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ABSTRACT 

A beryl l ium c o i l  assembly developed by t h e  Nat ional  Aeronautics 

and Space Administration, George C. Marshall Space F l igh t  Center i n  

Huntsville, Alabama, w a s  analyzed. The purpose of the hammer c o i l  

is t o  reduce work hardening and metal f a t igue .  

The purpose of t h i s  study was t o  determine the  cur ren ts  and 

forces  developed i n  a c o i l  and p l a t e  assembly where the  p l a t e  w a s  

s t a t i o n a r y  and moving. 

The mutual coupling between hammer c o i l  and p la te  w a s  f i r s t  

determined by t h e  a i d  of the  d i g i t a l  computer. This w a s  found t o  b e  

a decaying exponent ia l  as a funct ion of d i s tance  of separa t ion .  

the d i f f e r e n t i a l  equations were w r i t t e n  f o r  a one, two, t h r e e ,  and 

Next, 
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four r i n g  hammer. Then t h e  cur ren ts  were determined by so lv ing  these 

equations by a Runge-Kutta d i g i t a l  computer program. 

were determined. 

F ina l ly  t h e  forces  
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CHAPTER I 

INTRODUCTION 

The beryl l ium c o i l  assembly is  a device designed, b u i l t  and 

u t i l i z e d  a t  the  George C. Marshall  Space F l i g h t  Center i n  Huntsv i l le ,  

Alabama. It is  'used i n  shaping and smoothing metal material wi th  t h e  

advantages of reducing metal f a t i g u e  and work hardening as compared 

t o  o the r  methods. 

The beryl l ium c o i l  assembly is a s p i r a l  shaped c o i l  of w i r e  

which is  po t t ed  i n  nylon f o r  e lectr ical  i n s u l a t i o n  and s t r eng th .  

c o i l  is  connected t o  a capac i to r  discharge un i t .  When t h i s  u n i t  i s  

discharged across  t h e  c o i l  a t i m e  varying magnetic f i e l d  w i l l  be 

This 

c rea t ed  by the  r ap id ly  changing cur ren ts  wi th  respec t  t o  t i m e .  Now 

suppose t h a t  t h i s  c o i l  i s  placed on a shee t  of conducting material. 

Even though t h e  shee t  of material o r  p l a t e  i s  e l e c t r i c a l l y  i n s u l a t e d  

from the  c o i l ,  a cur ren t  w i l l  be  produced i n  i t  due t o  the  magnetic 

f i e l d  c rea ted  by the  c o i l .  Since t h e  p l a t e  cu r ren t  i s  crea ted  by a 

vol tage  introduced by t h e  hammer c o i l ,  t he  p l a t e  w i l l  have a magnetic 

f i e l d  due t o  i t s  cu r ren t  which is i n  opposi t ion t o  t h e  magnetic f i e l d  

i n  t h e  hammer c o i l .  The opposi t ion of these  f i e l d s  causes a repuls ion 

fo rce  between t h e  hammer c o i l  and t h e  p l a t e .  This fo rce  causes r ap id  

acce le ra t ion  and motion of t h e  p l a t e  away from t h e  c o i l .  

The purpose of t h i s  s tudy i s  t o  c a l c u l a t e  t h e  fo rce  developed by 

the  beryl l ium assembly and a metall ic s h e e t  of material. 

s tudy t h i s  shee t  of metallic material w i l l  b e  he ld  s t a t i o n a r y  as w e l l  

I n  t h i s  
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as allowed t o  move. Therefore,  t h e  e f f e c t  of decoupling can be  

observed. It is  the  goal  of t h i s  study t o  present  r e s u l t s  t h a t  when 

coupled with previous s t u d i e s  w i l l  be b e n e f i c i a l  i n  t h e  development 

of f u t u r e  beryl l ium c o i l  assemblies.  



CHAPTER I1 

MODELING THE SYSTEM 

Since the  hammer c o i l  is of s p i r a l  shape, i t  can be approximated 

by s i x t e e n  concent r ic  r ings  with d i f f e r e n t  r a d i i .  Likewise, i t  i s  

assumed t h a t  t h e  p l a t e  can b e  approximated by s i x t e e n  concent r ic  r ings  

which are mir ror  images of t h e  hammer c o i l .  Moreover, i t  is  assumed 

t h a t  t h e  r ings  of t h e  c o i l  and p l a t e  have r a d i i  approximately equal  t o  

t h e  r a d i i  of t h e  s p i r a l  i n  t h e  a c t u a l  hammer c o i l .  However, i n  t h i s  

s tudy the  assumption w i l l  be  made t h a t  t h e  hammer c o i l  and p l a t e  i s  

made up of one, two, t h r e e ,  and four  r ings .  The r a d i i  of t hese  fou r  

r ings  w i l l  be  t h e  same as t h e  r a d i i  of t h e  fou r  innermost r i ngs  of t h e  

s i x t e e n  r i n g  hammer c o i l .  Figure l i l l u s t r a t e s  t h e  fou r  r i n g  hammer 

c o i l  and p l a t e  assembly. 

