
'-----"-L- ----,y-.4 ,*. d L .  --A- * *.J ' 7- $ /,- # g'3- 0 

r -ti C]Er: ,T 3 
FQ:( :>ii: ;:Z:!:PI!OR :,!&: 

'-. . .c..-%' " f - A![%!!  i w D l  L-3 & $ a * > .  
1** 

Di~fCnq~.p~~ ~&.jfi" 1 tirtiil:": E&[13 PM 
F:F \\S :: 3*' 5 

..% b L * ,  ,L&f u; 2;F::::: 
8 

An z r t i c l c  prir3r%.j f 0' S ~ ~ C ~ / A Z ~ ? G " Z + ' ~ ~  ~ C S  ?!asa'Zine, by G. P. S l J t t ~ n  - 
sp,] U&N F- I ;?~  CRY D(,C,IIrlENP f S s p t e ~ 3 e r  1967 1. 
IJniverslty A l ~ b a m a  Research institute 
History of Science & Technology Group 

AE ST?J.SI -..--- Date - - - e m -  ---- Doc.610. -------- 
This p2pPr cor:5i$c!r:, xariy of t h e  f a c t ~ r s  a x ?  c r i t e r i a  :;ticb i;zve t o  SF, 

- - .  c~Ls$dered rnc, e - ; i l _ . ~ a " i d  ~ t . 2 3  S S ~ F C ~ ~ T L ~  a s3e21;lc rocket  e r~g ine  f o r  a 

ue!.icle a I ? l i ~ a t i o ~ .  ?'?is l i s t s  or' c r i t e r i a  can be h e l p f u l  a s  check- 

lists in desigr, a.';cj r;;rster,s er. ; lneerkg of a rocket  p rop i l l s io r !  device ,  

hboct tell diffirei.ltt ; . - p ~ l i c ~ t i ~ ; l 3  are  ex%r:>ned t o  i l l l i s t r a t e  t?,e r e l a t i v e  

bLpsrt22ce ssf-Lc: G:' tk'sc s i e c t i g ~ i  c r i t s r i ? .  '1I:ere u i P L  be grr?_lp i r .~s 

of four  najor t7sq:: of c r i t e r i a ;  r,axc.ly, p?rr'o-n-,mce, o ? e r a $ l ~ r . a l ,  ~co-orii,,: 

7 
2nd judi;c?fit  e r i t e r j a .  . i n  K ! X L ~  Cases t h e  l a s t  t h r e e  categories 

a r e  eqca l ly  Or i r p c r t a r i t  tkan t h ?  ;erfcr;?ar:c c r i t e r i a  in s e l e c t i n g  

one cf sevaral engines  for a  s p e c i f i c  -2ppl icat ion.  The a c t u a l  
se,.,ction u s u a l l y  is a cox-,pra?.ise t o  ~ a k e  the  rocke t  srrglne resp3nscg-e 

t o  seve ra l  in;jortafit c r i t 9 r i a  

f hTZOgjC'T' Irfl-I 

- 
There are r?2ny diffeZ'€Xk types of rocket  engines ;  each Ls p a r t i c ~ ~ i a r i ~ -  - 
suitable f o r  c lasses  of ap? l ica t5ons .  For each s 2 e c S L c  a p p l i c f 5 i o n  
tiiere are a nlLnb,-- 0: key r o c k e t  propulsloil  p a r a r e t i r c ,  o r  c ? r ; a c t e r i s t i c s ,  

which a re  usua l ly  e a p b . 2 ~ f ~ e d  in t h e  Sf?l~c: icr ,  ? r eces s ,  TablU, 1 lists t e 2  

difierreEt types < y ? i c " l  vi;:.icia 2 p ? l % c 3 : i 0 ~ ~ ,  c a fe;- of t h e  

nore ccir4T.on key ?ropcl-si3r. characteristics. It is easy to ose t h a t  tFLe 
racket  Ezgine ty-e:: t ~ s e d  i n  ezch of t hese  ~ ? ? l i c z t i o r . s  a r s  ~ ~ r j  differen& 

fron each o%er 5 ptc:'sical seze ,  ar;pfir,raEce, perf crrr.anca, and a re  d e s i ~ r . ~ . ; '  
m- 

spec-fically f o r  cat? of these 2 ~ 5 ~ .  i ne  c h a r s c t e r i s t i c s  t h a t  2 ~ 2  t l ~ f  ~ 2 1 3 ~ '  

fn one tYFe cf ve[dcle  are not r e c e s s a r i 3  &err,a;le o r  "of valusft in anat:;?_. 

fn order t9 iflustr'>-?"-" t h e  ~ 2 t ~ r e  of V Z ~ ~ O U S  ~~31~1cti.ori ~ri';~,"i~, t uo  di~----=- - -  =-  -'.t 
m.  appl icks iors  haw bcxt>n c h ~ s e r i  f o r  ~ 0 %  de ta i l -6  l i s c r t s s ion ,  ~r.e;- a r e :  
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1, Liqu3.d p r o p o l l m t  upper s t a g e  maneuvering rocket  kngine f o r  long- 

d u r a t i o n  space  f l i g h t .  

2. S o l i d  p r o ~ e l l a n t  a i r c r a f t  lalt-.ched rocket  f o r  m i l i t a r y  a i r - t o -  

a i r  o r  air-to-grour.6 weaporis. ' 

Since  t h i s  d i s c n s s i o n  cove r s  more than  one c l a s s  of a p p l i c a t i o n ,  i t  i s  

quits genera l .  It w i l l  be l i m i t e d  t o  chernlcal ? r o p z l ~ i o n  ( s o l i d  and l i q u i d  

p rope l l an t  rock2 t s ) ;  hence, i t  does not  ' inc lude  more advanced propuls ion  

schenes, because t h e s e  a r e  not  y e t  ope ra t iona l .  

The equLvalent .;acucr;? v e h i c l e  v e l o c i t y  increment of a  g iven  a p p l i c a t i o n  

( a s  l i s t e d  i n  TaSle 1) i s  t h e  h y p c t h e t i c a l  v e l c c i t y  t h e  v e h i c l e  would a t t a i n  

i n  a  g r a v i t a t i o n l e s s  vacu7m by t h e  a p ? l i c a t i o n  cf t he  t o t a l  impulse of i t s  

rocke t  propulsion dev5ce; i t  i s  an i n d i c a t o r  of the  d i f f i c u l t y  of the  miss ion  

as w e l l  a s  a n  i ~ d i c a t o r  of t h e  r e l a t i v e  i s p o r t a n c e  of o 'o ta in i rg  h igh  rocket  

engine pcrfomance.  Of tk.e t en  a p p l i c a t i o n s  l l s t e d ,  t h e  upper-stage space  

maneuver rocket  h a s  t k e  h ighes t  performance requirement;  t h e  upper-stage 

ICBX and the  upper-s tzge fiICS1.i a r e  seccnd h ighes t .  

The o t h e r  c o l w ~ s  i n  Table 1 a r e  descriptors-whic'n. 'are p e c u l i a r  t o  the 

v a r i o u s  a p p l i c a t i o n s .  -The l a s t  co1xu-1 l i s t s  soxe of t h e  important  s e l e c t i o n  

c r i t e r i a  p e c u l i a r  t o  each  ap ;? l ica t ion ;  t hese  and o t h e r  c r i t e r i a  >rill be 

d i scussed  i n  more d s t a i l ,  

~ z b i e  2' g i v e s  a list of t ~ p i c a l  s e l e c t i o n  c r i t e r i a  which have been used 

f o r  eva lua t ing  rocke t  engine p e r f ~ r ~ a c c e  ar,d a  co r r e l aS ion  f o r  each of t he  

l i s t e d  c r i t e r l a  xLth t e n  d i f f e r e n t  a p ? l i c a t j o n s .  The t a b l e  i s  d iv ided  i n t o  

s e v e r a l  p a r t s ,  each having  t o  do wi th  engine perfomafice,  s t o r a g e ,  v e t i c l e  

f a c t o r s ,  r e l i a j i l i t y  and o t h e r  c r i t e r i a .  A l l  t h e  c r i t e r i a  l i s t e d  a r e  

important  2nd h a - ~ e  "vzlue" i n  a t  least one a p p l i c a t i o n .  Seve ra l  of t h e  

lnore i n t e r e s t i n s  o r  unusual  c r i t s r i a  k i l l  now be a r b i t r a r i l y  s i n g l e d  out 

a d  d i scussed  i n  mare d e t a i l  f o r  t he  5x0 a r b i t r a r i l y  chosen apr>l ica t ions .  

f.Izny of t he  i t e r s  

here; they could  

l i s t e d  i n  this a t d  ssbsequefit  t a b l e s  a r e  2o t  d i scusse?  

easiljr b t c o z e  t h e  su 'a jec t  of some f u r t h e r  s t i n u l a t i n G  



d i scuss ion ;  hoxever, t h i s  a r t i c l e  woald then  b d c o ~ e  v e r y  long. The l e v e l s  

of importance and the  c r i t e r i a  l i s t e c ?  i n  Table 2 and subsequent t a b l e s  a r e  

based l a r g e l y  o n  the  a u t h o r ' s  exper ience  and nay n o t  co inc ide  wi th  t h e  

experience of o t h e r s  i n  s i m i l a r  a p p l i c a t i o n s .  

