used for the series resistors. The values of the resistances
for high .current :ead: vol,ta‘ge—puises were measured and-were found to

be the same as the low voltage, direct current resistances.
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APPENDIX B

Spark ‘Discharge Cheracteristics

A study was carried out to characterize the spark discharge in
air for the experimental testing apparatus as a function of the capa-
citance and resistance in the spark discharge circuit. This study
showed that, when & mercury switch was used ‘to transfexr the voltage
from: the charged capacitor to the spark gap, the presence of the spark
gap did not .substantially .alter the conventional capacitor discharge
pattern. The spark gap énly introduced a source of varlable resist-
ance. A detailed discussion of the cqéVentional theory may be found
in Reference 1.

Following conventional theory, it was found that the addition of}
circuit resistances from a few ohms to 15 megohms had%a,twofold‘effect.
Firat, it primarily affected the form of discharge. It changed the
oscillatory (underdamped) current and voltage to unidirectional (over-
damped) waveforms (Figures 15a through 15f). Figure 15a shows the
waveforms of the current through the spark gap and the voltage across
the spark gap and series resistance when a 1800-pF -capacitor charged
to 900-volts was discharged to ground through the gpark discharge cir-
cult containing a 0,005-inch spark gap with no added -circuit resist-
ance. As can be seen, the current and: voltage varied with. time in an
oscillatory manner because of the inherent inductance of the circuit.

Tha woltaga and current .u htlv out of phaze, the voltage lead-

ing the current.
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(a) R =0.15 ohm
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5 (b) R = 0.78 ohm
500 V/div
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(e) R = 200 ohms
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(£) R = 100C ohms

FIGURE 15 (Continued)
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From the oscillograms, it can also be seen that the introduction
of a 1.9-ohm resistor to the circuit reduced the number of oscillations
from 4 to 2, and a 10-ohm resistor reduced the number to one. The cur-
rent and voltage became critically damped (barely unidirectional) with
about 15 tn 20 ohms. With 200 ohms (Figure 15e) the discharge was uni-
directional (overdamped).

The stray inductance responsible for the oscillatory discharge can
be -estimated from the decay of the current trace as a function of time

by means of the following formula:

2

(tzl-‘- tl)
77 o ﬁIl 2
¢ 47 + (o 9%
2

L =

where L is. the inductance in henries, C is the capacitance in farads,
and- t:1 and t2— are the times in seconds for the valueas of two consecu-

tive peak currents, I. and 12. Calculations based on the above formula

1
show that the stray inductance of the experimental apparatus was ap-

proximately 0.55 microhenry.

In addition to changing the oscillatory character of the discharge,
the: effect of increasing the series resistance was to change the dura-
tion of the spark and thus change the energy delivery rate. The effeé;
tive spark duration ‘time, estimated from the photographs, decreased
from ap proximately 800 nanoseconds for no added resistance to a mini-

mum value of approximately 100 nanoseconds for 15 ohms. One then
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observed the conventional lengthening of the discharge time with further
increases of resistance (see - Table 6 .and -Figure 15)., Note the changes
in time scale in Figure 15.

The second effect was. to reduce the fraction of the energy stored

in the capacitor that was delivered t6 the spark gap. This effect is i
considered in detail in the RESULTS section of the report (Energy in
the Spark Gap).

The effect of increasing the capacitance in the circuit can be seen
by comparing Figures 15 and 16. It is also shown in Table 6. An in-
crease in the capacitance increased the duration of the discharge in
addition to increasing the energy available to ‘the -spark.

‘When a KN-22 Krytron -switch tube was used in place of the mercury
switch to transfer the voltage from the capacitor to the spuvk gap,
ogcillatory discharges were not as easily obtained as with the mercury
switch since the Krytron provides some rectiffcéti@n of the current.