Since t h e  c o i l  and p l a t e  are assumed t o  be  concent r ic  r ings ,  t hese  

r ings  w i l l  possess a mutual coupling one with another.  I n  o the r  words, 

t h e r e  w i l l  be  a mutual coupling between each r i n g  i n  t h e  hammer c o i l  

and p l a t e .  

n t h  r i n g  i n  t h e  c o i l  and m i s  the  mth r ing  i n  the  p l a t e .  Since the  

p l a t e  i s  allowed t o  move i n  p a r t  of t h i s  s tudy ,  t hese  mutual coupling 

terms w i l l  be  a func t ion  of t i m e .  Therefore,  t h e  constant  mutual 

coupling terms w i l l  be  denoted by MAm 

i s  t h e  mth r i n g  i n  the  c o i l  o r  p l a t e .  

This mutual coupling w i l l  b e  denoted by Mnm where n is  t h e  

where n i s  t h e  n t h  r i n g  and m 

Each r i n g  of t he  c o i l  and p l a t e  w i l l  a l s o  have a s e l f  inductance 

and r e s i s t ance .  This r e s i s t a n c e  is a c t u a l l y  t h e  r e s i s t a n c e  of t h e  
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Figure le An Illustration of a Four Ring Hammer Coil 
and Plate Assembly. 
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conducting material which makes up t h e  c o i l  and p l a t e .  

of t h e  c o i l  and p l a t e  along wi th  t h e  r a d i i  and s e l f  inductance f o r  a 

fou r  r i n g  hammer c o i l  and p l a t e  can be seen i n  Table 3 i n  Chapter I V .  

This r e s i s t a n c e  

Due t o  the  mutual coupling, s e l f  inductance,  and r e s i s t a n c e  of t h e  

c o i l  and p l a t e ,  and t o  t h e  f a c t  t h a t  t h e  r ings  i n  t h e  hammer c o i l  are 

phys ica l ly  connected t o  each o the r ,  t he  hammer c o i l  and p l a t e  w i l l  a c t  

l i k e  an N t u rn  transformer,  where N is  t h e  number of r ings  i n  the  c o i l .  

Therefore, an equiva len t  c i r c u i t  of t h e  hammer c o i l  and p l a t e  can be  

determined by drawing an N t u rn  transformer where t h e  secondary is  

allowed t o  move wi th  a v e l o c i t y  t h a t  is  a func t ion  of t i m e .  

equiva len t  c i r c u i t  i s  shown i n  Figure 2. 

and p l a t e ,  i t  can be seen t h a t  R; through RA are t h e  r e s i s t ances  of the  

f i r s t  through n t h  r ings  of t h e  c o i l  r e spec t ive ly .  Likewise, R1 through 

Rn are the  r e s i s t a n c e s  of t h e  f i r s t  through t h e  n t h  r ings of t h e  p l a t e .  

Also t h e  inductance Ll through Ln i s  t h e  inductance of each r ing  i n  

the  c o i l  and p l a t e .  

This 

From t h i s  model of t h e  c o i l  

As discussed before ,  t he  p l a t e  w i l l  be allowed t o  move wi th  a 

c e r t a i n  ve loc i ty .  It i s  assumed t h a t  t h i s  ve loc i ty  is  as follows: 

v = 100,000 s i n  2 r f ’ t  centimeters/second (11 

where f ‘  = 2f and f = 3.3k h e r t z ,  ehe n a t u r a l  frequency of the  hammer 

c o i l .  I Theref o re ,  

v = 100,000 s i n  41e4(f0 > t  centfmeters/second (2) 

T It should be pointed out t h a t  t h i s  ve loc i ty  is v a l i d  only f o r  t e -g 

where 
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Therefore, the  assumed ve loc i ty  of the  p l a t e  is approximately equal t o  

the  a c t u a l  ve loc i ty  only f o r  - 75.7(10-6) seconds. T 
4 

The input  vo l tage  from the  discharge u n i t  w i l l  be  approximated by 

V = 3000 cos 20.7(10-3)t v o l t s  ( 4 )  

where 3000 v o l t s  i s  assumed t o  b e  the  peak charge on the  capac i tor  

discharge unit .  Likewise, t h i s  vo l tage  equation w i l l  be  v a l i d  only f o r  

t < T/4. 