The pe r fomance  i n d i c a t e d  by a  high equ iva l en t  v e h i c l e  v e l o c i t y  i n c r e ~ e n t  

( s ee  Table 1) m a n s  t h e  f  o l lo t r ing  i n  t e r n s  of rocke t  engine parameters:  

3.. S e l e c t  p rope l l an t  coxb ina t ion  1 5 t h  the  h ighes t  poss ib l e  t h e o r e t i c a l  

specific i 3 p u l s e  t o  a t t a i n  t h e  ul t j -mate i n  perfomlance ( see  Table 1 ) .  - 
This  xeans t h a t  c-ryogenic p r o p e l l a n t s  such  a s  oxygen-hydrogen 

(Is = 391 s e c r )  o r  f luor ine-hydrogen  ( I  = L l O  s e c )  sho.uZd be used 
S 

f o r  t h e  upper-s tags s p c e  engine.  Cryogenic p r o p e l l a n t s  give 

b e t t e r  performsnce than  o t h e r  types  of p r o p e l l a n t s ,  a s  shown i n  

Fig. 1, Since  t h e  equ iva l en t  v e h i c l e  v e l o c i t y  i n c r e n e n t  f o r  a n  

a i r - launched  ~ L s s i l e  i s  r e l a t i v e l y  l o x ,  a  well-known composl ts  

s o l i d  ?repellent ( I s  = 262 s e c )  i s  adequzte; a l though t h e  pe r fo r -  

mance i s  lower,  t h i s  p rope l l an t  has o t h e r  v e r y  d e s i r a b l e  charac-  

t e r i s t i c s .  I n  m i l i t a r y  a p p l i c a t i o n s ,  a low v o l m e  o r  h igh  d e n s i t y  

i s  u s u a l l y  i npo  an t .  A s  seen  from Ta5le 1, t h e  s o l i d  p r o p e l l a n t  - 
has a  good v a l u s  of der?si ty  s p e c i f i c  impolse. 

2. S e l e c t  des i sns  w ' ~ c h  g i v e  good-conSustlon e f f i c i e n c y  and a  - h i g h  

nozzle e f f i c i e n c y  and t h s s  come a s  c lose7-as  p o s s i b l e  t o  t h e  

t h e o r e t i c a l  s p e c i f i c  impulse va lues .  Th i s  a p p l i e s  t o  a l l  of. t he  

rocket applicat-ilons, f o r  i t  i s  d e s i r ~ b l e  t o  avo id  u ~ , ? e c e s s a r ~  

energy l o s s e s ,  
* - 

3 .  ? + E h . i z e  the  rocket  prgputs ion  wsights ,  b o t h  t h e  hardware a x ?  

-. r e s i d u a l  p rope l l an t  weights .  This  a p p l i e s  a g a i n  t o  a l l  r ocke t s ;  

bmrever, t h i s  and the  previous  i t e m  a r e  p a r t i c u l a r l y  i n p o r t a n t  i n  
- 

a p p l i c a t i o n s  w5ere t h e  e q ~ z i v a l e n t  v e h i c l e - v e l c k i t  y- ~ n c r e r z n t  1s 

high; usuaily e x t r a  d o v e l o p ~ s n f  e f f o r t  i s  s p e n t  t o  reduce weight 

and i n c r e a s e  c o ~ 5 u a t i o n  e f f i c i e n c y  even if i t  i s  only a sma l l  

-Whe s p e c i f i c  ii-.?u'lse v a l u e s  a x  qiloted a t  1000 p s i  c h a r h e r  pressure  and 
- expansion t o  sea l e v e l  a txosphe r s  pressure .  



. I. A t  v e r y  high a l t i t u d e  and i n  a  vacalm, it is poss ib l e  t o  expand t h e  

-gases f u r t h e r  and t o  e f f e c t i v e l y  use a l a r g e  nozzle  e x i t  a r e a  t o  

g i v e  a n  a d d i t i o n a l  s~zt l l  i n c r e a s e  i n  exhaust  v e l o c i t y  o r  e f f e c t i v e  

s p e c i f i c  i m p l ~ l s e .  Thus, spzcecraf  t engines (both t h e  n a m u v e r  

engines  and t he  a t t i t u d e  c o n t r o l  e ~ g i n e s )  shoiild ope ra t e  w i t h  a s  
- l a r g e  a- exi-t nozz le  a s  i s  p r a c t i c a l  without, caus ing  undue weight  

p e n a l t i e s .  

The r e s i d u a l  p r o ? e l l e n t  i s  the  pol.tion of t h e  l iq !~ id  p rope l l an t  ( u s u a l l y  

1/2 t o  p e r c e n t )  which i s  not  used b g t  remains i n  ' the  v e h i c l e  o r  i n  p a r t s  

of t h e  e r g i n e  ( r e s i d u a l  l i q u i d  p rope l l an t  t r zpped  i n  tanks,  p l i i r b i ~ g  o r  

c o o l i r ~ g  j a c k e t ) .  In  t h e  case  of s o l i d  p r ~ p e l l a n t .  g ra-hs  t h e r e  a r e  r a s i d u a l  

" s l i v e r s "  of s o l i d  p rope l l an t  t h a t  are not used e f f e c t i v e l y .  I n  h igh-  

perf  ornmce a ~ p l i c a t i o n s ,  such a s  l i q x i d  p rope l l an t  space n a n e w e r  englnes,  - 

t h e r e  i s  a cons ide rab le  p r e n i m  on re6trcing t5is r e s i d u a l  p r o ~ e l l a n t  t o  a 

minimum i n  ordor  t o  a s s n r e  good mass r a t i o  and ~llarrirnurn f l i g h t  p e r f o r ~ a n c e .  

This i s  i l l u s t r a t e d  by F ig .  2 f b r  a t y p i c a l  upper s t age ,  where a  s r r a l l  

v a r i a t i o n  i n  r e s i d s m l  p rope l l an t  cayses  a  l a r g e  v a r i a t i o n  i n  payload. 

Here s o p h i s t i c a t e d  d e s i g n  f e a t u r e s  a re  ap?ro?f ia  t e ,  such  a s  s p e c i a l  tank 

expu l s ion  devices ,  a o t c n a t i c  n i x t u i s  r a t i o  c o n t r o f s  ( t o  assi;re r imultaceons 

emptying of b o t h  t h s  l i q u i d  f u e l  a d  t h e  l i q u i d  o x i d i z e r  t a ~ k ) ,  minima7 

voluze  p l w 3 i n g ,  o r  c l e v e r  i n j e c t o r s  i h i c h  can o p e r a t e ~ s a t i s f a c t o r i l y  ~ 5 t h  

z mixture  of p rope l l an t  and  p re s su r i z ing  gas. In  a p p l i c a t i o n s  where-- 

performance i s  not so s i g n i f i c a n t ,  such a s  i n  a  so l id -p rope l l an t  air-lalx.c?ed 

m i s s i l e  o r  a ba r r age  rocke t ,  t h e  s l i v e r  l o s s  m y  w e l l  be  t o l e r a t e d  and can  

be off;& by a  s impler  gra i r !  des ign  t j i t h  a t t e n d a n t  i ~ p r o v e n e n t s  in c o s t  

and r e l i a b i l i t y  . 
A space  mni?,wer engine can  be  expcsed t o  g r a ~ i  ty-f r e e  vacuxn f o r  l ong  

pe r iods  of t i r e .  Thf s inpl i -es  t h a t  t h e  exposed n a t e r i a l s  must be  caraf ~ 1 1 ~  

chosen t o  prevent eva?ora t lcn  of p a i n t s  o r  p r o t e c t i v s  o r  them.a l  c o a t i r g s  

and t o  prevent  f r e e z i n z  of bear ing  s r f aces  and l u b r i c a n t s  (on t h r u s t  vec to r  

c o n t r o l  de~.rices o r  v a l v e s ) .  Also, p rope l l zn t  v ~ n t  l iws  m z j  have t o  be 

hezted t o  prevznt fresz3ns of r e s i d : ~ l  p r o p s l l a n t  i n  t h e  l i n e  due t o  

evapora t ion ,  X s o l i d  f r o z e n  p lag  i n  a  ven t  l k e  ' w i l l  p r evez t  t h e  ventir?: 

f u n c t i o n  from occurr ing .  The l a c k  of g r a v i t y  nay b r i n g  about flight 



c o n d i t i o n s  trhere the tarik o u t l e t  of p a r t i a l l y  enpt ied  p rope l l an t  t anks  

way no t  b e  covered 5y l i q u i d  p rope l i an t ,  b u t  i n s t e a d  b y  p r e s s x r i z i ~ g  gas.  

