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INTRODUCTION 

The analysis  and predict ion of t h e  behavior of e l e c t r i c a l  c i r c u i t s  con- 

t a in ing  exploding wire c i r c u i t  elements, i . e . ,  conductors pulse  heated t o  

melt or vaporization temperatures, i s  of importance i n  

s i tua t ions .  Included a r e  such diverse f i e l d s  as e l e c t r i c a l  fuse design, EXW 

detonator s tud ies ,  and t h e  pulse  generation of high magnetic f i e l d s .  

meet t he  needs of inves t iga tors ,  pa r t i cu la r ly  those working with EBW detonators,  

severa l  computer-based circuit-modeling codes have been developed. ' ' ' 

The two most widely used of these codes a r e  those of Gold and Heinz (Ref. 2 )  

and Blackburn and Muller (Refs. 3 anf 4). Although extremely usefu l  within 

t h e i r  range of app l i cab i l i t y ,  each of these codes i s  l imi ted  by the  lack of  

prec ise  exploding wire res i s tance  data f o r  many metals. 

a number of applied 

To 

1 2 3 4  

Recently a general  study on the  behavior of metals a t  high temperatures 

using exploding wire techniques has begun t o  y i e ld  r e l a t i v e l y  accurate r e s i s -  

tance p r o f i l e s  f o r  a number of metals. 

provide these data i n  a su i t ab le  format for use i n  computer 

The form chosen is t ha t  o f  a Fortran subroutine ( S U )  requiring o n l y  cur- 

r en t  and time inputs t o  produce a predicted exploding wire r e s i s t ance  as  an 

output. To provide the  grea tes t  f l e x i b i l i t y  t o  t h e  user ,  t h i s  subroutine 

has been combined with a "MIMIC" language main program providing a very 

simple representat ion of the  e l e c t r i c a l  c i r c u i t  d i f f e r e n t i a l  equations. 

It i s  t he  in t en t  of t h i s  repor t  t o  

c i r c u i t  ana lys i s .  

/ \  
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n 
EXPLODING WIRE BEHAVIOR 

Experimental techniques for the measurement of the transient resistance 

behavior of exploding wires have been described elsewhere and will not be dis- 

cussed in detail here. 1y596 Briefly summarized, the resistance data presented 

were obtained using a high current (8000 A maximum) square wave generator 

capable of vaporizing a 0.127 mm diameter ( .005 in) by 6.0 m long wire in 

about 4 microseconds. A simglified diagram of this experimental apparatus 

is shown in Fig. 1 and an example of a typical output waveform is shown in 

Fig. 2. It should be noted that wire voltages are determined using a four- 

terminal technique to minimize effects of contact resistance. To suppress 

early arc breakdown all tests were performed with the wire covered by a thin 

covering of common rubber cement.* 

It has been previously demonstrated that exploding wire resistivity at 

fixed current density may be uniquely specified as a function of either of two 

2 2  2 
parameters, energy density, e = 1/V 

where V, I, R, A, and t are initial wire volume, current history, resistance 

history, initial area and time, respectively. From Fig. 2 the relationship 

between these two parameters is clearly demonstrated in that enera density is 

simply the resistivity-specific action integral. The concept of action is fur- 

ther discussed in Appendix l. It is of importance to note that the above repre- 

sentations for e and g are only approximate; because of rate effects, at very 

high current densities ( j  = - 10 A/cm ) wire resistivity appears to decrease 

I Rdt, or specific action, g = 1/A I dt, 

a 2  

and specific action and energy 

2.  The codes of Ref. 2 and 
;,6 

at wire burst appear to increase with increasing 

Ref. 3 attempt to include this dependency, and 

* 
Best Test paper eement, Union Rubber and Asbestos Company, Trenton, NJ. 
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it i s  hoped t o  ul t imately expand t h i s  study t o  include current densi ty  e f fec ts .  

A t  present ,  however, t he  data  presented here must be considered as those 

7 2 
associated with current dens i t ies  of about 10 A/cm 

dens i t ies  "anomalous" r e s i s t i v i t y  e f f ec t s  may occur. 

spec i f ic  ac t ion  p l o t  shown i n  Fig. 2 i s  t yp ica l  of t h a t  f o r  a number of metals: 

copper, gold and aluminum, fo r  example. A s  indicated i n  the  f igures ,  d i s t i n c t  

(and some not so d i s t i n c t )  regions can be ident i f ied .  

and t h a t  a t  higher current 

The r e s i s t i v i t y  versus 
6 

By comparison t o  published thermodynamic data  and theo re t i ca l  models of 

exploding wire behavior t h e  following regions a r e  evident. 7 

1. Solid heat ing - Simple heating of t h e  metal t o  i t s  melting point .  

The prec ise  determination of t he  end of t h i s  region i s  of ten d i f f i -  

c u l t  t o  estimate from experimental data since no sharp discont inui ty  

associated with t h e  beginning of melting i s  observed. 

2. MeltinK - The wire ex i s t s  as a two-phase mater ia l  of l i qu id  and so l id .  

The end of t h i s  region i s  generally wel l  defined and may be prec ise ly  

iden t i f i ed  f o r  a l l  metals thus far t es ted .  

Heating of t h e  l i q u i d  - Typically a region of l i t t l e  curvature,  i n  

which the  slope may be r e l a t ive ly  large for  such metals as gold and 

3. 

copper o r  approach zero fo r  many re f rac tory  metals. Again, t he  

ac tua l  t r ans i t i on  point from heating of t h e  l i qu id  phase t o  vapor- 

i za t ion  i s  d i f f i c u l t  t o  define and, i n  f ac t ,  evidence ex i s t s  t h a t  

superheating of t he  l i qu id  commonly occurs. 

4. Vaporization - The region i s  characterized by a very rapid increase 

of res is tance associated with a decrease i n  wire cross-section. If 

system voltages a r e  s u f f i c i e n t l y  high, t he  res i s tance  r i s e  i s  t e r -  

minated by an arc breakdown through t h e  wire vapor; 

current  by t h i s  low resis tance a r c  r e s u l t s  i n  a res i s tance  maximum 

often designated t h e  "spike" o r  ''burst'' res is tance.  

6 
shunting of t he  
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5 .  Arc growth - Froperties of t h i s  region a r e  determined by complex 

arc breakdown phenomena and have not been s tudied i n  d e t a i l .  The 

region i s  characterized by a rap id  f a l l  i n  r e s i s t i v i t y  associated 

w i t h  t h e  growth o f  t h e  a rc  channel; r e s i s t i v i t y  i n  t h i s  region 

depends upon both t h e  current p r o f i l e  following burst  and upon ex- 

t e r n a l  confinement.* 

r e l a t i v e l y  constant and external  confinement was minimal consis t ing 

For t he  data presented here the  current was 

simply of a t h i n  coating of rubber cement over t he  wire. 

6 .  Extrapolated res i s tance  - The indicated region i s  simply a continua- 

t i o n  of  t h e  a rc  t o  times exceeding those normally monitored. In  the  

data reported here extrapolated values of r e s i s t i v i t y  a r e  generated 

by t h e  function 

K 
p = -  

2 
g 

where K i s  a constant selected t o  maintain cont inui ty  i n  p. 

A t  present t h e  extrapolation only appl ies  t o  wire explosions under con- 

d i t i ons  of continued current flow and moderate confinement. 

* 
The e f f ec t  of confinement i s  par t i cu la r ly  evident with high d i e l e c t r i c  
s t rength l iqu ids ,  such as t he  3M Company's Flouriner t  Electronic Liquids. 
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EBW1: EXPLODING WIRE C I R C U I T  ANALYSIS CODE 

Experimentally determined r e s i s t i v i t y  versus spec i f ic  ac t ion  and energy 

density p l o t s  f o r  a l l  metals thus far studied are presented i n  Appendix 2. 

It should be noted t h a t  phase t r a n s i t i o n  points  a r e  a l s o  included i n  t h e  

figures. These t r ans i t i on  points  were obtained by inspection of t he  data  t o  

determine t h e  c l ea r ly  defined end of melt t r a n s i t i o n  point  f o r  each metal. 

U t i l i z ing  the  measured energies associated with t h e  iden t i f i ab le  poin ts ,  

t h e  melt t r a n s i t i o n  points  were estimated by subtract ing handbook values of 

l a t e n t  heat. Similarly,  t h e  vaporization t r ans i t i on  poin ts  were estimated 

by adding the  computed energy t o  heat  t he  wire t o  vaporization temperature, 

i . e . ,  e = l i q u i d  spec i f ic  heat t i m e s  t he  difference i n  vaporization and mel- 

t i n g  temperature. Final ly ,  the  a rc  (burs t )  t r ans i t i on  was found by simple 

inspection of t h e  data.  

The general  s t ruc ture  of t he  computer code EBWl i s  indicated i n  Fig. 3. 

A s  indicated,  a l l  r e s i s t i v i t y  versus spec i f ic  act ion data a r e  contained i n  

subroutine SR1. A complete l i s t i n g  of SR1 i s  presented i n  Appendix 3. 

By inspection, S R 1  can be seen t o  be primarily an array of m e t a l  resis- 

4 
t i v i t i e s  (micro-ohm cm) versus spec i f ic  ac t ion  (amp2 sec/mm ). Subroutine 

S R 1  computes the t o t a l  spec i f ic  ac t ion  input i n t o  an exploding wire, based 

upon current and time input information f’rom the  main program, and deter- 

mines from the  tabulated data t h e  associated instantaneous wire res i s tance  t o  

be returned. Since storage requirements fo r  t h e  wire data present ly  ava i l -  

able  a r e  not prohibi t ively la rge ,  simple tabulat ion i s  possible.  For t he  f’uture, 

however, it i s  c lea r  t h a t  t h e  data bank could become excessively la rge ,  par- 

t i c u l a r l y  i n  the  case of describing r e s i s t i v i t y  as a function of both ac t ion  

and current  density,  and compaction of t he  data t ab l e  w i l l  be required. 
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Existing sp l ine  f i t t i n g  rout ines  with knot placement a t  t h e  t r a n s i t i o n  points  

seem w e l l  su i ted  fo r  t h i s  purpose, and w i l l  be considered when time permits. 

