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I .  SUMMARY 

Th 1 s program was sponsored  by NASA u n d e r   c o n t r a c t  number  NASI-1 1382. D u r i n g   t h e   c o u r s e   o f   t h e  

program, a l i q u i d   i n j e c t i o n   e l e c t r i c   t h r u s t e r   ( L I N J E T I  was designed and t e s t e d .   T h e   r e s u l t s   o f   t h e  

t e s t s  were   ve ry   encourag ing   w i th   t h rus te r   pe r fo rmance   l eve l s   we l l   i n   excess   o f   des ign   goa ls .  

T h r u s t e r   c h a r a c t e r i s t i c s   d e m o n s t r a t e d   I n c l u d e d   t h r u s t   o u t p u t   o f   o v e r  4440 micronewtons (1000 

m i c r o p o u n d s   [ p i b f ]   a t   5 H z ) ,   I m p u l s e   b l t s   g r e a t e r   t h a n  3000 micronewton  seconds/pulse  (675  u lb f -sec/  

p u l s e )  and  impulse b i t   t o  e n e r g y   r a t i o s   i n   e x c e s s  of 300~ newton-seconds  per j o u l e   ( 6 7 . 5   u l b f - s e d  

w a t t ) .  

S u p p o r t i n g   a c t i v i t i e s   t o   t h e   e n g i n e   d e s i g n  and t e s t   i n c l u d e d  a f i v e - m i l l i o n   p u l s e   l i f e   t e s t  on   the  

ma in   capac i to r ,  a 4 6 - m i l l l o n   p u l s e   t e s t   o n   t h e   t r i g g e r   e l e c t r o n i c s ,   d e s i g n  and f a b r i c a t i o n   o f  a zero  

r e s i s t a n c e   t o r q u e   c o n n e c t o r   f o r   u s e   w i t h   t h e   t o r s i o n a l  pendulum t h r u s t   s t a n d ,   d e s i g n   a n d   f a b r i c a t i o n  

o f  a l o g i c   b o x   f o r   c o n t r o l   o f   e n g i n e   f i r i n g ,  and a p h y s i c a l  and c h e m i c a l   p r o p e r t i e s   c h a r a c t e r i z a t i o n  

o f   t h e   p e r f l u o r o c a r b o n   p r o p e l l a n t .  

W h i l e   t h e   r e s u l t s  were   encourag ing ,   t es t i ng  was i im i ted ,   as  many p r o b l e m s   e x i s t e d   w i t h   t h e   d e s i g n .  

The most s i g n i f i c a n t   p r o b l e m  was i n v o l v e d   w i t h   e x c e s s i v e   p r o p e l l a n t   f l o w   w h i c h   c o n t r i b u t e d   t o   f a l s e  

t r i g g e r i n g  and s h o r t i n g .  Low power a c t i v e   t h e r m a l   c o n t r o l   o f   t h e   p r o p e l l a n t   s t o r a g e   c a v i t y ,   c o u p l e d  

w i t h  a r e - e v a l u a t i o n   o f   t h e   i n j e c t i o n   r i n g   p o r e   s i z e  and  area  exposed t o   t h e   m a i n   c a p a c i t o r   d i s -  

c h a r g e   a r e   a r e a s   t h a t   s h o u l d   b e   i n v e s t i g a t e d   s h o u l d   t h i s   d e s i g n  be c a r r i e d   f o r w a r d .  

The pe r fo rmance   o f   t he  LINJET desc r ibed   he re in   canno t   be   cons ide red   conc lus i ve   t oward   es tab l i sh -  

i ng  a b r e a k t h r o u g h   i n   p u l s e d   p l a s m a   t e c h n o l o g y   w i t h o u t   a d d i t i o n a l   v e r i f i c a t i o n .  Some o f   t h e   p e r f o r -  

mance data  exceeded  what  might  be  termed  as a r e a s o n a b l e   b r e a k t h r o u g h   i n   t h e   s t a t e   o f   t h e   a r t .  How- 

e v e r ,   u n t i i   f u r t h e r   t e s t i n g   i s   p e r f o r m e d   t h e   r e s u l t s   p r e s e n t e d   i n   t h i s   r e p o r t   e x e m p l i f y  a s i g n i f i -  

cant   improvement   in   the  per formance  o f   presentday  pu lsed  p lasma  technology . 

I n   t h e   n e a r   f u t u r e  i t  i s   a n t i c i p a t e d   t h a t  M I T  L i n c o l n  Labs in  Lexington,  Mass.,  w i l l  per fo rm 

a d d i t i o n a l   l a b o r a t o r y   t e s t s   o n   t h e  LINJET e n g i n e   f o r  NASA.  

1 - 1  



I I .  INTRODUCTION 

S i n c e   t h e   l a t e   f i f t i e s ,   G e n e r a l   E l e c t r i c   h a s   p e r f o r m e d  a  number o f   s t u d l e s  and con t rac ts   con -  

ce rn lng   va r ious   f o rms   o f   advanced   space   p ropu ls ion   sys tems .   Those   ea rJv   e f fo r t s   i nc luded  Some of . 

t h e   i n l t l a l  work   on   ion   eng lnes ,   a rc   rocke ts ,   res ls toJe ts  and low d e n s i t y   a r c   r o c k e t s  and  analyses 

o f   d i f f e r e n t   f u e l s  and t h e l r   r e l a t e d   i o s s  mechanisms. 

S ince  1962, t h e  Company has  concentrated  on  the  development   o f  a f a m i l y  of e l e c t r i c   p r o p u l s i o n  

d e v i c e s   g e n e r i c a l l y   c a l l e d  "SPET" f o r   S o l i d   P r o p e l l a n t   E l e c t r l c   T h r u s t e r .  These  thrusters   have 

severa l  modes o f   o p e r a t i o n   r a n g l n g   f r o m  a s u b l i m l n g   r o c k e t ,   d e t o n a t o r ,   r e s l s t o j e t .   a r c   J e t  and 

s u p e r s o n i c   a r c   j e t   t o   t h e   p u l s e d  plasma j e t .   D u r i n g   t h e   l a t e r  phases o f   t h i s   p e r i o d ,   t h e   m a l n   t h r u s t  

o f   t h e   a c t i v i t y  was a l i g n e d   t o   t h e   p u l s e d   p l a s m a  mode o f   o p e r a t l o n ,  and i t  was d u r i n g   t h i s   t i m e   t h a t  

many of the   concep ts   o f   t he   p rog ram  be lng   repo r ted   he re in   were   i n i t i a l l y   i nves t i ga ted .  

The fund ing   fo r   the   above  work  was f rom  both  governmenta l   cont ract  and company d i s c r e t i o n a r y  

sou rces   a t   abou t  a 1 : l  m i x t u r e   r a t i o .  The cu r ren t   work  was sponsored  by NASA, w i t h   c o n t r a c t  ad- 

m i n i s t r a t i o n  by Langley  Research  Center and t e c h n i c a l   d i r e c t i o n  by t h e   J e t   P r o p u l s i o n   L a b o r a t o r y .  

I t   i s   f e l t   t h a t   t h i s  program,  using a l i q u i d   p r o p e l l a n t ,   r e p r e s e n t s   t h e   s t a r t  of  a new genera- 

t i o n  of e l e c t r i c   t h r u s t e r s .  The p r o g e n i t o r   b e i n g  SPET and the   p rogeny  be ing  LINJET f o r   L i q u i d  

I n j e c t i o n   E l e c t r i c   T h r u s t e r .  

I I  - 1 



I l l .  REQUIREMENTS 

The   requ l remen ts   f o r   t h l s   p rog ram,   as   de l i nea ted   i n   t he   S ta temen t  of Work, were   I n ten tFona l l y  

b r o a d   I n   c h a r a c t e r  for t h e   f o l l o w l n g   r e a s o n s :  11 maxfmum advantage  would be t a k e n   o f   p a s t   w o r k  by 

o t h e r   I n v e s t i g a t o r s ;  21 t h e   b a s i c   p h i l o s o p h y  was t o  be of a hardware/empIr ica l   approach,   as 

opposed t o  a r i g o r o u s   a n a l y t i c a l   s t u d y   e v e n t u a l l y   l e a d i n g  t o  a deslgn; 31 It was t o  be the   Imp le -  

m e n t a t i o n   o f  a s i n g l e   p o i n t   d e s l g n   w h i c h ,  based  on   p recedence  and  I lm i ted   sub-sca le   tes t ing ,   o f fe red  

the  greatest   chance  o f   success;   and 4 1  I t  was t o  be a program t o  demonstrate a concept   tha t   had  been 

p r e v i o u s l y   c o n c e i v e d  and s u b j e c t e d   t o   l i m i t e d   t e s t i n g   I n   s u b - s c a l e   m o d e l s   I n   t h e   l a b o r a t o r y .  

I n   g e n e r a l ,   t h e   t h r u s t e r   d e s l g n  was t o   I n c o r p o r a t e   t h e   f o l l o w i n g   f e a t u r e s :  

1 .  A c e n t r a l l y   l o c a t e d   c o a x i a l   t r i g g e r   e l e c t r o d e   a s s e m b l y   t h a t   a b l a t e d  a t e f l o n   s u r f a c e  by 

a low-energy   capac i t i ve   d lscharge.  

2. A t r l g g e r   a s s e m b l y   t h a t  was t o  be  segmented i n t o  a l e a s t   t h r e e   s e c t i o n s ,  and  each  sect lon 

was t o  be f i r e d   I n   a n   I n d e x e d ,   s e q u e n t i a l   t l m e l l n e .  

3. A p r o p e l l a n t   t h a t  was a  waxy p e r f l u o r o c a r b o n ,  and t h a t  was t o  f e e d   o r   b e   i n j e c t e d   i n   t h e   r e -  

g i o n   o f   m a i n   c a p a c i t o r   d i s c h a r g e   b y   c a p i l l a r y   f l o w   ( w l c k l n g )   t h r o u g h  a porous membrane. 

4 .  A t o t a l   o f   s i x   t h e r m l s t o r s ;   t w o   t o   m e a s u r e   t e m p e r a t u r e   a t   t h e  anode ( o r   c a t h o d e )   o f   t h e   m a i n  

c a p a c i t o r ,   w i t h   t h e   r e m a i n l n g   f o u r   t o   m e a s u r e   p r o p e l l a n t   t e m p e r a t u r e s   a t   s e l e c t e d   l o c a t i o n s .  

5. A h e a t l n g   e l e m e n t   f o r   c o n t r o l l i n g   p r o p e l l a n t   t e m p e r a t u r e .  

The convent iona l   parameters   used  in   measur ing   per fo rmance o f  a t h r u s t e r  were a l s o   s t a t e d   a s   g o a l s ,  

a g a i n   r e f l e c t i n g   t h e   l a t i t u d e  and broad  scope o f   t h e   c o n t r a c t  In a l l o w i n g   t h e   c o n t r a c t o r   t o   d e v e l o p  

a concept   ra ther   than  meet  a p a r t l c u l a r  set o f   r i g i d   r e q u i r e m e n t s .  The per fo rmance  goa ls   p resented  

a r e   l i s t e d  I n  T a b l e  1 1 1 - 1 .  

TABLE 1 1 1 - 1  - PEFORMANCE  GOALS 

THRUST (AT 5 Hz) 

IMPULSE BIT  

IMPULSE BIT TO ENERGY RATIO 

SPECIFIC IMPULSE 

TOTAL  IMPULSE 

2.224 NEWTONS (500 MICROPOUNDS) 

0.4448 NEWTON-SECONDS ( IO0 MICRO- 
POUND-SECONDS) 

0.02224 NEWTON-SECONDS  PER  JOULE 
( 5  MICROPOUNDS-SECONDS  PER JOULE) 

1000 SECONDS 

4448 NEWTON-SECONDS (1000 POUND-SECONDS) 
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F u r t h e r   g o a l s   f o r   t h e   p r o g r a m   w e r e   e s t a b l i s h e d   e i t h e r   b y  Imp1 [ c a t i o n ,   c o n s i d e r i n g   t h e   t y p e   o f   d e -  

v i c e  and p o t e n t i a l   a p p l i c a t i o n s ,   o r  by d e s l r e   t o   f a c i l i t a t e   f u t u r e   e x p e r i m e n t a t i o n .   I n c l u d e d   i n   t h i s  

category  were:  

1 .  The c a p a b i l i t y   t o   o p e r a t e   f o r  I O '  p u l s e s .  

2. The  mechan lca i   des ign   o f   the   th rus ter   wou ld  be s u c h   t h a t   v a r i o u s   p a r t s   c o u l d   b e  changed, 

m o d i f i e d   o r   a d j u s t e d   w i t h o u t  maJor   d lsassembiy  or   machintng.  

3. S i n c e   t h e   t h r u s t e r  was t o  be a l a b o r a t o r y   c o n c e p t   d e m o n s t r a t i o n   d e v i c e ,   l i t t l e  i f  any e f f o r t  

would  be  expended f o r   d e s i g n   a s  a p i e c e   o f   f l i g h t   h a r d w a r e .  

4 .  T y p i c a l   a p p l i c a t i o n  o f  t h i s  ha rdware   wou ld   be   on   an   o rb i t i ng   space   veh ic le   i n   ze ro   o r  a v e r y  

low g rav i t y   env i ronmen t .  Hence, f o r   e a r t h - b o u n d   t e s t i n g ,   t h e  one-G f i e l d  had t o  be  cons idered.  

5. Des lgn   f o r   any   t ype  of dynamic  environment  (other  than  "normal"  man hand ' i ing)  was n o t  a con- 

s i d e r a t i o n .  

The  program  requirements  can  be  summarized  by  saying  that  i t  was d e s i r e d   t o   b u i l d  a p i e c e   o f  

l a b o r a t o r y   t y p e   e q u i p m e n t   t o  a new and b a s i c a l l y   u n t r i e d   c o n c e p t .  The des ign  was t o   c o n t a i n   g e n e r i c  

t y p e s   o f   t r i g g e r  and p r o p e l l a n t   f e e d  mechanisms,  and the   convent iona l   measures  of performance  were 

s t a t e d   a s   g o a l s   s e l e c t e d   f r o m   p a s t   w o r k   a s   r e a d i l y   a t t a i n a b l e .  

I " . .. . 



IV. ENGINE DESCRIPTION AND OPERATION 

The L l q u l d   l n j e c t l o n   E l e c t r l c   T h r u s t e r  (LINJET) Is composed o f   two  ma jor   e lements :  1 )  t h e   t h r u s t e r  

and 2)  t h e   e l e c t r o n l c s - - 1 n c l u d l n g   t r l g g e r   c l r c u l t ,   m a l n   c a p a c t t o r ,   I n s t r u m e n t a t t o n ,  and  heater.  An 

o v e r a l l   e x t e r n a l   v l e w   o f   t h e   a s s e m b l e d   e n g l n e  Is shown I n   F I g u r e  t V - 1 .  

FIGURE t V r l  - LINJET ENGtNE  ASSEMBLY 

The c o n c e p t   o f   t h e   t h r u s t e r  was t o  u s e   a   s e t   o f   e l e c t r o n t c s   t o   d l s c h a r g e  a  low-energy  capacl tor  

i n  vacuum across  a p l e c e   o f   t e f l o n .  The i o n l c   p a r t l c l e s   g e n e r a t e d   w o u l d  be o f   s u f f l c l e n t  volume- 

t r i c   d e n s l t y   t o  b reakdown  the   l n te re lec t rode   gap   o f  a   h tgh-energy   capac l to r .   The  ca thode  o f   the   ma in  

c a p a c i t o r   ( o r   t h e   a n o d e - - I t   w o r k s   e t t h e r  way) was t o  be   a   porous   mater la l   Impregnated   w l th   the  waxy 

pe r f l uo roca rbon   ma te r la l   used   as   t he   p rope l l an t .  The energy   o f   t he   ma ln   capac l to r   d l scha rge   wou ld  

a b l a t e   t h e   p r o p e l l a n t   o n   t h e   s u r f a c e   o f   t h e   p o r o u s   m a t e r l a l ,   l o n l z l n g  It and e lec t romagne t i ca l l y   acce -  

l e r a t l n g   t h e  plasma t o  ambient   through  the  exhaust   nozz le.   Measurable  thrust   wculd  be  created  as  a  

r e a c t i o n   t o   t h e   h i g h   e x h a u s t   v e l o c l t y   o f   t h e   a b l a t e d   p a r t i c l e s .   P r o p e l l a n t   w o u l d   b e   r e p l a c e d   a t  

t h e   s u r f a c e   o f   t h e   p o r o u s   r n a t e r l a l  by c a p i   I l a r y   a c t i o n   ( w l c k i n g )  but., t h e o r e t l c a l l y ,   n o t   f l o w   b e y o n d  

t h e   s u r f a c e   l i n e  due t o   s u r f a c e   t e n s i o n   f o r c e s .  The  porous   rna ter la i   wou ld   be   con t inuous ly   fed   w l th  

p r o p e l l a n t  by v l r t u e   o f   h a v i n g   o n e   s i d e   d l r e c t l y   e x p o s e d  t o  t h e   p r o p e l l a n t   r e s e r v o l r .  

The f l r i n g   r a t e   o f   t h e   m a i n   c a p a c l t o r  Is v a r i a b l e ,   a n d   f o r   t h l s   p r o g r a m  was r e s t r l c t e d   t o  between 

0.01 Hz and 5.0 Hz. 
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V. ENGINE DESIGN 

A .  Thruster  System 

Cross-sec t lon   v iews of t h e   t h r u s t e r ,   i n c l u d t n g   t h e   t r i g g e r   a s s e m b l y ,   a r e   p r e s e n t e d   I n  

F i g u r e s  V 1  and V2. F i g u r e  V-1 d e l i n e a t e s   t h e   d e s i g n   u s e d   f o r   t h e   b u l k  o f  t h e   t e s t i n g .   F i g u r e  

V-2 I s  t h e   f i n a l   d e s i g n   t h a t   e v o l v e d   d u r t n g   t h e   c o u r s e  of t h e  program. 

The p r i n c i p a l   d i f f e r e n c e s  between t h e   t w o   a r e   I n   t h e   d e s t g n  of t h e   t r i g g e r   a s s e m b l y ,   t h e  

method of s e a l i n g   t h e   p o r o u s   m e t a l   i n j e c t i o n   r i n g ,  and i n   t h e   d e s t g n   o f   t h e   i n s u l a t i n g   p a t h   t o  

m l n i m i z e   t h e   b u i l d - u p   o f   c a r b o n a c e o u s   d e p o s i t s   o n   t h e   I n t e r n a l   s u r f a c e s .   T h e   f o l l o w i n g   d i s -  

c u s s l o n  w i l l  d e s c r l b e   t h e   f i n a l   d e s i g n   w l t h   a p p r o p r l a t e   r e m a r k s   d i r e c t e d   t o w a r d   t h e   e v o l u t i o n -  

a r y   p r o c e s s   I n   t h o s e   t h r e e   a r e a s .  

The n o z z l e   s e c t i o n  Is t h r e a d e d   i n t o   t h e   s u p p o r t   r i n g   u n t i l  i t  bo t toms   aga ins t   t he   po rous  

m a t e r i a l   i n j e c t i o n   r i n g  used f o r   p r o p e l l a n t   f e e d .  The annu lar   vo lume  fo rmed  by   these  par ts   i s  

t h e   p r o p e l l a n t   t a n k ,   w h l c h   i s   c a p a b l e   o f   h o l d l n g   a p p r o x i m a t e l y  450  grams  (one  pound) o f   p r o -  

p e l l a n t  when  a 6.35mm (0.25 i n c h )   t h l c k   i n j e c t i o n   r i n g   i s   u s e d .  

S i n c e   t h e   i n j e c t i o n   r i n g   i s  one e l e c t r i c a l   t e r m i n a l   i n   t h e   d i s c h a r g e   o f   t h e   m a i n   c a p a c i t o r ,  

t h e  mechanism used t o   s e a l   t h e   i n t e r f a c e s   b e t w e e n   t h e   I n J e c t t o n   r l n g  and t h e   o t h e r   p a r t s  must 

a l s o   p r o v i d e   g o o d   e l e c t r i c a l   c o n d u c t l v l t y .  The e v o l u t i o n   o f   t h e   s e a l i n g  mechanism f o r   t h e  de- 

s l g n   i s   g i v e n   i n   T a b l e   V I - l .   F o r   t h e   f i n a l   d e s i g n ,   d e l i n e a t e d   I n   F l g u r e  V-2, a formed com- 

p r e s s i o n   r i n g   o f  0.5rnrn ( . 0 2 0  i nch)   d lameter  24K g o l d   w i r e  was u3ed a t  e a c h   i n t e r f a c e .  

The m a i n   c a p a c i t o r   i s   b u i l t   w l t h  a c o n t i n u o u s   r i n g   o u t e r   t e r m l n a l .  A contoured  ceramlc  

i n s u l a t o r   s e p a r a t e s   t h e   t w o   t e r m i n a l s .  The f l a n g e d   b a s e   o f   t h e   t h r u s t e r   s u p p o r t   r i n g   i s   b o l t e d  

t o  t h e   o u t e r   t e r m i n a l   o f   t h e   c a p a c i t o r ,   p r o v i d i n g  a low r e s i s t a n c e ,  low induc t l on   connec t ion  

between t h e   c a p a c i t o r   t e r m i n a l  and t h e   I n j e c t i o n   r i n g .  A c o p p e r   p l n t l e   w i t h i n  an e x t e r n a l l y  

con tou red   ce ramic   co lumn  i nsu la to r   i s   t h readed   on to   t he   cen te r   pos t   t e rm ina l   o f   t he   capac i -  

t o r .  The   co lumn  i nsu la to r   bea rs   aga ins t   t he   con tou red   ce ramtc   capac i to r   i nsu la to r   and   t he   under -  

s i d e   o f   t h e   c o p p e r   p i n t l e .  The c y l i n d r i c a l   s e c t i o n  o f  t h e  head of t h e   p i n t l e   i s   c o p l a n a r   w i t h  

t h e   i n j e c t i o n   r l n g   t o   p r o v i d e   t h e   d i s c h a r g e  gap d u r i n g   t h r u s t e r   o p e r a t i o n .  

A s l o t  was m i l l e d   i n   t h e  base o f   t h e  c o l u m n   I n s u l a t o r   t o   p e r m i t   f e e d - t h r u  of t h e   f i a t  

copper   conductor  t o  t h e   c e n t e r   t e r m i n a l  of t h e   c a p a c i t o r .  



PART NO. PART I DENT I F I CAT I ON 

1 N o z z l e / P r o p e l l a n t  Chamber 
2 P i n t l e  
3 T r i g g e r   E l e c t r o d e s  
4 I n s u l a t o r   ( C e r a m i c )  
5 Lead, H igh   Vo l tage 

7 Ma in   Capac i to r  Q 25. mfd 
a Thruster   Houslng 
9 Te f lon   Fue l  Wafer ( T r i g g e r )  
IO I nsu la to r   (Ceramic )  
1 1  P o r o u s   I n j e c t i o n   R i n g  

6 Spacer  (Ceramic) 

FIGURE V - l  - INIT IAL LINJET ENGINE  CONFIGURATION 
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PART NO. 

1 

3 
2 

4 
5 
6 
7 
8 
9 

1 0  
1 1  
12 
13 
14 
15 
1 6  

PART IDENTIFICATION 

N o z z l e / P r o p e l l a n t  Chamber (STN STL) 
P i n t l e  
I n s u l a t o r ,  Nozzle (Csramic)  
Seal  Rings (24K Gold )  
T r igge r   E lec t rodes   (Copper  - RTV) 
Shims  (As  Req'd)  (Mylar)  
I n s u l a t o r / S t a n d o f f  (Nylon) 
Lead, H igh   Vo l tage  (Copper )  
I n s u l a t o r ,   P i n t l e   ( C e r a m i c )  
Capac i to r  25. MFD 
Spacer  Ring  (Copper) 
Suppor t   R ing/Housing  (Brass)  

Fue l   Wafer ,   T r igger   (Te f lon)  
I n s u l a t o r   R i n g s ,   T r i g g e r  ( G - 1 0 )  

P r o p e l l a n t  Feed Screens (STN. STL) 
InJec t l on   R ing   (Po rous  STN. STL.) 

FIGURE  V-2 - FINAL LINJET ENGINE  CONFIGURATION #2 
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The  trigger  assembly  is  made up of  five  pieces;  an  upper  Insulator, a lower  insulator, 

two  trlgger  rings, and a solid  Teflon ring which  provides fue l  for  the  trlgger  assembly.  Each 

trigger ring consists of four  electrodes  located In a cruciform  pattern  and  encapsulated In 

RTV  sllicone  rubber. in the final design,  clearance  holes  are  provided in the upper  Insulator, 

the  two  trigger  rings  and in the  Teflon  rlng  while  tapped  holes  are  provided in the  lower In- 

sulation  rlng. in thls  manner,  the  trigger  may  be  built up as  a separate  sub-assembly - In- 
dependent  of  stack up tolerances.  This  permlts  check-out of the  trigger  elements  to  assure 

proper  operation  prior  to  engine  assembly. 

In the  original  design  the  compressive  load on the  trigger  elements and the  Teflon rlng 

was  obtained  when  the  support  ring  was  bolted  to  the  capacttor.  This  required  careful and time- 

consuming  shlmming  to  assure  surface  contact  between  the  support  rtng  and  the  capacltor  without 

havlng volds  between  any  pleces In the  stack.  This  problem t s  not  eltminated in the  final 

design,  but  it I s  reduced and the  tntttal  pressure 

on  the  bench. 

The  trlgger  assembly Is slipped  into  the  bore 

n the  trtgger  assem6ly i s  preset and checked 

n the  lower  sectton of the  support  rlng. Four 

slots  milled In the  support rlng base  (see  Ffgure V-31 permft  feed-through of the  electrlcal 

conductors  from  the  trigger  electronics to the  trigger  segments. 

FIGURE V-3 - TRIGGER  HOUSING IN A F T  END OF ENGINE  SUPPORT  RING 
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The b o t t o m   n y l o n   I n s u l a t o r   p r o v f d e d   t w o   f u n c t i o n s   i n   t h e  db$i.gn. : F t r s t ,   t t   s u p p o r t s   t h e   t r i g g e r  

assemb ly   by   bea r ing   aga ins t   t he   ce ramlc   I nsu la to r  of t h e   m a t n   c a p a c i t o r   a n d   a g a i n s t   t h e   b o t t o m  

I n s u l a t o r   o f   t h e   t r l g g e r   a s s e m b l y .   A p p r o p r i a t e   s h t m s   a r e   t n s e r t e d   b e t w e e n   t h i s   p i e c e  and t h e  

t r l g g e r   a s s e m b l y   t o   g i v e   c o r r e c t   d l m e n s i o n a l   c o r r e s p o n d e n c e   a t   a s s e m b l y .  The  second  funct lon 

Is t o   p r o v l d e  a b a f f l e   a r r a n g e m e n t   w l t h   t h e   c o l u m n   I n s u l a t o r   s u r r o u n d t n g   t h e   p l n t l e   ( c a p a c l t o r  

c e n t e r   t e r m i n a l ) .  

I t  had  been  found i n   p r e v i o u s  programs, and r e a f f l r m e d   d u r l n g   t h i s   p r o g r a m ,   t h a t   t h e   i n -  

t e r n a l   s u r f a c e s  become c o a t e d   w i t h  a ca rbonaceous   res idue   f rom  the   ab la ted   p rope l l an t .  I t   i s  

e l e c t r i c a l l y   c o n d u c t i n g  and, i n  a r e l a t i v e l y   s h o r t   o p e r a t l n g   t i m e ,  will e f f e c t i v e l y   s h o r t - o u t  

t h e   m a i n   c a p a c i t o r .   D u r i n g   t e s t ,   t h i s   m a n i f e s t s   I t s e l f   a s   e l t h e r   " f a l s e   t r i g g e r i n g "   o r  

e i e c t r l c a l i y   s h o r t i n g   t h e   m a i n   C a p a c i t o r .   I n   f a l s e   t r i g g e r i n g ,   t h e   m a l n   c a p a c i t o r  w i l l  d i s -  

c h a r g e   w i t h o u t   e x t e r n a l   s t i m u l a t i o n   a t  a r a t e   p r o p o r t i o n a l   t o   t h e   v a l u e   o f   t h e   c a p a c i t o r  

c h a r g i n g   r e s i s t o r  and t h e   r e s i s t a n c e   o f   t h e   c a r b o n   c o n d u c t i n g   p a t h .  The p o i n t   a t   w h i c h   t h i s  

o c c u r s   i s  a f u n c t i o n   o f   t h e   v o l t a g e   a p p l i e d   t o   t h e   m a i n   c a p a c i t o r .  

To i n t e r r u p t   t h e   s u r f a c e s   s u s c e p t i b l e   t o   c o a t i n g  by t h e   d i s c h a r g e ,   t h e   " l a b y r i n t h "   s e a l i n g  

a r r a n g e m e n t   p i c t u r e s   i n   F i g .  V-2 was employed. 

D u r i n g   e n g i n e   t e s t ,  i t  was necessary t o   f i r e   t h e   e n g i n e   h o r i z o n t a l l y - - t h a t   i s ,   t h e   t h r u s t  

a x i s   w o u l d   b e   p e r p e n d i c u l a r   t o   t h e   g r a v i t y   v e c t o r .   T h i s   p r e s e n t e d  a des ign  problem  not   found 

i n   t h e  normal a p p l i c a t i o n   i n  a ze ro -g   env i ronmen t   o f   f eed ing   p rope l l an t   t o   t he   pooous   i n -  

j e c t i o n   r i n g   o n c e   t h e   l e v e l   o f   p r o p e l l a n t   r e c e d e d   b e l o w   t h e   l e v e l   o f   t h e   i n j e c t i o n   r i n g .   T h i s  

was accompl ished by p l a c i n g   s e v e r a l   f l a t   s c r e e n s   i n   t h e   b o t t o m   o f   t h e   s u p p o r t   h o u s i n g   t o   a c t  as 

a cap i l la ry   feed  dev ice .   Seventeen  sc reens   were   used  tha t   were  a I I ne , - to - l i ne  Pit w i t h   t h e   i n -  

s ide   d iamete r   o f   t he   suppor t   hous ing   and   t he   ou ts ide   d lamete r  o f  t h e   p o r o u s   f e e d   r i n g .  Each 

screen was c u t   f r o m  10 m i c r o n   p o r e   s i z e ,   R i g i d m e s h   s t a i n l e s s   s t e e l   f l a t   s h e e t .   B r a s s   b r u s h i n g s ,  

p r e c i s e l y   m a c h i n e d   i n   l e n g t h ,   p e r m i t t i n g  0.0127mm ( . 0005  i n . )   nomina l  gap  between  screens,  were 

used  as  spacers  between  the  suppor t   r ing and  a per fo ra ted   s tee l   cover   p la te .   Threaded  sc rew 

ho les   were   tapped  in   the   suppor t   hous lng  and c l e a r a n c e   h o l e s   d r i l l e d   i n   t h e   p e r f o r a t e d   s t e e l  

p l a t e  and  screens.  The  assembly was  made by l a y i n g   t h e   s c r e e n s   i n   t h e   b o t t o m   o f   t h e   s u p p o r t  

h o u s i n g   a n d   a l i g n i n g   t h e   c l e a r a n c e   h o l e s   w i t h   t h e   t h r e a d e d   h o l e s .  The spacers  were  inser ted 

t h r o u g h   t h e   s c r e e n  and t h e   p e r f o r a t e d   r e t a i n i n g   r i n g   p l a c e d   o v e r   t o p   w i t h   a i l   c l e a r a n c e   h o l e s  

ai lgned.  Screws  wi th  washers  were  used to c lamp  the  assembly  together .  An e x p i o d e d . v i e w   o f  

t h i s  hardware i s  shown a s   F i g ,  V-4.  
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FIGURE V-4.- EXPLODED VIEW OF  PROPELLANT  FEED  SYSTEM 



FIGURE V-6 - FORWARD  END OF  TRIGGER BOARDS  ASSEMBLED  FIGURE Vr7  - AFT END OF TRIGGER  BOARDS  ASSEMBLED 

FIGURE  V-8 - LINJET ENGINE ASSEMBLY LESS FORWARD  COVER FIGURE V-9 - ORIGINAL DESIGN OF LINJET ENGINE  ASSEMBLY 
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Six   t he rm is to rs   were   used   t o   measure   t empera tu re   o f   t he   p rope l l an t  and  were  ar ranged  in   two 

s e t s   o f   t h r e e   w i t h   e a c h   t h e r m i s t o r  180° a p a r t   f r o m   I t s   c o u n t e r p a r t .   A x i a l l y ,   t h e y   a l l   l a y  

a g a i n s t   t h e   c a p i l l a r y   f e e d   s c r e e n s   I n   s l o t s   m a c h i n e d  In t h e   p e r f o r a t e d   r e t a i n i n g   r i n g .   R a d l a -  

I l y ,   t h e r e  was a p a i r   a g a i n s t   t h e   o u t s i d e   d i a m e t e r   o f   t h e   p o r o u s   f e e d   r i n g   a n d  a p a i r   a t   t h e  1/3 

and 2/3 r a d i a l l y   o u t w a r d   p o l n t s .   S w a g e l o c k   f i t t i n g s  were  used f o r   t h e   r e t e n t i o n  a n d   s e a l i n g   a t  

t h e   p o i n t   o f   p e n e t r a t i o n   o f   t h e   s u p p o r t   r i n g   w a l l .  PTg. V-5 shows an  assembly o f   t h e   f e e d  

system  and t h e   t h e r m i s t o r s   i n   t h e   s u p p o r t   h o u s i n g .  

Each o f   t h e   f o u r   t r l g g e r   e l e c t r o n i c   b o a r d s  were  mounted  on t h e   i n s i d e   o f  an  20.32cm 

( 8  inch)square  open-ended  aluminum  box  as shown i n   F i g .  V-6 and V-7. A subassembly was  made 

o f   t h e   m a i n   c a p a c i t o r   a n d   s u p p o r t   h o u s i n g   w i t h   t r i g g e r   e l e m e n t s   i n   p l a c e .   T h i s  was i n s e r t e d  

i n t o   t h e  box  as shown i n   F i g .  V-8 and h e l d   i n   p l a c e  by  an a f t   c o v e r   p l a t e   w i t h  a c y l i n d r i c a l  

i n s e r t   t o   s u p p o r t   t h e   c a p a c i t o r  and a f o r w a r d   s p l i t   c o v e r   t h a t   b o l t e d   t o   t h e  box  and  clamped 

t o   t h e   s u p p o r t   r i n g .   E l e c t r i c a l   c o n n e c t i o n s   b e t w e e n   t r i g g e r   e l e c t r o n i c s  and t e r m i n a l s  and 

power  feed t o   t h e   m a i n   c a p a c i t o r   w e r e  made i n t e r n a l l y   p r i o r   t o   i n s t a l l a t i o n   o f   t h e   f o r w a r d  

cover .  The c o n t r o l   s i g n a l  and  power w i r e s   f o r   t h e   t r i g g e r   c i r c u i t   a r e   f e d   t h r o u g h   a c c e s s  

p o r t s   i n   t h e   a f t   c o v e r .   ( T h e   o r i g i n a l  method i s  shown i n   F i g .  V-9 where t h e   t r i g g e r   e l e m e n t s  

and t r i g g e r   T e f l o n   p r o p e l l a n t   r l n g   w e r e   s e p a r a t e   i t e m s   t h a t  had t o  be   a l i gned   a t   assemb ly . )  

. An e l e c t r i c a l   h e a t e r   ( s e e   l a s t   i t e m   i n   F i g .  V-4) i n   t h e   f o r m   o f  a m e t a l l i c   r i n g  may be 

clamped t o   t h e   o u t s i d e   d i a m e t e r   o f   t h e   s u p p o r t   r i n g  i f  r e q u i r e d .  Due t o   l i m i t a t i o n s   i n   e l e c -  

t r i c a l   p i n   c o n n e c t i o n s  when t h e   e n g i n e  was o n   t h e   t h r u s t   s t a n d   f o r   t e s t ,   t h e   h e a t e r  was n o t  

used i n  most o f   t h e   t e s t s .  

