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A E D C - T R ~ 6 ~ 8  

1.0 INTRODUCTION 

1.1 RAIL GUN 

An e l e c t r o m a g n e t i c  r a i l  gun c o n s i s t s  e s s e n t i a l l y  of two conduc t -  
ing  r a i l s  ( e l e c t r o d e s )  b e t w e e n  which  a conduc t ing  p r o j e c t i l e  i s  p l aced .  
E l e c t r i c  c u r r e n t  i s  p a s s e d  down one e l e c t r o d e ,  t h r o u g h  the p r o j e c t i l e ,  
and b a c k  a long  the  o t h e r  e l e c t r o d e  (F ig .  1). The  c u r r e n t ,  I, f lowing  
t h r o u g h  the p r o j e c t i l e  i n t e r a c t s  wi th  the  m a g n e t i c  f lux r e s u l t i n g  in  an  
I x B f o r c e  in  the d i r e c t i o n  i n d i c a t e d .  

I 

B ® ~----~ 

Rail (Electrode) 

F 

Projectile 

Figure 1. Simple rail gun. 

The  m a g n e t i c  f lux d e n s i t y  B r e s u l t i n g  f r o m  the  r a i l  c u r r e n t s  m a y  
be a u g m e n t e d  o r  e n t i r e l y  r e p l a c e d  by an  e x t e r n a l l y  g e n e r a t e d  m a g n e t i c  
f ie ld .  H o w e v e r ,  on ly  the  s i m p l e  c a s e  u s i n g  r a i l - g e n e r a t e d  f i e l d s  wi l l  
be c o n s i d e r e d  in  th i s  r e p o r t .  

As  the p r o j e c t i l e  i s  f r e e  to s l i de  a long  the r a i l s ,  i t  wi l l  be  a c c e l e r -  
a ted  by  the I x B f o r c e  as  long  a s  c u r r e n t  con t inues  to f low in  the  c i r -  
cu i t  and the p r o j e c t i l e  r e m a i n s  in e l e c t r i c a l  con tac t  wi th  the  r a i l s .  

M i U s a p s  and P o h l h a u s e n  (Ref.  1) e x a m i n e d  the  d e t a i l e d  b e h a v i o r  
of a r e s t r i c t e d  c l a s s  of r a i l  guns in  1960. T h e i r  s tudy  was  conf ined  
to a c o m p u t e r  s i m u l a t i o n  of v a r i o u s  c a p a c i t o r - d r i v e n  c o n f i g u r a t i o n s .  
C h a p m a n  et  al .  (Ref .  2) d e s c r i b e  a r a i l  gun in  wh ich  an e x p l o s i v e l y  
c o m p r e s s e d  m a g n e t i c  f i e l d  was  used .  It  was  r e p o r t e d  to have  p r o -  
j e c t e d  a " c o h e r e n t  l u m i n o u s  c loud"  at  10 .5  k m / s e c .  B r a s t e  and 
Sawle  (Ref .  3) e m p l o y e d  a c a p a c i t o r  bank  to d r i v e  wha t  was  e s s e n -  
t i a l l y  a p l a s m a  r a i l  gun and u s e d  the  h igh  v e l o c i t y  p l a s m a  g e n e r a t e d  
to d r a g  a c c e l e r a t e  s m a l l  (0. 0024 g) ny lon  s p h e r e s  to 6 k m / s e c .  
Sawle  (Ref .  4) d e s c r i b e s  a v a r i a t i o n  of t h i s  a r r a n g e m e n t  wh ich  e m p l o y s  

7 
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p l a s m a  d rag  to a c c e l e r a t e  even s m a l l e r  ('-, 35~ g) g la s s  s p h e r e s  to 
15 k m / s e c .  B a r b e r  (Ref. 5) cons t ruc t ed  a r e l a t i v e l y  l a r g e  induc t ive ly  
d r iven  r a i l  gun and has  l aunched  sol id  p r o j e c t i l e s  of 2-g m a s s  to 
2 k i n / s e c .  

The pu rpose  of th is  r e p o r t  is  to examine  the f e a s i b i l i t y  of u s ing  
the r a i l  gun a c c e l e r a t i o n  p r inc ip l e  in l aunch ing  a n d / o r  ve loc i ty  s u s -  
t a in ing  of l a r g e  (> 20 -cm diam) r e e n t r y  veh ic le  mode l s .  The r e p o r t  
wil l  develop t h e o r e t i c a l  r a i l  gun p r i n c i p l e s ,  then  apply them to the 
i m m e d i a t e  r e e n t r y  veh ic le  p rob lem.  The f e a s i b i l i t y  of the use  of 
r a i l  gun a c c e l e r a t i o n  for  l aunch ing  a n d / o r  ve loc i ty  sus t a in ing  of r e -  
e n t r y  mode l s  wi l l  then be a s s e s s e d .  

1.2 REENTRY CONDITIONS 

To obtain e x p e r i m e n t a l  m e a s u r e m e n t s  of the behav io r  of r e e n t r y  
veh i c l e s  it  is  n e c e s s a r y  to dupl ica te  expected  r e e n t r y  condi t ions  i n  
the l a b o r a t o r y .  B r i e f l y  the r e e n t r y  condi t ions  to be i nves t iga t ed  in 
th i s  r e p o r t  a re :  

1. R e e n t r y  ve loc i ty  of 6 k m / s e c  

2. _-%'Iodel s i z e s  of f rom 20 to 40 cm in d i a m e t e r  
The l a r g e r  the model  that  can be t es ted ,  the m o r e  
r e l i a b l e  the data  wil l  be when t r a n s f e r r e d  to ac tua l  
r e e n t r y  veh ic l e s .  

3. B a l l i s t i c  coef f ic ien t s  (.8) of f rom 50 k N / m 2 ( 1 , 0 0 0  
l b / f t  2) to 150 kN/m2(3 ,000  l b / f t  2) 
The h ighe r  8 mode l s  (150 k N / m  2) a r e  of mos t  
i n t e r e s t  and will  be used as  the "da tum r' for  com-  
p a r i s o n  of p e r f o r m a n c e .  

2.0 OPERATIONAL ENVELOPE FOR RAIL GUN LAUNCHING 
AND SUSTAINING 

2.1 ACCELERATING FORCE 

Cons ide r  any induct ive  c i r c u i t  of inductance  L c a r r y i n g  c u r r e n t  I. 
The  magne t i c  e n e r g y  E = LI2 /2  s to red  in the c i r c u i t  and the magne t i c  
f lux ~ = LI  a r e  both c o n s e r v e d  as  the t i m e  of o b s e r v a t i o n  r e d u c e s  to 
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z e r o .  T h e r e f o r e ,  the  i n s t a n t a n e o u s  f o r c e  on e a c h  e l e m e n t  of the  c i r -  
cui t  m a y  be e x p r e s s e d  as  

= VE 

= ~LI212 

12 
= n V L  

2 

In the  c a s e  of a l i n e a r  r a i l  gun, t he  i n d u c t a n c e  of the  gun i s  L °x 
w h e r e  L"  i s  the  i n d u c t a n c e  p e r  uni t  l eng th  of the  gun and x is  the  
p r o j e c t i l e  p o s i t i o n  f r o m  the  b r e e c h ,  The  f o r c e  on the  p r o j e c t i l e  m a y  
then  be  e x p r e s s e d  as  

f J  
F = L'I2/2 

The  f o r c e  on a p r o j e c t i l e  in a r a i l  gun i s  t h e r e f o r e  a func t ion  on ly  
of the  i n d u c t a n c e  p e r  uni t  l eng th  of the  r a i l s  (a g e o m e t r i c a l  f ac to r )  and 
the  c u r r e n t  f lowing in  the  s y s t e m .  The  f o r c e  does  not  depend  on c u r -  
r e n t  d i s t r i b u t i o n  in the  p r o j e c t i l e  o r  r a i l s  ( excep t  fo r  the  u s u a l l y  n e g l i -  
g ib le  change  th i s  p r o d u c e s  in L ' )  o r  on the  m a s s  o r  shape  of the  p r o -  
j e c t i l e .  

The  a c c e l e r a t i o n  m a y  be ob ta ined  by s i m p l y  d iv id ing  the  f o r c e  by 
the  m a s s  

a = L ' I 2 / 2 m  ( 2 . 1 )  

To e n s u r e  tha t  a l l  s e c t i o n s  of the  p r o j e c t i l e  e x p e r i e n c e  t he  s a m e  
a c c e l e r a t i o n  f o r c e  it i s  d e s i r a b l e  to  have  a u n i f o r m  m a g n e t i c  f i e ld  
a c r o s s  the  p r o j e c t i l e  and a u n i f o r m  c u r r e n t  d e n s i t y  in the  p r o j e c t i l e .  
If the  f i e ld  o r  c u r r e n t  d e n s i t y  v a r i e s  f r o m  one p a r t  of the  p r o j e c t i l e  
to a n o t h e r ,  i t  wi l l  e x p e r i e n c e  d i f f e r e n t i a l  a c c e l e r a t i o n s  and wi l l  be  
s t r e s s e d  o r  d e f o r m e d .  A n u m b e r  of r a i l  g e o m e t r i e s  such  as  coax ia l ,  
p a r a l l e l  r ound  b a r s ,  o r  p a r a l l e l  f ia t  b a r s  m i g h t  be c o n s i d e r e d .  E a c h  
g e o m e t r y  can  on ly  a p p r o x i m a t e  the  d e s i r e d  cond i t i ons .  F o r  e x a m p l e ,  
the  m a g n e t i c  f i e ld  in a coax ia l  s y s t e m  has  a 1 / r  d e p e n d e n c e  and b e -  
c o m e s  r a d i a l l y  u n i f o r m  as  the  a n n u l a r  gap b e t w e e n  the  e l e c t r o d e s  
r e d u c e s  to z e r o .  S i m i l a r l y ,  with a p a r a l l e l  f la t  c o n d u c t o r  s y s t e m  
the  f i e ld  b e c o m e s  u n i f o r m  as the  gap b e t w e e n  the  r a i l s  r e d u c e s  to  
z e r o .  T h e  app l i c a t i on  c o n s i d e r e d  h e r e i n  p r o b a b l y  e l i m i n a t e s  the  
a n n u l a r  p r o j e c t i l e s  r e q u i r e d  fo r  coax ia l  g e o m e t r i e s ,  and the  m o s t  
p r a c t i c a l  r a i l  g e o m e t r y  a p p e a r s  to be p a r a l l e l  f l a t s  wi th  a n o t i o n a l l y  
" r e c t a n g u l a r "  p r o j e c t i l e  (Fig. 2). 
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cl 

/ 

h 1 
b Rail 

~ Z  

Projectile 

Figure 2. Practical rai| geometry. 

The  i n d u c t a n c e  L"  of the  r e c t a n g u l a r  r a i l s  shown in F ig .  2 is  a 
func t ion  of the  r a t i o  w / h  and to s o m e  ex ten t  the  r a t i o s  b / h  and b / w .  
In the  h igh  f r e q u e n c y  a p p r o x i m a t i o n  a l l  the  c u r r e n t  f lows at the  
i n s i d e  s u r f a c e  of the  r a i l s  and the  e f f ec t i ve  r a i l  t h i c k n e s s ,  b, i s  
z e r o .  A p p r o x i m a t e l y  90 p e r c e n t  of the  a c c e l e r a t i n g  f i e ld  B at the  
p r o j e c t i l e  i s  g e n e r a t e d  by c u r r e n t s  in only  two o r  t h r e e  r a i l  gap 
w id th s ,  w, back  a long  the  r a i l s .  When  the  p r o j e c t i l e  is  at  e v e n  
m o d e r a t e  v e l o c i t i e s ,  the  c u r r e n t  in t h i s  p a r t  of the  r a i l s  does  not  
have  t i m e  to d i f fuse  into the  r a i l s  and the  h igh  f r e q u e n c y  i n d u c t a n c e  
i s  t h e r e f o r e  the  m o s t  a p p r o p r i a t e  one to c a l c u l a t e .  We sha l l ,  t h e r e -  
f o r e ,  a s s u m e  b = 0 in c a l c u l a t i o n s  of r a i l  i n d u c t a n c e .  

C o n s i d e r i n g  the  r a i l s  as c u r r e n t  s h e e t s ,  the  m a g n e t i c  f lux d e n -  
s i ty  in the  i m m e d i a t e  v i c i n i t y  of the  r a i l s  is  g iven  by 

B = #o.~l"h 
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If  t h e  f i e l d  i s  u n i f o r m  a c r o s s  t h e  r a i l  gap ,  t h e n  t h e  m a g n e t i c  f l u x  p e r  
u n i t  l e n g t h  of  r a i l s  ~* i s  g i v e n  b y  

~b" = L ' l  = Bw 

~, go,hi w/h 

w h i c h ,  on  e l i m i n a t i o n  of  I ,  p r o v i d e s  

L" "" go ~b w/h 

A b e t t e r  c a l c u l a t i o n  of  i n d u c t a n c e  c a n  b e  o b t a i n e d  u s i n g  f o r m u l a s  
d e v e l o p e d  b y  G r o v e r  ( R e f .  6) a n d  t h e s e  a r e  s h o w n  a s  a f u n c t i o n  of  
w / h  i n  F i g .  3. A l s o  s h o w n  i s  t h e  r a t i o  of  c a l c u l a t e d  i n d u c t a n c e  L ° 
( f r o m  G r o v e r )  to  t h e  u n i f o r m  f i e l d  i n d u c t a n c e  L ° = ~ o w / h .  T h i s  
r a t i o  i s  a n  i n d i c a t i o n  of  t h e  u n i f o r m i t y  of  t h e  m a g n e t i c  f i e l d  a c r o s s  
t h e  p r o j e c t i l e  ( in  t h e  z d i r e c t i o n )  a n d  i s  a f i g u r e  of  m e r i t  f o r  t h e  
g e o m e t r y .  A u n i f o r m i t y  r a t i o  of  u n i t y  i n d i c a t e s  a h i g h l y  u n i f o r m  
m a g n e t i c  f i e l d  a n d  t h e r e f o r e  a " g o o d  'r g e o m e t r y  w h i l e  a u n i f o r m i t y  
of z e r o  i n d i c a t e s  a n o n u n i f o r m  f i e l d  ( a c t u a l l y  B = 0 h a l f w a y  a c r o s s  
t h e  gap)  a n d  a " b a d "  g e o m e t r y .  ( i f  t h e  p r o j e c t i l e  i s  s u f f i c i e n t l y  s t r o n g  
a n d / o r  t h e  a c c e l e r a t i o n  i s  l o w ,  a " b a d "  g e o m e t r y  c o u l d  b e  t o l e r a t e d .  ) 

1.2 

E l .  0 
'-r- 

O , ~ 1  
= -0 .8  m r "  

• -.--- 0.6 0 i ,-  

" O  I~- 

.~_ ~ O.4 

~ 0.2 

b 

L ° 

I 
0 0.5 1 . . . . . . . . . .  0 

Width to Height Ratio, wlh 

Figure 3. L' and a as functions of W/h for rectangular rails-high frequency limit. 

11 



AE DC-TR-76-38 

Because  of the r e q u i r e m e n t  of l aunching  an ax i a l l y  s y m m e t r i c  
model ,  a g e o m e t r y  approach ing  that  of " s q u a r e "  (i. e . ,  w / h  ~ 1) i s  
p robab ly  the mos t  a p p r o p r i a t e  as  th i s  p e r m i t s  e f f ic ien t  use  of p r o j e c -  
t i le  m a t e r i a l  for  a given s ize  model  as  shown in Fig .  4. F r o m  Fig.  3 
it is  appa ren t  that  app rop r i a t e  va lues  of L* t h e r e f o r e  l ie  in the r ange  
of 0 .6  ~ H / m .  

In th i s  r e p o r t ,  " p r o j e c t i l e "  wil l  r e f e r  only to the d r iv ing  por t ion  
of the ' t launch package.  ~' The " p r o j e c t i l e "  t oge the r  with the "mode l "  
make  up the total  " launch  package"  as shown in F ig .  4. 

Model 

Projectile 

h >k 
h 

d 

Figure 4. Possible launch package configuration. 

Using the previously derived acceleration formula Eq. (2.1) we 
can derive the current-acceleration relation 

I = (2 ma:L') I/2 (2.2) 
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R e s u l t s  a r e  d i s p l a y e d  in  F i g .  5 for  L "  = 0 . 6  pH/m. 
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Acceleration current as a function of accelerated mass for 
L' = 0.6 pH/m and various accelerations, "a" .  

Figure 5. 

2.2 OHMIC HEATING 

The  p r o j e c t i l e  p o r t i o n  of the  l a u n c h  package  m u s t  c a r r y  the  
a c c e l e r a t i o n  c u r r e n t  and c o n s e q u e n t l y  e x p e r i e n c e s  r e s i s t i v e  o r  o h m i c  
h e a t i n g  e f f ec t s .  A s s u m i n g  tha t  the  c u r r e n t  d e n s i t y  i s  u n i f o r m ,  we 
m a y  w r i t e  the  ac t ion  i n t e g r a l  as  (Ref.  7) 

f 12dt = gl A2 
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w h e r e  I i s  the  to ta l  c u r r e n t  f lowing ,  g l  i s  the  ac t i on  c o n s t a n t  w h i c h  i s  
a func t ion  of t he  m a t e r i a l  and i t s  s t a t e  ( t e m p e r a t u r e ) ,  and A i s  the  
c u r r e n t - c a r r y i n g  c r o s s - s e c t i o n a l  a r e a  of t he  p r o j e c t i l e .  F r o m  the  
a c c e l e r a t i o n  f o r m u l a  Eq.  (2 .1)  we can  w r i t e  the  v e l o c i t y  as  

. L "I 2 
v = J--T~- m dt 

L' fl 2 dt 
= T'g-m 

a s s u m i n g  tha t  both  L* and m r e m a i n  c o n s t a n t  d u r i n g  a c c e l e r a t i o n .  
T h e s e  two e q u a t i o n s  can  then  be c o m b i n e d  to y i e l d  

v = L'g] A2/2 m (2 .3 )  

(It shou ld  be  no t ed  tha t  t h i s  equa t ion  a l s o  ho lds  i n c r e m e n t a l l y  
(i.e., Av=L'A 2Agl/2m))" 

R e f e r r i n g  to F ig .  2 we note  tha t  the  c u r r e n t - c a r r y i n g  c r o s s -  
s e c t i o n a l  a r e a  of the  p r o j e c t i l e  i s  A = hd. The  p r o j e c t i l e  t h i c k n e s s ,  d, 
canno t  be  a r b i t r a r i l y  l a r g e  b e c a u s e  of the  e l e c t r i c a l  sk in  e f fec t .  In 
o r d e r  that  the  ac t ion  i n t e g r a l  (SI2dt) be  a r e a l i s t i c  m e a s u r e  of e n e r g y  
d i s s i p a t e d  in the  p r o j e c t i l e ,  the  c u r r e n t  d e n s i t y  I / A  m u s t  be u n i f o r m ,  
o r  a p p r o x i m a t e l y  so,  t h r o u g h o u t  the  p r o j e c t i l e  d u r i n g  a c c e l e r a t i o n .  
E l e c t r i c  c u r r e n t  d i f fu se s  into a c o n d u c t o r  but fo r  s h o r t  t i m e s  i s  
r e s t r i c t e d  to the  s u r f a c e  o r  " s k i n "  of the  m a t e r i a l .  The  dep th  to 
wh ich  c u r r e n t  d i f fuses  in a g iven  t i m e  is  c a l l e d  the  e l e c t r i c a l  sk in  
depth ,  5, and is  g iven  by 

= ~/,,~t go 

w h e r e  ~ i s  the  e l e c t r i c a l  r e s i s t i v i t y  of the  m a t e r i a l  and t is  the  t i m e .  
T h e r e f o r e ,  in a r a i l  gun, the  t e m p e r a t u r e  d e s c r i b e d  by the  ac t i on  
i n t e g r a l  wi l l  be  va l id  fo r  s o m e  t h i c k n e s s  of c o n d u c t o r  l e s s  than  the  
sk in  depth  fo r  the  t i m e  of a c c e l e r a t i o n .  We sha l l  c h o o s e  d = 0 .56  
(i.  e . ,  the  c u r r e n t  d e n s i t y  in th i s  t h i c k n e s s  i s  e s s e n t i a l l y  u n i f o r m  
for  75 p e r c e n t  of the  a c c e l e r a t i o n  t i m e ) .  T h e r e f o r e ,  

d = 0,5~/rr ~ t/go 
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o r  

A = hd = 0.Sh~,/rr'~ t/g o 

T h e  r e p r e s e n t a t i v e  a c c e l e r a t i o n  t i m e ,  t ,  m a y  be  ob t a ined  f r o m  the  
d e s i r a b l e  c a s e  of c o n s t a n t  a c c e l e r a t i o n  as  2 x / v ,  and 

A = 0.Shv'2rr ~'x/ffoV (2 .4 )  

E q u a t i o n s  (2 .3)  and (2 .4)  a r e  shown p lo t t ed  in F ig .  6 f o r  c o p p e r .  
C o p p e r  was  c h o s e n  as  i t  i s  a su i t ab l e  a c c e l e r a t i o n  m a t e r i a l  c o m b i n i n g  
h igh  h e a t  c a p a c i t y  and low e l e c t r i c a l  r e s i s t i v i t y .  