A summary l i s t  of a l l  metals t e s t ed  i s  presented i n  Table 1. Included 

i n  t h e  t a b l e  a r e  t h e  t r a n s i t i o n  point  values for t h e  exploding wire data, which 

are compared t o  l i t e r a t u r e  values of these parameters i n  Table 2. 

spec i f ica t ions ,  i . e . ,  wire diameter and pur i ty ,  were assumed t o  bethose s t a t ed  

A l l  metal 

by t h e  suppl ier ;  a l i s t i n g  of these parameters i s  given i n  Table 3. A s  can 

be seen agreement i s  generally good; however, fo r  a few metals, pr imari ly  

those with a low melting and vaporization temperature, major differences a r e  

indicated.  For these low temperature metals heating r a t e  e f f ec t s  appear t o  

be large even a t  moderate current dens i t ies .  

exhib i t  burst energies below the  handbook value of vaporization energy. 

The majority of metals, however, 

This 

r e s u l t  i s  t o  be expected s ince not a l l  of the  wire i s  vaporized a t  t he  time 

of a r c  breakdown. It should be noted t h a t  t e s t s  reported here were done t o  

survey t h e  complete res i s tance  p r o f i l e ,  covering a range of  several  orders of 

magnitude. Considerably greater  resolut ion i s  possible  i f  t e s t i n g  i s  r e s t r i c -  

t ed  t o  a more l imited range such as ear ly  time so l id  and l i q u i d  behavior. 

Q 
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CIRCUIT DEFINITION 

0 

Although i n  pr inc ip l e  any main program capable of describing the  elec-  

t r i c  c i r c u i t  equations and c a l l i n g  subroutine SR1 could be u t i l i z e d  t o  describe 

exploding wire systems, a ”MIMIC” langmge descr ipt ion has been found t o  be 

p a r t i c u l a r l y  advantageous. 

consider t h e  case of a capaci tor  discharge system. 

c u i t  equation i s  

8 
A s  an example of t he  s impl ic i ty  of programming, 

For t h i s  example the  c i r -  

d I  

d t  W 
L - + I ( R + R  ) + $ I d t  = 0 

where, as indicated i n  Fig. 4, R ,  L, and C a r e  system res i s tance ,  inductance 

and capacitance, R 

t i s  time. 

and I a r e  instantaneous wire res i s tance  and cur ren t ,  and 
W 

A MIMIC descr ipt ion of t h i s  c i r c u i t  i s  presented i n  Appendix 4. Also 

indicated i n  the  Appendix a r e  the  required c i r c u i t  parameter data cards and 

t h e  s ing le  data input card required by subroutine SR1 t o  i d e n t i f y  the explo- 

ding wire metal and dimensions. 

SR1 and SR2 (a  p l o t t i n g  f i l e )  from permanent f i l e  are also l isted.  

Control cards required t o  a t t ach  subroutines 

F ina l ly ,  tabular and graphic output r e su l t i ng  from the program f o r  parameter 

values t y p i c a l  of EEIW detonator systems ( L  = 0.1 wH, C = 1.0 uF, R = 0.1 fi, 

Vo = 1000 v o l t s ,  l.wl diameter by b m i l  long gold wire) a r e  shown. The 

e f f e c t  of t h e  exploding wire res i s tance  spike upon the  normal damped s inusoidal  

current  waveform of a capaci t ive discharge i s  c l e a r l y  indicated.  

With regard t o  EE3W detonator s tud ies  it should be reca l led  t h a t  t he  50% 

f i r i n g  threshold can be predicted using t h e  threshold burst  current  equatior 3,10 

11 



where d and L a r e  wire diemeter and length and S E  and 6 a re  explosive specif ic  

surface and density. 

and the  theo re t i ca l  minimum predicted from Eq. 2 a r e  included i n  the  tabular 

Computer threshold burst currents  (Ibth) for  the  ac tua l  

pr in tout  shown i n  Table 3. By comparison of these threshold values t o  the  

predicted burst  current ,  it can be seen t h a t  the  c i r c u i t  considered should, 

as i s  observed, i n i t i a t e  an EBW detonator. 

I 
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SUMMARY 

It has been the purpose of this report to describe a versatile and flex- 

ible computer code developed for analyzing the behavior of electrical cir- 

cuits containing exploding wire elements. 

subroutine S R 1 )  satisfies this requirement by combining the experimental 

results contained in an exploding wire study of 23 metals with a MIMIC lan- 

guage electrical circuit description. Although not described here, the code 

has also been found to be extremely useful in a complementary problem of 

predicting the transient resistance of metals carrying high surge currents. 

At present the data reported here cover only one current density, - 10 
Some differences in wire behavior may be encountered at current densities 

greatly in excess to those used, It is to be hoped that f'uture studies w i l l  

be able to remove this limitation. 

The code presented here ( E B W 1  and 

7 2 
A/cm . 
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TABLE 1: EXPLODING WIRE DETERMINATION OF METAL PARAMETERS 

M e l t  Beginning Vapor Beginning B u r s t  Melting End q 
17300 , 

65776 

83157 

112290 

Metal P 

pn-cm 

18.9 

23.1 

26.0 

15.9 

89.6 

79.6 

123.6 

70.8 

76.1 

120.9 

116.1 

34.1 

P 

47- cm 

P 

WR-cm 

26.3 

49.3 

96.2 

125.8 

69.8 

84.4 

120.7 

41.5 

27.3 

83.4 

g 

A sec 
2 

4 

8049 

mm 

25238 

61682 

42816 

14701 

17233 

12806 

16187 

33617 

12286 

4550 

30582 

3043 

3034 

166 

685 

1283 

24270 

1727 

e 

J/@ 

663 

189 

356 

347 

974 

1200 

555 

824 

1777 

637 

125 

1021 

e 

J/@ 

459 

623 

124 

245 

235 

674 

910 

393 

613 

L45C 

495 

71 

49 

1075 

577 

816 

605 

37 

161 

40 

g 

A sec 
2 

4 
mm 

94228 

32035 

50180 

71771 

17979 

21156 

19583 

37597 

13971 

27831 

6348 

14681 

2870 

33451 

3999 

4163 

435 

1020 

1674 

14484 

7582 

13391 

e 

J/m 

1409 

2981 

472 

710 

656 

1812 

2295 

933 

1384 

2415 

g 

A sec 
2 

rc 

124008 

48 561 

mm 

64950 

90132 

24979 

30173 

21568 

25979 

46139 

17189 

34175 

9169 

8023 

43350 

6267 

7074 

1550 

1730 

Copper 

Aluminum 

Gold 

S i lve r  

Platinum 

Nickel 

I ron  

Palladium 

Rhodium 

Vanadium 

Tungsten 

Cadmium 

Tin 

Molybdenum 

Zirconium 

Titanium 

Bismuth 

Scandium 

Lead 

Zinc 

Uranium 

' 70Au-30Pt 

1-77 

2.82 

2.44 

1.59 

7.8 

10.0 

10.0 

11.0 

4.8 

5.6 

7.54 

11.5 

5.7 

22 

44 

41 

120 

63 

22 

5.8 

28. 

30.8 

~ 

9.9 

11.2 

12.1 

8.6 

61.1 

59.2 

119.2 

47.0 

60.4 

116.3 

90.3 

19.6 

27.6 

85.8 

156.0 

353.1 

325 3 

48.7 

16.0 

96.6 

147.1 

42.9 

48947 

56007 

36105 

51366 

73983 

42786 

75081 

18049 

12447 

73952 

16655 

19261 

123.6 , io42 

100.7 ' 632 

93.6 : 2281 

159.1 ; 1355 

3-58 2255 

196.3 286 

37.5 , 242 

312.8 1750 

139.4 ' 254 

29.4 497 

50.7 107 

93.1 11328 
I 

158.1 , 801 

163.5 1218 

144.9 93 

336.5 , 977 

90.7 60 

,920 760 2654 

790 5074 4194 

3587 11385 1083 5980 

19990. 925 4472 38945 11260 ' 31.6 . 263 

298 : 6551 . 98.4 351 

187 10387 64.4 265 

100.9 

75.9 

14011 353 2410 34701 
681 I 
561 ! 21572' 987 2400 42689 

*Handbook of Chemistry and Physics 9 48th ed* 



TABLE 2: COMPARISON OF EXPLODING WIN TO HANDBOOK P W T E R S  

Melt Begin 
i 
/Handbook* I Measured 

I 
Metal 

J/@ ' I J/@ 
I 

Copper 

, Aluminum 

Gold 

I Si lver  

I Platinum 

, Nickel 

I ron 

Palladium 

I 

I 

' Rhodium 

Vanadium 

Tungsten 

Cadmium 

Tin 

Molybdenum 

Zirconium 

Titaniun 

Bismuth 

Scandium 

Lead 

Zinc 

Uranium 

7 0 ~ ~ -  30pt 

I 463 

j 663 

' 147 

: 245 

i 273 

807 

1059 

436 

639 

5 58 

73 

51 

850 

784 

1147 

33 

753 

41 

16 5 

1202 

206 

459 

623 

124 

245 

235 

674 

910 

393 

613 

445 

71 

49 

1075 

577 
816 

605 

37 

161 

298 

18 7 

1450 

41 

$ Diff 

- 09 
- 6.0 
-15.6 

0. 

-13 9 

-16.5 

-14.1 

- 9.9 
- 4.1 
+20.6 

-20.2 

- 2.7 
- 3.9 
+27.6 

-26.4 

-28.9 

+24.2 

-19 7 

- 9.8 
- 2.4 
+44.7 

~ 

B u r s t  I 

Handbook7 Measured i I % D i f f  j 

5217 

10083 

1861 

2627 

2601 

6762 

6844 

3653 

5605 

9847 

4539 

947 

2535 

6636 

9774 

1000 

8646 

912 

192 5 

5728 

' 5909 

9782 

1897 

342 5 

2260 

5492 

5613 
3466 

4193 

8715 

3936 

2491 

2233 

56 33 
48 90 

7460 

760 

5074 

ic.83 

4472 

2410 

, 2400 

j + 13.3 

- 3.0 

+ 1.9, 

L 

+ 30.4, 

- 13.1 
' - 18.8 

- 18.0 
- 5.1 

- 25.2 
- 11.5 
- 13.3 
+163.0 

- 11.9 
- 15.1 
- 14.6 

- 23.7 
- 24.0 
- 41.3 
-c 18.7 

+132*3 ~ 

* 
Thermophysical Properties of H i g h  temperature Solid Materials,  Y. S. Touloukin, 
ed. , Macmillan Co. , NX (1967). 
Contributions t o  the  Data on Theoretical  Metallurgy, X. High-Temperature Heat- 
Content, Heat-Capacity and Entropy Data for  Inorganic Compounds, K. K. Kelley, 
Bureau of Mines Bullet in  476, 1949. 

