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NOT1 CE 

This  r e p o r t  w a s  prepared as an  account of Government- 
sponsored work. Ne i the r  t h e  United S t a t e s ,  nor  the 
Na t iona l  Aeronautics and Space Admin i s t r a t ion  (NASA), 
no r  any person a c t i n g  on behalf  of NASA: 

A,) Makes any warranty o r  r e p r e s e n t a t i o n ,  expressed 
o r  implied,  w i th  r e s p e c t  t o  t h e  accuracy,  com- 
p l e t e n e s s ,  o r  u s e f u l n e s s  of t h e  information 
contained i n  t h i s  r e p o r t ,  o r  t h a t  t h e  use of 
any information,  appa ra tus ,  method, o r  process  
d i s c l o s e d  i n  t h i s  r e p o r t  may n o t  i n f r i n g e  
privately-owned r i g h t s ;  o r  

B. )  Assumes any l i a b i l i t i e s  w i th  r e s p e c t  t o  t h e  
use  o f ,  o r  f o r  damages r e s u l t i n g  from the  use  
o f ,  any information,  appa ra tus ,  method o r  
process  d i s c l o s e d  i n  t h i s  r e p o r t .  

A s  used above, "person a c t i n g  on behalf  of NASA" i n c l u d e s  
any employee o r  c o n t r a c t o r  of NASA, o r  employee of such 
c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  such employee o r  c o n t r a c t o r  
of NASA o r  employee of such c o n t r a c t o r  p r e p a r e s ,  dissemi- 
n a t e s ,  o r  provides  access  t o  any in fo rma t ion  pursuant  t o  
h i s  employment o r  c o n t r a c t  w i th  NASA, o r  h i s  employment 
wi th  such c o n t r a c t o r .  
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ABS TRACT 

This program w a s  d i r e c t e d  toward t h e  development of process  c o n t r o l s  

and p r o p e l l a n t  fo rmula t ions  which w i l l  a s s u r e  sound p r o p e l l a n t  g r a i n s  f o r  very 

l a r g e  motors. Experiments included t h e  c a s t i n g  of t e n  42-in. (1.07 m) d i a  

s u b s c a l e  molds and two f u l l - s c a l e  molds s imula t ing  a segment of a 260-in. 

(6.6 m)-dia motor g r a i n .  I n v e s t i g a t i o n s  included fo rmula t ion ,  mixing, and 

c a s t i n g  v a r i a b l e s .  Grain d e f e c t s  w e r e  r e l a t e d  t o  p r o p e l l a n t  f low behavior .  

Primary c o n t r i b u t o r s  t o  poor f low behavior  w e r e  p r o p e l l a n t  i n g r e d i e n t s  and 

inadequate  d e a e r a t i o n  du r ing  mixing. Improved p rocesses ,  an  improved formu- 

l a t i o n ,  and p rocess  g u i d e l i n e s  were developed and demonstrated t o  provide 

assurance of t h e  c a p a b i l i t y  f o r  producing sound, high-qual i ty  g r a i n s .  
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I. INTRODUCTION 

This r e p o r t  p r e s e n t s  t h e  r e s u l t s  of t h e  260-in.-Dia Motor P r o p e l l a n t  

Improvement Program. The work w a s  conducted by t h e  Aerojet-General Corpora- 

t i o n  f o r  t h e  Na t iona l  Aeronaut ics  and Space Adminis t ra t ion,  L e w i s  Research 

Center ,  under Contract  NAS3-12002. The 12-month program w a s  i n i t i a t e d  i n  

June 1968 t o  i n v e s t i g a t e  t h e  c r i t i c a l  f a c t o r s  t h a t  must b e  c o n t r o l l e d  t o  cast  

high-qual i ty  propellanL g r a i n s  f o r  l a r g e  s o l i d  rocke t  motors. 

The need f o r  th is  program w a s  demonstrated by t h e  abnormal b a l l i s t i c  

performance of Motor 260-SL-3. Large chamber p r e s s u r e  i n c r e a s e s  du r ing  t h e  

s t a t i c  test  f i r i n g  were a t t r i b u t e d  t o  unscheduled g r a i n  s u r f a c e  area exposure,  

caused by d e f e c t s  w i t h i n  t h e  g r a i n  and i n  t h e  p r o p e l l a n t - t o - l i n e r  bond. These 

d e f e c t s  i n d i c a t e d  the c a s t i n g  p rocess  and uncured p r o p e l l a n t  f low c h a r a c t e r i s -  

t i c s  w e r e  inadequate .  The work desc r ibed  i n  t h i s  r e p o r t  w a s  d i r e c t e d  toward 

s o l u t i o n  of t h i s  problem and development of processing c r i t e r i a  t h a t  would 

a s s u r e  t h e  c a p a b i l i t y  f o r  processing sound p r o p e l l a n t  g r a i n s .  

- 

The primary t e c h n i c a l  emphasis i n  t h i s  work is  on flow behavior  of 

p r o p e l l a n t  a t  low shea r  stresses, and on t h e  processes  and formulat ion ingred- 

i e n t s  necessary t o  minimize v i s c o s i t y  a t  those  cond i t ions .  
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11. SUMMARY 

The 260-In.-Dia Motor P r o p e l l a n t  Improvement Program w a s  i n i t i a t e d  i n  

June 1968 under Con t rac t  NAS3-12002 f o r  t h e  purpose of  i n v e s t i g a t i n g  f a c t o r s  

c o n t r i b u t i n g  t o  p r o p e l l a n t  g r a i n  d e f e c t s  i n  Motor 260-SL-3, and t o  e s t a b l i s h  

process  and formula t ion  improvements t h a t  would a s s u r e  sound, h igh-qual i ty  

g r a i n s .  

p l a s t i c  f low behavior  of t h e  uncured p r o p e l l a n t  du r ing  c a s t i n g .  

parameter  w a s  t h e  apparent  v i s c o s i t y  a t  a low app l i ed  shea r  stress, 5,000 dynes/ 
2 cm2 (500 N/m ) .  

The major t e c h n i c a l  emphasis was p laced  on t h e  non-Newtonian pseudor 

The c r i t i c a l  

Program e f f o r t  w a s  organized i n t o  t h r e e  t a s k s .  Task I encompassed 

c a s t i n g  s t u d i e s  t h a t  inc luded  t h e  c a s t i n g  of t e n  s u b s c a l e  42-in. (1.07 m)-dia 

molds and one f u l l - s c a l e  segment of a 260-in. (6 .6  m)-dia g r a i n .  I n  Task I1 

process  and formula t ion  v a r i a b l e s  w e r e  s t u d i e d  and an  improved formula t ion  w a s  

developed. The opt imized p rocesses  and formula t ion  were demonstrated i n  Task 

111 w i t h  t h e  s u c c e s s f u l  c a s t i n g  of a f u l l - s c a l e  mold. 

The f i r s t  seven subsca le  molds w e r e  used t o  d e f i n e  c r i t i c a l  process  

v a r i a b l e s  i n  t h e  c a s t i n g  of t h e  260-SL-3 p r o p e l l a n t  formula t ion  ANB-3254, w i t h  

emphasis on s imula t ing  t h e  types  of d e f e c t s  observed i n  t h e  g r a i n  of Motor 

260-SL-3. For t h i s  p r o p e l l a n t ,  t h e  most c r i t i c a l  f a c t o r  a f f e c t i n g  f low 

behavfor  w a s  t h e  vacuum mix cyc le .  This  f a c t o r  w a s  used i n  p r o p e l l a n t  prep- 

a r a t i o n  f o r  t h e  f i r s t  f u l l - s c a l e  mold, which s u c c e s s f u l l y  s imula ted  t h e  260-SL-3 

p rocesses  and r e s u l t a n t  d e f e c t s .  The d e f e c t s  c o n s i s t e n t l y  occurred  a t  pro- 

p e l l a n t  ba t ch  i n t e r f a c e s  and w e r e  c l e a r l y  t h e  r e s u l t  of f low behavior .  The 

most s i g n i f i c a n t  d e f i c i e n c i e s  i n  t h e  f u l l - s c a l e  mold w e r e  i n  t h e  bonding-to- 

l i n e r  samples.  Anisotropy i n  b a l l i s t i c  and mechanical p r o p e r t i e s  p r e v a i l e d  

i n  t h i s  and a l l  o t h e r  molds cast .  
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11. Summary (cont) 

In the propellant modification studies, mixing variables studies in- 
cluded vacuum level, final mix time, mix temperature, and mixer speed. Com- 

binations of low vacuum level and short mix time were found to increase pro- 

pellant pseudoplasticity through inadequate deaeration. The most significant 

ingredient contributing to highly pseudoplastic flow behavior was the BRA-101 

burning-rate additive. 

An improved formulation, - designated ANB-3350, was developed con- 
taining iron oxide and Iron Blue as burning rate additives, a cure 

catalyst which was not subject to hydrolysis, a wetting agent, and an 

antioxidant. The flow properties of this formulation were significantly 

improved over the 260-SL-3 formulation and were slightly superior to 

those of ANB-3105, the formulation successfully demonstrated in Motors 

260-SL-1 and 260-SL-2. The mechanical and ballistic properties of 

ANB-3350 are equivalent to those of ANB-3254. Additionally, a simplified 

in-process test for measuring viscosity at low shear stress was demon- 

strated. 

also demonstrated. 

Storage stability of the ANB-3350 premix for up to 11 days was 

The last three subscale molds were used to verify the adequacy of flow 

properties, evaluate formulation variables, and demonstrate above-surface 

casting using the improved formulation. 

in the Task I11 Processing Demonstration was selected. Above-surface bayonet 

casting was shown to be promising as an improved casting technique. 

The specific formulation to be used 

A second full-scale mold was processed, demonstrating the improved 
formulation using an extended vacuum mix cycle and new limitations on casting 

bayonet submergence. 

surface defects, to promote adequate propellant-to-liner bonding, and to 

assure the capability of processing sound high-quality propellant grains. 

In culmination of Task 111, motor processing guidelines were prepared and are 

included as an appendix to this report. 

The improvements were found to reduce significantly 
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111. TECHNICAL DISCUSSION 

A. PROGRAM OBJECTIVES 

The purpose of t h i s  program w a s  t o  r e s o l v e  t h e  causes  of d e f e c t s  

i n  t h e  p r o p e l l a n t  g r a i n  of Motor 260-SL-3 by pursuing t h e  fol lowing o b j e c t i v e s :  

1. Determine p r o p e l l a n t  c a s t i n g  parameters t h a t  i n s u r e  high 

q u a l i t y  g r a i n s .  

2. Determine p r o p e l l a n t  c h a r a c t e r i s t i c s  compakible wi th  t h e  

s e l e c t e d  c a s t i n g  parameters.  

3. Modify t h e  p r o p e l l a n t  formulat ion used i n  Motor 260-SL-3 t o  

achieve a c c e p t a b l e  processing c h a r a c t e r i s t k c s  wh i l e  maintaining t h e  r equ i r ed  

mechanical and b a l l i s t i c  p r o p e r t i e s .  

4.  Demonstrate t h e  optimum processing procedures and p r o p e l l a n t  

formulat ion f o r  producing sound g r a i n s  wi th  a s imulated p r o p e l l a n t  g r a i n  c a s t i n g .  

B. TECHNICAL APPROACH 

1. D e f i n i t i o n  of Problem 

a.  Processing of Motor 260-52-3 

Some of t h e  ANB-3254 p r o p e l l a n t  ba t ches  prepared f o r  

t h e  c a s t i n g  of Motor 260-SL-3 e x h i b i t e d  abnormal flow behavior .  

s p e c t i o n  of t h e  p r o p e l l a n t  i n  t h e  mix bowl r evea led  a h igh ly  i r r e g u l a r  s u r f a c e  

and an  impression of t h e  mixer b l ades .  The ANB-3105 p r o p e l l a n t  c a s t  i n t o  

Motors 260-SL-1 and -2 i n  c o n t r a s t  e x h i b i t e d  a smooth g los sy  s u r f a c e  i n  t h e  

mix bowls. 

3254 p r o p e l l a n t  ba t ches  r e s u l t e d  i n  p r o p e l l a n t  flow and a smooth s u r f a c e  i n  

t h e  bowl. These ba tches  were then bayonet cast wi thou t  d i f f i c u l t y ,  and re- 

qu i r ed  about t h e  s a m e  amount of cast  t i m e  as o t h e r  ba t ches  which d i d  n o t  

V i sua l  in-  

App l i ca t ion  of a l i g h t  f o r c e  on t h e  s u r f a c e  of t h e  abnormal ANB- 
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1 I I . B .  Technical  Approach (cont)  

e x h i b i t  t h e  i r r e g u l a r  s u r f a c e .  A s  a r e s u l t  of cumulative v i s u a l  evidence 

i t  was determined t h a t  t h e  l e n g t h  of t h e  f i n a l  vacuum mix c y c l e  should b e  

inc reased  from 20 t o  30 minutes f o r  t h e  f i n a l  two-thirds of t h e  run.  This 

change r e s u l t e d  i n  a dec rease  i n  t h e  inc idence  of t h e  abnormal appearing 

ba tches .  

Visual  obse rva t ions  of t h e  p r o p e l l a n t  s u r f a c e  i n  

Motor 260-SL-3 during c a s t i n g  showed t h a t  t h e  s u r f a c e  w a s  smooth. 

examination of t h e  i n n e r  bo re  a f t e r  t h e  g r a i n  had been cured and t h e  co re  

s t r i p p e d  r evea led  numerous d e f e c t s ,  appa rep t ly  caused by p r o p e l l a n t  Eolding 

a g a i n s t  t h e  co re  i n  such a way as t o  e n t r a p  a i r  and produce elongated s u r f a c e  

d e f e c t s .  There were s i g n i f i c a n t l y  fewer d e f e c t s  i n  t h a t  p o r t i o n  of t h e  g r a i n  

corresponding t o  p r o p e l l a n t  mixed w i t h  t h e  longer  (30 minute) f i n a l  vacuum 

mix cyc le .  During s t a t i c  test f i r i n g  of t h e  motor, b a l l i s t i c  a b n o r m a l i t i e s ,  

which could only be r e l a t e d  t o  exposure of unplanned burning area, and l o c a l -  

i zed  f a i l u r e  of l i n e r - p r o p e l l a n t  bond occurred. I n  r e t r o s p e c t ,  i t  w a s  ev iden t  

t h a t  t h e  g r a i n  bo re  s u r f a c e  d e f e c t s ,  w h i l e  n o t  s e r i o u s  i n  themselves,  were 

symptomatic of bo th  within-grain and p rope l l an t - to - l ine r  bond d e f e c t s .  

Subsequent 

Because p r o p e l l a n t  f low behavior  w a s  t h e  most l i k e l y  

cause of t h e  observed g r a i n  bo re  d e f e c t s  and t h e  subsequent b a l l i s t i c  abnorm- 

a l i t i e s ,  NASA-LeRC awarded Contract  NAS3-12002 t o  Aero je t  t o  i n v e s t i g a t e  t h e  

mechanism of d e f e c t  formation,  relate t h i s  mechanism t o  t h e  p r o p e l l a n t  formu- 

l a t i o n  v a r i a b l e s  t h a t  were r e s p o n s i b l e  f o r  t h e  observed flow behav io r ,  and 

develop and demonstrate an  improved p r o p e l l a n t  fo rmula t ion  w i t h  t h e  same 

b a l l i s t i c  p r o p e r t i e s  as ANB-3254. 
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1II.B. Technical  Approach (cont)  

b .  Rheology of Uncured S o l i d  P r o p e l l a n t s  

Accomplishment of t h e  o b j e c t i v e s  of t h e  program requ i r ed  

an understanding of t h e  rheology of uncured s o l i d  p r o p e l l a n t s .  The rheology 

of h igh ly  f i l l e d  l i q u i d  polymers such as uncured s o l i d  p r o p e l l a n t s  i s  extremely 

complex from a t h e o r e t i c a l  p o i n t  of view, and de te rmina t ion  of t h e  flow behav- 

i o r  of such a system from a knowledge of t h e  p r o p e r t i e s  of i t s  component p a r t s  

i s  g e n e r a l l y  not p o s s i b l e .  Even empi r i ca l  t r ea tmen t s  ( s p a r s e l y  a v a i l a b l e  

i n  t h e  l i t e r a t u r e )  of t h e  flow p r o p e r t i e s  of systems wi th  volume load ings  

comparable wi th  c u r r e n t  s o l i d  p r o p e l l a n t  formulat ions are s o  complicated by 

f a c t o r s  such as p a r t i c l e  s i z e  d i s t r i b u t i o n ,  p a r t i c l e  shape, and o t h e r  p h y s i c a l  

and chemical i n t e r a c t i o n s  t h a t  they qu ick ly  l o s e  t h e i r  g e n e r a l i t y .  C lea r ly  

any at tempt  t o  advance t h e  s t a t e -o f - the -a r t  i n  t h i s  d i f f i c u l t  f i e l d  w a s  beyond 

t h e  scope of t h i s  program. Rather ,  t h e  approach t o  development of an  under- 

s t and ing  of t h e  problems encountered during t h e  p rocess ing  of Motor 260-SL-3 

w a s  t o  examine t h e  i n d i v i d u a l  components of t h e  p r o p e l l a n t  system used i n  t h i s  

motor and t o  determine how t h e s e  components a f f e c t e d  t h e  u l t i m a t e  flow prop- 

ert ies of t h e  p r o p e l l a n t .  

Most uncured s o l i d  p r o p e l l a n t s  e x h i b i t  non-Newtonian 

flow behavior ,  i . e . ,  t h e  v i s c o s i t y  of t h e  material i s  a f u n c t i o n  of t h e  app l i ed  

shea r  stress. On t h e  c u r r e n t  program i t  w a s  found t h a t  t h e  degree of depart-  

u r e  from Newtonian behavior  is  a good measure of t h e  incidence and s i z e  of 

g r a i n  d e f e c t s  which could be expected i n  a l a r g e  motor such as t h e  260-in.-dia 

(6.6-m-dia) motors. The f i l l e d  systems r ep resen ted  by uncured s o l i d  p r o p e l l a n t s  

d e p a r t  from Newtonian behavior  i n  t h a t  t h e  v i s c o s i t y  i n c r e a s e s  as t h e  app l i ed  

s h e a r  stress dec reases  as shown i n  F igu re  1. A material such as an uncured 

p f o p e l l a n t  whose v i s c o s i t y  i n c r e a s e s  s t e a d i l y  as t h e  shea r  stress i s  reduced 
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111. B. Technical  Approach (cont)  

t o  zero is  termed a "pseudoplast ic"  material. I n  an extreme i n s t a n c e ,  t h e  

p r o p e l l a n t  v i s c o s i t y  may a c t u a l l y  become i n f i n i t e  a t  some f i n i t e  va lue  

of shea r  stress. Materials t h a t  e x h i b i t  a "y ie ld  p o i n t "  such as t h i s  are 

termed "Bingham p l a s t i c " .  

The v i s c o s i t y  c h a r a c t e r i s t i c s  of uncured s o l i d  propel-  

l a n t s  can be measured i n  many ways wi th  a v a r i e t y  of commercially a v a i l a b l e  

instruments  i nc lud ing  r o t a t i o n a l  viscometers ,  e x t r u s i o n  rheometers,  p a r a l l e l  

p l a t e  p l a s tome te r s ,  o r  f a l l i n g  b a l l  dev ices .  Of t h e  instruments  a v a i l a b l e ,  

t h e  Rotoviski  viscometer i s  t h e  most v e r s a t i l e  and a c c u r a t e .  

- 

The Rotovisko viscometer is b a s i c a l l y  a r o t a t i o n a l  t ype  

of viscometer which measures t h e  r e s i s t a n c e  ( torque)  t o  t h e  r o t a t i o n  of a 

small s tar-shaped r o t o r  submerged i n  t h e  p r o p e l l a n t  sample (sample s i z e  i s  

about 50 gm). Measurements are made a t  many f i x e d  rates of r o t a t i o n  t o  pro- 

v i d e  v i s c o s i t y  as a f u n c t i o n  of s h e a r  rate (or s h e a r  stress) over a wide range 

of shea r  rates. The d a t a  may b e  p l o t t e d  i n  v a r i o u s  ways which show t h e  

i n t e r r e l a t i o n s h i p s  between s h e a r  ra te ,  s h e a r  stress and t i m e  a f t e r  cu r ing  

agent  a d d i t i o n .  V i s c o s i t y  as a f u n c t i o n  of shea r  stress w a s  s e l e c t e d  as t h e  

form f o r  t h e  d a t a  p o r t r a y a l  on t h i s  program. 

Most uncured s o l i d  p r o p e l l a n t s  a l s o  e x h i b i t  a type of 

flow behavior  known as th ixo t ropy .  A t h i x o t r o p i c  material sub jec t ed  t o  a con- 

s t a n t  rate of shea r  shows a decrease i n  v i s c o s i t y  as a f u n c t i o n  of t i m e  of 

shear ing.  

p r o c e s s a b i l i t y ,  t h i s  t h i x o t r o p i c  e f f e c t  has  n o t  been found t o  b e  of major 

importance. 

From t h e  s t andpo in t  of p r o p e l l a n t  p rocess ing  c h a r a c t e r i s t i c s  and 
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1 I I . B .  Technical  Approach ( con t )  

Another unique p rope r ty  of uncured s o l i d  p r o p e l l a n t s  i s  

t h a t  t h e i r  flow c h a r a c t e r i s t i c s  change w i t h  t i m e  as t h e  cu re  r e a c t i o n  proceeds.  

Thus an uncured p r o p e l l a n t  may e x h i b i t  n e a r l y  Newtonian flow behavior  s h o r t l y  

a f t e r  cu r ing  agent  a d d i t i o n ,  bu t  then t h e  flow c h a r a c t e r i s t i c s  w i l l  show 

p r o g r e s s i v e l y  i n c r e a s i n g  pseudop las t i c  behavior  (with i n c r e a s i n g  va lues  of 

y i e l d  s t r e s s ) ,  and f i n a l l y  v i s c o - e l a s t i c  behavior when t h e  cu re  is complete. 

Consequently, a r ea l i s t i c  assessment of t h e  flow p r o p e r t i e s  of a p r o p e l l a n t  

must i nc lude  measurements of v i s c o s i t y  as a f u n c t i o n  of shea r  stress and 

t i m e  af ter  curing agen t  a d d i t i o n .  

c. Considerat ions of P r o p e l l a n t  Flow Behavior i n  t h e  Motor 

Cast ing Process  

Since t h e  v i s c o s i t y  o r  flow c h a r a c t e r i s t i c s  of uncured 

s o l i d  p r o p e l l a n t s  are dependant on s h e a r  stress (or  s h e a r  r a t e )  and t i m e ,  t h e  

e s t ab l i shmen t  of meaningful processing c r i t e r i a  r e q u i r e s  an  examination of t h e  

motor c a s t i n g  process  i n  t e r m s  of t h e s e  c r i t i c a l  parameters.  This  examination 

reveals t h r e e  d i s t i n c t l y  d i f f e r i n g  zones of app l i ed  stress and flow: (1) plug 

flow through t h e  c a s t i n g  bayonet under r e l a t i v e l y  h igh  shea r  stress, (2) mix- 

i n g  of t h e  p r o p e l l a n t  stream emerging from t h e  bayonet with s t a g n a n t  propel-  

l a n t  i n  t h e  motor, and (3) flow under low shea r  stress around t h e  co re  and t o  

t h e  motor w a l l .  

P r o p e l l a n t  f low c h a r a c t e r i s t i c s  through t h e  c a s t i n g  

bayonet during t h e  processing of Motor 260-SL-3 w e r e  accep tab le  and n o t  a 

s i g n i f i c a n t  c o n t r i b u t o r  t o  g r a i n  d e f e c t  formation. Casting rate is  a d i r e c t  

measure of t h e  v i s c o s i t y  i n  t h i s  process  s t e p .  I n  f a c t ,  t h e  c a s t i n g  p o t  bay- 

onet  assembly i s  a form of an  e x t r u s i o n  rheometer. 

comparison of t h e  c a s t i n g  rates of t h e  ANB-3254 p r o p e l l a n t  w i t h  t h e  ANB-3105 

p r o p e l l a n t  (260-SL-1 and -2) i n d i c a t e d  t h a t  t h e  p r o p e l l a n t  v i s c o s i t i e s  under 

t h e s e  cond i t ions  (high app l i ed  s h e a r  s t r e s s )  were similar and accep tab le .  

A s  shown i n  F igu re  2 ,  
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1 I I . B .  Technical  Approach (cont)  

4 

The r e s u l t  i s  n o t  s u r p r i s i n g  because t h e  v i s c o s i t y  of a 

pseudop las t i c  material is  lowest under h i g h  s h e a r  stress cond i t ions .  A t  t h e  

start of t h i s  program knowledge of t h e  flow processes  o r  p a t t e r n s  occur r ing  

i n  t h e  "mixing" zone w a s  very l i m i t e d .  

teristics are bo th  stress and t i m e  dependent and material under a h igh  app l i ed  

stress i s  emerging from t h e  bayonet and "mixing" w i t h  s t a g n a n t  p r o p e l l a n t ,  

i t  is  ev iden t  t h a t  t h i s  i s  a c r i t i c a l  r eg ion .  The c h a r a c t e r i s t i c s  of t h e  

s t agnan t  p r o p e l l a n t  are dependent on i t s  age ( t ime a f t e r  cu r ing  agent  a d d i t i o n ) ,  

which i n  t u r n  is dependent on product ion rate and bayonet submergence depth.  

Because p r o p e l l a n t  v i s c o s i t y  charac- 

A f t e r  t h e  p r o p e l l a n t  leaves t h e  mixing zone, t h e  flow 

toward t h e  w a l l  and around t h e  co re  occurs  under a low a p p l i e d  stress, v i z ,  

h y d r o s t a t i c  head; under t h e s e  stress cond i t ions  t h e  apparent  v i s c o s i t y  of a 

pseudop las t i c  material w i l l  b e  very high.  

l a n t  i n  t h i s  zone are d i r e c t l y  dependent on t h e  flow p rocesses  occur r ing  i n  

t h e  mixing zones. 

a d d i t i o n )  i s  being fo rced  i n t o  t h e  zone, a h igh  p r o b a b i l i t y  of d e f e c t  forma- 

t i o n  e x i s t s .  It i s  clear from a d e f e c t  formation s t a n d p o i n t  t h a t  f low i n  t h i s  

zone is  t h e  most c r i t i c a l  element i n  t h e  motor c a s t i n g  p rocess .  

The c h a r a c t e r i s t i c s  of t h e  propel- 

I f  o l d  p r o p e l l a n t  (long e l apsed  t i m e  a f t e r  cu r ing  agent  

2 .  Technical  Plan 

Program e f f o r t  w a s  organized i n t o  t h r e e  t a s k s .  Task I, 

P r o p e l l a n t  Cast ing S t u d i e s ,  and Task 11, P r o p e l l a n t  Modi f i ca t ion  S t u d i e s ,  w e r e  

conducted concur ren t ly ,  r e s u l t i n g  i n  t h e  development of optimized processes  

and an optimized formulat ion which then  w e r e  demonstrated i n  Task 111. The 

fol lowing is a d e s c r i p t i o n  of t h e  t h r e e  work t a s k s :  
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1 I I . B .  Technical Approach ( con t )  

a .  Task I - P r o p e l l a n t  Cast ing S tud ie s  

I n i t i a l  e f f o r t  i n  t h i s  t a s k  c o n s i s t e d  of t h e  des ign  and 

f a b r i c a t i o n  of two types of c a s t i n g  forms t o  b e  used i n  subsequent e v a l u a t i o n s .  

A s m a l l  subsca le  form of 42-in. (1.07 m) d i a  were designed t o  enab le  c a s t i n g  

of about 2000 l b  (900 Kg) of p r o p e l l a n t  i n  a 240-degree (4.19 r ad )  segment. 

A l a r g e  f u l l - s c a l e  form approximating a 120-degree (2.09 rad)  segment of t h e  

260-in. (6.6 m)-dia motor w a s  designed t o  c o n t a i n  more than 60,000 l b  (27,000 

Kg) of p r o p e l l a n t .  

ments w a s  prepared.  The experimental  program included mixing, c a s t i n g ,  and 

cu r ing  of p r o p e l l a n t  i n  one f u l l - s c a l e  and t e n  s u b s c a l e  forms. 

included v i s c o s i t y ,  f low p a t t e r n s ,  and mechanical, b a l l i s t i c  and bonding prop- 

erties of t h e  c a s t  p r o p e l l a n t .  The t a s k  w a s  concluded w i t h  t h e  compilat ion 

and a n a l y s i s  of a l l  experimental  d a t a ,  and t h e  s e l e c t i o n  of a formulat ion and 

mixing and c a s t i n g  procedures t o  be used i n  t h e  subsequent Task I11 c a s t i n g  

demonstration. 

A p l a n  f o r  conduct of p r o p e l l a n t  mixing and c a s t i n g  experi-  

Data obtained 

b .  Task 11 - P r o p e l l a n t  Modi f i ca t ion  S tud ie s  

I n  t h i s  t a s k ,  t h e  s i g n i f i c a n t  p r o p e l l a n t  fo rmula t ion  

and p rocess  v a r i a b l e s  were i d e n t i f i e d ,  and t h e  e f f e c t s  evaluated i n  t h e  sel- 

e c t i o n  of a r e l i a b l e  p r o p e l l a n t  and c a s t i n g  p rocess .  E f f e c t s  of v a r i a b l e s  i n  

t h e  p r o p e l l a n t  composition, t h e  mixing p rocess ,  and t h e  c a s t i n g  process  on 

p r o p e l l a n t  f low and bonding c h a r a c t e r i s t i c s  w e r e  eva lua ted  i n  l abora to ry -  

s c a l e  ba t ches .  Optimum v a l u e s  s e l e c t e d  were v e r i f i e d  and used i n  t h e  f i n a l  

s u b s c a l e  mold c a s t i n g s  of Task I. A s i g n i f i c a n t  element of t h i s  t a s k  w a s  t o  

d e f i n e  p rocess  c o n t r o l  l i m i t s  f o r  t h e  c r i t i ca l  f a c t o r s  i n f luenc ing  p r o p e l l a n t  

f low c h a r a c t e r i s t i c s .  
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1II.B. Technical  Approach (cont) 

c. Task I11 - Processing Demonstration 

The c a p a b i l i t y  t o  produce sound p r o p e l l a n t  g r a i n s ,  

using t h e  optimized p r o p e l l a n t  formulat ion and process  procedures as de te r -  

mined i n  Tasks I and 11, w a s  demonstrated by c a s t i n g  a mold s imula t ing  a 

s e c t i o n  of a 260-in. (6.6 m) d i a  motor. The same f u l l - s c a l e  mold employed 

i n  Task I w a s  used. The cured g r a i n  w a s  s ec t ioned  and specimens w e r e  t e s t e d  

t o  v e r i f y  mechanical and b a l l i s t i c  p r o p e r t i e s  of t h e  p r o p e l l a n t ,  and adequacy 

of p r o p e l l a n t  bonding. 

of motor process  g u i d e l i n e s  implementing t h e  optimum formulat ion c h a r a c t e r i s -  

t i c s  and p rocess  procedures.  

This t a s k  e f f o r t  w a s  concluded wi th  t h e  p r e p a r a t i o n  

C. DISCUSSION OF RESULTS 

1. Subscale Molds 1 through 7 

The p r o p e l l a n t  c a s t  i n t o  t h e  f i r s t  seven 42-in.-dia by 48-in.- 

h i g h ( 1 . 0 7  by 1.22 m) subsca le  molds w a s  ANB-3254, t h e  p r o p e l l a n t  fo rmula t ion  

cast i n t o  Motor 260-SL-3. The p l a n s  used f o r  c a s t i n g  t h e s e  molds w e r e  designed 

t o  e v a l u a t e  t h e  c a s t i n g  rate, bay<onet submergence, p r o p e l l a n t  age,  and pro- 

p e l l a n t  f low c h a r a c t e r i s t i c s .  C r i t i c a l  mixing v a r i a b l e s  a f f e c t i n g  p r o p e l l a n t  

f low c h a r a c t e r i s t i c s  were def ined during t h e  processing of t h e  p r o p e l l a n t  used 

f o r  c a s t i n g  these molds. 

a. Subscale Mold 1 

The b a s i c  ANB-3254 p r o p e l l a n t  formulat ion w a s  modified 

t o  produce f i v e  d i s t i n c t  p r o p e l l a n t  c o l o r s  f o r  each of t h e  f i v e  450 l b .  

(200 Kg) ba tches  t o  o b t a i n  d a t a  of t h e  flow p a t t e r n s  and inter-mixing of 

i n d i v i d u a l  p r o p e l l a n t  ba t ches  w i t h i n  t h e  motor. 

Page 11 



NASA CR 72621 

111. C .  Discussion of Resu l t s  (cont) 

On t h e  b a s i s  of l a b o r a t o r y  scale p r o p e l l a n t  ba t ches ,  dyes and pigments w e r e  

s e l e c t e d  t h a t  could be s u b s t i t u t e d  f o r  I r o n  Blue and provide d i f f e r e n t  pro- 

p e l l a n t  c o l o r s  w i thou t  causing s i g n i f i c a n t  changes i n  t h e  v i s c o s i t y  of t h e  

p r o p e l l a n t .  These multi-colored ba tches  w e r e  c a s t  l n t o  a mold, designed t o  

provide a 240-degree (4.19 r a d )  cloverleaf-shaped g r a i n  segment shown schem- 

a t i c a l l y  i n  Figure 3 .  Formulation and c a s t i n g  parameters are summarized i n  

F igu re  4 and t h e  l a b o r a t o r y  test d a t a  f o r  t h e  p r o p e l l a n t  and components are 

presented i n  F igu re  5. 
While c a s t i n g  t h e  first ba tch  of p r o p e l l a n t ,  which w a s  

t h e  nominal ANB-3254 formulat ion,  d e f e c t s  of s m a l l  i r r e g u l a r  waves of b u i l t -  

up p r o p e l l a n t  t h a t  flowed ou t  around t h e  co re  and i n t o  t h e  lobes  were observed. 