CHASTER I11 

ANALYSIS OF MODELEP SYSTM 

A. Formulation of Voltage Equations 

From Figure 2 ,  i t  can b e  seen t h a t  an N t u r n  hammer c o i l  and p l a t e  

w i l l  genera te  N + 1 d i f f e r e n t i a l  equations which have t i m e  varying 

c o e f f i c i e n t s  due t o  t h e  motion of t he  p l a t e .  Therefore, t h e  f i v e  

vo l t age  equations f o r  a fou r  r ing  hammer c o i l  can be  w r i t t e n  by t h e  

use of c i r c u i t  theory. Since t h e  mutual coupling is  a func t ion  of 

t i m e ,  t h e  vol tage  drop due t o  t h e  mutual coupling between c o i l  and 

p l a t e  is  given by 2 - d (Mnm i).2 d t  

t h e  primary can be  w r i t t e n  as follows: 

Therefore, t h e  vo l t age  equation f o r  

V = (R i  + R; + R i  + RL) i + (L1 + L2 + L3 + L4) 

+ 2Mi2 + 2 M i 3  + 2 M i 4  + 2N;3 + 2Mi4 + 2M' ) - d i  
34 d t  

' d t  .L+ d t  '+ d t  

d i  1 dM31 d i2  dM32 + i2 - - M31 dt d t  M32 dt d t  
+ i l  -- 

(Equation continued on following page) 
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a i  3 a 3  3 d i 4  a 3  4 + i  - + i  - - M  - - M  - 
3 d t  34 d t  d t  33 d t  

- M41 - d i  1 + i, - &4 1 - M42 - d i  2 + i2 - *4 2 
d t  d t  d t  d t  

d i4  a 4  4 
M -  + i  - + i  - -  - M  - d i  3 dM4 3 

4 3  d t  d t  44 d t  d t  (5) 

Now t h i s  equation f o r  t he  c o i l  o r  primary can be s impl i f i ed  by l e t t i n g  

%m and by not ing  t h a t  Qm = Gn. This w i l l  be shown later %m - =  
d t  

i n  t h e  t e x t .  Also l e t  R; + R i  + R i  + R l  = R14. Then Equation (5) 

becomes : 

Now t h e  vo l t age  equation f o r  r i n g  one i n  t h e  p l a t e  can be w r i t t e n  as 

f of lows : 

d i  dMl9 d i  dM, 2 M12 - + i - - M l l  - + i - - 
d t  d t  d t  d t  

d i  dMl3 d i  mi4 

- t + - d t  - M 1 4 d t +  i- d t  
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Now Equation (7) can be s i m p l i f i e d  t o  ob ta in  t h e  following: 

. 
- (Mll  + M12 + M13 + M14) i - R1 il = 

d i 3  di, 
+ M i 3  dt + Mi4 dt 

Using the same procedure t h e  equations f o r  r ings  two, t h r e e ,  and 

fou r  i n  the p l a t e  can be w r i t t e n  as follows: 

f o r  Ring 2 
, 

- (M12 + M,, + M23 + M2,+) i - R2 i, = 

d i  2 d i  di4 
+ $3 z+ $4 dt ' - 

L2 d t  

d i  d i  1 
+ M 3 3 + M  ) - + M '  - - (M13 M23 34 d t  l 2  d t  

d i  di, + M i 3  2 + L3 3 + M i 4  - 
d t  d t  d t  

f o r  Ring 4 
- (M14 + M24 + M34 + M44) i - R,+ i4 = 

( 9 )  
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It should be  noted he re  t h a t  Equations (6), (8), (9), ( l o ) ,  and 

(11) are f o r  a f o u r  r ing  hammer c o i l .  By s e t t i n g  the  proper terms 

equal  t o  zero  i n  these  equations,  t h e  equations f o r  a one, two, o r  

t h r e e  r i n g  c o i l  can be  determined very e a s i l y .  Therefore, t hese  

equations w i l l  n o t  be presented here .  

B. Determination of Hodel Parameters 

The mutual coupling previously discussed can be  determined by 

using Figure 3 and the  Neumann Form3 which i s  given by 

M = u 4 d2 + (a+bI2 [ ( l  - k2/2) K(k) - E(k)] (12) 

where 

and 

ab 
d2 + (a+b)2 

k = 2 4  

E(k) = 41 - k2 s i n 2  I$ dI$ , 

M d$ 

(1 - k2 s i n 2  I$) K(k) = 

A s  can be seen from Figure 3,  t he re  are two r ings of rad ius  

I 1  11 a and "b'" which are "d" d i s t ance  apart. By using Equations (12) 

through (15) t h e  mutual coupling can be ca l cu la t ed  f o r  t h e s e  r ings .  

