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1.0 INTRODUCTION 

This i s  the f i n a l  r e p o r t  documenting and summarizing the r e s u l t s  of  labora-  

t o r y ,  subsca le ,  and f u l l - s c a l e  tests demonstrating the a b i l i t y  of a f l i gh twe igh t  

s o l i d  p rope l l an t  rocke t  motor (exclusive of i g n i t e r  and nozzle) t o  withstand 

s t e r i l i z a t i o n  requirements f o r  unmanned planetary landers .  The work was 

sponsored by the Langley Research Center,  National Aeronautics and Space 

Administration and was performed during the  period February 1969 through 

Ju ly  1970. Mr. M. Lucy was the  NASA pro jec t  engineer.  

The program covered f i v e  main t a sks :  

A. The l abora to ry  eva lua t ion  of a p rope l l an t ,  l i n e r ,  and i n s u l a t i o n  

before  and a f t e r  exposure t o  repeated s t e r i l i z a t i o n  cyc l ing  and 

a t  mission t empera tu re  extremes, 

B. The design of a f l i gh twe igh t  motor meeting s p e c i f i c  performance 

r e q u i s i t e s  and capable of withstanding NASA's s t e r i l i z a t i o n  

requirements,  

C. The measurement of temperature g rad ien t s  i n  an i n e r t  "thermal 

c o n t r o l  motor" and the opt imizat ion of s t e r i l i z a t i o n  heatup and 

cooldown periods f o r  minimum prope l l an t  thermal degradation, 

D. The eva lua t ion  of inspect ion procedures and techniques f o r  

i d e n t i f y i n g  discrepancies  due t o  s t e r i l i z a t i o n  e f f e c t s ,  
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E. The thermal cyc l ing  of f l igh tweight  motors processed i n  a 

p r a c t i c a l  manner and u t i l i z i n g  NASA-supplied motor cases and a f t  

c losures  t o  provide a s i g n i f i c a n t  demonstration of the  a b i l i t y  of 

a s o l i d  propel lan t  rocket  motor t o  withstand s t e r i l i z a t i o n  

requirements f o r  i n t e r p l a n e t a r y  m i s s  ions ,, 

The NASA s t e r i l i z a t i o n  pol icy  r equ i r e s  t h a t  a l l  spacec ra f t  f o r  p lane tary  

landings be thermally s t e r i l i z e d  s o  t h a t  the p robab i l i t y  of contaminating a 

p lane t  w i t h  v i a b l e  e a r t h  organisms i s  very small. For t h i s  program LRC s p e c i f i e d  

t h a t  each f u l l - s c a l e  motor success fu l ly  surv ive  s i x  dry-heat s t e r i l i z a t i o n  

cyc les  which maintain the  most thermally remote poin t  i n  the  motor a t  a 

temperature of 275'F f o r  53 hr .  

The most s i g n i f i c a n t  e f f e c t s  of  s t e r i l i z a t i o n  are: 

A .  ' The degradat ion of  propel lan t  physical  p rope r t i e s  as the  r e s u l t  of 

extended exposure t o  high temperature,  

B. The e f f e c t  of temperature on the  s t r u c t u r a l  i n t e g r i t y  of bonds due 

t o  the  weakening of adhesive forces  and/or the  migrat ion of 

ingredien ts  from contiguous su r faces  e 

A s  would be expec ted , f these  phenomena absorbed the  major e f f o r t  during the  

program. 

P a r t i c u l a r  a t t e n t i o n  was given the  t r a n s i t i o n  from labora tory  tests t o  

prototype tes ts e A 1  though emphas i s  w a s  placed upon dup l i ca t ing  no t o r  condi t ions 

i n  the labora tory ,  p rob lem arose  and f a i l u r e s  occurred i n  f u l l - s c a l e  tests 

which were n e i t h e r  pred ic ted  by a n a l y s i s  nor ind ica ted  by labora tory  work. 

The r e s u l t  was  t h a t  a l though the CTPIB-based propel lan t  had remarkable 

thermal s t a b i l i t y  and physical  p rope r t i e s  during and a f t e r  s t e r i l i z a t i o n  cyc l ing  

and al though the l i n e r  and i n s u l a t i o n  displayed more than adequate physical  
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proper t ies  as ind iv idua l  components, the f l igh tweight  motors (and subsequently 

subscale  analog motors) su f f e red  p rope l l an t  s epa ra t ion  a t  o r  ad jacent  t o  the 

p rope l l an t / l i ne r  i n t e r f ace .  When t h i s  f i r s t  happened, the f a u l t  was a t t r i b u t e d  

t o  migrat ion of p l a s t i c i z e r  from the i n s u l a t i o n  even though most of the p l a s t i c i z e r  

was removed p r i o r  t o  c a s t i n g  propel lan t .  However, when the same th ing  occurred 

i n  analog motors w i th  no i n s u l a t i o n ,  i t  became apparent  t h a t  the t ens i l e  and/ 

o r  shea r  stress imposed on the system during heatup exceeded the al lowable 

s t rength .  This phenomena was not  ev ident  during l abora to ry  tests and conse- 

quent ly  was n o t  discovered u n t i l  the f i r s t  f u l l - s c a l e  motor was s t e r i l i z e d .  

Thus the r e s u l t s  of t h i s  s tudy show t h a t  the  a b i l i t y  of a s o l i d  propel lan t  

rocke t  motor (loaded with p rope l l an t  UTP-11439) t o  success fu l ly  surv ive  d ry  

hea t  s t e r i l i z a t i o n  depends upon the high temperature s t r e n g t h  of t he  bond 

between propel lan t  and l i n e r  as w e l l  a s  the  s t r u c t u r a l  adequacy of the propel lan t .  

The determinat ion of  the  mechanics of f a i l u r e  could not be made wi th in  the 

l i m i t a t i o n s  of the  con t r ac t ;  however, i t  is  obvious t h a t  add i t iona l  work w i t h  

the  p rope l l an t  system i s  required.  

The data  and r e s u l t s  are  presented i n  accordance wi th  the  tasks  previously 

descr ibed.  Sect ion 7.0, Supplemental Tests,  descr ibes  the  analog test  motor 

work performed subsequent t o  propel lan t  s epa ra t ion  i n  the  f u l l - s c a l e  motor, 

This s e c t i o n  contains  the hypothesis  fo r  motor f a i l u r e .  
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2,O SUMMARY O F  RESULTS 

The p rope l l an t  c h a r a c t e r i z a t i o n  t e s t s  conducted on t h i s  program have 

confirmed the r e s u l t s  of previous work on the development of a s t e r i l i z a b l e  

s o l i d  p rope l l an t  motor, P rope l l an t  physical  and mechanical p rope r t i e s  a r e  

e s s e n t i a l l y  n o t  a f f e c t e d  by dry-heat  s t e r i l i z a t i o n ,  a s  i nd ica t ed  by the r e s u l t s  

of  t e s t i n g  a f t e r  sub jec t ing  the  p rope l l an t  t o  s i x  cycles  of 53 h r  per cycle  

a t  275'F. 

s t e r i l i z a t i o n  with no s u b s t a n t i a l  d e t e r i o r a t i o n  of p rope r t i e s .  During t h e  

I n  a d d i t i o n ,  both l i n e r  and i n s u l a t i o n  systems survived the necessary 

f i r s t  s t e r i l i z a t i o n  cycle  t h e  i n s u l a t i o n  sus t a ined  weight l o s ses  higher than 

those of t he  p rope l l an t  or l i n e r .  However, t hese  r e s u l t s  had been obtained 

previously.  A s  a matter of f a c t ,  t h e  high v o l a t i l i t y  of t h e  i n s u l a t i o n  during 

t h e  f i r s t  cycle  was accounted f o r  i n  t h e  processing procedure by t h e  i n t r o -  

duction of a p r e s t e r i l i z a t i o n  cycle  which w a s  designed t o  e l imina te  most of 

t h e  v o l a t i l e s  before  loading the  demonstration motors. 

Hazard t e s t i n g ,  both a t  UTC and by the ICC,  i nd ica t ed  a c l a s s  II propel lant .  

Autoigni t ion t i m e  a t  300'F, which i s  of the o rde r  o f  100 h r  f o r  t y p i c a l  AP 

prope l l an t s ,  is a t  l eas t  an order of magnitude higher w i th  s t e r i l i z a b l e  propel lant .  

Sys terns t e s t s  involving the insulation/liner/propellant sys tern i n  the 

bond- i n -  t ens  ion configurat ion ind ica t ed  acceptable  proper t i es  f o r  the sys tern 

f o r  s i x  s t e r i l i z a t i o n  cycles.  However, complete motor cas t ings  i n  13-in. 

s p h e r i c a l  demonstration motors yielded s u b s t a n t i a l  debonding between l i n e r  

and p rope l l an t  a f t e r  s t e r i l i z a t i o n .  

I n i t i a l  e f f o r t s  t o  e l imina te  t h i s  problem were based on the b e l i e f  t h a t  

techniques devised t o  e l imina te  v o l a t i l e s  and a n t i t a c k  agents  from the Hitco-2820 
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i n s u l a t i o n  were not  being e f f e c t i v e l y  appl ied.  However, i n  analog motor tests 

involving o n l y  propel lant  and UTL-0026 (a CTPB l i n e r - i n s u l a t i o n  formulation), 

debonding was a l s o  experienced during s t e r i l i z a t i o n .  The conclusion reached 

from these observat ions is  t h a t  the system f a i l u r e s  a r e  caused by a low high- 

temperature bond s t r e n g t h  between p rope l l an t  and l i n e r .  This causes the bond 

t o  f a i l  when t r a n s i e n t  conditions impose a n  unfavorable combination o f  high- 

temperature t e n s i l e  and/or shear s t r e s s e s  ? upon the p r o p e l l a n t / l i n e r  bond 

stress. 
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3.0 PROPELLANT CHARACTERIZATION 

3.1 PROPELLANT DEVELOPMENT BACKGROUND 

Inasmuch a s  the CTPIB used on t h i s  program had n o t  had an  ex tens ive  h i s t o r y  

i n  p rope l l an t s ,  i t  was necessary t o  conduct a b r i e f  screening program on the  

ava i l ab le  l o t s  of polymers t o  s e l e c t  those l o t s  which should be used f o r  

t h i s  program. I n  general ,  a l l  of t h e  a v a i l a b l e  polymer l o t s  had equivalent  

weight values i n  the  range of 888 t o  1,010 g. The polymer can be t r e a t e d  

i n  a number of ways t o  remove l o w  molecular weight f t a c t i a n s  and thereby 

increase  the  equiva len t  weight of  the  polymer up t o  50%. The most obvious 

bene f i t  obtained by removing low molecular weight f r a c t i o n s  i s  t o  minimize the  

ex is tence  of f r a c t i o n s  tending t o  be v o l a t i l e  o r  migratory i n  the propel lan t  

a t  s t e r i l i z a t i o n  temperatures. As might be expected, the  e f f e c t  of polymer 

equiva len t  weight on p rope l l an t  physical  p roper t ies  i s  gene ra l ly  t o  e f f e c t  

modest reduct ions i n  s t r e s s  c a p a b i l i t y  and modest increases  i n  s t r a i n  c a p a b i l i t y  

wi th  increases  i n  equiva len t  weight. 

Table 3-1 represents  the  r e s u l t s  of i n i t i a l  screening of polymer l o t s  i n  

prepara t ion  f o r  t h i s  program. The polymer samples were processed i n  the s tandard 

UTP-11439 composition which was developed fo r  s t e r i l i z a b l e  app l i ca t ions .  A 

curat ive- to-carboxyl  r a t i o  of 1 . 2 : l  was gene ra l ly  used i n  the  experimental  

mixes. A s  a p a r t  of the  polymer screening  process a n  eva lua t ion  of promising 

techniques f o r  upgrading the "as-received" CTPIB polymer was conducted. This 

work is a l s o  included i n  the  t a b l e  3-1. 

Lot No. 502768 (equivalent  weight 949 g) yielded unacceptable specimens 

when used wi th  no pretreatment.  Blended with l o t  No. DL-448 as a 1:l o r  a 3: l  
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blend, good p rope r t i e s  were obtained. I n  terms of  the n e t  change i n  s t r a i n  

c a p a b i l i t y  a f t e r  s i x  s t e r i l i z a t i o n  cyc le s ,  l o t  No. DL-448 (equivalent  weight 

983 g) and l o t  No. 50276A a f t e r  acetone treatment (equivalent  weight 1,595 g) 

yielded the most acceptable  propert ies .  Other types of  treatment evaluated with 

l o t  No. 50276A include (1) washing with HC1, ( 2 )  drying with s i l i c a  g e l ,  

(3) f i l t r a t i o n  through c e l i t e ,  and (4) a combination of ac id  wash and drying 

wi th  s i l i c a  gel .  Any one of these treatments r e s u l t e d  i n  an improved combina- 

t i o n  of p rope l l an t  physical  p rope r t i e s  compared t o  specimens prepared wi th  

untreated polymer from l o t  No.  50276A. An increase i n  the polymer equ iva len t  

weight of  10% t o  15% was obtained by each of these treatments.  However, the 

acetone f r a c t i o n a t i o n  r e s u l t e d  i n  an equ iva len t  weight change from 949 t o  

1,595 g and a l s o  r e s u l t e d  i n  the h ighes t  s t r a i n  c a p a b i l i t y  (20% before and 

a f t e r  s i x  s t e r i l i z a t i o n  cycles)  e 

Two l o t s  of polymer ( l o t s  No. 5 and 8) were formed by combining a number 

of smaller  l o t s .  These polymer l o t s  were evaluated i n  p rope l l an t  mixes, and 

var ious polymer treatments were compared. For these two polymer l o t s ,  

propel lant  mechanical p rope r t i e s  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  the changes i n  

equ iva len t  weights r e s u l t i n g  from the var ious polymer treatments e As an 

extreme example, l o t  No. 8 polymer with an equivalent  weight of 888 g yielded 

the following p rope l l an t  mechanical p rope r t i e s  : 

2 1 1  p s i  a f t e r  s i x  s t e r i l i z a t i o n  cyc le s ,  e m  = 12% a f t e r  cure and 11% a f t e r  s i x  

cycles .  The same polymer a f t e r  acetone f r a c t i o n a t i o n ,  which increased i t s  

equivalent  weight t o  1,426 g ,  yielded p rope l l an t  with s i m i l a r  p r o p e r t i e s ,  

i .e. ,  Sm = 144 p s i  a f t e r  cure  and 251 p s i  a f t e r  s t e r i l i z a t i o n  and 

both a f t e r  cure  and a f t e r  s t e r i l i z a t i o n  cycling. 

Sm = 145 p s i  a f t e r  cure and 

= 17%, 
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Table 3 - 1  a l s o  presents  data  concerning the eva lua t ion  of a p i l o t  production 

polymer l o t ,  l o t  No. 69-1-1, and the r e s u l t s  of a t tempting t o  upgrade l o t s  

No. 5 and 8 through blending or acetone f r a c t i o n a t i o n .  Polymer l o t  No. 69-1-1 

f a i l e d  t o  cure  i n  p rope l l an t  even when blended with other  polymer l o t s  (see 

batch No. 12,411) and t h e r e f o r e  was not used f u r t h e r  on t h i s  program, This l o t  

may have had subnormal f u n c t i o n a l i t y  s i n c e  i t s  equ iva len t  weight was 1,241 g ,  

which increased t o  1 , 7 2 2  g a f t e r  acetone f r a c t i o n a t i o n .  These f i g u r e s  i n d i c a t e  

a probable . reduct ion i n  f u n c t i o n a l i t y  of 15% t o  20% compared t o  o the r  polymer 

l o t s .  

Af t e r  the preliminary screening of a v a i l a b l e  polymer l o t s  and a comparison 

of techniques f o r  upgrading the polymer, l o t s  No. DL-474A and DL-476 were 

s e l e c t e d  f o r  primary use on t h i s  program. Lot No. DL-474A is a blend of 

l o t s  No. DL-47’4, 8,  and 5, and was acetone f r a c t i o n a t e d  subsequent t o  blending. 

The equivalent  weight of l o t  No. DL-474A a f t e r  f r a c t i o n a t i n g  was 1,405 g. 

Lot No. DL-476 was manufactured i n  1969 and was subjected t o  acetone f r a c t i o n a -  

t i o n  p r i o r  t o  use i n  c h a r a c t e r i z a t i o n  batches.  

E s s e n t i a l l y  a l l  of the polymer eva lua t ion  work conducted j u s t  p r i o r  t o  t h i s  

c o n t r a c t  was accomplished i n  p rope l l an t  batches formulated a t  a c u r a t i v e /  

carboxyl equivalence r a t i o  of 1.2.  A t  t he  same t i m e  t h a t  the i n i t i a l  prepolymer 

q u a l i t y  screening was being done, a range of c u r a t i v e  l e v e l s  was explored. 

Ea r ly  work wi th  l o w  s o l i d s  loadings was g e n e r a l l y  conducted a t  a cu ra t ive /  

carboxyl r a t i o  of  1.3. Af t e r  a p l a s t i c i z e d ,  aluminized formulation was 

developed a t  a s o l i d s  loading of 84%, t he  cu ra t ive  l e v e l  was aga in  evaluated. 

A s e r i e s  of  p rope l l an t s  having curat ive/carboxyl  r a t i o s  of 1,O t o  1.3 were 

t e s t ed .  These r e s u l t s  a r e  presented i n  t a b l e  3-11, The equivalent  weight of 

the polymer used i n  t h i s  s e r i e s  of mixes was 916 g. On the bas i s  of the 
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mechanical p rope r t i e s  obtained from these mixes, it was concluded t h a t  a 

curat ive/carboxyl  r a t i o  of 1.1 yielded the b e s t  combination of p rope r t i e s  

(UTX-10,730) 

TABLE 3-11 

EFFECT OF CURATIVE RATIO ON PHYSICAL PROPERTIES 

Formulation 
UTX- 10,7 2 0 UTX-10,726 UTX-10,728 UTX-10,730 

Total  cure 
equivalent  r a t i o  1.30 1.20 1.00 1.10 

S t r e s s ,  p s i  
\ 

End of cure 189 190 69 121 
Cycle 1 328 330 179 191 

S t r a i n ,  % 
End of  cure  11.5 12.9 24,O 18.1 
Cycle 1 10.2 6.4 12.7 15.7 

A s  can be noted from the da t a  presented i n  these t a b l e s ,  al though the 

general  t rend is t o  lower stress values and higher  s t r a i n  values a s  the c u r a t i v e  

l eve l  is  reduced, o r  as t he  polymer equ iva len t  weight i s  increased,  i t  is 

nevertheless  q u i t e  d i f f i c u l t  t o  t a i l o r  the p rope l l an t  s t r a i n  c a p a b i l i t y  by 

making adjustments i n  the c u r a t i v e  l e v e l  or the polymer equ iva len t  weight. 

The p rope l l an t  s t ress  c a p a b i l i t y  is  somewhat more s e n s i t i v e  t o  these  parameters 

s o  t h a t  lowering the  c u r a t i v e  l e v e l ,  f o r  example, general ly  resul ts  i n  a 

s i g n i f i c a n t  r educ t ion  i n  s t r e s s  c a p a b i l i t y  and gene ra l ly  a very minor inc rease  

i n  s t r a i n  capaci ty .  

P r i o r  t o  processing 5-gal ,  c h a r a c t e r i z a t i o n  batches,  subscale  propel lant  

batches were processed f o r  the purpose of a n t i c i p a t i n g  the  p rope l l an t  cha rac t e r -  

i s t i c s  r e s u l t i n g  from the use of each polymer l o t  o r  sub lo t .  For example, 

s epa ra t e  port ions of polymer l o t  No.  DL-476 were subjected t o  an acetone 

f r a c t i o n a t i o n  s t e p  a t  s epa ra t e  times r e s u l t i n g  i n  s u b l o t s  No. 476A and 4766-2. 
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The p i n t  s c a l e  batches ind ica t ed  t h a t  the untreated l o t  No. DL-476 (equivalent  

weight 1,010 g) yielded unacceptably low s t r a i n  values of ll%? whereas a p i n t  

s c a l e  batch using l o t  No. DL-476A (equivalent  weight 1,318 g) yielded s t r a i n  

values of 19% a f t e r  cure and 16.5% a f t e r  s i x  s t e r i l i z a t i o n  cycles,  

However, the s t r a i n  c a p a b i l i t y  increases  a s  the p rope l l an t  mixing s c a l e  

is  increased. For example (see t a b l e  3-111) i n  p rope l l an t  batches containing 

polymer l o t  No. DL-476A, a p i n t  p rope l l an t  mix yielded s t r a i n  values of 15% 

a f t e r  cure and 13% a f t e r  six s t e r i l i z a t i o n  cyc le s ,  a 1-gal.  mix yielded. s t r a i n  

values of 15% a f t e r  cure and 11% a f t e r  four s t e r i l i z a t i o n  cyc le s ,  and a 5-gal. 

mix (76 l b )  yielded s t r a i n  values of 22.5% a f t e r  cure and 17.5% a f t e r  s i x  

cycles.  A similar trend i s  apparent i n  a s e r i e s  with a batch using polymer 

l o t  No. DL-476. p i n t  batches yielded s t r a i n  values of  11% before and a f t e r  

s i x  s t e r i l i z a t i o n  cycles.  Comparable values f o r  a 1-gal.  mix were 13% and 

13.8%, and f o r  a 5-gal. mix the values were 21.9% and 18.2%. 

A poss ib l e  explanat ion f o r  t h e  e f f e c t  of scaleup on s t r a i n  p rope r t i e s  is 

based on the f a c t  t h a t  MAP0 is an e x c e l l e n t  wet t ing agent  f o r  the o x i d i z e r  

and has a tendency t o  polymerize on the ox id ize r  su r face .  This r e a c t i o n  i s  i n  

competition wi th  the  azir idine-carboxyl  cure r eac t ion .  The cure r e a c t i o n  i s  

favored a t  t he  h ighe r  cure temperatures. However, i n  the l a r g e r  ba t ch  sizes,  

the p rope l l an t  has a chance t o  cool somewhat between the t i m e  the mixing is 

completed and the t i m e  the p rope l l an t  i s  c a s t  and the specimens a r e  moved t o  

the  cure  oven. This time i s  minimal and t h e  motor and c a s t i n g  t o o l i n g  a r e  

preheated, t h e r e f o r e  some cooldown i s  i n e v i t a b l e .  Although the b r i e f  cooldown 

encountered due t o  t h e  c a s t i n g  time r equ i r ed  i s  not n e c e s s a r i l y  d e l e t e r i o u s  t o  

t h e  p rope l l an t ,  it complicates t h e  problem of using mechanical property t e s t s  

from small-scale  mixes t o  p red ic t  the p rope r t i e s  of l a r g e  propel lant  batches.  
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3 . 2  PROPELLANT CONSTITUENTS 

The p rope l l an t  c o n s t i t u e n t s  a r e  obtained i n  accordance with the appropr i a t e  

UTC ma te r i a l  s p e c i f i c a t i o n s .  The following t a b l e  o u t l i n e s  the p rope l l an t  

i ng red ien t s ,  t he  UTC s p e c i f i c a t i o n  number, and the funct ion of each item. 

TABLE 3-37  

PROPELLANT CONSTITUENTS 

Ingredient  

CTPIB polymer 

MAP0 

EPON X-801 

P l a s t i c i z e r  

U te f lo  A-2 

Antioxidant 

Aluminum Powder 

AP 

S pe c i f  i ca t i  on 

UTC -MS - 5 3 

UTC-MS-44 

UTC-MS-54 

UTC-MS-55 

UTC -MS - 50 

UTC-MS - 56 

UTC-MS-8 

UTC -MS - 57 
(Pure ox 
grade) 

Function 

Binder 

Curative 

Cur a t  i ve  

P l a s t i c i z e r  

Su r fac t an t  and 
s t a b i l i z e r  

Antioxidant 

Fue 1 

Ox i d  i ze r 

1 

The ing red ien t s  used during t h i s  program were e i t h e r  from the same l o t  

used during preprogram development o r  were procured t o  the same material 

s p e c i f i c a t i o n  and f u n c t i o n a l l y  q u a l i f i e d  i n  a number of l abora to ry  and p i l o t -  

s c a l e  p rope l l an t  batches. The polymer which was one of  t he  most c r i t i c a l  items 

used was sampled extensively.  The equ iva len t  weight of each l o t ,  each sample, 

and i n  f a c t  each container  of  polymer was obtained p r i o r  t o  and subsequent t o  

any treatment of the polymer. I n  a d d i t i o n ,  1 - l b  p rope l l an t  mixes were made 
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from a l l  polymer l o t s .  

s t r a i n  ra te  t e n s i l e  tests a f t e r  cure and a f t e r  exposure t o  s i x  s t e r i l i z a t i o n  

cycles  (53 h r  a t  275'F). 

were a l s o  evaluated i n  10-lb ( l -ga l , )  p r o p e l l a n t  batches. 

