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ABSTRACT

Dielectric breakdown was measured for several standard polyethylene dielectric
coaxial cables as a function of stressed volume. The results are presented in a manner
which enables prediction of the breakdown voltage for other cables, with the same
dielectric, as a function of length and cross sectional geometry.

The damage produced to the copper center conductor and the polyethyiene jacket of
a buried cable was measured for a peak drive of 200 kA, 70 Coulomb, and an action of
~ 1.6 X 106 Azos. This drive level did not produce signific&nt damage to the 0.69 cm
diameter copper conductor or the 1,75 cm thick polyethylene jacket,

The vaporization/restrike characteristics of 40=cm long metal and graphite fiber
samples were measured using pulser voltages from 40 to 210 kV. The metal samples
included a helical geometry with two cross sectional areas as well as straight samples,
usually ti-ghtly enclosed in 280 mils of polyt'athylene. The metals investigated were Fe,
A%, stainless steel, and Inconel. Resistivity curves are given versus time and specific
action from voltage application through res;trike. Enclosing the metal samples in a thick
polyethylene jacket reduces the peak resistivity at burst and tends to deléy and broaden
the peak on a specific action scale. 3

Carborundum resistors (1-inch diameter) and graphite fibers (0.1-inch diameter)
surrounded by soil, were pulsed with combined radial and axial voltages from 20 to 60 kV
in a cylindrically symmetric geometry. The soil was containgg in a metallic cylinder
approximately 1-m long and 1-m diameter. Time. histories of the radial and axial
voltages and currents were reduced in terms of radial and axial resistances and radial
electric field close to the center resistor. For pulser voltages around 40 to 60 kV, low=
impedance paths, attributed to streamers through the soil, developed between the center
resistor and the metal cylinder on time scales of 100 to 200 us. With the 66=Q
carborundum resistors, an enhanced electrical conduction parallel to the center resistor
was observed as a function of the radial voltage. The minimum resistance of the parallel
conduction path through the soil was deduced to be more than 100 Q up to the time of
the radial attachment, but it could have gone lower if attachment had not occurred, A

parallel resistance of this magnitude could not be detected with the low=resistance

graphite fibers (= 10 Q).
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l. INTRODUCTION

This document presents the results of a series of experiments which addressed the
nonlinear breakdown characteristics for buried conductors.

Section |l presents the results of a set of experiments which measured the threshold
for dielectric breakdown in coaxial cables with a polyethylene dielectric. The breakdown
thresholds determined from these experiments are prese'nted in terms of electric field
(kV/cm) versus the stressed volume of dielectric so that the results can be used to
predict the breakdown voltage for other cable types and lengths for the same dielectric.

Section Il discusses the results of experiments performed to measure the damage
produced by large current/Coulomb drive in a buried conductor with a punctured
dielectric. The peak current and Coulomb drive for these tests was 200 kA and 71 C,
respectively. .

Section IV presents the results of a series of vaporization/restrike experiments using
candidate conductors for a resistive link (R-wire). Four metals (iron, aluminum, Inconel,
stainless steel) and a graphite fiber bundle were investigated. The resistivity of the
conductors from ambient through burst and restrike is given as a function of time and
specific action (Az X s/m m4.) for these conductors.

Section V contains the results of a series of experiments performed to investigate
the effect of large radial electric fields on the axial conductance of buried conductors.
Appendix A contains time histories of currents, voltages, electric fields, and calculated
axial and radial resistances used for the analysis presented in Section V.

Section VI contains an analysis of the combined drive soil breakdown experiments
(Section V) by lan Smith of Pulse Sciences, Incorporated.

The authors would like to express their thanks to ‘éﬁe following for their
contributions to the program.

We would like to thank lan Smith of Pulse Sciences, Inc., for his assistance in the
design of the dielectric breakdown experiments and analysis (Section V1) of the combined
drive soil breakdown studies.

We express our appreciation to Ken Chen, Car! Baum, and Bill Kehrer of the Air
Force Weapons Laboratory and Bob Carlile of the University of Arizona for their helpful
discussions during planning and conduct of the experiments.

Thanks to Ed Schulte and Keith Zeisel of the McDonnell Douglas Lightning
Laboratory for their assistance during the experimental phase of the program. £Ed
remained undaunted ,'throughout the continued requests for changes in pulser

configuration required to support the program.
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fl. DIELECTRIC BREAKDOWN IN COAXIAL CABLES

1. INTRODUCTION

This section of the report discusses the results of experiments designed to produce
electrical breakdown in the dielectric of coaxial cables. The experiments were performed
at the McDonnell Aircraft (MCAIR) lightning facility in St. Louis, Missouri, during the
month of October 1981.

Section 1.2 describes the experimental arrangement and design for breakdown studies
of cables RG-58 and RG~-217. Section li.3 discusses the results of those experiments.

In Section iL.3, Figure 2-6, the mean breakdown electric field (MV/cm) is plotted
versus the stressed volume (cm3) of the cable polyethylene dielectric. This type of
presentation provides a means for predicting the breakdown voltage for polyethylene

dielectric cables as a function of cable geometry-and length,

2. DIELECTRIC BREAKDOWN IN STANDARD RG.COAXIAL CABLE

Dielectric breakdown was produced in RG-58 and RG-217 coaxial cables using MCAIR
pulser #3. This pulser has a peak output voltage of ~ 400 kV and a peak current of ~3 x
I03 A. 1:he measured pulser rise time was about 3 kV/ns. The pulser fall time was not
important for these measurements as the pulser voltage was set to a large enough value to

produce dieiectric breakdown during the voltage rise.

a. Experimental Arrangement-—The experimental confi@ration used to produce

breakdown in cable dielectrics is shown in Figure 2-1.

Ten-foot cabie lengths were used during the experiments. The .Iength of the cable to
be stressed was determined by the length of the grounded cable braid and insulating cover
left on the cable. The remainder of the braid and cover was removed from the cabie
sample. Figure 2-2 shows the geometry of the stressed portion of the cable. The
. approximate Rogowski profile to grade the field at each end of the grounded braid was

made by forming the braid and wrapping the braid ends back over into the low field region.

10
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The dielectric punchthrough current was measured by passing the lead that grounded
the cable braid through a current probe. As shown in Figure 2-1, the test cable center
conductor voltage was measured by a resistive voltage divider and a V sensor. To avoid
instrumentation ground loops, a current probe was used to measure the current through the
known resistance of the divider to obtain voltage. Due to the bandwidth limitation of the
resistive voltage divider, it was used only to confirm the calibration of the V sensor.

The V sensor (design suggested by Dr. C. E. Baum) was constructed using a 9=inch
diameter, 12-inch long polypropylene cylinder with a 2-inch diameter coaxial hole through
the center. This 2-inch diameter hole was lined with metal foil 11 inches long that
extended to within 1/2 inch of the ends of the polypropylene cylinder. The test cabie
passed through and was copper taped to this metal cylinder. The Vv sensor was formed by -
1/2-inch wide copper tape band placed around the outer surface of the polypropylene
cylinder as shown in Figure 2-1. The sensor strip was covered with several layers of
electrical tape. The entire cylinder was then wrapped with approximately 0.5 inch thick
ethafoam to decrease the capacitance between the V sensor and the outer ground foil.
The outer ground foil and the central metal cylinder provided a uniform field in the
" vicinity of the Vv sensor, making the V sensor response more amenable to calculation.
The caliculated V response follows.

The capacitance between the test cable center conductor and the inner metal cylinder
was 27 pF, and the capacitance between the metal cylinder and the outer ground foil was
23.7 pF (Figure 2-3), thus forming a capacitance voltage divider between the test céble
center conductor, inner metal cylinder, and the outer ground foil. The voltage of thg

metal cylinder with respect to the test cable center conductor is_therefore

23.7
Veve * 337 » 7 * VeasLe

= 0.467 x VCABLE .

The caiculated capacitance between the center metal cylinder and the 0.5 inch wide
v sensor is 1.08 pF.

The v sensor output was integrated by a passive integrator with a time constant =
12.5 us (Figure 2-3). The relationship between the integrator output voltage, VINT"a"d

the voltage to be measured is given by
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where C is the V sensor capacitance (1.08 pF), RL is thé load resistor (50 Q), and T is the

integrator time constant, 12.5 us.

-12
v =1:08x10" “xs0 1
. l - - .467
NT 12.5 x 1078 0
-6
=9.,3 x 10 x V
V SENSOR
OUTER
- ROUNE FOIL K
POLYPROPYL ENE € 2237 pF _ -
CYLINDER ——e
C=1.08 pFf
INNER “ETAL
. CYLINCER
€27 pF
SYMMETRIC -
ABOUF THIs —e ! £
AXIS 1 U
TEST CABLE
CENTER
. CONDUCTOR
{a) V SENSOR PARAMETERS
& -
FROM V SENSOR —rn l — Vi
RL v = 12.5 us
50 2
(b) PASSIVE INTEGRATOR FOR V SENSOR
RE-04369

Figure 2-3. \'I sensor parameters and passive integrator
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The factor 0.467 accounts for the voltage division between the test cable center
conductor, inner metal cylinder and the outer ground foil. Figure 2-4 is a photograph of a
V sensor calibration shot. The upper trace is the voltage divider output and the lower
trace is the output of the v sensor/12.5 us passive integrator. At 0.6 ps after pulse
initiation the ratio of the v integrated voltage (0.86 V) to the voltage measured by the
voltage divider (94 kV) is 9.2 x 107°

Calibration for both types of cables tested yielded the same calibration factor, which is to

, in good agreement with the expected value.

be expected since both were 50 ohm cables and therefore the capacitive coupling between
the center conductor to the inner metal cylinder of the V probe was the same in both

cases.

