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ABSTRACT 

Tu investigate the appiication of exploding wires a s  fuses for the proposed. 
Los Alamos Scientific Laboratory 2-megajoule Project Sherwood capacitor bank, 
a 49. 5-kilojoule capacitor discharge system was established a t  Sandia Corporation. 

' 

The results  of small exploding-wire studies by F. W. Neilson, G. W. Anderson, 
and T. J. Tucker were found to be capable of direct extrapolation to wires of 
interest here (an increase in cross-sectional a rea  of 1500 to 2500 from the small  
wires). Copper wires up to 40 mils  in diameter and iron wires to 62 mils in diam- 
e ter  were studied extensively, in lengths up to 18 inches. High-speed framing- 
camera. photographic coverage has facilitated qualitative explanation of the mechan- 
i sm of exploding wires and suggested a new model for the mechanism. An inter- 
esting dependency between pause time (the time between system current cutoff 
and current restr ike)  and wire length is described for several  sizes of copper 
wires exploded with 16. 5- and 49. 5-kilojoule sources. Thc role of wire confir~e- % . 

ment is discussed in connection with establishment of the pause. 
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LARGE EXPLODING WIRES--CORRELATION TO SMALL 
WIRES AND PAUSE TIME VERSUS LENGTH UEPENDENCY 

Introduction 

The large exploding-wire work at Sandia corporation has thus f a r  been 
.1 

directed a t  a fusing application for the 2-megajoule Project Sherwood capacitor 

bank t o b e  constructed at. the Los Alamos Scientific Laboratory. The treatment 
2 

of the small  exploding-wire investigations of Tucker, Anderson, and Neilson, 

all at Sandia Corporation, has been extended to the larger  wires to explain quali- 

tatively the phenomena which have been observed with a high-speed framing 

camera. A group of curves of pause time versus wire length will be presented 

with a qualitative hypothesis of factors governing the pause duration. A compari- 

son of the scaled results of the small  exploding-wire studies and the experimental 

large wire results will also be made. 

Laboratory Equipment 

The laboratory experiments performed in this study were accomplished with 

a capacitor bank which stores a maximum energy of 49. 5 kilojoules. Thirty-three 

General Electric, 20-kilovolt, 7. 5-microfarad capacitors connected in parallel 

a r e  switched by a triggered, four-electrode spark gap into the test  specimen. A 
, .  . . . . - . . . . .  ., . 

ser ies  coaxial current-viewing res is tor  in the millibhm range gives anoutput volt- 

age directly proportional to the current magnitude. On a heavy short circuit, the 

characteristics of the system a r e  a s  follows: 

1. A capacitance of 247. 5 microfarads 

2. An effective inductance of 0.41 microhenry 

3. An effective resistance of 0. 009 ohm 

4. A ringing period of  6 3  microseconds 

5. A f irs t  current maximum of 420,000 amperes 



About 10 percent of the system inductance and resistance a r e  associated with the 

capacitors and paralleling connections, and the remainder is  distributed in the 

spark gap, the current-viewing resistor ,  and the test specimen arrangement. 

A Beckman and Whitley framing camera with a framing ra te  range of 48,000 

to 4,300,000 frames per  second was used for high-speed photography and has been 

extremely us,eful in revealing some of the phenomena associated with exploding 

wires. 

Large Explodiiig-Wire Mudel 

The large exploding-wire model hypothesized here was formed frvrrl ubser- 

vations of framing-camera photographs and considerations of the spatial-time effect 

of the "action iatrgral",/i2dt. ~ h c  action integral w i l l  he  discussed more fully 

in the presentation by ~ n d e r s o n '  later in this conference. 4 s  implied in the presen- 

tation by Tucker, the total "action" experienced by the wire is an indication of the 

state of the material, that is, solid, solid and liquid, liquid, liquid and vapor, and 

vapor. 

The transient skin effect due to a square-wave current input to the small  

wire discussed by Tucker is s o  rapid a s  to be negligible. However, for wires 20 

mils o r  la rger  in diameter, the time required for the current at the center of' the 

wire to reach one half i ts  steady-state value can be a large portion of the time 

required to explode the wire. This 'initial concentration of current density at Lhe 

surface of the wire subjects that region to a continually greater  total acliun than 

the inner portion. Thus, the action to vaporize the wire is reached f irs t  a t  the 

surface. As the conductivity of the outer portion decreases, the wire current i s  

shunted to the liquid and solid inner portions which progress to the vapor state. 

It is not yet known how appreciable this transient skin effect is lor a capacitor dis- 

charge, but machine calculations a r e  now being made to study the effect in detail. 

