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The s t a t e  of technology fo r  motors intended fo r  

space launch vehicles  has  taken g rea t  s t r i d e s  i n  the  

p a s t  few years.  The t w o  bas i c  parameters which have 

advanced g r e a t l y  a r e  burn time and th rus t . l eve1 ,  They 

car ry  with them, of  course, l a rge  physical  dimensions, 

great weight, and high propel lan t  loads. The advance 

i n  burn t i m e  has been from t y p i c a l  m i l i t a r y  rocket leve ls  

of 60 seconds t o  approximately 120 seconds. Thrust l eve l s  

greater than one mil l ion pounds a re  del ivered by the  

1 2 0  inch T i t a n  I11 so l id  propel lant  motors, t h r u s t  g rea t e r  

than  t h r e e  mi l l i on  pounds w i l l  be demonstrated by e a r l y  

1965 i n  the National Large Sol id  Motor F e a s i b i l i t y  Program, 

and 1 e y r e 1  c nf c i  Y f n  snxren mi 1 1  inn  nniindc ~ 7 i  1 1  h~ n~ndilpeii  
A 

by t h e  f u l l  length versions of motors i n  t h a t  program. 

I n  achieving t h i s  advance, t e s t  motors with diameters of 

8 6 " ,  96", l O O " ,  and 120" were f i r e d  under A i r  Force and 

NASA con t r ac t s  i n  the per iod 1960 t o  1963 (Figure 1). 

These programs 'defined the  technology of nozzles, cases,  

and gave confidence i n  t h e  s t a t u s  of propel lant  physical  

p roper t ies .  They j u s t i f i e d  on the  one hand t h e  development 

of t h e  T i t an  111 so l id  motors, and on t h e  o ther  hand the  
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cont inuat ion of t h e  large s o l i d  motor e f f o r t  leading t o  

motors approximately '22 f e e t  i n  diameter and 150 f e e t  long. 

Before proceeding t o  discuss  i n  d e t a i l  t he  new techno- 

log ies  of t h e  c l a s s  of large motors, we should mention 

b r i e f l y  the  smaller so l id  motors used fo r  space launch vehicles .  

The a l l - s o l i d  four-stage Scout vehic le  i s  probably so wel l  

known t h a t  it requi res  l i t t l e  discussion. It i s  giving 

yeoman se rv ice ,  and now e x i s t s  with var ious improved o r  

uprated motors which provide appseciably g rea t e r  payload than 

o r i g i n a l l y  planned. Another important appl ica t ion  i n  t h e  

space program is  the  Apollo Launch Escape System. Here, 

L L u - -  ---I:-- --. - -  -I I - .  ..\ 
& * * A b *  U V A - L U  1 & 1 " L U L . ; )  ULC U3CU \ L I Y U L t :  L I .  ruuIkleLUUa ULiIt2L 

s o l i d  rocket  motors a r e  used i n  space launch vehic les ,  p r i -  

marily f o r  r e t ro  and' oams appl ica t ions .  I n  general ,  thePe 

a r e  based on o lder  technology and do not have requirements 

f o r  except ional  performance i n  terms of s p e c i f i c  impulse o r  

mass f r ac t ion .  They burn f o r  durat ions of a few seconds. 

The discussion of new s t a t e  of technology should s t a r t  

with some considerat ion of u s e s .  The uses a re  general ly  i n  

vehic les  carrying men, and i n  vehic les  t h a t  a l s o  contain 
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l i q u i d  propel lan t  s tages .  

probably the  Ti tan  I11 vehicle ,  under  f u l l  development. 

The b e s t  known appl ica t ion  is 

Here, two 1 2 0 "  dlameter segmented s o l i d  rockets ,  each de l iver -  

ing somewhat over one mil l ion pounds of t h r u s t ,  form the  

booster  s t age  f o r  a l i qu id  propel lan t  core based upon the  

Ti tan I1 vehicle  (Figure 3 ) .  Another s i m i l a r  appl ica t ion ,  

on a smaller s c a l e ,  is  t h a t  of thrust-augmented Thor. H e r e ,  

t h r e e  s o l i d  motors prod-de an a s s i s t  t o  t h e  l i q u i d  core,  

with r e l a t i v e l y  l a rge  payload increase obtained by very 

modest investment i n  development e f f o r t  (Figure 4 ) .  

f 

re lat ivel 'y  small payloads can be e f f e c t i v e l y  del ivered by 

vehic les  containing one or  more s o l i d  propel lan t  s tage  (Fig- 

ures  5 and 6 ) .  

of t he  la rge  s o l i d  motors. 

These h ighl ight  t he  inherent  f l e x i b i l i t y  

. .  

The new s ta te -of -ar t  ind ica ted  by the  t i t l e  of the  

paper i s  most d i r e c t l y  associated with g rea t  impulse and 

t h r u s t ,  and very l i t t l e  associated with s p e c i f i c  impulse 

o r  high energy propel lants .  Fundamentally, t he  s i t u a t i o n  



g r o w s  from t h e  economics of  t h e  space launch vehicles .  

I t  requi res  a l o t  of propel lants ,  whether l i q u i d  o r  s o l i d ,  

t o  br ing  a space payload t o  ve loc i ty  of 35,000 o r  40,000 

f e e t  per  second. Studies  of various launch vehicle  systems 

shows t h a t  purchase of veloci ty  by means of high energy 

s o l i d  propel lan ts  i s  n o t  a s  economically a t t r a c t i v e  a s  

purchase of ve loc i ty  by l a rge r  amounts of lower energy s o l i d  

propel lants .  An aspec t  of t h i s  s i t u a t i o n  which cannot be 

ignored is  t h e  f a c t  t h a t  t he re  i s  competition fo r  some 

launch missions between l iqu ids  and s o l i d s ,  and the  u n i t  

cost of mater ia l s  l i k e  l iqu id  oxygen and kerosene a re  very 

- . - ,  .._I _- 
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involved deeply high cost, high energy propel lants .  