These batches were subjected t o  u n i a x i a l  constant  

Those polymer l o t s  s e l e c t e d  f o r  use on t h i s  program 

The a z i r i d i n e  c u r a t i v e ,  MAPO, i s  a s tandard ing red ien t  issued from UTC 

s t o r e s  following acceptance t e s t i n g  d e t a i l e d  i n  s p e c i f i c a t i o n  UTC-MS-44. This 

l o t  has a l s o  been used i n  e s s e n t i a l l y  a l l  of t he  small-scale  p rope l l an t  batches.  

The epoxy c u r a t i v e ,  EPON X-801, was manufactured by S h e l l  Chemical Co. fo r  

UTC, and a l l  work done a t  UTC with EPON X-801 was from the  same l o t .  

p l a s t i c i z e r  and the s u r f a c t a n t ,  U te f lo  A - 2 ,  used on t h i s  program were a l s o  

from s i n g l e  l o t s  and had been func t iona l ly  confirmed p r i o r  t o  t h i s  con t r ac t .  

The 

The l o t  of aluminum powder used is  from a production l o t  which had received 

t h e  f u l l  range of acceptance t e s t i n g .  

The AP w a s  purchased s p e c i f i c a l l y  f o r  t h i s  program p e r  s p e c i f i c a t i o n  

UTC-MS-57. The c e r t i f i c a t e  of a n a l y s i s  i n d i c a t e s  t h a t  t h i s  l o t  (No. 69014 HP) 

gene ra l ly  exceeds a l l  of t he  requirements except t h a t  the pH of  the aqueous 

s o l u t i o n  (4.9) is s l i g h t l y  below the d e s i r e d  minimum of 5.5. However, a l l  of  

t he  d a t a  obtained on t h i s  l o t  i n d i c a t e  t h a t  i t  should be a very thermally 

s t a b l e  material. The chemical a n a l y s i s  and the p a r t i c l e  s i z e  a r a l y s i s  a r e  

presented i n  t a b l e  3 - V .  

A d i f f e r e n t i a l  scanning calor imeter  a n a l y s i s  was conducted a t  UTC on t h i s  

l o t .  This t es t  ind ica t ed  a thermally s t a b l e  ma te r i a l .  The r e s u l t s  of the 

a n a l y s i s  a r e  presented i n  t a b l e  3-VI. 
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TABLE 3 - V  

ANALYSIS OF AMMONIUM PERCHLORATE 

(Lot UTC-69014 HP) 

Perchlorate  a s  NH4C104, % 

Total  moisture,  % 

pH of aqueous s o l u t i o n  

Water in so lub le s ,  % 

Sulfated a sh ,  % 

Bromates as N a B r O  % 

Chlorate a s  NaC103, % 

Chlorides a s  NH4C1, % 

Sodium, ppm 

Potassium, ppm 

3 )  

S p e c i f i c a t i o n  UTC-MS-57 
Ana lys  is;\ Minimum Maximum 

99.7 98.7 - -  

0.040 

4.9 

0.01 

0.01 

0.001 

0.01 

0.01 

8 

8 

5.5 

0.06 

6.5 

0.15 

0.45 

0.004 

0.0035 

0.15 

-- 

50.0 

Sieve Ana l y s  is 

P a c i f i c  Engineering UTC Data 
Tyler Sieve No .  Opening Data, 'X % 

16 991 0 -- 
48 295 8 

65 2 08 34 

80 175 - -  

100 14 7 7 4  

150 104 -- 

2 00 74 98 

270 53 - -  

325 43 100 

;I- C e r t i f i c a t e  of analysis from P a c i f i c  Engineering 

3.2 

- -  
47.8 

63.8 

87.8 

96.3 

98.6 

99.2 
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TABLE 3-VI 

DIFFERENTIAL SCANNING CALORIMETER ANALYS 1S;k OF 
AMMONIUM PERCHLORATE 

(Lot No. UTC 69014 HP) 

Sample Gas 
Weight , Exotherm Evolution Percent  Weight Loss 

Run No. mg Endotherm Onset, O C  Onset,  OC t o  316OC 

1 22.0 Normal 293 301 3.18 

2 18.8 Normal 295 3 03 3.54 

9; Analysis by UTC a t  10°C/min hea t ing  ra te  

3.3 PROPELLANT PHYSICAL AND BALLISTIC PROPERTIES 

3.3.1 Strand Burning Rates 

P rope l l an t  l i n e a r  burning rates versus pressure were measured i n  a s t r a n d  

bomb. Specimens from two sepa ra t e  5-gal. p rope l l an t  mixes were t e s t ed .  

Specimens subjected t o  the s t e r i l i z a t i o n  process were cycled as block p rope l l an t  

and then c u t  t o  ind iv idua l  s t r ands  a t  the conclusion of s t e r i l i z a t i o n .  Three 

s t r a n d s  were t e s t e d  a t  each condition. The da ta  a r e  presented i n  f i g u r e s  3-1 

and 3-2. 

w a s  obtained. 

burning rates compared t o  n o n s t e r i l i z e d  p r o p e l l a n t ,  al though the reduct ion i n  

burning ra te  w a s  somewhat less than 3% i n  each case. 

burning ra te  of 0.21 in . / s ec  a t  1,000 p s i a  compared t o  0.19 in . /sec f o r  batch 

No. 2. A pressure exponent of approximately 0.25 was obtained f o r  both mixes 

above 75 p s i a ,  i nc reas ing  t o  about 0.7 below 75 psia .  

Good r e p r o d u c i b i l i t y  between s t e r i l i z e d  and u n s t e r i l i z e d  specimens 
i 

I n  each batch the s t e r i l i z e d  specimens had very s j i g h t l y  reduced 

Batch No. 1 yielded a 
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3.3.2 S t r e s s - S t r a i n  C h a r a c t e r i s t i c s  of P rope l l an t s  f o r  Demonstration Motors 

To demonstrate s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  f o r  propel lant  batches 

planned f o r  processing and loading i n t o  s p h e r i c a l  demonstration motors under 

s p e c i f i c a t i o n  NAS 1-8937,  a series of mixes was processed and t e s t e d  using 

cu r ren t  l o t s  of i ng red ien t s .  

S t r e s s - s t r a i n  da t a  were obtained f o r  the candidate  propel lant  a t  a cross-  

head speed of 2 in./min a t  70" t o  80°F  and a t  250°F a f t e r  exposure t o  one and 

s i x  s t e r i l i z a t i o n  cycles  of 53 h r  a t  275°F.  To avoid s k i n  e f f e c t s ,  the p rope l l an t  

was subjected t o  the s t e r i l i z a t i o n  environment i n  t h e  form of 1 i n ,  by 3 in .  

by 5 in .  s l a b s  and then machined t o  the  appropr i a t e  configurat ion f o r  t e s t i n g .  

The i n i t i a l  c h a r a c t e r i z a t i o n  was conducted on two 5-gal. p rope l l an t  batches. 

A t h i r d  c h a r a c t e r i z a t i o n  ba tch  included s t r e s s - s t r a i n  da t a  a f t e r  nine s t e r i l i -  

za t ion  cyc le s ,  and i n  a d d i t i o n  was used f o r  obtaining s t r e s s - s t r a i n  da t a  a t  

a d d i t i o n a l  temperature points .  The da ta  f o r  these p rope l l an t  batches are 

included i n  t a b l e s  3 - V I 1  and 3 - V I I I .  

Number o f  
Cycles 

0 

1 

3 

6 

9 

TABLE 3 - V I 1  

STRESS-STRAIN CHARACTERISTICS OF STERILIZED PROPELLANT 

UTP-11439-5/1 
Temperature S t r e s s  S t r a i n  

75  111 22.5  
250 69 ,7  13.2 

75  2 13 1 6 . 5  
2 5 0  85.4 13.9 

7 5  1 7 9  15,3 

7 5  167  1 9 . 3  
250  -- - -  

UTP-11439-5/2 
Stress S t r a T i  

( p s i )  (%) 

114 21.9 
5 2 , 8  16 .4  

207 12.5 
92.2 15.0 

202 18.2 
50.4 15 .7  

UTP-11439-5/3 
S t r e s s  S t r a i n  
.--I- 

(ps i )  (%). 

94 22.4 
G9.7 18.1 

172.7 14.5 -- -- 

162 19 .6  
50.9 17.7 

91 .5  20 ,3  
28 .5  20.9 
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TABLE 3 - V I 1 1  

Test  Temperature 
("F) 

75 

225 

250 

275 

300 

STRESS-STRAIN CHARACTERISTICS OF UTP-11439 
AT ELEVATED TEMPERATURES 

(UTP-11439-5/3) 

S t r e s s  
(PS i> 

95 

72 

50 

57 

51 

S t r a i n  
(%) 

22.4 

11.0 

18,l 

15.1 

14.1 

Inasmuch as the  s p h e r i c a l  demonstration motors are  exposed t o  300'F 

during the  programmed heatup por t ion  of t he  s t e r i l i z a t i o n  cyc le ,  the  outer  

per iphery of the p rope l l an t  g r a i n  is exposed t o  temperatures i n  excess of 

250°F. The da ta  i n  t a b l e  3-IX i nd ica t e  t h a t  no s u b s t a n t i a l  degradat ion of 

propel lan t  mechanical p rope r t i e s  i s  experienced during the heatup s t e p .  

3.3.3 Propel lan t  Density 

Densi ty  measurements were made on the  same two propel lan t  batches charac te r -  

ized fo r  s t r and  burning rates and s t r e s s - s t r a i n  proper t ies .  Measurements taken 

a f t e r  cure and a f t e r  t he  propel lan t  was subjec ted  t o  s i x  s t e r i l i z a t i o n  cycles  

ind ica ted  a dens i ty  increase  of 0.3% t o  0.5% a s  a r e s u l t  of the  s t e r i l i z a t i o n .  

The da ta  a r e  presented i n  t a b l e  3-IX. 
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TABLE 3-IX 

PROPELLANT DENSITY MEASUREMENTS 

I n i  t i a  1 

Six cyc les  

Density change 

UTP-11439-5/1 UTP 11439-5/2 

1,717 g/cc 1.723 g/cc 

1.722 g/cc 1.732 g/cc 

+0.3% +O. 5% 

3.3.4 Propel lan t  V o l a t i l e  S t a b i l i t y  and Dimensional S t a b i l i t i e s  

Four 1- in .  p rope l l an t  cubes from each of  th ree  5-gal. batches were 

subjec ted  t o  s i x  s t e r i l i z a t i o n  cycles and evaluated f o r  weight loss a s  a r e s u l t  

o f  propel lan t  v o l a t i l i t y .  

za t ion  t o  minimize the  p o s s i b i l i t y  of degradat ion by atmospheric moisture o r  

The samples were sea led  i n  n i t rogen  dur ing  s t e r i l i -  

oxygen. A t o t a l  of 1 2  cubes had a n  average weight l o s s  of less than 0.06% 

a f t e r  one s t e r i l i z a t i o n  cycle  and a loss of approximately 0.22% a f t e r  s i x  

cycles  a t  275°F. The data  a r e  presented i n  t a b l e  3-X.  

TABLE 3 - X  

EVALUATION OF VOLATILE STABILITY 
FOR PROPELLANT UTP-11439 

( l - I n e  P rope l l an t  Cubes, 275'F f o r  53 H r )  

Weight LOSS,  % 
Number of  

Cycles Batch 5/1 Batch 5/2 Batch 5/3 

1 0.4 0.4 0.4 0.4 0.11 0.06 0.06 0.08 0.05 0.04 0.06 0.05 
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In a d d i t i o n  t o  the v o l a t i l e  s t a b i l i t y  t e s t s ,  the cubes were measured 

dimensionally with a micrometer i n  at1 t h ree  axes t o  determine the dimensional 

s t a b i l i t y  o f  the p rope l l an t  a f t e r  one and s i x  s t e r i l i z a t i o n  cycles.  The 

changes i n  dimensions f o r  a l l  1 2  cubes a f t e r  one S t e r i l i z a t i o n  cycle ranged 

from 0.1% t o  0.8% with an average change of 0.28%. L i t t l e  a d d i t i o n a l  change 

occurred a f t e r  f i v e  more s t e r i l i z a t i o n  cyc le s ,  and the  f i n a l  average increase 

i n  dimensions a f t e r  s i x  cycles  was 0.22%. The ind iv idua l  r e s u l t s  are  presented 

i n  t a b l e  3 - X I .  

TABLE 3-XI 

EVALUATION OF DIMENSIONAL CHANGE 
FOR PROPELLANT UTP-11439 

(1-In. Propel lant  Cubes, 275°F f o r  53 H r )  

Dimensional G r a i n  (LOSS),  % Number 
of 

Cycles Batch 5/1 Batch 5/2 Batch 5/3 

1 (0.3) 0.4 0.3 0.2 0.3 0.1 0.1 0.8 (1.1) 0.3 0.1 0.6 

6 0.2 0.3 0.2 0 . 3  0.1 (0.1) 0.1 0.5 0.1 0.2 0.2 0.3 
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4.0 LINER/INSVLATION EVALUATION 

4.1 LINER AND INSULATION DEVELOPMENT BACKGROUND 

The development of the l i n e r  f o r  t h i s  program was based on i t s  compa t ib i l i t y  

w i th  the CTPIB p rope l l an t  system and i ts  a b i l i t y  t o  bond t o  t h a t  p rope l l an t  

system and t o  the  i n s u l a t i o n  a f t e r  extended high temperature exposure. An 

a d d i t i o n a l  important cons ide ra t ion  is the absence of v o l a t i l e  ma te r i a l s  which 

might be exuded from the  l i n e r s  during the s i x  hea t  s t e r i l i z a t i o n  cycles .  

The UTL-0026 l i n e r  formulation is based on a CTPB prepolymer cured wi th  a 

It contains  mixed azir idine/epoxy c u r a t i v e  s i m i l a r  t o  t h a t  of the propel lant .  

carbon black and resin-grade asbestos  as r e i n f o r c i n g  and i n s u l a t i n g  f i l l e r s  ~ 

Extensive in-house development and eva lua t ion  s t u d i e s  with a wide v a r i e t y  of  

candidate l i n e r  prepolymers ¶ demonstrated t h a t  the bonding character  is t ics  

of the CTPB l i n e r  are  supe r io r  t o  those of CTPIB l i n e r s .  

Adhesion of the l i n e r  t o  i n s u l a t i o n  and p rope l l an t  was measured i n  bond- 

in - t ens ion  tests. Samples of s t ee l ,  i n s u l a t i o n ,  l i n e r  ¶ and p rope l l an t  were 

sandwiched between s teel  p l a t e s  r e p e a t  s t e r i l i z a t i o n  cycled,  and then pul led 

t o  s imulate  motor condi t ions.  Data from one t e s t  series through nine h e a t  

s t e r i l i z a t i o n  cycles w a s  obtained. 

I n  a d d i t i o n ,  shear  tes ts  were used t o  supplement the q u a n t i t a t i v e  r e s u l t s  

from the bond-in-tension measurements. The l i n e r - t o - p r o p e l l a n t  shea r  was 

determined with a sandwich apparatus composed of s tee l  , l i n e r ,  p rope l l an t  

l i n e r ,  and s tee l .  Shear tes ts  using l i n e r  UTL-0026 and p rope l l an t  UTP-11439 

have been conducted a t  -65", +75", and +160°F, 

cons is t e n t l y  i n  the propel lant .  

The mode of the f a i l u r e  w a s  
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F a i l u r e  i n  both t h e  shear  and bond-in-tension t e s t s  was c o n s i s t e n t l y  i n  

t h e  p rope l l an t ,  demonstrating t h a t  t h e  l i n e r / p r o p e l l a n t  bond i s  s t ronge r  than 

t h e  p rope l l an t .  Since the al lowable s t r e n g t h  of t h e  p rope l l an t  i s  t h e  design 

c r i t e r i a ,  t h i s  type  of f a i l u r e  i n d i c a t e s  system a c c e p t a b i l i t y .  

The l i n e r  w a s  a l s o  evaluated f o r  470 hr a t  a temperature of 275OF and 

short-term t e s t e d  a t  temperatures up t o  500°F. 

pe ra tu re  was w e l l  above design allowables.  

I n  both cases s t r e n g t h  a t  t e m -  

Liner  UTL-0026 was sub jec t ed  t o  n ine  53-hr cyc les  a t  275'F i n  t h e  form of 

ICRPG t e n s i l e  specimens. The s t r e s s  values  exceeded those of p rope l l an t  UTP- 

11439 throughout t h e  temperature range of 75' t o  300°F by a f a c t o r  of th ree .  

The s t r a i n  va lues  through s i x  s t e r i l i z a t i o n  cyc les  are similar t o  those  of 

UTP-11439 propel lant .  

t echn ica l  proposal 68-95 dated 23 December 1968. 

These r e s u l t s  were a l l  presented and discussed i n  UTC 

A b u t y l  rubber containing 45% s i l i c a - a s b e s t o s  (Hitco-2820) had been s e l e c t e d  

f o r  t h i s  program because of low weight l o s s  ( i . e . ,  low weight-percent p l a s t i c i z e r )  

and o v e r a l l  s u p e r i o r i t y  i n  erosion r e s i s t a n c e  and physical  p rope r t i e s  a f te r  being 

thermally cycled. During t h i s  program two important observat ions were made of 

f a c t o r s  which could have had s e r i o u s  r e l i a b i l i t y  e f f e c t s :  (1) t h e  type of t a c k i -  

f i e r  and t h e  manner i n  which i t  was app l i ed  could r e s u l t  i n  debonding during 

s t e r i l i z a t i o n  and (2) t h e  manner i n  which t h e  v o l a t i l e s  were dr iven o f f  during 

the i n s u l a t i o n  pretreatment .  These f a c t o r s  l e d  t o  s e l e c t i o n  of a compatible 

t a c k i f i e r  and a manufacturing procedure which assured removal of t h e  t a c k i f i e r  

and l i b e r a t e d  p l a s t i c i z e r  during t h e  pretreatment  process.  

4.2 LINER AND INSULATION CONSTITUENTS 

The l i n e r  c o n s t i t u e n t s  are obtained i n  accordance with t h e  appropr i a t e  UTC 

material s p e c i f i c a t i o n .  Table 4-1 o u t l i n e s  t h e  l i n e r  i ng red ien t s ,  the UTC spec i -  

f i c a t i o n  number, t h e  func t ion  of each i t e m ,  and t h e  l i n e r  processing p rope r t i e s .  
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TABLE 4-1 

COMPOSITION AND PROPERTIES OF UTL-0026 LINER 

CTPB polymer 

MAP0 

ERL- 05 10 

Glycerol 

BDMA 

Elf tex-5,  carbon 

S p e c i f i c a t i o n  

UTC MS-48 

UTC MS-44 

UTC MS-3" 

UTC MS-59 

UTC MS-16 

UTC MS-10 

Asbestos , resin,  grade 144 UT,C MS-58 
(Union Carbide) 

Function 

Binder 

Curative 

Cura t ive  

Modifier 

Ca t a  1 ys t 

Re inforcement 

Insu la  t o r  

Processing and Physical  P rope r t i e s  

Gel t i m e  a t  160°F 4 h r  

Cure t i m e  a t  160°F 20 h r  

Active l i f e  a t  

Active l i f e  a t  

Active l i f e  a t  

160°F 

75°F a f t e r  4 h r  precure a t  160'F 

75°F (no precure) 

2 days 

3 weeks 

3 weeks 

The percent  by 

in su la  t i o n  s u p p l i e r  

weight of the i n s u l a t i o n  c o n s t i t u e n t s  as c e r t i f i e d  by the  

are  given i n  t a b l e  4-11. 

TABLE 4 - 1 1  

HITCO-2820 COMPOUND INGREDIENTS 

Ingredients  

Isobutylene - isoprene rubber 

Hydrated s i l i c a  

Asbestos f i b e r s  

Curing agents  and processing a i d s  

Percent by Weight 

45 

2 0  

25 

10 
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4 . 3  PROGRAM EVALUATION TESTS FOR LINER AND INSULATION 

4.3.1 Liner and I n s u l a t i o n  Tensi le  P rope r t i e s  

A t e s t  program was conducted t o  eva lua te  the e f f e c t  of h e a t  s t e r i l i z a t i o n  

cyc l ing  upon the  physical  and mechanical p rope r t i e s  of the l i n e r  and i n s u l a t i o n  

ma te r i a l s  t o  be used i n  the s t e r i l i z a b l e  s o l i d  rocke t  motor. I n  a d d i t i o n ,  the 

compa t ib i l i t y  of the propellant/liner/insulation combination was evaluated,  

Three l i n e r  samples 1/2-in.  t h i c k  and 6 in .  wide by 12 in.  long (of s u f f i c i e n t  

s i z e  t o  o b t a i n  10 ICRPG, c l a s s  C t e n s i l e  tes t  specimens) were prepared. One 

sample was c u t  i n t o  10 ICRPG c l a s s  C t e n s i l e  tes t  specimens. Five specimens 

were t e s t e d  f o r  t e n s i l e  s t r e n g t h  and elongat ion a t  70" t o  80°F and f i v e  were 

t e s t e d  a t  250'F. 

The two remaining samples were placed i n  an oven and subjected t o  h e a t  

s t e r i l i z a t i o n  cycling. 

and the o the r  a f t e r  s i x  cycles .  

and subjected t o  s t r e s s - s t r a i n  t e s t i n g  a t  70" t o  80°F and a t  25O0Fe 

One sample was removed a f t e r  one cycle  (53 h r  a t  275°F) 

Ten specimens were prepared from each sample  

The l i n e r  

tests confirmed previous in-house t e s t s  which ind ica t ed  t h a t  the l i n e r  physical  

p rope r t i e s  were more than adequate. 

Three i n s u l a t i o n  samples 1/2- ine t h i c k  and 6 in.  wide by 1 2  in. long were 

prepared from s tock  obtained from the motor i n s u l a t i o n  s u p p l i e r  using the  

same process as t h a t  used i n  f a b r i c a t i n g  i n s u l a t i o n  f o r  the motor cases. 

These samples were sub jec t ed  t o  the same schedule of s t e r i l i z a t i o n  and t e s t i n g  

as the l i n e r  samples except t h a t  the i n s u l a t i o n  was subjected t o  one a d d i t i o n a l  

cycle corresponding t o  the s t e p  required f o r  motor processing t o  e l imina te  the 

major source of v o l a t i l e s  p r i o r  t o  c a s t i n g  p rope l l an t ,  The tes t  r e s u l t s  f o r  

both the  l i n e r  and i n s u l a t i o n  are presented i n  t a b l e  4-111. 
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TABLE 4-111 

TENSILE PROPERTIES VERSUS STERILIZATION CYCLES 
UTL-0026 LINER AND HITCO-2820 INSULATION 

Cycles S t r e s s ,  p s i  S t r a i n ,  % 
a t  275°F 70" t o  80°F 250" t o  10°F 70" t o  80°F 250" t o  10°F 

UTL-0026 l i n e r  0 867 443 70.6 38,6 

1 1,177 756 27.9 15.1 

6 882 430 47.7 22 ,4  

Hitco-2820 
i n s u l a t i o n  

0 1,216 500 30.1 36.7 

1 1,805 885 23.1 20,o 

7 1,761 1,012 11.9 11,o 

4.3.2 V o l a t i l e  S t a b i l i t y  of  Liner and I n s u l a t i o n  

Three l i n e r  specimens and th ree  i n s u l a t i o n  specimens approximately 1/2-in.  

t h i c k  and 4 in .  i n  l eng th  and width were prepared. On each specimen a 3.5-in. 

square was sc r ibed  a s  shown i n  f i g u r e  4-1. The s c r i b e  l i n e s  were such t h a t  

the d i s t a n c e  between the  l i n e s  could be accu ra t e ly  measured (within k 0.010 in.) 
I 

before and a f t e r  h e a t  s t e r i l i z a t i o n  cycling. 

Each of t he  specimens were weighed t o  the nea res t  0.01 g and th ree  

Shore A hardness readings were taken on the smoothest s i d e  of each specimen. 

The d i s t ance  between the s c r i b e  l i n e s  on each specimen was measured t o  the 

n e a r e s t  0.01 in .  a t  t h ree  places approximately equa l ly  spaced as shown i n  

f igu re  4-2. On t he  i n s u l a t i o n  specimens, the scribe l i n e  measurements were 

taken with the  g r a i n  and ac ross  the g ra in .  Measurements were taken before  the 

specimens were exposed t o  s t e r i l i z a t i o n  cycl ing and a f t e r  they had been exposed 

t o  one, two, f o u r ,  and s i x  s t e r i l i z a t i o n  cycles ,  The specimens were allowed 

t o  cool  t o  room temperature (70" t o  80°F) a f t e r  cycl ing p r i o r  t o  taking the  

4-5 



J 
Scr ibe  Lines 6 

1 
1 1 

, 

-- - - -- I 

3.5 

4.0 

-- 

NOTE: All dimensions are i n  inches.  