?&en a l i q u i d  p rope l l an t  rocke t  engine i s  s t a r t e d  i t  mst be f e d  with l i q u i d  
. 

prope l l an t ,  f o r  t he  engine k i l l  no t  o?e ra t e  s a f e l y  w!len f e d  wi th  a gas o r  

a mixture  of l 5 q u i d  and p r e s s - x i z i n g  gas.  A pos i t i ve -p rope l l an t  expuls ion  

device  (e.g.. a  f l e x i b l e  51adder o r  a bellotrs-separating l i q u i d  p rope l l an t  

f rom pressurizir?g g a s )  nus t t heref  e r e  be- used i n s i d e  the  p r o p e l l a n t  tanks 

i n  a l l  engines  which hzve s ta r t -under -zero-gravi ty  cond i t i ons ,  such a s  f r o n  

a c o a s t i n g  f l i g h t  i n  space. Clever  design f e a t u r e s - i n  t h e  expuls ion  dc7s;-ces, 

which p e n i t  a  low r e s i d l ~ a l  prop2l lan t  f r a c t l o n ,  mrllt iple s t a r t s  and s i n p l e '  

xnechanis:~, 1611 b e  ve ry  d e s i r a b l e .  

Fany perf ornance pa rane te r s  a r e  s e n s i t i v e  t o  va r ious  e x t e r n a l  i n f l u e n c e s ,  and 

t h e i r  v a r i a t i o n  i s  u s u a l l y  an i n p o r t a n t  s e l e c t i c n  c r i t e r i a .  The rocket  

progulsior,  s ys  t er?. mantlfac t n r  e r  must guarantee  a  c e r t a i n  mLnirr,uii performance 
I o r  the  maxin~mni deyrlations f r~rn n o e n a l  perf or,mnce ,e .g . ,  nominal  t h r u s t ,  

s p e c i f i c  impulse,  s t a r t  i n t e r v a l  t ime t o  reach f u l l  t h r u s t ,  e t c . )  and , .  

t he re fo re ,  h a s  t o  e s t a b l i s h  (by a n a l y s i s  and t e s t )  t h e  v a r i a t i o n  cf t h i s  

p e r f o r m n c e  w i t h  va r ious  env i romen ta l  parameters.  . 

For example, t h e  s t a r t i n g  i n t e r v a l  t i . $  ,and c h m b e r  pressure  r i s e  r a t e  of - 
cryogenic l i q u i d  p rope l l an t  engines depend on s l i g h t  v a r i a t i o n s  i n  the  

vapor  p re s su re  and, t h e r e f  ore ,  t he  tezpera  t u r e  of- t h e  p rope l l an t  reaching - 

the t h r u s t  charSer ,  Therefore,  a c a r e f u l  c o ~ t r o l  of t h e  h e a t  absorbed by 

t h e  cryogenic t e z p e r a t u r e  of t h e  f i r s t  p ropz l l an t  reaching  t h e  t h r u s t  

ch&ber can  b e  c r l t i c a l .  The a ~ b i e n t  p re s su re  ( o r  a l t i t u d e )  can  i r i f luznce 

t h e  s e t t i n g ,  of 2 pressure r e z u l a t o r  w2ich i n  t u r n  determines t h e  tak 

pres su re  and, thus ,  i n d i r e c t l y  t he  t h r u s  t l a v e 1  . &cessive water  absorp t ion  

of a n i t r i c  a c i d  o x i d i z e r  l i q u i d  has  been sha-m t o  carrse an abnormally 

h igh pressure  rise, a t  i s n i t i o n . .  Conta-~inat ior ,  of propel lan t  o r  f l ow 

passages wi th  d i r t  and f o r e i g n  p a r t i c l e s  has  been r a s?cns ib l e  f o r  c logging 

of f i l t e r s ,  miif unc t ior-s  of va lvas  ond i n j e c t o r  n i s i x p i r g e ~ e n  t , which i n  

some czs%s can cause a ~ ~ r f c r m a _ ? c ~  l o s s  o r  a c h d ~ b e r  Stxwnout. V a t e r  d r o p l s t s  

and ~ o i s t u r e  i n  a c r j o g e n i c  prc?ella;ll; p i?e  w i l l  qu i ck ly  be  char?=ed t o  i c e  

crystals, which a l s o  cause clogging.  



The t h r u s t  l e v e l  of a  so l id -p rope l l an t  a i r - laukched  guided ~ L s s i l e  c a n  
+- 

vary up t o  -25 percent ,  depending on the  ambient temperature of t h e  g r a l n ,  

and a ' p r o p e l l a n t  t r i t h  a  l o x  t e n p e r a t u r e  s e n s i t i v i t y  i s  t h e r e f o r e  very d e s i r a b l e .  

Small  i m ~ t l r i t i e s  o r  p r o c e s s i r g  v a r i a t i o n s  i n  t h e  panufac ture  of so l id ,  propel- 

l a n t  can  cause  s i g n i f i c z n t  changes i n  burn ing  r a t e  and, t h e r e f o r e ,  t h r u s t .  

Temperature c y c l i n g  dur ing  s t o r a s e  i s  a  nos t  s i g n i f i c a n t  s e l e c t i o n  c r 5 t e r l a  
* 

f o r  a n  a i r - launched  m i s s i l e .  V i s c o e l a s t i c  m a t e r i a l s ,  such a s  s o l i d  propel-  

l a n t ,  c e r t a i n  t y ~ e s  of i g n i t e r s ,  s e a l s ,  ga ske t s  and i n s u l a t i o n ,  can  e x ~ 2 r i e n c e  

severe  thermal  s t r e s s e s  a s  t h e  ambient s t o r a g e  t expe ra tu re  changes i n  t y p i c a l  

day-to-night cyc lFc  v a r i a t i o n s .  This c a a s e s  progress ive  d a ~ a g e  w i t h i n  the  

m a t e r i a l  t o  t h z  poin t  where i t  can  no longe r  f u l f i l l  i t s  5ntended des ign  
- - 

func t ion .  In  sone a p p i i c a t i o n s ,  env i ronxen ta l  s t o r a g e  t expe ra tu re  vz- ia  t i o n  

can  b e  severe ,  f o r  example i n  so l id -p rope l l an t  r; l issiles which a r e  s t o r e d  - -- 
e x t e r n a l  t o  a l r c r a f t ;  h e r e  a t y p i c a l  a i r c r a f t  f l i g h t  w i l l  encounter  h o t  s e a  

0 
l e v e l  air (+170'~ i n  t he  sun!, co ld  a l t i t u d s  a i r  ( -55 F o r  lower)  and i n  

sone c a s e s  temporary severe  aerodynanic hea t ing  (over  300'2'). The s t r e s s e s  

i n  such a so l ld -p rope l l an t  g r a i n  can cause  c racks  i n  t he  g r a i n ,  which progress  

w i th  every t h e r n a l  cyc l e .  - These c racks  can l e a d  t o  s u b s e q ~ e n t  v i o l e n t  rocke t  - -  

f a i l u r e s .  