The new s t a t e -o f -a r t  is  best represented and summarized 

by t h r e e  motors (Figure 7 ) .  The f i r s t  i s  120" i n  diameter 

and i s  under f u l l  development f o r  the  Ti tan  111 launch 

vehicle .  H e r e ,  t h r u s t  somewhat over one mi l l ion  pounds 

will be del ivered f o r  approximately 105 seconds, and indivi-  

dual  motcr weight w i l l  be in t he  neighborhood of one-half 

mi l l i on  pounds. The second motor i s  156" i n  diameter, a 

dimension cont ro l led  by the maximum overland t ranspor ta t ion  

. 

4 



-- 
a 

c a p a b i l i t y  i n  t he  country. The c l a s s  of motors has an 

u l t imate  c a p a b i l i t y  of approximately th ree  mi l l ion  pounds of 

t h r u s t  with motor weight near one and three-fourths  mi l l i on  

pounds. Two segment elements of t h i s  motor have been t e s t e d ,  

producing almost one mil l ion pounds f o r  120 seconds, The 

t h i r d  motor under a c t i v e  inves t iga t ion  is  260" i n  diameter; 

j u s t  over 2 2  f e e t .  It i s  representa t ive  of a c l a s s  which 

has a peak t h r u s t  po ten t i a l  near t e n  mi l l ion  pounds per 

motor, with 120 seconds burn time. I n  t he  ex i s t ing  programs, 

half- length motors a re  being made t o  produce over t h r e e  

mi l l ion  pounds of t h r u s t  (Figures 8 and 9 ) .  This c l a s s  of 

- - L _ _ _  2 - 1 ~ - * ..I -. . . r  
ALLuc-uI uaaALarry  ucaAyIit=u A u I  uiie piece cvrisLLucLiuri ,  since 

the  main b e n e f i t s  of segmentation, which w i l l  be discussed,below, 

a r e  not  appl icable .  

These motors contain most of t h e  new bas i c  design 

concepts and technologies e s t ab l i shed  during t h e  recent  pas t .  

One of t h e  most i n t e r e s t i n g  concepts which may be now con- 

s idered  s t a t e -o f -a r t  is t h a t  of segmentation. "he probable 

v i r t u e s  and de f i c i enc ie s  o f  segmentation have been argued 

a t  g r e a t  length by the  s o l i d  rocket  profession,  but  it appears 

t h a t  t h e  per iod of contention has passed. The primary v i r t u e  
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of segmentation i s  r e l a t ed  t o  the  ease of handle, t ranspor t  

and assembly (Figures 10, 11, 1 2 ) .  A secondary bene f i t  

der ives  from t h e  f a c t  t h a t  segmentation gives addi t iona l  

f l e x i b i l i t y  i n  the  des ign  of t he  g ra in  per fora t ion .  This 

has r e s u l t e d  i n  widespread adoption of a c i r c u l a r  c e n t r a l ( F i g  12A) 

per fo ra t ion  i n  many motors. 

per fora t ions  was the  progressive thrust-t ime curve r e s u l t i n g  

The p r i o r  drawback of c i r c u l a r  

from t h e  increase  i n  the burning sur face  as  t h e  per fora t ion  

enlarged. This has been overcome by using the  end surfaces  
< 

of t h e  propel lan t  segments. 

with proper design of segment end burning sur face  can y i e l d  

A c i r c u l a r  c e n t r a l  per fora t ion ,  

*hrust-time curves of almost any des i red  shape. 

The. h i s t o r y  of tests of segmented motors has been 

except iona l ly  good. During t h e  pas t  four years  more than 

15 l a r g e  segmented motors have been t e s t e d  containing 

more than 50 individual  segments, without a s i n g l e  f a i l u r e  

of t h e  j o i n t  o r  s ea l .  

of t h e  segmentation coin,  however. The insu la t ion  of the  

j o i n t  region i s  c r i t i c a l :  more t o t a l  i n s u l a t i o n  i s  required 

than i n  non-segmented motors: more s e a l s  a r e  involved. The 

cases  a r e  more d i f f i c u l t  t o  make and a r e  more expensive. 

We must not ignore t h e  o ther  s i d e  
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The larger number propellant and surfaces means more flaps, 

potting, inhibiting. One of these secondary factors was 

probably responsible ,for at least one of the very few 

failures in the  total large motor program. 

The large non-segmented, nonolithic motm cannot be 

considered a novel concept, although the dimensions and 

weight are impressive (Figure 13). It is generally found 

that length-to-diameter ratios do not exceed those estab- 

lished in prior years by relatively small rockets. The 

monolithic motors are almost unlimited in thrust and 

impulse potential since they are not limited by the restric- 

beyond 260", with the primary limitation being burning rate 

and physical properties of the propellant. It aFpears that 

motors as large as 30 feet in diameter could be made now, 

if they are wanted. 

The next area of new technology is related to motor 

cases. The dimensions of the case parts are greater than 

those encountered in smaller motors, obviously: cylindrical 

sections can be almost 3/4" thick, and the transitions ard 

bosses, can'be almost 3" thick. A key problem in making 
7 



p a r t s  of these thicknesses i s  the  lieat t r e a t i n g  technology, 

and s p e c i f i c a l l y  the  a v a i l a b i l i t y  cf heat  t r e a t i n g  f a c i l i t i e s .  