P r o p e l l a n t   l o a d i n g  was a c c o m p l i s h e d   u s i n g   t h e   t w o   f i t t i n g s   o n   t h e   n o z z l e   s e c t i o n  and  an 

ord inary  grease  gun.  The p r o p e l l a n t   i s  a s t i f f  wax a t  room tempera ture .  To I i q u i f y  i t  f o r  

eng ine   load ing ,   the   tempera ture  was r a i s e d   t o  above 6OoC (i4OoF).  The I i q u i d   p r o p e l l a n t  was 

poured  in to   the   g rease  gun and t h e n  pumped i n t o   t h e   e n g l n e   t h r o u g h   o n e   o f   t h e   n o z z l e   f i t t i n g s  

u n t i l  i t  f l o w e d   o u t   t h e   o t h e r   f i t t i n g .  The pump  was t h e n   d i s c o n n e c t e d ,   a n d   b o t h   f i t t i n g s  

c a p p e d .   F o r   t h e   l a t e r   t e s t s ,   t h e   p r o p e l l a n t  was d e a e r a t e d   b y   p l a c i n g   t h e   e n g i n e   w i t h   t h e  

e l e c t r i c   h e a t e r  on i t  i n  a vacuum  chamber.  The p r o p e l l a n t  was hea ted   above   t he   me l t i ng   po in t  

w i t h  one o f   t h e   f i t t i n g s  uncapped.  The  pressure was reduced  and  any  entrapped a i r  exhausted 

t h r o u g h   t h e   f i t t i n g ,   u s u a l l y  as a f r o t h   o f   p r o p e l l a n t  and a i r .  When f l ow   s topped ,   t he   hea te r  

was t u r n e d   o f f ,  and t h e   u n i t   a l l o w e d   t o   c o o l   i n  vacuum. D u r i n g   t e s t ,   o n e   f i t t i n g ,   w i t h   s u i t -  

able  p lumbing, was l e f t  open t o   v e n t   t h e   p r o p e l l a n t   t a n k   t o   a m b i e n t   p r e s s u r e .  
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The q u a n t i t y   o f   p r o p e l l a n t   l o a d e d  was determlned  by  accurate ly   weighing  the  hardware  be-  

f o r e   l o a d i n g   t h e   p r o p e l l a n t   a n d   a f t e r   d e a e r a t i n g .   A c c u r a c y  of the   we lgh lng   sys tem was ? 0.0227 

grams (.00005 Ibs. )  

8. T r l q q e r   C i r c u l t  

The t r l g g e r   c l r c u l t  used t o   t i r e   t h e   m a i n   c a p a c i t o r  i s  shown I n   F l g .  V-10 and i s  de- 

s igned t o  a c c e p t  a square  wave p u l s e   f r o m   t h e   l o g l c   c o n t r o l   b o x   w h i l e   r e J e c t l n g   n o i s e   p u l s e s  

f r o m   a d j a c e n t   c l r c u l t s .   T h e   i n p u t   c l r c u l t   c o n s l s t s   o f  a b lock ing   d iode  and a zener   d iode  whlch 

r e j e c t s  any  pulse  below a f i v e   v o l t   l e v e l   o r   a n y   n e g a t t v e   n o i s e   s p i k e s .  The f o l l o w i n g   t w o  

s t a g e s   a r e   u s e d   f o r   d i f f e r e n t i a t i o n   a n d   c u r r e n t   a m p l i f i c a t f o n   w h l c h   p r o d u c e s  a sha rp   pu l se  

t o   f i r e   t h e  SCR. 

When t h e  SCR i s   t u r n e d  on, c a p a c l t o r  g i s   d i s c h a r g e d   t h r o u g h   t h e   p r i m a r y   w l n d i n g s   o f   t h e  

t r a n s f o r m e r .  The t r a n s f o r m e r   i n   t u r n   s u p p l i e s  a h i g h   v o l t a g e   s i g n a l   t o   i g n i t e   t h e   s p a r k   g a p .  

The s p a r k   g a p   a c t s   a s   a n   o n / o f f   s w l t c h   f o r   t h e   p r i m a r y   t r i g g e r   c a p a c i t o r  and t r l g g e r  segment 

c i r c u i t .  When t h e   s p a r k  gap f i r e s ,   t h e   c h a r g e d   t r l g g e r   c a p a c l t o r   i s   p l a c e d   d i r e c t l y   a c r o s s  

t h e   t r i g g e r   t e r m i n a l s   p r o d u c i n g   a n   a r c   w h i c h   a b l a t e s  and i o n i z e s  a p i e c e   o f   s o l i d   T e f l o n  be- 

tween  them.  These p a r t i c l e s ,   l o c a t e d   i n   t h e   a r e a   o f   t h e   m a l n   c a p a c i t o r   e l e c t r o d e s ,   p r o v i d e  a 

c o n d u c t i n g   p a t h   f o r   t h e   m a i n   c a p a c i t o r   t o   d i s c h a r g e   i t s   s t o r e d   e n e r g y .  

I t  w l l i  be n o t e d   t h a t   t h e r e   i s  a 1.0 ohm r e s i s t o r   I n   t h e   t r i g g e r   c a p a c i t o r   d l s c h a r g e   l i n e .  

T h i s  was i n c l u d e d   t o   r e d u c e   t h e   d l s c h a r g e   c u r r e n t  when It was f o u n d   d u r t n g   t h e   l i f e   t e s t   c y c l e  

t h a t   t h e   T e f l o n   t r i g g e r   p r o p e l l a n t   r t n g  was s e v e r l y   a b l a t e d   a f t e r   t h r e e   d a y s   o f   t e s t i n g .  

Each o f   t h e   t r i g g e r   c a p a c i t o r s   I s   d t s c h a r g e d   e a c h   t i m e   t h e   m a l n   c a p a c i t o r   i s   f i r e d .  They 

a r e   d i s c h a r g e d   s e q u e n t i a l l y   a r o u n d   t h e   r i n g   w i t h  a 0.5 mt l l r second   de lay   be tween   d l scha rge  

a c r o s s   e a c h   s e g m e n t .   F u r t h e r ,   t h e   f i r s t   p u l s e   o f   t h e   f o u r   p u l s e   t r a i n   i s   i n d e x e d   a r o u n d   t h e  

r t n g  90' f r o m   t h e   s t a r t   o f   t h e   l a s t   t r a i n .   T h i s   s y s t e m   p r o v r d e d   t w o   i m p o r t a n t   f u n c t i o n s   i n  

e n g i n e   o p e r a t i o n :  1 )  u s i n g   P o u r   t r i g g e r   p u l s e s   f o r   e a c h   m a i n   c a p a c i t o r   d i s c h a r g e   p r o v i d e d  

quad  redundancy i n   o b t a i n i n g   a t   l e a s t  one t r t g g e r   p u l s e   f o r   e a c h   m a l n   c a p a c i t o r   f i r i n g ;  2 )  

I t  had  been  observed i n   p r e v i o u s  work t h a t  a s i n g l e   t r f g g e r   p u l s e  i s  s u f f l c l e n t   t o   f i r e   t h e  

m a i n   c a p a c i t o r .   W i t h   t h i s   i n   m i n d ,  I t  was f e l t   t h a t   t h e   m a i n   c a p a c i t o r   w o u l d  be d lscharged 

by t h e   f i r s t   p u l s e   o f   t h e   t r i g g g e r   p u l s e   t r a i n .  To p r e v e n t   c o n t i n u i n g   d i s c h a r g e   o f   t h e   m a i n  

c a p a c i t o r   a t   t h e  same l o c a t i o n   o n   t h e   p i n t l e  and t h e   i n j e c t i o n   r i n g ,   t h e   f i r s t   p u l s e   o f   t h e  

t r i g g e r   p u l s e   t r a l n  was I n d e x e d   s e q u e n t i a l l y   t o   t h e   t r i g g e r   e l e c t r o d e s   a r o u n d   t h e   t r i g g e r  

r i ng   assemb ly  by e l e c t r o n i c  means, 
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Both po ln ts   were   demons t ra ted   du r ing   eng lne   t es t i ng .  On severa l   occas ions,  it was  de- 

t e r m i n e d   t h a t   o n e  or more of t h e   f o u r   t r i g g e r   e l e m e n t s  was i n o p e r a t l v e ,   b u t   t h e   m a l n   c a p a c i t o r  

d i s c h a r g e d .   A l s o ,   v i s u a l   o b s e r v a t i o n  of t h e   m a i n   c a p a c l t o r   d i s c h a r g e  showed t h a t   t h e   p o i n t  

of l n t t t a t i o n  of t h e   a r c   d i d ,   I n   f a c t ,  move I n   t h e   p r o g r a m e d  manner. 

( D e t a i l s  of t h e   s y s t e m   t o   p r o v i d e   t h e s e   f e a t u r e s   a r e   i n c l u d e d   i n   A p p e n d i x  C.) 

C .  F l r e   C o n t r o l   L o q i c  Box 

The e l e c t r i c a l   o p e r a t i o n   o f   t h e  L I N  JET e n g i n e   i s   c o n t r o l l e d  by t h e   F i r e   C o n t r o l -  

Logic  Box. A b l o c k   d i a g r a m   o f   t h e   F i r e   C o n t r o l   L o g i c   b o x   i s  shown I n   F i g u r e  V - 1 1 .  The 

l o g i c   b o x   p r o v i d e s   f o r   t h e   f o l l o w i n g   f u n c t i o n s :  

1 .  S e l e c t i o n   o f   t r i g g e r   f i r l n g   r a t e s   o f  5 ,  1 ,  0.1 o r  0.01 Hz when o p e r a t i n g   o n   t h e  

64  KHz i n t e r n a l   c l o c k   o r   o t h e r   p r o p o r t i o n a l   t r i g g e r   r a t e s   w h e r e   o p e r a t i n g   o n   a n  

e x t e r n a l   c l o c k .  

2. A u t o m a t i c   f i r i n g   a t   t h e   s e l e c t e d   t r i g g e r   p u l s e   r a t e   o r  manual f i r i n g   a t  any  pulse 

r a t e   t h a t   t h e   t e s t   c o n d u c t o r   c h o o s e s .  

3. Loca l   o r   remote  manual f i r i n g   c o n t r o l .  

4 .  Automat ic   sequencing of t h e   l e a d   t r i g g e r   p u l s e   o f   t h e   f o u r  p u l s e  t r a i n   t o  each  o f  

t h e   f o u r   t r i g g e r  segments t o   p r e v e n t   r e p e t i t i v e   I n i t i a t i o n   o f   t h e   m a i n   c a p a c i t o r  

d i s c h a r g e   a t   t h e  same l o c a t i o n   w i t h i n   t h e   e n g i n e ,   o r  manual o v e r r i d e   o f   t h e   a u t o -  

mat ic   sequenc ing  so t h a t   t h e   l e a d   p u l s e   o f   t h e   t r i g g e r   t r a i n  w i l l  a l w a y s   o c c u r   a t  

a s e l e c t e d   t r i g g e r  segment. i n   a d d i t i o n   t o   t h e  manual o v e r r i d e ,   p r o v i s i o n   i s  made 

t o  h a v e   o n l y   o n e   t r i g g e r   s e g m e n t   f i r e   r a t h e r   t h a n   h a v i n g  a f o u r   p u l s e   t r a i n .  

A c o m p l e t e   d e s c r i p t i o n   o f   t h e   c i r c u i t s  and t h e   o p e r a t i o n   o f   t h e   F i r e   C o n t r o l   L o g i c  Box i s  

conta ined  in   Append ix  C .  
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D. Enq ine   Tempera tu re   Con t ro l   C i r cu i t  

T h e   t e m p e r a t u r e   c o n t r o l   c i r c u i t   c o n s i s t s   o f  a f o u r - r e s t s t o r   b r i d g e   c l r c u l t   w i t h   t h e   t e m -  

p e r a t u r e   c o n t r o l   t h e r m i s t o r   a s  one   l eg   o f   t he   b r i dge   as  shown I n   t h e   t e m p e r a t u r e   c o n t r o l l e r  

schematic,   Fig.  V-12.  Two s e r i e s   c o n n e c t e d   p o t e n t i o m e t e r s   a r e   u s e d   t o   e s t a b l i s h   t h e   o p e r a t -  

i n g   s e t   p o i n t   f o r   t h e   h e a t e r .  One p o t   i s  used f o r   c o a r s e   s e t t t n g s   b e t w e e n  25OC and 82OC. 

w h i l e   t h e  second p o t   p r o v i d e s   f i n e   s e t t i n g s   b e t w e e n  49OC and 82OC. A t o g g l e   s w i t c h   i s  used 

t o   s e l e c t   t h e   c o a r s e   o r   f i n e   t e m p e r a t u r e   c o n t r o l   r a n g e .  

The o u t p u t   f r o m   t h e   b r i d g e   i s   f e d   t o  a h i g h   g a i n   o p e r a t i o n a l   a m p l i f i e r   w i t h  a  hy- 

s t e r e s l s   l o o p   p r o v i d e d   t o   f i x   t h e   t e m p e r a t u r e   s w i n g   a b o u t  any s e t   p o i n t   a t  f 1.5OC. 

The o p e r a t i o n a l   a m p l i f i e r   p r o v i d e s   c u r r e n t  90 a r e l a y   d r i v e r .  The r e l a y   c o n t a c t s   a r e  

t h e   d i r e c t   c o n t r o l   i n   t h e   h e a t e r   c i r c u i t .  

T h e   t e m p e r a t u r e   c o n t r o l   c i r c u i t   i s   . i n c l u d e d   i n   t h e   l o g i c   c o n t r o l  box  and r e q u i r e d  115V 

AC and + 15V and - 15V DC f o r   p r o p e r   o p e r a t i o n .  

THERMISTOR 
INPUT 

HEATER 

s; I 15V RE7 

PIGURE V-12 - HEATER  CONTROL CIRCUIT SCHEMATIC 
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E. Thrust Measurement System 

The system  used I n  measurlng the   eng ine   th rus t  was a stmple  tors ional  pendulum, shown 

I n   F l g u r e  V-13. It Is a hlghly   modi f ied  vers lon of a  system t h a t  had been used on  prevlous 

programs. The pr lnc lp le   par ts   are  three- legged base, a  two-element  support frame, an englne 

support   p lat form suspended by the   w l re   ( the   to rs lon   mmber l ,  a de t l ec t l on  measurement 

assembly,  and  an Interface  connector ( I F C ) .  

I 

FIGURE V-13 P TORSION  PENDULUM  THRUST  STAND 
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The  base h o l d s   t h e   s t a t i o n a r y   h a l f  o f  t h e  IFC, p r o v i d e s  a m o u n t i n g   l o c a t i o n   f o r   t h e  wir- 

ing   te rmina l   boards   (used  as  a conven ien t   in te r face   be tween  the   tes t   chamber   and  the  IFCI, 

and  mount ing   fo r   the   suppor t   f rame.  The t h r e e   l e g s  of t h e  base a r e   a d j u s t i n g   s c r e w s   w h i c h  

were  used t o   a l i g n   t h e   t w o   h a l v e s   o f   t h e  IFC. 

The t w o - e l e m e n t   s u p p o r t   f r a m e   i s   t h e   s t r u c t u r a l  member t h a t   s u p p o r t s   t h e   w e i g h t  of 

t h e   e n g i n e   a n d   c o u n t e r b a l a n c e   a n d   t h e   f i x e d   e n d   o f   t h e   t o r s i o n a l   w i r e .  The d e f l e c t i o n  measur- 

ing  system  is  mounted on these members. 

A t  t h e  apex   o f   the   suppor t   f rame  i s   the   w i re   c lamping   and  ad jus t ing   mechan ism.  The 

thumb  screw on t o p  moves t h e   w i r e   a x i a l l y   a d j u s t i n g   t h e   e l e v a t i o n   o f   t h e   e n g i n e   s u p p o r t   p l a t -  

form. The l e v e r   r o t a t e s   t h e   w i r e   a b o u t   i t s   a x i s  so t h a t   t h e   d e t l e c t l o n   s y s t e m   c a n   b e   z e r o e d .  

On the  bot tom  of   the  mechanism i s  t h e   f r i c t i o n  clamp f o r   h o l d i n g   t h e   w i r e .  The w i r e  and 

c l a m p   a r e   e l e c t r i c a l l y   i s o l a t e d   f r o m   t h e   f r a m e  so i t  c o u l d  be  used  as  the  h igh  vo l tage  lead 

t o   t h e  m a i n   c a p a c i t o r   d u r i n g   e n g i n e   t e s t i n g .  

The e n g i n e   s u p p o r t   p l a t f o r m   i s   t h e   m o v e a b l e  end o f   t h e   t o r s l o n a l  pendulum. I t  i s  

suppor ted   i n   t he   t op   cen te r   by   t he   w i re   t h rough  a f r i c t i o n  c lamp  (h idden  beh ind   the   te rmina l  

boards i n   F i g .  V-13). The e n g i n e   i s  m o u n t e d   o n   o n e   s i d e   o f   c e n t e r   f i r i n g   h o r i z o n t a l l y   a t  a 

f i x e d   p e r p e n d i c u l a r   d i s t a n c e   f r o m   t h e   w i r e .   C o u n t e r w e i g h t s   a r e   p l a c e d   o n   t h e   o t h e r   s i d e   t o  

b a l a n c e   t h e   l o a d .   A d j u s t i n g   t h e   p o s i t i o n   o f   t h e   w e i g h t s   a l l o w s   l e v e l i n g  of t h e   e n g i n e .  A 

p o i n t e r   f o r   t h e   d e f l e c t i o n  measurement i s  on t h i s   s i d e   o f   t h e   p l a t f o r m .  On t h e   u n d e r s i d e   a r e  

the   mob i l e   e lemen ts   o f   t he  IFC. Te rm ina l   s t r i ps   a re   a l so   moun ted  on t h e   s u p p o r t   p l a t f o r m  

t o   p r o v i d e  an accessab le   e lec t r i ca l   in te r face   be tween  the   eng ine   and  the  IFC. 

The d e f l e c t i o n  measurement  system  consists  of  a l i g h t   s o u r c e ,  a s e r i e s   o f   l i g h t   s e n s i t i v e  

s i l i c o n   d e v i c e s   ( S o l a r   C e l l s ) ,  and a g raduated   sca le ,   a l l   mounted  on the   suppor t   f rame.  The 

l i g h t   s o u r c e   i m p i n g e s   o n   t h e   s o l a r   c e l l s   c a u s i n a  a measurab le   vo l tage   ou tpu t   p ropor t i ona l  

t o   t h e  amount o f   c e l l   a r e a  exposed t o   t h e   l i g h t .   D u r i n g   e n g i n e   f i r i n g ,   t h e   p o i n t e r  arm  on 

t h e   e n g i n e   s u p p o r t   p l a t f o r m   r o t a t e s ,   p r o p o r t i o n a l   t o   t h r u s t ,   s h a d i n g   t h e   s o l a r   c e l l s ,   c h a n g -  

i ng   t he   exposed   a rea   and   hence   t he   vo l tage   ou tpu t .   The re fo re ,   t h rus t   i s   measured  by s o l a r  

c e l l   v o l t a g e .  The  system  can  be c a l i b r a t e d  by h o l d i n g   t h e   p o i n t e r   a t   i n d i c a t e d   a n g u l a r  

d e f l e c t i o n s   i n s c r i b e d   o n   t h e   g r a d u a t e d   s c a l e  and the   vo l tage   measured .   Such   ca l i b ra t i ons  

were made p r e  and p o s t - e n g i n e   t e s t   w i t h   l i t t l e   v a r i a t i o n   n o t e d .   D u r i n g   t e s t ,   d e f l e c t i o n s  

as  smal l   as 0.1 degree  were  measured. 
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The f l n a l   e l e m e n t   o f   t h e   t h r u s t  measurement  system Is t h e  IFC shown I n   F l g u r e  V-14. I t  

p r o v l d e d   t h e   n e c e s s a r y   e l e c t r l c a l   c o n n e c t l o n s   f o r   t h e   m a l n   c a p a c i t o r  power, t r l g g e r   c a p a c l -  

tor  power,  and t r i g g e r  s e g m e n t   s l g n a l s ,   a n d   t h e   u s e f u l   b u t   n o t   e s s e n t i a l   c o n n e c t l o n s  for 

p rope l l an t   hea te r   power   and   con t ro l ,   and   da ta   f rom  e lgh t   t he rm ls to rs .   I n   t o ta l ,  24 w i r e s  

were  needed t o   o p e r a t e   t h e   e n g l n e  and ob ta ln   use fu l   da ta ,   and  t o   c r o s s   t h e   t o r s l o n a l   i n t e r -  

f a c e   I n  a manner t h a t   w o u l d   n o t   a f f e c t   t h e   o p e r a t l o n   o f   t h e  pendulum. A f t e r   r e v l e w   a n d   a n a l y s l s  

o f   severa l   systems,  It was declded t o  use a I l q u l d   m e t a l   f o r  a contact   between  the  movlng 

pa r t s .   E lemen ta l   Ga l l l um  (99 .9%  pu re )  was se lec ted   because   o f   t he   compara t l ve l y  low m e l t -  

I n g   p o l n t ,  29.75OC (87OF), I t s  ab1 I l t y   t o  supercool  t o  below-noma1 room amblent ,   the   very  

low vapor   p ressu re   o f  1.X10-33mm of  Hg a t   t h e   m e l t l n g   p o l n t ,  and a low s p e c l f l c   r e s l s t a n c e   o f  

25.8 uohms-cm ( f o r   t h e   I l q u l d ) .  

FIGURE V-14 - INTERPACE  CONNECTOR 

The   des ign   o f   t he  IFC  used a s y s t e m   o f   f o u r   c o n c e n t r l c   r o w s   o f  60' c i r c u l a r   a r c  segments 

p l u s  a cen te r   ho le   mach ined   i n to  a p l a s t i c   d l s k .  These  non- In te rconnected   ga l le r les   he ld  

t h e   l i q u i d   G a l l i u m .  From t h e   o p p o s i t e   s i d e   o f   t h l s   d i s k ,   t h r e a d e d   h o l e s  were  tapped  through 

t h e   p l a s t l c  and I n t o  each g a l l e r y .   S t a i n l e s s   s t e e l   s t u d s   w e r e   t h r e a d e d   i n t o   t h e   h o l e s  

f l u s h   w i t h   t h e   b o t t o m   o f   t h e   g a l l e r y ,   p r o v i d i n g  a connec t lon   be tween   the   l i qu id   me ta l  and 

t h e   w i r e   l e a d   ( S t a i n l e s s   s t e e l  was used  because  Gal l ium  combtnes  wl th   most   o ther   meta ls) .   Th ls  

p l e c e  was mounted t o   t h e   t h r u s t   s t a n d  base  p la te .  A second p l a s t l c   d i s k  was  made w l t h  

s l m i l a r   s t u d s   l o c a t e d   o n   c e n t e r   w i t h   e a c h   g a l l e r y .  It was mounted t o   t h e  movlng  englne  suppor t  

p l a t f o r m .  The s tuds   ex tended  we l l   beyond  the   faces   o f   the   d isk .  One end was used t o  connect 

t o   t h e   e n g i n e   w l r i n g .  The o p p o s i t e  end was d r i l l e d   t o   a c c e p t  a 0.35mm (0.015  Inch)  d lameter 

by 12.7mm ( h a l f - I n c h )   l o n g   s t a l n l e s s   s t e e l   p i n .   I n   o p e r a t l o n ,   t h e   p l n   w o u l d   b e  immersed I n t o  
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t h e   c e n t e r   o f   t h e   l i q u i d   G a l l i u m   f i l l e d   g a l l e r y ,   t h u s   c o m p l e t i n g   t h e   e l e c t r i c a l   p a t h   f r o m  

t h e   o u t s i d e   w o r l d   t o   t h e   e n g i n e  mounted  on a to rs iona l   pendu lum.  

Thus, t h e   d e s i g n   p r o v i d e d   e l e c t r i c a l   c o n t i n u i t y   t h r o u g h  f 30' o f   r o t a t i o n .   I t  was re -  

a l i z e d   t h a t   t h e   e l e m e n t   o f  VISCOUS damping  had  been  introduced,  but it i s   i n t e r e s t l n g   t o   n o t e  

t h a t   i n   t h e   d i f f e r e n t i a l   e q u a t i o n   o f   m o t i o n   f o r  a to rs lona l   pendu lum:  

JdZ, 
d t Z  

+ ke = 0 

( I n e r t i a - a c c e l e r a t i o n )   ( d a m p i n g - v e l o c i t y )   ( p o s i t i o n )  

t h a t ,   a t  a n   e q u i l i b r i u m   p o s i t i o n ,  when a c c e l e r a t i o n  and v e l o c i t y   a r e   z e r o ,   t h e   f o r c e s   o n  

t h e  system  are  represented by t h e   d i s p l a c e m e n t   f r o m   i t s   n u i i   p o s i t i o n .  The  damping c o e f f i -  

c i e n t   o n l y   a f f e c t s   t h e   r a t e   a t   w h i c h   a n g u l a r   p o s i t i o n   i s   c h a n g e d .  

From t e s t   d a t a ,   t h e   s y s t e m   w o r k e d   q u i t e   w e l l .  The damping c o e f f i c i e n t   t u r n e d   o u t   t o  be 

near c r i t i c a l  so t h a t   t h e r e  w e r e   m i n i m a l   o s c i l i a t l o n s  when chang ing   pos i t ion .   Severa l   examples  

o f   t h e   p o s i t i o n   v s .   t i m e   t r a c e   a r e   p r e s e n t e d   i n   t h e   t e s t   s e c t i o n   ( S e c t i o n  V i )  o f   t h i s   r e p o r t .  

I n   t h e   i n i t i a l   f a b r i c a t i o n   o f   t h e  iFC, t h e   G a l l i u m   g a l l e r i e s  were  nominal ly  3.18 mm (.I25 i nch )  

wide. The t a s k   o f   a l i g n i n g   t h e  24 p i n s   i n t o  these s lo ts  bordered  on  the  impossib le .   Therefore,  

t h e   d e c i s i o n  was  made t o  make  a new g a l l e r y   d i s k   w i t h  6.35 mm ( . 2 5  i n c h )   w i d e   g a l l e r i e s   w i t h i n  

t h e  same e x t e r n a l   e n v e l o p e .   T h e   e x i s t i n g   p i n   d i s k   w o u l d   b e   r e t a i n e d   b u t   p i n s   w e r e   e l i m i n a t e d  

and r e a l i g n e d   t o   c o r r e s p o n d   w i t h   t h e  new g a l l e r y   c o n f i g u r a t i o n .  Because o f   t h e   r e d u c e d   p i n  

a v a i l a b i l i t y ,   f o u r   t h e r m i s t o r s  and t h e   h e a t e r  power  and c o n t r o l   l i n e s  were   e l im ina ted .  The loss  

o f   t hese   f unc t i ons  was n o t   c r i t i c a l   a s   t h e   p r i n c i p a l   t e m p e r a t u r e   o f   t h e   i n j e c t i o n   r i n g  was 

s t i l i   b e i n g   r e c o r d e d  and t h e   h e a t   t o   m e l t   t h e   p r o p e l l a n t  was generated by d i scha rg ing   t he   ma in  

c a p a c i t o r   f o r  a p e r i o d   o f   t i m e   i n  a " p r e - t e s t  warm-up" and m o n i t o r i n g   t h e   i n j e c t i o n   r i n g  tem- 

p e r a t u r e .   T y p i c a l l y ,   t h i s  warm-up t i m e  was about  one  hour  but was v a r i a b l e   a s  i t  i s   o b v i o u s -  

l y  a f u n c t i o n  of  t h e   f i r i n g   r a t e  and the   f requency   o f   d i scha rge .  

O u r i n g   t h e   t i m e   p e r i o d  when t h e   e n g i n e  was changed   f rom  con f igu ra t i on  81 t o   c o n f i g u r a -  

t i o n  # 2 ,  t h e  IFC was a l s o   m o d i f i e d   t o  add  on the   e igh t   channe ls   wh ich  had  been d e l e t e d  when 

t h e   w i d t h   o f   t h e   g a l l e r y  was inc reased .   Th i s  was accompl ished  by   add ing   bo l t -on   r ings   o f  

g a l l e r i e s  and p i n s   a r o u n d   t h e   e x i s t i n g   d i s k s .  

I n   t h e   p o s t - t e s t   d a t a   a n a l y s i s ,  i t  i s   r e q u i r e d   t o   t r a n s l a t e   t h e  measured  parameters,   in 

t h i s  case ,   ang le ,   i n to   t he   eng ine   pe r fo rmance   pa ramete rs   o f   t h rus t   and   impu lse   b i t .   Th i s  

system was analyzed  as shown i n   S e c t i o n  V I .  
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V I .  TEST PROGRAM 

A. P r o p e l l a n t   C h a r a c t e r l z a t l o n  .. 
As r e q u l r e d   b y   t h e   S t a t e m e n t   o f  Work, t h e   p h y s i c a l  and  chemtca l   p roper t les  of t h e  

s e l e c t e d   p r o p e l l a n t   w e r e   t o   b e  measured  and  repor ted .   The  o r tg lna l   In ten t  of t h l s   a c t l v l t y  

was t o  p r o v i d e   q u a n t l t a t l v e   d a t a   f o r   r n a t e r l a l   c o m p a r l s o n  and reorder   purposes.  It was expand- 

ed,  however, t o  I n c l u d e   t e s t s   t o   d e t e r m i n e   t h e   c a p l l l a r y  f low c h a r a c t e r l s t l c s  o f  v a r l o u s  

m a t e r l a l s  and c o n f l g u r a t l o n s .  These  data  would  be  used I n   t h e   a n a l y t l c a l   f l o w   f e e d   s t u d y  

(See  Appendlx A ) ;  e v e n t u a l l y   l e a d l n g   t o  a m a t e r l a l   s e l e c t l o n   a n d   s l z e   o f   t h e   l n j e c t l o n   r l n g .  

Appendlx B p r e s e n t s   I n   d e t a i l   t h e   t e s t s   c o n d u c t e d ,  method of t e s t l n g ,  and d a t a  

ob ta  1 ned . 

E. c a p a c l t o r   L i f e   T e s t  

The   ma ln   capac l to r   used   i n   t h i s   p rog ram Is n o m i n a l l y   r a t e d   a t  25 m i c r o f a r a d s   ( u f )  and 6000 

v o l t s .   I t  was manufac tured   by   Maxwel l   Labora tor les ,   Inc . ,   as   the l r   ca ta log  No. 30109. 

T h e   p u r p o s e   o f   t h i s   t e s t  was t o   d e t e r m l n e  I f  t h e r e  was a n y   d e g r a d a t l o n   o f   t h e   p a r t  when 

I t  was used  as a h i g h   c u r r e n t   p u l s e   s o u r c e .  The p l a n  was t o  use a t e s t   c o n f i g u r a t i o n   a s  shown 

I n  a b lock   d iagram,   F igure  VI-1, where a spark  gap, t r i g g e r e d  by a t r a n s f o r m e r   o u t p u t ,  

would a c t  a s   h i g h   c u r r e n t   s w i t c h   t o   d i s c h a r g e   t h e   e n e r g y  o f  t h e   m a l n   c a p a c i t o r   i n t o   t h e  

load. I t  was a l s o   p a r t  of  t h e   p l a n   t o   d i s c h a r g e   t h e   c a p a c i t o r   a t  a 5 Hz r a t e   u n t l l  IO' p u l s e s  

were  accumulated. 

FIGURE VI-l - BLOCK  DIAGRAM - LINJET MAIN CAPACITOR LIFE TEST 
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The a c t u a l   s e t  up i s  shown I n   F i g u r e s  VI-2 and VI-3. A l i  components  were  c lose  coupled 

t o  r e d u c e   t h e   r e s i s t l v e  and i n d u c t i v e   l o a d s .  Fans  were  used f o r   f o r c e d   c o o l l n g   o f   t h e   s e t  up, 

b u t   t h e   t e m p e r a t u r e   o f   t h e   s p a r k  gap s t i  i I exceeded 93.2OC (ZOOOF).  

Data was accumula ted   us ing  a m u l t i p o i n t   r e c o r d e r   f o r   t e m p e r a t u r e ,   a n   e l e c t r o m e c h a n i c a l  

c o u n t e r   f o r   m o n i t o r i n g   t h e  number o f  ma in   capac i to r   d l scha rges  and a T e k t r o n i x   O s c i l l o s c o p e ,  

w i t h  camera, f o r   v i e w i n g  and reco rd ing   t he   d i scha rge   wave fo rm.  

F igu re   V I -4   i s  a s c h e m a t l c   o f   t h e   c o n t r o l   c i r c u l t  and t h e   c a p a c i t o r   u n d e r   t e s t .  The 

c i r c u i t   c o n s i s t s   o f  an a d j u s t a b l e   u n i j u n c t i o n   o s c i l l a t o r   w h i c h   p r o v i d e d   t h e   p u l s e s   u s e d   t o  

t u r n  on  an SCR. F o r   t h i s   t e s t ,  350 VDC was used t o  charge C1,  t h r o u g h  a  3.9K r e s i s t o r .  When 

a p u l s e   i s   a p p l i e d   t o   t h e  SCR, t h i s   c h a r g e   i s  dumped t h r o u g h   t h e   p r i m a r y   w i n d i n g s   o f   T I ,  

p roduc ing  a 20KV pu lse   across   the   secondary   w ind ings .   Meanwhi le  C2, t h e   2 8 p f   t e s t   c a p a c i t o r  

has  been  charged t o  2KV. T h e   t r a n s f o r m e r   s i g n a l   f i r e s   t h e   s p a r k  gap  whlch  acts   as a c l o s e d  

s w i t c h   i n   t h e   c a p a c i t o r   d i s c h a r g e   c i r c u i t .  A 0.025 ohm load was added t o   t h i s  loop t o  simu- 

l a t e   t h e   c o n d i t i o n   e x p e c t e d   i n   t h e   e n g i n e   l i f e   t e s t .  

A t e s t   s e t  up was a l s o  made t o  c h e c k   t h e   c a p a c i t o r   p a r a m e t e r s   a t   t h e   s t a r t   o f   t e s t  and 

p e r i o d i c a l l y   d u r i n g   t h e   I l f e   c y c l e .   F i g u r e   V I - 5   i s   t h e   s e t  up t h a t  was used. I t  will be  noted 

t h a t   t h e   s e t  up i s   s i m i l a r   t o   t h e   l i f e   t e s t   s e t   s c h e m a t l c   ( F i g u r e   V I - 4 1   e x c e p t  a c o a x i a l   f l x -  

t u r e   i s  used so t h a t   t h e   c a p a c i t o r   i n t e r n a l   v a l u e s   o f   i n d u c t a n c e  and res is tance  can  be  measured.  

The r e s u l t s   o f   t h e   t e s t i n g   p e r f o r m e d   a r e   p r e s e n t e d   i n   d e t a l i   i n   A p p e n d i x  D as   ex t rac ted  

f r o m   t h e   t e s t   l o g ,  and f r o m   v a r i o u s   o s c i l l o s c o p e   p i c t u r e s  and the   da ta   reduced  f rom  those 

p i c t u r e s .   i n  summary, approx imate ly  5.2M p u l s e s   w e r e   r e c o r d e d   b e f o r e   t e s t i n g  was t e r m i n a t e d .  

i t  wi l l  be   no ted   f rom  the   con ten ts   o f   Append ix  D t h a t   i n i t i a l   e f f o r t s  w e r e   e x p l o r a t o r y   i n   n a t u r e  

t r y i n g   t o   g e t   t h e   e q u i p m e n t   t o   o p e r a t e .   F u r t h e r ,   f o r  a s i g n i f i c a n t   p o r t i o n   o f   t h e   t e s t ,   t h e  

peak   d ischarge  cur ren t  was o n   t h e   o r d e r   o f  9000 amperes.  Revis ions to t h e   s e t  up reduced 

t h e   r e s i s t a n c e  and i n c r e a s e d   t h e   c u r r e n t   t o   o v e r  17,000 amperes. A t  t h e  5 Hz r a t e   t h i s  was 

t o o   h i g h  a load  on   the   spark  gap  and  two f a i l u r e s   o c c u r r e d .  

T e s t i n g  was d i s c o n t i n u e d   a f t e r   t h e  second  spark  gap f a i l e d  because: 1 )  t h e   m a i n   p o i n t  

o f  the  program was t o   b u i i d  and t e s t  an e n g i n e   n o t   i i f e   t e s t   c a p a c i t o r s ;   2 )   d u r i n g   t h e   f i r s t  

4.1M p u l s e s   t h e r e  was no  measurable  change in   capac i to r   pa ramete rs   as   measured   w i th   t he   co -  

a x i a l   c a v i t y ;  3 )  o i l  was l e a k i n g   o u t  o f  t h e   c a p a c i t o r   a t   t h e   c e n t e r   p o s t   e i t h e r  due t o  a 

m e c h a n i c a l   f a i l u r e   o f   t h e   l e a d   s o l d e r   j o i n t   b e t w e e n   c e n t e r   p o s t   a n d   c e r a m i c   i n s u l a t o r   o r  

due t o   o v e r h e a t i n g   f r o m   t h e   c l o s e   c o u p l e d   h o t   s p a r k   g a p .  
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FIGURE VI-2 - TEST  SET  UP FOR MAIN CAPACITOR L IFE  TES7 

FIGURE VI-3 - MAlN CAPACITOR L I F E  TEST CONFIGURATION 
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FIGURE VI-4 - MAIN CAPACITOR L I F E  TEST SCHEMATIC 
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C. T r l q q e r   C l r c u i t  and T r i q q e r  Seqment L i f e   T e s t s  

The o b j e c t i v e  of t h e   t r i g g e r   t e s t s  was t o   d e t e r m i n e   t h e   c m b i n a t l o n  of m a t e r i a l s  and 

p h y s i c a l   c o n f i g u r a t i o n  of a t r i g g e r  segmen t   wh lch   cou ld   be   ope ra ted   w i th   p red lc tab le ,   cons i s t -  

e n t   r e s u l t s   f o r  a I I f e   o f   s e v e r a l   m i l l i o n   p u l s e s   o v e r  a range of vo l tages   and   pu l se   ra tes .  

