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I, INTRODUCTION 

The 2 6 0 - 1 n . - ~ i a  Motor F e a s i b i l i t y  Demonstration Program was i n i t i a t e d  i n  

June 1963 under the  auspices of the A i r  Force Rocket Propulsion Laboratory as  a 

l o g i c a l  advancement i n  the  development of l a rge  s o l i d  rocket motors from the  

100-in.-dia, 120-in.-dia, and 156-in.-dia motors previously t e s ted .  Program 

management was t r a n s f e r r e d  t o  the  National Aeronautics and Space Administration' s 

L R w i s  Research Center i n  March 1965. The completely successful  t e s t  f i r i n g  of 

two 260-in,-dia motors under t h i s  program consti tukes a major milestone i n  the 

development of s o l i d  rocketry.  Signif icant  advances were demonstrated i n  the  

extension of s o l i d  rocket  technology t o  motors of unprecedented s i z e .  

The f i n a l  r epor t  on t h i s  program consis ts  of t h i s  summary report ,  together 

with a s e r i e s  of phase repor ts ,  each covering i n  d e t a i l  a major technical  element 

of the  program. This summary repor t  presents  a review of the  accomplishments of 

the  e n t i r e  program from incept ion through completion i n  Apr i l  l966* 

11, TEE 260-SL MOTORS 

A. PERFORMANCE 

The f e a s i b i l i t y  demonstration phase of the  260-in.-dia motor program 

was concluded with the  successful  s t a t i c  t e s t  f i r i n g  of motors 260-SL-1 and 

260-SL-2 on 25 September 1965 and 23 February 1966, respect ively ,  The f i r i n g  

curves f o r  motor 260-SL-1 a re  shown i n  Figure 1. The t h r u s t  was somewhat higher 

and the  durat ion was correspondingly shor te r  than predicted due t o  an  increase i n  

burning r a t e  r e s u l t i n g  from the  scale-up e f f e c t  of the  increased s i z e  of the  

propellant  grain.  The pressure increase t h a t  occurred j u s t  p r i o r  t o  t a i l o f f  was 

due t o  a processing inadequacy t h a t  occurred during cas t ing,  

Page 1 
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11, A, Performance (cont  a ) 

The f i r i n g  r e s u l t s  provided the means f o r  improving performance 

predic t ions  f o r  motors of t h i s  s i ze ,  and the loading process was modified f o r  

motor 260-SL-2. The r e s u l t s  of t h i s  f i r i n g  a r e  shown i n  Figure 2, together 

with the  predic ted  pressure .  

The p r inc ipa l  performance data  given below f o r  both motors show the  

high degree of performance reproducibility, 

260-SL-1 260-SL-2 

Maximum t h r u s t ,  l b f  3,547,000 3,564,000 

Average t h r u s t  (web ac t ion  time ), 
lb f  3,144,000 3,141,000 

Average t h r u s t  ( a c t i o n  time), lb f  2,899,000 2,865,000 

Maximum pressure,  ps ia  602 601 

Average pressure (web ac t ion  time ), 
ps i a  533 530 

Average pressure (ac2;ion time ), ps ia  494 489 

Web ac t ion  time, sec  11-3 0 7 114.0 

Action time, sec  1.28~2 129,8 

Tota l  impulse, lb f - sec  371,514,000 371,900~000 

Propellant  burning r a t e  a t  
600 ps ia ,  in. /sec 0,464 

The 260 motor program was s t a r t e d  under Contract No. AF 04(695)-350. 

The bas ic  provisions of t h i s  contrac t  were maintained i n  e f f e c t  when program cogni- 

zance was t r ans fe r red  t o  the  NASA Lewis Research Center on 1 March 1965. Included 

i n  the  contrac t  were perf ormanee fee  - incentive provisions t h a t  raere based on motor 

performance. Figures 3 and 4 show motor performance p l o t t e d  with respect  t o  the  

Page 2 
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11, A, Perf orinance ( coilto ) 

pressure envelope derived from the  performance fee-incentive provisions. A l l  

performance f e e  - incentive provisions were met. 

B. MOTOR DESCRIPTION 

Figure 5 shows the  bas ic  configurat ion of the  260-SL motors, including 

the  monolithic chamber, f ixed  nozzle, and clover-leaf gra in  design. The p l a s t i c  

components of the  nozzle were fabr ica ted  from both phenolic-impregnated carbon 

and s i l i c a  c lo ths .  The nozzle s h e l l  was fabr ica ted  of 18%-nickel maraging s t e e l  

and the  e x i t  cone support s t r u c t u r e  consisted of aluminum honeycomb with s t a i n l e s s -  

s t e e l  inner and outer  facings.  The motor insu la t ion  system consisted of premolded 

sect ions  of Gen-Gard V-44 rubber. Aft-end i g n i t i o n  was used i n  the  s t a t i c  t e s t  

f i r i n g s  of t h e  two 260-in.-dia motors. 

The chamber and nozzle s h e l l  were made of 18%-nickel s t e e l  produced by 

the  vacuum-arc-remelt process. The downhand tungsten- iner t -gas  welding technique 

was used.. The fo re  and a f t  Y-rings were machined from forgings by the  Iadish  Co., 

Cudahy, Wisc,, p r i o r  t o  del ivery  t o  the  case fabr ica to r ,  Sun Shipbuilding & Dry 

Dock Co., Chester, Penn, Forgings were a l s o  used f o r  the  forward polar  f lange,  

the nozzle attachment f langes,  the  t h r o a t  and e x i t  s e c t i o n  of the  nozzle s h e l l ,  

and f o r  the  f o r e  and a f t  f langes of the  e x i t  cone, The hemispherical forward and 

a f t  heads were made by cold press forming of p la te ;  the forward head was made i n  

two courses and the  a f t  head i n  one course, The entrance sec t ion  of the nozzle 

s h e l l  was a l s o  made by cold press forming, The cy l indr ica l  sec t ion  was made by 

r o l l i n g  102-in.-wide p l a t e  t o  a semicircular  configuration, then joining two of 

these by tvo longitu-dinal welds. Five of these cylinders tiere then joined by 

c i rcumferent ia l  welds t o  form the  510-in,-long cy l indr ica l  sec t ion ,  The forged- 
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11, B, Motor Description (con t ,  ) 

and-machined Y r ings provided the t r a n s i t i o n  between the  heads and the c y l i n d r i c a l  

sec t ion  and provided the  mating surfaces f o r  the forward and a f t  s k i r t s ,  The 

pressure vesse l  components were designed t o  withstand a pressure 1 , 3  times maximum 

expected operat ing pressure ,  The nozzle s h e l l  was a t tached t o  the chamber f o r  t h e  

hydros ta t ic  t e s t ;  a  f l o a t i n g  p i s ton  was used i n  the  s h e l l  t o  transmit  the force 

from the pressur iz ing f l u i d  t o  the  forward s k i r t ,  which a l s o  had t o  support the 

water-f i l l e d  chamber. The hydros ta t ic  t e s t  pressure was 737 '5 p s i .  - 0 

The design of the  motor case was derived from t h a t  of a  f u l l - l e n g t h  

motor a s  defined by the  Work Statement. Thus, the  chamber wal l  thicknesses of 

0.40 in .  f o r  the  forward head and 0.60 in .  f o r  the  cylinder and a f t  head a r e  

ad-equate f o r  the  f u l l - l e n g t h  motor. The forward s k i r t  i s  designed t o  r e a c t  the 

motor weight and t h r u s t  of a  fu l l - l eng th  motor, nozzle up, and both s k i r t s  are 

designed t o  r e a c t  f l i g h t  loads produced by the  f u l l - l e n g t h  motor, including a 

4-degree t h r u s t  vector  control  load. I n  addit ion,  the  b o l t - c i r c l e  diameter a t  

the  nozzle-chamber in te r face  was es tabl ished a t  180 in. ,  s u f f i c i e n t  t o  accept  

the l a r g e r  nozzle t h a t  would be required f o r  the fu l l - l eng th  motor. 

Figure 5 a l s o  shows the clover-leaf  gra in  design of the  260-SL motors, 

The core producing t h i s  configurat ion was the r e s u l t  of b a l l i s t i c s  stud-ies of the  

then-unders tood performance requirements of the  f  u l l - l eng th  motor, and was designed 

t o  provide the  des i red  g ra in  configurat ion merely by fabricaking add i t iona l  sec t ions .  