N o  f a c i l i t y  i n  t he  country has a capab i l i t y  f o r  motor cases 

l a r g e r  than about 1 2  f ee t  i n  diameter. This s t a t e  led t o  

s e r ious  examination, about two years  ago, of a r e l a t i v e l y  

new class of s t e e l s  known as maraging s t e e l s ,  which contain 

approximately 18% nickel .  Maraging s t e e l s  obtain t h e i r  

s t r eng ths  through an aging process a t  the  moderate temp, ora- 

t u r e  of 900°F and do not requi re  quench OL cont ro l led  furnace 

atmosphere. Needless t o  say these  v i r t u e s  would not be 

useable i n  t he  absence of good mechanical proper t ies .  A 

g r e a t  d e a l  of examination of the  f r ac tu re  touqhness of the 

marage s tee ls  has been made with the  conclusion t h a t  they 

a re ,  i f  anything, superior i n  f r ac tu re  toughness t o  the w e l l  

known m i s s i l e  grade steels, a t  l e a s t  i n  t h e  y i e l d  s t rength  

range above 200,000 pounds per square inch (Figure 1 4 ) .  The 

p r inc ip l e  drawback of the  c l a s s  of s t e e l s  i s  the  r e l a t i v e  

lack of knowledge about t h e  d c t a i l s  of smelting, r o l l i n g ,  

welding, forming, inspection, etc.  The marage s t e e l s  were 

- f ina l ly  se lec ted  f o r  the 156" and 260" diameter motors, and 

the r e s u l t s  have, i n  general ,  been very good (Figure 1 5 ) .  A s  

a family, they have demonstrated considerably g rea t e r  p l a in  

s t r a i n  f r a c t u r e  toughness than the  quench and tempered s t e e l s .  
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1 '  - Even wclclmcnts of t he  s t fx l s ,  which a r e  Less tough than 

parc:ht m?itr.:rial , shod g rea t e r  p l e i n  s t r a i n  f r a c t u r e  tough- * 

r,ess t,han i s  observed i n  t he  conventional hea t  t r e a t e d  steels 

a t  the same s t r eng th  leve l .  

A v a s t  amount of cEfort  has bcen devoted t o  inves t iga t ing  

Tungsten i n a r t  gas welding, and def in ing  t h e  weld conditions.  

meta l  i n e r t  gas  welding, submerqcd a r c  and o the r  methods 

have been emmined and t h e  T I G  and submerged a r c  methods 

s e l e c t e d  f o r  production by t h e  t h r e e  main f ab r i ca to r s .  The 

18% maraging s t ee l s  a r e  q u i t e  r e a d i l y  weldable and a r e  r a t ed  

. .  . .  
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lcss weld .repair  t h m  other  s t ee l s .  

i s  of course t h e  eating: more than ten 156" motor segments 

have been made of  the marage s t e e l  and hydrotested success- 

fully. One m o t o r  1.56" i n  diameter has been successfu l ly  

fired; ' t h e  c y l i n d r i c a l  and head components of 260" diameter 

motor caczs a r2  nov i n  the prccess  of welding, with no 

a p y e c i a b l e  d i f f i c u l t y  (Figures 16, 17, 18 ) .  

The proof of t h e  pudding 

The y r o c ~ s s  of aging thcsc; segrncnts t o  b r ing  them t o  yield 

s t r eng th  of 200,000 t o  250,000 pounds per  square inch has 

proved t o  be f a i r l y  s t r a i g h t  forward. For 156" segments, 

9 



e x i s t i n g  annealing furnaces have been used w i t h  temperature 

of 900°F fo r  4 t o  8 hours. The 260" motors requi re  t h e  con- 

s t r u c t i o n  of new aging chambers, A s a t i s f a c t o r y  method f o r  

l o c a l  aging of w e l d s  has been developed by one f ab r i ca to r .  

The u n i t  cons i s t s  bas i ca l ly  of a por tab le  s t r i p  furnace 

which is placed around the  motor case a t  t he  point  of t h e  

f i n a l  weld (Figure 1 9 ) .  This-method i s  used cons i s t en t ly  

with s a t i s f a c t o r y  r e s u l t s .  It  is a l s o  used t o  re-age com- 

ponents or welds when r epa i r s  have been necessary. 

This r a i s e s  an extremely i n t e r e s t i n g  and valuable poin t  

concerning the marage s t e e l s .  During a period of about 2% 

years  one major f ab r i ca to r  of 156" diameter marage s t e e l  

cases has  produced 150 tons of f in i shed  product, has used 

about 47 miles of.weld rod and made about 3,500 t e s t  ba r s  

of var ious configurat ions.  He has  found it necessary t o  

make nine r e p a i r s  and re-works, and concludes t h a t  t he  marage 

s teel  lends i t s e l f  t o  major re-work and r e p a i r  a t  any s t age  

of manufacture and t e s t ing .  The opinion of t h i s  wel l  

experienced rocket  case fabr ica tor  i s  t h a t  t he  marage s t e e l  

i s  f a r  super ior  t o  t h e  p rev ious  mis s i l e  grade s t e e l s  he has 

worked with. The important f a c t o r s  t h a t  make t h i s  re-work 

poss ib le  a r e  the  following: 1) the  steel .  has extreme toughness 
10 
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with high s t rength ;  2 )  it can be welded i n  e i t h e r  t he  annealed 

\ or aged condi t ion;  3 )  it can be l o c a l l y  aged; 4 )  i t  has 

extremely high dimensional s t a b i l i t y  r e s u l t i n g  i n  m i n i m u m  

d i s t o r t i o n  i n  welding and aging; and 5) it is  poss ib le  t o  

p red ic t  with r e l a t i v e l y  high confidence, t he  dimensional s t a -  

b i l i t y  during and a f t e r  thermal treatment.  

Some typ ica l  examples of t h e  r epa i r s  a r e  as follows: 

a 1 2 0 "  diameter hydro-burst vesse l  l o s t  i t s  bolted-on closure 

from delamination of a p l a t e  which was made from the  f i r s t  

production hea t  of s t e e l .  

was c u t  from the  o r i g i n a l  case,  t he  new c losure  was welded 

inco cne case,  cne weia was i o c a i i y  agea, ana tne  repa i rea  

ves se l  passed t h e  second hydrotest  a t  t he  design s t rength  l eve l  

A new closure was made, a forging 

of 270,000 pounds per  square inch. 