L l f e   t e s t s   w o u l d   a l s o   b e   c o n d u c t e d   o n   t h e   t r i g g e r   p u l s e   c i r c u i t   e l e c t r o n i c s ,   t h e   t r l g g e r  

c a p a c i t o r  and the   spark   gap.  

The b l o c k   d i a g r a m   o f   t h e   t r i g g e r  segment t e s t   i s  shown i n   F i g u r e  VI-6 and the   schemat i c  

o f   t h e   t r i g g e r   p u l s e   c i r c u i t   i s  shown i n   F i g u r e  VI-7.  

The t e s t  p rog ram  cons is ted   o f  a d e v e l o p m e n t   t e s t   s e r i e s   a n d   a n   e x t e n d e d   l i f e   t e s t .  

Development  Tests 

In   the   deve lopment   tes ts   combina t ions   o f   the   fo l low ing   mater ia ls   were   assembled   and  tes ted .  

T r i q q e r   E l e c t r o d e s :   E n c a p s u l a t e d   i n  RTV S i l i c o n e   w i t h  smooth  and s e r r a t e d   f a c e s .  

Fue I : 

a .   S o l i d   T e f l o n   c i r c u l a r  segments w i t h   t h i c k n e s s   o f  0.85 mm ( . 0 3 3  i n )  and  1.6 mm ( . 0 6 3  i n )  

b .   F i b e r g l a s s   r e i n f o r c e d   T e f l o n   t a p e   ( n o m i n a l   t h i c k n e s s  0.1 mm) b u l l t  up i n   l a y e r s   t o  

Droduce v a r i a b l e   t h i c k n e s s e s .  

P r imer :   Ca rbon   dus t   m ixed   i n   F iou roca rbon   g rease   i n   va ry ing   p ropor t i ons   t o   p roduce  a 

d e s i r e d   r e s l s t i v i t v .  

A summary o f   t h e   r e s u l t s   o f   t h e   d e v e l o p m e n t   t e s t   s e r i e s   i s   g i v e n   i n   T a b l e   V I - l  

The r e s u l t s   o f   t h e   d e v e l o p m e n t   t e s t s  showed t h a t   t h e   c o n f i g u r a t i o n  of the   mechan ica l   por -  

t i o n   o f   t h e   t r i g g e r  segment  had l i t t l e   e f f e c t  upon t r i g g e r   o p e r a t i o n ,   e x c e p t   i n   t h e   c a s e   o f  

t h e   g r a p h i t e - c o a t e d   t a p e .   T h i s   c o n f i g u r a t i o n  was an   uns tab le   mechan ica l   assembly   w i th   s l ip  

p lanes   be tween   each   l aye r   o f   t he   Te f l on   t ape .   W i th   t ime ,   t he   assemb ly   wou ld   s l i p   w i th   re -  

s u l t a n t   f a i l u r e .  (See  Fig.  VI-6) 

ELECTRODES HOLES 
PUNCTURED 
I N  TAPE 

OR 

FIGURE "1-6 - TRiGGER TERMINAL FAILURE MODE 

The s i g n i f i c a n t   v a r i a b l e  was t h e   r e s i s t a n c e   o f   t h e   p r i m e r   m a t e r i a l .   V e r y   h i g h   r e s i s t a n c e  

r e s u l t e d   i n   p o o r   p e r f o r m a n c e .  When t h e   r e s i s t a n c e  was reduced  from 1.0 Megohm t o  0.1 Megohm, 

c o n s i s t e n t   s a t i s f a c t o r y   o p e r a t i o n  was ach ieved.  
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TEST 
NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

TEST 
NO. 

1 

2 

2a 

3 

4 

CONF I GURAT I ON 
ELECTRODE 

Smooth 

Smooth 

Ser ra ted  

Ser ra ted  

Ser ra ted  

Ser ra ted  

Ser ra ted  

Ser ra ted  

Ser ra ted  

Ser ra ted  
Srooth 

Ser ra ted  
Smooth 

TEFLON 

.033 
Sol I d  

.062 
Sol i d  

.033 
Sol i d  

.062 
Sol i d  

.033 
Sol I d  

.033 
Sol i d  

.033 
Sol i d  

APPL I ED 
VOLTAGE 

2000 t o  
2800 

3000 

1600 t o  
2400 

1700 t o  
2400 

1800 t o  
2800 

1600 t o  
4000 

1200 t o  
2600 

4 mil 1300 t o  
16 layers  

tape 2000 

16 layers  
4 m i l  1700 t o  
tape 2200 

S o l i d  1200 t o  
.062 2400 

Sol I d  2250 
.062 1800 t o  

ELECTRODE  TEFLON 
CONFIGURATION 

.062 
Smooth Sol I d  

Smooth Sol I d  
.062 

Smooth Sol I d  
.062 

Smooth Sol i d  
.062 

Smooth Sol I d  
.062 

AWL I ED 

2.5 t o  
5.0 

5.0 

5.0 
1.25 t o  

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0,2.5 
1.25 

ACTUAL RESISTIVITY 
. ~ ~. 

Var . 

Var. 

Var . 

Var. 

Var . 

Var . 

Var. 

B 2ooov 
Var.  5.0 

Var. 

Var . 
5.0,2.5 
1.25 

1 Meg 

1 Meg 

1 Meg. 

1 Meg. 

1 Meg. 

0.5 Meg. 

1 .O Meg. 

0.5 Meg 

0.56 Meg. 

20K n 

l O O K  n 

COMMENTS 

Errat ic   operat ion  accumulated  2 .016 x 
I O 6  p u l s e s   o p e r a t e d   p r i m a r i   l y   a t  2400v 

Poor   operat ion,  50000 pu lses  

Per formance  var ied  between  very  er rat ic  
t o   v e r y  good; accumu l a t e d  1.444 x I O 6  
pulses; much a b l a t i o n  of t e f l o n  

Poor  operat lon;  35000 pu lses  

E r r a t i c ;  6,000 pu lses  

E r r a t i c ;  1.238  x lo6 pu lses ;   var ied  RBC 
I n   e l e c t r o n i c s   ( c a p   d i s c h a r g e )  

E r r a t i c ;   b e s t   o p e r a t i o n  2200 v o l t s ,  
b u t  much a b l a t i o n .   V a r i e d  REC. 255,000 
pu I ses. 

E r r a t i c   o p e r a t i o n  below 2OOOV. Good @ 
2OOOV. 1 .867 x lo6  pulses.   Shorted 
gap.  Layers  graphi te  gated. 

E r r a t i c   t o  smooth o p e r a t i o n .   F a l l e d  
3 t imes due to   s l i ppage   o f   assemb ly .  
Graphi te-coated  layers 1 . 1  16 x I O 6  pu lses  

E r r a t l c .  658,000 pulses.  

Smooth opera t ion .  8.544 x I O 6  p u l s e s   a t  
18OOV. Change HV Pwr.  Supply;op  rated 
smoothly a t  2250V f o r  2.067 x IO % pulse.  

TABLE  V1.2 SUMulARY  OF  TRIGGER  SEGMENT LIFE TESTS 

APPL I ED 
VOLTAGE 

2500 
1875 

18OOV 

2250 

1800 

1800 

APPL I ED ACTUAL 
PULSE RATE 

5.0 Var 

5.0 5.0 

5.0  5.0 

5.0 5.0 

5.0 5.0 

COMMENTS 

Opera ted   we l l   fo r  0.4  x I O 6  pulses 8 1875V. Became 
e r ra t i c ;   g radua l l y   i nc reased   vo l tage  t o  2500V over  
1.297 x I O 6  pulses.   Total   1.695 x lo6  pulses.  lOOK 
SI pr lmer.  

Operated for 13.994  x I06  pu lses.   Shut  down and  re- 
s t a r t e d  SIX t imes   du r lng  34-day t e s t   p e r i o d .  
lOOKR pr imer .  

Operated well for 12.24  x lo6  p u l s e s   w i t h  8 stops and 

shut  down system, b u t   u n i t   o p e r a t e d   w e l l   a f t e r   r e s t a r t .  
r e s t a r t s .  Power f a i l u r e   i n   b l d g .   o n  one occasion 

n. 
2nd pwr. f a i l u r e   k l l l e d   u n l t .  31-day t e s t   p e r i o d  IOOK 

Reprimed u n i t   r e s t a r t .   O p e r a t e d  for  1.08  x I O 6  pu lses  
u n t i l   a n o t h e r   p w r .   f a i l u r e  shutdown vacuum system. 
One s t o p   a n d   r e s t a r t .  7-day t e s t .  IOOKR 

R e b u l l t   u n i t   i t h  new t e f l o n .  iOOKR pr lmer.   Operated 
for 4.96  x 10 I! pu lses   w i th   t h ree   s tops  and r e s t a r t s .  
11-day t e s t .  Shut-down. 
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T r i q q e r   L i f e   T e s t  

The l i f e   t e s t s  of t h e   t r i g g e r  segment a r e  summarized i n   T a b l e  V1.2. T e s t  2a i s  a 

c o n t i n u a t i o n   o f   t e s t  2 w i t h   t h e   o n l y  change  being  an  increase i n   v o l t a g e   f r o m  l8OOV t o  2250 

v o l t s .  

I n   t e s t  # 2 ,  t h e  segment  accumulated  nearly  14x10  pulses  over a 34-day p e r i o d   w i t h   s i x  
6 

i n ten t iona l   shu tdowns and r e s t a r t s .   O p e r a t i o n  became e r r o t i c   a t  1800 v o l t s ,  and t h e   a p p l i e d  

v o l t a g e  was increased t o  2250 v o l t s .  

I n c r e a s i n g   t h e   v o l t a g e   e x t e n d e d   t h e   l i f e   f o r   a n   a d d i t i o n a l   1 2 . 2 5 ~ 1 0 ~   p u l s e s   o v e r  a 31-day 

pe r iod .   The re   were   e igh t   i n ten t i ona l   s tops  and r e s t a r t s   d u r i n g   t h i s   p e r i o d .   I n   a d d i t i o n ,  a 

b u i l d i n g  power f a l l u r e   s h u t  down t h e   t e s t   i n a d v e r t e n t l y .  When power was r e s t o r e d ,   t h e   p u l s e  

c i r c u i t   c o n t i n u e d   t o   o p e r a t e   b u t   w i t h   t h e  vacuum  system  working  only  on  the  roughing pump, 

t h e   p r e s s u r e   i n   t h e  chamber was t o o   h i g h   r e s u l t i n g   i n   e x t e n s i v e   c r o s s  component   arc ing  wi th   ob-  

v i o u s   i m p r o p e r   o p e r a t i o n   o f   t h e   t r i g g e r .  When t h e   p r e s s u r e  was reduced i n   t h e  chamber, t h e  

t r i g g e r   c o n t i n u e d   t o   o p e r a t e   s a t i s f a c t o r i l y   u n t i l   a n o t h e r   g e n e r a l   p o w e r   f a i l u r e   o n e  week 

l a t e r   e a r l y  on a Fr iday   even ing .  The same condi t ion  as  above  developed and t h i s   k i l l e d   t h e  

t r i g g e r  segment. 

L i f e   T e s t  #3   ran   f o r   seven   days   w i th   t he   accumu la t i on   o f  1 . 0 8 ~ 1 0  pu lses .   The   ope ra t i on  

t h e n  became e r r a t i c .  

L i f e   T e s t   # 4   r a n   f o r  1 1  days w i t h   4 . 9 6 ~ 1 0 ~   p u l s e s   a c c u m u l a t e d .   T e s t i n g  was t e r m i n a t e d  

because of e n g i n e   t e s t i n g   i n   a n o t h e r   a r e a  of t h e   p l a n t .  

Throughout   the  t r igger   segment   development  and l i f e   t e s t i n g ,   t h e  same p u l s e   c i r c u i t ,   c a p a c i t o r  

and spark gap were  used.  These  accumulated 40.5 x IO0 p u l s e s   w i t h  n o  problems  noted  dur ing  the  seven 

months of t e s t i n g   ( o t h e r   t h a n   u n c o n t r o l l a b l e  power  losses).  
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D. LINJET ENGINE ASSEMBLY TESTS 

Summary 

T h e   o b J e c t l v e s   o f   t h e  LINJET  engine  assembly t e s t s  were   th ree fo ld .  

1. D e m o n s t r a t e   t h e   w o r k a b l l l t y   o f   t h e   c o n c e p t   o f  a porous member I n J e c t I o n  mechanlsm 

c o u p l e d   w l t h  a r a d l a l   d i s c h a r g e  segmented t r l g g e r   a s s e m b l y .  

2 .   Measure   the   per fo rmance  o f   an   eng ine   o f   th is   des lgn .  

3. Meet o r  exceed t h e   d e s i g n   g o a l s   d e l i n e a t e d   I n   t h e   S t a t e m e n t   o f  Work. 

As wlil b e   s e e n   f r o m   t h e   d l s c u s s l o n   t h a t   f o l l o w s ,   a l l   o f   t h e   t e s t   o b j e c t l v e s   w e r e   m e t ,  

w l t h   t w o   e x c e p t l o n s .   I n  summary, d u r i n g   t h e   3 6   h o u r s  when t h e   m a l n   c a p a c i t o r  was d ischarged,  

some o f   the   per fo rmance  parameters   were   as   fo l lows:  

1 .  Measurab le   th rus t  was o b t a i n e d   f o r  10 hours and 45 minu tes .  

2. T h r u s t s   l e v e l s   g r e a t e r   t h a n  2224  u-newtons (500  p l b f )  were   ob ta lned   f o r  48 minu tes .  

3 .  A peak t h r u s t   o f  6681  u-newtons  (1502 p l b f )  was a t t a i n e d   f o r   a p p r o x i m a t e l y   t w o  

mlnutes .  

4. Impulse  b i ts   greater   than  444.8  u-newton-seconds (100 ulb-seconds)  were  achieved 

f o r   g r e a t e r   t h a n  91 minutes .  

5.   Impulse b i t   t o  ene rgy   ra t i os   g rea te r   t han   22 .24   p -newton   second   pe r   j ou le   (5   p lb f -  

s e c o n d   p e r   j o u l e )   w e r e   a t t a i n e d   f o r  7 1  minu tes .  

6 .   D u r i n g   t h e   l a s t   t e s t ,   a n   i n t e g r a t e d   o v e r a l l   e f f i c i e n c y  of 24% was a t t a i n e d .  

The e x c e p t i o n s   t o   t h e   w o r k   s t a t e m e n t   g o a l s  was an i n a b i l i t y   t o   t e s t   c o n t i n u o u s l y   f o r  

4P h o u r s   a n d   a t t a i n i n g  a s p e c i f i c   i m p u l s e  o f  1000 seconds. 

Engine  assembly  tests  were  p lanned t o  be  conducted  In  two  phases. The f i r s t  phase t o  

c o n s i s t  o f  s t a t i c   t e s t s   ( n o   t h r u s t  measuremen t )   du r ing   wh ich   t he   t r i gge r   capac i to r   vo l tage ,  

t r i g g e r   p u l s e   f r e q u e n c y  and the   ma in   capac i to r   vo l tage   wou ld  be v a r i e d   t o   d e t e r m i n e   t h e  com- 

b i n a t i o n   o f   i n p u t   p a r a m e t e r s   w h i c h   w o u l d   p r o d u c e   c o n s i s t e n t l y   s a t i s f a c t o r y   o p e r a t i o n .  The 

t e s t s   w o u l d   a l s o   s e r v e   t o   d e m o n s t r a t e   t h e   a d e q u a c y   o f   t h e   e n g i n e  - l o g i c   c o n t r o l   b o x   i n t e r -  

face .  The  second  phase was t o  be   opera t ion   dur ing   wh ich   th rus t   measurements   wou ld   be  

made w i th   t he   i npu t   pa ramete rs   de te rm ined   i n   phase   one .  
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The t e s t i n g  was conducted on t w o   b a s i c   c o n f i g u r a t i o n s  o f  t h e   e n g i n e .   C o n f i g u r a t i o n  # 1  

I s  shown I n  F i g .  V - I ,  and c o n f i g u r a t i o n  #2, i s  shown i n   F i g .  V-2. W i t h i n   e a c h   b a s i c   c o n f i g -  

u r a t i o n   t h e r e  w e r e   m i n o r   v a r i a t i o n s :   i n   c o n f i g u r a t l o n  # I  severa l   methods   were   a t tempted  to  

s e a l   t h e   p r o p e l l a n t   i n j e c t i o n   r i n g   a t   t h e   i n t e r f a c e s   w i t h   t h e   s u p p o r t   h o u s i n g  and t h e  

exhaus t   nozz le .   These   a re   l i s ted   i n   Tab le   V I -3 .   Fo r   con f i gu ra t i on  # 2 ,  d i f f e r e n t   i n j e c t i o n  

r i n g s  were  used  and. i n  one t e s t   s e r i e s ,  an   a t tempt  was  made t o   t h e r m a l l y   i n s u l a t e   t h e   m a i n  

capac i to r   f rom  the   hea t   p roduced   by   t he   eng ine .  To a c h i e v e   a n   e l e c t r i c a l l y   c o n d u c t i v e  

i n j e c t i o n   r i n g   s e a l   f o r   t h i s   c o n f i g u r a t i o n ,   t h e   e n g i n e  body  and n o z z l e   h a d   f l a t   m a c h i n e d  

s u r f a c e s ,   t h e   i n j e c t i o n   r i n g  was ground f l a t  on each s i d e  and t h e   s e a l i n g  was accomplished  by 

c r u s h i n g  a 0.5mm (0 .020  i n . )  24K go ld   w i re   be tween   the   sea l i ng   su r faces .  The g o l d   w i r e  was 

formed t o   t h e   a p p r o p r i a t e   d i a m e t e r   w i t h  ends  overlapped, and was h e l d   i n   p l a c e   o n   t h e   s u p p o r t  

r i n g  and n o z z l e   s e a l i n g   s u r f a c e s   w i t h   a n   a d h e s i v e   t o   p r e v e n t  movement dur ing   assembly .  

TABLE VI-3 

SEAL CONFIGURATIONS 

ENGINE BODY AN0 NOZZLE 
SEALING SURFACES 

( a )  Machined f l a t  

( b )  Machined f l a t  

( c )   S h a l l o w   c o n c e n t r i c  
V .  Grooves   (bo th   par ts )  

( d )  Sha l l ow   concen t r i c  
V Grooves 

SEALING SURFACES 
INJECTION  RiNG 

Machined  surfaces  as 
c u t   f r o m   b a r  

Ground f l a t  

Ground f l a t  

Ground f l a t  

OTHER SEALING 
MECHANISMS 

None 

None 

Th i n   c o p p e r  
gaskets  each 

t i o n   r i n g  
s i d e   o f   i n j e c -  

E l e c t r i c a l l y  
conduct ive  epoxy 
b o t h   s i d e s  

I n  a d d i t i o n   t o   t h e   d i f f e r e n c e s   i n   e n g i n e   c o n f i g u r a t i o n ,   t h e r e  were d i f f e r e n c e s   i n   t h e  

q u a n t i t y  o f  p r o p e l l a n t   l o a d e d   i n   t h e   p r o p e l l a n t   t a n k  and t h e   s e a l i n g  o f  t h e   p r o p e l l a n t   t a n k  

d u r i n g   e n g i n e   o p e r a t i o n .  

I n  t h e   t e s t   s e r i e s   w i t h   c o n f i g u r a t i o n  # 2  (18 Apr.  t o  9 May 19731, t h e   p r o p e l l a n t   t a n k  

was f i l l e d   t o   a p p r o x i m a t e l y  70% of i t s  volume t o   r e d u c e   s t a t i c  head,  and t h e   p r o p e l l a n t  and 

p r o p e l l a n t   t a n k  were  out-gassed t o  reduce  the  pressure  head. I n  a d d i t i o n ,   d u r i n g   e n g i n e   t e s t -  

i n g ,   t h e   p r o p e l l a n t   t a n k  was vented  so t h a t   t h e   v e r y   s m a l l   s t a t i c  head o f   t h e   f u e l  was t h e  

o n l y  e x t e r n a l   d r i v i n g   f o r c e   o t h e r   t h a n   c a p i l l a r y   f l o w  t o  f e e d   p r o p e l l a n t   t o  and  through 

t h e   i n j e c t i o n   r i n g .  
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PROBLEMS : 

A number o f   p r o b l e m s   w e r e   e n c o u n t e r e d   d u r i n g   t h e   t e s t l n g   o f   t h e  LINJET  engine.  The p r i n c l p l e  

p r o b l e m s   w e r e   e x c e s s   p r o p e l l a n t   f l o w   a n d   f a l s e   t r i g g e r i n g .   E x c e s s   p r o p e l l a n t   f l o w  was caused  by 

leakage a t   t h e   i n j e c t i o n   r l n g   i n t e r f a c e s   w l t h   t h e   n o z z l e  and t h e   s u p p o r t   r l n g  and  by  high  feed 

r a t e s   t h r o u g h   t h e   l n j e c t l o n   r l n g  as t h e   t e m p e r a t u r e   i n c r e a s e d   a b o v e   t h e   p r o p e l l a n t   m e l t l n g   p o i n t  

o f  6OoC (140OF).  E x c e s s l v e   p r o p e l l a n t   f l o w   r e s u l t e d   i n  a b u l l d u p   o f   p r o p e l l a n t   i n   t h e   c l e a r a n c e  

volume  between t h e   i n j e c t i o n   r l n g  and t h e   p i n t l e .  When I t  was mlxed  w l th   the   carbonaceous  depos i ts  

f rom  no rma l   f l r i ngs  i t  caused a s h o r t   a c r o s s   t h e   n o r m a l   d i s c h a r g e   p a t h   o f   t h e   c a p a c i t o r   l e a d i n g   t o  

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

F a l s e   t r i g g e r i n g  was a more p r e v a l e n t   p r o b l e m   d u r i n g   a l l   o f   t h e   t e s t i n g .   I t  may be  caused 

b y   t o o   h i g h  a p r e s s u r e   I n   t h e   t e s t  chamber which 1s t h e   r e s u l t  of p r o p e l l a n t   u s a g e   g r e a t e r   t h a n   t h e  

pump ing   capac i t y   o f   t he  vacuum  pumps. W i t h   t h e   h i g h   p r e s s u r e   i n   t h e  chamber o r  a l o c a l l y   h i g h  

p r e s s u r e   w i t h i n   t h e   e n g i n e   i t s e l f   t h e   c a p a c i t o r  w i l l  d i s c h a r g e   a c r o s s   t h e  gap i n   t h e   e n g i n e   w i t h o u t  

e x c i t a t i o n  as the   cha rge   vo l tage   on   t he   capac i to r   reaches  a v a l u e   c o m p a t i b l e   w i t h   t h e   l o c a l  

p ressu re   and   t he   d i s tance   ac ross   t he   gap .  

Fa1 se t r i g g e r i n g  was a l so   obse rved   where   t he   p ressu re   i n   t he   chamber  was i n   t h e  1 .O  x 

t o r r  r a n g e .   T h i s   t y p e   o f   f a l s e   t r i g g e r l n g  was obse rved   j us t   p r i o r   t o   f o rced   eng ine   shu tdowns   due  

t o   a p p a r e n t   s h o r t l n g   o f   t h e   e n g i n e .   P o s t   t e s t   i n s p e c t i o n s   i n d i c a t e d  a carbonaceous  bui ldup  on 

t h e   t r i g g e r  assembly  and  on t h e   i n s u l a t i n g   s u r f a c e s .  I t  i s   h y p o t h e s i z e d   t h a t   t h e   c a r b o n   l i k e   d e -  

p o s i t s  had some d i s c o n t i n u i t i e s .  These  acted  as  gaps so t h a t  as t h e   c h a r g e   v o l t a g e  was b u i l d i n g  

up on t h e   c a p a c i t o r ,  a va lue  would be  reached  where  breakdown  across  the  d iscont inu i ty   would 

o c c u r .   W i t h   c o n t i n u e d   f a l s e   t r i g g e r i n g   t h e   d i s c o n t i n u i t i e s   w o u l d   b e   b r i d g e d  and the   eng ine   wou ld  

s h o r t .  

The G a l l i u m   e l e c t r i c a l   i n t e r f a c e  caused some d i f f i c u l t i e s   i n   o b t a i n i n g   t e s t   d a t a .  The m e l t -  

i ng p o i n t   o f  Ga I I ium i s  % 27OC ( 85OF) and when t h e   c o l d  wa I I s o f   t h e  vacuum  chamber  were t u r n e d  

o n   t h e   G a l l i u m   w o u l d   f r e e z e   i n   t w o   g a l l e r i e s   i n   t h e   o u t e r   r i n g .  A h o t   p l a t e   t y p e   h e a t e r  was 

p l a c e d   b e l o w   t h e   p l a s t i c   p i e c e   c o n t a i n i n g   t h e   g a l l e r i e s  and was i n t e n d e d   t o   m a i n t a i n   t h e  tem- 

p e r a t u r e   a b o v e   t h e   f r e e z i n g   p o i n t  o f  t h e   G a l l i u m .  The t w o   g a l l e r i e s   w h i c h   f r o z e   w e r e   a b o v e  

t h e   b u n d l e   o f   w i r e s   l e a d i n g   f r o m   t h e   i n d i v i d u a l   g a l l e r i e s   t o   t h e   t e r m i n a l   b o a r d s   a n d   e l e c t r i c a l  

f e e d   t h r o u g h s   o f   t h e  vacuum  chamber.  The w i re   bund le  masked t h e   h e a t   t o   t h e   g a l l e r i e s   d i r e c t l y  

above  them. I n   r e t r o s p e c t   t h e   p r o b l e m   c o u l d  have  been  min imized  by   separa t ing   the   w i res   in to  

many sma l l   cab les   ra the r   t han   hav ing   one   l a rge   cab le .  
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A l i m i t e d   p a r t  of t h e  phase 1 t es ts   were   conduc ted   i n  a 0.49 m diameter  by  0.67 m h i g h  

(19 i n  d x 26 i n )   o i l   d i f f u s i o n  pumped vacuum  chamber.  The  engine  assembly was b u i l t  up and a 

sys tem  check   ou t   tes t  was conduc ted   on   t he   f ou r   t r i gge r   segmen ts   (w l th  no v o l t a g e   o n   t h e   m a i n  

c a p a c i t o r )  and t h e   l o g i c   c o n t r o l   b o x .   S e v e r e  EM1 prob lems  were   encountered   in   tha t  when a f i r e  

p u l s e   f r o m   t h e   l o g i c   c o n t r o l  box was s e n t   t o  one o f   t h e   f o u r   t r l g g e r  segments, t h e   o t h e r   t h r e e  

would f i r e   s i m u l t a n e o u s l y .  A s o l u t i o n  t o  the  problem was o b t a i n e d  by a comp le te   rework   o f   t he  

g round ing   sys tem  i nc lud ing   t he   add i t i on  of more sh ie ld ing   in   the   eng ine   assembly   cab les   and  the  i 

c o r p o r a t i o n   o f   i s o l a t i o n   d i o d e s  and f i l t e r   c a p a c i t o r s   i n   t h e   l o g i c   c o n t r o l   b o x .  

F o l i o w i n g   t h e   r e w o r k  of t h e   e n g i n e   t o   c o r r e c t   t h e  EM1 induced  problems a s e r i e s   o f   f o u r   t e s t s  

w e r e   c o n d u c t e d .   I n   t h e   f i r s t  two t e s t s ,   w i t h   t h e   p i n t l e  of t h e   e n g i n e   a t   n e g a t i v e   p o l a r i t y ,   o p e r -  

a t i o n  was e r r a t i c .   I n   t h e   t h i r d   a n d , f o u r t h   t e s t s ,   a f t e r   c h a n g i n g   p o l a r i t y   t o  make t h e   p i n t l e  po- 

s i t i v e ,  a t o t a l   r u n n i n g   t i m e   o f   s i x   h o u r s  and s i x   m i n u t e s  was accumulated.   In   each  run  where  the 

temperature  exceeded 6OoC ( 14OoF) ( t h e  me I t i  ng p o i n t   o f   t h e   p r o p e l  I a n t )   t h e r e  was a r a p   i d  change 

i n   p r e s s u r e   i n   t h e  chamber  and f a l s e   t r i g g e r i n g   o f   t h e   m a i n   c a p a c i t o r .   T h i s   r e q u i r e d   s h u t d o w n   o f  

t h e   e n g i n e   t o   a l l o w   t h e  vacuum pumps t o  reduce  pressure.   These  forced  shutdowns  occurred  twice 

i n  each  run. 

S ince   t he  vacuum system was i n c a p a b l e   o f   m a i n t a i n i n g   t h e   r e q u i r e d   a m b i e n t   p r e s s u r e   ( l e s s   t h a n  

1 x t o r r )  when the   eng ine  was o p e r a t i n g   a t   " r a t e d "   t e m p e r a t u r e  a move was made t o  a l a r g e r  

chamber  (1.52 m d iameter  X 1.52 m h i g h )  ( 5  f t  x 5 f t )  w i t h  a g r e a t e r  pumping c a p a c i t y .   I n   a d d i -  

t i o n   t h e  chamber  had p r o v i s i o n s   f o r   c r y o g e n i c a l l y   c o o l i n g   t h e   w a l l s   w h i c h   w o u l d   a i d   i n   m a i n t a i n i n g  

t h e   r e q u i r e d  low p ressu re .  

Because o f   t h e  move t o  t h e   l a r g e r  chamber  and t h e   n e c e s s i t y   t o   r e w i r e   t h e   t h r u s t   s t a n d  t o  

f u r t h e r   s u p p l e m e n t   t h e   s o l u t i o n  of EM1 suppress ion ,   t he   dec i s ion  was made t o  conduc t   a l l   subse -  

q u e n t   e n g i n e   t e s t s   o n   t h e   t h r u s t   s t a n d   a t   t h e  expense o f   d e i e t i n g   t h e   t w o   s t e p   a p p r o a c h   o f   s t a t i c  

t e s t s   ( n o   t h r u s t  measurements wh i l e   va ry ing   pa ramete rs   o f   vo l tage   and   t empera tu re )  t o  a one  step 

approach of va ry ing   pa ramete rs   wh i l e   measur ing   t h rus t .  
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T a b l e  VI-4  i s  a  summary o f   t e s t   r e s u l t s   o b t a i n e d   I n   t h e  Phase 2 t e s t i n g  of t h e  LINJET 

e n g i n e .   T h e   d a t a   p r e s e n t e d   i n   t h e   t a b l e   a r e   e x t r a c t s  from e a c h   e n g i n e   t e s t   d u r i n g   w h i c h  a 

s i g n i f i c a n t   t h r u s t   l e v e l   ( g r e a t e r   t h a n  60p newton [15  p l b f l )  was a t ta lned .   The   raw   da ta   f o r  

each   eng ine   t es t   as   reduced   f rom  the   ana log   reco rd   t races   a re   p resen ted   i n   Append ix  E. 

The  numbering o f   t h e   t e s t   i n   T a b l e  VI-4 i s  somewhat m i s l e a d i n g   i n   t h a t  i t  would  appear 

t o   t h e   c a s u a l   r e a d e r   t h a t   t h e s e   a r e   s e p a r a t e   t e s t s .   I n   f a c t ,  some o f   t h e s e   d a t a   a r e   f r o m   t h e  

same t e s t   r u n   b u t   a t   t i m e s  when t h e r e   a r e   d i s t i n c t  changes i n   c o n d i t i o n s   d u r i n g   t h e   c o u r s e  

o f   t h e   t o t a l   t e s t   r u n .   T h i s  was done f o r   c l a r i t y   o f   p r e s e n t a t l o n  o f  t h e   s i g n i f i c a n t   r e s u l t s  

ob ta ined   du r ing   t he   p rog ram.  

L a t e r   i n   t h l s   s e c t i o n ,  a p o r t i o n   o f   t h e   r e c o r d e r   t r a c e   a n d   a n   a n a l y s i s   f o r   e a c h   t e s t   p o i n t  

i s   p r e s e n t e d   f o r   t h e   c o r r e s p o n d i n g   p o i n t s   i n   T a b l e   V I - 4 .   I n   g e n e r a l ,  where t h e r e   a r e   v a r i a -  

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

s t a t e   v a l u e   o f   t h e   t h r u s t .   T h i s  was done  because the   t lme   sca le   o f   t he   reco rde r   (3mm/minu te )  

and t h e   n o n - l i n e a r i t y  of t h e   a n g u l a r   d e f l e c t i o n   v s .   r e c o r d e r   d e f l e c t i o n   c a l i b r a t i o n  does  not 

lend i t s e l f   t o   a c c u r a t e   m e c h a n i c a l   i n t e g r a t i o n   u s i n g  a p l a n i m e t e r   t o   o b t a i n  an  impulse b i t .  

Method  of   Data  Reduct ion 

The d e r i v a t i o n   o f   t h e  method f o r   c a l c u l a t i o n   o f   t h e   t h r u s t  and t h e   i m p u l s e   o f   t h e  LINJET 

eng ine   i s   as   f o l l ows :  

For a w i r e   i n   t o r s i o n  

( 1 )  0 = 
JG 

where 0 = angular   d isp lacement  (radians) 
T = t o r q u e  - (newton-meter)  

J = p o l a r  moment o f   i n e r t i a   ( m e t e r 4 )  
L = w i re   l eng th   (me te r  

G = shear  modulus o f   e l a s t i c i t y   ( n e w t o n / m e t e r  1 
2 

Also  

where K = t o r s i o n a l   s p r i n g   c o n s t a n t   ( n e w t o n m e t e r / r a d i a n )  

combining ( 1 )  and ( 2 )  

V I  - 13 



( 3 )  K = Jc 
L 

For a n   o s c i l l a t i n g  system, t h e   p e r i o d  (T) i s :  

where 

D e f i n i n g  

( 5 )  

where 

I = mass  moment o f   i n e r t i a  o f  t h e   o s c i l l a t i n g  body  (newton-meter- 

2 
second ) 

LC = w i r e   l e n g t h   a t   c a l i b r a t i o n  

Kc = t o r s i o n a l   s p r i n g   c o n s t a n t   a t   c a l i b r a t i o n  
L t  = w i r e   l e n g t h   a t   t e s t  

K t  = t o r s i o n a l   s p r i n g   c o n s t a n t   a t   t e s t  
k = w i re   cons tan t   dependent   upon  the   phys ica l   and  mechan ica l   p roper t ies  

o f   t h e   w i r e   m a t e r i a l  used (newton-meter2) 

Combining ( 4 )  and  (5)   and  rearranging 

( 6 )  k = 41’ i LC 
T2 

The  mass moment o f   i n e r t i a   o f  a c y c l i n d r i c a l  mass i s  

( 7 )  I = e 
2 

TL 

A c a l   i b r a t i o n   o f   t h e   w i r e  was per 

M = 18,275 Kg 
r = 0.09947m 

LC = 0.3421 m 
T = 42  seconds 

- f  ormed u s i n g   t h e   f o l l o w i n g   v a l u e s  

40.296 I b s )  
3 .916  in )  

13 15/32 i n . )  

where 

M = Mass (Kg)  
r = r a d i u s  (meter )  

Combining ( 6 )  and ( 7 )  

( 8 )  k = 2712 M r2 LC 

The d iameter   o f   the   Bery l l ium-Copper   w i re   used  to   suspend  the   pendu lum  p la t fo rm 

was 0.0635 cm (0.025 in.) 

The w i r e   c o n s t a n t  “k” d e t e r m i n e d   f r o m   t h e   c a l   i b r a t i o n   t e s t  was 6.923 x newton-meter’ 

( 2 . 4 1 2 9 ~ 1 0 - ~  pound-in.’) 
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N o t  I ng t h a t  

Comb i 

(9) T = FD 

where T = torque  (newton-meter)  

D = D l s t a n c e   o f   t h r u s t   a c t i o n   l i n e   f r o m  pendulum a x i s   ( m e t e r )  
F = th rus t   (newton )  

n i n g  ( 2 ) .   ( 5 )  and ( 9 )  and  rear rang ing  

(10) F = 
LtD 

F o r   a l l   t e s t s   t h e  moment arm D was 0.133m (5 .25   i n . ) .  

For   tes ts   be tween 13 Feb.  73  and 8 Mar.  73 t h e   w i r e   l e n g t h  was 0.3421 in .   (13   15 /32   in . )  

F o r   t h e   t e s t s   o f  20 Apr.  73  and 7 May 73 t h e   w i r e   l e n g t h  was 0.3405m (13  13/32  in.)  

T h e r e f o r e   f o r   t h e   t e s t s   o f  13 Feb. t o  8 Mar. 