1- 0.5 

Figure 4-1. V o l a t i l e  S t a b i l i t y  Test  Specimen 
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measurements. The v o l a t i l e  s t a b i l i t y  measurements of t he  l i n e r  and the  

i n s u l a t i o n ,  a s  determined by dimensional change, weight loss, and change i n  

hardness a r e  presented i n  t ab le s  4-337 and 4-V. 

r e s u l t s  t h a t  the  i n s u l a t i o n  experiences i t s  g r e a t e s t  weight loss dur ing  the  

f i r s t  s t e r i l i z a t i o n  cycle  and t h a t  t he  t o t a l  weight loss  f o r  t he  i n s u l a t i o n  is 

considerably g r e a t e r  than t h a t  f o r  e i t h e r  the  l i n e r  o r  the  propel lan t .  

It is apparent  from these  

Figure 4-3 compares the  weight loss a s  a func t ion  of the  number of h e a t  

s t e r i l i z a t i o n  cycles  f o r  t he  p rope l l an t ,  l i n e r ,  and in su la t ion .  It is  apparent  

t h a t  the rate of weight loss f o r  the  i n s u l a t i o n  is  twice a s  g r e a t  a s  f o r  t he  

p rope l l an t ,  even a f t e r  the  f i r s t  s t e r i l i z a t i o n  cyc le  has been completed. 

4.3.3 Insulat ion-to-Ti tanium Peel  Tests  

In su la t ion - to - t i t an ium peel  t e s t s  were conducted on samples furn ished  

by the motor i n s u l a t i o n  s u p p l i e r  t o  eva lua te  the  adequacy of the  bond a t  t he  

case / in su la t ion  in t e r f ace .  The samples were prepared t o  the  same s p e c i f i c a t i o n s  

a s  those used t o  i n s u l a t e  t he  s p h e r i c a l  motor cases  except  t h a t  t he  t i t an ium 

shee t  was not  g r i t  b las ted .  The t i t an ium was cleaned wi th  to luene ,  followed 

by a c a u s t i c - f r e e  de t e rgen t  wash and d i s t i l l e d  water r i n s e .  The Hitcb-2820 

was bonded t o  the  t i t an ium,  using Chemlok 205 primer and Chemlok 234 adhesive. 

The samples were f a b r i c a t e d  i n  6-in. by 12-in.  s e c t i o n s  by the  s u p p l i e r .  

A t  UTC the samples were c u t  i n t o  1-in.-wide s t r i p s  f o r  s t e r i l i z a t i o n  and 

t e s t i n g .  One set  of nine specimens was t e s t e d  p r i o r  t o  s t e r i l i z a t i o n  as  a 

cont ro l .  One set was t e s t e d  a f t e r  one s t e r i l i z a t i o n  cyc le  and another  s e t  

a f t e r  seven s t e r i l i z a t i o n  cyc les  a t  275OF. 

were t e s t e d  a t  each of t h ree  temperatures ,  Oo, 76", and 254OF. 

were t e s t e d  a t  a p u l l  r a t e  of 5 in.  per minute. It is apparent  t h a t  the 

s t e r i l i z a t i o n  environment does e f f e c t  the  case / in su la t ion  i n t e r f a c e  al though 

Within each s e t  t h ree  specimens 

A l l  specimens 
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the r e l a t i v e l y  low numbers obtained a t  thc elevated temperature a r e  pr imari ly  

the r e s u l t  of f l ex ing  the i n s u l a t i o n  ma te r i a l  through a r a t h e r  small r ad ius  t o  

achieve the 180" required by the tes t .  The t e s t  r e s u l t s  were considered 

s a t i s f a c t o r y  and a r e  presented i n  t a b l e  4-VI. 

4.4 SUPPLEMENTAL DEVELOPMENT ACTIVITIES ON LINER AND INSULATION 

The s p e c i f i c  l i n e r  and i n s u l a t i o n  eva lua t ion  tests required f o r  t h i s  

program were s u c c e s s f u l l y  conducted. The r e s u l t s  a r e  presented i n  s e c t i o n  4.3. 

The tests descr ibed include t e n s i l e  t e s t i n g ,  v o l a t i l e  s t a b i l i t y  , and p e e l  tests e 

In s p i t e  of the extensive background of l abora to ry  s c a l e  t e s t i n g  of i n s u l a t i o n ,  

l i n e r ,  and p rope l l an t  ( i nd iv idua l ly  and i n  combination wi th  one ano the r ) ,  

s u b s t a n t i a l  debonding between i n s u l a t i o n  and p rope l l an t  was observed i n  both 

small-scale  and demonscration motors. 

Several  f a c t o r s  a r e  involved, the two of g r e a t e s t  concern being (1) migra- 

t i o n  of m a t e r i a l s  from the i n s u l a t i o n  through the l i n e r  and i-nto t h e  p rope l l an t  

causing loss of bond s t r e n g t h  near the p r o p e l l a n t / l i n e r  i n t e r f a c e  and (2) t he  

bond s t r e n g t h  of p rope l l an t  t o  l i n e r  during s t e r i l i z a t i o n .  Another f a c t o r  may 

be the loss of p rope l l an t  s t r e n g t h  a t  s t e r i l i z a t i o n  temperatures when p rope l l an t  

is loaded a t  very low s t r a i n  r a t e s .  

P r i o r  experience wi th  t h i s  type of i n s u l a t i o n  sys  tern ind ica t ed  the p o s s i b i l i t y  

t h a t  the type of t a c k i f i e r s  t y p i c a l l y  used i n  these systems were p o t e n t i a l l y  

harmful 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  i f  such ma te r i a l s  were a b l e  t o  migrate 

t o  the bond area. 

Chemical c h a r a c t e r i z a t i o n  was conducted from vacuum oven condensate and 

v o l a t i l e  ma te r i a l s  recovered from d iced ,  vulcanized Hitco-2820 i n s u l a t i o n  by 

heat ing a t  275'F f o r  48 h r  a t  a pressure o f  1 t o r r .  

t h in - l aye r  chromatography of the ma te r i a l s  revealed the  presence of methyl 

In f r a red  spectroscopy and 
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hydroxystearate (Paracin l ) ,  a hydrocarbon extender o i l  ( p l a s t i c i z e r )  and, 

possibly,  an an t iox idan t .  The presence of  methyl hydroxystearate ,  a common 

a n t i t a c k  or mold r e l e a s e  agent  fo r  butyl  rubbers ,  was confirmed during discussions 

with Hitco. 

Paracin 1 i s  commonly used as a n  a n t i t a c k  o r  mold r e l e a s e  agent f o r  b u t y l  

rubber compositions, I ts  e f f e c t i v e n e s s  probably stems from i t s  i n s o l u b i l i t y  

i n  the s a t u r a t e d  polymer. Thus, methyl hydroxys t e a r a t e  tends t o  bleed to  the 

su r face  of the composition and e x e r t  an e f f e c t  g r e a t l y  i n  excess of t h a t  

expected on t h e  b a s i s  of concentrat ion i n  the  formulation. Since the polymer 

backbones of  bu ty l  rubber and Utrez (CTPIB) binder are e s s e n t i a l l y  i d e n t i c a l ,  

methyl hydroxystearate  can be expected t o  impair bonding of Utrez p rope l l an t  

t o  any s u b s t r a t e .  Q u a l i t a t i v e  laboratory t e s t s  have shown t h a t  a p p l i c a t i o n  of  

t he  vacuum oven condensate t o  UTL-0026 l i n e r  i n h i b i t s  bonding t o  UTP-11439 

propel lant .  

Although t h e i r  presence i n  the i n s u l a t o r  has not  been e s t a b l i s h e d ,  two 

o the r  m a t e r i a l s  commonly used i n  bu ty l  rubber processing a r e  known t o  impair 

t he  tens i le  p r o p e r t i e s  of Utrez propellanf.  These are s t e a r i c  ac id , and  z inc  

s t e a r a t e .  S t e a r i c  a c i d  competes with the prepolymer i n  r e a c t i o n  wi th  the 

c ros s l ink ing  agents.  Being monofunctional, s t e a r i c  a c i d  degrades the  r e s u l t i n g  

crossl inked polymer network by production of s t e r i l e  branches. Zinc stearate 

i n t e r f e r e s  with the cure r e a c t i o n s  by a process which is not y e t  understood. 

A modified Hitco-2820 i n s u l a t i o n  w a s  prepared i n  which these p o t e n t i a l l y  

noxious ing red ien t s  were omitted. This i n s u l a t i o n  was bonded i n t o  analog motor 

cases and then l i n e d  with UTL-0030 (contains  10% asbes tos ) .  UTP-11439 p rope l l an t  

was c a s t  and cured i n  these motors. 

debonding a t  the p r o p e l l a n t / l i n e r  i n t e r f a c e  w a s  evident by X-ray ana lys i s .  This 

A f t e r  cure and one s t e r i l i z a t i o n  cycle ,  

4-14 



i n s u l a t i o n  did not r ece ive  a hea t  s t e r i l i z a t i o n  cycle  p r i o r  t o  p rope l l an t  

add i t ion  because the harmful ingredients  had been el iminated,  

Additional analog motors were in su la t ed  with modified Hitco-2820 and put 

i n t o  the h e a t  s t e r i l i z a t i o n  cycle p r io r  t o  l i n i n g  and p rope l l an t  ca s t ing .  

Debonding between the case and the  i n s u l a t i o n  occurred. Formation of l a rge  

b l i s t e r s  i n  the  i n s u l a t i o n  ind ica t ed  t h a t  the i n s u l a t i o n  s u p p l i e r  had not  

properly i n s t a l l e d  the i n s u l a t i o n .  S u f f i c i e n t  time was no t  a v a i l a b l e  t o  have 

a d d i t i o n a l  motors i n s u l a t e d  and t e s t ed .  

Concurrent with t e s t i n g  of t he  modified Hitco-2820 i n s u l a t i o n  system, 

a series of  processing parameters were inves t iga t ed  by bond-in-tension tests. 

The tes t  series included v a r i a t i o n s  i n  i n s u l a t i o n  pretreatment ,  s o l v e n t  used 

f o r  wiping i n s u l a t i o n ,  drying t i m e ,  and l i n e r  thickness .  A l l  of the  t es t  

r e s u l t s  were similar s o  t h a t  no s i g n i f i c a n t  d i f f e rences  were observed i n  bond 

s t r e n g t h  r e s u l t i n g  from v a r i a t i o n s  i n  processing. 

Consideration w a s  then given t o  using the l i n e r  material (UTL-0026) as 

the in su la t ion .  

9.8 mils/sec e ros ion  r a t e  a t  625 ps ig  f o r  UTL-0026 is  equal t o  Hitco-2820. 

There a r e  no v o l a t i l e  ma te r i a l s  i n  the UTL-0026 t o  migrate i n t o  the p rope l l an t  

The thermal conduc t iv i ty  of 1.14 Btu/hr-ft2-OF/in. and 

a s  i n  Hitco-2820. Laboratory s c a l e  t e s t s  were then conducted t o  check the 

f e a s i b i l i t y  of using UTL-0026 as an in su la t ion .  

Since UTL-0026 has a low-temperature cure system (160°F) and can be c a s t  

i n  place,  a sample was prepared of the m a t e r i a l  by l ay ing  up l / l 0 - i n . - t h i c k  

l aye r s  of UTL-0026 (up t o  four  layers).’ 

200°F a f t e r  app l i ca t ion .  Af t e r  the f i n a l  200°F cu re ,  the sample received a n  

a d d i t i o n a l  24-hr cure a t  160°F and a l l  s e c t i o n s  had a n  e x c e l l e n t  chemical bond 

t o  each other .  A boot was a l s o  prepared i n  t h i s  experiment and a s a t i s f a c t o r y  

Each l aye r  was cured 2 t o  3 hr  a t  
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bond l i n e  was demonstrated. From t h i s  experiment, i t  was concluded t h a t  UTL-0026 

could be f ab r i ca t ed  a s  an i n s u l a t i n g  ma te r i a l  f o r  use i n  t h i s  program. 

Analog motors containing UTL-0026 as the i n s u l a t i n g  ma te r i a l  were prepared 

by using an 0.187-in.-thick s h e e t  of UTL-0026 and curing the s h e e t  a t  160°F. 

The s h e e t  of UTL-0026 was bonded t o  the case w a l l  and then l ined.  UTP-11439 

p rope l l an t  was c a s t  i n t o  the cases and received the normal cure. X-ray 

a n a l y s i s  showed *that t h i s  approach a l s o  caused debonding during cycl ing a t  

275°F a t  the p r o p e l l a n t / l i n e r  i n t e r f a c e .  The i n s u l a t i o n  s e c t i o n  d i d  not  

debond from the case during the t e s t .  

A l l  a v a i l a b l e  evidence ind ica t ed  t h a t  UTL-0026 should funct ion s a t i s f a c t o r i l y  

as a motor i n s u l a t i o n  m a t e r i a l  s i n c e  i t  was e s s e n t i a l l y  f r e e  o f  v o l a t i l e s  and 

migrating ing red ien t s  and bonded r e a d i l y  t o  the case wall .  Since the  one 

obvious problem area remaining involved the debonding of t he  p rope l l an t  during 

s t e r i l i z a t i o n ,  a s e r i e s  of experiments was i n i t i a t e d  t o  develop a l i n e r  t h a t  

would e x h i b i t  the necessary s t r e s s - s t r a i n  p rope r t i e s  during s t e r i l i z a t i o n .  

Liners  were prepared and c a s t  i n t o  molds and cured a t  160°F. 

were checked f o r  s t r e s s - s t r a i n  p rope r t i e s  a f t e r  cu re ,  and a f t e r  one 53-hr 

These samples 

s t e r i l i z a t i o n  cycle. CTPB and CTPIB prepolymers were evaluated i n  combination 

with the following cu ra t ives  : HX-868, MAPO, ERL-0510, EPON-X801, EPON-812, 

EPON-828, and STF-6. 

Using l - i n -  -wide by 2-in.  -long s t r i p s  of UTL-0026 i n s u l a t i o n  a s  the base,  
. 

tes t  l i n e r s  were appl ied t o  the i n s u l a t i o n  and given the proper precure p r i o r  

t o  propel lant  app l i ca t ion .  UTP-11439 was c a s t  onto the l i n e r  and cured. These 

samples were evaluated through four s t e r i l i z a t i o n  cycles .  

Formulations containing one equ iva len t  of prepolymer and more than one 

equivalent  of  epoxy wi th  one equivalent  of  MAPO o r  HX-868 produced l i n e r s  
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with high stress values (ranging from 200 p s i  o r  g r e a t e r  than 500 p s i )  a f t e r  

one s t e r i l i z a t i o n  cycle.  The s t r a i n  values  were near 50%. Using 1 t o  3 

equivalents  of HX-868 with the prepolymer and 0 t o  1 equivalent  of epoxy 

produced very high stress l i n e r s  and aga in  low elongat ion a f t e r  one s t e r i l i z a t i o n  

cycle. The l i n e r s  with the  h ighes t  e longat ion a f t e r  s t e r i l i z a t i o n  were those 

containing 2 t o  3 equ iva len t s  MAPO and 0.3 equivalent  epoxy. 

To eva lua te  systems of  high elongat ion,  l i n e r s  were prepared using 2 and 3 

equivalents  of MAPO and 0.3 equivalent  of EPON-X801 with a CTPB prepolymer and 

l i ned  on UTL-0026 i n s u l a t i o n  i n  analog motors. These l i n e r s ,  when checked i n  

the l abora to ry ,  had high elongat ion before  and a f t e F  s t e r i l i z a t i o n .  

d id  not have the high stress of UTL-0026 i n  samples  of p rope l l an t ,  l i n e r ,  and 

i n s u l a t i o n  t e s t s  but adhesion t o  the  propel lant  and i n s u l a t i o n  a f t e r  cycl ing 

a t  275 F w a s  e x c e l l e n t .  

The l i n e r  

0 

These l i n e r s  adhered w e l l  t o  the p rope l l an t  and i n s u l a t i o n  during s t e r i l i -  

z a t i o n  i n  t h e  analog motors, but  p rope l l an t  debonding occurred a s  a r e s u l t  of 

propel lant  shrinkage. Since the l i n e r  w a s  s o  e l a s t i c ,  t he  propel lant  was f r e e  

t o  move, and shrinkage was observed on t h e  ends of t he  g ra in  and between t h e  

propel lant  and i n s u l a t i o n .  The l i n e r  adhered t o  t h e  propel lant  and i n s u l a t i o n  

a f t e r  s t e r i l i z a t i o n ,  but as a r e s u l t  of i t s  low modulus i t  was not a b l e  t o  

hold t h e  propel lant  i n  place.  

When t e s t e d  with UTP-11439 and UTL-0026 i n s u l a t i o n ,  many of t he  l i n e r s  

had a good physical  bond a t  the end of cure.  However, the bond w a s  l o s t  during 

s t e r i l i z a t i o n  cycling. The experimental l i n e r s  exh ib i t ed  good p rope r t i e s  when 

t e s t e d  alone. There is  apparent ly  a r e a c t i o n  a t  the p rope l l an t  and l i n e r  

i n t e r f a c e  r e s u l t i n g  i n  a hardening of t he  su r face  and l o s s  of bond s t r eng th .  
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5 -0  STERILIZATION CYCLE DETERMINATION 

Under the con t r ac t  each motor assembly was t o  be s t e r i l i z e d  by.means 

of a s e r i e s  of s i x  h e a t i n g  cycles ,  each of which would maintain the  most 

remote po in t  of the g r a i n  a t  a temperature of 275'F f o r  a minimum of 53 h r .  

Since i t  i s  a we l l - e s t ab l i shed  f a c t  t h a t  degradation i n  polymeric systems 

inc reases  wi th  temperature and time, i t  i s  d e s i r a b l e  t o  l i m i t  the  time t h a t  

t h e  system i s  exposed t o  e levated temperatures. This  s e c t i o n  descr ibes  the  

a n a l y t i c a l  and experimental work which was conducted t o  determine an 

optimum hea t ing  cycle  which would (1) minimize the  degradation of t h e  pro- 

p e l l a n t  caused by the elevated temperatures required f o r  s t e r i l i z a t i o n ,  

(2) be compatible with the thermal s t r e s s  c o n s t r a i n t s  of the p rope l l an t  and 

t h e  p rope l l an t - to - l ine r  bonds, and (3) be compatible with the  p r a c t i c a l  

and physical  l i m i t a t i o n s  of the oven hardware used f o r  t he  s t e r i l i z a t i o n  

cycles ,  It i s  important t o  note t h a t  t he  optimized cycle  determined f o r  

the c o n t r a i n t s  l i s t e d  above i s  only appl icable  f o r  the s p e c i f i c  motor 

geometry of t h i s  c o n t r a c t ,  the UTP 11439 p rope l l an t ,  and t h e  p a r t i c u l a r  

ovens used f o r  s t e r i l i z a t i o n .  However, the work recorded here  should provide 

a b a s i s  f o r  cons t ruc t ing  an optimized s t e r i l i z a t i o n  cycle  f o r  any combination 

of motor, p rope l l an t ,  and oven hardware. Recommendations regarding suggested 

procedures f o r  f u r t h e r  a p p l i c a t i o n s  a r e  s t a t e d  i n  s e c t i o n  5.5.  

The f i r s t  c o n s t r a i n t  i n  the  determination of an optimum heat ing cycle  i s  

t h e  need t o  minimize the aging degradation o f  t he  p rope l l an t .  To develop 

an understanding of the acce le ra t ed  degradation of p rope l l an t  a t  e levated 
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temperatures, numerous s to rage  s tud ie s  and i n v e s t i g a t i o n s  of p rope l l an t s  under 

e levated temperature environments have been conducted by UTC and o the r  i n v e s t -  

i g a t o r s ,  A s  a r e s u l t  of t hese  t e s t s ,  i t  has been found t h a t  t he  degrada- 

t i o n  of most composite s o l i d  p rope l l an t s  containing AP and hydrocarbon 

binder occurs i n  a p red ic t ab le  p a t t e r n .  The Arrhenius p l o t  shown i n  

f i g u r e  5-1 has been used success fu l ly  t o  e s t ima te  degradation and t o  

c o r r e l a t e  acce le ra t ed  aging da ta  a t  va r ious  temperatures.  Using these  data ,  

i t  i s  poss ib l e  t o  compute a m u l t i p l i c a t i o n  f a c t o r  which can be used t o  

c a l c u l a t e  the degradation a t  e levated temperatures i n  terms of the degrada- 

t i o n  which takes  place a t  a se l ec t ed  s tandard temperature.  Such a p l o t  i s  

shown i n  f i g u r e  5-2 and i s  based on a standard temperature of  275'F. Add- 

ing t o  the  d i f f i c u l t y  of minimizing degradation i s  the  v a r i a t i o n  i n  hea t ing  

r a t e s  i n  d i f f e r e n t  po r t ions  of the ,  g r a i n ,  These v a r i a t i o n s  a r i s e  from two 

causes:  (1) the v a r i a t i o n  i n  hea t  t r a n s f e r  c o e f f i c i e n t  a t  t he  e x t e r n a l  

motor ca'se w a l l  a s  a func t ion  of t he  loca t ion  of the case i n  the oven and 

(2) the slower thermal response of the po r t ions  of t he  g r a i n  a t  a d i s t ance  

from the  heated su r face .  Because of t h e s e  v a r i a t i o n s ,  a hea t ing  cycle  must 

be developed which a s s u r e s  t h a t  the slowest responding point  i n  the  g ra in  

i s  maintained a t  275'F f o r  53 h r  per cycle .  The amount of degradation, on 

t h e  o the r  hand, must be ca l cu la t ed  f o r  t he  f a s t e s t  responding po in t  i n  the  

g ra in .  

The second c o n s t r a i n t  i n  developing an optimum s t e r i l i z a t i o n  cycle  i s  

the  necess i ty  t o  minimize the thermal s t r e s s  i n  t h e  p rope l l an t  and i n  the  

bond between l i n e r  and p rope l l an t .  Since the d i f f e r e n c e  between mean bulk 

temperatures of the motor case and p rope l l an t  i s  an i n d i c a t i o n  of the 

thermal s t ress ,  c a l c u l a t i o n s  were made t o  minimize t h i s  d i f f e rence  i n  
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developing an optimum cyc le .  The means f o r  decreasing the mean bulk 

temperature d i f f e rence  i s  t o  heat  the motor slowly. This tends t o  inc rease  

p rope l l an t  degradation. 

f a c t o r s .  

Thus a compromise must be obtained between these 

The t h i r d  c o n s t r a i n t  i n  developing a hea t ing  cycle  involves t h e  physical  

l i m i t a t i o n s  of the hardware t o  be used f o r  t he  temperature cycling. The 

oven used has a f ixed  geometry, a i r  flow r a t e ,  and temperature l i m i t a t i o n  

as described i n  s e c t i o n  6.4. Thermal cycles  which minimize degradation and 

thermal s t r e s s e s  would r e q u i r e  an automatic preprogrammed continuous 

temperature c o n t r o l l e r  f o r  t he  oven. Under t h i s  demonstration con t r ac t  such 

a programmed c o n t r o l l e r  was imprac t i ca l  and a s t e p w i s e  manually con t ro l l ed  

oven cycle  w a s  used. 

With these  t h r e e  bas i c  c r i t e r i a  i n  mind, the procedure followed t o  

a r r i v e  a t  t he  optimum s t e r i l i z a t i o n  cycle  f o r  a l i v e  p rope l l an t  was as 

follows : 

A .  

B e  

C, 

Determine the  approximate hea t ing  r a t e  on the motor case f o r  a l l  

l oca t ions  wi th in  the  oven f o r  the a i r  flow rates and temperatures t o  

be used. This was accomplished using a thermocouple instrumented 

empty motor case which f a c i l i t a t e d  r a p i d  t e s t s  s ince  the r a t e  of thermal 

response of the t h i n  s h e l l  was high. 

Using t h i s  range of h e a t  t r a n s f e r  r a t e s ,  make est imates  o f  t he  response 

times of an i n e r t  p r o p e l l a n t  and motor case and determine a nea r ly  

optimum cycle i n  terms of aging degradation and thermal stress. 

Using a n  i n e r t  loaded motor and t h e  hea t ing  cycle  ca l cu la t ed  i n  

paragraph B, measure e x t e r n a l  and i n t e r n a l  su r f ace  temperature 

responses.  Use t h i s  measured d a t a  t o  r e f i n e  the  hea t ing  r a t e s  measured 
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i n  paragraph A and t o  v e r i f y  a h e a t  conduction model f o r  p red ic t ion  of 

in-depth thermal response. 