A 156" diameter segment was found by u l t r a s o n i c  inspec- 

t i o n  t o  contain a delamination. ( Inc iden ta l ly ,  t he  delamina- 

t i o n  was discovered through the  use of improved u l t r a son ic  

t e s t i n g  method devised by t h e  Naval Research Laboratory and 

Excelco Company.) The questionable area,  which was 4 inches 

by 24 inches long and on a Spherical  sur face ,  was removed and 

replaced with a new piece of p l a t e .  The segment was aged, 

f i n i s h  machined, and successful ly  hydrotested.  It  formed 

@ 
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p a r t  of a motor recent ly  f i r e d  successfu l ly ,  and has s ince  

passed another hydrotest .  

A 156" diamter cylinder was completed; on f i n a l  inspec- 

t i o n  subsurface cracks were found and a sec t ion  of t h e  case 

one foot  i n  di imeter  was removed (Figure 2 0 ) .  A new p l a t e  

was welded i n ,  l o c a l l y  aged and t h e  segment, passed hydro- 

t e s t .  t 

These examples of the s p e c i a l  p roper t ies  of the  marage. 

steel  a r e  of considerable i n t e r e s t  i n  re1atio.n t o  t h e  

p o s s i b i l i t y  of reusing rocket motor cases  by recovering 

them trom t l i g h t  vehicles.  . 

I t  would not be proper t o  give t h e  impression t h a t  no 

d i f f i c u l t i e s  have been encountered i n  the  use of these  

steels.  There i s  a tendency f o r  lamination t o  occur i n  

t h e  s teel ,  possibly as a r e s u l t  of a u s t e n i t i c  inclusions.  

T h i s  condi t ion can r e s u l t  i n  delamination of t he  p l a t e  near 

c u t  o r  welded edges or regions. It  a l s o  may r e s u l t  i n  l o w  

through-thickness s t rengths ,  e spec ia l ly  fo r  sec t ions  above 

about 1% t o  2 "  i n  thickness. Tentat ive inspect ion methods 

have been devised and are 'keling used, t o  de t ec t  banded s t e e l  

p l a t e s  and a g r e a t  dea l  of  work a t  m i l l s  and i n  f ab r i ca to r s  

p l an t s  i s  being done t o  pin-point t he  causes and the  cures.  
12 



The marage s t e e l  has been found t o  be wel l  adapted t o  

r o l l e d  r ing  forgings.  It is  a l so  found t o  be r ead i ly  formed 

by sheer spinning w i t h  requirement t h a t  g rea t e r  sheet  r a t e s  

be used than f o r  other  rocket mctor case s t e e l s .  I n  t h i s  

f ab r i ca t ion ,  reductions of 80 t o  8 2 %  a re  poss ib le  without 

re-solut ion annealing. 

I n  summary it might be s a i d  t h a t  the  l e v e l  of successes 

i n  f ab r i ca t ion  has been surpr i s ing  and g r a t i f y i n g ;  t h e  number 

of f a i l u r e s ,  de f i c i enc ie s  and flaws have been r e l a t i v e l y  

very small ,  and t h e  marage s t e e l s  seem t o  be a f i n e  choice 

f o r  l a rge  motor cases.  

The next major technology advance might be c l a s s i f i e d  

as conceptual. I t  involves t h e  nozzles. The problem i s  t o  

make a rocket nozzle w i t h  a t h r o a t  diameter of perhaps e ight  

f e e t  and an e x i t  diameter of 20 f e e t  o r  more. A s  s t a t e d  

e a r l i e r ,  t he  burning time t o  which these nozzles w i l l  be 

exposed i s  of t h e  order  of two minutes. What mater ia l s  can 

be used? Before propounding an answer, a very important 

f a c t o r  m u s t  be highlighted: t h r u s t  or s p e c i f i c  impulse of 

motors of t h e  l a rge  s i z e  is  e s s e n t i a l l y  unaffected by an 

inch o r  two change i n  nozzl t h r o a t  diameter. I n  o ther  w 

an ab la t ing  nozzle i s  s a t i s f a c t o r y  (Figure 2 1 ) .  This i s  
13  
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extremely for tuna te ,  because on examining ava i lab le  mater ia l s  

f o r  nozzles of t h i s  s i z e ,  one considers r e f r ac to ry  metals, 

block graphi te  or  laminated s t r u c t u r e s  of graphi te  and 

carbon c lo th  (Figure 2 2 ) .  The r e f r ac to ry  designs a r e  quickely 

put by because of t he  d i f f i c u l t y  of making them and of t h e  

weight and the  cos t .  The use of block graphi te  is  poss ib le  

and has been adopted f o r  some 120" motors. Its u s e  i s  l imi ted ,  

however, by t h e  unava i l ab i l i t y  of graphi te  blocks l a r g e r  than 

about f i v e  f e e t  i n  diameter, except on an experimental bas i s .  

Consequently, the  technology developed f o r  very l a rge  nozzles 

has been based on the  ab la t ive  laminated s t ruc tu re .  A 

t y p i c a l  design uses a carbon tape  entrance s e c t i o p , a  graphi te  

tdpe L i i r o a L  s e c i i u r i ,  a carbvri u r  yraphir; ;e  ape exir; r e y i u r i ,  

and f i n a l l y  a s i l i c a  tape e x i t  l i n e r  (Figure 2 3 ) .  The 

f ab r i ca t ion  process involves winding of the  tapes  on metal 

mandrels under properly control led pressure from r o l l e r s  

(Figures 24, 25).  The tapes have been previously impregnated 

with t h e  bonding agent, and a r e  i n  a semi-cured, dry s t a t e .  