F = 265.55 * 0 micro-newtons 

F = 59.553.0 micro-pounds 

and f o r   t h e   t e s t s   o f  20  Apr,  and 7 May 

F = 266.8 e 0 micro-newtons 

F = 59.805.0 micro-pounds 

where 0 = angu la r   d i sp lacemen t  - degrees. 

impulse b i t   i s   d e f i n e d   a s  F a t  where "t" i s   t i m e .   B u t  t = I / f  when " f "   i s   t h e   p u l s e   f r e q u e n c y .  

T h e r e f o r e ,   i m p u l s e   b i t   i s :  

Because o f   t he   excess   p rope l l an t   f l ow   p rob lem  an   exper imen ta l   de te rm ina t ion  o f  s p e c i f i c  

impu lse   cou ld   no t  be made.  The e x c e s s   p r o p e l l a n t   e i t h e r   r a n   o u t  of t h e   e n g i n e  and was unre- 

c o v e r a b l e   o r   h e a v i l y   c o a t e d   t h e   i n t e r n a l   p a r t s   t h a t   w e r e   n o t   I n c l u d e d  i n  t h e   p r e - t e s t   w e i g h i n g .  

To p e r m i t   c a l c u l a t i o n   o f   e f f i c i e n c y ,  and t h u s   o b t a i n  an i n d i c a t i o n   o f   e n g i n e   p e r f o r m a n c e  a v a l u e  

o f  400 seconds was assumed f o r   s p e c i f i c   i m p u l s e .   T h i s  was c o n s i d e r e d   t o  be s u i t a b l y  con- 

s e r v a t i v e   a s  i t  was 2 .5   t imes   sma l le r   t han   t he   des ign   goa l  and r e p r e s e n t s  a v a l u e   t h a t  has 

been r e a d i l y   a c h i e v e d   s i m i l a r   w o r k  b y  GE and o t h e r   i n v e s t i g a t o r s .  
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The e f f i c i e n c y  of t h e   e n g i n e   a t   a n y   p o i n t   i n   t i m e   i s   t h e   e n e r g y   o u t p u t   o v e r   t h e   e n e r g y  

i n p u t ,   a s s u m i n g   t h a t   s p e c i f i c   i m p u l s e   i s   c o n s t a n t .  

go = g r a v i t a t i o n a l   c o n s t a n t  - 9.808 m/second/second 

l b  = impulse b i t  - newton - second/pulse 

I s p  = s p e c i f i c   i m p u l s e  - second 

E i n  = capac i to r   ene rgy  - jou les /pu ise   o r   newton  rne ters /pu lse  

F = t h r u s t  - newtons 

f = f i r i n g   r a t e  - puises/second 

and E i n  = + C V ~  

where C = capac i tance  - fa rads  

V = a p p l i e d   p o t e n t i a l  - v o l t s  

The t o t a l   e n e r g y   i n t o   t h e   o p e r a t i o n   o f   t h e   e n g i n e   i s  

E i n  = Z ( E p  . f . t )  

where Ep = energy   per  pu Ise - Jou ies /pu ise  

t = t i m e  - seconds 
The o v e r a l l   e f f i c i e n c y   i s   t h e n  

T e s t   p o i n t s  1 t h rough  16 o f   T a b l e  V I - 4  d o   n o t   r e f l e c t   t h e   e n t i r e   t i m e   p e r i o d   d u r i n g  

w h i c h   t h r u s t  was measured.  They  do r e f l e c t   " p o i n t   d a t a "   f o r  a p e r i o d  of t i m e  when t h e   t e s t  

parameters   were   cons tan t .   In  a number o f   t h e   t e s t s ,   t h e   p a r a m e t e r s  were n o t   h e l d   c o n s t a n t  

d u r i n g   t h e   t o t a l   t i m e   p e r i o d   o f   t h e   t e s t .   F o r   t h e s e   t e s t s ,  a n u m e r i c a l   i n t e g r a t i o n  was pe r -  

formed t o   o b t a i n   t h e   t o t a l   i m p u l s e   d e l i v e r e d  by t h e   e n g i n e   d u r i n g   t h e   t e s t ,  and an o v e r a l l  

e f f i c i e n c y   f o r   t h e   t e s t  was determined. 

Table VI -5  p r e s e n t s   t h e   t o t a l   i m p u l s e ,   i n p u t   e n e r g y   a n d   o v e r a i l   e f f i c i e n c y  of t h e  12 

runs   dur ing   wh ich  a s i g n i f i c a n t   m e a s u r a b l e   t h r u s t  was obtained.  These  twelve  runs  encompass 

t h e   p o i n t s  I th rough  16 p r e s e n t e d   i n   T a b l e  V I - 4 .  
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TABLE VI-4. Engine  Test Summary 

vol t; watt- iec 
Pu I se 

"" - -- 

1 

2 

3 

4 

5 

6 

7a 

8 

9 

10 

1 1  

12 

13 

14 

15 

16 

2/13 

2/14 

2/14 

2/14 

2/26 

2/26 

2/28 

2/28 

3/  7 

3/8 

3/8 

4/20 

4/20 

5/7 

5/ 7 

5/7 

800 

2000 

1400 

1400 

1200 

1200 

500 

800 

1100 

1100 

1100 

1000 

1400 

800 

800 

900 

9.02 

56.40 

27.64 

27.64 

20.30 

20.30 

3.52 

9.02 

17.06 

17.06 

17.06 

14.10 

27.64 

9.02 

9.02 

11.42 

Pulse Sec PI 

210.3 
(47.3) 

101 1.5 
(227.4) 

2150.8 
(483.5) 

3188.9 
(716.9) 

425.9 
(95.8) 

(143.6) 
638.8 

1104.7 
(248.4) 

(197.5) 
878.4 

( 1  16.7) 
519.1 

(161.6) 
718.7 

891  .7 
(200.5) 

(323.2)  
1437.4 

(323.2) 
1437.4 

(1502.1) 
6681.3 

3500.4 
(787.0) 

3354.0 
(754.0) 

1 .o 

1 .o 

1 .o 

1 .o 

I 
5.0 

1 .o 

1 .o 

1 .o 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

1 .o 

1 .o 

210.3 
(47.3) 

101 1.5 
(227.4) 

2150.8 
(483.5) 

3188.9 
(716.9) 

85.18 
(19.16) 

127.8 
(28.7) 

1104.7 
(248.4) 

(197.5) 
878.4 

103.8 
(23.3) 

143.7 
(32 .3)  

178.3 
(40 .1)  

287.5 
(64 .6)  

287.5 
(64 .6)  

1336.3 
(300.4) 

3500.4 
(787.0) 

3354.0 
(754.0) 

23.30 
(5.24) 

17.93 
(4.03) 

77.83 
(17.50) 

115.39 
(25.94) 

4.2 
(0.944) 

(1.41) 
6.29 

313.4 
(70.45) 

197.34 
(21  .88) 

(1.37) 
6.08 

(1.89 
8.43 

10.45 
(2.35) 

20.39 
(4 .58)  

(2.34) 
10.40 

148.1 
(33.3) 

387.9 
(87.2) 

293.7 
(66 .0)  

~ 

4.6 

3.5 

15.3 

22.7 

0.8 

6.1 

61.4 

19.1 

1.3 

1.7 

2.1 

4.1 

2.1 

29.1 

76.1 

57.5 

Leve I (OCi 

296 

4 

14 

14 

5 

16 

5 

4 

67 

42 

2 

25 

5 

2 

3 

4 

42.6 

60 

61.5 

62.2 

46.2 

42.1 
--C 64.2 

55.3 - 48.8 

49.5 
-c 47.5 

53.9 - 90 

60 

60 

80 

80 

59 -c 82 

82 4 67 

63 
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TABLE V i -5 .   Tes t  Summary - To ta l   Impu lse   and   Overa l l   E f f l c i ency  

Test   Test   T ime  impulse 
Date No. (sec)   (Newton-sec)   ( Ib -sec)   (Jou les)  ( % )  Comments 

I m p u l s e   I n p u t   E n e r g y   E f f i c i e n c y  

2- 13-73 

2- 14-73 

2- 14-73 

2- 14-73 

2-26-73 

2-26-73 

2-28-  73 

2-28-73 

2-28-73 

3-7-73 

3-8-73 

4-20-73 

5-1-73 

1 

2 

3 

4 

5 

6 

1 

8 

8 

9 

10 

1 1  

1 2  

i 7760 

360 

2640 

1300 

360 

890 

1630 

700 

600 

5820 

26 10 

1980 

2040 

2.458 

3.707 x 10-1 

2.951 

2.971 

1.056 

4.849 x 10-1 

1.473 x 10-1 

1 .067 

6.395 x lo-’  

14.479 

9.640 

8.767 

6.838 

5.51 x 10-1 

8.34 x 10-2 

6 .63  x 10-1 

6 .68  x 1O-I 

2.375 x 10-1 

1.090 x 10-l 

3.311 x lo-’ 

2.399 x 10-1 

1.438 x 10-1 

3.255 

2.167 

1.971 

1 .535 

1.60 x 105 

2.03 x 104 

5 .65  x 104 

3.59 x 104 

3.65 x 104 

1.81 x 104 

1.20 x 104 

5.04 x 103 

1 . 2 7  x 104 

4.56 x 105 

2 .23  x 105 

1.93 x 105 

5.36 x 104 

3 . 0  

3 . 5  

10 .3  

16.2 

5 .7  

5 . 3  

. 2  

41 .6  

9 .9  

6 . 3  

8 . 5  

9 . 0  

25.0 

T e s t   P o i n t  1 

T e s t   P o i n t  2 

I n c l u d e s   T e s t   P o i n t  3 

I n c l u d e s   T e s t   P o i n t  4 

T e s t   P o i n t  5 

T e s t   P o i n t  6 

T e s t   P o i n t  7 

I n c l u d e s   T e s t   P o i n t s  
7a and 8 

T e s t   P o i n t  8a 

T e s t   P o i n t  9 

I n c l u d e s   T e s t   P o i n t s  10 
and 1 1  

i n c l u d e s   T e s t   P o i n t s  12 
and 13 

I n c l u d e s   T e s t   P o i n t s  14 
t h r o u g h  16 
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DETAILED TEST  DATA AND ANALYSIS 

T h i s   s u b s e c t i o n   p r e s e n t s  i n  d e t a i l   t h e   v a r i o u s   t e s t s   c o n d u c t e d   o n  LINJET. A s e c t l o n  of t h e   r e c o r d e r  

t r a c e   i s   r e p r o d u c e d  and  presented t o   a u g m e n t   t h e   t e x t   w h i c h   g e n e r a l l y   d e s c r i b e s   t h e   t e s t   c o n d i t i o n s ,  

t e s t   o b j e c t i v e s ,   r e s u l t s ,  and a c r o s s - r e f e r e n c e   t o   t h e   d a t a   i n   T a b l e s  V I - 4  and VI -5 .  



FIGURE VI-9 - TEST POINT # I  
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T e s t   P o i n t  # I  ( s e e   F i g u r e   V I - 9 - 6 1   i s   t h e   f i r s t   r u n   I n   t h e   l a r g e  vacuum  chamber. The eng ine  was opera ted  

a t   c o n s t a n t   f r e q u e n c y  ( I  Hz) and w i t h   c o n s t a n t   v o l - t a g e s   o n   t h e   t r i g g e r   c a p a c i t o r s  (18OOv) and t h e   m a i n  

c a p a c i t o r   ( 8 0 0 ~ ) .  A s t e a d y   g r a d u a l   i n c r e a s e   I n   t h r u s t   f r o m  67 micro-newtons ( 15 u l b f )  t o  210 U-newtons 

(47 , , lb f )  o c c u r r e d   o v e r   f o u r   h o u r s  56 minu tes  of runn ing   t ime .  The t e m p e r a t u r e   o f   t h e   i n j e c t i o n   r i n g  

increased  f rom 27'C (80.6'F) t o  42.6OC (109°F)   over   the  same i n t e r v a l .  The t e s t  was a check o u t  r u n   t o  

p rov ide   assu rance   t ha t   t he   eng ine   and   i ns t rumen ta t i on   sys tem  wou ld   ope ra te   sa t l s fac to r i l y .  

The t o t a l   i m p u l s e   d e l i v e r e d   d u r i n g   t h e   t e s t  was 2.458  newton-seconds (0.551 Ib-seconds) f o r  an  input  

o f  I .GO X IO5 j o u l e s .  The ove ra l  i e f f i c i e n c y  was 3.0%. 

These  data  are shown a s  t e s t  I i n   T a b l e s  V I - 4  and VI -5 .  
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FIGURE Vi-10 - TEST POINT #2 
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T e s t   P o i n t  X2 i s   f o u r   m l n u t e s   o f   o p e r a t i o n   a t - a   s t e a d y   s t a t e   t h r u s t   l e v e l   o f  1011.5 ,,newtons (227.4 ,,-lbf) 

w h i c h   o c c u r r e d   a t   t h e   e n d  of two  hours 31 m i n u t e s  of o p e r a t i o n   o n  24  Feb.  1973.  The r e c o r d e r   t r a c e   f o r  

t h i s   t e s t   i s  shown as  Fig.  V 1 . 1 0 .  As-:w.i.lI be.-noted,from,the..trace, .the th rus t   i nc reased   sha rp l y   as   t he  

temperature  reached 60°C (140°F) ( t h e   m e l t i n g   p o i n t   o f   t h e   p r o p e l l a n t ) .  The t h r u s t   t r a c e  was e s s e n t i a l l y  

. ._ - -."- 

s m o t h  f o r  f o u r   m i n u t e s   t h e n   i n c r e a s e d  sharply,,,.The temperatu.re.also .show__s.a. SI l g h t   r i s e .   T h i s  coincided . 
. .,,..d::!7y.: ..... ;," ;.".A,:,. . . .  -.'..;,:..":".' -.__ -.<,.:.,&?+:-. 

w i t h   f a l s e   t r i g g e r i n g   ( f i r i n g   r a t e  g~~~; i -er . f~an. : the. . t r igger .puIse r a t e )  whCch  was no ted  by t h e   o p e r a t o r .  

The power  supply t o  t h e   m a i n   c a p a c i t 6 F " i h a r g ' i n g   c i . r c u i t  was t h e n   s h u t   o f f   t o   s t o p   t h e   f a l s e   t r i g g e r i n g .  

... ..;I 1" ". , 1 :, . ...... 
i . -...+- .... 
._ ,;.x.'x5G: 

.. . - ~ ~  - 

............ -. . - ---.- - .. ..."..> .-\ .:> 
. . 

. .  .... .... .~ .  
. 

. . .  . . . .  . ... 
~ . .  

F o r  a t o t a l   e n e r g y   i n p u t   o f  2.03 X 104,.j.oules,l~he engine  produced 3.707 X I O - '  newton-seconds  impulse ... ........... 

for  a n   o v e r a l l   e f f i c i e n c y   o f  3.5%. 
~. . ~. 

. . . . . . .  
. . .  . . . . .  . ... - .. .. ..... - . . - .  -. - 

* r .  >">-:.-?:\.c :. L.. 

-, - .. .... . . . . . . . . . . . .  . -  . .2- . - c & . L " ~  . .  
.. -? - -.". .. 

I 
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FlGURE VI-12 - TEST POlNT #4 
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PIGURE VI -11  - TEST POINT #3 
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Tests  #3 and # 4 . a r e   t w o   p a r t s   o f  a c o n t i n u o u s   e n g i n e   t e s t   r u n   o f  2 hours  37  minutes  conducted  on 14 Feb. 

73. Tes t   #3  shown o n   F i g u r e  V I . 1 1  i n c l u d e s  18 m i n u t e s   a t  1400 v o l t s  and 26 m i n u t e s   a t  1100 v o l t s .   T e s t  

P o i n t   # 3   o f   T a b l e  V1.4  was 14 m i n u t e s  of o p e r a t i o n   a t  a t h r u s t   g r e a t e r   t h a n  2150 ,,-newton (483.5 u l b f )  

a t  1400 v o l t s .  The v o l t a g e  was then  reduced t o  1100 v o l t s   t o  keep t h e   t e m p e r a t u r e   f r o m   g e t t l n g   t o o   h i g h .  

The t o t a l   i m p u l s e   o f   t h e   e n t i r e  44 m i n u t e s  was 2.951 newton-seconds  (0.633  Ibf-seconds).  The  overal l  

e f f i c i e n c y  was  10.3%. 

Test  #4 shown on   F igu re  "1.12 i s   t h e  second p a r t   o f   t h e   e n g i n e   t e s t   r u n .   F o l l o w i n g   T e s t   # 3   t h e   v o l t a g e  

was i n c r e a s e d   i n   t w o   s t e p s   t o  1400 v o l t s .  When the   tempera ture   reached 6OoC (14OOF) t h e r e  was a s l l g h t  

i n c r e a s e   i n   t h r u s t .  When the  temperature  reached 62.2'C (144OF) t h e r e  was a s h a r p   i n c r e a s e   i n   t h r u s t  

which  reached a s teady   s ta te   l eve l   o f   3189  ,,-newtons (717 p l b f ) .   T h r u s t  peaked a t  3515 ,,-newtons (790 

, , - lb f ) .  The o v e r a l l   e f f i c i e n c y   f o r   t h e  21 minu tes  40 seconds o f   t h r u s t  was 16.2% f o r   t h e  2.971 newton- 

seconds (0.668 Ib-seconds) o f   impulse  produced.  

The t h r u s t   d r o p p e d   o f f   a t   t h e  end o f   T e s t  # 4  due t o  a s h o r t   i n   t h e   e n g i n e .  The s h o r t  was caused  by a 

b u i l d u p   o f   p r o p e l l a n t   w h i c h   b r i d g e d   t h e  gap  between t h e   i n j e c t i o n   r i n g  and t h e   c e n t e r   e l e c t r o d e .  No 

p o s t   t e s t   w e i g h t  was ob ta ined   s ince   t he   eng ine   l eaked   p rope l l an t .  

The leakage  appeared t o  be   caused  by   poor   sea l ing   be tween  the   in jec t ion   r ing  and t h e  machined  surfaces 

o f   t h e   e n g i n e   s u p p o r t   r i n g  and t h e   n o z z l e .  The s u p p o r t   r i n g  and the  nozzle  were  reworked t o   c o n f i g u r a -  

t i o n   I C  of Tab le  VI-3. N o n - o p e r a t i o n a l   t e s t s   d e m o n s t r a t e d   t h a t   t h i s  was n o t  a s a t i s f a c t o r y   s o l u t i o n   t o  

the   p rope l lan t   leakage  p rob lem,  so t h e   e n g i n e  was r e b u i i t   t o   c o n f i g u r a t i o n   I d   o f   T a b l e  VI-3. 
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FIGURE VI- 13 - TEST  POINTS # 5  AND #6 
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Tests   #5  and  #6 shown o n   F i g u r e s  '41-13 a r e   t w o   p a r t s  of t h e  same e n g i n e   t e s t   r u n  of 38 m i n u t e s   d u r a t i o n  

on 26  Feb.  73. Test   #5 was c o n d u c t e d   w i t h   t h e   e n g i n e   o p e r a t i n g   o f  1200 v o l t s   o n   t h e   m a i n   c a p a c i t o r  and 

t h e   t r i g g e r s   o p e r a t i n g   a t  I800 v o l t s  and a t  5 Hz r a t e .  The p l a t e a u   o f   t h e   t h r u s t   c u r v e  shows a steady 

increase  f rom  304.5  Unewtons  (68.5  p lb f )  t o   4 2 6 l ~ n e w t o n s   ( 9 5 . 8  ~ l b f )  f o r   f i v e   m i n u t e s  20 seconds  as  the 

temperature  increased  from  36.5 C (97.7F) t o  46.2 C (115.2 F) .  The eng ine  was shutdown t o  change t h e  

t r i g g e r   p u l s e   r a t e  and t h e   c h a r g i n g   r e s i s t o r   i n   t h e   m a i n   c a p a c l t o r   c i r c u i t .  The e n g i n e   o p e r a t e d   a t   a n  

o v e r a l l   e f f i c i e n c y  of 5.7% p e r   t h e   t o t a l   r u n n i n g   t i m e   o f   s i x   m i n u t e s .  

Test  #6  produced a s t e a d y   s t a t e   t h r u s t   o f  638.8 unewtons  (143.6 l ~ l b f )   f o r  16 m i n u t e s   a s   t h e   p r o p e l l a n t  

tempera ture  rose from 42.8 C ( I 0 9  F )  t o  64.2 C (147.8 F ) .  The m a i n   c a p a c i t o r   v o l t a g e  was 1200 v o l t s  

w i t h   t h e   t r i g g e r s   o p e r a t i n g   a t  1800 v o l t s  and a I Hz p u l s e   r a t e .  The o v e r a l l   e f f i c i e n c y   f o r   t h e   t o t a l  

o p e r a t i n g   t i m e   o f  16 minutes  50  seconds was 5.3%. The t e s t  was t e r m i n a t e d  when t h e   t r i g g e r s   f a i l e d   t o  

f i r e  b e c a u s e   t h e   o u t p u t   b u f f e r  I C  of t h e   l o g i c   c o n t r o l  box f a i l e d .  
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FIGURE VI-14 - TEST POINTS #7 ,  #7a, # 8 ,  AND #8a 
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T e s t   P o i n t s  #7;#7a, #8 and  #8a ( F i g u r e  V1.14) a r e  segments of t h e  same e n g i n e   t e s t   c o n d u c t e d   o n  28  Feb. 

73.  The t r l g g e r s  were  operated a t  1800 v o l t s  and 5 Hz d u r i n g   t e s t   # 7  and a t  1800 v o l t s  and I Hz f o r   t h e  

r e m a i n i n g   t e s t   p o i n t s .  

Tes t   Po in t   #7   con ta ined  27 m i n u t e s  IO seconds of r u n n i n g   a t  800, 1000, 1200  and  1400 v o l t s   o n   t h e   m a i n  

c a p a c i t o r .  Maximum t h r u s t   o f  795 ,,newtons ( 1 7 9   p l b f )   o c c u r r e d   a t  27 minutes,  I O  seconds  where t h e  tem- 

p e r a t u r e  had reached 55.3'C (131.5"F). The o v e r a l l   e f f l c l e n c y  was 0.2%. The eng ine  was shutdown when 

f a l s e   t r i g g e r i n g   o c c u r r e d .  The eng ine  was r e s t a r t e d  when t h e   f a l s e   t r l g g e r i n g  had stopped. 

T e s t   p o i n t s  #7a  and #8 were  two  segments o f  a cont inuous  engine  test   sequence.  T.  P. #7a shows  a 

s t a r t   a t  500 v o l t s   o n   t h e   m a i n   c a p a c i t o r   w i t h   t h e   e n g i n e   a t  55.3OC (131.5OF) s l i gh t l y   be low  the   no rma l  

o p e r a t i n g   t e m p e r a t u r e   o f   t h e   f u e l   i n j e c t i o n   r i n g   o f  6OoC (140°F). The t h r u s t   o v e r s h o o t  peaked a t  3150 

u-newtons  (708 p I b f )   t h e n   d r o p p e d   t o  1104.7 p-newtons  (248  Ib f )  and t h e n   g r a d u a l l y   d e c r e a s e d   t o  1040 

u-newtons  (234 p l b f )  as  the  temperature  decreased  f rom 55.3OC (131OF) t o  48.8OC. The v o l t a g e  was 

increased  from 500 t o  800 and  then 1100 v o l t s   a t  w h i c h   p o i n t   f a l s e   t r i g g e r i n g   o c c u r r e d .  The v o l t a g e  

was reduced t o  800 v o l t s   ( t h e   s t a r t   o f   T e s t   P o i n t  # 8 )  and t h e   t h r u s t   r e m a i n e d   c o n s t a n t   a t  878  ,,-newtons 

(197 p l b f )  as   the   tempera ture   decreased  f rom 49.5OC (121'F) t o  47.5'C (117.6'F)  through  Test  Point  #8. 

The eng ine  was shutdown t o   c h a r g e   t h e   c h a r g i n g   r e s i s t a n c e .  

The p e a k   o v e r s h o o t   a t   t h e   s t a r t  of t e s t   p o i n t  #7a may have  been t h e   n a t u r a l   o s c i l l a t i o n  of t h e   t o r s i o n a l  

pendulum  which had been e x c i t e d  by t h e   t h r u s t  engendered  by t h e   f a l s e   t r i g g e r i n g   w h i c h   c a u s e d   t h e   s h u t -  

down a t  0914 hours .   A l though   the re  was no v o l t a g e   a p p l i e d   t o   t h e   t r i g g e r s   t h e   e n g i n e   d i d   n o t   e x t i n -  

gu ish   immedia te ly .  

The o v e r a l l   e f f i c i e n c y   o f   t h i s   e n g i n e   t e s t   w h i c h   i n c l u d e d   t e s t   p o i n t s  #7a and #8 was 41.6%. 

The engine was r e s t a r t e d   a f t e r   t h e   c h a r g i n g   r e s i s t o r  change w i t h  1200 v o l t s  on t h e   m a i n   c a p a c i t o r  and 

t h e   t r i g g e r s   o p e r a t i n g   a t  I Hz. The t h r u s t  was e s s e n t i a l l y   c o n s t a n t   a t  1110. ,, newtons  (25011 I b f )  

a l t h o u g h   t h e   v o l t a g e  was i n c r e a s e d   t o  1500 v o l t s  and then  reduced t o  1000 v o l t s .  The t e s t  was r u n   f o r  

10 m i n u t e s   w i t h   a n   o v e r a l l   e f f i c i e n c y   o f  9.9%. 

F u r t h e r   a t t e m p t s   t o   r u n   r e s u l t e d   i n  a s h o r t   i n   t h e   e n g i n e   w h i c h   a p p e a r e d   t o  be t h e   r e s u l t   o f   l e a k a g e  

a t   t h e   i n j e c t i o n   r i n g   i n t e r f a c e s .  
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FIGURE VI -15  - TEST POINT #9 
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The eng ine  was r e a s s e m b l e d   w i t h   t h e   i n j e c t i o n   r i n g  embedded i n   t h e   e l e c t r i c a l l y   c o n d u c t i v e  epoxy a t  

t h e   i n t e r f a c e   s u r f a c e s   o f   t h e   s u p p o r t   r i n g  and nozz le .  

Tes t   Po in t   #9   (F ig .   V I .15 )  shows  a run  conducted  on 7 Mar. 73 w i t h  a s t e a d i l y   i n c r e a s l n g   t h r u s t  and  in- 

j e c t i o n   r i n g   t e m p e r a t u r e .  The a p p l i e d   v o l t a g e   t o   t h e   m a i n   c a p a c i t o r  was 1100 v o l t s  and t h e   t r l g g e r s  were 

p u l s e d   a t  5 Hz a t  1800 v o l t s .   T h r u s t   i n c r e a s e d   o v e r   t h e   f i n a l  67 minu tes   f rom  264pnewtons  ( 5 9 . 3 ~  I b f )  

t o  7 7 2 ~  -newtons ( 1 7 3 ~  I b f )   w i t h   a n   a v e r a g e   v a l u e   o f   5 1 9 ~ 1 - n e w t o n s   ( 1 1 6 . 7 ~   I b f ) .  Shutdown was caused 

by t h e   e n g i n e   f a l s e   t r i g g e r i n g  and a h igh   p ressu re  ( I X t o r r )   i n   t h e  vacuum  chamber.  The o v e r a l i  

e f f i c i e n c y  was 6.3% o v e r   t h e   r u n n i n g   t i m e   a t   m e a s u r a b l e   t h r u s t   o f  97 minu tes .  The i n j e c t i o n   r i n g  tem- 

pera ture   inc reased  f rom 53.9OC (129'F) t o   o v e r  90°C (194'F) d u r i n g   t h e   t e s t   i n t e r v a l .  

I .. 
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FIGURE VI-16 - TEST POINTS #10 AND # I 1  
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T e s t   P o i n t s  #IO and # I 1  ( F i g .  V1.16) a r e   t w o   p a r t s  of 44  minutes of o p e r a t i o n .   T e s t   P o i n t   # l o   i s   t h e  

f i r s t  4 2   m i n u t e s   d u r i n g   w h l c h   t h e   t h r u s t   l e v e l  was e s s e n t l a l l y   c o n s t a n t   a t  718.7 u newtons  (161.6 u l b f )  

f o r  38 minutes .   The  th rus t   then  began t o  i n c r e a s e   s i l g h t l y  up t o  the   42   minu te   mark  when t h e r e  was an 

ab rup t   i nc rease  t o  891.7  newtons  (200.5 I b f ) .  The  engine was shutdown a t   t h e  44 minute  mark  because 

t h e  chamber pressure  had  increased t o  2 X t o r r .   D u r i n g   t h i s   t e s t   t h e   i n J e c t i o n   r i n g   t h e r m i s t o r  Was 

i n o p e r a t i v e   b u t   t h e   C a p a c i t o r   t e m p e r a t u r e   i n d i c a t e d  a peak  va lue of 65.6OC a t  44 minutes.  I n  genera l  

t h e   c a p a c i t o r   t e m p e r a t u r e   w o u l d   l a g   t h e   i n j e c t i o n   r i n g   t e m p e r a t u r e   b y  IOOC. 

Repeated  attempts t o  r e s t a r t   t h e   e n g i n e   r e s u l t e d   i n   f a l s e   t r i g g e r i n g  of t h e   e n g i n e  and a r c i n g   a t   t h e  

G a l l i u m   e l e c t r i c a l   i n t e r f a c e .  The o v e r a l  I e f f i c i e n c y  for t h e   t o t a l   o f  44 m i n u t e s   o f   t e s t i n g  was 8.58 

l ' o s t   t e s t   i n s p e c t i o n   r e v e a l e d  a con t inuous   ca rbonaceous   depos i t   ove r   t he   cen te r   e lec t rode   ce ramic   i nsu la -  

t o r ,   t h e   m a i n   c a p a c i t o r   I n s u l a t o r  and t h e   t r i g g e r   r i n g  assembly.   The  conduct ive  path  thus  formed  caused 

t h ?   t h r u s t e r   t o   s h o r t   o u t .  

Th(: engine was r e d e s i g n e d   i n   t h i s   a r e a   t o   p r o v i d e  a b a f f l e   a r r a n g e m e n t  t o  control   the  carbonaceous  de- 

p o i i t .  (:ee F i g .  V-2 and d i s c u s s i o n   i n   s e c t i o n  V ) .  I n  a d d i t i o n  an a t t e m p t   t o   t h e r m a l l y   i s o l a t e   t h e  

t h r u s t e r   t r o m   t h e   m a i n   c a p a c i t o r  was made by i n c o r p o r a t i n g  a r i n g   o f  C - I O  epoxy f i l l e d   f i b r e   g l a s s  

ma te r ia l   be tween   the   eng ine  and t h e   c a p a c i t o r .  The e l e c t r i c a l l y   c o n d u c t i v e   p a t h  was ma in ta ined  by 

, .c~pper r i n l s   p o s i t i o n e d   b e t w e e n   t h e   c a p a c i t o r  and t h e   G i 0   i n s u l a t o r  and on the   eng ine   mount ing   sur face .  

I h c  c i p p e r   r i n q s  were j o i n e d  by f o u r  1 2 . 7 m m  ( 0 . 5 0   i n . )  f l a t  b r a i d e d   w i r e   s t r a p s   s o l d e r e d  to  each r i n q .  
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PIGURE VI-17 r TEST POINTS #12  AND #13 
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The i n j e c t i o n   r i n g   f o r   t e s t   p o i n t  12 and 13 ( F i g u r e  V1.16) c o n s i s t e d   o f  10 m i c r o n   w i r e  mesh screen 

which  had  been  wrapped on a mandrel t o   t h e   p r o p e r   o u t s i d e   d i a m e t e r  and  welded a t   t h e   i n n e r  and o u t e r  

ends.  The  screen  assembly was ground f i a t  on  each  s ide.   The  screen  mater ia  I used t o  f o r m   t h e   i n -  

j e c t i o n   r i n g  was t h e  same m a t e r i a l   u s e d   t o   f e e d   p r o p e l l a n t   i n   t h e   s u p p o r t   r i n g .  

The V g rooves   were   mach ined  f rom  the   suppor t   r ing   and  the   nozz le  t o  leave a f l a t   s e a l i n g   s u r f a c e  

and t h e  0.5mm d iameter  (0.020 i n )   g o l d   w i r e   s e a l   d e s c r i b e d   i n   S e c t i o n  V was used. 

E i g h t  more  troughs  were  added a t   t h e   G a l l i u m   i n t e r f a c e   t o   p r o v i d e   e l e c t r i c a l   c o n n e c t i o n   f o r   e n g i n e  

h e a t e r   l e a d s ,   h e a t e r   c o n t r o l   t e m p e r a t u r e   s e n s o r ,   a n   a d d i t i o n a l   m a i n   c a p a c i t o r   t e m p e r a t u r e   s e n s o r   a n d  

t w o   a d d i t i o n a l   m a i n   c a p a c i t o r   h i g h   v o l t a g e   r e t u r n   l e a d s .  The l a t t e r  were  necessary i n   t h a t   t h e   p r e -  

v i o u s l y   n o t e d   a r c i n g   a t   t h e   G a l l i u m   i n t e r f a c e   r e s u l t e d   i n   " b l o w l n g "   t h e   G a l l l u m   o u t   o f   t h e   g a l l e r y  

t h a t   t r a n s f e r r e d   t h e   m a i n   c a p a c i t o r   h i g h   v o l t a g e   r e t u r n .   W i t h   t h i s   c h a n g e  no fu r ther   p rob lems  were  

e x p e r i e n c e d   w i t h   a r c i n g   a t   t h e   G a l l l u m   i n t e r f a c e .  

Tes t   Po in ts   #12   and   #13   a re   two   segmen ts   o f   t he   f i na l  30 m i n u t e s   o f   c o n t i n u o u s   o p e r a t i o n   o f  a t o t a l  

o f  42 m i n u t e s   a t  a r e l a t i v e l y   h i g h   t h r u s t   l e v e l   d u r i n g   w h i c h   t h e   m a i n   c a p a c i t o r   c h a r g i n g   v o l t a g e  was 

1000 v o l t s   f o r  25 m i n u t e s   r e s u l t i n g   i n  a t h r u s t   o f  1437.4  unewtons  (323.3 u l b f ) ,  and 1400 v o l t s  

f o r   f i v e   m i n u t e s ,   w i t h  no  change i n   t h r u s t   l e v e l  due t o  a m a l f u n c t i o n   o f   t h e   t h r u s t   s t a n d .  The 

a p p a r e n t   c a u s e   o f   t h e   m a l f u n c t i o n  was t h e   f r e e z l n g   o f   t h e   G a l l i u m   i n   t w o   o f   t h e   o u t e r   t r o u g h s .  

D u r i n g   t h e   e n t i r e  42 m i n u t e s   t h e   i n j e c t i o n   r i n g   t e m p e r a t u r e  was above 77.5OC w i t h   t h e   p e a k   t e m p e r a t u r e  

above 90°C f o r   t h e   l a s t   f i v e   m i n u t e s .  The main  capaci tor   temperature  exceeded 90°C d u r i n g   t h e   t e s t .  

D u r i n g   t h e   f i r s t  12 m i n u t e s   o f   o p e r a t i o n   w i t h   t h e   e n g i n e   o p e r a t i n g   a t   v a r i o u s   v o l t a g e s   b e t w e e n   4 0 0   a n d  

1400 v o l t s  and f r e q u e n c i e s   o f  0.1 Hz and  5.0 Hz t h e   t h r u s t  peaked a t  1505  pnewtons  (338 p l b f ) .  

The t e s t  was t e r m i n a t e d  when the   ma in   capac i to r   sho r ted .  The e f f i c i e n c y  was 9.0% 

Post  t e s t   i n s p e c t i o n   r e v e a l e d   t w o   p r o b a b l e   c a u s e s   f o r   t h e   s h o r t   i n   t h e   e n g i n e :   t h e   w i r e  mesh screen 

had  de laminated  over  a segment o f   t h e   t n s i d e   d i a m e t e r  and  had b u l g e d   r a d i a l l y   i n w a r d  so t h a t  i t  

c losed  the   normal  gap b e t w e e n   i n j e c t i o n   r i n g  and c e n t e r   e l e c t r o d e   ( p i n t l e )   o f   t h e   e n g i n e .   A l s o  

dur ing   opera t ion ,   the   eng ine   mounted   on   the   to rs iona l   pendu lum,   had a s l i g h t  backward t i l t ;  t h u s   t h e  

a x i a l   c e n t e r   I I n e   o f   t h e   e n g i n e  was h i g h e r   a t   t h e   n o z z l e  end t h a n   a t   t h e   a f t  end o f   t h e   m a i n   c a p a c i t o r .  