The genera l  procedure f o r  doing t h i s  is  t o  determine k of Equation (13) 

f o r  a p a r t i c u l a r  set of r ings  and d i f f e r e n t  values of d. 

next s t e p  is  t o  evaluate t h e  e l l i p t i c  i n t e g r a l s  of t h e  f i r s t  and 

Then t h e  

second kind of Equations (14) and (15) from a complete book of t ab le s .4  

Now by s u b s t i t u t i n g  f o r  k ,  E(k) and K(k) i n  Equation (12),  t h e  mutual 

coupling can be determined f o r  various d i s t ances  of separa t ion .  
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d 

I .- 

Figure 3. Diagram of Two Concentric Rings Used t o  
Calcu la te  Nutual Coupling Between H a m m e r  
Coi l  and P l a t e .  
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Appendix A and B g ive  the  computer programs used t o  determine k and 

M f o r  vasious values of d. It should be noted here  t h a t  due t o  t h e  

symmetrical n a t u r e  of Equations (12) and (13), Mnm = %n. 
As can be seen from t h e  d i f f e r e n t i a l  equations f o r  a f o u r  r i n g  

hammer c o i l ,  some of t he  mutual terms add due t o  t h e  add i t ion  property 

of an N t u r n  transformer. Also, these mutual terms and t h e i r  rate of 

change wi th  respect t o  t i m e  need to  be determined. This can be done 

by f i r s t  determining an approximate curve f o r  these  mutual terms as 

a func t ion  of d i s tance .  These r e s u l t s  can be  seen i n  Figures 1-1 

and 1-11 through 1-19 f o r  a one, two, t h r e e ,  and four  r ing  hammer c o i l .  

Next, the d i s t ance  of s epa ra t ion  can be  determined as follows by 

i n t e g r a t i o n  of Equation (2 ) .  

x = 2.42 [l - cos 41.4(103)t] centimeters (16) 

Then by s u b s t i t u t i n g  Equation (16) t h e  equations f o r  t he  r e s u l t a n t  

mutual terms can be determined as a func t ion  of t i m e .  This r e s u l t  

along wi th  t h e  rate of change of t he  r e s u l t a n t  mutual terms i s  shown 

i n  Table 1 of Chapter I V .  

Next, t he  constant mutual coupling terms between concent r ic  r ing  

i n  e i t h e r  t h e  p l a t e  o r  hammer can be  ca l cu la t ed  by s e t t i n g  d = 0 i n  

Equations (12) and (13). These constant terms are shown i n  Table 2 

of Chapter I V  f o r  a one through fou r  r ing  hammer c o i l .  

The s e l f  inductance and r e s i s t a n c e  of each r ing  of t he  hammer 

c o i l  and p l a t e  has been determined i n  previous s t u d i e s .  

are l i s t e d  i n  Table 3. It should be noted t h a t  t h e  values of resist- 

ance of t h e  r ings  i n  the  p l a t e  are of approximate va lue  because 

These values 
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n e i t h e r  t h e  material of t h e  p l a t e  nor t h e  thickness of t h e  p l a t e  has 

t o  be  spec i f i ed .  

C. Formulation of Force Equation 

A current-carrying conductor produces a magnetic f i e l d  around 

t h e  conductor, 

i n t o  the  magnetic f i e l d  of t h e  f i r s t ,  then each w i r e  i s  surrounded 

by two magnetic f i e l d s .  I f  t h e  cur ren ts  i n  these  two conductors are 

i n  opposite d i r e c t i o n s ,  t h e  two conductors w i l l  r e p e l  each o the r  wi th  

a fo rce  given by6 

I f  a second current-carrying conductor is  brought 
I 

uo i ir 1, 
2nR 

F =  

This is f o r  t h e  case where t h e  two conductors are p a r a l l e l .  Here 

uo = 4 henrys/mefer, 

i = cur ren t  i n  conductor one i n  amperes, 

i, = cur ren t  i n  conductor two i n  amperes, 

R = d i s t ance  between conductors one and two i n  meters, 

1, = l ength  of conductor two i n  meters, 

F = f o r c e  of repuls ion  i n  R d i r e c t i o n  i n  newtons. 

From Figure 4 ,  t he  f o r c e  produced OE r i n g  r i n  t h e  hammer can be 

determined by using Equation (17). 

components, Fr and Fde 

t h e  opposite d i r e c t i o n  as shown i n  Figure 4 .  

t h e  fo rce  developed on the  c o i l  i n  the hammer. 

Fd can b e  determined as follows: 

However, F can be .divided i n t o  two 

The Fr i s  exac t ly  cance l led  by a fo rce  Fr i n  

Therefore, Fd i s  a c t u a l l y  

From Equation (17),  

or 
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uo i i r (2aa)  cos 8 

2 n R  
Fd = 

However, from Figure 4 ,  

A r  cos 8 = - 
R 

and 

F = D2 + ( A r  ) 2  

where 

A r  = b - a  . 
Theref o r e ,  Equation (18) becomes : 

uo i i (2aa) I: 

2a 4 D2 + (Ar)2 

r Fd = 

4- 
o r  

12.5664(10-7) i i r  a 
Fd = 

D2 + A r 2  

(19) 

This is the  f i n a l  equat ion t h a t  w i l l  b e  used t o  determine the  forces  

produced i n  t h e  hammer c o i l  and p l a t e  assembly. 