After completion of wrapping and machining, t he  components 

a re  cured a t  a f e w  hundred degrees i n  hydroclaves o r  auto- 

claves.  F ina l  bonding together ,  machining, and i n s e r t i o n  

i n t o  t h e  nozzle s h e l l  completes t h e  f ab r i ca t ion  (Figures 26, 

2 7 ,  28).  
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The t e s t  record of  large nozzles of t h i s  kind i s  not 

extensive t o  da t e ,  but  t h e  r e s u l t s  a r e  s u f f i c i e n t l y  conclusive 

t o  v e r i f y  the  concept (Figure 2 9 ) .  I n  t h e  most recent  t e s t ,  

with a 156” diameter motor which produced almost one mi l l ion  

pounds of t h r u s t ,  t h e  ablat ion r a t e  on the  most c r i t i c a l  

p a r t  of the  nozzle, the  throa t ,  was l e s s  than 0.003 of an 

inch per  second, appreciably less than t h e  est imates  made 

on the  b a s i s  of smaller scale  t e s t s .  Thus over t h e  approxi- 

makely 1 2 0  seconds burn t i m e ,  the  radius  of t he  nozzle t h r o a t  
< 

changed l e s s  than one-half inch. 

Conceptually, the  wrapped ab la t ive  nozzle design s e e m s  

s t andpo in t ’ the re  i s  much t h a t  needs t o  be learned. Some 

test f i r i n g s  ind ica t e  t h a t  the  angle of wrap of t h e  various 

mater ia l s  mus t  be carefu l ly  cont ro l led .  Q u a l i t y  cont ro l  

r e l a t i n g  t o  the  r ipp l ing  of t he  laminate mater ia l  mus t  be 

s t r i n g e n t ,  s ince  the erosion r a t e  i s  s t rongly  dependent on 

t h i s  f ac to r .  Standards fo r  inspect ion,  q u a l i f i c a t i o n  and 

general  q u a l i t y  assurance must  be es tab l i shed .  

The s t a t e  of t h r u s t  vector con t ro l  technology f o r  s o l i d  

rocket motors has advanced g r e a t l y  i n  an engineering sense 

i n  t h e  pas t  t h ree  years .  The t h r e e  systems which have been 
15  



e i t h e r  developed or evaluated on l a rge  motors a r e  l i q u i d  

in j ec t ion ,  j e t  t abs ,  and movable nozzles (Figure 30) .  A l l  

of these  techniques were demonstrated i n  p r i n c i p l e  on smaller 

rockets  as long ago as 1957 through 1959. The r e a l  accom- 

plishments i n  recent  years  has  been the  proof of s t r u c t u r e s  

with a b i l i t y  t o  s tand the longer 120  seconds burn time, 

r a the r  than  t h e  t y p i c a l  ea r ly  rocket burn  time of 60 seconds, 

and t he  extension of f ab r i ca t ion  technology t o  the  l a rge  

dimensions required f o r  large motors. The most h ighly  

developed system i s  t h e  secondary i n j e c t i o n  method (Figure 31 ) .  

Thrust d e f l e c t i o n  angles of a t  l e a s t  f i v e  degrees can be 

att -a ined.  and recent imDrovements i n  t h e  i n j e c t o r  design 

has  r e s u l t e d  i n  exce l l en t  s i d e  s p e c i f i c  impulses (Figure 32). 

Clever design f o r  redundancy r e s u l t s  i n  a h ighly  r e l i a b l e  

system i n  s p i t e  of t h e  numerous components. 

The j e t  t abs  were r ecen t ly  t e s t e d  on t h e  f i r i n g  of t he  

156" diameter motor w i t h  t h r u s t  l e v e l  of almost one mi l l i on  

pounds and dura t ion  of approximately 120 seconds (Figure 33).  

A'second tes t  w i l l  be made before  t h e  end of t h i s  year.  "he 

r e s u l t s  of t h e  f i r i n g  give good confidence t h a t  t h e  j e t  t abs  

can be developed f o r  very l a r g e  motors. This system, too,  

can give s i x  degrees o r  more of equivalent  j e t  de f l ec t ion .  
16 



. 
The t h i r d  vec tor  cont ro l  method under inves t iga t ion  

is t h a t  of t h e  moving.nozzle; more s p e c i f i c a l l y  the  f u l l y  

gimballed nozzle. The t e s t s  so f a r  have involved motors 65" 

i n  diameter with t h r o a t  s i z e  of 15". 

an outgrowth of previous designs b u t  t he  nozzle i s  of t h e  

laminated a b l a t i v e  design described e a r l i e r .  

of 15" diameter t h r o a t  nozzles, 60 second r u n s  w e r e  obtained 

with no f a i l u r e  of operation or  sea l .  Within t h i s  calendar 

year t h e  nozzle w i l l  be t e s t ed  on a motor 156" i n  diameter 

with t h r o a t  diameter of 38" ,  fo r  burn  time of 1 2 0  seconds. 

The t h r u s t  l e v e l  w i l l  be almost 1% mil l ion  pounds, t he  motor 

The b a s i c  concept i s  

I n  two t e s t s  

weight 3/4 of a mi l l i on  pounds (Figure 34).  

The a r t  of vec tor  control  f o r  s o l i d  rocket  motors, we 

see, is  i n  p r e t t y  good s t a t e .  One concept i s  highly developed, 

and two o the r  designs have been evaluated on intermediate 

s i z e  rockets .  I n  discussing t h e  performance p o t e n t i a l i t i e s  

of such systems it is  well  t o  review t h e  requirements f o r  

very l a r g e  space vehicles .  Consider two vehic les ,  with pay- 

load t o  o r b i t  c a p a b i l i t i e s  of 500,000 o r  125,000 pounds, and 

with s o l i d  propel lan t  f i r s t  s t ages ,  and l iq i l id  propel lan t  

upper s tages .  Without f i n s ,  t h e  t h r u s t  vec tor  con t ro l  

17 



requirements a re  equivalent t o  four degrees j e t  de f l ec t ion ;  

with f i n s ,  t h e  requirements a re  much l e s s  (Figure 35) .  