14 100 k9 

12 

10 

8 

° ~  

_s 6 
~> 

- 1 k9 10 kg 20 kg 50 k9 200 kg 
, , I I / / Mass 

0 10 20 

I I I I I 
0 1 2 3 4 
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Current Cross-Sectional Area, cm 2 

I i I i I I I I I 
5 6 7 8 9 10 11 12 13 
Approximate Current-CarryingMass, k9 

8O 

Distance 

500 m 

- ' 2 0 0  m 

~ 1 0 0  m 
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90 I00 

I I I I I 
14 15 16 17 18 

F i g u r e  6 .  Res is t ive  h e a t i n g  e n v e l o p e s  f o r  rai l  gun  a c c e l e r a t i o n .  
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Equation (2 .3)  appears as  the constant acce l era ted  m a s s  l ines .  
The region above these  l ines  corresponds  to at l eas t  partial  mel t ing  of 
the project i l e .  The parameter  values  used were  

L" = 0.6pH/m 

g l  = 8 .9  × 1016 A2-sec/m 4 (Cnare, Ref .  7 ,  for 
copper at the melting point) 

Equation (2 .4)  i s  r epresented  in Fig .  6 by the constant a c c e l e r a -  
tion distance  l ine s .  The region above the l ines  corresponds  to partial  
mel t ing ,  while  that below is  "safe.  '' The va lues  used in Eq. (2 .4 )  
wer e  

~1 = 20 Cm 

= 2 x 10 "8 R-cm (copper) 

Figure  6 may be interpreted as  i l lustrated in Fig.  7. For  re l iab le  
operation an a c c e l e r a t o r  would probably have to operate in the "safe" 
region.  For  example ,  if a ve loc i ty  ( say  6 k m / s e c )  and a m a s s  ( say  
50 kg) are  chosen,  a minimum gun length of approximately  100 m is  
required.  

14 
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Figure 7. Schematic of resistive heating envelopes for 
rail gun acceleration. 
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It m i g h t  be no t ed  tha t  i n c r e a s i n g  h ( the  p r o j e c t i l e  he igh t )  i n c r e a s e s  
the  m a s s  tha t  can  be  a c c e l e r a t e d  wi th  a g iven  l e n g t h  of gun. 

2.3 ELECTROMAGNETIC STABILITY 

T h e r e  a r e  b a s i c a l l y  two m o d e s  of e l e c t r o m a g n e t i c  i n s t a b i l i t y  in  a 
r a i l  gun: 

1. The  R a y l e i g h - T a y l o r  i n s t ab i l i t y .  Th i s  i s  the  t e n d e n c y  
fo r  the  p r o j e c t i l e  to " c o c k "  in the  b a r r e l  o r  to "b low 
out" t h r o u g h  the  c e n t e r .  

2. The  v e r t i c a l  i n s t ab i l i t y .  The  p r o j e c t i l e ,  if it  m o v e s  
out of the  c e n t e r  of the  r a i l s  p e r p e n d i c u l a r  to the  
d i r e c t i o n  of a c c e l e r a t i o n ,  wi l l  t end  to con t inue  to m o v e  
out of the  r a i l s .  

The  R a y l e i g h - T a y l o r  i n s t a b i l i t y  o c c u r s  in so l i d s  only  at  h igh  a c c e l -  
e r a t i o n  w h e r e  the  so l id  b e h a v e s  in a f lu id  m a n n e r ,  and i t  would  not  be 
e x p e c t e d  to o c c u r  at the  low a c c e l e r a t i o n s  c o n s i d e r e d  in th i s  s tudy.  
Al though  " c o c k i n g "  m a y  t end  to o c c u r  at low a c c e l e r a t i o n ,  the  p r o j e c t i l e  
wi l l  b e h a v e  as a r i g i d  body and it  i s  p o s s i b l e  to m a k e  it s t ab l e  a g a i n s t  
c o c k in g  by,  fo r  e x a m p l e ,  m a k i n g  i t  r e l a t i v e l y  long  {d/w > 1). 

The  v e r t i c a l  i n s t a b i l i t y  is  a c a s e  of n e u t r a l  s t ab i l i t y ,  tha t  i s ,  if  
the  p r o j e c t i l e  i s  m a i n t a i n e d  at o r  n e a r  the  c e n t e r  of the  r a i l  s y s t e m ,  the  
i n s t a b i l i t y  f o r c e  wi l l  be  s m a l l .  It i s  p o s s i b l e  to p r o v i d e  m e c h a n i c a l  
r e s t r a i n t  to t h i s  m o d e  of i n s t a b i l i t y  by,  fo r  e x a m p l e ,  " c l o s i n g "  the  
b a r r e l  wi th  i n s u l a t i n g  s p a c e r s  on the  top and b o t t o m  of the  r a i l s .  

2.4 CONTACT PHENOMENA 

The  b e h a v i o r  of c o n t a c t s  can be  d iv ided  into two a s p e c t s ,  
(1) m e c h a n i c a l  b e h a v i o r  and (2) e l e c t r i c a l  b e h a v i o r .  The  two a r e  
r e l a t e d  as  wi l l  be  shown l a t e r ,  but i~ i s  he lpfu l  to beg in  the  d i s c u s s i o n  
wi th  the  s e p a r a t i o n .  T h e s e  two a s p e c t s  can be  f u r t h e r  d iv ided  in to  
s t a t i c  and d y n a m i c  b e h a v i o r ,  and th i s  wi l l  be  done  fo r  both  m e c h a n i c a l  
and e l e c t r i c a l  b e h a v i o r .  F i n a l l y ,  con tac t  w e a r  wi l l  be c o n s i d e r e d .  
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2.4.1 Mechanical Behavior 

(a) Static Behavior 

When two s o l i d s  a r e  b rough t  into con tac t ,  t h e y  f i r s t  m e e t  at  the  
h i g h e s t  i n t e r f e r i n g  a s p e r i t i e s  on the  s u r f a c e s  ( the s u r f a c e s  b e i n g  
m i c r o s c o p i c a l l y  rough) .  As  the  n o r m a l  load  on the  i n t e r f a c e  i s  i n -  
c r e a s e d ,  the  i n t e r f e r i n g  a s p e r i t i e s  a r e  c r u s h e d  down and the  a r e a  
of i n t e r f e r e n c e  i n c r e a s e s .  L o w e r  a s p e r i t i e s  b e g i n  to i n t e r f e r e  as  the  
s u r f a c e s  m o v e  c l o s e r  t o g e t h e r  and the  n u m b e r  of i n t e r f e r i n g  a s p e r i t i e s  
i n c r e a s e s .  F i n a l l y ,  wi th  su f f i c i en t  n o r m a l  f o r c e ,  the  e n t i r e  s u r f a c e  
c o m e s  in to  i n t i m a t e  con tac t .  

Two p h e n o m e n a  c h a r a c t e r i z e  the  m e c h a n i c a l  b e h a v i o r  of 
s o l i d / s o l i d  c o n t a c t s ,  f r i c t i o n  and w e a r .  Both  can  be f o r m u l a t e d  in  
s i m p l e  ana ly t i c  t e r m s .  

C o n s i d e r  the  n o m i n a l  con tac t  a r e a  to be A and the  a r e a  of ac tua l  
m e t a l  to m e t a l  con tac t  A b ( s o m e t i m e s  r e f e r r e d  to as  the  l oad  b e a r i n g  
a r e a ) .  The  r a t i o  of A b / A  <_ 1. The  load  b e a r i n g  a r e a  A b can be  r e -  
l a t e d  to the  n o r m a l  l oad  P in the  con tac t  by 

P = oA b 

w h e r e  ~ i s  an a v e r a g e  y i e ld  s t r e s s  in  the  a r e a s  of t r u e  con tac t .  ~ i s  
r e l a t e d  to the  bulk p r o p e r t i e s  of the  m a t e r i a l  and i s  t r e a t e d  in de t a i l  
by Bowden  and T a b o r  (1Ref. 8). L e t  us  suppose  tha t  the  a r e a  A b i s  
m a d e  up of n i d e n t i c a l  c o n t a c t s  of a r e a  Abn; t hen  

P = n o  Abn (2.5) 

Thus ,  as  P i n c r e a s e s ,  Abn i n c r e a s e s  a n d / o r  n i n c r e a s e s  (~ i s  a 
m a t e r i a l  p r o p e r t y  and r e m a i n s  cons tan t ) .  

The  a r e a  of contac~ A b i s  in i n t i m a t e  con t ac t  and cold  w e l d i n g  of 
the  s u r f a c e s  at  t h e s e  po in t s  wi l l  occu r .  If the  s u r f a c e s  a r e  m o v e d  
t a n g e n t i a l l y ,  t h e s e  w e l d s  m u s t  be b r o k e n .  The  t a n g e n t i a l  f o r c e  S r e -  
q u i r e d  to a c c o m p l i s h  th i s  is  

S- sA b 
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w h e r e  s i s  the  s h e a r  s t r e n g t h  of the  m a t e r i a l .  
f r i c t i o n  m a y  e a s i l y  be  shown to be 

V[  = S / P  = s / G  

Thus  the  c o e f f i c i e n t  of 

Th i s  v e r y  s i m p l e  p i c t u r e  of f r i c t i o n  i s  adequa t e  fo r  th i s  d i s c u s s i o n .  
(A m o r e  d e t a i l e d  d i s c u s s i o n  i s  c o n t a i n e d  in Ref.  8). 

W e a r  o c c u r s  wi th  the  a s s y m e t r i c a l  s h e a r i n g  of the  co ld  w e l d e d  
a r e a s  Abn. In p r i n c i p a l ,  two i d e n t i c a l  m a t e r i a l  s u r f a c e s  will not  ex -  
p e r i e n c e  any  ne t  w e a r  e x c e p t  for  w e a r  p a r t i c l e s  wh ich  a r e  d i s l o d g e d  
f r o m  both  s u r f a c e s .  D i f f e r e n t  m a t e r i a l s  and d i f f e r e n t  s t a t e s  of the  
s a m e  m a t e r i a l  in con tac t  wi l l  u n d e r g o  ne t  w e a r  and the  p a r t i c u l a r  c a s e  
m u s t  be c o n s i d e r e d  to d e t e r m i n e  wh ich  s u r f a c e  wi l l  w e a r  and  by how 
m u c h .  

(b) Dynamic Behavior 

As the  rubb ing  v e l o c i t y  i s  i n c r e a s e d  f r o m  z e r o  ( s t a t i c ) ,  the  
s i m p l e  p i c t u r e  of f r i c t i o n  and w e a r  d e v e l o p e d  above  e s s e n t i a l l y  s t i l l  
ho lds .  H o w e v e r ,  s l i d i n g  a f fec t s  both the  con tac t  a r e a  Ab and the  
m a t e r i a l  p r o p e r t i e s  ~ and s. 

At low s l i d ing  s p e e d s  (< 10 m / s ) ,  the  d y n a m i c  c a s e  is  i d e n t i c a l  to 
the  s t a t i c  c a s e .  S h e a r i n g  of the l o c a l  c o n t a c t s  t a k e s  p l a c e  s l owly  
enough  tha t  t h e r m a l  e q u i l i b r i u m  is  e s t a b l i s h e d  and the  m a t e r i a l  p r o p e r -  
t i e s  do not  change .  The  con tac t  a r e a  A b g r o w s  s l i g h t l y  due to the  
v e c t o r  n a t u r e  of the  s t r e s s e s  ¢7 and s (i. e . ,  the  v e c t o r  r e s u l t a n t  s t r e s s  
d e t e r m i n e s  the  m a x i m u m  s t r e s s  and as  th i s  i s  g r e a t e r  than  e i t h e r  c; o r  
s, the  a r e a  m u s t  g row to r e t u r n  the  a v e r a g e  s t r e s s  to the  y i e ld  va lue - -  
s e e  Bowden  and T a b o r ,  Ref.  8). As  the  v e l o c i t y  of s l i d ing  i n c r e a s e s ,  
the  s h e a r e d  a r e a s  A b d e p a r t  f r o m  t h e r m a l  e q u i l i b r i u m  b e c a u s e  the  
e n e r g y  l i b e r a t e d  f r o m  the  s h e a r i n g  does  not  have  t i m e  to conduc t  in to  
the  bulk  of the  m a t e r i a l .  The  s h e a r i n g  v o l u m e  thus  e x p e r i e n c e s  a 
t e m p e r a t u r e  r i s e  and a r e s u l t a n t  l o w e r i n g  of the  s h e a r  s t r e n g t h  s. 
T h e r e  i s  l i t t l e  e f fec t  on the  c o m p r e s s i v e  y i e ld  s t r e s s  ¢7 so w e a r  and 
the  c o e f f i c i e n t  of f r i c t i o n  d e c r e a s e .  T h e y  both  con t inue  to fa l l  as  
v e l o c i t y  i s  i n c r e a s e d  un t i l  the  whole  s u r f a c e  i s  c o v e r e d  by  a m o l t e n  
f i lm .  The  c o e f f i c i e n t  of f r i c t i o n  is  t h e n  d e t e r m i n e d  by  the  v e l o c i t y  
g r a d i e n t  in the  m o l t e n  l a y e r  and the  v i s c o s i t y  of the  l iqu id .  As  
v e l o c i t y  i s  f u r t h e r  i n c r e a s e d ,  the  m o l t e n  l a y e r  c o n t r a c t s  in  t h i c k n e s s  
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and f r i c t i o n  and w e a r  b e g i n  to i n c r e a s e .  B o w d e n  and T a b o r  (Ref.  8) 
found tha t  the  m i n i m u m  fo r  c o p p e r  on s t e e l  o c c u r r e d  at  g r e a t e r  than  
700 m / s e c  at  wh ich  v e l o c i t y  the  c o e f f i c i e n t  of f r i c t i o n  was  r e m a r k a b l y  
low (~f  = O. 2). 

As  700 m / s e c  i s  b a r e l y  in  the  r a n g e  of i n t e r e s t  h e r e ,  one m i g h t  
w o n d e r  what  h a p p e n s  as v e l o c i t y  i s  f u r t h e r  i n c r e a s e d .  To the  a u t h o r ' s  
k n o w l e d g e ,  t h e r e  a r e  no c o e f f i c i e n t  of f r i c t i o n  da ta  a v a i l a b l e  and v e r y  
few o b s e r v a t i o n s  of any  type  at h i g h e r  v e l o c i t i e s  on i n t i m a t e l y  t ouch ing  
s l i d i n g  c o n t a c t s .  Gra f t  and Det la f f  (Ref .  9) r e p o r t e d  the  gouging  p h e -  
n o m e n a  on h i g h - s p e e d  r o c k e t  s l ed  r a i l s  (up to 1 ,500 m / s e c )  and B a r b e r  
(Ref.  5) c o n f i r m e d  the  p h e n o m e n a  in a r a i l  gun. Th i s  p h e n o m e n a  in -  
v o l v e s  the  f o r m a t i o n  of t e a r  shaped  " c r a t e r s "  on the  s u r f a c e  of the  
r a i l s .  It on ly  o c c u r s  at  h igh  v e l o c i t i e s  (> 600 m / s e c  fo r  c o p p e r  on 
coppe r )  and is  v e r y  i n c o m p l e t e l y  u n d e r s t o o d .  The  au tho r  f e e l s  i t  i s  
a h y p e r v e l o c i t y  i m p a c t  e f fec t  (i. e . ,  the  m a t e r i a l  b e h a v e s  as  a f luid) 
and  m a y  be c a u s e d  by  d i s c r e t e  a s p e r i t y  i m p a c t s  o r  by  a b a s i c  f lu id  
i n s t a b i l i t y  ( K e l v i n - H e m l h o l t z )  at  the  f lu id  bounda ry .  No good m e a s u r e  
of the  c o e f f i c i e n t  of f r i c t i o n  o r  of w e a r  i s  a v a i l a b l e  above  a few h u n d r e d  
m e t e r s  p e r  s econd .  The  a p p a r e n t  v i o l e n c e  of the  gouging  p h e n o m e n a  
would  i n d i c a t e  h igh  w e a r  r a t e s ,  but  B a r b e r  (Ref.  5) has  found s o m e  
e v i d e n c e  tha t  gouging  c e a s e s  at v e r y  h igh  v e l o c i t i e s  (>~ 1 .1  k m / s e c  fo r  
c o p p e r  on copper ) .  Gra f t  and Det la f f  (Ref.  9) and B a r b e r  (Ref .  5) have  
found that  r a i l  coa t i ngs  can p r o d u c e  a m a r k e d  r e d u c t i o n  of gouging.  

2.4.2 Electrical Behavior 

(e) Static Behavior 

The  p r i n c i p a l  e l e c t r i c a l  f e a t u r e  of c o n t a c t s  i s  the  c o n s t r i c t i o n  of 
the  c u r r e n t  f lowing  a c r o s s  the  con tac t  in to  the  a r e a s  of r e a l  con tac t  
A b. It i s  t h i s  c o n s t r i c t i o n  of c u r r e n t  wh ich  g ives  r i s e  to the  i m p o r -  
t an t  e l e c t r i c a l  e f f ec t s  at  the  con tac t  i n t e r f a c e .  

H o l m  (Ref.  10) ha s  shown tha t  the  e q u i v a l e n t  r e s i s t a n c e  of a c i r c u -  
l a r  con tac t  a r e a  of r a d i u s  " r "  b e t w e e n  two s u r f a c e s  i s  a p p r o x i m a t e l y  

R = ¢ /2r  

w h e r e  ~ i s  the  e l e c t r i c a l  r e s i s t i v i t y .  If we  c o n s i d e r  aga in  n i d e n t i c a l  
c o n t a c t s  of a r e a  Abn,  the  e q u i v a l e n t  r e s i s t a n c e  i s  tha t  of n i nd iv idua l  
c o n t a c t s  in p a r a l l e l ,  o r  

~/(2n X/Abu/ri 
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Abn m a y  be r e p l a c e d  f r o m  Eq.  (2 .5)  as  Abn = P / n ~  to y i e l d  

R = (~/2)(rro!Pn) 1/2 (2.6) 

In o r d e r  to p a s s  l a r g e  c u r r e n t s ,  such  as  e n v i s i o n e d  in th i s  r e p o r t ,  
low con tac t  r e s i s t a n c e  i s  r e q u i r e d ;  t h e r e f o r e ,  low r e s i s t i v i t y - l o w  
y i e l d  s t r e n g t h  m a t e r i a l s  wi th  h igh  n o r m a l  f o r c e s  and a l a r g e  n u m b e r  
of i nd iv idua l  c o n t a c t s  a r e  r e q u i r e d .  

The  p a s s a g e  of c u r r e n t  t h rough  the  c o n s t r i c t e d  a r e a s  A b g e n e r -  
a t e s  r e s i s t i v e  hea t  in the  con tac t i ng  a s p e r i t i e s .  It has  b e e n  d e m o n -  
s t r a t e d  (Ref.  10) tha t  the  m a x i m u m  t e m p e r a t u r e  in  the  con t ac t  and the  
v o l t ag e  d e v e l o p e d  a c r o s s  the  con tac t  a r e  r e l a t e d .  That  i s ,  the  v o l t a g e  
i s  a m e a s u r e  of the  con tac t  t e m p e r a t u r e  and v i c e - v e r s a .  F o r  e x a m p l e ,  
in c o p p e r  the  m e l t i n g  poin t  i s  r e a c h e d  at about  0 . 4  vo l t s  and the  b o i l -  
ing poin t  is  r e a c h e d  at 0 . 8  vo l t s .  Bowden  and W i l l i a m s o n  (Ref.  11) 
have  shown tha t ,  p r o v i d e d  the  s u r f a c e s  a r e  f r e e  to m o v e  t o g e t h e r  a s  
c u r r e n t  i s  i n c r e a s e d  t h r o u g h  a con tac t ,  the  vo l t age  a c r o s s  the  c o n -  
t ac t  (and thus  t e m p e r a t u r e  at the  contac t )  t end  to be a c o n s t a n t  va lue .  
As  c u r r e n t  i s  i n c r e a s e d ,  the  con tac t  h e a t s  s l i g h t l y  and c o l l a p s e s  to a 
l a r g e r  a r e a  wh ich  r e d u c e s  the  c u r r e n t  d e n s i t y  and  r e s u l t a n t  h e a t i n g .  
If a c e r t a i n  c r i t i c a l  vo l t age  ( t e m p e r a t u r e )  a c r o s s  the  con t ac t  i s  ex -  
c e e d e d  the  con tac t  b e c o m e s  u n s t a b l e ,  h e a t s  r a p i d l y ,  and e x p l o d e s .  

(b) Dynamic Behavior 

The e f fec t  of rubb ing  v e l o c i t y  on the  e l e c t r i c a l  b e h a v i o r  of c o n t a c t s  
has  not  r e c e i v e d  m u c h  a t t en t i on  above  about  100 m / s e c .  B a r b e r  (Ref .  5) 
in  r a i l  gun e x p e r i m e n t s  has  found tha t  fo r  c o p p e r  on c o p p e r  and  a 
p a r t i c u l a r  g e o m e t r y ,  good con tac t  ( con t ac t  vo l t age  <0.5V)  can  be  m a i n -  
t a i n e d  up to o v e r  1 k m / s e c ~  h o w e v e r ,  i n s t a b i l i t y  s e t s  in at h i g h e r  v e -  
l o c i t i e s .  The  p r o c e s s  of i n s t a b i l i t y  i n i t i a t i on  and  g rowth  i s  not  u n d e r -  
s tood at p r e s e n t ,  but  the  con tac t  a p p e a r s  to s u d d e n l y  change  f r o m  
m e t a l  to m e t a l  con tac t  to an a r c i n g  con tac t .  

In a r a i l  gun the  p r o j e c t i l e  m o v e s  c o n t i n u o u s l y  onto co ld  r a i l s ,  the  
e f fec t  of wh ich  wi l l  be  to cool  the  c o n t a c t s  and a l s o  to wipe  away  any  
m o l t e n  m a t e r i a l .  As  con tac t  vo l t age  ( t e m p e r a t u r e )  i n c r e a s e s ,  i n c r e a s e d  
w e a r  m i g h t  be expec t ed .  No good da ta  a r e  ava i l ab l e .  