VOLTAGE DIVIDER
20 kV/cm

V SENSOR AFTER
INTEGRATION BY A
12.5 ps INTEGRATOR.

0.2 V/cm

-RE-04370 -

Figure 2-4. V sensor calibration shot

%
3. EXPERIMENTAL RESULTS

e RG-58--The ten foot long RG-58 cable samples tested were made from two 100

foot spools obtained from the same source.

RG-58/U Belden 8240-100

1=5334Q

Center-conductor 20 Awg solid copper

Dielectric 0.042 inch nominal wall polyethylene
AWM STYLE 1354,

Table 2-1 summarizes the breakdown results for RG-58 samples for stressed lengths of 2.5,

15 and 127 ¢m. The 2.5 cm breakdown data was obtained by sliding a 1 inch long grounded

14



braid along an RG-58 cable after successive breakdowns. To avoid flashover from previous

breakdowns the ground braid was relocated at least 15 cm from a previous breakdown.
The breakdown data for the 15 cm sample length was taken in a similar manner, éxcept
with a 15 c¢m length grounded braid. Individual 10 foot cable lengths were used for
breakdown studies in the 127 cm long samples. The RG-58 data presented in Table 2-1 is
summarized in Table 2-3 along with breakdown data for RG-217.

Table 2-1. Summary of Breakdown Results for RG-58

Cable No. Stressed B.D. No. Vg.D, (kW) Comments
Length (cm) :
SPOOL #1
5 2.5 | 190 {1
5 2.5 2 163 2-inch flashover from BD1
5 2.5 3 217 %))
5 2.5 4 196 n
6 15 1 147 (1N
6 15 2 185 1
6 15 3 190 (n
6 15 4 147 (N
6 15 5 173 {1
6 15 6 141 Punchthrough in field grading cone
7 15 1 163 . (1)
7 15 2 171 {1)
7 15 3 179 (&}
7 15 4 185 (1)
7 15 5 185 {1
7 15 6 174 (1)
8 127 1 128 (@)
SPOOL #2
20 15 1 223 Punchthrough in fieid grading cone
20 15 2 228 &)
9 127 1 217 .M
10 127 1 228 ® (1)
11- 127 1 220 (5]
12 127 1 185 (N
13 127 1 207 (1
14 127 1 120 (1)
15 122 1 223 nm
16 127 1 193 n
17 127 1 190 M
18 127 1 185 (n

1) B.D. occurred within the ground foil.

b. RG-217--A total of 18 dielectric breakdowns were produced in 15-c¢m length
stressed regions of RG-217 cable sampless This cable. (Alpha 9217) has a nominal
impedance of 50 2, a 0.106-inch solid copper center conductor and 0.135 inch thick

polyethylene dielectric.
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The breakdown results for this cable are given in Table 2-2. As shown in Table 2-2,
approximately 50 percent of the breakdowns occurred inside the 15-cm long grounded foil
where the electric field is well-defined and the remainder occurred in the grading cone, or
in some cases approximately 1 inch beyond the grounded foil. Table 2-2 also gives the
average breakdown voltage and standard deviation for the total number of breakdowns,
breakdowns that occurred within the ground foil, and breakdowns that accurred in the
grading cone or beyond the end of the ground foil. While the average voltage differs by
less than 10 percent the standard deviation is about a factor of 2 larger for breakdowns

outside the ground foil.

Table 2-2. Summary of Breakdown Results for RG-217

Stressed
Sampie length = 15 ¢m
Cable No. 8.0. No. Vgp (kV) Comments
1 1 223 4
1 2 272 [%)]
1 3 293 (@)]
1 4 276 m
3 1 152 Punchthrough occurred in grading cone
3 2 299 Punchthrough occurred ~2* beyond grading cone
3 3 240 {1}
3 4 278 Punchthrough in grading cone
4 1 250 Punchthrough occurred ~0.25° beyond grading cone
4 2 294 Punchthrough in grading cone
4 3 263 m
4 4 260 Punchthrough occurred ~2.5° beyond grounded foil
5 1 272 Punchthrough inside grading cone
S 2 261 Punchthrough occurréd ~ 1.5 beyond end of
: ground foil
5 3 283 (nm
5 4 294 m
6 1 261 (1=
6 . 2 212 Punchthrough occurred™ 1° beyond end of
ground foil
Total 8.D. B.D. Inside B8.0. Qutside
(18). Cround Foil (9} Ground Foil (9)
Average B.D.
Voitage 260 kv 267 kv 253 kv
19 36 kV 24 kV 46 kv

(1) 8.D. occurred within the ground foil.
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C. Discussion--The breakdown data presented in Tables 2-1 and 2-2 have been
analyzed in a manner which allows comparison of these results with data of |.C. Martin
(Ref. 2-1), where the mean breakdown voltage is given as a function of the stressed
dielectric volume. The cable parameters required for this comparison are given in

Figure 2-5,

) )
L]
%G 58 RG 217/RG14
: -2
RADIUS OF CENTER CONDUCTOR  "1(°W) 4.06 x 10 0.135
-1
RADIUS OF DIELECTRIC rplem) 1.47 x 10 0.47
DISTANCE FROM CONDUCTOR FOR  4T{(cm) 447 x 207 . 149 x 107
Ee0.9E
FIELD AT SURFACE OF CONOUCTOR E,(V/em) 19 - ¥ 5.9+ v
. STRESSED VOLUME * v (em? 1.2x107% ., 1.3 x 1072 . 1
_ C(pf/am) .95 95

&
* DIELECTRIC VOLUME DEFINED BY Ar AND STRESSED SAMPLE LENGTH.

RE-04272A

Figure 2-5. RG-Q\B and RG-217 coaxial cable geometry

Table 2-3 summarizes the cable breakdown data in terms of stressed volume, and the

mean breakdown voltage and electric field. -

2-1 ).C. Martin, "Volume Effect of the Pulses Breakdown Voltage of Plastics,"
Dielectric Strength Notes #3, 16 November 1965
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Table 2-3. Summary of Breakdown Volitage and Electric
Field for RG-58 and RG-217 Coaxial Cables

No. Stressed Stressed Average 109 Average 10 Probable
of Length Volume 8.0. Vep (kV) B.D. Eg (V/cm) Error of
8.0. (cm) vglem?®  Voltage Field Eg Average

Vgp (kV) Eg (V/em) (V/em)

RG-58 SPOOL #1

3 2.5 3 x10°? 201 14,2 3.8 x 106 2.7 x 105 1.1 x 105
12 15 1.8 x 1072 173 15 3.3 x 106 2.9 x 105 5.9 x 104
1 127 1.5 x 10~1 128 - 2.4 x 106 - -

RGC-58 SPOOL #2

2 15 1.8 x 1072 226 - 4.3 x 106 - -

10 127 1.5 x 101 197 315 3.7 x 106 6 x 105 1.3 x 10°
RG=217

9e 15 0.2 267 23.7 1.6 x 106 1.4 x 105 3.2 x 104
gee 15 0.2 253 46 135 x 106 2.7 x 105 6.1 x 10%

*9 -Breakdown within ground foil.
*¢9 Breakdown near end of ground foil (see Table 2-2)

In Table 2-3 the stressed volume (Vg) is defined by a distance Ar from the center
conductor where the electric field has decreased to 90 percent of the maximum value at
the surface of the center conductor, multiplied by the length of the stressed region.

The breakdown data summarized in Table 2-3 is shown in Figure 2-6 where the mean
breakdown field in MV/cm is plotted versus the stressed dielectric volume. Figure 2-6 also
includes breakdown data of ).C. Martin for comparison. The measured breakdown electric
field versus stressed volume for RC-58 agrees fairly well with the data of Martin. The
RG-58 data shown in Figure 2-6 was obtained from samples taken from different 100 foot
spools. The breakdown threshold for samples taken from spool #1 was approximately 25%
greater than that measured for spool #2. Post breakdown inspection of these samples
revealed no apparent reason for the observed difference in thresholds.

The measured breakdown threshold for RG-217 was approximately a factor of 1.5
lower than expected from Martin's data. A post-test examination of the RG=217 cable
samples however, revealed many small approximately hemispherical voids in the dielectric
at the dielectric/center conductor interface. A photograph of these voides is shown in
Figure 2-7, The average width of the voids at the center conductor interface was ~ 2.5
mm with depths ranging from ~ 0.25 to 0.5 mm. The electric field inside the dielectric of

the RC=217 cable adjacent to the center conductor is about (6 V)/cm where V is the

18




v-oltage applied between the center conductor and the cable shield. For a dielectric
constant of 1.41, the electric field across an air gap adjacent to the center conductor
would be about (8.5 V)/cm. For the average observed breakdown voltage of ~260 kV for
RG=217, the stress in the air-gap was ~ 2.2 x 10° V/cm which is more than adequate to
produce breakdown across the air gap. A possible explanation' for the lower than
expected threshold in the RG=217 is that the highly conductive-ionized air in these voids
essentially forms a sphere-to=plane geometry (center conductor to shield) which can result
in approximately a factor of 3 field enhancement in the dielectric and thus lead to

dielectric breakdown.