D, F i n a l i z e  the optimum s t e r i l i z a t i o n  cycle us ing  the  l a t e s t  hea t ing  

r a t e s  and p r o p e r t i e s  f o r  the l i v e  p rope l l an t .  This  optimum cyc le  w i l l  

be a compromise between cycles  which minimize aging degradation and 

cycles  which minimize thermal stress.  The cycle must a l s o  meet t he  

c o n t r a i n t s  of the oven hardware. 

The following discussion w i l l  descr ibe i n  g r e a t e r  d e t a i l  t he  s t e p s  

l i s t e d  previously and w i l l  present  t he  r e s u l t s  f o r  each of the major m i l e -  

s tones.  It should be noted t h a t  a s i g n i f i c a n t  amount of thermocouple da ta  

were taken and a l a rge  number of h e a t  t r a n s f e r  computer runs were made during 

the  course of t h i s  work. In  t h i s  r e p o r t ,  t h e  thermocouple d a t a  a r e  summarized 

by p l o t t i n g  the maximurn,minimum, and any c r i t i c a l  po in t s ,  

of d a t a  f o r  t he  s e v e r a l  thermocouples per t e s t  a r e  not presented here;  however, 

a sample from the  s t r i p  c h a r t s  used i n  t h e  t e s t  i s  presented, and the  da ta  

a r e  on f i l e  a t  UTC f o r  review. Only t h e  f i n a l  r e s u l t s  of t he  h e a t  conduction 

The g r e a t  volume 

computer runs a r e  presented, as no purpose would be served t o  p re sen t  a l l  

of  t he  runs made. However, a summary of t he  maximum degradation i s  p r e -  

sented f o r  several of  t h e  cyc le s  t r i e d  which l ed  t o  t h e  f i n a l  cycle .  

5.1 AGING DEGRADATION ANALYSIS 

A s  mentioned previously,  t he  p rope l l an t  degradation o r  aging mult i -  

p l i c a t i o n  f a c t o r  may be computed from t h e  known thermal response of any 

po in t  i n  a p rope l l an t  and t h e  p l o t  shown i n  f i g u r e  5.2. For example, i f  i t  

i s  known t h a t  a p rope l l an t  has been a t  295'F f o r  3 h r ,  t he  aging re la t ive  

t o  275QF would be computed i n  t h e  following manner: 
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A ,  The A T i s  295' t o  275'F = 20'F, 

B. Using f i g u r e  5-2, a A T  of 20'F gives a mult iplying f a c t o r  of 2.15. 

C, Therefore, r e l a t i v e  t o  275°F the p rope l l an t  has aged 2.15 times 

3 h r ,  o r  6.45 h r ,  i n  a a c t u a l  time of 3 h r  due t o  t h e  elevated 

temperature. 

For convenience of t h e  ana lys i s ,  a degradation f a c t o r  has been defined 

as 

DF = f 
DS 

where 

DF = The degradation f a c t o r  

Dt = The t o t a l  degradation estimated by using the curve i n  f i g u r e  5-2 

t o  c a l c u l a t e  t h e  equivalent  degradation time a t  some base 

temperature (usual ly  275'F) 

Ds = The t o t a l  degradation ca l cu la t ed  using the d a t a  i n  f i g u r e  5-2 t o  

determine the  degradation value a t  t h e  same base temperature as 

'.D f o r  t he  a c t u a l  53 h r  a t  275'F, t 

This f a c t o r  a c t u a l l y  r ep resen t s  t he  number of 53-hr 275'F periods t h a t  the 

p rope l l an t  i s  aged o r  degraded when taken through each cycle of t h e  

s t e r i l i z i n g  process.  Obviously some p o i n t s  of  the p rope l l an t  must see the  

h igh  temperatures f o r  longer than 53 h r  f o r  t he  thermally remote regions t o  

reach 275OF. This f a c t o r  i n d i c a t e s  t he  a c t u a l  number of degraded hours 

r e a l t i v e  t o  t h e  i d e a l  cycle .  

The computation of t h i s  f a c t o r  has  been computerized and may be 

ca l cu la t ed  f o r  any p r o p e l l a n t  response generated by t h e  h e a t  conduction 

computer program o r  oven cycle  f o r  a given temperature s e t t i n g .  The program, 
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designated AGING/CODE, uses the equation of the  semi-log curve which descr ibes  

t h e  temperature degradat ion phenomenon ( f igure  5-21, and the  time-temperature 

r e s u l t s  from computations o r  measurements t o  compute the  degradation time a t  

any presecr ibed based temperature,  

f o r  t h i s  s tudyo 

The base temperature of 275'F was used 

Figure 5-3 shows a schematic of the s t e r i l i z a b l e  motor and a thermal 

model used f o r  the  one-dimensional hea t  conduction computer program, LAlSZAZ, 

which i s  used t o  compute t h e  temperatures wi th in  the  p rope l l an t  during a 

s t e r i l i z a t i o n  cycle .  

the  po in t  marked A w i l l  h e a t  s i g n i f i c a n t l y  f a s t e r  than the  thermally remote 

poin t  B, 

y i e l d  t h e  maximum and minimum thermal degradat ion t imes.  

When a motor i s  heated from t h e  e x t e r n a l  sur face  only, 

The degradation computed f o r  t hese  two poin ts  g e n e r a l l y w i l l  

To determine t h e  e f f e c t  of var ious cycles ,  s e v e r a l  oven heatup t r a m  

s i e n t s  were imposed on a preliminary p rope l l an t  model. For each of t h e  

cyc les  the r e l a t i v e  s t a r t u p  t r a n s i e n t  aging t i m e  was determined f o r  the  

ex te rna l  po in t  of  t he  p rope l l an t ,  point  A, and compared t o  t he  a c t u a l  t i m e  

required f o r  t he  remote poin t  B t o  reach 275OF. 

the  r e s u l t s  f o r  two oven a i r  cycles,  one f o r  a constant  300'F and another  i n  

which the oven a i r  i s  increased t o  400°F f o r  2 h r  and then reduced t o  300'F. 

These runs were used t o  determine when t h e  remote poin t  B would reach 275*F, 

A t  t h a t  time the  oven would normally be reduced t o  the  275'F value f o r  the  

remainder of t h e  53 h r .  Table 5-1 l i s t s  the  a c t u a l  t i m e  and the  r e l a t i v e  

Figures  5-4 and 5-5 show 

aging time t h a t  r e s u l t e d  from the  cyc les .  

f i g u r e  5-5 i s  s h o r t e r  the  aging t i m e  i s  longer ,  s ince  the  ex te rna l  temperature 

of f i g u r e  5-5 was h igher  than t h a t  f o r  f i g u r e  5-4 f o r  a longer t i m e  per iod.  

For these  two oven cyc les ,  the  hea t  t r a n s f e r  c o e f f i c i e n t  was assumed t o  be 

Note t h a t  although the  cycle  of 
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constant  f o r  the prescr ibed oven temperature, thus de f in ing  the  e x t e r n a l  

wal l  temperature., To attempt f u r t h e r  opt imizat ion,  a second approach was 

taken. Since i t  i s  the  e x t e r n a l  sur face  temperature t h a t  def ines  the  

degradation, i t  was decided t o  p re sc r ibe  the e x t e r n a l  surface' temperature 

and then "back out" the oven temperature required t o  c r e a t e  t h a t  sur face  

temperature response when the  lowest sur face  temperature producing the  lowest 

aging was found. Figures  5-6 and 5-7 show two t y p i c a l  e x t e r n a l  sur face  

temperature runs,  and t a b l e  5-1 shows the  r e l a t i v e  aging t imes,  Note t h a t  

t h e  cycle wi th  the longer du ra t ion  ( f i g u r e  5-7) had the  s h o r t e s t  r e l a t i v e  

aging time. Figure 5-7 a l s o  shows the "backed outlf oven temperature which 

would be required t o  produce the  e x t e r n a l  surface response,  

The cooling t r a n s i e n t  was l e s s  c r i t i c a l  s ince  the  temperatures a r e  

always l e s s  than the  275'F s t e r i l i z a t i o n  temperature e 

f a c t o r  f o r  the  cooling phase would be the compa t ib i l i t y  with any s t r u c t u r a l  

requirements regard ing  the maximum cool ing r a t e  acceptable.  

response i s  shown i n  f igu re  5-8 where the  cooling 3ir i s  maintained a t  a 

constant  60°F and the  oven blowers a r e  s t i l l  on. 

The major c o n t r o l l i n g  

A t y p i c a l  

Table 5-1 i n d i c a t e s  t he  r e l a t i v e  aging t i m e s  f o r  both the  i n t e r n a l  and 

The i n t e r n a l  surface has the  l a rge r  r e l a t i v e  aging time ex terna l  sur faces .  

because it lags  during cooldown. 

' It should be noted t h a t  these  examples assumed a s p e c i f i c  oven a i r  flow 

which causes a p a r t i c u l a r  convective hea t ing  r a t e  on the  motor case. 

runs were t y p i c a l ,  al though not  f i n a l  due to  the  f a c t  t h a t  the s p e c i f i c  oven 

response had not y e t  been determined. 

The 

However, i t  was concluded from these  

and o ther  runs t h a t  the surface temperatures must be kept a s  c lose  t o  the 

s t e r i l i z a t i o n  temperature a s  possible  t o  keep the  degradation t o  a minimum. 
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TABLE 5-1 

RESULTS OF TMSIENT €EATING AND COOLING ANALYSES 
ON TEE PROPELLANT/CASE INTEBFACE FOR SEVEXAL TRANSIENT VARUTIONS 

Cycle 

Time for  
Reference Poin t  B Re Zative Trans ien t  

Figure $0 Reach AFing Time Degradation 
Number 2 7 5 9  Hr Factor? 

Constant oven air 3OO0F 5-4 I f  .o 7.84 0,71 

A i r  cyc le  1 5-5 10,o 9*35  0,94 

Case temperature cycle  2 5-6 6,55 12 e 05 1.8 

Case temperature cycle  4, 
modified 5-7 7.5 7.4 0.99 

Cooling t o  609 

Outside 
Inside 

*Time t o  reach 70°F on i n s i d e .  

5-8 12 .w 0,ZE 0,Ol 
5 -8 12 .oJr 1.19 0.1 

?Minimum degradat ion f o r  t h e  hea t ing  t r a n s i e n t  i s  des i red .  The degradat ion 
f a c t o r  f o r  these  t r a n s i e n t s  are only for re ference  because t h e  t o t a l  cyc le  
of heat ing,  holding, and coa l ing  must be considered,  
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5.2 OVEN TESTS USING AN EMPTY MOTOR CASE 

To accura t e ly  develop oven cycles  which w i l l  minimize the  degradation 

of the p rope l l an t  during s t e r i l i z a t i o n ,  a thermal model must be developed 

which represents  the  hea t ing  process i n  the  oven. 

of the convective h e a t  t r a n s f e r  c o e f f i c i e n t  on the e x t e r n a l  sur face  of the  

motor case.  A prel iminary determination of the  h e a t  t r a n s f e r  c o e f f i c i e n t s  

was made us ing  an empty motor case instrumented wi th  thermocouples and 

placed i n  the  oven. Thir teen thermocouples were located on the case,  as 

This requi res  a knowledge 

shown i n  f igu re  5-9. 

wire twisted together  and spot  welded t o  the case.  A thermocouple was a l s o  

placed i n s i d e  t h e  case t o  measure the  i n s i d e  a i r  temperature. 

couples were used t o  measure oven a i r  temperature, one d i r e c t l y  i n  f r o n t  of 

t he  case ( i n  terms of d i r e c t i o n  of a i r  flow) and one behind the case.  All 

thermocouples were checked f o r  con t inu i ty  and were connected t o  a recorder.  

These were formed using 28-gauge copper and constantan 

Two thermo- 

The instrumented empty case was then placed i n  oven p o s i t i o n  1 as  shown 

i n  f i g u r e  5-10. When a l l  thermocouple readings were s t a b i l i z e d ,  the oven 

hea t  was turned on. The oven a i r  temperature was allowed t o  rise n a t u r a l l y  

t o  300'F and was subsequently held the rmos ta t i ca l ly  a t  300°Eo 

cedure was then repeated f o r  oven p o s i t i o n s  4 ,  2, and 3 and again f o r  

pos i t i on  4 .  I n  the  l a s t  t e s t ,  the  cooldown was a l s o  recorded and the da ta  x. 

were reduced 

This pro- 

A t y p i c a l  recorded response of t he  thermocouples i s  shown i n  f igure  

5-11. Data r ep resen t ing  the  oven a i r  temperature, t he  a i r  temperature 

in s ide  the  niotor case, and the  maximum and minimum case temperatures were 

taken from these recorder  s t r i p s .  These data were used as input t o  the pro- 

gram CASE/TEMJ? which ca l cu la t ed  the  hea t  t r a n s f e r  c o e f f i c i e n t s  based on a 

5-17 
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hea t  balance t o  t h e  empty case wal l  inc luding  i n t e r n a l  and e x t e r n a l  hea t  

t r a n s f e r ,  This hea t  balance assumed t h a t  a l l  of the  a i r  i n s i d e  the  case was 

heated by hea t  t r a n s f e r r e d  through the wal l .  

The recorded temperature da t a  and t h e  accompanying ca lcu la ted  h e a t  

t r a n s f e r  c o e f f i c i e n t s  a r e  shown i n  f i g u r e s  5-12 through 5-33. Because the  

h e a t  t r a n s f e r  c o e f f i c i e n t  ca l cu la t ions  involve d i v i s i o n  by small  d i f f e rences  

i n  measured temperatures,  small  measured e r r o r s  can lead t o  the  l a rge  random 

f l u c t u a t i o n s  shown i n  these  p l o t s .  It i s  poss ib le ,  never the less ,  t o  

determine approximate va lues  and t r ends  i n  h e a t  t r a n s f e r  c o e f f i c i e n t s .  The 

c o e f f i c i e n t s  a t  t he  po in t  of  maximum response vary roughly between 1.0 and 

6.0 Btu/hr-ft2-'F. 

1 , O  t o  2.0 B tu /h r - f t  BF. 

and the  f l u c t u a t i o n s  can probably be r e l a t e d  t o  one o r  more of the  fol lowing 

f a c t o r s  : 

A t  t he  po in t  of s lowest  response,  t he  va lues  range from 

2 The wide v a r i a t i o n  of hea t  t r a n s f e r  c o e f f i c i e n t s  

A. The convection t o  a sur face  i n s  dependent upon temperature l e v e l s  

of t he  gas and wall, 

Hot a i r  leakage i n t o  the  empty case through the  top ,  B, 

C. Varia t ion  of a i r  flow around the  case due t o  uneven flow d i s t r i b u -  

t i o n ,  

I), Error  between t i t an ium wa l l  th ickness  assumed and a c t u a l  values ,  

E. Er ror  between t i t an ium thermal p r o p e r t i e s  assumed and a c t u a l ,  

Since more tests were t o  be run with the i n e r t  and l i v e  motors, no attempt 

was made t o  i n v e s t i g a t e  these  poss ib le  problem areas .  

designed t o  yPeld a rap id  value of oven temperature response i n  t h e  e a r l y  

s tages  of t h e  ana lys i s ,  and they accomplished t h a t  t a sk .  

These tests were 

5-21 
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5 - 3  OVEN TESTS USING AN INERT PROPELLANT MOTOR 

Following the  t e s t s  us ing  t h e  empty motor case,  oven hea t ing  t e s t s  were 

conducted using a motor case loaded with an i n e r t  p rope l l an t  i n  the  con- 

f i g u r a t i o n  shown i n  f i g u r e  5-9. The tests were designed t o  accomplish: 

A .  A,mote r e f ined  determinat ion of t h e  e x t e r n a l  sur face  hea t  t r a n s f e r  

c o e f f i c i e n t s ;  t h i s  should be poss ib l e  due t o  the  slower response of t h e  

case w a l l  when backed by p rope l l an t .  

V e r i f i c a t i o n  of t he  in-depth hea t  conduction model used t o  p red ic t  B. 

temperature p r o f i l e s  through the  gra in .  

The e x t e r n a l  su r f ace  of t he  loaded motor case was instrumented wi th  

thermocouples i n  t h e  same way a s  the  empty case,  as shown i n  f i g u r e  5-9. In  

addi t ion ,  thermocouples were placed i n  contac t  wi th  the  i n s i d e  g ra in  su r face  

and wi th in  the  g ra in  i t s e l f .  

As with t h e  empty motor case test, two thermocouples were used t o  record the  

oven a i r  temperature,  one forward and one a f t  of  t h e  case with r e spec t  t o  

flow of a i r  i n  the oven. Using the  temperature responses of t h e  case and 

the appropr ia te  a i r  temperature, h e a t  t r a n s f e r  c o e f f i c i e n t s  were ca l cu la t ed  

f o r  t h e  f a s t e s t  and s lowest  responding poin ts  on t h e  case.  These ca l cu la -  

These loca t ions  a r e  also shown i n  f i g u r e  5-9. 

t i o n s  were performed by a one-dimensional axisymmetric hea t  conduction 

program (LA15ZAZ), descr ibed i n  s e c t i o n  5.1, using i t s  c a p a b i l i t y  t o  back o u t  

t he  h e a t  t r a n s f e r  c o e f f i c i e n t  required t o  produce the  su r face  temperature 

measured i n  the  tes t .  

the  in-depth thermal response of the  grain.  Figure 5-34 shows temperature 

p r o f i l e s  across  the  g ra in  a t  t h e  f a s t e s t  responding poin t  a t  var ious  times 

i n  the  cyc le .  Figure 5-35 shows the  gas temperature, i n t e r n a l  sur%$ace, and 

i n t e r f a c e  temperature between t h e  g r a i n  and l i n e r  as a funct ion of time f o r  

The hea t  conduction program was a l s o  sed t o  determine 

5-44 
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t h e  f i r s t  oven cyc le  us ing  the  i n e r t  p r o p e l l a n t ,  

w i th in  t h e  g r a i n  y ie lded  no u s e f u l  r e s u l t s  apparent ly  due t o  e ihhe r  e l e c t r i c a l  

s h o r t s  between t h e  thermocouple w i r e  and the  motor case o r  due t o  the crack 

The thermocouples placed 

which appeared i n  the  g ra in  during the  hea t ing  cyc le ,  

Although the  p rope l l an t  g ra in  f a i l e d  s t r u c t u r a l l y  during the  f i r s t  oven 

hea t ing  cycle ,  the  tes t  o b j e c t i v e  of r e f i n i n g  t h e  determinat ion of  e x t e r n a l  

hea t  t r a n s f e r  c o e f f i c i e n t s  was met. During the  f i r s t  oven hea t ing  cycle,  

t h e  t e s t  motor was placed i n  oven p o s i t i o n  1, as shown i n  f i g u r e  5-10. A 

second oven hea t ing  cyc le  was run  with the  t e s t  motor i n  oven p o s i t i o n  2. 

The crack i n  the  g r a i n  was not  expected t o  have a s i g n i f i c a n t  e f f e c t  on the  

hea t  t r a n s f e r  between t h e  oven a i r  and the  e x t e r n a l  motor. The hea t  t r a n s f e r  

c o e f f i c i e n t s  ca l cu la t ed  from these  two oven cycle  runs had smal le r  v a r i a t i o n s  

and were more repea tab le  than those determined using the empty motor. The 

temperature responses and hea t  t r a n s f e r  c o e f f i c i e n t s  calculated,  f o r  t h e  

f a s t e s t  and s lowest  responding poin ts  on t h e  e x t e r n a l  sur face  a r e  shown i n  

f i g u r e s  5-35 through 5-42. 

higher  than those obtained i n  t h e  empty case t e s t s  ranging between roughly 

2.0 and 6.0 B tu / f t  -hr-OF a t  t he  s lowest  responding poin t  and between 6.0 

The c o e f f i c i e n t s  ca lcu la ted  a r e  aonsiderably 

2 

2 and 12,O B t u / f t  -hr-SF a t  t he  f a s t e s t  responding poin t .  The hea t  t r a n s f e r  

c o e f f i c i e n t  ca l cu la t ions  r equ i r e  a knowledge of t h e  thermal conduct ivi ty  of 

the  p rope l l an t ,  Before t h e  i n e r t  g r a i n  was c a s t ,  thermal conduct iv i ty  

measurements were made us ing  a modified Cenco-Fitch thermal conduct iv i ty  

apparatus  e 

It i s  poss ib le ,  however, t h a t  t he  thermal conduct iv i ty  of t h e  pro- 

p e l l a n t  undergoes changes during t h e  s t e r i l i z a t i o n  hea t ing  cycle .  

change i n  thermal conduct iv i ty  could account f o r  the  d i f f e rences  between 

Such a 

5-47 
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the  hea t  t r a n s f e r  c o e f f i c i e n t s  ca l cu la t ed  from the  empty motor case t e s t s  

and those ca l cu la t ed  from the  t e s t s  using i n e r t  p rope l l an t ,  s ince  knowledge 

of t h e  thermal conduct iv i ty  i s  an i n t e g r a l  p a r t  of the  process whereby the  

h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  determined, 

The second ob jec t ive  of  t h e  i n e r t  p rope l lan t  oven t e s t s ,  v e r i f i c a t i o n  

of t he  in-depth hea t  conduction, was only p a r t i a l l y  s a t i s f i e d  because of t he  

f a i l u r e  of the  thermocouples wi th in  the  gra in  

5.4 STERILIZATION HEATING CYCLE USING LIVE. PROPELLANT 

Af ter  t h e  s t r u c t u r a l  f a i l u r e  of the  i n e r t  p rope l l an t  grain,  t he  l i v e  

g r a i n  was reexamined f o r  s t r u c t u r a l  f a i l u r e  modes. Heating cyc les  were 

designed t o  minimize t h e  d i f f e rence  i n  mean bulk temperature between t h e  

motor case and the  p rope l l an t  gra in .  Three manually cont ro l led  s t e p  changes 

i n  oven a i r  temperature were used. 

and degradat ion r e s u l t i n g  i n  a hea t ing  cycle  se l ec t ed  f o r  the  f i r s t  live 

propel lan t  s t e r i l i z a t i o n  cycle .  This cycle  included an oven a i r  temperature 

of 190'F f o r  6 h r ,  followed by an increase  t o  235'F f o r  6 h r ,  then  t o  300'F 

f o r  8 hr ,  and f i n a l l y  lowered t o  275'F and remain a t  t h a t  l e v e l  f o r  the  

remainder of  the cycle .  

pos i t i on  1 and subjected t o  t h e  hea t ing  cycle.  

the  tes t  were reduced and a r e  shown i n  f i g u r e  5-43 along with t h e  gra in  mean 

bulk temperature obtained from a one-dimensional hea t  conduction ana lys i s .  

Figure 5-44 presents  t he  thermal p r o f i l e s  a t  var ious  times during the cycle .  

These p l o t s  a r e  f o r  t he  f a s t e s t  responding poin t  on the  motor. F igures  5-45 

and 5-46 show t h e  predic ted  response f o r  t h e  slowest and f a s t e s t  responding 

po in t s  on t h e  motor based on h e a t  t r a n s f e r  c o e f f i c i e n t s  ca l cu la t ed  from t h e  

Numerous cyc les  were evaluated f o r  stress 

The f i r s t  live g ra in  motor was placed i n  oven 

The thermocouple d a t a  from 
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i n e r t  p rope l l an t  tes t .  

w e l l  wi th  the  predicted response f o r  t h e  higher  hea t  t r a n s f e r  c o e f f i c i e n t s ,  

Although the motor case wal l  thermal response agrees  

the response of the  i n s i d e  g ra in  was considerably f a s t e r  than has been 

expected. This was probably the  r e s u l t  of using a t h i n  f o i l  t o  s e a l  the 

open end of  the motor r a t h e r  than the  wooden s e a l  used i n  previous tests, 

The f o i l  would be expected t o  t r a n s f e r  hea t  more r e a d i l y ,  

cycle  was run with one l i v e  motor i n  oven p o s i t i o n  1 and another i n  pos i t i on  

2 .  The thermocouple r e s u l t s  of t h i s  test were compared t o  the  f i r s t  cycle  

A second oven 

and found t o  be i n  c lose  agreement, There was, i n  f a c t ,  l i t t l e  v a r i a t i o n  

a s  a func t ion  of oven pos i t i on .  