Gouging d o e s  not  a p p e a r  to a f fec t  e l e c t r i c a l  con tac t ,  tha t  i s ,  e l e c -  
t r i c a l  b e h a v i o r  a p p e a r s  to be i n d e p e n d e n t  of the  gouging  p r o c e s s e s .  
Gouging  does  not  n e c e s s a r i l y  c o i n c i d e  wi th  p o o r  e l e c t r i c a l  con tac t .  
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2.4.3 Contact Wear 

Contac t  w e a r  m a y  be  c o n s i d e r e d  as  two s e p a r a t e  p h e n o m e n a ,  
e l e c t r i c a l  w e a r  and m e c h a n i c a l  o r  f r i c t i o n a l  w e a r .  T h e y  m a y ,  of 
c o u r s e ,  be  i n t e r a c t i v e  but fo r  the  p u r p o s e s  of th i s  a n a l y s i s  wi l l  be  
t r e a t e d  s e p a r a t e l y .  

(a) Electrical Wear 

The  e l e c t r i c a l  r e s i s t a n c e  of a con tac t  s u r f a c e  i s ,  in g e n e r a l ,  
h i g h e r  than  tha t  of the  bulk of the  m a t e r i a l  due to c u r r e n t  c o n s t r u c -  
t ion  t h r o u g h  the  con tac t  spo ts  and h e a t i n g  of the  con tac t  a r e a  by the  
c u r r e n t .  The  con tac t  can be  c h a r a c t e r i z e d  e l e c t r i c a l l y  by  a con tac t  
vo l t ag e  V (as  po in t ed  out p r e v i o u s l y  t h i s  vo l t age  i s  a l s o  an i n d i c a t i o n  
of con tac t  t e m p e r a t u r e ) .  If the  con tac t  c a r r i e s  an a v e r a g e  c u r r e n t  
d e n s i t y ,  i ,  t hen  the  a v e r a g e  p o w e r  d e n s i t y  d i s s i p a t e d  in  the  con tac t  i s  

W-- Vi 

Now l e t  us  a s s u m e  tha t  th i s  p o w e r  i s  l i b e r a t e d  in a v e r y  th in  con tac t  
r e g i o n  and that  i t  m e l t s  the  m a t e r i a l  in that  r e g i o n .  (Note:  m e l t i n g  
i s  c o n s i s t e n t  wi th  V = 0 . 5  V. ) We t h e n  a s s u m e  tha t  in  a s l i d ing  con tac t ,  
the  m o l t e n  m a t e r i a l  i s  w iped  (worn)  away.  The  a m o u n t  of m a t e r i a l  
w o r n  away  ( p e r  uni t  a r e a )  m a y  be d e s c r i b e d  in t e r m s  of the  w e a r  6 w. 
If  the  e n e r g y  r e q u i r e d  to m e l t  the  m a t e r i a l  i s  Q m  ( p e r  uni t  v o l u m e )  
t h e n  the  m e l t i n g  p o w e r  d e n s i t y  i s  r e l a t e d  to the  w e a r  r a t e  by  

W = Qm ChSw/dt 

which  m a y  be  equa t ed  to the  e l e c t r i c a l  d i s s i p a t i o n  

Qm dBw/dt = Vi 

In the  c a s e  of a r a i l  gun, the  p r o j e c t i l e  w e a r  is  of m o s t  i n t e r e s t .  Only  
a f r a c t i o n  of the  e n e r g y  wi l l  be d i s s i p a t e d  in the  p r o j e c t i l e  and as  the  
p r o j e c t i l e  co n t i nua l l y  r u n s  onto cold  r a i l s ,  the  m a x i m u m  f r a c t i o n  would  
be o n e - h a l f .  So fo r  the  p r o j e c t i l e  

1 
QmdBw/dt = ~ Vi 
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4 

t Vi 

: f 
0 

A s s u m i n g  t h a t  t h e  c o n t a c t  v o l t a g e  i s  c o n s t a n t  f o r  t h e  t i m e  of  i n t e r e s t ,  
t h e n  

V 
~w - f i d t  

2Q m 

F o r  a c o n s t a n t  a c c e l e r a t i o n ,  t h e  c u r r e n t  i s  c o n s t a n t  a n d  c u r r e n t  
d e n s i t y  i c a n  b e  e x t r a c t e d  f r o m  t h e  m a s s  a n d  a c c e l e r a t i o n  a s  f o l l o w s :  

o r  

F r o m  r e s i s t i v e  h e a t i n g  (Eq .  ( 2 . 3 ) )  w e  o b t a i n  t h e  l i m i t i n g  v e l o c i t y  

v = L 'g lA2 /2m 

A -- (2 m v / L ' g l )  1/2 

F r o m  t h e  a c c e l e r a t i o n  ( E q .  ( 2 . 2 ) )  

I = (2 ma/L')ll2 

T h e r e f o r e  

1 / 2  

i = I /A = (g_~_a) 

N o w  f o r  a c o n s t a n t  a c c e l e r a t i o n  a = v 2 / 2 x ,  t = 2 x / v ,  

f idt  = ( ~ ' - 3  1/2 

T h u s ,  t h e  w e a r  b e c o m e s  

8 w - 2Q m 

112 

a n d  

23 



AE OC-T R-76-38 

F o r  c o p p e r  Q m  ~ . p c p A T  m ~ 3 . 6  x 1 0 9 j / m  3 

gl ~<~ 8.9 x 1016 A2_sec/m 4 

W e a r  v e r s u s  gun l e n g t h  i s  p lo t t ed  in  F i g .  8. 

[] lOv 

E 
U 

8 
Z= 

0 I00 200 
Accelerator Length, m 

Figure 8. Electrical wear versus accelerator length for copper at 
constant acceleration to 6 km/sec. 

(b) Mechanical/Frictional Wear 

The  f r i c t i o n a l  f o r c e  d i s s i p a t e s  e n e r g y  in  the  c o n t a c t  r e g i o n  and  
m a y  a l s o  r e s u l t  in  m e l t i n g  and  w e a r  of the  c o n t a c t .  T h e  f r i c t i o n a l  
f o r c e  i s  r e l a t e d  to the  n o r m a l  f o r c e  by  the  c o e f f i c i e n t  of f r i c t i o n  ~ f 

F[ = V[P 
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T h u s  the  to ta l  e n e r g y  d i s s i p a t e d  by the  f r i c t i o n a l  f o r c e  m a y  be  w r i t t e n  
a s  

X 

fF t dx = f #fPdx 
0 

o r  the  d i s s i p a t i o n  e n e r g y  d e n s i t y  a s  

x p 
f g f ~ d x  
0 

w h e r e  P / A  is  s i m p l y  the  a v e r a g e  c o m p r e s s i v e  s t r e s s  at  the  i n t e r f a c e .  
If the  i n t e r f a c e  m a t e r i a l  i s  m e l t e d  by  f r i c t i o n  and r e m o v e d  by wip ing  
we can  a g a i n  equa te  the d i s s i p a t i v e  e n e r g y  d e n s i t y  to a w e a r  5 w, w h e r e  
o n e - h a l f  the  e n e r g y  goes  in to  the  p r o j e c t i l e ,  and o n e - h a l f  in to  the  r a i l s  

l 
Qm 8w = ~ f g f  P / A  dx 

1 
8 w ffi 2QmA f p f  P dx 

The  n o r m a l  f o r c e  P canno t  be a r b i t r a r i l y  s m a l l ;  i t  m u s t  be l a r g e  
enough  to e n s u r e  good e l e c t r i c a l  c o n t a c t .  The  c o n t a c t  r e s i s t a n c e  R 
can  be  w r i t t e n  as  (Eq.  (2 .6) )  

,~" . . Iz  0 , I / 2  
R = t T ~ t ~  

T h u s  the  c o n t a c t  v o l t a g e  V i s  

V = IR 

o r  

R = V/I 

and  

P = ~212 ~a/2nV 2 

The  n o r m a l  l oad  m u s t  be  a t  l e a s t  equa l  to t h i s  v a l u e  to e n s u r e  good 
c o n t a c t .  T h u s  6 w b e c o m e s ,  fo r  a c o n s t a n t  f r i c t i o n  c o e f f i c i e n t  
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#f 
_ 2QmA f P dx 

- k=-jv=/y 12 dx 

N o w  f o r  c o n s t a n t  a c c e l e r a t i o n ,  f I 2 d x  = m v 2 / L ' ( i ,  e .  a = L ' I 2 / 2 m ) ,  
t h e r e f o r e  

. V0m,] 

F r i c t i o n a l  w e a r  d e p e n d s  on  t h e  f i n a l  k i n e t i c  e n e r g y  o f  t h e  l a u n c h  p a c k -  
a g e  a n d  o n  v a r i o u s  m a t e r i a l  p r o p e r t i e s .  F i g u r e  9 s h o w s  t h e  e x p e c t e d  
w e a r  f o r  t h e  f o l l o w i n g  c h a r a c t e r i s t i c  p a r a m e t e r s  

Qn, = 3.6 x 10 9 J,:m '~ (copper) 

A = ~0 x ]0 .4 m 2 

(7 = 2 × 108 n t / m  2 )  

I copper  
= 2 x ]0  .8 r-m 

V = 0..5 ~ " m e h i n g "  vo l tage  for copper) 

n = 5,000 (number  of c o n t a c t  f ingers)  

v = 6 x 103 m."sec 2 

I," = 0 . 6 t L l l / m  

G o u g i n g  m i g h t  b e  e x p e c t e d  to  c o n t r i b u t e  to  w e a r  b u t  no  d a t a  a r e  
a v a i l a b l e  on  t h i s  a s p e c t  o f  t h e  p h e n o m e n a .  A n  i m p o r t a n t  c o n s i d e r a t i o n  
of  g o u g i n g  i s  r a i l  d a m a g e  a n d  t h e  a s s o c i a t e d  n e c e s s i t y  t o  r e p l a c e  o r  
d r e s s  t h e  r a i l s  a f t e r  e a c h  s h o t .  

2.5 DRIVING METHODS 

T h e r e  a r e  b a s i c a l l y  t w o  m e t h o d s  o f  s t o r i n g  e l e c t r i c a l  e n e r g y  a n d  
s u b s e q u e n t l y  d r i v i n g  a r a i l  g u n ,  (1) c a p a c i t o r s  a n d  (2) i n d u c t o r s .  
B o t h  o f  t h e s e  m e t h o d s  w i l l  b e  c o n s i d e r e d .  
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t= 
¢J 

(u  

!¢ 

i f -1  

-0.5 

-0.2 

0 l P  ~ I t 
0 100 200 

Launched Mass, kg 

Figure 9. Projectile wear versus launch mass for various values of 
friction coefficients, #. 

2.5.1 Capacitor Driving 

A c a p a c i t o r - d r i v e n  r a i l  gun m a y  be r e p r e s e n t e d  as :  

V,C 

R o L o 

C~p R • 

m, V 

The equat ions  which d e s c r i b e  the opera t ion  of th i s  c i r c u i t  a r e  

1. Conse rva t i on  of E n e r g y  

(I/2)CV2o - I/2 CV 2 + I/2 my 2 + I/2(L o + L'x)I 2 + y 12(Ro + R'x)dt + fFdadt 
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. V o l t a g e  A r o u n d  t h e  C i r c u i t  

d 
1 fldt . I(R o + R'x) + -~i(L o V o = 

+ L'x)ll 

. D y n a m i c  E q u a t i o n s  

a = L'12/2 m -  Fd/m 

v = fadt 

x = fvdt 

F o r  a f r i c t i o n l e s s  s y s t e m  in a v a c u u m ,  t h e  r e t a r d i n g  f o r c e  F d i s  z e r o .  
T h e s e  e q u a t i o n s  t o g e t h e r  a r e  n o n l i n e a r  a n d  m u s t  be  s o l v e d  n u m e r i c a l l y ;  
h o w e v e r ,  a b e t t e r  u n d e r s t a n d i n g  of  t h e  g e n e r a l  s y s t e m  b e h a v i o r  i s  
o b t a i n e d  f r o m  an  a p p r o x i m a t e  a n a l y t i c  s o l u t i o n .  T h e  a p p r o x i m a t i o n s  
u s e d  a r e  

C -, oo (i.e., a battery or very large capacitor) 

R o and R" -, 0 (i.e., neglect resistive losses) 

With these approximations, the energy equation implies V o = V = con- 
stant. The voltage equation reduces to 

d 
V = -~t (Lo + L'x)l 

which can be easily integrated to yield 

V t = (L o + L'x)I 

T h e  f o r c e  on  t h e  p r o j e c t i l e  m a y  t h e n  b e  w r i t t e n  a s  

L ' ( (  V°t i/2 
F = -~- L o + L 'x  

o r  

(, Y L" Vo 
F = ~ Lo/t  + L"v 

2 8  
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m 

w h e r e  v 
equa t ion  

= x / t ,  is  s o m e  m e a s u r e  of the  a v e r a g e  v e l o c i t y .  
i t  shou ld  be no t ed  that :  

F r o m  th i s  

. 

. 

At low v e l o c i t i e s  ( ~ ) the  a c c e l e r a t i n g  f o r c e  i s  l a r g e  
(F-*  ® as  v-~ 0 if L o = 0), and at  h igh  v e l o c i t i e s  F 
b e c o m e s  s m a l l .  Tha t  i s ,  c a p a c i t o r  d r i v e  p r o d u c e s  
a b a s i c a l l y  n o n u n i f o r m  a c c e l e r a t i o n .  

If Lo  i s  n e g l i g i b l y  smal l .  (L o << L ' x )  t h e n  the  a c c e l e r -  
a t ing  f o r c e  is  p r o p o r t i o n a l  to (Vo/v )  2. That  i s ,  if  
a p r o j e c t i l e  i s ,  fo r  e x a m p l e ,  f i r e d  at v e l o c i t y  v in to  
a c a p a c i t o r - d r i v e n  gun, the  vo l t age  m a y  be  a d j u s t e d  
to p r o v i d e  any r e q u i r e d  f o r c e  (F) .  If the  v e l o c i t y  r e -  
m a i n s  cons t an t ,  t h e n  F wi l l  a l s o  r e m a i n  a p p r o x i m a t e l y  
cons tan t .  

T h e s e  a s p e c t s  wi l l  be  c o n s i d e r e d  in m o r e  de t a i l  l a t e r ,  but  t he  i m -  
p o r t a n t  poin t  to k e e p  in m i n d  i s  that  c a p a c i t o r s  p r o d u c e  an a c c e l e r a t i o n  
wh ich  b a s i c a l l y  v a r i e s  as  1 / v  2. 

2.5.2 Inductive Driving 

The  c i r c u i t  of an i n d u c t i v e l y  d r i v e n  gun i s  as  fo l lows :  

Ro 
L 0 L', R" 

X m 

The  e q u a t i o n s  tha t  d e s c r i b e  the  s y s t e m  a re :  

1. C o n s e r v a t i o n  of E n e r g y  

(l/2)Lo 12 =(I /2)(L ° + L'x)I 2 +(l /2)mv 2 + fI2'(Ro g R'x) dt + fFdvd t  

2. C o n s e r v a t i o n  of Magne t i c  F lux  

L o l  o = (L  o + L ' x ) I  4 - f l ( R  o + R ' x ) d t  
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3. Dynamic  Equat ions  

a = L'12/2 m-Fd/m 

v = fadt 

x = fvdt 

F o r  a f r i c t i o n l e s s  s y s t e m  a c c e l e r a t e d  in a vacuum,  the r e t a r d i n g  
fo rce  (Fd) is  zero .  

These  equat ions  toge the r  a r e  n on l i nea r  and mus t  be solved n u m e r i -  
ca l ly  to obtain a c c u r a t e  r e s u l t s .  However ,  a b e t t e r  gene ra l  unde r -  
s tanding of the s y s t e m  may  be obtained by obta ining an approx ima te  
ana ly t i c  solut ion.  The approx ima t ion  used  is  that  

R o + I t " x  -, 0 ( i . e . ,  a l o s s l e s s  s y s t e m )  

Then the equat ions  become  

LoIo 2 

and 

= (L o + L'x)I 2 + my 2 

Lol o = (L o + L'x)l 

which may  be r e a r r a n g e d  and solved to prov ide  

v2 Lolo L "x 

- m L o +  L 

The ene rgy  e f f ic iency  (W) of the gun is  

m v2~ 

or 

• ~ _- Lo 

L'x I 

-r L ' x  - I -r. L o / L ' x  
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and  the  v e l o c i t y  m a y  be  w r i t t e n  a s  

v = L o + L ' x  Io 

As  the  s t o r a g e  i n d u c t a n c e  (L o) i s  i n c r e a s e d ,  the  v e l o c i t y  t e n d s  to 
a m a x i m u m  Vmax 

Vma x = (L 'x /m)  1/2 [o 

T h u s ,  the  r e l a t i v e  v e l o c i t y  v r = V/Vma x a s  a f u n c t i o n  of s t o r a g e  i n d u c -  
t a n c e  m a y  be  e x p r e s s e d  a s  

~,(1 L ° / L ' x  ,~1/2 
V r + L o / L ' x  / 

Both  v r and ~ a r e  shown p lo t t ed  in F ig .  10. 

1. 0 E. /-- Velocity 

0.9 
X 

E >~0.8 

L - e "  L ~ 

~>Z~ c~ > 0.6 

g.-.s_ 
"" "- ~ ~ 11.4 

a3 

--~'~ 0.2 u ev, U 

< 0.1 

0 
0 1 

Current and 
Acceleration 

Efficiency 

I I I I I 
2 3 4 5 6 

Storage to Gun Inductance Ratio, Lo/I. "x 

Figure 10. Efficiency and relative velocity versus indudlance. 
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F r o m  F i g .  10 i t  i s  a p p a r e n t  tha t  v e l o c i t y  m u s t  be  t r a d e d  off 
a g a i n s t  e f f i c i e n c y .  When  l o s s e s  a r e  i nc luded ,  bo th  e f f i c i e n c y  and  
v e l o c i t y  m i g h t  be e x p e c t e d  to d e c l i n e .  

The  c u r r e n t  (I) can  be e x p r e s s e d  a s  

(Lo) 
Io 

[ = L o + L ' *  

or 

L o 

I"I° -- (L o + L'x) 

Lo/L "x 
I ~- L o / L ' x  

and  t h i s  i s  a l so  p lo t t ed  in F i g .  10. As  the  f ina l  r e l a t i v e  c u r r e n t  
a p p r o a c h e s  1, t h i s  i m p l i e s  tha t  the a c c e l e r a t i o n  (~ 12) a p p r o a c h e s  a 
c o n s t a n t  va lue .  T h u s ,  s o m e  cho i ce  m u s t  be m a d e  a s  to gun l eng th ,  
c o n s t a n c y  of a c c e l e r a t i o n ,  and e f f i c i e n c y  in  o r d e r  to d e t e r m i n e  the  
r e q u i r e d  s t o r a g e  i n d u c t a n c e .  F i n a l l y ,  a n u m e r i c a l  so lu t ion  m u s t  be  
c a r r i e d  out to d e t e r m i n e  the i m p o r t a n c e  of r e s i s t i v e  l o s s e s .  

F i g u r e  10 i n d i c a t e s  tha t  if  a v e r y  l a r g e  s t o r a g e  i n d u c t a n c e  i s  e m -  
p loyed ,  the  a c c e l e r a t i o n  can  be m a d e  e x t r e m e l y  c o n s t a n t .  

3.0 APPLICATIONS 

3.1 LAUNCHER 

The i m p l i c a t i o n s  of the  d e v e l o p m e n t  of Sec t ion  2 .0  wi l l  now be  
e x a m i n e d  wi th  r e s p e c t  to the  u s e  of a r a i l  gun a s  a r e e n t r y  v e h i c l e  
m o d e l  l a u n c h e r .  The  enve lope  of r a i l  gun p e r f o r m a n c e  to m e e t  m o d e l  
l a u n c h i n g  r e q u i r e m e n t s  wi l l  be deve loped .  

The p r i n c i p a l  t e c h n i c a l  c o n s t r a i n t s  on a m o d e l  l a u n c h e r  in o r d e r  
of i m p o r t a n c e  a r e :  

1. R e e n t r y  v e l o c i t y  ["-6 k m / s e c ]  m u s t  be r e a c h e d .  

2. Adequa te  m o d e l  s i z e  should  be  ob ta ined  [ s a y  20 
to 40 c m  in d i a m e t e r ] .  
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3. Ba l l i s t i c  coef f ic ien ts  (mg/CDAr)  of up to 150 k N / m  2 
(3,000 lb / f t  2) should be r eached  to avoid sus ta in ing .  

4. Peak  a c c e l e r a t i o n  mus t  be low (~< 200,000 m / s e c 2 ) .  

These  c o n s i d e r a t i o n s  wil l  now be appl ied  to the deve lopment  of 
Sect ion 2 .0 .  

3.1.1 Model Acceleration 

The r e q u i r e d  p ro j ec t i l e  shape e s s e n t i a l l y  f ixes  the r a i l  g eome t ry .  
As pointed out in Sect ion 2.1 and Fig.  2, an ax ia l ly  s y m m e t r i c  model  
sugges ts  a square  or  a l m o s t  square  (w = h) r a i l  g e o m e t r y  in o r d e r  to 
opt imize  dr iv ing  m a s s  for  a given model  d i a m e t e r .  A square  geome-  
t r y  has  a high f r equency  inductance pe r  unit  length  of r a i l s  of ~ 0 . 6  
/~ H i m  independent  of s ize  (Fig.  3). 

The fo rce  on the p r o j e c t i l e  may  then be e x p r e s s e d  as  L ' I 2 / 2  or  
the a c c e l e r a t i o n  as  L°I2/(2m).  The a c c e l e r a t i o n  t h e r e f o r e  depends 
only on the c u r r e n t  and m a s s  as  shown in Fig.  5. The 2 0 0 , 0 0 0 - m / s e c  2 
curve  ind ica tes  the m a x i m u m  c u r r e n t  which can be employed  as  a 
funct ion of launched m a s s .  

F o r  mode l s  with ba l l i s t i c  coef f ic ien ts  of 150 k N / m  2, m a s s e s  f r o m  
app rox ima te ly  50 kg (20-cm d i am) to  200 kg (40-cm d i a m ) a r e  of 
i n t e r e s t .  F r o m  Fig.  5 i t  can be seen  that  m a x i m u m  c u r r e n t s  of be-  
tween 5 and 12 I~A a re  t h e r e f o r e  r e q u i r e d  if a c c e l e r a t i o n  is  not to 
exceed 200,000 m / s e c  2. 