Subsequent ba t ches  d i d  n o t  r e v e a l  t h e  formation of any a d d i t i o n a l  d e f e c t s .  

V i s c o s i t y  measurements as a f u n c t i o n  of app l i ed  shea r  stress and t i m e  from 

cu r ing  agent  a d d i t i o n  were made on samples of p r o p e l l a n t  from each ba tch  c a s t  

using t h e  Rotovisko viscometer .  A s  descr ibed p rev ious ly ,  d a t a  are p resen ted  

as a graph of viscosi ty-vs-appl ied shea r  stress f o r  d i f f e r e n t  t i m e  i n t e r v a l s  

a f t e r  cu r ing  agent  a d d i t i o n .  

t h e  v i s c o s i t y  c h a r a c t e r i s t i c s  of Batch 68-232, t h e  f i r s t  batch of p r o p e l l a n t  

cast i n t o  t h k  mold. To s i m p l i f y  t h e  p r e s e n t a t i o n  of v i s c o s i t y  d a t a  ob ta ined  

A t y p i c a l  graph is shown i n  Figure 6 t h a t  shows 

on t h e  many ba tches  of p r o p e l l a n t  prepared on t h i s  program, measured v i s c o s i -  

t ies w i l l  g e n e r a l l y  be r epor t ed  a t  two t i m e  i n t e r v a l s  from cu r ing  agen t  addi- 

t i o n  (6 and 10 h r )  and a t  a f i x e d  v a l u e  of shea r  stress. The shea r  stress 

v a l u e  s e l e c t e d  f o r  t h i s  purpose i s  5,000 dynes/cm2 (500 Newtons/m 1, 
al though a r b i t r a r y ,  is  s u f f i c i e n t l y  low t o  ensu re  t h a t  any s i g n i f i c a n t  pseudo- 

p l a s t i c i t y  w i l l  b e  revealed.  It is a convenient va lue  of shea r  stress t o  

v i s u a l i z e  as i t  corresponds t o  about 1 i n .  (2.54 cm) of p r o p e l l a n t  hydro- 

s t a t i c  head. 

2 
which, 

The v i s c o s i t y  d a t a  (Figure 51, from t h e  ba t ches  cast 

i n t o  t h i s  f i r s t  subsca le  mold, as w e l l  as v i s u a l  obse rva t ion ,  i n d i c a t e d  t h a t  

a l l  ba t ches  were s i g n i f i c a n t l y  more f l u i d  than corresponding 10-lb (4.5 Kg) 

ba t ches  of t h e  s a m e  formulat ions.  
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I 1 I . C .  Discussion of R e s u l t s  (cont)  

When t h e  mold w a s  s e c t i o n e d ,  t h e  flow p a t t e r n s  were 

r e a d i l y  appa ren t  because of t h e  d i f f e r e n t  c o l o r  of each ba tch  c a s t ,  as shown 

i n  F igu re  7.  Immediately i t  w a s  obvious t h a t  e a r l y  ba t ches  cast  i n t o  t h e  

mold w e r e  s e q u e n t i a l l y  d i sp l aced  by subsequent b a t c h e s . t o  t h e  e x t e n t  t h a t  t h e  

l as t  ba t ch  w a s  completely encased w i t h i n  t h e  p rev ious ly  cast ba t ches .  

w a s  a n e g l i g i b l e  amount of mixing of t h e  ba t ches  w i t h i n  t h e  mold; t h e  l i n e s  

of demarcation between ba tches  were clear. S i g n i f i c a n t l y ,  t h e  second ba tch  

c a s t  w a s  d i s p l a c e d  outward and upward t o  t h e  top of t h e  mold and over a con- 

s i d e r a b l e  p a r t  of t h e  c i r c u m f e r e n t i a l  bonding area. Thus, t h e  age of pro- 

p e l l a n t  c o n t a c t i n g  t h e  l i n e r  became p r o g r e s s i v e l y  more as t h e  mold w a s  f i l l e d .  

There 

- 

Mechanical p r o p e r t i e s  from c a r t o n  samples taken from 

each ba tch  (Figure 8)  show t h a t  t h e  s t a t e  of cu re  had become cons tan t  w i t h i n  

30 days a t  135°F ( 5 7 O C ) .  P r o p e r t i e s  of specimens taken from t h e  cured g r a i n  

(Figure 9) i n d i c a t e  some a n i s o t r o p i c  behavior  w i t h  r e s p e c t  t o  both mechanical 

p r o p e r t i e s  and burning rate. This is  considered normal and w a s  observed a l s o  

w i t h  t h e  ANB-3105 p r o p e l l a n t  c a s t  i n t o  Motors 260-SL-1 and -2. Bond d a t a  

(Figure 10) show no e f f e c t  of c i r c u m f e r e n t i a l  o r  v e r t i c a l  l o c a t i o n  on t h e  o u t e r  

pe r iphe ry  of t h e  g r a i n .  Although t h e  numerical  va lues  appear t o  be lower f o r  

specimens taken from t h e  A p o s i t i o n  (web of t h e  g r a i n ) ,  a l l  s a m p l e s  randomly 

f a i l e d  w i t h i n  t h e  p r o p e l l a n t  o r  a t  t h e  p rope l l an t - to -p la t e  bond l i n e ,  s o  t h a t  

no conclusions can b e  drawn wi th  r e s p e c t  t o  p r o p e l l a n t - l i n e r  bond s t r e n g t h .  

The apparent  s t a t e  of cu re ,  as measured by i n i t i a l  modu- 

l u s  (E 1,  is i n d i c a t e d  t o  b e  g r e a t e r  i n  t h e  cured g r a i n  than  i n  t h e  c a r t o n  

samples. This r e l a t i o n s h i p  i s  f r e q u e n t l y  observed i n  s o l i d  p r o p e l l a n t s  and 

is  a t t r i b u t e d  t o  t h e  o r i e n t a t i o n  r e s u l t i n g  from flow during c a s t i n g .  I n  t h e  

g r a i n  t h e  p r o p e l l a n t  has  passed through a long tube  b e f o r e  flowing i n t o  t h e  

mold. 

gram p resen ted  an  unusual ly  e x t e n s i v e  oppor tun i ty  t o  document t h i s  r e l a t i o n -  

s h i p .  

0 

The sample c a r t o n s  are drawn d i r e c t l y  from t h e  mix bowl. This pro- 
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1II.C. Discussion of Resu l t s  (cont)  

b .  Subscale Mold 2 

A summary of p r o p e l l a n t  v a r i a b l e s  and c a s t i n g  parameters 

f o r  t h e  second s u b s c a l e  mold is  given i n  F igu re  11. With t h e  excep t ion  of t h e  

f o u r t h  ba t ch ,  t h i s  mold w a s  c a s t  w i t h  t h e  s t anda rd  ANB-3254 p r o p e l l a n t .  The 

f o u r t h  b a t c h  cast  i n t o  t h i s  mold contained 0.1% benz id ine  yel low added t o  t h e  

s t anda rd  formulat ion t o  i m p a r t  a green c o l o r  t o  t h e  p r o p e l l a n t .  The c a s t i n g  

ra te  used f o r  the second mold w a s  t h e  same as f o r  t h e  f i r s t  mold wi th  t h e  bay- 

one t  submergence l i m i t e d  t o  a maximum of 1 2  i n .  (30 cm). The p r o p e l l a n t  w a s  

processed normally. Laboratory test  d a t a  f o r  t h e  p r o p e l l a n t  components and 

uncured p r o p e l l a n t  are shown i n  F igu re  12. 

No s i g n i f i c a n t  d e f e c t s  were formed i n  t h i s  mold, 

appa ren t ly  because t h e  p r o p e l l a n t  d id  n o t  e x h i b i t  extreme p s e u d o p l a s t i c i t y  

Because d e f i n i t i o n  of t h e  450-lb (200 Kg) b a t c h  mix cyc le  r equ i r ed  f o r  produc- 

ing  p r o p e l l a n t  w i t h  t h e  d e s i r e d  flow c h a r a c t e r i s t i c s  w a s  a program r e q u i s i t e ,  

m i x  c y c l e  v a r i a t i o n s  were eva lua ted  during t h e  processing of p r o p e l l a n t  f o r  

this mold. 

t i o n  during f i n a l  vacuum mix. 

during t h e  f i n a l  mix c y c l e  and ano the r  ba t ch  w a s  mixed wi th  t h e  f i n a l  vacuum 

mix c y c l e  shortened from 20 t o  10 min, w i t h  t h e  vacuum pump o f f .  

examination of t h e s e  ba t ches  and subsequent v i s c o s i t y  measurements i n d i c a t e d  

t h a t  t h e s e  mixing v a r i a t i o n s  d i d  n o t  have a major e f f e c t  on p r o p e l l a n t  f low 

c h a r a c t e r i s t i c s .  Observations during c a s t i n g  i n d i c a t e d  t h e  s u r f a c e  of t h e  

p r o p e l l a n t  i n  t h e  mold remained r e l a t i v e l y  l e v e l  and smooth w i t h  no waves of 

t h e  type  t h a t  could have caused d e f e c t s  i n  t h e  f i r s t  ba t ch  of t h e  f i r s t  sub- 

scale mold. 

The v a r i a t i o n s  eva lua ted  included reducing t h e  e f f i c i e n c y  of deaera- 

One ba tch  w a s  mixed w i t h  t h e  vacuum pump o f f  

V i sua l  
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1 I I . C .  Discussion of R e s u l t s  (cont)  

Sec t ion ing  of t h e  cured mold r evea led  no i n t e r n a l  d e f e c t s  

o r  f laws.  Since t h e  c o l o r  of t h e  f o u r t h  ba t ch  cast i n t o  t h i s  mold w a s  green,  

t h e  flow p a t t e r n s  of t h i s  ba t ch  were c l e a r l y  de f ined  and g e n e r a l l y  conformed 

t o  what would b e  expected from examination of t h e  s e c t i o n s  of t h e  f irst  sub- 

s c a l e  mold. 

Mechanical p r o p e r t i e s  from c a r t o n  samples  of each ba tch  

cast i n t o  t h e  second mold show t h e  e f f e c t  of t h e  changed mix procedure used 

f o r  t h e  t h i r d  and f i f t h  ba t ches  as shown i n  F igu re  13.  With t h e  vacuum pump 
- 

o f f  during t h e  f i n a l  mix c y c l e  of t h e  t h i r d  ba t ch  and s h o r t e n i n g  t h e  f i n a l  

mix c y c l e  of t h e  f i f t h  b a t c h  e v i d e n t l y  removed less moisture  from t h e  b a t c h ,  

which i n  t u r n  caused more degradat ion of t h e  FeAA c u r e  c a t a l y s t  by h y d r o l y s i s .  

Consequently, t h e  i n i t i a l  modulus f o r  t h e s e  two ba tches  w a s  330 t o  387 p s i  

(228 t o  267 N / c m  1 compared wi th  433 t o  538 p s i  (299 t o  371 N/cm ) f o r  t h e  

o t h e r  ba t ches  a f t e r  a 25-day cu re .  

2 2 

The r e s u l t s  of t h e  mechanical p r o p e r t i e s  and burning 

ra te  tests on specimens from t h e  second p r o p e l l a n t  g r a i n  are summarized i n  

F igu res  14 through 16. These d a t a  i n d i c a t e  t h a t  t h e  p r o p e l l a n t  i n i t i a l  modulus 

i s  h ighe r  i n  the area of t h e  g r a i n  where t h e  p r o p e l l a n t  from t h e  two bayonet 

streams converge. A s  i n  t h e  f i r s t  mold, some an i so t ropy  i n  bo th  mechanical 

p r o p e r t i e s  and burning rate is  apparent  i n  a l l  t h r e e  specimen l o c a t i o n s ,  and 

t h e  i n i t i a l  modulus i s  s i g n i f i c a n t l y  g r e a t e r  than i n  t h e  c a r t o n  samples. 

Bond specimens w e r e  taken from t h e  g r a i n  i n  t h r e e  c i r -  

cumfe ren t i a l  and f i v e  v e r t i c a l  locations,shown schemat i ca l ly  i n  F igu re  

t e s t e d  a t  77'F (25'6) i n  both t e n s i l e  and shea r .  The d a t a  given i n  F igu re  17, 

do n o t  show any e f f e c t  of l o c a t i o n  on t h e  g r a i n  pe r iphe ry  on l i n e r - p r o p e l l a n t  

bond s t r e n g t h .  

2 and 
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111. C .  Discussion of Resu l t s  (cont) 

c. Subscale Mold 3 

I n  processing p r o p e l l a n t  f o r  t h e  t h i r d  mold, t h e  evalu- 

a t i o n  of mixing parameters a f f e c t i n g  t h e  flow p r o p e r t i e s  of p r o p e l l a n t  mixed 

i n  t h e  450-lb (200 Kg) mixer w a s  continued. Parameters eva lua ted  were a 

lengthened f i n a l  vacuum mix cyc le ,  i nc reased  from 20 t o  60 min, i nc reased  

FeAA level and e l i m i n a t i o n  of a vacuum mix s t e p  a f t e r  o x i d i z e r  a d d i t i o n .  The 

f i r s t  f a c t o r s  were s e l e c t e d  f o r  e v a l u a t i o n  on t h e  b a s i s  of 10-lb (4.5 Kg) mix 

d a t a  t h a t  i n d i c a t e d  t h a t  t h e  amount of a c t i v e  FeAA i n  t h e  p r o p e l l a n t  i n f luenced  

flow p r o p e r t i e s .  Inc reas ing  t h e  e f f i c i e n c y  of t h e  f i n a l  vacuum mix would 

r e s u l t  i n  a h ighe r  concen t r a t ion  of a c t i v e  FeAA through more e f f e c t i v e  removal 

of water t h a t  hydrolyzes FeAA. The a c t i v e  FeAA concen t r a t ion  w a s  i nc reased  

wi th  h i g h e r  i n i t i a l  concen t r a t ions .  A s  shown i n  F igu re  18, t h e  f i r s t  t h r e e  

ba t ches  w e r e  s t anda rd  ANB-3254, with 0.032 w t %  FeAA, processed wi th  a 60 min 
f i n a l  vacuum mix cyc le .  The f o u r t h  ba t ch  a l s o  w a s  mixed f o r  60 min b u t  w a s  

formulated wi th  0.045 w t %  FeAA. A l l  ba t ches  w e r e  cast i n t o  t h e  mold a t  t h e  

maximum rate .  

- 

Visua l  examination of t h e s e  p r o p e l l a n t  ba t ches  i n  t h e  

mixer gave no evidence of t h e  extreme pseudop las t i c  flow behavior  t h a t  had 

been observed i n  t h e  A-DD mixers during t h e  c a s t i n g  of Motor 260-SL-3. The 

v i s c o s i t y  d a t a  were found t o  be c o n s i s t e n t  w i t h  t h e s e  obse rva t ions .  

i s  t h e  d a t a  f o r  t h e  f i r s t  ba t ch ,  shown i n  F igu re  19. On t h e  b a s i s  of t h e s e  

obse rva t ions ,  i t  w a s  concluded t h a t  less e f f i c i e n t  vacuum mixing would probably 

y i e l d  t h e  h igh ly  pseudop las t i c  flow c h a r a c t e r i s t i c s .  Therefore,  t h e  f i f t h  b a t c h ,  

which had t h e  same formulat ion as t h e  f o u r t h  ba t ch ,  w a s  prepared by a procedure 

t h a t  e l imina ted  a l l  vacuum mixing during t h e  ba t ch  p r e p a r a t i o n ,  except f o r  a 

10-min f i n a l  vacuum mix. This procedure w a s  expected t o  more c l o s e l y  dupl i -  

cate t h e  A-DD mix cond i t ions .  The flow c h a r a c t e r i s t i c s  of t h i s  ba t ch  w e r e  

ve ry  similar t o  those  observed during t h e  Motor 260-SL-3 c a s t i n g .  Subsequent 

v i s c o s i t y  d a t a ,  shown i n  F igu re  20, confirmed t h a t  t h e  p r o p e l l a n t  from t h i s  

Typical  
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111. C .  Discussion of Resu l t s  (cont)  

ba t ch  showed much h ighe r  v i s c o s i t y  a t  low shea r  stress than  a l l  p rev ious  

batches made i n  t h e  450-lb (200 Kg) ve r t i ca l  ba t ch  mixer. 

a t  10,000 dynes/cm2 (1,000 N/m ) shea r  stress f o r  t h e  f o u r t h  and f i f t h  ba t ches  

is compared i n  F igu re  21 .  

V i s c o s i t y  build-up 
2 

Laboratory ana lyses  of t h e  p r o p e l l a n t  components and 

uncured p r o p e l l a n t  were normal and are p resen ted  i n  F igu re  2 2 . ’  

During c a s t i n g  of a l l  ba t ches  t h e  p r o p e l l a n t  s u r f a c e  

w a s  smooth and no d e f e c t  formations were observed. On t h e  b a s i s  of i t s  loca- 

t i o n  and t h e  flow p a t t e r n s  found i n  t h e  f i r s t  mold, t h e  f i f t h  b a t c h  would n o t  

be expected t o  cause d e f e c t s .  

S t r i p p i n g  and s e c t i o n i n g  of t h e  cured mold r evea led  no 

v i s i b l e  d e f e c t s .  The l o c a t i o n  of t h e  f i f t h  ba t ch  could be seen i n  t h e  s e c t i o n -  

ed p i e c e s ,  because t h e  a l t e r e d  mix procedure appa ren t ly  caused a d i f f e r e n c e  i n  

shading of t h e  b l u e  pigment i n  t h e  p r o p e l l a n t .  I ts  l o c a t i o n  w a s  as expected on 

t h e  b a s i s  of f low p a t t e r n s  observed i n  t h e  f i r s t  mold c a s t i n g .  

Mechanical p r o p e r t i e s  d a t a  from c a r t o n  samples of pro- 

p e l l a n t  taken from each ba tch  cast i n t o  t h i s  mold are shown i n  F igu re  23 and 

show t h e  changes i n  formulat ion and m i x  c y c l e  i n  t h e  f o u r t h  and f i f t h  ba t ches .  

The f o u r t h  batch w i t h  t h e  long f i n a l  mix and inc reased  FeAA con ten t  shows t h e  

h i g h e s t  s ta te  of cu re ,  wh i l e  t h e  f i f t h  b a t c h  wi th  t h e  s h o r t  f i n a l  mix c y c l e ,  

and inc reased  F e u  con ten t ,  d i d  n o t  cu re  as r a p i d l y  as t h e  preceding batch,  

b u t  more r a p i d l y  than t h e  f i r s t  t h r e e  ba t ches .  

The mechanical p r o p e r t i e s  specimens taken from t h e  sec- 

t i oned  g r a i n  show the t y p i c a l  an i so t ropy  observed p rev ious ly ,  w i th  t h e  lowest  

p r o p e l l a n t  i n i t i a l  modulus g e n e r a l l y  occur r ing  i n  t h e  v e r t i c a l  o r i e n t a t i o n ,  

as shown i n  F igu re  24. The bond s t r e n g t h  between t h e  p r o p e l l a n t  and t h e  
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1 I L . C .  Discussion of Resu l t s  ( con t )  

SD-850-2 l i n e r  i s  n o t  a f f e c t e d  by t h e  v e r t i c a l  l o c a t i o n  on t h e  g r a i n  p e r i -  

phery. A l l  bond specimens f a i l e d  a t  random w i t h i n  t h e  p r o p e l l a n t ,  i n d i c a t i n g  

bond s t r e n g t h  i n  excess  of t h e  cohesive s t r e n g t h  of t h e  p r o p e l l a n t .  

d .  Subscale Mold 4 

A l l  of t h e  450-lb (200 Kg) ba t ches  c a s t  i n t o  t h i s  mold 

were prepared us ing  t h e  mix procedure used i n  t h e  l as t  ba t ch  of t h e  t h i r d  

mold. The mixing v a r i a b l e s  and c a s t i n g  parameters are summarized i n  F igu re  

25. Laboratory tes t  d a t a  of t h e  p r o p e l l a n t  components and t h e  uncured pro- 

p e l l a n t  are shown i n  F igu re  26. 

i o r  which caused t h e  d e f e c t s  observed i n  Motor 260-SL-3. 

A l l  batches e x h i b i t e d  t h e  type  of flow behav- 

During t h e  c a s t i n g  of t h e  mold using t h e  maximum c a s t i n g  

rate, t h e  formation of many d e f e c t s  w a s  observed. The mechanism of t h e  d e f e c t  

formation w a s  appa ren t .  Res i s t ance  of t h e  p r o p e l l a n t  t o  flow a t  low s h e a r  

stress caused mounds o r  waves t o  form around t h e  bayonet;  t h e  waves w e r e  as 

h igh  as 10 i n .  (25 cm). When t h e  mound had reached a he igh t  where t h e  hydro- 

s t a t i c  head exceeded t h e  y i e l d  s t r e n g t h  of t h e  p r o p e l l a n t ,  each wave began t o  

flow, r e l a t i v e l y  r a p i d l y  because of shea r  t h inn ing  of t h e  p r o p e l l a n t ,  away 

from t h e  bayonet. A s  t h e  "wave f r o n t "  passed along t h e  co re  and t h e  o u t e r  

pe r iphe ry  of t h e  mold, a i r  w a s  entrapped between t h e  moving and s t a t i c  pro- 

p e l l a n t  w i t h  t h e  r e s u l t i n g  c r e a t i o n  of a void o r  a f o l d .  The f i r s t  5500-lb 

(2500 Kg) scale-up b a t c h  of t h i s  p r o p e l l a n t  formulat ion w a s  prepared during 

t h e  c a s t i n g  of t h e  f o u r t h  mold and a p o r t i o n  of t h e  ba t ch  used t o  cast t h e  

mold along w i t h  fou r  450-lb (200 Kg) ba t ches .  The p r e p a r a t i o n  of t h i s  ba t ch  

i s  desc r ibed  i n  Sec t ion  1 I I . C . l . i .  
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1 I I . C .  Discussion of Resu l t s  (cont)  

The cured mold w a s  s t r i p p e d  and t h e  co re  removed t o  

r e v e a l  t h e  observed d e f e c t s .  Seve ra l  e longated d e f e c t s  up t o  14  i n .  (36 cm) 

long and up t o  2 i n .  (5 cm) wide were found. Maps of t h e  d e f e c t s  found on 

t h e  g r a i n  e x t e r i o r  and co re  s u r f a c e s  are p resen ted  i n  Figures  27 and 28, 

r e s p e c t i v e l y .  There were a l s o  many v o i d s  beneath t h e  s u r f a c e  of t h e  pro- 

p e l l a n t .  Cu t t ing  i n t o  t h e s e  voids  i n d i c a t e d  t h a t  some were as deep as 2 i n .  

(5 cm). These d e f e c t s  were such t h a t  t h e r e  w a s  l i t t l e  doubt t h e  d e f e c t s  were 

formed by t h e  same mechanism as observed on t h e  bo re  of Motor 260-SL-3. 

P a r t i a l  s e c t i o n i n g  of t h e  cured g r a i n  has  a l s o  r evea led  many i n t e r n a l  d e f e c t s ,  

i nc lud ing  both vo ids  and what might b e  desc r ibed  as " f a u l t  l i n e s . "  

Carton samples cast  from t h e  ba t ches  c a s t  i n t o  t h e  

f o u r t h  mold confirm t h e  obse rva t ions  from t h e  l a s t  b a t c h  c a s t  i n t o  t h e  t h i r d  

mold t h a t  t h e  abbrev ia t ed  vacuum mix c y c l e  reduced t h e  p r o p e l l a n t  i n i t i a l  

modulus. Carton d a t a  are shown i n  F igu re  29. 

The mechanical p r o p e r t i e s  and s o l i d - s t r a n d  burning rates 

of p r o p e l l a n t  specimens compiled from t h e  f o u r t h  mold are summarized i n  F igu re  

30. A s  i n  t h e  f i r s t  t h r e e  molds, t h e r e  i s  an i so t ropy  apparent  i n  t h e  mechan- 

i ca l  p r o p e r t i e s ,  w i th  t h e  lowest p r o p e l l a n t  i n i t i a l  modulus being observed i n  

v e r t i c a l l y  o r i e n t e d  specimens. There w a s  some an i so t ropy  ev iden t  i n  t h e  s o l i d -  

s t r a n d  burning rate, b u t  w i t h  no apparent  c o r r e l a t i o n  wi th  o r i e n t a t i o n  o r  

mechanical p r o p e r t i e s .  S i m i l a r l y ,  t h e  apparent  s ta te  of cu re ,  as i n d i c a t e d  

by i n i t i a l  modulus d a t a ,  i s  g r e a t e r  i n  t h e  mold than  i n  t h e  sample c a r t o n s .  

A t r end  i n  p r o p e l l a n t  bond s t r e n g t h  i s  i n d i c a t e d  from t h e  samples t e s t e d  

from t h i s  mold wi th  a s i g n i f i c a n t  dec rease  i n  t e n s i l e  and s h e a r  s t r e n g t h  

occur r ing  i n  t h e  upper h a l f  of t h e  mold. However, t h i s  t r end  i s  a t t r i b u t a b l e  

l a r g e l y  t o  ba t ch  d i f f e r e n c e s ,  as seen  i n  t h e  modulus and t ens i l e  s t r e n g t h  d a t a .  
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1II.C. Discussion of Resu l t s  (cont)  

e. Subscale Mold 5 

The o b j e c t i v e  of t h i s  mold c a s t i n g  w a s  t o  e v a l u a t e  t h e  

e f f e c t  of p r o p e l l a n t  v i s c o s i t y  c h a r a c t e r i s t i c s  on g r a i n  q u a l i t y .  This w a s  

accomplished by us ing  t h e  same c a s t i n g  p l a n  as f o r  t h e  t h i r d  mold, b u t  using 

a mix procedure t h a t  accentuated pseudop las t i c  flow behavior .  

prepared f o r  t h i s  mold were processed by t h e  same mix procedure used f o r  t h e  

f o u r t h  mold, i ? e . ,  mix a f t e r  o x i d i z e r  a d d i t i o n  shortened t o  5 min wi thou t  

vacuum, and f i n a l  vacuum mix c y c l e  shortened t o  10 min. A s  w i t h  t h e  pro- 

p e l l a n t  prepared f o r  mold 4 ,  a l l  ba t ches  e x h i b i t e d  t h e  pseudop las t i c  flow be- 

h a v i o r  similar t o  t h a t  observed wi th  some of t h e  p r o p e l l a n t  ba t ches  prepared 

f o r  Motor 260-SL-3. 

from cu r ing  agent  a d d i t i o n  f o r  t h e  f i r s t  p r o p e l l a n t  ba t ch  c a s t  i n t o  mold 5 i s  

shown i n  P igu re  31, and i s  t y p i c a l  of a l l  ba t ches .  Laboratory test d a t a  f o r  

t h e s e  ba t ches  are shown i n  F igu re  3 2 .  

A l l  ba t ches  

V i s c o s i t y  build-up as a f u n c t i o n  of shea r  stress and t i m e  

The c a s t i n g  parameters f o r  t h e  f i f t h  mold, shown i n  

F igu re  33, were similar t o  those  used t o  c a s t  t h e  t h i r d  mold, which w a s  essen- 

t i a l l y  de fec t - f r ee .  S i g n i f i c a n t  d i f f e r e n c e s  between t h e  sets of c a s t i n g  para- 

meters f o r  t h e  f o u r t h  and f i f t h  molds w e r e  t h e  s i n g l e  bayonet and c y l i n d r i c a l  

co re  c o n f i g u r a t i o n  f o r  t h e  former, and two bayonets w i t h  c l o v e r l e a f  c o r e  f o r  

t h e  l a t t e r .  The average c a s t i n g  rate i n t o  t h e  f i f t h  mold a l s o  w a s  slower than 

i n t o  t h e  f o u r t h  mold. The s h o r t e r  flow p a t h  l e n g t h  wi th  two bayonets and cast- 

ing  i n  smaller increments w e r e  observed t o  cause less of t h e  "mounding" of 

p r o p e l l a n t  i n  t h e  f i f t h  mold, w i th  consequent formation of fewer d e f e c t s .  

F igu res  34 and 35 show maps of t h e  l o c a t i o n  of d e f e c t s  found i n  t h e  cured g r a i n  

Mechanical p r o p e r t i e s  tests from c a r t o n  samples from 

p r o p e l l a n t  ba t ches  cast i n t o  t h e  f i f t h  mold, F igu re  36, show t h e  same low 

i n i t i a l  moduli observed i n  t h e  two previous molds t h a t  w e r e  processed wi th  a 

s h o r t  vacuum mix cyc le .  
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1 I I . C .  Discussion of R e s u l t s  (cont)  

No apparent  t r e n d s  are ev iden t  i n  t h e  mechanical and 

bonding p r o p e r t i e s  o r  t h e  s o l i d - s t r a n d  burning rates of samples removed from 

t h e  cured g r a i n  p re sen ted  i n  F igu re  37. This  may b e  because of t h e  proximity 

of t h e  sample l o c a t i o n  t o  t h e  bayonet and t h e  ve ry  shal low submergence used 

i n  c a s t i n g  t h e  g r a i n .  A s  w i t h  t h e  previous molds, t h e  i n i t i a l  modulus d a t a  

of specimens from t h e  g r a i n  are h ighe r  t han  t h e  comparable d a t a  f o r  t h e  c a r t o n  

samples. 

f .  Subscale Mold 6 

The p r o p e l l a n t  mixing and c a s t i n g  parameters f o r  pro- 

ces s ing  of t h i s  mold w e r e  s e l e c t e d  t o  provide an  assessment of t h e  e f f e c t s  

of shal low bayonet submergence and long flow p a t h  l e n g t h  on t h e  formation of 

d e f e c t s  i n  t h e  g r a i n .  A summary of t h e  formulat ion and c a s t i n g  parameters  i s  

given i n  F igu re  38. A l l  ba t ches  cast  i n t o  t h e  mold were ANB-3254 p r o p e l l a n t  

processed t o  y i e l d  extreme p s e u d o p l a s t i c i t y .  In-process d a t a  f o r  t h e  ba t ches  

processed f o r  t h i s  mold are shown i n  F i g u r e  39. The flow p a t h  l e n g t h  i n  t h i s  

mold w a s  i nc reased  by using a 16-in. ( 4 1  cm) d i a  c y l i n d r i c a l  co re -conf igu ra -  

t i o n  and c a s t i n g  a 360 degree (6.28 r ad )  g r a i n  as shown below: 

Bayonet 
D a m  

Core 

The l o c a t i o n  of t h e  bayonet nex t  t o  t h e  ver t ical  dam fo rced  t h e  p r o p e l l a n t  t o  

flow completely around t h e  annulus,  t h u s  i n c r e a s i n g  t h e  f l o w p a t h  l e n g t h  

by a f a c t o r  of about 3 compared w i t h  t h e  previous s u b s c a l e  mold c a s t i n g s .  
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The e f f e c t  of t h i s  i nc reased  flow pa th  l e n g t h  w a s  
r e a d i l y  apparent  during t h e  c a s t i n g .  Large d e f e c t s  were formed i n s i d e  t h e  

g r a i n  as w e l l  as on t h e  i n n e r  and o u t e r  pe r iphe ry .  Shear p l anes  w e r e  formed 

t h a t  were ve ry  similar t o  those observed during t h e  c a s t i n g  of t h e  f i r s t  f u l l -  

scale mold. Maps of t h e  observed g r a i n  d e f e c t s ,  p re sen ted  i n  F igu res  40 and 

41, show an  i n c r e a s e  i n  d e f e c t  s i z e  and frequency as compared w i t h  mold 4.  

The d i f f e r e n c e  i n  g r a i n  h e i g h t  a t  t h e  bayonet l o c a t i o n  and v a r i o u s  circum- 

f e r e n t i a l  p o s i t i o n s  provides  a d i r e c t  and v i v i d  measurement of p r o p e l l a n t  

flow behavior  under low shea r  stress, as shown i n  F igu re  42. The d i f f e r e n c e  

i n  g r a i n  h e i g h t  a t  t h e  bayonet l o c a t i o n  and o p p o s i t e  s i d e  of t h e  dam, a t  t h e  

maximum flow p a t h  l e n g t h ,  w a s  18 i n  (41 cm) f o r  t h i s  extreme pseudop las t i c  

prop e l l  a n t  . 
Mechanical and bond p rope r ty  and so l id - s t r and  burning 

rate test d a t a  on specimens taken from t h e  s i x t h  s u b s c a l e  g r a i n  are shown i n  

F igu re  43. A s  i n  a l l  previous s u b s c a l e  g r a i n s ,  an i so t ropy  i n  both mechanical 

p r o p e r t i e s  and burning rate were found. I n  s p i t e  of t h e  inc reased  flow pa th  

l e n g t h  and t h e  r e s u l t a n t  i nc reased  frequency and s e v e r i t y  of d e f e c t s ,  t h e r e  

w a s  no e f f e c t  of l o c a t i o n  on t h e  g r a i n  pe r iphe ry  on t h e  measured bond s t r e n g t h  

t o  SD-850-2 l i n e r .  

g. Subscale Mold 7 

The p r o p e l l a n t  mixing and c a s t i n g  parameters f o r  proces- 

s i n g  t h e  seventh mold w e r e  s e l e c t e d  t o  provide f u r t h e r  assessment,  a long wi th  

molds 6 and 8, of t h e  e f f e c t s  of shal low bayonet submergence and long flow p a t h  

l e n g t h s  on t h e  formation of d e f e c t s  i n  t h e  g r a i n ,  as summarized i n  F igu re  44. 
A s  w i t h  t h e  s i x t h  mold, t h e  flow pa tch  l e n g t h  i n  t h i s  mold w a s  i nc reased  by 

us ing  a 16-in (41 cm) d i a  c y l i n d r i c a l  c o r e  c o n f i g u r a t i o n  and c a s t i n g  a 360 

degree 

t h a t  fo rced  t h e  p r o p e l l a n t  t o  flow a11 t h e  way around t h e  annulus formed by 

(6.28 r ad )  g r a i n .  The bayonet w a s  placed a d j a c e n t  t o  t h e  v e r t i c a l  dam 
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1 I I . C .  Discussion of Resu l t s  (cont)  

t h e  co re  and t h e  mold. The p r o p e l l a n t  formulat ion used f o r  t h e  f i r s t  f o u r  

ba t ches  cast  i n t o  t h i s  mold w a s  ANB-3254. The processing methods s e l e c t e d  f o r  

t h e s e  ba t ches  were designed t o  achieve t h e  optimum flow c h a r a c t e r i s t i c s  f o r  

t h i s  fo rmula t ion .  Long mix t i m e s  a t  maximum vacuum r e s u l t e d  i n  a p r o p e l l a n t  

t h a t  e x h i b i t e d  a lesser amount of mounding and t h u s ,  less v i s i b l e  d e f e c t  forma- 

t i o n .  The d i f f e r e n c e  i n  p r o p e l l a n t  he igh t  on o p p o s i t e  s i d e s  of t h e  dam w a s  

about 10 i n .  (25 cm) a f t e r  t h e  f o u r  ba t ches  were cast compared wi th  18 i n .  