100 i 1 I 1 I— 13 T 1 T r 1 1 1 T | T 1 1} 1
o RG-58 SPOOL 1 )
X RG-58 SPOOL 2
L O RG-217/RG 14
= 0 JC MARTIN (POLYETHYLENE) ]
S ARG-17 (BREAKDOWN DURING v CALIBRATION)
Z 10~ -
(7] = ¢ A
wi e~ ——
3 - — - -- — - - x_ . -
- ™ T —-—— - X -
=
3
= T e
@ A
E 1.0 -
z [ : T
=3 é ~
0.1 ) . [ 1 | | [ | y | | | ] [
03 10-2 w0l 10Y 10!
STRESSED VOLUME V¢ (cm)
RE-04271

Figure 2-6. Mean breakdown field versus stressed volume for RG-58 and RG-217

L 2
lan Smith, private communication.
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Figure 2-7. Photograph of the voids in the dielectric at the dielectric/center
conductor interface of the RG-217 cable tested. Voids decorated
with black dye. Scale =1 mm/div

If one assumes a fa_ctor of 3 field enhancement as a result of the voids and a factor of
10 }educed stressed volume (10 percent of the center conductor/dielectric interface area
contains voids) a breakdown fievid of 4.8 x 106 V/cm at a stressed volume of 2 x 10'2cn"|3 is
obtained, which lies on the curve of Martin. Thus, the consideration of voids inAthe
dielectric of RG-217 appears to be a plausible explanation for the observed lower than
expected breakdown' threshold.

in comparison, the dielectric of the RG-58 cable was free of these types of voids.
Breakdown for a single sample of RG-17 (triangular data point in Figure 2-6) was observed
during calibration of the voltage monitoring system. This breakggwn occurred at a voltage
well below the e:;pected threshold, and as with the RG-217, many voids were found in the
dielectric. While breakdowns were not produced in the MF antenna, inspection of samples
used in the current drive tests revealed the presence of many voids in the dielectric at the
center conductor/dielectric interface. Inspection of RG-220, which presumably forms the
central portion of the MF antenna, obtained from another source was completely free of
similar voids.

The presence of voids, at least in 100 foot spools of cables, does not appear to be
random along the cable length, That is, inspection of a short length taken at random

would reveal the presence of voids.

20
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The breakdown data of Figure 2-6, where the mean breakdown electric field is plotted
versus the stressed volume of the dielectric, provides a means of estimating the
breakdown voltage for longer more realistic cable lengths. For example, the breakdown
data for RG-58 in Figure 2-6 fits a power law given by:

Eg (V/em) =2 x 108 [vg (cm3)70+12

where Eg is the electric field at the surface of the center conductor and Vg is the stressed
volume of the dielectric (Figure 2-5).
For a 100 meter length of RG-58 the stressed volume is:

3

Vg=1.2x 107 x 10%

=12 cm3 .

The factor 1.2 x 10-3 is defined in Figure 2-5. Inserting the stressed volume of 12 cm3 for
a 100 meter length of RG-58 in the above equation yields a value of ES for dielectric
breakdown of 1.5 x 10° V/cm, which is equivalent to an applied voitage of 7.8 x 104 v
between the center conductor and shield using a field enhancement factor of 19 for RG-58

(see Figure 2-5),
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11l. DAMAGE PRODUCED BY LARGE CURRENT/COULOMB DRIVE
IN MF ANTENNA WITH PUNCTURED DIELECTRIC

1. INTRODUCTION

Sections of the (medium frequency) MF antenna and RG 220, which forms the
central portion of the MF antenna, were subjected to high current pulses (170 to 200 kA)
where the current was forced to flow to ground via an arc from the center conductor
through a puncture in the dielectric. These tests were performed to determine the
current drive threshold that would .produce significant 'damage‘ to the copper center
conductor and/or the polyethylene dieiectric. Failure of the antennas would result from
complefe vaporization of the conductor at the puncture site or sufficient dielectric
erosion to provide a low impedance shunt from the center conductor to the surrounding

earth.

2. EXPERIMENTAL ARRANGEMENT

The experimental configuration ‘'used for the MF antenna current drive experiment is
shown in Figure 3-1. Figure 3-1 shows the cable under test connected to MCAIR
pulser #4 in its normal 10 stage configuration. During current drive, the test cable was
placed in a metal cylinder 0.36 meter tall and 1 meter diameter. The cylinder was filled
with soil type DWP-25 (Ref. 3-1) with a water content of ~2.6 weight percent. The
electrical conductivity and relative dielectric constant for this soil type and water
content are shown in Figure 3-2. At 105 Hz the dielectric .relaxation time is ~ 3.5 x
1078

insure that the pulser voltage applied between the test cabie center conductor and the

. This soil type, with a relatively short relaxation time constant, was chosen to

grounded metal cylinder would appear across the punctured cafle dielectric to initiate
the discharge. "

The discharge current flow from the metal cylinder to ground was measured by a
Pearson 1049 current probe. (1 = 250 kA, T, ~ 250 ns). The voltage across the discharge
was monitored by a calibrated resistive voltage divider. The inset of Figure 3-1 shows
the details of the puncture in the dielectric. The puncture (0.16 cm diameter) was made

by drilling through the dielectric to the center conductor of the test cable.

3-1 C. Mallon, R. Denson, T. M. Flanagan, and R. E. Leadon, 'Electrical Breakdown
Characteristics in 0.3 to 1.0 meter Soil Samples,® Theoretical Note 318,

19 April 1982.
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Figure 3-1. MF antenna current drive experiment using MCAIR pulser #4.
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Figure 3-2. Low-field electrical conductivity and relative dielectric constant
versus frequency (DWP-25-2.6%)
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Figures 3-3, 3-4, and 3-5 are photographs of a cable sample in place for a current
drive test. Figure 3-3 shows the cable sample installed in the soil filled cylinder
supported by a dielectric stand. In Figure 3-4, a 3~inch diameter metal pipe is installed
over the input electrode to reduce the radial fields which could produce arcing to the
grounded metal cylinder. Grading rings at the cable sample ends and conductive-rubber-
foam tubing at each end of the metal cylinder were also used to lessen the probability of
unwanted arcs. Figure 3-5 shows the completed installation, which incorporated a plastic
bag cover for the cylinder to contain the soil during current drive experiments and to
maintain the water content of the soil.

In the normal 10 stage configuration pulser #4 has the following parameters:

V =220 kV
C=23ufF
Q~5 C.

To compare the damage produced in the antenna as a function of pulse width, peak'
current, and total coulombs, MCAIR puls-ers 4 and 5 (Figure 3-6) were configured to
discharge simultaneously into the test cable. For this test, pﬁlser #4 was configured in a
parallel mode (two-parallel-5 stage-sections) to increase its pulse width and coulomb

drive. For this configuration, pulser #4 parameters were:

V=110 kV
C=92ufF
Q=10 C.

Pulser #5, shown schematically in Figure 3-6, used a series 3 mH inductor and 0.8 ohm
. . % ) aa s
resistor in its output to isolate the two pulsers during the relatively short pulse (~70us

FWHM) from pulser #4. For this configuration the parameters of pulser #5 were:

V=12 kV
1~12 kA
C=6600uF
Q=280 C.
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Figure 3-3. RG 220 (6) installed in soil-filled 1-m diameter, 0.36 m tall
metal cylinder for current drive through punctured dielectric.
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Figure 3-4. RG 220 (6) shown with grading ring and metal cylinder around input
electrode to reduce radial electric fields.
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Figure 3-5. RG 220 (6) installed in metal cylinder with debris bag in place.
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Figure 3-6. Pulsers 4 and 5 connection during current drive in MF antenna
sample #19,

3. EXPERIMENTAL RESULTS

The current drive parameters for the two RG 220 samples and the two MF antenna
samples tested are summarized in Table 3-1. RG 220 samples 6 and 14 and MF antenna
sample 15 were driven by pulser 4 only with peak current rangin&from_ 170 kA to 200 kA
with a total charge of ~5 C. MF antenna sample 19 was driven by two pulsers to obtain a
longer current pulse width and a higher coulomb level for damage comparison. Note that
the action integral is only approximately 30 percent larger for the .two pulser
configurations (MF antenna 19) while the total charge is increased approximately by a
factor of 14. ’
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Table 3-1. Current Drive Parameters for RG 220 and MF Antenna Samples

lpgak (KA} FWHM  Action (AZs) Coulombs
RG 220 (6) 170.0 38us 0.8 x10° 5.0
RG 220 (14) 183.0 38us 1.1 x 108 5.0
MF Antenna (15) 200.0 38ps 1.2 x 108 5.0

MF Antenna (19)

Pulser #4 150.0 75us 1.2 x 108 1.4
Pulser #5 8.5 6.5 ms 3.9 x 10° §0.0

1.6 x 10% Total 71.4 Total

E RG 220(6) and RG 220(14)--Figures 3-7 and 3-8 show the current pulses used to
drive RG 220 samples 6 and 14, respectively. Figure 3-9 is a photograph of RG 220(6)

after a peak current drive of 170 kA, where the soil has been removed to show the
damaged region. The action integral for this current drive was 8 x ‘IO5 A, This
" current drive level _enlarged the diameter of the puncture in the polyethylene dielectric
from ~0.16 cm to 0.35 cm and resulted in an insignificant copper loss from the center

conductor.