Thus, t h e  motor design provided the  capab i l i ty  of being increased t o  

any length up t o  t h a t  of the f u l l  length by adding cy l indr ica l  sec t ions  t o  the 

chamber, lengthening the  core, and fabricasking a nozzle with a l a r g e r  t h r o a t  

and appropriate expansion r a t i o ,  

Page 4 
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11, R, Motor Description (con t ,  ) 

The nozzle, shown i n  Figure 6, w a s  f ab r ica ted  (except f o r  the 18%- 

n icke l  s t e e l  s h e l l )  by TRW, Inc. ,  Cleveland, Ohio. Those areas  of the  nozzle 

subjected t o  the  h ighes t  e ros ion  were made of carbon c lo th  impregnated with 

phenolic r e s i n .  The a reas  f u r t h e r  upstream and downstream of the  t h r o a t  a rea  

were l i n e d  with s i l i c a  c lo th  impregnated with phenolic r es in .  A l l  p l a s t i c  

components were overwrapped with an  insu la t ing  wrap of s i l i c a  c lo th  and phenolic 

and cured a s  individual  components--the entrance sect ion,  throat ,  t h r o a t  extension, 

and e x i t  cone l i n e r .  The p a r t s  were then bonded i n t o  the  s t r u c t u r a l  components 

with epoxy r e s i n s .  The nozzle entrance sec t ion  was then over la id  with a premolded 

Gen-Gard V-44 rubber i n s u l a t o r  t h a t  a l s o  formed a p a r t  of the  s t e p  j o i n t  between 

the  insu la t ion  i n  the a f t  head and the  nozzle. 

The manufacturing e f f o r t  was successful  except t h a t  one p l a s t i c  p a r t  

was re jec ted  during f a b r i c a t i o n  of the  nozzle f o r  motor 260-SL-1. This was the  

t h r o a t  extension, which became delaminated a t  the forward edge. Ef fo r t s  t o  

s a t i s f a c t o r i l y  r e p a i r  the  p a r t  were unsuccessful, and the  component was machined 

from the  nozzle s h e l l  and replaced,  As a  r e s u l t  of the  s tud ies  made of the  cause 

of r e j e c t i o n  of t h i s  pa r t ,  t h e  o r i en ta t ion  of the  laminations of the  tape used 

t o  wrap the  nozzle were modified; f i n a l  tape o r i en ta t ions  f o r  both nozzles a re  

shown i n  Figure 7. 

A s  a  r e s u l t  of subscale t e s t s ,  the thickness of the  V-44 i n  the  nozzle 

entrance sec t ion  of motor 260-SL-1 was increased over t h a t  o r i g i n a l l y  planned t o  

increase confidence i n  motor success. The thickness was returned e s s e n t i a l l y  t o  

the  o r i g i n a l  design value i n  motor 260-SL-2. The comparative eros ion of the  two 
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31, B, Motor Description ( con t , )  

nozzles i s  shown i n  Figure 8. Erosion r a t e  a t  the throat  was 5,4 mils/sec f o r  

motor 260-SL-1 and 4.8 mils/sec f o r  motor 260-SL-2, which compares favorably 

with a predicted erosion ra te  of 4 mils/sec. 

The e x i t  cone was fabr icated with aluminum honeycomb f o r  s t r uc tu r a l  

s t rength  with inner and outer facings of 17-7 PIE s t a in l e s s  s t e e l  used f o r  hoop 

strength.  Two layers  were used on the  inner surface of the  honeycomb with the 

jo in t s  overlapped. One layer  was used on the outer surface with doublers bonded 

over the  jo in t s .  

An aluminum r ing  was fastened a t  the end of the e x i t  cone t o  provide 

f o r  mechanical re ten t ion  of the p l a s t i c  i n s e r t ,  This r ing  was insula ted with V-61. 

A l ayer  of cork insula t ion was added around the  a f t  circumference of the e x i t  cone 

t o  prevent possible damage t o  the e x i t  cone from low-pressure gases during t a i l o f f  

and p r io r  t o  quench actuation.  

The motor insula t ion system consisted of premolded sections of 

Gen-Gard V-44 rubber fabr icated by the Goodyear Tire & Rubber Co., Akron, Ohio, 

Eight segments were used f o r  each head, and two 0.10-in, th ick  leyers  were applied 

t o  the cy l indr ica l  section.  Maximum thickness a t  the forward head was 1.25 in . ;  a t  

the a f t  head, it was 4.0 i n ,  f o r  motor 2 6 0 - ~ ~ - 1  and 2.7 in .  f o r  motor 260-SL-2. To 

improve confidence i n  r eusab i l i t y  of the chamber, the cyl indr ical  sec t ion  insula t ion 

i n  motor 260-SL-2 was increased by the addi t ion of a t h i r d  0.10-in.-thick layer  of 

V-44, The decrease of the  a f t  head insula t ion and the increase i n  the cy l indr ica l  

sect ion insu la t ion  were the only design changes between the  two motors. 

The insula t ion was bonded i n to  the chamber with Epon 948 and 948.2, 

which are  ambient-temperature-curing epoxy adhesives, The V- jo ints  be tween the 

Page 6 
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11, B, Motor Description (cont .  ) 

insu la t ion  segments were f i l l e d  with V-61, which, a f t e r  curing, was ground f l u s h  

with the  surrounding premolded segments. Fore and a f t  boots were i n s t a l l e d .  The 

a f t  s t e p  j o i n t  was ground t o  precise dimensions so  t h a t  the t i p s  of the  j o i n t  

were i n  compression with the  corresponding j o i n t  i n  the  rubber nozzle insu la t ion .  

me insu la t ion  was abraded, cleaned with a solvent ,  and dr ied ,  The SD-850 l i n e r  

was applied t o  a thickness of 35 + 10 m i l s .  The l i n e r  was then brushed t o  obta in  - 
f i n a l  smoothness and t o  el iminate the  small grooves l e f t  by the  spacer wires on 

the  trowels. The l i n e r  formulation i s  a s  follows: 

260-SL Liner Formulation 

Material  

P a r a c r i l  RF-2 terpolymer (7$4 equivalents)  

Methylnadic anhydride (85.5 equivalents  ) 

Poly (1, 4-butylene ) glycol  (7.1 equivalents  ) 

Diepoxide ( 107 equivalents  ) 

F e r r i c  a c e t y l  acetonate 

F e r r i c  oxide 

S i l i con  dioxide 

The l i n e r  was cured f o r  two days a t  8 0 ' ~  and then f o r  two days a t  135°F. 

This precure allowed the l i n e r  t o  g e l  s u f f i c i e n t l y  t o  prevent running or  sagging, 

The chamber was then moved from the General Processing Building and i n s t a l l e d  i n  

the Cast, Cure, and Test f a c i l i t y  i n  a v e r t i c a l ,  nozzle-up posi t ion ,  
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11, B, Motor Description (cont ,  ) 

Casting of motor 260-SL-1 s t a r t e d  on 4 Jv.ne and was completed 

1 5  June 1965. About 1,681,000 l b  of ADB-3105 propellant was cas t  in to  motor 

260-SL-1, of which 693,000 l b  was produced by the continuous mixer and 988,000 l b  

was produced by the two v e r t i c a l  batch mixers, Following trimming of the  a f t  

end of the grain, the f i n a l  net  propellant  weight was about 1,676,000 l b .  The 

core was removed on 22 July following cure a t  135°F) a f t e r  which the grain was 

cooled t o  produce a s t ab i l i z ed  temperature of 8 0 " ~ .  Net core s t r ipp ing  force a t  

breakaway was 50,000 Ib; the  propellant  surface was 500,000 s q  in .  The gap 

between the a f t  boot and head insula t ion was potted with FMC-200, an ambient- 

curing polysulphide rubber compound. 

Casting of motor 260-SL-2 was s t a r t ed  on 29 November and completed 

on 9 December 1965, About 1,678,000 l b  of propellant  was cas t  in to  the motor; 

188 pots of v e r t i c a l  batch mix propellant  (5500 ~ b / ~ o t )  and 82 pots of continuous 

mix propellant  (8500 ~ b / ~ o t  ) . After propellant  curing a t  135°F and a cool-down 

period designed t o  s t a b i l i z e  the  grain  temperature a t  8 0 " ~ ,  the core was removed 

on 2 1  January 1966; net  ex t rac t ion  force was 46,000 l b .  After trimming, net  

propellant  weight was about 1,673,000 l b .  The r ad i a l  deformations f o r  the  grain  

again agreed well with the ana ly t ica l  predictions.  The gap behind the a f t  boot 

was potted with FMC-200. 