Contributions t o  the  Data on Theoretical  Metallurgy, 111. The Free Energies of 
Vaporization of Inorganic Substances, K. K.  Kelley, Bureau of Mines Bullet in ,  

Introduction t o  Sol id  S ta t e  Physics, 2nd Edition, C .  K i t t e l ,  p. 99, Table 4.3, 
Cohesive Energy of Metals, John Wiley and Sons, NY, 1960. 

* . 

-ex- 

383 , 1935 
-ex- 
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TABU 3: METALS SPECIFICATIONS 

. 

Metal 
Material 

C opp er 

Aluminum 

Gold 

Silver 

Platinum 

Nickel 

Iron 

Palladium 

Rhodium 

Vanadium 

Tungsten 

Cadmium 

Tin 

Molybdenum 

Zirconium 

Titanium 

Bismuth 

Scandium 

Lead 

Zinc 

Uranium 

70 AU-30 pt 

Diameter 
Mils 

4 

5 

5 

5 

5 

5 

6 

5 

5 

5 

5 

6 

7 

4 

5 

5 

6 

10 

10 

8 

5 

5 

Purity 

% 

99 95 

99 95 

99 99 

99 99 

99 99 

99.90 

99- 90 

99 9 90 

99 90 

99 99 

99 9 90 

99 35 

99.90 

99 90 

99 9 99 

99 9 99 

99 90 

99 9 90 

99 90 

99.90 
----- 
----- 

Manufacturing 
Source 

Sigmund Cohn Corp. 

Permaluster, Inc . 
Sigmund Cohn Corp. 

Sigmund Cohn Corp. 

Engelhard Industries 

Permaluster, Inc. 

Sigmund Cohn COT. 

ESngelhard Industries 

Engelhard Industries 

Leico Industries 

General Electric 

Leico Industries 

Leico Industries 

General Electric 

Leico Industries 

Leico Industries 

Engelhard Industries 

Leico Industries 

Leico Industries 

Leico Industries 

* 
Sigmund Cohn Corp. 

Sigmund Cohn Corp., 1 2 1  So. Columbus Ave., Mt. Vernon, NY 10553 

Permaluster, Inc., 1844 No. Keystone, Burbank, CA 

Rlgelhard Industries, 113 Astor St., Newark, NJ 

Leico Industries, 250 W. 57 St., New York, NY 10019 

General Electric Co., 200 W. Broadway, Dover, OH 

91504 

07114 

44622 

* 
Obtained *om LASL. Unknown purity and manufacturer. 



EXPLODING BRIDGE WIRE STUDIES 
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APPENDIX 1 

Theoret ical  Model of Exploding Wire Behavior 
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n 
APPENDIX 1: 

Theoretical  Model of Exploding Wire Behavior 

To i l l u s t r a t e  general cha rac t e r i s t i c s  of exploding wire res i s tance  be- 

havior consider a simplif icat ion of t he  quas i - s ta t ic  t heo re t i ca l  model developed 

i n  Ref. 7. 

processes, heating of a given phase and change of phase. 

Assume res i s tance  change can be described i n  terms of two basic  

From conservation of energy the  heating process i s  described by 

( . jA)2 9 d t  = CMdT (1) 

wherej  , A, p,  &, and t a r e  current density,  wire area,  r e s i s t i v i t y ,  length,  

and time and C y  M, and 7 a r e  wire spec i f ic  heat,mass and temperature. Rewriting 

Eq. 1 and in tegra t ing  

g = j 2 d t  = C 6  J’ p d7 

where 6 i s  themass densi ty  of the  metal. 

Assume the  r e s i s t i v i t y  i s  l i n e a r l y  dependent upon temperature, i . e . ,  

p = p i ( l  + ad (3) 

and thus 

dp = p.ad7. 
1 

Subst i tut ing Eq. 4 i n t o  Eq. 2 and in tegra t ing  

and 
Pia - 
Cd 

p = p.e 
1 

(4) 

Now note t h e  limit of Eq. 5 i s  

24 



where g- and p 

or  vaporization points.  

a r e  t h e  end points  of t he  heat ing phase, i . e . ,  the  melting 
IlBX 

Subst i tut ion of Eq. 7 i n  Eq. 6 yie lds  

To first  approximation then,for  heating of a single  phase, wire r e s i s t i v i t y  

var ies  exponentially with spec i f ic  act ion.  

upon spec i f i c  energy E = E/V follows d i r e c t l y  from t he  re la t ionship  

The dependence of r e s i s t i v i t y  

e = pdg . (9) 

F r o m E q .  (5)  

Subs t i tu t ing  Eq. 10 i n t o  Eq. 9 and in tegra t ing  

or 

and, as might be expected, r e s i s t i v i t y  var ies  l i n e a r l y  with spec i f ic  energy- 

For phase change processes energy conservation yields  

2 2 dM 
G EgA = J I d t  = H J R 

where H = l a t e n t  heat .  Assume a r a d i a l  melting mode so t h a t  

R1R2 R =  R + R2 
1 

25 



where R and R 
1 2 

are the resistances of phase 1 and phase 2 material respectively. 

From Eq.  14 it follows that 

where p1 A are resistivities and areas of phases 1 and 2 and 
2 

A is the initial area, i.e., A = A1 + A2. 

By substitution of Eq.  15 into Eq. 13 and simplifying it can be shown 

that 

and 

and thus 

Solving Eq. 16 for R 

p 1  p 2  .e 
R =  , 

or  

p 1  p2 
n =  

Combining E q s .  18 and 20 

26 



I gmax ’ 
o < g <  

P 1  

2 2  
o =  

For most metals p2 i s  t y p i c a l l y  grea te r  than p 

cave upwards. 

t he  metal vapor i s  very l a rge ,  Eq. 2 1  becomes 

and t h e  p vs g curve i s  con- 
1 

If it i s  assumed t h a t ,  p r i o r  t o  arcing,  t he  r e s i s t i v i t y  of 

and from the  re la t ionship  e = pdg it follows 

For phase change processes the  r e s i s t i v i t y  versus spec i f i c  energy re- 

l a t ionship  can be shown t o  be 

Pl 

again a function concave upwards. 

Final ly ,  two addi t iona l  equations pred ic t ing  limits f o r  vaporization 

a r e  of value. From Eq. 22 

where 

27 



and from Eq. 23 

Thus 

n 

e = e  + e  
t o t a l  v max 

28 



APPENDIX 2 

Metal Res i s t iv i ty  kpcm versus Specif ic  Action (amp 2 sec/mm 4 ) 

and Energy Density (joules/gram) 

, 
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1 0 5  89€+O 3 

- . i l L 7 f i f O J  
. 1 1 7 9 1 € + 0 3  

12356EtO.3 
1 2 6  0 OF+O 3 

. 126b9€+03  
1 2 8  4¶E+ 0 3 

U Q 8 2 f : t O J  
13902E+ 0 3 

1 5 2  7 2E+ 03 
,15558€+03 

.16871E+03 

.1834¶€+03  
12 03-1 O€? 0 3 -  
.2476¶€+0 3 
o 4 3 5 4 4 E t 0 3  
o53447Et0.3 
.50766E+03 

3 2 0 4 2 E t 0 3  
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Mk4-0 3 
004410 
004414 
004420 

0 04425 
0 044 31 
00$4 36 
0 0 4 4 4 2  
004447 
004453 
004460 
004464 
004471 
004475 
004502 
0 0 4 5 0 6  

OQ45 1 3  
004517 

llIL!k52% 
004530 
0045 35 
004541 
004546 
0 04552  

004567 A t 1 1 9  1 ) = ~ o O O O O O ~ t O O $ A ( l l ~  2)= o60656F+03$A(l l .  3 ) =  o19606EtO4 
004573 A (11, 4)= .43822E+OC$A(ll ,  5) = .70028E+04$A(l l ,  6 ) =  . 9 1 0 2 B E + O C  
004577 A t 1 1 9  7 ) =  o 1 0 8 9 9 E t 0 5 $ A ( l i .  8 ) =  .12346C+05$All l .  9 ) =  o13641C+O5 

004604 A t 1 1 9  l o ) =  o 1 4 8 5 9 E t 0 5 ~ A ( l l ~  i l l =  o l 6 1 4 3 E + 0 5 $ A ( l l ,  1 2 ) =  o17395E+05 

A ( 1 I . r  1 3 ) ~  o 1 8 6 4 l E * 0 5 $ A ( l l ~  1 4 ) = ~ ~ 0 2 3 6 € + 0 5 % A ( l l ,  1 5 ) =  0 2 1 3 _ 0 & 5 t 0 5  - ~ -  004610 
004615 A (11, 16)= * 2 2 6 6 2 E t 0 5 ~ A ( l l ,  1 7 ) =  o 2 4 0 1 3 E + 0 5 $ A ( l l *  1 8 ) ~  o24914Et05  

004521 A ( 1 1 ,  1 3 ) =  o 2 6 1 7 R E t 0 5 $ A ( l l ~  2 0 ) =  o 2 7 l B l E + 0 5 $ A ( l l ~  2 1 ) ~  o27929E+05 

004626 A l i i .  2 2 ) ~  o 2 9 0 1 3 € + 0 5 $ A ( l l ~  2 3 ) ~  o 3 0 8 1 5 E + 0 5 $ A l l l ~  2 4 ) ~  o32639Et05 

004632 A ( 1 l . r  2 5 ) ~  o32954E+05$A-((ll, 2 6 ) ~  m35450E+05$A(llp 2 7 ) =  .36608E+05 

004637 4 (11, 26) = .3845BEt05$A (11, 2 9 )  = 040463E+05$A (11, 30)  = .43431€+05 

0 0465 0 A ( 1 1 ,  3 4 ) =  .52430€+05$A(l l ,  3 5 )  = ~ 5 4 1 8 9 E + 0 5 6 A ( l l ~  3 6 ) =  .56502E+05 
004643 A ( 11. 31 1 = 45662E+05$A t 11. 32) = 48334Et 0 5  S A  (1  1. 3 3 )  = 0 4 9 R 9 2 E + 0 5  - 

004654 A(11, 3 7 ) =  o 5 7 8 1 2 E t O 5 $ A ( l l ~  3 8 ) ~  0 5 9 8 2 l E + 0 5 $ A ( l l s  39): .61423E+05 
0 04661 A t 1 1 9  4 0 ) ~  o62518E+05$A(l l ,  4 1 ) ~  064245E+O53A(l l ,  4 2 ) ~  o65935Et05 

004665 A (-11, 4 3 ) =  ~6732_6t+05$A(l l_ .  -44) = - 6 8 3 7 9 E + 0 5 $ A ( l l .  4 5 ) =  o69426E+05 

004672 b (11* 4 6 ) ~  ~ 7 0 9 7 l E t 0 5 $ A ( l l r  4 7 ) =  072539EtO5$A(l l .  49)= o73572Et05  

O O l ? _ T O ?  