Because more h e a t  reaches the  i n s i d e  su r face  of the  g r a i n  than had been 

predic ted ,  a l e s s  severe oven cycle  was poss ib l e  and was analyzed, The new 

cyc les  c a l l e d  f o r  t he  oven a i r  temperature t o  be a t  180°F f o r  5 h r ,  230'F 

f o r  5 hr ,  and 285'F f o r  9.5 h r .  

and t h e  thermal p r o f i l e s  a r e  presented i n  f i g u r e  5-48, 

The new cycle  i s  presented i n  f i g u r e  5-47, 

Degradation of t h e  

g ra in  was ca l cu la t ed  f o r  t he  i n s i d e  and outs ide  sur faces  of the g ra in  f o r  

t h ree  cyc les :  (1) as predic ted  f o r  t h e  low and high hea t  t r a n s f e r  c o e f f i a  

c i e n t s  from the  i n e r t  tests, (2) as  experienced f o r  the  f i r s t  l i v e  propel lan t  

hea t ing  cycle ,  and (3) f o r  the  new cycle .  These r e s u l t s ,  i n  275°F equiva len t  

degradat ion hours, a r e  a s  follows: 

Grain Degradation 

Grain Predic ted  Predicted Actual New 

I n s i d e  4.09 5 e4 7,3 4.9  

Surf ace Low HTC High HTC F i r s t  Cycle HTC Cycle HTC 

Outside 15.8 21.4 17,3 11.1 
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The maximum di f fe rences  between the  case temperature and gra in  mean bulk 

temperatures were: f o r  the predicted cycle (high h e a t  t r a n s f e r  c o e f f i c i e n t ) ,  

69°F; f o r  the f i r s t  a c t u a l  oven cycle,  60'F; and f o r  the proposed new cycle,  

56'F, The new cycle  was not  used due t o  the g ra in - to - l ine r  bond f a i l u r e  

of the l i v e  p rope l l an t  t e s t  motors. 

5,5 CONCLUSIONS AND RECOP/IMEMDATIONS 

I n  conclusion, an optimum heatup t r a n s i e n t  f o r  the  s t e r i l i z a t i o n  cycle  

aging degradation, was found t h a t  f e l l  w i th in  the three  major c o n s t r a i n t s :  

thermal s t r e s s ,  and oven hardware, This t r a n s i e n t  heatup cycle would 

thermally age the p rope l l an t  11,l h r  longer than the  standard 53 h r  cycle,  

f o r  a degradation f a c t o r  (excluding cooldown) of 1 2 1  f o r  one cyc le ,  This 

f a c t o r  i s  found t o  be acceptable  f o r  s i x  s t e r i l i z a t i o n  cyc les .  

It was found during t h i s  phase of the program, khat: 

A. Prope l l an t  sur face  temperatures should be kept as c lose t o  the 

s t e r i l i z a t i o n  temperature as poss ib le  t o  minimize the aging 

degradation 

The heatup t r a n s i e n t  port ion of the  cycle i s  cont ro l led  by the  

thermal s t r e s s  r e s t r a i n t s  f o r  the p rope l l an t  system usedg 

Consideration o f  the  hea t ing  of the  p rope l l an t  from both the  e x t e r n a l  

and i n t e r n a l  sur faces  must be made where the  nozzle c losure i s  not 

p e r f e c t l y  i n s u l a t e d  ox sealed,  

B. 

C. 

The following suggestions and recommendations a re  made f o r  fu tu re  work 

on the s t e r i l i z a b l e  cycles:  

A, Thermal p r o p e r t i e s  should be determined f o r  room and e l eva ted  

s t e r i l i z a t i o n  temperatures, both before and a f t e r  each s t e r i l i z a t i o n  
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cycle t o  determine v a r i a t i o n s  t h a t  may e x i s t .  The thermal pro- 

p e r t i e s  d i r e c t l y  a f f e c t  the r a t e  a t  which the p rope l l an t  h e a t s  and 

coo Is, 

Bo Oven hea t ing  d i s t r i b u t i o n  on a loaded l i v e  o r  i n e r t  motor should 

be determined as  described previously f o r  any new oven configura- 

t i o n  t o  be used f o r  s t e r i l i z a t i o n ;  accura te  mapping of the  flow 

should be made t o  a id  i n  the placement of the  motors i n  the oven, 

For ovens i n  which the  hea t ing  around the  motor case i s  nonuniform, 

e i t h e r  b a f f l e s  should be  used t o  more evenly d i s t r i b u t e  the  a i r  flow, 

o r  the cases  can be r o t a t e d  o r  moved from cycle t o  cycle  t o  elim- 

i n a t e  any one spot  from having more "agingfs than another due t o  

higher  l o c a l  h e a t i n g  r a t e s *  

I n v e s t i g a t i o n  should be made regarding s t e r i l i z a t i o n  wi th in  a 

l i qu id  bath,  where t h e  sealed motor would be immersed i n  a constant  

temperature ba th ,  This would have s e v e r a l  advantages. For example, 

the l i qu id  could be increased i n  temperature a t  any des i red  r a t e  and 

C ,  

Do 

accura t e ly  cont ro l led ,  and s u f f i c i e n t  mixing could be provided so  

t h a t  t h e r e  would be no uneven hea t ing  as  t h e r e  i s  i n  an oven. 

P l a s t i c  bags could enclose the  motor t o  p r o t e c t  the  case and t o  

a l s o  s e a l  i t  from the l iqu id ,  thus e l imina t ing  p o s t s t e r i l i z a t i o n  

cleaning o r  drying,  
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6.0 MOTOR DESIGN, DESCRIPTION, AND PERFORMANCE SUMMARY 

The rocket  motor s tud ied  under t h i s  c o n t r a c t ,  a s  s p e c i f i e d  by NASA, used 

an e x i s t i n g  s p h e r i c a l  t i t an ium motor case  of s u f f i c i e n t  volume t o  s imula te  the  

impulse needs of a MARS lander  deo rb i t i ng  motor. The motor design was t o  

provide a propuls ion system capable of withstanding a p r e f l i g h t  s t e r i l i z a t i o n  

process ( s i x  cyc les  of 275'F f o r  53 hr )  a s  w e l l  as the  vehic le  f l i g h t  environ- 

ment. 

Various g r a i n  des igns  were considered f o r  use i n  the  demonstration motor: 

(1) tubu la r  por t  (2) s p h e r i c a l  s ta r  (3) tubular  per fora t ions  wi th  conocyl, 

and ( 4 )  t r ansve r se  s l o t t e d  tubes wi th  c e n t r a l  p o r t  a t  the forward dome. 

A s i n g l e  tubular  g r a i n  conf igura t ion  was s e l e c t e d  f o r  use i n  the  demon- 

s t r a t i o n  t e s t  motor because of i t s  ease  i n  processing,  low gra in  s t r e s s e s ,  high 

r e l i a b i l i t y ,  and absence of s l i v e r s .  Af t e r  c a s t i n g  and cu re ,  t he  tubular  por t  

is machined t o  its f i n a l  dimension, thus allowing a high dimensional and weight 

accuracy wi th  no delay f o r  t oo l ing  i n  of f - loading  t o  the  des i red  system 

performance. When c a s t  and trimmed t o  the proper dimensions, the  motor contained 

44.5 l b  of p rope l l an t  g iv ing  a t o t a l  s ea  l e v e l  impulse of 10,370 lb-sec.  

In su la t ion  and l i n e r  materials were inves t iga t ed  during the  UTC research  

and development programs f o r  t he  proposed UTP-11439 propel lan t ,  The propel lan t /  

l i n e r / i n s u l a t i o n  system had t o  be compatible and could not  conta in  ingredien ts  

t h a t  would adverse ly  a f f e c t  bonds or  p rope r t i e s  during the  NASA temperature 

s t e r i l i z a t i o n  cyc l ing  requirement.  S i l i ca -a sbes tos  loaded bu ty l  rubber in su la -  

t i o n  was found t o  be f u l l y  compatible wi th  UTP-11439 and t o  be capable of the 

hea t  s t e r i l i z a t i o n  cycl ing.  UTC developed a l i r ier  m a t e r i a l ,  mL-0026 which 
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showed exce l l en tccompa t ib i l i t y  with UTP-11439 and wi th  the  s i l i c a - a s b e s t o s  

loaded bu ty l  rubber in su la t ion .  

The s p h e r i c a l  titanium motor case ,  s teel  a f t  c l o s u r e ,  and steel i g n i t e r  

housings were GFE. UTC designed the  g r a i n  conf igura t ion ,  case i n s u l a t i o n ,  

nozzle ,  and i g n i t i o n  system t o  make b e s t  use of t he  government-supplied hard- 

ware and t o  achieve the  des i r ed  motor b a l l i s  t i c  performance. 

The design summary i n  t a b l e  6-1 shows the  des ign  f ea tu res  of t he  demon- 

s t r a t i o n  motor. Table 6-11 lists the  UTC drawings which comprise the  des ign  

of t he  demonstration motor. 

6 ,1  GRAIN DESIGN AND PERFORMANCE SUMMARY 

An i n t e r n a l  burning c y l i n d r i c a l  p o r t  g r a i n  was s e l e c t e d  because i t  

exh ib i t ed  o v e r - a l l  s u p e r i o r i t y  i n  comparison t o  s tar ,  s l o t ,  and conocyl designs 

i n  ease  of processing,  f l e x i b i l i t y  f o r  f u t u r e  modi f ica t ions ,  low g r a i n  stresses 

and absence of s l i v e r s ,  The tubular  p o r t  design has an exposed a f t  face  

terminat ing i n  a closed hemisphere a t  t he  forward end (see f igu re  6-1). 

s p h e r i c a l  dome has a cons tan t  3.125-in, web th i ckness ,  thereby e l imina t ing  

s l i v e r s  and al lowing the  burning su r face  t o  be regula ted  by the  thickness  and 

loca t ion  of t he  end sur face .  "he 3.125-in. web gives  the  motor a 15.8-see 

burn time. The web burnback h i s t o r y  is shown i n  f i g u r e  6-2. The 3.125-in. 

web th ickness  allows a b / a  of 2.1 and a f a c t o r  of s a f e t y  a t  al lowable s t r a i n  

of 1.5%. 

The 

The s p e c i f i e d  performance f o r  t he  t e s t  motor w a s  a minimum t o t a l  sea 

l e v e l  impulse of 8,670 lb-sec,  an average t h r u s t  of 682 l b  f o r  a minimum 

dura t ion  of 12.8 sec, and a propel lan t  mass f r a c t i o n  of 0.692. The UTC 

demonstration motor performance completely s a t i s f i e s  t hese  design goals .  Ful ly  
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TABLE 6-1 

DESIGN SUMMARY 

Pr ope 1 l a  n t  

Grain des ign  

Port  cy1 ind r  i c a l  diameter , in.  

Por t  s p h e r i c a l  r a d i u s ,  in .  

Motor case m a t e r i a l  

Motor OD 

Motor case i n s u l a t i o n  

Liner  

Nozzle t h r o a t  diameter in. 

Noz z le t h r o a t  material 

Throat backup i n s u l a t i o n  

Ex i t  diameter ,  in. 

Nozzle h a l f  angle ,  degrees 

Expansion r a t i o  

E x i t  cone ma te r i a l  

I g n i t i o n  

Total  motor weight (loaded),  l b  

P rope l l an t  weight,  l b  

P rope l l an t  mass f r a c t i o n  

UTP-11439 (s t e r i l i z a b l e  CTPIB) 

Sphe r i ca l ,  c y l i n d r i c a l  tube 

6.25 

3.125 

Titanium sphere 0.040-in. w a l l  (E14247) 

12.700 in.  

S i l i ca -a sbes tos  loaded b u t y l  rubber and 
FM-5504 t ape ,  s i l i c a  c lo th-phenol ic  

UTL-0026 

0.95 

G-90 graph i t e  

FM-5504 t ape ,  s i l i c a  c lo th-phenol ic  

2.25 

15  

6: l  

FM-5504 t ape ,  s i l i c a  c lo th-phenol ic  

Two s q u i b - i n i t i a t e d ,  car t r idge- loaded  
pyrogen i g n i t e r s  

66 

44.5 

0.674 
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TABLE 6-11 

DRAWING LIST 

T i t  l e  - 
Spherical  Motor Assembly S t e r i l i z a b l e  Motor Vibra t ion  

Spherical  Motor Assembly S t e r i l i z a b l e  Motor 

Case, Insu la ted  - Spher ica l  

Nozzle Assembly 

Insu la ted  A f t  Closure S t e r i l i z a b l e  Motor 

Closure, A f t  

Adapter Pressure  Tap S t e r i l i z a b l e  Motor 

Adapter, I g n i t e r  

Nut, Locking S t e r i l i z a b l e  Motor 

Clamp Half 

Support Bracket S t e r i l i z a b l e  Motor 

Loaded Case 

I g n i t e r  Assembly S t e r i l i z a t i o n  Motor 

Cap Head I g n i t e r  S t e r i l i z a t i o n  Motor 

Gasket 

Booster 

Car t r idge ,  I g n i t e r  S t e r i l i z a t i o n  Motor 

Case, Car t r idge ,  I g n i t e r  - S t e r i l i z a b l e  Motor 

I g n i t e r  Assembly Iner t ,  S t e r i l i z a t i o n  Motor 

Shipping Configurat ion Spher ica l  Motor, S t e r i l i z a b l e  
Vibrat ion T e s t  

Container,  Shipping - Rocket Motor, S t e r i l i z a b l e  

Cap, P ro tec t ive  Shipping/Lif t ing 

I n s e r t ,  I g n i t e r  

Drawing No. 

C05814 

C05806 

C057 7 8 

C05804  

C05812 

C05815 

C05808 

C05816 

C05807 

C05819 

C05813 

C05856 

C05820 ECO 14314 

C0582 1 

C05873 

C0583 0 

C05811 

GO5810 

C05822 

C06001 

C05987 

C05988 

C06130 
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loaded and prepared f o r  t e s t i n g ,  the  demonstration motor weighs 66 l b  wi th  44.5 l b  

of p rope l l an t ,  g iv ing  a p rope l l an t  mass f r a c t i o n  of 0.674. The predic ted  

average t h r u s t  is 600 l b  f o r  a burn time of 17,3 s e e ,  giving a t o t a l  impulse 

of 10,370 lb-sec.  

A summary of t he  pred ic ted  b a l l i s t i c  performance is presented i n  t a b l e  6-111. 

This performance was determined using a s tandard sea  l e v e l  nozzle wi th  a n  

expansion r a t i o  of 6: l  and a 15' hal f -angle  u t i l i z i n g  a high d e n s i t y  nonablat ing 

t h r o a t  insert. The predic ted  motor t h r u s t  and chamber pressure  (see f igu res  6-3 

and 6-4, r e spec t ive ly )  a r e  progressive wi th  t i m e .  With minor changes t o  the  

g r a i n  des ign ,  t he  shape of the t h r u s t  and pressure h i s t o r y  could be modified 

i f  required.  

TABLE 6-111 

BALLISTICS SUMMARY 
(PREDICTED) 

NOMINAL - SEA LEVEL - 70°F 

Burn t i m e ,  s e c  

Average pressure ,  ps i a  

Average t h r u s t ,  l b  

Average de l ive red  s p e c i f i c  impulse sec  

To ta l  impulse, l b - sec  

Maximum pressure ,  p s i a  

Maximum t h r u s t ,  l b  

17.3 

600 

600 

233,O 

10,370 

710 

740 

6.2 MOTOR CASE DESIGN 

The motor case assembly f o r  f l i gh twe igh t  demonstration f i r i n g s  u t i l i z e s  a 

NASA-supplied case and a f t  c losure  modified f o r  use wi th  UTC-designed i g n i t e r s  

and pressure  monitoring system. The assembly, modeled a s  f o r  a f l i gh twe igh t  motor, 
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includes a NASA-furnished case and a f t  c lo su re ,  two UTC i g n i t e r  p o r t  adap te r s ,  

and a UTC pressure t a p  adapter .  The t i t an ium 6AL-4V a l l o y  motor case is a 

12.7-ine-diameter sphere wi th  a 0.040- t o  0.047-in. w a l l  th ickness .  Two i n t e g r a l  

a t t a c h  lugs a r e  included i n  the case ,  and a s i n g l e  opening wi th  a bol ted  f lange 

j o i n t  is provided f o r  the a f t  c losure.  The cases suppl ied were success fu l ly  

proof t e s t e d  t o  1,000 p s i  a t  UTC and were used without  modification. 

The NASA-furnished a f t  c losure  is a f l a t  conica l  bulkhead w i t h  i n t e g r a l  

c y l i n d r i c a l  nozzle housing. Included i n  the c losu re  are por t s  fo r  pressure t a p  

and fo r  i g n i t e r s  and j o i n t  provis ions f o r  attachment t o  the  case and nozzle. 

Nozzle r e t e n t i o n  is accomplished using 1 2  b a l l  bearings t o  engage a eircumfer- 

e n t i a 1  groove i n  the nozzle s h e l l .  The b a l l  bear ings a r e  r e s t r a ined  by clamps 

a g a i n s t  r a d i a l  motion. Closure material is  17-4 ph s t a i n l e s s  s teel .  

The c losures  suppl ied  were modified t o  provide clearance and s e a l i n g  

sur faces  f o r  the  UTC i g n i t e r  adapters .  A s  received,  the  i g n i t e r  por t s  are  

threaded and without provis ions for  seals a Evident ly  the o r i g i n a l  c losure-  

i g n i t e r  j o i n t s  were sea l ed  wi th  pot t ing  compound, a p rac t i ce  with only marginal 

r e l i a b i l i t y .  To improve performance r e l i a b i l i t y ,  the  closures  were modified by 

machining i g n i t e r  po r t  threads t o  provide in t e r f aces  f o r  O-ring packings. Other 

c losure  modif icat ions included l o c a l l y  c u t t i n g  away nons t ruc tura l  por t ions  of 

the  c losure  t o  provide clearance fo r  t he  i g n i t e r  adapters  s ince  t h e  nozzle 

attachment f ea tu res  intended f o r  ease of  t h r u s t  terminat ion by nozzle e j e c t i o n  

leave an  inadequate i g n i t e r  envelope. Adapters have been designed which, with 

completion of  the minor c losu re  modif icat ions mentioned previously,  success fu l ly  

j o i n  the  c losu re  and UTC components. The pressure t a p  adapter  and two i g n i t e r  

adapters  are r e t a ined  by threaded nuts  i n s t a l l e d  a t  t he  in s ide  of the  c losure  

before  i n s u l a t i o n ,  and a re  sea led  using O-ring packings. 
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Several problems were experienced i n  modifying the NASA-supplied a f t  

c losures  f o r  use with UTC components, Visual inspect ion of the c losu res  on 

a r r i v a l  de t ec t ed  some par t s  with p i t t e d  pressure t a p  s e a l i n g  surfaces .  Two 

closures  were r e j e c t e d  f o r  use wi th  UTC components and s e v e r a l  o t h e r s  required 

minor rework i n  the sea l  a rea .  

During c losu re  i g n i t e r  port  modif icat ion,  discrepancies  ,were found between 

a c t u a l  c losu re  dimensions and suppl ied component d e t a i l  drawings. Discrepant 

f ea tu re s  included i g n i t e r  p o r t  l oca t ions  major thread diameters ,  and c losu re  

contours ad jacen t  t o  the  i g n i t e r  ports .  The c losu re  d e f e c t s  made redesign of 

the UTC i g n i t e r  adapters  necessary. 

f 
6 , 3  NOZZLE/AFT CLOSURE ASSEMBLY DESIGN 

The nozz le / a f t  c lo su re  assembly was designed t o  meet the motor performance 

c h a r a c t e r i s t i c s .  Although it was no t  intended t h a t  the nozzle be subjected t o  

the s t e r i l i z a t i o n  cycles  o r  t o  v i b r a t i o n ,  t hese  requirements were considered 

i n  the design. I n  a d d i t i o n ,  t he  nozzle does not  incorporate  a n  environmental 

seal;  however, provis ions f o r  such a sea l  on a f l i g h t  nozzle would r e q u i r e  no 

changes i n  the  b a s i c  design concept. 

The nozzle assembly c o n s i s t s  of  a G-90 g raph i t e  t h r o a t  i n s e r t  supported 

i n  a con ica l  s i l i c a  c loth-phenol ic  i n s u l a t o r  and a tapewrapped s i l i c a  c lo th -  

phenolic e x i t  cone l i n e r .  S t r u c t u r a l  support  is provided by a 4140 steel  s h e l l .  

Approximately 50% of t h e  nozzle is submerged i n  the motor with OD i n s u l a t i o n  on 

the submerged po r t ion  comprised of s i l i c a - p h e n o l i c  a t  the forward end and 

a s b e s t o s - s i l i c a  r e in fo rced  b u t y l  rubber a t  the high area r a t i o  regions.  

nozzle configurat ion i s  shown i n  f i g u r e  6-5. 

The 

The backed-up G-90 g raph i t e  t h r o a t  design concept is  similar t o  t h a t  used 

i n  the fou r th  s t a g e  Scout nozzle, The g r a p h i t i t e  t h r o a t  i n s e r t  is backed over 
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i t s  e n t i r e  l eng th  wi th  a conica l  OD i n s u l a t o r  tapewrapped s i l i c a  c loth-phenol ic .  

This i n s e r t  subassembly i s  supported on %I tapered (5' hal f -angle)  s t e e l  support  

which t ransmi ts  e j e c t i o n  loads t o  the  nozzle s t e e l  housing. I n  Scout nozzle  

f a i l - s a f e  t e s t s  ( re ference  UTC r e p o r t  No, UTC 2293-FR) t h i s  t h r o a t  conf igura t ion  

has been shown t o  adequately conta in  g r a p h i t i t e  t h r o a t  i n s e r t s  with b u i l t - i n  

long i tud ina l  and c i r cumfe ren t i a l  cracks.  

The tapewrapped s i l i c a - p h e n o l i c  e x i t  cone l i n e r  is  bonded t o  the  s t e e l  

housing a t  the  forward end of t he  cone wi th  an O-ring s e a l ,  The O-ring s e a l  

prevents poss ib le  exposure of the  bond to  the  exhaust  gases and prevents 

p re s su r i za t ion  of  the  backside of the cone which could cause e x i t  cone e j e c t i o n .  

The t h r o a t  insert i n s u l a t i o n  and ex i t  cone l i n e r  are f ab r i ca t ed  of high 

s i l i c a  c lo th-phenol ic  (U. S. Polymeric 's  FM5504) tapewrapped parallel  t o  the  

c e n t e r l i n e  i n  the case  of the e x i t  cone l i n e r  and p a r a l l e l  t o  the  OD of the  

G-90 graph i t e  i n  the  case of t he  t h r o a t  i n s e r t  i n su la t ion .  

f a b r i c  o r i e n t a t i o n  provide requi red  hoop t e n s i l e  s t r e n g t h  

s t a b i l i t y  when char red ,  low thermal conduct iv i ty ,  and adequate a b l a t i o n  r e s i s t a n c e  

f o r  the  e x i t  cone l i n e r  app l i ca t ion .  

The material and 

maximum dimensional 

The nozzle  housing is  subjec ted  t o  r e l a t i v e l y  low s t r e s s e s  the re fo re  

annealed 4140 s t e e l  was chosen fo r  t h i s  app l i ca t ion .  I n  the  a rea  of the  groove 

f o r  t he  b a l l  at tachment j o i n t ,  t he  housing is  flame hardened t o  Rockwell C44 t o  

ob ta in  the  necessary bear ing  s t r e n g t h  f o r  t h i s  type of j o i n t ,  

The adhesive used f o r  bonding is  Bloomingdale Rubber Company's HT-424. 

This m a t e r i a l  is an epoxy-phenolic r e s i n ,  aluminum f i l l e d  on a g l a s s  c l o t h  

c a r r i e r ;  i t  i s  known f o r  its good s t r u c t u r a l  p rope r t i e s  a t  e leva ted  temperatures,  

The ma te r i a l  meets the  requirements of t he  type 111 s t r u c t u r a l  adhesive descr ibed 

i n  s p e c i f i c a t i o n  MMM-A-132. 
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The b u t y l  rubber i n s u l a t i o n  on the  submerged po r t ion  of the  nozzle i s  the 

same as t h a t  on the  motor case, 

A l l  of the b a s i c  design concepts ma te r i a l s  and f a b r i c a t i o n  methods used 

i n  the  nozzle design could be used i n  a f l igh tweight  nozzle ,  An expansion 

r a t i o  of 50:l  could be provided by the  incorpora t ion  of a s t a i n l e s s  s t e e l  sk in-  

supported,  l igh tweight  s i l i c a - p h e n o l i c  e x i t  cone similar t o  t h a t  used on UTC's 

fou r th  s t a g e  Scout nozzle. 