B 1 { T i t |
160[— -
S12 4t = 8 x 10%A2:s
1= 170 kA ,
1201~ FWHM = 38 us ]
) Qa~5C ' =
= sof -
™
=]
= 40} -
; \0—&//
-40f ]
-_Rﬂ ] | 1 | ] {
0 20 40 60 ) 80 100 120 140
t
RE-04733 (us

Figure 3-7. Current drive pulse for sample RG 220 (6).
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Figure 3-8. Current drive pulse for sample RG 220 {(14)

Figures 3-10 and 3-11 are photographs of sample RG 220(14) after a peak current
drive of 183 kA and an action integral of 1.1 x 106 AZes.  This current drive level
produced an approximate 18° bend in the cable at the dielectr‘ic puncture location. The
pre-shot 0.16 cm diameter puncture enlarged to an approximate oval hole 0.9 cm by
0.38 ¢cm. A rather uniform 10 mil decrease in the center con%ctor (0.69 to 0.66 c_rp)
diameter occurred at the puncture site during the current drive. During the pulse, the
pressure build-up between the center conductor and the dielectric was sufficient to force
vaporized/carburized polyethylene out of the upper end of the cable sample after
traversing the 12-inch long center conductor/polyethylene interface. Figure 3-12 is an
x-ray of RG 220(14) after the current drive test. Note in Figure 3-12 that most of the
cable deformation occurred in a plane 90° with respect to the puncture channel.

The leakage resistance from the center conductor to ground after the current drive

tests for both RG 220 samples was ~6 x 105 ohms.
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Figure 3-9. RG 220 (6) post current drive. lpgak = 170°kA. Soil removed
to show damaged region.

b. MF Antenna (15)--This sample of MF antenna was subjécted to a peak current

6 Az-s. The current drive pulse is

drive of 200 kA with an action integral of 1.2 x 10
shown in Figure 3-13. Figure 3-14 is a post current drive photograph of this sample. The
current drive level enlarged the 0.16 cm diameter dielectric puncture to an oval hole
~0.5 by 0.7 cm at the outer surface of the dielectric and a circular hole of 0.56 ¢cm
diameter at the center conductor/dielectric interface. A 0.025 c¢cm decrease of the
0.69 cm diameter center conductor occurred at the puncture site during the current drive
pulse. Vaporized/carburized polyethylene and/or copper was forced out of both ends of
the 2 foot long cable sample as shown in Figure 3-15, which is a photograph of the lower
end of the sample with the grading sphere removed. This material flowed both along the
center conductor/dielectric interface and also between the two layers of polyethylene

dielectric.

3




)

RE-04736 -

Figare 3-10. RG 220 (14) post 183 kA current drive.
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Figure 3-11. RG 220 (14) post 183 kA current drive. Soil removed to
damaged region.
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RE-04738 | :

Figure 3-12. X-ray of RG 220 (14) after current drive test. The lower x-ray
is a view at 90° to the dielectric puncture. The upper x-ray
is a view at 0° looking down the puncture channel.
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Figure 3-13. Current drive pulse for MF antenna (15)

The peak current drive level of 200 kA produced damage togthe aluminum cylinder
containing the MF antenna sample and soil. Figure 3-16 is a photograph of the
experiment during fhe 200 kA current drive on MF antenna (15). The large light flash
exiting the far side of the cylinder resulted from a hole being blown in the cylinder
wall. This hole was approximately 4 inches vertical and 2 inches wide. While a rigorous
calculation of the magnetic forces was not made, it appears these forces may have been
adequate to produce the observed damage. The force between two paralle!l wires is:

-8

. 4.5I1x12x10 LI
F(lbs) = 3 (3-1)
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Figure 3-14. MF antenna (15) after 200 kA peak current driver. Soil removed
to show damaged region.
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Figure 3-15. View of lower end of MF antenna (15) post current drive,
showing the presence vaporized/carburized polyethylene
at the cable end.

where £ is the wire length (in.) and d is the separation (in.). For ( and H equal 200 kA
the force is:
2 -
F =45 x (2 x 10°) x 10 3%
(3-2) -
=1.8x 1032 1bs -
d
assuming an £/d ratio of unity yields a force of 1.8 x 103 pounds. It is not unreasonable
that the outward force on the metal cylinder wall equaled or exceeded this value where
the arc attached (Figure 3-17). At this point magnetic field crowding occurs to exert an

outward force on the cylinder wall.
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Figure 3-16. Photbgraph of current drive experiment during 200 kA peak current
drive on MF antenna (15) sample. Light flash at right exits )
through hole blown in metal cylinder. i
J i
i ' MF ANTENNA
— " SAMPLE
+ + + +
I .E-—-. Y e o @ i{ N
] +|e ARC =
+le
+|e
-
N\
CYLINDER WALL

e MAGNETIC FIELD OUT OF PAGE

<+ MAGNETIC FIELD INTO PAGE .
RE-Q4743

Figure 3-17. Schematic to estimate the magnetic forces at cylinder wall due
to discharge current,
3
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Ce MF Antenna (19)--MCAIR pulsers #4 and #5 were used to drive current in this

MF antenna sample to compare the damage produced by a longer-pulse-width-higher-
coulomb drive with that produced by a shorter pulse width higher peak current _dr'i\-/e for
MF antenna (15). The pulser configuration for this current drive was shown in Figure 3-6
and the current drive parameters for the two MF antenna samples were compared in
Table 3-1,

The combined pulser current drive for MF antenna 19 resulted in a peak current of
150 kA with a FWHM of 75 us and a longer current pulse of 8.5 kKA with a 6.5 ms FWHM
(Figure 3-18). The total action and charge for the combined pulsers was 1.6 x 10° A2-s
and 71.4 C, respectively. This drive level resulted in an enlargement of the 0.16 cm
diameter dielectric puncture to ~0.33 cm diameter at the outer dielectric surface and
~0.56 cm diameter at the center conductor/dielectric interface. At the dielectric
puncture site the center conductor diameter was decreased from 0.69 ¢cm to ~0.51 cm
over a length of ~1.27 cm, and resulted in approximately a 1 gram copper loss. This
amount of copper loss would not impair MF. antenna operation.

Figure 3-19 is a photograph of the damaged region of the copper center conductor of

M F antenna (19) after the combined puléer current drive. .

4. ARC RESISTANCE DURING CURRENT DRIVE

The resistance of the arc through the 0.5 meter of soil between the driven cable
sample with a punctured dielectric and the grounded metal cylinder was determined from
_current and voltage measurements during the current drive pulse. The small output
resistor (~0.25 ohm) used in series with pulser 4 output and the small arc resistance
(~ 0.2 ohms) caused the pulser to ring with a period of about 200 use The large time-rate-
of-change of current, coupled with the inductance of the <onnecting leads to the cable
sample plus the inductance of the arc itseif, required a relatively large voltage
correction [V = L x (dl/dt)] to accurately determine the arc resistance. No attempt was
made to determine this voltage correction, which requires knowing the inductance of the
leads to the cable sample and the 0.5 meter long arc. The arc resistance, however, was
calculated at the first positive and negative peaks of the current pulse where di/dt is
zero and no voltage correction is required. These arc resistance values are given in
Table 3-2 along with the time of the measurement and value of current at that time. As
.can be seen in Table 3-2, the resistance of the 0.5 meter long arc decreased to ~ 0.1 to

0.2 ohms at current levels between 70 kA and 200 kA.
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Figure 3-18. Voltage and current waveform for combined puiser current drive
on MF antenna (19). Upper - Pulser 4, Lower - Puiser 5.

In Table 3-2, the arc resistances given for sample MF antenna (19) are those
measured during the 75 us FWHM, 150 kA current pulse produced by pulser 4. Pulser 5, "
which fired simultaneously with pulser 4, had a peak current of ~8.5 kA with a FWHM
time of ~ 6.5 ms. For this lower value current and longer puise width, no L -dl/dt voltage .
correction was required to accurately determine the time dependent arc resistance,

which is shown in Figure 3-20. Between ~3 and 16 ms the arc resistance increased from
~0.2 ohms to 9 ohms. At 16 ms the measured voltage across the 0.5 meter arc was N

2.4 kV at which point the arc appears to extinguish.
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Figure 3-19. Photograph of the copper center conductor of MF antenna (19) after
. _current drive. Small divisions on scale equal 1 mm.

Table 3-2. Resistance of Arc Through 0.5 Meters of Soil Between Test Cable
With Punctured Dielectric and Grounded Metal Cylinder

1st Positive Current Peak 1st Nogaﬁ_ye Current Peak

Sample t us) 1 (kA) R (chms) t(us) 1(kA) R (ohms)
RG 220 (14) 26 190 0.15 80 70 0.20
MF Antenna (15) 27 200 0.14 80 78 0.18
MF Antenna (19) 48 150 0.21 175 15 0.58
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Figure 3-20. Arc resistance versus time during the 6.5 ms FWHM current pulse
produced by pulser 5; MF antenna (19).