Heat t r a m f  e r  from hot f 1arr.e~ .by r a d i a t i o n  and convect ion  t o  exposed p a r t s  

of t he  v e h i c l e  i s  a  problem i n  many appl ica t ions ; -  i t  can  b e  minimized by 

c l e v s r  engine  design, good i n s t a l l a t i o n  design,  and t h e m a l  p r o t e c t i o n  of 

exposed p a r t s .  I n  a  space  engine t h e r e  i s  a  f u r t h e r  expansion of t h e  gases  

o u t s i d e  the nozzle  which c a n  canse a n  excess ive  convection-type hez t  t r a n s f e r  - 
t o  veh ic l e - s r r r f ace  un le s s  t he  nozzle  pro t rudes  beyond t h e  vehicle s k i n  (see 

Fig. 3). Thus, space m n e u v e r  r o c k e t s  u s u a l l y  have t h e i r  nozz l e s  o u t s i d e  

the  v e h i c l e  i t s e l f .  

The rocke t  engine exhaust f l a w  g ives  off  ( o r  a ~ s o r 5 s )  r a d i a t i o n s  i n  t h e  

v i s i b l e  p a r t  of t he  s p e c t r ~ ~ ,  t h 3  u l t r a v i o l e t  and i n f r a r e d  reg ions  and i n  

mawf c a s e s  a l s o  i n  t h e  r a d i o  f requency  s?sctrruns. These e f f e c t s  are coriplex 
- and in~rolc-e  t he  s p e c i e s  i n  t h s  exhaust ,  the  i n t e r a c t l o r ?  w i t h  t h e  atr;i.m?l?ere, 

the a l t i t u d e ,  and t h e  shock p a t t e r n  i n  t h e  j e t .  in-soine a p p l i c a t i o n s ,  t t e s e  

e f f e c t s  a r e  d e s i r a b l s  and should be  echanced by c l e v e r  design;  f o r  exanple,  



h i g h - i n t e n s i t y  v i s i b l e  e z i s s i o n s  %rill a s s i s t  I n  op t i ca l  t r a c k i n g  of v e h i c l e s  

on e x p e r i ~ e n t a l  l aunch  ranges and c e r t a i n  a d d i t i o n s  t o  tde  p r o p e l l a n t  (such 

as a  s a a l l  amount of s o d i u ~ )  w i l l  auS,ent this cession. On the  o t h e r  hand, 

s t r o n g  f l a m  emiss ions  a r e  undes i raSle  i n  b a l l i s t i c  m i s s i l e  ' a p p l l c z t i o n ,  

because t h e y . a l l o x  a n  e a r l y  de t ec t ion ,  t r a c k i n g  and, t hus ,  an  e a r l y  warning 

of impending a t t a c k ;  c e r t z i n  p rope l l an t  f o r n u l a t i o n s  and a d d i t i v e s  and 

a l s o  c l e v e r  nozz le  and t h r u s t  c h a ~ b e r  design can  v in imize  t h e s e  ex i s s ions .  

The hot  exhaust g a s e s  c o n t a i n  e l e c t r i c a l l y  a c t i v e  s p e c i e s  ( i o n s  and e l e c t r o n s  1, 
and t h e s e  gene ra t e  o r  i n t e r f e r e  w i t h  r a d i o  frequency s i g n a l s .  For exuriple, 

. f laxes  can  - absorb o r  a t t e n u a t e  t s l e n e t r y  s i g b a l s  s o  t h a t  t e l e n e t r y  r ecep t ion  

from a  s ~ a c e c r a f t  i s  d i s t u r b e d  dur ing  a  per iod  of t h e  o p e r a t i o n  of t h e  

maneuver rocke t  engine.. On t h e  a t h e r  hand, t h e  f lam5 can  c r e a t e  spu r ious  

o r  d i s t o r t e d  r a d i c  o r  r a d a r  r e t u r n s ;  t h e  exhaust  of a n  a i r - launched  gutded 

m i s s i l e  can  i n t e r f e r e  with t h e  t a r g e t  t r a c k i n g  f u n c t i o n  o r  t h e  r a d i o  guidance 

s i g n a l  t r a n s n i s s i o n .  I n  some cases ,  r a d i o  frequency s i g n a l s  a r e  c r e a t e d  

- by t h e  exhaust f l a n s ,  and t h i s  would permit pas s ive  t r a c k i n g  of t h e  v e h i c l e .  

C k v e r  rocke t  des ign  o r  charg ing  t h e  cornposit i on  of p r o p e l l a n t s  can  i r 2 l u e n c e  

and a l t e r  t hese  r a d i o  frequency e f f e c t s .  - - 
Thrust  v e c t o r  c o n t r o l  i s  e s s e n t i a l  f o r  space  nanezver  engines ,  ICBI? propul- - - 
s ion ,  a n t i - b a l l i s t i c  m i s s i l e , ' o r  space launch  v e h i c l e s .  There a r e - a  v a r i e t y  

of d i f f e r e n t  concepts  ( g i n b a l  sllspension of t h r u s t  chaxber,  s i d e - i ~ j e c t i o n  

of secondary f l u i d s ,  j e t e v a t o r s ,  j e t  vanes,  e t c . ) ,  and  each  have t h e i r  

p a r t i c u l a r  nt.,rit f o r  s p e c i f i c  a?pl ica t ions . .  The angle of motion, t h e  moment 

of i n e r t i a ,  t h e  perfornance l o s s e s  t o  t he  engine, t h e  angu la r  a c c e l e r a t i o n ,  

and r a t e  of t h e  no-sing p a r t s ,  t h e  a c t m t i n g  f o r c e s  o r  to rques ,  t h e  a c t u a t i n g  

power, t h e  response c h a r a c t e r i s t i c s ,  the r e q u i r e d  accuracy, du ra t ion ,  and 

the d y n m i c  i n t e r a c t i o n  wi th  t h e  v e h i c l e  are h p o r t a n t  s e l e c t i o n  c r i t e r i a  . 

i n  choosing one t h r u s t  v e c t o r  c o n t r o l  concept ' over  ano the r ,  

Othcr i m p o r t a n t  c r i t e r i a  t o  a n  u p p e r - s t a p  s a a c e  rranewsr rocke t  a r e  f l e x i -  

bi lL$y f o r  a l t e r n z f e  n i s s i o n  ( e . ~ . ,  I n  case  of c e r t a i n  s p a c e c r a f t  f a i l u r e  

t h e  engine mag be used i n  zn  exergency node f o r  a '  t bzus  t duty  c y c l e  d i f f e r e n t  

i r o n  tha t  o r i z i n a l f y  planned f o r  a  n o n ~ a l n i s s i o n - - a n d  the  engine  des ign  

shouid t hus  per?rLt o p e r a t i o n  i n  such  a n  emzrgpncy mode.), t h e  a 5 i l i t y  t o  



wi ths t and  vo ry  seve re  v i b r a t i o n  du r ing  t h e  o p e r a t i o n  of t h e  b o o s t e r  s t a g e  

p r i o r  to, i t s  oiin o ~ e r a t i c n ,  o r  t h e  p r e c i s i o n  and t o l e r a n c e s  of t h e  t h r u s t  

bu i ldup  ( t o  prevent  ( a )  unsafe  engine  con2 i t i ons  and (b) excess ive  v i b r a t i o n  

e x c i t a t i o n  of t he  v e h i c l e  s t r u c t u r e ) ,  a s  x e l l  a s  t h e  t h r u s t  decay. (Here 

a p r e c i s e  and predetermined cut-off im?ulse magnitude and v e c t o r  d i r e c t i o n  

5s d e s i r e d  i n  order  t o  achieve  a p r e d z t e m i n e d  t e r m i n a l  v e l o c i t y . )  In?or-  

t a n t  a l s o  a r e  the  engines '  a b i l i t y  t o  - r e s t a r t  i n  a  ze ro  g r a v i t y  env i ron~ ien t  

perhaps s i x  t o  t e n  t imes and the a s s w a n c e  t h a t  combustion 1.511 a t  a l l  

t i n e s  be s t a b l e  and f r e e  of coxbnst ion v i S r a t i o n s  (which cause excess ive  

h e a t  t r ans fe r ,  damaging vibrations and can  cause r a p i d  f a i l u r e  gf an eng ine ) .  