Another important n e w  concept which has been es tab l i shed  

during t h e  immediate past  is  a method fo r  processing, ca s t -  

t i n g  and curing very la rge  and heavy motors. The pressure 

t o  der ive  a new methodology f o r  making very l a r g e  motors, 

grows from t h e  d i f f i c u l t y  of moving them. The conclusion i s  

t h a t  it i s  more des i rab le  t o  move equipment and too l ing  t o  

the  f ixed motor than it i s  t o  move the  multi-mill ion pound 
< 

motors through a fixed p l an t .  This leads t o  the  combination 

cast-cure t e s t  f a c i l i t y  (Figures 36, 3 7 ) .  I n  p r i n c i p l e  i f :  

i s  simple - a hole  i n  t h e  ground about 120 f e e t  deep and 

50 t o  55 f e e t  i n  d iameter .  The motor case is  placed on 

a t h r u s t  jack i n  t h e  p i t ,  nozzle end upward; propel lan t  is 

brought t o  t h e  motor and c a s t  i n t o  it; curing takes  place 

i n  t h e  p i t  without moving t h e  motor, and u l t imate ly ,  s t a t i c  

f i r i n g  takes  place i n  t h e  p i t .  A f i n a l  p o s s i b i l i t y  i n  

r e l a t i o n  t o  the  p i t  i s  t h a t  it can be b u i l t  with flood 

ga tes  which allow it t o  be flooded so t h a t  t h e  motor i n  

a s u i t a b l e  caisson can be f loa t ed  out ,  and placed on a barge 

f o r  de l ivery  t o  a launch and preparat ion s i t e  (Figure 38) .  

18 



Two complete new f a c i l i t i e s ,  based upon t h i s  concept, have 

been b u i l t  and a re  now operat ional .  Both have been provided 

by company funds. 

The s t a t e -o f -a r t  of motor i n su la t ion  i s  based l a rge ly  

on smaller  rockets ,  with one exception. Most of t he  insula-  

t i o n  f o r  t h e  l a rge  motors i s  made of loaded rubbers, t he  

loading usua l ly  being s i l i c a  o r  asbestos.  I n  general ,  t he  

i n s u l a t i o n  is pre-formed from rubber sheet  which i s  bonded 

together  and cured i n  a vacuum bagging operation i n  auto- 

c laves .  The thickness of i n su la t ion  i n  l a rge  motors may 

be as g r e a t  as  t h r e e  inches, and genera l ly ,  t h e  thickness  

i s  v a r i d i  and rnntoi i rmd t o  m a t c h  t-he predicted insul.ation 

requirements (Figure 3 9 ) .  

One new technology under development i s  t h a t  of s l u r r y  

in su lz t ion .  A rubber mastic compound i s  put on t o  the  wal ls  

of t h e  motor case by a hand troweling operat ion,  followed 

by pneumatic tamping. A grea t  v i r t u e  of t h i s  method i s  t h e  

sho r t  processing time compared t o  the  pre-molding operat ion,  

and t h e  p o s s i b i l i t y  f o r  lower cos t .  There i s  a quest ion,  

of course,  of erosion r a t e .  Thus f a r ,  t h e  erosion r a t e s  
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seem t o  be a t  l e a s t  equal t o  th6ss  sk..owrl. by the  pre-molded 

in su la t ion  (Figure 40 ) .  Two of t hz  260" diameter motors t o  

be made and t e s t e d  i n  the next 1 2  months w i l l  use in su la t ion  

based on t h i s  concept. 

Now, having discussed t h e  technologies t o  make a 

complete motor, we w i l l  consider t he  quest ion of i gn i t i on .  

Two new concepts of i g n i t i o n  have evolved over t h e  pas t  few 

years ,  and one of them has been brought t o  a f a i r l y  advanced 

s t a t e  of development. 

g o l i c  i gn i t i on .  The a f t  end i g n i t e r s  used f o r  t he  very l a rge  

motors a re  genera l ly  of t h e  pyrogen type,  genera l ly  designed 

t o  burn  f o r  about % second. 

They a r e  a f t  end i g n i t i o n  and hyper- 

me concept has  t h e  i g n i t e r  point ing i n t o  t h e  motor through 

the  e x i t  cone, with a t rack  and cable device f o r  allowing 

the  i g n i t e r  motor case t o  be removed from t h e  exhaust stream 

of t h e  main motor. 

Hypergolic i g n i t i o n  involves the  use of a r eac t ive  

l i q u i d  which is  brought i n t o  the  motor case through the  

nozzle and which i s  sprayed on the  pr.opellant sur face ,  usua l ly  

near t h e  forward end of t h e  grain.  A s u f f i c i e n t  number of 

t e s t s  with hypergol ic  i g n i t i o n  have been made within the  

p a s t  t h r e e  years  t o  prove conclusively t h a t  it i s  a f e a s i b l e  
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and i n  sone a2pl icat ions an a t t r a c t i v e  system. Ei ther  of 

these  systems lends i t s e l f  admirably t o  pad mounting. This 

means chat  a g r e a t  degree of r e l i a b i l i t y  and redundancy 

can be b u i l t  i n  t o  an igni ter  system without penal iz ing a 

f l i g h t  veh ic l e  by excess weight. 

a booster  s t age  made of c lusters  of motors, t h i s  f a c t o r  

becomes important. Needless t o  say, i n  such a design it 

For a iaunch vehicle  with 

is  absolu te ly  e s s e n t i a l  t h a t  a l l  motors be ign i t ed ,  and 

t h e  pad mounting set-up is an add i t iona l  assurance of 

i g n i t i o n  of c l u s t e r s .  Another i g n i t i o n  concept t e s t e d  

extensively during the p a s t  two years  t o  achieve high r e l i a -  

b i l i t y  f o r  i g n i t i o n  of c l u s t e r s ‘ i s  based upon t h e  concept 
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each i g n i t e r  motor i s  joined t o  a l l  o the r s  by a small dia- 

m e t e r  tube which allows the  combustion gases t o  serve t h e  

funct ion of i g n i t i o n  i n  t he  event of f a i l u r e  of t h e  e l e c t r i -  

c a l  i n i t i a t o r s .  “he method has worked well .  