(46 cm) a f t e r  f i v e  ba t ches  c a s t  i n t o  t h e  s i x t h  mold. 

The f i f t h  ba t ch  c a s t  i n t o  t h i s  mold w a s  ANB-3350, t h e  

improved p r o p e l l a n t  formulat ion developed under t h e  Task I1 e f f o r t s  and 

descr ibed l a t e r  i n  t h i s  r e p o r t .  Flow c h a r a c t e r i s t i c s  of t h i s  b a t c h  w e r e  so 

s i g n i f i c a n t l y  improved, as i n d i c a t e d  by v i s c o s i t y  d a t a  (Figure 45) ,  over even 

t h e  b e s t  ANB-3254 ba tch ,  t h a t  t h e  he igh t  d i f f e r e n t i a l  a c r o s s  t h e  dam w a s  ver- 

t u a l l y  e l imina ted .  The ba tch  flowed t o  t h e  lowest area of t h e  mold, a t  t h e  

maximum flow p a t h  l e n g t h ,  and f i l l e d  t h e  mold t o  t h e  p o i n t  of no h e i g h t  d i f f e r -  

ence.  

F igu re  46 shows t h e  l a b o r a t o r y  t es t  d a t a  f o r  t h e  pro- 

p e l l a n t  components and uncured p r o p e l l a n t  used i n  t h e  c a s t i n g  of t h e  seventh 

mold. A l l  ba t ches  processed normally.  The 0.744 i n . / s e c  (1.89 cm/s) l i q u i d -  

s t r a n d  burning r a t e  of t h e  improved formulat ion ANB-3350 exceeds t h e  0.68 i n . / s e c  

(1.73 cm/s) t a r g e t .  It w a s  t h e r e f o r e  concluded t h a t  t h e  burning-rate  a d d i t i v e  

con ten t  of t h e  formulat ion (0.5% I r o n  Blue,  2 .0% i r o n  oxide) could b e  reduced. 

The mechanical p r o p e r t i e s  from c a r t o n  samples of each 

ba tch  of p r o p e l l a n t  cast  i n t o  t h e  seventh mold are shown i n  F igu re  47. Batch 

69-11 i s  t h e  improved p r o p e l l a n t  formulat ion ANB-3350. 

t h e  cu re  of t h i s  b a t c h  s t a b i l i z e d  i n  about 1 7  days a t  135°F (57OC) and t h e  

modulus of 480 t o  490 p s i  (331 t o  338 N/cm ) is  very c l o s e  t o  t h e  t a rgeq  va lue  

of 500 5 100 p s i  (345 - + 69 N/cm >. 

The d a t a  i n d i c a t e  t h a t  

2 

2 
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No d i f f e r e n c e  is  apparent  between t h e  mechanical and bond 

p r o p e r t i e s  and so l id - s t r and  burning rate of specimens obtained from t h e  seventh 

mold and t h e  p r o p e r t i e s  obtained on previous molds. These d a t a  f o r  t h e  seventh 

mold are shown i n  F igu re  48.  The i n i t i a l  modulus d a t a  from t h e  g r a i n  specimens 

are t y p i c a l l y  h ighe r  than t h e  c a r t o n  sample d a t a .  

h .  I n t e r p r e t a t i o n  of Resu l t s  

Analysis of t h e  d a t a  ob ta ined  f o r  t h e  f i r s t  seven sub- 

scale molds c a s t  w i t h  ANB-3254 provided an i n d i c a t i o n  of many c r i t i c a l  fac-  

t o r s  governing t h e  s i z e  and frequency of g r a i n  and bond d e f e c t s .  These c r i t i -  

c a l  v a r i a b l e s  inc lude :  

(1) P r o p e l l a n t  v i s c o s i t y  c h a r a c t e r i s t i c s  

(2) Flow pa th  l e n g t h  

(3)  P r o p e l l a n t  c a s t  ra te  

( 4 )  Bayonet submergence 

(5) Vacuum mix c y c l e  

P r o p e l l a n t  v i s c o s i t y  c h a r a c t e r i s t i c s  l a r g e l y  govern t h e  

s i z e  and frequency of d e f e c t  formation. 

dependent on t h e  e x t e n t  of p s e u d o p l a s t i c i t y .  This is  i l l u s t r a t e d  by a com- 

p a r i s o n  i n  F igu re  49 of t h e  r e s u l t s  of s u b s c a l e  c a s t i n g s  1, 2, 3, and 7,  t h a t  

demonstrated l i t t l e  p s e u d o p l a s t i c i t y ,  w i th  c a s t i n g s  4 ,  5 ,  and 6 ,  t h a t  d i s -  

played a h igh  degree of p s e u d o p l a s t i c i t y .  

i n  F igu re  49 that p r o p e l l a n t  v i s c o s i t i e s  of 40,000 p o i s e  (4 ,000  N s / m  ) o r  less, 

a t  t h r e e  hours  from cu r ing  agent  a d d i t i o n ,  a t  5 K dynes/cm2 (500 N/m ) s h e a r  

stress r e s u l t  i n  e s s e n t i a l l y  d e f e c t - f r e e  c a s t i n g s  over  a range of p rocess ing  

v a r i a b l e s .  When t h e  p r o p e l l a n t  v i s c o s i t i e s  cast i n t o  t h e  s u b s c a l e  molds are 

i n  t h e  range of 50,000 t o  150,000 p o i s e  (5,000 t o  15,000 N s / m  ), as cast i n t o  

molds 4 ,  5, and 6,  f r equen t  and l a r g e  d e f e c t s  are produced. 

The e x t e n t  of d e f e c t  formation i s  

It appears  from t h e  v i s c o s i t y  d a t a  
2 

2 

2 
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1 I I . C .  Discussion of R e s u l t s  ( con t )  

The e f f e c t s  of f low p a t h  l e n g t h  on d e f e c t  formation are 

most c l e a r l y  shown by a comparison of s u b s c a l e  molds 4 and 6. 

and 6 were cast w i t h  p r o p e l l a n t  e x h i b i t i n g  a h igh  degree of p s e u d o p l a s t i c i t y .  

The c o n f i g u r a t i o n  of mold 4 w a s  a 240 degree (4.19 r ad )  c y l i n d r i c a l  segment 

wi th  one c e n t r a l l y  l o c a t e d  bayonet wh i l e  mold 6 w a s  a 360 degree (6.28 rad)  

c y l i n d e r  w i th  one bayonet l o c a t e d  a d j a c e n t  t o  t h e  ver t ica l  s e p a r a t o r .  This 

d i f f e r e n c e  i n  c o n f i g u r a t i o n  r e s u l t e d  i n  a flow p a t h  l e n g t h  f o r  mold 6 of 

approximately t h r e e  t i m e s  t h a t  f o r  mold 4 .  

shown i n  F igu re  49 were bo th  more numerous, 28-vs-13, and l a r g e r ,  4 by 20 i n .  

v s  3 by 12  i n .  (10 by 51 cm-vs-8 by 30 cm) than those  i n  mold 4.  These d a t a  

suggest  t h a t  t h e  360 degree (6.28 r ad )  c o n f i g u r a t i o n  i n  t h e  s u b s c a l e  mold 

provides  a more seve re ,  and probably more r ea l i s t i c ,  e v a l u a t i o n  of t h e  adequacy 

of t h e  p r o p e l l a n t  f low p r o p e r t i e s .  Dup l i ca t ion  of 260-in. (6.6 m) motor flow 

cond i t ions  a p p a r e n t l y  r e q u i r e s  enough flow p a t h  l e n g t h  t o  a l low development of 

s u r f a c e  level d i f f e r e n c e s  and flow p lanes .  The p o t e n t i a l  then e x i s t s  f o r  de- 

f e c t s  anywhere along t h e  flow p a t h  a t  t h e  case  w a l l  and co re  s u r f a c e .  

Both molds 4 

The d e f e c t s  produced i n  mold 6 ,  

P r o p e l l a n t  cast  rate appears  t o  be an important  f a c t o r  

based on a comparison of r e s u l t s  of molds 4 and 5, only when c a s t i n g  a pro- 

p e l l a n t  w i th  extreme pseudop las t i c  c h a r a c t e r i s t i c s .  On t h e  b a s i s  of v i s u a l  

obse rva t ions ,  i t  can be concluded t h a t  t h e  c a s t i n g  rate governs t h e  propel- 

l a n t  head h e i g h t  t h a t  b u i l d s  up around t h e  bayonet. This head h e i g h t  d e t e r -  

mines t h e  s i z e  of t h e  wave f r o n t  t h a t  fol lows t h e  mold w a l l .  I n t e r s e c t i o n  of 

-the wave f r o n t  w i th  t h e  w a l l  produces a d e f e c t .  This flow occurs  when t h e  

h y d r o s t a t i c  head f o r c e  exceeds t h e  y i e l d  s t r e n g t h  of t h e  pseudop las t i c  pro- 

p e l l a n t .  When slow cast rates are used, t h e  head h e i g h t  does n o t  b u i l d  up, 

appa ren t ly  due t o  t h e  stress r e l a x a t i o n  p r o p e r t i e s  of t h e  p r o p e l l a n t .  
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Cast rate does no t  appear t o  be c r i t i c a l  w i th  propel-  

l a n t s  t h a t  do n o t  e x h i b i t  high p s e u d o p l a s t i c i t y .  With t h e s e  p r o p e l l a n t s ,  t h e  

head h e i g h t  around t h e  bayonet does n o t  vary s i g n i f i c a n t l y  w i t h  cast  ra te  and 

t h e r e f o r e ,  d e f e c t  formation d id  n o t  occur.  

Bayonet submergence may be concluded t o  b e  a f a c t o r  i n  

d e f e c t  formation s i n c e  t h e  age of t h e  p r o p e l l a n t  a t  t h e  bayonet t i p  is govern- 

ed by t h e  submergence depth.  The flow p a t t e r n s  i n  mold 1 show t h a t  t h e  pro- 

p e l l a n t  ba t ch  a t  t h e  bayonet t i p  i s  moved outward and upward a g a i n s t  t h e  mold 

w a l l .  A s  t h e  degree of p s e u d o p l a s t i c i t y  inc reased  w i t h  p r o p e l l a n t  age,  deep 

submergence is  obviously d e l e t e r i o u s  t o  p r o p e l l a n t  l i n e r  bonding. Movement of 

a pseudop las t i c  material f a v o r s  d e f e c t  formation. To avoid movement of such 

material, t h e  e x t e n t  of bayonet submergence should be minimized. 

For ANB-3254 p r o p e l l a n t ,  t h e  vacuum mix c y c l e  w a s  shown 

t o  b e  a c r i t i c a l  element i n  governing flow c h a r a c t e r i s t i c s .  S l i g h t  pseudo- 

p l a s t i c  flow behavior  w a s  achieved i n  t h e  ANB-3254 type ba tches  processed f o r  

molds 1 through 3 ,  when vacuum w a s  app l i ed  t o  t h e  mix a f t e r  o x i d i z e r  a d d i t i o n .  

Af t e r  vacuum mixing f o r  10 min, t h e  DER-332 cu r ing  agent  w a s  added and then 

a f i n a l  vacuum mix w a s  used. When t h e  vacuum mix c y c l e  w a s  a l t e r e d  t o  e l i -  

minate  t h e  vacuum mix i n t e r v a l  a f t e r  o x i d i z e r  a d d i t i o n  p r i o r  t o  DER-332 addi- 

t i o n ,  a p r o p e l l a n t  w i t h  extreme pseudop las t i c  behavior  r e s u l t e d .  Casting of 

t h i s  t ype  of p r o p e l l a n t  i n  molds 4 ,  5 ,  and 6 r e s u l t e d  i n  a high inc idence  of 

g r a i n  d e f e c t s .  

i. Scale-up Batch 

P r i o r  t o  t h e  c a s t i n g  of t h e  f i r s t  f u l l - s c a l e  mold, a 

5500-lb (2500 Kg) ver t ica l  ba t ch  m i x  w a s  prepared t o  e v a l u a t e  t h e  e f f e c t  of 

f i n a l  m i x  t i m e  on p r o p e l l a n t  flow behavior .  Observations of t h e  las t  450-lb 
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(200 Kg) b a t c h  used t o  cast t h e  t h i r d  s u b s c a l e  mold i n d i c a t e d  t h a t  a s h o r t  

vacuum mix c y c l e  would produce t h e  extreme pseudop las t i c  e f f e c t  i n  ANB-3254 

p r o p e l l a n t ,  

a t  i n t e r v a l s  of 10 ,  20, and 30 min and terminated a t  60 min. A t  each mix 

i n t e r v a l  samples were taken f o r  v i s c o s i t y  build-up and mechanical p r o p e r t i e s  

t e s t i n g  . 

To e v a l u a t e  t h i s  i n  t h e  large VBM ba tch  t h e  f i n a l  mix w a s  stopped 

V i s c o s i t y  build-up measurements on t h i s  ba t ch  w e r e  

determined by two methods. P rev ious ly ,  a l l  measurements a t  f i x e d  i n t e r v a l s  

af ter  cu r ing  agent  a d d i t i o n  w e r e  done us ing  t h e  same p r o p e l l a n t  sample .  A 

cup con ta in ing  about 50 gm is  normally used. I n  a d d i t i o n  t o  t e s t i n g  t h e  sam-  

p l e s  u s ing  t h i s  procedure,  each ba tch  a l s o  w a s  t e s t e d  i n  accordance w i t h  a 

method which used a d i f f e r e n t  sample of p r o p e l l a n t  f o r  each measurement. 

series of cups w a s  prepared and placed i n  135°F (57OC) cond i t ion ing  and allowed 

t o  remain undis turbed u n t i l  t e s t i n g .  This technique i n v a r i a b l y  i n d i c a t e d  a 

more r a p i d  v i s c o s i t y  build-up f o r  a given sample, most probably because t h e  

c o n t i n u a l  shea r ing  of t h e  s i n g l e  sample  d id  n o t  a l low s u f f i c i e n t  t i m e  f o r  t he  

p r o p e l l a n t  t o  recover  between tests. Typical  of t h e  r e s u l t s  ob ta ined  on t h i s  

VBM scale-up ba tch  are t h e  two v i s c o s i t y  build-up curves f o r  t h e  10 min f i n a l  

mix t i m e  shown i n  F igu res  50 and,51,  and compared a t  a low shea r  stress i n  

F igu re  52. The v i s c o s i t y  d a t a  presented f o r  t h e  20, 30, and 60 min f i n a l  mix 

i n t e r v a l s  i n  F igu res  53 through 55 u s e  t h e  second ( i n d i v i d u a l  cups) procedure.  

V i sua l  obse rva t ion  of t h e  p r o p e l l a n t  i n  t h e  mix bowl a t  t h e  v a r i o u s  f i n a l  mix 

i n t e r v a l s  i n d i c a t e d  t h e  extreme pseudop las t i c  e f f e c t  d e f i n i t e l y  p r e v a i l e d  a t  

10 min, w a s  less ev iden t  a t  20 min and disappeared a t  30 and 30 min. Although 

t h i s  i s  n o t  c l e a r l y  shown i n  t h e  i n i t i a l  v i s c o s i t y  i n d i c a t i o n s ,  t h e r e  appears  

t o  b e  a c o r r e l a t i o n  w i t h  t h e  v i s c o s i t y  build-up a t  later t i m e  pe r iods .  For 

example t h e  v i s c o s i t y  a t  10 h r  a f t e r  cu r ing  agent  a d d i t i o n  and an  app l i ed  

shea r  stress of 20 K dynes/cm2 (2,000 N/m ) ranges from o f f - s c a l e  a t  10 rnin 
2 of mixing t o  26,000 p o i s e  (2,600 N s / m  ) a t  60 rnin of mixing. The e f f e c t  of 

f i n a l  vacuum mix t i m e  on v i s c o s i t y  build-up a t  a low s h e a r  stress level i s  

shown i n  F igu re  56. 

A 
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1 I I . C .  Discussion of Resu l t s  (cont )  

There appears  t o  be  a c o r r e l a t i o n  between f i n a l  m i x  

t i m e  and mechanical p r o p e r t i e s  a l s o .  

i n  F igure  57 show a d e f i n i t e  i nc rease  i n  t h e  s ta te  of cure  w i t h  increased  

f i n a l  mix t i m e ,  w i th  a p l a t e a u  occurr ing  a t  30 min, t h e  s a m e  i n t e r v a l  t h a t  

t h e  observed extreme pseudop las t i c  e f f e c t  d i sappeared .  This  is  undoubtedly 

because less mois ture  is removed during t h e  s h o r t e r  vacuum mix t i m e s ,  and 

mois ture  remaining i n  t h e  p r o p e l l a n t  caused p a r t i a l  degrada t ion  of t h e  FeAA 

polymer iza t ion  c a t a l y s t  during cure.  

The mechanical p r o p e r t i e s  d a t a  given 

2 .  Fu l l - sca le  Mold Cast ing 

a .  Descr ip t ion  of Cast ing Form 

The o b j e c t i v e  of t h i s  c a s t i n g  w a s  t o  d u p l i c a t e  t h e  con- 

d i t i o n s  of p r o p e l l a n t  f low, bayonet l o c a t i o n ,  c a s t i n g  rate, and p r o p e l l a n t  age 

t h a t  r e s u l t e d  i n  t h e  g r a i n  d e f e c t s  observed i n  Motor 260-SL-3. 

g r a i n  segment w a s  s imulated by c a s t i n g  12 5500-lb (2500 Kg) ba tches  of ANB-3254 

p r o p e l l a n t  i n t o  a 120-degree (2.09 rad)  s e c t o r  c a s t i n g  form t o  y i e l d  a pro- 

p e l l a n t  mold of t h e  conf igu ra t ion  shown i n  F igure  58. This arrangement repre-  

sen ted  one of t h r e e  c a s t i n g  p o s i t i o n s  used t o  cast t h e  260-SL motors.  

A f u l l - s c a l e  

The c a s t i n g  form w a s  of s teel-framed,  s h e e t  m e t a l  con- 

s t r u c t i o n  and w a s  f a s t ened  t o  t h e  f l o o r  of t h e  c a s t i n g  bay. Three 24 by 80-in.  

(0.60 by 2.0 m) pane l s  of v44 i n s u l a t i o n  were prepared w i t h  SD-850-2 l i n e r  

and a t t ached  t o  t h e  i n s i d e  of t h e  130-in.-radius (3 .3  m) w a l l  t o  provide pro- 

pe l l an t - to - l ine r  bond samples. The 135°F (57°C) cast-and-cure temperature  

w a s  maintained by pass ing  hea ted  a i r  through a n  oven assembled around t h e  

c a s t i n g  form and through f l e x i b l e  tubing which shrouded t h e  c a s t i n g  bayonet 

(Figure 59). For c a s t i n g ,  t h e  p r o p e l l a n t  p o t s  were placed on a s t and  a t  t h e  

top  of the bay, a l lowing an i n i t i a l  bayonet l e n g t h  of about  40 f t  (12 m). 

Page 28 



NASA CR 72621 

1 I I . C .  Discussion of Resu l t s  (cont)  

The bayonet t i p  w a s  c e n t r a l l y  pos i t i oned  i n  t h e  mold. The bayonet tubing,  

v a l v e s ,  plugs,  and r e l a t e d  t o o l i n g ,  as w e l l  as a l l  a p p l i c a b l e  procedures ,  

were i d e n t i c a l  t o  those  employed i n  t h e  c a s t i n g  of Motor 260-SL-3. The only 

v a r i a n c e  w a s  t h a t  t h e  p r o p e l l a n t  p o t  d i scha rge  valves used a t  t h e  Sacramento 

f a c i l i t y  are smaller than  those  used a t  t h e  Aerojet-Dade f a c i l i t y ,  r e q u i r i n g  

t h e  a d d i t i o n  of a s h o r t  adap te r  s e c t i o n .  

b .  Cast ing Plan 

I n  t h e  s imula t ion  of t h e  cond i t ions  p r e v a i l i n g  during 

t h e  c a s t i n g  of Motor 260-SL-3, t y p i c a l  b a t c h  t i m e s  were e s t a b l i s h e d  t o  repre-  

s e n t  t h e  p r o p e l l a n t  manufacturing f a c i l i t y  c h a r a c t e r i s t i c s  f o r  each cast 

p o s i t  i o n  : 

(1) Time  between ba tches :  3 t o  4 h r  p l u s  16- t o  

20-hr de l ay .  

(2) T i m e  from t h e  end of f i n a l  mix t o  t h e  s ta r t  of 

ca s t ing :  1 h r ,  40 min t o  2 hr,  30 min. 

The planned c a s t i n g  sequence shown i n  F igu re  60 w a s  

designed t o  e v a l u a t e  t h e  e f f e c t s  on g r a i n  d e f e c t  formation of bayonet sub- 

mergence and p r o p e l l a n t  age a t  t h e  bayonet e f f l u x  as fo l lows :  

cl) C a s t  t h e  f i r s t  t h r e e  ba t ches  wi th  a f i x e d  bayonet 

l o c a t i o n  5 i n  (13 cm) from the bottom of the mold, r e s u l t i n g  i n  bayonet sub- 

mergence of 0 t o  13 i n  (33 c m ) .  A l l o w  3 t o  4 h r  between ba tches .  

(2) Clean and remove bayonet.  Shorten bayonet by 

7 i n  (18 cm). 
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( 3 )  Afte r  a 16 t o  20-hr de l ay ,  i n s e r t  t h e  bayonet t o  

a depth of 6 i n .  ( 1 5  cm) and c a s t  t h e  f o u r t h  and f i f t h  ba t ches ,  r e s u l t i n g  i n  

a bayonet submergence of 6 t o  18 i n .  (15 t o  46 cm). 

maintain t h e  c a s t i n g  i n t e r v a l  a t  3 t o  4 h r .  

For ba t ches  4 through 1 2 ,  

( 4 )  Clean, remove, s h o r t e n ,  and i n s e r t  t h e  bayonet t o  

a submergence of 6 i n .  

thereby varying t h e  submergence from 6 t o  4 8  i n .  ( 1 5  t o  1 2 2  cm) and t h e  pro- 

p e l l a n t  age a t  bayonet e f f l u x  from about 4 t o  28 h r .  

Cast t h e  remaining ba tches  without  moving t h e  bayonet,  

c. P r o p e l l a n t  Mixing 

The 12 ba tches  of ANB-3254 p r o p e l l a n t  were prepared i n  

accordance wi th  t h e  procedures used f o r  Motor 260-SL-3, with s e l e c t e d  c o n t r o l s  

on t h e  f i n a l  20 min. vacuum mix c y c l e .  The procedures used f o r  260-SL-3 re- 

quired a minimum vacuum l e v e l  of 27 i n .  ( 6 9 0  mm) Hg f o r  t h e  f i n a l  mix c y c l e  of 

20 min ( l a t e r  changed t o  30 min). The vacuum l e v e l  f o r  t h e  f i r s t  t h r e e  ba t ches  

vas 2 9 ,  2 5 ,  and 29 ( 7 4 0 ,  6 4 0 ,  and 7 4 0  mm) i n .  Hg, r e s p e c t i v e l y ,  t o  e v a l u a t e  

t h e  process  s e n s i t i v i t y  of ANB-3254 i n  l a r g e  ba t ches .  The ba tch  mixed a t  25 

i n .  ( 6 4 0  mm) Hg e x h i b i t e d  t h e  extreme pseudop las t i c  flow appearance observed on 

some of t h e  260-SL-3 b a t c h e s ,  i . e . ,  s t i f f ,  i r r e g u l a r  s u r f a c e ,  wh i l e  t h e  ba t -  

ches mixed a t  t h e  h i g h e r  vacuum d i sp layed  a normal " f l u i d "  s u r f a c e .  Because 

t h e  vacuum i n  t h e  mixers a t  A-DD i s  no t  measured d i r e c t l y ,  i t  w a s  concluded 

t h a t  t h i s  f a c t o r  w a s  t h e  most s i g n i f i c a n t  mixing p rocess  v a r i a b l e  a f f e c t i n g  

flow behavior .  A s  a major o b j e c t i v e  of t h i s  program i s  t o  s i m u l a t e  t h e  Motor 

260-SL-3 p r o p e l l a n t  g r a i n  d e f e c t s ,  t h e  remaining n i n e  ba t ches  were mixed a t  

reduced vacuum l e v e l s .  Batches 4 through 7 w e r e  mixed a t  25 i n .  (640  mm) Hg., 

wh i l e  Batches 8 through 1 2  w e r e  mixed a t  26.5 i n .  ( 6 7 0  mm) Hg t o  demonstrate 

an in t e rmed ia t e  l e v e l .  A l l  of t h e  ba t ches  mixed a t  reduced vacuum d i sp layed  

t h e  extreme pseudop las t i c  appearance. F igu re  6 1  summarizes t h e  flow charac- 

terist ics of t h e  1 2  ba tches .  
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Acceptance d a t a  ' f o r  t h e  p r o p e l l a n t  l i q u i d  components 

and uncured p r o p e l l a n t  (Figures  62 and 62) were normal and w i t h i n  acceptance 

l i m i t s ,  w i t h  t h e  except ion  of l i q u i d  s t r a n d  burn ing  rate (LSBR). The LSBR 

d a t a  are c o n s i s t e n t l y  h i g h ,  w i th  seven ba tches  exceeding t h e  upper l i m i t  of 

0 .71  i n . / s e c .  (1.80 cm/sec). This c h a r a c t e r i s t i c  i s  a t t r i b u t e d  t o  s l i g h t  

d i f f e r e n c e s  i n  o x i d i z e r  p a r t i c l e  s i z e  d i s t r i b u t i o n  produced by t h e  Raymond 

m i l l  f o r  t h e  MA f r a c t i o n .  (The Mikro Atomizer m i l l  c apac i ty  a t  Aero je t  w a s  

inadequate  f o r  t h i s  program). 

s i d e r e d  t o  be  d e t r i m e n t a l  t o  t h e  c a s t i n g  o b j e c t i v e s .  

The d i f f e r e n c e s  i n  burn  rate w e r e  n o t  con- 

d.  P r o p e l l a n t  Cas t ing  

The c a s t i n g  of t h e  12  p r o p e l l a n t  ba t ches  w a s  accom- 

p l i s h e d  according t o  p lan .  The t i m e  between ba tches  tended t o  exceed t h e  

t a r g e t  range  because of the u n p r e d i c t a b i l i t y  of o x i d i z e r  a d d i t i o n  t i m e s  dur ing  

mixing. The b a t c h  c a s t i n g  t i m e s  w e r e  more than  t h e  nominal range f o r  t h e  bay- 

one t  l e n g t h ,  due t o  h i g h e r  p r e s s u r e  drop through t h e  po t  valves d i scussed  

p rev ious ly  (Paragraph I I I . C . 2 . a . ) .  The c a s t i n g  span t i m e s  are summarized i n  

F igu re  64. 

The p r o p e l l a n t  s u r f a c e  dur ing  c a s t i n g  w a s  monitored 

v i s u a l l y ,  w i t h  t ime-lapse photography, and wi th  s u r f a c e  level measurements. 

The fo l lowing  i s  a summary of v i s u a l  obse rva t ions .  

Batch 172A, ( f i r s t  ba t ch )  w a s  mixed a t  29-in. (740 mm) 

Hg vacuum and d i sp layed  normal f low c h a r a c t e r i s t i c s .  

covered t h e  e n t i r e  base ,  except  f o r  two co rne r s  (F igure  65) .  

The flow i n  t h e  mold 
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Batch 172B (second ba tch )  w a s  mixed a t  25-in. (640 mm) 

Hg vacuum and had a s t i f f ,  i r r e g u l a r  s u r f a c e  i n  t h e  mix bowl. 

stopped w i t h  about 1200 t o  1400 l b  (540 t o  640 Kg) of p r o p e l l a n t  remaining i n  

t h e  mix bowl when several l a r g e  bubbles appeared. 

Cast ing w a s  

This appa ren t ly  r e s u l t e d  

from po t  diaphragm leakage. P r o p e l l a n t  f low i n  t h e  mold w a s  uniform, wi th  

about a 6-in. (15 cm) level g r a d i e n t  from t h e  c e n t e r  t o  t h e  ends. The sur-  

f a c e  of t h e  p r o p e l l a n t  developed s m a l l  wrinkles  and shea r  p l anes  (Figure 66). 

Batch 1726, l i k e  t h e  f i r s t ,  w a s  mixed a t  t h e  h igh  vacuum 

level and had a normal s u r f a c e  appearance. Flow i n  t h e  mold w a s  uniform. 

The bayonet w a s  pigged and removed a f t e r  t h e  cast and w a s  shortened by 7 i n .  

(18 cm). 

Batch 172D ( f o u r t h  ba t ch )  w a s  mixed a t  25-in. (640 mm) 

Hg vacuum and included t h e  a d d i t i o n  of 0.1% of benzidine yel low dye, r e s u l t -  

i ng  i n  green p r o p e l l a n t ,  f o r  c o l o r  c o n t r a s t  i n  t h e  mold wi th  t h e  normally b l u e  

p r o p e l l a n t .  The bayonet w a s  i n s e r t e d  t o  6 i n .  (15 cm) submergence. Cast ing 

w a s  i n i t i a t e d  16 h r ,  40 min a f t e r  t h e  c a s t i n g  of t h e  t h i r d  ba t ch  and covered 

t h e  e n t i r e  s u r f a c e  of t h e  w e s t  end of t h e  mold. F igu re  67 shows t h e  c e n t r a l  

area of t h e  mold, w i t h  t h e  bayonet a t  t h e  l e f t  and t h e  small p o r t i o n  of t h e  

ba t ch  t h a t  flowed n o r t h e a s t .  

The flow of b a t c h  1 7 2 E  ( f i f t h  batch)  w a s  t o  t h e  north- 

east end of t h e  mold. I n i t i a l  f low a t  the s u r f a c e  was green,  which la ter  

blended t o  blue-green. Following t h e  c a s t i n g  of t h i s  ba t ch ,  t h e  bayonet w a s  

pigged, removed, c u t  and i n s e r t e d  t o  a submergence of a minimum of 6 i n .  

(15 cm). The p r o p e l l a n t  s u r f a c e  h e i g h t  around t h e  bayonet v a r i e d  by s e v e r a l  

in. F igu re  68 shows t h e  p r o p e l l a n t  s u r f a c e  a t  t h e  end of t h e  c a s t i n g  of t h e  

f i f t h  batch.  
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Batch 172F ( s i x t h  ba t ch )  flowed toward t h e  w e s t  uniformly, 

with a s m a l l  amount of flow t o  t h e  n o r t h e a s t ,  t h e  l a t te r  p o r t i o n  being shown 

P a r t  of t h e  green p r o p e l l a n t  of t h e  f o u r t h  ba t ch  remained a t  i n  F igu re  69. 

t h e  s u r f a c e  nea r  t h e  c e n t e r  of t h e  mold as an " i s l and . "  

Batch 172G flow during t h e  seventh b a t c h  c a s t i n g  w a s  i n  

both d i r e c t i o n s ,  b u t  t h e  s u r f a c e  became i n c r e a s i n g l y  i r r e g u l a r ,  d i s p l a y i n g  

f o l d s ,  mounds, lumps, and shea r  p l anes  ( Figure 70 ) .  This t r end  continued 

throughout t h e  mold c a s t i n g .  

S t a r t i n g  wi th  t h e  e i g h t h  b a t c h  (Batch 172H), t h e  pro- 

p e l l a n t  f i n a l  mix c y c l e  w a s  performed a t  an  i n t e r m e d i a t e  vacuum l e v e l  of 

26.5 i n .  (670 mm) Hg. Flow during t h i s  cast w a s  toward t h e  northwest  end. 

Flow of t h e  n i n t h  ba t ch  (Batch 1721) w a s  a g a i n  i n  t h e  

This ba t ch  included 0.1% benz id ine  yellow t o  produce n o r t h e a s t  d i r e c t i o n .  

green p r o p e l l a n t .  The c o l o r  su r faced  i n t e r m i t t e n t l y ,  r e s u l t i n g  i n  a churned, 

b u t  n o t  mixed, appearance.  I n  F igu re  71, t h e  l i gh t - co lo red  p r o p e l l a n t  a t  t he  

top is green.  The s m a l l  lumps v i s i b l e  on t h e  s u r f a c e  were e n t i r e l y  homogen- 

eous. These were appa ren t ly  h ighe r  v i s c o s i t y ,  o l d e r  p r o p e l l a n t  picked up by 

t h e  moving stream, and are n o t  i n d i c a t i v e  of fo rmula t ion  va r i ance .  

Batch 1725 ( t e n t h  ba t ch )  a g a i n  flowed t o  t h e  n o r t h e a s t .  

The n i n t h  b a t c h  p r o p e l l a n t  (green) flowed over a l a r g e  p o r t i o n  of t h e  s u r f a c e .  