Measured i n  10KS-2500 s i ze  motors with the most precise instrwnenta- 

t i o n  available a t  Aero j e t ,  the  propellant  produces a standard spec i f ic  impulse* 

of 244.6 lbf-sec/lbm. The density i s  0.0633 lb/cu i n .  The t e n s i l e  s t rength  i s  

4 

*Sta,nda.rd spec i f ic  impulse i s  delivered spec i f ic  impulse extrapolated t o  a motor 
chamber pressure of 1000 psia ,  a nozzle divergence half  -angle of 1 5  degrees with 
an optimum expansion r a t i o ,  exhausting t o  14.7 p s i ,  

Page 8 



Report NASA CR 72127 

11, B, Motor Description (cont.  ) 

i n  excess of 100 p s i  and the elongation a t  rnaximm s t r e s s  i s  approximately 3076, 

which a r e  more than adequate t o  meet the s t r a i n  conditions i n  the motor, The 

values were determined a t  77°F on samples of propel lant  from the pots  c a s t  in to  

the two 260-SL motors. 

Total  weights f o r  motors 260-SL-1 and -2 a re  shown below, 

Component 

Chamber 

Forward Cap 

Liner 

Chamber Insula t ion 

Insulated Chamber Assembly 

Propellant  

Nozzle She l l  

Nozzle Liner and Insula t ion 

Nozzle Assembly 

Exit  Cone 

Forward Cap Bolts, F i t t ings ,  and O-rings 

Nozzle Bolts and 0-Ring 

Exit  Cone Bolts ,  Nuts, and 0-Ring 

Aft Boot Pot t ing 

V-61 Insula t ion 

Miscellaneous Assembly Hardware 

Total  Motor Weight 

Mass Fract ion 
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11, The 260-SL Motors ( cont ) 

C. TEST FIFiTNG 

After  the  nozzle and e x i t  cone were assembled t o  the motor and the  

forward cap was i n s t a l l e d ,  the  motor was ready f o r  f i n a l  f i r i n g  preparat ions,  

A weather s e a l  was i n s t a l l e d  i n  the  nozzle and a continuous flow of dry  n i t rogen 

a t  low pressure was maintained i n  the  motor t o  prevent moisture absorption. A pre-  

f i r i n g  view of the  t e s t  se tup is  given i n  Figure 9 ,  The forward end of the motor was 

secured t o  a t h r u s t  r i n g  supported by three  5,000,000-lbf load c e l l s ,  An a n t i f l i g h t  

r i n g  was i n s t a l l e d  around the  nozzle p r i o r  t o  i n s t a l l a t i o n  of the e x i t  cone, and the  

i g n i t e r  and i t s  r e t e n t i o n  s t r u c t u r e  was i n s t a l l e d .  The aft-end i g n i t e r  consis ted  of 

a 13-ft-long s o l i d  propel lant  rocket  motor with a 30-in. I D .  It contained 1160 l b  of 

propel lant  i n  a case-bonded, 30-point-gear, internal-burning configuration and pro- 

duced 250,000 l b f  f o r  a web ac t ion  of 0.65 sec .  The i g n i t e r  motor is  shown i n  

Figure 10,  The exhaust from the i g n i t e r  achieved about a 70% bore-penetration depth 

i n  the  260-SL motor. The motor and i t s  support s t ruc tu re  were re ta ined on a s e t  of 

A-frames with 28 explosive b o l t s .  Redundant pressure transduaers i n  the forward head 

relayed chamber pressure t o  a u n i t  t h a t  s ignaled re lease  of the  explosive head, Sig- 

na l s  received from the pressure transducers were f i l t e r e d  so  t h a t  a random s i g n a l  

would not prematurely re lease  the i g n i t e r .  A t  explosive b o l t  actuation,  the  i g n i t e r  

and i t s  r e t e n t i o n  s t r u c t u r e  were re leased t o  t r a v e l  up a t rack,  propelled by i g n i t e r  

t h r u s t  and impingement by the  260-sL motor exhaust,  The assembly was guided up the  

t r a c k  by four  wheels r i d i n g  i n  U-beams. As the i g n i t e r  reached the end of the  

track,  a s i g n a l  was generated t h a t  caused the  t r a c k  t o  be hydraul ica l ly  lowered t o  

prevent the 260-SL motor exhaust from damaging i t ,  After  the i g n i t e r  and i t s  
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11, C, Test F i r ing  (cont  , ) 

re ten t ion  s t ruc tu re  have c leared the track,  four  cables a t tached t o  it, each 

capable of holding 220 tons, d i r e c t  the  assembly t o  the  prese lec ted  impact 

a rea .  I g n i t e r  motor performance and 260-SL motor ign i t ion- in te rva l  curves a re  

shown i n  Figure 11, 

III. PROGRAM PROBLEMS A I D  TmIR SOLUTION 

Although the  Work Statement provided t h a t  s t a t e -o f - the -a r t  technology w a s  

t o  be used wherever possible,  many technological  advances had t o  be developed, 

p r i n c i p a l l y  due t o  the  s i z e  of the  motors. 

A. CHAMBER FABRICATION 

The f i r s t  e f f o r t  undertaken was t o  determine the methods t o  be used 

f o r  f a b r i c a t i o n  of the  large  cases t o  the  extremely close to lerances  required. 

P r i o r  t o  contrac t  award, Aerojet had fabr ica ted  and b u r s t  two subscale 36- in9-dia  

pressure vesse ls  of "Grade 250" 18%-nickel s t e e l .  The b r i t t l e  f a i l u r e  of these 

cases, we l l  below the  predic ted  burs t  pressure, demonstrated t h a t  the f r a c t u r e  

toughness of t h i s  ma te r i a l  was so  low a s  t o  make it unsuitable f o r  r e l i a b l e  

case fabr ica t ion .  Aerojet then concentrated i t s  e f f o r t s  on "Grade 200" s t e e l  

with a y i e l d  s t rength  spec i f i ed  of from 200,000 t o  235,000 p s i  a t  0.2% o f f s e t ,  

The following determinations then had t o  be made: 

1. S t e e l  and Weld Wire Chvnistry 

Since a higher percentage of the  s t rength  of the  187- o nickel  

s t e e l  a l l o y  i s  derived from i ts  bas ic  composition r e l a t i v e  t o  more commonly 

used s t e e l s ,  the se lec t ion  of the  chemistry can be c r i t i c a l .  This c lass  of  

s t e e l  i s  mar tens i t ic ,  ye t  it has good. forming and welding c h a r a c t e r i s t i c s ,  is 

not subject  t o  decarburiza,tion, and can provide high s t rength  with good toughness 

by a method of heat-trea,tment ca l l ed  maraging (contrac t ion of rnartensi t ic  aging) 

t h a t  does not require quenching. 
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111, A, Chamber Fa,brication (cont .  ) 

The extensive meta,llurgical program conducted by Aero j e t  resul ted  

i n  the s e l e c t i o n  of an 18%-nickel s t e e l  containing 7 t o  8% cobalt ,  4 t o  4.5% 

molybdenum, and f r a c t i o n a l  percentages of t i tanium and. aluminum. Tra'ces of boron, 

calcium, and zirconium were added t o  promote minimum gra in  s i z e  and t o  funct ion a s  

deoxidizers,  The quan t i t i e s  of a l l  o ther  elements i n  the  a l l o y  were r i g i d l y  con- 

t r o l l e d  t o  assure  good weldabi l i ty  and maximum toughness a f t e r  maraging. The 

same type of approach was used t o  s e l e c t  the  weld wire chemistry. 

2 ,  S t e e l  Melting Pract ice  

Vacuum-arc-remelted s t e e l  was used throughout, both f o r  p l a t e  

and forgings ,  This process provides a s t e e l  with l e s s  impuri t ies  and a l e s s e r  

tendency t o  a l l o y  segregation i n  the  ingots.  Alloy segregation is  avoided by t h e  

smaller  ingot s i z e  and higher cooling r a t e  t h a t  i s  produced by the vacuum-arc-remelt 

process. Delaminations of t h i s  nature had been found i n  high-nickel s t e e l  melted 

by other  processes and could be extremely detrimenta,l, p a r t i c u l a r l y  i n  the  weld 

a reas .  