409724 
004714 

004723 
- 004730 --- 

004734 
0 0474 1- 
004745 
004752 
004756 

o7973+E+05SA(lJl,_ 5 6  
m83209E+05tA(l l .  5 9  

9 ! + 9 1 O E * 0 5 $ A ( l l ~  62 
.12000Et020B(l l .  2 
o l 4 3 4 9 E t 0 2 $ 8 ( 1 1 s  5 
* 2 3 9 5 1 € + 0 2 & B ( l l r  8 

3552O_E+OZ$B( ll,-_ll 
a 5 2 2 5 9 E + 0 2 $ B ( l l ,  1 4  
m 77030E>02$B(l l9  17 

1 0 5 0 3 E + 0 3 $ B ( l l r  2 0  

8 8 0 6 E - t O J  
-8854 9 E + 0 5  

. o o o o o c + o o  
o12325E+O2 
- 020466€-_+02. _- 

31456Et02 
~ o45819ff02 

6773 3E t 0 2 
o95758E+02 
. 1 i 6 ~ O i t o 3  

004763 B ( l l r  2 2 ) ~  o12077E+03$B(l l ,  2 3 ) ~  m12424E+03$B(l l ,  2 4 ) ~  o12682Et03  
004767 B ( 1 1 ,  25)= . 1 2 7 7 7 E t 0 3 $ E ( l l r  2 6 ) =  .13218E+03S8(11,  2 7 ) =  .12924E+03 
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n 
0 0 5 3 7 5  
0 0 5 4 0 2  
-00540;i 
0 0 5 4 1 1  
0 0 5 4 1 6  
0 0 5 4 2 2  

0 0 5 4 2 7  
0135433 

005440 
0 0 5 4 4 4  
0 0 5 4 5 1  
0 0 5 4 5 5  
0 0 5 4 6 2  
0 0 5 4 6 6  
0 0 5 4 7 3  
0 0 5 4 7 7  
0 0 5 5 0 4  
0 0 5 5 1 0  
005515 
0 0 5 5 2 1  
0 3 5 5 2 6  

0 055 32 
0055 37 
005543 
005550 
005554 
0.05-557 - - 
0 0 5 5 6 4  
0 0 5 5 7 0  
0 0 5 5 7 5  
0 0 5 6 0 1  
0 0 5 6 0 6  

0 0 5 6 1 7  
0 0 5 6 2  3 

0 0 5 6 3 0  
0 0 5 6 3 4  
0 0 5 6 4 1  
Or15h45 
0 0 5 6 5 2  
0 0 5 6 5 6  
0 0 5 6 6 3  

0 0 5 6 7 4  

- 005700 
0 0 5 7 0 5  
0 0 5 7 1 1  
0 0 5 7 1 6  

0 0 5 7 2 2  
0 0 5 7 2 6  

0 0 5 7 3 1  --- - 
0 0 5 7 3 5  
0 0 5 7 4 1  
0 0 5 7 4 6  
0 0 5 7 5 2  
0 0 5 7 5 7  
0 0 5 7 6 3  
0 0 5 7 7 0  

445 612 - __ 

0 0 5 6 6 7  

62 

6 3 ) ~  0 1 5 4 0 6 E t O 3  
6 6 ) ~  .13016E+03 

6 9 ) =  o 1 1 6 8 6 E t 0 3  
7 2 ) =  0 0 0 0 0 E + 0 0  

3 ) ~  .21422EfO4 
6 ) =  ,83178€+04 

.. 
9) = .1429.3€+05 

12)= o 1 9 7 7 3 E t 0 5  
15)5-.25460Et 05 
1 8 ) =  .28636E+05 
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0 9 7 4 0 5  
0 0 7 4 1 2  
0 0 7 4 1 6  
0 0 7 4 2 5  
037427  
007434  

007440  

0 0 7 4 5 1  
0 13 7 4 5 4  
0 0 7 4 6 1  
007465  

0 0 7 4 7 2  
0 0 7 4 7 5  
00750.3 
007507  
007514  
0 0 7 5 2 0  

0 0 7 5 2 5  
0075  3 1  
007536  . 
0 07542  
0 0 7 5 4 7  
0 0 7 5 5 3  
007560  
0 0 7 5 6 4  
.-- 0 0 7 5 7 1 -  . .- - - - 

0 0 7 4 4 4  

e 1 2 7 4 l k + O 4  
o 1 7 6 8 8 E t O 4  

1 7 5 2 6 L t  0 4  
.71391E+03 
.36626E+03 
.19339E+03 

100 .53Et03  
7 4 8  1 9 E t  02 

t t L 5 7 F + O 3  
.3371RE+03 
.49659€+03 
. 6 6 6 5 9 E t 0  5 

- 8 3 6 1 3 E t 0 3  
.11651E+04 
. 15115€+04  
o 2 0 2 9 9 L t 0 4  

25678E+ 04  
o 2 9 3 6 6 E t 0 4  

31547EtO4  
o 3 3 4 7 4 E t 0 4  

3.5 Q G 9 F: + 0 ’+ 
o3666 t jE tOb  
0 384UbEt01, 

3 9 7 8 6 E t O 4  
.40741E+04  
0 4 2 4 1 3 E t O 4  

dLL3F-E + 09 - . 
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~~ 0 100 I 1  
0 1 0 0 1 4  

L 

0 1 0 0 2 1 ~  - 
0 1 0 0 2 5  

0 1 0 1 3 1  

- -  0 1 0 1 4 1  

o i  o i 3 4  

0 1 0 1 4 5  

0 1  0 2 0 5  
0 1 0 2 1 1  
01 o ? l r ,  
o l o z z i  

--- 

0 1 0 2 2 7  -~ 

01023.5  
0 1  0 2 4 0  

0 1 0 2 4 4  
0 1 0 2 5 1  _ 
oi 02 5 t i  

01 026  1 
0 1 0 2 6 5  
- 

0 1  0 7 7 0  
0 1 0 3 7 5  

0 1 0 4 0 1  

- ~ _ _ _  . _ .- . - . -.. 

01 0 4 0% 
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0 1 1 3 7 1  3 0 L=-- 5 1 0 4 - 5 9 c t j  3 
011375 B ( 2 5 r  3 1 ) ~  1 1 0 5 7 E + 0 3 $ 0 ( 2 5 ,  3 2 ) s  o 1 1 6 2 7 E + 0 3 $ 8 ( 2 5 9  3 3 ) ~  o t 2 1 4 1 E t 0 3  

d ( 25 9 28 ) = 9 5 7 1 6 E t  0 2 8 8  ( 2  5 r 2 9 1 = 994 55E+ 0 Z$B ( 2 5 9 



011442 
0 1 1 4 0 6  
0 1 1 4 1  3 -_ B(25.  40  ) =  018230€+03SB (25. 4 I ) =  - 2 1 4 4 5  E t 0 3 % 8 ( 2 5 .  4 a=--.-? 5 63 BE + 0 3 
0 1 1 4 1 7  8 ( 2 5 *  4 3 ) =  .30012E+03$8(25.  4 4 ) =  . 3 1 2 9 7 € + 0 3 3 B ( 2 5 ~  4 5 ) =  o 4 1 4 7 5 t t 0 3  

-D11-4Zk- - --2(25,46)= *53387E+03SB(25 .  4 7 ) =  .76577E+03%B_c_ZZ,_48!= . 88448E+O3 
0 1 1 4 3 0  d ( 2 5 r  49) = 93944E*03$B(25e  5 0 ) =  ~ 9 7 1 1 8 E + 0 3 $ B ( 2 5 ~  5 1 ) =  .98738E+OJ 

U 1 4 3 5  _ _ B 1 2 f i L 5 2 )  i r98749E20388(25*  53)_= r97813E*93%8. (25r  5 4 ) ~  9 9 6 3 6 7 E t 0 3  
0 1 1 4 4 1  B(25. 5 5 ) =  m94162E+O3$f3(25r 5 6 ) ~  .89267€+03$8(25 ,  5 7 ) ~  0 7 9 3 7 2 E t 0 3  
01144cj__-- ______ B(25 .  5 8 ) = _ _ . 6 5 4 3 5 E + 0 3 $ 8 _ ( 2 5 _ ~ _ 5 9 )  5 .51537€>03$B(25r  6 0 ) ~  . 4 j 9 0 3 E t 0 3  
0 1  1 4 5 2  B(25. 6 1 ) ~  35634E+03$8(25.  6 2 ) ~  . 2 9 0 4 7 E + 0 3 $ 8 ( 2 5 *  6 3 ) ~  m25657Et03  