F r i c t i o n  and a e r o d y n a m i c  drag  could lower  a c c e l e r a t i o n  dur ing  
launch;  however ,  r e q u i r e d  a c c e l e r a t i o n  could be a t ta ined  by i n c r e a s i n g  
the c u r r e n t  to compensa te .  If the d rag  and f r i c t i ona l  f o r c e s  don ' t  ex-  
ceed about 20 to 30 p e r c e n t  of the a c c e l e r a t i o n  fo rce ,  then the addi t iona l  
c u r r e n t  r e q u i r e d  should pose no hea t ing  p r o b l e m s .  

3.1.2 Ohmic Heating 

Ohmic hea t ing  cons ide ra t i ons  l i m i t  the choice  of m a t e r i a l s  which 
might  be used  in a p ro j ec t i l e  to those  having good e l e c t r i c a l  and 
t h e r m a l  conduct iv i ty  and good heat  capac i ty  (i. e . ,  high ac t ion  constant) .  
Cbpper  is  such a m a t e r i a l  and has  been chosen for  th is  study. 

F igu re  6 ind ica tes  the r eg ions  of " sa fe"  (nonmelt)  opera t ion  f r o m  a 
r e s i s t i v e  heat ing  point  of view. It is  apparen t  that ,  for  a given dens i ty ,  
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a s  t h e  m a s s  i n c r e a s e s  t h e  l e n g t h  of  t h e  a c c e l e r a t o r  m u s t  a l s o  i n c r e a s e .  
T h i s  m a y  b e  f o r m a l i z e d  a s  f o l l o w s :  

F r o m  r e s i s t i v e  h e a t i n g  c o n s i d e r a t i o n s  ( S e c t i o n  2 . 2 )  

A 2 = 2 m v / L ' g l  

w h e r e  g l  i s  t h e  a c t i o n  c o n s t a n t .  

W e  c a n  a l s o  w r i t e  f o r  a p r o j e c t i l e  o f  t h e  s h a p e  s h o w n  i n  F i g .  2 
t h a t  

A 2 = h 2 d 2 

A s  p r e v i o u s l y  n o t e d ,  d i s  r e l a t e d  t o  t h e  s k i n  d e p t h  b y  

d = 0.5X/~--~ t//l o 

¢ 

A s s u m i n g  a c o n s t a n t  a c c e l e r a t i o n ,  t h e n  t = 2 x L / v  a n d  t h e s e  e q u a -  
t i o n s  m a y  b e  c o m b i n e d  to  y i e l d  

0.25 ~r~ gl  L ' h 2 X L  
m = 2 

//'o v 

w h e r e  XL i s  t h e  a c c e l e r a t i o n  l e n g t h .  

T h e  f o l l o w i n g  v a l u e s  w e r e  s u b s t i t u t e d  in  t h e  a b o v e  e q u a t i o n  w i t h  t h e  
r e s u l t s  p l o t t e d  in  F i g .  11.  

= 2.0 x I0 -8 fl-cm (copper) 

g] = 6.0 × 1015 A2-sec.'m 4 (copper derated "30 percent 
from melting) 

L ' =  0 . 6 # H " m  

v = 6 x 103 m / s e e  

a n d  t h e r e f o r e  

m = 12.5 h 2 x L (m in kg, h and x L in m) 
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The  c u r v e s  in  F ig .  11 r e p r e s e n t  the  m a x i m u m  m a s s e s  that  could  be  
a c c e l e r a t e d  to 6 k i n / s e c  as a func t ion  of a c c e l e r a t o r  l eng th  and p r o -  
j e c t i l e  d i a m e t e r  {rai l  he igh t ) .  A l s o  shown is  the  d e s i r e d / 3  - 150 k N / m  2 
curve, 
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Figure 11. Maximum Isunchable mass versus rail height. 

From Fig. II it is apparent that to obtain a B = 150 kN/m 2 the 
required gun length is somewhat dependent on the desired projectile 
diameter. It must be noted that longer guns produce lower accelera- 
tions, but wear and losses would be expected to rise. The average 
acceleration required to reach 6 kmlsec is indicated in Fig. 12. As we 
shall see later, acceleration constancy must be traded off against 
power supply size. The trade off between peak acceleration, stored 
e n e r g y ,  and gun l eng th  s u g g e s t s  a gun l eng th  of 200 m with  a m a x i m u m  
a c c e l e r a t i o n  r a t i o  of 0 . 5  (and peak  a c c e l e r a t i o n  o f -~200 ,000  m / s e c 2 ) .  
T h e r e f o r e ,  200 m a p p e a r s  to be a r e a s o n a b l e  gun l eng th  to c o n s i d e r .  
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The r e q u i r e d  ~ should t h e r e f o r e  be obta inable  down to about 15 -cm 
d i a m e t e r  and e a s i l y  a t t a inab le  at l a r g e r  d i a m e t e r s .  

14 

13 
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11 

10 
9 

8 
.Am[ 

~ 7 

~ 6 

5 

a = 10 5 mls 2 

I /a--SxlOSm/s2 J 

//;22C 
i: 

0 100 200 300 400 500 
Accelerator Length, m 

Figure 12. Velocity versus accelerator length. 

3.1.3 Electromagnetic Instabilities 

At the low a c c e l e r a t i o n  envis ioned  he re ,  the p r o j e c t i l e  should be-  
have as  a r i g id  body dur ing  a c c e l e r a t i o n  and fluid i n s t a b i l i t i e s  should 
not occur .  However ,  "cock ing"  may  occur  and could be p reven ted  by 
prov id ing  suf f ic ient  l e n g t h - t o - d i a m e t e r  r a t io  for  the p r o j e c t i l e .  Th i s  
could be ach ieved  by spac ing  out the c u r r e n t - c a r r y i n g  conduc to r s ,  
with s p a c e r  m a t e r i a l ,  thus  making  the p r o j e c t i l e  e f fec t ive ly  l o n g e r  
than "d" (Fig.  2). 

The v e r t i c a l  i n s t ab i l i t y ,  in which the p r o j e c t i l e  tends  to move out 
f r o m  between the r a i l s ,  wi l l  a l so  be p r e s e n t  and would r e q u i r e  "boxing 'v 
in the r a i l s  with insu la t ion  m a t e r i a l .  V e r t i c a l  mot ion would then be 
p r even t ed  by m e c h a n i c a l  r e s t r a i n t .  
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3.1.4 Contact Phenomena 

3.1.4.1 Electrical Behavior 

B a s i c a l l y ,  v e r y  low con tac t  r e s i s t a n c e  is  the  m a i n  e l e c t r i c a l  r e -  
q u i r e m e n t .  The  con tac t  r e s i s t a n c e  was  d e r i v e d  as  

R = ~ Oro/P n) 112 (2.6) 

F i r s t l y ,  t h i s  i n d i c a t e s  the  type  of m a t e r i a l  wh ich  m a k e s  good 
c o n t a c t s  - low r e s i s t i v i t y  and low s t r e n g t h .  C o p p e r  would  be  a su i t -  
ab le  c h o i c e .  

Secondly ,  the  n o r m a l  l o a d - c o n t a c t  n u m b e r  p r o d u c t  m u s t  be  h igh.  
As  wi l l  be  s e e n  l a t e r ,  n o r m a l  l oad  i n c r e a s e s  f r i c t i o n  and w e a r ,  so 
the  n u m b e r  of c o n t a c t s  shou ld  be l a r g e .  T h i s  m a y  be  a c h i e v e d  by  
m a k i n g  the  p r o j e c t i l e  up of i nd iv idua l  l e a v e s  wi th  i n d e p e n d e n t  f i n g e r s  
on e a c h  lea f .  In the  a r e a  ava i l ab l e  (>~ 30 c m  2) i t  shou ld  be p o s s i b l e  
to ob ta in  s e v e r a l  t h o u s a n d  ind iv idua l  con tac t  f i n g e r s .  

The  n o m i n a l  c u r r e n t  d e n s i t y  ( m a x i m u m )  m a y  be  ob ta ined  f r o m  the  
r e s i s t i v e  hea t i ng  r e l a t i o n :  

f 12dt = gl A2 

or 

(I/A)avg = qgl-~ 

J gl v 2x L 
(constant acceleration) 

U s i n g  v = 6 x 103 r n / s e c  x L = 200 m,  and g l  = 6 x 1016A 2 - s e c / m  4 

([/A)avg = 10 9 A/m 2 

= 10 5 A/cm 2 

B a r b e r  (Ref.  5) has  r e p o r t e d  c a r r y i n g  c u r r e n t  d e n s i t i e s  of up to 
~ 7  x 1 0 5 A / c m  2 (203 kA fo r  a 2 -g  p r o j e c t i l e )  s u c c e s s f u l l y  at a v e l o c i t y  
of ~- 1 k m / s e c .  
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In an a r e a  of 1 c m  2 it  shou ld  be  p o s s i b l e  to  ob ta in  at l e a s t  100 
ind iv idua l  c o n t a c t s  (1 m m  squa re )  so  the  a v e r a g e  c u r r e n t  p e r  con t ac t  
I / n  shou ld  be  about  1 ,000 A. 

B a r b e r  (Ref .  5) ha s  s u c c e s s f u l l y  o p e r a t e d  th i s  type  of con tac t  up 
to 1 k m / s e c ,  but above  th i s  s p e e d  t r a n s i t i o n  to a r c i n g  was  r e p o r t e d .  
The  p h e n o m e n a  i s  not  u n d e r s t o o d  so i t  i s  d i f f icu l t  to e x t r a p o l a t e  to 
6 k m / s e c ,  e v e n  though  the  p r e s e n t  app l i c a t i on  i s  c o n s i d e r a b l y  d e r a t e d  
f r o m  tha t  r e p o r t e d  by  B a r b e r .  

An e s t i m a t e  of the  e l e c t r i c a l  w e a r  of the  con tac t  is  d e r i v e d  in 
Sec t ion  2 . 4 . 3  and the  r e s u l t s  a r e  d e p i c t e d  in Fig .  8. F o r  a 2 0 - c m -  
d i a m  (8 in.) l a u n c h e r  200 m long,  the  w e a r  would  be on the  o r d e r  of 
2 .5  p e r c e n t  on e a c h  s ide  if "good"  e l e c t r i c a l  con tac t  i s  a c h i e v e d  
( 0 . 5  V). Suf f ic ien t  f l e x i b i l i t y  and a d e q u a t e  e x t r a  m a t e r i a l  could  be  
bu i l t  in to  a p r o j e c t i l e  to a c c o m o d a t e  w e a r  of th i s  m a g n i t u d e .  H o w e v e r ,  
if  the  con tac t  a r c s  ( ~ 1 0 - V  c h a r a c t e r i s t i c )  the  e l e c t r i c a l  w e a r  b e c o m e s  
c a t a s t r o p h i c  and s u c c e s s f u l  a c c e l e r a t i o n  a p p e a r s  un l i ke ly .  

3.1.4.2 Mechanical Behavior 

The  f r i c t i o n a l  f o r c e  i s  d e t e r m i n e d  by  the  n o r m a l  f o r c e  and the  
c o e f f i c i e n t  of f r i c t i o n .  C o e f f i c i e n t s  of f r i c t i o n  have  not  b e e n  m e a s u r e d  
above  about  700 m / s e c ,  and t h e o r e t i c a l  p r e d i c t i o n s  a r e  v a r i e d  and un-  
r e l i a b l e .  

The  m i n i m u m  n o r m a l  f o r c e  on the  con tac t  i s  tha t  f o r c e  r e q u i r e d  
to ob ta in  a l a r g e  enough  m e t a l - t o - m e t a l  con tac t  to k e e p  the  con tac t  
vo l t age  be low 0 . 5  V o r  so. W e a r  due to f r i c t i o n  i s  r e l a t e d  to the  
n o r m a l  l oad  and the  coe f f i c i en t  of f r i c t i o n .  The  c a l c u l a t i o n s  a r e  
c a r r i e d  out in Sec t ion  2 . 4 . 3  and the  r e s u l t s  a r e  shown in F ig .  9. The  
w o r s t  c a s e  is  fo r  a m a s s  of 200 k g ( 4 0 - c m  d i a m e t e r )  w h e r e ,  f o r  
~f = 0 . 2 ,  a p p r o x i m a t e l y  2 c m  of w e a r  (5 p e r c e n t )  r e s u l t s .  T h i s  cou ld  
p r o b a b l y  be  a c c o m m o d a t e d  wi th  su i t ab l e  p r o j e c t i l e  c o n s t r u c t i o n ,  but  
f o r  ~f - 0 . 5 ,  w e a r  i s  10 p e r c e n t  and th i s  would  p r o b a b l y  be  d i f f i cu l t  to 
cope  wi th .  

F r i c t i o n  a l s o  r e p r e s e n t s  an e n e r g y  l o s s  to the  s y s t e m  and r e d u c e s  
the  f o r c e  a v a i l a b l e  fo r  a c c e l e r a t i o n .  If the  e n e r g y  d i s s i p a t e d  in  f r i c t i o n  
i s  e v e n  a f r a c t i o n  of the  to ta l  k i n e t i c  e n e r g y ,  the  e n t i r e  p r o j e c t i l e  would  
p r o b a b l y  be  m e l t e d .  The  k i n e t i c  e n e r g y  at  6 k m / s e c  i s  "-18 M J / k g  
wh i l e  the  e n e r g y  r e q u i r e d  to m e l t  c o p p e r  is  --400 k J / k g ;  t h e r e f o r e ,  the  
r a t i o  of f r i c t i o n  to a c c e l e r a t i o n  f o r c e s  m u s t  be  m u c h  l e s s  than  0 .02  o r  

the  p r o j e c t i l e  wi l l  be  c o m p l e t e l y  m e l t e d .  
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3.1.5 Driving Method and Energy Storage 

B e c a u s e  of mode l  f r a g i l i t y  i t  i s  adv i sab le  to keep the peak a c c e l -  
e ra t ion ,  dur ing  launch,  r e l a t i v e l y  low ( say  l e s s  than 200,000 m / s e c 2 ) .  
As the a v e r a g e  (constant)  a c c e l e r a t i o n  r e q u i r e d  to r e a c h  6 k i n / s e c  in 
200 m is  90,000 m / s e c  2, th i s  i m p l i e s  an a c c e l e r a t i o n  r a t io  (~/ =aavg /  
amax)  of 0 .45  or  g r e a t e r .  To ach ieve  a c c e l e r a t i o n  r a t i o s  in t h i s  
r ange ,  induct ive  d r iv ing  appea r s  to be m o r e  app rop r i a t e  than capac i -  
to r  d r iv ing .  As an added advantage ,  induct ive  e n e r g y  s t o r age  at  the 
l a r g e  e n e r g i e s  env is ioned  h e r e  i s  c o n s i d e r a b l y  l e s s  co s t l y  than 
capac i t ive  s to rage  (Ref. 13). 

The calculations in Section 2.5.2 indicate that, for inductive drive, 
there is a direct trade off between energy efficiency (and thus cost) and 
acceleration ratio (Fig. 10). That is, high acceleration ratios imply 
low energy efficiency, high stored energy, and high cost. As these 
calculations were made neglecting losses (both resistive and mechani- 
cal), further calculations were carried out on a digital computer to 
evaluate the effect of resistive losses. (Mechanical and aerodynamic 
losses must be negligibly small to prevent projectile melting during 
acceleration. ) The results for a typical gun are shown in Fig. 13. The 
trade off between efficiency (cost) and acceleration ratio are shown in 
Fig. 14, for both the lossless case and including resistive losses. 
Resistive losses make the trade off less attractive at low acceleration 
ratios. From Figs. 13 and 14, and recalling that the acceleration 
ratio should be 0.45 or better to ensure adequately low peak accelera- 
tion, it appears that a suitable operating point might be at Lo/L'xL = 1 
with ~, = 0.47 and ~ = 0.36. The energy stored in the driving inductance 
must then be -~ 2.8 times the final kinetic energy of the projectile. 

The induc t ance .pe r  unit  l ength  L ° i s  f ixed at 0 .6  ~ H / m  by the 
g e o m e t r y  of the p r o j e c t i l e ,  and the gun length  x L is  f ixed at 200 m by 
b a l l i s t i c  coef f ic ient  and a c c e l e r a t i o n  c o n s i d e r a t i o n s .  The value of the 
r e q u i r e d  s t o r age  inductance  can r e a d i l y  be ca lcu la ted  and i s  Lo = L*x  = 
120 /~H. The e n e r g y  and inductance  m a y  then be used  to ca l cu la t e  the 
in i t i a l  c u r r e n t  r e q u i r e d .  

Using ~ = 150 kN/m 2 (3,000 Ib/ft 2) the stored energy required as 
a function of projectile diameter is shown in Fig. 15 [ (Estor e = (my2)/ 
(2n)]. 

The induc t ive ly  s to red  ene rgy  mus t  be suppl ied f r o m  some p r i -  
m a r y  sou rce  which migh t  be a r e c t i f i e r  s y s t e m  or  a ro ta t ing  mach ine  
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(homo or uni polar generator). A homopolar generator is probably 
the most feasible for the energies envisioned here. 
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Figure 15. Stored energy versus projectile diameter. 

T r a n s f e r  of e n e r g y  f r o m  the p r i m a r y  s t o r e  (H. P .  G. ) to the  s e c o n d -  
a r y  o r  d r i v i n g  s t o r e  ( induc tor )  wi l l  a l s o  invo lve  e n e r g y  l o s s e s ,  so  the  
to ta l  e n e r g y  of the  s y s t e m  m u s t  be g r e a t e r  than i n d i c a t e d  in F ig .  15. 
The  e f f i c i e n c y  of the  t r a n s f e r  wi l l  be r e l a t e d  to the  t i m e  c o n s t a n t  of 
the  i nduc t ance  ( L o / R o )  and the  vo l t age  of the  supply  (i. e . ,  the  t i m e  
t aken  to c h a r g e  the  induc tance ) .  I n c r e a s i n g  LoR  o and i n c r e a s i n g  
vo l t age  both i n c r e a s e  e f f i c i e n c y  but a l so  i n c r e a s e  the  cos t  of the  
i n s t a l l a t i o n .  An o p t i m u m  e f f i c i e n c y  could  be found if the  r e l a t i v e  c o s t s  
of i n c r e a s i n g  vo l t age  and L o / R  o w e r e  known.  An e f f i c i e n c y  of 0 . 5  is  
p r o b a b l y  a c h i e v a b l e  and wi l l  be u s e d  in f u r t h e r  c o n s i d e r a t i o n .  

Swi tch ing  of the c u r r e n t s  and e n e r g i e s  in to  the  v a r i o u s  d e v i c e s  
could  r a i s e  s o m e  p r o b l e m s  but  the  e x p e r i e n c e  at the  A u s t r a l i a n  
Na t iona l  U n i v e r s i t y  (Ref.  12) i n d i c a t e s  that  t hey  could  be  o v e r c o m e .  

3.1.6 Possible Configurations and Costs for Launchers 

From the considerations in the preceding sections, a number of 
aspects of the specific configuration of various elements of the launcher 
system emerge. The launcher system will be divided into: the gun, 
the launch package, and the power supply, each treated separately. 
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3.1.6.1 Gun 

The gun i n c l u d e s  on ly  the  r a i l s  and s u p p o r t i n g  s t r u c t u r e s .  

The  r a i l  he igh t  and r a i l  gap wid th  a r e  equa l  to the  m o d e l  d i a m e t e r  
a s  t h i s  p r o v i d e s  the  s m a l l e s t  p r o j e c t i l e .  The  g e o m e t r y  of the  r a i l  
s y s t e m  i s  s q u a r e  (he igh t  = gap) i ndependen t  of s i z e .  {If n e c e s s a r y ,  a 
c u r v e d  r a i l  s e c t i o n  could  be  e m p l o y e d  to a c c o m m o d a t e  an  a x i a l l y  s y m -  
m e t r i c  p r o j e c t i l e  and,  p r o v i d i n g  the  g e o m e t r y  r e m a i n e d  e s s e n t i a l l y  
s q u a r e ,  the  p e r f o r m a n c e  would be the  s a m e  as  fo r  the  r e c t a n g u l a r  
r a i l  s y s t e m  c o n s i d e r e d  h e r e ) .  

If the  r a i l  t h i c k n e s s  i s  l e s s  than  the  sk in  depth ,  the  r a i l  t h i c k n e s s  
c o n t r o l s  the  e l e c t r i c a l  r e s i s t a n c e  of the  gun and thus  the  r e s i s t i v e  
l o s s e s  d u r i n g  l aunch .  As  r a i l  t h i c k n e s s  i s  i n c r e a s e d ,  l o s s e s  d rop  
un t i l  the  r a i l  t h i c k n e s s  i s  equal  to the  sk in  depth.  F u r t h e r  i n c r e a s e s  
in  r a i l  t h i c k n e s s  have  no f u r t h e r  e f f ec t  on l o s s e s  a s  c u r r e n t  n e v e r  f l ows  
in  the  added  m a t e r i a l .  T h e r e f o r e ,  the  o p t i m u m  r a i l  t h i c k n e s s  i s  equa l  
to the  sk in  depth .  The  sk in  depth i s  g iven  b y  ~ v ~ t / ~ o  and the  a c c e l e r a -  
t ion  t i m e ,  f r o m  gun s i m u l a t i o n s ,  i s  about  55 m / s e c ,  so fo r  c o p p e r  r a i l s  
the  o p t i m u m  t h i c k n e s s  i s  about  5 cm (2 in.)  and t h i s  i s  i n d e p e n d e n t  of 
p r o j e c t i l e  s i z e .  