5. SUMMARY

Samples of the MF antenna and RG 220 with punctured dielectrics were driven with
high-current-high-coulomb pulses up to 200 kA and ~70 C to investigate failure
threshold. Antenna failure would result from complete vaporization of the copper center
conductor, which would open-circuit the antenna, and/or sufficient dielectric erosion to
provide a low impedance shunt between the center conductor and the surrounding earth.

The largest combined current/coulomb drive of 150 kA (75 us FWHM) and 71 C
(65 ms FWHM) resulted in approximately a 1 gram copper loss from the center
conductor, which reduced the diameter of the copper center conductor from ~0.69 cm to

0.51 cm at the puncture site. The post shot shunt resistance from the antenna center
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conductor to the 1 meter diameter soil filled metal cylinder (c=2 x 10-2 S/m) was about

6 x 10° ohms. This degree of copper loss and shunt resistance would not impair operation

of the MF antenna.
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IV. WIRE VAPORIZATION/RESTRIKE EXPERIMENTS

1. INTRODUCTION

This section of the report presents the results of a series of experiments whose
objective was to measure the vaporization/restrike characteristics of short sections of
resistive (metal and graphite) cables using materials that were candidates for a resistive
power link (R-wire) to a missile shelter.

The experiments were performed at the McDonnell Douglas (MCAIR) Lightning
Facility in St. Louis, Missouri. _

The information obtained from the series of experiments was (1) resistance of the
different material types from ambient temperature through vaporization, (2) the
voltage/electric field required to produce restrike after vaporization occurs, and (3) the
effects of the surrounding medium (insulation, soil} on the vaporization and restrike
characteristics. In addition, considerable experience was gained pertaining to confining
the debris produced by the violent explosion (equivalent to ~150 grams of TNT) that

accompanied vaporization/restrike.

2 Background--Current missile systems may incorporate several buried
conductors that extend considerable distances away from the missile shelter. One
possible buried conductor is a power line that provides electrical power to the shelter.
Without some protection system, the EMP environment in the vicinity of the shelter
would drive excessively large currents into the electrical equipment inside the sheiter.
One method to limit excessive currents is to include a section of resistive wire (R-wire)
which can transmit the required power under normal operating.;%onditions, but which will
not permit excessive currents to reach the shelter during the EMP pdlse. This resistive
link does not have to survive the EMP environment, but must maintain isolation even if
the wire vaporizes. Unfortunately for this purpose, it is well known that exploding wires
will often restrike after vaporization; that is, when certain conditions are reached in the
ionized vapor, avalanche ionization can occur and produce a highly conductive path
through the plasma. If such a .restrike shouid occur along the R-wire, it would negate the
purpose of the R-wire, even though it had been vaporized, and destructive currents could

reach the shelter.




Although exploding wires have been studied and used for many years, little was
known about the vaporization and restrike characteristics in the microsecond time
regime and of some of the materials proposed for the resistive wire, sucit as carbon
fibers, Inconel, aluminum, and stainless steel. Perhaps a more important unknown was
the effect of tightly confining the vaporized material by the cable jacket, and then the
surrounding soil.

The purpose of the present experiments was to resolve some of these uncertainties
for several candidate resistive cable materials and to provide data for coupling calcu-
lations. Although the actual R-cable would be many meters long, the present experi-
ments were performed on short (0.4 m) sections of cable, mainly due to the limitations of

the available pulsers, but also to provide better experimental control of the tests.

2. PRETEST ANALYSIS

A pretest analysis was performed to ensure compatibility between the pulser chosen
for the vaporization/restrike experiments and the design of the resistive cable samples.
That is, the pulser must be capable of supplying the required specific action to produce
vaporization, and still have sufficient voltag-e to supply the required restrike electric
field. The available specific action and- the pulser voltage remaining at that time,
‘therefore, dictated the sample cross-sectional area and its physical Ieﬁgth. -

The pretest analysis included:

a. Derivation of the pulser/return circuit resistance and inductance from

previously measured short circuit 1-V characteristics:

b. Calculation of the specific action that the above pulser can generate in iron

samples with various cross-sectional areas and lengths,

a. LCR Characteristics of Pulser--For making realistic predictions of the

pulser/sample responses, as an aid in analyzing the data, it was important to have a
reasonably accurate estimate of the LCR characteristics of the pulser/return-circuit in
the absence of the sample, that is, with the sample shorted. On a previous series of
tests, the current out of the pulser and the voltage from the top of the load resistor (RL'
Figure 4-12) to ground were measured for a shorted sample for two values of R,
(0.23 ohms and 0.46 ohms). These resuits are shown in Figures 4-1 and 4-2. Assuming
that Ry does not change significantly during the pulse, and knowing the pulser
capacitance (22.6 u F) and the initial voltage (=220 kV), it is straightforward to deduce

the total effective inductance and resistance of the loop by trial-and-error fitting of the
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I curve. Once the total L and R in the circuit are determined,, the curve of voltage
across the load resistance can be used to determine the division of L and R between the
pulser/return-line and the load resistor. Acwually, this division is not required for
predicting the responses of the circuit with non-shorted samples, but the fit to the curve
gives further confidence in the derived circuit parameters. The derived circuit
parameters are summarized in Table 4-1. The inductance in Table 4=1 for the
pulser/return is much larger than the internal inductance of the pulser alone because it
includes the inductance of a considerable length of ground path. Since the load resistor
consists of a 6-inch wide metal tape looped back and forth to reduce the inductance, it is
reasonable that its inductance should increase with its length, and, therefore, with its
resistance. The calculated fits to the experimental curves using these parameters are

also shown in Figures 4-2 and 4-3, and are quite satisfactory.
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Figure 4-1. Current and voltage from puiser for shorted sample (Ry =0.46 Q)
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Figure 4-2. Current and voltage from pulser with shorted sample (Ry =0.23 Q).
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Table 4-1. Derived circuit resistance and inductance for shorted samples

RL {ohms) 0.23 0.46
Resistance of pulser/return (ohms)} 0.075 0.075
Total circuit resistance {ohms) 0.305 0.535
inductance of puiser/return (u H) 7.5 7.5 7
Inductance of load resistor (u H) 2.5 5.0
Total ciccuit inductance, Lc, M H) 10.0 12.5

b. Calculated Specific Action for lron Cables--Using the pulser characteristics

described in Section IV.2b and the curve of resistivity versus specific action for iron
shown in Figure 4-3, the -V response time histories of the circuit were calculated using a
simple computer code to integrate the cireuit equations for a time-varying resistivity
and different sample cross-sectional areas and lengths. Some of these results are shown
in Figures 4-4 through 4-8.

Figures 4-4 and 4-5 are for a 1/2-inch wide Fe ribbon for two pulser output
resistances (RL = 0.23 and 0.46 ohms), while Figures 4-6 and 4-7 give similar resuits for a
1/4-inch wide ribbon. For these calculations, the inductance of the sample (Ly) was
assumed to be zero, so the voltage across the sample is purely resistive (iRw).
Figure 4-8 shows similar calculations for a 60 cm long, 1/2-inch wide ribbon, and R, =
0.46 ohms, but with a sample inductance of 1uH. The purposé of this figure is to
illustrate how much the sample inductance will change the mead¥ired voltage across the
sample (IRw * Ly i compared to IRw). Also shown in Figure 4-8 is the calculated time
history of i,

Before discussing these curves, a word of caution about them is in order, especially
regarding the voltage peak. This peak is a direct consequence of the assumed resistivity
curve in Figure 4-3, which was obtained in exploding wire experiments in air. The fact
that the present samples are enclosed by 280 mils of polyethylene, is very apt to
significantly affect the resistivity curve after the point of vaporization (indicated in
Figure 4~3). If the increase in resistivity after the vaporization point is due to expansion
of the ionized vapor, this increase might not occur in the present samples if the
- poiyethylene remains intact and continues to confine the vapor. In that case, the voltage

curve would probably remain relatively flat after vaporization occurs, at a level
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corresponding to the resistivity of a tlgl‘itly.r-conflned lonized vapor. On the other hand, if
the polyethylene ruptures and the vapof escapes to the surrounding soil, restrike might
occur through the dilute. vapor .outside the cable jacket or through the residual vapor
Inside- the polyethylene .Jacket when the vapor density decreases to a level that Is
conducive for a restrike. In this case, the voltage curve might be reasonably slmila'r td
'--'tha calculated curves In’ Flgurcs 4-4 through 4-8. A third possibillty is that the
polyethvlene will rupture . and the vapor will escape from the Jacket, but a restrike m!!
never occur. In that case, the voltage curve would rise to the voltage still avallable in
the puiser and it wouldwemaln there until the pulser voltage slowly decayed away via the

internal resistance of the pulser.
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Figure 4-3. Resistivity versus action for lron (Ref. 4-1)

4=1 T. ). Tucker and R. P. Toth, 'EBW!: A Computer Code for the Prediction of the
Behavior,.of Electrical Circults Containing Exploding Wire Elements,’ Sandla
Laboratories Report SAND-75-0041, April 1975, . '
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Figure 4-5. Current and IR voltage across sample for 1/2~inch Fe ribbon.
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Figure 4-6. Current and IR voltage across sample for 1/4-inch Fe ribbon.

Keeping the above caveats in mind, several conclusions were drawn from the results

of Figures 4-4 through 4-8.