The i n s u l a t e d  a f t  c lo su re  assembly is shown on UTC drawing C05812. The 

c losure  i t s e l f  is modified GFE. It is  in su la t ed  i n  the  same manner and wi th  

the  same m a t e r i a l s  a s  used f o r  t he  in su la t ed  case.  The method of a t t ach -  

i ng  the  nozzle t o  the  a f t  c losure  (clamp b a l l  j o i n t )  could be used i n  a f l i g h t  

assembly. This method of attachment would provide a means of terminat ing t h r u s t  

through the  use of explos ive  nuts  o r  b o l t s  on the clamp which, when i n i t i a t e d ,  

would r e l e a s e  the  clamping pressure on the  b a l l s  and al low the e n t i r e  nozzle 

assembly t o  be e j ec t ed .  On the  demonstration assembly, the  c learance  between 

the clamps and the  pressure  t a p  and i g n i t e r  adapters  i s  i n s u f f i c i e n t  t o  a l low 

f o r  t o t a l  r e l e a s e  of the  clamping pressure.  A simple modif icat ion t o  t h i s  

design,  such as moving the  a f t  c losure /nozz le  i n t e r f a c e  inboard, would 

provide s u f f i c i e n t  c learance  t o  ensure t o t a l  r e l e a s e  of clamping press 

A thermal ana lys i s  of the nozzle  design shown i n  f i g u r e  6-5 was made t o  

a s su re  the  thermal adequacy of t he  components and t o  provide temperature 

p r o f i l e s  t o  be used i n  the  stress ana lys i s .  The ana lys i s  cons is ted  of two 

parts: (1) a p red ic t ion  of the  a b l a t i v e  response of a l l  su r f aces  exposed t o  

the  h o t  gas environment and (2) a p red ic t ion  of t he  in-depth thermal response 

of t he  var ious  nozzle components, 

using s tandard  techniques developed a t  UTC f o r  the  ana lys i s  of rocke t  motor 

Both p a r t s  o f  the  a n a l y s i s  were conducted 

i 
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components. Descr ipt ions of t he  computer programs used f o r  t h i s  con t r ac t  

begin on page 6-24. 

The p red ic t ion  of a b l a t i o n  r a t e s  on the  nozzle  su r faces  i s  based on empir ical  

c o r r e l a t i o n s  of a b l a t i o n  r a t e  a s  a func t ion  of  hea t  f l u x  ca l cu la t ed  using a 

modified B a r t z  equation. 

taken from previous s t a t i c  t e s t  f i r i n g s .  The c o r r e l a t i o n s  f o r  s i l i c a - a s b e s t o s  

These c o r r e l a t i o n s  have been developfid from da ta  

loaded rubber  and s i l i c a - p h e n o l i c  are shown i n  f igu res  6-6 and 6-7, 

da ta  from numerous o the r  tes t  f i r i n g s  using G-90 graph i t e  s i m i l a r  p rope l l an t s ,  

and s i m i l a r  chamber p re s su res ,  n e g l i k i b l e  a b l a t i o n  is expected on the  t h r o a t  

i n s e r t .  Abla t ion  p red ic t ions  f o r  t he  s i l i c a - a s b e s t o s  loaded rubber and the  

s i l i c a - p h e n o l i c  components were made using the computer program ABLATE/MACH 

which c a l c u l a t e s  a b l a t i o n  r a t e s  based on the  previously mentioned c o r r e l a t i o n s ,  

motor chamber pressure  obtained from i n t e r n a l  b a l l i s t i c s  a n a l y s i s ,  and the Mach 

number ca l cu la t ed  a s  a func t ion  o f  the  instantaneous diameter,  The predic ted  

p o s t f i r e  a b l a t i o n  contour is shown i n  f i g u r e  6-5. 

Based on 

The in-depth thermal response of t he  nozzle components was ca l cu la t ed  

us ing  a one-dimensional axisymmetric h e a t  conduction program (LA15ZAZ) 

The thermal p rope r t i e s  of the  g raph i t e  and s i l i c a - p h e n o l i c  materials i n  the  

nozzle a r e  shown i n  f i g u r e s  6-8 and 6-9. 

The convective boundary condi t ions  were ca l cu la t ed  using the  Bartz 

s impl i f i ed  h e a t  t r a n s f e r  c o e f f i c i e n t  c o r r e l a t i o n  f o r  t u rbu len t  flow. The 

r a d i a t i v e  boundary condi t ion  was determined on the  bas i s  of gas emis s iv i ty  

ca l cu la t ed  wi th  the use of Beer's law. 

the  a b l a t i v e  boundary condi t ions  were input  t o  the  one-dimensio 

conduction program. The temperature response a t  the  s t a t i o n s  ind ica t ed  i n  

f i g u r e  6-5 is shown i n  f i g u r e s  6-10 through 6-13, As can be seen from these  

These boundary condi t ions along with 
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Figure 6 - 6 .  Ablation Rate vs Heat Flux 
for S i l i ca  and Asbestos Rubber Insulation 
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Figure 6-7. Ablation Rate vs Heat Flux 
for Si l i ca  Cloth-Phenolic Insulat ion 
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Figure  6-8. Thermal P rope r t i e s  of G-90 Graphi te  - 
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Figure 6-9.  Thermal Properties of SiPTcw-Phenolic 
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Figure  6-10. S t e r i l i z a b l e  Motor Nozzle ,  S t a t i o n  10-30 
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Figure 6-11, Station 40, Throat, 6-90 Graphite 



t 
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Figure 6-12., Station 50, Aft End of Throat Inser'c at 0-Ring 



Temperacure Profile a t  88 Seconds, 

Figure 6-13. S t e r i l i z a b l e  Motor Nozzle, Station 70 

6-23 



f i g u r e s ,  t h e  backside temperatures a t  t he  end of  the f i r i n g  are s u f f i c i e n t l y  

low t o  maintain s t r u c t u r a l  i n t e g r i t y  of the s teel  s h e l l .  The a n a l y s i s  is 

conservat ive i n  t h a t  one-dimensional h e a t  conduction model does no t  consider 

the endothermic cha r r ing  r e a c t i o n s  of t h e  s i l i c a - p h e n o l i c ,  which tends t o  lower 

the r e s u l t i n g  temperatures e 

Following are b r i e f  d e s c r i p t i o n s  of  the thermal and a b l a t i o n  models which 

were used f o r  t h i s  ana lys i s .  The techniques descr ibed a r e  s tandard and would 

be u t i l i z e d  f o r  a s i m i l a r  propulsion system ana lys i s .  

A. One-Dimens i o n a l  Heat Conduction Program, LA15ZAZ (HC-8) 

This a n a l y s i s  t o o l  i s  a computer program f i n i t e  d i f f e r e n c e  numerical 

s o l u t i o n  t o  the h e a t  equat ion using the i m p l i c i t  o r  backward d i f f e r e n c e  

technique. "he following d i f f e r e n t i a l  equat ion f o r  a n  axisymmetric, one- 

dimens i o n a l  body is solved by t h i s  technique *. 

where: 

T 9 temperature 

R = r ad ius  

t = t i m e  

NOTE: Thermal d i f f u s i v i t y  (a) may vary w i t h  temperature. 

is program accepts  a v a r i e t y  of boundary condi t ions s e p a r a t e l y  o r  i n  

combination. The boundary condi t ions a v a i l a b l e  on e i t h e r  i n t e r n a l  o r  

e x t e r n a l  su r f aces  include convective c o e f f i c i e n t  i nc iden t  r a d i a t i o n  

s u r f a c e  r e r a d i a t i o n  and a specified s u r f a c e  temperature h i s  tory.  It 

a l s o  contains  a moving su r face  f e a t u r e  t o  s imulate  an a b l a t i n g  w a l l .  The 
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convection and r a d i a t i o n  condi t ions may be both s u r f a c e  temperature and 

t i m e  dependent, t he  impressed temperature is time dependent and the 

a b l a t i o n  is t i m e  dependent and can be turned o f f  and on during a problem 

run. 

program. 

No in-depth charr ing o r  material degradat ion is handled by t h i s  

Be Ablation P red ic t ion  Program 

The ABLATE/MACH a b l a t i o n  p r e d i c t i o n  computer program makes use of 

empir ical  c o r r e l a t i o n s  of a b l a t i o n  rate versus  h e a t  f l u x  which assumes 

t h a t  the a b l a t i o n  rate of a m a t e r i a l  is a funct ion of t he  h e a t  f l u x  t h a t  

is being absorbed by the material a t  some a r b i t r a r y  c o r r e l a t i o n  wall  

temperature 

The program computes the h e a t  f l u x  using the B a r t z  s i m p l i f i e d  hea t  

t r a n s f e r  c o e f f i c i e n t  c o r r e l a t i o n  equat ion and r a d i a t i o n  from the gas 

stream t o  determine the convective and r a d i a t i v e  components of t he  t o t a l  

f lux.  One-dimensional gas dynamics using instantaneous l o c a l  and t h r o a t  

diameters i s  used t o  determine l o c a l  Mach numbers a t  t he  l o c a t i o n  being 

analyzed, It is a l s o  poss ib l e  t o  u t i l i z e  a Mach number-time func t ion  i f  

one-dimensional gas dynamics do not  apply,  A chamber pressure-time 

func t ion  can a l s o  be used, and the l o c a l  pressure i s  computed assuming 

i s e n t r o p i c  flow. The program proceeds i n  a stepwise-in-time-manner 

i n  which a l l  of the necessary q u a n t i t i e s  are evaluated and updated f o r  

each time-step. The corresponding f l u x ,  the r e s u l t i n g  a b l a t i o n  rate,  and 

i n t e g r a t e d  t o t a l  a b l a t i o n  a r e  found as funct ions of t i m e .  The ABLBTE/MACH 

a b l a t i o n  p red ic t ion  program outputs  t he  a b l a t i o n  v e l o c i t y  as a funct ion of 

time i n  a form d i r e c t l y  usable  by the one-dimensional h e a t  conduction 
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computer program, 

and is  used wi th  a l l  of t he  a b l a t i o n  c o r r e l a t i o n s ,  

This program i s  a use fu l  a n a l y s i s  and design t o o l  

6.4 CASE INSULATION DESIGN 

The material chosen f o r  t he  case i n s u l a t i o n  was Hitco-2820, an a sbes tos -  

s i l i c a  r e in fo rced  bu ty l  rubber compound ( f i g u r e  6-14) * Evaluation tests of 

s e v e r a l  materials showed t h a t  t h i s  m a t e r i a l  could withstand the required 

s t e r i l i z a t i o n  cycles ; i t  a l s o  exh ib i t ed  good e r o s i o n - r e s i s t a n t  c h a r a c t e r i s t i c s  

i n  subscale  motor f i r i n g s .  

The case i n s u l a t i o n  is  designed t o  l i m i t  the temperature rise i n  the  case 

wal l  t o  30°F during the  motor f i r i n g ,  The required i n s u l a t i o n  conf igu ra t ion  

i s  shownin f i g u r e  6-14. The i n s u l a t i o n  v a r i e s  i n  thickness  from 0.25 in .  

a t  the n o z z l e / a f t  c lo su re  boss area t o  0.04 in .  a t  t he  point  of p rope l l an t  

burnout, These thicknesses  include a 1.5 s a f e t y  f a c t o r  on e ros ion  and were 

determined as follows : 

Required thickness  - (Erosion ra te  x t i m e  exposed t o  exhaust gases x 1,5 
s a f e t y  f a c t o r )  + ( thickness  required t o  l i m i t  the 
case Wall t o  a 30°F temperature r ise)  

The design includes a boot l oca t ed  a t  t he  a f t  end of t h e  p rope l l an t  g r a i n  

t o  r e l i e v e  the  strresses which occur i n  t h e  g ra in  as a r e s u l t  of shrinkage during 

the  cu r ing  process. The i n s u l a t i o n  is bonded i n t o  the case with Chemlock 205 

primer and Chemlock 234 adhesive. This bonding system provides a good bond 

between the  t i tanium case and the  b u t y l  rubber compound, and w i l l  maintain 

adequate bond s t r e n g t h  a t  the temperatures r equ i r ed  f o r  s t e r i l i z a t i o n .  The 

bond is cured during the i n s u l a t i o n  f a b r i c a t i o n  process. I n  t h i s  process the 

case is cleaned as s p e c i f i e d  on the  drawing, and the  pr imer  and adhesive a r e  

appl ied and allowed t o  dry,  Unvulcanized rubber i n s u l a t i o n  is  then layed up 

i n  the  motor case t o  the required configurat ion,  The rubber is vacuum bagged 
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Figure 6-14, Insu la t ed  Motor Case 
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and cured (vulcanized) i n  an au toc lave  under 200 p s i  and 300°F, During t h i s  

vu lcan iza t ion  process the  in su la t ion - to -case  bond is a l s o  cured, 

Thermal and a b l a t i o n  a n a l y s i s  of the  motor case i n s u l a t i o n  was conducted 

using the  Hitco-2820 s i l i c a  and asbes tos  rubber in su la t ion ,  The ob jec t ive  of 

the  a n a l y s i s  was t o  demonstrate t h a t  t he  motor was s u f f i c i e n t l y  i n s u l a t e d  t o  

provide adequate thermal p ro tec t ion  t o  the  motor case and nozzle  components, 

The ana lys i s  procedure was t o  f i r s t  determine the  a b l a t i o n  rates and then 

determine the  thermal response of t he  t i t an ium case t o  the  hea t ing  and ab la t ion .  

For the  l o c a t i o n  of t he  i n s u l a t i o n  (area r a t i o s  g r e a t e r  than 13,5) the  p re s su res  

chamber temperature,  and h e a t  f l u x  values  a r e  low, r e s u l t i n g  i n  r e l a t i v e l y  

low a b l a t i o n  r a t e s ,  UTC da ta  f o r  a b l a t i o n  c o r r e l a t i o n  of rubber i n s u l a t i o n  

ma te r i a l s  i n  s o l i d  motors i nd ica t e s  t h a t  the a b l a t i o n  r a t e  would be 2.5 m i l s  

per  second, Based upon t h i s ,  the  a b l a t i o n  depth of the i n s u l a t i o n  a t  a l o c a t i o n  

exposed t o  the f u l l  du ra t ion  would be 0,044 i n ,  

ness f o r  a f u l l y  exposed reg ion  is 0,2 in .  a t  the  loca t ion  j u s t  behind the  

nozzle throat., The thickness  a t  o ther  l oca t ions  v a r i e s  r e l a t i v e  t o  the  exposure 

time, Worst case hea t ing  would take place where the  exposure time is the  

longes t ,  A s  a r e s u l t ,  a thermal a n a l y s i s  was conducted wi th  the  one-dimensional 

hea t  conduction program, LA15ZAZ, f o r  2.5 m i l s  per second and an impressed 

a b l a t i o n  temperature of 290000F. 

s e r v a t i v e  based upon p o s t f i r e  ana lys i s  of s t a t i c  test  motors wi th  s i m i l a r  

i n s u l a t i o n  designs,  

the t i t an ium case temperature versus  time is shown, The maximum case tempera- 

t u r e  rises less than 4OF f o r  these  condi t ions ,  

The minimum i n s u l a t i o n  th ick-  

This a b l a t i o n  temperature i s  considered con- 

These r e s u l t s  a r e  shown i n  f i g u r e  6-15 where a p l o t  of 

These r e s u l t s  show t h a t  t he  i n s u l a t i o n  on the  motor case i s  thermally and 

a b l a t i v e l y  adequate,  Any o the r  l o c a t i o n  would have l e s s  hea t ing  s i n c e  the  

exposure times a r e  s h o r t e r ,  thus producing a lower thermal g rad ien t ,  
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6.5 IGNITER DESIGN AND SIZING 

6.5, l  Design 

The i g n i t e r  i s  an aft-mounted pyrogen i g n i t e r ,  The design w a s  based upon 

the  use of t he  NASA-furnished i g n i t e r  body. A pyrotechnic booster  is  added t o  

implement i g n i t i o n ,  I n i t i a t i o n  of the i g n i t i o n  sequence i s  by means of  a n  

o f f - the - she l f  EED, The main i g n i t e r  charge is  a car t r idge-loaded s o l i d  

pr ope 11 a n t  gra  i n  e 

The assembled i g n i t e r  is shown i n  g igu re  6-16, less t h e  i g n i t i o n  booster ,  

and c o n s i s t s  of t h e  following components. 

CornDonen t 

I g n i t e r  body 

Grain c a r t r i d g e  

Head cap 

Gas ke t 

I n s u l a t i o n  i n s e r t  

I n i t i a t o r  (EED) 

0-Ring 

0-Ring 

Booster 

Drawing No, 

E15502 (Thiokol) 

C05811 

C05821 

C05873 

C06130 

Holex model 2074 

MS 2 87 75- 024 

Parker No, 3-6  

C05830 

A, I g n i t e r  Body 

Ten i g n i t e r  bodies were furnished by NASA and were de l ive red  f u l l y  machined. 

An i n s e r t  was designed t o  provide thermal p ro tec t ion  a t  the a f t  end during 

motor operat ion and t o  a c t  as the i g n i t e r  nozzle. Body i n s u l a t i o n  w a s  

provided by the g r a i n  c a r t r i d g e ,  which was adhesively held i n  the body 

during f i r i n g .  The body material was 303- s t a in l e s s  s tee l ,  The i g n i t e r  w a s  

threaded i n t o  bosses located a t  t he  a f t  end of  the demonstration motor, 
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B, I n s e r t  

The i n s e r t  cons.ists of a molding from F i b e r i t e  MX2625, which is adhesively 

bonded t o  the i g n i t e r  body with HT-424 adhesive. 

C, Head Cap 

The cap i s  machined from 303-stainless  s t ee l  and is  threaded t o  the fo r -  

ward s e c t i o n  of t h e  i g n i t e r  body. A MS boss i s  provided a t  the forward 

end t o  i n t e r f a c e  wi th  the Holex 2074 EED, 

D. Grain Cartr idge 

The g r a i n ,  a tubu la r  design, cons i s t s  of UTP-1095, a high burning rate 

PUN formulation, c a s t  i n t o  a paper phenolic c a r t r i d g e ,  The loaded 

c a r t r i d g e  i s  adhesively bonded t o  the  i g n i t e r  body wi th  Epon-934 

adhesive. 

f o r  the i g n i t i o n  system. 

The weight of each p rope l l an t  g r a i n  i s  0,068 lbm or 0.136 lbm 

E. Gasket 

The gasket ,  used a s  a g r a i n  suppor t ,  obduration s e a l ,  and head cap 

i n s u l a t i o n ,  is f a b r i c a t e d  from 40 Shore neoprene rubber and is adhesively 

bonded t o  the head cap with Epon-934 adhesive. 

F. I g n i t i o n  Booster 

The booster  i s  comprised of 5 g of BKNO No. 2A p e l l e t s  with 1 g of  BKN03 

f a c t o r y  f i n e s  in t e r spe r sed  among the p e l l e t s  and hea t  sealed i n  a s t a t i c -  

f r e e  v e l o s t a t  p l a s t i c  bag. The sea l ed  bag i s  placed i n  a paper phenolic 

tube and i s  mounted i n  l i n e  with the nozzle of the i g n i t e r ,  

3 
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G. EED 

The EED i s  an o f f - the - she l f  design from Holex, Inc,  

the EED contains  approximately 1 g of a pressed BmO p e l l e t ,  which is  

s u f f i c i e n t  t o  i g n i t e  the i g n i t e r  g ra in .  

The main charge of 

3 

6.5.2 S iz ing  

A NASA-furnished i g n i t e r  body was used, and i t  was d e s i r a b l e  t h a t  i t s  

performance c h a r a c t e r i s t i c s  be similar t o  those of t h e  parent i g n i t e r .  The 

g r a i n  c a r t r i d g e  was, t h e r e f o r e ,  designed t o  d e l i v e r  a mass flow ra te  of 0.25 

lb/sec over a period of  0.35 sec,  This r e s u l t s  i n  a t o t a l  mass flow of 

0.5 lb/sec f o r  each motor. With t h i s  flow ra te ,  the ca l cu la t ed  f l u x  de l ive red  

t o  t h e  g r a i n  su r face  is  30 cal/cm -sec, Although i g n i t i o n  should occur a t  t h i s  

r e l a t i v e l y  low f l u x ,  i t  was f e l t  adv i sab le  t o  augment the h e a t  f lux.  Based 

on the  following empir ical  relationship' '  

2 

where : 

w =  
AH = 

- - 
AB 

qC 

L =  

A =  
P 

charge weight = g 

h e a t  of combustion = 1,500 c a l / g  

su r face  a r e a  = 1,110 cm 

i g n i t i o n  energy = 0,3 cal/cm 
s i n c e  pyrogen is a primary i g n i t i o n  mode) 

2 

2 2 ( a r b i t r a r i l y  reduced from 0,5 cal/cm 

g r a i n  l eng th  = 17.8 cm 

p o r t  area = 198 c m  . 2 

a t o t a l  charge weight of 10 g or  5 g per i g n i t e r  was ca l cu la t ed ,  One gram 

of f i n e s  was added t o  a i d  i n  i g n i t i o n  of the p e l l e t s ,  

* "A Method f o r  P red ic t ing  I g n i t i o n  Energy Requirements of P r a c t i c a l  Propel lant  
Systems", NAVORD Report No. 6134, 2 February 1959. 
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The use of t h e  augmentation charge added only 80 p s i  t o  the i n i t i a l  

peak, o r  a maximum of 180 p s i  when coupled w i t h  the pyrogen, i g n i t e r s .  

6,5,3 I g n i t e r  Thermal Analysis 

A thermal a n a l y s i s  was conducted on the i g n i t e r  t h r o a t  t o  determine the 

a b l a t i o n  of the s i l i c a - p h e n o l i c  i n se r t  during the i g n i t e r  burn and the soakout 

response of the t h r o a t  region a f t e r  i g n i t e r  burn, This a n a l y s i s  was r equ i r ed '  

t o  ensure thermal and s t r u c t u r a l  i n t e g r i t y  of t h e  i g n i t e r  i n s t a l l a t i o n  during 

the  f i r i n g .  The approach used was t o  analyze the most severe l o c a t i o n  f o r  

a b l a t i o n  and thermal pene t r a t ion ,  assuming t h a t  a l l  o the r  l oca t ions  w i t h i n  the 

i g n i t e r  were thermally less severe.  The t h r o a t  region experiences the most 

severe environment s i n c e  the  h e a t  t r a n s f e r  and a b l a t i o n  is  the g r e a t e s t  t h e r e ,  

while being l e s s  a t  a l l  l oca t ions  upstream. 

The determinat ion of the t h r o a t  h e a t  f l u x  and a b l a t i o n  r e q u i r e s  a knowledge 

of the i g n i t e r  pressure and p rope l l an t  c h a r a c t e r i s  t i c s  Since the  a b l a t i o n  of 

the i g n i t e r  t h r o a t  and the c a l c u l a t i o n  of the pressure t r a c e  was i n t e r r e l a t e d ,  

a b a l l i s t i c s  a n a l y s i s  must be made which simultaneously computes the a b l a t i o n  

of t he  th roa t  and pressure t r a c e ,  I g n i t e r  b a l l i s t i c s  computer program IGNITER/ 

CODE was used f o r  t h i s  purpose and incorporates  t he  s tandard b a l l i s t i c s  and 

gas dynamic equations plus the c a p a b i l i t y  t o  p r e d i c t  t h r o a t  a b l a t i o n  using 

the empir ical  a b l a t i o n  c o r r e l a t i o n  f o r  s i l i c a - p h e n o l i c .  This c o r r e l a t i o n  

r e l a t e s  h e a t  f l u x  t o  the  a b l a t i o n  r a t e  of t h e  s i l i c a - p h e n o l i c  as shown i n  

f i g u r e  6-6. The h e a t  f l u x  is  computed using the B a r t z  convective h e a t  t r a n s f e r  

c o e f f i c i e n t  f o r  t u rbu len t  flow with which the  a b l a t i o n  r a t e  may be found f o r  

each t i m e  s t e p  of  the b a l l i s t i c s  a n a l y s i s ,  thus updating the t h r o a t  diameter 

with t i m e  
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With the  UTC one-dimensional h e a t  conduction computer program, LA15ZA2, 

the thermal pene t r a t ion  i n t o  the t h r o a t  s t r u c t u r e  was computed a t  the t h i n  s teel  

s e c t i o n  a s  marked i n  f igu re  6-16. A t  t he  end of the i g n i t e r  f i r i n g  du ra t ion ,  

the s tee l  temperature increase was predicted t o  be less than 30°F- For the 

remainder of motor f i r i n g ,  i t  is assumed t h a t  the gas within the i g n i t e r  

remains s t a g n a t e ,  and the  energy wi th in  the i g n i t e r  chamber i s  convected t o  the 

walls during the motor fir ing. ,  It is assumed t h a t  the i g n i t e r  chamber tempera- 

t u r e  decreases during t h i s  process and t h a t  only enough chamber gas i s  i n t r o -  

duced t o  maintain equ i l ib r ium pressure.  This maximum energy can be found from 

the product of the maximum mass of gas t h a t  can be i n  the chamber, the gas 

s p e c i f i c  h e a t ,  and the chamber temperature. The maximum mass of gas i s  a product 

of t he  chamber volume and the gas d e n s i t y  evaluated fo r  maximum motor chamber 

pressure and ambient temperature. 

remaining wi th in  the i g n i t e r  t h r o a t  wa l l  a t  the end of the i g n i t e r  f i r i n g  t o  

o b t a i n  a f i n a l  s tee l  and i n s u l a t i o n  temperature a t  the end of motor burn. This 

temperature i s  computed t o  be 733OF. 

following reasons: 

This energy was then combined w i t h  t h a t  

These r e s u l t s  a r e  conservat ive f o r  the 

A. The h e a t  t r a n s f e r  a n a l y s i s  was conducted using a noncharring h e a t  

conduction s o l u t i o n  f o r  both the i g n i t e r  burn and soakout phases. 