The  r a i l s  e x p e r i e n c e  a " m a g n e t i c  p r e s s u r e "  f o r c i n g  t h e m  a p a r t  
and s u i t a b l e  r e s t r a i n i n g  s t r u c t u r e s  m u s t  be p r o v i d e d .  The  m a g n e t i c  
p r e s s u r e  P m  i s  g iven  by  

Pm = B2"2#o 

w h e r e  B i s  the  m a g n e t i c  f i e ld  a t  the  r a i l  s u r f a c e  and m a y  be  c a l c u l a t e d  
f r o m  

B = gollh 

I / h  i s  a m a x i m u m  fo r  2 0 - c m - d i a m  guns  and f a l l s  s l i g h t l y  ( for  c o n s t a n t  
m o d e l s )  wi th  i n c r e a s i n g  d i a m e t e r .  The  m a x i m u m  m a g n e t i c  p r e s s u r e  

w i l l  t h e r e f o r e  be  e x p e r i e n c e d  on 2 0 - c m  guns  at  m a x i m u m / 3 .  The  s i m u -  
l a t i o n s  i n d i c a t e  tha t  a m a x i m u m  c u r r e n t  of about  6 MA is  r e q u i r e d .  
The  c o r r e s p o n d i n g  p r e s s u r e  i s  

P m =  5.67 x 108 N/m 2 (82 x 103 psi) 

42 



AEDC-TR-76-38 

A s c h e m a t i c  r e s t r a i n i n g  s t r u c t u r e  i s  s h o w n  in  F i g .  16. T h i s  i s  no t  
m e a n t  to  b e  a s e r i o u s  d e s i g n ,  bu t  s i m p l y  a n  a i d  to  e s t i m a t i n g  m a t e r i a l s  
a n d  c o s t .  

Restraining . Insulation 
Structure S Ra'l F 

l/l~//,// 

h P 

3h - 

I 

1 

T 

2h 

Figure 16. Rail gun restraining structure. 

T h e  " r e s t r a i n i n g  s t r u c t u r e  a b s o r b s  t h e  m a g n e t i c  p r e s s u r e  l o a d  on  
t h e  r a i l s  in  t e n s i o n .  If  t h e  r e s t r a i n i n g  m a t e r i a l  i s  t w i c e  a s  s t r o n g  a s  
t h e  m a x i m u m  m a g n e t i c  p r e s s u r e ,  t h e n  o n l y  o n e - h a l f  t h e  r a i l  h e i g h t  of  
m a t e r i a l  i s  n e e d e d  a s  s h o w n  in  F i g .  16. O t h e r  d i m e n s i o n s  a r e  s i m p l y  
a s s u m e d  a s  " r e a s o n a b l e . "  T h e  v o l u m e  of  r e s t r a i n i n g  m a t e r i a l  r e -  
q u i r e d  i s  t h e n  

Vrestrain = 2(3h x h/4) - 2(3/2)h x h 

ffi (3/2)h 2 + 3h 2 = (9/2)h2/unit length 

T h e  v o l u m e  of  r a i l  m a t e r i a l  r e q u i r e d  i s  

Vrail -- trail h /uni t  length 
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where  t r a i l  i s  the r a i l  t h i c k n e s s  (fixed). If the cos t  m a y  be r e p r e s e n t e d  
as  p ropo r t i ona l  the the volume (or  m a s s )  of m a t e r i a l ,  then  the cos t  of 
the  gun wi l l  be 

Cgun ffi (Krestrain × Vrcstrain -~ Krail x Vrail) 

If the r a i l s  a r e  copper  and e s t i m a t i n g  the i n s t a l l ed  cos t  of the 
copper  r a i l s  at  90 x 103 $ / m 3 ( ~  $ 5/lb) and a s t ee l  r e s t r a i n i n g  s t r u c -  
tu re  at 70 x 103 $ / m 3 ( ~ $ 5 / l b ) ,  then the cos t  b e c o m e s  

Cgun = 0.9h + 63h 2 (MS)(h in meters) 

This  i s  p lot ted  in F ig .  17. It should be noted that  the r a i l  cos t  is only  
a s m a l l  p ropor t ion  of the gun cos t  ( l e s s  than 10 p e r c e n t  for  the r ange  
of h of i n t e r e s t ) .  

E 

¢J 

10 

0 i 
0 50 

2 

I I I I 
10 20 30 40 

Rail Height, cm 

Figure 17. Estimated gun cost versus size. 

3.1.6.2 Projectile 

The launch  package  i s  made  up of the p r o j e c t i l e  plus  the  model .  
Th i s  sec t ion  i s  p r i m a r i l y  conce rned  with the p r o j e c t i l e  or  d r iv ing  
p a r t  of the l aunch  package .  
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A s c h e m a t i c  r e p r e s e n t a t i o n  of a poss ib l e  g e o m e t r y  is  shown in 
F i g s .  18 and 19. The ma in  f e a t u r e s  of the sugges ted  cons t ruc t ion  a re :  

. 

. 

. 

. 

. 

. 

The l a m i n a t e d  sec t ions  conta in  suf f ic ient  copper  to 
p rov ide  adequate  c u r r e n t -  c a r r y i n g  c ros  s -  s ec t iona l  
a r e a  plus  p e r h a p s  some ex t ra .  

The edges  of the l e a v e s  a r e  s l i t  into f i n g e r s  as  
shown to p rov ide  a p p r o x i m a t e l y  100 f i n g e r s / c m  2 
of c r o s s - s e c t i o n a l  a r e a .  

The t r a i l i n g  edges  of the l e a v e s  a r e  swept  back at  
an angle  to provide  f l ex ib i l i t y  a t  the con tac t s  to ob- 
ta in  the r e q u i r e d  n o r m a l  f o r c e s  aga ins t  the r a i l  by 
r e d i r e c t i n g  a f r a c t i o n  of the a c c e l e r a t i o n  fo rce ,  
and to accommoda te  w e a r  while  ma in t a in ing  e l ec -  
t r i c a l  contact .  

Space r s  be tween the l e a v e s  e n s u r e  that  the t r a i l i n g  
edges  do not i n t e r f e r e  and tha t  a l l  l e a v e s  touch the 
r a i l .  

The s p a c e r  block p rov ides  adequate  length  to p r e -  
vent  t 'cocking" in the gun and b r i n g s  the package  
weight  up to the r e q u i r e d  value to obtain the de-  
s i r e d  b a l l i s t i c  coeff ic ient .  

The t e s t  a r t i c l e  i s  a t t ached  to the f ron t  of the p r o -  
j ec t i l e .  Th i s  type of cons t ruc t ion  has  been  used  
s u c c e s s f u l l y  in the A u s t r a l i a n  Nat ional  U n i v e r s i t y  
(ANU) r a i l  gun (Refs .  5 and 12). The l e a v e s  could 
be conven ien t ly  m a s s  produced and p o s s i b l y  r e -  
usab le .  The cos t  of a p r o j e c t i l e  would depend 
l a r g e l y  on the m a s s  of copper  used.  

A v a r i e t y  of p r o j e c t i l e  cons t ruc t i ons  might  be c o n s i d e r e d  and 
a f ina l  choice  would p robab ly  be d e t e r m i n e d  by contac t  c o n s i d e r a -  
t ions .  More  soph i s t i ca t ed  l ea f  cons t ruc t i ons  such as  depic ted  in 
Fig .  20, migh t  be n e c e s s a r y  to ove rcome  contac t  d i f f i cu l t i es .  P r o -  
j e c t i l e  des ign  and cos t  t h e r e f o r e  r e s t  l a r g e l y  on the s u c c e s s f u l  
solut ion of h i g h - s p e e d  contac t  p r o b l e m s .  

4 5  
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Carrying Section 

Figure 18. Possible launch package geometry. 

Finqer~-" 

Spacer 

Leaf 

Figure 19. Projectile contact detail. 

~ Copper Leaf 

Liquid Metal 

Figure 20. Possible improved contact leaf. 
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3.1.6.3 Power Supply 

The p o w e r  supply  c o n f i g u r a t i o n  tha t  ha s  e m e r g e d  c o n s i s t s  of a 
h o m o p o l a r  g e n e r a t o r  p r i m a r y  supply  and an i nduc t i ve  i n t e r m e d i a t e  
s t o r a g e .  The  i nduc t i ve  s t o r e  i s  c h a r g e d  by  the  h o m o p o l a r  g e n e r -  
a t o r  and  then  d i s c h a r g e d  in to  the  r a i l  gun. 

The  i n d u c t o r  could  be a s i m p l e  so l eno id .  The  r e q u i r e d  va lue  of 
120 ~ H would  not  be d i f f icu l t  to ob ta in  in  a r e a s o n a b l e  s i z e d  coi l .  It 
would  h a v e  to be  capab le  of c a r r y i n g  the  r e q u i r e d  a c c e l e r a t i o n  c u r r e n t  
which  d e p e n d s  on the  m a s s  b e i n g  a c c e l e r a t e d  and v a r i e s  f r o m  ~ 6  NIA 
f o r  50 kg  to ---12 M.A for  200 kg.  The  m a x i m u m  e n e r g y  s t o r e d  in the  
i n d u c t o r  as  a func t ion  of p r o j e c t i l e  s i z e  i s  shown in F ig .  15. 

The  h o m o p o l a r  g e n e r a t o r  p r i m a r y  supply  m u s t  s t o r e  enough  
e n e r g y  and c u r r e n t  to c h a r g e  the  i n d u c t o r .  In g e n e r a l ,  the  e f f i c i e n c y  
of the  h o m o p o l a r  g e n e r a t o r  to i n d u c t o r  t r a n s f e r  wi l l  be l e s s  than  1. 
An e s t i m a t e  of cos t  v e r s u s  d e l i v e r a b l e  (i.  e . ,  i nduc t ive )  e n e r g y  fo r  
such  a s y s t e m  is  shown in F ig .  7 of Ref.  13. E x t r a p o l a t i n g  to the  
r a n g e s  of i n t e r e s t  h e r e  (109 - 1010 J) ,  we s e e  tha t  the  uni t  c o s t  i s  
~1  to 2 c e n t s / J o u l e .  Apply ing  th i s  uni t  cos t  r a n g e  to the  e n e r g y  
s t o r a g e  r e q u i r e m e n t s  i n d i c a t e d  in F ig .  15 g i v e s  the  c o s t  v e r s u s  p r o -  
j e c t i l e  s i z e .  

C o m p a r i s o n  with F ig .  17 i n d i c a t e s  that  the  c o s t  of the  gun i t s e l f  
wi l l  be  on ly  a s m a l l  f r a c t i o n  of the  p o w e r  supply  cos t .  

3.2 SUSTAINER 

3.2.1 Introduction 

The d r a g  f o r c e  on a r e e n t r y  v e h i c l e  i s  c h a r a c t e r i z e d  by  the  b a l l i s -  
t i c s  c o e f f i c i e n t  (8) of the  v e h i c l e  

18 = m g / C D A  r 

w h e r e  m is  the  m a s s ,  C D the  d r a g  coe f f i c i en t ,  A r the  a e r o d y n a m i c  
c r o s s - s e c t i o n a l  a r e a ,  and g i s  the  a c c e l e r a t i o n  of g r a v i t y .  The  d r a g  
d e c e l e r a t i o n  m a y  then  be w r i t t e n  as  

_- p ,,2 g , ~  ( 3 .  I )  
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w h e r e  p and v a r e  the  f r e e - s t r e a m  d e n s i t y  and  v e l o c i t y .  V e h i c l e s  of 
the  s a m e  b a l l i s t i c  c o e f f i c i e n t  t h e r e f o r e  e x p e r i e n c e  the  s a m e  d r a g  
d e c e l e r a t i o n .  

T h i s  r e p o r t  i s  c o n c e r n e d  wi th  v e h i c l e s  r e e n t e r i n g  the  e a r t h ' s  
a t m o s p h e r e ,  so  the  f r e e - s t r e a m  d e n s i t y  as  a func t ion  of a l t i t ude  i s  
known.  A r e e n t r y  v e l o c i t y  of 6 k m / s e c  h a s  b e e n  c h o s e n  and c o m -  
p u t e r  c a l c u l a t i o n s  m a d e  of the  r e e n t r y  t r a j e c t o r i e s  f o r  v e h i c l e s  wi th  
b a l l i s t i c  c o e f f i c i e n t s  of i n t e r e s t  (40 k N / m  2 to 150 k N / m  2. 

It  i s  found tha t  f o r c e s ,  a c c e l e r a t i o n s ,  h e a t i n g  and a b l a t i o n  a r e  
i m p o r t a n t  fo r  on ly  the  l a s t  t en  s e c o n d s  of f l igh t  (60 km) .  The  r e l a t i v e  
v e l o c i t y  o v e r  the  l a s t  60 k m  of f l igh t  i s  shown in  F ig .  21. I t  i s  a p p a r -  
ent  t ha t  v e h i c l e s  of l o w e r  b a l l i s t i c  c o e f f i c i e n t  u n d e r g o  g r e a t e r  d e c e l e -  
r a t i o n .  

1.0 

• ~, 13 - 150 kNIm 2 
> 0.5 

15 : 100 kNIm 2 

13 = 50 kNIm 2 

0 
0 10 20 30 40 50 6O 

Flight Distance, krn 

Figure 21. Relative velocity versus flight distance. 

Drag deceleration dissipates some of the kinetic energy of the 
vehicle; this dissipated energy is responsible for the heating and 
ablation of the vehicle and is of primary interest in the simulation of 
reentry vehicles. The relative dissipated energy for the final 60 km 
of flight is displayed in Fig. 22. The slope of these curves at any 
point is proportional to the deceleration force at that point and it is of 
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i n t e r e s t  that  the  m a x i m u m  s lope  i s  a p p r o x i m a t e l y  equa l  to the  to ta l  
e n e r g y  d i s s i p a t e d  d iv ided  by 30 k m  and i s  a l m o s t  i n d e p e n d e n t  of b a l l i s -  
t ic  co e f f i c i en t  fo r  the  r a n g e s  of i n t e r e s t  h e r e .  

,.=, 

1.0 

0.5 

I 1962 Atmosphere Drag C a l c u l a t i o ~  kNIm 2 

/ . . , , ~ - - - ' r  v 1 I /  I I I 

0 10 20 30 40 50 60 
Flight Distance, km 

Figure 22. Relative sustaining energy venus flight distance. 

V e h i c l e s  of h igh  b a l l i s t i c  c o e f f i c i e n t  ( s a y  150 k N / m  2 a r e  of m o s t  
i n t e r e s t ;  h o w e v e r ,  m o d e l s  of h igh  b a l l i s t i c  coe f f i c i en t  a r e  d i f f icu l t  to 
l aunch .  The  p r o b l e m  in a t e s t  f ac i l i t y  is  to s i m u l a t e  h igh  b a l l i s t i c  
c o e f f i c i e n t  v e h i c l e s  wi th  l o w e r  b a l l i s t i c  c o e f f i c i e n t  m o d e l s .  One 
m e t h o d  of doing th i s  i s  v e l o c i t y  su s t a in ing ,  that  i s ,  e n e r g y  i s  a d d e d  
to the  l a u n c h  p a c k a g e  d u r i n g  f l ight  so that  the  v e l o c i t y - d i s t a n c e  
t r a j e c t o r y  a p p r o x i m a t e s  tha t  of the  h i g h e r  d e s i r e d  b a l l i s t i c  coe f f i -  
c i en t  v e h i c l e .  T h i s  s e c t i o n  of the  r e p o r t  wi l l  e x a m i n e  r a i l  gun v e l o c i t y  
s u s t a i n i n g  foi  ~ m o d e l s  l a u n c h e d  f r o m  a t w o - s t a g e  gas  gun. 

3.2.2 Sustaining Forces and Energies 

We sha l l  a s s u m e  f o r  the  p u r p o s e s  of t h i s  s e c t i o n  of the  r e p o r t  
tha t  m o d e l s  wi l l  be  l a u n c h e d  by a t w o - s t a g e  gas  gun and tha t  the  
m o d e l s  of i n t e r e s t  a r e  p r i n c i p a l l y  t h o s e  with/3  = 150 k N / m  2 and 
e c = i0 deg. 
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The d r a g  e n e r g y  d i s s i p a t e d  du r ing  t e s t  m a y  be  w r i t t e n  as  

E d = f Fddx 

1/2 mvo 2 (I 2/ 2, 
= - ~'~ Vo' ( 3 . 2 )  

w h e r e  F d i s  the  d r a g  f o r c e ,  m the  v e h i c l e  m a s s ,  v o the  in i t i a l  v e l o c i t y ,  
and vf the  f inal  ve loc i t y .  

The  d i s s i p a t e d  d r a  G e n e r g y  is  t h e r e f o r e  a func t ion  of the  in i t i a l  
k i n e t i c  e n e r g y  (1/2)mv~,2 and a c o n s t a n t  f a c t o r ,  the  e n e r g y  l o s s  r a t i o  
(1 - v2/v~). The  e n e r g y  l o s s  r a t i o  is  a func t ion  of the  b a l l i s t i c  coe f f i -  
c i en t  as  i n d i c a t e d  in F ig .  23 (which  is  d e r i v e d  f r o m  c o m p u t e r  c a l c u -  
l a t i o n s  of r e e n t r y  v a l u e s  of v o and vf). At low b a l l i s t i c  c o e f f i c i e n t s  
the  r a t i o  a p p r o a c h e s  one,  tha t  i s ,  a l l  the i n i t i a l  k i n e t i c  e n e r g y  is  
d i s s i p a t e d .  
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Figure 23. 
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Drag energy loss ratio versus ballistic coefficient. 
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F r o m  Eq.  (3.1) i t  i s  n o t i c e d  tha t  the  d r a g  d e c e l e r a t i o n  i s  ac~Fd/B, 
so fo r  a m o d e l  wi th  d e s i r e d  b a l l i s t i c  c o e f f i c i e n t  ~D, the  d e s i r e d  d e c e l e -  
r a t i o n  i s  a i ~ F d / ~ D .  F o r  a m o d e l  of the  s a m e  s i z e  and shape  (i.  e . ,  
s a m e  F d) but  l o w e r  b a l l i s t i c  c o e f f i c i e n t  ( m a s s )  the  d e c e l e r a t i o n  wi l l  be  
g r e a t e r  than  d e s i r e d ,  so a s u s t a i n i n g  f o r c e  F s m u s t  be  added  to p r o -  
duce  the  d e s i r e d  d e c e l e r a t i o n ,  that  i s  

a D = a + a s 

o r  

Fd/~D - 

Fd + F s 

,e 

f r o m  which  the  a d d e d  f o r c e  m a y  be e x t r a c t e d  as  

F, = - Fd(l - /31,8 D) 

The  added  f o r c e  i s  p r o p o r t i o n a l ,  but  oppos i t e  in d i r e c t i o n ,  to the  d r a g  
f o r c e .  The  c o n s t a n t ,  (1 - ~ /~D) ,  i s  the  s u s t a i n i n g  f o r c e  r a t i o  and i s  
p lo t t ed  in F ig .  24 as  a func t ion  of m o d e l  d i a m e t e r  fo r  m o d e l s  l a u n c h e d  
f r o m  a t w o - s t a g e  gas  gun. 

, . . , ,  

I 

0 .m  

OC 

E 
Ld  

1.0 

0.5 

~ t - ~  ~ D -- 150 kNIm 2 8, 000 Ib/ft 2) 

\ ~ Two-Stage Gas Gun Performance 
~ ~  lO-degCone, R n 1in., Forebody 

#1 

I I I " N , I  I I 
0 10 20 30 40 50 60 

Diameter, cm 

Figure 24. Sustaining energy ratio versus projectile diameter. 
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The  e n e r g y  tha t  m u s t  be  added  b y  the  s u s t a i n i n g  f o r c e  m a y  be  
e v a l u a t e d  b y  i n t e g r a t i n g  the  s u s t a i n i n g  f o r c e  

E s = fFsdx 

= - ( z  - P/PD) f F d d x  

The  n e g a t i v e  s i gn  s i m p l y  i n d i c a t e s  tha t  the  e n e r g y  i s  added  a s  opposed  
to f F d d x  wh ich  i s  d i s s i p a t e d ,  g F  x dx f r o m  Eq.  (3 .2)  m a y  be  e x -  
p r e s s e d  a s  (1 /2)  mvo2(1 - v2/Vo); t h e r e f o r e ,  the  s u s t a i n i n g  e n e r g y  i s  
( n e g l e c t i n g  the s ign)  

E, (1/2)mV2o(1 2/ 2,,~ - vf  voJ~L - /3//3 D) 

w h i c h  i s  shown p lo t t ed  in  F i g .  25 fo r  m o d e l s  l a u n c h e d  f r o m  a two-  
s t age  g a s  gun to 6 k i n / s e c .  

2,000 

'. ' 1,000 
m -  

"E 
"a 

t n  

Two-Slage Gas Gun Performance 
10-deg Cone, R n [] 1 in., Forebody 
1962 Atmosphere Drag Calculation 

0 I I 
0 10 20 30 40 50 60 

Diameter, cm 

. . ~ ' ~ ~ I ~ D "  150 kNIm 2 

Figure 25. Sustaining energy versus projectile diameter. 

The to t a l  r e q u i r e d  s u s t a i n i n g  e n e r g y  as  a func t ion  of m o d e l  d i a m -  
e t e r  h a s  now b e e n  de f ined  (F ig .  25). H o w e v e r ,  the  m a n n e r  in  wh ich  
t h i s  e n e r g y  m u s t  be  added  h a s  not .  We now c o n s i d e r  the  s u s t a i n i n g  
e n e r g y  and f o r c e  a s  f u n c t i o n s  of f l igh t  d i s t a n c e .  

The  r e l a t i v e  s u s t a i n i n g  (o r  d rag)  f o r c e  a s  a func t i on  of f l i gh t  d i s -  
t ance  i s  shown in F ig .  26. The  c u r v e s  of d i f f e r e n t  b a l l i s t i c  c o e f f i c i e n t s  
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a r e  qui te  s i m i l a r  in  shape  wh ich  i n d i c a t e s  t ha t  a s u s t a i n e r  c a p a b l e  of 
s i m u l a t i n g  one b a l l i s t i c  coe f f i c i en t  would p r o b a b l y  be  c a p a b l e  of s i m u -  
l a t i n g  a n y  b a l l i s t i c  c o e f f i c i e n t  in  the  r a n g e  of i n t e r e s t .  