3 .  Welding Process 

Of the various processes a,vailable , the  tungsten- ine rt  -gas ( T I G )  

technique was se lec ted  although other  common techniques were regarded as  being 

more economical, The s e l e c t i o n  was based on the  extensive experience, equipment 

c o n t r o l l a b i l i t y ,  and the  high degree of f l e x i b i l i t y  associa ted  with the TIG 

welding process. The T I G  method a l s o  produced welds with good f r a c t u r e  toughness. 

It i s  believed t h a t  any f a s t e r  weld-metal deposit ion r a t e  provided by o the r  methods 

i s  ins ign i f i can t  when r e l a t e d  t o  weld setup time and qua l i ty  problems, 
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111, A, Chamber Fabrication (cont ,  ) 

4. Heat - Treatment 

Two methods of maraging were considered. One was aging the 

chamber i n  sect ions ,  then welding the sections t o  make a completed chamber, 

followed by l o c a l  maraging of these welds. The other  was maraging the cha,mber 

as  a s ingle  u n i t ,  Becaduse of the i n a b i l i t y  t o  assure t h a t  the l o c a l  maraging 

process was adequately controllable,  Aerojet e lec ted  t o  marage the chamber a s  

a complete u n i t  i n  a maraging furnace constructed spec i f i c a l l y  f o r  t h i s  program. 

A s e r i e s  of t e s t s  made on samples of s t e e l  taken from p la tes  and forgings was 

used t o  define the  optimum maraging cycle. However, when a t e s t  was made i n  

the  f u l l - s i z e  maraging furnace, using a 280-in,-dia mild s t e e l  chamber as the 

t e s t  a r t i c l e ,  it was found t h a t  the maraging cycle required adjustment due t o  

the longer furnace heat-up time than was required i n  the laboratory. The 

maraging cycle was then adjusted t o  be one t h a t  maintained the optimum chamber 

temperature d i s t r i bu t i on  (900°F f o r  8 h r ) ,  

5. Use of Forgings 

Forgings were used i n  areas requir ing precise dimensional 

control,  d i f f i c u l t  forming operations, o r  t o  preclude longi tudinal  welding of 

t h i ck  sect ions ,  The most s i gn i f i c an t  forgings were the huge Y-rings used f o r  

the t r a n s i t i o n  between the heads and cy l indr ica l  sec t ion  and t o  provide the  

attachment f o r  the s l i i r t s .  Made from 26,000-lb b i l l e t s ,  these were by f a r  

the l a rge s t  r ing- ro l l ed  forgings made from 18%-aickel s t e e l ,  and close t o  the 

largest-diameter forgings ever made from any mater ia l .  The successful  f a b r i -  

ca t ion of these Y-rings represented a de f in i t e  ad-vanee i n  the s t a t e  of the  a r t  

i n  fabr ica t ing  components of 18%-nickel s t e e l ,  
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111, A, Chamber Fabrication ( c o n t , )  

A l l  forgings used i n  the 260-SL cases had very reproducible 

propert ies,  comparable t o  those of the  pla te  material ,  and s t rength l eve l  

var ia t ion  was l e s s  than t h a t  of the  p l a t e ,  

6 .  Results 

The above decisions resul ted i n  cases with the  following typ ica l  

values : 

Yield s t rength a t  0 ~ 2 %  of fse t ,  p s i  225,000 

Elongation a t  break, % 10 

Reduction of area a t  break, % 52 

Toughness, W/A, i n ,  -lb/sq in .  1,000 

Slow notch bend, Gnc, in.-lb/sq in .  3 50 

Pr ior  t o  fabr ica t ion  of the fu l l - s i z e  chamber components, two 

36-in.-dia pressure vessels,  with f u l l  wall  thicknesses, were fabr icated using 

a l l  the materials  and techniques previously se lected t o  confirm the  correctness 

of the  design and processing-method decisions. Both vessels burs t  a t  pressures 

Pr corresponding t o  a s t r e s s  (-) s l i g h t l y  higher than predicted, about 241,000 psi ,  
t 

and both were duc t i l e  f a i l u r e s .  

Be NOZZLF: MATERIALS 

The Work Statement specif ied the use of abla t ive  materials  f o r  the  

nozzle l i n e r .  While abla t ive  components had been used extensively i n  smaller 

motors, the fabr ica t ion  of nozzle components of t h i s  s i z e  was not within the 

bounds of current  technology because of the difference i n  manufacturing methods, 

the lack of controls t h a t  would ensure the i n t eg r i t y  of components of the s izes  

required, and the lack of comparable erosion data,  Aithou-gh a.11 erosion da4ta 
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111, 9, Nozzle Materials ( c o n t o )  

considered t o  be po t en t i a i l y  applicable were obtained from throughout the industry, 

the unproven scal ing re la t ionsh ip  l imi ted the  confidence i n  the  r e su l t an t  erosion 

r a t e  predic t ions  made f o r  the 260-SL motor nozzles. 

Another problem inherent i n  the  large  s ize  concerned the var iables  t ha t  

e x i s t  t o  a much l e s s e r  extent  i n  smaller motor pa r t s .  For example, the  smallest  

260-SL nozzle l i n e r  component? the th roa t  i n se r t ,  requires 665 l b  of mater ia l  t o  

be wrapped, debulked, and cured. The mater ia l  being wrapped i s  on the  mandrel a t  

wrapping temperature f a r  longer than t h a t  f o r  smaller components, Holding the 

resin-impregnated mater ia l  a t  the higher temperatures increases the degree of cure 

of the  res in ,  making it more r e s i s t a n t  t o  s a t i s f ac to ry  debulking during high- 

pressure cure. The mechanical proper t ies  of the p a r t  w i l l  be lessened i f  the 

s t a t e  of cure has advanced too f a r ,  with the r e s u l t  t h a t  the f i b e r s  may f a i l  o r  

delaminations w i l l  occur. 

To solve these problems p r i o r  t o  fabr ica t ion  of the  fu l l - s ca l e  par ts ,  

a three-fold  program was conducted. F i r s t ,  every iden t i f i ab le  var iable  was l i s t e d  

and a program es tabl ished f o r  the  control  of each, Data were obtained from 

samples f o r  such items as  optimum tape-wrapping angle, cut  and width of the tapes, 

tens ion during wrapping, and curing time, pressure, and temperature, Then, the 

desired l eve l s  of such mater ia l  proper t ies  a s  percent vo la t i l e s ,  density, r e s i n  

content, and the t e n s i l e  and bending s t rengths  of the f in ished,  cured materials  

were determined f o r  the various samples. The end product of t h i s  e f f o r t  was 

intended t o  be a spec i f i ca t ion  which so characterized the mater ia l  t ha t ,  i f  the 

materials  met the specif  ica t ion,  t h i s  would provide excel lent  confidence t h a t  the 

mater ia l  would perform a,s predicted., This specT.ficatio~?_ was completed and it has 

been demonstrated thak i t s  purpose has been met, 
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111, B, Xozzle Materials  ( c o n t , )  

The next s t e p  i n  the  program was t o  f a b r i c a t e  a half- length,  f u l l -  

diameter, fu l l - th ickness  t h r o a t  i n s e r t  s ized f o r  a  120-in,-dia motor. This work 

enabled mate r i a l  evaluat ion and improvement of f a b r i c a t i o n  techniques and controls .  

A p a r t  was provided t h a t  could be used f o r  extensive des t ruct ive  t e s t s  t o  determine 

the  adequacy of f a b r i c a t i o n  methods intended f o r  use f o r  the  260-SL motors, 

The t h i r d  phase of the  nozzle mater ia l  program consisted of a  s e r i e s  

of subscale motor f i r i n g s .  The most important of these  was t h a t  of a  120-in.-dia 

motor having a nozzle fabr ica ted  i n  every respect  a s  intended f o r  use with the  

260-SL motors. This f i r i n g  confirmed t h a t ,  except f o r  unknown scale  e f f e c t s ,  a l l  

mater ia ls  and f a b r i c a t i o n  and inspection techniques se lec ted  were adequate. 

From data  avai lable  from the  motor 120-SS-1 f i r i n g ,  Aerojet was able  

t o  p red ic t  with confidence the  range wi th in  which the  eros ion r a t e  would be i n  

the  260-SL motors. The required nozzle l i n e r  thickness was then determined, and 

the  l i n e r  thickness allowance f o r  eros ion was doubled, which allowed f o r  an  average 

erosion r a t e  a t  the  t h r o a t  of 8 mils lsec .  Erosion i n  both 260-SL motors was near ly  

i d e n t i c a l  and f e l l  wi th in  the  range predicted.  