The absorpt ion of energy by the s i l i c a - p h e n o l i c  cha r r ing  would 

s i g n i f i c a n t l y  reduce the f i n a l  s tee1 temperature. 

. 

B. The a n a l y s i s  l o c a t i o n  chosen contains  t h e  l e a s t  amount of s t e a l  on a 

one-dimensional basis .  Since t h e  s t r u c t u r e  is q u i t e  three-dimensional 

i n  n a t u r e ,  the computed temperature would be reduced due t o  three-  

dimensional conduct ion e f f e c t s  * 
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Since the t h r o a t  r eg ion  had the g r e a t e s t  r e s i d u a l  energy from the i g n i t e r  

f i r i n g ,  i t  i s  the most s eve re  l o c a t i o n  f o r  thermal ana lys i s .  A l l  o the r  regions 

have more mass and a s i g n i f i c a n t l y  lower heat ing ra te  than the th roa t ,  On t h i s  

b a s i s  t he  i g n i t e r  is thermally adequate from both the i g n i t e r  burn and motor 

burn environments 

Inspec t ion  of the assembly drawing f o r  the s t a t i c  t es t  motor revealed t h a t  

the i g n i t e r  assembly protruded s i g n i f i c a n t l y  beyond the e x i t  plane of t he  

nozzle ,  where r a d i a t i o n  hea t ing  could be q u i t e  severe on the i g n i t e r  case, To 

ensure adequate p r o t e c t i o n  during the s t a t i c  t e s t ,  a n  evaluat ion w a s  made of 

i n s u l a t i o n  t h a t  might be required.  

was made by determining the view f a c t o r  t o  the i g n i t e r  case from the j e t  plume 

and combining it with r a d i a n t  h e a t  f l u x  emitted from the j e t  (based upon e x i t  

plane s t a t i c  temperature). It was determined t h a t  0.25 i n ,  of cork,  such as 

Insulcork 2755, would be adequate t o  p ro tec t  the i g n i t e r  case during the f i r i n g .  

A p r e d i c t i o n  of maximum r a d i a n t  h e a t  f l u x  

6,6 MOTOR LOADING AND CURING 

6.6.1 Processing Procedures 

The p repa ra t ion ,  loading,  and curing of s p h e r i c a l  demonstration motors 

has been conducted i n  accordance with s tandard operat ing procedures as modified 

by s p e c i f i c  q u a l i t y  c o n t r o l  requirements t o  a s su re  t h a t  t he  necessary q u a l i t y  

is  obtained f o r  each cas t ing .  Motors w e r e  c a s t  from sepa ra t e  p rope l l an t  mixes 

i n  accordance with program ob jec t ives ,  

One motor was employed t o  experimentally v e r i f y  the optimized thermal 

s t e r i l i z a t i o n  cycle  and two were processed f o r  demonstration tests. Motor 

processing includes case in spec t ion ;  h y d r o s t a t i c  proof t e s t i n g ;  c leaning;  

i n s u l a t i o n  f a b r i c a t i o n ;  l i n e r  p repa ra t ion ;  a p p l i c a t i o n  t o  the i n s u l a t i o n ;  

p rope l l an t  mixing c a s t i n g  and curing ; and g r a i n  machining t o  the  f i n a l  

configurat ion,  
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The motor processing flow c h a r t ,  f i g u r e  6-17 shows the  f a b r i c a t i o n  and 

processing procedures pe r t inen t  t o  t h i s  t a s k ,  Each phase was monitored by 

q u a l i t y  con t ro l  t o  a s su re  conformance wi th  UTC s p e c i f i c a t i o n s  and procedures. 

A ,  Case Inspec t ion  Hydrotes t and Cleaning 

Each case (GFE) was v i s u a l l y  and dimensionally inspected upon r e c e i p t  t o  

v e r i f y  conformance t o  drawing E-1424F, then h y d r o s t a t i c a l l y  t e s t e d  i n  the 

following manner: 

1, The motor case was secured i n a  handling d o l l y  assembly (GFE), 

capped with an  a f t  c losure  (GFE), and sea l ed  w i t h  a UTC- 

f ab r i ca t ed  hydrotes t plug. The hydrotes t assembly, including 

p res su r i za t ion  equipment, is shown i n  f igu re  6-18, 

2. The case was f i l l e d  with e thylene  g lycol  pressur ized  t o  75-t psig 

then vented t o  r e l e a s e  entrapped a i r ,  

3. Hydros ta t ic  proof pressure  of  900-t.20 ps ig  (1.5 MEOP) was 

he ld  f o r  1 min. P res su r i za t ion  and depressur iza t ion  r a t e s  

were 500 t o  1,000 psi/min. 

4 .  A t  the  conclusion of the  hydro te s t ,  the  motor case assembly 

was cleaned w i t h  undi lu ted  to luene ,  followed by a caus t i c -  

f r e e  de te rgent  ba th  and a thorough r i n s i n g  with t a p  water. 

5. The motor case was v i s u a l l y  inspected f o r  hydro tes t  damage, 

then dye-penetrant inspected,  This was followed by c leaning  

the case p r i o r  t o  f u r t h e r  processing. 
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B, Case I n s u l a t i o n  Fabr i ca t ion  

Following success fu l  completion of t he  proof pressure t e s t ,  i n s u l a t i o n  

was f ab r i ca t ed  w i t h i n  the motor case,  The process involved laying up 

uncured p l i e s  of b u t y l  rubber i n s u l a t i o n  t o  the required thickness on the  

prepared case su r face  using a release c l o t h  where app l i cab le  f o r  the stress 

r e l i e f  boot. The layed up m a t e r i a l  was vacuum bagged, and both the 

i n s u l a t i o n  and in su la t ion - to -case  bond were cured i n  an autoclave a t  a 

pressure of 200 p s i  a t  300'F. 

u n i t  t o  one simulated thermal s t e r i l i z a t i o n  cycle,  

V o l a t i l e s  were removed by exposing the 

C. Liner and P rope l l an t  Processing 

Insu la t ed  motors were wash-coat l i n e d  wi th  UTL-0026 p r i o r  t o  cast ing.  

The l i n e d  motor was weighed, then masked t o  prevent undesired bonding of 

the p rope l l an t  t o  the  i n s u l a t i o n  ad jacen t  t o  the  a f t  c losure.  

A 5-gal,  Day Regal mixer was employed, providing a capac i ty  of 80 l b  pe r  

batch. 

P rope l l an t  processed i n  each 75-lb demonstration motor batch was  

apportioned i n  the  fol lowing manner: 

1. 2 l b  f o r  l i q u i d  s t r and  burning r a t e  and q u a l i t y  con t ro l  a n a l y s i s  

p r i o r  t o  casting, 

2. 10  l b  f o r  t h ree  NASA/LRC sample blocks,  each 3 in.  by 3 i n ,  by 5 in., 

3,  10 l b  f o r  35 JANNAF specimens f o r  UTC propel lant  evaluat ions,  

4. 45 l b  f o r  motor cast ing,  

5, 8 l b  fo r  mix bowl and valve r e s i d u a l ,  

P rope l l an t  was processed under vacuum i n  f a c i l i t i e s  arranged t o  permit 

remote ope ra t ion  of a l l  i ng red ien t  mixing a c t i v i t i e s  a Mix procedures were 

i n  accordance with s p e c i f i c a t i o n s  e s t a b l i s h e d  during s t e r i l i z a b l e  p rope l l an t  
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development and include d e t a i l e d  records of mixer coolant  temperature,  mix 

temperature and mixer power. 

The mixing opera t ion  was conducted i n  the  following sequence: 

1. A l l  ingredien ts  except  cu ra t ives  and oxid izer  were mixed under 

vacuum a t  180°F €or 30 min, 

2 ,  Curat ives  were. added and mixed under vacuum a t  165°F f o r  5 min, 

3. Oxidizer  was added remotely; vacuum mixing was continued a t  165°F 

f o r  30 min a f t e r  a l l  ox id i ze r  w a s  added, 

The p rope l l an t  was then vacuum c a s t  t o  a spec i f i ed  volume, a mandrel was 

i n s e r t e d ,  and the motor was moved t o  the cure oven,, The c a s t i n g  i n s t a l l a t i o n  

i s  out l ined  i n  f i g u r e  6-19. The motor was pressure  cured a t  100 p s i .  

Upon completion of cur ing ,  the motor and samples were removed t o  ambient 

temperature,  the  mandrel w a s  removed from t h e  motor, and a prel iminary v i s u a l  

examinationwas conducted, The p rope l l an t  w a s  then remotely machined t o  the 

f i n a l  contour. 

6,6.2 Processing P rope l l an t  f o r  Evaluat ion 

A s  ind ica ted  i n  previous sec t ions  of t h i s  r e p o r t ,  the  candidate  p rope l l an t  

developed f o r  s t e r i l i z a b l e  motor systems is based on CTPIB, a polymer developed 

a t  UTC and sca led  up by Enjay Chemical Company, Inasmuch as the polymer does 

no t  have a n  ex tens ive  background of manufacture and use,  i t  was decided t o  

cha rac t e r i ze  more than one 5-ga1, mix p r i o r  t o  processing the sphe r i ca l  demon- 

s t r a t i o n  motors, This was considered p a r t i c u l a r l y  c r i t i c a l  s ince  previous 

1-gal ,  mixes had ind ica ted  v a r i a t i o n s  based on polymer sub lo t s ,  

polymer equiva len t  weights var ied  with each batch of polymer subjec ted  t o  

In add i t ion ,  
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acetone f r a c t i o n a t i o n ,  A s  discussed e a r l i e r ,  the e f f e c t  of acetone f r a c t i o n -  

a t i o n  was t o  remove the very low molecular weight polymer f r a c t i o n s  r e s u l t i n g  

i n  a higher equ iva len t  weight f o r  the polymer. The r e s u l t  of  the f r a c t i o n a t i o n  

on f i n a l  p rope l l an t  p rope r t i e s  was t o  decrease s t r e s s  c a p a b i l i t y  with a s l i g h t  

increase i n  s t r a i n  c a p a b i l i t y .  

Altogether  four 5-gal,  p rope l l an t  batches were processed before  the  f i r s t  

demonstration motor was c a s t ,  A l l  of these batches u t i l i z e d  a cu ra t ive - to -  

carboxyl func t iona l  r a t i o  of 1 , 2 : 1 ,  The i n i t i a l  s t r e s s - s t r a i n  d a t a  f o r  these 

batches is shown i n  t a b l e  6-m, 

FIVE-GALLON CHARACTERIZATION BATCHES 
(UTP-11439) 

E qu iva l e n t  S t r e s s l s t r a i n ,  p s i /% 
Batch No, Polymer Lot No. Weight, g A f t e r  Cure Af t e r  One Cycle 

5/1 474A 1,405 111/22.5 213/17 

207/12,5 5 /2  476 1,010 114/22 

5/3 476A 1,318 95/22 173/14.5 

5/4 27 6A2 1,566 85/22,4 -- 

Concurrent with the processing and eva lua t ion  of p rope l l an t  mixes f o r  

c h a r a c t e r i z a t i o n  of p rope l l an t ,  one ine r t  batch was c a s t  i n t o  a s p h e r i c a l  

motor t o  experimental ly  v e r i f y  the  optimized thermal s t e r i l i z a t i o n  cycles.  

The i n e r t  p rope l l an t  cracked during the  t es t ,  bu t  t he  d a t a  required t o  c a l c u l a t e  

the necessary h e a t  t r a n s f e r  parameters were n o t  compromised, A s  a r e s u l t  of t he  

cracking of t he  i n e r t  g r a i n ,  t he  p rope l l an t  p rope r t i e s  were aga in  analyzed 

with r e s p e c t  t o  the motor g r a i n  design, The s t r e s s - s t r a i n  p rope r t i e s  of the 

i n e r t  g r a i n  are presented i n  t a b l e  6-V. 
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TABLE 6-V 

UTX-12335 STRESS-STWIN PROPERTIES 

S t r e s s ,  p s i  S t r a i n ,  % 

A f t e r  cure a t  75°F 14 9 41,2 

Afte r  one cycle  a t  75°F 196 10,3 

A f t e r  one cycle  a t  275°F 89 6 - 3  

I n  a d d i t i o n  t o  the ve ry  s u b s t a n t i a l  postcure experienced by the i n e r t  

p rope l l an t  during the s t e r i l i z a t i o n  cyc le ,  the i n e r t  g r a i n  was bonded d i r e c t l y  

t o  the case wi th  no i n s u l a t i o n  o r  r e l i e f  boots t o  r e l i e v e  excessive s t r a i n  

on the bore cavi ty .  

An engineering a n a l y s i s  of p rope l l an t  physical  p rope r t i e s  and the  g r a i n  

conf igu ra t ion  showed t h a t  f a i l u r e  of  the i n e r t  p rope l l an t  would have been 

predicted based upon i t s  physical p rope r t i e s  a Nevertheless t h i s  event  focused 

emphasis on the zero s t r a i n  temperature s h i f t  and the  s t r a i n  c a p a b i l i t y  of the 

pr ope 1 l a n t  

6 . 6 . 3  Processing P rope l l an t  f o r  Demonstration Motors 

As  a r e s u l t  of the s t r e s s - s t r a i n  p rope r t i e s  exh ib i t ed  by the four p rope l l an t  

batches a t  the 5-gal. s c a l e  and the cracking of the i n e r t  g ra in ,  i t  was concluded 

by NASA t h a t  a reduced c u r a t i v e  r a t i o  should be used i n  the f i r s t  motor batch 

t o  increase s t r a i n  capaci ty .  On the b a s i s  of e a r l i e r  p rope l l an t  work conducted 

a t  UTC wi th  o t h e r  l o t s  o f  polymer i n  which adequate physical  p rope r t i e s  had 

been obtained using reduced c u r a t i v e  r a t i o s ,  a dec i s ion  was made t h a t  the f i r s t  

motor (No. 2348-002) should be loaded with p rope l l an t  having a c u r a t i v e  r a t i o  

of l*l:la 
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Cartons of p rope l l an t  cured with the motor exh ib i t ed  a decided lack of 

cure a f t e r  t he  normal cure cyc le ;  t h e r e f o r e ,  the motor was subjected t o  an 

extended cure cycle,  

inspected, Some evidence of p rope l l an t  unbond a t  t he  p r o p e l l a n t / l i n e r  i n t e r f a c e  

was observed. Radiographic inspect ion a f t e r  one s t e r i l i z a t i o n  cycle  revealed 

major s epa ra t ions  near t h e  p rope l l an t / i n su la t ion  bond area.  

of p rope l l an t  gene ra l ly  appeared t o  cover the l i n e r  a t  the separated areas, 

Although some evidence of p rope l l an t  s e p a r a t i o n  was observed a f t e r  p rope l l an t  

cu re ,  the areas  of s e p a r a t i o n  were more apparent  a f t e r  s t e r i l i z a t i o n ,  

A f t e r  19 days a t  160°F and 5 days a t  180"F, t he  motor w a s  

A very  t h i n  l a y e r  

Based on the i n i t i a l  very s o f t  p rope l l an t  cure  r e s u l t i n g  from the f i r s t  

motor mix, the second l i v e  s p h e r i c a l  motor (No, 2348-003) was c a s t  using a 

func t iona l  equivalence r a t i o  of c u r a t i v e  t o  polymer of 1,15 (reference UTP-11439- 

5/6),  

160'F. The extended cure schedule was used t o  minimize the upward s t r a i n - f r e e  

temperature s h i f t  during subsequent s t e r i l i z a t i o n  cycles ,  

The motor was cured a t  100 ps ig  f o r  2 days a t  180°F and f o r  7 days a t  

The second l i v e  s p h e r i c a l  motor a l s o  experienced unbonding a t  the 

p rope l l an t / i n su la t ion  i n t e r f a c e  a f t e r  one s t e r i l i z a t i o n  cycle .  The unbonded 

area was extensive around the a f t  po r t ion  of t he  case.  Table 6-VI ind ica t e s  

the p rope l l an t  physical  p rope r t i e s  a s  a func t ion  of the number of s t e r i l i z a t i o n  

cycles  t o  which i t  was exposed. 

6,7 INSPECTION AND QUALITY CONTROL 

The primary ob jec t ives  of t he  UTC q u a l i t y  assurance program f o r  NASA 

Contract No. NAS-1-8937 were: (1) t o  a s su re  motor-to-motor uniformity and 

(2) t o  provide s p e c i f i c  inspect ions between s t e r i l i z a t i o n  cycles with acceptance 

of the motors based on s p e c i f i c  c o n t r a c t  acceptance c r i t e r i a ,  To accomplish 

these  ob jec t ives  the UTC q u a l i t y  assurance program focused i t s  a t t e n t i o n  on 
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Afte r  cure a t  75°F 

Af te r  cure a t  250°F 

One cycle  a t  75°F 

One cycle  a t  250°F 

Two cycles  a t  75°F 

Two cycles  a t  250°F 

Three cyc les  a t  75°F 

Three cyc les  a t  250°F 

Four cycles  a t  75'F 

Four cycles  a t  250°F 

Five cycles  a t  75°F 

Five cycles  a t  250°F 

S ix  cyc les  a t  75°F 

Six cycles  a t  250°F 

TABLE 6 - V I  

PROPELLANT F'HYS ICAL PROPERTIES 

UTP-11439-5/5 
Motor No. 2348-002 
True True 

S t r e s s ,  p s i  S t r a i n ,  % 

. 57.0 22,5 

23.5 27,O 

52.7 3 7 , 2  

13-8 40.5 

28.0 32.6 

10.8 41.4 

24.7 31,5 

3.3 43-8 

34.0 31,4 

5.8 46.7 

31,3 31,8 

UTP-11439-5/6 
Motor N o ,  2348-003 
True Tkue 

S t r e s s ,  p s i  S t r a i n ,  % 

168 15,2 

79,7 11.7 

157 19.4 

65,6 17.8 

110 23-8 

40.2 2 7 - 2  

122 22.0 

41,2 26-6 
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two major areas of inspect ion:  (I) p r o p e l l a n t  and l i n e r  processing and 

(2) s t e r i l i z a t i o n  e f f e c t s  on loaded motor i n t e g r i t y ,  Generally,  t h e  inspect ions 

supporting ing red ien t  acceptance and mixing and cas t i n g  were r o u t i n e  inspect ions 

t o  a s su re  proper composition and weighout of i ng red ien t s  and chemical, b a l l i s t i c ,  

and physical  p rope r t i e s  a n a l y s i s  of the processed p rope l l an t  t o  v e r i f y  the 

mixing cycle  and p rope l l an t  performance. From a n  a n a l y s i s  s t andpo in t ,  UTP-11439 

p rope l l an t  was analyzed as r o u t i n e l y  and r e l t a b l y  as o the r  f ami l i e s  of  

p rope l l an t s  processed a t  UTC. Ex i s t ing  q u a l i t y  c o n t r o l  l abo ra to ry  a n a l y s i s  

procedures were employed f o r  a l l  analyses.  

To eva lua te  s t e r i l i z a t ~ o n  e f f e c t s  on system i n t e g r i t y ,  the demonstration 

motors were inspected before  and a f t e r  each s t e r i l i z a t i o n  cycle.  These inspec- 

t i o n s  consis ted of dimensional i n spec t ion ,  radiographic  in spec t ion ,  and t a p  

test  inspect ion.  These in spec t ion  techniques were a b l e  t o  d e t e c t  p rope l l an t  

g r a i n  d e f e c t s  such as cracking, vo ids ,  unbonds, s epa ra t ions ,  and slump, and 

were a b l e  t o  d e t e c t  changes i n  these condi t ions from one s t e r i l i z a t i o n  cycle  

t o  the next.  These inspect ions provided the necessary confidence t o  eva lua te  

the  i n t e g r i t y  of the s t e r i l i z e d  motors and were conducted q u i t e  r o u t i n e l y  

and economically. 

Figure 6-20 i l l u s t r a t e s  the master inspec t i o n  plan u t i l i z e d  during the 

program. The following paragraphs w i l l  d iscuss  the  major inspect ions conducted 

and the r e s u l t s  of t hese  inspect ions.  

6.7.1 P rope l l an t  Inspect ions 

6.7 .1 .1  Propel lant  Const i tuents  

The q u a l i t y  con t ro l  l abo ra to ry  0- ta ined complete a n a l y s i s  of a l l  p rope l l an t  

c o n s t i t u e n t s  p r i o r  t o  mixing of t he  p rope l l an t .  This was accomplished through 

use of s u p p l i e r  c e r t i f i e d  tes t  a n a l y s i s  o r  by q u a l i t y  con t ro l  l abo ra to ry  

a n a l y s i s  as required.  
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6.7.1.2 Uncured Propel lant  Analysis P r i o r  t o  Loading 

The q u a l i t y  con t ro l  l abo ra to ry  performed t h e  following t e s t s  on each ba tch  

of p rope l l an t  p r i o r  t o  loading i n t o  t h e  motor: (1) percent ammonium perchlorate ,  

(2 )  percent aluminum, (3 )  unreacted ac id  equivalents ,  ( 4 )  unreacted c r o s s l i n k e r  

equivalents ,  and (5)  l i q u i d  s t r a n d  burning r a t e  a t  500 and 1,000 ps ig  (75'F). 

6.7.1.3 Cured Propel lant  Physical P rope r t i e s  

Five p rope l l an t  specimens from each propel lant  mix were s e t  a s i d e  f o r  

physical  property t e s t i n g .  The r e s u l t s  of t h e  pre-motor batches are presented 

i n  t a b l e  3-VII. The r e s u l t s  of t es t s  of samples from t h e  motor batches a r e  

presented i n  t a b l e  6 - V I I .  

6.7.2 Motor Case and Loaded Motor Inspect ions 

6.7.2.1 Motor Case Inspect ions 

Upon r e c e i p t  at UTC t h e  GFE motor cases were v i s u a l l y  and penetrant  inspected 

f o r  cracks,  s c ra t ches ,  den t s ,  and s t r e s s  r isers .  Penetrant inspect ion w a s  i n  

accordance w i t h  MIL-1-6866, type 1. 

Penetrant i n spec t ion  w a s  repeated a f t e r  hydro te s t  of t h e  motor cases t o  

1,000+_20 p s i .  A l l  GFE motors s u c c e s s f u l l y  passed t h e  penetrant i n spec t ions .  

Proper c leaning techniques compatible wi th  t i t an ium were employed t o  remove 

the  r e s idue  from penetrant  inspect ion.  

6.7.2.2 Insu la t ed  Case Inspect ion 

Each i n s u l a t e d  case w a s  u l t r a n s o n i c a l l y  inspected f o r  insulat ion-to-case 

bond. Ultrasonic  in spec t ion  was conducted i n  accordance with UTC s p e c i f i c a t i o n  

4MGS-90410, type 1, c l a s s  1. All cases  were 100% inspected; no unbonds were 

detected.  

a 3/8-in.-diameter 2.25-mHz transducer .  

The con tac t  method was used u t i l i z i n g  t h e  Sperry UN-700 Model with 
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The insu la t ed  cases were then inspected t o  v e r i f y  i n s u l a t i o n  thickness.  

This i n spec t ion  w a s  conducted using eddy cu r ren t s  (ED-510 u n i t )  These measure- 

ments were taken a t  s p e c i f i c  s t a t i o n s  loca t ed  from the nozzle boss and were 

recorded every 90" t o  v e r i f y  i n s u l a t i o n  thickness  and t o  serve as a b a s e l i n e  

f o r  subsequent l i n e r  measurements. I n s u l a t i o n  thicknesses  were w i t h i n  B/P 

tolerance.  The s p e c i f i c  technique employed was accu ra t e  t o  0.001 in. 

Peel  s t r e n g t h  va lues ,  i n s u l a t i o n  t o  c a s e ,  were obtained f o r  UTC's supp l i e r .  

S p e c i f i c a t i o n  requirements were 35 lb/in.-min. Preproduction, production, and 

case samples obtained values  i n  excess of 87 lb / in .  

6.7.2.3 Lined Motor Case 

Liner thickness  measurements were made a t  t he  same s t a t i o n s  t h a t  the 

i n s u l a t i o n  thickness  measurements were made. Liner thickness required by 

B/P was 0.030 in .  t o  0.050 i n .  and a l l  cases  were found t o  be acceptable ,  

Accuracy of the t es t  measurement was 0.001'in.  