D. Method for Solving f o r  Currents &Forces  

The cu r ren t s  f o r  t h e  hammer c o i l  and p l a t e  can b e  determined by 

using t h e  Runge-Kutta7 computer program given i n  Appendix C. Appendix 

D through G gives  t h e  necessary FUNCTION statements  which contain t h e  

d i f f e r e n t i a l  equat ions of one, two, t h ree ,  and fou r  r ings  respec t ive ly .  

When placed at t h e  end of t he  Runge-Kutta program, these  FUNCTION 

statements complete t h e  For t ran  program necessary t o  compute the  

currents f o r  e i t h e r  a one, two, t h ree ,  o r  fou r  r i n g  hammer c o i l ,  

depending on which appendix i s  used. The FUNCTION s ta tements  $s they  
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F Fd 

D 

I 

Figure 4 .  Diagram I l l u s t r a t i n g  the Force of Repulsion 
Between a Ring i n  the Hammer Coi l  and P l a t e .  
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are presented are f o r  a moving p l a t e .  

of Appendices D through G must b e  changed f o r  t h e  s t a t i o n a r y  p l a t e .  

This is explained a t  t h e  beginning of each appendix. 

As an example, suppose t h a t  the cu r ren t s  f o r  a two r i n g  hammer 

Only a few statements  i n  each 

c o i l  wi th  moving p l a t e  are t o  be  determined. 

ments of Appendix E would be  placed a t  the  end of t he  Runge-Kutta 

program of Appendix C. This then would be a complete computer program 

t o  determine these  cur ren ts .  

Then t h e  FUNCTION state- 

Figure 5 through 12 show t h e  cur ren ts  ca l cu la t ed  f o r  a s t a t i o n a r y  

and moving p l a t e  by t h e  above Runge-Kutta program and the  corresponding 

FUNCTION statement.  These cu r ren t s  were computed every seconds 

f o r  accuracy. However, va lues  were p r i n t e d  only every seconds f o r  

the f i r s t  75(10-6) seconds. This gave a set of cu r ren t s  up t o  approxi- 

mately - seconds. T 
4 

The forces  produced i n  t h e  hammer c o i l  were computed every 

seconds by the  use of Equations (23) and the  computer program of 

Appendix H. Figures  13 through 16 g ive  t h e  values  of t hese  forces  

determined f o r  a moving and a s t a t i o n a r y  p l a t e .  



CHAPTER I V  

RESULTS AND CONCLUSIONS 

The mutual coupling terms f o r  a one through four  r i n g  hammer c o i l  

and p l a t e  are shown i n  Figures  1-1 through 1-10. 

a func t ion  of d i s t ance  of s epa ra t ion  w e r e  computed by using t h e  pro- 

grams i n  Appendix A and B and the  IBM 360 Model 40 Computer. It should 

be noted t h a t  t h e  d i s t ance  of separa t ion  ranges from .1 cent imeters  t o  

30 cent imeters .  The value of .1 cent imeters  as t h e  smallest d i s t ance  

between the  c o i l  and p l a t e  i s  due t o  t h e  po t t ing  of t h e  c o i l  i n  t h e  

head of t he  hammer. Noting t h e  genera l  shape of t h e  curves f o r  t h e  

mutual coupling terms, i t  can be seen t h a t  these  curves have the  

approximate shape of a decaying exponent ia l .  This i s  not  an unexpected 

r e s u l t  due t o  t h e  phys ica l  s t r u c t u r e  of t he  c o i l  and p l a t e .  

These terms which are 

The constant  mutual coupling of t he  r ings  i n  t h e  hammer c o i l  o r  

p l a t e  are shown i n  Table 2. 

is  l a r g e r  than M i 3 ,  which is  i n  t u r n  l a r g e r  than M i F I .  

noted i n  the  remaining terms. Therefore,  one could conclude t h a t  as 

the  d i f f e rence  i n  rad ius  of two r ings  inc reases  t h e  mutual coupling 

decreases.  This i s  a l s o  n o t  an unexpected phenomenom. 

Here i t  can be seen  t h a t  t he  coupling Mi2 

This can also be 

As w a s  seen i n  Chapter 111, t h e  c o e f f i c i e n t s  of the  d i f f e r e n t i a l  

equat ions f o r  t h e  hammer c o i l  and p l a t e  are made up of t h e  sum and 

t i m e  rate of change of t h e  sum of d i f f e r e n t  combinations of t h e  mutual 

coupling terms. 