The m e l t e d   f u e l   r a n  down t o   t h e   l o w e s t   l e v e l  and b r i d g e d  a p o r t i o n   o f   t h e  gap  between t h e   t w o   p i e c e s  

f o r m i n g   t h e   b a f f l e .   T h i s   e f f e c t i v e l y   s h o r t e n e d   t h e   p a t h   b e t w e e n   t h e   m a i n   c a p a c i t o r   c a t h o d e  and  anode so 

tha t   t he   ca rbonaceous   depos i t s   on   t he   cen te r   pos t   i nsu la to r   and   t r i gge r   r i ng   assemb ly   aga in   o f fe red  

a r e l a t i v e l y  low r e s i s t a n c e   p a t h   t o   t h e   m a i n   c a p a c i t o r   v o l t a g e .  

I n  a d d i t i o n   t h e   t e m p e r a t u r e   r e a d i n g s   i n d i c a t e d   t h a t   t h e   a t t e m p t   a t   t h e   t h e r m a l   i s o l a t i o n  of t h e  

eng ine   and   t he   capac l to r  was i n e f f e c t i v e .   T h e r e f o r e  i t  was n o t   u s e d   i n   t h e   n e x t   t e s t .  
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FIGURE VI-18 - TEST POLNTS 814, # I 5  AND #I6 
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The e n g i n e   c o n f i g u r a t i o n  for t h e   f i n a l   t e s t  had a 40 m i c r o n   p o r e   s i z e ,   s i n t e r e d   s t a i n l e s s   s t e e l   i n -  

j e c t i o n   r i n g   s e a l e d   w i t h  0.5mm (.020 i n )   d i a m e t e r   g o l d   w i r e   a s   p r e v i o u s l y   d e s c r i b e d .  The thermal  

i s o l a t i o n   r i n g  and t h e   e l e c t r i c a l   c o n d u c t o r  assembly  were  replaced  by a s i n g l e   c o p p e r   r i n g   e q u a l   i n  

t h i c k n e s s   t o   t h e  combined  th ickness of the   two  p ieces .   The  on ly   purpose of t h e   c o p p e r   r i n g  was 

t o   m a i n t a i n   t h e   e n g i n e   c o n f i g u r a t i o n  and e l e c t r i c a l   c o n t i n u i t y   w i t h o u t   e x t e n s i v e   r e - m a c h i n i n g  of t h e  

p i n t l e .   c e n t e r   p o s t   i n s u l a t o r  and t h e   t r i g g e r   s t a n d - o f f / b a f f l e .  

T e s t   P o i n t s  #14 t h r o u g h  #16 (F igure  V1.18)   are  segments  o f  a c o n t i n u o u s   r u n   o f  34 m i n u t e s   d u r a t i o n  

made on 5 May 7 3 .   D u r i n g   t h i s   r u n   t h e   h i g h e s t   t h r u s t   l e v e l ,  6681  pnewtons  (1502  p ib f ) ,  was 

achieved  and a t h r u s t   l e v e l   a b o v e  2741  pnewtons  (616 u l b f )  was s u s t a i n e d   f o r   t h e  34 minutes .  

I t  i s  n o t e d   t h a t   a f t e r   a p p r o x i m a t e l y   f i v e   m i n u t e s   o f   t e s t i n g   t h r u s t   i s   c o n s t a n t   e v e n   t h o u g h   t h e   a p p l i e d  

energy i s  s i g n i f i c a n t l y  changed. i t  i s   s p e c u l a t e d   t h a t   t h i s   i s  because t h e   t o r s i o n a l  pendulum 

was prevented  f rom  moving.  

The  peak p r o p e l l a n t   I n j e c t i o n   r i n g   t e m p e r a t u r e   o f  82OC c o i n c i d e d   w i t h   t h e   p e a k   t h r u s t .   F o r   t h e  

f i n a l  27 m i n u t e s   o f   t h e   r u n   t h e   i n j e c t i o n   r i n g   t e m p e r a t u r e   v a r i e d   b e t w e e n  55.5OC (132OF)  and 63OC 

(166OF). The run  was shutdown  because t h e   p r e s s u r e   i n   t h e  chamber  increased t o   t h e  1 X t o r r  

r a n g e   i n d u c i n g   c o n t i n u o u s   f a l s e   t r i g g e r i n g .   D u r i n g   t h e   f i n a l  14 m i n u t e s   o f   t h e   r u n   t h e   c r y o g e n i c  

c o o l i n g   t o   t h e  chamber w a i l s  had  been t u r n e d   o n   b u t  had n o t  had t i m e   t o  be e f f e c t i v e .  

The e f f e c t   o f   t h e   c o l d   w a i l s  was no ted   I n   t he   measuremen t   o f   t h rus t   I n   t ha t   t he   Ga l l i um  apparen t l y  

f r o z e   i n  one o r  more o f   t h e   c a v i t i e s  and t h e   t h r u s t   t r a c e   d i d   n o t   r e t u r n   t o   t h e   " z e r o "   p o s i t i o n   a t  

shutdown.  Approximately 12 h o u r s   a f t e r   t h e   c o l d   w a l l s  were   t u rned   o f f   and   t he  vacuum chamber  had 

warmed up, t h e   t h r u s t   t r a c e   r e t u r n e d   t o   " z e r o " .  

F o l l o w i n g   t h i s   r u n   t h e   e n g i n e  was o p e r a t e d   f o r   a p p r o x i m a t e l y   t h r e e   h o u r s  15 m inu tes   w i thou t  any 

measurable  success.  At tempts t o   o p e r a t e   a t   m a i n   c a p a c i t o r   v o l t a g e s   a b o v e   6 0 0   v o l t s   w o u l d   i n d u c e  

f a l s e   t r i g g e r i n g   w i t h   i n j e c t i o n   r i n g   t e m p e r a t u r e s  between 35OC (95OF)  and 53OC (128'F). 

D u r i n g   t h e   t e s t   t h e   e n g i n e  was mounted  on t h e   t o r s i o n   b a l a n c e  so t h a t   t h e   a x i a l   c e n t e r   l i n e   t h r o u g h  

t h e   e n g i n e  and main   capac i to r   had a s l i g h t  downward t i l t  toward   the   nozz le   end.   Th is  was t o   p r e v e n t  

a r e p e a t   o f   t h e   p r e v i o u s   r u n   d u r i n g   w h i c h   m e l t e d   f u e l  had r u n   b a c k   i n t o   t h e   e n g i n e   a n d   b r i d g e d   t h e  

gap I n  t h e   b a f f l e   a r r a n g e m e n t .  

P o s t   t e s t   i n s p e c t i o n   o f   t h e   e n g i n e  showed  a f u e l   b u i l d u p   w h i c h   b r i d g e d   t h e   d i a m e t r a l  gap  between t h e  

p r o p e l l a n t   i n j e c t i o n   r i n g  and t h e   p i n t l e   i n  an a r c   f r o m   t h e   s i x   o ' c l o c k   t o   t h e   e i g h t   o ' c l o c k   p o s i t i o n  

( t o p   i s   t w e l v e   o ' c l o c k ) .  As n o t e d   b e f o r e   t h e  G-10 s p a c e r   r i n g  had c h a r r e d ,   b u t   t h e r e  was o n l y  a 

s l i g h t   d i s c o l o r a t i o n   o f   t h e   c e n t e r   p o s t   i n s u l a t o r  and  the  suppor t   r ing/baf f le ,   and  none was p r e s e n t  

beyond  the f i r s t   t r l g g e r   e l e c t r o d e   r i n g .  
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V I I .  CONCLUSIONS  AND  RECOMMENDATIONS 

As n o t e d   a t   t h e   o n s e t   o f   t h l s   r e p o r t ,   t h l s   p r o g r a m  was t o  demonstrate a concept  of a new t y p e   o f  

e l e c t r i c   t h r u s t e r .  For a p rog ram  where in   on l y   one   se t   o f   ha rdware  was used  and  which was based  on a 

p o i n t   d e s l g n   a n d   w i t h   l i t t l e   o p p o r t u n i t y  t o  l n v e s t l g a t e  s m e  b a s l c   e l e m e n t s   o f   t h e   d e s l g n   c o n c e p t .  

t he   resu l t s   have   been   mos t   encourag ing .   Admi t ted l y ,   a t   t he   eng ine ,   o r   sys tem,   t es t   l eve l .   t he   da ta  Is 

n o t   a s   c o m p l e t e   o r   a s   w e l l   d o c u m e n t e d   a s   o n e   w o u l d   l i k e ,   b u t   a l l   e f f o r t s   w e r e  made t o  make t h e   r e s u l t s  

as r e a l i s t i c  and c r e d i t a b l e   a s   p o s s i b l e .   T h l s  was c a r r l e d   t o   t h e   p o i n t   t h a t   a s   f a r   a s  is known, 

w o r s e   c a s e   v a l u e s   w e r e   t a k e n   I n   r e p o r t i n g   t h e   r e s u l t s .  A l l  t h l s   n o t w i t h s t a n d i n g .   t h e   r e s u l t s   I n   t h e  

main  are  s t111  most   encouraging.  As t h r u s t s   g r e a t e r   t h a n  4450 mlcro-newtons(1000 p l b f )  and e f f l c l e n c l e s  

g r e a t e r   t h a n  24% were  achieved. 

As has  been  noted,  several   areas  need  at tent ion.  Some o f   t h e   m o s t   s i g n i f i c a n t  w i l l  be d lscussed 

Ma i n C a p a c i t o r  

i n   t h e   t e s t i n g   t h a t  was accomplished,  there  has  been no e v i d e n c e   t h a t   t h e   e l e c t r i c a l   c h a r a c t e r i s  t i c s  

p r o p e r t i e s   c h a n g e   a s   t h e   r e s u l t   o f   t h e   t e s t i n g .  The problems  encountered  were  mechanica l   In   nature  as 

manifested  by o i l  leakage a t   t h e   c e n t e r   t e r m i n a l  a n d   l a c k   o f   p a r a l l e l i s m   o f   t h e   c e r a m i c   i n s u l a t o r   r e -  

fe renced t o   t h e   r i n g   t e r m l n a l .  The c e n t e r   t e r m l n a i   i s  a l e a d   s o l d e r e d   j o i n t   t h a t   i s   s u s c e p t i b l e   t o  

f a i l u r e   f r o m   t o r q u i n g   d u r i n g   a s s e m b l y   o r   h e a t i n g   d u r i n g   e n g i n e   o p e r a t i o n .   L i n c o l n   L a b o r a t o r i e s   h a s   d e -  

ve loped a h igh   t empera tu re   b razed   con f igu ra t i on   wh ich   shou ld  be  used I n   a l l   f u t u r e   t h r u s t e r   a p p l i c a t i o n s .  

I n   t h e   e n g i n e   d e s i g n ,   t h e   c a p a c i t o r   c e r a m i c   I n s u l a t o r  was used  as a b e a r i n g   s u r f a c e   f o r   t h e   t r i g g e r  

i n   t h e   e n g i n e   a s s e m b l y .   B e c a u s e   o f   t h e   n o n - p a r a l l e l l s m   o f   t h l s   s u r f a c e   ( a s  much as  1.6 mm),  spec ia l  

tapered  shims  had t o  be c a r e f u l l y   f i t t e d   f o r  each  engine  assembly  wi th a d i f f e r e n t   c a p a c i t o r .   T h i s   i s  

a p r o b l e m   t h a t   i s   r e a d i l y   s o l v e d  by   p roper   purchase  spec i f l ca t lons  and m a n u f a c t u r i n g   p r o c e s s   c o n t r o l .  

A l t e r n a t i v e l y ,   b u t   n o t   a s   d e s i r a b l e ,   i s   e n g i n e   r e d e s i g n   t o   e l i m i n a t e   t h e   u s e d   o f   t h i s   s u r f a c e .  

T r i q q e r   C i r c u i t  

The p r i n c i p a l   p r o b l e m   i n   t h i s   a r e a  was o b t a i n l n g  a r e l i a b l e   d i s c h a r g e   a c r o s s   t h e   T e f l o n   p r o p e l l a n t  

r i n g .  By a n   i t e r a t i v e   p r o c e d u r e ,  i t  was e s t a b l i s h e d   t h a t  a p r i m i n g   p a s t e   o f   c a r b o n  powder  and f l u o r o -  

carbon  grease was necessary t o  produce a d ischarge.  As w i l l  be n o t e d   f r o m   t h e   t e s t   d a t a ,   t h i s   w o r k e d  

f o r   s e v e r a l   m i l l i o n   p u l s e s   b u t   d i d  become e r r a t i c   i n   o p e r a t t o n .   W i t h   a n   i n c r e a s e   i n   a p p l i e d   v o l t a g e ,  
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t h e   o p e r a t i o n  was s t a b l e .   T h i s   c o n d i t i o n   l e a d s  t o  t h r e e   c o u r s e s   o f   a c t i o n   t h a t   a p p e a r   p r o m i s i n g  and 

shou ld   be   pursued.   F l rs t ,   the   mechan lsm of t h e   d i s c h a r g e   a n d   t h e   c o m p o s i t i o n  of t h e   p r i m e r   s h o u l d  be 

f u l l y   i n v e s t i g a t e d  and c h a r a c t e r l z e d  so t h a t  i t  c o u l d  be o p t i m a l l y   a p p l i e d   i n   f u t u r e   d e s i g n s ,  i f  de- 

s i r e d .  Second, the   use  of a "s tandard"   semi-conductor   ign i tor ,   perhaps  as made by  Bendix,  should be 

cons idered.   These  a re   dev ices   tha t   have  p roven  e f fec t i ve   in   o ther   des igns .   Th i rd ,   the   inc rease  in  

v o l t a g e   t o   c o r r e c t   e r r a t i c   o p e r a t i o n   s u g g e s t s   t h e   u s e   o f  a h igh  energy  induct ive  loop  as  opposed t o  

t h e   e x i s t i n g   c a p a c i t i v e   d i s c h a r g e .  I n  a d d i t i o n  t o  s e e k i n g   i t s  own d i s c h a r g e   v o l t a g e   l e v e l   a t   w h i c h  

-0 f i r e   a c r o s s   t h e   t e r m i n a l s ,   t h e   e l e c t r o n i c s   u s e d   i n   t h e   c i r c u i t   w o u l d  be g r e a t l y   s i m p l i f i e d .  

I n  t h i s   e n g i n e ,   t h e   t r i g g e r   t e r m i n a l s   a r e   c a s t   i n  RTV s i l i c o n e   r u b b e r .   T h i s   i s  a s imple,   low  cost ,  

r e a d i l y   m o d i f i e d   a p p r o a c h   t h a t   i s   a d e q u a t e  for a l a b o r a t o r y   d e v i c e .  However, ev idence  of c h a r r i n g  

has  been  noted a f te r   seve ra l   hundred   t housand   pu l ses .  For extended l i f e   t e s t i n g  o r  f l i g h t   o p e r a t i o n s ,  

ceramics   shou ld   be   used  as   the   b inder /suppor t   mater ia l .  

Feed  System 

T h i s   a r e a   c o n s t i t u t e d   t h e   m a j o r   p r o b l e m   a r e a   i n   t h e   e n t i r e   p r o g r a m .  I t   i s  recommended t h a t   f u t u r e  

des igns   i nco rpo ra te  means o f   p o s i t i v e l y   s e a l i n g   t h e   i n j e c t i o n   r i n g   i n t o   t h e   a s s e m b l y .   E x p l i c i t l y ,  

t h i s  means a welded or s i m i l a r   t y p e   o f   j o i n t .   E a r l y   i n   t h e   p r o g r a m ,   d u r i n g   t h e   d e s i g n  phase, i t  was 

n o t   r e a l i z e d   t h a t   t h e   p r o p e l l a n t ,   i n   t h e   l i q u i d   s t a t e ,  had  such p e n e t r a t i n g   f l o w   c h a r a c t e r i s t i c s .  

Consequently,  metal t o   m e t a l   s e a l i n g   s u r f a c e s  were deemed adequate,  and  the  design was based  on  that  

a p p r o a c h .   W i t h   t h e   l a t e r   r e v e l a t i o n   o f   t h e   a p p a r e n t   h i g h   c a p i l l a r y   f l o w ,  a p o s i t i v e   s e a l   c o u l d   n o t  be 

des igned   i n to   t he   sys tem  w i th in   t he   resources  of the  program.  Thus,   the  per turbat ion  o f   seal   des ign 

n o t e d   i n   S e c t i o n  V I .  I t  i s   f e l t   t h a t   t h e   g o l d   r i n g   d e s i g n   w o r k s   b u t   t h e r e   i s   a n   e l e m e n t   o f   l i n g e r i n g  

doub t   t ha t   can  be  d i ;pe l led  wi th  a welded j o i n t .  

A second  area t o   c o n s i d e r  i s  t h e   p o r o s i t y   a n d  e x p o s e d   a r e a   r e l a t i o n s h i p   t o  f low o f   p r o p e l l a n t  

i n   t h e   i n j e c t i o n   r i n g .  I n  a l l   t e s t i n g ,   s o o n e r  o r  l a te r ,   an   excess  f low of p r o p e l l a n t  was noted 

i n   t h e   d i s c h a r g e  chamber. I n  t h e   e a r l y   t e s t i n g ,   s e a l   l e a k a g e  was t h e   m a j o r   c o n t r i b u t o r .   I n   t h e  

l a t e r   t e s t i n g ,  i t  a p p e a r s   t h a t   f l o w   t h r o u g h   t h e   r i n g   i t s e l f  was the   source .   The  p rope l lan t   f low 

t e s t s  and  development o f   an   emper i ca l   t oo l   f o r   ca l cu la t i ng   t he   f l ow   mechan ics   ( see   Append ix 'A )   have  

t o  be  re-analyzed  based  on a t e s t   p r o g r a m   t h a t  more n e a r l y   d u p l i c a t e s   t h e   a c t u a l   a p p l i c a t i o n .   I t   i s  
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f e l t   t h a t   t h e  work  done i s   a p p l i c a b l e   t o  a f l o w   p r o c e s s  t o  s a t u r a t e  a w ick .  However,  no exper iments  

o r   r e s u l t a n t   a n a l y s e s   w e r e   c o n d u c t e d   t o   d e t e r m i n e   t h e   e f f e c t s   o n   f l o w  when t h e   f l o w l n g   m a t e r l a l   i s  

i n t e r m i t t e n t l y  removed  f rom  an  exposed  sur face  o f   the  wick.  it a p p e a r s   t h a t   t h e  40 m i c r o n   p o r e   s i z e s  

used i n   t h e   t e s t s   w e r e  so l a r g e   t h a t ,   d u r i n g   m a i n   c a p a c i t o r   d i s c h a r g e ,   t h e   s u r f a c e  became wet ted  and, 

t h e r e f o r e ,   f r e e   f l o w i n g ,   r a t h e r   t h a n   r e s t r a i n e d  by   su r face   t ens ion   f o rces  a t   t h e  exposed  surface. 

i t  i s  recommended t h a t  a subsca le   t es t   p rog ram be conducted t o  d e t e r m i n e   t h e   e f f e c t s   o n   f l o w   o f  

an e l e c t r i c a l   d i s c h a r g e   a t   t h e  end o f  a w ick   w l th   pore   s lze ,   tempera ture   and  exposed  a rea   as   the   con-  

t r o l   l e d   v a r i a b l e s .  

S p e c i f i c   i m p u l s e  was t o  be  determlned b y  p r e  and p o s t   t e s t   e n g i n e   w e t g h t n g   t o   d e t e r m i n e   w e i g h t  loss.  

Due t o   u n f o r t u n a t e  and unforeseen  c i rcumstances,  a d e t e r m i n a t i o n   c o u l d   n o t  be made f o r   t e s t .  

S i n c e   t h e   p r o p e l l a n t   i s  a l i q u i d   f o r  normal   engine  operat ion,  i t  i s  recommended t h a t  a graduated 

c a p i l l a r y   t y p e   s i g h t  gage  be i n s t a l l e d   d u r l n g   s h o r t - t e r m   d e v e l o p m e n t   t e s t s  so t h a t   p r o p e l l a n t   u s e  

r a t e   c a n   b e   m o n l t o r e d   d u r i n g   t e s t s   w i t h o u t   t h e  need fo r   eng ine   d isassembly .  

The LINJET i s   b e l i e v e d   t o  be a r e a s o n a b l y   e f f i c i e n t   t h r u s t   d e v i c e  when o p e r a t e d   a t   o r   n e a r   t h e  

m e l t i n g   p o i n t   o f   t h e   p e r f i o u r o c a r b o n   f u e l  and w i t h   i n p u t   e n e r g i e s   i n   t h e   r a n g e  of 9 t o  20 j o u l e s   p e r  

pu l se .  When o p e r a t e d   a t   t e m p e r a t u r e s   w e l l   b e l o w   o r   w e l l   a b o v e   ( g r e a t e r   t h a n  10°C) t h e   m e l t i n g   p o i n t  

o f   t h e   f u e l ,   t h e   p e r f o r m a n c e   i s   p o o r   i . e .   e f f i c i e n c i e s   a r e   p r o b a b l y   l e s s   t h a n  10%. I t   i s   p o s t u l a t e d  

t h a t   t h e   e f f i c i e n c i e s   a r e   p o o r   f o r   t h e   c a s e  where t h e   t e m p e r a t u r e   i s   b e l o w   t h e   m e l t i n g   p o i n t   b e c a u s e  

t h e r e   i s   i n s u f f i c l e n t   f u e l   a v a i l a b l e   a t   t h e   i n n e r   d i a m e t e r   o f   t h e   f u e l   i n j e c t i o n   r i n g   f o r   a b l a t i o n  and 

hence t h r u s t .   F o r   t h e   o t h e r   e x t r e m e ,  when t h e   f u e l   t e m p e r a t u r e   i s   w e l l   a b o v e   t h e   m e l t i n g   p o i n t ,   t h e r e  

i s   t o o  much f u e l   a v a i l a b l e   w i t h   t h e   i n j e c t i o n   r i n g   p o r e   s i z e  used i n   t h e   m a j o r i t y   o f   t h e s e   t e s t s .  

The excess   f ue l  masks o f f   t h e   i n j e c t i o n   r i n g   w h i c h   i s  o n e   e l e c t r o d e   i n   t h e   d i s c h a r g e   c i r c u i t  and t h e  

a r c   i s   f o r c e d   t o   f i n d  an a l t e r n a t e   p a t h   t o   c o m p l e t e   t h e   c i r c u i t .   T h i s   p a t h   i s   r e l a t i v e l y   r e m o t e  

f r o m   t h e   f u e l   s o u r c e   a n d   l i t t l e   a b l a t i o n   o r   t h r u s t   g e n e r a t i o n   t a k e s   p l a c e .  

I n  a c o n c l u d i n g  summary, i t  i s   f e l t   t h a t   t h e   e n g i n e   e s s e n t i a l l y  has  met o r  exceeded the   p rogram 

g o a l s .   F u r t h e r ,   t h e   c o n c e p t   o f  a l i q u i d   p r o p e l l a n t   i n j e c t i o n   s y s t e m   h a s  been s u c c e s s f u l l y  demon- 

s t r a t e d ,  and t h a t  what  remains i s  a r e f i n e m e n t   o f   t h e   d e s i g n ,   p a r t i c u l a r l y   i n   t h e   s i z i n g   o f   t h e   i n j e c t i o n  

r i n g .  The h i g h   t h r u s t  and h i g h   e f f i c i e n c y   i n d i c a t e d ,   c o u p l e d   w i t h   t h e   p o t e n t i a l   o f   r e m o t e   p r o p e l l a n t  

t a n k a g e   o f f e r s   a n   a t t r a c t i v e   p r o p u l s i o n   p o s s i b i l i t y   f o r   l o n g   l i f e   s p a c e c r a f t .  
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APPEND I X "A" 

PROPELLA~NT  EEE-D-ANALYS I S FOR THE L I NJ ET ENGINE 

by 

Dr .  C. H. Marston 

1 .  i n t r o d u c t i o n  

A key f a c t o r   i n   t h e  L I N J E T   c o n c e p t   f o r   e l e c t r i c   p r o p u l s i o n   i s   t h e   u s e  of a  waxy p e r f l o u r o c a r b o n  

p r o p e l l a n t   w h i c h   i s   f e d   t o   t h e   t h r u s t  c h a m b e r   b y   s u r f a c e   t e n s l o n   f o r c e s   a c t i n g   I n  a p o r o u s   m a t e r i a l .  

The concept   has   been  inves t iga ted   exper imenta l l y   (Ref .  1 )  i n  a t h r u s t e r   b u t ,   a t   t h e   t i m e   t h e   e x p e r i -  

m e n t s   w e r e   c o n d u c t e d ,   n e i t h e r   a n a l y s i s   o r   p r o p e l l a n t   p r o p e r t y   d a t a   w e r e   a v a l l a b l e   t o   p r o v i d e  a b a s i s  

f o r   r a t i o n a l   d e s i g n .  

Two types  of exper imen ta l   da ta   a re  now ava l lab le   (see   Append ix  "B" h e r e i n )   t h a t   p e r m i t   a n   a n a l y s i s  

t o  be made. P r o p e l l a n t   s u r f a c e   t e n s i o n  and v i s c o s i t y   a s   w e l l   a s   w e t t i n g   a n g l e   w i t h   s t a i n l e s s   s t e e l  

have  been  measured d i rec t l y   (F Ig .A I ,AZ ,A3) .  Also "wick"  exper iments  have been p e r f o r m e d   i n   w h l c h   t h e  

mass g a i n  and p r o p e l l a n t   r i s e  have  been  measured  as a f u n c t i o n   o f   t i m e   f o r   r e c t a n g u l a r   c r o s s - s e c t i o n  

b a r s   o f   p o r o u s   s t a i n l e s s   s t e e l   s u s p e n d e d   v e r t i c a l l y   a t   c o n s t a n t   t e m p e r a t u r e   i n  a r e s e r v o i r   o f   p r o p -  

e l l a n t .   S i n c e   t h e   v i s c o u s   e f f e c t   I s   p r o p o r t i o n a l   t o   c a p i l l a r y   f l o w   l e n g t h ,   f l o w   r a t e  w i l l  decrease 

w i t h   t i m e   e v e n   i n   t h e   r e g i m e   w h e r e   g r a v i t y  head can  be  neglected. The a n a l y s i s   h a s   t h e r e f o r e  been 

extended t o   t h i s   u n s t e a d y   f l o w   c a s e  and a g e n e r a l   e q u a t i o n   f o r   c o l u m n   h e i g h t   a s  a f u n c t t o n   o f   t i m e  

d e r i v e d ,   u s i n g  a b u n d l e   o f   p a r a l l e l   c a p l i , ( a r y   t u b e s   a s   b a s l c   f l o w   m o d e l .  A s i m p l e   d i r e c t  method of 

e v a l u a t i n g  mass f low ra te   fo r   des ign   purposes   has   a lso   been  deve loped.  

2. A n a l y s i s  - Non-steady Flow i n  a Wick 

2.1 Nomenc I a t u r e  

A c r o s s - s e c t l o n a  I a rea  

d c a p i l l a r y   d i a m e t e r  

9 a c c e l e r a t i o n   o f   g r a v i t y  

h co lumn  he igh t  

h*  column  height a t  t = t* 

k, r a t i o   o f   v i s c o u s   p a t h   l e n g t h   t o  column  height 

p. v l s c o u s   p a t h   l e n g t h  

m p r o p e l l a n t  mass I n   p o r o u s   m a t e r i a l  
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m 

"h 

nm 

p rope l   l an t  mass fl.ow r a t e   i n  porous m a t e r i a l  

exponents   de f ined  by   equat ions  2.15 and 2.16 

t t ime 

t* 

U 

n 

0 

A 

LJ 

P 

U 

r e f e r e n c e   t i m e   f o r   e m p i r i c a l   d a t a   r e d u d i o n  (t* = 1 h r . )  

p r o p e l l a n t   v e l o c i t y  

r a t i o   o f   t r u e   f l o w   c r o s s - s e c t i o n   a r e a   t o   g r o s s   c r o s s - s e c t i o n   o f  
po rous   ma te r ia l  

con tac t   ang le   be tween   p rope l l an t  and  porous  mater ia l  

d imens ion less   he igh t   de f ined  by   equat ions  2 .3  and 2.5 

v i  scos i t y  

d e n s i t y  

s u r f a c e   t e n s i o n  

T d l rnens ion less   t ime  de f ined by equa t ions  2.6 and 2.7 

2.2 A n a l y t i c a l  Model 

A s imp le  flow model  which  assumes  flow i n  a b u n d l e   o f   s m a l l   d i a m e t e r   c a p i l l a r y   t u b e s   i n   t h e  

p r e s e n c e   o f   g r a v i t y ,   s u r f a c e   t e n s i o n  and v iscous  forces  on ly   (no  dynamics  and  no  pressure 

g r a d i e n t )   y i e l d s   t h e   f o l l o w i n g   e q u a t i o n s  

g r a v i t y   v i  scos i t y   s u r f a c e   t e n s i o n  

P g h  + 8 U U L  
d 2 /4  

40 cos 0 
d 

(2 .1 ) 

f i =  P u n A  (2.2) 

When t h e   f l u i d   s u f f i c i e n t l y   " w e t s "   t h e   s o l i d   s u r f a c e ,  0 i s   s m a l l  and Cos e '1. 

The maximum p o s s i b l e   h e i g h t  of f l u i d   i n   t h e   t u b e   r e s u l t s  when t h e   g r a v i t y   t e r m  i s  equal 

t o   t h e   s u r f a c e   t e n s i o n   t e r m  and t h e   v e l o c i t y  goes t o   z e r o .  

hmax = 40 
Pgd 

we n o t e   t h a t  u = dL/dt   and make t h e   f o l l o w i n g   d e f i n i t i o n s  

( 2 . 3 )  

1 = kLh 

X = h/hmax 

A - 2  



T =  t’tref 

p2 2 3 
9 d  

(2.6) 

The c o n s t a n t  k t  i s   I n t r o d u c e d   t o   a l l o w   f o r  a p a t h   l e n g t h   t h r o u g h   t h e   p o r o u s   m a t e r l a l  

whlch Is l o n g e r   t h a n   t h e   d i r e c t   v e r t i c a l   r l s e .   E q u a t l o n  (2.1) then  reduced t o   t h e  

f o l l o w i n g   e x p r e s s i o n   f o r   c o l u m n   h e i g h t   a s  a f u n c t i o n   o f   t i m e   i n   d i m e n s i o n l e s s   f o r m  

X + X d X  = 1 0 2  X 2 1  
dT 

(2.8) 

wlth t h e   i n l t l a l  condition* 

T = 0, X = o  (2.9) 

T h l s   f l r s t   o r d e r   d i f f e r e n t i a l   e q u a t l o n  may be so lved by s e p a r a t l o n   o f   v a r i a b l e s .  The 

s o l u t i o n ,   F l g .  4, i s  m o s t   c o n v e n i e n t l y   w r i t t e n   w i t h  5 as a f u n c t i o n   o f  X .  

(2 .10)  

Two l i m i t i n g   f o r m s   a r e   o f   I n t e r e s t .  

For  X < < 1,  

a n d   c o l u m n   h e i g h t   i s   t h u s   p r o p o r t t o n a l   t o   t h e   s q u a r e   r o o t  of t i m e  when t h e   g r a v l t y  head 

e f f e c t   i s   n e g l i g i b l e .  A t  t he   o the r   ex t reme,  when ( 1  - X) < c 1, 

X 2 1 - e-T (2 .12 )  

* S t r i c t l y   s p e a k i n g ,   t h e   l n l t l a l   c o n d i t i o n   s h o u l d   b e   w r i t t e n  T = 0. X X, s tnce ,   a t   ze ro   he igh t ,   dynamics  

may be impor tant   and  Equat lon (2 .1 )  wou ld   no t   app ly .  For X, < < I  however, t h e   s o l u t i o n   i s   t h e  same a s   t h a t  

g i v e n  by  Equat ion (2.10) .  
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so, as   migh t  be expected, maximum co lumn  he igh t   i s   app roached   asympto t i ca l l y .  A rearrangement of 

e q u a t i o n  2.8 ,  combined w i t h   e q u a t i o n  2.2 a l s o  shows t h a t  

- ril = 1 - x  
A dT x 

For X < < 1 ,  on s u b s t i t u t i o n   o f   t h e   r e f e r e n c e   q u a n t i t i e s  

(2 .13 )  

2 . 3  E m p i r i c a l  Model 

F o r   d e s i g n   a p p l i c a t i o n   a n   e m p i r i c a l   d a t a   r e d u c t i o n  scheme was a l so   deve loped .  The 

a n a l y s i s   s u g g e s t s   t h a t ,   i n   t h e   r e g i m e  of X <<  I ,  where g r a v i t y  head i s   n e g l i g i b l e ,   e q u a t i o n s  

o f   t h e   f o l l o w i n g   f o r m   s h o u l d   h o l d .  

h = h * t  
t* h 

m = m* t "m 
t" 

( 2 . 1 6 )  

Here t* i s  some c o n v e n i e n t   r e f e r e n c e   t i m e ,   c h o s e n   a r b i t r a r i l y   a s  1 hour,  and  h*  and m* a r e  

va lues  o f  h and m a t  t = t*. S o l v i n g  for ril/A and u s i n g   e q u a t i o n  2 .15  t o   e l i m i n a t e  t/t* y i e l d s  

When t h e   d a t a   f o r  h  and m as a f u n c t i o n  o f  t ime   a re   p lo t ted   on   l og - log   paper   t hey  do tend 

t o   f a l l   o n   s t r a i g h t   l i n e s ,   e x p e r i m e n t a l l y   J u s t i f y i n g   t h e   f o r m  of e q u a t i o n s  2.15 and 2.16 .  

The va lues  fo r  n can  be   de termined  as   the   s lopes   o f   the   l ines   and  the   va lues   o f  h *  and m* read 

d i r e c t l y   a t  t = I hour .   For  m* measured i n  grams, t" = 1 hour  and  using a sample   c ross-sec t ion  
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2 
a r e a   o f  .028 i n .  , e q u a t i o n  2.17 becomes 

R e a s o n i n g   t h a t   h e l g h t   s h o u l d   b e   d i r e c t l y   p r o p o r t l o n a l   t o  mass gain,   one  would  expect   both 

nm and n,, t o  be  equal .   Fur thermore,   on  the  bas ls  of e q u a t i o n  2.11 one  would  expect a v a l u e  of 

1/2. Data a t  hand  do n o t   f u l l y   b e a r   o u t   t h i s   e x p e c t a t i o n .  

3 .  R e s u l t s  

Samples of a p rope l l an t   ma te r ia l   (Ha loca rbon   P roduc ts   Corpo ra t i on   wax ;6 -Q0* )have   been   tes ted   a t  

i70°F,  i4OoF,  and  i20°F us lng  wick  co lumns  wi th   nominal   pore slzes o f   4 0 ~ .  ZOp, and iOp. 

Property  data  has  also  been  determlned  (Appendix 8 )  and I s  reproduced  here  as  F ig .  A I ,  A2 and  A3. 

As can  be  seen  f rom  these  f igures,   re l iable  measurements  were  not  obtained  below 15OoF and ex -  

t r a p o l a t i o n  was necessary t o   e v a l u a t e   p r o p e r t i e s  a t  14Q0p. E x t r a p o l a t L o n   b e l o r  14Qop r a a   n o t  con- 

s i d e r e d   j u s t i f i e d .  

C o r r e l a t i o n   o f   d i m e n s i o n l e s s   h e i g h t  with d imens ion less   t ime  i s  shown on a s e m i l o g   p l o t ,   F i g .  A4. 

Most o f   t h e   d a t a   a r e   f o r  T <<  1 ,  where t h e   s l o p e   o f   t h e   c u r v e   i s   s m a l l ,   b u t   t h e   c o r r e l a t i o n   i s   a n  

e n c o u r a g i n g   i n d i c a t i o n   t h a t   t h e   a n a l y t i c a l  model  has some v a l i d i t y .   S m a l l  T and l a r g e  7 l i m i t i n g  

f o r m s   a r e   a l s o  shown and i t  i s   c l e a r   t h a t   t h e y   a p p l y   f o r  T < .01 and A 5.0 r e s p e c t i v e l y .  

*Dens i t y  1.89 g/cm3, Ref .  2 
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T e s t   d a t a  were a l s o   r e d u c e d   u s l n g   t h e   e m p i r i c a l   r e l a t l o n .   e q u a t i o n  2.18.  Measurements 

(Appendix B)  of b o t h   w e i g h t   g a i n  and p r o p e l l a n t   r i s e  were made o n l y   o n   t h e  17OoF s e r l e s   o f  

t e s t s .  These  were   p lo t ted ,   F ig .  A 5 ,  t o   p r o v i d e  a c o r r e l a t i o n  of p r o p e l l a n t   r i s e   w i t h   t h e  

weight  gain  measurements made a t   t h e   o t h e r   t e m p e r a t u r e s .  An Incons is tency   be tween  va lues   ob-  

t a i n e d   o v e r   t h e   f i r s t   h o u r   o r  so and  measurements  65  hours  and  longer was n o t   r e s o l v e d .  