With geries resistances above about 20 okiis, however, similar but longer

-duration waveforme were obtained., Figures 17a- through d show the typ-

ical current end voltage waveforms when a 1800-pF capacitor charged to
1900 volts was digcharged to ground through the spark gap with differ-

ent resistunces in the spark gap circuit. In Table 6 typical spark

durations for different resistances are compared with those obtained

with. the mercury switch.
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102 nsec/div
(c) R = 10-ohms

100-nsac/dty-

(b} R=1.9 ghms

- ) o

500 V/div|-
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200 nsec/div
(d): R = 200-onins

FIGURE 16 ‘Typical Current and Voltage Characteristics of a
Spark with: Mercury Switch: 3500-pF Capacitance
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FIGURE 17 Typical Current and Voltage Characteristics: of
-a Spark (Krytxon Switch; 1800-pF Capacitance)
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It was also noted that the discharge was not continuous but took

the form of a series of burst of sparks when large series resistances

were in the circuit. Typical cufrent and voltage oscillograms for

sefiesAresistanggs of 100 kilohms, 680 kilohms, and 1.2 megonms are
shown in--‘Figures 18a, b, and c, fespectivély. This phenomenon was due
to relaiétion oscillations. The relaxation oscillations were the re-~
sult of the negative resistance of the spark gap and the -stray .capaci-
tance of the electrodes. This explanation was verified by placing a

120-pF capacitor across the spark gap and observing that the frequency

of the oscillations decreased (see Figures 19a and b).

When either an inert powder or lead azidé RD 1333 was placed in

the gap between the spark gap electrodes, little change was found.in

the current and voltage oscillograms. However, siightly higher thres-
‘hold voltages were required to break down the gap: and to cause a spark

‘to pass -than in air.
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¥
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: i
! i
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100 usec?div

(¢) R = 1.2 megohms

FIGURE 18 Typical Oscilloscope Traces of Voltage Across Spark Gap
and 3eries Resistance During Spark Discharge with Krytron
Switch: 1000-pF Capacitance (Upper vertical trace:
Voltage across spark gap and series resistance; Lower
vertical trace: Voltage across series resistance.)

64




ek e U

il ek
‘

(a) Stray capacitance -across the spark gap

NSO

(b) 120-pF capacitor across the spark gap

FIGURE 19 Relaxation Oscillation Discharge. (Series resistance:

680 kilohms; Capacitance: 2200 pF; Upper trace: Voltage
across spark gap and series resistance, 500 volts/division;
Lower trace: Voltage across series resistance, 2000 volts/
division; Time: 100 microseconds/division)
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APPENDIX C

l Energy Detéimination

L i i
R

The energy delivery rate, tﬁé energ& actually delivered to the
4 - spark gap, and the fraction of the energy delivered as a function of
time were determined from the photographs -of the spark voltage and

current traces. The energy delivered was determined by graphically
integrating the current and voltage waveforms. This 1n£egtatiop was

accomplished by dividing the current and voltage .curves dnto very samll

time segments of duration 8t and calculating the energy in the gap

2oy 2.7 _. 7)) !
2y [(YTIA— IRy + Gyl — 1 R)E)[ (t5aq “1? -
. < ) 2 N e

and the energy in the resistance g

)

2. 2. [
i=1 T

where I is the instartaneous current at the time t in the series re-
sistance R and VT is the corresponding total voltage across the series

combination of gap and resistor. The subscripts are used to designate

the time increment boundaries. i

The data reduction was accomplished using a Type 17A Universal

Telereader (manufactured by Telecomputing Corporation, Burbank, Cali-
fornia) and a counter from the Graphic Systems Division of Computer

Industries Inc., Paramus, New Jersey. The relative values of current

66




3 ) TR SR PRl EaSiE aai i e E T e SERWAUN, TSR Sy Tel S TN A

—— e - - - -

and voltage were produced as a function of -time on IBM punch cards. .
The following two couputer programs were written to numerically reduce P

the data to current, voltage, power, and energy in the gap and to plot

L j these values as a function of time.
a. Current in the series resistance and :‘the total voltage across the
< series combination of gap and resistance.