I n  F igu re  72 (looking toward t h e  c e n t e r  of t h e  mold), t h e  p r o p e l l a n t  i n  t h e  

foreground is  green. The maximum s u r f a c e  h e i g h t  w a s  6 i n .  (15 cm) above t h e  

top  of t h e  mold; 
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r'low of Batch 1 7 2 R  ( e l even th  ba t ch )  i n i t i a l l y  caused 

t h e  l a r g e  mound t o  rise v e r t i c a l l y ,  about 2 f t :  (60 cm) above t h e  mold. The 

cast w a s  stopped momentarily on two occasions t o  a l low h o r i z o n t a l  f low t o  b e  

e s t a b l i s h e d  i n  t h e  w e s t e r l y  d i r e c t i o n  t o  avoid s p i l l a g e .  Once a channel w a s  

e s t a b l i s h e d ,  t h e  p r o p e l l a n t  flowed r a p i d l y  t o  t h e  end of t h e  mold, and cont in-  

ued f o r  several minutes a f t e r  c e s s a t i o n  of bayonet flow. 

Batch 172L ( f i n a l  ba t ch )  w a s  cast without  i n c i d e n t ,  

f lowing through t h e  same channel as t h e  previous ba t ch  and toward t h e  w e s t  

end of t h e  mold. The bayonet w a s  pigged and removed. 

Analysis  of t h e  t ime-lapse f i l m s  and s u r f a c e  h e i g h t  

measurements acquired during c a s t i n g  of t h e  f u l l - s c a l e  mold confirmed a v i s -  

u a l  obse rva t ion  t h a t  no s i g n i f i c a n t  movement occurred during t h e  t i m e  spans 

between ba tches .  This i s  c o n s i s t e n t  w i t h  t h e  h igh ly  pseudop las t i c ,  n a t u r e  

of t h e  c a s t  p r o p e l l a n t ,  c h a r a c t e r i z e d  by extreme v i s c o s i t y  a t  low shea r  

stress l e v e l s .  Between-batch movement w a s  recorded by s u r f a c e  h e i g h t  measure- 

ments w i t h i n  t h e  f i r s t  hour a f t e r  c a s t i n g  each of t h e  f i r s t  t h r e e  ba t ches .  

Movement occurred where a d i s t i n c t  he igh t  d i f f e r e n t a i l  o r  "wave" formed n e a r  

an  end of t h e  mold and subsequent ly  l e v e l e d .  F igu re  73 through 75 summarize 

g r a p h i c a l l y  t h e  s u r f a c e  h e i g h t  measurements recorded a t  t h e  c e s s a t i o n  of flow 

of each ba tch  cast .  

e. Cured P r o p e l l a n t  Analysis  

A t  two weeks a f t e r  t h e  completion of c a s t i n g ,  Shore A 

hardness  measurements o n p r o p e l l a n t  samples i n d i c a t e d  t h e  s ta te  of cu re  of t h e  

mold w a s  s u f f i c i e n t  t o  i n t e r r u p t  the cu re  and i n i t i a t e  s e c t i o n i n g  of the pro- 

p e l l a n t .  Following 3 days of cooldown, t h e  environmental  enc losu re  w a s  re- 

moved and the c a s t i n g  form w a s  disassembled. F igu re  76 i s  a n  overhead view 

of t h e  mold. 
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When t h e  mold had been s t r i p p e d ,  numerous d e f e c t s  were 

observed on a l l  s i d e s  (Figures  77 through 84) .  The v e r t i c a l  l i n e s  on t h e  mold 

s u r f a c e  r e s u l t  from w i r e s  i n s t a l l e d  i n  t h e  c a s t i n g  form f o r  c u t t i n g  of t h e  

cured p r o p e l l a n t ;  thermocouple w i r e s ;  depth s c a l e s ;  and t h e  t a p e  used t o  hold 

t h e  w i r e s  a g a i n s t  t h e  c a s t i n g  form. Other ver t ical  and h o r i z o n t a l  s t r i p e s  

which are ev iden t  r e s u l t e d  from a c o l o r  t r a n s f e r  from rubber s t r i p s  used t o  

seal t h e  c a s t i n g  form. P r o p e l l a n t  from t h e  f o u r t h  and n i n t h  b a t c h e s ,  which 

were green,  appears da rke r  i n  t h e  photograph. A map of s u r f a c e  d e f e c t s  i s  

shown i n  F igu re  85,. These d e f e c t s  were n o t  as severe as t h e  wors t  of t hose  

observed i n  t h e  g r a i n  of Motor 260-SL-3, b u t  were more f r equen t  and g e n e r a l l y  

of t h e  same c h a r a c t e r .  Excluding porous type d e f e c t s ,  t h e  260-SL-3 g r a i n  

i n n e r  bo re  had 166 d e f e c t s ,  o r  0 .56 defects /m , w h i l e  t h e  mold had approxi- 
2 mately 168 d e f e c t s ,  o r  7 . 8  de fec t s jm . The s u r f a c e  d e f e c t s  ranged i n  s i z e  

up t o  9 1  i n .  (2 .3  m) long,  4.0 i n .  (10 cm) wide, and 1.0 i n .  ( 2 . 5  cm) deep. 

V i r t u a l l y  without  excep t ion ,  t h e  d e f e c t s  were a s s o c i a t e d  with b a t c h  i n t e r -  

f a c e s  and conversely,  except f o r  t h e  f i r s t  t h r e e  b a t c h e s ,  every ba t ch  i n t e r -  

f a c e  produced e x t e n s i v e  d e f e c t s .  Consequently, t h e  d e f e c t s  w e r e  l a r g e l y  

h o r i z o n t a l ,  a l though t h e  s e v e r e  s u r f a c e  i r r e g u l a r i t y  observed du r ing  t h e  mold 

c a s t i n g  c r e a t e d  unusual b a t c h  i n t e r f a c e s  and d e f e c t s .  It is ev iden t  t h a t ,  

2 

whi le  t h e  flow c h a r a c t e r i s t i c s  of t h e  p r o p e l l a n t  used i n  t h e  mold c a s t i n g  

were more c o n s i s t e n t l y  u n d e s i r a b l e  than Motor 260-SL-3 p r o p e l l a n t  c h a r a c t e r i s -  

t i c s ,  t h e  mechanism of d e f e c t  formation a t  t h e  cured g r a i n  s u r f a c e  c l e a r l y  was 

demonstrated. 

The mold h a l f  which included t h e  l i n e r  bond pane l s  w a s  

c u t  i n t o  e i g h t  7 .5  degree (0.13 r ad )  s e c t i o n s .  Sec t ion ing  w a s  accomplished 

wi th  music w i r e  and a dead-weight t e n s i o n  arrangement. 

d e f e c t s  w e r e  exposed by t h e  c u t s .  

were more f r e q u e n t l y  nea r  t h e  end of t h e  mold. 

i n  any of t h e  5.5 by 6 f t  c u t s  w a s  s i x ,  a t  t h e  c u t  n e a r e s t  t h e  end, and t h e  c u t  

a t  t h e  c e n t e r  of t h e  mold exposed no vo ids .  Some of t h e  ba t ch  i n t e r f a c e s  

Only a few s m a l l  

These 1- t o  2-in. (2 .5  t o  5 cm) d i a  vo ids  

The maximum q u a n t i t y  observed 
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appeared t o  b e  s l i g h t l y  t o r n  o r  p a r t i a l l y  sepa ra t ed  as a r e s u l t  of t h e  c u t t i n g  

process ,  appa ren t ly  i n d i c a t i n g  low-strength propellant-to-propellant bonds. 

However, t h i s  cond i t ion  was n o t  v e r i f i e d  by t e n s i l e  t e s t i n g  of b a t c h  i n t e r f a c e s .  

I n  t h e  c u t t i n g  of t h e  remaining h a l f  of t h e  mold f o r  

d i s p o s a l ,  t h e  l a r g e s t  i n t e r n a l  d e f e c t  w a s  exposed. This 1 2  by 18 by 1 i n .  

(30 by 46 by 2.5 cm) d e f e c t  w a s  a s s o c i a t e d  wi th  t h e  ba t ch  i n t e r f a c e  c r e a t e d  

during t h e  c a s t i n g  of t h e  e l even th  ba t ch .  The l o c a t i o n  of t h e  d e f e c t  w a s  

such t h a t  i t  w a s  n e a r l y  connected t o  t h e  l a r g e  s u r f a c e  d e f e c t s  shown i n  t h e  

uppe r - l e f t  p o r t i o n  of Figure 82. 

Carton samples of t h e  batches cast  i n t o  t h e  mold were 

t e s t e d  a t  i n t e r v a l s  through a 40-day c u r e  a t  135°F (57OC). The d a t a  (Figure 

86) i n d i c a t e  t h a t  c u r e  had s t a b i l i z e d  between 20 and 25 days. The p r o p e l l a n t  

i n i t i a l  modulus ranged from 300 t o  575 p s i  (207 t o  397 N / c m  ) f o r  t h e  1 2  

ba t ches .  

2 

A schematic of t h e  f u l l - s c a l e  g r a i n  showing t h e  loca-  

t i o n s  from which test specimens were prepared, as w e l l  as t h e  code used t o  

d e s i g n a t e  t h e s e  l o c a t i o n s ,  is given i n  F igu re  87. A summary of t h e  d a t a  ob- 

t a i n e d  t o  d a t e  from t h e s e  tests is  p resen ted  i n  F igu res  88 through 94. The 

mechanical p r o p e r t i e s  and s o l i d - s t r a n d  burning rate d a t a  show t h e  same type 

of a n i s o t r o p i c  behavior  observed i n  a l l  of t h e  s u b s c a l e  molds. I n  a d d i t i o n ,  t h e  

appa ren t  s ta te  of cure ,  as i n d i c a t e d  by i n i t i a l  modulus of e l a s t i c i t y  (Eo) ,  i s  

h i g h e r  i n  t h e  mold specimens than  i n  t h e  c a r t o n  samples, similar t o  t h e  e f f e c t  

noted i n  t h e  s u b s c a l e  molds. 

(Figures  88, 91, and 94) shows a d e f i n i t e  t r end  toward lower v a l u e s  as t h e  

l o c a t i o n  from which t h e  t e s t  specimens w e r e  taken g e t s  c l o s e r  t o  t h e  top of 

t h e  mold, w i th  some upper l o c a t i o n s  showing no measurable bond s t r e n g t h .  

This dec rease  i n  bond s t r e n g t h  nea r  t h e  top of t h e  mold i s  b e l i e v e d  t o  be 

r e l a t e d  t o  t h e  age of t h e  p r o p e l l a n t  being fo rced  i n t o  c o n t a c t  w i t h  t h e  l i n e r .  

However , t h e  l i n e r - p r o p e l l a n t  bond s t r e n g t h  
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With t h e  bayonet a t  a r e l a t i v e l y  deep submergence, up t o  4 f t  (1.2 m), t h e  

c a s t i n g  of each b a t c h  f o r c e s  p r o g r e s s i v e l y  o l d e r  p r o p e l l a n t  t o  t h e  s u r f a c e  

and i n t o  c o n t a c t  w i th  t h e  l i n e r  even tua l ly  r e s u l t i n g  i n  poor "wetting" of 

t h e  l i n e r  by t h e  o l d  p r o p e l l a n t  and subsequent poor bonds. This  behavior  

could e a s i l y  e x p l a i n  some of t h e  b a l l i s t i c  abnorma l i t i e s  observed during t h e  

l a t te r  p a r t  of t h e  f i r i n g  of Motor 260-SL-3. 

Add i t iona l  p r o p e l l a n t - l i n e r  bond tests were conducted 

t o  determine i f  t h e  l a c k  of l iner-bond found nea r  t h e  top  of t h e  f i r s t  l a r g e  

mold w a s  a t t r i b u t a b l e  t o  contamination, overcure of t h e  l i n e r ,  o r  t h e  propel- 

l a n t  flow behavior  i n  t h e  mold. 

i n s u l a t i o n  were removed from t h e  mold f o r  t h e s e  bond tests. Fresh ANB-3254 

p r o p e l l a n t  from a 10-lb (4.5 Kg) b a t c h  w a s  cast a g a i n s t  t h e  l i n e r .  Double- 

p l a t e  sandwich bond specimens were then prepared and t e s t e d .  These specimens 

gave average bond t ens i l e  s t r e n g t h s  of 86 p s i  (59 N / c m  w i t h  normal cohesive 

breaks i n  t h e  p r o p e l l a n t .  On t h e  b a s i s  of t h e s e  tests i t  can b e  concluded 

t h a t  t h e  SD-850-2 l i n e r  i n  t h e  mold w a s  normal and t h a t  t h e  l a c k  of bond i n  

t h e  mold w a s  due t o  t h e  p r o p e l l a n t  f low p rocess .  

Samples of t h e  unbonded SD-850-2 l iner/V-44 

2 

Mechanical pHopert ies  specimens were taken randomly 

from i n t e r f a c i a l  l o c a t i o n s  t h a t  were found during t h e  s e c t i o n i n g  of t h e  g r a i n .  

I n  gene ra l ,  t h e  test  r e s u l t s ,  shown i n  F igu re  95,  were similar t o  p r o p e r t i e s  

obtained from p r o p e l l a n t  specimens which showed no i n t e r f a c e .  

f .  I n t e r p r e t a t i o n  of R e s u l t s  

The cond i t ions  of t h e  c a s t i n g  of Motor 260-SL-3 g r a i n  

w e r e  s u c c e s s f u l l y  s imulated.  

(2500 Kg) v e r t i c a l  ba t ch  mixer r ep resen ted  t h e  probable  c o n d i t i o n s  i n  t h e  

mixers a t  A-DD and produced t h e  type of flow behavior  and r e s u l t a n t  g r a i n  

d e f e c t s  observed i n  t h e  g r a i n  of Motor 260-SL-3. 

The s l i g h t l y  reduced vacuum level i n  t h e  5500-lb 
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The types of d e f e c t s  produced we e p r i m a r i l y  p o p e l l a n t -  

t o -p rope l l an t  vo ids  a t  t h e  w a l l s  of t h e  c a s t i n g  form, similar t o  t h e  d e f e c t s  

of Motor 260-SL-3. The d e f e c t s  occurred a t  t h e  i n t e r f a c e  between s t a t i o n a r y ,  

p rev ious ly  cast p r o p e l l a n t  and p r o p e l l a n t  which flowed during t h e  c a s t i n g  of 

ba t ches .  I n  most i n s t a n c e s ,  t h e  flowing p r o p e l l a n t  c r e a t i n g  t h e  d e f e c t s  w a s  

n o t  from t h e  ba t ch  a c t u a l l y  being c a s t ,  b u t  from a n  earlier-cast ba t ch  being 

d i s p l a c e d  and pushed ahead i n  a wave over t h e  s u r f a c e .  The d e f e c t s  w e r e  

formed because of non-uniform s u r f a c e  cond i t ions  i n  both t h e  s t a t i o n a r y  pro- 

p e l l a n t  and t h e  f lowing p r o p e l l a n t .  

of p seudop las t i c  v i s c o s i t y  c h a r a c t e r i s t i c s .  

These s u r f  ace cond i t ions  w e r e  i n d i c a t i v e  

The e f f e c t  of t i m e  between ba tches  w a s  t o  i n c r e a s e  t h e  

v i s c o s i t y  of t h e  p r o p e l l a n t  being d i sp laced .  However, t h i s  e f f e c t  appa ren t ly  

w a s  m i t i g a t e d  p a r t i a l l y  by t h e  tendency of flow through aged p r o p e l l a n t  t o  

d i s p l a c e  less aged p r o p e l l a n t  and t o  create a smaller channel from t h e  bayonet 

t i p  t o  t h e  s u r f a c e ,  r e s u l t i n g  i n  a h ighe r  p ropor t ion  of f r e s h  p r o p e l l a n t  i n  

t h e  flow. 

The e f f e c t  of bayonet submergence w a s  t o  create more 

flow d i s t a n c e  between t h e  bayonet t i p  and t h e  s u r f a c e  of t h e  cast  p r o p e l l a n t ,  

thereby d i s t u r b i n g  more p r o p e l l a n t  of g r e a t e r  age wi th  g r e a t e r  submergence. 

The tendency t o  create flow channels w a s  g r e a t e r  w i t h  inc reased  bayonet sub- 

mergence, r e s u l t i n g  i n  mounding around t h e  bayonet and non-uniform d i s t r i b u -  

t i o n  of flowing p r o p e l l a n t  over t h e  s u r f a c e .  Each ba tch  cast tended t o  fo l l aw 

t h e  channel of t h e  previous ba t ch ,  because of t h e  lower r e s i s t a n c e  t o  flow 

by t h e  more r e c e n t l y  cast p r o p e l l a n t ,  u n t i l  t h e  h y d r o s t a t i c  head i n  channel 

became g r e a t e r  t han  t h e  r e s i s t a n c e  of t h e  aged p r o p e l l a n t  a t  some lower l e v e l  

i n  t h e  mound, thereby r e s u l t i n g  i n  t h e  formation of a new channel.  

behavior  had t h e  e f f e c t  of i n c r e a s i n g  t h e  b a t c h  i n t e r v a l s .  For example, t h e  

This  
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c a s t i n g  of t h e  e l even th  ba t ch  r e s u l t e d  i n  flow over a s u r f a c e  t h a t  had been 

s t a t i o n a r y  f o r  24 h r ,  as de r ived  from t h e  s u r f a c e  contours  (Figures  73 through 

75) and t h e  processing t i m e s  of F igu re  64.  

some of t h e  most s e v e r e  s u r f a c e  d e f e c t s  w e r e  observed a t  t h i s  i n t e r f a c e .  

The l a r g e s t  i n t e r n a l  d e f e c t  and 

The flow p a t h s  w i t h i n  t h e  f u l l - s c a l e  mold w e r e  s imilar 

t o  those  documented i n  t h e  f i r s t  s u b s c a l e  mold, except  t h a t  most of t h e  v e r t i -  

c a l  flow w a s  w i t h i n  a r a d i u s  of about 2 f t  (60 cm) of t h e  bayonet and d id  n o t  

occur immediately ad jacen t  t o  t h e  w a l l s  of t h e  c a s t i n g  form. The p a t t e r n  w a s  

f o r  t h e  p r o p e l l a n t  t o  emerge from t h e  bayonet t i p  and flow upward, w i thou t  

flowing more than about 6 t o  8 i n .  (15 t o  20 cm)  below t h e  bayonet t i p .  In 

t h e  flow upward t h e  p r o p e l l a n t  would e i t h e r  spread outward around t h e  bayonet 

a t  low submergence, o r  channel t o  one s i d e  of t h e  bayonet,  a t  h igh  submergence, 

causing t h e  s u r f a c e  mount t o  r i se  i n i t i a l l y ,  and then t o  flow h o r i z o n t a l l y .  

Contact of t h e  p r o p e l l a n t  w i th  t h e  w a l l s  r e s u l t e d  from h o r i z o n t a l  f low. 

The poor bonding of t h e  p r o p e l l a n t  t o  t h e  l i n e r  can be 

a t t r i b u t e d  t o  h igh  v i s c o s i t y  and subsequent inadequate  we t t ing  of t h e  l i n e r ,  

r a t h e r  t han  t o  a low p o t e n t i a l  f o r  chemical bonding, o r  t o  d i s t u r b a n c e  of 

g e l l e d  p r o p e l l a n t  a t  t h e  bond i n t e r f a c e .  This p r o p e l l a n t  w i l l  normally bond 

t o  l i n e r  f o r  pe r iods  up t o  3 days a f t e r  cu r ing  agent  a d d i t i o n .  The adequacy 

of t h e  l i n e r  w a s  proved by bonding f r e s h  p r o p e l l a n t  t o  a sample  of t h e  l i n e r  

pane l s  a t  a la ter  d a t e .  

a long t h e  w a l l s  of t h e  c a s t i n g  form t h a t  might d i s t u r b  g e l l e d  p r o p e l l a n t  a t  

t h e  l i n e r  s u r f a c e .  

The flow p a t t e r n s  do n o t  i n d i c a t e  subsu r face  flow 
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3. P r o p e l l a n t  Modif ica t ion  S tud ie s  (Task 11) 

a .  Evalua t ion  of Mixing Var iab les  

Visua l  observa t ions  of t h e  p r o p e l l a n t  ba t ches  mixed f o r  

Motor 260-SL-3 ind ica t ed  t h a t  t h e  flow behavior  of t h e  ANB-3254 p r o p e l l a n t  w a s  

in f luenced  by t h e  mixing procedure used i n  t h e  300-gal (1.14 m3) v e r t i c a l  

mixers a t  A-DD. S m a l l  s c a l e  10 l b  (4.5 Kg) p r o p e l l a n t  ba tches  were prepared 

t o  eva lua te  t h e ’ e f f e c t  of mixing v a r i a b l e s  on p r o p e l l a n t  flow c h a r a c t e r i s t i c s ,  

cure ,  and mechanical p r o p e r t i e s .  The v a r i a b l e s  i n v e s t i g a t e d  and t h e  l e v e l s  of 

each v a r i a b l e  are shown below: 
7 

(1) Vacuum l e v e l :  10, 15 ,  20, 25, and 29 (max) i n .  

(250, 380, 510, 640, and 740 mm) hg.  

(2) F i n a l  mix t i m e :  5 ,  10 ,  20, 40, and 60 min. 

(3) Mix temperature:  130, 135, and 145°F (54, 57, and 

63°C). 

(4) Mixer speed: 31, 67, and 104 f t / m i n  (16, 34, and 

53 cm/s) p l ane ta ry  b l a d e  t i p  speed. 

The r e s u l t s  of t h e s e  s t u d i e s  are summarized i n  F igures  

96 through 100. Mixer vacuum level,  F igure  96, had a d e f i n i t e  e f f e c t  on pro- 

p e l l a n t  d e n s i t y  and v i s c o s i t y .  Vacuum l e v e l s  below 25 i n .  (640 m) Hg caused 

s i g a i f i c a n t  r educ t ions  i n  measured p rope l l an t  l i q u i d  d e n s i t y  i n d i c a t i n g  t h a t  

t h i s  acceptance test could d e t e c t  a f a i l u r e  of t h e  mixer vacuum system which 

produced a vacuum below 25 i n .  (640 m) Hg. High p r o p e l l a n t  v i s c o s i t y  a t  low 

shear  stress a l s o  w a s  a c h a r a c t e r i s t i c  of p r o p e l l a n t  mixed a t  reduced vacuum 

levels i n d i c a t i n g  t h a t  t h i s  is  a c r i t i c a l  parameter i n  t h e  process ing  of ANB- 

3254 p r o p e l l a n t .  
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P r o p e l l a n t  f i n a l  mix t i m e  has  no appa ren t  e f f e c t  on l i q u i d  

d e n s i t y ,  l i q u i d - s t r a n d  burning rate o r  mechanical p r o p e r t i e s  (F igu res  98 and 9 9 ) .  

There is, however, a n  i n f l u e n c e  of l e n g t h  of f i n a l  mix t i m e  on p r o p e l l a n t  vis- 

c o s i t y .  

c o s i t y  a f t e r  only 5 min of f i n a l  mix is s i g n i f i c a n t l y  h ighe r  t han  comparable 

ba t ches  wi th  longer  f i n a l  mixes. This  may b e  i n t e r r e l a t e d  t o  vacuum l e v e l  i n  

t h a t  t o t a l  vacuum exposure o r  mixer vacuum e f f i c i e n c y  is  probably t h e  t r u e  

c r i t i c a l  parameter.  

A t  both maximum vacuum and reduced vacuum levels t h e  p r o p e l l a n t  v i s -  

Another i n d i c a t i o n  of t h e  importance of d e a e r a t i o n  on t h e  

p r o p e l l a n t  p r o p e r t i e s  i s  shown by comparison of t h e  mechanical p r o p e r t i e s  d a t a  

i n  F igu res  96 and 97. 

t h e  maximum l eve l  of approximately 27 t o  29 i n .  (690 t o  740 mm) Hg s t a t e  of 

c u r e ,  i . e . ,  t h e  p r o p e l l a n t  i n i t i a l  modulus dec reases  from 625 t o  507 p s i  (431 

t o  350 N / c m  ) ,  r e s p e c t i v e l y .  

r e l a t i v e l y  l a r g e  high-capaci ty  mix s t a t i o n  vacuum pump w i t h  t h e  lower vacuum 

levels being obtained by bleeding a i r  i n t o  t h e  l i n e  between t h e  mixer and t h e  

pump. This  procedure even tua l ly  caused damage t o  t h e  pump and a s m a l l  inexpen- 

s i v e  l a b o r a t o r y  vacuum pump w a s  i n s t a l l e d  i n  t h e  mix bay f o r  subsequent ba t ch  

mixes a t  below-maximum vacuum l e v e l .  The major d i f f e r e n c e  between t h e  two set- 

ups w a s  t h a t  with t h e  s m a l l  pump t h e  vacuum l i n e  t o  t h e  mixer w a s  much smaller, 

about one-tenth of t h e  area of t h e  l i n e  t o  t h e  mixer from t h e  l a r g e  pump. A s  

shown i n  F igu re  97, t h i s  d i f f e r e n c e  i n  l i n e  s i z e  appa ren t ly  r e s u l t e d  i n  s i g n i f i -  

c a n t l y  lower states of c u r e  f o r  ba t ches  mixed a t  t h e  same vacuum leve l .  This  

d i f f e r e n c e  i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  even though t h e  vacuum l e v e l s  w e r e  

comparable, less water w a s  removed from t h e  p r o p e l l a n t  through t h e  small l i n e ,  

and more e x t e n s i v e  deg rada t ion  of t h e  FeAA c u r e  c a t a l y s t ,  through h y d r o l y s i s ,  

F igu re  96 shows t h a t  dec reas ing  t h e  vacuum l e v e l  from 

2 These p r o p e l l a n t  ba t ches  were made us ing  t h e  

occurred,  which i n  t u r n  r e s u l t e d  i n  a lower s ta te  of c u r e .  

V a r i a t i o n  i n  mix temperature ,as  shown i n  F igu res  98 and 

99, from 130 t o  145°F (54 t o  63°C) showed no s i g n i f i c a n t  e f f e c t  o n v i s c o s i t y ,  
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d e n s i t y ,  burning rate o r  mechanical p r o p e r t i e s .  P r o p e l l a n t  ba t ch  mix tempera- 

t u r e  when c o n t r o l l e d  w i t h i n  normal l i m i t s  should t h e r e f o r e  n o t  b e  a c r i t i c a l  

processing parameter.  

Mixer b l a d e  speed (F igu re  100) appears  t o  have an  e f f e c t  

on p r o p e l l a n t  p r o p e r t i e s .  A s i g n i f i c a n t l y  lower v i s c o s i t y  w a s  obtained from 

mixing t h e  p r o p e l l a n t  a t  a f a s t  mixer b l a d e  speed. This a l s o  may b e  r e l a t e d  

t o  mixer vacuum e f f i c i e n c y  i n  t h a t  t h e  h i g h e r  b l a d e  speed would al low a more 

r a p i d  d e a e r a t i o n  of t h e  p r o p e l l a n t  mix. Mechanical p r o p e r t i e s  were a f f e c t e d  

by t h e  f a s t  b l a d e  speed. I n i t i a l  modulus of t h i s  ba t ch  w a s  about one-half t o  

two-thirds t h e  modulus obtained i n  mixes us ing  lower b l a d e  speeds.  

b .  Laboratory S c a l e  Cast ing 

To determine i f  t h e  p r o p e l l a n t  f low p a t t e r n s  observed i n  

t h e  s u b s c a l e  molds could be d u p l i c a t e d  i n  molds of s t i l l  smaller s i z e  r e q u i r i n g  

less p r o p e l l a n t ,  and consequently a t  lower c o s t ,  l a b o r a t o r y  scale molds approxi- 

mately 12-in.  (30 cm) i n  d i a  with a 6 i n .  (15 cm) c y l i n d r i c a l  co re  were cast  

us ing  10-lb (4.5 Kg) p r o p e l l a n t  ba t ches .  The p r o p e l l a n t  w a s  t r a n s f e r r e d  from 

t h e  mixer t o  a p r e s s u r e  v e s s e l  and bayonet cast through 1 - in .  (2 .5  cm) d i a  

tube i n t o  t h e  mold. The f i r s t  l a b o r a t o r y  s c a l e  mold w a s  cast  i n  e x a c t l y  t h e  

same way as t h e  f i r s t  42-in. 

colored p r o p e l l a n t  formulat ions i n  f i v e  10-lb (4.5 Kg) ba t ches .  When cured, 

t h e  mold w a s  s e c t i o n e d  and t h e  flow p a t t e r n s  were examined (F igu re  101). The 

flow p a t t e r n s  are almost i d e n t i c a l  t o  t hose  observed i n  s u b s c a l e  mold 1. 

(1.07 m) subsca le  mold c a s t i n g ,  u s ing  t h e  mult i -  

A second l a b o r a t o r y  s c a l e  mold w a s  cast on t h e  b a s i s  of 

t h i s  encouraging s i m i l a r i t y  t o  determine what t h e  e f f e c t  on flow p a t t e r n s  would 

b e  i f  t h e  bayonet t i p  w a s  pos i t i oned  above t h e  s u r f a c e  of t h e  p r o p e l l a n t  du r ing  

t h e  e n t i r e  c a s t i n g .  

used, and t h e  c a s t i n g  of each b a t c h  w a s  s t a r t e d  wi th  t h e  bayonet t i p  s u f f i c i e n t l y  

The same f i v e  multi-colored p r o p e l l a n t  fo rmula t ions  were 
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above t h e  s u r f a c e  about 1.5 i n .  (3.8 cm) s o  t h a t  when t h e  c a s t i n g  of t h e  ba t ch  

w a s  complete, t h e  l e v e l  of t h e  p r o p e l l a n t  i n  t h e  mold had r i s e n  j u s t  t o  t h e  

end of t h e  bayonet.  As shown i n  Figure102 of t h e  cured and sec t ioned  g r a i n ,  

a h igh  degree of l a y e r i n g  of each ba tch  occurred.  This  i s ,  of cour se ,  h igh ly  

d e s i r a b l e  from t h e  s t andpo in t  of enpuring t h e  con tac t  of both p r o p e l l a n t  and 

l i n e r  bond i n t e r f a c e s  with f r e s h  p r o p e l l a n t .  A comparison of t h e  flow p a t t e r n s  

of t h e s e  two l a b o r a t o r y  s c a l e  molds s t r o n g l y  suggest  t h a t  shal low bayonet sub- 

mergence o r  even above-surface c a s t i n g  i s  t h e  most f a v o r a b l e  c o n d i t i o n  from 

t h e  s t andpo in t  of prevent ing g r a i n  and bond d e f e c t s .  

c .  Evaluat ion of P r o p e l l a n t  Compositional Fac to r s  

The o b j e c t i v e s  of t h e  p r o p e l l a n t  compositional s t u d i e s  

were t o  determine t h e  compositional f a c t o r s  i n  ANB-3254 p r o p e l l a n t  r e s p o n s i b l e  

f o r  i t s  u n d e s i r a b l e  flow behavior  and, through t h e  use  of a l t e r n a t i v e  ingre-  

d i e n t s ,  t o  develop a new formulat ion e x h i b i t i n g  improved processing and v i s -  

c o s i t y  c h a r a c t e r i s t i c s  and t h e  same b a l l i s t i c  and mechanical p r o p e r t i e s  as 

ANB-3254. I n  accomplishing t h e s e  o b j e c t i v e s ,  t h e  burning rate a d d i t i v e  type,  

o x i d i z e r  b l end ,  p l a s t i c i z e r  type,  s u r f a c e  a c t i v e  a g e n t s ,  and c u r e  c a t a l y s t  

t ype  were eva lua ted .  

A summary of t h e  r e s u l t s  from 10-lb (4.5 Kg) p r o p e l l a n t  

ba t ches  made t o  e v a l u a t e  t h e  e f f e c t s  of burning ra te  a d d i t i v e s  and o x i d i z e r  

blends are summarized i n  F igu re  103. As shown, t h e  burning r a t e  a d d i t i v e  system 

of t h e  c o n t r o l  formulat ion ANB-3254 (1.2 w t %  I r o n  Blue/BRA-101) gave a burning 

rate of 0.691 i n . / s e c  (1.76 cm/s) a t  600 p s i  (414 N/cm2) w i t h  a n  o x i d i z e r  b l end  

composed of 60/40 SSMP/MA. This  b a t c h ,  7200-17, e x h i b i t e d  flow behavior  t y p i -  

cal  of ANB-3254, i . e . ,  undes i r ab le  p s e u d o p l a s t i c i t y .  Decreasing t h e  amount of 

f i n e  ground o x i d i z e r  i n  t h e  blend t o  65/35 o r  70/30 produced t h e  expected de- 

crease i n  burning rate t o  0.666 and 0.629 i n . / s e c  (1.69 and 1.60 cm/s), respec- 

t i v e l y ,  b u t  d i d  no t  s i g n i f i c a n t l y  a f f e c t  t h e  flow c h a r a c t e r i s t i c s .  Thus, 

changes i n  o x i d i z e r  blend do no t  appear t o  b e  a c r i t i c a l  f a c t o r .  
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The next  two ba tches  shown i n  F igu re  103 (Batches 7245 

and 7246) were formulated wi th  1 . 2  w t %  I r o n  Blue and 1 .2  w t %  BRA-101, respec- 

t i v e l y ,  t o  determine which of t h e s e  burning ra te  a d d i t i v e s  had t h e  g r e a t e s t  

e f f e c t  on p r o c e s s a b i l i t y  of t h e  p r o p e l l a n t .  A s  t h e  v i s c o s i t y  d a t a  show, t h e  

ba t ch  made wi th  BRA-101 as t h e  s o l e  burning rate a d d i t i v e  e x h i b i t e d  extremely 

poor flow behavior  wh i l e  t h e  ba t ch  made wi th  I r o n  Blue only showed b e t t e r  

p r o c e s s a b i l i t y  than  t h e  c o n t r o l  ANB-3254. Based on t h e s e  r e s u l t s ,  i t  is  

apparent  t h a t  BRA-101 i s  a major c o n t r i b u t o r  t o  t h e  undes i r ab le  flow charac- 

terist ics of ANB-3254 p r o p e l l a n t .  Therefore ,  i t s  use  w a s  precluded from 

c o n s i d e r a t i o n  as  an  improved formulat ion i n g r e d i e n t .  I r o n  Blue does not  

adve r se ly  a f f e c t  processing p r o p e r t i e s  and r ece ived  f u r t h e r  c o n s i d e r a t i o n .  