Our  d i scuss ion  t o  t h i s  po in t  has concerned i t s e l f  with 

s t a t e -o f -a r t  which has become f a i r l y  wel l  es tab l i shed .  

We would now l i k e  t o  mention a few i t e m s  which a r e  i n  an 

e a r l i e r  s t age  of inves t iga t ion ,  b u t  which give good promise 

of success,  and which offer advantages o r  c a p a b i l i t i e s  
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not  now ava i lab le .  One important technology t h a t  appears 

ready t o  blossom i s  t h a t  of f a i l u r e  warning systems. A s  i s  

w e l l  known, a manned launch vehicle  has a requirement t h a t  

t h e  human payload m u s t  be saved i n  the  event of t h e  f a i l u r e  

of any p a r t  of t he  system. I n  l i qu id  propel lan t  vehic les ,  

f a i l u r e  warning and abort  systems have been developed and 

a r e  i n  use. The anologous warning systems f o r  s o l i d  booster  

vehic les  a r e  obviously not nearly so highly developed. The 

inves t iga t ion  and developments over t he  pas t  few years  

have r e s u l t e d  i n  methods f o r  deal ing with one primary 

f a i l u r e  mode; over pressur iza t ion ,  and more r ecen t ly  f o r  

dea l ing  with burn through. I t  i s  a for tuna te  f a c t  t h a t  t h e  

--A_.. 1 -vm- rnn+-vc- n G  +hn -1 aec y . I n  barrn  hnnn d ;  sr i i rc inrJ  " u - 2  --^- , - -. . - - - I - - - - - - - - - -. - - - 

a r e  r e l a t i v e l y  immune to  t h e  e f f e c t  of propel lan t  cracks 

or flaws which produce over-pressurization. A s  an i l l u s t r a -  

t i o n ,  i n  a 260" diameter motor, a f u l l  length,  f u l l  Webb, 

depth g r a i n  crack would r e s u l t  i n  a 17% increase  i n  burning 

area  with concomitant p r e s s u r e  of 837 p s i  r e l a t i v e  t o  a 

f a i l u r e  pressure of 870 p s i  (Figure 4 2 ) .  It  appears t h a t  

t h e  motor can take  t h e  f u l l  crack without f a i l u r e .  A separa- 

t i o n  20 f e e t  long i n  t h e  cy l inder ,  however, around the  e n t i r e  

pheriphery of the  case i s  s u f f i c i e n t  t o  reach the  m i n i m u m  

chaniber pressure.  This amounts t o  about 1 ,500  addi t iona l  
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square f e e t  of burning area.  The s i cn i f i cance  of t h i s  

condi t ion i s  t h a t  there  i s  considerable time t o  de t ec t  

t he  onset of a pressure r i s e  r e s u l t j n g  from excess burninq 

surface and t o  ac t iva t e ,  escape systems. The instrumentation 

required f o r  doing t h i s  i s  not new and would cons i s t  of 

e x i s t i n g  pressure transducers and a proper e l ec t ron ic  

set-up. 

The second major f a i l u r e  mode, case burn through, is  

much more d i f f i c u l t  t o  dea l  with. Thi's mode can be r e l a t e d  

t o  the  previous one, because t h e  e x t r a  burning surface which 

leads t o  pressure r i s e  may be located a t  a boundary where 

it a l s o  can lead t o  temperature r i s e  and burn through. The 

problem of de tec t ion  of overheating seems a t  f i r s t  i n s u r -  

mountable, s ince  t h e r e  could be more than 10 ,000  square 

f e e t  of motor case surface t o  monitor. However, during t h e  

p a s t  two years  t h e  e f f o r t  along t h i s  l i n e  seems t o  have ' 

produced r e s u l t s .  A l i n e r  and i n s u l a t i o n  mater ia l  contain- 

ing e l e c t r i c a l l y  conductive l aye r s  has been developed which 

i s  s a t i s f a c t o r y  i n  every way with respec t  t o  compatibi l i ty  

with propel lan t  and performance as i n s u l a t o r .  A tungsten 

e lec t rode  i s  placed i n  t h e  motor cav i ty ,  and s ince  the  

combustion gases a re  good e l e c t r i c a l  conductors, a c i r c u i t  as 
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completed when the  conductive l aye r s  a r e  exposed by a burn- 

through (Figure 4 3 ) .  The method has been t e s t e d  i n  small 

motors and appears t o  give a l a rge  and unequivocable s i g n a l  

when t h e  burn-through reaches t h e  conductive l aye r ,  allowing 

ample time f o r  ac t iva t ion  of an escape system (Figure 4 4 ) .  

Within the  next two years it is  expected t h a t  t h i s  concept 

w i l l  ke checked out o n  l a r g e  motors and w i l l  become an 

accepted p a r t  of t h e  la rge  motor technology. 

< 

Another s p e c i a l  concept which we may have mentioned 

i n  passing i s  worth discussing fu r the r  now. It  is the . 

re-use of motor cases ,  i n su la t ion  and nozzle component. 