Program Spark (Input, Tapes = Input, Output, Tape 6 = Output)

Dimension TC(100), TV(100), V(100); VNEW(100)
Dimension -C(100), VS(100), PTOT(100), PRES(100), PSPARK(100)
Dimension Energy(100), Q(100), ERES(100), FRACTE(100)

c Read in Next Data Deck -
- ) Read (5,110)- NRUN
110 Format (I2)

If (NRUN) 115,115,1

1 Continue '

Y Read in Time Scale Per Division from Scope :in Units of 10-6 Sec
11 Read (5,25) CALT TN
25 Format (F10.0) o

-C Read in Current and Volts: per Division (From Oscilloscope) 7

Read (5,5) CALI, CALV

5 Format (2F10.0) . R
c Read in Data When Plotter is Moved-One¢ Large Division Vertically .
Read (5,10) WNON,DIVI

. 10 Format (¥5.0,1X,F5.0)
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E c Read in Data When Plotter is Moved One: Large Division Horizontally
Eﬁ '‘Read (5,10) DIVT,WNO

g 11 ‘C ‘Read in CIC and CC, Origin Correction for Current

: Read (5,10) CTC,CC

é, c Read in CIV and CV, Origin Cdfrectibn—gor Voltage

Read (5,10) CTV,CV

O c Read in Number of Current Daté: Points

15 Format (12)

c Read in Number of Voltage ’ﬁaft;.é Points
Read (5,20) NV ’
20 Format (12) L
c Read in Value of Resistance. Capacitance, and Voltage . f
‘Read (5,25) R . . o

Read (5,25) CAP

‘Read (5,25) VOL

C  Read in Data; Current Firat
Read (5,35) (TC(I),C(I),I=1,NI)

35 Format ((6(F5.0,1X,F5.0,1X)))-

Print 38 i
38'fpr@gt£¢l6n New Page Please)
*grint'SQ'

39 Format (1HL)

“Read (5;40) (TV(T),V(I), I=i NV)
68
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40

24

26
27
28
29
30
?1
99
200

42

Format ((6(F5.0,

Print 24, NRUN

Format (15H Run

Print 26,R
Format (39H the
Print 27, CAP.
Format (38H the
Print 28, VOL
Format: (37H the
Print 29, CALI
Format (45H the

Print 30, CALV

Forimat (36H the

Print 31, CALT
Format (47H the
Print 99

Format (1HO)

Print 200

1X,F5.0,1X)))

Number is ,‘,12‘)

Value of the Resistance in Ohms is, F10.2)
‘Value of the Capacitance in PF is, F10.2)

Value of tﬁe Voltage in Volts is, F10.2)

Value of CALI, Current per Div in Amps is, F8.3)

Value of -CALV, Volts per Div is, F8,2)

Value of Sweep Time per Div in 10-6 Sec is, F8.2)

Format (14H Current Data)

Format (10F11.3)

Print 99

Print 210
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i 210 Format (28H Voltage Data Across Total) d

g: | Print 42, (V(I), I=1,NV) ,

‘ Print 99 . ( .

3 AMPDIV=(CALI/DIVI)

1 VOTDIV=(CALV/DIVI)

i TDIV=(CALT/DIVT)

ir DO 45 I=1,NI

3 TC(I)=(TC(I)-CTC) ¥TDIV :

; 45 C(T)=(C(I)=-CC)*AMPDIV P

o Print 220 J!

= 220 Format (17H Current in Amps) *

2 Print 43, (C(I),I=1,NI) ‘
43 Format (1VF11.5) ’

Print 99
Print 225

225 Format (* Current Iiée in Microseconds®) ) B
Print 42, (TC(I),I=1,NI) L
Print 99:77
DO 50 I=1,NV

TV(I) =(TV(1)~CIV) *TDIV

50- V(I)=(V(I)~-CV)*OIDIV

Print 228 |
278 Format (* Voltage Time in Microseconds*)