As the exploding-wire impedance increases to a large value, the discharge 

current is reduced toward zero and will cut off if  the wire is long enough to pre- 

vent arcing through the vaporizing medium. Figure 1 is a photo-oscillogram of 

current versus time for a 40-mil-diameter copper wire, 12 inches long; exploded 

with a 49. 5-kilojoule capacitor bank. The waveform i s  typical of copper and is 

probably representative of the other high-conductivity metals (silver,  gold, and 

aluminum). The solid and liquid phase of the wire is not apparent in the oscillo- 

gram, but the rapid resistance increase of the vapor phase reduces the wire cur- 

rent quickly to zero. Figure 2 is 'a s imilar  photo-oscillogram for a 47-mil-diameter 
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Figure 1. Oscillogram of Current versus Time for a Copper Wire 
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Figure 2. Oscillogram of Current versus Time for an Iron Wire 



iron rod, 7 inches long, exploded with a 16. 5-kilojoule capacitor bank. This wave- 

form is also typical of a group of lower conductivity metals, such a s  nickel and - - titanium. For these metals, both the intermediate-resistance liquid plateau phase 

and the high-resistance vapor spike are  apparent. 

Figures 3a-n a re  a framing-camera presentation of an exploding iron wire, 
: .,,., - - 62 mils in diameter and 4-112 inches long. The time between frames is 1.04 
. I .  I _  

-" 8': ' r-i microseconds and the exposure time is 0.17 microsecond. The current-time 
---', . - - ,  :',hi 

I - - I 
characteristic is similar to Figure 2 except the peak current is 155 kiloamperes 

and the pulse duration is 14 microseconds. The blossoming at the wire terminals 

is probably due to a combination of the low action requirement to vaporize the sol- 

der joint and the skin effect mentioned previously as the current path cross section 

is altered abruptly through the junction. The main body of the wire becomes 

observable, photographically, at about the time of peak current which corresponds 

to about 80 percent of the action calculated to begin the melt phase. The double 

structure on Figure 3e occurs at about the action calculated to completely melt -: 

the wire and begin vaporization. It has only been observed on the low-conductivity 

metals where the melt phase is visible for a long time. It is interesting to note . 

that in this region the expansion is uniform and appears relatively cold but, when 

the current cuts off (Figure 3k), bright instabilities form throughout the vapor. 

T h i ~  effect has not yet been explained. 

Wire Length Versus Pause-Time Dependency 

As mentioned previously, if the exploding wire is long enough to prevent 

arc-through of the vaporizing medium, the current will cut off. The resulting 

. ,.. medium, which may contain unvaporized material, will then expand into the atmos- 
' - - C .  

>- : n pheric environment, preceded by a shock wave. The exploded wire has been 
- . - 

- - observed to expand 'wd allow a Paschen-like breakdown due to the voltage left on 
- .  

- I- .. 
. the capacitor bank. Figure 4 shows a typical current-time characteristic of an 

-.I . _ 
' . , ' . .  ' 

, - ,  * exploding wire that restrikes. The time elapsed between the current cutoff and 
,< - 

, , -  the current restrike is defined here a s  the pause time, 
I .  

n .. It has been found that for wire lengths greater than the critical length, which 

; . . is the shortest length to produce a pause, the energy removed from the system and 
' 1 1  , , ' , , '  . . . the action of the current pulse remain constant within a few percent. Thus, the 

f l +  

- ,  , -- iLI ,. voltage across the exploded medium remains essentially constant, and a variable 

" '  ,' affecting the wire length versus pause-time dependency is eliminated. Curves of 
, ,., - . L 

0 1 1  - 
1 L wire length versus pause time have been obtained for 30-, 28-, 26-, and 18-gage 
,'- 

8 !, -A;;-. - 1 # -  ' 1"  
- - - - 

, . I-. - .  : '  . .  . 2 , -  - . .  ,, 

. ... i m ' - -  . . . . 
8 -. , 

. . I .  _ _ '  . ,  - , -..'. 8 ' , (. ." 
8 C -  : ; . - I 7  - . 

' I  - I  I ' . . . - I . "  8 - 



Figure 3 -- Framing Camera Sequence of ;an Exploding Iron Wire 



Figure 3 - -  Continued 
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Figure 4. Current-Time Characteristic of an Exploding
Wire that Restrikes

copper wires (Figure 5).  The 30-, 28-, and 26-gage wires were exploded with a

16.5-kilojoule source,  and the  18-gage wire was exploded with a 49. 5-kilojoule
source. All curves are for bare wires with the exception of Curve B, which is an

18-gage wire with a rather loose-fitting spaghetti confinement. The intersections

with the vertical axis indicate the critical lengths for which the combination of wire

size and bank energy creates a pause condition. The nearly horizontal portions of

the curves are, as yet, unexplained; however, the intense light output of the expand-

ing vapor observed at the beginning of the pause in Figure 3 suggests that this region

is dependent on the degree of ionization in the exploded medium. Since the right-

hand portion of each curve extrapolates linearly to the origin of the graph, and since

the voltage across the exploded medium is essentially constant over the entire curve,
it is believed that an effectively linear pressure versus time dependency exists.