- 0-1 1 4 5 7 8 (252 6 4 ) = _ .  2243OEt03PB ( 2 5 9  6 5 )  = .I 20641E+03$B (25, b 6 ) =  1 8 1 3 3 E t 0 3  
0 1 1 4 6 3  8(25. 6 7 )  = . 1 7 1 2 2 E t 0 3 $ B ( 2 5 *  6 8 ) =  . 15142Et03$B(25 ,  69)=  . 1 2 8 4 7 E t 0 3  

0 1 1 4 7 4  B ( 2 5 .  7 3 ) =  .92563E+02$8(25,  7 4 ) =  . 8 0 8 3 4 E t 0 2 $ 8 ( 2 5 .  7 5 ) =  . 7 1 2 5 2 F t 0 2  
011470 B ( 2 5 9  T O ) =  o l l 3 7 2 € + 0 3 $ 8 ( _ 2 5 r  L1J= 0 1 0 3 9 4 E + 0 3 S _ B ( 2 5 ~ 7 2 _ ) =  .98915€+02  

0 1 1 5 0 1  B ( 2 5 r  7 6 ) ~  . 6 5 0 8 6 E + 0 2 8 q ( 2 5 r  77): ~ 6 1 7 7 2 E + 0 2 $ 8 ( 2 5 r  7 8 ) ~  .56112€+02  
0 1 1 5  05 8 (25 .  79) = . 5 5 1 6 9 E + 0 2 % B ( 2 5 r  8 O ) =  .55641E+02$B(25.  8 1 ) ~  . 52812€+02  
- 0 1 1 5 1 2  - _ _  B ( 2 5 ~  ai?)= 550433_E+-0_2&8(25r 8 3 ) =  ~OOOOOE+OO$B(25~  8 4 ) =  .00000E+00  

0 1 1 5 1 6  RE AD 1 0  9 SHOT 9 DATE 9 WLCI WAC. HETAL HE 9 DENS. SP 

- 0 1 1 5 4 1  
011543  

0 1 1 5 5 5  NSHOT=SHOT 
0 1 1 5 5 6  
011561 IF ( S P . L E .  0.1 GO T O  113 
0 1 1 5 6 4  

W_L= W LC / 2 5 . 4* 1 0 00 . 
WD= SQ9T ( 4 .  * W  AC/3.14/25.4+* 2*1. E t  6 )  

0 115_52-- 1 0  FORHAT (F10 0 t A 1 0  r2F lO .  3 r  2AlOrZF10.~3_L - - __ - -- - - _. - 

T T H = 1 T L =- 0 . 
T T  !j= W &/ ljL ''0-5 L ( 85 0 0 + 3 5-0 5 ( WL W D4 SP* 0 0 1- 1 2  0 1 ** 2 

l /(WL*WD+SP*. 0 0 1 ) * + 1 . 5 ) / ( 1 . 8 8 - ~ E N S ) * * 3  

- 0 1 1 6 0 6  TTL=W D/WL * * *  5 * 8 5  0 . 1  ( 1. BB-DENS) * *  3 - __ - _ _ _  

0 1 1 6 1 5  1 1 3  C O N T I N U E  

0 1 1 6 1 7  IF ( Y E T  AL. NEI-I o YCOPPE R ) G O  T O  1 0 0 2  
_ _  0 1 1 6 1 5  Y = J J = O  

0 1 1 6 2 1  M = l  $NA=96 $WDEU= 8.96 $FACT= 2.23656+12 
0 1 1 6 2 6  T R 2 =  8 0 4 9 2 .  $TY3= 94228. $TR4=124008. 6TR5=173000. $TQ6=223550.  
0 1 1 6 3 6  1 0 0 2  X,F(METAL.NEo lO+lALUHI-NUH_ )GO T O  1 0 0 3 - -  _ - - - - __ _ _  . . - 

0 1 1 6 4 0  M=2 SNA=9 0 $WDEY= 2.699 &FACT= .5360E+12 

0 1 1 6 5 5  1 0 0 3  IF(METAL.VF.lOHGOL3 )GO T O  1 0 0 4  
0 1 1 6 5 7  H= 3 bNA=82 $WD€N=19.32 &FACT= .7313€+12  

0 1 1 6 4 5  TR2= 25238. % T R 3 =  32035. $TR4= 48561. %TR5= 65776. $ 1 9 6 -  92614. 

011664  T32= 42816.  bT?3=  53180. $TR4= 64950. &TR5= 83157. $TR6= '33014. 
0 1 1 6 7 4  1 0 0 4  I F  (METALONE. 1OYSILVER )GO T 0 - 1 0 0 5 - - _ _  - -  __--- --- - -__I_.__. 
0 1 1 6 7 6  M=4 BNA=77 $WO E N = l O .  5 0 $FACT= 90 3 6E t 1 2  
011703  TR2-z 61682. $TR3= 72771. $TRC= 90132.  6TK5=112290. $TR6=137970. 
0 1 1 7 1 3  1 0 0 5  IF(YETAL.NE. lO~PLATINUM )GO T O  1006 
011715  Y = 5  bN4=82 $WDEN=21.45 $FACT= . 3 7 5 3 E t 1 2  
0 1 1 7 2 2  TR2= 14701.  $T23= 17979. $TR4= 24979.  f T P S =  48947. $ T R 6 =  9 3 0 0 0 .  

-- 0 1 1 7 3 2  1 0 0 6 I F ( Y E T A L . N E .  1OH_N_LCr<_E_I ___ I C 0  T O  1 0 0 7  __ - 

0 1 1 7 3 4  M= 6 $NA=98 $r(DEN= 8.902 $FACT= . 5 2 6 5 E t 1 2  

0 1 1 7 5 1  1 0 0 7  IF(YETAL.NF. 1 0 1 4 1 P O Y  )GO T O  1008 
0 1 1 7 4 1  T R 2 =  1 7 2 3 3 .  $ T 2 3 =  21156. $ T R 4 =  30173. 5TR5= 56007 .  ) T R S =  91900. 

0 11 753 M= 7 3 N A = 3 5  $ W D E V =  7.874 &FACT= . 1 7 1 7 E * i Z  
011760  T R 2 =  12806 .  LT33=  14581. & T R S =  21568. $ T a g =  36105. $ T R 6 =  44837. 

QIt773___ 1 0 0 9  IF (YETAL*NE.  10HPALLAQIYY / G O _ I O _ L 0 0 9  - 

011772  Y =  8 $NA=68 $ W D f N = l Z . O Z  $FACT= .3286Et12  

0 1 2 0 0 7  1 0 0 9  IF(YETAL.NE. I O t i R H O D I U H  )GO T O  1 0 1 0  
011777  TU?.= 16 /87 .  $ T K 3 =  19583. $ T R 4 =  25979.  $TQ5= 51366. $TR6= 92741. 

O t Z O l l  M= 9 $N4=73 $WDEY=12.41 $ F A C T =  . ~ 0 1 7 E + 1 2  

0 1 2 0 1 5  TR2= 33617. $TR3= 37597. S T R C =  66139.  6TR5= 73953. $T9b= 93013. n 

t 

0 120 2 6  1 0 1 0  I F ( Y F T A L . N E . 1 O Y V A N A O I U M -  )GO T O  lOL1 ~ - _ _  . - - 

012030  H= 1 0  $ N A = 6 8  $WDEN= 6.11 bFACT= .3843E t 1 2  



0 1 2 0 3 5  
0 1 2 0 4 5  

Qi204Z 
0 1 2 0 5 4  
0 1 2 0 6 4  
0 12066 
0 1 2 0 7 3  
0 1 2 1 0 3  
012_10s 
0 1 2 1 1 2  
0 1 2 1 2 2  
0 1 2 1 2 4  

0 1 2 1 3 1  
0 1 2 1 4 1  

0 1 2 1 4 7  
012150 
0 1 2 1 6 0  
0 1 2 1 6 2  

012170 
0 1 2 2 0 0  

Qllz Pi2 
0 1 2 2 0  7 
3 1 2 2 1 7  
0 1 2 2 1 7  
0 1 2 2 2 1  
0 1 2 2 2 6  

T R 2 =  10444. O T R 3 =  12232. $TR4= 15479.  $ T R 5 =  42706. $ T R 6 =  9 2 5 2 0 -  
l o l l  I F  (HETAL.NEo IOHTUNGSTEN 1 G O  T O  1 0 1 2  

- - - nai_ - a i a z h i  __ - W N E ~ M  - _BFACL= --a U ~ ~ E W  
T R 2 =  32469.  $T?3= 35450. BTR4= 4 2 1 2 8 .  fTR5= 75081.  $ T R 6 =  94910.  

10€ZIF.L~!EIAL~!JfcLD_H!~IUH L m U Q 1 3  __ - - - _ _  ~ 

M= 1 2  $NA=71 $WDEN= 8.65 I F A C T =  . 1 3 7 3 € + 1 2  

T R 2 =  4550. $TH3= 6 3 4 8 .  $TR4= 9169. bTRS= 18049. S r R 6 =  444OO0 
1 0 1  3 I F  (YETAL.NEo 1OHTIN ) G O  T O  1 0 1 4  

- _  H=l3-. _ _  3 NA=I.O--_. _ _  - XU 0 t N = 7 o 3 1 BFAC1-.0643-Et12 - - - 
TR2= 1777. $ T i 3 =  2R7O. $TRS= 8023. $TR5= 12447. 3TR6= 24161. 

l O l +  IF(HETAL.NF. 13HMOLYBD~NUM)GO TO 1015 
M= 1 4  BNA=92 SdDEN-10.22 $FACT= .6365E+12 

T 3 2 =  3 0 0 3 7 .  &T?3= 3 3 0 0 5 .  $TR4= 42905.  bTR5= 739520 'ST96=143200.  
1 0 1 5  IF(METAL.NF. 10YZIRCONIUM )GO T O  1 0 1 6  

!_=I5 - _ _  - . ~ N a = 7 3  $MUEN= 6.53 $FACT= .1OOOC_+12 

TR2= 2843. ' $ T t 3 =  3912. $TR4= 6082.  6TR5= 16665. $TQh= 30582. 
1 0 1 6  I F  (YETAL.NE. 10HTITANIUM 1 GO T O  1 0 1 7  

M= 16 $NA=63 $WDEN= 4.54 '%FACT= .09572+12 

T R Z =  7864. $ T R 3 =  4 0 0 0 0  fTR4= 6906. % T R 5 =  19261. $TY6= 30990. 
1 0 1 7  IF(YETAL.MEo 10HBISHUTH ) G O  T O  1 0 1 8  
-. - - N = Z  BWkf i4_  - - 8UE.!i=_9J.47 &FI \CTE _m35331+1Q - - 

T' iZ= 168.7tT'13= 44006$TR4= 15530 bTR5= 2654. $ T 5 6 =  6872. 
1 3 1 9  CONTINUE 
1 0 1 9  I F ( P l E T A L . N E o l O H S C A N 0 I U H  ) G O  T O  1 0 2 0  

M=19 BN A= 75 $ H D E N =  2.992 $FACT= 0 1 2 5 E t 1 2  
TR2= 6R408$T?3= 1020. $TR4= 1730. bTR5= 4194. ITH6= 5700. 