,o 

"~: 

._~ 

1.0 

0.5 

1962 Atmosphere 9rag 
Calculation / / / ~  ~ 13 150kNIm 2 

13 100 kNIm 2 

13 50 kNIm 2 

0 l0 20 30 40 50 60 
Flight Distance, km 

Figure 26. Relative sustaining force venus flight distance. 

The r e l a t i v e  s u s t a i n i n g  e n e r g y  i s  d i r e c t l y  p r o p o r t i o n a l  to the  d r a g  
e n e r g y ,  so  F i g .  22 a l s o  r e p r e s e n t s  the  r e l a t i v e  s u s t a i n i n g  e n e r g y  r e -  
q u i r e d  a s  a func t ion  of f l igh t  d i s t a n c e .  

A 6 0 - k m  r a n g e  i s  p r o b a b l y  i m p r a c t i c a l  f o r  a n u m b e r  of r e a s o n s ,  
so i t  i s  n e c e s s a r y  to c o n s i d e r  the  e f fec t  on the  s u s t a i n e r  of u s i n g  a 
s h o r t e r  r a n g e  and s i m u l a t i n g  the c o m p l e t e  f l i gh t  pa th  wi th  a n u m b e r  of 
s h o r t e r  f l i gh t s .  

R e d u c i n g  the  r a n g e  l eng th  h a s  no e f fec t  on the  peak  s u s t a i n i n g  
f o r c e s  r e q u i r e d .  E a c h  d i s c r e t e  s e c t i o n  of the  f o r c e - f l i g h t  d i s t a n c e  
c u r v e  (F ig .  26) m u s t  be dup l i ca t ed  a s  c l o s e l y  a s  p o s s i b l e .  The  s u s -  
t a i n e r  should ,  t h e r e f o r e ,  be  capab le  of a d j u s t m e n t  to ob ta in  a n y  de -  
s i r e d  s e c t i o n  of the  c u r v e ,  both  wi th  r e s p e c t  to f o r c e  m a g n i t u d e  and 
" s h a p e . "  T y p i c a l  r e q u i r e d  f o r c e  " p r o f i l e s "  a r e  shown in F i g .  9.7 fo r  
v a r i o u s  s e c t i o n s  of the  f l igh t  path .  

B y  r e f e r e n c e  to F i g .  22 we can  e v a l u a t e  the  e f fec t  of r a n g e  l eng th  
on the  m a x i m u m  s u s t a i n i n g  e n e r g y  tha t  m u s t  be supp l i ed .  The  s t r a i g h t  
l i ne  d r awn  f r o m  the  30 - k in  poin t  to the  m a x i m u m  e n e r g y  at  60 k m  
e m p h a s i z e s  t h r e e  po in t s :  
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1. V e r y  l i t t l e  e n e r g y  is  r e q u i r e d  in the  f i r s t  ha l f  of the  
f l igh t  pa th  and th i s  i m p l i e s  tha t  a r a n g e  l e n g t h  of b e -  
tween  30 k m  and 60 k m  would  r e q u i r e  v i r t u a l l y  the  
s a m e  e n e r g y  as  a 6 0 - k m  r a n g e .  

2. B e l o w  a r a n g e  l e n g t h  of 30 k m  the  e n e r g y  r e q u i r e d  is  
a l m o s t  a l i n e a r  func t ion  of r a n g e  l e n g t h  as  shown in 
F ig .  28. F o r  e x a m p l e ,  a r a n g e  l eng th  of 10 k m  r e -  
q u i r e s  only  about  o n e - t h i r d  of the  to ta l  s u s t a i n i n g  
e n e r g y  fo r  a c o m p l e t e  r e e n t r y  s i m u l a t i o n .  

3. The  s lope  of th i s  l i ne  i s  a p p r o x i m a t e l y  equa l  to the  
m a x i m u m  s u s t a i n i n g  f o r c e  (i. e . ,  the  m a x i m u m  s u s -  
t a i n in g  f o r c e  i s  a p p r o x i m a t e l y  equa l  to the  to t a l  s u s -  
t a in ing  e n e r g y  d iv ided  by 30 km) .  R e d u c i n g  r a n g e  
l e n g t h  t h e r e f o r e  r e d u c e s  the  a m o u n t  of e n e r g y  r e -  
q u i r e d  but  d o e s  not  a f fec t  the  m a g n i t u d e  of the  f o r c e s  
r e q u i r e d .  In add i t ion ,  r e d u c e d  r a n g e  l eng th  r e q u i r e s  
tha t  the  s u s t a i n e r  be f l ex ib le ,  tha t  i s ,  capab le  of 
v a r i a t i o n  in f o r c e ,  m a g n i t u d e ,  and shape .  The  ab i l i t y  
of a r a i l  gun to m e e t  t h e s e  c r i t e r i a  wi l l  now be  
e x a m i n e d .  

1.0 1.0 .0 
,o 

C 

o o o 
0 1.0 0 1.0 0 1.0 

Sustainer Length 

Figure 27. Sustaining force profiles for reentry simulation. 

3.2.3 Rail Gun Sustaining Operational Limitations 

3.2~3.1 Rail-Projectile Geometry 

The p r o j e c t i l e  c o n s i d e r e d  h e r e  wi l l  be l a u n c h e d  f r o m  a t w o - s t a g e  
gas  gun and would  m o s t  p r o b a b l y  be a x i a l l y  s y m m e t r i c .  The  s u s t a i n e r  
r a i l s  would ,  t h e r e f o r e ,  have  to be ax i a l l y  s y m m e t r i c  a l so .  B e c a u s e  of 
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p o s s i b l e  unwan ted  a e r o d y n a m i c  i n t e r a c t i o n s  b e t w e e n  the  m o d e l  and  
the  r a i l s ,  i t  would be  d e s i r a b l e  to have  an  'topenr' r a i l  s y s t e m  which  
would a l low gas  to f low as  u n i m p e d e d  a s  p o s s i b l e  a r o u n d  the  m o d e l .  
The  r a i l s  m u s t  have  adequa te  c u r r e n t - c a r r y i n g  c a p a c i t y  and con tac t  
a r e a  to p a s s  the  r e q u i r e d  s u s t a i n i n g  c u r r e n t .  The  g e o m e t r y  c h o s e n  
for  t h i s  s tudy  i s  dep i c t ed  in F ig .  28. T h i s  g e o m e t r y  m a y  not  be  the  
on ly  p o s s i b l e  one or  the  o p t i m u m ,  but  i s  r e p r e s e n t a t i v e  of wha t  m i g h t  
be e m p l o y e d .  

1.0 / 

~' O.8 

E 0.4 

~ 0.2 

0 v I I I I 
0 10 20 30 40 

Range Length, km 

I I 
50 60 

Figure 28. Relative maximum sustaining energy venus range length. 

The r a i l s  in F i g .  29 m a y  be c o n s i d e r e d  as  two s e p a r a t e  r a i l  p a i r  
s y s t e m s  r o t a t e d  a t  90 deg to each  o the r .  As  t h e y  a r e  a t  90 deg to 
e a c h  o t h e r ,  t h e y  a r e  decoup led  and m a y  be c o n s i d e r e d  a s  two s e p a -  
r a t e  r a i l  s y s t e m s  in p a r a l l e l .  The  e f f e c t i v e  i n d u c t a n c e  p e r  un i t  
l eng th  of the  r a i l s  i s  t h e r e f o r e  o n e - h a l f  the  i n d u c t a n c e  p e r  un i t  l e n g t h  
of one oppos ing  p a i r  of r a i l s .  The  i n d u c t a n c e  p e r  un i t  l eng th  of one 
p a i r  of r a i l s  i s  a func t ion  of the  r a t i o  of m o d e l  d i a m e t e r  to r a i l  h e igh t  
(D/h ) .  P r o v i d i n g  h i s  s m a l l  c o m p a r e d  to D, the  i n d u c t a n c e  i s  a p p r o x i -  
m a t e d  b y  the p a r a l l e l  p l a t e  c a s e  in which  the i n d u c t a n c e  i s  a func t ion  
of (w/h) .  R e s u l t s  fo r  the  p a r a l l e l  p l a t e  c a s e  a r e  shown in F ig .  3. 
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C h o o s i n g  D/h--~ 4, L ° fo r  one p a i r  of r a i l s  is  a p p r o x i m a t e l y  1 .2  /~ H / m  
and fo r  the  c o m p l e t e  r a i l  s y s t e m  L ° = 0 .6  p H / m ,  which  i s  the  s a m e  
as  tha t  u s e d  fo r  the  l a u n c h e r  c a l c u l a t i o n s .  

h 

Dia meter 

Rail 

Figure 29. Sustainer rail geometry. 

The s u s t a i n i n g  f o r c e  i s  t h e r e f o r e  F s = L ' I 2 / 2  and f r o m  th i s  an 
e s t i m a t e  can  be m a d e  of the  m a x i m u m  c u r r e n t  r e q u i r e d .  The  m a x i -  
m u m  f o r c e  is  g iven  a p p r o x i m a t e l y  by the  to ta l  r e q u i r e d  s u s t a i n i n g  
e n e r g y  d iv ided  by 30 k m  (Sec t ion  3 . 2 . 2 ) .  F r o m  Fig .  25 it i s  a p p a r -  
en t  tha t  for  the  w o r s t  c a s e  the  to ta l  s u s t a i n i n g  e n e r g y  is  about  1 ,200 
MJ.  T h e r e f o r e ,  the  m a x i m u m  r e q u i r e d  f o r c e  i s  about  40 kN wh ich  
c o r r e s p o n d s  to 365 kA of c u r r e n t .  

3.2.3.2 Ohmic Heating 

L e t  us c o n s i d e r  a r a n g e  of l eng th  ~ d iv ided  in to  n s u s t a i n i n g  
s e c t i o n s  wi th  s u s t a i n e r s  of l e n g t h  s s.  The  to ta l  r a n g e  l eng th  ~ m a y  not  
be c o m p l e t e l y  occup ied  by s u s t a i n e r ,  that  i s ,  t h e r e  m a y  be p e r i o d s  of 
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f r e e  f l igh t  fo l lowing  su s t a in ing .  If the  s u s t a i n i n g  to r a n g e  d i s t a n c e  
r a t i o  i s  d e no t ed  by  ~'s,  t hen  

n s  S 

< 1 Y s -  E - 

If a s u s t a i n i n g  c u r r e n t  of I i s  p a s s e d  d u r i n g  s u s t a i n i n g ,  t h e n  the  
o h m i c  h e a t i n g  ( for  e a c h  s u s t a i n e r )  m a y  be  e x p r e s s e d  by the  ac t i on  
i n t e g r a l  (Sec t ion  2 .2)  as  

= A 2 fI 2 dt gl 

and fo r  n i d e n t i c a l  s u s t a i n e r s  

n f 12 dt -- gl A2 

which  m a y  be  r e w r i t t e n  in t e r m s  of the  s u s t a i n i n g  f o r c e  F s = L ° I 2 / 2  
a s  

2n A2 f F s dt = gl 

w h e r e  the  j'dt i s  a c r o s s  one of n i d e n t i c a l  s u s t a i n e r s .  

To f a c i l i t a t e  a n a l y s i s  we sha l l  c o n s i d e r  the  c a s e  w h e r e  the  p r o -  
j e c t i l e  m o d e l  i s  at  c o n s t a n t  v e l o c i t y  (v) in  the  r a n g e ,  and a c o n s t a n t  
s u s t a i n i n g  f o r c e  F s (o r  s o m e  equ iva len t )  is  app l i ed  t h r o u g h o u t  the  
e n t i r e  f l ight .  T h e s e  a p p r o x i m a t i o n s  a r e  m o s t  va l i d  in the  40-  to 6 0 - k m  
r a n g e  of the  f l ight  path (F ig .  26) and as  th i s  r a n g e  i s  the  m o s t  d i f f icu l t  
to obta in ,  the  fo l lowing  a n a l y s i s  is  p r o b a b l y  a p e s s i m i s t i c  a s s e s s m e n t  
of o h m i c  hea t ing .  

If F s i s  the  c o n s t a n t  r e q u i r e d  s u s t a i n i n g  f o r c e ,  the  s a m e  e n e r g y  
m a y  be  added  in n i d e n t i c a l  s u s t a i n e r s  by  a f o r c e  

Fsn = Fs /y  s 

w h e r e  ,y s is  the  s u s t a i n i n g - t o - f l i g h t  d i s t a n c e  r a t i o .  The  p r e v i o u s  
equa t ion  m a y  then  be  w r i t t e n  as  

2n Fs A2 
~ d t  ffi g l  L' f y ~  
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and noting that F s is a constant, t = ~/v, and n/Ts = £/Ss 

= \~-~-~s ] / ( 3 . 3 )  

Now for the geometry of interest here (Fig. 29), the current-carrying 
cross-sectional area A is 

A 2 = (2h)  2 d 2 

o r ,  in t e r m s  of the  p r o j e c t i l e  d i a m e t e r  (D = 4h) 

2 
A2 _ D d 2 

2 

Now d canno t  be  a r b i t r a r i l y  l a r g e  due to the  sk in  e f f ec t ,  t ha t  i s  d _< 6, 
w h e r e  6 = ~!lr ~ t / ~ o ,  - the  sk in  depth  f o r  tSme (t). F o r  the  c a s e  of 
c o p p e r  ( ~ . 2  x 1 0 - 8 ~ -  m) ,  6 =  0 .22  t l / Z ( m ) ,  and  f o r  d = 0 . 5 6 ,  
d = 0 . 1 1 t  1 /2 .  T h e r e f o r e ,  

A 2 D 2 = -- (1.21 x 10 "2t) 
4 

w h i c h  m a y  be s u b s t i t u t e d  in to  Eq.  

D 2 
T (l.2l × 

(3 .3)  to y i e l d  

2 F ~  
10 -2 t )  - s 

L'vg 

Not ing  tha t  vt  = ~, the  m i n i m u m  d i a m e t e r  D m a y  be  e x t r a c t e d  

l.~l x 10 -2 t. 'gl ~'"" (3 .4 )  

As  no ted  in  Sec t i on  3 . 2 . 2  the  m a x i m u m  f o r c e  F s i s  g iven  a p p r o x i -  
m a t e l y  by  F s = E t o t a l / ( 3 0  x 103) w h e r e  E t o t a l  i s  the  t o t a l  s u s t a i n i n g  
e n e r g y  tha t  m u s t  be  supp l i ed .  F r o m  F ig .  25 i t  c an  be  s e e n  tha t  the  
w o r s t  c a s e  r e q u i r e s  about  1 ,200  MJ of e n e r g y  o r  F s ~ 4 0 , 0 0 0 N .  
L" is  d e t e r m i n e d  by_ the  g e o m e t r y  and is  = 0 . 6 / ~ H / m .  We s h a l l  
t ake  g l  = 6 x 1016A 2 - s e c / r n  4 w h i c h  is  e q u i v a l e n t  to c o p p e r  d e r a t e d  
about  30 p e r c e n t  f r o m  m e l t i n g .  F i g u r e  30 i l l u s t r a t e s  Eq .  (3 .4 )  wi th  
the  above  v a l u e s  of the  p a r a m e t e r s ,  and m a y  be  i n t e r p r e t e d  a s  t he  
m i n i m u m  d i a m e t e r  t ha t  can  be  s u s t a i n e d  f o r  a g iven  s u s t a i n e r / r a n g e  
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length ratio or the minimum sustainer/range length ratio that may be 
employed with a given diameter of projectile. 

50 

uE 40 

3o 

E 
• e lO 

o 
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SustainerlRange Length Ratio, slJ~ 

Figure 30. Ohmic heating limitations. 

It i s  apparen t  f rom Fig .  30 tha t  s u s t a i n e r  l eng ths  of 0 .1  of the 
r ange  length  o r  g r e a t e r  p rovide  safe ope ra t ion  f r o m  an ohmic  hea t ing  
point  of view for  p r o j e c t i l e s  of i n t e r e s t  h e r e  ( d i a m e t e r s  g r e a t e r  than 
I0 cm). 

3,2.3.3 Electromagnetic Instabilities 

Susta in ing  involves  c o m p a r a t i v e l y  low a c c e l e r a t i o n s  and the p ro -  
j ec t i l e  can be expected  to behave as  a r i g id  body, thus  e f f ec t ive ly  
e l i m i n a t i n g  h y d r o m a g n e t i c  i n s t a b i l i t i e s .  The  r a i l  g e o m e t r y  env i s ioned  
(Fig .  29) should p rov ide  guidance and could be used  to enhance  the 
a e r o d y n a m i c  and e l e c t r o m a g n e t i c  s t ab i l i t y  of the l aunch  package .  

3.2.3.4 Contact PhenQmena 

The contac t  behav io r  d e s c r i b e d  in Sect ion 3 . 1 . 4  for  a l a u n c h e r  
migh t  a l so  be expected  to occur  in a s u s t a i n e r .  However ,  su s t a in ing  
d i f fe r s  f r o m  launching  in t h r ee  i m p o r t a n t  a spec t s :  
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. Sus ta in ing  is  r e q u i r e d  over  much l o n g e r  d i s t a n c e s  
(up to two o r d e r s  of magni tude  longer ) .  

. Susta in ing  r e q u i r e s  v e r y  much lower  a v e r a g e  c u r -  
r e n t s  (at l e a s t  one o r d e r  of magni tude  lower) .  

3. Sus ta in ing  t akes  p lace  e n t i r e l y  at high ve loc i ty .  

These  t h r e e  f a c t o r s  might  be expected  to reduce  the r e l a t i v e  i m -  
por t ance  of e l e c t r i c a l  ef fects  and i n c r e a s e  the i m p o r t a n c e  of m e c h a n i -  
ca l  e f fec ts .  F o r  example ,  the high ve loc i t i e s  and v e r y  long s l id ing  
d i s t a n c e s  might  be expected  to produce  app rec i ab l e  m e c h a n i c a l  wear ;  
however ,  the r e l a t i v e l y  low e l e c t r i c  c u r r e n t s  c a r r i e d  might  not 
g r e a t l y  i n c r e a s e  that  wea r .  It might  be expected,  t h e r e f o r e ,  tha t  
s u s t a i n e r  contac t  phenomena  wil l  be m e c h a n i c a l l y  dominated.  

The a l m o s t  to ta l  lack  of data  on s l id ing  contac ts  at su s t a in ing  
v e l o c i t i e s  m a k e s  i t  v e r y  diff icul t  to a r r i v e  at  any r e a l i s t i c  quant i ta -  
t ive  conc lus ions  and the en t i r e  p rob lem r e m a i n s  an i m p o r t a n t  unknown. 

3.2.4 Rail Gun Sustainer Driving Methods 

3.2.4.1 Sustainer Configuration 

It i s  advantageous  at  th is  point  to de sc r i be  in some deta i l  what  a 
r ange  s u s t a i n e r  might  cons i s t  of and how it  might  opera te .  

B a s i c a l l y ,  the s y s t e m  would cons i s t  of a r ange  of some leng th  (~) 
into which a p r o j e c t i l e  model  of some d i a m e t e r  (D) i s  l aunched  by  a 
gas  gun. The d i a m e t e r  (D), toge the r  with the b a l l i s t i c  coef f ic ient  
that  i s  to be s imula ted ,  d e t e r m i n e s  the to ta l  su s t a in ing  e n e r g y  tha t  
mus t  be suppl ied  to the launch  package  dur ing  a comple te  r e e n t r y  
s imu la t ion  (Fig .  25). If the comple te  r e e n t r y  i s  s imu la t ed  in s ec t i ons  
in a r ange  l e s s  than  60 km long, the to ta l  e n e r g y  pe r  f l ight  is  r educed  
by a f ac to r  which i s  a funct ion of the r ange  length  (Fig .  28). T h e r e -  
fo re ,  launch package  d i a m e t e r ,  r e q u i r e d  model  b a l l i s t i c  coef f ic ient ,  
and r ange  length  d e t e r m i n e  the amount  of e n e r g y  tha t  the s u s t a i n e r  
mus t  supply  to the launch package in the range .  

The s u s t a i n e r  m a y  be divided up into a n u m b e r  of s e p a r a t e  inde-  
pendent  r a i l  gun sec t ions  wi th in  the r ange  with each s u s t a i n e r  sec t ion  
adding a f r a c t i on  of the total  ene rgy .  The n u m b e r  of s ec t ions  that  m a y  
be employed  is  l im i t ed  by ohmic hea t ing  ef fec ts  which l i m i t  the s u s t a i n e r /  
r ange  leng th  r a t io  (Fig.  30). The range  i s  t h e r e f o r e  divided into 
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n s e c t i o n s  e a c h  of w h i c h  i s  ~ / n  long  and n _> 1. In e a c h  s e c t i o n  t h e r e  
i s  a s u s t a i n e r  of l eng th  Ss, w h e r e  the  r a t i o  Ss /~  i s  g r e a t e r  t han  o r  
equa l  to tha t  d e p i c t e d  in F ig .  30. The  e x t r e m e s  of c o n f i g u r a t i o n  tha t  
m i g h t  be r e a l i z e d  a r e  as  fo l lows:  

1. n --- 1, Ss = ~; tha t  is  , t h e r e  i s  one  s u s t a i n e r  s e c t i o n  
and the  s u s t a i n e r  i s  the  s a m e  l e n g t h  a s  the  r a n g e .  