The expereence of t h e  pas t  years  shows q u i t e  conclusively 

t h a t  t h e  motor case segments of t h e  segmented motors can 

be re-used. The 156" diameter motor t e s t e d  i n  May i s  now 

i n  t h e  s t age  of reprocessing f o r  re-loading and f i r i n g .  

This program, i n  f a c t ,  was predicated upon t h e  re-use of 

the.motor case. Numerous o the r  examples can be given of 

ind iv idua l  segments t h a t  have been re-used once, and 

one o r  two segments have been re-used twice. There seems 

t o  be no reason why even g r e a t e r  re-use cannot be obtained. 

The idea  of case re-use i s  probably 'not new: more novel i s  

. t he  re-use of the  in su la t ion  system. The 156"  segmented 
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motor i s  now being re-processed for  the second f i r i n g  with 

t h e  same insu la t ion  system t h a t  was used  i n  t he  f irst  

f i r i n g .  The charred l aye r s  of i n su la t ion  were removed 

by buf f ing  and grinding, and the  remainder i s  found t o  

be adequate, with large reserve,  fo r  the  second f i r i n g .  

A n  i n t e r e s t i n g  s ide- l igh t  on t h i s  motor i s  t h a t  it was 

r equa l i f i ed  by hydro-test a f t e r  t h e  f i r s t  f i r i n g  with the  

i n s u l a t i o n  i n  place.  The metal s h e l l  of the  nozzle w i l i  

alsowbe re-used. 

i t  i s  i n t e r e s t i n g  t o  consider whether t he  e n t i r e  nozzle of 

a l a r g e  motor might n0.c be re-used i n  

Although it has not y e t  been attemsted, 

s imi l a r  nanner. 

The quest ion of hazard c l a s s i f i c a t i o n  and sa fe ty  

demonstration i s  n o t  usual ly  considered t o  be a s ta te-of-  

t he -a r t  i t e m .  There have been recent t e s t s  i n  t h i s  area,  

however, which a r e  of s u f f i c i e n t  i n t e r e s t  and s igni f icance  

t o  be worth reviewing here.  The question of the  hazard 

c l a s s i f i c a t i o n  of t h e  propel lan ts  i n  terms of t h e i r  TNT 

equivalents  i s  usually d e a l t  with by a r b i t r a r y  t e s t s  i n  

which high explosive donars a r e  placed on motors o r  charges 

The composite propel lants  now being used f o r  very l a rge  

motors -are  c l a s s i f i e d  i n  t h i s  way as a c l a s s  I1 f i r e  hazard 
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only with a TNT equivalence of less than 20%, .  

Considerable concern has been expressed by range sa fe ty  

personnel about t he  hazards t h a t  might develop from the 

d e s t r u c t  or. f a l l  Lack of a very la rge  s o l i d  motor. A 

recent  t e s t  t o  dea l  w i t h  t h i s  question has been accom- 

pl ished.  i n  t h i s  t e s t ,  a shor t  segmented 1 2 0 "  diameter 

motor was mounted upon a s l e d ,  and propelled under i t s  

own power t o  a speed of 650  f e e t  per second. It was 

re leased  while s t i l l  burning, and while it  s t i l l  contained 

more than 80,000 pounds propel lan t ,  ar?d flew i n t o  a con- 

crete wal l  seven f e e t  thick,  backed up by a few inches of 

armor steel. These conditions of ve loc i ty  and propel lant  

load were computed t o  represent t h e  worse circumstances 

of drop of a motor t h i s  s i z e .  The r e s u l t  was g ra t i fy ing ,  

i f  spectacular .  The various gauges monitoring the  impact 

i n d i c a t e  extremzly low TNT equivalent,  probably under 5%. 

Kuch fragmented unburned propel lant  and la rge  pieces of 

of motor case was recovered fron the area. A l l  evidence 

ind ica ted  t h a t  no detonation had occurred. 

The f i n a l  technologywewish t o  discuss  concerns the  

c o s t  of the  new c lasses  of s o l i d  motors. We mentioned 

e a r l i e r  i n  the paper t ha t  cos t  e f fec t iveness  i s  q u i t e  
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important i n  appraising the  r e l a t i v e  meri ts  of propulsion 

systems f o r  la rge  laucch vehicles .  It  i s  a for tuna te  f a c t  

t h a t  the  increase i n  s i ze  of t he  rocket motors has resu l ted  

i n  a decl ine i n  the uni t  c o s t  of t he  completed motor. 

can be e a s i l y  ra t iona l ized ,  s ince  it i s  c l e a r  t h a t  t he  

g rea t e r  amount of propel lant  put i n t o  a motor, t he  l a r g e r  

proportion of the  l o w  cos t  e l emen t  i s  used. The i l l u s t r a -  

t i o n  (Figure 46) shows t h a t  one of t he  e a r l y  100" diameter 

mot3rs, f i r e d  i n  1 9 6 2 ,  was made a t  a cos t  of $ 2 . 7 5  per  

pound, and project ions of u n i t  cos t  i n t o  the  l a rge  motor 

a rea  ind ica t e  u n i t  cost  near $1.50 per  pound including 

t h r u s t  vector  contro I s~ tern (.Fi 9iir1= 4 / 1 - 

This 

I n  t h i s  s ec t ion  of t he  paper c17e have concentrated 

mostly on the  new bu t  f a i r l y  well-established s ta te -of -ar t  

of motors and components which a r e  appl icable  t o  t h e  

Iiational space e f f o r t .  The items discussed i n  d e t a i l  a r e  

almost ready f o r  u s e  by t h e  t o t a l  s o l i d  rocket industry.  

Perhaps within a short  t i m e  they w i l l  provide the  path 

t o  t h e  new plateau of use we foresee by ovr review. 
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