(1) For 1/4-inch Fe ribbons, the burst condition (peak resistance) can be -
reached when the remaining pulser voltage is about 200 kV. For 1/2~inch
ribbons, the corresponding condition is reached when the pulser voltage is
about 175 kV. Since action varies as (cross-sectional area)'z, the ribbon
width could not be much greater than 1/2 inch and still reach the burst
condition with this pulser. This conclusion is not sensitive to the details \

of the resistivity curve after vaporization.
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Figure 4-7. Current and IR voitage drop across sample for 4/4-inch Fe ribbon.

(2) The peak voltage across the sample increases approximately linearly with
sample length. This resuit is a direct consequence of assuming a peak
resistivity of 550 microhms-centimeter for the vaporized iron. if an
open circuit actually occurs, the voltage across the sample would rise to
essentially the remaining pulser voltage, independent of the sample

length.
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(3) For. the longer samples, the voltage across the sample considerably
exceeds the residual pulser voitage. The extra voltage comes from
the Li term in the circuit equation. The amount that the peak voltage
exceeds the pulser voltage is sensitive to the assumed shape of the

resistivity versus action curve (Figure 4-3) above the vaporization point.

(4) If necessary to avoid breakdown through air or soil, the sample (ribbon)
'Iength could probably be as much as 1 meter for Fe conductors and still

achieve vaporization, at least with the 1/4-inch ribbon.

(5) The sample inductance has a relatively large effect on the measured
sample voltage at early times in Fe samples, but it-has a relatively small

effect near the peak voltage.

3. EXPERIMENT DESCRIPTION

ae Sample Materials and Fabrication-

(1) R-Wire Types—Five types of resistive conductors were examined during

the R-wire vaporization/restrike tests:

(a) Low carbon steel - C1010.
(b) Inconel 600 (Inconel has been abbreviated IN in the report and

shouid not be confused with In, Indium).

{c)- 302 stainless steel.

(d) 2024 aluminum.

(e} Graphite fiber.

(2) R-Wire Geometry—Three types of cable were used during the tests:

twisted graphite fiber, linear metallic, and helical metallic. Figure 4-9 shows the linear

and helical cables in progressive stages of assembly.
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SCALE = INCHES

a. G10 FIBERGLASS ROD WITH BRASS TERMINATIONS
'b. 1/4-INCH LINEAR RIBBON

C. 1/4-INCH HELICAL RIBBON

d. XLP SEMICON WRAP

e. 1st LAYERS OF POLYETHYLENE INSULATION

f. COMPLETED CABLE

Figure 4-9. Photograph of linear and helical cable models at various stages
of construction.
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Twisted Graphite Fiber--The basic element for this cable is a 12,000 fiber tow of

Hercules AS-4 uncoated graphite fiber which was fabricated into a cable by Phelps Dodge
Cable and Wire Company with a thin (0.03 inch thick) polymer exterior insulation. Data
supplied by Hercules, Inc. indicates that the graphite conductor in the cable has a density
of 1.76 gram/cm3, and a resistivity of 1.54 x 10'3 Q-cm. The outside dimension of the
cable is approximately 0.140-inch with a center core of graphite fibers of approximately
0.80 inch.

For the vaporization/restrike tests, three of the fiber units were twisted into a
single rope type cable as illustrated in Figure 4-10, with a brass electrical attachment at
each end. There was no additiona! outside dielectric jacket around the three strand cable

assembly.

GRAHPITE FIBER - 3 EACH
TWISTED IN ROPE FASHION

BRASS
ELECTRODE ELECTRODE-
CLAMPING BLOCK

RE-04754

Figure 4-10. Graphite fiber cable (3 strands).

Linear Metallic Models--For each of the four metals listed, two different linear

geometry models were fabricated. For one of these linear geoﬁ"'?etries, a single 0.5-inth
wide by 0.005-inch thick ribbon of the metal was formed on a 3/8-inch diameter G-10
fiberglass rod, with the axes of the ribbon and the rod being parallel. The 0.5-inch wide
ribbon covered roughly half of the circumference of the 3/8-inch rod. Each end of the
fiberglass rod was terminated with a 3/8-inch by 2-inch brass rod onto which the metal’
ribbon was soldered and served as the attachment points for the pulser electrodes. The
outer insulation of this cable followed a proposed Alcoa R-cable design, i.e., 0.015-inch
of semicon XLP wrap (Scotch #13 tape) over the metal ribbon, followed by 0.280-inch of
polyethylene. The thickness of polyethylene was obtained by using multiple layers of
polyethylene heat shrinkable tubing. The fiberglass rod was used in place of Kevlar,

which is expected to be used in the R-cable, because its thermal properties were known
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and are similar to those of Kevlar. However, because it is rigid, it was more convenient
to use for fabricating these cable models by hand than the flexible Kevlar.

The second linear model! is essentially the same as the above model except that the
single 0.5-inch ribbon is replaced by two 0.25-inch wide ribbons of the same thickness
(0.005 inch). The two 0.25-inch ribbons were formed to the fiberglass rod on opposite
sides of the rod, leaving roughly a 0.25-inch gap between adjacent edges of the 0.25-inch
metal strips. The exterior insulation was the same as for the 0.5-inch ribbon. The
rationale for this design was to investigate possible geometry effects on a cable with the
same cross-sectional area, and therefore, the same current density and specific action,
as the 0.5-inch wide ribbon.

The 0.5-inch wide ribbon was the widest ribbon used in order that specific actions
necessary to vaporize the metal conductors could be achieved with the M CAIR #4 pulser.

Helical Metallic Modeis-~For each of the four metals listed in Section IV.3a(1), two

helical cable models were fabricated. For one helical model, a 0.5-~inch wide by
0.005~inch thick metal ribbon was wound helically on a 3/8-inch diameter G-10 fiberglass
rod with 0.25-inch spacing between turns. For the second helical model, a 0.25-inch wide
oy 0.005-inch thick ribbon was wound helically on the 3/8-inch fiberglass rod with
0.5-inch spacing between turns. With this arrangement, the ratio of ribbon length to
axial cable length is the same (=1.6) for the two cables. However, ~their specific actions,
for a given current time history, differ by a factor of four because the cross-sectional
areas of the ribbons differ by a factor of two.

The termination and exterior insulation for these cables was the same as for the
linear metallic cables. All of the cables were fabricated by JAYCOR.

Cable Lengths-~There were three factors that dictated the length of'the cable

samples. First, the length had to be short enough so that the resistance of the cable did
not overly reduce the current that the pulse{' could drive through the sample and thus the
specific action that would be generated. Secondly, the sample ;'?ould be short enough 50
that when the conductor vaporized, there was sufficient electric field across the vapor-
filled gap to initiate a restrike when the other necessary conditions for restrike
occurred. It was not known before the test how large this required field was, but a value
of 5 kV/cm was assumed for purposes of selecting the cable lengths. Finally, the sample
length h-ad to be long enough so that breakdown would not occur between the electrodes
through the soil, or air before vaporization occurred. Fro.m previous work,
Reference 4-2, the threshold field for breakdown of soil with pulse lengths of abhout

100 us was about 1 to 2 MV/m, including field enhancement near the electrodes.

4-2 C. Mallon, et al., “Electrical Breakdown Characteristics in 0.8 to 1.0 meter Soil
Samples," Theoretical Note 318, 19 April 1982.
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The subject of the specific action and voltage remaining at the time of vaporization
was discussed in Section 1V.2(c). In general, at the time of vaporization, the vcltage
from the pulser was still on the order of 200 kV. Therefore, to prevent soil breakdown,
the sample lengths should not be less than about 20 cm. To meet the estimated
requirement of 5 kV/cm for restrike with 200 kV from the puilser, the sample lengths
could be 40 cm long. For these reasons, the test cables were constructed with a 40 cm

axial length. (The length of the metal ribbons for the helical cables was about 64 cm.)

b Sample Resistances and Inductances--To aid in extracting the sample

resistivity from the voltage measurements, the resistance and inductance of the 40 cm
long samples of each cable type were measured at room temperature. These results are

summarized in Table 4-2.

Table 4-2. Measured Resistance and Inductance of Cable Types at Room Temperature
(Axial length of all cables = 40 cm. Ribbon
length for helixes = 64 cm)

M aterial Ribbon Width (in.) Configuration Ry (chms) Ly (uH) Resistivity
(u 2-cm)
S5 12 heiix 0.30 0.53 68
SS 1/4 helix 0.58 0.59
S5 12 linear 0.163 0.54
S5 (two 1/4) linear 0.193 0.50
inconel 12 helix 0.43 T 0.57 103
Inconel 174 helix 0.85 0.60
Inconel 1/2 linear 0.27 0.53
Inconel (two 1/4) linear q—u
Iron N 12 helix 0.033 0.57 10.1
lron 1/4 - helix 0.093 0.67
lron 1/2 linear 0.023 0.57
iron (two 1/4) linear
Aluminum 1/2 helix 0.015 . 3.75
Aluminum . 1/4 hellx 0.03
Aluminum 172 linear 0.0093
Aluminum (two 1/4) linear 0.0093
Graphite —— three twisted =1.5 0.30 2000
Fiber cables
Aluminum —_ 3/8 inch diameter —_ 0.36
calibration rod, 40 cm
rod . long
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It is interesting to note that the inductance of the 1/2-inch wide helical samples is
approximately equal to the inductance of the 1/2-inch wide linear samples even though
thc helital samples are 60 percent longer. The reduced inductance results from an
effective overlap of successive turns on opposite sides of the cable which produces field

cancellation (Figure 4-11).
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Figure 4-11. Diagram to illustrate reduced inductions in helical samples.

c. Pulser/Sample Configuration--M CAIR pulser #4 was used during the wire

vaporization/restrike experiments. This pulser is a 10-stage Marx bank at
230 u F/stage. Each stage is capable of a 24 kV charge. Therefore, when all 10 stages
are used, and fully charged, the maximum output voltage is 240 kV with a pulser
capacitance of 23 uF (230 u F/10)s The pulser is configured such that any number of the
10 stages may be selected to obtain a wide variation of pulser %tput voltages. During
the series of tests as few as two stages (~40 kV) were used during investigations of
vaporization/restrike thresholds.