In sone m5ssions, an upper-s tage ~ n g i n s  has t o  havs a v a r i a S I s  t h r u s t  o r  

t h r o t t l i n g  f e a t u r e ,  u s u a l l y  a v a r i a t i o n  of 10  t o  1, b u t  somethies  a s  much - 
as  100 t o  I. The a s su rance  of a  high r e l i a b i l i t y  i s  impor tan t  i n  a l l  a p p l i -  

c a t i o n s ,  b u t  i t  ga ins  a d d i t i o n a l  importance i n  a  space  mission because  of 

t h e  high c o s t  per  f l i g h t  and, i n  soRe cases ,  because  a man's l i f e  i s  a t  

stake; f e a t u r e s  such as  t r a c e a ' s i l i t y  of t h e  p r i o r  h i s t o r y  ( m a t e r i a l ,  f a b r i -  

ca t ion ,  i n s p e c t i c n  t e s t  and o the r  r e c o r d s )  f o r  each major  component, t h e  

need t o  r e q u a l i f y  - t he  er-gin= ( o r  key p a r t s )  i n  case of  changes i n  m a t e r i a l ,  

f a b r i c a t i o n ,  process  o r  s u p p l i e r ,  s a f e t y  dev ices  t h a t  w i l l  prevent  coxg le t e  

opening of p rcpe l l an t  v a l v e s  y t i l  ig.l_i-tion i s  s a t i s f a c t o r i l y  e s t a b l i s h e d ,  

r e l i a b i l i t y  of r e l a t e d  v e h i c l e  s u b s y s t e r s  and fli-ght irtstrurnents,  p roper  
. design t o  minimize t h e  hazards  f r o a  t h e  p r o p e l l a n t  c h e ~ A c a l s ,  t h e  c a r e f u l  

review of p r i o r  f l i g h t  and t e s t  exper ience- -a l l  t h e s e  are very  s i g n i f i c a n t  

i n  ik5.s app l i ca t ion .  - 
For t h s  air- laxnched n i s s i l e  a p p l i c a t i o n ,  the  fo.llo*dng a r e  important  

c r i tk ; ia  ( i n  a d z i t i o n  t o  t hose  t l r e a l y  mentioned): Su rve i l l z r i ce  du r ing  

s t a r a g e  i s  imporfant t o  determir.e i f  my rocke t  u n i t s  have d e t e r i o r a t e d  

o r  s u f f e r e d  damage which w i l l  make i t  dangerous t o  o p e r a t e ,  l onges t  p o s s i b l e  

l i f e  (eWg., t e n  y e a r s  of storago, i n  hot  and/or co ld  wea ths r ) ,  a b i l i t y  t o  

take cons iderable  a c c e l e r a t i o n ,  b o t h  sideways a s  w e l l  as  l o n g i t u d i n a l l y  

($his Kay r equ i r e  p i s t o n  expu l s i cn  dzvices  i n  l i q u i d  s r o p e l l a n t  v e r s i o n s ) .  

P k i s e !  s t a r t - u p  a d  s l u t - d a r n  t o l e r a n c e  i s  s a l i e k t -  h e r e  but f o r  d i f f e r e n t  

reasons .than t h e  ones mentioned f o r  tF.e upper-stage a g p l i c a t i o n  ( s e e  Fig. h) .  
h a n  air- launchsd m i s s i l e ,  you may want a s low o r  de l ayed  s t a r t  t o  p e r n i t  



t h e  n i s s i l e  i ~ % i c h  i s  e j e c t e d  from i t s  launch a i r c r a f t )  t o  b e  a  s a f e  

d i s t a n c e  axay frorn t h e  a i r c r a f t  and an  u n s y n ~ e t r i c a l  shutdo-m ( ~ 5 t h  an  

i n a d v e r t e n t  s i d d ' o r c e )  xay  th rox  the  n i s s i l e  o f f  course;  a l s o ,  t o o  r a p i d  

a s t a r t - u ?  may cause undes i r aS le  f o r c e s  on gyro equipment. I n s t a n t  r e a d i -  

ness ,  t r i thout  t i n e  de l ay  due t o  f u e l i n s  or  checkos ts ,  i s  a  n e c e s s i t y  i n  

most n C l i t a r y  m i s s i l e s .  -4 smoke-free exhaust i s  a l s o  d e s i r a s e ,  becallse 

f t makes d e t e c t i o n  by t h e  eneniy nore  d?f f  i c u l t  . 
In a d d i t i o n  t o  t h e  p9r fomance  c r i t e r Z a . l i s t e d  i n  Table 2, t h e r e  a r e  o t h e r s  

which a r e  used i n  e v z l u a t i n g  o t h e r  s p e c i f i c  a ? p E c a t i o n s . .  For example, 

t h e  t i n e  t o  t a r g e t  i s  ve ry  b.?o:-tant i n  mgu ided  a i r - t o - a i r  o r  gro7md-to- 

a i r  m i s s i l e s ,  an6 t h e  rmn-~zic'nine r e l a t i o n s h i p s  a r e  of p a r t i c u l a r  concern 
* 

i n  manned v e h i c l e s .  Other  exanples  a r e  the  growth p o t e n t i a l  designed i n t o  

an engine (e.g., h ighor  t h r u s t ,  nore  s p e c i f i c  i r ~ p u l s e ,  nore t h r u s t  v e c t o r  

d e f l e c t i o n ,  l o n z e r  d u r a t i o n ) ,  t h e ' e x t e n t  and complexi ty of i n t e r f a c e s  w i t h  

o t h e r  veh ic l e  suSsystems, t h e  v i b r a t i o n  excitation imparted t o  t h e  v e h i c l e  

through t h e  engine mount, t h e  Ra rg in  of s a f e t y  used i n  t h e  design,  t h e  

demonstrated r e l i a S i l i t y  of the engine i n  p r i o r  s t a t i c  and f l i g h t  t e s t s ,  

t h e  hea t ing ,  no ise ,  and v i b r a t i o n  i n p a r t e d  t o  a d j a c e n t  v 9 h i c l e  con?onents 

(such a s  e l e c t r i c  eqtipment 1. 

Table 3 g ives  a l is t  of t y ? i c a l  c r i t e r i a  used t o  eva lua t e  o p e r a t i o n a l  

c h a r a c t e r i s t i c s  of r o c k e t s  f-or the  same tvo  applications. Again, s e v e r a l  

a r e  a r b i t r a r i l y  s e l e c t e d  and d i scussed  i n  more d e t a i l  here .  

For. t he  upper-stage maneuver engine t h e r e  i s  eiipkasis on b e i r g  a b l e  t o  

s e r v i c e ,  i n s ? e c t  and r e? l ace  key con?onents once t h e  engine i s  i n s t a l l e d  

i n  the  veh ic l e ;  good a c c e s s i b i l i t y  i s  the re f  o r e  important .  The need f o r  

good c?ocnr,entatlon, t r a c e a j i l i t g  znd records  i s  s a E e n t .  One of t h e  most 

impor tan t  c r i t e r i a  i n  c a s e  of engine f a i l u r e ,  wi thout  caus ing  dznzge . - (fire, 

explos ion)  t o  t he  v e h i c l e .  3 e n  thocgh t h i s  Kay throw t h e  v e h i c l e  o f f  

cou r s s  and cause an a b o r t  of the miss ion ,  a s a f e  s 'nutdow~~ Kay i n  u n y  c a s s  

peAx.it a r e t u r n  o r  s a lva2 ing  of t h e  v e h i c l e .  



In  t h e  c a s e  of a i r - ' l a ~ ~ c k e d  n i s s i l e s  t he  shutdokrm n u s t  not  er.5arzer t h e  

launching  a i r c r a f t  . 
DecontarS.nation i s  t h e  process  of che?,ically de -ac t iva t ing  hazardous r e s i -  - 
d u a l  l i q u i d  p r o p e l l a n t  a f t z r  t h e  operation of a n  engize,  .such a s  a f t e r  a  

t e s t .  T h i s  u sua l ly  i s  a  pos t -ope ra t iona l  procedare f o r  rer-ovir,g o r  n e u t r a l -  

i z i n g  the  r e s i 2 u a l  p ro?e l l an t  i n  the  rocke t  engine and f o r  thoroughly 

c l ean ing ,  f l u s h i n g  azd dry ing  t h e  p rope l l an t  passages.  This  i s  necessary  ' 

t o  (1) perrcit  persornef  t o  s a f e l y  handle  t h e  engine 1:ithout exposure t o  

t o x i c ,  skin-burning, f l a r n a b l e ,  heal th-hazardous p rope l l an t  m a t e r i a l  ( f o r  

exarzple, a f t e r  a  s t a t i c  t e s t ) ,  ( 2 )  t o  reaove unGesira3le  e l z a e n t s  f r o x  t h e  

p rope l l an t  passages (e .g. ,  a  s l i g h t  arcunt  of r e s i d u a l  mois ture  cz? cause  

severe  c o r r o s i o n  o r  c h e d c a l  r e a c t i o n s  wi th  n i t r o g e n  t e t r o x i d e ;  x i t h  a  

cryogerZc p rope l l an t  the  pressure  of CO o r  h o i s t u r e  t:aul6 c r e a t e  f r o z e n  
2 

p a r t i c l e s  which plug u p  f i l t e r s  o r  i n j e c t o r s ) ,  o r  ( 3 )  t o  c o n d i t i o n  t h e  

s u r f a c e  of t h e  passage p r i o r  to ,  p r  a f t e r ,  the  i n t r o d u c t i o n  of a  s t r o n g  

o d d i z e r  ( such  a s  l i q u i d  fluor5-ne) t o  a v z i d  a c h e d c a l  r e a c t i o n  wi th  t h e  