Print 42, (TV(I),I=1,NV) | -
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_ Print 99 .
! Print 230
% : - 230 Format (22H Voltage ‘Across Total) !
L 7 Print 44, (V(I),I=1,NV)
éf 44 Format (10F10.2)
‘ Print 99 . | 2
? DO 51 I=1,NI
: DO 52 Ke1,NV i
Ee J=K ‘
IE (TV(R)-TC(I)) 52,52,53 f
Eﬂ l 52 Continue |
: Print 400 ,
400 Format (* Last Voltage Time Taken Was Not Greater than the Last

Current Timek)
Stop
53 1f (J.EQ.1) go to 401

VNEW(I)=V(J-1)+(V(I)~V(3~1)) *(TC(I)-TV(J-1)) /(TV(J)~TV(I~1))
51 Continue
Go to 404

401 Print 402

402 Format (* First Voltage Time Taken Was Greater Than First Current
Time#)

Stop

-

7




404

235

57

250

60

260

65

270

Continue

Print 235

‘Format (26H New Voltage Across Total)
Print 44, (VNEW(I),I=1,NI)

Print 99

DO- 57 I=1,NI
VS(I)=VNEW(I)-C(I)*R

Print 250

Format (22H Voltage Across Spatk)
Print 44, (VS(I),I1,NI)

Print 99

D060 I=1,NI

PTOT(X)=VNEW(I)*C(I)

Print 260

Format (22H Total Power in Watts)
Print 42, (PTOT(I),I=1,NI)

Print 99

DO 65 I=3,NI
PRES(I)=((C(I)*%2))#R

Print 270

Format (33H Power Across Resistor in Watts)
Print 42, (PRES(I),I=1,NI)

Print 99

DO 68 I=1,NI
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% 1’ 68- PSPARK(T) =VS(I)*C(I)
%jv ] Print 280 )
%‘ 280 Format (30H'Pawer Across Spark in Watts)
E Print 42, (PSPARK(I),I=1,NI) ‘ 5
{:‘ Print 99 ];a
- Mo 1 .

. § DO 70 I=1,M 5

L=T+1

ERES (I)=( (PRES(L)4PRES(1)) #(TC(L)=IC(1))) 5.
' 70 Energy(I)=((PSPARK(L)+PSPARK(I)) *(TC(L)~TC(I)))*5. :
Ef 7  Print 290

290 Format (31H Spark Average Energy in Ergs)

Print 42, (Energy(I),I~1,M)
Print 99
Print;295
295 Format (34H Resistor Average Energy in Ergs)
Print 42, (ERES(I), I=1,M)

Print 99 : 5

ETOT=0.0
DO 80 I=1,M

80: ETOT=ETOT + Energy(I)

ERTOT=0.0

§

i

1 ' 85 ERTOT=ERTOT + ERES(X) ] X
2

73 ;
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95

300

100

101

102
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DO 90 .J=1,M
B=0.0

DO 90: I=1:,J-

B = Energy(I) + B
FRACTE(J) = B
Continue

DO 95 J=1,M

FRACTE(J)=(FRACTE(J) /ETOT)

Print 300

Format (1... Fraction Energy)

Print 42, (FRACTE(J),J=1,M)

Print 99

Write (6,100)ETOT

Format (16H ETOTAL in Ergs, = F12.3)
Print 99

M=NI-1

DO 101 I=1,M

L=I+1

Q(T)=((C(L)+C(T)) *(TC(L)~TC(I)))/2.
QTOT=0

DO 102 I=1,M

QTOT=QTOT+Q(I)

Continue

COULOM=QTOT#0.000001
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Write (6,103)COULOM:
103 Format (10H COULOMB=,E12.5)
Print 99

Write (6,104)ERTOT

104 Format (34H Energy Across Resistor in Ergs~,F12.3)
DO 105 T=1,NI

105 TC(I)=I-1

Call Nancy (TC,C,NI,0,0,0,0,2,1)