6.7.2.4 Loaded Motor Inspec t ion  

Each loaded motor was v i s u a l l y ,  dimensionally,  r ad iog raph ica l ly ,  and 

t a p  t e s t  inspected. These tests were conducted p r i o r  t o  and a f t e r  each s t e r i l i -  

z a t i o n  cycle and were planned and designed t o  provide reproducible  r e s u l t s  

from inspect ion t o  inspect ion.  Dimensional i n spec t ion  was conducted of the 

bore of the motor a t  s p e c i f i c  s t a t i o n s  t o  measure changes i n  the bore due t o  

g r a i n  movement, shr inkage,  o r  slump. Radiographic inspect ion was conducted 

a s  i l l u s t r a t e d  i n  f i g u r e  6-21. The r e s u l t s  of radiographic  in spec t ion  were 

recorded on s p e c i a l l y  prepared NDT records f o r  t h i s  program. 

The radiographic  technique conformed t o  the  requirements of MIL-STD-746, 

and the s e n s i t i v i t y  requirement of 1% was s a t i s f i e d .  
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Accep t l r e j ec t  c r i t e r i a  a s  defined by the  c o n t r a c t  included: (1) motors 

w i l l  be unacceptable i f  t he re  i s  any evidence of g r a i n  cracking o r  s e p a r a t i o n  

between p rope l l an t  and l i n e r  o r  l i n e r  and i n s u l a t i o n ,  (2)  maximum allowable 

void s i z e  of 0,125 in.  i n  diameter with no more than f i v e  voids of t h i s  s i z e  

i n  any 14 in. by 17  in .  f i l m  a r e a ,  (3) the presence of po ros i ty  s h a l l  be cause 

f o r  r e j e c t i o n ,  (4)  no fo re ign  ob jec t s  i n  the  p rope l l an t  g r a i n ,  and (5) unbonds 

between the case and i n s u l a t i o n  s h a l l  be reported.  

UTC's radiographic  in spec t ion  was capable of i d e n t i f y i n g  the above anomalies. 

Resul ts  of the inspect ions on demonstration motors No. 1 and 2 a r e  contained 

i n  t a b l e s  6-VI11 and 6-IX and i n  f igu res  6-22 and 6-23. 

In  a d d i t i o n ,  a t a p  tes t  was conducted t o  loca t e  unbond a reas .  The t a p  tes t  

was conducted s t a r t i n g  i n  the  a r e a  of t he  boot and working toward the i g n i t e r  

end. The t a p  test  was conducted t o  d e t e c t  fundamental change i n i t i a l l y ,  then 

harmonic change depending upon the degree of fundamental change. The boot 

area was used a s  a s tandard f o r  unbond. The t a p  t e s t  was conducted i n  accordance 

wi th  the UTC e s t a b l i s h e d  technique f o r  t a p  t e s t i n g  the f o u r t h  s t a g e  Scout motor. 

A summary of  p r o j e c t  nonconformances is contained i n  t a b l e  6 - X .  

6,8 NOTOR ENVIRONMENTAL TESTS 

One thermal c o n t r o l  motor and two demonstration motors, with r e l a t e d  

p rope l l an t  samples, have been subjected t o  dry h e a t  thermal s t e r i l i z a t i o n  ' 

cyc le s ,  The s e l e c t e d  cyc le ,  optimized by the analyses of s e c t i o n  5.0, meets 

the  requirements of t he  s ta tement  of work while  minimizing p rope l l an t  thermal 

exposure and operat ing time. 

S t e r i l i z a t i o n  was conducted i n  a 3 f t  by 3 f t  by 2 f t  e l e c t r i c a l l y  heated,  

fo rced -d ra f t  oven (Despatch Company, model V-29) capable of simultaneously 

cycl ing th ree  motor assemblies. 
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DEGREES OF R E V O L U T I O N  ARE MEASURED FWD. L O O K I N G  A F T .  

CLOCKWI S E  ABOUT ' Y '  AX1 S 

LEFT TANGENT AT 
REVOLUTION OF 

SCALE $ 

&kd&+, 

- C -  3 5 9 0  ( 3/69) 

X-RAY TARGET AT REVOLUTION 0: 
l T O *  1 9 5 8  - 

165 '  I a 

RIGHT TANGENT AT 
REVOLUT I ON OF m 

I 

END 

334" 
t AFT 

0'0 

/ 
GO 

BARRED ANGLE IS P O S I T I O N  I N  #-V' P L A N E  DISYA?dCE FROM CENTER 

ABOUT T H E  CENTER OR ' 2 '  A X I S  OR ' Z '  A X I S  TO D E F E C T  

w:...,.&-- L - 9 9  

NOTE:  BARRED ANGkE 

IS MEASURED FROM 

' Y '  AX1 S CLOCKWI S E  

ABOUT ' 2 '  A X I S  
6-56 



D E C R E E S  OF R E V O L U T I O N  ARE MEASURED FWD, LOOKING AFT. 

CLOCKWI SE ABOUT ' Y '  A X 1  S 

LEFT TANGENT AT 
REVOLUTION OF 

X-RAY TARGET AT REVOLUTION OF 
lY5 - 

1 6 5 '  

RIGHT TANGENT AT 
REVOLUTION OF n 

1 5  MEASURED FROM 

* Y '  AX1 S CLOCKWISE 

&BOUT ' 2 '  A X I S  

B A R R E D  M U G L E  IS POSITION IPd X - Y  PLANE 51 STANCE FROM CEMTER 

ABOUT THE CENTER O R  ' 2 '  A X I S  OR ' 2 '  A X l S  TO D E F E C T  
c,s7  
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Uniform hea t ing  was obtained by b a f f l i n g  a i r  flow while monitoring a 

con t ro l  motor thermocoupled t o  provide a comprehensive thermal p r o f i l e .  A 

thermal p r o f i l e  confirmed i n  t h i s  manner insured t h a t  t he  most thermally 

remote po r t ion  of demonstration motors were, i n  f a c t ,  a t  275°F f o r  53 h r ,  

P r i o r  t o  s t e r i l i z a t i o n  cyc l ing ,  each demonstration tes t  motor was 

instrumented with four thermocouples, two on the case e x t e r i o r  and two on the  

p rope l l an t  surface.  

w i l l  be v e r i f i e d  and documented by a continuous temperature with time record 

of oven a i r ,  case e x t e r i o r ,  and g r a i n  su r face ,  Each motor was inspected 

v i s u a l l y  and r ad iog raph ica l ly  p r i o r  t o  the f i r s t  and following each successive 

During s t e r i l i z a t i o n  cycl ing the s p e c i f i e d  thermal p r o f i l e  

thermal s t e r i l i z a t i o n  cycle.  
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7.0 SUPPLEMENUL TESTS 

In  a d d i t i o n  t o  the  u n i a x i a l  constant  s t r a i n  rate t e s t s  required f o r  

monitoring the e f f e c t  of h e a t  s t e r i l i z a t i o n  on p rope l l an t  p rope r t i e s  some 

add i t iona l  t e s t i n g  has been conducted i n  response t o  o t h e r  problems which 

developed on t h i s  program, A s  a r e s u l t  of experience with the thermal con t ro l  

motor i n  which the  i n e r t  g r a i n  cracked during h e a t  s t e r i l i z a t i o n ,  increased 

concern regarding p rope l l an t  s t r a i n  p rope r t i e s  d i c t a t e d  a rdevaluat ion of t he  

p rope l l an t  s t r a i n  capab i l i t y .  The thermal con t ro l  motor contained a CTPB 

system loaded w i t h  aluminum and ammonium s u l f a t e  which was case-bonded with 

l i n e r  d i r e c t l y  t o  the case w a l l .  This system experienced considerable postcure 

dur ing the  s t e r  i l i z a  t ion cycle  e 

To more r e a l i s t i c a l l y  eva lua te  p rope l l an t  s t r a i n  capabi ' l i ty  i n  t h e  demon- 

s t r a t i o n  motors, analog motors (2.8 i n .  i n  I D  by 13.5 in .  i n  length) were c a s t  

with p rope l l an t  UTP-11439 (batch 5 / 4 )  a t  a c u r a t i v e  r a t i o  of 1.2, Polymer l o t  

No.  DL-476A2 (equivalent  weight 1,566 g) was used, A se t  of six motors i n  

l i n e d  s tee l  cy l inde r s  having bore dimensions designed t o  y i e l d  nominal bore 

s t r a i n s  of 18%, 12% and 8% w a s  processed. The motors were cured f o r  5 days a t  

160'F and were measured. Three of t he  motors were then given a n  a d d i t i o n a l  

5-day cure,  Changes i n  the  p rope l l an t  bore diameter were measured and r e l a t e d  

t o  changes i n  the  s t r a i n  l e v e l  a t  the bore su r face  and t o  the s t r a i n - f r e e  

temperature of t he  propel lant .  The r e s u l t s  a r e  presented i n  t a b l e  7-1. The 

s t r a i n  l e v e l s  increased s l i g h t l y  i n  Che analog motors t h a t  were cured fo r  an 

a d d i t i o n a l  5 days. After sub jec t ing  the complete s e t  of  motors t o  one h e a t  

s t e r i l i z a t i o n  cyc le ,  those g r a i n s  which had s t r a i n  l e v e l s  of  approximately 13% 
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and 18,5% exh ib i t ed  cracks on the bore su r face ,  The g ra ins  

s t r a i n  (approximately 10%) survived the  f i r s t  s t e r i l i z a t i o n  

on the second cycle ,  

having the least  

cycle  but  cracked 

TABLE 7 - 1  

FEASURED STRAIN IN ANALOG MOTORS 

Propel lant  UTP-11439-5/4 
Curative r a t i o  1 , 2  

Measured S t r a i n ,  % 
Motor 5-Day 10-Day One S t e r i l i z a t i o n  Two S t e r i l i z a t i o n  

No e Cure Cur e Cycle Cycles 

3 18.6 -- Cracked -- 
2 12-9 -- Cracked -- 
1 8.7 -- 10.0 Cracked 

4 8.5 9.8 10.0 Cracked 

5 12.7 13.6 

6 18.4 19.5 

JANNAFJC 
Specimens 22,4 1 7  

, >k Constant s t r a i n  ra te  of  2 in./min 

Cracked 

Cracked 

-- 

Based on t h e  degree of shrinkage determined from the g r a i n  bore measurements, 

a s t r a i n - f r e e  temperature of 180'F f o r  t h i s  p rope l l an t  was e s t ab l i shed .  

s t r a i n - f r e e  temperature is the  temperature t o  which the  motor would need t o  be 

conditioned t o  expand the p rope l l an t  g r a i n  s u f f i c i e n t l y  t o  reduce the  bore 

dimension t o  the o r i g i n a l  mandrel dimension, Af t e r  one s t e r i l i z a t i o n  cyc le ,  

t he  s t r a i n - f r e e  temperature increased t o  198"F, i n d i c a t i n g  some a d d i t i o n a l  

c ros s l ink ing  r e s u l t i n g  i n  increased s t r a i n  i n  the motors. For comparative 

The 
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purposes ~ the  p rope l l an t  s t r a i n  c a p a b i l i t y  measured f o r  u n i a x i a l  cons t an t  

s t r a i n  r a t e  tests i s  a l s o  presented i n  t a b l e  7-1, 

A s  a r e s u l t  of these tests,  t h e  s a f e t y  margin, with r e spec t  t o  the s t r a i n  

requirements of t h e  demonstration motor, w a s  considered marginal. A dec i s ion  

was made t o  reduce the  p rope l l an t  c u r a t i v e  l e v e l  from 1 . 2  t o  1.1 c u r a t i v e /  

carboxyl equivalent  r a t i o .  The f i r s t  s p h e r i c a l  demonstration motor contain-  

ing UTP-11439 (batch 5 /5)  cured t o  a r e l a t i v e l y  s o f t  p rope l l an t .  A s  a r e s u l t  

of t he  obvious low degree of cure  of batch con t ro l  specimens, t he  s p h e r i c a l  

motor was given an extended cure cycle  ( 2 1  days at 160°F followed by 3 days 

a t  180'F). 

presented previously i n  s e c t i o n  6.0, i n d i c a t e  a low stress c a p a b i l i t y  f o r  t h i s  

batch.  After  one heat  s t e r i l i z a t i o n  cycle ,  some s c a t t e r e d  p rope l l an t / i n su la t ion  

s e p a r a t i o n  was discovered i n  the  motor by the  t a p  tes t .  Af t e r  the second cyc le ,  

some a d d i t i o n a l  unbonded a reas  were i d e n t i f i e d  and confirmed by radiographic  

i n s  pec t ion 

The un iax ia l  s t r e s s - s t r a i n  t es t  r e s u l t s  f o r  con t ro l  specimens, 

A s  a r e s u l t  of  the abnormally s o f t  cure  experienced wi th  the low c u r a t i v e  

l e v e l ,  the  second l i v e  motor (No, 2348-003) w a s  processed using a c u r a t i v e  level  

of  1.15. X-rays and t a p  tes ts  revealed s e p a r a t i o n  of  l i ne r - to -boo t  a t  the a f t  

end and the p o s s i b i l i t y  of p r o p e l l a n t / i n s u l a t i o n  s e p a r a t i o n  i n  the dome sec t ion .  

Af t e r  one s t e r i l i z a t i o n  cyc le ,  t he  a reas  o f  s e p a r a t i o n  were more extensive.  

Visual  inspect ion o f  both motors confirmed sepa ra t ions  a t  the p rope l l an t /  

l i n e r  i n t e r f ace .  A very  t h i n  l aye r  of p r o p e l l a n t  g e n e r a l l y  appeared t o  cover 

the l i n e r  a t  t he  separated a reas .  

were considered t o  be probable causes f o r  t he  motor unbonding: (1) migrat ion 

of materials from the i n s u l a t i o n  through the  l i n e r  and i n t o  the  p rope l l an t  

causing loss o f  bond s t r e n g t h  near  the p r o p e l l a n t / l i n e r  i n t e r f a c e  and (2) l o s s  

A s  discussed i n  s e c t i o n  4.0,  seve ra l  f a c t o r s  
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of bond s t r e n g t h  of p r o p e l l a n t - t o - l i n e r  during s t e r i l i z a t i o n .  

which must be considered is  the high temperature endurance stress c a p a b i l i t y  

of the p rope l l an t ,  I n  the  s p h e r i c a l  demonstration motor, t he  propel lant  g r a i n  

experiences p o s i t i v e  shear  stresses during h e a t  s t e r i l i z a t i o n  a t  the p rope l l an t /  

i n s u l a t i o n  in t e r f ace .  These stresses reach a maximum near  the a f t  end of the 

motor, This shea r  occurs i n  a d d i t i o n  t o  the  compression stress a t  the same 

i n t e r f a c e  and i s  exerted throughout the high temperature po r t ion  of t h e  

s t e r i l i z a t i o n  cycle.  

A t h i r d  f a c t o r  

An i n v e s t i g a t i o n  of poss ib l e  d e l e t e r i o u s  materials i n  the Hitco-2820 

i n s u l a t i o n  system, discussed i n  s e c t i o n  4 . 0 ,  r e s u l t e d  i n  the formulation of a 

modified Hitco i n s u l a t i o n  h i c h  was subsequently i n s t a l l e d  f o r  t e s t i n g  i n  

c y l i n d r i c a l  analog motors. P rope l l an t  g ra ins  c a s t  i n t o  these motors became 

unbonded a f t e r  h e a t  s t e r i l i z a t i o n  condi t ioning,  b u t  the r e s u l t s  were n o t  

conclusive because the  i n s u l a t i o n  had not  received a s t e r i l i z a t i o n  pretreatment  

p r i o r  t o  c a s t i n g  the p rope l l an t .  Subsequent a t tempts  by the s u p p l i e r  t o  bond 

the  modified Hitco i n s u l a t i o n  i n t o  t h e  s teel  analog motors were unsuccessful. 

However, a d d i t i o n a l  c y l i n d r i c a l  analog motors were processed u t i l i z i n g  UTL-0026 

as i n s u l a t i o n  which w a s  bonded i n t o  the cases  i n  the form of  0,125-in. shee t s .  

These cases  were then l i n e d  according t o  s tandard procedures and were loaded 

wi th  p rope l l an t  from batch UTP-11439-5/8 ( cu ra t ive  r a t io  1.15). The cured 

motors were subjected t o  one h e a t  s t e r i l i z a t i o n  cycle.  Radiographic in spec t ion  

revealed s u b s t a n t i a l  unbonding. Also, i n  a t e s t  i n  which a t h i n  web of propel- 

l a n t  was c a s t  d i r e c t l y  t o  a s t e e l  s h e l l ,  no unbonding occurred. These tes ts  

el iminated the  i n s u l a t i o n  as a f a c t o r  in unbonding, and the  bond f a i l u r e s  could 

only be a t t r i b u t e d  t o  a f a i l u r e  of t he  l i n e r / p r o p e l l a n t  bond o r  t o  a l a c k  of 

endurance s t r e s s  c a p a b i l i t y  i n  t h e  p rope l l an t .  
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8 a 0 CONCLUSIONS AND RECOMMENDATIONS 

UTP-11439 p rope l l an t  was demonstrated t o  be thermally s t a b l e  up t o  275OF 

f o r  extended time periods. It was s u c c e s s f u l l y  processed a t  t he  5-gal. mix 

sca l e .  

cycles  with e s s e n t i a l l y  no e f f e c t  on mechanical p r o p e r t i e s ,  as  determined by 

Propel lan t  specimens were subjec ted  t o  extended h e a t  s t e r i l i z a t i o n  

cons tan t  s t r a i n  r a t e  u n i a x i a l  t e n s i l e  t e s t s .  The l i n e r  and the  i n s u l a t i o n  

systems survived the  requi red  s t e r i l i z a t i o n  procedures wi th  no s u b s t a n t i a l  loss 

of p rope r t i e s .  I n  a d d i t i o n ,  system tests involving the  i n s u l a t i o n ,  l i n e r ,  and 

p rope l l an t  i n  the  bond-in-tension conf igu ra t ion  ind ica t ed  acceptable  p rope r t i e s  

i n  excess of s i x  s t e r i l i z a t i o n  cycles .  However, complete motor cas t ings  i n  

13-in,  s p h e r i c a l  demonstration motors r e s u l t e d  i n  debonded a reas  between 

p rope l l an t  and i n s u l a t i o n  a f t e r  hea t  s t e r i l i z a t i o n .  I n  a d d i t i o n ,  t he  c a s t i n g  

of some c y l i n d r i c a l  analog motors a l s o  r e su l t ed :  i n  apparent p rope l l an t /  

i n s u l a t i o n  debonding. 

A review of t he  t e s t  r e s u l t s  leads  t o  s e v e r a l  c r i t i c a l  observat ions 

p e r t i n e n t  t o  the  debonding problem: 

A. I n i t a l  analog motors cas ' t  i n t o  l i n e d  s t e e l  cases  and having bore 

s t r a i n s  considerably i n  excess of t h a t  i n  the  demonstration motors 

(up t o  18%) a l l  even tua l ly  cracked i n  the  bore a rea  a f t e r  two 

s t e r i l i z a t i o n  cycles .  These g ra ins  d id  not  debond from the  l i n e r .  

A t  the  same t i m e $  u n i a x i a l  t e n s i l e  p rope r t i e s  of the p rope l l an t  

showed a lower s t r a i n  c a p a b i l i t y  than had previously been obtained 

with p rope l l an t  with a lower c u r a t i v e  r a t i o .  A t  t h i s  point  a 

dec i s ion  was made t o  use the  s p h e r i c a l  motors a s  a test bed f o r  
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prope l l an t  sc reening  because of u n c e r t a i n t i e s  wi th  l abora to ry  resul ts  

and the f i r s t  s p h e r i c a l  motor w a s  c a s t  wi th  p rope l l an t  a t  a n  a r b i t r a r i l y  

s e l e c t e d  c u r a t i v e  r a t i o  of 1.1. 

substrandard f o r  t h i s  mix, and the  p rope l l an t  debonded from the  

i n s u l a t i o n  during the  f i r s t  s t e r i l i z a t i o n  cycle .  

The degree of cure  was obviously 

A second s p h e r i c a l  

motor was then processed a t  a c u r a t i v e  l e v e l  of 1.15. 

exh ib i t ed  a reasonable  cure but  debonded from the  i n s u l a t i o n  a f t e r  

one s t e r i l i z a t i o n  cycle .  The i n s u l a t i o n  system i n  both s p h e r i c a l  

The p rope l l an t  

motors w a s  H i t  co - 2 82 0 

B. Af t e r  t h i s ,  a s e r i e s  of bond-in-tension t e s t s  and c y l i n d r i c a l  analog 

motor t e s t s  were conducted t o  i n v e s t i g a t e  whether o r  no t  the  migrat ion 

of i ng red ien t s  from the  i n s u l a t i o n  was causing the debonding. Analog 

motors with and without  Hitco-2820 i n s u l a t i o n  were prepared using 

p rope l l an t  w i th  an  equiva lence  r a t i o  of 1.15. 

from the  l i n e r  whether or  no t  Hitco-2820 was used. 

The p rope l l an t  debonded 

Based upon these  observat ions s e v e r a l  conclusions can be reached: 

A. The mode of f a i l u r e  i n  motor systems d i f f e r s  depending upon t h e  

p rope l l an t  func t iona l  c u r a t i v e  r a t i o .  Motors loaded wi th  a 

p rope l l an t  having a c u r a t i v e  r a t i o  of 1.2 exh ib i t ed  bore cracks a f t e r  

s t e r i l i z a t i o n  and motors w i th  a p rope l l an t  having a c u r a t i v e  r a t i o  

of 1.15 o r  less showed p r o p e l l a n t / l i n e r  separa t ion .  In the  f i r s t  

tests the  test  s t r a i n s  ranged from two t o  four  times t h a t  imposed 

on the  demonstration motors, and the re fo re  were n o t  i n d i c a t i v e  of 

demonstration motor f a i l u r e .  
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B, Noxious ma te r i a l s  i n  motor i n s u l a t i o n s ,  which may i n h i b i t  bonds o r  

des t roy  them by migra t ion ,  can be removed e i t h e r  during rubber  

compounding o r  motor processing, While t h i s  is a p o t e n t i a l  danger 

i t  does not  appear t o  be a major f a c t o r  causing p rope l l an t  debonding, 

C, Based on the  e f f e c t  of s t e r i l i z a t i o n  on tens i le  p rope r t i e s  and an 

examination o f  i ng red ien t s  of  UTL-0026 l i n e r  i t  is  d i f f i c u l t  t o  

v i s u a l i z e  how t h i s  material could be a problem, al though it is 

poss ib le  t h a t  p r o p e l l a n t l l i n e r  bond s t r e n g t h  could be reduced by 

s t e r i l i z a t i o n  procedures even though the  t e n s i l e  p rope r t i e s  of the 

l i n e r  i t s e l f  remain more than adequate. 

There was no provis ion  under this c o n t r a c t  f o r  f u r t h e r  i n v e s t i g a t i o n  of 

the f a i l u r e s .  It can only be hypothesized t h a t  p r o p e l l a n t / l i n e r  s epa ra t ion  

was caused by one o r  bo th  of t h e  fol lowing f a c t o r s :  

During the  hea tup  phase of s t e r i l i z a t i o n ,  t he  motor case and 

p r o p e l l a n t / l i n e r  i n t e r f a c e  a r e  much h o t t e r  than the  mean bulk  

temperature of  the  gra in .  "his produces a t r a n s i e n t  t e n s i l e  stress 

A. 

of reasonable  magnitude across  the bondline when the  bondline is  a t  

a temperature of 30O0F. 

be less than a l lowable  without  s p e c i a l  bonding materials 

The bond s t r e n g t h  a t  t h i s  temperature could 

B. Changes i n  p rope l l an t  and/or l i n e r  su r face  condi t ion  as the  r e s u l t  

of extended exposure t o  h igh  temperature could weaken the  bond, 

Funct ional  c u r a t i v e  r a t i o  could play a p a r t  i n  t h i s  phenomena, 

P rope l l an t  made from CTPIB has been shown t o  have except iona l  thermal 

s t a b i l i t y .  D i f f i c u l t i e s  i n  u t i l i z i n g  t h i s  p rope l l an t  i n  a p r a c t i c a l  motor 
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system seem t o  stem from improper usage r a t h e r  than from a fundamental problem 

with the p rope l l an t  o r  i t s  assoc ia ted  components. Should add i t iona l  work be 

done, it is recommended t h a t  the  work s tar t  with cu ra t ive  r a t i o  opt imizat ion 

and t h a t  sc reening  be based upon cons tan t  load endurance tests and s t r a i n  analog 

motor r e s u l t s  
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