0 az 22 5 -1 02 P-. G3 N L L Y  E __ __ __ - __ - - __ _- - - - __ - - - - - - - -- 

0 1 2 2 3 6  1 0 2 1  IF(YETAL.NEa lOHLFAO ) G O  T O  1 0 2 2  
0 1 2 2 4 0  M=21 $ Y A = 5 6  $ H l J E N = l l .  35 & F A C T =  0 1 5 5 E t 1 2  
0 1 2 2 4 5  TR2= 1424.  $T?3= l h 7 I ) o  $TR4= 2553. %TR5= 6066. $ T R 6 =  8556. 

0 1 2 2 5 5  1 0 2 2  I F  (YETALaKEn I O H Z I N C  ) G O  T O  1 0 2 3  
0 1 2 2 5 7  H= 22 tNA=12 $dDEN= 7 0 1 3 3  $FACT= .4403€+12 

-Q12264 - - - - Y Z r i 2 9 8 L  S I R S  1434& - $ T a r  lz[16_G b T f S =  38942 $ L R 6 =  511891. . 

0 1 2 2 7 4  1 0 2 3  I F  (YETAL.NE. IOdURANIUH ) G O  T O  1 0 2 4  
0 122 7 6  H = 2 3  a y a = 5 8  8WDEY=18.95 $FACT= . 3 0 6 3 € + 1 2  

0 1 2 3 1 3  l D Z 4  CdNTIMUE 
0 1 2 3 1 3  
4 & s - l L - - _ _  
0 1 2 3 2 2  TQ2= 10397.  $Tq3= 13391. $ T R S =  21572. $TR5= 42689. $TR6= 95316.  
0 1 2 3 3 2  3393 C R N T I N U E  
012332 I F L I \ G = l  

0 1 2 3 0 3  TR2= 6090. f T ? 3 =  7 1 3 0 .  $ T R 4 =  13575. $TR5= 34701. $Ti?6= 60339.  

1 0 2 5  IF(METAL.NEolOd70AU3OPT )GO T O  9999 
- - .ANAAZ-- - - m = i 9 . 9 - x u r - = -  -AazL+x-_. - -- - ._ 

D 123 33 IF[kl.NEmQ) G O  To 30 
0 1 2 3 3 4  PRINT 2OgMCTAL 

UiS4L. - -._i?LFORnATIMt?ITYE_RE44!LS IE P_ ~ ~ ~ * A  1 0 9 3 X +LS._liQL OY.-+LEC, - __ - - - - 
0 1 2 3 4 6  G O  T3 2 0 0  
0 1 2 3 4 6  30 S;PNTENUE - 

, 012346 9 0 9  CONTINUE 
0 1 2 3 4 6  . 313 CONTINUF 
0 1 2 3 4 6  K=NA 

c' urn- 5 0 CON T I N U E  __ - __ - - - ____ ___ - . 

012350 IF(W.EQ.O)GO r3 z o o  
0 1 2 3 5 1  YK=Y- 1 
0 1 2 3 5 3  I F  ( T o E Q o  0.) GS=CLAST=TLASl=E=O. 

012360  IF(T.EQof l )  JJ-0 

01237L- - 09 60 I=2,K -- ____ __ . __ - - - . - - - - _ _  __ ._ - 

0 1 2 3 6 2  G S = G S +  (T-TLAST)/Z.  (C**2+CLAST**2)  /HAC*+2 

_ _  - 
0 1 2 3 7 2  I F ( A ( H g I ) . L T . G S ) t O  TO 60 

- - - 



0 1 2 3 7 7  
0 1 2 4 0 0  
0 1 2 4 0 3  
0 1 2 4 0 7  
0 1 2 4 1 0  
0 1 2 4 1  0 

0 1 2 4 3 1  
0 1 2 4 3 1  

0 1 2 4 4 0  
0 1 2 4 4 2  
0 1 2 4 4 3  

0 1 2 4 4 4  
0 1 2 4 4 5  

0 1 2 4 5 0  
0 1 2 4 5 4  
0 1 2 4 5 5  

0 1 2 4 5 6  
0 1 2 4 6 0  

012962 
0 1 2 4 6 4  
0 1 2 4 6 6  
0 1 2 4 7 0  
0 1 2 4 7 5  
0 1 2 4 7 7  

0 E505 
0 1 2 5 1 1  

0 1 2 5 1 7  
0 1 2 5 2 0  
0 1 2 5 4 7  

-0 1 2  4 4  7 

J 

3 2 X ' Y M  ~ / / 1 2 X * E X ~ L O S I V E ~ ~ ~ ~ A l O ~ l 4 X * D E N S I T Y ~ ~ * t l P F 6 ~ 3 ~ 2 X r  
4* G M / C Y  3* 1 7 X 
5 1 1 X ~ * T 1 Y E * r R X ~ * C U ~ R E N ~ * ~ I 0 X ~ * V ~ L T S * ~ 1 1 ~ ~ * 0 H f l S * ~  

h l O X ~ * ~ O W E Q ~ ~ 9 X ~ * E N E R G Y ~ r 9 X ~ * A C l I O N * ~ l O X ~ * G ~ ~ ~ S * l O X ~ E ~ E N S * /  
7 1 H I 6X HI C90 SEC+ 1 1 X *  A M  P SC36X*K I L 0 W A T T  S* 9 X  * V I  L L  I J* 7 X 

84AHP2 SEC*r3X**AMP2 S E C / M M C * l l X * J / G M * / )  

A .(E A---- *OPF7.0*2X*CM2/GM*// 

._______ - -__ 

0 1 2 5 5 3  00 240 K = l , J J  
0 1 2 5 5 4  I F  ( K.E3.51.3RoK. EQ. lO1.OR.K.Eii. 151.OR.K.EQ. 201.02. 

lY.Eq.251) 2 4 5 9 2 5 0  
0 1 2 5 7 6  2 4 5  P R I N T  255  

-- 0 1 2 6 0 2  - ___i 2 5 5  F 3 P y A T  ~ l H 1 ~ I O X r * T I H E * ~ R X ~ ' C U R . 7 ~ N l ~ ~ ~ ~ ~ X ~ V O L T S * ~ l l ~ r ~ O H M S ~ ~ ~  - - _ _  
11 O X  

7 l d  
R *  AMP2 S E C * *  3 x 1  *AHP2 S E  C/MM4*11 X *  J / G M * / )  

*POW E ? * *  9XrCENERGY * *  9X * A C T  I O N '  1 0 X  r*G3ENS* 10 X*EOENS*/ 
9 6 X y  M I  Cb?OSEC+ 11 X *  AYPS* 36X'KIL O W A T T S * S X  ' H I  L L  I J * 7 X r  

I 

0 1 2 5 0 6  2 5 0  I F ( S G ( K )  .L loTRZ)KEY=3HS 

0 1 2 6 1 7  
-h 

I F  t S G  ( K  1 GCL. 1 9 2 )  KEY=3HS+L 

01 2621-.--.- - 1 F ( S G ( K 1  oGEoTR3)KEY=3HL _ _ _  ._ _ - - ._ - _. . -- - - - - - 
0 1 2 6 2 7  I F  (SGfK) oGEoTRL)KEY=3HLtV 
0 1 2 6 3 5  -If (SG(K)  .GE. TqS)KEY=3HARC 
0 1 2 6 4 3  I F  (SG(K1 .GE.TRb) KEY=JHEXT 
0 1 2 6 5 1  PRINT 260 ,KEY TA ( K )  r C A  ( K  1 p V A  (lo _rRA ( K )  ,PA (K)  . i A _ ( K )  e G A ( < )  r S G ( K )  

1SE ( K )  

lE15.4rF15.  3) 
0 1 2 7 0 1  2 60 FORHAT ( X r  A3 r 6 P F l l  3 OP-F15.1~ F 15 l r  F I 5  S r -3PF 15 3 3PF 1 5 -  2 OPFl5m 4 I 



STATEMENT ASSIGNMENTS -- 
10 - 021165 2 0  - 
60 - - . - O _ l Z 4 O l .  . LO _ _ _ _  - - 
113 - 0 1 1 6 1 6  200 - 
255 - Plf!.l5 260  - . 