%all m a t e r i a l s ,  This  d e c o n t a ~ i ~ a t i o n  Srocedl-rre involves  f lowing one o r  

more f l u i d s  (e.g., a l coho l ,  hot  i n e r t  gas ,  e t c , )  through t h e  passage. k 

complex passage geoxet ry  (many i n t r i c a l  va lves ,  bent  p ip ing ,  t rapped spaces,  

instr lm.ent  t aps ,  etc.! w i l l  r e q u i r e  o2ening t h e  f e e d  l i n e  a t  s e v e r a l  p l aces  - 
and a more t ed ious  o r  l eng thy  proceduri.e i n  o r d e r  t o  a s su re  proper  decontr;ni- 

na t ion .  - 

- - 
In m i l i t a r y  a p p l i c a t i o n s  %here very  l a r g e  numbers- of r e l a t i v e l y  s imple 

r r J s s i l e s  a r e  used (e .g., f i e l d  bar rage  rocket ,  a i r - lzunched  f o n i a r d  f i r i n g  

a n t i - t a c k  rocke t ,  and u s y a l l y  a l s o  s imple  a i r - l aucched  guided n i s s i l e s ) ,  

t h e - s u n p l y  and l c g i s t i c s  have t o  be  v e r y  s i r ip le  and uncierstandable t o  an 

average s o l h i e r .  F o r  exz~ .p l e ,  i t  is  i ~ p o r t a n t  t h a t  outdoor  s t o r a g e  i s  

pemi i s s ib l e  over a wide range of e n v l r o m e n t a l  c o n d i t i o n s  ( r a i n ,  snow, sun, 

s l e e t ,  s a l t s p r a y ,  a l t e r n s t i v e l y  hot and co ld  t e ~ . p e r a t u r e s ) ,  t h a t  t h e r e  be  

e s s e n t i a l l y  no f i e l d  s e r ~ i c e . o r  f i e l d  maintenance ( t h e r e f o r e  on ly  v e r y  

simgle checks, such a s  i g s l i t e r  c i r c u i t  con t in i f i t y  o r  no checkout a t  a l l ) .  

A p a r t i c u l a r  ca se  of nsi;r,plelt checkout would be t o  see if t k e  nozz le  weather  

seal ( t h a t  keeps f he solid props l l3n t  f ram aSsorb ing  n o i s t u r s  ) is  not dayage5 



o r  pierced, t ha t  the re  a r e  no dents o r  chips i n  the  metal case  o r  f i n s ;  

no t oo l s  a r e  required f o r  t h i s .  I f  t h i s  type of rocket is droppe'd or  

dented i n  handling, then i t  is usuai ly  hezted l i k e  &.?nunition; i t  i s  

returned t o  the manufacturer or  thrown away, r a t h e r  than f ived without 

proper how-how o r  tooling. 

This type of l o g i s t i c s  i s  very d i f f e r en t  from space vehic le  rocket engines 

where r e l a t i v e l y  few a r e  b u i l t ,  but  each one is checked and inspected 

repeatedly, t e s ted  i n  var ious  ways a t  variou5 times, under ~ e t i c u l o u s  

surveillatpce f r o a  the  t i n e  of engineering draxing r e l ea se  t o  t h e  completion 

of the d s s i o n .  Here expsnsive che$sout e q ~ i p a e n t  is  vv&uz!bleN i n  

assur ing proper operation d?lring the space mission and detect ing riot only 

f a i l u r e s  (does not work a t  a l l )  but  conponsnts whose per fonance  f a l l s  

outs ide  r e l a t i v e l y  narroi: pre-set  saec i f i ca t ion  limits. 

Operating l im i t a t i ons  undsr extrexe enviroment  and cozhined i f f e c t s  z r e  

important i n  most appl icat ions .  The rocket e n g i ~ e  f o r  a pa r t i cu l a r  applica- 

t i o n  has t o  withstand c e r t a h  spec i f ied  e n v i r o n ~ ~ n t a l  l ls tressesfl  o r  "expo- 

sures,I1 such a s  hot and co ld  a ~ b i e n t  temperatures during storage o r  during 

operation, a pre-determined var ia t ion  i n  applied e l e c t r i c a l  voltage,  pre- 

determined va r i z t i ons  i n  propellant feed  pressure o r  con?osition, a b i l i t y  

t o  withstand designated a l t i t i ldes ,  accelera t ions ,  r ad i z t l on  env i ron~en t  

( f ron  the  sun o r  from nuclear e f f ec t s ) ,  s a l t  sgray, humidity, v ibrat ions ,  

drop t e s t s ,  fungus exposure ( t o  t e s t  f o r  t r o p i c a l  c l i r a t e ) ,  e tc .  These 

usually represent  t h e  b e s t  estimates of the  l i k e l y  worst, o r  most extreme, 

environmental cor.ditions t o  which t he  engine i s  exposed during t yp i ca l  

f l i g h t s .  Vhile i t  is usual ly  possible t o  es t i r ia te  and design f o r  t h e  

e f fkc t s  of any one of these  ~nvi ron i ien ta l  exposlues, t he  predic t ion of 

coinbinsd e f f e c t s  is o f t en  qu i t e  d i f f i c u l t .  For example, what haapens t o  

engine o2eration i n  an a i r c r a f t  rocket system when the  a i rp l ane  is fPfing 

upside-down (tanks a r e  then d i f f i c u l t  t o  empty), with periodic random 

accelera t ions  dus t o  gusts ,  and con t a~ ina t ed ,  d i r t y  f u e l ?  O r  what haapens 

when an  upper-stage rocket engine exgsriencea severe aerodynanic hea t i rg  

(which increases  t h e  propellant  tenperature),  encounters severe v ibra t ions  

dur ins  the  operation of t h e  bcoster ' rocket  e n s c s ,  coupled ~ 5 t h  trapped a i r  



i n  t h e  p rope l l an t  l i n e ?  The p r o b a b i l i t y  of encounter ing soce of t h e s e  

e f f e c l s  concur ren t ly  a r e  s u b j e c t  t o  a r i l y s i s  and cons ide rab le  judgment. 
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Some of t h e  econonic c r i t e r i a  a r e  l i s t e d  i n  Table 4 a s  t hey  p e r t a i n  t o  

t h e  two s e l e c t e d  a p p l i c a t i o n s .  I n  t h e  upper-s tage rtaneuver engine,  c o s t  

is  not  anywhere n e a r  a s  i n ? o r t a n t  a s  i t  i s  i n  t h e  a i r - launched  m i s s i l e  

rocks t  u n i t .  I n  the  formor, t h e  engine cos t  i s  only a  s a a l l  p o r t i o n  of 

t h e  t o t z l  progrzl: c o s t ,  and a d d i t i o n a l  expenses (e.g. ,  e x t r a  t e s t i n g )  t o  

o b t a i n  a d d i t i c n a l  r e l i a b i l i t j -  o r  perf ornacce irtprovement aye warranted.  

In t h e  l a t t e r ,  t h e  p r o p l ~ l s i o ~  cos t  car, be  a  s 1 1 5 s t a n t i a l ' p o r t i o n  of t h e  

t o t a l  m t s s i l e  c o s t ,  and mass product ion i n  l a r g e  q u a n t i t i e s  a c c e n t u a t e s  

any c o s t  r educ t ion .  