That is, for greater terminal spacings, proportionally greater times are required
for the pressure to decrease to a breakdown condition.  It is also of interest to note

that the slopes of the extrapolated portions of the curves are steeper for greater

final voltages across the exploded-wire terminals. Curve B shows that the effect

of confinement is to shift the critical length to a smaller value which is probably
due to the production of higher pressures in the vaporized medium and to the cool-                       1

ing of the vapor by the spaghetti confinement.
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WIRE SOURCE FINAL 
CURVE GAGE ENERGY VOLTAGE 

A 18 49.5 15.5 
B 188 49.5 15.3 

SPog. 
C 26 16.5 18.0 
D 28  16.5 18.6 

E 30 16.5 18.9 

Figure 5. Wire Length versus Pause-Time Characteristic for Various 
Sizes of Copper Wire 



Scaling of Small Wire Data 

The sma l l  wire  data have been found extremely useful in predicting. the action 

and, to a l e s s e r  degree, the energy required to explode a large wire. The directly 

scaled actions and energies  to complete vaporization a r e  compared with experimen- 

- t a l  values for copper, nickel, and iron wi re s  having volumes up to 400, UUU t imes 

g rea t e r  than the smal l  wire  volumes (Figure 6). The action is most easily com- 

pared s ince only the cross-sect ional  a r e a  of the wire  and the current- t ime relation- 
J 

ship a r e  involved. Even the l a r g e r  differences in the action column for copper and 

nickel a r e  expected to be in bet ter  agreement when grea te r  ca re  i s  taken to procure 

straight w i re s  of uniform c r o s s  section. 'I'he iroii wires possessed Lhese p ~ . u p e ~ . =  

t i es  and the action comparison is quite good. The comparisons of scaled and exper- 

imental wire  energies  a r e  in poor agreement because of the difficulties encountered 

in determining accurately the discharge s y s l e i i i  losses  and in scaling thc "anomalou~ 

energy effect'' discussed in the paper by Tucker. Another e r r o r  introduced in the 

computed values of scaled energy fo r  the nickel and the i ron wires  i s  due to the fact 

that the wire  lengths of 6 and 7 inches, respectively, a r e  g rea t e r  than cr i t ical  

length. Thus, the scaled energy exceeds the expected value b y  the ainount computed 

for  the length in excess  of the cr i t ical  length. 
I 

I Summary 

In cnnclusion, a s  was indicated in the introduction of this paper, the fusing 

application of large explodiilg wires has bee11 of pr.i lrra~.y cu~~siderat ion.  Thus, 

t ime did not permit  more  than a qualitative explanation of the observed resul ts .  

It is intended, however, that futu.re studies will allow more  detailed investigatlons 

of exploding-wire phenomena. A 141 -kilojoule capacitor bank has already been 

constructed and flash X-ray and spectroscopic techniques will soon be incorporated. 



Figure 6. Comparison of. Scaled and Experimental Actions and Energies 
for Copper, Nickel, and Iron 

COMPARISON OF SCALED AND EXPERI MENTAL ACTIONS 
AND ENERGIES FOR COPPER, NICKEL, AND IRON 

MATER IAL 

COPPER 

NICKEL 

l RON 

'IAMETER 
(mi Is) 

40.3 

50.8 

4 7.0 

LENGTH 
(in 

12 

6 

7 

ACTION 
(KILO- AMP-COUL) DIFF: 

O/o 

13.9 

5.84 

1.37 

SCALED 

151 

137 

65.5 

EXP 

130 

129 

64.6 

D IFF: 
O/o 

- 15.1 

19.5 

35.0 

ENERGY 
(KI LO-JOULES) 

SCALED 

15.6 

18.0 

17.0 

EXP 

1 7.95 

14,49 

I 1.06 



LIST OF REFERENCES 

1. Cnare, E. C . ,  An Exploding Wire as a Fuse for  the LASL Capacitor Bank - 
Zeus, Sandia Corporation Technical Report SC-4324('I'It). 'I'o be published. 

2. Meeker, M. E . ,  Solid and Solid-Liquid Phases in Wires a t  High-Current 
Densities, Sandia Corporation Technical Memorandum SCTM 31 4- 5 8(51), 
augus t  29, 1958. 

3. Anderson, G .  W. and Neilson, b'. W. , u s e  of the "Action integral1' in E W  
Studies, Sandia Corporation Reprint 94. To be published. 

4. Tucker,  T. J. a n d  Neilson, F. W. , The Electr ical  Behavior of Fine$ Wires 
Exploded by a Coaxial Cable Discharge System, Sandia Corporation Reprint 
92. To be published. 