C ,  INSULATION SYSTEM 

For experience reasons, Gen-Gard V-44 was chosen f o r  the  chamber 

insu la t ion  mater ia l .  Gen-Gard V-44 i s  a well-characterized mater ia l  composed of 

Buna-N rubber loaded with s i l i c a  and or iented  asbestos f i b e r s .  With the  mate r i a l  

se lec ted ,  the  only problems involved were those concerned with the  s i z e  of the  

chamber, which necess i ta ted  changes from conventional insu la t ion  i n s t a l l a t i o n  

techniques f o r  V-44. These were p r inc ipa l ly  the i n a b i l i t y  t o  fabr ica te  and i n s t a l l  

the  insu la t ion  corflponents i n  a few sect ions  and t o  f  inal-cure the insula, t ion i n  the  
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111, C, Insula t ion System (cont . ) 

chamber, Determination of the b e s t  mater ia ls  t o  f i l l  the j o i n t s  Setween insu la t ion  

t h a t  would have t o  be i n s t a l l e d  i n  segments was the main problem t o  be solved. 

A s  i n  the  case of the  nozzle l i n e r  material ,  a  design f a c t o r  of two 

was used i n  determining the  thickness of the chamber insu la t ion  system, neglect ing 

the  protec t ive  e f f e c t  of the  a f t  boot pot t ing .  

The fo re  and a f t  heads were each insula ted  with e i g h t  taper ing segments, 

the  edges mating with the  sheets  of V-44 used t o  insu la te  the  chamber c y l i n d r i c a l  

sec t ion.  Available epoxy r e s i n s  were a l ready known t o  provide more than adequate 

bond s t reng th  between the  insu la t ion  and the chamber; Epon 948 and 948.2 were 

se lec ted .  

One advantage of the  segmented-insulation approach was t h a t ,  a f t e r  the  

components had been l a i d  up and cured, they cou.ld be thoroughly nondestructively 

t e s t e d  p r i o r  t o  i n s t a l l a t i o n .  V- j o i n t s  were provided between the  segments, 

After  prel iminary screening, Germax-modified V-44 was se lec ted  f o r  use 

i n  f i l l i n g  t h e  V-grooves i n  the  a f t  head and V-61, a  ma te r i a l  a l s o  s imi la r  t o  V-44, 

was se lec ted  f o r  use i n  the  forward-head grooves. Subscale motor f i r i n g s ,  however, 

showed t h a t  eros ion performance of V-61 was somewhat b e t t e r  than t h a t  of the  Germax- 

modified V-44, and V - 6 1  was used f o r  a l l  V-groove f i l l i n g  i n  the 260-SL motors. I n  

the  t e s t  f i r i n g s ,  the  V - 6 1  tended t o  erode s l i g h t l y  l e s s  than the  adjacent  V-44. 

Insula t ion system performance i n  the  260-SL motors was s a t i s f a c t o r y  i n  a l l  r e spec t s ,  

Do LIWR 

Development of an adequate l i n e r  presented one of the outstanding 

problems of the program, Conventional chemical l i n e r s  had a process bonding l i f e  

measured i n  terms of hours; due t o  the long cas t ing tirfle, the  260 l i n e r  had t o  
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111, D, Liner (cont ,  ) 

provide a process bonding l i f e  i n  t e rn s  of weeks. Further, tne adequacy of the 

bond system i n  motors of t h i s  s i z e  cannot be s a t i s f a c t o r i l y  t e s t ed  by non- 

des t ruct ive  means. 

Therefore, two approaches were followed: an e f f o r t  t o  s i gn i f i c an t l y  

improve the ex i s t i ng  technology of chemical l i ne r s ,  and the development of a 

mechanically augmented l i n e r  system t h a t  would provide an e s s e n t i a l l y  indef ini te  

bonding l i f e  . 
The Aerojet approach t o  the  mechanical bonding system was t o  l i n e  the 

insula ted chamber with sheets  of polyester-impregnated Fiberglas honeycomb. Sub- 

scale  and laboratory  t e s t s  were conducted t o  determine optimum c e l l  s i ze  and shape, 

and degree of c e l l  f i l l i n g  by the propel lant .  The honeycomb was coated with a 

phenolic mater ia l  t h a t  the propellant  was intended t o  wet dming  cas t ing t o  improve 

bonding. Adhesion of the propellant  t o  the  c e l l  walls would provide g r ea t  

propellant-chamber shear s t rength .  However, it was found t h a t  when propellant  

v i scos i ty  increased s l i gh t l y ,  the c e l l s  were not f i l l e d  and a i r  was entrapped i n  

the  c e l l s .  This would prevent both r ea l i z a t i on  of the shear s t rength  of the  system 

and adequate r e s t r i c t i o n  of the  propellant  surface,  Agitat ion of the  surface of the 

propellant  during cas t ing was considered a s  a solut ion t o  t h i s  problem, but  the 

d i f f i c u l t y  of the mechanics involved i n  devising an e f fec t ive  means of ag i t a t i ng  a 

constant ly  r i s i n g  propellant  surface caused t h i s  approach t o  be dropped. Because 

of these considerations, work on the mechanical l i n e r  system was stopped, 

Development of the chemical l i n e r  involved the solut ion of problems 

i n  add-ition t o  t h a t  of the long process bonding l i f e ,  The environment of the 

l i n e r  had t o  be maintained s a t i s f a c t o r i l y  f o r  perhaps a rnonth o r  more with 
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pract icable  means, Moisture is  always present  even under r i g i d  env i romenta l  

controls ,  and i s  an  i n h i b i t o r  of the bond reac t ion  between the  l i n e r  and the  

propellant .  I f  the  p rope l l an t - l ine r  cure reac t ion  i s  inhibi ted ,  a  low-strength 

propellant  l a y e r  a t  the  in te r face  r e s u l t s .  Normally, a  p a r t i a l l y  cured l i n e r  i s  

used; however, because of the  c r i t i c a l  s t r eng th  and bonding-lif e  requirements f o r  

the  260 motors, t h i s  type of l i n e r  could not be used because it i s  more suscept ib le  

t o  contamination and loses  i t s  bondabi l i ty  rapidly .  Another f a c t o r  t h a t  had t o  be 

considered was the  then unknown length of time t h a t  would be required f o r  cas t ing.  

Mixer output per  hour was only an estimate, and a breakdown of any of the  propel lant  

processing equipment could cause an in te r rup t ion  i n  cas t ing of indeterminate length.  

Because of these  f a c t o r s ,  considerat ion was given t o  l i n i n g  the  chamber a s  cas t ing  

proceeded, but, no method was ever devised f o r  accomplishing t h i s  procedure. 

The l i n e r  problems were solved by the  development of a  chemical l i n e r  

t h a t  has a demonstrated bond l i f e  of s i x  weeks, assuming reasonable humidity control .  

Further, t e s t s  demonstrated t h a t ,  even if the  l i n e r  was exposed t o  a s  much a s  75% 

r e l a t i v e  humidity f o r  12 days, a  five-day period a t  low r e l a t i v e  humidity res tored 

e s s e n t i a l l y  a l l  of the  o r i g i n a l  bonding p o t e n t i a l .  

The manner i n  which t h i s  l i n e r  was developed was the formulation of a  

mate r i a l  t h a t  promoted cure of the  propel lant  a s  it came i n t o  contact  with the 

l i n e r  and was compatible with the cure react ion,  This compatibi l i ty was enhanced, 

and the  bond l i f e  of the  l i n e r  extended, by the  inc lus ion of a  moisture scavenger, 

an a c i d  anhydride. The Liner was completely cured a s  a r e s u l t  of the inc lus ion of 

a cure ca ta lys t ,  f e r r i c  a c e t y l  acetonadtee This promoted cure of the propellant  a,t 

the Liner-propellant in te r face  by migration of the c a t a l y s t  across the bond i n t e r -  

f ace ,  
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111, D, Liner (cont .  ) 

One 44-in,-dia motor was s to red  f o r  nine months p r i o r  t o  f i r i n g ,  

demonstrating the storage c a p a b i l i t y  of t h i s  l ine r -p rope l l an t  system, In  

addi t ion ,  the  l i n e r  has cons i s t en t ly  produced bonds t h a t  exceed the cohesive 

s t r eng th  of t h e  propellant ,  and has demonstrated the  long process bonding l i f e  

and high res i s t ance  t o  contamination required.  