9 1  3 - 0 1 2 3 4 7  1 0 0 2  - 
____- 1 0 0 5  - 0 1 1 7 1 4  1 0 0 6  - 
1 0 0 9  - 0 1 2 0 1 0  io10 - 
LO13 z O W 4  LOl4- -- 
1 0 1 7  - 0 1 2 2 0 1  1 Q 1 8  - 
1021 - .  Ol.2237 1022  - 
1 0 2 5  - 0 1 2 3 1 4  9999 - 

- 

- _- - - 
021510 

P i Z k l t  
012720 

__  0 2 1662- 
011637 
0 1 1 7 3 3  - 
0 1 2 0 2 7  

012123 
012220 

012256 
0 1 2 3 3 3  

- - - - . -. . - - 
3 0  - 0 1 2 3 4 ~  50 
t o o  - - 021523 1 0 7  
2 45 - 0 1 2 5 7 7  2 5  0 
_ _  2 6 3  -. - 4 Z l t i 7 3  909 
1 0 0 3  - 0 1 1 6 5 6  1 0 0 4  

A O ! - A E L i n O S  
1 0 1 1  - 0 1 2 0 4 6  1 0 1 2  

1 0 1 5  - 0 1 2 1 4 2  1 0 1 6  
1 0 1 9  - 0 1 2 2 2 0  1 0 2 0  

1923 - 012275 1024 

- 1  - - 0 1 2 3 5 1  
- 0 1 2 4 3 2  
- 0 1 2 6 0 7  

- I l l2347  
- 0 1 1 6 7 5  

f !lu 7 u  - - -  
- 0 1 2 0 6 5  
- 0 1 2 1 6 1  
- 0 1 2 2 3 7  

- 012314  

YARIABLE Assnamrs -  
A - 021721 €3 - 0 3 3 5 3 1  C A  - 001505C02 CLAST - 0 4 5 3 5 7  

E - 0 4 5 3 6 1  EA - 000455C02 F A C T  - 045352 G - 0 4 5 3 6 5  
CA - 0 0 1 1 3 1 ~ 0 2  GS - 045356 HE - 0 0 5 2 2 2 c o 2  I - 0 4 5 3 5 2  
I F L A G  - 0 4 5 3 4 1  I O U T  - O O O O O O C O l  JJ - OOOOOOCO2 K - 0 4 5 3 5 4  

K E Y  - 045366 YK - 045355 Y - 045347 tlETAL - 0 0 5 2 2 1 C 0 2  
NA - 0 4 5 3 5 0  NSHOT - 0 0 5 2 i 5 c o 2  Pn - 0 0 3 C l l C O 2  Q A  - 00273>C02 

SP - 0115224CO2 SRI - 045363 T A  - OOOOOlCO2 TLAST - 045360 
JQ2 - D 0 5 Z E C Q E  753 - 00522bC02  T R 4  - 005227CD2 T R 5  - 00523OCO2 
TR6 - 0 4 5 3 5 3  T T H  - 0 4 5 3 4 5  T T L  - 0 4 5 3 4 6  V A  - 002261CO2 

Y4C-  - J0522Q€R2 W Q  - 045344 WOEN - 0 4 5 3 5 1  WL - 0 4 5 3 4 3  
wLc - 005217CQ2 

STAST O F  CONSTANTS 
DU724 _ _  

- Q A . I . E 0 0 5 2 1 6 C 0 2 O E N g  ~ - Q P ~ 3 1 ; e Z D U n n L . _ r - 9 n M Q l . C 0 1  D M 3  . -. 9MQ0Q- - 

ST - C5364 -SF- O O C l l € & G O 2  S G - - - - 3 4 1 C O 2 1 _ .  -= 4 4 5 3 k i L - _  - 

-_ - __ ~- - --- __ - . - -  

START OF IEHP35A.XIES 
0 2 1 6 7 5  

___ ~ - -  - 
S T A R T  OF L N C I I R E C T S  
0 2 1 7 1 5  

73 



n 

This page intentiona3J-y l e f t  blank. 

n 
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F R W 1  9 T 7 0  9 C M 2 0 0 0 0 0 .  T o J o T U C K E H  ROX 102  
A C C ~ I ~ N T ~ S 5 0 ~ 2 6 0 3 5 6 ~ D 5 1 ~ 1 ~ G 8 7 0 2 , A 0 0 ~ 1 0 2 0 ~ R T ~ K U N C ~  
A T T A C H I M I M I C B I M I M I C .  

P R F P  .M I M  I CR , M I  M I  C 

A T T A C H , U S F R A , T J 2 .  

A T  T A C H  ,USE RR 3 T P T  
C O L L E C T , B I N A R Y , P R O G R A M = M I M I C , l ~ I M l C , U S E K A , U S t ~ ~ ~ S C O K S o  

R T N A R Y .  

c----------------------------------------------------------------------- 1 

C P R O G R A M  R E Q U I R E S  TWO D A T A  C A R D S -  

1 

c 
c 
C 
C R E A D  I N  I N D U C T A N C E I S O U R C E  K E S I S T A N C E , C A P A C I T A N C t , V U L T A G E ~ P ~ I l ' J T  O U T  
C T I M E  I N C R E M E N T 9 A N D  T O T A L  T I M E  OF R U h .  
C L J N I T S  A R E  HENRIES,OHMS,FAHIOS,VOLTS,AND S E C O N D S .  

C 
c - - - - - - - - S E C O N D  D A T A  C A R D - S R 1  W I H t  D E F I N I T I O N - - - - - - - - - - - - - -  

C 
C C A R D  I N C L U D E S  S H O T  N U M R t H , D A T E , W I R E  L E N G T H  I N  M I L L I M E T E K S , W I K E  
C A H E A  I N  S O I J A H E  M I L L I P E T E R S , A N D  W I R E  M E T A L .  

c 
C F O R M A T  AS 6 F I E L D S  O F  19 C O L I J M N S , W I R ~  M E T A L  L t F T  H A N D  J U S T I F I E D .  
C 
C I F  D F T O N A T O R  P H F D I C T I O N S  R E Q U I R E D  I N C L U D E  3 T E N  C O L U M N  F I E L D S  OF H E  
C T Y P E , D E N S I T Y  I N  G H A M S / C M 3 , A N D  SPECIFIC S U R F A C E  I l u  C M 2 / G H A M m  
c------------------------------------'---------------------------------- 

- - - - - - - - - - - - CIRCI~JT PARA METERS-^------------------- 

- C iJSE S T A N D A R D  M I M I C  1 2  C O L U M N  F O R M A T .  

PAH ( L  r H , C  ,V,DT , T T O T  1 

o r  - V + C  

F L A G 1  S R ? ( T T O T , R h ! )  

RW S R 1 (  I I T , D T , T T O T )  
3 DO - I . / L * ( ~ / C + l D Q + ( R W + R ) )  

1 nr3 T N T ( ? P Q , O . )  
(3 J N T  ( 1 n O , ( 3 0 )  

1 1 nC3 
r T N T (  I*I+RWr3.) 

G T N T ( T + T q q . )  

F L 4 C  1 F T Q ( T , T T O T )  
F V n  

1.00E-6 1000. 0 0 2 0 E - 6  o 2 5 E - 6  o1OOF-6 0 1  
2. 1 - 2 - 7 5  1. 1 . 1 4 1 E - 3 G O L O  P E T N  1 .  2000. 

I 

I 



Gd 
2000 ' 

v) 
h 
I: 
< 

e 

2000 

a 
c 
-J 
0 
> 

e 

SHOT 

-7 

I 

I 
- 1 -  

2 BRIDGEWIRE CURRENT VS TIME 

e 

SHOT 2 BRIDGEWIRE VOLTAGE VS TIME 

1 -  - 

I 

t 

, 

T I M E  
. 

, \  

77 



TEST NO.---- 2 O A T < - - - -  1 - 2 - 7 5  TTHS--- -  374  298 AMPS 

__ __ __ - 
~QIOGEWIQE--COL D WIRE AREA-1.14lE-33 MMZ LENGTH-- i . 0 0 0 0  nn 

E XPLOS I VE---PET N DENSITY--  1.03C GMlCM3 DR;b---- 5005  C M 2 / G M  

T I U E  CURP'NT VOLTS OHMS POWER ZNERGY ACT I O N  G E N S  EDENS 
- M I C R O F C  __  AMPS K U S H A T T S  _ _  M I L L I J  AMP2 SEC AMP2 SEC/MM 4 J/6H 

0 2-- _ _  2 0 . 0  .C 02168  ,109 - --.JO- . O O O t  1.9173F-01 0 0 0  S 
S . 0 0 4  39.9 .9 , 0 2 1 6 7  - 0 3 4  . o o  . o o o o  1 . 6 0 7 2 E t 0 0  . 002  
5 .LO6 5 9 . 8  1.3 . 0216*  , 3  77 00 . o o o o  5. (r-4 0 0  0 0 7  
S . a 0 8  79.6 1 . 7  . c 2158 1 3 7  .OJ . o o o c  1.2962E*01 . 0 1 7  

_ _ _  S - - .ClC 59.4 2 . 1  0 2 1 4 8  _ _  - . c o  . o o o o  2.5303E+Ol  J 3 Z  
S - 0 1 7  119.1 2.5 . P2133  ,303  . c o  .0001 4.3675Et  J l  - 0 5 3  

____ S _-*014 -- DBlh _- t r  9 , 1 2 1 1  ? . G O  0001 6 .  = + a i  088 
5 , 5 1 6  lF9.* 3.3 . 0 2 0 R 5  , 523  . o o  .DO01 1.03215*02 1 3 0  

S e 3 1 9  17O.C 3.6 0 2 0 5 5  649 c c  0 0 0 2  i . w t n 2  i8 L 
32037  .?a2  .Cl - 0 5 0 3  2. Cl086Et02 ,248 

.Ol , 0 0 0 3  2.6685 E t 0 2  
S .12'J 1 9 7 . 5  4.0 
r -_  .J2? __ 215 .9  - . - 4.L --.c- - -. 9 39 - . -- -~ 32 5 

. 0 1 9 9 9  1 . 1 1 7  . a i  - 5 0 0 5  3 .5579Et02  .ti 9 

. u Z  55 -_L 
S . 3 2 6  236.3 4.7 

s _ _ _ _  .026 E".? 2.1 _ _  . - LI1P 0 3 0 6  52L S.~IIL~E+O~ 
5 .4699Et02  e657  

5.9 0 2 0 1 8  r Z  . d 9  irm71!&+07 
5 . 5  . ' )2011 s .02R 27:. 1 

S ,030 294.2 1 . 7 5 7  . 8  7 

S , 632  313.4 6. 4 .C2026  1.990 . c t  . c o l i  8.1326Et  02 .97, 
1.166 

S .53€ 351.= 7.2 .020+6 2 . 5 2 9  03 -0 '215 1 . 1 5 3 3 C t 0 3  1.383 

~- _ _  

1 . 5 2 0  .El . 0 0 8 7  

3 .7351Et  02 6.8 - 9 2 0 3 6  ___ - _ _ _ _  2 . 2 5 1  _ _ _ _ _  . c 3  eOJ13 - S _ _ _  . Q 3 4  _ _  3I2.5. _ _  - ___ 

s . z3.8 x72.5 _ _. 7.6-  - .112058 - 2.826 . c4 . o a i 6  1 . 3 5 3 5 E t 0 3  1. b& 
S .;Lo 389.5 8.1 . 0 2 0 7 1  3.141 . CG . o a 2 1  1.5754;+03 1.890 
S .:+7 4c9.3 8.5 , 0 2 0 8 5  3.477 05 0024 1 . 8 l J 9 f t 0 3  7.196 
c . CCL b t 7 . z  9. c .021CJ 3.933 . C6 . 0 0 2 7  2.0 8 8 1 E t 0 3  2.528 
s . CSF 445 .3  _ _ _ _  4.* - C2117-- . 4.213 . c _ _  - 0 0 3 1  2 .3809Et03  2.892 