However, t h e  burning r a t e  achieved wi th  only I r o n  Blue 

(with a 65/35 SSMP/MA blend)  w a s  0.645 i n . / s e c  (1.64 cm/s),  which is  below t h e  

t a r g e t  of 0.68 i n . / s e c  (1.73 cm/s). Add i t iona l  work w a s  performed (d i scussed  

below) t h a t  i n d i c a t e d  t h a t  t h e  bu rn ing  ra te  of t h i s  p r o p e l l a n t  could b e  in- 

c r eased  t o  meet t h e  t a r g e t  requirement though t h e  u s e  of a f i n e r  o x i d i z e r  

blend a t  some s a c r i f i c e  of t h e  d e s i r a b l e  processing c h a r a c t e r i s t i c s .  

A very d e s i r a b l e  burning rate a d d i t i v e  from t h e  s tand-  

p o i n t  of i t s  e f f e c t  on p r o p e l l a n t  flow behavior  i s  i r o n  oxide.  Two ba tches  

(7288 and 7312) were prepared t o  determine i f  t h e  t a r g e t  burning rate could 

be achieved with i r o n  oxide as t h e  only burning ra te  a d d i t i v e  and wi th  o x i d i z e r  

b l ends  c o n t a i n i n g  l a r g e  amount of MA-ground o x i d i z e r .  With 1 . 5  w t %  i r o n  oxide 

and a 55/45 SSME'/MA blend,  t h e  p r o c e s s a b i l i t y  of t h e  p r o p e l l a n t  w a s  e x c e l l e n t ,  

b u t  t h e  burning rate w a s  on ly  0.595 i n . / s e c  (1.51 cm/s).  Inc reas ing  t h e  con- 

c e n t r a t i o n  of i r o n  oxide t o  2.0 w t %  and t h e  f i n e n e s s  of t h e  o x i d i z e r  g r i n d  t o  

50/50 SSMP/MA i nc reased  t h e  burning rate t o  0.663 i n . / s e c  (1.68 cm/s) b u t  t h e  

p r o c e s s a b i l i t y  wi th  t h i s  f i n e  blend w a s  no b e t t e r  t han  t h e  c o n t r o l .  From t h i s  

d a t a ,  i t  appears  t h a t  i r o n  oxide by i t s e l f  cannot  provide s u f f i c i e n t  burning 

rate c a t a l y s i s  t o  meet t h e  t a r g e t  ra te .  
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A l t e r n a t i v e  burning rate a d d i t i v e s  i n v e s t i g a t e d  included 

Cu0202 and a mixture  of I r o n  Blue with a modified S i l o n  S (Batches 7289 and 

7314, r e s p e c t i v e l y ) .  

c e s s  and d i d  no t  c u r e  w h i l e  t h e  I r o n  Blue/Si lon ba tch  showed e x c e l l e n t  process- 

The b a t c h  mixed wi th  Cu0202 w a s  very d i f f i c u l t  t o  pro- 

a b i l i t y ,  b u t  t h e  burning r a t e  w a s  only 0.610 i n . / s e c  (1.55 cm/s) a t  600 p s i g  

(414 N/cm2) . These materials were e l imina ted  from f u r t h e r  c o n s i d e r a t i o n .  

Because t h e  b inde r  i n g r e d i e n t  with t h e  g r e a t e s t  e f f e c t s  

on p r o c e s s a b i l i t y  is t h e  p l a s t i c i z e r ,  LO-lb (4.5 Kg) l a b o r a t o r y  ba t ches  w e r e  

prepared t o  e v a l u a t e  p l a s t i c i z e r s  o t h e r  than t h e  DOA used i n  ANB-3254. The 

r e s u l t s  of t h i s  i n v e s t i g a t i o n  (Figure 104) i n d i c a t e  t h a t  none of t h e s e  materials 

o f f e r e d  any advantage over DOA. One of t h e  lowest c o s t  p l a s t i c i z e r s  commercially 

a v a i l a b l e  is a low molecular weight polybutene (M.W. = 600) .  

However, i n  t h e  PBAN b i n d e r ,  t h i s  p l a s t i c i z e r  does no t  

a p p e a r  t o  b e  compatible and t h e  r e s u l t i n g  p r o p e l l a n t  (Batch 7290) e x h i b i t e d  very 

poor p r o c e s s a b i l i t y .  Another p l a s t i c i z e r  i n v e s t i g a t e d  because of i t s  p o t e n t i a l  

as an  aging s t a b i l i z e r  as w e l l  as a p l a s t i c i z e r  w a s  t h e  t h i o - e s t e r  TTIA.  This 

material w a s  eva lua ted  i n  two ba tches  (7334 and 7289) wi th  t h e  burning rate 

a d d i t i v e s  Cu0202 and I r o n  Blue, both of which are known t o  cause pos t cu re  i n  

polybutadiene p r o p e l l a n t s .  The p r o c e s s a b i l i t y  of both ba t ches  w a s  poor; n e i t h e r  

cured.  

l a n t s ,  o l e y l  n i t r i l e  and an  ester of r i c i n o l e i c  a c i d ,  a l s o  were i n v e s t i g a t e d  

i n  t h i s  s tudy .  The o l e y l  n i t r i l e  provide low v i s c o s i t i e s ,  comparable t o  DOA, 

b u t  r e t a r d e d  t h e  cu re .  

cessed poorly.  On t h i s  b a s i s  of t h e s e  da t a ,  it can  b e  concluded t h a t  none of 

t h e  p l a s t i c i z e r s  i n v e s t i g a t e d  showed any advantage over DOA. 

Two o t h e r  p l a s t i c i z e r s  which had been used previously i n  s o l i d  propel- 

The ba tch  prepared with r i c i n o l e a t e  p l a s t i c i z e r  pro- 

Surface a c t i v e  agen t s  have been shown t o  enhance t h e  pro- 

c e s s i n g  c h a r a c t e r i s t i c s  of many s o l i d  p r o p e l l a n t s .  Three commercially avail- 

a b l e  materials, s o r b i t a n  o l e a t e ,  a polydimethyl is i loxane,  and FC-167 (an Aerojet  
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p r o p r i e t a r y  p r o p e l l a n t  w e t t i n g  agent)  were eva lua ted .  The r e s u l t s  of t h i s  

e v a l u a t i o n  (F igu re  105) show t h a t  a l l  t h r e e  compounds reduced t h e  apparent  
v i s c o s i t y  a t  6 h r  af ter  cu r ing  agent  a d d i t i o n  from 50,000 p o i s e  (5,000 N s / m  2 ) 

t o  30,000 t o  31,000 p o i s e  (3,000 t o  3,100 Ns/m2) a t  a shear  stress of 5,000 

dynes/cm2 (500 N/m2). A t  10 h r  a f t e r  cu r ing  agent  a d d i t i o n ,  on ly  t h e  ba t ch  

con ta in ing  FC-167 s t i l l  e x h i b i t e d  a lower v i s c o s i t y  than  t h e  c o n t r o l .  Based 

on t h i s  and on o t h e r  work desc r ibed  i n  a subsequent s e c t i o n ,  FC-167 w a s  s e l e c t e d  

f o r  f u r t h e r  e v a l u a t i o n  i n  t h e  improved formulat ion.  

The i n i t i a l  scale-up ba tches  of ANB-3254 p r o p e l l a n t  made 

a t  A-DD r evea led  t h a t  h i g h e r  concen t r a t ions  of FeAA c u r e  c a t a l y s t  and DER-332 

cu r ing  agent  w e r e  r equ i r ed  t o  achieve t h e  same t a r g e t  modulus than  i n  t h e  

smaller l a b o r a t o r y  scale mixers used a t  SRD. For example, i n  t h e  10-lb 

(4 .5  Kg) SRD mixers,  113 e q u i v a l e n t s  of cu r ing  agent  and 0 .02  w t %  FeAA were 

requ i r ed  t o  y i e l d  a modulus of about 500 - + 100 p s i  (345 - -t 69 N / c m  ) ,  whi le  a t  

A-DD, t h e  same modulus could b e  achieved only with 125 t o  130 e q u i v a l e n t s  of 

DER-332 and 0,035 w t %  F e u .  A s  shown i n  F igu re  106 ,  t h i s  change i n  formulat ion 

had a l a r g e  e f f e c t  on flow behavior  and mechanical p r o p e r t i e s  of p r o p e l l a n t  

prepared a t  A e r o j e t .  A t  t h e  lower cu r ing  agent and c u r e  c a t a l y s t  l e v e l s  t h e  

p r o p e l l a n t  e x h i b i t e d  pseudop las t i c  v i s c o s i t y  c h a r a c t e r i s t i c s  and cured t o  a 

modulus of 625 p s i  (432 N/cm2) , b u t  a t  t h e  h ighe r  l e v e l s ,  t h e  p r o p e l l a n t  

p seudop las t i c  c h a r a c t e r i s t i c s  became more pronounced and t h e  p r o p e l l a n t  i n i t i a l  

modulus w a s  n e a r l y  doubled. 

d i f f e r e n c e  i n  surface-to-volume r a t i o  between t h e  10-lb (4.5 Kg) and 5500-lb 

(2500 Kg) mixers ,with t h e  l a r g e r  mixer being less e f f i c i e n t  i n  removing vola- 

t i les  such as moi s tu re  from t h e  p r o p e l l a n t .  

p re sen t  i n  t h e  l a r g e  ba t ch  caused degrada t ion  of t h e  FeAA through h y d r o l y s i s ,  

l ead ing  t o  a lower state of p r o p e l l a n t  c u r e .  T e n t a t i v e  conf i rma t ion  of t h i s  

e f f e c t  w a s  obtained from a c t u a l  moisture  measurements on p r o p e l l a n t  taken from 

both mixers: 

2 

A probable exp lana t ion  f o r  t h i s  l i es  i n  t h e  l a r g e  

The r e s u l t i n g  h i g h e r  moisture  

Mixer S i z e ,  l b  (Kg) 10 (4.5) 5500 (2500) 

P r o p e l l a n t  Moisture  Content,  w t %  0.017 0.048 
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The .moisture con ten t  of t h e  p r o p e l l a n t  mixed i n  t h e  l a b o r a t o r y  mixer w a s  only 

about  one-fourth t h a t  of t h e  p r o p e l l a n t  from t h e  product ion mixer. Add i t iona l  

confirmation of t h e  proposed mechanism w a s  obtained from experiments whereby 

samples of t h e  v o l a t i l e s  removed from t h e  p r o p e l l a n t  du r ing  mixing were t rapped 

and analyzed.  These ana lyses  showed conc lus ive ly  t h a t  t h e  deg rada t ion  product 

of FeAA by h y d r o l y s i s ,  a c e t y l  acetone,  w a s  p r e s e n t ,  i n d i c a t i n g  t h a t  h y d r o l y s i s  

w a s  t ak ing  p l a c e  even during t h e  p r o p e l l a n t  mixing. It w a s  concluded t h a t  a 

p r o p e l l a n t  c u r e  c a t a l y s t  more s t a b l e  than  FeAA was r equ i r ed  i n  t h e  improved 

formulat ion.  

d .  Improved P r o p e l l a n t  Formulation 

The formulat ion i n g r e d i e n t s  s e l e c t e d  t o  provide a propel- 

l a n t  e x h i b i t i n g  t h e  same b a l l i s t i c  and mechanical p r o p e r t i e s  as ANB-3254, b u t  

w i th  improved processing c h a r a c t e r i s t i c s ,  are summarized below: 

Burning ra te  a d d i t i v e s  I r o n  ox ide / I ron  Blue 

Wetting agent  FC-167 

Cure c a t a l y s t  FC-151 

Antioxidant  PBNA 

The b a s i s  f o r  t h e s e  s e l e c t i o n s  are d i scussed  i n  che 

fol lowing paragraphs.  

The u s e  of I r o n  Blue as t h e  s o l e  burning ra te  a d d i t i v e  

w a s  considered f o r  t h e  improved p r o p e l l a n t  formulat ion.  Although less a c t i v e  

b a l l i s t i c a l l y  than  t h e  combination of I r o n  Blue and BRA-101, i t  does not  appear 

t o  have adverse e f f e c t s  on p r o p e l l a n t  f low behavior .  A s  desc r ibed  earlier, t h e  

v i s c o s i t y  c h a r a c t e r i s t i c s  of a p r o p e l l a n t  w i th  1 . 2  w t %  I r o n  Blue and a 65/35 

SSMP/MA o x i d i z e r  blend are e x c e l l e n t  w i th  a v i s c o s i t y  of only 18,000 p o i s e  

(1,800 Ns/m2) a t  5 kdynes/cm2 (500 N/m2) shea r  stress, 6 h r  a f t e r  cu r ing  agent  
1 
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a d d i t i o n .  However, because of i t s  lower b a l l i s t i c  a c t i v i t y ,  t h e  bu rn ing  rate 

of t h i s  p r o p e l l a n t  was below t h e  t a r g e t  requirement.  

creased by i n c r e a s i n g  t h e  amount of f i n e  ground o x i d i z e r ,  and w i t h  a 60/40 

SSMPIMA o x i d i z e r  b l end ,  t h e  t a r g e t  burning rate of 0.68 i n . / s e c  (1.73 crn/s) a t  

600 p s i g  (414 N/cm2) w a s  achieved.  

t h i s  fo rmula t ion  (Figure 107) w e r e  n o t  s u b s t a n t i a l l y  b e t t e r  t han  ANB-3254 wi th  

t h e  mixed burning rate a d d i t i v e s .  

The burning ra te  w a s  i n -  

However, t h e  v i s c o s i t y  c h a r a c t e r i s t i c s  of 

A cons ide rab le  improvement i n  t h e  flow behavior  of t h e  

p r o p e l l a n t  w i th  1 .2  w t %  I r o n  Blue and a 60140 SSMP/MA o x i d i z e r  blend w a s  made 

p o s s i b l e  by t h e  development on a n  Aerojet  IR&D program of a new we t t ing  agent 

des igna ted  FC-167. This  material, which also e n t e r s  i n t o  t h e  c u r e  r e a c t i o n ,  

has  been shown t o  provide s u b s t a n t i a l  r educ t ions  i n  t h e  v i s c o s i t y  of PBAN pro- 

p e l l a n t s .  When 20 e q u i v a l e n t s  of FC-167, less than  0.10 w t %  on t h e  p r o p e l l a n t ,  

are inco rpora t ed  i n t o  t h e  b inde r  of t h e  above formulat ion,  t h e  v i s c o s i t y  i s  

s i g n i f i c a n t l y  reduced,as  p re sen ted  i n  F igu re  108 and compared t o  a ba tch  wi th  

s t anda rd  b inde r  components i n  F igu re  109. This b a t c h  cured i n  20 days t o  t h e  

fol lowing 77°F (25OC) mechanical p r o p e r t i e s .  

a 77 p s i  (53 N/cm2)  m 
25% 

&b 29 % 

387 p s i  (267 N/cm2) 
EO 

This  improvement on processing c h a r a c t e r i s t i c s  warranted t h e  s e l e c t i o n  of 

FC-167 f o r  i n c o r p o r a t i o n  i n t o  t h e  improved formulat ion.  

R e l a t i v e l y  l a r g e  amounts of I r o n  Blue are known t o  cause 

c u r e  i n h i b i t i o n  i n  polybutadiene p r o p e l l a n t s  and r e q u i r e  t h e  use  of excess ive  

cu r ing  agent  t o  a c h i e v e  t h e  d e s i r e d  ra te  and s ta te  of c u r e  of t h e  p r o p e l l a n t .  

On long t e r m  s t o r a g e  t h i s  excess  c u r i n g  agent  could conceivably cause pos t cu re .  
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The use of conven t iona l  a n t i o x i d a n t s  such as PBNA (phenyl 6-naphthylamine) 

could s t a b i l i z e  t h e  p r o p e l l a n t  s ta te  of cure ,  even a t  a temperature  of 180°F 

(82OC) f o r  up t o  2 weeks (F igu re  110). 

I r o n  oxide possesses  many advantages over o t h e r  a v a i l a b l e  

burning rate a d d i t i v e s ,  i nc lud ing  s t a b i l i t y ,  low mois tu re  c o n t e n t ,  chemical 

i n e r t n e s s ,  and l i t t l e  e f f e c t  on p r o p e l l a n t  processing o r  c u r e .  The re fo re ,  t h e  

most promising approach t o  ach iev ing  t h e  t a r g e t  burning ra te  appeared t o  b e  a 

combination of r e l a t i v e l y  l a r g e  amounts of i r o n  oxide,  about 2.0 w t % ,  w i t h  t h e  

minimum q u a n t i t y  of I r o n  Blue necessary t o  m e e t  t h e  burning ra te  requirement .  

I n  a l a b o r a t o r y  s c a l e  b a t c h ,  a burning ra te  of 0.685 i n . / s e c  (1.74 cm/s) a t  

600 p s i g  (414 N/cm2) could b e  achieved with a mixture  of 2.0 w t %  i r o n  oxide 

and 0.5 w t %  I r o n  Blue.  The v i s c o s i t y  c h a r a c t e r i s t i c s  of t h i s  fo rmula t ion  

were e x c e l l e n t  (F igu re  111). Based on t h e  s t o r a g e  s t a b i l i t y  d a t a  g iven  above 

f o r  a fo rmula t ion  con ta in ing  1 . 2  w t %  I r o n  Blue,  t h e  smaller amount contained 

i n  t h i s  fo rmula t ion  should minimize t h e  problem of s t a b i l i z a t i o n .  When t h i s  

fo rmula t ion  subsequent ly  w a s  processed i n  l a r g e r  ba t ch  s i z e s ,  t h e  burning ra te  

s c a l e d  up s u f f i c i e n t l y  t o  enab le  a f u r t h e r  r e d u c t i o n  i n  I r o n  Blue con ten t  t o  

only 0 . 1  w t % .  

Evidence of t h e  r e l a t i v e  i n s e n s i t i v i t y  of p r o p e l l a n t  

cu re ,  mechanical p r o p e r t i e s , .  and s t o r a g e  s t a b i l i t y  t o  t h i s  small amount of 

I r o n  Blue i s  t h e  s i g n i f i c a n t  r educ t ion  of epoxy cu r ing  agent  r e q u i r e d  t o  ach ieve  

t h e  same p r o p e l l a n t  i n i t i a l  modulus compared wi th  t h e  fo rmula t ion  con ta in ing  

1 . 2  w t %  I r o n  Blue.  

t o  ach ieve  a modulus of 387 p s i  (267 N/cm2) wh i l e  t h e  p r o p e l l a n t  w i t h  2.0 w t %  

i r o n  oxide and 0.5 w t %  I r o n  Blue cured t o  a modulus of 418 p s i  (288 N/cm2) with 

on ly  83  e q u i v i a l e n t s  of DER-332. 

The la t ter  formulat ion r equ i r ed  113 e q u i v a l e n t s  of DER-332 

A s  d i scussed  p rev ious ly ,  t h e  use  of FeAA as t h e  polymeri- 

z a t i o n  c a t a l y s t  is  u n d e s i r a b l e  because of i t s  l a c k  of h y d r o l y t i c  s t a b i l i t y .  
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A e r o j e t ' s  c u r e  c a t a l y s t ,  des igna ted  FC-151, has  been s e l e c t e d  f o r  u se  i n  t h e  

improved p r o p e l l a n t  fo rmula t ion .  A s  shown i n  F i g u r e  107, FC-151 is  about equal  

t o  FeAA i n  c a t a l y t i c  a c t i v i t y .  

i s  much more s t a b l e  and has  been shown t o  e x e r t  no i n f l u e n c e  on t h e  s t o r a g e  

s t a b i l i t y  of t h e  p r o p e l l a n t .  

However, because of i t s  chemical s t r u c t u r e  i t  

A l a b o r a t o r y  scale ba tch  of t h e  improved formulat ion 

i n c o r p o r a t i n g  a l l  of t h e  above i n g r e d i e n t s  (2 .0  w t %  i r o n  ox ide ,  0 .5  w t %  I ron  

Blue, 20 e q u i v a l e n t s  of FC-167, 0 . 1  w t %  PBNA, and 0.05 w t %  FC-151) cured t o  

t h e  fo l lowing  mechanical p r o p e r t i e s :  

Om 

Em 

Eb 

EO 

76 p s i  (52 N/cm2> 

22% 

23% 

418 p s i  (288 N/cm2) 

Although t h e  g e n e r a l  composition of ANB-3350 can thus  b e  

de r ived  from work accomplished under t h e  Task I1 e f f o r t  (F igu re  1131, s e l e c t i o n  

of t h e  s p e c i f i c  fo rmula t ion  t o  b e  cast i n t o  t h e  second f u l l - s c a l e  mold f o r  t h e  

Task I11 process ing  demonstrat ion w a s  d e f e r r e d ,  pending i n t e r m e d i a t e  scale-up 

t o  450-lb (200 Kg) v e r t i c a l  ba t ch  mixes used i n  c a s t i n g  t h e  f i n a l  t h r e e  sub- 

scale molds, minor fo rmula t ion  v a r i a b l e s  were a l s o  i n v e s t i g a t e d  t o  enab le  selec- 

t i o n  of an  optimized fo rmula t ion  f o r  t h e  Task I11 processing demonstrat ion.  

e .  ANB-3350 Premix S to rage  S t a b i l i t y  

To g a i n  a p re l imina ry  e v a l u a t i o n  of t h e  s t a b i l i t y  of t h e  

ANB-3350 premix, which inc ludes  a l l  p r o p e l l a n t  i n g r e d i e n t s  except  o x i d i z e r  and 

cu r ing  agen t ,  a series of IO-lb (4.5 Kg) p r o p e l l a n t  ba t ches  were prepared u s i n g  

premix s t o r e d  up t o  1 4  days p r i o r  t o  p r o p e l l a n t  mixing. 

f o r  e v a l u a t i o n  was based on 2.0 w t %  i r o n  oxide and 0 .5  w t %  I r o n  Blue as t h e  

The fo rmula t ion  s e l e c t e d  
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burning ra te  a d d i t i v e s ,  30% DOA p l a s t i c i z e r ,  and 8 3  e q u i v a l e n t s  of DER-332 

c u r i n g  a g e n t .  The tes t  w a s  conducted by p repa r ing  a s i n g l e  ba t ch  of premix 

s u f f i c i e n t  f o r  seven 10-lb ( 4 . 5  Kg) ba tches  of p r o p e l l a n t  and by mixing ba tches  

using a l i q u o t s  from t h e  master ba tch  a t  i n t e r v a l s  of 0 ( c o n t r o l ) ,  1, 2, 3 ,  4 ,  

11, and 1 4  days.  The v i s c o s i t y  and mechanical p r o p e r t i e s  d a t a  (F igu re  114) 

i n d i c a t e  no s i g n i f i c a n t  e f f e c t  of premix s t o r a g e  through t h e  11-day s t o r a g e  

pe r iod .  The i n i t i a l  modulus of t h e  batch mixed wi th  premix s t o r e d  f o r  1 4  days 

appears t o  be low, b u t  i t  is  p o s s i b l e  t h a t  t h i s  d i f f e r e n c e  r e p r e s e n t s  normal 

batch-to-batch v a r i a b i l i t y .  Based on t h e s e  d a t a ,  and confirmed subsequent ly  

i n  t h e  c a s t i n g  of t h e  t e n t h  subsca le  mold, t h e  premix appears  t o  have good 

s t a b i l i t y .  

f .  Rapid Evaluat ion of P r o p e l l a n t  Flow Behavior 

Although t h e  Rotovisko viscometer  i s  t h e  most a c c u r a t e  

and s e n s i t i v e  instrument  a v a i l a b l e  f o r  measuring p r o p e l l a n t  v i s c o s i t y ,  t h e  

d a t a  accuracy d e t e r i o r a t e s  a t  t h e  low shea r  stress levels, which are of t h e  

g r e a t e s t  i n t e r e s t  i n  t h i s  a p p l i c a t i o n .  Furthermore, t h e  r educ t ion  of t h e  d a t a  

i s  l a b o r i o u s ,  normally r e q u i r i n g  a computer, and t h e  r e s u l t s  are s u b j e c t  t o  

i n t e r p r e t a t i o n  d i f f e r e n c e s .  For t h e s e  reasons,  experimentat ion has  been con- 

ducted t o  d e v i s e  a s imple r e p r e s e n t a t i v e  test  t o  estimate r a p i d l y  t h e  flow 

behavior of a ba t ch  of p r o p e l l a n t .  Such a tes t  is  requ i r ed  f o r  u se  as ba tch  

q u a l i f i c a t i o n  o r  acceptance test .  Seve ra l  methods were considered and evalu- 

a t e d :  one of which i s  a test  of t h e  flow of t h e  p r o p e l l a n t  under i t s  own 

h y d r o s t a t i c  head. The r e s u l t s  were obtained by f i l l i n g  a r e c t a n g u l a r  2 by 2 

by 6-in. ( 5  by 5 by 1 5  cm) box wi th  p r o p e l l a n t  and t u r n i n g  t h e  box on end t o  

observe the p r o p e l l a n t  f low from the box. 

be d i r e c t l y  observed by t h i s  s imple test. 

Di f f e rences  i n  flow behavior  can 

Box flow tests were made on p r o p e l l a n t  samples  from a 

b a t c h  used t o  cast t h e  f i r s t  f u l l - s c a l e  mold, ba t ches  used t o  cast t h e  seventh 

subsca le  mold, and ba tches  of t h e  improved fo rmula t ion  ( s e e  fol lowing s e c t i o n )  
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used t o  cast  t h e  e i g h t h  s u b s c a l e  mold. The d a t a ,  summarized i n  F igu re  115, 

show agood  c o r r e l a t i o n  between measured v i s c o s i t y  a t  low shea r  stress, 5 kdynes/ 

cm2 (500 N/m2), and t h e  s i z e  of t h e  pool  of p r o p e l l a n t  f lowing from t h e  box. 

For example, t h e  p r o p e l l a n t  from t h e  ba t ch  used t o  cas t  t h e  f u l l  s c a l e  mold 

showed a v i s c o s i t y  of 55,000 p o i s e  (5,500 Ns /m2)  and t h e  pool of p r o p e l l a n t  

formed w a s  on ly  about 2 by 4 i n .  ( 5  by 10 cm) , i .e. , t h e  p r o p e l l a n t  b a r e l y  

flowed from t h e  box. I n  c o n t r a s t ,  a sample of t h e  improved formulat ion showed 

a v i s c o s i t y  of 15,000 p o i s e  (1,500 Ns/m2) and t h e  flow from t h e  box formed a 

pool 8 .5  by 15 i n .  (22 by 38 cm) . 

Although t h e  box test h a s  advantages of s i m p l i c i t y  and 

good apparent  c o r r e l a t i o n  with p r o p e l l a n t  v i s c o s i t y  c h a r a c t e r i s t i c s ,  i t  a l s o  

has  t h e  disadvantages of r e q u i r i n g  r e l a t i v e l y  s t r i n g e n t  temperature  c o n t r o l  and 

a cons ide rab le  oven space  when conducting many tests s imultaneously.  The most 

promising method developed t o  overcome t h e s e  disadvantages and t o  provide as 

good,or b e t t e r ,  c o r r e l a t i o n  with p r o p e l l a n t  f low behavior  involved t h e  u s e  of 

a f a l l i n g - b a l l  type of viscometer adapted f o r  u se  d i r e c t l y  i n  t h e  mix bowl. 

I n  t h i s  test  a steel  b a l l  of about  1.312 i n .  (3.34 cm) d i a  i s  allowed t o  f a l l  

through t h e  uncured p r o p e l l a n t .  The t i m e  r equ i r ed  t o  f a l l  a s p e c i f i c  d i s t a n c e ,  

3 i n .  (7 .62 ccm), is measured. A t h i n  s teel  rod is  a t t a c h e d  t o  t h e  b a l l  t o  

enable  r e t r i e v a l  and t o  i n d i c a t e  when t h e  b a l l  h a s  f a l l e n  t h e  r equ i r ed  d i s t a n c e .  

The s i m p l i c i t y  of t h i s  test is  p a r t i c u l a r l y  va luab le :  i t  can b e  conducted i n  

t h e  mix s t a t i o n  by q u a l i t y  c o n t r o l  personnel  as p a r t  of t h e  normal i n s p e c t i o n  

r o u t i n e .  The c a p a b i l i t y  of t h i s  t es t  t o  d i s t i n g u i s h  between "good" and ''bad" 

p r o p e l l a n t  is i n d i c a t e d  i n  F igu re  115 which compares t h e  t i m e s  r e q u i r e d  f o r  t h e  

b a l l  t o  f a l l  3 i n .  (7.62 cm) i n  t h e  f i v e  450-lb (200 Kg) ba t ches  of t h e  improved 

formulat ion cast  i n t o  s u b s c a l e  mold 8 with t h e  rate of f a l l  i n  a smaller ba tch  

of ANB-3254. I n  t h e  improved fo rmula t ion ,  t h e  b a l l  f e l l  3 i n .  (7.62 cm) i n  21 

t o  34 sec, w h i l e  i n  ANB-3254 t h e  rate of f a l l  w a s  only 1 i n .  (2.54 cm) i n  20 

min (1200 sec )  . 
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F a l l i n g - b a l l  measurements were made on a l l  subsequent 

ba t ches  of p r o p e l l a n t  prepared f o r  t h e  n i n t h  and t e n t h  s u b s c a l e  molds as w e l l  

as a l l  of t h e  5500-lb (2500 Kg) ba t ches  prepared t o  cast  t h e  second f u l l - s c a l e  

mold. A s  noted i n  t h e  fo l lowing  s e c t i o n  d e s c r i b i n g  t h e  c a s t i n g  of t h i s  second 

f u l l - s c a l e  mold, t h e  f a l l i n g - b a l l  test  provided t h e  f i r s t  i n d i c a t i o n  of a pro- 

c e s s i n g  anomoly on one of t h e  5500-lb (2500 Kg) b a t c h e s .  From a l l  of t h e  d a t a  

a v a i l a b l e  and cons ide r ing  t h e  re la t ive accuracy and s i m p l i c i t y  of t h e  tes t ,  

t h e  f a l l i n g  b a l l  appears  t o  be very promising as a p r o p e l l a n t  acceptance test. 

Complete c h a r a c t e r i z a t i o n  of t h e  t e s t ,  i nc lud ing  de te rmina t ion  of l i m i t s ,  cor-  

r e c t i o n s  f o r  temperature,  e tc . ,  were no t  w i t h i n  t h e  scope of t h i s  program. 
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4. Subscale Molds 8 through 10 

Subscale  molds 8 through 10 w e r e  cast wi th  ANB-3350, t h e  

improved p r o p e l l a n t  formulat ions.  The e f f e c t s  of c a s t i n g  process  v a r i a b l e s  

on g r a i n  q u a l i t y  w e r e  determined. ANB-3350 fo rmula t ion  v a r i a b l e s  were evalu- 

a t e d  i n  t h e  450-lb (200 Kg) ba t ches  prepared f o r  t h e s e  molds t o  d e f i n e  t h e  

exac t  formulat ion composition f o r  p rocess ing  t h e  f i n a l  f u l l - s c a l e  mold c a s t  

under Task 111. 

a.  Subscale Mold 8 

The c a s t i n g  process  and p r o p e l l a n t  formulat ion v a r i a b l e s  

evaluated i n  t h e  enghth mold are summarized i n  Figure 116. V a r i a t i o n s  i n  I r o n  

Blue, DER-332, FC-167, a n t i o x i d a n t ,  and p l a s t i c i z e r  concen t r a t ions  w e r e  evalu- 

a t e d .  The I r o n  Blue burning r a t e  a d d i t i v e  w a s  v a r i e d  from 0 t o  0.5% t o  e s t ab -  

l i s h  t h e  burning rate s e n s i t i v i t y  of t h e  improved fo rmula t ion  wi th  an o x i d i z e r  

blend of 60/40 SSMP/MA. 

p l a s t i c i z e r ,  25 and 30%, were eva lua ted .  The relative e f f e c t s  of 10 and 20 

e q u i v a l e n t s  of FC-167 and of 0.10 and 0.20% a n t i o x i d a n t  w e r e  a l s o  a s ses sed .  

Two l e v e l s  of DER-332 cu r ing  agent  and two levels of 

A summary of t h e  uncured p r o p e l l a n t  d a t a  is shown i n  

F igu re  117. 

c m / s >  a t  600 p s i  (414 N / c m  ) w a s  bracketed by I r o n  Blue l e v e l s  of 0.10 and 

0.25 w t %  us ing  60/40 S S M P  MA o x i d i z e r  blend.  

The d a t a  show t h a t  t h e  t a r g e t  burning rate of 0.68 i n . / s e c  (1.74 
2 

The p r o p e l l a n t  ba t ches  were cast i n t o  a mold w i t h  a 360- 

degree (6.28 r a d )  c o n f i g u r a t i o n  and a minimum bayonet submergence. A l l  ba t ches  

cast i n t o  t h i s  mold e x h i b i t e d  e x c e l l e n t  f low c h a r a c t e r i s t i c s  as evidenced by 

t h e  v i s c o s i t y  d a t a  l i s t e d  i n  F igu re  117 .  

t e s t i f i e d  t o  t h e  e x c e l l e n t  f low p r o p e r t i e s  of t h e  p r o p e l l a n t .  The s u r f a c e  

The appearance of t h e  mold a l s o  
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of t h e  mold w a s  smooth w i t h  no h e i g h t  d i f f e r e n t - a 1  a c r o s s  t h e  ver t ical  dam 

(Figure 118). 

r e d u c t i o n  of DOA p l a s t i c i z e r  from 30 t o  25 w t %  of t h e  b inde r .  I n  compareson 

wi th  t h e  o t h e r  ba t ches  mixed f o r  c a s t i n g  t h e  e i g h t h  mold, no s i g n i f i c a n t  change 

i n  flow c h a r a c t e r i s t i c s  w a s  noted wi th  t h e  reduced p l a s t i c i z e r  level, 

The fo rmula t ion  v a r i a b l e  eva lua ted  i n  the f i f t h  b a t c h  was the 

The e f f e c t s  of t h e  fo rmula t ion  mod i f i ca t ions  on cu re  and 

mechanical p r o p e r t i e s  based on c a r t o n  samples d a t a  are p resen ted  i n  F igu re  119. 