While i t  i s  q u i t e  obvicus t h a t  engine c o s t s  (FSI, product ion  and operating 

c o s t s )  a r e  important  e v a l u a t i o n  f a c t o r s ,  i t  is  u s u a l l y  no t  s o  obvious t h a t  

cons ids ra5 le  a d d i t i o m l  engine c o s t s  a r e  i n c u r r e d  i n  t he  v e h i c l e  i n t e g r a -  

t i o n ,  t h e  procurement of a p p r o p r i a t e  ground sup?or t  e ~ u i p ~ e n t ,  t he  f u r n i s h i n g  

of p r o p e l l a n t s  and p r e s s u r i z i n g  f l u i d s  (which a r e  o f t e n  f u r n i s h e d  and funded 

s e p a r a t e l y )  o r  t h e  c o s t  of f i e l d  s u p j o r t  and c r e x  t r a i n i n g .  I n  sons a?? l i -  

c a t i o n s  t h e  a c t u a i  c o s t  i n c u r r e d  b y . t h s  engihe manufacturer  i s  smll  i n  

r e l a t i o n  t o  t he  t o t a l  c o s t s  a l l o c a t e s  f o r . p r o p u l s i o n ;  i n  t h e s s  ca ses  a -  

des ign  f e a t u r e  v h i c h  w i l l  i n c r e a s e  engine  d e l i v e r y  c o s t s  nay s t i l l  52 very  
- 

e f f ec t ive ,  i f  this sm.e des ign  f e a t u r a  al lows a s u 5 s t z n t i a l  r educ t ion  i n  - 
ope ra t ing  c o s t s  . 
Also, c o s t s  (and i n c i d e n t a l l y  a l s o  r e l i a b i l i t y )  seem to b e  ve ry  s e n s i t i v e  - * 

t o  engine  psrf c rzance  (such a s  s p e c i f i c  impulse) ,  p a r t i c u l a r l y  wken t h e  

pc r f cmance  i s  v e r y  c l o s e  t o  t he  t h a o r e t i c a l  maxinm, as i s  u s u a l l y  t h e  

cast ir, an.upper-s tage space  v a h i c l e  a ~ p l i c a t i o n .  T h i s  can  b e  sesn i n  

Fig. 5 ;  t h e  a t t a i n i n g  of t h e  l a s t  few percent  of s p e c i f i c  i n p u l s e  i s  ve ry  

' expensive, i n  bo th  R23 and product ion  ( d i f f i c u l t  t o l e r a ~ c e s )  and of t e n  

cause r e l i a b i l i t y  problens  due t o  COT-bustion d i f f i c u l t i e s ,  hea t  t r a n s f e r ,  

and tight s p e c i f i c a t i o n s .  A s  k5 th  m3ny o t h e r  p e r f o r x z x e  c r i t e r i a  t h e r e  

are i q o r t a n t  t r ade -o f f s ;  i n  t h i s  c a s e  i t  i s  engine 2er fornance  and r e E -  

ability ve r sus  c o s t  and weight.  



Even tho!& n a n a g e ~ ~ e n t  and jud=z;nt c r i t e r i a  happen t o  be  l i s t e d  a s  t h e  

l a s t  s e c t i o n ,  t h e y  a r e  o f t e n  some of t he  r o s t  s i g n i f i c a n t  i t e n s  f o r  e - ~ a l u a -  

t i o n  and s e l e c t i o n .  Table 5 i s  a  t y p i c a l ,  b u t  probably not  complete l i s t  

of such c r i t e r i a ;  they a r e  l~sect f o r  eva lua t ing  one engine i n  r e l a t i o n  t o  

o t h e r  cozpet ing  ens ines  f o r  t he  saTe a p p l i c a t i o n ,  a s  w e l l  a s  i n  a r r i v i n g  

a t  t b e  ksy p o i n t s  i n  a  n e g o t i a t i o n  bet7g:een t h e  p ropu l s ion  company and i t s  

cus  toner .  

P r i o r  and c u r r e n t  c o n t r a c t o r  perf orniance i s  a  nos  t important  c r i t e r i o n .  
- It used t o  b e  t h a t  a c l e v e r  proposal  wi th  s0r.e f e a s i b l e  novel  concepts  

and sone p r o ~ i s e s  on a t t a i n i n g  good perfomance, reasonable  c o s t s  and 

schedi l les  Mas s l s f f i c i e n t  f o r  winning a  cor .pe t i t ion . .  Today t h e  c.;istor;ln:-s 

s y s t e n a t i c a l l y  i n v e s t i g a t e  t t s  c u r r e n t  and p r i o r  perfor,wnce of a  rocke t  

engine s u p p l i e r ,  check x i t h  o t h e r  cus toxers ,  o t h e r  g o v e r n ~ e n t  agencies ,  and 

t h e  resi-dent government r e p r e s e n t a t i v e s  of the  s u p p l i e r ' s  p l a n t .  The 

Department of Defense, f o r  exmple, has  i n s t i t u t e d  a  C o n t r a c t o r t s  ?srformance 

Evalua t ion  System, t:hich h a s  accumulat2d d e t a i l e d  r eco rds  of p r i o r  j obs ,  

t h e i r  t e c h n i c a l ,  c o s t  and s c k e a ~ l e  perforr-ance, the r ea sons  and r a t i o n a l e s  

f o r  f a i l i n g  t o  ~ e e t  specifications, d e l i v e r i e s  o r  t he  causes  of overrlms. 

A nuiiiber of ca ses  now e x i s t  where a  czzpany has  f a i l e d  t o  win a  c o n p e t i t i o n  

(even though t h e i r  engine proposa l  was g e n e r a l l y  more thar. s a t i s f  a c t c r y ) ,  

becaase of t r o u b l e s  on c u r r e ~ t  c o n t r a c t u a l  o b l i g a t i o n s ,  More s o  than  eve r  

before,  t h e  f i r s t  p r e r e q u i ~ ~ t e  f o r  be ing  s e l e c t e d - i s  a good pe r fomsnce  

. record on- c u r r e n t  and p r i o r  j 05s. 

The . r e l a t ive  s t a t n s  of t h e  s t a t e - o f - t h e - a r t  of conpet ing  engines  can  he lp  

decide whit-h i s  l i k e l y  t o  b e  more r e l i a S l e  o r  a v a i l a b l e .  'ciith t h e  st2ad.j  

growth of oa r  technology and t h e  a c t i v z  govern len t  s ! ~ p ? o r t  i n  advancing 

ths s t a t e - o f - t h e - a r t  through r e s e a r c h  and d e v e l o p e n t  c o n t r a c t s ,  nen concepts  

and asproaches a r a  c o n t i n u z l l y  be ing  evolved f o r  improving rocke t  en@es 

and t h s i r  key com?onents. The normal process  f o r  a  new i d e a  (e.g., a new 

i n g r e d i e n t  f o r  st s o l i d  p r o ? e l l a n t )  t a k e s  p l ace  i n  t h e  f o l l o i i i n g  t y p i c a l  

and s e q c e n t i a l  s t e p :  ( 1 )  b a s i c  and a 7 p l i e d  r e s e a r c h  t b ~ t  w i l l  d i s c c - ~ e r  

and c h a r a c t e r i z e  t h e  i n g r e d i e n t ,  su5saoue;ltly' t o  nix t h e  i n g r e d i e n t  k i t h  



o t h e r  m a t e r i a l s  i n t o  spa11 s a ~ . p l e s  of p r ~ p e l l a r ~ t s  and tir:..ly r c c k e t  r.oF,ors 

which a r e  t e s t e d  i n  v a r i o u s  ways; ( 2 )  if t h i s  e f f o r t  is  succes s fu l ,  t t e n  

an exp lo ra to ry  developxent progran w i l l  f  o l l ou ,  kT'r,ere sor;~;;:ia t l a r g e r  rcc4e t 

motors Ere b u i l t  and t e s t e d  ir, many r;..ore d i f f e r e n t  ways, uhere p roces s i r4  

v z r i a t l o n s  a r e  explored and the c h a r a c t e r i s t i c s  of t h e  prope l l an t  a r e  co re  

f u l l y  de t em~ined ;  (3) i f  t h i s  e f f o r t  i s  succes s fu l ,  t h s n  t h i s  i s  follor.red 

by an Advanced Develcpnent Progrzr ,  x5e re in  a  f u l l - s c a l e  motor may b e  

developed a3d t s s t e d  u d e r  s i n s l a t e d  f l i g k t  ra:ing cond i t i ons ;  ( h )  on ly  
-. when t h e  f e a s i b i l i t y  of t h i s  nex i n g r e c l e n t  i s  thorou'ghly proven and under- 

s tood- shou ld  an  Advanced 3evelopxent P rog rz~ .  f o r  a  s p e c i f i c  rocke t  motor 

f o r  a g iven  a p p l i c a t i o n  be  undertaken; t h i s  shos ld  inc lude  a  s e r i e s  of 

s imula ted  p r e l i ~ i n a r y  Tl ig 'nt  r a t i n g  t e s t s ,  a c t u a l  f l i g h t  t e s t s ,  and the re -  

a f t e r  an e l a b o r a t e  s e r i e s  of q u a l i f i c a t i o n  t e s t s  t o  d e i e m i n ~  r e a d i n e s s  

f o r  p r o d ~ c t i o n .  The s e l e c t i o n  of a  s p e c i f i c  rocket  engine f o r  a  s ? e c i f i c  

appl ica tFon nus t the re f  o re  be based on a  de20rs t r aced  and ex?sr imer, ta l ly  

proven s ta te -of - the-ar t '  t h a t  wilT g ive  a good assurance  t h a t  t h e  engine d e s i g n  