3.292 S . 3 4 e  1.b4.6 9.3 .0213b 4.610 . 9 7  - 3  0 3 5  
5 . o = c  ? * P 3 . 2  ___ 13.4 _ ~ , 3 2 1 5 5  5.533 ,!I& - - 0 0 4 0  3. ~ b 4 3 F t 0 3  3.7& 
S -1352 c C 1 . 7  10.3 . 1 2 1 ? 7  f . k 8 1  - 0 9  .0544  3 .4169Et03  4.200 

s , c 5 4  9 . 9 5 5  1 0  0056  3a-03 4 . U . L  
r 5.287 

5 . :cn c c 7 . 1  12.5 .G2252 €.93€ .iJ _ _  _ . o a E i  + e  7 0  9 8 t t 0 3  5 . 3 9 7  
S ,355 c7>.2 13 .1  . C 7260  7 . 5 4 t  . 1 4  . i l O t b  5 20  Z l E t  0 3  6.556 
c a . 6 7  c 0 3 , 4  1 3 . 7  . 0 2 3 1 1  Y.130 - 1 6  P 575 5 , 7 2 6 7  E t 0 3  7.267 
5 . :fib 6 1 1 . 9  1 4 . 3  . C Z l L 3  P .  754 . l R  .OC82 6.28*5Eti13 8.034 
S . C65 C.7c1.6 1 5 . 9  . i Z 3 7 7  3 . 4 2 L  .20 .CJ90 6 . 8 7 6 2 c t 0 3  8 . 9 5 8  
7 C68 647 .  b 15.  o . C Z 4 1 i  l J . l ? ?  

2 6 9 9  3 E t  03 

c 2 -  2 11.4 - 22,, 

. : 5 t  5 3 9 . E  12. J C2225 b. 456 .12 .on55 *. 2 4 8 7 E t O 3  

9 . f 7 E  - 
S . ? 7 2  

s .:74 
? . I76 
5 . : 7 q  

. - e o  
S . ? 3 2  
s . :a4 

S , 3 8 6  
S . r: 8 8  

S . " 3 0  

5 . 197  
5 , 3 9 4  
S . I 9 6  
5 .'14 
s . l J '  

5 F C . G  16. 3 . . _ _ _  L 2432  i o . e c 9  
6P3.3 17. . 0 2 4 3 2  11.638 
7 5 1 . 1  A?. a . c z 5 7 5  12 .459  
7 1  3 .  9 1 9 . 1  . J 2 6 5 1  1 3  - 5 9 7  
73; . 3  I C . 5  . C Z 7 H :  _ _  1 5 . 1 7 2  
7 5 3 . 4  27.2  - 1 2 9 1 5  1c.564 
7 7 1 . 2  ??. 9 . L 3 0 5 6  1 9 . 1 7 7  

7 8 P . 5  2F.3 .C323L 1 9 . 3 7 1  
0 C = . 7  77.1 . " 3 3 5 6  21.  '302 
b 2 2 .  i! '3.0 . :3470 2 3.548 

8 5 5 . 7  3 1 . 3  . "715 2 7 . 2 6 L  
0 7 z . 5  3 3 . 5  - 3341 L7Q.301 
nqL.i 3'. . 3  .r3971 3 1 . 4 6 ~  
9: > . 7  3 G .  1 . : . ( . 3 ; t i  3 5 , + 1 4  
9 2 J . l  * c .  * .C4413 41.86C 

P 3 9 . R  7 ? . 7  . - 3 5 3 4  25,346 ~ 

. 2 1  
. 2 4  . 26 
. 20  
. 3 1  

. 3 4  

. 3 7  

.*5 

.4L 

.LA 

. t 3  

. 5 4  

.63 

r c q  
.75 
.P1 . P Q  

.a098 7.5 J 2 8 E t  03 9.745 
__ .OlOt 8 . 1 6 5 O i t 5 3  10.690 
-0115 0 . 8 6 3 9 t t  03 11.710 

_ .  - 0  1 2 5  3.6030E*33 1 2 *  8 5 L  
,0135  1 . 0  3 7 4 4  04 13.994 
0 146 l . l 1 6 8 C t J i ,  15 .298  . G 1 5 7  1. Z O c t l E t i r c  16.732 

1 . 2 9 3 b i t O 4  - 0  1 6 8  18.307 
2 0 . 0 3 *  ,0181 

. 1 2 0 7  1 . 5 8 6 3 E t J 4  23.38 3 
,322; 
, 3235  

1 . 3 e 6 8 c t 0 4  

_._ . i l l 9 3  1 . 4 8 4 4 E t J S -  a! 92 6 

za.  5 8 0  
. 0256  _ 1 . 3 1 7 9 ~ + 0 ~  31,1_5_1 

26.20 1 1 ~ € 9 2 4 + G S  
1.8 J 3 0 E + i 4  

- 0  265  2.5 3 7 4 4  3 4  33.90 7 . c 2 4 1  2 . 1 6 & 4 ~ +  34 30. 8 7 2  . S 29d  *J .505 2.2993E+O* 



S 
S 
s 

T 
S 
5 
S 
S 
S 
s 
S 
S*L 
- _  S*L 
s*c 
S * L  
L 
L 
L 
L 
L 
L 
L * V  
L *v  
Lt v 

. ~- 

z 

_ _ ~  - 

___ 

. c 

L * V  15 2 172;.c T h e .  3 67aC2 9 3 1 . 3 3 5  15. 17 0 939 7 . a  
L * V  - 1 5 4  1224.  1 572.8 .’12% 1068.401 1 1 - 1 6  J 969 I.** 
L * V  - 1 5 6  1 2 2 3 . 4  1 5 3 8 1  7 . 8 k 7 * 9  - - l Z s z L P p I L  -4 7 .09Y8 ? e  66  

L *v 150 l t ! R .  9 ? s i e t 4  ? , - w r  pz391Lph7 lG57 LU 
ARC . 162 1 0 6 9 . 1  1 1 5 3 2 . 3  9. t 2 3 2 2  11229 387 4 2 . 3 0  - 1 0 8 3  8.32 

s . ~ ~ s z f i  APC 164 9 5 1 . 7  3 3 9 2 . 3 8 2  !is,?& 1 1 0 3  8 .&?  

a m  . l b f  916.6 1961.3  2.OCJ74 1 6 8 7 . 8 0 2  6 0 . 4 7  . l l 2 J  0.60 
dR C , 1 6 9  9C1.3 13-E.3 1.L53C3 . IC1 3 0 8  0 ____ 6 3 . 2 9  1137 8 . 7 3  
ARC . 1 7 c  e s t . r  i i i r . 2  1.2Cr363 991.91rl 0 5 . 4 t  1 1 5 3  8.85 
ARC , 1 7 2  5 6 7 . 9  ?.Lr l a  P f C 5 h  4uLwl- a 3 0  d l 6 9  
a RC .17L 8 8 6 . 1  909.2 - 9 1 3 1 3  ?17.071 6 8 . 8 4  1185 9 . 0 9  
A 2 C  176 8 8 €  .6 713.J . @ C h 1 6  -77 7 0 .  i a  1200 9. u 
z X T  , 1 7 8  88rn.7 b i z .  8 . 7 3 4 5 4  3 8 5 . 1 8 0  7 1 . 3 8  1216 9.36  
S X T  .la0 8sl e 4  5JCrP , 7 1 5 7 6  564eLPd __ -1-2 9.46 
L X T  . 1 8 2  0Qk. 3 6 2 3 . 3  .F9759 5 5 7 . 9 2 7  73.65 . 1 248 9.58 
‘,X T * 19k 89’15 613r 3 I e7939 M d 7  ZuLLk . 1 z b c , 9 . T p  
= U T  1 8 C  9 0 2 . 8  5 5 7 . 2  . 6 t  292 537 .946 75.  e4 . 1260  9 .83  

X T  , 1 9 0  9C9.2 =72.  t . 6 3 0 2 8  519.868 7 7 . 9 6  1 3 1 3  1 . 0 0  
’ X T  192 9122 2 5!5!LL_ - atX4hZ - - ~ I L 3 9  1329 la 
f X T  19k 9 1 6 . 3  549.3 . C C 9 5 ?  5 0 3 .  T89 ea. 31 1 3 4 6  1 . 0 3  

L *  v . I C 8  1 2 1 1  .2  l t l b . ”  i . ierlru i r i 2 . 5 r 2  2 2 . 4 8  .lC28 r . 8 9  

- L  

7 6 . 9 i  I296 9. 

mz+ ncr 3 
!8E+O6 3 

3 
IhE+OS 3 
u 
~OE+OS 3 

a 
8 
3 
9 
4 
9 
9 
2 
1 
0 
2 
2 

1 
I 

1 
d 
0 
d 
€ 
d 
‘9 

n 

N_S 
6 M  

72 
K 
9 3  

zi?- 
3 9  

3 i  
56 

LL 
91 
z!L 
9 5  

h i  
86 

8 1  
LL 
O t  
ik 
19 

0 7  

9 3  

0 6  

2% 
9 5  

%.A 
18 8 

%!L 
9 3  

3L 
9 0  
37 
6 7  

LL 
13 
A L  
56 
A& 
1 3  
2.a- 
b? 
u 
13 
34- 
I28 

~- 

- 



C'JPR=NT VOLTS Ot' n s PCMER I N E R G Y  - ACTION GOENS EDEN3 

J/GU 
T I H E  _ _  - ~. 

m 
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