Call Label (4HTIME,10H(MICROSEC),7HCUERENT ,9H(AMPERES) ,NRUN)
Call Nancy (TC,VNEW.NI,0,0,0,0,2,1) !
Ca)l. Label :(4HTIME,10H(MICROSEC) , 7HVOLTAGE, TH(SOLTS) ,NRUN)-
Call Nancy «(TC,VS,NI,0,0,0,0,2,1)

Call Label (4HTIME,LOH(MICROSEC),6HVSPARK,7H(VOLTS).,NRUN)
Call Nancy (TC,PSPARK,NI,0,0,0,0;2,1)

Call Label (4HTIME,LOH(MICROSEC) ,GHPSPARK,7H (WATTS) ,NRUN)
Call Nancy (TC,Energy,},0;0,0,0,2,1) | | o
Call Label (4HTTME,LOH(MICROSEC)-,10HENERGYSPRK ;6H(ERGS),NRUN) ‘
Call Nancy {IC,FRACTE,M;0,0,0,0,2,1) |

Call Label (4HTIME,10H(MICROSEC) ,8HFRACTION,1H NRUN)

Call Nancy (VS,C,NI,0,0,V,0,2,1)

R

Cz11 Label (6HVSPARK,7H(VOLTS),7HCURRENT ,9H (AMPERES) ,NK M’

€all Naney (TC,G,H4,0,0,0,0,2,1)
Call Label (4HTIME,L1O0E tICROSEC),B8HCOULOMBS,7H(10~6C) ,NRUN)

Read /5,110) NRUN

f
J
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If (NRUN) 115,115,11
115 Continue

End

b. Voltage across the series resistence and the tota) voltage across the

series combination of gap- and resistance.
Program Spark (Input, Tapes = Input, Output, Tape 6 = Output)-
Diménsion TVR(100), TVT(100), VR(100), VT(100)
Dimension C(100), VS(IOO),‘BTOI(IOO),,PRES(IOO)
Ditiension PSPARK(100),, Energy(100), VNEW(100), Q(100):
Dimension FRACTE(100), ERES(100)
Dimension TV(100), TC{100)
Equivalence (IV(1), TVI(1)), (TVR(1), TC(1))

c Read in Next Data Deck

Read «5,110). NRUN
110 Format (I2)
~ IF (WRUN) 115,115,1
1 -Continue
C Read in Time Scale Per Diviaion from Séope in ﬁnitgzpf 10-6 Sec
11 Read (5,25) CALT
25 Foxmat (F10.0)
C Read in Volts Resistor and Volts Total Per Division, From Scope

Read (5,5) CALYR, CALYT

5 Format (2F10.0)
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Reac in Data When Plotter I1s Mdved‘One-Large~Divisibn Vertically
Read (5,10) WNON, NIVV i
Format (5.0,1X,F5.0) |
Read in Data When Plotter Is Moved One lLarge Division Horizontally }
Read (5,10) DIVE, WNO !
Read in CTVR and. CVR, Origin Correction for Volts Across Resistor
Read (5,10) CIVR, C'R

Read in CIVT and -CVT, Qriéin Correction for Volts Across Total
Read (5,10) CIVT, CVT

Read in Number of Data Points for Volts Across Resistor

Read (5,15) NR

Format (I2)

Read in Number of Data Points for Velts Across Total
Read (5,20) NV -
Format (I2)

Read in Value of Resistance, Capacitance, and Voltage
Read (5,25) R

Read (5,25) CAP

Read (5,25) VOL - , :

Read in Data, Volts Across Resistor First

Read (5,35) (IVR(I},VR(I),I=1,NR)
Format ((6(F5.0,1X,F5.0,1X)))

Print 38
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38 Format (16H Nev Page Please)

Print 39

39 Format (1H1)

Read (5,40) (TVI(I),VI(I),I=1,NV)