Figure 4-12 shows the experimental arrangement wused during the wire
vaporization/restrike experiments.

A fiberglass angle/plywqod stand (Figure 4-12) was used to support the R-cable
samples, pulser electrodes, and associated instrumentation during the series of tests.

A stainless steel ribbon 6 mils thick by 6 inches wide served as an output resistor
(RL) for the puilser, and connected the pulser output spark gap to the 1-inch diameter
copper pipe/R-cable samples. During the series of experiments the length of this resistor
was varied between approximately 10 feet and 60 feet (~0.1 Q to 0.5 Q) to vary the level

of current drive to the R-cable samples.
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Figure 4-12. Exﬁerimental arrangem:nt used for wire vaporization/restrike
experiments.

Figure 4-13 is a photograph of the experiment with an R-cable sampie installed for
vaporization/restrike.

The debris produced by the explosion accompanying R-cable vaporization was
successfully contained by wrapping the test stand with approiimately three layers of
heavy-tightly-woven nylon cloth used for bullet-proof enclosures.

d. Instrumentation—The data of interest during the R-cable vaporization/restrike

experiments was the time-dependent R-cable resistance (resistivity) from ambient
through vaporization and restrike. The time-dependent measurements required to
determine the resistivity is (1) voitage across the R-cable sample, (2) current through the
sample, and (3) i., the time rate of change of current required to correct the voltage

appearing across the sample for Li.

(1) Current Measurements—The current through the R-cable sample was

measured by a Pearson Model 1049 current probe. This probe has a peak current capacity

of 250 kA and a rise time of 0.25 i s.
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A - R-CABLE SAMPLE D - CURRENT PROBE
B - FIELD GRADING RING E - VOLTAGE MONITOR CABLE
C - i PROBE F - 1 INCH DIAMETER COPPER

PIPE INPUT ELECTRODE

N

Figure 4-13. Photograph of experiment with R-cable sample installed.
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(2) 1-Dot Measurement--The time rate of change of current (f) through the

3
i
e
g
o
3
i
B
4

R-cable sample was measured by a toroidal | sensor fabricated by JAYCOR. The output

voltage of this sensor is given by VOUT- =M! where | is the time rate of change of

current in a conductor threading the sensor and M is the mutual inductance.
M=——W 2n —
=1.13 x 10" % H

for the geometry of the sensor. A value of 1.18 x 1078 4 was obtained from calibration

of the sensor. The rise time for this sensor is approximately:

. -8 .
1.1 x 108 H -10 ;
10 2.2 x 10710 ¢ :

T—L~
r R

(3) Data Recording--The output signals from the voltage and current

monitors and the | sensor were recorded on time correlated oscilloscope channels. In
general, ea'ch signal was recorded on more than one channel with different gains and .
sweep-speeds to obtain both early- and late~time data.

Figures 4-14 through 4-16 are typical data sets for several shots.

Figures 4-14 and 4-15 compares the voltage, current, and | time histories for
1/4-inch linear stainless steel samples with and without the 280 mil polyethylene jacket
for a pulser voltage of 200 kV. Note the rapid restrike for the bare sample (Figure 4-15)
shown by the abrupt decrease in voltage after burst, compared to the slowly decreasing

voltage/resistivity when the vapor is confined (Figure 4-14) by the polyethylene jacket.

For these samples at a pulser voltage of 200 kV vaporization/resf¥ike is complete within
50 us and thereforé only the fast sweep data; is shown.

Figure 4-16 is a data set for an Inconel, 0.5 inch, Helical sample for a pulser voltage
of 54 kV. This drive level for this sample was near the threshold value and only a
'partial® restrike occurs at ~ 175 us after pulse initiation. This is shown by the slight

current increase (lower trace of photo at 50 ps/division sweep) at about 175 U Se
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I = 25 kA/DIV.
5 nus/DIV.
V = 10 kV/DIV.

I = 3.4 x 1094/s/DIV.

5 us/DIV.

Figure 4-14. Shot 47; SS, 1/4 inch, linear with 280 mil polyethylene jacket.
Pulser V=200 kv.
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us/DIV.

20 kV/DIV.

3.4 x 10%A/s/DIV.
us/DIV.

Figure 4-15. Shot 60; SS, 1/4 inch, linear, bare. This sample was vaponzed
without the 280 mil polyethylene jacket. Pulser V, =200 kV.
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I = 10.9 kKA/DIV.
20 us/DIV.
V = 10 kV/DIV.

- 10 us/DIV.
VY = 9.4 kV/DIV.

Figure 4-16. Shot 77; Inconel, 0.5 inch, helix, low voltage shot. Pulser
Vo = 54 kV-

PO VL - T I R ANl R
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V = 10 kV/DIV.
20 us/DIV.
1 = 10 kKA/DIV.

V=4,2 kV/DIV.
50 us/DIV.
I =4.9 kA/DIV.

Figure 4-16. {Continued).
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e, Pre- and Post-Shot Photographs of Test Stand--Figures 4-17 through 4-21 are
photographs taken before and after R-cable vaporization/restrike shots. ’

Figure 4-17 shows a sample installed for a vaporization shot. Figure 4-18 is a
photograph of the test stand after a low level shot near threshold for
vaporization/restrike. At this drive level the polyethylene jacket and metal sample are
completely removed from the fiberglass rod, however, the rod is still attached to the
upper electrode. Figure 4-19 is a similar photograph after a high level drive (V pulser =
200 kV). At this level the fiberglass rod is completely broken away from the pulser
electrodes.

Figures 4-20 and 4-21 are pre- and post-shot photographs of a low leve! (80 kV)
R-cable vaporization shot in sand. The sand was contained in a non-rigid cylinder of
ethafoam so that expansion could take place and allow the sand to absorb the shock. The
shock accompanying vaporization ruptured the ethafoam container as shown in

Figure 4-21,

4. PRESENTATION OF DATA -

The time-history curves for the voltage across the sample (V), the current ({), and
the time derivative of the current (1) have been used to calculate resistivity versus time

and action using the formula:
p=— = —— . (4-1)

where L  is the inductance of the sample itself, and A and £ are respectively the pre-
melt cross-sectional area and length of the samples. For the Qelically wrapped metal
samples, £ is the length along the helix—that is, £ is about 1.6 times the axial length of
the sample. Admittedly, after vaporization occurs, the pre-melt cross-sectional area of
the metal has little relationship to the cross-sectional area of the arc. In addition, after
vaporization, the length of the arc for the helical sampies is probably closer to the axial
length rather than the helical length. However, the present system is used to avoid
confusion in changing A/% during a shot. Ly was measured for several samples and was

7 H for all metal samples. At times close to zero, | is fairly small

around 6 x 10~
and Lwl is approximately equal to V. Hence, in this time regime, the calculated values
for p can be somewhat inaccurate. Thus, one should not attach too much significance to

the detailed shapes or magnitudes of the curves at very early times, say, t 21.11 s« The

(Text continues on page 74)
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Figure 4-17. R-cable sample installed for vaporization/restrike shot.
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FAST SHor vo
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Figure 4-13. R-cable sample (shot 40) after low-drive-near-vaporization/restrike
threshold. The G-10 fiberglass rod remains but the metal ribbon and
280 mil polyethylene jacket have been blown away.
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Figure 4-19. Test stand after high-level drive (200 kV).
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Figure 4-20. Set-up for R-cable vaporization in sand. Sand contained in
break-away ethafoam cylinder.
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Figure 4-21.
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resistivities are plotted versus specific action (Az-s/mm4) and versus time because the
present data indicate that resistivity is not a unique function of action for these
geometries. In particular, the curves of resistivity versus action vary significantly for
different pulser voitages. The data are grouped together to illustrate the effects of
(1) sand versus no sand around the sample, (2) the four geometries for the metal samples
for each metal type and the same peak pulser voltage, (3) different pulser voltages for
the same geometry and material (including the graphite fiber samples), (4) different
materials for the same geometry and pulser voltage, and (5) bare metal versus enclosing
the metal conductors in 280 mils of polyethylene.