R e s u l t s   o f   t h e   e m p i r i c a l   d a t a   r e d u c t i o n   a r e  shown i n   F i g .  A6, a l o n g   w i t h   c a l c u l a t e d   v a l u e s  

us ing   p roper t y   da ta   and   equa t ion  2.14. The e m p i r i c a l   c o n s t a n t s   a r e   l i s t e d   i n   T a b l e  A I .  The 

emp i r i ca l   da ta   a re   l i nes   show ing  mass f l o w   r a t e   p e r   u n i t   a r e a   a s  a f u n c t i o n   o f   h e i g h t .  The 

a n a l y s i s   r e s u l t s  and des lgn  requi rement   are  based  on a s p e c i f i c   p a t h   l e n g t h  and a r e   t h e r e f o r e  

shown a s   p o i n t s   o n   t h e   p l o t .  

Wh i le   t he   da ta  do t e n d   t o   f a l l   o n   s t r a i g h t   l i n e s   o n  a l o g - l o g   p l o t   o f   h e i g h t   o r   w e i g h t  

ga ins  vs  t ime  as  predic ted  by  equat ions  2 .15 and  2.16, t h e   s l o p e s   a r e  less than   t he   expec ted  

v a l u e  of 1/2 (see S e c t i o n  2 . 3 )  and we igh t   and   he igh t   exponen ts   f o r   t he  17OoF c a s e   d i f f e r  

s i g n i f i c a n t l y .  

TABLE A 1  

E m p i r i c a l   C o n s t a n t s   F o r   P r o p e l l a n t   R i s e   T e s t s   a t  17OoF and 14OoF (t* = 1 h r )  

T 
(OF) 

Po re   S i ze  
(ll) 

20 
10 

40 

20 
10 

40 

170 

140 

h* n 
( i n . )  m 

.52 .357 

.66  .326 

.63  .3 29 

-" "_ "" 

"- 
"" 

"" 

m* n 
(gm) m 

.30 .253 

.36  .230 

.42 .203 

.20 .23 

.23 .21 

.31 .20 

However b o t h   d i r e c t   e m p i r i c i s m  and a n a l y s i s  show a s u b s t a n t i a l   m a r g i n   o f   s a f e t y   i n   t h e   p r o p e l l a n t  

d e l i v e r i n g   c a p a b i l i t y   o f   t h e   p o r o u s   m a t e r i a l .  
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i = l o o p  I b  f - sec  
I = 1000 sec 

A = 1.37 i n 2  I 

o P. ( i n c h e s )  

FIGURE  Ab - MASS FLOW v s  HEIGHT I:.I SII ITERED POROUS MATERIAL 

A - 12 



APPEND I X “B‘l 

LINJET PROPELLANT  CHARACTERIZATION 

by 

R. Law 
G, McKln ley  
8. Nelson 
W .  S a y l o r  

( M a t e r l a i s   E n g l n e e r l n g  - GE/SSO) 

T h i s   s e c t l o n   s u m m a r l z e s   t h e   m e a s u r e m e n t   t e c h n l q u e s   u s e d   a n d   t h e   d a t a   o b t a l n e d   f o r   c h a r a c t e r l z a t l o n  

o f  Halocarbon Wax, S e r i e s  6-00, Batch  #3772, Halocarbon  Products   Corporat lon,  82 Burlews  Court,   Hackensack, 

N.J .   Halocarbon Wax, S e r i e s  6-00 I s  t h e  compound c u r r e n t l y  used  as a LINJET p r o p e l l a n t .  

Th i s   append ix   con ta ins   t hese   sec t l ons :  

1 .  V i s c o s i t y ,   M e l t i n g  Range and Surface  Tension  Measurements. 

2. S u r f a c e   W e t t a b l l i t y  o f  S ta in less   S tee l   by   Ha locarbon Wax, Ser ies  6-00,  Batch  #3772. 

3 .  Rate  o f   Weight  Loss i n  Vacuum as  a F u n c t i o n  of Temperature. 

4 .   W i c k i n g   C h a r a c t e r i s t i c s  of Porous  Meta ls  and Metal  Screens. 

5 .   I n f r a r e d   A n a l y s i s .  

’ ILCT I ON 1 . VISCOSITY, MELTING RANGE AND SURFACE TENSION MEASUREMENTS 

- V i 5 t - U  

V i s c o s i t y  was measured i n   t h e  manner d e s c r i b e d   i n  ASTM Test  Method  D2669-67  uslng a B r o o k f i e l d  Syn- 

l - h r o - L e ~ t r i c   V i s c o m e t e r ,  Model RVT. 

TABLE E1 - VISCOSITY DATA 

Temp. OF 

300 
27 5 
250 
225 
200 
175 
i 50 
150 

S p i n d l e  - RPM 

100 
100 
100 
100 
100 
100 

50 
20 

M u l t i p l y i n g  
Read i nqs F a c t o r  

3.6.3.4.3.5 20 
4.7.4.7.4.7  20 
7.2,7.3,7.1  20 

11.3.11.5.11.7 20 
24.5;25.0;25.5 20 
70.0,71.5,73.0  20 
91.8,92.4,93.2 40 
37.8,38.0,38.2 100 

V i s c o s i t y ,  
CP 

70 

144 
94 

230 
500 

1430 
3700 
3800 

V i s c o s i t y  as a f u n c t i o n  of tempera ture  Is shown i n   F i g u r e  B.l 

B -  1 



HALOCARBON WAX SERIES 6-00 
BATCH # 3 7 7 2  

HALOCARBON  PRODUCTS CORP. 
HACKENSACK, N. J . 

TEMPERATURE (OF) 

FIGURE 8-1 - VISCOSITY VS TEMPERATURE 
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M e i t i n q  Ranqe 

A me1 t l  ng r a n g e   o f  100 t o  14OoF was determl  ned  by  use of t h e   F i s h e r   J o h n s   M e l t  I ng Po in t   Appara tus .  

Sur face   Tens ion  

Sur face   t ens lon  was measured  by  the  Rlng  Method  us lng a s i x   c e n t l m e t e r   c i r c u m f e r e n c e   p l a t i n u m  

i r i d i u m   r i n g  and  the  Cahn RG E l e c t r o b a l a n c e  as mounted i n   t h e   F l s c h e r  TGA a p p a r a t u s .   D e n s l t i e s   a t   t h e   t e s t  

temperatures  were  ext rapolated  f rom  data  obta ined  f rom  Halocarbon  Products   Corp.   Correct lon  factors   were 

e x t r a p o l a t e d   f r o m   t h e   T a b l e s   I n   R e f e r e n c e  # I .  Data  are shown i n   T a b l e  8-2. 

Sur face   tens lon   as  a f u n c t l o n   o f   t e m p e r a t u r e   i s   p l o t t e d   I n   F i g u r e  8-2. 

TABLE 82 - SURFACE TENSION  DATA 

Temp .OF 

f O O  

170 

24 3 

205 

I I t  

I m 

- D 

. 7 2  

.79 

1.90 

I .93 

I .35  

M 

.312 

- 

.328 

.349 

.375 

.332 

.447 

V = b - d  
M 

.I81 

.I83 

.190 

.I97 

.203 

.229 

- R3 R3/v 
.a707 4.81 

.El01 4.76 

.El07 4.58 

.8101 4.42 

,8707 4.29 

,8707 3.80 

U = Densi ty   o f   L iqu id,   Grams/cc 

d = D e n s i t y  of Air  Saturated  Wi th  Vapor  of t h e   L i q u i d  
(Assumed N e g l i g i b l e )  

M -- WeiJht of L iqu id   Ra ised  Above F r e e   S u r f a c e   o f   t h e  
L iqu id ,  Grams 

V = Volume o f   L i q u i d   R a i s e d  Above F r e e   S u r f a c e   o f   t h e  
L iqu id ,  cc 

R = Mean Rad ius   o f   the   R ing ,  cm 

R/r 
Surface  Tension,Dynex  Per Cm 

F - - L MGF/2L 

53.75 .831 6.00 .312 x 980.2 x .e31 = 21.2  
2 x 6.00 

53.75 .832 6.00 .328 x 980.2 x .832 = 22.3 
2 x 6.00 

53.15 .835 6.00 .349 x 980.2 x .835 = 23.8  
2 x 6.00 

53.15  .836 6.00 .375 x 980.2 x .836 = 25.6 
2 x 6.00 

53.75 ,839 6.00 .392 x 980.2 x .839 = 26.9 
2 x 6.00 

53.75 .846 6.00 .447 x 980.2 x .a46 = 50.9 
2 x 6.00 

r = Rad ius   o f   t he   W i re   f rom  Wh ich   R ing   i s  Made, cm 

F = C o r r e l a t i o n   F a c t o r  

L = Mean C i r c u m f e r e n c e   o f   t h e   R i n g ,  cm 

G = G r a v i t y   C o n s t a n t   I n  CGS U n i t s  

I .  W .  D. H s r k i n s  and H. F .  Jordan, “ A  Method f o r   D e t e r m i n a t i o n   o f   S u r f a c e  and i n t e r f a c i a l   T e n s i o n  from 

t h e  Maximum P u l l  on a R ing” .   Journa l  Am. Chemical S O C . ,  Vol. 52, p 1151 (1930). 
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r 150 200 250 

TEMPERATURE (OF) 

FIGURE E-2 - SURFACE TENSION V S  TEMPERATURE 

300 
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SECTION 2. SURFACE WETTABILITY OF STAINLESS STEEL BY  HALOCARBON WAX 
(Ang le  - o f  - Contact  Method) 

T h i s   m e t h o d   d e a l s   w i t h   t h e   b e h a v i o r  of a d r o p   o f   l i q u l f l e d   h a l o c a r b o n  wax a t  a s p e c l f i c   t e m p e r a t u r e  

when a p p l i e d   d i r e c t l y   t o   t h e   s u r f a c e  of a s t a i n l e e s   s t e e l   s a m p l e   h e l d   a t   t h e  same temperature.   The  pro- 

c e d u r e   I n v o l v e s   t h e   m e a s u r e m e n t   o f   t h e   a n g l e - o f - c o n t a c t   o f   t h e   d r o p   w l t h   t h e   m e t a l   s u r f a c e .   T h e   a n g l e - o f  

c o n t a c t  Is d e f i n e d   a s   t h a t   I n t e r i o r   a n g l e   f o r m e d  by t h e   b a s e l i n e  and t h e   t a n g e n t   t o   t h e   c u r v e   ( f o r m e d   b y  

t h e   d r o p )   a t   t h e   p o i n t  of c o n t a c t   w i t h   t h e   b a s e l i n e .  The advanclng  angle-of-contact   between a l i q u i d  and 

a s o l i d   s u r f a c e  Is a measure o f   t h e   w e t t a b l l l t y   o f   t h e   l a t t e r  by t h e   f o r m e r .  

T h e o r e t i c a l l y  when  a d r o p   o f  a I l q u l d   r e s t s  o n   t h e   s u r f a c e   o f  a s o l i d ,  and a gas i s   I n   c o n t a c t   w i t h  

b o t h ,   t h e   s u r f a c e   e n e r g i e s   a c t i n g   i n   t h e   d i r e c t i o n   t h e   s u r f a c e s   a t   t h e   i n t e r f a c e s   m u s t   b a l a n c e .   R e f e r r -  

i n g   t o   F i g u r e   B 3 ( a ) ,   o n e   c a n   w r l t e ,  

osa = oSL + oLa cos 0 ( 1 )  

where: 

osa = s u r f a c e   t e n s l o n   o f   s u b s t r a t e  

osL = i n t e r f a c l a l   t e n s l o n   o f   s o l l d - l i q u i d  

oLa = s u r f a c e   t e n s l o n   o f   l i q u i d  

0 = a n g l e - o f - c o n t a c t  

Rear rang ing   equa t ion  ( 1 )  one   ob ta ins  

cos 8 = (osa - osL) 
a La ( 2 )  

where  (osa - o s L )   i s   d e f i n e d   a s   t h e   " w e t t i n g   t e n s i o n "   o f   t h e   s o i l d .  When 0 = 0'. t h e   I l q u l d   i s  

s a i d   t o   j u s t   w e t   t h e   s u r f a c e   o f   t h e   s o l i d ,  and t h e   w e t t i n g   t e n s l o n   o f   t h e   s o l i d  w i l l  be  equal t o  

t h e   s u r f a c e   t e n s i o n   o f   t h e   l i q u i d .   T h i s   i s   t r u e   f o r   t h e   p e r f e c t  case,  however, i n   t h e   p r a c t i c a l  

sense  one  can  not  achieve a p e r f e c t   s y s t e m  and the re fo re   one   can   on l y   app roach   an   ang le -o f - con tac t  

o f  Oo. A per fec t   sys tem  wou ld   be   one  in   wh ich   the   so l ld   wou ld  b e  c o m p l e t e l y   f l a t ,  smooth, f r e e   o f  

any  b lemishes  as  wel l   as  contaminates.  The l i q u i d   w o u l d  b e  u n i f o r m  and  pure and the  gas  would  be- 

have  as  an  "ideal  gas"  and  would b e  s a t u r a t e d   w i t h   t h e   l i q u i d   v a p o r s .   G e o m e t r i c a l l y   t h e n ,   r e -  

f e r r i n g   t o   F i g u r e   B 3 ( b )   t h e   l i q u i d   d r o p   r e s t i n g   o n   t h e   s o l i d   s u r f a c e   c a n  b e  cons idered a segment o f  

a sphere.  And f r o m   g e o m e t r i c a l   r e l a t i o n s h i p s   t h e n  

C$ = 2 s i n - '  1/2R 

and 

0 = $ / 2  
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ATMOSPHERE ( a )  

I 

6;a cos 0 
S o l i d  ( 5 )  

FIGURE 8-3 - GEOMtTRlC  DE!'INITION 

8 - 6  



T h e r e f o r e  

o = s1n-l UZR ( a n g l e   - o f - c o n t a c t )  

The a n g l e - o f - c o n t a c t  Is a f u n c t l o n   o f   t h e   l e n g t h  of t h e   s p h e r i c a l  segment  formed  by the   d rop   and  

t h e   e f f e c t l v e   r a d l u s   o f   t h e   d r o p   s p h e r i c a l   s u r f a c e .  

&para tus  

The  apparatus  used t o  make t h e   a n g l e - o f - c o n t a c t  measurement, shown i n   F i g u r e  84, c o n s i s t s   o f  

t h e   f o l l o w i n g :  

Camera - Eausch & Lamb Macrocamera w l t h  a 158mm f / l l  lens.   The  exposure  t ime i s  0.5  seconds 

u s l n g   P o l a r o i d   4 x 5   f i l m .  

Lamp - 7 5   w a t t   f l o o d  lamp. 

H o t   P l a t e  - A h o t   p l a t e   w i t h  a t e m p e r a t u r e   c o n t r o l l e r   c a p a b l e   o f   a t   l e a s t  400°F. 

Thermocoup le   and  Cont ro l le r  - Capable  o f   reading and m a l n t a l n i n g   t h e   t e m p e r a t u r e   t o  +Z0F 

o v e r   t h e   r a n g e   o f  i00-4OO0F. 

Medicine  Dropper 

- Oven ( n o t  shown) - A t e m p e r a t u r e   c o n t r o l l e d   o v e n   c a p a b l e   o f   m a i n t a i n i n g   t h e   t e m p e r a t u r e  

t o  +Z0F ove r   t he   range  o f  100-4OO0F. 

Timer ( n o t  shown) 

75 WATT 
LAMP 

MEDICINE DROPPER 

THERMOCOUPLE 
READER/CONTROLLER 

PLAT E 

BAUSCH 8 LOMB 

MACRO CAMERA 

FIGURE E-4 - DIAGRAM OF MEASUREMENT  APPARATUS 
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Procedure 

P l a c e   t h e   s t a l n l e s s   s t e e l   p l a t e   s a m p l e  or t h e  #5014 m ic ron   po rous   s ta in less   s tee l   samp le   on  

t h e   h o t   p l a t e .   A t t a c h   t h e   t h e r m o c o u p l e  and s e t   t o   t h e   d e s f r e d   t e m p e r a t u r e .   P l a c e   h a l o c a r b o n  wax 

sample i n  oven a t   t h e  same tempera ture .  A l l ow  t h e   t e m p e r a t u r e   t o   r e a c h   e q u i l i b r i u m  (10-15 

m i n u t e s ) .   Q u i c k l y   e x t r a c t  a sample of t h e   l i q u i d   h a l o c a r b o n  wax w i t h   t h e   m e d i c i n e   d r o p p e r  and w i t h  

t h e   t i p  o f  t h e   d r o p p e r   a t   a b o u t  1/4 t o  1 / 2  i n   f r o m   t h e   m e t a l   s u r f a c e   d e p o s i t  a d rop  of t h e   t e s t  

l i q u i d .   P r o j e c t   t h e  image o f   t h e   d r o p ,   e n l a r g e d   t o   a p p r o x i m a t e l y  3 t imes,  on t o   t h e   P o l a r o i d   f i l m .  

The camera i s  focused  on  the  metal   sample  beforehand. Make an   exposure   a f te r   the   d rop   has   been  in  

c o n t a c t   w i t h   t h e   m e t a l   s u r f a c e   f o r  5 seconds. Make  a second  exposure a f t e r  60 seconds  and a t h i r d  

e x p o s u r e   a f t e r  120 seconds.  The  angle-of-contact i s   t h e n   d e t e r m i n e d   a s   p r e v i o u s l y   e x p l a i n e d .  

Resu I t s  

The p h o t o g r a p h i c   r e s u l t s   o f   t h e   a n g l e - o f - c o n t a c t  measurements f o r   h a l o c a r b o n  wax on  both 

smooth  and  porous  stainless  steel   samples a t   v a r i o u s   t e m p e r a t u r e s   a r e  shown i n   F i g u r e s  8 5 ,  86 .  87 

and C8. F i g u r e  83 shows  a p l o t   o f   t h e   a n g l e - o f - c o n t a c t   f o r   h a l o c a r b o n  wax on a smooth s t a i n l e s s  

steel  sample  as a f u n c t i o n   o f   t i m e   a f t e r  a drop of  t h e   l i q u i d  wax sample i s   p l a c e d  on t he   me ta l  

sample fo r   va r ious   t empera tu res .  The f i g u r e  shows t h a t   a s   t h e   t e m p e r a t u r e   i s   i n c r e a s e d   t h e   a n g l e - o f -  

contact  decreases;  as  expected,  approaching some minimum a n g l e   o f   a b o u t  eo. The f i g u r e   a l s o  shows t h a t  

a t  a g i ven   t empera tu re   t he   ang le -o f - con tac t   con t i nues   t o   change   (dec reases )   as  a f u n c t i o n   o f   t i m e .  

The change becomes s m a l i   w i t h   t h e   h i g h e r   t e m p e r a t u r e s .   T h i s   i s   p r o b a b l y   d u e   t o   s u r f a c e   i m p e r -  

f e c t i o n s  and  contaminat ions and there fore   p robab ly   one  can  cons ider   the   sur face   wet ted  by t h e   l i q u i d  

a t   t h a t   t e m p e r a t u r e   w h e r e   t h e   a n g l e - o f - c o n t a c t   i s   s m a l l  and a l s o   c h a n g e s   m i n i m a l l y   w i t h   t i m e .   I n   t h i s  

case,   approx imate ly  25OoF. F i g u r e   8 1 0   i s  a r e p l o t  of t h e   d a t a   c o n t a i n e d   i n   F i g u r e  B9. 
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150'F 9. = 1 7 . h  

5 sec. R = 12.5mn 

0 = 44.50 

.. - 
pi, R 

C - I  

15OoF 11 = 2 4 m  

60 sec. R = 33m 

8 = 21.5O 

120 sec. R = 43mm 

FIGURE 8-5 - ANGLE OF CONTACT ON SMOOTH  AND  POROUS STAINLESS STEEL AT 150 OF 
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ZOOOF L = 19mm 0 = 25' 

5 sec. R = 22.5mm 

ZOOOF L = 14mm 0 = 24.3O 

5 sec. R = 1 7 m  

ZOOOF 2 = 33mm 0 = 13O 

60 sec. R = 73.5mm 

ZOOOF 0 = Oo 

60 sec. 

ZOOOF p. = 33mm o = 110 

120 sec R = 06mm 

25OoF 0 = 0' 

5 sec. 

FIGURE E-6 - ANGLE OF CONTACT ON SMOOTH  AND POROUS STAINLESS  STEEL AT 200 OF 
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I 

2 5 0 ' ~  L = 20mn e = 16O 

5 sec R = 34mn 

2 5 0 0 ~  .t = 2 6 . 5 ~ 1 1  e = loo 
60 sec. R = 7 6 m  

300'F 11 = 25rnn 0 = 8.7' 

60 soc. R = 8 3 m  

250'F .t = 27mm 0 = 9.25' 

120 sec. R = 8 4 m  

3OO0F L = 25.5mm 0 = Ci0 

120  sec. R = 9 1 m  



130'F II = 11.5mm 0 = 1070 350'F 9. = 25mm 0 = 9' 

5 sec. R = 6mm 5 sac R = 80mm 

130'F 11 = 14.5mm E) = 76' 350°F 11 = 29mm 0 = 8' 

60 sec. R = 7.5mm 60 sec. R = 104mm 

130'F II = 15.75mm 0 = 56' 350°F P = 29mm 0 = 8' 

120 sec. R = 9.5mm 120 sec. R = 104mm 
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50 

20 
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2 

CONTACT  ANGLE  (DEGREES) 

FIGURE 6-9 - ANGLE OF CONTACT AS A FUNCTION OF TIME FOR  VARIOUS  TEMPERATURES 
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FIGURE 9-10 ANGLE OF CONTACT  AS  A  FUNCTION OF TEMPERATURE  FOR  VARIOUS TIMES 

9 - 14 

I 



SECTION 3 .  RATE OF WEIGHT LOSS IN VACUUM AS A FUNCTION OF TEMPERATURE 

Exper imental   Method 

The F i s h e r  Model 120 Thermograv ime t r i c   Ana lys i s   Accesso ry   w i th   an  oi l  d i f f u s i o n  pump-mechanical pump 

vacuum  system was used f o r   t h i s   t e s t .  

The  sample was p laced   on   t he   ba lance   pan  and e n c l o s e d   w i t h i n  a hang-down t u b e   w h i c h   i n   t u r n  was 6U- 

spended  f rom  underneath   and  f i t ted  t o   t h e   w e i g h l n g  chamber p o r t .   A f t e r   t h e   s y s t e m  was evacuated,  an o i l  

ba th   (p reheated  and m a i n t a i n e d   a t   d e s i r e d   t e m p e r a t u r e )  was r a i s e d   i n t o   p o s i t i o n   a r o u n d   t h e  hang-down t u b e   t o  

surround  the  sample  area.   Sample  weight   loss was con t lnuous ly   reco rded   on  a s t r i p - c h a r t   r e c o r d e r .  

Exper imen ta l   Cond l t i ons  

A .  Sample Parameters 

1 .  a l l  mm d iameter  

2. -1 mm t h i c k  

3 .  126.5 mg - i n i t i a l   w e i g h t  

B. Samp I e  Env i ronrnent 

1 .  < 1  m i c r o n  vacuum 

2 .  Weigh t   l oss   ra tes   were   ob ta ined   a t   t empera tu res  of 150'. ZOOo,  250°, and 30OoF. 

Resu l ts   and  D iscuss ion  

R e s u l t s   o f   t h e   w e i g h t  loss a n a l y s i s   a r e  shown i n   F i g u r e  611. Evapora t i on   ra tes   were   f o l l owed  fo r  

a s u f f i c i e n t   l e n g t h   o f   t i m e   t o   a s c e r t a i n   t h e   s t e a d y   s t a t e   d i f f u s i o n   r a t e  o f  v o l a t i l e   m a t e r i a l s   t h r o u g h  

t h e   b u l k  of  the  sample.  
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150 200. 2 5 0 .  

TEMPERATURE - ( OF) 

FIGURE B-11 - WEIGHT LOSS I N  VACUUM  VS  TEMPERATURE 

" . 

300.  
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SECTION 4 .  WlCKiNG CHARACTERISTICS OF POROUS  METALS  AND  METAL  SCREENS 

Exper imental   Method 

I n   c l r c u l a t l n g   o v e n s   m a l n t a i n e d   a t  a spec l f led   tempera ture ,   samples   were   pos l l ioned so t h a t  one  end 

of each  sample was Immersed ( a p p r o x i m a t e l y  1/8 t o  3/16 Inches)   In   Ha locarbon Wax, S e r i e s  6-00, Batch  #3772. 

A t  des lgnated   t imes  the   samples   were   taken  ou t   o f   the   oven and  welghed ( a f t e r   s c r a p l n g   o f f   e x c e s s  wax c l i n g -  

i n g   t o  end of sample).  For some samples t h e   v e r t l c a l   d i s t a n c e   t h e  wax had  penet ra ted  was measured. 

Resu I t s  

R e s u l t s   a r e   t a b u l a t e d   I n   T a b l e  €33 t h r o u g h  811 
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TABLE 8 .3  - 1 0 2 ~ ~  WICKING OF'POROUS STAINLESS STEEL STRIPS - I / W I  x 1/41' x 4 t o  4 314" LONG (AVERAGE FOR 

THREE  SPECIMENS) 

Elapsed  Time 
Hours 

72 

95 

114 

162 

234 

594 

l o p  - #6281 

Tota i 
Weight Wet 
Ga I ned H e i g h t  
Grams Inches 

0.3655 

0.3931 

0.4388  13/16 

0.4613 I 1/2 

0.5034 1 9/16 

0.6380 1 7/8 

20p  - #6519 

Tota I 
Weight 
Ga I ned 
Grams 

0.3436 

0.3507 

0.41  12 

0.4249 

0.4395 

0.5417 

TABLE 6.4 - 14OoF WlCKlNG OF  POROUS STAINLESS  STEEL STRIPS 

THREE SPECIMENS) 

Elapsed  Time 
Hours 

1 

2 

3 

5 

9 

26 

98 

194 

266 

626 

101~ - #6281 

Tota i 
Weight Wet 
Ga i ned  Helght  
Grams inches 

0.1989 

0.2384 

0.2493 

0.2924 

0.3243 

0.3976 

0.5795 

0.7858 

0.9010 

1 .0588 

H e l g h t  
Wet 

inches 

3/4 

1 3/8 

1 1/2 

1 3/4 

40p - 65014 

Tota  I 
Weight Wet 
Ga I ned H e l g h t  
Grams Inches 
" 

0.5039 

0.5260 

0.564 1 

0.5898 

0.6147 

0.7393 

3/16 

9/16 

9/16 

7/8 

2Op 7 #6519 

1/8" x 1/4" x 4 t o  4 3/4" LONG (AVERAGE FOR 

Tota i 
We1 g h t  
Ga 1 ned 
Grams 

0.2230 

0.2529 

0.2596 

0.3045 

0.3569 

0.4346 

0.5931 

0.5931 

0 .8506 

0.9657 

Wet 
H e l g h t  
inches 

4 0 ~  - #5014 

Weight 
Tota I 

Wet 
Ga 1 ned H e l g h t  
Grams Inches 

0.3298 

0.3709 

0.3722 

0.4500 

0.4907 

0.5609 

0.7408 

0.9024 

0.9912 

1 .OB27 
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TABLE 8.5 r 170 - 180°F WlCKlNG OF POROUS STAINLESS  STEEL STRIPS - l/81t X 1/4" X 4 TO 4 3/4" LONG  (AVERAGE 

FOR  THREE SPECIMENS) 

Elapsed  Time 
Hours 

1 /3 

101.1 c #6281 2 0 ~  - #6519  401.1 - #5014 
Tota  I 

Weight 
Ga I ned 
Grams 

0.2217 

2/3  0.2744 

1 0.3120 

1 1/3  0.3287 

65  0.8843 

H e i g h t  
Wet 

Inches 

3/8 

7/16 

9/16 

5/8 

2 7/16 

Tota  I 
Weight 
Ga 1 ned 
Grams 

0.2751 

0.3391 

0.3766 

0.3963 

0.9249 

H e l g h t  
Wet 

Inches 

I /2  

9/16 

5/8 

11/16 

2 9/16 

Tota  I 
Welght 
Ea 1 ned 
Grams 

0.3055 

0.3832 

0.4292 

0.4524 

0.9027 ' 

H e i g h t  
Wet 

Inches 

3/8 

5/8 

5/8 

5/8 

2 1/2 

Elapsed  Time 
Hours 

I n i t i a l  
Wett  1  og 

L 

10 MICRONS ( J )  40  MICRONS ( R )  

Welght  Weight 
Ga i ned 
A f t e r  Wet 

Ga i ned 
A f t e r  

Wett  i ng  Helght   Wet t  1 ng H e i g h t  
Wet 

Grams Inches Grams Inches 

3/16  5/16 ""_ 

0.0086  9/32  0.0210  13/32 

7 0.0149 3/8 0.0277 

80 0.0532 13/16 0.0322 

2 50  0.0902 1 1/32 0.0331 

56 I 0.1274 1 9/16 0.0307 

5/32 

5/32 

5/32 

70 MICRONS ( S )  

Ga i ned 
Weight 

A f t e r  Wet 
Wett  1 ng H e i g h t  
Grams Inches 

1 / 4  

0.0176 1 1 /32 

0.0316 13/32 

0.0298 3/8 

0.0271 3/8 

0.0255 318 
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TABLE  B. 7 - 1 7OoF W iCKlNG OF STAi NLESS  STEEL  SCREEN6 - A i KRAFT POROUS MEDIA  (R/M, T304), PALL, GLEN  COVE; 

NEW  YORK 

Weight 
Ga I ned 
A f t e r  

Elapsed  Time Wett  I ng 
Hours Grams 

l n l t i a l  
Wett  I ng 

1 /2  

2 

7 

33 

80 

200 

399 

"" 

0.0044 

0.01 15 

0.0271 

0.0602 

0.0945 

0.1216 

0.1457 

Wet 
H e i g h t  
Inches 

3/16 

3/16 

11/32 

1 /2  

7 /8  

1 7/32 

1 1/2 

1 13/16 

TABLE B.8 - 

40 MICRONSCRI 

Weight 
Ga i ned 
A f t e r  
Wett  1 ng 
Grams 

""" 

0.0160 

0.0146 

0.0245 

0.0296 

0.0254 

0.0260 

0.0240 

170'F WlCKlNG OF  ROLLED STAINLESS  STEEL SCREENS 

GLEN  COVE,  NEW  YORK 

10 MICRONS ( J )  

Weight 
Ga I ned 
A f t e r  Wet 

Elapsed  Time Wett  i ng H e i g h t  
Hours Grams I nches 

l n l t l a l  "" 9/16 
Wett  i ng 

1 1/2  0.0541  15/16 

7 0.1167 1 7/16 

14 1/2  0.1614 1 3/4 

201 1/2 """ ""_ 

He I g h t  
Wet 

Inches 

1 /4  

5/16 

1 1 /32 

3 /8  

13/32 

13/32 

13/32 

13/32 

70 MICRONS (SI 

Weight 
Ga I ned 
A f t e r  
Wett  i ng 
Grams 

""" 

0.0023 

0.0094 

0.01 14 

0.0070 

0.0094 

0.0054 

0.0047 

Wet 
H e i g h t  
I nc hes 

3/16 

7/32 

1A 

9/32 

9/32 

9/32 

9/32 

9/32 

AIRCRAFT POROUS MEDIA (R/M, T304). PALL, 

40 MICRONS (R) 

Welght 
Ga i ned 
A f t e r  Wet 
Wett I ng He I g h t  
Grams Inches 
" 

""- 1 /2  

0,0254  9/16 

0.0201  9/16 

0.0313  9/16 

70 MICRONS (SI  

Weight 
Ga 1 ned 
A f t e r  Wet 
W e t t i n g   H e i g h t  
Grams Inches ___- 
""_ 3/a 

0.0156 13/32 

0.0193 13/32 

0.0333  7/16 

B - 20 



TABLE 5.9 - I ~ O O F  WICKING OF POROUS STAINLESS STEEL BUSHING - I 3/8" O.D. X 7/8t! I.D. X 3/41' LONG 

Elapsed Tlme - Hours Total Welqht Galned - Grams 

16 8.2895 

40  8.6870 

137  8.7415 

305  8.935.7 

478  9.0138 

642 9.1133 

TABLE B.10 - 17OoF WlCKlNG OF POROUS  BRONZE  BUSHING 1 3/8" O.D. x 7/8" I.C. x 3/4" LONG 

Elapsed  Time - Hours 

24 

54 

168 

340 

504 

Tota l   Welqht   Galned - Grams 

5.6479 

5.7327 

5 .E297 

5.8642 

5.9442 

TABLE B.ll - 17OoF WlCKlNG OF STAINLESS  STEEL SCREEN DISC - 4 3/4" O.D., 1 11/32" DIA. HOLE IN CENTER,  WITH 

14 SCATTERED 1/4" DIA. HOLES 

Elapsed  Time 
Hours 

1 /2 

24 

54  1/2 

168 

340 

504 

Ga i ned-Grams 

0.0268 

0.0846 

0. I300 

0.2289 

0.3358 

0.3938 

To ta  I Weight Wet H e i g h t  
Inches 

7/32 

3/4 

1 

1 5/8 

2 1/4 

2 9/16 
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SECTION 5. INFRARED  ANALYSIS 

Exper imental   Method 

A Perkin-Elmer  Model 457 i n f ra red   spec t ropho tomete r  was used t o   o b t a i n   t h e   i n f r a r e d   s p e c t r u m   i n   t h e  

2-15 mic ron   range  o f   Ha locarbon Wax, S e r i e s  6-00, Batch #3772 ( F i g u r e  8 1 2 . )  

A sample o f  wax  was d i s s o l v e d   i n   c h l o r o f o r m  and c a s t  as a f i l m  on a s o d i u m   c h l o r i d e   c r y s t a l .  

D i scuss ion  

C h e m i c a l l y ,   h a l o c a r b o n   o i l s   a r e   s a t u r a t e d  low molecu la r   we igh t   po lymers  of c h l o r o t r i f l u o r o e t h y l e n e  

and  have  the  general   formula - (CFZCFCI), -. They a r e  made by a c o n t r o l l e d   p o l y m e r i z a t i o n   t e c h n i q u e  and 

a r e   t h e n   s t a b i l i z e d  so tha t   t he   t e rm ina l   g roups   a re   comp le te l y   ha logena ted   and   i ne r t .  The p r o d u c t   i s   t h e n  

s e p a r a t e d   i n t o   v a r i o u s   f r a c t i o n s   f r o m   l i g h t   o i l s   t o  waxes  by  vacuum d i s t i l l a t i o n .  

The ma in   f ea tu res   o f   t he   i n f ra red   spec t rum  o f   Ha loca rbon  Wax, F i g u r e  B I Z ,  i nc lude   t he   absence   o f  

C-H s t r u c t u r e   a t  5 . 4 p ,  the   p resence  o f  a p a i r   o f   s t r o n g  bands  between 8-9u a t t r i b u t e d   t o   t h e  CF2 group 

and a s t r o n g  band a t  1 0 . 3 ~  r e s u l t i n g   f r o m   t h e   s i n g l e  CF group  present   as  CCIF.   The  in f rared  spect rum  in-  

d i ca tes   t he   Ha loca rbon  Wax t o  be   comp le te l y   sa tu ra ted  (no double  bonds)   and  f ree  o f   hydrogen.  The 

presence of  u n s a t u r a t i o n  or hydrogen   seve re l y   compromises   t he   i ne r tness   o f   t he   ch lo ro f l uo roca rbon .  Un- 

s a t u r a t e d  polychlorotrifluoroethylenes combined w i t h   a i r  and mo is tu re   can  become a c i d i c  and be c o r r o s i v e  

t o w a r d   m e t a l s ,   p a r t i c u l a r l y   s t e e l ,   w h i l e  any  hydrogen i n  a molecule  can  be a p o i n t   o f   a t t a c k  by  oxygen 

or o t h e r   s t r o n g   o x i d i z e r s .  

I n f ra red   spec t romet ry  w i l l  determine  the  completeness  o f   saturat ion  and  the  absence of hydrogen   i n  

Ha locarbon Wax. 
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APPENDIX C 

FIRE CONTROL LOGIC BOX 

OF THE LIQUID INJECTION ELECTRIC THRUSTER (LINJET) 

by E. Hansen 

INTRODUCTION AND  PURPOSE 

The  LINJET  Logic Box p r o v i d e s  a  means of c o n t r o l l i n g   t h e   f l r l n g   r a t e   o f   t h e  LINJET  engine  whi le 

a s s u r i n g   t h a t   t h e   t r l g g e r  segment t h a t   i n i t i a t e s   m a l n   c a p a c i t o r   f i r i n g  I s  changed  by  advancing  the 

l e a d i n g   f i r e   c o n t r o l   p u l s e  each t i m e   t h e   e n g l n e   f i r e s .   F i g u r e . C 1   p r o v i d e s  a timing diagram  which 

d e f i n e s   t h e   c o n t r o l   o f   p u l s e s   a p p l i e d   t o   e a c h   t r i g g e r  segment .   There  are  four   t r igger   segments 

i n   t h e  L I N J E T   e n g i n e ,   a n d   t h e   t r i g g e r   p u l s e s   I n   F i g u r e c i   a r e   i & n t i f i e d ; a s  to w h i c h  o f  these 

t r i g g e r  segments a r e   b e i n g   d r i v e n   a t  any p o i n t   I n   t l m e .  