40 Format ((6(F5.0,1X,F5.

Print 24; NRUN

24 ¥ormat (15H Run Number Is I2

Print 26 R

'26 Format (39H the Value
Print 27, CAP -

27 Formet (38H the Value

Print 28, VOL

28 Pormat (37H the Value

Print 29, CALVR

29 Format (45H the Value
Print 30, CALVT

30 Format (49H the Value
?rint 31, CALT

31 Format (47H the Value
Print 99

49 Format (1HG)

Print 200

200 Formai (30H Voltage Data Across Resistor)

Print 42, (VR(I),I=1,NR)

0,1X)))

of the Resistance in Ohms Is,F10.2)
of the Capacitance in p¥ Is;F10,2).

of the Voltage in Volts Is,F10.2)

of CALVR, Volts Across R Per Div Is,F8.2)

of CALVT, Voits Across Total Per-biv 1s,F8.2)

of Sweep Time Per Div in 10-6 Sec 1s,F8.2)
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3 42 Forrat (10F11.3)

Print 99

51 o Print 210

‘ : 210. Format -(28H Voltage/ Data Across Total)

¥l , Print 42, (VI(I),I=1,NV)

? ‘ Print 99
VORDIV=(CALVR/DIVV)

VOTDIV=(CALVT/DIVV)

TDIV=(CALT/DIVT)

DO 45 I=1,NR

: TVR(I)=(TVR(I) -CTVR) *TDIV

| 45 VR(I)=(VR(I)~CVR)*VORDIV

% Print 220

220 Format (25H Voltage Across Resistor)
7 Prirt 44, (VR(I),I=1,NR)

- > 44 Format (10F10.2)

Print 99

DO 50 I=,NV

T (I)=(TVT (1) -CTVT) *TNIV
50 VT(I)=(VI(I)-CVT)*VOTDIV

Print 225
225 Format (* Time Volts Across Resistor in Microseconds®)

Print 42, (TVR{I),I=1,NR)

v Print 99
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“ , Frint 230 % g ‘
| 230 Format (Z2H Voltage Across Total) §
h © Print 44, (VI(I), I=L,NV) : : ) .
Print 99 ‘E
4 Print 228
. 228 Format (* Total Voltage Time in Microseconds*) N
Print 42, (TVI(I),Is1,NV)
Print 99 :
DO 55 1I=1,NR . |
55 C(I)=VR(I)/R
“ Print 240
240 Format (17H Curtent in Amps). - |
Print 43, (C(D), I=l ,liR); ’ . LE

43 Pormat (10F11.5) 7
Print 99

DO 51 I=1,NR

DO 52 K=1,NV
: " J=K
IF (IV(K)-TC(I)) 52,52,53
52 Continue

_ Print 400
- 400 Format (* Last Voltage Time Taken Was Not Gre_ater' Than the. Last
r“ ) . LCurreat Time*) .
= Stop. " ch
8 o




VNEW(I)=VT (J-1)+(VT(J) ~VT(J-1) ) *(TC(T) -TIV(I~1))/ (TV(3)-TV(J-1))

51 Continue

Go to 404

401 Print 402

402 Format (* First Voltage Time Taken Was Greater Than First Current

Time*) o

Stop \
404 Continue i -

Print 235 |
235 Format (26H New Voltage Across Total)

Print 44, (YNEW(I), I=1, NR)

Print 99 i

DO: 57 I=1, NB: 7 ' _152

57 VS(I)=VNEW(I)=VR(I).
Print 250 o L
250 Format (22H Voltage Across Spark) A A

Print 44, (VS(I),I=1,NR)

Print 99

DO 60 I-1,NR , i
60 PIOT(I)=YNEW(I)*C(D) A
Print 260 -

260 Format (22H Total Power in Watts)

Print 42, (PTOT(I),I=1,NR)
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Print 99
DO 65 I=1,NR
65- PRES(L)=VR (L) *C(I):
Print 270
270 Format (33H Power Across Resistor in Watts)
Print 42, (PRES(I),I=L,NR)
Print 99
DO 68 I=1,NR
68 PSPARK(I)=VS(I)*C(I)
Print 280
280 Format (30H Power Across Spark in Watts)
‘Print 42, (PSPARK(I),I=1,NR)
Print 99 7 A
MeNR-1
D0 70- I=1,M
1s1+1 7
ERES (1) = ((FRES(L)¥PRES (1)) # (TVR(L) ~TVR(D)))*5
70 Enérgy(1)=((PSPARK(L)+PSPARK(T)) * (TVR(L) ~TVR(T)) )45,