E , PROPELLANT, GRAIN, AND CASTING 

Aerojet se lec ted  PBAN propellant  on the  bas i s  of i t s  low raw-materials 

cos t  and because it was adequate i n  a l l  mechanical, b a l l i s t i c ,  and s a f e t y  respects .  

The s i z e  of the  motor caused unusual requirements t o  be imposed on 

the  propel lant  t a i l o r i n g  program. These included a v i s c o s i t y  l i m i t  p r i o r  t o  

cas t ing  of 14,000 poises,  maximum, and a pot l i f e ,  defined a s  the time from 

completion of mixing t o  s t a r t  of cast ing,  of 1 0  h r .  These requirements were i n  

add i t ion  t o  t h e  usual  q u a l i f i c a t i o n  t e s t s  such as  t h a t  f o r  l i q u i d  s t r and  burning 

r a t e .  

I n  conJunetion with a n a l y t i c a l  predic t ions  of s t r a i n  concentrations, 

the  propel lant  formulation was optimized t o  meet the mechanical, b a l l i s t i c ,  and 

processing requirements, The g ra in  design was a r r ived  a t  wi th in  the  envelope 

es tab l i shed  by the  Work Statement covering pressure-vs-time performance and type 

of g ra in  design , 

After  the mechanical proper t ies  of the  prdpel lant  had been f i rmly  

established-, a  f i n a l  g ra in  s t r e s s  analys is  could be made, This analys is  showed 

t h a t  the s t r e s s  concentrations a t  the  s t a r  t i p s  might provide an i n s u f f i c i e n t  

margin of sa fe ty .  Therefore, the f i l l e t  radius at the base of the ray  was 

increased, which decreased the  s t r e s s  concentration, 
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The propellant  system and g r a in  design were s a t i s f ac to ry  i n  8,kl 

r e spec t s  during both 260-SL motor f i r i n g s .  

The cas t ing technique t o  be used was developed i n  conjunction with 

the  preceding programs, a s  t he  r e s u l t s  were mutually dependent t o  assure a 

homogeneous, m n u l i t h i c  g ra in  s t ruc tu re  t h a t  would meet a l l  environmental require-  

ments, including those of motor shipment and f l i g h t ,  

Generally, a l l  case-bonded composite-propella,nt motors previously 

produced a t  Aerojet had been cas t  under vacuum t o  prevent a i r  entrapment, a,nd 

experience indicated t h a t  t he  cas t ing technique used should be equivalent t o  t h a t  

of vacuum cas t ing.  Casting through a tube with the  lower end submerged i n  t he  

propellant ,  o r  "ba,ysnet" cast ing a s  it i s  sometimes' termed, wa,s se lected.  

Experiments a,t Sacramento, l aher  confirmed i n  subscale motor processing, 

r esu l t ed  i n  t h e  use of a fabric-reinfforced rubber tube with four longi tudinal  s t e e l  

s t r i p s  embedded i n  it t o  maintain constant tube length. The lower end of the  tube 

was plugged and collapsed by pul l ing a va,cuum. The tube then was expanded t o  i t s  

normal diameter by t h e  controlled movement of propellant  down the  tube,  t he  pro- 

pella,nt flowing down the  tube due t o  t he  forces  of g rav i ty  and p ressme applied 

i n  t he  propellant  pot by a, diaphragm on %he propellant surface,  Immersion depth 

of t he  tube was controlled by r a i s i ng  t he  cast ing pot as the  propellant  l e v e l  i n  

the  motor rose.  When t he  end of stand tra,vel was reached, t he  tube was shortened, 

Subscale 44-in.-dia motor f i r i n g s  demonstrated t h a t  de l ibe ra te  i n t e r -  

ruptions i n  cas t ing,  f o r  a.s long a s  th ree  days, had no detectable e f f ec t  on motor 

perf ormadnee, 
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After t he  cas t ing of motor 260-SL-l, it was found t ha t  tube immersion 

depth was not a s  c r i t i c a l  a,$ previously believed, and the  cast ing technique was 

simplif ied with a resu l tan t  decrease i n  cas t ing time. 

Visual examination of t he  bore surfaces of both motors a f t e r  core 

exhraction ve r i f i ed  t h a t  no meaningful propellant  folding or  voids ha,d occurred, 

It i s  believed t h a t  one of t he  most s ignif icant  r e s u l t s  of t h e  f i r i n g s  

of t h e  260-SL motors i s  t he  demonstration t h a t  large ,  homogeneous, g ra in  s t ruc tures  

can read i ly  be achieved. 

The f e a s i b i l i t y  of fabr icat ing and successfully f i r i n g  fu l l - l eng th  

260-in. -dia motors has been conclusively demonstrated, 

F . CORE DESIGN AND FABRICATION 

The aims of the  core design were t o  assure t h a t  the  core could be 

removed without damage t o  the  grain ,  and t h a t  it could react  the  hydrosta t ic  

pressure loadds a,t propellant  cure temperature, 

TLree core designs were selected,  sequential ly,  a s  design data  and 

subscale motor processing r e s u l t s  became available.  The f i r s t  of these  was based 

on a core-removal technique t h a t  had been used successfully a t  Aerojet f o r  several  

yea,rs, It consisted, ad t  the  260 s ize ,  of applying a 4-in, - thick coating of foam 

over a, so l id  core and covering t he  foam with a sheet of p l a s t i c ,  M t e r  t he  pro- 

pe l laa t  was cas t  a,nd cured, the  foam would be dissolved by introduction of a 

solvent a,t t h e  top a2nd dra,ini-ng t he  solut ion off  a t  t he  bottom, with t he  p l a s t i c  

sheet used t o  prevent t h e  solvent from coming i n  contact with the  prepel laat .  The 

pla,sti@ sheet could be withdrawn, a4nd t he  s ~ l i d  port ion of %he core c ~ d d  then. be 

extra,cted without @omi_ng in to  csnta,et with t h e  g ra in  surface, A s  the  design 
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proceeded, however: it became a,pparent tha,t t h e  foam had marginal s t rength  f o r  use 

i n  t h i s  s i z e  motor and t h a t  an  involved piping a,nd g u t t e r  system would have t o  be 

i n s t a l l e d  i n  t h e  foam t o  assure t h a t  it could be dissolved t h e  f u l l  length  of t h e  

core,  Fabr ica t ion and ins ta , l l a t ion  of t h e  protec t ive  membrane i n  a one-piece, 

wrinkle-free condit ion appeared t o  be extremely d i f f i c u l t ,  and it was f u r t h e r  

found, i n  experiments, t h a t  t h e  ma,teria,l se lec ted  was not completely impervious 

t o  t h e  solvent  required and tha,t t h e  solvent would se r ious ly  degrade the  rne~hanica~l  

proper t ies  of t h e  propel lant ,  

The next core which was designed was a complex one ma,de t o  be 

mechanically co l l aps ib le  o r  could be ext rac ted  i n  one piece,  A t  t h i s  point  i n  

t h e  program, Aerojet had no a,ssuance t h a t  a core i n  contact  with 500,000 sq i n .  

of propellant  could be ext rac ted  i n  one piece,  and because of t h e  long l ead  time 

involved f o r  f abr ica t ion  of t h e  core, a f i n a l  design decision was required.  

F a b r i ~ a ~ t i o n  was authorized of t h e  co l l aps ib le  or  noncollapsible core. 

During t h i s  period,  da ta  were becoming ava i l ab le  from t h e  44-in,-dial 

subsca,le motor program. A s o l i d  core had been used tha,t was coated with a, s i l i c o n e  

rubber which was then spra.yed wit11 a t h i n  l ayer  sf D C - l l  s i l i cone  grease, Break- 

away core s t r ipp ing  fo rces  of a s  low a5 0,044 U / a q  i n ,  had been obtained. m i l e  

these  data were encouraging, they were from motors of too  sma,ll a s i ze  t o  be 

conclusive, Therefore, t h e  core f o r  t h e  120-in.-dia subsca,le motor was fabr ica ted  

i n  two segments tha,"eould be removed individual ly  i f  t h e  core-str ipping Psrce 

would exceed " c h a t  speci f ied ,  The same core-relea,se system was used, After  t h e  

core i n  t h i s  motor wa,x extraacted i n  one piece with a, Low force ,  t h e  decision was 

ece, made to extract the  260-SL core i n  one p: 
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The 260-SL core, shovm i n  Figme 12, i s  aluminum, and i s  made i n  fou-r 

sections,  The 175,000-lb core was assembled ve r t i c a l l y  i n  the  Cast, Cure, and 

Test Fac i l i t y ,  with gaskets used a t  each jo in t  t o  prevent extrusion of the  pro- 

pe l laa t  i n t o  t he  core, The previously proven core-release system was used. I n  

addi t ion t o  being fabr icated i n  sections t h a t  were bolted together from the  inside,  

each sect ion was made up of several  segments separated by longi tudinal  members 

tha,t could be unbolted and removed individually.  This method. of fabr ica t ion  pro- 

vided the  capa,bility of removing t h e  core piece by piece i n  t h e  event it could not 

be str ipped as  a uni t .  