F l g u r e  C 1  T lming  d iagram o f  t h e   p u l s e   o u t p u t   t o   t h e   t r i g g e r  segment d r i v e r   c i r c u i t s .  

As i n d i c a t e d   i n   F l g u r e  C I ,  t h e   f i r e   c o n t r o l   c l r c u f t  changes t h e   t r t g g e r  segment t o  w h l c h   t h e  

f i r s t   f i r e   p u l s e   i s   a p p l i e d  each  t ime a four-pu lse  group i s  a p p l l e d   t o   t h e  LINJET.  The r a t e   o f  

a p p l y i n g   t h e   f o u r   p u l s e s   o f   e a c h   t r a i n   t o   t h e   f o u r   t r i g g e r  segment Is 2KHz o r   a t  a r e p e t i t i o n  

r a t e   o f  0.5 msec ( T 2   i n   F l g u r e  C 1 )  between  the  leading  edge  o f   each  pu lse.  The I n t e r f a c i n g   c i r -  

c u i t r y  be tween  the   log lc   con t ro l   box   and  the   ac tua l   t r igger   segment  gap l o c a t e d   i n   t h e   e n g i n e   d i f f e r e n t i -  

a t e s   t h e   p u l s e   s u c h   t h a t   o n l y   t h e   l e a d i n g  edge o f  e a c h   p u l s e   p r e c i p l t a t e s   i n d i v i d u a l   t r i g g e r  segment 

sparks .  The p e r i o d   b e t w e e n   t h e   f o u r   p u l s e   g r o u p s   ( T 1   I n   F i g u r e   C i )   r e p r e s e n t s   t h e   d e s i r e d   f i r i n g  

r a t e   o f   t h e  LINJET  engine. The o v e r a l l   a u t o m a t i c   f i r i n g   r a t e   i s   s e l e c t a b l e   t o  be 5 Hz, 1 Hz, . 1  

Hz, o r  . O i  Hz. P r o v i s i o n s   h a v e   a l s o   b e e n   i n c o r p o r a t e d   t o   p r o v i d e  a s i n g l e   f o u r - p u l s e   g r o u p   c o n t r o l  

v i a  a manual  momentary s w i t c h   c l o s u r e .  
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CIRCUIT OPERATION DESCRlPTiON 

The fo l l ow ing   pa rag raph   desc r ibes  how t h e   c i r c u i t   o p e r a t e s   v i a   l o g i c ,   s c h e m a t i c s   a n d   d l a g r a m s .  

F i g u r e  C2 r e p r e s e n t s  a s c h e m a t i c   o f   t h e   l o g i c   w l r l n g   I n   t h e   L o g l c   C o n t r o l  Box. 

FIRING RATE  CONTROL 

The a u t o m a t i c   f i r i n g   r a t e  has  been made s e l e c t a b l e   f r o m  5 pps t o  .01 p p s   I n   f o u r   s t e p s .  A l l  

t i m i n g   i s  based  on a s l n g l e  64KHz c l o c k   a s  shown I n   F l g u r e C 2 .  The 64KHz c l o c k   r a t e   i s   d i v i d e d  

by a f a c t o r   o f  1.28 x l o 4  t o  a c h i e v e   t h e  5 pps  ra te.   Rates  o f  1 pps, . 1  pps,  and .01 pps   a re   t hen  

d e r i v e d   b y   d i v i d i n g   f u r t h e r   b y   f a c t o r s   o f  5, 50, and 500, r e s p e c t i v e l y .  The f o u r   p o s s i b l e   f i r i n g  

r a t e s   a r e  made m a n u a l l y   s e l e c t a b l e   v i a  a & p o l e ,   & p o s i t i o n   s w i t c h   w h i c h   c o n t r o l s   w h i c h   r e p e t i t i o n  

r a t e   i s   a p p l i e d   t o   t h e   i n p u t   o f  a monos tab le   mu l t i - v lb ra to r   o r   one -sho t ,  A18 I n   F i g u r e  C2. The  one 

s h o t   t h e n   p u t s   o u t  a s e r i e s   o f   n a r r o w   d u r a t i o n   r e s e t  and  sequence s t a r t   p u l s e s   a t   t h e   s e l e c t e d  

r e p e t i t i o n   r a t e .  The t i m e   d i v i s i o n   ( 1 . 2 8  x IO ) r e f e r r e d   t o  above I s  performed  by a s e r i e s   o f   e i g h t  

4 - b i t   d i g i t a l   c o u n t e r s ,  A2 t h r u  A9 i n   F i g u r e   2 .  An And /o r   se lec t   ga te ,  A14 i n   F i g u r e  C2, p r o v i d e s  

t h e   l o g i c   i n t e r f a c e   f o r   s e l e c t i n g   t h e   d e s i r e d   a u t o m a t i c   f i r i n g   r a t e .  

4 

The f i r i n g   r a t e   i n f o r m a t i o n   f r o m   t h e  one  shot i s  p r o v i d e d   a s   a n   i n p u t   f o r   c o n t r o l l i n g   t h e   s t a r t  

o f   t h e   f o u r   p u l s e   s e q u e n c e   w h i c h   u l t i m a t e l y ,   v i a   i n t e r f a c e   c i r c u i t r y   i n   t h e   e n g i n e ,   d r i v e s   t h e   f o u r  

segment t r i g g e r .  The f i r i n g   r a t e   p u l s e s   a r e   a l s o  used t o  advance t h e   t r i g g e r  segment  which i s   t h e  

l e a d   p u l s e   i n   e a c h   f o u r  pu Ise  group.  

TRIGGER SEGMENT DRIVE CONTROL 

The t r i g g e r  segment d r i v e   c o n t r o l   i s   p r o v i d e d  by s h i f t   r e g i s t e r  A54, t i m e r  A3, and  assoc ia ted  

g a t e s ,   f l i p   f l o p s ,  and d i g i t a l   b u f f e r   c i r c u i t s .  

The l o g i c   d i a g r a m   i n   F i g u r e  C3 d e s c r i b e s  how a four -pu lse   sequence  i s   deve loped  a f te r   each 

r e s e t  and s t a r t   p u l s e   i s   p u t   o u t  by  A23-3.  The A23-3 o u t p u t   i s ,  of c o u r s e ,   o c c u r r i n g   a t   t h e   s e l e c t e d  

f i r i n g   r a t e .  The  sequence o f   e v e n t s   a r e :  

1 .  S t a r t   t i m e r  A3, by  opening  gate A - 1 1 ,  by r e s e t t i n g   f l i p   f l o p  A10. 

2. E n t e r   p a r a l l e l   d a t a   s t o r e d   a t  A54-3,  -2, -15  and  -14 i n p u t s   w i t h   s h i f t  and  load   con t ro ls  

p r o v i d e d  by A12-6 and  A12-4 o u t p u t s ,   r e s p e c t i v e l y .  

3 .   S h i f t   p a r a l l e l   d a t a   t o   t h e   r i g h t   i n   t h e   s h i f t   r e g i s t e r   f o u r   s t e p s   w h i l e   p r o v i d i n g  a sequence 

o f   f o u r   p u l s e s   a t   t h e   b u f f e r   o u t p u t s   o f  A22. 
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A 23-3 
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A 2 - 1 2  
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4. A t  t h e   c o u n t   o f   f o u r ,   t h e   t i m e r  A23 closes g a t e  A-11 by r e s e t t i n g  f I I p   f l o p  A10 and p r o v i d e s  

t h e   p r o p e r   l o g i c   s i g n a l   t o   r e s e t   a l l  A54 s h i f t   r e g i s t e r   o u t p u t s   t o  a z e r o   l o g i c   l e v e l  and 

keep t h e   s h i f t   r e g i s t e r   I n   t h i s   s t a t e   u n t i l   t h e   n e x t   r e s e t  and s t a r t   p u l s e   f r o m  A23-3 i s  

generated. 

TRIGGER  SEGMENT  SEQUENCE  ADVANCE  CONTROL 

The t r i g g e r  sequence  advance c o n t r o l   i s   p r o v i d e d  by s h i f t   r e g i s t e r  A52, and   assoc ia ted   ga tes  

A16,  A19,  A13,  A12, All p e r   t h e   s c h e m a t i c   i n   F i g u r e  C2. The  purpose i s   t o  advance t h e   p o s i t i o n   o f  

t h e   s t a r t i n g   p u l s e   o f   t h e   4 - p u l s e  sequence  described  above. The A52 s h i f t   r e g i s t e r   i n   F i g u r e  C2 i s  

hooked  up  as a r i n g   c o u n t e r  whose c l o c k   i s   p r o v i d e d  by t h e   r e s e t  and s t a r t   p u l s e   t r a i n   f r o m  A23-3. 

As e a c h   r e s e t   p u l s e   a r r i v e s ,  a d a t a   s l a t e   i s   s h i f t e d   t o   t h e   r i g h t   i n  A52. l n l t i a l l y ,   a t   t h e  power 

t u r n  on, t h e   o u t p u t s   f r o m  A52 a r e   r e s e t   t o   l o g i c  zero by a c h a r g i n g   t i m e   c o n s t a n t   p r o v i d e d  by a IO u f  

c a p a c i t o r  and iOKn r e s i s t o r   n e t w o r k   p r e s e n t   a t   t h e   i n p u t   o f   g a t e   A l l - 1 3 .  The a r r i v a l   o f   t h e   f i r s 1  

r e s e t   p u l s e   f r o m  A-23 a f t e r  power   t u rn -on   t hen   l oads   t he   da ta   p resen t   a t   t he  A52-3, -2 ,  -15,  and 

-14 i npu ts .  The d a t a  now p r e s e n t   a t   t h e  A52 o u t p u t s ,  i s  on   each   subsequen t   rese t   pu l se ,   sh i f t ed   t o  

t h e   r i g h t  by  one  step a t  a t i m e   u n t i l   t h e   l o g i c   l e v e l s   p r e s e n t   a t  A52-5, -7, -4,  and - 1 1  o u t p u t s  cause 

t h e   p a r a l l e l   d a t a   i n p u t   t o   a g a i n  be  loaded i n t o   t h e   s h i f t   r e g i s t e r  A54. I n   t h i s  way, t h e   l o g i c   l e v e l s  

p r e s e n t   a t   t h e   p u l s e   s e q u e n c i n g   s h i f t   r e g i s t e r  A54 a r e  changed  between g e n e r a t i o n  o f  each  four -pu lse  

sequence.  Therefore,   the f i r s t   t r i g g e r   p u l s e   i n   t h e  sequence  never   occurs   more   than  once  fo r   four  

r e s e t  and s t a r t   p u l s e s   a t ,   f o r  example, t h e   J 3   o u t p u t   t e r m i n a l   i n   F i g u r e  C 2 .  The i n i t i a l   e n g i n e  f i r -  

i n g   p u l s e   o n   t h e   f o u r - s e g m e n t   t r i g g e r   i n   t h e  LINJET is ,   therefore,   advanced  one  segment   each  t ime 

t h e   t r i g g e r  assembly i s  f i r e d .  

OPTIONAL MANUAL  CONTROLS IN THE  SPET  LOGIC BOX 

A manual f i r i n g   c o n t r o l   c a n   b e   i n i t i a t e d   w h i c h   b y p a s s e s   t h e   a u t o m a t i c   s e q u e n c e s   v i a   s w i t c h e s  

SW-5 and SW-2. A s i n g l e   f o u r - p u l s e  sequence  as  described  above may be genera ted   manua l l y   by   pu t t i ng  

SW-5 i n   t h e  manual p o s i t i o n  and m o m e n t a r i l y   c l o s i n g  SW-2. The r e s u l t i n g   m a n u a l l y - g e n e r a t e d   r e s e t  

and s t a r t   p u l s e   a t  A23-3, i n   a d d i t i o n   t o   g e n e r a t i n g   f o u r - p u l s e   t r i g g e r  sequence, wil l advance t h e  

f i r s t   p u l s e   p o s i t i o n   i n   t h e  sequence  each  t ime SW-2 i s   c l o s e d .  
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A f o u r - p o l e ,   f o u r - p o s l t l o n   s w l t c h   i s   a l s o   p r o v l d e d   b y  SW-6 and SW-7 t o  bypass   t he   f ou r -pu l se  

sequence s t a r t   p u l s e  advance If d e s l r e d   I n   e l t h e r  manual o r   a u t o m a t l c   f i r i n g  mode. I n   t h i s  way, 

t h e   s t a r t l n g   p u l s e   c a n   b e  made t o   d w e l l   a t  any s l n g l e   t r l g g e r  segment I n   t h e  LINJET  Englne. 

A means Is a l s o   p r o v l d e d  for a p p l y i n g   a n   e x t e r n a l   c l o c k   t o   o b t a l n  a r a t e   d i f f e r e n t   f r o m   t h e  

64K Hz I n t e r n a l   c l o c k  i f  d e s l r e d .   I n   t h l s ,   t h e   f o u r - p u l s e   s e q u e n c e   r e p e t l t l o n   r a t e   a n d   t h e   f l r l n g  

r e p e t l t l o n   r a t e   c a n   b e  changed t o  some o t h e r   t l m i n g   t h a n   t h o s e  based  on   the  64K Hz c l o c k .  

OPERATING PROBLEMS 

Some l n c l d e n t s   o f   b u r n - o u t   o f   t h e   o u t p u t   b u f f e r  I C  A22 have  been  encountered   In   sp i te   o f   d iode 

l s o l a t l o n   f r o m  t h e  c l r c u l t r y   I n   t h e  LINJET Englne.   Apparent ly ,  when t h e  vacuum  system i n   w h i c h   t h e  

LINJET i s   o p e r a t i n g   f a l l s   t o  keep t h e  g a s   p r e s s u r e   b e l o w   c r i t l c a i   l e v e l s ,   c o r o n a   a r c - o v e r s   t a k e  

p l a c e   f r o . . ,   t h e   h l g h   v o l t a g e   t o   t h e   t r l g g e r   l i n e s   w h i c h   s h o r t - o u t   t h e  A22 i n t e g r a t e d   c i r c u i t   o u t p u t  

b y p a s s i n g   t h e   p r o t e c t i v e   d i o d e s   v l a   t h e   s h u n t   c a p a c i t y  o f  these  e lements.  No o the r   ope ra t i ng   p rob lems  

have  been  encountered   in   the   log ic  box. 
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APPENDIX D 

M a i n   C a p a c i t o r   L i f e   T e s t i n q  

P r e s e n t   h e r e i n   a r e   t h r e e   p a c k e t s  of d a t a   r e l a t i v e   t o   t h e   l i f e   t e s t  of t h e   m a i n   c a p a c l t o r .  

The f i r s t   i s   e x t r a c t s   f r o m   t h e   t e s t   l o g   t a k e n   d u r i n g   t h e   c o u r s e   o f   t h e   t e s t i n g .   I t   h a s  been 

e d i t e d   o n l y   t o   p u t   t h e   d a t a   i n  a s t a n d a r d   f o r m a t   f o r   r e a d a b l l l t y .  The f i g u r e  numbers r e f e r r e d   t o  

I n   t h e   l o g   a r e   t h e   o s c i l l o g r a p h   p h o t o g r a p h s   t h a t   a r e   t h e  second  data  packet.  

The t h l r d   d a t a   p a c k e t   i s   T a b l e  D-l showlng a t a b u l a t i o n   o f   v a r i o u s   p a r a m e t e r s   r e f e r e n c e d  by t h e  

f i g u r e  number o n   t h e   t a b l e   t o   t h e   p h o t o g r a p h s   n o t e d   a b o v e .  

The c a l c u l a t l o n   o f   t h e   p a r a m e t e r s   i n   T a b l e  0-1 use t h e   s t a n d a r d   f o r m u l a s   f o r  a damped s i n e  

wave, a s   f o l l o w s :  

The c u r r e n t   i s   e x p r e s s e d   a s :  

where: W n  = na tura l   f requency  

‘n 

TP 

R 

R 

Am 

= 2¶/Tp 

= i s   t h e   t i m e  be tween  success ive   ampl i tude  peaks   as   taken  f rom  the   osc i l loscope 

p l c t u r e  

= C a l c u l a t e d   l o o p   r e s i s t a n c e  

2772 c 

= A m p l i t u d e   o f  a p u l s e  

A ( m  + , )  = A m p l i t u d e   o f   t h e   n e x t   p u l s e  

C = C a p a c i t a n c e   ( f o r   t h i s   t e s t  was 28 microfarads  as  measured  by  the  manufacturer)  

L = Loop induc tance 

0 -  1 



The  maxlmum  current  occurs  when 

which  can be used In the  solution  of  equation ( 1 )  for  current. 

It  should  be  noted in Table 13-1 that a TO volt  reading  on  Input  data 1s used  to  slgnify a para- 

meter  test  on  the  capacltor and has  no  other  meaning.  (During  the  parameter  test  the  capacltor Is 

acting  as an oscillator  that  is  given a single  pulse and the  output  wave  shape I s  a measure  of  the 

internal  inductance and resistance.)  Similarly,  the  calculated  values  of  current and tlme for  these 

points  have  no  significance  other  than  to  satisfy  the  computer  routine  used In making  the  calcuia- 

t Ions. 

Three  other  things wlil be noted in Table  D-I.  First,  that  startlng  with  Figure  024  there  is 

a slgnificant  increase in peak  current,  reflecting  the  change in external  loop  resistance/inductance. 

Second,  after  Figure D X  the  parameter  tests (10 volt  polnts)  shows a slgniflcant  decrease in In- 

ternal  resistance and inductance.  While  the  reason  is  not  clear, a posslble  solution  is  contalned 

in the loss of capacitor  oil.  Third,  Figures  D34-D36  were  taken during engine firing tests and 

are  indicative of the  low  inductive/resistive path attained In the  englne  design. 
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EXTRACTS OF MAIN CAPACITOR LIFE TEST LOG 

Date/Time - Count  F iqure X Remarks 

9/26/72 

9/29/72 

: 1530 

10/2/72 

0800 

1635 

10/3/72 
1630 

10/4/72 
0925 

1500 

i 0/5/72 
1600 

i0/6/72 
1325 

1500 

I0/9/72 
1540 

i O /  10/72 
0840 

460,179 

477,200 

603,824 

1,020,900 

1,302,800 

1,403,200 

1 t o  1 1  S p a r k   g a p   o p e r a t e d   l n t e r m i t t l n g i y   f r o m  9/26 t h r u  9/28. Scope 
p i c t u r e s  were   t aken   du r lng   t h i s   t ime   show ing   vo l tage   reve rsa l  
wave  forms  and  parameter  measurements. 

A f t e r   s e v e r a l   a t t e m p t s  were made t o   c u r e   t h e   i n t e r m i t t e n t  

was reversed,  which was c o n t r a r y   t o   t h e   v e n d o r ' s   s u g g e s t e d  
p rob lem  w i thou t   success ,   t he   vo l tage   ac ross   t he   spa rk  gap 

mode o f   o p e r a t i o n .  The r e s u l t s  were p o s i t i v e  and t h e   l i f e  
t e s t  proceeded  as  planned a t  a 5Hz r a t e .  

12 Oi l  leak  was o b s e r v e d   a r o u n d   t h e   t o p   o f   c a p a c i t o r .   T h i s   o i l  
was c l e a n e d   o f f .  

C a p a c i t o r   l i f e   t e s t  resumed a f t e r  week end. 

13 Oi l  a g a l n   p r e s e n t   a t   t o p   o f   c a p a c i t o r .  

15 Vol tage wave forms  observed  wi th   scope  Ind icated a decrease 

o p e r a t i  ng f o r   n e x t  24 hours.  
i n  loop  current  impedance. The t e s t  was a l l o w e d   t o   c o n t i n u e  

16 The t e s t  was i n t e r r u p t e d  t o  d e c r e a s e   l o o p   r e s i s t a n c e   i n   t h e  
discharge  loop.  Current  measurements made from  photo  above. 

17 C a p a c i t o r  was removed f r o m   t e s t   c i r c u i t   f o r   p a r a m e t e r   m e a s u r e -  
ments. A s l l g h t   b u i l d  up o f   o i l   o b s e r v e d   o n   t o p  of c a p a c i t o r .  

1,825,000 

2,164,700 

2,191,200 20, 21 

3,435,900 23 

3,714,000 

19 Only   vo l tage   reve rsa l   pho to   t aken  

Vol tage  reversal   measurements made. Parameter  measurements 
made. 

V o l t a g e   r e v e r s a l .  

C a l c u l a t i o n s  made on  p rev ious  wave fo rms   revea led   an   e r ro r  
The l i f e   t e s t  was i n t e r r u p t e d   t o   v e r i f y   c u r r e n t   l e v e l   d a t a .  

o f  13,000 amps.  The l i f e   t e s t   t o   t h i s   d a t e  has  been  operated 
a t   a p p r o x i m a t e l y  9,000 amp l e v e l s .  

A t  t h i s   p o i n t ,   t h e   l o o p   c i r c u i t  was changed t o   e l i m i n a t e   a l l  

w i t h  a luminum  bars   fo r   connect ing  t o   c a p a c i t o r  and  spark  gap. 
lead   w i res .  The c i r c u i t   c o n s i s t e d  of a 25 m i l l i o h m   r e s i s t o r  

The l o o p   c u r r e n t   i n c r e a s e d   t o  16,000 amps. 

1500  24 Parameter  measurement. 

iO/li/72 
1500 4,121,358 24, 26 Ah a t t e m p t  was  made a t   t h i s   p o i n t   t o   e l i m i n a t e   a l l   l o o p   i n -  

ductance by r e p l a c i n g   t h e   w i r e   w o u l d   r e s i s t a n c e   w i t h   s h i m  
s tock .  
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Date/Time - Count   F lqu re  # Remarks 

10/12/72 

1100 

10/16/72 

I300 

10/17/72 

unknown 

1 O /  18/72 

10/18/72 

I O /  19/72 

4,128,549 

27, 28 

4,651,382 

4,754,500 

4,850,000 31, 32 

5,229,765 

Power d i s s i p a t i o n  was t o o   g r e a t   f o r   t h e   s h l m ,   w h i c h  became 
red  hot   and  mel ted.  The o r i g i n a l  .025R r e s l s t o r  was r e -  
p l a c e d   i n   t h e   c i r c u i t .  

27 Test  resumed. 

A m a l f u n c t l o n   i n   t h e   t e s t   c l r c u i t  caused a power i n t e r r u p -  
t i o n   t o   t h e   t e s t   f i x t u r e .  Cause was no t   de termined.  

The s e r i e s   c h a r g i n g   r e s i s t o r  was changed  from 900 ohms t o  

con t inued   f rom 0800 t o  1600. 
700 ohms due t o   e x c e s s i v e   h e a t   g e n e r a t e d   i n   t h e   c i r c u i t .   T e s t  

Power was i n t e r r u p t e d   b e c a u s e   o f   c o u n t e r   m o n i t o r i n g   c i r c u i t .  
An a t t e m p t  t o  r e s t a r t   t e s t   f a i l e d  when t h e   s p a r k  gap f a i l e d  
t o   f i r e .  All a t tempts  t o  r e s t a r t  gap f a i l e d .   C a p a c i t o r  
l e a k l n g   o i   I .  

29 The f a i l e d   s p a r k  gap was r e p l a c e d   w i t h  a new u n i t .  The new 
u n i t  wou ld   no t   ope ra te   w i th   l ess   t han  3KV a p p l i e d   u n t i l   a f t e r  
s e v e r a l   m i n u t e s   o f   o p e r a t i o n .  Then o p e r a t e d   a t  2.4KV l e v e l s  
(presumably needed a b u r n   i n   t l m e ) .  

Tes t  resumed a t  a 4.5 Hz r a t e   a t  V = 2400V. 

30 Count = 4,651,382 
T e s t   c i r c u i t  - V = 2400 v o l t s  

Rc = 700 ohms 
RL = .025 ohms 

The 700 ohm c h a r g i n g   r e s i s t a n c e  was increased t o  900 ohm 
Vo l tage reversal  measurements made for c i r c u i t  parameters,  

t o  reduce  peak  charg ing  current .  The  gap f a i l e d   t o   s t a r t  
when v o l t a g e  was r e a p p l i e d .  A t  t h i s   p o i n t ,   t h e   v o l t a g e  was 
reversed  aga in   ( to   suggested   vendor  mode) and t h e  gap s t a r t e d  
f i r i n g   a g a i n .  

No measurements  taken.  Test  lead became d isengaged  dur ing 
n i g h t   t i m e   i n t e r r u p t i n g   t e s t .  

Spark gap temperature  reached ZOOOF a l t h o u g h  a fan  was blow- 
i n g   c o n t i n u i n g l y  on i t .  

The amount o f   o i l   e s c a p i n g   f r o m   t h e   c a p a c i t o r   e x c e e d e d   t h e  

w i t h i n   t h e   t o p   o f   t h e   c a p a c l t o r  was f u l l  t o  o v e r f l o w i n g   w l t h  
amount i n   p r e v i o u s   i n c r e m e n t s  of t e s t i n g .  The e n t i r e   c a v i t y  

o i l .  The 0 1 1  s p i l l  was w iped  c lean  and  tes t   con t inued.  

V = 2800 v o l t s  
Cap. Temp. = 103OF 
Spark Gap  Temp. = 25OoF 

Top r i n g   o f   c a p a c i t o r   a g a i n   f i l l e d   w i t h   o i l .  

A t  t h i s   p o i n t   t h e   s p a r k  gap f a i l e d  and w i t h   t h e   c o n c u r r e n c e   o f   t h e   c u s t o m e r   t e c h n i c a l   d i r e c t o r ,   t h i s  

phase o f   t he   p rog ram was t e r m i n a t e d .  
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Fig. No. 1 
Date: 9/26/72 
Time : 1320 
Count: 3900 
VP: 2500 V 
nor. SW: ' 10 k s l c m  
SIN: 15118 
C: 28 A 4  

Fig. NO,  2 
Date: 9/26/72 
T i m e :  1630 
Count: 28,200 
VP: 2500 V 
nor. SW: 10 AcCslcm 
SIN: 15118 
C: 28 LC@ 

Fig. No. 3 
Date: 9/26/72 
T i m e  : 1640 
Count: 29,000 
w: 2500 V 
nor. SW: 10 -/cm 
SIN: 15118 
C: 28 Icf 
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Fig.  No. 4 
Date: 9/27/72 
Time : 0850 
Count: 150,100 
VP : 2500V 
HOK. Sw: 10 .&slcm 
SIN: 15118 
C: 2 8 & 4  

Fig. No. 5 
Date: 9/27/72 
T i m e  : 1600 
Count: 194,900 
VP : 2500V 
Hor. Sw: 10 U s l c m  
SIN: 15118 
C: 28 8x4 

F i g .  No. 6 
Date:  9/27/72 
Time : 1645 
Count: 201,600 
VP : 2300V 
Hor. Sw: 10,&s/cm 
SIN: 
C: 
V Reversal: 600V 
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Fig. NO. 7 
Date: 9120172 
Time : 0040 
Count : 333,700 
VP: 2 300V 

s IN:  
Hor. Sw: 10  &s/cm 

C: E2 
V Reverral: 600V 

Fig. No. 0 
Date: 9 / 2 8 / 7 2  
Time : 1020 
Count: 334.991 
VP : 
Ror. Sw: 2 I ( B / c ~  
SIN: 15110 
C: 2a.Lt-t 
Parameter Test 

Fig. No. 9 
Date: 9 / 2 0 / 7 2  
Time : 1005 
Count: 334,991 
VP: 
Hor. Su: 2   r l s l c m  

C: 20.1rj' 
s IN  15110,. 
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Fig .  No. 
Date: 
Time : 

VP: 
count: 

Hor. Sw: 
SIN: 

V Reverlral: 
C: 

10 
9/28/72 
1145 

2450V 
336,690 

10 u s l m  
15118 
2 8 U 4  
700V 

Fig.  No. 11 
Date: 9/28/72 
Time: 1630 
Count: 387,174 
VP : 
Hor. Sw: 2 &s/cm 
SIN: 
C: ;iF# 
Parameter Test 
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Fig. No. 13 
Date: 10/02/72 
Time:  1635 
Count:  603,820 
w: 
nor. Sw: 2 U a / c m  
SIN: 15118 

Parameter Test 
C: 28Uf 

Fig. No. 14 
Date: 10/04/72 
Time : 
Count: 1,405,065 
VP: 2400V 
Hor. Sw: 2 6i slcm 
S / N :  15118 

Parameter Test 
C: 2 8 A f  

Fig. No. 15 
Date: 10/03/72 
Time: 1630 
Count : 1,020,900 
VP: 2500V 
Hor. Sw: 10  Irslcm 
SIN: 15118 
C: 284tf 
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F i g .  No. 16 
Date: 10/04/72 
Time: 0925 
Count: 
VP: 

1,302,800 
2400v 

nor. Sw: 10 &s/qm 
SIN: 15118 

V Reversal: 760v 
C: 2 8 d f  

Fig. No. 
Date: 
Time : 
Count: 
VP : 

SIN: 
Hor. sw: 

C: 

17 
10/04/72 
1510 

2400V 
1,403,200 

15118 
10 d s / m  

28&# 
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Fig.  No. 19 
Date:  10/05/72 
Time : 1600 
Coun t : 
VP: 

1,825.790 

Hor. Sw: 10 k s / c m  
SIN: 

V Reverml:  700V 
C: E ?  

Fig. No. 20 
Date:  10/06/72 
Time : 1500 
Count: 
VP: 

2,191,200 
2400V 

Hor. Sw: 10 ~4 slcm 
s IN: 15118 
C: 28Arcf  

Fig.  No. 21 
Date:  10/06/72 
Time: 1620 
Count : 
VP : 

2,191,200 

Hor. Sw: 
S I N :  15118 
C: 28Lc-f 
Parameter Test 

D - 1 1  



F i g .  No. 22 
Date: 10/09/72 
Time : 
Count: 3,435,900 
VP : 
Hor. SW: 10 u s / c m  
SIN:  15118 

v Reversal: 700 V 
C: 28 UP 

Fig. No. 23 
Date:  10/09/72 
Time : 
Count: 3,435,900 
VP : 2400V 
H O ~ .  SW: 2 uslcm 
SIN:  15118 

Parameter Test 
C: 28ru4 

F i g .  No. 
Date: 
Time : 

VP : 
Count: 

Hor. Sw: 
S I N :  
C: 

24 
10/10/72 
1645 
3,758,300 

0 - 12 



Fig.  No. 26 
Date: 10111172 
Time : 1500 
Count : 4,121,358 

Fig. No. 2 7  
Date: 10112172 
Time : 
count:  4,128.549 

D - 13 



Fig .  No. 
Date: 
Time  : 

VP : 
Count: 

SIN: 
Hor. Sw: 

V-Reversal 
C: 

28 
10/13/72 
0900 
4,251,000 

Fig .  No. 29 
Date:  10/16/72 
Time : 1330 
Count : 4,355,000 
VP: 2400 V 
nor. SW: 5 U S / C U I  

S I N :  
C: 3 
New Spark  Gap 

Fig. No. 30 
Date: 10/17/72 
Time: 0850 
Count: 4,651,382 
VP : 2400V 
Hor. Sw: 5 u s l c m  
S/N: 15118 
C: 2 8 c t P  
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Pig. No. 
Date: 
Time : 

VP: 
Count: 

Hor. Su: 

C: 
S i N :  

Pig. No. 32 
Date: 10/18/72 
Time : 
Count: 4,915,166 
VP : 
Hor. Sv: 5 Mslcm 
S/N: 15118 
C: 20.444 
Parameter Test 

Fig. No. 33 
Date: 12/21/72 
Time: 
Count : 
VP: 2000 v 
Hor. Su: 2 N a / c m  
SIN: 

26. E,.&+ 
15117 

Engine Life Test 
C: 

D - 15 



Fig. No. 
Date: 
Time : 

VP : 
Count: 

Hor. Sw: 

C: 
S I N :  

Fig. NO.  
Date: 
Time: 

VP : 
Count: 

Hor. Sw: 
SIN: 
C: 

Fig.  No. 
Date: 
Time : 

VP: 
Count: 

Hor. Sw: 
SIN: 
C: 

34 
2/14/73 

35 
2/14/73 

1700 V 
2 K s l c m  

26.0kf 
15117 

36 
2/14/73 

59,463 
1700 V 
2 & s l c m  

D -  16 



Fig. No. 37 
Date: 3/01/73 
Time : 
Count : 
VP: 1800 V 
Hor. Sw: 2 &s/cm 
S I N :  
C: KLf 
Parameter Test 

Fig. No. 
Date: 
Time : 

VP: 
Count : 

Hor. Sw: 
SIN: 
C: 
Post Test 

Fig. No. 
Date: 
Time : 
Count: 
VP: 
Hor. Sw: 
SIN: 
C: 

38 
3/01/73 

2000 v 
2 K s l c m  
15117 
26.8& 

39 
3/05/73 



Fig. No. 
Date: 
Time: 
Count : 
vp: 
Hor. Sw: 

C: 
S/N: 

40 
3/05/73 

1800 v 
5 .&s/cm 
15122 
2 8 . 2 H P  

Fig. No. 41 
Date: 4/18/73 
Time : 
Count: 
VP : 1000 v 
Hor. Sw: 2 6<a/cm 
S /N: 15122 
C: 28.2 m+ 
System Test 

D - 18 



TABLE D-l MAIN  CAPACITOR  PARAMETERS 

I J P I J l  DATA """""""""""- CAI-CU-ATED VALUES 
"""""""""""""""" 

Where: L= i nduc tance   i n   uhen   (m ic rohenr ies )  

R='  R e s i s t a n c e   i n  m ohms ( m i i l i o h m s )  

I =  Peak c u r r e n t   i n  K amps (k i loamperes)  

T= D ischarge   t ime   i n   usec   (m ic roseconds )  

D - 19 



APPENDIX E 

ENGINE  TEST  DATA SHEETS 

The f o i l o w l n g   c h a r t s   a r e   I n   t h e   c h r o n o l o g i c a l   s e q u e n c e  of t e s t l n g  a n d   p r e s e n t   t h e   p r l n c l p l e  

tes t   pa ramete rs   as   reduced   f rom  the   ana logue   reco rde r   t races .  

DATE: 25 JAN 73 

Cum f T h r u s t  Temp Maln 
Run Ca P 
T ime  Dlv  0 AI3 F D i v   V o l t s  

CLOCK TIME (m in )  Hz mm deg  deg p I b f  mm OC OF Vm Comments - 
1015 0:oo 

1032 : I7 

1038 : 23 

1050 : 35 

1607 : 00 

1618 : 1 1. 

I623 : 16 

1624 : 17 

1625 : 18 

1633 : 26 

1 

0.1 

0 .  I 

0.1 

1 .o 

1 .o 

1 .o 

0.1 

Thrus t   no t   Recorded 6 . 5  26 0 

800 

18 Pulses  on  Main 7.0  26.5  1500 

7.0 0 

No Thrust   Record 7.0  26.5  1500 
P i n t l e   ( n e g )  

7 . 0  26.5  2000 

8 .0   27 .5  

8.0 27.5 

8 . 5   2 8 . 0  

7.5  24.0 I 

T r i g g e r  Check 
V +  = 1800 

P i n t l e   ( n e g )  

Shutdown 
Main Cap n o t   F i r i n g  

R e s t a r t  V t  = 1 8 0 0  
miss ing   on   Ma ln  Cap 
D i scharge 

Lower  Charge  Resistor 

S t i l l  M i s s i n g  

Shutdown 

E - l  

I 



DATE: 26 JAN 73 

T h r u s t  
Cum f 
Run 

Temp Main 
Cao #1 
Vo'l t s  

OF v 
Comments T ime  Div  0 A0 F D l v  

Clock Time  (min) Hz rnm deg  deg LI i b f  mm OC 
~ 

0930 

0935 

0936 

1000 

1023 

I030 

I107 

1136 

I141 

1310 

1401 

1431 

I501 

1517 

1549 

1554 

1617 

1619 

1715 

1725 

I730 

0:oo 

0:05  

0 :05  

0 :  29 

0 :52  

0: 52 

1 :29 

1 :58  

2 :03  

2:03 

2:  54 

3: 24 

3: 54 

3:  54 

4 :26  

4:31 

4:  53 

4 :  55 

5:51 

6:Ol 

6:06 

1.0 P l n t l e  (neg) 6 . 5  

1.0 rd 8 Pulses  on  Main 

26' 

26 .5  

42.7 

7 8 . 2  
56.8 

45 

48 .2  

55.2 

53 .8  

44 .3  

51 .5 

53.8  

56.8 

45.4 

58 .3  

52 .3  

53.E 

78.2 

88. 