mutual terms and approximate curves as a func t ion  of d i s t ance  of 

Figure 1-1 and Figures  1-11 through 1-19 g ive  these  



19 

Mutual 
Coup ling 
Terms 

M11 

M12 

M12+ M22 

Mll+M12+M13 

M1 2+M22+M2 3 

Ml 3+M2 3+M3 3 

MI l+M12+M13 
+% 4 

M12+M2 2+M2 3 
+M2 4 

M1 3+M2 3+'3 3 

+M34 

4+'2 4+M3 LI 

+M4 4 

Mutual Coupling as a 
Function of Time 

X10-lo Henrys 

5.08 cos 41.4Kt 

3.36 cos 41.4Kt 

2.85e 

17.5e 

3.15 cos 41.4Kt 37.3e 

3.15 cos 41.4Kt 49.8e 

67.6e 2.9 cos 41.4Kt 

2.78 cos 41.4Kt 
63.9e 

2.78 cos 41.4Kt 
89.3e 

2.66 cos 41.4Kt 
118.7e 

2.54 cos 41.4Kt 
133.5e 

Time Rate of Change 
of Mutual Coupling 

X10'5 Henrys/Second 

5.08 cos 41.4Ktsin 41.4Kt - 6.0e 

3.63 cos 41.4Ktsin 41.4Kt - 26.3e 

- 26.9e3*87 Cos 41*4Ktsin 41.4Kt 

3.15 COS 41.4Ktsin 41.4Kt - 48.7e 

3.15 cos 41.4Kt - 65.0e sin 41.4Kt 

2.9 cos 41.4Ktsin 41.4Kt - 81.2e 

2.78 cos 41.4Kt - 73.5e sin 41.4Kt 

2.78 cos 41.4Kt 
-102.5e sin 41.4Kt 

2.66 cos 41.4Kt 
-130.5e sin 41.4Kt 

2.54 cos 41.4Kt 
-140. Oe sin 41.4Kt 

Table 1. Calculated Values of the Mutual Coupling and 
Time Rate of Change of the Mutual Coupling 
Necessary to Determine the Currents of a 
One, Two, Three, and Four Ring Hammer Coil. 
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Values of 
: l l i p t i c  Integral 

1.017 

1.044 

1.073 

1.012 

1.034 

1.009 

Values of 
E l l ip t i c  Integral 

3.68 

3.09 

2.77 

3.86 

3.26 

4.004 

Constant Mutual 
Coupling B e t w e e  
Concentric Ring 
X10’* Henrys 

2.834 

2.054 

1.626 

3.775 

2.794 

4.754 

Table 2 .  Computed Values of El l ipt ic  Integrals and 
the Constant Mutual Coupling for a 
Four Ring Hammer Coil. 
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Ring 
rgment 

1 

2 

3 

4 

.Radius i n  
Centimeters 

1.2027 

1.4755 

1.7483 

2.0213 

Inductance 

X1OW6 Henrys 

.2070 

.2949 

,3866 

.4803 

Resistance 
(Hammer) 

X10'4 Ohms 

2.0 

3.0 

4.0 

5 . 0  

Res is tance 
(Plate) 

X10'4 Ohms 

3.0 

7.0 

9.0 

10.0 

Table 3. Tabulated Values of the Radius, 
Inductance, and Resistance of the 
Four Inner Rings of the Hammer Coil 
and the Resistance of the Corres- 
ponding Four Rings of the Plate. 
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sepa ra t ion  f o r  a 

Table 1 contains 

one, two, t h ree ,  and fou r  r i n g  hammer c o i l .  Moreover, 

t hese  terms and t h i s  rate of change. 

The cu r ren t s  f o r  a moving o r  a s t a t i o n a r y  p l a t e  can be seen i n  

Figures 5 through 12 f o r  a one through fou r  r i n g  hammer c o i l .  

shows t h e  computed cu r ren t s  f o r  a one r ing  hammer c o i l  and moving 

p l a t e .  Comparing t h i s  wi th  Figure 6 f o r  t he  S ta t iona ry  p l a t e ,  i t  can 

be seen t h a t  t he re  is very l i t t l e  change i n  the  c o i l  currents .  Both 

c o i l  cu r ren t s  peak approximately a t  the  same po in t  wi th  a s l i g h t  

i nc rease  i n  maximum f o r  t h e  s t a t i o n a r y  case. However, t h i s  is not 

t r u e  f o r  t h e  p l a t e  currents .  Due t o  t h e  decoupling of t h e  c o i l  and 

p l a t e ,  t h e  p l a t e  cu r ren t  f o r  t h e  moving p l a t e  peaks earlier wi th  a much 

lower va lue ,  t h e  peak value being 8.75(104) amperes a t  43 microseconds 

as compared t o  14.8(104) amperes at 74 microseconds f o r  t h e  s t a t i o n  ry 

p l a t e .  

Figure 5 

Observing Figures 7 through 12,  i t  can be  seen t h a t  f o r  t h e  

decoupling o r  moving p la te  t h i s  phenomenon of lower and earlier peak 

p la te  cu r ren t s  p e r s i s t s  f o r  two, t h r e e ,  and f o u r  r ings.  Also, i t  can 

be  seen t h a t  t h e  c o i l  cur ren t  follows t h e  same genera l  p a t t e r n  of not 

being e f f e c t e d  t o  any g r e a t  ex ten t  by t h e  decoupling of t he  p l a t e .  