Conclusions based ’on  e v a l u a t i o n  of t h e  Mold 8 d a t a  are p resen ted  below: 

Addit ion of t h e  a n t i o x i d a n t  PBNA appears  t o  i n c r e a s e  

both t h e  cu re  ra te  and t h e  f i n a l  s t a t e  of cu re  based on a comparison of t h e  

f i r s t  two ba tches  con ta in ing  0 . 1  and 0.2 w t % ,  r e s p e c t i v e l y .  A f t e r  22 days 

cure,  t h e  ba t ch  wi th  t h e  lower level of PBNA had reached an i n i t i a l  p r o p e l l a n t  

modulus of 564 p s i  (389 N / c m  ) compared wi th  651 p s i  (449 N / c m  ) f o r  t h e  b a t c h  

wi th  inc reased  PBNA. These d a t a  might a l s o  b e  compared wi th  t h e  p r o p e r t i e s  of 

Batch 69-11, t h e  f i f t h  ba t ch  cast i n t o  t h e  seventh mold. This ba t ch  had no 

PBNA and a f t e r  24 days cure,  t h e  modulus was 483 p s i  (333 N/cm 1. This  e f f e c t  

of PBNA con ten t  on cu re  i s  undoubtedly because i t  is  a n  amine. Amines e x e r t  a 

c a t a l y t i c  i n f l u e n c e  on t h e  r e a c t i o n  between epoxides and carboxyls such as 

DER-332 and PBAN. 

2 2 

2 

Reduction of t h e  level of FC-167 from 20 t o  10 e q u i v a l e n t s  

r e s u l t s  i n  a lower s ta te  of cure ,  as shown by t h e  i n i t i a l  modulus of 424 p s i  

(292 N / c m  ) af te r  22 days cure.  This  i s  due p a r t l y  t o  the  f ac t  t h a t  FC-167 

e x h i b i t s  some c a t a l y t i c  a c t i v i t y ,  as i t  is  a l s o  an  amine. Reduction of t h e  

FC-167 concen t r a t ion  may a l s o  reduce t h e  c r o s s  l i n k  d e n s i t y  of t h e  p r o p e l l a n t  

b inde r ,  s i n c e  i t  is  a f u n c t i o n a l  material t h a t  can e n t e r  i n t o  t h e  cu re  r e a c t i o n .  

However, t h e  e x t e n t  t o  which t h i s  a c t u a l l y  occurs  is  n o t  completely known a t  

t h e  p r e s e n t  t i m e .  

2 
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Reduction of t h e  DER-332 cu r ing  agent  level from 85 t o  

32 e q u i v a l e n t s  appa ren t ly  d i d  n o t  produce t h e  expected r e d u c t i o n  i n  c u r e  level 

as shown by comparison of Batches 69-24 and 69-21 i n  F igu re  119. However, t h e  

batch wi th  t h e  lower DER-332 l e v e l  w a s  prepared without  any I r o n  Blue burning 

rate a d d i t i v e  compared wi th  0.5 w t %  I r o n  Blue used i n  Batch 60-21. It has 

been p rev ious ly  shown t h a t  I r o n  Blue causes  some r e t a r d a t i o n  of t h e  cu re  of 

t h e s e  p r o p e l l a n t s ,  and t h i s  i s  probably t h e  r eason  t h a t  t h e  p r o p e l l a n t  i n i t i a l  

moduli of t h e s e  two ba tches  i s  e s s e n t i a l l y  t h e  same, even though t h e  cu r ing  

agent  level w a s  reduced. 

The f i f t h  batch cast i n t o  t h i s  s u b s c a l e  mold w a s  p re -  

pared wi th  t h e  DOA p l a s t i c i z e r  con ten t  reduced from 30 t o  25% by weight from 

85 t o  82 e q u i v a l e n t s  i n  t h i s  ba t ch ,  t h e  p r o p e l l a n t  i n i t i a l  modulus inc reased  
2 t o  708 p s i  (488 N / c m  ) a f t e r  22 days cu re  a t  135°F (57OC). Achieving t h e  t a r g e t  

modulus w i t h  a 25% p l a s t i c i z e d  fo rmula t ion  w i l l  r e q u i r e  s t i l l  f u r t h e r  r educ t ion  

i n  t h e  cu r ing  agent concen t r a t ion .  

The mechanical and bond p r o p e r t i e s  and s o l i d  s t r a n d  

burning rate d a t a  from t h e  e i g h t h  subsca le  mold are shown i n  F igu re  120, It  

i s  d i f f i c u l t  t o  assess an i so t ropy  i n  t h i s  mold because of t h e  wide v a r i a t i o n  

i n  mechanical p r o p e r t i e s  and burning rates of i n d i v i d u a l  ba t ches ,  due t o  

formulat ion v a r i a t i o n s ,  cast i n t o  t h i s  mold. The modulus and s t r e n g t h  d a t a  

e x h i b i t  t h e  u s u a l  t r end  toward h ighe r  va lues  i n  t h e  g r a i n  than i n  t h e  ca r tons .  

The comparatively l o w  bond s t r e n g t h  d a t a  f o r  t h e  e i g h t h  s u b s c a l e  mold do n o t  

r e f l e c t  t h e  bond between t h e  improved formulat ion p r o p e l l a n t  and SD-850-2 

l i n e d  Gen-Gard V44 rubber.  An adhesive used t o  bond s tee l  p l a t e s  t o  t h e  cured 

p r o p e l l a n t  s u r f a c e  r e s u l t e d  i n  a bond f a i l u r e  a t  t h e  adhesive-propel lant  i n t e r -  

face.  T e n s i l e  t e s t i n g  specimens prepared by c a s t i n g  p r o p e l l a n t  from t h i s  mold 

between two p l a t e s ,  each l i n e d  w i t h  SD-850-2 on Gen-Gard V44 rubbe r ,  gave 

random breaks i n  t h e  p r o p e l l a n t  a t  a stress of 105 p s i  (72 N / c m  ). 2 
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b.  Subscale  Mold 9 

This  mold w a s  a l s o  cast wi th  t h e  improved p r o p e l l a n t  

formulat ion and t h e  360-degree (6.28 r a d )  g r a i n  c o n f i g u r a t i o n .  The bayonet 

l o c a t i o n  w a s  c o n t r o l l e d  t o  assess t h e  f e a s i b i l i t y  of c a s t i n g  wi th  t h e  bayonet 

t i p  above t h e  s u r f a c e  of t h e  p r o p e l l a n t .  

w i th  t h e  bayonet t i p  about 1, 3, 6 ,  and 9 i n .  (2.5, 8, 15, and 23 cm) above 

t h e  s u r f a c e ,  r e s p e c t i v e l y .  The stream of p r o p e l l a n t  e f f l u x i n g  from t h e  bayonet 

flowed smoothly onto t h e  p r o p e l l a n t  m a s s  a t  t h e  1 and 3-in. (2.5 and 8 cm) 

l o c a t i o n s  above t h e  s u r f a c e ;  a t  6 i n .  (15 cm) t h e  stream began t o  o s c i l l a t e  

s lowly,  b u t  t h e  p r o p e l l a n t  flowed i n t o  t h e  mass wi thou t  entrapping any air .  

However, w i t h  t h e  bayonet t i p  9 i n .  (23 cm) above t h e  s u r f a c e ,  t h e  p r o p e l l a n t  

stream from t h e  bayonet began t o  c u r l  i n t o  t h e  r e s i d e n t  p r o p e l l a n t  i n  such a 

way as t o  e n t r a p  s m a l l  amounts of air  a t  p r a c t i c a l l y  every t u r n  of t h e  stream. 

Numerous a i r  bubbles  could b e  seen  a t  t h e  s u r f a c e  away from t h e  bayonet.  

t h i s  was unacceptable  from a g r a i n  homogeneity s t andpo in t ,  t h e  f i f t h  and f i n a l  

ba t ch  w a s  cast wi th  t h e  bayonet t i p  6 i n .  (15 cm) from t h e  s u r f a c e ,  

The f i r s t  f o u r  ba t ches  w e r e  cast 

A s  

An a d d i t i o n a l  o b j e c t i v e  of t h e  f i f t h  ba t ch  of p r o p e l l a n t  

w a s  t o  assess t h e  s e n s i t i v i t y  of t h e  improved fo rmula t ion  t o  changes i n  t h e  

ba t ch  mix cyc le .  
t o  produce t h e  extreme pseudophast ic  c h a r a c t e r i s t i c s  i n  ANB-3254, i . e . ,  no vacuum 

mix be fo re  cu r ing  agent a d d i t i o n  and a shortened f i n a l  vacuum mix cyc le .  

had no observable  e f f e c t  on t h e  f low behavior  of t h e  improved formulat ion.  

The appeqrance of t h e  p r o p e l l a n t  i n  t h e  mix bowl, i n  t h e  mold, and i n  t h e  

e f f l u e n t  from t h e  bayonet w a s  i d e n t i c a l  t o  t h e  o t h e r  ba t ches .  These observa- 

t i o n s  i n d i c a t e  a ve ry  d e s i r a b l e  l a c k  of s e n s i t i v i t y  of f low behavior t o  mixing 

cond i t ions .  

The f i f t h  ba t ch  w a s  mixed us ing  t h e  same procedure employed 

This  
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A s  w i th  t h e  e i g h t h  mold, a l l  batches cast i n t o  t h i s  mold 

w e r e  of t h e  improved p r o p e l l a n t  fo rmula t ion  w i t h  minor compositional v a r i a t i o n s  

inc lud ing  cu re  c a t a l y s t  level and I r o n  Blue burning ra te  a d d i t i v e  concen t r a t ion  

as summarized i n  F igu re  121. A summary of t h e  uncured p r o p e l l a n t  d a t a  f o r  t h e s e  

ba t ches  is  given i n  Figure 122. The f i r s t  ba t ch  w a s  prepared wi th  0 . 1  w t %  I r o n  

Blue burning rate a d d i t i v e  t o  confirm t h e  d a t a  obtained from t h e  las t  batch of 

t h e  e i g h t h  mold. However, t h e  burning ra te  proved t o  be cons ide rab ly  below 

t h e  expected va lue ,  i . e . ,  0.64 v s  0.68 i n . / s e c  (1.62 vs 1 . 7 3  cm/S) a t  600 p s i g  

(414 N / c m  ). The second ba tch  w a s  mixed wi th  0.25 w t %  I r o n  Blue which y i e lded  

t h e  t a r g e t  burning ra te  of 0.68 i n . / s e c  (1.73 c m / s ) .  It w a s  determined subse- 

quent ly  t h a t  t h e  low burning rates of t hese  ba t ches  compared with those  cast i n t o  

t h e  e i g h t h  mold w e r e  r e l a t e d  t o  t h e  l o t  of ammonium p e r c h l o r a t e  used. A l l  batche: 

f o r  t he  e i g h t h  mold w e r e  made wi th  newly purchased o x i d i z e r  from American Potash 

while  t h e  ba t ches  cast  i n t o  t h e  n i n t h  mold which e x h i b i t  t h e  lower burning rates 

w e r e  made from r e s i d u a l  PEPCON o x i d i z e r  from Motor 260-SL-3 c a s t i n g ,  

2 

The t h i r d  ba t ch  cast i n t o  t h e  n i n t h  mold w a s  made wi th  

the  new AMPOT o x i d i z e r  t o  confirm t h i s  e f f e c t  of o x i d i z e r  l o t  burning rate. 

A t  0.25 w t %  I r o n  Blue t h e  burning r a t e  w a s  0.72 i n . / s e c  (1.83 cm/s) a t  600 p s i g  

(414 N / c m  ), comparable t o  t h e  r e s u l t s  obtained i n  t h e  e i g h t h  mold. The f o u r t h  

and f i f t h  ba t ches  w e r e  made wi th  t h e  r e s i d u a l  PEPCON o x i d i z e r  at t h e  0.25 w t %  

I ron  Blue level and exh ib i t ed  burning rates of 0.69 and 0.68 i n . / s e c  (1.75 and 

1.73 cm/s), r e s p e c t i v e l y .  

n i n t h  molds w e r e  ground a t  t h e  same t i m e ,  t h e s e  d i f f e r e n c e s  i n  burning rate 

appear t o  be due t o  o x i d i z e r  l o t  d i f f e r e n c e s  r a t h e r  t han  g r i n d  d i f f e r e n c e s .  

However, as shown by d a t a  i n  F igu res  1 1 7  and 122, t h e  t a r g e t  burning ra te  can 

b e  achieved r e a d i l y  wi th  e i t h e r  l o t  of o x i d i z e r  by a minor adjustment of t h e  

I ron  Blue level. 

2 

Since both l o t s  of o x i d i z e r  used i n  t h e  e i g h t h  and 
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There a l s o  appears  t o  b e  an  e f f e c t  of o x i d i z e r  l o t  on 

p r o p e l l a n t  cu re ,  as i n d i c a t e d  by t h e  modulus of e l a s t i c i t y  d a t a  (E ) .  By 

comparing mechanical p rope r ty  d a t a  from c a r t o n  samples (Figure 123),  Batches 

69-32, 69-35, and 69-36 d i s p l a y  s i g n i f i c a n t l y  lower moduli than Batch 69-21 

0 

from t h e  e i g h t h  mold (Figure 119) even though t h e  fo rmula t ions  are e s s e n t i a l l y  

i d e n t i c a l .  A similar effect  can be seen  by comparing Batches 69-33 and 69-34. 

This  behavior probably i s  due no t  t o  an a c t u a l  d i f f e r e n c e  i n  state of cure ,  

b u t  t o  a d i f f e r e n c e  i n  o x i d i z e r  p a r t i c l e  s i z e  d i s t r i b u t i o n  between t h e  blends 

ground from t h e  two l o t s  of r a w  material. The g r e a t e r  amount of f i n e s  con- 

t a i n e d  i n  t h e  o x i d i z e r  ground from t h e  new l o t  of material appa ren t ly  inc reased  

t h e  moduli as w e l l  as t h e  burning rate i n  Batches 69-21 and 69-34, 

Cure c h a r a c t e r i s t i c s  of p r o p e l l a n t  cast i n t o  t h e  n i n t h  

mold were similar t o  t h e  p rev ious ly  cast ba t ches  of ANB3350 i n  t h a t  ca r ton  

samples i n d i c a t e d  s t eady  s ta te  cu re  had been achieved w i t h i n  18 days.  The 

s t r i p p e d  p r o p e l l a n t  g r a i n  showed no evidence of e x t e r n a l  d e f e c t s  and, when 

s e c t i o n e d ,  no i n t e r n a l  vo ids  w e r e  found. 

t h e  p r o p e l l a n t  g r a i n  e x h i b i t e d  t h e  same a n i s o t r o p i c  behavior  observed i n  previous 

molds cast w i t h  ANB-3254 p r o p e l l a n t .  The d a t a  show t y p i c a l l y  h ighe r  va lues  f o r  

i n i t i a l  modulus and t e n s i l e  s t r e n g t h  than i n d i c a t e d  by t h e  ca r ton  samples. These 

d a t a  a long w i t h  bond d a t a  and s o l i d  s t r a n d  burning rate d a t a  are p resen ted  i n  

Figure 124. 

t h e  bond s t r e n g t h  of samples prepared f o r  t h i s  mold appeared low due t o  f a i l u r e  

of t h e  specimen a t  t h e  p r o p e l l a n t - s t e e l  i n t e r f a c e .  

Mechanical p rope r ty  d a t a  ob ta ined  from 

For t h e  same reason d i scussed  i n  connection w i t h  subsca le  Mold 8, 

c. Subscale Mold 10 

The processing parameters eva lua ted  i n  t h e  c a s t i n g  of 

t h e  t e n t h  s u b s c a l e  mold were s e l e c t e d  t o  provide a s i m u l a t i o n  of t h e  c a s t i n g  

of t h e  second f u l l - s c a l e  mold. The g r a i n  c o n f i g u r a t i o n  w a s  a two-thirds 

segment wi th  a c y l i n d r i c a l  co re  and a s i n g l e  c e n t r a l l y ’ l o c a t e d  bayone t .  
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A l l  of t h e  f i v e  p r o p e l l a n t  ba t ches  w e r e  of t h e  improved formulat ion (ANB-3350) 

with minor composition v a r i a b l e s .  F igu re  125 summarizes t h e s e  v a r i a b l e s .  A l l  

batches were prepared wi th  25% DOA p l a s t i c i z e r  (by weight of b i n d e r ) ,  and vary- 

ing amounts of DER-332 curing agent  and FC-151 cu re  c a t a l y s t .  

premixes f o r  Batches 69-43, -44 and -45 w e r e  prepared i n  such a way as t o  eval- 

u a t e  t h e  e f f e c t s  of premix s t o r a g e  f o r  up t o  3 days p r i o r  t o  p r o p e l l a n t  prep- 

a r a t i o n .  

The p r o p e l l a n t  

The f i r s t  batch w a s  cast wi th  t h e  bayonet t i p  f i x e d  a t  

3 i n .  (8 cm) from t h e  bottom of t h e  mold. For subsequent ba t ches  c a s t i n g  w a s  

s t a r t e d  w i t h  t h e  bayonet t i p  6 i n .  (15 cm) below t h e  s u r f a c e ,  r e s u l t i n g  i n  a 

range of 6 t o  13 i n .  (15 t o  33 cm) submergence f o r  each batch.  A s  w i th  molds 

e i g h t  and n ine ,  t h e  p r o p e l l a n t  f low behavior  w a s  such t h a t  p r o p e l l a n t  s u r f a c e  

remained level and smooth throughout w i t h  no evidence of d e f e c t  formation. 

The flow c h a r a c t e r i s t i c s  of t h e s e  p r o p e l l a n t  batches 

showed no s i g n i f i c a n t  e f f e c t  of any of t h e  fo rmula t ion  v a r i a b l e s  i n v e s t i g a t e d  

o r  of t h e  premix s t o r a g e  t i m e  on p r o p e l l a n t  f low behavior .  V i s c o s i t y  and 

uncured p r o p e l l a n t  d a t a  are summarized i n  F igu re  126. 

of premix s t o r a g e  w a s  ev iden t  from sample c a r t o n  mechanical p rope r ty  d a t a  as 

shown i n  F igu re  127.  These d a t a  i n d i c a t e  t h a t  even wi th  t h e  lower cu re  

c a t a l y s t  level of 0.03 w t %  f o r  Batches 69-41 and -42, s t eady  s ta te  cu re  i s  

S i m i l a r l y ,  no effect  

achieved i n  a r e l a t i v e l y  s h o r t  t i m e .  Comparing mechanical p r o p e r t i e s  from 

t h e s e  ba t ches  w i t h  Batches 69-43, -44, and -45 used t o  i n v e s t i g a t e  premix 

s t o r a g e  t i m e ,  t h e  e f f e c t  of cu r ing  agent level  can b e  determined. Batches 

69-41, and -42 were prepared wi th  84 e q u i v a l e n t s  of DER-332 w h i l e  Batches 

69-43, -44 and -45 were prepared wi th  78 e q u i v a l e n t s  of DER-332. 

i n d i c a t e s  t h a t  81 e q u i v a l e n t s  would be r equ i r ed  t o  achieve t h e  t a r g e t  modulus 

I n t e r p o l a t i o n  
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2 of e l a s t i c i t y ,  500 

a p l a s t i c i z e r  level of 25 w t %  of b inde r .  

100 p s i  (345 2 69 N / c m  ) f o r  p r o p e l l a n t s  prepared w i t h  

No vo ids  o r  d e f e c t s  were observed during s t r i p p i n g  o r  

s e c t i o n i n g  of t h e  p r o p e l l a n t  g r a i n .  Mechanical p r o p e r t i e s  and bond d a t a  f o r  

t h i s  g r a i n  were similar t o  t h e  previous g r a i n s  of t h e  improved fo rmula t ion .  

These d a t a ,  a long wi th  s o l i d  s t r a n d  burning rate d a t a ,  are shown i n  F igu re  128.  

Sa fe ty  c l a s s i f i c a t i o n  tests were conducted on samples of 

p r o p e l l a n t  from one of t h e  batches cast i n t o  t h e  t e n t h  mold. The r e s u l t s  of 

t h e s e  tests (Figure 129) i n d i c a t e  t h a t  ANB-3350 p r o p e l l a n t  would probably 

r e c e i v e  a DOT c l a s s i f i c a t i o n  of B.  

d .  I n t e r p r e t a t i o n  of Resu l t s  

A s  w i th  t h e  c a s t i n g  of t h e  f i r s t  seven subsca le  molds, 

i t  appears  t h a t  p r o p e l l a n t  v i s c o s i t y  c h a r a c t e r i s t i c s  are of paramount import- 

ance i n  determining i f  g r a i n  o r  bond d e f e c t s  occur i n  the  c a s t i n g .  Subscale 

Mold 8,  which had p r o p e l l a n t  v i s c o s i t i e s  of 16,000 t o  23,000 p o i s e  (1,600 t o  

2,300 Ns/m2) 

(500 N/rn2), 

t o  c o r e  c o n f i g u r a t i o n ,  bayonet l o c a t i o n ,  e tc . ,  b u t  Mold 8 w a s  f r e e  of any kind 

of d e f e c t  and exh ib i t ed  a smooth, g los sy  p r o p e l l a n t  s u r f a c e  both du r ing  and 

a f t e r  c a s t i n g .  Mold 6 ,  however, which had p r o p e l l a n t  v i s c o s i t i e s  of 47,000 t o  

150,000 p o i s e  (4,700 t o  15,000 Ns/m2) a t  t h e  same cond i t ion ,  showed t h e  high- 

est inc idence  of d e f e c t s  of any of t h e  s u b s c a l e  molds cast. 

2 3 h r  from cu r ing  agent  a d d i t i o n  a t  a shea r  stress of 5 kdynes/cm 

w a s  cast i n  e x a c t l y  t h e  same manner as s u b s c a l e  Mold 6 wi th  r e s p e c t  

Cast ing of t h e  n i n t h  s u b s c a l e  mold showed conc lus ive ly  

t h e  f e a s i b i l i t y  of c a s t i n g  wi th  t h e  bayonet t i p  l o c a t e d  above t h e  s u r f a c e  of 

t h e  p r o p e l l a n t .  The process  appears  p a r t i c u l a r l y  d e s i r a b l e  from t h e  s t andpo in t  
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of ensu r ing  t h a t  a minimum amount of movement of o ld  p r o p e l l a n t  w i t h i n  t h e  

motor occurs  which, because of t he  i n c r e a s e  i n  v i s c o s i t y  due t o  age,  could 

c o n t r i b u t e  t o  g r a i n  o r  bond d e f e c t s .  

t o  b e  expected wi th  above-surface c a s t i n g  w i t h  t h e  flow p a t t e r n s  a c t u a l l y  

observed i n  s u b s c a l e  Mold 1 provide inc reased  confidence t h a t  f r e s h  p r o p e l l a n t  

w i l l  always be c o n t a c t i n g  t h e  l i n e r  on t h e  chamber w a l l  w i th  consequent assur-  

ance of l i n e r - p r o p e l l a n t  bond i n t e g r i t y .  

Comparison of t h e  types of flow p a t t e r n s  

The t e n t h  subsca le  mold, cast us ing  t h e  s a m e  processing 

parameters planned f o r  t h e  Task I11 process  demonstration, w a s  probably a less 

seve re  t es t  of t h e  p r o p e l l a n t  c a p a b i l i t y  than t h e  two previous molds s i n c e  t h e  

flow pa th  l e n g t h  was reduced. However, t h e  r e s u l t s  of t h i s  c a s t i n g  i n d i c a t e d  

t h a t  no problems would be encountered i n  c a s t i n g  t h e  second f u l l  scale mold. 

Based on c a r t o n  mechanical p rope r ty  d a t a  from t h e  15  

450-lb (200 Kg) ba t ches  of ANB-3350 p r o p e l l a n t  cast i n t o  t h e s e  subsca le  molds, 

t h e  formulat ion s e l e c t e d  f o r  processing i n  t h e  Task I11 demonstration w a s  based 

on 82 e q u i v a l e n t s  of cu r ing  agent ,  30% DOA p l a s t i c i z e r ,  and u t i l i z i n g  2.00 w t %  

i r o n  oxide and 0.10 w t %  I r o n  Blue as t h e  burning rate a d d i t i v e  system. A more 

d e t a i l e d  summary of t h e  formulat ion parameters s e l e c t e d  are  shown i n  F igu re  130. 

5. Processing Demonstration 

a.  Demonstration P lan  

The o b j e c t i v e  of t h e  second f u l l - s c a l e  mold c a s t i n g  w a s  

t o  demonstrate t h e  p r o p e l l a n t  processes  and fo rmula t ion  optimized i n  Tasks I 

and 11. 

p e l l a n t  formulat ion wi th  improved c a s t i n g  c h a r a c t e r i s t i c s ,  and r e s t r i c t i o n s  

on c a s t i n g  bayonet submergence. The c a s t i n g  p l an  w a s  otherwise similar t o  

The demonstration p l a n  f e a t u r e d  an  extended vacuum mix cyc le ,  a pro- 
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t h e  plan f o r  t h e  f i r s t  f u l l - s c a l e  mold (Task I) ,  s i m u l a t i n g  ba tch  i n t e r v a l s  

t y p i c a l  of t h e  Motor 260-SL-3 c a s t i n g ,  i nc lud ing  an 18-hr delay.  

(1) P r o p e l l a n t  Formulation 

ANB-3350 p r o p e l l a n t  w a s  s e l e c t e d  f o r  t h e  process- 

i n g  demonstration, t h e  formulat ion developed under Task I1 and demonstrated 

i n  s u b s c a l e  mold c a s t i n g s  i n  Task I. 

p rev ious ly  i n  t h i s  r e p o r t .  

The s p e c i f i c  fo rmula t ion  w a s  d i scussed  

(2 )  P r o p e l l a n t  Mixing 

Twelve 5500-lb (2500 Kg) p r o p e l l a n t  ba t ches  were t o  

be mixed i n  a v e r t i c a l  ba t ch  mixer f o r  c a s t i n g  i n  t h e  mold. The mixing pro- 

cedure w a s  t o  be t h e  same as t h a t  used f o r  t h e  Task I, except  as fol lows:  

(a)  Following o x i d i z e r  a d d i t i o n ,  c l o s e  the  o x i d i z e r  

va lve  and mix f o r  10 min a t  a vacuum of 27 in .  (690 mm) Hg minimum. 

(b) F i n a l  mix f o r  30 min a t  a vacuum of 27 i n .  

(690mm) Hg minimum. I n t e r r u p t  t h e  f i n a l  mix a f t e r  5 min t o  v i s u a l l y  v e r i f y  

completion of o x i d i z e r  and f i n a l  f u e l  a d d i t i o n .  

( 3 )  P r o p e l l a n t  Casting 

The planned c a s t i n g  sequence f o r  t h i s  mold is  shown 

i n  Figure 131. 

i n  t h e  Task I mold t o  s imula t e  a p r o p e l l a n t  product ion rate t y p i c a l  of t h e  

Motor 260-SL-3 c a s t i n g .  Each ba tch  w a s  t o  b e  cast i n  approximately 25 min 

wi th  3 t o  4 h r  between ba tches ,  except  f o r  one 18-hr delay.  The c a s t i n g  

The t a r g e t  between-batch i n t e r v a l s  are t h e  same as those  used 
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process  w a s  improved by l i m i t i n g  bayonet submergence t o  a maximum of 18 i n .  

(46 cm). To l i m i t  bayonet c u t t i n g  and c l ean ing  o p e r a t i o n s ,  cast s t and  and 

bayonet support  space r s  were a v a i l a b l e  t o  a l low bayonet t i p  h e i g h t  adjustment 

up t o  1 2  i n .  (30 cm). The c a s t i n g  sequence is desc r ibed  as fol lows:  

(a)  Cast t h e  first t h r e e  ba t ches  wi th  a f i x e d  

bayonet l o c a t i o n  5 i n .  (13 cm) from t h e  bottom of t h e  mold. Then raise t h e  

bayonet t o  1 2  i n .  from t h e  bottom, cast t h e  f o u r t h  ba t ch ,  and remove t h e  bayonet.  

(b) Cut t h e  bayonet and, a f t e r  an  18-hr delay,  

i n s e r t  t o  a depth of 6 i n .  (15 cm). 

(c )  Cast t h e  f i f t h  and s i x t h  ba t ches ,  followed 

by 6-in. (15 cm) i n c r e a s e s  i n  bayonet t i p  h e i g h t .  

(d) A t  t h e  completion of t h e  c a s t i n g  of t h e  e igh th  

batch,  t h e  bayonet submergence would be about 1 8  i n .  (46 cm). Cut t h e  bayonet 

and i n s e r t  t o  a depth of 6 i n .  (15 cm). 

(e)  Cast t h e  n i n t h  and t e n t h  ba t ches ,  followed by 

6-in. (15 cm) i n c r e a s e s  i n  bayonet t i p  h e i g h t .  Cast t h e  e l even th  and t w e l f t h  

batches w i t h  t h e  same bayonet p o s i t i o n ,  r e s u l t i n g  i n  a maximum submergence of 

18 i n .  (46 cm) a t  t h e  completion of t h e  mold c a s t i n g .  Clean and remove t h e  

bayonet. (Referr ing t o  Figure 131, i t  should be noted t h a t  t h e  t w e l f t h  batch 

w a s  n o t  cast due t o  scrappage of an  earlier ba tch ,  No .  22D-181-010.) 

b . Cast ing Demonstration 

(1) P r o p e l l a n t  Processing 

P r o p e l l a n t  processing proceeded e s s e n t i a l l y  as 

planned. However, acceptance test r e s u l t s  on l i q u i d  s t r a n d  burning rate (LSBR) 
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i n d i c a t e d  t h a t  t h e  upper l i m i t  of t h e  t a r g e t  range of 0 .68 - + 0.03 i n . / s e c  

(1.727 - + 0.076 cm/sec) a t  600 p s i g  (414 N / c m  ) w a s  being c o n s i s t e n t l y  exceeded. 

The e f f e c t  of o x i d i z e r  l o t  and g r i n d  c h a r a c t e r i s t i c s  w e r e  checked p rev ious ly  

by t h e  p r e p a r a t i o n  of a 10 l b  (4.5 Kg) batch us ing  a sample of t h e  blended 

ox id ize r .  The l i q u i d  s t r a n d s  i n d i c a t e d  t h a t , t h e  nominal burning rate would 

b e  achieved. 

ba t ches  and t h e  f i r s t  premix master ba t ch  con ta in ing  t h e  burning rate a d d i t i v e s  

w a s  of s u f f i c i e n t  q u a n t i t y  f o r  s i x  p r o p e l l a n t  ba t ches ,  a formulat ion modifica- 

t i o n  w a s  d i r e c t e d  f o r  t h e  l a s t  s ix  ba tches .  This  mod i f i ca t ion  c o n s i s t e d  of a 

change i n  o x i d i z e r  blend r a t i o  from 60/40 SSMP/MA t o  65/35 SSMP/MA, as used i n  

ANB-3254. This  r e d u c t i o n  i n  MA f r a c t i o n  could n o t  be d e t r i m e n t a l  and could 

only improve processing c h a r a c t e r i s  tics. 

2 

Since t h e  o x i d i z e r  h a s  been blended f o r  t h e  f i r s t  s i x  p r o p e l l a n t  

The LSBR reduc t ion  w a s  achieved as expected. To 

r u l e  o u t  any d i f f e r e n c e  i n  premix ba tches ,  p r o p e l l a n t  Batch 22D-181-006 w a s  

mixed using t h e  60/40 o x i d i z e r  blend r a t i o  and t h e  second premix ba tch ,  wh i l e  

p r o p e l l a n t  Batch 22D-181-008, t h e  seventh ba t ch  cast, w a s  mixed using t h e  65/35 

o x i d i z e r  blend r a t i o  and t h e  f i r s t :  premix batch.  A summary of submix and 

premix ana lyses  i s  given i n  F igu re  132. The uncured p r o p e l l a n t  d a t a  are 

summarized i n  Figure 133. 

V i sua l  obse rva t ions  du r ing  c a s t i n g  i n d i c a t e d  t h a t  

t h e  apparent  f l u i d i t y  of t h e  cast p r o p e l l a n t  s u r f a c e  w a s  i n c r e a s i n g  more r a p i d l y  

than a n t i c i p a t e d .  It w a s  suspected,  t h e r e f o r e ,  t h a t  t h e  v i s c o s i t y  build-up rate 

w a s  h ighe r  than t h a t  experienced p rev ious ly  wi th  450-lb (200 kg) ba t ches ,  

Because t h e  cu re  c a t a l y s t  level  s e l e c t e d  f o r  t h i s  formulat ion w a s  i n t e n t i o n a l l y  

conse rva t ive ,  t h e  formulat ion f o r  t h e  l as t  two ba tches  w a s  a l t e r e d  by reducing 

t h e  FC-151 cu re  c a t a l y s t  from 0.05 t o  0.03 w t % ,  a l lowing an  oppor tun i ty  f o r  

e v a l u a t i o n  of t h e  s e n s i t i v i t y  of t h e  rate of cu re  t o  c a t a l y s t  level, However, 

v i s c o s i t y  r e s u l t s  from Rotovisko tests, as summarized i n  Figure 133, i n d i c a t e  
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t h a t  t h e r e  w a s  no s i g n i f i c a n t  e f f e c t  from t h e  change i n  c a t a l y s t  level, and 

t h a t  t h e  range of v i s c o s i t i e s  of a l l  accepted ba tches  a t  t h e  low s h e a r  stress 

level w a s  t h e  same as t h a t  documented i n  t h e  s u b s c a l e  mold batches.  