70 .5  

2000 V t  = 1800 s t a r t  

Shut Down 

1500 
R e s t a r t  
V t  = 1800 1 .O P i n t l e  (POS) 7 .O 

24. 

34.0 
44.5 

25.5 

28 .0  

33.0 

32. 

.o  

.o 134 
170 F 

Press  Rise;   Sharp 
Peak i n  Temp Shutdown 

800 R e s t a r t  1 .o 

1 Shutdown 

R e s t a r t  800 1 25. 

30 .5  

32. 

34 

26. 

35  

31 

30 I Shutdown, P r e s s   R i s e  

R e s t a r t  

Temp on R/C # l ;  Not  on 
Unexp I a i ned  Drup i n  

T/C #4 

32 130  800 1 

5 1 
44.5 

47 

41.5 

170  1000 

l g o  i Shutdown 

E - 2  



DATE: 13 FEB. 73 

Cum f T h r u s t  Temp 
Run 
Time D l v  0 A0 F D l v  

Clock Time  (min) Hz mm deg  deg p I b f  mm OC 
.__ - 

0900 0: 00 1 

0903 0: 00 

I026 1 :23 

I 

055 1 : 5 2  

IO0 1 :57 

145  2:  42 

310  4:07 

400  4: 57 

430  5: 27 

445  5:42 

522  6: 19 

10 .33 

11.0 0.53 

12.0  .78 

11.5  .67 

12.0  .78 

12.5  .90 

12.5  .90 

13.0  1 .02 

13.5 1.12 

0 

.20 

.45 

.34 

.45 

.57 

.57 

.69 

.79 

12.3 

27 .e 

21 .o 

27.8 

35.2 

35.2 

42.6 

48.7 

12.5 

1 1  .o . 53  

8 .5   27 .8  

17.0  36.  

19. 38. 

20.5  39.5 

22.5 41 . 5  

23.0  42.1 

23.5  42.6 

24.0 43.2 

23.5  42.6 

20.  38.8 

1 1  .5   30.7 

Main 
Ca P 
Vol ts 

OF v Comments 

0 Tr ig   Checkou t  
Vt  = 1800 

800 

109.7 

Shutdown 

If353 ODened Chamber Pendulum @! +0.5O On Sca le  

E - 3  



DATE: 14 FEB 7 3  

Cum f THRUST  TEMP Mal  n 
Run 

D i v  Q AQ Time  F  Div Volts 
Ca P 

Clock  T ime  (min)  Hz mm deg deg u I b f  mm OC  OF v Comments 

0845 

0847 

0925 

0942 

0955 

1034 

1049 

1100 

1109 

1 1 1 1  

1116 

1117 

1 1  18 

1119 

1135 

1150 

I205 

1207 

1210 

1220 

1221 

1230 

1231 

1232 

1233 

1248 

1250 

1300 

I308 

: 00 

: 00 

: 38 

: 55 

1 :08  

1 :47 

2:  03 

2 :   I4  

2:  23 

2:  25 

2:  30 

2:31 

2:31 

2:31 

2:   41 

3:02 

3: 17 

3: 19 

3: 22 

3: 22 

3: 23 

3: 32 

3:  33 

3:  23 

3: 24 

3 :39  

3:41 

3:41 

3: 49 

1 13.5 

1 13.5  

1 

1 1 
1 14.0 

1 15. 

1 15.5 

1 14 .5  

1 15.0 

1 150 

1 21.5 

1.15 8.0 

8.0 

16. 

18 .5  

1.25  0 .10  23.0 

1 .50  0 .35  28.5 

1.60 0 .45  31. 

32 .5  

1.50  0.35  34.0 

1.5  0.35  36.0 

5.3  3.8  234  36. 

27.4 0 

27.4  I100 T r i g  = 1800 Checkout 

35.0  1100 

37.4  1400 

42.2  1400 

48.7  120 1100 
Double  Pulses  Noted 

1 

54.5 

56.7  2000 

60' 140 I Thrust ;   Runnlng 
Free (5-10 Hz e s t )  

60' I Steadv 

1 23.0  3.67  7.17 
Swing up t o  33.5 then  down 

36. 60 
Down t o  16 t h e n  UD (1 .75 )  

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

24.5  

24 .O 

24. 

24. 

25. 

25. 

20 

24. 

26 

25.5 

25.5 

24.0 

26.0 

26.0 

26 .5  

25.0 

26. 

4 , 1 8  

4.00 

4.32 

5 .53  

4.00 

4.70 

4.50 

4.50 

4 .OO 

4.70 

4.70 

4.80 

4.32 

4.70 

0 

0 

0 

0 .32  

0.32 

1.53 

0 

0.70 

0.50 

0 .50  

0 

0 .1  

0 . 7  

0 .88  

0 

0.38 

0 

19 .1  

19.7 

94 .3  

0 

43 .2  

30 .8  

30 .8  

0 

43.2 

43 .2  

54 .3  

23 .4  

34.5 57 .1  

34. 56 .1  

32 53 .1  

31 52 .3  

32 53.7 

32 53.7 

34 56.1 

29 49.6 

30 .5  51 . 2  

31 .5  53. 

32 .   53 .1  

31 52.3 

32  53.7 

32 

32 1 
30 51 .O 

31.5  53.0 

800 

900 

1100 

l P  

1300 

1 100 

1200 

1 
1200 

.1 

1 
1300 

1300 

1400 

R e s t a r t  
F a l s e   T r i g  

F a l s e   T r i g  
T h r u s t  OSC 25-28 Div  Shut 
down 

R e s t a r t  Change Chg R 
From 1 K  t o  1 6 K  no  F.T. 

Change Rc t o  1 OK 

Shutdown 

R e s t a r t  

Shutdown 

R e s t a r t  

E T - 4  



Clock  Tlme 

1315 

1325 

1334 

1345 

1348 

1434 

1435 

1436 

1438 

I442 

1450 

1451 

1452 

1500 

1505 

1510 

1513 

1518 

1530 

1550 

1610 

1616 

1619 

1620 

I625 

1630 

1634 

1635 

1637 

1638 

DATE: 14 FEB 73 ( c o n t ' d )  

- 

Cum f T h r u s t  Temp Main  
Run 
T lme  D lv  E) A 0  F D l v   V o l t s  
(mln)  Hz mm deg  deg !J I b f  mm oc OF v Comments 

Ca P 

. " - ~ 

3:  56 

4:06 

4:  15 

4:26 

3:  29 

4:  15 

4:  I6 

4:  17 

4:  19 

4:  23 

4:31 

4:32 

4:33 

4:41 

4: 46 

4:51 

4 :  54 

4:  59 

5: 1 1  

5:31 

5:51 

5:  57 

6:OO 

6:Ol 

6:06 

6: 1 1  

6: 15 

6: I6 

6:  18 

6:  18 

1 

v 

1 

26.5  4.90  0.58  35.8 

26.5 4.90 0.58 35.8 

27.5 5.3 .98 60.6 

28.0 5.52 1.20 74.1 

30.0 

45. 

42. 

38.5 

39.5 

36.0 

29 .O 

31  .5 

34.0 

32.0 

27.5 

25.5 

25 .O 

25.0 

25.0 

25.5 

26.0 

45.0 

47.0 

45.5 

44.5 

26.0 

26.0 

25.0 

6-52 2.20 135.8 

16.3  11.98  740. 

13.7  9.38  579. 

12.05  7.73  477. 

12.4  8.08  498. 

10.45  6.13  378. 

6 . 0  1.68  103.8 

7.5  3.18  196. 

9.1  4.78  295. 

7.85  3.53  218. 

5.3  0.98  60.6 

4.50  0.18 1 1 . 1  

4.32 0.0 0 

4.32 0 .0  0 

4.32 0.0 0 

4.50  0.18 1 1 . 1  

4.70  0.38  23.4 

16.3  11.98  740. 

17.6  13.28  821. 

16.65  12.33  762 

15.97  11.65  720 

4.70  0.38  23.4 ' 

4.70 0.38 23.4 

4.32 0.0 0 

32.5 54.6 

33.5 54.6 

35.0 58.2 

35.0 58.2 

36 60' 

36.5 61 

36.5 61 

36.5 61 

36.5 61 

37.0 61.5 

37.0 61.5 

36.5 61.0 

36.0 60 

36. 60 

36.0 60 

35.5 59.2 

35.+ 58.3 

35.0 58.3 

35.0 58.3 

36.0 60 

37.5 371 62.2 

38.0 63.2 

37.0 61.5 

1500 

1600 

1400 

2000 

1400 

1400 I 
1100 

1100 I 
1300 

F a l s e   T r l q  

C o n t r o l  Temp. 
Reduced MCV t o  

T h r u s t   T r a c e   I n c r .  
R a p l d l y  

Reduced MCV t o   C o n t r o l  
C o n t r o l  Temp 

Drop I n   T h r u s t  

Sharp  Drop i n   T h r u s t  

0 

I 

T h r u s t   I n c r e a s i n g  

Sharp INCR i n   T h r u s t  

Drop o f f   i n   T h r u s l  

Shutdown 

Between 1638 8 1708 Thrus t   Curve   F luc tua ted   f rom 25 t o  38 mm: came t o   r e s t   a t  24.5 mm 

A f t e r   o p e n i n g  chamber t h r u s t   c u r v e   o s c i l   i a t e d   b e t w e e n  20mm 8 25mm w i t h  Pendulum  steady a t  t3.5' on 
s c a l e  (22.5mm = +3.50) 
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DATE: 26 FEE 73 

Cum f T h r u s t  Temp Main 
Ru n Cap 
Time D i v  0 A0 F D i v   V o l t s  

Clock  Time  (min) Hz mm deg  deg p l b f  mm OC OF v Comments 

1015 

1016 : 00 

1018 : 00 

1019 :01 

1025 : 07 

1030 : 12 

1053 : I 5  

1055 : I5  

1036 : I6  

1041 :21 

1047  :21 

I 04 7' 

1055 : 29 

1105 : 37 

"" 
"" 13.0 

13.0 

13.0 

14. 

13 

13' 

13' 

16 

18.5 

19.5 

15.0 

21 .o 

20 .5  

20.5 

1103:40  :37:40 l./O 14.0 

I135  13.5 

3.1 

5.1 

3.1 

3.25 

3.1 

3.1 

3 .1  

3.7 

4.25 

4.70 

3 . 5  

5.5 

5 . 4  

5.4 

3.25 

3.20 

0 

0 

0 

0.15 

0 

0 

0 

0.6 

1.15 

1 . 60  

0.4 

2.4 

2.3 

2.3 

0.15 

0.1 

"" 6 .  

0 6 

0 6 

6 . 5  

8 . 5  

10.5 

12;o 

35.7 19.0 

68.5  17.5 

95.4  26.5 

23.8  20.  

143.0  23. 

137.0  34.  

137.0  38.5 

8.9  34.5 

25.5 

25.5 

26 

28 

29.7 

31 .2 

38 .0  

36.5 

46.2 

59 .G 

42.1 

51.7 

64.2 

52.1 

0 

8 800 

800 

1000 

1200 

1200/0 

1200 

1200 

1200/0 

1200 

+ P o s t  T e s t  Check shows IC i n   L o g i c  Box o u t p u t  was "wiped  out"  

E - 6  

V t  = 1800 T r i g g e r  Check 

F i   r i n g  OK 

Shut down t o  change 
c h a r g  i ng r e s  I s t o r  

Shut down t o  change 
c h a r g i n g   r e s i s t o r  
R e s t a r t  

S topper   f i r i ng   shu tdown  

Check t o r s i o n  pendulum 



i 
" 

DATE: 28 FEB 73 

Cum f 
Run 
Time 

CLock  Time  (min) Hz 
~- ~ 

0840 

0847 

0850 

0900 

0905 

091 1 

0915 

0916 

0917 

0920 

092 I 

0922 

0926 

0927 

0930 

0933 

0938 

0955 

1001 

101 1 

1021 

1145 

1220 

: 00 

: 03 

: I 3  

: 18 

: 24 

: 27 

: 28 

: 29 

: 32 

: 33  

: 34 

: 38 

: 38 

:41 

: 44 

: 49 

: 49 

: 55 

1 

i 
1 

5 

T h r u s t  

D i v  El 
mm deg 
I 

13.0 0.6 

13.0 

13.0 0.6 

13.4 0.8 

13.7 1.0 

A0 F D i v  
deg u i b f  mm 

5 . 5  

5.5 

8 . 5  

0 . 2  11.8 25.0 

0.4 24.0 28.5 

Temp Main 
Ca P 

V o l t s  
OC OF v Comments 

~ 

25  77 0 Tr igger   Checkout  
X t  = l80Ov 

25 800 S t a r t  

27.8  800 Change " f "  

44.5  1000 

48.8  1200 

11.5 

35 

25.2 

24.7 

24 .5  

23 

23 

22.5 

22.5 

22.5 

22.5 

20. 

21. 

19 .5  

18.0 

17.0 

15.0 

15.5  1.9 1.3 78.0 34.0  56.6  1400 F r e e   T r l g g e r i n g ,  Chnge 
" f "  Shutdown 

T h r u s t   T r a c e   O s c i l l a t i n g  
33. 55.3  500 R e s t a r t  

12.4 11.8 

4.75  4.15 

4.50  3 .90 

4.40  3.80 

3.9  3 .30 

3.9  3 .30 

3.75  3.15 

3 .75   3 .15  

375  3.15 

3.75 3 .15  

3.30 2.70 

3.50  2.90 

3 . 2  

2 .8  

2.45 

1.6 , 

7 08 

248 

234 

228 

I97 

197 

189 

I89 

162 

l73+ 

28.5  48.8 

28.5 48.8 

29.0 49.5 

27.5 4 7 . 5  

27.0 46.8 

27.5 41.5 

28.5 48.b 

29.5 49.7 

23.5 42.7 

27.0 46.8 

500 

500 

800 

1100 

800 

0 

1200 

1500 

1000 

0 

0 

Free   T r igge r  i ng 

N.F.T. 

Shutdown t o  Change 
Charge Res i s t o r  
R e s t a r t  

Shutdown 

R e s t a r t  

Shutdown 

Chamber Door Opened 

No D e t e c t a b l e   P r o b l e m   w i t h   t o r s i o n   b a l a n c e   o n   v i s u a l   i n s p e c t i o n ;   a f t e r   d o o r  was 

opened  Trace  dropped t o  13'mm 

E - 7  
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DATE: 28 FEB 73 ( c o n t ' d )  

Cum f 
Run D i v  

T h r u s t  Temp Main 

V o l t s  Time 0 AB F D i v  
Clock Time  (min) H z  mm deg  deg v l b f  mm OC OF v 

Cap 

Comments 

1310 
39 

1540 

1545 

1555 

1556: 20 

1557: 20 

1558 

1606: 40 

1622 

1636 

: 00 10. 

.: 00 1 3' 

:oo 1 13' 

'10 5 14 

: I 1  :20  1 14. 

:12:20 1 14 

:12:40  5  15 

:21:20 1 14.5 

:36:40 1 1 4 .  

0:50:40 1 13.7 

2.0 

3.1 

3.1 

3 .3  

1 
3.50 

3 .35  

3 .30  

3 .25  

e . 5  

7 . 5  

0 7 . 5  

.2   12.5 

14.5 

12.5 

.4  19. 

.25  17. 

.20 I f .  

. I 5   10 .5  

27.8 S t a r t  Pump  Down 

26.8 Tr lgger   Checkout  

26.8' 1000 

31.7 

33 .6  

31.7 

38 

36 

30 

29.7 

P i n k   C o l o r   t o   S p a r k  

Shutdown t o  Change 
C h r g i n g   R e s i s t o r  

Shutdown . F l a s h i n g  
A I  I Over 

Engine  Shorted 

E - 8  



DATE: 2 MAR .73 

Cum f T h r u s t  Temp Main 

Tlme 
Run 

D l v  Q AQ F' D l v  
Cap 

Clock  Time  (min) Hz mm deg  deg u l b f  mm OC OF v 
V o l t s  

Comments 

1258 

1308 

1309 

1316 

1318 

1320 

1327 

I329 

1330 

I331 

1334 

1335 

1336 

I338 

1340 

1344 

1345 

1346 

1346:lO 

1347 

347:30 

349 

35 1 

352 

357 

1404 

1405 

1406:28 

: 00 

: 00 

:Ob 

: 08 

: 0 9  

: 1 1  

: 18 

: 20 

:21 

: 21 

: 24 

: 25 

: 26 

: 28 

: 30 

: 34 

: 35 

: 36 

:36: IO 

37.  

37 : 30 

39 

41 

42 

47 

51 

52 

53:  20 

1 

1 

1 

1 

5 

5 

5 

5 

5 

5 

1 

15 

15. 

8 .5  

8 . 5  

8.5 

9 .5  

9 . 5  

10 .5  

8 . 5  

8 . 5  

1 1  .o 

9 .0  

9 . 5  

9 . 5  

10. 

I O .  

i l .  

15 .5  

20. 

7 .  

17 .5  

9 .  

10.5 

1 1 .  

1 1 .  

11.5 

12. 

18.5 

1 .o 

1 .o 

1 .o 

1 

1 

1 

1 

1 

1 

1 

I 

1 

1 

1 

1 

. 4  

.4  

. 75  

.o 

.o 

. 9  

. I 5  

.4  

.4  

.55 

. 5 5  

. 9  

3.15 

4.30 

.35 

3 .50  

1 .15  

1.75 

1.9 

1 . 9  

2.1 

225 

3 . 8  

.4  

.4 

.75 

.9 

.15 

.4 

.4 

.55 

. 55  

.9 

2 .15 

3.30 

- .65 

2 .50  

. I 5  

. 75  

.90 

.90 

1 .10  

1 . 2 5  

2.8 

24. 

24. 

45.  

54. 

9 .  

24 

24. 

33.  

33 

54.  

129. 

I98 

150. 

9 

45 

54 

54 

66.  

75.2 

168. 

6 .5  

6 .5  

7 . 0  

6 . 5  

8 . 5  

18. 

20 

20 

17.5 

19.5 

17.5 

18.0 

18.C 

19. 

20.5 

21.5 

22 .0  

21 

20 

22.5 

17 

17 

17 

25 

33 

39 

2 6  

26 

26.5 

26.0 

27.8 

37 

38 .9  

3 8 . 9  

36 .5  

38 .5  

36.5 

37. 

38.0 

3 9 . 5  

40.5 

41 .O 

40. 

38.9 

41 .6  

36 .O 

1 
44.4 

55.2 

65' 

0 

0 

800 

800 

1000 

.1 
1000 

4 
300 

1000 

1200 

1400 

1600 

1600 

1600 

1600 

1600 

1600 

1600 

800 

800 

1000 

149 

Tr lgger   Checkout  A l l  Work 

Shutdown;  Reverse 
P o l a r i t y   P i n t l e  Neg 

S t a r t e d  t o  Run Free 
Shutdown 

R e s t a r t :   P o l a r  
P i n t l e  Pos:  Running  Free 

F a l s e   P u l s i n g  

Shutdown 8 R e s t a r l  

Swings i n  T h r u s t   T r a c e  
Los t  Temp Trace 

@ p e r l o d  of 2 min  
Low = 7 High = 18.5 

E - 9  



DATE: 2 MAR 73  (cont'd) 

Cum 
Run f 
Time 

T h r u s t  Temp Main 
Ca P 
V o l t s  

F 
D i v  0 A0 D i v  

Clock Time  (min) Hz mm deg  deg u l b f  mm OC OF v Comments 

141 1 58 9 .  1.15  .15 

I438 1 :25 9 1 .15  . I 5  

1443 1 :30 9 1 .15   .15  

1505 1:52 0 . 5  1.0 

E - IO 

Reversed   Po la r i t y  

Shutdown 



DATE: 7 MAR -73 

Cum T h r u s t  Temp Maln 
Run f 
Time D l v  0 A0 O l v  

F C? P 

Clock  Tlme  (mln) Hz mm deg  deg p l b f  mm OC OF v 
V o l t s  

Comments 

0928 

0932 

0934 

0950 

0952 

I003 

1003:ZO 

101 1 

1015 

1020 

IO25 

1035 

1 

i 

040 

100 

125 

142 

143 

1 4 8  

150 

154 

I 

1155 

1158 

i 225 

1235 

1240 

1245 

1250 

1255 

:oo 1 

1 

:04 1 

:20 1 

:22 1 

:33 1 

:33 1 

:40:40 5 

44:  40 

54:  40 

1:04:40 

1 :09:40 

1:29:40 

1:54:40 

2 :  l1:40 

2: 12: 40 

2:12:40 

2:14:40 

2:  15 

2: 25 

2: 30 

2:45 

9.0 +0.1 

8 . 5  -0.1 

8 . 5  -0.1 

9.0 + 0.1 

9 .  

8.5 0.1 

+ 
9.0 0.1 

9 .0  + 0.1 

11.0 + 1.05 

0 

1 
.95 

12.' 1.50  1.40 

13.5  2.05  1.95 

15.  2.55  2.45 

18. 2.95  2 .85 

18. 2.95  2 .85 

5.0  -2 .4   -2 .5  

6.0  -1.55 

6.0  -1.55 

1 6 . 0  

1 7.0  - .95 

1 6 .5   -1 .30  

1 7 .5   .60  

1 7 . 5  

1 8.0 -.35 

57. 

84. 

117.5 

147.0 

171 .+ 
171' 

3.0 

3 .0  

8 . 0  

10.0 

10.5 

11.5 

12.5 

20. 

22.5 

25.0 

32.0 

36.0 

42.5 

46 .5  

47.0 

48 

46.5 

45.5 

44 .O 

40 

38.5 

38 

38 

38+ 

38+ 

T/C n o t  
connected 

27.3' 

29 .2  

29.7 

30.7 

31.6 

38 .8  

41.5 

44.4 

53.7 

60. 

72.3 

85.7 

88 .5  

>90 

85.7 

8 1 . 5  

0 

800 

800 

800 

600 

0 

800 

I 
1000 

1 
1100 

1100 1 
500 

0 

400 

400 

800 

1000 

1100 

T r l g  Chk  Board A n o t  
f i r i n g  TR Volt = 1800 
P l n t l e  Is P o s l t l v e  

Tlme c o n s t a n t  on main 
r e s t r l c t s   c h g   v o l t a g e  
shut  down t o  change 
r e s i   s t  

R e s t a r t  

Running  Wi ld 

Shutdown 
R e s t a r t  Fa i se 
T r  i gger I ng 

Shutdown  Main 

O c c a s i o n a l   T r i g   F l a s h  
A t t e m p t   r e s t a r t .   M a i n  
shows s h o r t  @ 500V 

T r i g   V o l t a g e  O f f  

No v i s u a l   s p a r k   f r o m   t r i g  
m a i n   r u n n i n g   w i l d  

Change Charg ing  "R" 

Spark @ G a l l i u m   I n t e r f a c e  

E - 1 1  



DATE: 7 MAR 73 ( c o n t ' d )  

Cum T h r u s t  Temp Main 
Run f 

Time D i v  0 A 0  F D i v  
Ca P 
V o l t s  

Clock  Time  (min) Hz mm deg  deg p I b f  mm OC OF v Cbmments 

1300 2 :50 1 8.0  38f 1200  

1305 2:55 I 8.0 

1315 3 : 0 5  1/5/1  9.5  '3.5 

38.5 

38.5 i Change to 5 H z  Back 
E r r a t i c   F i r i n g  

t o  1 Hz 

1323  3: 13 8.0 -.35  38.5  Shutdown 

E - 12 



DATE: 8 MAR 73 

Cum T h r u s t  Temp Main 
Run f Ca P 

Time Dlv 0 A0 F .   D i v  
Clock  Time  (rnin) Hz mm deg  deg u l b f  mm OC OF v 

V o l t s  
Comments 

- .  

0950 0:oo 

095 1 0:Ol 

0954 0: 04 

0955 0: 04 

1000 0 :09 

101 1 0: 20 

1026 0:35 

1032 0:41 

1050 0: 59 

1100 1 :09 

1139 1 :09 

1148 1:18 

1310  1:18 

1340 1 :48 

1353  2:Ol 

1354 2: 02 

1406 

1 10.0 +.60 

I 10.0 L 10.0 .60 

8.0 27.3  

1 

1 

0.0 .60 I O .  

1.5 1.25  .65  40. 20. 

2.0 1.50  .90  55.5  26.5 

2.0 1.50  .90  55.5  26.5 

13.5  2.05  1.45  89.5  26.5 

11.5  1.25  .65  40.  26.5 
Dropped t o  9.0 mm Steady  State 

5 9.0 26.5 

I n   b e t w e e n   t h r u s t  @ 49 mm 
9.0 

5  9. .15 0 

5  16 2.85 2.70 166' 

20 3.50 3.35 207 

20 3.50  3.35 207 

9 .0  .15 0 0 

Englne Temp measurement a f t e r  1011 h r s   a r e  bad 

C a p a c i t o r  Temps a r e  ok 

Tr igger   chk   board  "A" 
out. P i n t l e  is neg 200Ks-i 
I n  t r i g   c h g   c l r c u i t  

Shutdown t o  change Rc i n  
Main Cap C l r c u l t  
R e s t a r t  

38.8  1000 

1000 

1 I O  0 

TCap % 124OF 
Shutdown Tc ?r 132OF 

P, % 104 

R e s t a r t  

R e s t a r t  
T, = 118OF 42.7OC 

T, = 142OF 6loC 

T, = 15loF 66.5OC 

Shutdown: PC %2 x 

T, = 146'F 63.5OC 

E - 13 



DATE: 18 APR 73 

Cum T h r u s t  Temo Ma i n 
Run f 

Time  Div 0 A0 F D i v  
Cap 
V o l t s  

Clock  Time  (min) Hz mm deg  deg p lb f  mm OC OF v Comments 

1233 

I234 

1240 

1258 

1334 

1339 

1345 

1351 

1400 

I401 

1405 

1420 

1435 

1500 

: 00 

: 00 

: 06 

: 24 

1 :oo 
1 :05  

1 : 1 1  

i :17  

1 : 26 

1 :27 

1 :31 

1 :46 

2:Ol 

2: 26 

1 

1 

1 

1 

1 

1 

1 

I 

5 

I 

1 

5 

5 

17.5 

17.5 

18.5 

19.0 

20. 

19 .5  

19.5 

18.5 

19.0 

17.5 

15.5 

15.5 

0.5 

0 . 5  

0.8 

0.9 

1 .2  

1 . 1  

1 . 1  

0 . 8  

0.9 

0 . 5  

0.0 

0 .0  

0 30.0 

0 .3  31 .O 

0.4  33.5 

34.0 

35 .0  

36.0 

37 

37 

36.5 

-0.5  40 

800 

30 .5  800 

32. 1000 

36.5 1200 

37 .5  1400 

39 1600 

41 1800 

43 1000 

43 1000 

-0.5  46.5 71 1200 

Tr igger   Checkout  

S t a r t  up  
PC = 9 x 10-6 

PC = 9 x 10-6 
Turned  on  co ld  
wa I I P, = 7 x 10-6 

Turned  on  Engine  Heater 

R e s i s t .   R e s t a r t  
Shutdown t o  Change Charge 

PC = 3.8 x 10-6 

Noise  on A l l  I n s t r u m e n t a t i o n  

Shutdown 

Gal l lum  B lown  ou t  o f  Cen te r   Cav i t y  

(High  Vol tage  Lead) 

E - 14 



DATE: 19 APR 73 

Clock  Time 
"" - . .  . 

1310 

131 1 

1315 

1319 

1320 

1322 

1325 

I326 

1350 

1430 

1435 

1438 

1450 

1515 

I521 

I522 

1527 

I531 

I543 

1608 

Cum 
Run 

(mln)  
Tlme 

: 00 

: 00 

: 04 

: 08 

: 09 

: 1 1  

: 14 

: I 5  

: 39 

1 : 19 

1 :24 

1 :27 

1 :39 

2:  04 

2 :  I O  

2:  10 

2:  15 

2: 19 

2 : j l  

2:  56 

a)  

b )  

T h r u s t  
f 

Temp MaIn 

D l v  0 A0 F D l v   V o l t s  
Cap 

Hz mm deg  deg  bf mm OC OF v Comments 
c_I__I "" - . ~ 

1 

u' 

5 

5 

I 

1 

20.0 

20.0 

20.5 

22.0 I 
22.5 

22.5 

22.5 

21 .5  

22.0 

21.5 

21 .5  

22.0 

22 .o 

22.0 

21.5 

.35 

.45 

9 . 9  

1 . 1  

1 . 1  

1 . 1  

0.80 

0 . 9  

0 . 8  

0 . 8  

0 . 9  

0 

0.10 

.45 

.65 

.65 

.65 

.35 

.45 

.35 

.45 

26.5 

38 .3  

20.6 

26.5 

20.6 

50 .O 

29 .o 

29.0 

32.0 

34 .O 

42.0 

48.5 

48.5 

48.5 

49.0 

49 .O 

49 .0  

49 .O 

9 00 

50.0 

50.0 

47.50 

28.5 0 

28.5  800 

1000 

34.0  1200 

1400 

1600 

1700 

37.5  1700 

56.0  1700 

80 1700 

80 1700 

80 1700 

82  1700 

82  1700 

82  1000 

82 IO00 

1000 

90 1700 

90 800 

7 5  

T r  I gger  Check 
# I  & 3 o u t  v+ = 1800 
S t a r t u p  
P, = 1 x 

P, = I x 10-5 
Engine  Heater on 

Main Cap Temp ?r 6I0C 

P, = I x 10-5 

No change i n   s e t t i n g s  
Running a t   H a l f   R a t e  

No change:  Rate 
Shut   o f   Eng ine   Heater  

Change V, 8 f 
Back t o  Normal 

Shutdown t o  Change "R" 

R e s t a r t  
Main Cap I n t e r m i t t e n t  
changed " f "  

Main Cap  Temp > 80°C 
PC = 7 x 10-6 

Shutdown 
Main Cap Temp > 80°C 

G a l l i u m   F r o z e n   i n  Two Troughs @ 9 o ' c l o c k  p o s i t i o n  of t r a y  

Removed 2 temp leads t o   o b t a i n  2 a d d i t i o n a l   f e e d   t h r u s   f o r   h i g h   v o l t a g e   i n  

G a l l i u m   I n t e r f a c e .  

E - 15 



DATE: 20 APR 73 

Cum T h r u s t  Temp Main 
Run f 
Time D i v  0 80 D i v  

F Ca P 
V o l t s  

Clock  Time  (min) Hz mm deg  deg u l b f  mm OC OF v Comments 

1338 

1339 

1343 

1418 

1441 

1450 

1455 

1457 

1458 

I500 

1508 

1515 

1533 

1535 

1538 

1540 

1710 

0 :  00 

0: 00 

0: 04 

0: 39 

1 0 2  

1 :11 

1 :  16 

l : l 8  

1:19 

1 21 

1 :29 

1 :36 

1 :54 

1 :56 

1:59 

1 

1 

5 

5 

5 

5 

5 

5 

5 

1 

1 -  

5 

5 

5 

5 

Ga I 

12.0 

12.5 

12.5 

12.5 

15.0 

15.0 

16.0 

25 

27.5 

32.0 

31 .O 

31 .O 

31 .O 

31. 

31 

29 

29.5 

ium had 

-2.2 0 5 26.5 

-1.8 0 5 26.5 
Zero P o s i t i o n  

/ 

27.0 

43.0 

-1 .2  .6  35.4  46.5 

-1.2  .6  35.4  47.5 

-0.8 1.0 59 48.5 

+1.8 3 . 6  212 49.5 

2.55 4.35 257 

4.85 5.65 333  49.5 

4.60 5.40 318 48.' 

4.60 5.40 318 49.0 

4.60 5.40 318  50. 

4.60 5.40 318 50. 

4.60 5.40 318 50. 

3.0  4.8  50. 

3.1  4.9  35. 

f r o z e n   i n  two t roughs  

24.5 

24.5 

25.0 

58 

71 

75 

80 

85 

85 

77.5 

82 

90 

90 

90 

39.5 

T r i g g e r  Ckout 
v = 1800 #I & 3 T r i g   O u t  

800 S t a r t   P i n t l e  Pos 

1000 P, = 2 x 10-5 

1000 P, = I x 10-5 

1000 

1200 P, = 2 x 10-5 
Cap Temp = 75OC 

1400 

1 Cap Temp > 8OoC 
T h r u s t   R i s i n g  

P, = 2 x 10-4 

400 , 1 x 10-4 
, F z l s e  T r i g g e r i n g   V a r i e d  

5 .* V o l t  A f r e q .   i n   t h i s  

1000 

1400 PC = 4 x 10-6 

' ~ n t e r v a l  

Cap Temp > 90°C 

1400 

Shutdown  Maln Cap 
Appears t o  be s h o r t e d  

Cap Temp % 54.5OC 

Pendulum h e l d   a t  +3.O ( V i s u a l   I n s p e c t i o n )  

E - 16 



Clock  Time 
- .  I" 

1720 

1721 

1730 

1735 

1800 

1812 

1820 

1835 

1838 

1840 

I843 

I845 

1849 

I855 

1858 

1905 

1908 

1912 

1913 

1917 

1922 

1925 

1930 

2016 

DATE: 7 MAY 73  

" 

Cum 

Time 
Run 

(min)  

: 00 

: 00 

: 09 

: I4 

: 39 

: 51 

: 59 

1:14 

1:17 

1 :  19 

1 :22 

1 :24 

1 : 2 8  

1 :34 

1 :37 

i :44 

1 :47 

1 :51 

1:51 

1:51 

1 : 56 

1 : 56 

2: 01 

T h r u s t  Temp Main 

vo I t s  
f 

Hz mm deg  deg u l b f  mm OC OF v 
DiV 0 A 0  F D l v  

Cap 

Comments 
" 

1 

I 
I 
I 

5 

5/ 1 

I /5/ 

1  

25. 

25 

24 .O 

24 .5  

25.0 

25.0 

47.5 

42 ,  

42 

4 1' 

41 .O 

40.5 

40. 

I 40 

40 

39.5 

39.5 

I 
38 .5  

36 

-1.7 

-1.7 

-2.2 

-1.9 

-1.7 

-1 .7 

23.9 

11.5 

11.5 

10.3 

9 . 9  

9 .2  

8 . 3  

8 . 3  

8 . 3  

7 . 5  

5 . 9  1 
3.0 

0 

0 

25.6 

13.2 

13.2 

12.0 

1 1  . 6  

0 .9  

0.0 

0.0 

10.0 

9 . 2  

5 

5 

1510 

779 

779 

708 

685 

643 

590 

590 

590 

27. 

27 

28.5 

29.5 

32 .5  

36.  

38.5 

42 .+ 
43. 

49 

45.5 

44.5 

44.  

44.5 

44.  

42.5 

42. 

44.5 

44.5 

42.5 

42.5 

42.5 

42.5 

25 

25 

21.5 

29.5 

41 

46.5 

55.5 

55 

82 

67 

63  

61 .5  

63  

61 . 5  

57 

55.5 

63 

63  

57 

57 

57 

57 

0 

800 

1000 

1200 

1400 

1600 

1700 

2000 

1600 

800 

800 

900 

1200 

600 

600 

800 

1000 

1000 

500 

400 

Tr igger   Checkout  
#1 o u t  V t  = 1700 

S t a r t u p  

P, = I x 

T h r u s t   I n c r e a s i n g  
PC l n c r  

P, = I x 10-4 
E n g i n e   q u i t   t h e n   r e -  

t o  1 Hz 
s t a r t e d  when ra te   d ropped 

Cap  Temp - 52OC 

pC = 4 x 10-5 

P, = 2 x 10-5 

F a l s e   T r i g g e r i n g  
P, = 9 x 10-5 

Turned on c o l d   w a l l  

Cap  Temp = 52OC 

t r i g ; d e c r   p u l s e   r a t e  
l n c r   p u l s e   r a t e .   F a l s e  

PC go ing   c razy  
Shutdown 

R e s t a r t :   F a l s e   T r i g  
G a l l i u m  seems Frozen 

Shutdown 

R e s t a r t :   F a l s e   T r i g  

Shutdown 
Power t o  G a l l i u m   H t r   l n c r  

S h i f t   i n   T h r u s t   T r a c e  

E - 17 
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FIGURE E l  - INJECTOR RING TEMPERATURE CALIBRATION 
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FIGURE F-2 - CAPACITOR  TEMPERATURE CALIBRATION 
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FIGURE E - 3  - ANGLE v s  RECORDER DEFLECTION 

E-20 

I 



PG 

. .  . .  

I:. :. . .  1 

FIGURE E-4 - ANGLE v s  RECORDER DEFLECTION 
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FIGURE  E-5 - ANGLE V S  RECORDER REFLECTION 
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FIGURE E-6 - ANGLE V S  RECORDER DEFLECTION 
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FIGURE E-7 - ANGLE v s  RECORDER DEFLECTION 
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