Observing t h e  d i f f e rence  i n  t h e  magnitude of t h e  cu r ren t s  as t h e  

number of r i n g  inc rease ,  i t  can be  seen t h a t  t h i s  magnitude decreases. 

Also, t h e  t i m e  a t  which t h e  peak cu r ren t  occurs i s  increased  as t h e  

number of r ings  inc rease ,  These two observations can b e  explained 

very e a s i l y  by t h e  following two reasons. 

is increased  as another r i n g  is  added, and second, t h e  t i m e  constant 

is increased  due t o  t h i s  i nc rease  i n  r e s i s t ance .  It should be  noted 

t h a t  t h e r e  i s  a pronounced d i f f e rence  i n  t h e  magnitude of t h e  c o i l  and 

F i r s t ,  t he  t o t a l  r e s i s t a n c e  



23 

70 

60 

50 

40 

30 

20 

10 

e 

7 

6 

5 

4 

2 

3 

C 

C-coil cur ren t  

P-plate cur ren t  

I I I 1 I I 1 1  

10 20 30 40 50 60 70 75 
Time  i n  Microseconds 

Figure 5. Computed Values of Currents Versus T ime  f o r  a 
One Ring Hammer Coi l  and Moving P l a t e .  
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T i m e  i n  Microseconds 

C-coil current 

P-plate current 

Figure 6 .  Computed values of Currents Versus Time for a 
One Ring Hammer Coil and Stationary Plate. 
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Figure 7 .  Computed Values of Currents Versus T i m e  for a 
Two Ring Hammer Coil and Moving Plate. 
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C-coil cu r ren t  

PI -p la te  cu r ren t  
r i n g  1 

P2-plate cur ren t  
r i n g  2 

I I I I 6 I 1 1  
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Figure &, Conmputed Values of Currents Versus TJme f o r  a 
Two Ring Hammer Coi l  and S ta t iona ry  P la t e .  
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Figure 11. Computed Values of Currents Versus T ime  f o r  a 
Four Ring Hammer Coil  and Moving P l a t e .  
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Figure 12 .  Computed Values of Currents Versus T i m e  f o r  a 
Four Ring Hammer Coil  and Sta t ionary  P l a t e .  
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p l a t e  cu r ren t s .  

cu r ren t s .  

is approximately l i n e a r  up t o  a t i m e  of from 30 t o  40 microseconds. 

Next, t h e  f o r c e s  developed i n  t h e  hammer c o i l  and p l a t e  can be  

This i s  t h e  reason f o r  t h e  break-in scale f o r  t h e  

However, t h e  c o i l  cu r ren t  i n  a l l  fou r  d i f f e r e n t  hammer c o i l s  

seen  i n  Figure 13 through 16  f o r  both t h e  s t a t i o n a r y  and moving p l a t e .  

Here t h e  fo rces  on t h e  c o i l  due t o  a s t a t i o n a r y  p l a t e  are from a 

f a c t o r  of 10 t o  40 h igher  than t h e  fo rces  f o r  a moving p l a t e .  Since 

t h e r e  was not t h a t  much of a pronounced change i n  t h e  cu r ren t s ,  t h f s  

l a r g e  d i f f e rence  i n  fo rces  i s  due mostly t o  t h e  f o r c e  being fnverse ly  

p ropor t iona l  t o  t h e  d i s t ance  between t h e  c o i l  and p l a t e .  

can be seen t h a t  t h e  f o r c e  on a set of r ings  i n  t h e  c o i l  is  less as t h e  

s i z e  of t h e  r i n g s  decreases wi th  t h e  exception of r i n g  four i n  Figure 

16. 

However, it should b e  noted t h a t  t h e  f o r c e  per  u n i t  l ength  of t h e  

conductor is l a r g e r  as one goes from t h e  ou t s fde  r i n g s  i n ,  

i n d i c a t e  t h a t  t h e  cen te r  of t h e  p l a t e  would deform more than t h e  out- 

s ide .  Moreover, it should be noted t h a t  as t h e  number of r i n g s  in- 

creases t h e  maximum f o r c e  decreases ,  Therefore, f t  i s  poss ib l e  t o  

estimate t h e  va lue  of t h e  peak fo rces  f o r  a f i v e  r i n g  hammer c o i l .  

As can b e  seen, t h e  peak fo rces  f o r  a moving p l a t e  occur from 

Also, i t  

I n  o the r  words, t h e  f o r c e  is  t h e  l a r g e s t  on t h e  ou te r  r i ng .  

This would 

20 t o  30 microseconds wi th  a r ap id  decrease a f t e r  t h i s  point .  

t h e  peak f o r c e s  on t h e  r i n g s  i n  t h e  c o i l  f o r  a s t a t i o n a r y  p l a t e  occur 

a t  approximately 70 microseconds. Therefore, f t  can be concluded t h a t  

decoupling of t h e  p l a t e  has a very l a r g e  e f f e c t  on t h e  f o r c e  produced 

i n  t h e  hammer c o i l  assembly. 