The LSBR f o r  t h e  t e n t h  p r o p e l l a n t  ba t ch  w a s  w e l l  

below t h e  t a r g e t  acceptance l i m i t s .  

i n d i c a t i n g  a p o s s i b l e  o x i d i z e r  s h o r t a g e  i n  t h e  ba t ch .  

tests f o r  o x i d i z e r  con ten t  and t o t a l  s o l i d s  c o n t e n t ,  and w a s  a l s o  i n d i c a t e d  by 

an unusual ly  low drop t i m e  from t h e  f a l l i n g - b a l l  viscometer  test (Figure 133) .  

Since t h e  c a s t i n g  of t h i s  ba t ch  might have i n t e r f e r e d  w i t h  t h e  process  demon- 

s t r a t i o n  o b j e c t i v e s ,  t h e  ba t ch  w a s  scrapped, r e s u l t i n g  i n  only e l even  ba tches  

cast i n t o  t h e  mold. 

The l i q u i d  d e n s i t y  w a s  n e a r  t h e  lower l i m i t ,  

This w a s  confirmed by 

The f a l l i n g  b a l l  v i s c o s i t y  test  w a s  performed on each 

ba tch  as i t  w a s  r ece ived  a t  t h e  c a s t i n g  b u i l d i n g ,  and on c a r t o n  samples a t  s e l e c t e d  

t i m e  i n t e r v a l s .  The as-received test  d a t a  are included i n  t h e  uncured p r o p e l l a n t  

d a t a  summary (Figure 133), and w e r e  p l o t t e d  a g a i n s t  Rotovisko v i s c o s i t y  d a t a  a t  

approximately comparable cond i t ions  i n  F igu re  134. A c a l i b r a t i o n  l i n e  w a s  f i t t e d  

t o  t h e s e  p o i n t s  t o  show l i n e a r  c o r r e l a t i o n .  The d a t a  scatter can be a t t r i b u t e d  

t o  l a c k  of p r e c i s i o n  i n  both t h e  f a l l i n g - b a l l  and Rotovisko d a t a  and t o  d i f f e r -  

ences i n  t i m e  a t  which t h e  two tests w e r e  performed, However, t h e  s l o p e  of t h e  

l i n e  sugges t s  t h e  conservatism of t h e  test ,  i n  t h a t  l a r g e  i n c r e a s e s  i n  drop t i m e  

would be n o t i c e d  b e f o r e  t h e  development of extreme p s e u d o p l a s t i c i t y .  

The low o x i d i z e r  con ten t  of t h e  t e n t h  ba t ch  has been 

a t t r i b u t e d  t o  hangup i n  t h e  mixer d i spens ing  chute .  Th i s  conclusion w a s  givl’en 

credence by t h e  r e l a t i v e l y  high d e n s i t y  and LSBR of t h e  subseqent  ba t ch ,  i n d i -  

c a t i n g  above-normal o x i d i z e r  con ten t .  

(2) P r o p e l l a n t  Cast ing 

Cast ing of t h e  mold w a s  accomplished i n  accordance 

wi th  t h e  p rocess  demonstration plan.  Cast ing i n t e r v a l s  summarized i n  Figure 135 

w e r e  s i m i l a r  t o  t h e  f i r s t  f u l l - s c a l e  mold. The i n t e r v a l s  between ba tches  and t h e  
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i n t e r v a l s  from curing agen t  t o  end of c a s t i n g  averaged n e a r l y  an hour longe r  

than t h e  comparable i n t e r v a l s  f o r  t h e  f i r s t  f u l l - s c a l e  mold, making a more 

severe c o n d i t i o n  f o r  t h e  demonstration. The ba tch  c a s t i n g  t i m e s  w e r e  essen- 

t i a l l y  i d e n t i c a l  t o  those  f o r  t h e  f i rs t  mold. The appearance o f  t h e  cast 

p r o p e l l a n t  w a s  d rama t i ca l ly  improved ove r  t h e  f i r s t  f u l l - s c a l e  mold, as evidenced 

by r e l a t i v e l y  smooth and level p r o p e l l a n t  s u r f a c e ,  c o n t r a s t i n g  w i t h  t h e  s t i f f ,  

mounded s u r f a c e  documented p rev ious ly .  The c h a r a c t e r i s t i c  mounds, lumps, and 

!hear p l anes  of t h e  f i r s t  c a s t i n g  were e s s e n t i a l l y  non-exis tent .  

s u r f a c e  contours  measured a t  t h e  c e s s a t i o n  of f low of e a c h b a t c h  cast are shown 

g r a p h i c a l l y  i n  F igu res  136 through 142. These may be compared w i t h  F igu res  72 

through 74, showing t h e  contours  of t h e  f i r s t  f u l l - s c a l e  mold. 

The p r o p e l l a n t  

I n  t h e  c a s t i n g  of n e a r l y  every ba t ch ,  t h e  p r o p e l l a n t  

s u r f a c e  r o s e  uniformly i n  a l l  areas of t h e  mold. The f i f t h  ba t ch ,  cast  a f t e r  t h e  

18-hr delay,  formed s m a l l  2 i n .  (5 cm) waves i n  t h e  o l d e r  p r o p e l l a n t  ahead of t h e  

new ba tch ,  p rog res s ing  t o  t h e  end of t h e  mold, e v e n t u a l l y  l e v e l i n g  everywhere 

except  i n  t h r e e  of t h e  f o u r  co rne r s .  A t  t h e  s ta r t  of t h e  s i x t h  ba t ch ,  p r o p e l l a n t  

level ad jacen t  t o  t h e  bayonet r o s e  i n i t i a l l y  t o  create waves up t o  6-in. (15 cm) 

high,  bu t  t h e  s u r f a c e  u l t i m a t e l y  flowed t o  a level  condi t ion.  

developed a -pocke t  during t h e  c a s t i n g  of t h e  seventh through t e n t h  ba t ches ,  as 

One of t h e  co rne r s  

i n d i c a t e d  by s u r f a c e  contours  i n  F igu re  138, which f i l l e d  during t h e  c a s t i n g  of 

t h e  e l even th  batch.  I n  a l l  o t h e r  areas, t h e  p r o p e l l a n t  w a s  smooth and level. 

The p r o p e l l a n t  appeared t o  w e t  t h e  c a s t i n g  form i n  a s a t i s f a c t o r y  manner, i n d i -  

c a t i n g  a low p r o b a b i l i t y  of f o l d i n g  o r  vo id  formation. 

One of t h e  d i f f e r e n c e s  between ANB-3254 and ANB-3350 

i n  c a s t i n g  characteristics is  t h a t  w i th  ANB-3254 t h e  flowing p r o p e l l a n t  g e n e r a l l y  

flowed i n  waves over t h e  s u r f a c e  of t h e  p rev ious ly -cas t  p r o p e l l a n t  w i thou t  f o r c i n g  

waves i n  t h e  o l d e r  p r o p e l l a n t ,  while  w i th  ANB-3350, t h e  f r e s h  p r o p e l l a n t  tends t o  

d i s p l a c e  t h e  o l d e r  p r o p e l l a n t  h o r i z o n t a l l y .  This  r e s u l t s  i n  t h e  d e s i r e d  l aye red  

e f f e c t ,  w i th  f r e s h  p r o p e l l a n t  on top,  except  a t  t h e  e x t r e m i t i e s ,  where p r o p e l l a n t  

from t h e  previous ba t ch  has  accumulated. 

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

This  would h e l p  t o  e x p l a i n  t h e  occas iona l  
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The o c c a s i o n a l  f a i l u r e  of the p r o p e l l a n t  t o  f i l l  t h e  

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

f o r c e  behind t h e  moving p r o p e l l a n t  i s  extremely s m a l l ,  r e s u l t i n g  i n  maximum 

pseudoplas t i c  behavior ,  wh i l e  t h e  r e s i s t a n c e  t o  flow c r e a t e d  by t h e  converging 

w a l l s  e f f e c t i v e l y  i n c r e a s e s  as t h e  co rne r  is pene t r a t ed .  This does n o t  repre-  

s e n t  a real  s i t u a t i o n  i n  t h e  c a s t i n g  experience of t h e  260-in.-dia (6.6 m) s h o r t -  

l eng th  motors, because t h e  flow does n o t  encounter t h a t  type of r e s i s t a n c e  a t  

t h a t  d i s t a n c e  from t h e  bayonet,  b u t  i t  could i n d i c a t e  a problem w i t h  more complex 

core conf igu ra t ions .  Perhaps s i g n i f i c a n t l y ,  t h e  frequency of d e f e c t s  i n  Motors 

260-SL-1 and -2 w a s  g r e a t e s t  i n  t he  lobes  of t h e  g r a i n ,  where t h e  core  is s i m i -  

l a r  t o  a co rne r ,  even though t h i s  area i s  r e l a t i v e l y  c l o s e  t o  t h e  bayonet,  

c. Analysis  of Cured Mold 

The 135OF (57OC) c u r e  of t h e  second f u l l - s c a l e  mold w a s  

terminated when Shore A hardness  measurements of p r o p e l l a n t  ba t ch  samples ind i -  

ca t ed  t h a t  t h e  s t a t e  of cu re  had s t a b i l i z e d  throughout t h e  mold. When the  mold 

had cooled t o  ambient temperature,  t h e  c a s t i n g  bay and c a s t i n g  form were d i s -  

assembled and removed. 

V i sua l  i n s p e c t i o n  of t h e  p r o p e l l a n t  mold (Figure 139 through 

144) i n d i c a t e d  t h a t  t h e  c a s t i n g  o b j e c t i v e  w a s  achieved. 

and processes  r e s u l t e d  i n  a s imula t ed  f u l l - s c a l e  g r a i n  of high q u a l i t y  and low 

frequency of d e f e c t s .  Of t h e  d e f e c t s  t h a t  w e r e  observed, most w e r e  seams, less 

than 0.03-in. (0.8 mm) deep, a s s o c i a t e d  wi th  batch i n t e r f a c e s  which showed f u e l -  

r i c h  l a y e r s  and o c c a s i o n a l  0.25 t o  0.50 i n .  (6 t o  1 3  mm) voids .  Examples of 

t h e s e  are shown i n  F igu re  145. 

(18 em) long. One o f  t h e s e ,  shown i n  F igu re  146, w a s  l o c a t e d  a t  one end of t h e  

mold near t h e  co rne r  where a pocket had developed during cas t ing .  The q u a n t i t y  

and s e v e r i t y  of s u r f a c e  d e f e c t s  w e r e  much less than t h o s e  observed i n  t h e  f i r s t  

f u l l - s c a l e  mold. r 

The improved formulat ion 

There w e r e  a f e w  i n s t a n c e s  of f o l d s  of up t o  7 i n .  

The number of s u r f a c e  d e f e c t s  w a s  reduced from 168 t o  34, 

A comparison of t h e  two f u l l - s c a l e  molds is  roughly t h e  same as a comparison of 

Page 68 



NASA CR 72621 

111. C. Discussion of R e s u l t s  (cont)  

t h e  observed d e f e c t s  i n  Motors 260-SL-2 and -3. 

had 99 d e f e c t s ,  only t h r e e  of which w e r e  more than 6 i n .  (15 cm) long,  wh i l e  

t h e  comparable q u a n t i t i e s  i n  t h e  260-SL-3 g r a i n  w e r e  1 7 1  and 84, r e s p e c t i v e l y .  

A map of s u r f a c e  d e f e c t s  i n  t h e  second f u l l - s c a l e  mold is  given i n  F igu re  147. 

Motor 260-SL-2 g r a i n  bo re  

One-half of t h e  mold w a s  s e c t i o n e d  a t  approximately 

7.5-degree (0.13 r ad ian )  increments f o r  a c q u i s i t i o n  of samples and d i s p o s a l  

of t h e  remaining p r o p e l l a n t .  

observed. 

With one except ion,  no i n t e r n a l  d e f e c t s  w e r e  

Carton s a m p l e s  from ba tches  cast  i n t o  t h e  second f u l l -  

s c a l e  mold were t e s t e d  f o r  mechanical p r o p e r t i e s  a t  v a r i o u s  i n t e r v a l s  through 

2 1  days cu re  a t  135°F (57'C). 

scale mold u n t i l  cu re  on t h e  mold w a s  terminated and then placed i n t o  a 135°F 

(57°C) oven t o  test a d d i t i o n a l  cu re  i n t e r v a l s .  

i n d i c a t e  t h a t  s t eady  s ta te  of cu re  w a s  reached w i t h i n  1 4  days. I n i t i a l  

modulus f o r  t h e  e l even  ba tches  c a s t  i n  t h e  mold ranged from 335 t o  485 p s i  

The ca r ton  s a m p l e s  w e r e  cured with t h e  f u l l -  

The d a t a  shown i n  F igu re  148 

a t  14 days cure,  approximately one-half t h e  range observed w i t h  t h e  ANB-3254 

p r o p e l l a n t  c a s t  i n t o  t h e  f i r s t  f u l l - s c a l e  mold. The e f f e c t  of t h e  r e d u c t i o n  

i n  cu re  c a t a l y s t  i n  t h e  l a s t  two ba tches  i s  inconc lus ive ,  based on t h e  modulus 

d a t a  from t h e  c a r t o n  samples. Whereas both ba t ches  are a t  t h e  low end of t h e  

range a t  14 days cu re  t i m e ,  Batch 011 cont inues t o  i n c r e a s e  i n  modulus through 

2 1  days i n d i c a t i n g  a r e d u c t i o n  i n  t h e  rate of cu re ,  wh i l e  Batch 012 appears  t o  

have reached a s t eady  s ta te  of cu re  a t  1 4  days, s i m i l a r  t o  t h e  batches wi th  

t h e  h ighe r  cu re  c a t a l y s t  l e v e l .  

Samples w e r e  prepared from t h i s  mold i n  a manner s i m i l a r  

t o  t hose  taken from t h e  f i r s t  f u l l - s c a l e  mold cast w i t h  ANB-3254 p r o p e l l a n t .  

A ske tch  of t h e  sample l o c a t i o n  w i t h i n  t h e  mold is  shown i n  F igu re  149. 

p e l l a n t  mechanical p r o p e r t i e s  and s o l i d  s t r a n d  burning rates were determined 

a t  each ver t ica l  e l e v a t i o n  (1 through 8) and at  t h e  I D ,  mid and OD l o c a t i o n s  

Pro- 
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f o r  S e c t i o n s  A and B. 

p r o p e r t i e s  and s o l i d  s t r a n d  burning rate, 

Only t h e  midpoint of Sec t ion  C w a s  t e s t e d  f o r  mechanical 

A t  each tes t  l o c a t i o n  bo th  ver t ical ly  

and h o r i z o n t a l l y  o r i e n t e d  specimens w e r e  t e s t e d ,  

l i n e d  Gen-Gard V44 rubber w a s  t e s t e d  ay each v e r t i c a l  e l e v a t i o n  i n  t h e  OD 

l o c a t i o n  of Sec t ions  A,  B y  and C .  

The bond s t r e n g t h  of SD-850-2 

The test d a t a  are t a b u l a t e d  i n  F igu res  150 through 156. 

I n  g e n e r a l ,  t h e  fo l lowing  conclusions may b e  reached concerning t h e  mechanical 

p r o p e r t i e s  of t h i s  mold. The p r o p e l l a n t  cast i n t o  t h e  mold reached an  apparent  

h ighe r  s ta te  of cu re  than t h e  sample c a r t o n s  cast from i n d i v i d u a l  batches as 

experienced w i t h  a l l  previous molds. 

an i so t ropy  i n  t h e  sample c a r t o n s .  The p r o p e l l a n t  i n i t i a l  modulus ranged from 

335 t o  485 p s i  (231 t o  335 N / c m  ) f o r  t h e  sample c a r t o n s  and 378 t o  760 p s i  

(261 t o  524 N/cm ) f o r  t h e  p r o p e l l a n t  c u t  from t h e  f u l l - s c a l e  mold segment. 

The p r o p e l l a n t  from t h e  mold showed t y p i c a l  a n i s o t r o p i c  behavior w i t h  t h e  

v e r t i c a l l y  o r i e n t e d  specimens be ing  h ighe r  i n  modulus i n  27% of t h e  test  

l o c a t i o n s  and t h e  h o r i z o n t a l l y  o r i e n t e d  specimens be ing  h ighe r  i n  only 7% of 

t h e  test l o c a t i o n s .  For t h i s  comparison, only modulus va lues  d i f f e r i n g  by 

more than  100 p s i  (69 N / c m  ), approximately two s t anda rd  d e v i a t i o n s ,  were 

considered t o  b e  s i g n i f i c a n t l y  d i f f e r e n t .  The d a t a  obtained from t h e  f i r s t  

f u l l - s c a l e  mold, cast wi th  ANB-3254 p r o p e l l a n t ,  i n d i c a t e d  a s l i g h t l y  h ighe r  

degree of a n i s o t r o p i c  behavior  w i th  t h e  v e r t i c a l l y  o r i e n t e d  specimens being 

higher  i n  27% of t h e  t es t  l o c a t i o n s  compared w i t h  h o r i z o n t a l  specimens being 

h ighe r  i n  1 7 %  of t h e  l o c a t i o n s .  These d i f f e r e n c e s  between t h e  two molds are 

probably t h e  r e s u l t  of t h e  more uniform flow cond i t ions  which e x i s t e d  during 

t h e  c a s t i n g  of t h e  second mold. 

This  phenomenon may be t h e  r e s u l t  of 

2 

2 

2 

Analysis  of t h e  burning rate d a t a  i n  a s i m i l a r  manner 

i n d i c a t e s  an a n i s o t r o p i c  e f f e c t  w i t h  t h e  h i g h e r  burning rate occur r ing  i n  t h e  

h o r i z o n t a l  plane.  C e r t a i n  burning rate anomalies appear a t  one e l e v a t i o n  
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w i t h i n  t h e  second mold. The burning rates f o r  t he  v e r t i c a l  specimens, Level 3 

middle of Sec t ions  A and B,  are unusual ly  h igh ,  0.950 i n . / s e c  (2.41 cm/s) and 
Y 

0.896 i n . / s e c  (2.28 cm/s), as seen  i n  Figures  151 and 154. It i s  e n t i r e l y  

p o s s i b l e  t h a t  some i r r e g u l a r i t y  occurred du r ing  t h e  processing of t h e s e  s t r a n d s .  

These anomalies are perpendicular  t o  t h e  plane of t h e  p r o p e l l a n t  s u r f a c e  exposed 

du r ing  t h e  planned 18-hr de l ay .  

Bond s t r e n g t h  va lues  obtained from samples prepared a t  

t h e  OD p o s i t i o n  of each s e c t i o n  showed c o n s i s t e n t l y  good va lues  throughout,  

demonstrating t h e  most s i g n i f i c a n t  improvement over t h e  f i rs t  f u l l - s c a l e  mold. 

The f a i l u r e  mode of a l l  samples  occurred as a f r a c t u r i n g  of t h e  p r o p e l l a n t  

w i t h i n  t h e  sample .  

An i so t rop ic  behavior i n  mechanical and b a l l i s t i c  prop- 

erties i s  observed i n  e s s e n t i a l l y  a l l  composite s o l i d  p r o p e l l a n t s .  

t o  which t h i s  behavior e x i s t s  i n  t h e  p r o p e l l a n t  samples descr ibed i n  t h i s  

r e p o r t  i s  t y p i c a l ,  bu t  t h i s  type of d a t a  i s  n o t  commonly r epor t ed .  The d a t a  

a c q u i s i t i o n  p l a n s  f o r  t h i s  program s p e c i f i c a l l y  w e r e  e s t a b l i s h e d  t o  document 

an i so t ropy ,  s i n c e  i t  is a n  unusual oppor tun i ty  f o r  l a r g e  g r a i n s  t o  b e  a v a i l a b l e  

f o r  samples .  

f o r  ca r ton  samples and s t r u c t u r a l  test s l a b s .  Ba l l i s t i c  curve shape d i s t o r t i o n  

experienced i n .  all motors of t h e  260-in. 

o t h e r  l a r g e  motors i s  p o s s i b l y  t h e  r e s u l t  of burning rate an i so t ropy .  

The degree 

Anisotropy i n  ANB-3105 p r o p e l l a n t  has  been r epor t ed  p rev ious ly  

(6.6 m)-dia motor program and i n  

The cause of t h i s  behavior cannot b e  conf iden t ly  iden- 

t i f i e d ,  and an  i n v e s t i g a t i o n  w a s  n o t  w i t h i n  t h e  scope of t h i s  program. Addi- 

t i o n a l  s t u d i e s  would be needed t o  determine how t o  assess t h e  d a t a  i n  t e r m s  

of r e l i a b i l i t y  and performance p r e d i c t i o n .  However, experience h a s  shown t h a t  

t h e  performance of t h e  r e s u l t a n t  p r o p e l l a n t  g r a i n s  has  been r e l i a b l e  and 

r ep roduc ib le ,  and t h a t  t h e  magnitude of t h e  e f f e c t  is w i t h i n  accep tab le  l i m i t s .  
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d. I n t e r p r e t a t i o n  of R e s u l t s  

Based on t h e  a n a l y s i s  of t h e  g r a i n  d e f e c t s  found i n  the  

second l a r g e  mold, and contour measurements and obse rva t ions  of flow during 

c a s t i n g  of t h e  mold, i t  can be concluded t h a t  t h e  f low c h a r a c t e r i s t i c s  of t h e  

improved p r o p e l l a n t  formulat ion ANB-3350 are adequate.  I n  a d d i t i o n ,  p r o p e l l a n t  

v i s c o s i t y  a t  t h e  low shea r  stress of 5000 dynes/cm2 (500 N/m ) can b e  concluded 

t o  provide a rea l i s t ic  assessment of t h e  c o m p a t i b i l i t y  of t h e  flow cha rac t e r -  

i s t i c s  w i th  the 260-in. (6.6 m)-dia motor c a s t i n g  process .  Whereas ANB-3254 
2 

p r o p e l l a n t  c a s t  i n t o  t h e  f i r s t  l a r g e  mold gave v i s c o s i t i e s  a t  5000 dynes/cm 

(500 N/m ) of g r e a t e r  than 100,000 p o i s e  (10,000 N s / m  ) a t  about 5 h r  after 

cu r ing  agent  a d d i t i o n ,  t h e  improved ANB-3350 fo rmula t ion  e x h i b i t s  v i s c o s i t i e s  

of less than  30,000 p o i s e  (3,000 N s / m  ). 

2 

2 2 

2 

Fu r the r  s u b s t a n t i a t i o n  of t h e  adequacy of t h e  ANB-3350 

flow c h a r a c t e r i s t i c s  is provided by a comparison wi th  t h e  v i s c o s i t y  d a t a  f o r  

ANB-3105. The c o m p a t i b i l i t y  of t h e  flow c h a r a c t e r i s t i c s  of ANB-3105 with the  

260-in. (6.6 m)-dia. motor p rocess ,  has been adequately demonstrated i n  t h e  

processing and s u c c e s s f u l  f i r i n g  The fol lowing 

t a b u l a t i o n  compares t h e  v i s c o s i t y  c h a r a c t e r i s t i c s  of ANB-3105 and ANB-3350 

(Batch 22D-181-012) formulated wi th  t h e  optimum 0.03 w t %  cu re  c a t a l y s t .  

of Motors 260-SL-1 and -2. 
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Prop e l l a n t  

ANB-3105 

ANB- 3 350 

T i m e  A f t e r  Curing 
Agent Addition, 

h r  

3.35 

7.35 

11.35 

3.0 

7.0 

11.0 

2 V i s c o s i t y  a t  
5000 dynes/cm2, (500 N/m ) 

po i se  (Ns /m2)  

12,000 (1,200) 

21,000 (2,100) 

12,000 (1,200) 

22,000 (2,200) 

26,000 (2,600) 

16,000 (1,600) 

As shown, t h e  v i s c o s i t y  c h a r a c t e r i s t i c s  of ANB-3350 are equ iva len t  t o  o r  

s l i g h t l y  s u p e r i o r  t o  t h e  w e l l  demonstrated ANB-3105 p r o p e l l a n t .  

The s i g n i f i c a n c e  of t h e  p r o p e l l a n t  mixing processing 

improvement i s  i n d i c a t e d  perhaps only i n d i r e c t l y  by t h e  r e s u l t s  of t h e  pro- 

c e s s i n g  demonstration. The extended vacuum mix cyc le  w a s  used on t h e  b a s i s  

t h a t  i t  w a s  necessary when p rocess ing  ANB-3254 p r o p e l l a n t  and would b e  a con- 

s e r v a t i v e  f e a t u r e .  'The v i s c o s i t y  c h a r a c t e r i s t i c s  of ANB-3350 p r o p e l l a n t  i n  

t h e  l a r g e  mixer w e r e  s imilar  t o  those measured i n  p r o p e l l a n t  processing i n  

s m a l l  mixers,  sugge'sting t h a t  t h e  o b j e c t i v e  of adequate  d e a e r a t i o n  w a s  

achieved. 

Observations of d e f e c t  formation during c a s t i n g  of bo th  

t h e  42-in. (1.07 m)-dia and f u l l  scale molds, showed t h a t  t h e  mechanism i n - '  

volved formation o f  a wave, followed by movement of t h e  wave f r o n t  a g a i n s t  t h e  

case w a l l  o r  c o r e  su r face .  The flow c h a r a c t e r i s t i c s  of t h e  p r o p e l l a n t  govern 

t h e  wave h e i g h t  which i n  t u r n  governs t h e  s i z e  of t h e  d e f e c t  formed when t h e  

wave t r a p s  a i r  a g a i n s t  t h e  w a l l  s u r f a c e .  Thus d e f e c t  formation invo lves  move- 

ment of t h e  p r o p e l l a n t  s u r f a c e .  

p r o b a b i l i t y  of d e f e c t  formation. 

The more uneven t h e  s u r f a c e ,  t h e  g r e a t e r  t h e  

Data suppor t ing  t h i s  mechanism of d e f e c t  formation and 

showing t h e  i n f l u e n c e  of bayonet submergence w a s  ob ta ined  during t h e  c a s t i n g  . 
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1II.C. Discussion of R e s u l t s  (cont)  

of t h e  second l a r g e  scale mold w i t h  ANB-3350. Because of t h e  complex p a t t e r n s  

occur r ing  around t h e  bayonet t i p ,  i t  i s  n o t  p o s s i b l e  t o  a s c e r t a i n  t h e  l o c a t i o n  

of any given batch.  

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

i t i es  w e r e  s t u d i e d .  The r e s u l t s  of t h i s  s tudy are summarized i n  F igu res  157 

and 160. 

when each ba tch  w a s  cast, w a s  determined from cast t i m e ,  v i s c o s i t y  bui ldup and 

bayonet depth data .  Mot s u r p r i s i n g l y ,  i n c r e a s i n g  v i s c o s i t i e s  are noted a t  

i n c r e a s i n g  submergence levels. A v i s c o s i t y  peak occurred a f t e r  t h e  f o u r t h  

batch due t o  a scheduled 18-hour c a s t i n g  delay.  A second v i s c o s i t y  peak 

occurred a t  t h e  e i g h t h  ba t ch  because submergence w a s  pe rmi t t ed  t o  i n c r e a s e  t o  

18-in. (46 cm) from t h e  6 t o  12 inches  (15 t o  30 cm) used f o r  a l l  o t h e r  batches.  

To e v a l u a t e  t h e  f low p a t t e r n s ,  t h e  i n t e r r e l a t i o n s h i p s  among 

F i r s t ,  t h e  v i s c o s i t y  of t h e  p r o p e l l a n t  a t  va r ious  v e r t i c a l  l o c a t i o n s ,  

An ove r l ay  of t h e  s u r f a c e  level  d i f f e r e n t i a l s  measured 

on t h e  r i g h t  and l e f t  h a l v e s  of t h e  mold (F igu res  157 and 158) over t h e  viscos-  

i t y  p l o t ,  shows a l a r g e  h e i g h t  d i f f e r e n t i a l  occurred a t  Batch 8 ( r i g h t  h a l f  of 

t h e  mold). A peak i n  t h e  v i s c o s i t y  p l o t  (bayonet t i p  + 12-in. l e v e l )  a l s o  

occurred a t  t h i s  l e v e l .  For t h e  l e f t  h a l f  of t h e  mold, peaks i n  both h e i g h t  

d i f f e r e n t i a l  and v i s c o s i t y  occur a t  Batches 5 and 8. A comparison of v i s c o s i t y  

a t  t h e  d i f f e r e n t  levels wi th  t h e  e s t ima ted  area o f ' s u r f a c e  i r r e g u l a r i t i e s  

(F igu re  159) shows corresponding peaks a t  Batches 5 and 8. The peak a t  Batch 11 

does n o t  afipear t o  re la te  d i r e c t l y  t o  v i s c o s i t y .  

A c r o s s  p l o t  of t h e  h e i g h t  d i f f e r e n t i a l  w i t h  t h e  esti- 

mated area of observed s u r f a c e  i r r e g u l a r i t i e s  i n  F igu re  160, reveals corres-  

ponding peaks and i n d i c a t e s  t h a t  h e i g h t  d i f f e r e n t i a l s  and d e f e c t s  are probably 

r e l a t e d .  

On t h e  b a s i s  of t h i s  a n a l y s i s  and r e l a t e d  obse rva t ions  

i t  i s  appa ren t  t h a t  bayonet submergence depth i s  an important  f a c t o r  even when 

c a s t i n g  an optimized p r o p e l l a n t  such as ANB-3350. With g r e a t e r  bayonet t i p  
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1II.C. Discussion of R e s u l t s  (cont)  

submergence, t h e  bayonet e f f l u x  d i s p l a c e s  p r o p e l l a n t  of g r e a t e r  age which 

moves t o  t h e  s u r f a c e .  The o l d e r  p r o p e l l a n t  becomes p a r t  of t h e  moving 

s u r f a c e  which u l t i m a t e l y  forms t h e  cured p r o p e l l a n t  a t  t h e  co re  o r  t h e  

chamber w a l l .  Thus, i n c r e a s e d  bayonet submergence c o n t r i b u t e s  t o  t h e  age 

f a c t o r  i n  i n c r e a s i n g  p r o p e l l a n t  s u r f  ace v i s c o s i t y ,  thereby i n c r e a s i n g  t h e  

p r o b a b i l i t y  of d e f e c t  formation. 

The l i m i t a t i o n s  p l aced  ori bayonet submergence g e n e r a l l y  

achieved t h e  d e s i r e d  e f f e c t  of a l lowing f r e s h  p r o p e l l a n t  t o  flow on t h e  s u r f a c e ,  

thereby minimizing movement of o l d e r ,  more v i scous  p r o p e l l a n t .  Fu r the r  l i m i t a -  

t i o n s  t o  near-surface o r  above-surface could be expected t o  provide a s l i g h t l y  

improved s i t u  a t ion.  

The success  i n  ach iev ing  adequate  bonding of t h e  propel- 

l a n t  t o  t h e  l i n e r  i s  probably t h e  l a r g e s t  c o n t r i b u t i o n  t o  assurance of success- 

f u l  g r a i n  performance. 

The flow behavior  of t h e  cast p r o p e l l a n t ,  a f t e r  t h e  

18-hour de l ay ,  and the  subsequent s u r f a c e  d e f e c t s  emphasize t h a t  long de lays  

are t o  be avoided i n  processing l a r g e  motors. 

The r e s u l t s  of t h i s  demonstration have been used i n  

compilat ion of processing g u i d e l i n e s  f o r  260-in. (6.6 m)-dia motors. These 

g u i d e l i n e s  are p resen ted  i n  d e t a i l  i n  t h e  appendix t o  t h i s  r e p o r t .  
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I V  . CONCLUSIONS 

An improved p r o p e l l a n t  fo rmula t ion ,  des igna ted  ANB-3350, has been dev- 

eloped and t h e  adequacy of i t s  p rocess ing  c h a r a c t e r i s t i c s  demonstrated by 

c a s t i n g  a 120-degree (2.09 r ad )  segment of a 260-in.(6.6 m)-dia mold u s i n g  

f u l l - s c a l e  motor processing methods. Examination of t h e  cured mold showed a 

very low and a c c e p t a b l e  level of g r a i n  d e f e c t s .  ANB-3350 meets t h e  b a l l i s t i c  

and mechanical p rope r ty  requirements of t h e  program. 

P r o p e l l a n t  v i s c o s i t y  under a l o w ,  a p p l i e d  s h e a r  stress w a s  found t o  b e  
2 a c r i t i c a l  parameter. 

a p p l i e d  stress c o r r e l a t e  w i th  t h e  frequency of g r a i n  d e f e c t  formation.  

Comparison of t h e  v i s c o s i t y  of ANB-3350 wi th  t h a t  of ANB-3105 p r o p e l l a n t ,  

which has  been s u c c e s s f u l l y  demonstrated i n  Motors 260-SL-1 and -2, shows t h e  

ANB-3350 formulat ion v i s c o s i t y  t o  b e  s l i g h t l y  lower a t  t h i s  stress level .  

A f i v e -  t o  ten-fold improvement over t h e  v i s c o s i t y  c h a r a c t e r i s t i c s  of t h e  

ANB-3254 p r o p e l l a n t  c a s t  i n t o  t h e  f i r s t  l a r g e  mold and Motor 260-SL-3 has  

been achieved.  

V i s c o s i t y  measurements a t  5000 dynes/cm2 (500 N/m ) 

The g r e a t l y  improved flow c h a r a c t e r i s t i c s  of ANB-3350 fo rmula t ion  are 

p r i m a r i l y  due t o  t h e  u s e  of i r o n  ox ide  as t h e  primary burning rate a d d i t i v e .  

This  material is chemical ly  i n e r t ,  dense,  has  no e f f e c t  on p r o p e l l a n t  f low,  and 

has a low mois tu re  con ten t .  Add i t iona l  improvement i n  v i s c o s i t y  c h a r a c t e r i s -  

t i c s  r e s u l t e d  from t h e  u s e  of an Aero je t  w e t t i n g  agent  des igna ted  FC-167. 