2. n -- 1, Ss/~ = l im i t ;  t h e r e  i s  one  s u s t a i n e r  s e c t i o n  but  
the  s u s t a i n e r  does  not  ex t end  f o r  the  e n t i r e  r a n g e  
length ;  i t  i s  a s  s h o r t  a s  o h m i c  h e a t i n g  wi l l  p e r m i t .  
T h i s  s h o r t e n e d  s u s t a i n e r  m u s t  supp ly  the  s a m e  to ta l  
e n e r g y  to the  l a u n c h  p a c k a g e  as  tha t  in No. 1 above ,  
t h e r e f o r e ,  the  p e a k  and a v e r a g e  s u s t a i n i n g  f o r c e s  m u s t  
be m u c h  h i g h e r .  

3. n = ~ / s  s ,  Ss /~  = l i m i t ;  tha t  i s ,  t he  s u s t a i n e r s  a r e  
as  s h o r t  as  o h m i c  h e a t i n g  wi l l  p e r m i t  and  t h e y  a r e  
a r r a n g e d  "end  to end"  to c o v e r  the  e n t i r e  r a n g e .  

Any  a r r a n g e m e n t  w i th in  t h e s e  e x t r e m e s  m a y ,  of c o u r s e ,  be  e m -  
p loyed .  

The  a d v a n t a g e s  and d i s a d v a n t a g e s  of e a c h  of the  e x t r e m e  c a s e s  
c o n s i d e r e d  above  a r e  a s  fo l lows :  

. 

. 

n - 1, s s = ~. Th i s  a r r a n g e m e n t  p r o v i d e s  the  
" s m o o t h e s t "  a c c e l e r a t i o n .  H o w e v e r ,  the  r e q u i r e d  
f o r c e  " s h a p e "  is  d i f f i cu l t  to ob ta in ,  and  the  v e l o c i t y  
p r o f i l e  i s  t h e r e f o r e  not  e x a c t l y  as  d e s i r e d .  R e s i s -  
t i ve  l o s s e s  in the  s u s t a i n e r  r a i l s  s e r i o u s l y  d e g r a d e  
the  e n e r g y  e f f i c i e n c y  of the  s u s t a i n e r  as  s i n c r e a s e s ,  
so e n e r g y  b e c o m e s  r e l a t i v e l y  c o s t l y  in t h i s  c a s e  
( s e e  fo l lowing) .  

n = 1, s s = ~ l i m i t .  T h i s  a r r a n g e m e n t  a b a n d o n s  
a t t e m p t i n g  to a c h i e v e  the  " e x a c t "  v e l o c i t y  p r o f i l e ,  
but  adds  the  c o r r e c t  a m o u n t  of e n e r g y  at  s o m e  p r e -  
d e t e r m i n e d  p a r t  of the  f l igh t .  As  the  gun is  as  s h o r t  
as  p o s s i b l e ,  the  r e s i s t i v e  l o s s e s  a r e  a s  low as 
p o s s i b l e  m a k i n g  the  e n e r g y  e f f i c i e n c y  h igh .  The  h igh  
f o r c e s  g e n e r a t e d  could  have  a s e r i o u s  e f f ec t  on m o d e l  
i n t e g r i t y  and s t ab i l i t y .  
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. n = ~ / S s ,  Ss/~ = l i m i t .  Th i s  i s  a c o m p r o m i s e  b e -  
tween  the  p r e v i o u s  two c a s e s .  Sus ta in ing  is  c a r r i e d  
out o v e r  the  e n t i r e  l eng th ,  thus  l o w e r i n g  the  a c c e l e r -  
a t ion  f o r c e s .  H o w e v e r ,  the  a c c e l e r a t i o n  i s  " b u m p y "  
and p e r i o d i c  w h i c h  m a y  be  d e t r i m e n t a l  to m o d e l  
i n t e g r i t y  and s t a b i l i t y  d e s p i t e  the  l o w e r  a c c e l e r a t i o n s .  
The  s h o r t  s u s t a i n e r s  would  en joy  low r e s i s t i v e  l o s s e s  
and high  e f f i c i ency .  

The  b a s i c  "un i t "  s u s t a i n e r ,  t h e r e f o r e ,  c o n s i s t s  of a p o w e r  supp ly  
and a r a i l  gun of l eng th  s. A n u m b e r  of t h e s e  "uni t "  s u s t a i n e r s  m a y  
be a r r a n g e d  to p r o v i d e  a r a n g e  of l e n g t h  £ >_ Ss. The  two i m p o r t a n t  
p a r a m e t e r s  of t h e s e  s u s t a i n e r  un i t s  which  m u s t  be  e v a l u a t e d  a r e :  
(1) f o r c e  " s h a p e "  that  can be p r o v i d e d  (i. e . ,  f o r c e  as  a func t ion  of 
s u s t a i n e r  d i s t a n c e  and (2) e n e r g y  e f f i c i e n c y  (and t h e r e f o r e  p o w e r  
supply  cos t ) .  Both  of t h e s e  p a r a m e t e r s  depend  on d r i v i n g  m e t h o d  
and gun l eng th .  

3.2.4.2 Driving Methods and Performance 

The two b a s i c  e n e r g y  s t o r a g e  m e t h o d s  a v a i l a b l e  fo r  r a i l  gun d r i v i n g  
a r e  i nduc t i ve  s t o r a g e  and capac i t i ve  s t o r a g e  as d i s c u s s e d  in Sec t ion  2 .5 .  

Induc t ive  s t o r a g e  has  two s e r i o u s  d i s a d v a n t a g e s  fo r  s u s t a i n e r  u s e  
as  fo l lows:  

. 

. 

The  f o r c e  v a r i e s  a p p r o x i m a t e l y  as 1 /x  2 w h e r e  x is  
the  d i s t a n c e  t r a v e l l e d  f r o m  the  b r e e c h .  F o r  the  v e r y  
long  a c c e l e r a t o r s  r e q u i r e d  in s u s t a i n i n g ,  th i s  r e s u l t s  
in a con t i nuous ly  fa l l ing  f o r c e  wh ich  does  not  r e a l i s t i -  
c a l l y  fit  m o s t  p a r t s  of the  s u s t a i n i n g  f o r c e  p r o f i l e  
( F i g s .  26 and 27). R e s i s t i v e  l o s s e s  e x a g g e r a t e  t h i s  
d i f f icul ty .  

The  p r o j e c t i l e  e n t e r s  the  r a i l  gun at h igh  v e l o c i t y  m a k i n g  
the n e c e s s a r y  a c c u r a t e  t i m i n g  and r a p i d  s w i t c h i n g  of the  
s t o r e d  c u r r e n t  d i f f icul t .  In o r d e r  to swi t ch  high c u r r e n t s  
out of i nduc t ive  s t o r a g e  s u c c e s s f u l l y ,  v e r y  low in i t i a l  
load  i n d u c t a n c e  is  r e q u i r e d .  As  the  p r o j e c t i l e  in th i s  
c a s e  is  m o v i n g  at high ve loc i ty ,  the r a i l  gun i n d u c t a n c e  
i n c r e a s e s  r a p i d l y  and a f t e r  even  a s h o r t  t i m e  (~-10 /~sec) 
m a y  be too high to swi t ch  l a r g e  c u r r e n t  into the  s u s t a i n e r  
s u c c e s s f u l l y .  In any c a s e ,  the  r e q u i r e d  swi t ch  g e a r  would  
have  to be fas t ,  s o p h i s t i c a t e d ,  and undoub ted ly  e x p e n s i v e .  
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C a p a c i t i v e  s t o r a g e  a p p e a r s  to be m o r e  su i t ab l e  fo r  s u s t a i n e r  
d r i v i n g  fo r  the  fo l lowing  r e a s o n s :  

. The  f o r c e  v a r i e s  a p p r o x i m a t e l y  as  1 / v  2 (Sec t ion  2 .5)  
and as  in the  s u s t a i n e r  the  v e l o c i t y  v i s  f a l l ing  the  
f o r c e  could ,  n e g l e c t i n g  l o s s e s ,  a c t u a l l y  r i s e  as  the  
p r o j e c t i l e  p r o c e e d s  down the  s u s t a i n e r .  Th i s  would  
fi t  at  l e a s t  the  m a j o r  p a r t  of the  f o r c e  c u r v e  ( F i g s .  26 
and 27) s a t i s f a c t o r i l y  if  not  exac t ly .  

. Switching would occur automatically with no additional 

devices immediately as the projectile enters the sus- 

taining section. The capacitor would be simply 

charged to the required voltage and connected across 

the rails. As the projectile enters the sustainer it 

would complete the circuit and current would begin to 
flow. The magnitude of the sustaining force could be 

easily adjusted by adjusting the voltage on the capacitor. 

F u r t h e r  c o n s i d e r a t i o n  wi l l ,  t h e r e f o r e ,  be r e s t r i c t e d  to c a p a c i t i v e  
e n e r g y  s t o r a g e  and d r iv ing .  

The  c i r c u i t  of a c a p a c i t i v e l y  d r i v e n  s u s t a i n e r  i s  d e p i c t e d  in  F ig .  31 
and the  equa t i ons  wh ich  d e s c r i b e  i t s  o p e r a t i o n  a r e  as  fo l lows:  

1. Conservation of energy 

(I/2)CV 2 = (I/2)CV 2 + (I/2)mv 2 + (I/2)(L o + L'x)l 2 + fl2(Ro + R'x) dt + fFdvdt 

2. Vo l t age  a r o u n d  the  c i r c u i t  

. 

1 d 
V o = ~ fldt + I(R ° + R'x) + ~(L ° + L'x) l 

Dynamic relations 

a = L'I2/2m - Fd/m or F = L'I2/2 

v = f adt + V ° 

x = f vdt 

To f a c i l i t a t e  a n a l y s i s  and c o m p a r i s o n  of the  r e s u l t s  and to  m o r e  
c l o s e l y  s i m u l a t e  the ac tua l  v e l o c i t y  p r o f i l e  wi thou t  the  added  c o m p u -  
t a t i ona l  c o m p l e x i t y  of the  t r u e  d r a g  t e r m  in the  a c c e l e r a t i o n  e x p r e s s i o n ,  
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a c o n s t a n t  v e l o c i t y  t h r o u g h  the  s u s t a i n e r  wi l l  be  a s s u m e d .  The  added  
s u s t a i n i n g  e n e r g y  i s  t h e n  fFddx .  The  v e l o c i t y  a c t u a l l y  f a l l s  d u r i n g  
s u s t a i n i n g ,  but if  an a p p r o p r i a t e  m e a n  c o n s t a n t  v e l o c i t y  i s  c h o s e n  the  
r e s u l t s  ob t a ined  should  be a d e q u a t e l y  a c c u r a t e  fo r  p r e s e n t  p u r p o s e s .  
The  m o s t  d i f f icu l t  s e c t i o n  to s i m u l a t e  i s  the  40-  to 5 0 - k m  r e g i o n  
(F ig .  26) as  h igh  s u s t a i n i n g  f o r c e s  a r e  coup led  wi th  h igh  v e l o c i t i e s  
(i. e . ,  h igh  s u s t a i n i n g  p o w e r s  a r e  r e q u i r e d ) .  If the  d e s i r e d  s u s t a i n -  
ing p r o f i l e  can be a c h i e v e d  in th i s  s e c t i o n ,  then  the  p r o f i l e s  in o t h e r  
s e c t i o n s  can a l so  be s i m u l a t e d .  The  v e l o c i t y  in  t h i s  r e g i o n  of r e e n t r y  
is  about  5 k m / s e c ,  so a c o n s t a n t  v e l o c i t y  of 5 k m / s e c  wi l l  be u s e d  in  
f u r t h e r  a n a l y s i s .  

R o Lo 

L", R" 
V,C ~ r~ 

° ,  

Figure 31. Circuit for capacitively driven sustainer. 

If r e s i s t i v e  l o s s e s  a r e  to be c o n s i d e r e d ,  the  equa t i ons  d e s c r i b i n g  
the  b e h a v i o r  of the  s y s t e m  m u s t  be  s o l v e d  n u m e r i c a l l y .  H o w e v e r ,  i t  
i s  i n f o r m a t i v e  to f ind ana ly t i c  so lu t i ons  of the  " l o s s l e s s "  e q u a t i o n s  as  
such  a so lu t ion  y i e l d s  func t iona l  d e p e n d e n c e s  w h i c h  wi l l  enab le  us  to  
e x a m i n e  the  " s h a p e "  of the  f o r c e  p r o f i l e .  

The  v o l t a ge  equa t ion  (No. 2 above)  m a y  be d i f f e r e n t i a t e d  to y ie ld ,  
n e g l e c t i n g  the  r e s i s t i v e  t e r m s  

I ~ * 2 L ' v - -  0 = ~ + ( L  o - L ' x )  d21 dl 
dt 2 dt 

w h e r e  v = c o n s t a n t  and x = vt.  Th i s  m a y  be  r e a r r a n g e d  to b e c o m e  

_ _  2 d l  (a  + t) d21 + - ~ - -  + bl  = 0 
dt 2 

w h e r e  a = L o / L ' v  and b = 1 / ( L ' v C )  and the  in i t i a l  c o n d i t i o n s  a r e  
I(0) = 0 and I ' (0 )  = V o / L  o. Th i s  equa t ion  m a y  be  t r a n s f o r m e d  by 
s e t t i n g  y = a + t to y i e l d  

vd21 2 dI b] 0 • J1- 

dy2 + 
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and I(a) = 0, I'(a) = Vo/L o. Now setting y = p2 the equation further 
transforms to 

d2I 3 dl 
dP 2 P ~.p + 4bI 0 

and I(~/'a) = 0, I*(~'a) = 2V o ~Fa/Lo. This may be recognized as a form 
of Bessel's equation, the roots of which are, p-lJ1(2~/'~Tp) and 
p_lYl( 2 ~/-~'7 p). The solution of the equation is therefore 

l(p) = p'l(AJl(2X/g~-P) + B YI(2V ~v p)) 

A p p l i c a t i o n  of the  b o u n d a r y  cond i t ions  p r o v i d e s  s o l u t i o n s  fo r  A and B 

V o 
A = - L-'~ anvr~" Yl(2%/b-'-~ 

V o 
B = ~o anVE J1 (2VE~) 

T r a n s f o r m i n g  ba c k  to I(t),  the so lu t ion  i s  

I(t) - Lo n ](2Vb-'a) Yl(2~/b(a + t)) 

- Yl (2V ha) Jl  (2~/b(a + t))) (3.5) 

If the c u r r e n t  (o r  fo r ce )  shape  is  to  be i ndependen t  of the  s u s t a i n e r  
l eng th  i t  i s  a p p a r e n t  f r o m  th i s  equa t ion  tha t  a / t  and ba  m u s t  be  i n d e -  
penden t  of the  s u s t a i n e r  l eng th ,  tha t  i s ,  

Lo/L'vt = const 

and 

Lo/(L'v)2C = const 

which together imply that L o = const x sustainer length, and C = const x 
sustainer length. If these two conditions are met then the "shape" of 
force profile should be independent of gun length, neglecting resistance, 
and when resistance is included, the effect of gun length can be readily 
assessed. 
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L e t  us  now e x a m i n e  the  a s y m p t o t i c  b e h a v i o r  of Eq.  (3 .5)  to d e t e r -  
m i n e  the  bounds  of the  b e h a v i o r  of the  s y s t e m .  C o n s i d e r  the  c a s e  when  
the  c a p a c i t a n c e  C is  m a d e  v e r y  l a r g e :  

b ~ 0  

YI b(a + ~ rr ~/b(a + t) 

Vo t 

¥2 2 
F , _ ,  o 

2L "v 2 (3.6) 

As e x p e c t e d ,  the  f o r c e  and c u r r e n t  a r e  i n d e p e n d e n t  of b (o r  C) and 
th i s  r e p r e s e n t s  the  a s y m p t o t i c  e a r l y  b e h a v i o r  of the  s y s t e m .  F o r  
s e l f  s i m i l a r  s h a p e s  (i. e . ,  a / t  i n d e p e n d e n t  of s u s t a i n e r  l eng th  and 
L o = cons t  x length)  v a l u e s  of F fo r  d i f f e r e n t  v a l u e s  of L o and typ i ca l  
v a l u e s  of V o, L"  and v a r e  p lo t t ed  in F ig .  32. It i s  a p p a r e n t  tha t  a 
l a r g e  in i t i a l  i n d u c t a n c e  (L o" = L ' s )  g r e a t l y  r e t a r d s  c u r r e n t  bui ldup,  
wh i l e  s m a l l e r  i n d u c t a n c e s  r e s u l t  in r a p i d  c u r r e n t  r i s e .  
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Figure 32.  Sustaining forces for capacitively driven sustainar. 
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The o t h e r  a s y m p t o t e  of i n t e r e s t  i s  the  c a s e  w h e r e  L o i s  z e r o  
(a = 0) and C i s  f i n i t e  (b i s  f in i te ) ,  

,2 (Jl(2~/b-~) ~) '¢o 
I -~ L'~v ~ 

F -, ~o 1(2V ~i~ 

2L'v 2 ~ "/ 
(3 .7)  

E q u a t i o n  (3 .7)  i s  p lo t t ed  in  F ig .  32 ( b r o k e n  l ine)  and i t  can  be  s e e n  
tha t  low in i t i a l  i n d u c t a n c e  r e s u l t s  in a r a p i d  r i s e  of c u r r e n t  (to the  
m a x i m u m  in z e r o  t ime)  and s u b s e q u e n t  s h a r p  c u r r e n t  decay .  It i s  
a p p a r e n t  tha t  s o m e  va lue  of p a r a m e t e r s  b e t w e e n  t h e s e  e x t r e m e s  i s  
r e q u i r e d  fo r  an a c c e p t a b l e  f o r c e  shape .  Such a cho i ce  m i g h t  be  
L o = L ° s s / 1 2  and C = Ss /20  and Eq.  (3 .5 )  i s  a l s o  p lo t t ed  in F ig .  31 
fo r  t h e s e  v a lue s .  Th i s  va lue  of L o y i e l d s  an a c c e p t a b l e  r a t e  of c u r -  
r e n t  r i s e  and t o g e t h e r  wi th  the  c h o s e n  c a p a c i t a n c e  p r o v i d e s  a r e l a -  
t i v e l y  f ia t  peak  f o r c e  and s low decay .  

N u m e r i c a l  so lu t i ons  of the  equa t i ons  w e r e  found i nc lud ing  r e s i s -  
t i ve  l o s s e s  fo r  a 1 0 0 - m - l o n g  s u s t a i n e r .  The  e f f ec t  of v a r y i n g  the  
s t o r a g e  c a p a c i t a n c e  C was  i n v e s t i g a t e d  and the  r e s u l t s  a r e  shown  in 
F ig .  33. A c a p a c i t a n c e  of 5F in th i s  f i g u r e  c o r r e s p o n d s  to the  
s u g g e s t e d  o p e r a t i n g  p a r a m e t e r  of C = Ss /20 .  It i s  a l so  no t ed  tha t  
th i s  y i e l d s  a r e l a t i v e l y  h igh  e n e r g y  e f f i c i e n c y  (n = m v 2 / C V o  2) of 0 .47  
c o m b i n e d  wi th  a r e l a t i v e l y  good f o r c e  p r o f i l e .  The  cho i ce  of 
L o = L ' s s / 1 2  and C = Ss /20  s e e m s  t h e r e f o r e  to be  an a c c e p t a b l e  
cho i ce  of p a r a m e t e r s  fo r  the  p u r p o s e s  of t h i s  s tudy.  T h e s e  a r e  not  
s u g g e s t e d  as  the  on ly  o r  o p t i m u m  p a r a m e t e r s  that  m i g h t  be  c h o s e n ,  
but  as  a r e p r e s e n t a t i v e  cho i ce .  

The  n u m e r i c a l  c o m p u t e r  so lu t ion  of the equa t i ons  i n c l u d i n g  r e s i s -  
t i ve  l o s s e s  was  u s e d  to e x a m i n e  the  e f fec t  on e f f i c i e n c y  and f o r c e  
shape  of i n c r e a s i n g  s u s t a i n e r  l ength .  The  r e s u l t s  a r e  shown  in F i g s .  34 
and 35. A l so  shown in F ig .  34 i s  the  l o s s l e s s  ana ly t i c  r e s u l t .  The  
a r e a  u n d e r  e a c h  c u r v e  in F ig .  34 r e p r e s e n t s  the  u se fu l  s u s t a i n i n g  e n e r g y ;  
t h e r e f o r e ,  the d i f f e r e n c e  in  a r e a  b e t w e e n  any  c u r v e  and the  l o s s l e s s  
c u r v e  r e p r e s e n t s  the  r e s i s t i v e  e n e r g y  l o s t .  As  s u s t a i n e r  l e n g t h  in-  
c r e a s e s ,  the  e n e r g y  l o s s  i n c r e a s e s  ( e f f i c i e n c y  d e c l i n e s )  and the  shape  
c h a n g e s  s o m e w h a t .  The  m a x i m u m  f o r c e  a l s o  d e c l i n e s ,  but  t h i s  can  be  
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r a i sed  by ra i s ing  the driving voltage which, in principle,  does not 
affect  the e~ficiency. 
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Figure 33. Effect of capacitance on sustaining force. 
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Figure 34. Sustaining force versus relative distanoe with resistive losses. 
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Figure  3 5 .  Energy efficiency versus sustainar length. 

At long s u s t a i n e r  lengths  the shape can be c o r r e c t e d  somewhat  by 
i n c r e a s i n g  the dr iv ing  capac i t ance ,  but the e f f i c iency  dec l ines  to v e r y  
low va lues  as  shown in Fig.  36. 
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Figure 36. Force profiles for  various capacitances. 
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To put  the  va lue  of the  s u s t a i n i n g  f o r c e  shown in con tex t ,  i f  s u s -  
t a i n i n g  t a k e s  p l ace  o v e r  the  e n t i r e  r a n g e  then  the  m a x i m u m  f o r c e  r e -  
q u i r e d  to r e a c h  a ~ of 150 k N / m 2 ( 3 , 0 0 0  l b / f t  2) i s  about  1 ,200  M J /  
30 k m =  40 kN. T h e r e f o r e ,  e x c e p t  fo r  v e r y  long  s u s t a i n e r s ,  an  i n i t i a l  
vo l t age  of the  o r d e r  of 2 kV o r  l e s s  would be adequa t e .  