However, 

Also, due t o  t h e  r ap id  decrease  i n  t h e  
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fo rces  a f t e r  t h e  peak f o r c e  is  reached, i t  can be  concluded t h a t  a l l  

of t h e  u s e f u l  

I n  order  

on t h e  fo rces  

work i s  accomplished i n  less than  

t o  examine t h e  e f f e c t  t h a t  t h e  spacing of t h e  r i n g s  had 

produced, t h e  four  r i n g  conf igura t ion  was a l t e r e d .  For 

seconds. 
4 

t h i s  c a l c u l a t i o n ,  t h e  r i n g  r a d i i  chosen were r1 = 1.20, r2 = 2.56, 

r3 = 3.93 and r 4  = 5.29 cm. These r a d i i  correspond t o  t h e  va lues  

one would measure by d iv id ing  t h e  f a c e  of t h e  a c t u a l  hammer c o i l  

furnished t o  M i s s i s s i p p i  S t a t e  Univers i ty  i n t o  fou r  equal ly  spaced 

concent r ic  r ings .  

The c a l c u l a t i o n s  were performed i n  t h e  same manner as previously. 

The curves f o r  t h e  mutual coupling c a l c u l a t i o n s  are shown i n  Figures 

1-20 through 1-24, and t h e  r e s u l t s  of t h e  f o r c e  c a l c u l a t i o n  are 

shown i n  F igure  17 .  

lower than those  shown i n  Figure 16, which is  due pr imar i ly  t o  t h e  

increased  r e s i s t a n c e  of each r ing.  

is much t h e  same. 

It w i l l  b e  not iced  t h a t  t h e  fo rces  are somewhat 

Otherwise, t h e  form of t h e  curve 
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APPENDIX I) 

When placed at the  end of t h e  Runge-Kutta program of Appendix C, 

t he  following FUNCTION statements contain t h e  necessary For t ran  pro- 

gramming t o  compute cu r ren t s  f o r  a hammer c o i l  cons i s t ing  of one con- 

c e n t r i c  r ings  and a moving p l a t e .  

I n  order  t o  c a l c u l a t e  t h e  currents f o r  a s t a t i o n a r y  p l a t e ,  t h e  

following For t ran  statements need only t o  be placed i n  FUNCTION FN1 

through FN6 and t h e  corresponding cards removed. 

B=2.85E-lO*EW(5.08) 

D=O . 
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APPENDIX E 

When placed a t  the  end of t h e  Runge-Kutta program of Appendix C, 

t h e  following FUNCTION statements contain t h e  necessary For t ran  pro- 

gramming t o  compute cu r ren t s  f o r  a hammer c o i l  cons i s t ing  of two 

concent r ic  r ings  .and a moving p l a t e .  

I n  order  t o  calculate t h e  cu r ren t s  f o r  a s t a t i o n a r y  p l a t e ,  t he  

following For t ran  statements need only t o  b e  placed i n  FUNCTION FN1 

through EN6 and t h e  corresponding cards removed. 

A=l .  75E-9*EXP(3.63) 

0 0 .  

3 4  68E-9*EW (3.87) 

BD=O 
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APPENDIX F 

When placed at the  end of t he  Runge-Kutta program of Appendix C, 

t he  following FUNCTION statements contain t h e  necessary Fortran pro- 

gramming t o  compute cur ren ts  f o r  a hammer c o i l  cons is t ing  of t h ree  

concentr ic  r ings  and a moving p l a t e .  

I n  order  t o  ca l cu la t e  t he  cur ren ts  f o r  a s t a t i o n a r y  p l a t e ,  t he  

following Fortran s ta tements  need only t o  be placed i n  FUNCTION FN1 

through FN6 and t h e  corresponding cards removed. 

A=3.73E-9*EXP (3.15) 

AP.0 

Bz4.9 8E-9*EXP (3.15) 

BD=O 

G6.76E-9*EXP (2.9) 

cD=o . 
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APPENDIX G 

When placed at the  end of t he  Runge-Kutta program of Appendix C,  

t he  following FUNCTION statements contain the  necessary Fortran pro- 

gramming t o  compute currents f o r  a hammer c o i l  cons is t ing  of four 

concentric r ings  and a moving p l a t e .  

I n  order t o  ca l cu la t e  t h e  cur ren ts  f o r  a s t a t iona ry  p l a t e ,  t he  

following Fortran statements need only t o  be  placed i n  FUNCTION FW1 

through FN6 and t h e  corresponding cards removed. 

A=6.39E-9*EXP(2.78) 

AD=O.  

B=8.93E-9*EXP(2.78) 

BD=O. 

C = l l .  87E-9*EXP(2.66) 

cD=o. 

D=13 35E-9*EXP (2.54) 

DD=O . 
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