Print 290:

- 290 Format ‘(31K Spark 4verage Energy in Ergs)

Print 42, (Energy(l),lel;H)

~ Print 99

Print 295
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295 Format (34H Resistor Average .Energy in Ergs)
Print 42, (ERES(I),I*I,M)
Print 99
ETOT=0,0

DO 80: I=1,M

80 ETOT=ETOT+Energy (I)
ERTOT=0.0 :
DO 85 I=1,M

85 ERTOT=ERTOT+ERES(I)
DO 90- J=1,M g
B=0.0:
DO 90. I=1,J

”~2§ i - B=Energy(I) ; B

; FRACTE(J) = B

90 Continue
DO 95 J=1,M

95 FRACTE(J)=(FRACTE(J) /ETOT) ;

Print 300

300 Format (17H Fraction Energy)
Print 42, (FRACTE(J),J=1,M).
Print 99
Write (6,100)ETOT

100 Format (16H ETOTAL in Ergs=,F12.3)
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‘MeNR-1 %

L DO 101 I=1,M .
‘ LeI+1 |

. | 101 Q(I)=((C(L)+C(I))*(TVR(L)-TVR(I))) /2.

QroT=0

DO 102 I=1,M

T

- QTOT=QTOT+Q(T)
; 102 Continue ‘
b~ COULOM=QTOT*0, 000001 -;
% ‘ Write (6,103)COULOM i A
| 103 Format (10H COULOMB=,E12,5) §~
s Print 99 -
Write (6,104)ERTOT '
1 104 Format (34H Energy Across: Resistor in Ergs=,F12.3)
DO 105 I=1,NR
105 “TVR(I)=I-1
Call Nancy (TVR,VR,NR,0,0,0,0,2,1) :
‘Call Label (4HTIME,10H(10-6 Sec), 7HVRESIST,7H(Volts) ,NRUN) 7
Call Nancy (TVR,VNEW,NR,0,0,0,0,2,1) | 5
3 -Call Label (4HTIME,10H(10-6 Sec),6HVIOTAL,7H(Volts) ,NRUN) 7
5 Call Nancy (TVR,C,NR,0,0,0,0,2,1)
s Call Label (4HTIME,10H(10-6 Sec) ,7HCURRENT,9H(Ampeves) ,NRUN)
? ‘Call Nancy (TVR,VS,NR,0,0,0,0,2,1)
§L Call Label (4HTIME,10H(10-6 Sec),6HVSPARK,7H(Volts) ,NRUN)
i? 84 ‘
g
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Call Nancy
Call Label
Call Nancy
Call Label
Call Nancy
Call Label
Call Nancy

Call Label

:Call Nancy

Call Label

(TVR ,PSPARK,NR,0,0,0,0,2,1)

(4HTIME ,10H(10-6 Sec) ,6HPSPARK,7H(Watts) ,NRUN)
{TVR,Energy ;4,0,0,0,0,2,1)

(4HTIME,10H(10~6 Sec),10HENERGYSPRK,6H(Ergs).,NRUN)
(TVR,FPACTE ,4,0,0,0,0,2,1)

(4HTIME,10H(10~6 Sec),8HFRACTION,1H ,NRUN)
(vs,C,NR,0,0,0,0,2,1)
(6HVSPARK,7H(Volts) , 7HCURRENT, 9K (Amperesg) ,NRUN)
(TVR,Q,M,0,0,0,0,2,1)

(4HTIME ,10H(10-6 ‘Sec) ,8HCOULOMBS., 8H(10+6C) ,NRUN)

Read (5,110)NRUN

IF (NRUN) 115,115,11

Continue

End
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