If we now c o n s i d e r  the  w o r s t  c a s e ,  t ha t  i s ,  s u s t a i n i n g  a 25- to 
3 0 - c m - d i a m  m o d e l  l a u n c h e d  f r o m  a g a s  gun,  we can  d e r i v e  the  r e -  
q u i r e d  s t o r e d  e n e r g y  a s  a func t ion  of r a n g e  l e n g t h  and s u s t a i n e r  
l e n g t h  u s i n g  the  r e s u l t s  of F i g s .  25, 28, and 35. The  c o m b i n e d  r e -  
s u l t s  a r e  dep i c t ed  in F i g .  37. F o r  c a s e s  o t h e r  t han  25- to 3 0 - c m -  
d i a m  m o d e l s  s u s t a i n e d  to a ~ of 140 k N / m  2, the  v a l u e s  on F i g .  37 
m a y  be r e d u c e d  p r o p o r t i o n a l  to the  t o t a l  s u s t a i n e r  e n e r g y  r e q u i r e d  a s  
dep i c t ed  in F ig .  25. 
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Figure 37. Stored energy versus range length. 

3.2.4.3 Costing 

To a s s i s t  in  e v a l u a t i n g  the  c o s t s ,  the  s u s t a i n e r  s y s t e m  wi l l  be  
d iv ided  into  the  power  s u p p l y  and the  s u s t a i n e r  i t s e l f  ( r a i l  gun) and  
t r e a t e d  s e p a r a t e l y .  
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1. Power Supply 

The  p o w e r  supply  c o n s i s t s  of a c a p a c i t o r  ( e i t h e r  an o r d i n a r y  
c a p a c i t o r  o r  a h o m o p o l a r  g e n e r a t o r )  and a s m a l l  a m o u n t  of " t r i m m i n g "  
i n d u c t a n c e  of the  o r d e r  of 8 to 10 p e r c e n t  of the  gun i n d u c t a n c e .  The  
i n d u c t a n c e  wi l l  be of c o m p a r a t i v e l y  low cos t ,  so the  p o w e r  supp ly  c o s t  
wi l l  be  e s s e n t i a l l y  tha t  of a c a p a c i t o r  bank o r  h o m o p o l a r  g e n e r a t o r  
capab le  of supp ly ing  the  e n e r g i e s  d e p i c t e d  in  F ig .  37. 

The  e n e r g i e s  i n v o l v e d  a r e  in  the  e c o n o m i c a l  h o m o p o l a r  g e n e r -  
a t o r  r a n g e  (Ref.  13); h o w e v e r ,  the  v o l t a g e s  r e q u i r e d  (1 to 2kV) a r e  
s o m e w h a t  above  p r e s e n t  s i n g l e  m a c h i n e  capab i l i t y .  A n u m b e r  of 
s e r i e s  r o t o r s  a n d / o r  c o m p l e t e  m a c h i n e s  shou ld  be capab le  of r e a c h i n g  
th i s  vo l t age .  Two c o s t  s c a l e s  a r e  i n d i c a t e d  on F ig .  37. H o m o p o l a r  
g e n e r a t o r  s t o r a g e ,  above  500 MJ,  shou ld  cos t  s o m e w h e r e  b e t w e e n  two 
and f ive  c e n t s  p e r  jou le ,  p r o b a b l y  c l o s e r  to two cen t s  p e r  jou le .  

2. Sustainer 

The  s u s t a i n e r  c o n s i s t s  of the  r a i l s  and the  r e s t r a i n i n g  s t r u c t u r e  
n e c e s s a r y  to hold  the  r a i l s  t o g e t h e r  and in  a l i g n m e n t .  

The  r a i l s  a r e  of c o p p e r  and have  a to ta l  v o l u m e  of 

Vol = ¢hds = Dds 
S S 

w h e r e  h is  the  r a i l  he igh t  (ffi (1 /4)D) ,  D the  d i a m e t e r ,  d the  r a i l  t h i c k -  
n e s s ,  and s s the  s u s t a i n e r  l eng th .  To m i n i m i z e  the  r e s i s t i v e  l o s s e s  
d m u s t  be  a p p r o x i m a t e l y  equa l  to the  e l e c t r i c a l  sk in  depth  fo r  the  s u s -  
t a i n in g  t i m e ,  i . e . ,  

d = 

which  fo r  c o p p e r  i s  d = 0 . 2 2 t l / 2 .  Now the  t r a n s i t  t i m e  t i s  g i v e n  by 
t ~ Ss/V, so the  v o l u m e  m a y  be w r i t t e n  a s  

.3 /2 / .  1/2 Vol = 0.22 Do s v 

and the mass as m = 0.22 pDss3/2/vl/2. Using a cost of ten dollars 
per kg for copper installed, the cost of the rails at v = 5,000 m/sec is 

CRI = 277 Ds3s/2 $ 
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C o n s i d e r  a r e s t r a i n i n g  s t r u c t u r e  such  as  tha t  d e p i c t e d  in F ig .  38. 
T h i s  i s  not  s u g g e s t e d  as a s e r i o u s  d e s i g n ,  but  only  as  an a id  to c a l c u -  
l a t i n g  the  a p p r o x i m a t e  a m o u n t  of m a t e r i a l  r e q u i r e d .  

Y 
Figure 38. Possible restraining structure. 

E a c h  " m e m b e r "  of the  r e s t r a i n i n g  s t r u c t u r e  has  a c r o s s - s e c t i o n a l  
a r e a  A and a b s o r b s  a p p r o x i m a t e l y  the e n t i r e  l o a d  f r o m  one  of the  r a i l s .  
If the  b u r s t i n g  f o r c e  on the  r a i l  i s  d e s i g n a t e d  a s  F R, t h e n  

F a = L R ' ( I / 2 ) 2 / 2  

w h e r e  L R  ° i s  the  d e r i v a t i v e  of the  i n d u c t a n c e  of the  r a i l s  wi th  r e s p e c t  
to r a d i a l  m o v e m e n t  and on ly  o n e - h a l f  the  to ta l  c u r r e n t  f lows  in  one  
r a i l .  12 can  be  r e l a t e d  to the  s u s t a i n i n g  f o r c e  by  12 = 2 F s / L ' ,  wh ich  
r e d u c e s  the  above  equa t ion  to 

L R" 

F R = LR'FJ4L" 

can be e v a l u a t e d  f r o m  F ig .  3 and i s  found to be  

L R" = 0.4 x 1 0 " 6 ( s s / D ) H / m  
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Subs t i tu t ing  th i s  and L* = 0 . 6 / ~ H / m  into the  p r e v i o u s  equa t ion  p r o v i d e s  

F R = 0.57 Ss]" s/D 

The required cross-sectional area A is therefore 

A = F R/o s 

w h e r e  C s i s  the  s t r e s s  in the  m e m b e r .  The  v o l u m e  of m a t e r i a l  in the  
r e s t r a i n e r  s t r u c t u r e  is  a p p r o x i m a t e l y  8DA; t h e r e f o r e ,  the  m a s s  i s  

m = 8pDA 

= 8 p D F  B "or s 

= 5 .36  p s s F s . " ¢  s 

If s t e e l  i s  u s e d  fo r  the  r e s t r a i n i n g  s t r u c t u r e ,  p = 7 .2  x 103 k g / m  3, 
cr = 2 x 108 (N/m2) (30 ,000  ps i ) ,  F s = 40 ,000  N {typical  va lue) ,  and  
the  cos t  of s t e e l  i n s t a l l e d  is  say  t en  d o l l a r s  p e r  kg,  then  the  cos t  of 
the r e s t r a i n i n g  s t r u c t u r e  is  

CRst = 77 s s $ 

The to ta l  cos t  of the  s u s t a i n e r  i t s e l f  i s  t hen  the  cos t  of the  r a i l  
p lus  the  cos t  of the  r e s t r a i n i n g  s t r u c t u r e .  

Cnst = 77s s + 277 Ds 3/2 

and th i s  is  i l l u s t r a t e d  in F ig .  37. 

The  s u s t a i n e r  cos t  is  p r e d o m i n a n t l y  that  of the  r a i l s  due to the  
l a r g e  a m o u n t  of coppe r  r e q u i r e d  to m i n i m i z e  r e s i s t i v e  l o s s e s .  The  
r a i l  cos t  could  be  l o w e r e d  by r e d u c i n g  the  t h i c k n e s s  of the  r a i l s ;  how-  
e v e r ,  th i s  would  i n c r e a s e  r e s i s t i v e  l o s s e s ,  l o w e r  e f f i c i ency ,  and 
r e q u i r e  g r e a t e r  s t o r e d  e n e r g y .  Any s av ing  would  depend  on the  r a t e  
at which  e f f i c i e n c y  d r o p s  and on the  r e l a t i v e  c o s t s  of c o p p e r  and 
e n e r g y .  

3.2.5 Sustainer Example 

As an e x a m p l e  of a spec i f i c  s u s t a i n e r / r a n g e  c o n f i g u r a t i o n  tha t  
m i g h t  be chosen ,  c o n s i d e r  a r a n g e  of 1 0 - k m  l eng th  with f ive  1 , 0 0 0 - m -  
long  s u s t a i n e r  un i t s  and a 2 5 - c m - d i a m  p r o j e c t i l e .  F r o m  Fig .  37 the  
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power  suppl ies  would cost  a tota l  of about twenty thousand do l l a r s  (at 
two cents  pe r  joule for  homopo la r  g e n e r a t o r  s torage) .  The s u s t a i n e r s  
would cost  about two thousand do l l a r s  each or  a to ta l  of ten thousand 
do l l a r s  (Fig.  39). T h e r e f o r e ,  the tota l  cost  of the s u s t a i n e r  s y s t e m  
would be about t h i r t y  thousand do l l a r s .  
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_ Steel Restr.ai nt: $10/kg / 
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Figure 39. Cost per sustainer. 

4.0 CONCLUSIONS 

The purpose  of th is  inves t iga t ion  has been to a s s e s s  the t echn ica l  
and economic  f ea s ib i l i t y  of employing  the e l e c t r o m a g n e t i c  r a i l  gun 
a c c e l e r a t i o n  p r inc ip le  for  the launching a n d / o r  ve loc i ty  sus ta in ing  of 
l a rge  r e e n t r y  t e s t  models .  The l im i t a t i ons  to r a i l  gun p e r f o r m a n c e  
that  have been cons ide red  a re  ohmic heat ing of the p ro j ec t i l e ,  e l e c t r o -  
magne t ic  i n s t ab i l i t i e s ,  s l id ing contact  behav io r ,  and ene rgy  s t o r a g e /  
r a i l  gun dr iv ing  methods .  The following r e s u l t s  and conc lus ions  
e m e r g e  f r o m  the s tudy.  

4.1 LAUNCHER 

A ra i l  gun capable  of launching l a r g e  d i a m e t e r  models  up to 
6 k m / s e c  (20,000 f t / s ec )  appea r s  to be t e chn i ca l l y  f eas ib le ,  except  
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fo r  the  unknown s l i d ing  con tac t  b e h a v i o r .  O h m i c  hea t i ng ,  e l e c t r o m a g -  
n e t i c  i n s t a b i l i t i e s ,  and d r i v i n g  m e t h o d  all  i m p o s e  c o n s t r a i n t s  on the  gun-  
p r o j e c t i l e  c o n f i g u r a t i o n ,  but  t h e s e  c o n s t r a i n t s  a r e  w e l l  o u t s i d e  the  
o p e r a t i o n a l  r a n g e s  of i n t e r e s t .  A 2 0 0 - m  long  (660 ft),  i n d u c t i v e l y  
d r i v e n  gun could  l aunch  p r o j e c t i l e s  of b a l l i s t i c  c o e f f i c i e n t  up to 
150 k r n / m  2 to 6 k m / s e c .  

S l id ing  c o n t a c t s  at  the  v e l o c i t i e s  e n v i s i o n e d  h e r e  have  not  p r e v i -  
ous ly  b e e n  s tud ied ,  so i t  i s  d i f f icu l t  to a s s e s s  the  f e a s i b i l i t y  of o p e r -  
a t ing  s l i d ing  e l e c t r i c a l  c o n t a c t s  at  the  v e l o c i t i e s  and c u r r e n t s  of 
i n t e r e s t  h e r e .  H o w e v e r ,  w o r k  at  the  ANU, in wh ich  c u r r e n t  d e n s i t i e s  
a r e  a f a c t o r  of t h r e e  h i g h e r  but s l i d ing  d i s t a n c e  is  an o r d e r  of m a g n i -  
tude  l o w e r ,  ha s  shown tha t  i t  i s  p o s s i b l e  to ob ta in  good e l e c t r i c a l  c o n -  
t ac t  and a c c e p t a b l e  m e c h a n i c a l  s l i d ing  up to 1 k i n / s e c .  At t h i s  v e l o c i t y ,  
on the  ANU r a i l  gun, the  c o n t a c t s  b e c o m e  u n s t a b l e  and a r c .  The  e f f ec t  
on th i s  i n s t a b i l i t y  of c u r r e n t  d e n s i t y ,  p r o j e c t i l e  s i z e ,  and p r o j e c t i l e -  
r a i l  m a t e r i a l s  has  not  b e e n  i n v e s t i g a t e d  so i t  i s  d i f f icu l t  to e x t r a p o l a t e  
to the  r a n g e s  of i n t e r e s t  h e r e .  The  a u t h o r ' s  a s s e s s m e n t  of the  con tac t  
p r o b l e m  is  tha t  t h e r e  i s  no good e v i d e n c e  tha t  c o n t a c t s  cou ld  not  be  
m a d e  which  would  c a r r y  the  r e q u i r e d  c u r r e n t s  at the  r e q u i r e d  v e l o c i t i e s  
but  t hen  an a p p r e c i a b l e  d e v e l o p m e n t  p r o g r a m  would  have  to be u n d e r -  
t aken .  

The  a s s e s s m e n t  of e c o n o m i c  f e a s i b i l i t y  of a r a i l  gun l a u n c h e r  i s  
l e f t  to the  r e a d e r .  The  cos t  of a l a u n c h e r  would  be a l m o s t  e n t i r e l y  
tha t  of the  p o w e r  supply  as  i l l u s t r a t e d  in F ig .  20. The  r a i l  gun i s  
r e l a t i v e l y  i n e x p e n s i v e  as  shown in F ig .  17. A r e a s o n a b l e  e s t i m a t e  of 
the  cos t  f o r  a p o w e r  supply  at  t h e s e  e n e r g i e s  i s  about  two c e n t s  p e r  
jou le  (1974). F r o m  Fig .  20, t h i s  y i e l d s  a l a u n c h e r  cos t  of b e t w e e n  
$60 m i l l i o n  f o r  a 2 0 - c m  gun to about  $180 m i l l i o n  fo r  a 4 0 - c m  gun.  

4.2 SUSTAINER 

A r a i l  gun v e l o c i t y  s u s t a i n e r  a l so  a p p e a r s  to be t e c h n i c a l l y  f e a s i b l e  
excep t  f o r  the  unknown s l i d ing  con t ac t  b e h a v i o r .  O h m i c  h e a t i n g ,  e l e c t r o -  
m a g n e t i c  i n s t a b i l i t i e s ,  and d r i v i n g  m e t h o d  would  p e r m i t  o p e r a t i o n  in  the  
r a n g e s  of i n t e r e s t .  

The  s a m e  s l i d ing  con tac t  d i f f i cu l t i e s  a r i s e  in a s u s t a i n e r  as  w e r e  
no ted  in  the  l a u n c h e r  d i s c u s s i o n ,  e x c e p t  tha t  a s u s t a i n e r  would  h a v e  
m u c h  l o n g e r  s l i d ing  d i s t a n c e s ,  h i g h e r  a v e r a g e  v e l o c i t i e s ,  and  c o n s i d e r -  
ab ly  l o w e r  c u r r e n t s .  T h e s e  f a c t o r s  would  be  e x p e c t e d  to m a k e  the  s u s -  
t a i n e r  c o n t a c t s  b e h a v i o r  m o r e  m e c h a n i c a l l y  d o m i n a t e d  than  the  l a u n c h e r  
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contac ts .  However ,  the l ack  of knowledge of h igh - speed  contact  
m e c h a n i c a l  behav io r  would r e q u i r e  a s i m i l a r  deve lopment  p r o g r a m  to 
tha t  envis ioned fo r  a l aunche r  to be under t aken .  

E s t i m a t e d  cos t s  fo r  a s u s t a i n e r  power  supply and r a i l  s t r u c t u r e  
a r e  shown in F igs .  37 and 39. Again,  a good f igure  for  e n e r g y  cos t s  
is  about two cents  p e r  joule.  A r ange  length,  s u s t a i n e r  length,  and 
s u s t a i n e r  n u m b e r  m u s t  be chosen  to a r r i v e  a t  a comple te  cos t .  
Typica l ly ,  a 10-kin r ange  with five 1 , 0 0 0 - m  s u s t a i n e r s  would cost  
about $30 mil l ion.  The a s s e s s m e n t  of economic  feas ib i l i ty  is  le f t  
fo r  the r e a d e r .  

In conclus ion,  both r a i l  gun launching and ve loc i ty  sus ta in ing  of 
l a r g e  r e e n t r y  mode l s  a p p e a r  to be t echn ica l ly  f eas ib le ,  except  fo r  
the l i t t le  unders tood  behav ior  of h igh - speed  sl iding contac t s .  An 
e x p e r i m e n t a l  development  p r o g r a m  on s l id ing contac t s  would have  to 
be under t aken  to f inal ly  e s t ab l i sh  feas ib i l i ty .  
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CD 
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CRST 
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d 

E 

Ed 

ES 

E s t o r e  
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F 

Fd 

Ff  

FR 

F s  

F s n  

gl 

NOMENCLATURE 

Cross-sectional area 

Acceleration 

Actual metal-to-metal contact area 

Reference area 

Area of solid-to-solid contact at point n 

Desired drag deceleration 

Sustainer acceleration required 

Magnetic flux density 

Thickness of rails 

Capacitance 

Drag coefficient 

Cost  of gun 

Total  cost  of s u s t a i n e r  

Rail  cos t  

Cost  of r e s t r a i n i n g  s t r u c t u r e  

Model d i a m e t e r  

P r o j e c t i l e  th i ckness  

E n e r g y  

Drag  ene rgy  

E n e r g y  r e q u i r e d  for  sus ta in ing  

Stored ene rgy  r e q u i r e d  

Dens i ty  of t e s t  env i ronment  

F o r c e  

Re ta rd ing  f o r c e s  of f r i c t ion  and d r a g  

F r i c t i ona l  fo rce  

Bur s t i ng  fo rce  on r a i l  

Susta ining fo rce  r e q u i r e d  

Sustaining fo rce  provided by n th s egmen t  of s u s t a i n e r  

Ohmic heat ing act ion constant  
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K r a i l  

K r e s t r a i n  
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L"  
L~R 

L o 
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P m  

Qm 
R 

R o 
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Ro 
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S 
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t r a i l  

V 

Vo 

V r a i l  

He igh t  of r a i l s  

E l e c t r i c  c u r r e n t  

E l e c t r i c a l  c u r r e n t  d e n s i t y  

In i t i a l  c u r r e n t  

C o s t  of r a i l  p e r  uni t  v o l u m e  

Cos t  of r e s t r a i n t  p e r  uni t  v o l u m e  

Induc t ance  

Induc t ance  p e r  uni t  l eng th  
D e r i v a t i v e  of ra i I  i n d u c t a n c e  wi th  r e s p e c t  to r a d i a l  
m o t i o n  

F i x e d  i n d u c t a n c e  

F l i g h t  path  l e n g t h  

M a s s  

N u m b e r  

N o r m a l  load  on con tac t  s u r f a c e  

Magne t i c  p r e s s u r e  

Spec i f ic  e n e r g y  r e q u i r e d  to m e l t  m a t e r i a l  

E l e c t r i c a l  r e s i s t a n c e  

R e s i s t a n c e  p e r  uni t  l eng th  

• Rad ius  

F i x e d  r e s i s t a n c e  

T a n g e n t i a l  f o r c e  r e q u i r e d  to s h e a r  po in t s  of con t ac t  

Shea r  s t r e n g t h  of m a t e r i a l  

S u s t a i n e r  l eng th  

T i m e  

Rai l  t h i ckne  s s 

Vo l t age  

In i t i a l  vo l t age  

V o l u m e  of r a i l  m a t e r i a l  
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Vr e s t r a i n  

V 

vf 

V m a x  

Vo 

Vr 

W 

W 

X 

XL 

~'s 
6 

6w 

~ f  

~o 

cr 

~ S  

Volume of r e s t r a i n i n g  m a t e r i a l  r e q u i r e d  

Veloc i ty  

Average  ve loc i ty  

F ina l  t e s t  ve loc i ty  

Maximum launch ve loc i ty  as L o -~ ao 

Ini t ia l  ve loc i ty  

Rela t ive  ve loc i ty ,  V/Vma x 

Power  

Width between r a i l s  

Dis tance  along r a i l  f r o m  b r e e c h  

A c c e l e r a t o r  length  

Ratio of L ° to L °o 

Ba l l i s t i c  coeff ic ient  

Designed ba l l i s t i c  coeff ic ient  

A c c e l e r a t i o n  r a t io ,  a a v e r a g e / a m a x i m u m  

F r a c t i o n  of f l ight  path which is  p rovided  with s u s t a i n e r  

E l e c t r i c a l  skin depth 

Wear  depth pe r  unit  a r e a  

E l e c t r i c a l  r e s i s t i v i t y  

E n e r g y  ef f ic iency  of a c c e l e r a t i o n  

Coeff ic ient  of f r i c t i on  

Magnet ic  p e r m e a b i l i t y  of f r ee  space  

Average  yie ld  s t r e s s  

S t r e s s  

Magnet ic  flux 

Magnet ic  flux pe r  unit  length  
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