The v i s c o s i t y  of t h e  improved fo rmula t ion  w a s  found t o  be i n s e n s i t i v e  t o  mix 

procedure v a r i a t i o n s  inc lud ing  ' l o w  vacuum l e v e l s  and s h o r t  vacuum mix t i m e s .  

An understanding of t h e  i n t e r r e l a t i o n s h i p s  between p r o p e l l a n t  v i s c o s i t y  

c h a r a c t e r i s t i c s  and g r a i n  d e f e c t  formation du r ing  c a s t i n g  h a s  been developed. 

The g r a i n  d e f e c t s  observed i n  Motor 260-SL-3 w e r e  d u p l i c a t e d  i n  t h e  f i r s t  

l a r g e  scale mold. The d e f e c t s  are a t t r i b u t a b l e  t o  t h e  u n d e s i r a b l e  pseudo- 

p l a s t i c  flow behavior  of t h e  ANB-3254 p r o p e l l a n t  formulat ion.  Under t h e  
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IV . Conclusions (cont ) 

cond i t ions  of low, a p p l i e d  s h e a r  stress i n  t h e  motor t h e  p r o p e l l a n t  v i s c o s i t y  

is  high and causes  t h e  p r o p e l l a n t  t o  mound around t h e  bayonet.  When t h e  

h y d r o s t a t i c  head of t h e  mound exceeds t h e  p r o p e l l a n t  y i e l d  stress, t h e  propel- 

l a n t  f lows o u t  i n  waves t h a t  e n t r a p  a i r  nex t  t o  t h e  co re  s u r f a c e s .  

The poor flow behavior  of t h e  ANB-3254 p r o p e l l a n t  a t  low shea r  stress 

is  caused l a r g e l y  by t h e  use  of t h e  burning-rate  a d d i t i v e  BRA-101, and t h e  

inadequate  vacuum mixing cyc le .  

long mix c y c l e s )  t h e  BRA-101 does no t  appear t o  i n f l u e n c e  t h e  flow behavior  

of t h e  p r o p e l l a n t  t o  an unacceptable  degree.  

Under i d e a l  cond i t ions  of mixing (high vacuum, 

I n  t h e  product ion v e r t i c a l  ba t ch  

mixers t h a t  have a low (compared t o  t h e  development s c a l e  mixers) surface- to-  

volume r a t i o  and g e n e r a l l y  less e f f i c i e n t  d e a e r a t i o n ,  t h e  BRA-101 causes  t h e  

p r o p e l l a n t  t o  e x h i b i t  h i g h l y  pseudop las t i c  flow c h a r a c t e r i s t i c s .  

A s  t h e  p r o p e l l a n t  cu re  r e a c t i o n  proceeds,  a l l  p r o p e l l a n t  formulat ions 

w i l l  e v e n t u a l l y  show extreme pseudop las t i c  behavior .  
between formulat ions i s  t h e  rate a t  which they develop pseudop las t i c  

behavior .  

minimize t h e  movement of t h e  o l d e r ,  more v i scous  p r o p e l l a n t  w i t h i n  t h e  motor. 

Observations of p r o p e l l a n t  flow p a t t e r n s  i n  t h e  s u b s c a l e  and f u l l - s c a l e  molds 

cast i n d i c a t e  t h a t  t h e  b e s t  l o c a t i o n  of t h e  bayonet t i p  i s  a t  o r  j u s t  below 

t h e  s u r f a c e  of t h e  p r o p e l l a n t  (i.e.,  minimum submergence). Prel iminary d a t a  

i n d i c a t e  t h a t  above-surface c a s t i n g  may provide even more a s su rance  of freedom 

The major d i f f e r e n c e  

For t h i s  reason t h e  bayonet submergence must be c o n t r o l l e d  s o  as t o  

from g r a i n  and bond d e f e c t s ,  b u t  a d d i t i o n a l  work is  requ i r ed  t o  confirm t h i s .  

The development of p seudop las t i c  flow behavior  i n  even t h e  optimized 

ANB-3350 formulat ion i n d i c a t e s  t h a t  c a s t i n g  de lays  are a s i g n i f i c a n t  f a c t o r  

t o  be considered. 

s u r f a c e  f r e q u e n t l y  is n o t  p a r t  of t h e  ba t ch  being cast, even wi th  near-surface 

bayonet c a s t i n g ,  between-batch i n t e r v a l s  should be minimized. 

Because t h e  p r o p e l l a n t  which c o n t a c t s  t h e  co re  o r  bond 
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I V .  Conclusions ( con t )  

Mechanical p rope r ty  and burning rate (cured s t r a n d )  tests on specimens 

from cured g r a i n s  show v a r i a t i o n s  dependent on o r i e n t a t i o n  of t h e  specimen i n  

t h e  g r a i n .  

e s s e n t i a l l y  a l l  s o l i d  p r o p e l l a n t s .  Improved ba tch  sampling techniques t h a t  

provide a t r u e  measure of motor g r a i n  p r o p e r t i e s  are needed. 

Such a n i s o t r o p i c  behavior is  common and has  been observed i n  

A new in-process acceptance tes t  f o r  t h e  flow c h a r a c t e r i s t i c s  of pro- 

p e l l a n t  f o r  use i n  260-in. (6.6 m)-dia motors has  been developed. 

c o n s i s t i n g  of measurement of t h e  r a t e - o f - f a l l  of a s t ee l  b a l l  through the  

p r o p e l l a n t ,  i s  s imple,  a c c u r a t e ,  and r e l i a b l e .  

This  test ,  

The 42-in.(107 cm)-dia s u b s c a l e  mold has  been shown t o  be a va luab le  

t o o l  f o r  assessment of p r o p e l l a n t  flow behavior  i n  terms of t h e  260-in.(6.6 m)- 

d i a  motor bayonet c a s t  process .  The mechanism of d e f e c t  formation w a s  c l e a r l y  

r evea led  i n  these  s u b s c a l e  c a s t i n g s ,  and subsequent ly  reproduced i n  t h e  f u l l -  

scale mold, and t h e  assessment of t h e  adequacy of the flow behavior  of t h e  

improved formulat ion w a s  p r e d i c t e d  s u c c e s s f u l l y .  
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Schematic Diagram of Subscale Mold Showing Locations of 
Specimens Taken for Property Testing 
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F i n a l  Vacuum 
Formulation 

Batch FeAA Content Mix T ime ,  Bayonet Cast R a t e  T ime  Between 
No. w t %  min . Submergence, i n .  (cm) l b / h r  (Kg/hr) Batches, h r  

68-264 0.032 60 0-5 (0-13) 400 (180) 

68-265 0.032 60 5-13 (13-33) 300 (136) 5 .3  

68-266 0.032 60* 3 (8) 300 (136) 4.8 

68-267 0.045 60 3 (8) 200 (90) 4.5 

68-268 0.045 10 3 ( 8 )  300 (136) 2.5 

(1) Formulation contained 0.65 w t %  I r o n  Blue and 0.65 w t %  BRA-101. 
(2) P r o p e l l a n t  mixed a t  vacuum level of 29 i n .  (740 mm) Hg. 
(3) Mold c o n f i g u r a t i o n  w a s  240 degree (4.19 r ad )  c l o v e r l e a f .  

*Final  f u e l  added a t  145°F (63°C) 

Summary of ANB-3254 P r o p e l l a n t  Formulation and 
Mixing Var i ab le s  and Cast ing Parameters f o r  Subscale Mold 3 

F igu re  18 
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Mixing Cast ing 
Batch Mix T i m e ,  Bayonet Cast R a t e  T i m e  Between 

No. min Submergence, i n .  (cm) l b / h r  (Kgjhr) Batches,  h r  

68-281 10 0-4 (0-10) 300 (136) - 
68-282 10 1-7 (3-18) 300 (136) 24.0 

68-283 10 3 (8) 

22D-171 70 3 (8) 

68-284 10 3 (8) 

1. Formulation contaiaed 0.65 w t %  I r o n  Blue and 0.65 w t . %  BRA-101. 
2. Vacuum l e v e l  during mixing w a s  29 i n .  (740 mm) Hg. 
3.  Mold c o n f i g u r a t i o n  w a s  240 degree (4.19 r ad )  c y l i n d e r .  

Summary of ANB-3254 P r o p e l l a n t  Mixing Var i ab le s  and Cast ing Parameter 
f o r  Subscale Mold No. 4 

Figure  25  
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NASA CR 7 2 6 2 1  

Mixing Cast inv 
Batch Mix T i m e ,  Bayonet Cast Rate T ime  Between 

N o .  min Submergence, i n .  (cm) l b / h r  (Kg/hr) Batches,  h r  

68-290 10 0-5 (0 -13)  400 (180) 

68-291 10 5-13 (13 -33)  400 (180) 6 

68-292 10 3 ( 8 )  400 (180) 5 

68-293 10 3 ( 8 )  400 (180) 7 

68-294 10 3 ( 8 )  400 (180) 8 

1. Formulation contained 0 . 6 5  w t  % I r o n  Blue and 0 .65  w t  % BRA-101. 
2 .  
3 .  Mold c o n f i g u r a t i o n  w a s  240 degree (4 .19 r ad )  c l o v e r l e a f .  

P r o p e l l a n t  mixed a t  a vacuum l e v e l  of 29 i n .  ( 7 4 0  min) Hg f o r  10 min. 

Summary of ANB-3254 P r o p e l l a n t  Cast ing Parameters 
f o r  Subscale Mold N o .  5 

Figure  3 3  
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NASA CR 7 2 6 2 1  

Mixing Cast ing 
Batch Mix T i m e ,  Bayonet Cast Rate- T i m e  Between 

No. min Submergence , i n .  (cm) l b / h r  (Kg/hr) Batches , h r  

- 68-327 10 0-3 ( 0 - 8 )  7 00 ( 3 2 0 )  

68-328 10 2 ( 5 )  620 ( 2 8 0 )  4 

68-329 10 2 ( 5 )  840 ( 3 8 0 )  4 

68-330 10 

68-331 10 

1. Formulation contained 0.65 w t  % I r o n  Blue and 0 . 6 5  w t  % BRA-101. 
2 .  P r o p e l l a n t  mixed a t  a vacuum l e v e l  of 29 i n .  (740  mm) Hg f o r  LO min. 
3 .  Mold c o n f i g u r a t i o n  w a s  360 degree ( 6 . 2 8  r ad )  c y l i n d e r .  

Summary of ANB-3254 P r o p e l l a n t  and Cast ing 
Parameters f o r  Subscale Mold 6 

F i g u r e  38 
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NASA CR 72621 

Cas t i n g  
Batch Bayonet Cast R a t e  T i m e  Between 
No. Formulation Submergence, i n .  (cm) l b / h r  Kg/hr Batches,  h r  

69-7 ANB- 3354 0-3 ( 0 - 8 )  740 ( 3 4 0 )  - 

69-8 ANB-3 2 54 0-3 (0-81 680 (310) 4.5 

69-9 ANB-3 2 54 0-3 (0 -8 )  680 (310) 6 . 5  

69-10 ANB- 3 2 54 0-3 ( 0 - 8 )  650 (290 ;  1 2 . 8  

69-11 ANB-3 3 5 0 0-3 ( 0 - 8 )  575 ( 2 6 0 )  8 . 0  

1. Mold c o n f i g u r a t i o n  w a s  360 degree ( 6 . 2 8  r ad )  c y l i n d e r  
2 .  P r o p e l l a n t  mixed a t  a vacuum l e v e l  of 29 i n .  (740 mm) Hg f o r  55 minutes 

Summary of P r o p e l l a n t  Var i ab le s  
Cast i n t o  Subscale  Mold 7 

Figure  44 
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24 i n . ( 0 . 6 1  m) wide, 

rubber ,  SD-850-2 I 
l i n e r  

3 places, v44 11 

78 in. 
(1.98 m) 

F u l l - s c a l e  Cas t ing  Form 
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Mechanical P roDer t i e s  a t  77°F (25°C) 
E m y  b y  Eoy F a i l u r e  (3 E Sample Locat ion m y  

S e c t i o n  Area psi (N/cm2) --- % % p s i  (N/cm2) Lo cat i o n  

C OD 68  (47) 17  1 9  608 (419) Random 

Random 58 ( 4 0 )  15 16  511 (352) 

94 (65) 15 15 752 (518) Random 

C M I D  90 (62) 19  20 673 (464) I n t e r f a c e  

B M I D  83 (57) 20 20 573 (395) I n t e r f a c e  

Mechanical P r o p e r t i e s  of P r o p e l l a n t  Specimens from 
F i r s t  F u l l - s c a l e  Mold Containing B ip rope l l an t  I n t e r f a c e s  

Figure 95 
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Vacuum Level, i n .  (mm) Hg 

Mix Temperature, O F  ( " 6 )  

F i n a l  Mix T i m e ,  min. 

Mixer Blade Top Speed f t / m i n  
(cm/s> 

Densi ty ,  gm/cm3 

Viscos i ty  a t  135°F ( 5 7 " C ) ,  
5 kdynes/cm2 ( 5 0 0  N/m2) 
shea r  stress , p o i s e  (Ns/m2) 

6 h r  

10 h r  

LSBR a t  600 p s i  ( 4 1 4  N/cm2), 
i n .  /sec (cm/s) 

Mechanical P r o p e r t i e s  a t  
77°F ( 2 5 ° C )  

CT p s i  (N/cm2) m' 

E %  m y  

% 'b ' 
Eo, p s i  (N/cm2) 

29 ( 7 3 7 )  29 ( 7 3 7 )  29 ( 7 3 7 )  

130 ( 5 4 )  130  ( 5 4 )  130 ( 5 4 )  

20 20 20 

3 1  ( 1 6 )  67 ( 3 4 )  104 ( 5 3 )  

1 .746 1.744 1.746 

38,000 ( 3 , 8 0 0 )  49 ,000  ( 4 , 9 0 0 )  1 7 , 0 0 0  ( 1 , 7 0 0 )  

60 ,000  ( 6 , 0 0 0 )  56 ,000  ( 5 , 6 0 0 )  23 ,000  ( 2 , 3 0 0 )  

0 .685  ( 1 . 7 4 )  0 .666  ( 1 . 6 9 )  0 .650  ( 1 . 6 5 )  

115 ( 7 9 )  99 ( 6 8 )  78  ( 5 4 )  

20 

20 

18 

1 9  

26 

29 

686 ( 4 7 3 )  625  ( 4 3 1 )  372 ( 2 5 7 )  

E f f e c t  of Mixer Speed on P r o p e l l a n t  
Flow and Mechanical P r o p e r t i e s  

F igure  100 
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Cure C a t a l y s t  
Wt% Type - 

Cured P r o p e l l a n t  Mechanical P r o p e r t i e s  a t  77’F (25’C) 

2 
Eo 9 ‘b ’ E m’ 

x - % psi ( N l c m  ) 

Is 
2 m’ 

p s i  ( N l c m  - ) - 
FeAA 0.02 85 (59) 23 25 483 (3332 

FeAA 0.05 86 (59) 20 22 568 (392) 

FC-151 0.05 110 (76) 23 24 616 (425) 

* Binder 100/130 PBAN/DER-332 

BRA 1 . 2  w t %  I r o n  Blue 

E f f e c t  of Cure C a t a l y s t  Type and Concentrat ion on Mechanical 
P r o p e r t i e s  of PBAN Propel lan t*  - 

Figure  1 1 2  



Oxidizer Blend 

Burning Rate Additives 

Wetting Agent 

Cure Catalyst 

Antioxidant 

Plasticizer 

Binder 

NASA CR 72621 

60 /40  SSMP/MA 

2.0 wt% Iron oxide 
0 to 0.25 wt% Iron Blue 

10 to 20 equiv FC-167 

0.025 to 0.05 wt% FC-151 

0.1 to 0.2 wt% PBNA 

25 t o  30 wt% (of binder) 
DOA 

PBAN 80-90 equiv 
DER-332 80 to 85 equiv 

Improved Formulation ANB-3350 

Figure 113 
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Cure 

69 - days 
Batch No. T i m e ,  

2 1  1 2  
18 
22 

22 

23 

24 

25 

1 2  
18 
22 

1 2  
18 
22 

1 2  
18 
22 

1 2  
18 
22 

Shore A 
Hardness 

36 
42 
40 

4 1  
46 
4 1  

32 
34 
32 

38 
40 
4 1  

45 
46 
48 

CT m y  
psi (N/cm2) 

Mechanical P r o p e r t i e s  a t  77°F (25OC) 

b y  Eo’ E E m’ 

72 (50) 21  

87 (60) 19  
76 (52) 17 

82 (57) 18 
92 (63) 19 
87 (60) 19  

57 (39) 21 
65 (45) 21  
65 (45) 1 9  

66 (46) 22 
80 (55) 20 
87 (60) 21  

92 (63) 2 1  
105 (72) 19 
108 (75) 20 

% 

22 442 (305) 
18 522 (360) 
20 564 (389) 

18 551 (380) 
20 599 (413) 
20 651  (449) 

24 348 (240) 
23 396 (273) 
20 424 (292) 

24 407 (281) 
21  516 (356) 
22 568 (391) 

23 581 (401) 
20 682 (470) 
21  708 (488) 

- 
Mechanical P r o p e r t i e s  of Ca r ton  Samples of P r o p e l l a n t  Cast 

i n t o  Eighth Subscale  Mold 

F igu re  119 
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N A S A  CR 72621 

Cure 

69- days 
Batch N o .  T i m e ,  

32 1 2  
1 8  
22 

33 

34 

35 

36 

1 2  
1 8  
22 

1 2  
1 8  
22 

1 2  
1 8  
22 

1 2  
1 8  
22 

Shore A 
Hardness 

30 
36 
37 

25 
29 
3 1  

33 
4 3  
44 

30 
33 
36 

29 
34 
35 

Mechanical P r o p e r t i e s  a t  77’F (25OC) 

m’ 
psi (N/cm2> % - % psi (N/cm2) 

E m’ b ’  Eo’ 0 E 

6 2  ( 4 3 )  20 2 1  380 ( 2 6 2 )  
7 2  ( 5 0 )  2 1  23 446 ( 3 0 8 )  
7 2  ( 5 0 )  2 1  22 444 ( 3 0 6 )  

23 26 265 ( 1 8 3 )  49 ( 3 4 )  
57 ( 3 9 )  19  20 370 ( 2 5 5 )  

23 324 ( 2 2 3 )  58 ( 4 0 )  22 

68  ( 4 7 )  
83 ( 5 7 )  
77 ( 5 3 )  

60 ( 4 1 )  
7 1  ( 4 9 )  
69 ( 4 8 )  

56 ( 3 9 )  
69 ( 4 8 )  
60  ( 4 1 )  

22 23 415 ( 2 8 6 )  
17 1 8  555 ( 3 8 3 )  
1 8  1 8  496 ( 3 4 2 )  

24 25 3 3 1  ( 2 2 8 )  
2 1  24 437 ( 3 0 2 )  
2 1  22 424  ( 2 9 2 )  

23 24 320 ( 2 2 1 )  
1 9  20 468 ( 3 2 3 )  
22 23 346 ( 2 3 9 )  

Mechanical P r o p e r t i e s  Carton Samples  of P rope l l an t  Cast 
i n t o  t h e  Ninth Subscale  Mold 

F igu re  123  
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NASA CR 72621 

Cure 
Batch No. T i m e ,  

69- days 

4 1  12  
18 
22 

4 2  1 2  
18 
22 

4 3  

44 

4 5  

1 2  
18  
22 

1 2  
18  
22 

12  
18 
22 

Shore A 
Hardness 

45 
46 
46 

44 
4 5  
48 

28 
3 1  
30 

27 
30 
30 

25 
28 
29 

Mechanical P r o p e r t i e s  a t  77°F ( 2 5 ’ C )  
0 E m’ m’ 
psi (N/cm2) A 

92 ( 6 3 )  1 8  

98  ( 6 8 )  18 
97 ( 6 7 )  19 

88 ( 6 1 )  22 
94  ( 6 5 )  23  

100 ( 6 9 )  22 

57 ( 3 9 )  21  
60 ( 4 1 )  23 
57 ( 3 9 )  26 

55  ( 3 8 )  24 
57 ( 3 9 )  24 
58  ( 4 0 )  25 

5 1  ( 3 5 )  26 
56 ( 3 9 )  23  
54 ( 3 7 )  26 

b y  Eo’ E 

psi (N/cm2) 

18  6 3 3  ( 4 3 6 )  
19 645  ( 4 4 5 )  
19 677 ( 4 6 7 )  

2 3  529 ( 3 6 5 )  
24 544 ( 3 7 5 )  
23  634  ( 4 3 7 )  

2 2  325 ( 2 2 4 )  
25 326 ( 2 2 5 )  
28 278 ( 1 9 2 )  

26 291  ( 2 0 1 )  
27 302  ( 2 0 8 )  
27 311  ( 2 1 5 )  

28 247 ( 1 7 0 )  
25 304 ( 2 1 0 )  
27 270 ( 1 8 6 )  

Mechanical P r o p e r t i e s  Carton Samples of P r o p e l l a n t  cast 
i n t o  t h e  Tenth Subscale  Mold 
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NASA CR 72621 

A u t o i g n i t i o n  Temperature, Copper Block, O F  ( "C )  482 (250) 

Impact S e n s i t i v i t y ,  50% p o i n t ,  cm/2Kg 

Rotary F r i c t i o n  S e n s i t i v i t y ,  50% p o i n t ,  
g load/RPM 

38 

4000 / 3  250 

NOL Card Gap, "0" Attenuat ion  Negat ive 

S a f e t y  C l a s s i f i c a t i o n  T e s t i n g  f o r  
ANB-3350 Type P r o p e l l a n t  
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NASA CR 72621 

Oxidizer  Blend Rat io ,  SSMP/MA 

Burning R a t e  Addi t ives  

I r o n  Oxide, w t %  

I r o n  Blue,  w t %  

FC-167 (wet t ing  a g e n t ) ,  equ iva len t s  

FC-151 ( cu re  c a t a l y s t ) ,  w t %  

PBNA ( a n t i o x i d a n t ) ,  w t %  

DOA ( p l a s t i c i z e r ) ,  w t %  of b inde r  

Binder 

PBAN ( te rpolymer) ,  equ iva len t s  

DER-332 \ (cur ing agen t ) ,  equ iva len t s  

60/40 

2 .oo 

0 $10 

20 

0.05  

0.10 

30 

a0 

8 2  

Task 111 Process  Demonstration 

ANB 3350 Prope l l an t  Formulation S e l e c t i o n  f o r  1 
i' 

Figure  130 
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NASA CR 72621 
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NASA CR 72621 

I n s i d e  Diameter of Cured Mold, L e f t  Hand V i e w  
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I n s i d e  Diameter of Cured Mold, Right  Hand V i e w  
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NASA CR 72621 
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NASA CR 72621 

West End of Cured Mold 
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NASA CR 7 2 6 2 1  

Cure T i m e  a t  
Batch No. 135°F ( 5 7 ° C )  

22D-181- days 

001 14 
17 
2 1  

0 0 2  

00 3 

0 0 4  

00 5 
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00 8 
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0 1 2  
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2 1  
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1 4  
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2 1  

14 
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2 1  
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2 1  
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1 4  
17 
21 
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21 

14 
17 
2 1  

14 
17 
2 1  

Shore A 
Hardness 

36 
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40 

33  
36 
37 

34 
36 
37 

4 1  
39 
39 

38 
40 

42  
4 1  

40 
4 1  

39 
37 

40 
4 2  
42  

3 4  
36 
36 

34 
3 3  
35 
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Appendix 

On t h e  b a s i s  of d a t a  obtained under Contract  NAS3-12002 and i n  t h e  

processing of Motors 260-SL-1, -2 and -3, c e r t a i n  p rocess ing  g u i d e l i n e s  t h a t  

provide inc reased  a s su rance  of p r o p e l l a n t  g r a i n  and bond i n t e g r i t y  and motor 

r e l i a b i l i t y  have been developed. These p rocess ing  g u i d e l i n e s  are t o  be used 

w i t h i n  t h e  con tex t  of t h e  f ac i l i t i e s  and equipment a t  t h e  Aerojet-Dade f a c i l i t y ,  

t h e  procedures and materials used f o r  processing Motor 260-SL-3, and t h e  formu- 

l a t i o n  improvements developed under Con t rac t  NAS3-12002. 

1. Raw Materials 

a. A l l  p r o p e l l a n t  r a w  materials f o r  a product ion run  s h a l l  con- 

s ist  of a s i n g l e  homogeneous batch,  o r  i f  m u l t i p l e  ba t ches  are r equ i r ed ,  a 

uniform blend.  P a r t i c u l a r l y  c r i t i ca l  are t h e  o x i d i z e r ,  burning ra te  a d d i t i v e s  

and t h e  PBAN terpolymer.  T r i p l e  cross-blending of t h e  unground o x i d i z e r  is 

requ i r ed .  

of mixing a l l  batches used i n  t h e  blend i n  a n  a g i t a t e d  tank.  

The process  f o r  blending t h e  l i q u i d  PBAN terpolymer s h a l l  c o n s i s t  

b.  A complete r a w  material l o t  q u a l i f i c a t i o n  program using pro- 

duc t ion  mixing equipment must b e  accomplished t o  select  t h e  s p e c i f i c  p r o p e l l a n t  

fo rmula t ion  t o  be cast i n t o  t h e  motor. S p e c i f i c  fo rmula t ion  components t o  b e  

de f ined  include:  o x i d i z e r  blend r a t i o ,  burning rate a d d i t i v e ,  cu re  c a t a l y s t  and 

c u r i n g  agent  level. The s p e c i f i c  fo rmula t ion  s h a l l  b e  s e l e c t e d  on t h e  b a s i s  of 

cured p r o p e l l a n t  p r o p e r t i e s ,  burning rate,  and flow p r o p e r t i e s ,  i n  accordance 

wi th  t h e  f o r m d a t i o n  g u i d e l i n e s  (Paragraph 2.  d. ) . 

2 Formulation 

a. Burning rate a d d i t i v e  systems must be s e l e c t e d  on t h e  b a s i s  of 

BRA-101 i n  i t s  p r e s e n t  minimum e f f e c t  on p r o p e l l a n t  v i s c o s i t y  c h a r a c t e r i s t i c s .  

form is  n o t  considered s u i t a b l e  f o r  a p r o p e l l a n t  t o  b e  cast by theh260-in.-dia 

motor bayonet c a s t i n g  process .  

Page 1 
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Appendix 

b.  The p r o p e l l a n t  v i s c o s i t y  c h a r a c t e r i s t i c s  must b e  examined 

over a wide range of shea r  stresses as a f u n c t i o n  of t i m e  from cu r ing  agent  

a d d i t i o n .  

and 2 t o  3 h r  from cu r ing  agent  a d d i t i o n ,  of more than  50,000 p o i s e  (5,000 

N s / m  are l i k e l y  t o  produce g r a i n  d e f e c t s .  By c o n t r a s t ,  p r o p e l l a n t  v i scos -  

2 P r o p e l l a n t  v i s c o s i t i e s ,  a t  5000 dynes/cm2 (500 N/m ) s h e a r  stress 

2 
n 

i t i es  under t h e  same cond i t ions  of less than  15,000 p o i s e  (1,500 Ns/mL), may 

be expected t o  provide d e f e c t - f r e e  g r a i n s .  For p r o p e l l a n t s  i n  t h e  middle 

range between t h e s e  v a l u e s ,  t h e  p r o b a b i l i t y  of d e f e c t  formation w i l l  depend 

on t h e  e x a c t  processing c o n d i t i o n s ,  

c. I r o n  Blue burning rate a d d i t i v e  con ta ins  bo th  a s m a l l  amount 

of s o l u b l e  i r o n  and a r e l a t i v e l y  l a r g e  amount of absorbed water. If I r o n  

Blue i s  t o  be used i n  t h e  p r o p e l l a n t  burning rate a d d i t i v e  system, t h e  pro- 

p e l l a n t  fo rmula t ion  must i nc lude  a s t a b i l i z e r  t o  prevent  c a t a l y s i s  of polymer 

deg rada t ion  by t h e  s o l u b l e  i r o n  and a polymerizat ion c a t a l y s t  which i s  hydro- 

l y t i c a l l y  s t a b l e ,  Phenyl-6-naphtyl amine is  an a c c e p t a b l e  deg rada t ion  s t a b i l i z e r .  

FC-151 i s  accep tab le  as a h y d r o l y t i c a l l y  s t a b l e  c u r e  c a t a l y s t .  

d. For t h e  s p e c i f i c  fo rmula t ion  t o  b e  cast i n t o  t h e  motor, t h e  

cu re  c a t a l y s t  l e v e l  must b e  a d j u s t e d  t o  ach ieve  t h e  optimum balance among 

v i s c o s i t y  bui ldup,  zero f low t i m e ,  and cu re  t i m e  f o r  t h e  p r o p e l l a n t  product ion 

ra te  a n t i c i p a t e d  f o r  t h e  motor. These parameters w i l l  b e  used Ln t h e  determz- 

n a t i o n  of bayonet submergence, t i m e  between bayonet changes, and al lowable pro- 

p e l l a n t  po t  l i f e .  

3 .  Fuel  P r e p a r a t i o n  

a. Submix and Premix 

The submix and premix must b e  a uniform blend. A g i t a t i o n  i s  

e s s e n t i a l  t o  prevent  s e t t l i n g  of s o l i d s .  When r e l a t i v e l y  s m a l l  amounts of 
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materials are added t o  t h e  premix tank,  i t  i s  necessa ry  t o  p re - s lu r ry  t h e  

i n g r e d i e n t s  i n  a l i q u i d  b inde r  state,  such as p l a s t i c i z e r  t o  preclude l o s s  

due t o  c o a t i n g  on tank w a l l s  o r  a g i t a t o r .  The 260-in.(6.6 m)-dia motor 

p r o p e l l a n t  process  r e q u i r e s  t h a t  t h e  premix b e  s t a b l e  f o r  a per iod of up t o  

7 days. 

over t h i s  s t o r a g e  pe r iod .  Uncured and cured p r o p e l l a n t  p r o p e r t i e s  must b e  

a s ses sed  i n  t h i s  determinat ion.  

The a c c e p t a b i l i t y  of t h e  premix f o r  each p r o p e l l a n t  must be determined 

4 .  P r o p e l l a n t  Mixing 

a. Batch Mix 

(1) A vacuum mix c y c l e  of 10 min minimum d u r a t i o n  should be 

included i n  t h e  ba t ch  mix process  after o x i d i z e r  a d d i t i o n  and b e f o r e  cu r ing  

agent a d d i t i o n .  

(2) The l e n g t h  of t h e  f i n a l  vacuum mix c y c l e  should b e  30 

min minimum. 

(3) 

should be 28 i n .  (710 mm) Hg. 

The minimum a c c e p t a b l e  vacuum level i n  t h e  mixer bowl 

b . Continuous Mix 

Q u a l i f i c a t i o n  of a p r o p e l l a n t  f o r  t h e  continuous m i x  p rocess  

must i nc lude  v e r i f i c a t i o n  of a c c e p t a b l e  v i s c o s i t y  characteristics of p r o p e l l a n t  

mixed by t h a t  process  

c 

I 
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5. In-Process Control  Tests 

a.  D e f i n i t i v e  in-process tests t h a t  v e r i f y  t h e  presence and 

amount of submix and premix i n g r e d i e n t s  are requ i r ed .  

b. Uncured p r o p e l l a n t  v i s o c s i t y  acceptance l i m i t s  are r equ i r ed .  

Rotovisko t e s t i n g  provides  adequate  d a t a  q u a l i t y ,  b u t  is  n o t  s u f f i c i e n t l y  

r a p i d  f o r  an in-process test .  The f a l i i n g - b a l l  test is  t h e  most s u i t a b l e  

f o r  t h i s  requirement.  

test i s  90 sec maximum drop t i m e  f o r  a 3-in. (7.6 cm) drop. Fu r the r  t e s t i n g  

t o  r e f i n e  t h i s  l i m i t  i s  r equ i r ed .  Cor rec t ion  f a c t o r s  are r e q u i r e d  f o r  v a r i -  

a t i o n s  i n  p r o p e l l a n t  temperature  and t i m e  a f t e r  cu r ing  agent  a d d i t i o n .  

The acceptance l i m i t  f o r  t h e  f a l l i n g - b a l l  v i s c o s i t y  

c .  Carton samples f o r  cured p r o p e l l a n t  p r o p e r t i e s  may n o t  be 

completely r e p r e s e n t a t i v e  of t h e  cast  p r o p e l l a n t .  

n ique  i s  r e q u i r e d .  

An improved sampling tech- 

6. P r o p e l l a n t  Cast ing 

a. For t h e  formulat ion ANB-3350, t h e  t i m e  l i m i t  f o r  c a s t i n g  of 

w i t h i n  10 h r  from cu r ing  agen t  a d d i t i o n  e s t a b l i s h e d  f o r  t h e  previous 260-in.- 

(6.6 m)-dia motor c a s t i n g s  is adequate .  

b .  P r o p e l l a n t  b a t c h  cast rate i n t o  t h e  motor i s  n o t  a c r i t i c a l  

processing v a r i a b l e ,  b u t  a h igh  motor cast rate i s  recommended. A minimum 

average motor c a s t  rate of 120,000 l b  (53,000 Kg) p e r  day is  requ i r ed .  

c. Bayonet submergence should b e  s u f f i c i e n t l y  shal low t o  prevent  

A submergence t h e  movement of h i g h l y  v i scous  p r o p e l l a n t  a l r e a d y  i n  t h e  motor. 

of 18 i n .  (46 cm) maximum is a l lowab le  f o r  ANB-3350 p r o p e l l a n t  and a 260-in. 

(6.6 m)-dia motor cast  rate of 5000-lb/hr (2300 Kg/hr) average.  
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d. With a multiple bayonet casting arrangement, the assfgnment 

of batches to be cast through each bayonet must be uniform so as to minimize 

flow path lengths. 

e. Additional casting criteria are necessary for highly con- 

figurated core designs. 
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