P r io r  t o  cast ing,  t he  core and chamber were heated t o  135"F, and 

cas t ing and curi-ng were conducted a t  thah tempera,ture, Following propellant 

cure, a  cooling cycle was i n i t i a t e d  i n  which 6 0 ' ~  a i r  was circula,ted around t h e  

motor and i n t o  t he  core through a i r -c i rcu la t ion  manifolds b u i l t  i n t o  it f o r  t h i s  

purpose, The r e s u l t  of t h i s  cooling was t h a t  the  a,lumiaum core contracted and 

t he  propellant  contracted i n  opposite d i rect ions .  m i l e  t h e  s l i g h t  slumping of 

t he  propellant  a,t t h e  a f t  end of t h e  motor precluded v i sua l  confirmation, 

ca lcula t ions  indica,ted t h a t  t h i s  dual contraction resul ted i n  only the  a f t  10 f t  

of t h e  propellant  being i n  contaxt with t h e  core, and t h a t  a s ign i f ican t  gap 

exis ted between the core and the  g ra in  f o r  r e s t  of the  length of t he  motor, The 

core s t r ipping force fo r  both motors, neglecting t he  weight of t h e  core, was 

adbout 0,10 lb /sq  in .  of t o t a l  propellant  ~ u r f a ~ c e ,  

G, _A.F'T-EHD I G N I T I O N  

The development sf an aft,-end ign i t ion  system f o r  the  260 niotors was 

a problem t o  the  extent t ha t  the re  w r e  probaably l e s s  e x i s t i r g  data than i n  any 
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other program area ,  A step-by-step program of t heo re t i c a l  analysis  was developed 

a,nd conducted t o  provide t he  required data, which were then experimentally con- 

firmed, A !  a,na,lytical_ model was developed by which the  pressure l e v e l  developed 

i n  t h e  rmtor bore by t he  i gn i t i on  motor could be predicted, Then a subecale model 

was constructed and cold-flow t e s t s  were conducted i n  which a s t rean  of gas wads 

i -aec ted  i n t o  a sea,led chamber and. the= a re tu rn  stream of gas was caused t o  flow 

a,gainst t he  f i r s t ,  thus simula.ting t he  i gn i t i on  motor f i r i n g  i n to  and ign i t ing  

t he  la,rger motor. 

Then small i gn i t e r  motors were designed t o  be used f o r  aft-end i gn i t i on  

of t he  44-in.-dia subsca,le motors, The igniter-motor combination duplicated a s  

c losely  a,s possible the  system f o r  t he  fu l l - sca le  motor and confirmed ana ly t ica l  

and cold-f low predic t  ions. 

The i gn i t e r  motor f o r  t he  260 motors was conservatively designed so 

t h a t  it could be reused i n  s t a t i c  f i r i n g s  with a minimum of reprocessing, The 

only problem tha t  arose wads t h a t  the  v i s c id  propellant  selected,  on the  ba s i s  of 

i t s  demonstration i n  another program, could not be ca'st by conventional techniques 

i n  t h e  t h i n  web required i n  the  internal-gea,r type of grain.  This wa,s solved by 

cas t ing t h e  propella,nt i n to  t rays ,  eaxh mold containing three  of the  30 gear t e e t h  

of t he  g ra in  required, The outer s ide  of ea,ch slab was then r e s t r i c t ed ,  and t he  

g ra in  segments were individually bonded i n t o  the  insula ted i g c i t e r  cy l indr ica l  

section,  This enabled a higher degree of inspection a t  ea,ch s tep of motor pro- 

cessing tha,n tha,t normally a,ttaina,ble, 

The fulh-xeahe Lgnlteu t e s t  program cconsist,ed sf f t v e  f i u i n ~ s ,  F i r s t :  

one motor wads s ta t ica ,Uy t e s t  f i r e d  to ve r i fy  b & l l i s t i 2  perfsrnance and %ha% the 
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motor generated the required ga,s mass flow. Then two motors were f i r e d  i n to  a 

cylindrica.1 chamber t h a t  had been fabricahed. t o  exactly d ~ ~ p l i c a t e  t he  length and 

f r ee  volume of t he  260-SL motor bore and t he  entrance configwa,tion of t he  nozzle, 

This free-volume simulator was instrumented with calorimeters, pressure transducers,  

and propellant  patches t o  determine r a t e  of pressure buildup and t he  heat f l u x  t o  

t h e  chamber walls. The free-volume simulator wa,s then shipped t o  the  Aerojet-Dade 

Division, insta, l led i n  t he  Cadst,  Cure, and Test Fac i l i t y ,  and two ign i t e r  motors 

were f i r e d  t o  t e s t  t h e  complete ign i t ion  system, including the  ign i t ion  motor 

retention-and-release system. 

Both the  subscale motor t e s t s  and t he  free-volume simulator t e s t s  

confirmed t h a t  a l l  design c r i t e r i a  were correct  and t h a t  sai;isfactory and repro- 

du-cible i gn i t i on  of t he  260-SL motors could be expected, 

I V .  SUBSCALZ MOTORS 

Three 44-in.-dia motors, designated 44-ss ( f o r  subscale), were fabr icated 

from s t e e l  chamber obtained from the  Minuteman Program. Hew a f t  closu.res were 

fabr icated t h a t  a l so  served a s  t he  nozzle she l l s  f o r  t h e  single,  f ixed,  13-in.- 

dia-throat  nozzles, These motors were fabr icated t o  d.uplicate a s  c losely  a s  

possible t h e  260-SL motors. Segmented V-44 insu.1ation wa,s i n s t a l l ed  by t h e  

Goodyear Tire  & Rubber Co., a,nd t he  nozzles were fabr icated by TRW Znc. with t he  

same mater ia ls  a,s those t~ be used f o r  the  fu l l - s i z e  motors, within s i ze  limita,tions. 

Processing of t h e  motors was accosnplished a t  A-DD t o  check out the  l i n ing  

a,nd prope l la l~ t  processing equipment and techniques, The core co&iguxation was a, 

scaled-down version of thak t o  be used. f o r  the 260-SL motors;, The motors were 

shipped t o  Sacramen-bo, where the  rezzLes were assembled, a,nd t e s t  f i r e d ,  _An 
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aft-end i gn i t i on  motor, re ta ined by explosive bo l t s ,  was used t ha t  duplicated the  

mass flow r a t e ,  duration, and chamber pressure s f  t he  fu l l - s ca l e  i gn i t e r  motor. 

The successful  f i r i n g s  of these  motors confirmed, e a r ly  i n  t h e  program, t h a t  t h e  

basic  design decisions were sa t is factory.  

The major subscale motor firilzg was t h a t  of motor 120-SS-1 on 19 September 

1964, This motor was fa,brisated using a government-furnished case. This motor 

f i r i n g ,  condw.cted i n  t he  Cast, Cure, a,nd Test F a c i l i t y  a t  t h e  Aerojet-Dade Division, 

demonstrated a t  t h i s  s ign i f ican t  scale t h a t  the  designs, materials ,  f a c i l i t i e s ,  

and fabr ica t ion  and processing techniques se lected f o r  t he  program were sa t i s fac tory ,  

The pressure- and thrust-vs-time curves f o r  t h i s  motor a r e  shown i n  Figure 13, 

together with p r inc ipa l  b a l l i s t i c  data,. 