The shot numbers and the test parameters for the wire vaporization/restrike
experiments are summarized in Table 4-3. Also shown in the table are (1) the resistivity
at burst, (2) the time of occurrence of the burst, (3) the voltage across the sample at the
time of the burst, (4) the action and energy deposited in the resistor up to burst, and
(5) the minimum resistivity after burst. For this discussion, burst is defined as the time
of the peak in the resistivity curve before restrike. On the time scale of the present
experiments, this burst resistivity is usuaily the peak resistivity observed, although the
resistivity always eventually goes to the_open-circuit condition (if vaporization has
occurred) when the pulser vdltag'e decays arv‘vay and the arc turns off. Howeéver, in a few
shots with pulser voitages just above the burnout threshold, the resistivity at the end of
the scope picture was larger than at burst. In comparing and interpreting the values of
minimum resistance after restrike, it is important to remember that the resistivities are
calculated using the pre-melt cross-sectional area and length, not the actual area and
length of the arc.

For all of the materials tested, with the exception of aluminum, the resistivity
exhibits a leveling off or plateau region just prior to burst. Thisgplateau is interpreted.as
the melt region ﬁrior to the start of vaporization. Table 4-4 compares the resistance and
resistivity in the melt region with that measured at 300°K. Inconel, which had the
largest 300°K resistivity, shows little change between 300°K and melt, while the
resistivity of iron increases by a factor of 14.5 to achieve a resistivity at melt that is
comparable to Inconel.

The resistivity of graphite fiber increases from 2030 u Q-cm to ~ 3000 u 2-cm early

in the pulse, then decraases to ~ 50 percent of its 300°K value just prior to burst.
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Table 4-4. Comparison of Measured Resistance/Resistivity at Ambient With the :
Values at the Plateau (Melt) Region Just Prior to Burst. A}

Resistance Resistivity R atio
() (4 Q=cm) R(meit)/R(300* K)
inconel 300°K Malt 300°K  Meit
0.5 Linear 0.27 0.32 108 128 1.19
0.25 Linear 0.27 0.31 108 124 1.15
0.5 Helix 043 0.43 108 108 1.0 .
0.25 Helix 0.35 0.80 108 101 0,94
AVC = 1.07
Stainless Steel ‘
0.5 Linear 0.16 0.36 64 144 2.25
0.25 Linear 0.19 0.37 76 148 1.95
0.5 Helix 0.30 0.51 75 128 1.70
0.25 Heiix 0.53 0.91 73 118 1.57
AVC = 1.9
lron
0.5 Linear 0.023 0.36 9.2 144 15.7 ’
Q.25 Linear 0.023 0.36 9.2 144 15.7
0.5 Hellx 0.033 0.51 4.3 128 15.5
0.25 Helix 0.093 1.0 1.3 127 11.0
AVG = 14.5 . )
Aluminum - ‘

300°K resistivity = 3.75 u Q=cm
No wetl-defined plateay obsarved.

Graphite Fiber

Resistance Resistivity Ratio
() u Q=cm) R (300°K)
300°X Plateau 00K Plateau R (Plateay)
Shot 53 (200 kV) 13 0.7% 2030 1010 0.5
Shot 84 (54 kV) 15 0.70 2030 950 Q.47

AVC = 0.49

'Graphlt- resistivity increases approximately 50 percent (2030 u Q-cm to 3000 u Q-¢cm)
early in the pulss before decreasing to the value shown above just before burst. .
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Figures 4-22 and 4-23 show the p versus action and p versus time curves for 1/4-inch
helically wrapped samples for Fe with a pulser voltage of 147 kV and for SS with a pulser
voltage of 80 kV, in both cases with and without sand around the sample. For both sets
of data, there is little effect due.to the sand, which indicates that most of the restrike
current probably flows inside the expanded shell of the polyethylene jacket rather than
through the vapor after it has escaped from the jacket. These comparisons were made
early in the test sequence and, since little effect was noticed due to the sand, the
subsequent tests were made without the sand to simplify the test procedure.

Figures 4-24 through 4-27 show the effect of the four geometries for the four metal
materials (Fe, Inconel, stainless steel, and aluminum) for a peak pulser voltage of about
200 kV. The geometry effects that are compared in these samples are (1) helical versus
straight conductors, (2) two separated 1/4~inch wide straight conductors versus one
1/2-inch wide straight conductor, and (3) one-half the cross sectional area for the helical .
samples. For a given voltage the electric field along the wire is 60 percent larger for the
straight samples than the helical samples. From the curves of p versus action, there
appears to be some effect of geometry, especially for the 1/4~inch helically wrapped
samples. Since these samples had only hal? the cross-sectional area of the other three
samples, their current densities are twice as large as in the other samples, for a given
pulser voltage (and approximately the same current through each sample). Therefore,
the 1/4-inch helical samples reached the vaporization and burst condition at much earlier
times than the other samples. This difference is clearly illustrated in the plots of p
versus time in those figures. Since the post-vaporization resistivities are undoubtedly a
function of how fast the ionized vapor can escape from the polyethylene jacket, the
difference in the p versus action curves for the 1/4-inch helical samples compared to the
other samples must be at least partially due to this differemee in. time. Thus, the
differences o.bseri}ed for this sample are probably due more to its smaller area than to its
helical wind. If a straight sample had been run with the same smaller cross-sectional
area, a similar effect probably would have been observed--that is, the p versus action
curve for a straight sample with a smaller cross-sectional area probably would have been
closer to the resuits for the 1/4~inch helical sample than for the present straight samples
with twice the area.

For the Fe, Inconel, and SS samples at this voltage, there is a consistency in that the
largest peak resistivity always occurred with the 1/4=inch ST samples, the lowest peak
resistivity was with the 1/2-inch ST samples, and the earliest peak versus action occurrec-l

with the 1/2-inch WR samples. This trend was not borne out with A%, although the
(Text continues on page 90)
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Figure 4-23a.
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Figure 4-24a.
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Figure 4-24b.
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Figure 4-25a.
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Figure 4-25h.

T OF GEOMETRY, IN

(/N 7
MoV

C

20

-
U

EFrE

‘——_‘L&‘ IN, ST

EREN W

0°00%

i T T
20.0 25.0 30.0

15.0

10.0

00z 000z 00t 0001
NO-WHOOMOTH ‘X1IAT1SIS3Y

0°0S

:0.0

A
a

35.0

5.0

0.G

TIME, MICROSEC

85



Figure 4~26a.

0004

P

- IN, ST

0"

- AamrmEyss

0S¢

: h

Sy, Ay L

_._rﬁi..... ey
TR IEY - e _‘r"r.uﬂ H;:"”n.“..mﬁm ml“.un_ —_W—HVW.—..MF?

o r_H:c 07061 0°00I
WO-WHOOMITW ‘ALIATISISIY

id
K

0

= I.Hi,ﬂ-...

0°0S

TTTEOAC. T o -

o
g°0

A
&

0N, Axx2-S2C/ MM d

r
L

ACT

36



Figure 4-26b.
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Figure 4275,
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1/2-inch ST AL samples had almost the smallest peak resistivity for A%, nearly in
agreement with the other metals.

In summary, for a pulser voltage of 200 kV, the major geometry effect appears to be
the smaller cross-sectional area for the 1/4-inch WR samples.

A complete comparison of geometry effects was not made for other voltages for all
metal types. However, at least for Inconei, all geomletries were tested with large and
small voltage drives. Figure 4-28 shows p versus action and p versus time for the four
geometries for Inconel with a pulser voltage of 54 to 60 kV. Figures. 4-29 and 4-30
compare the resistivity curves for the 1/4-inch and 1/2-inch helical geometries for
stainless steel and aluminum with the same range of pulser voitages. These figures show
the same general effect of the smaller cross-sectional area for the 1/4-inch WR samples
as the 200 kV data in Figures 4-24 through 4-27 in that the 1/4-inch WR samples go
through their peak resistivities at earlier times but at larger values of action than the
other geometries. However, one should note that some of these curves are for pulser
voltages of 54 kV and others for 60 kV. Since these voitages are close to the threshold
voltage for vaporization and restrike in these samples, the relatively small voltage
differénce befween 54 and 60 kV could make a sizable difference in the resistivity
curves. !n other words, some of the difference between the curves could be a volitage
effect rather than a geometry effect.

It can be seen in Figures 4-28b and 4-29b that the 1/2-inch WR samples go through
an initial resistivity peak and then the resistivities are increasing again at the end of the
graphs. By comparison, for AL (Figure 4-30b), the 1/2-inch WR samples apparently do
not restrike with a voltage. of 54 kV. Thus, the threshold voltage for restrike for these
metals with cross-sectional areas corresponding to the 1/2~inch WR samples is around 54
to 60 kv, that is, 0.84 to 0.94 kV/cm based on the helical length®of the samples. On the
other hand, the 1/4-inch WR samples, because of their smaller areas, restrike at 54 kV
(0.84 kV/cm) and show no indication of turning off on the time scale of the graphs. An
Inconel sample with this geometry did not restrike with a pulser voltage of 40 kV
(0.63 kV/cm) (shot #41).

Figures 4-31 through 4-36 illustrate the effect of pulser voitage (p versus action and
p versus time) for several geometries and metals. In general, the resistivity versus
action curves are independent of voltage (within the accuracy of the data reduction) up
to the vaporization point (start of large increase in resistivity), as would be expected
since there is little heat loss from the metal in the time that it takes to reach the
vaporization point in these experiments (usually less than =200 us). Of course, one would

(Text continues on page 109)
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Figure 4~28a.
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