The erosion r a t e s  i n  t he  a f t  head and nozzle entrance rubber insu la t ion  were 

higher than predicted,  This wa,s a t t r i bu t ed  t o  t he  f l a t t e r  curvature of t h e  

e l l i p t i c a l  af't head of the 120-SS-1 motor compared with t h e  hemispherical a f t  

head-nozzle s h e l l  configuration of t he  260-SL chambers, Mowever, t o  doubly assure 

successful  260-SL-1 motor performance, t he  thickness of the  V-44 insu la t ion  i n  t h e  

a f t  end was subs tan t ia l ly  increased, Fi r ing of t h i s  motor confirmed the  o r ig ina l  

ca,lculations of maheriadl l o s s  r a t e s ,  and the  thickness of t he  V-44 insula,tion i n  

t he  a f t  end of motor 2 6 0 - ~ ~ - 2  was ra,bricated t o  t he  reduced thickness of t he  

origina'l design, 

V, FACILITIES 

A pla,nt w a s  constructed i n  Florida spec i f ica l ly  f o r  the  processing, cast ing,  

and s tadt ic  t e s t  f i r i n g  of very la,rge so l i d  r o ~ k e t  motors, This p l a n t ,  designated 

the  Aerojet-Dade Division, was designed so tha,t exis t ing f a c i l i t i e s  would be 
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ada,ptable f o r  t ranspor ta t ion of loaded motors by barge t o  t he  In t racoas ta l  Waterway 

and thence t o  vehicle launch s i t e s .  A pa r t  of t he  flood-control canal  system t h a t  

extends i n to  t h e  plant  i s  shown i n  Figure 14, which a l so  shows t he  plant  locat ion 

i n  Florida. The Aerojet-Dade Division was act ivated i n  April,  1964, Major 

f a c i l i t i e s  a r e  as  follows: 

Building Sq ft 

General Processing 6,000 

Plant  U t i l i t i e s  4,670 

Fuel Preparation 11,500 

Oxidizer Preparation 7,000 

Quality Control Laboratory 8,300 

Equipment Cleaning 2,400 

Qualif ication Motor Processing 2,100 

Continuous Mix 10,000 

Vertica.1 Batch Mixing Complex No. 1 6,800 

Ver t ica l  Batch Mixing Complex No. 2 6,800 

Instrumentation Center 950 

Cast, Cure, and Test F a c i l i t y  5,800 

Propellant  pot Preparation 1,800 

The propellant  preparation, mixing, a.nd casting capabi l i ty  ha,s been demon- 

s t r a t ed  to be over 10,000 lb/hr ,  The s i ze  of solid-propellant  motors t h a t  can be 

processed with present f a c i l i t i e s  i s  indicated by the  i n t e r i o r  dimensions of the  

Cast, Cure, and Test Fac i l i ty ;  it is 150 ft deep and 52 ft i n  dia ,  It i s  built for 

t he  f i r i n g s  of fu l l - l eng th  260 motors and w i l l  accommodate much la rger  motors, 
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The t e s t  complex was designed with t he  capab i l i ty  sf withstanding s ide  loads 

due t o  t h r u s t  vector control  and with space a l located i n  t he  control  center f o r  

t h e  instrumerata,tisn and r e c o r d i ~ g  devices required f o r  s t a t i c  f i r i n g s  of 260 motors 

i n  which a l l  accessories necessary t o  meet vehicle stage requirements a re  evaluated. 

Equipment a t  t h e  plant  inclu.des a 30Q-ton s t i f f l e g  derr ick i n s t a l l e d  a t  the  

Cast, Cure, and Test Fac i l i t y .  This derrick ( ~ i g u r e  L2)  has the  capacity t o  handle 

a fu l l - l eng th  insula ted chamber. 

V I .  SCHEDrnS 

Major program milestones a re  shown i n  Figure 15. 

V I I  . B I B U  OGRA9HY 

A cumulative l i s t  of repor ts  prepared s n  t he  program during the  period 

1 March 1965 through 8 Apri l  1966 i s  presented below. Reports generated p r io r  

t o  1 March 1965 are  documented i n  Report NAS~-6284 B-1, dated 10 August 1965. 

A, FINANCIAL W A G W T a T  REPORTS 

T i t l e  Date - Class i f i ca t ion  

SRO-6-5520- I,-LO Financial  Management Report 25 February 1966 U 

SRO-6-5520-L-4 Financial  Management Report 3 February 1966 

SRO-5-5520-L-95 Financial  Management Report 22 December 1965 

SRO-5-5528-L-79 Financial  Management Report 24 Rovember 1965 

~ ~ 0 - 5 - 5 5 2 0 - ~ - 7 6  Financial  Management Report 16 November 1965 

SRO-5-5520-L-64 Financiadl Management Report 30 September 1965 

SRO-5-5520-L-53 Financial  Management Report 25 ~ u g u s t  1965 

SRO- 5-5520-~-45 Financiadl Manadgemen% Report 29 ~uly 1965 

SRO-5-5520-L-29 Financial  Management Report 6 May 1965 
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13, MANPOWER STATUS 

Report No, Title 
P 

SRO-5-3320-L-87 Ma,npower Status 

Date - Clas sif ieah ion 

9 December 1965 U 

C, MONTHLY PRERESS REPORTS 

~~0-65-5500-~-49 Monthly Progress Report on 10 March 1965 
260-in, -dia Motor Program, 
February 1965 

SRO-65 -5500- L-85 Monthly Progress Report on 15 May 1965 
260-in,-dia Motor Prograsn, 
April 1965 

SRO-65 -5500-L-111 Monthly Progress Report on 15 June 1965 
260-in.-dia Motor Program, 
May 1965 

~~0-65-5500-~-157 Monthly Progress Report on 15 ~ugust 1965 
260-in, -dia Motor Program, 
JULY 1965 

~~0-65-5500-~-182 Monthly Progress Report on 15 September 1965 
260-in, -dia Motor Program, 
~ugust 1965 

SRO-65-5500-L-214 Monthly Progress Report on 15 November 1965 
260-in. -dia Motor Program, 
October 1965 

SRO-65-3300-L-001 Monthly Progress Report on 15 December 1965 
260-in. -d.ia Motor Program, 
November 1965 

~~0-66-5500-~-18 Monthly Progress Report on 15 February 1966 
260-in,-dia Motor Program, 
Ja,r?uary 1946 

SRO-66-5500-L-32 Monthly Progress Report on 15 March 1966 'I 
260-in. -dia, Motor Program 
Februa,ry 1966 
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Report No, -- Title 

SRO-65-5500-L-62 Tra,nsmittal of Detailed 
Schedules, 260-in. -dia, 
Notor Program 

~~0-65-5500-~-83 Transmittal of Detailed 
Schedules, 260-in. -dia 
Motor Program 

~~0-65-5500-~-118 Transmittal of Detailed 
Schedules, 260-in,-dia 
Motor Program 

SRO-65-5500-L-128 Transmittal of Detailed 
Schedules, 260-in. -dia 
Motor Program 

SR0-65-5500-~-155 Transmittal of Detailed 
Schedules, 260-in. -dia 
Mo+or Program 

~~0-65-5500-~-178 Transmittal of Detailed 
Schedules, 260-in. -dia 
Mot or Program 

~~0-65-5500-~-196 Transmittal of Detailed 
Schedules, 260-in.-dia 
Motor Program 

S R O - ~ ~ - > ~ O O - L - ~ O ~  Transmittal of Detailed 
Schedules, 260-in, -dia 
Motor Program 

~~0-65-3300-~-5 Transmitta,l of Detailed 
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Figure 7 
-- - - 

NOT R E P R O D U C I B L E  



Report NASA CR 72127 

Figure N O T  R E P R 0 D U C . -  - E  
$1 



Report NASA CR 72127 

Figure 9 
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Figure 11 
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Figure 12 NOT R E P R O D U C I B L E  
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Figure 13 

cU, 



Report NASA CR 72127 



Report NASA CR 72127 

Chamber fabricat ion s t a r t ed  

All-welded chamber 

Chamber proof tes ted 

Chamber shipment 

Chamber a r r i v a l  a t  A-DD 

S ta r t  ins ta l la t ion  of insulation 

Complete ins ta l la t ion  of insulation 

S ta r t  propellant casting 

Complete propellant casting 

Nozzle s h e l l  shipment from Sun Shipbuilding 

Nozzle s h e l l  a r r iva l  a t  TRW 

F i r s t  nozzle inser t  bonded i n  she l l  

Exit cone l i n e r  wrapping s t a r t ed  

Nozzle insulation bonded i n  s h e l l  

Nozzle and e x i t  cone shipment from TRW 

~Azzle  and e x i t  cone a r r i v a l  a t  A-DD 

Motor f i r i n g  
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260-SL-1 260-SL-2 
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Major Program Milestones, 260-in. -dia Motor Feasibi l i ty  Demonstration Program 
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