%dl1 cope with a l l  t h e  l i k e l y  t e c h n i c a l  proSlms brought  about by  i n c o r p o r a t i n g  

new advanced t e c h n i c a l  f e a t u r e s  and t h a t  t h e r e  i s  l i t t l e  charice f o r  unexpected 

t e c h n i c a l  d i f f i c u l t i s s  t o  a r i s e  which w i l l  c a x e  a  de lay  and a d d i t i o n a l  c o s t s .  

The engine d e v e l o p e ~  t h e r e f o r e  hzs  t he  d i f f  j c u l t  pyoblem of f i n d i n g  the  

hap?y s o l u t i o n  t o  t w o  c o n f l i c t i n g  r eqn i r enen t s :  (1) on cne s i d e  he wants - 
t o  prcnote rocke t  propuis ion  devices  which inc lude  novel  concepts ,  new 

p rope l l an t  and b e t t e r  pe r fo rmnce ,  b u t  ( 2 )  on t h e  o t h e r  hand he must go - 

through t h e  expensive process  of proper ly  denons t r a t ing  t h e  f e a s i b i l T t y  

and p r a c t i c a l i t y  of t h e s e  hproverzents  t o  t he  s t a t e -o f - the -a r t  b e f o r e  k2.s 

engine can be acceptilble f o r  a n  a p p l i c a t i o n .  The de tern l ina t ion  a s  t o  trhic'n 

f e a t u r k s  and concepts  a r e  c r i t i c a l  and t h e r e f o r e  r e q u i r e  a g r e a t  d e a l  of 

r e l e v a n t  r e sea rch  m d  deTrelop;.,ent e f f o r t ,  a r e  indeed  s u j j e c t  t o  pe r sona l  

judgxent .' 

L 

b n y  d i f f e r e n t  s k i l l s  a r e  needed t o  eva lua t e  and s e l e c t  a rocket  engine;  

t he re fo re ,  t h e  o rgan iza t ion  xhict?, s e l e c t s  a rocke t  propuls ion  & v i c e  f o r  

its v e h i c l e  nus t  have an e v a l u a t i o n  "tean." The tea= n u s t  i nc lude :  



engineers experienced i n  var ious  aspects  of rocket  engine technology (such 

a s  t h r u s t  c h z ~ 5 e r  e x p r t ,  r e l i a S i l i t j r  e x p s t s ,  propellant  chemists, e tc . ) ,  

engineers s k i l l e d  i n  i n s t a l l a t i o n  problens ar.d sys ten engineer i r .~ ,  one o r  

more purchasing zgents, soxe f i e l d  s e rv i ce  personnel, manufacturirrg and 

f a c i l i t y  people, exper ts  i n  contract  ad -~ in i s t r a t i on ,  ? laming,  qua l i t y  

control ,  cos t  analys is ,  ar,d i n  some cases even l ega l  and patents; i n  spec i a l  

app l ica t ion  t h e  team is reinforced,  wi th  s p e c i a l i s t s  such a s  physic is ts  

s k i l l e d  f n f l ane  rzdia t i o n  enission,  o r  f a c i l i t y  engineers v i  t h  a background 

i n  spec ia l i zed  t e s t  equipxent. Tezn ~ e n b e r s h i p ,  s ize ,  f o r n a l i t y  of team 

e f fo r t s ,  documentation of c r i t e r i z  and ra t ings  and general  operating procedure 

w i l l  vary with the  c r g a ~ i z z t i o n  and engins appl icat ion under evaluation. 

This czn be  a team within  the coxpany (e.g., rocket engir,e dsvelopme~t 

organizz t i c n  o r  vehic le  i n s t a l l a t i o n s  conpany o r  sys tern i n t eg ra t i cn  coxpany) 

o r  a coxbination of s eve ra l  organizations. Usually ra t ing  procedure i s  

es tabl isked g iv i rg  ex t r a  enphzsis t o  those engine cha rzc t e r i s t i c s  CMch 

have "valuew t o  the user or  vhich a r e  pa r t i cu l a r l y  b-por tant .  

Review of recom.endedl s e l ec t i on  is  of t en  nade by a second tsan, which 

usual ly  has a soxewhat d i f f e r en t  s e t  of r a t i c g  c r i t e r i a  and a d i f f e r en t  

point of vieii (e .go, a t e a3  of governnznt repressn ta t ives  evaluating t he  

recorn-endation of .a prhe contractor  s pr ior .  eva1ua.t ion). 

Evaluations and se lec t fons  of rocket  e n g h e s  f o r  any one pa r t i cu l a r  tyge 

of app l ica t ion  a r e  r e a l l y  made s eve ra l  - t ines  and each t i n e  f o r  a t  l e a s t  

one of f o u r  reasons: 

1. Selec t icn  by a vekicle prirr,e c o ~ t r a c t o r  or customer of a 

new rocket  engirie t o  be designed o r  developed s p e c i f i c a l l y  

f o r  a new vehicle  (new miss i l e ,  a i r c r a f  t, space launcher, 

spacecraf t ,  e tc .  ). 

2; Selec t ion  by a 2rirr.e contractor  o r  vehicle c u s t o ~ e r  of rnodi- 

f i e d  ex i s t i ng  rccket  e ~ g i n e  f c r  a given vehic le  appl icat ion.  

3. - Selec t ion  of the  trasic des ign fea5ures of a new exper inenta l  

engine; here t h e  u l t i x a t e  appl icat ion i s  usual ly  not  wel l  

defined. 



. Select ing t h e  c r i t i c a l  technical  areas  f o r  phenomological 

research and component develop~.ent f o r  f u tu r e  nex rocket 

engines. 

The l a s t  two se l ec t i ons  a r e  l a rge ly  r2de by rocket  engine developing orgazi- 

za t ions  o r  a goverrment R C l  agezcy usual ly  with a s s i s t a r c e  of vehic le  experts .  

CO?.:CLUS ION 

I n  p i c k i ~ g  one of several  rocket engines f o r  any one appl icat ion,  there  i s  

a need t o  co~promise,  f o r  ncne or" the  avai lable  o r  conceivz5le rocket engines 

has only desiraSle featilres. 3y reducing reqxirensnt i n  one c r i t e r i o n  

(e.g., engine spezif  i c  impulse or  ecgine sophis t l ca t ion)  i t  is  poss ible  

t o  inprove the  r a t i ng  i n  other  c r i t e r i a  (e.g., comples ty ,  cost ,  coinbustion 

s t a b i l i t y  o r  r e l i a b i l i t y ) .  

There i s  a need r o r  caving a ca r e fu l l y  prepared l is t  of s e l ec t i on  , c r i t e r i a  

f o r  each a p p l i c a t i ~ n .  This a r t i c l e  sl-~ould be useful  a s  an i n i t i a l  check- 

list. Kany of.  the  se lec t ion  c r i t e r i a  i n  the  t ab l e s  w i l l  only  be important 

f o r  c e r t a i n  c l a s se s  of appl icat ions .  

It is not alwzys pcssible t o  predic t  a l l  t h e  important selection c r i t e r i a ,  

pa r t i cu l a r l y  f o r  a new a p ~ l i c a t i o n  where the enviromect  o r  combined s t r e s s e s  

a r e  not too wel l  es tab l i s ted .  For euanple, a mom landing rocket engir?els 

t rans ien t  perfomance characte-rist ics icmedfately before landing a r e  i n  

par t  guesses, pa r t i cu l a r l y  s ince  surface  interacEion e f f e c t s  a r e  not  knowri. 

Frequently,  any of the  operational ,  economic and judgnent c r i t e r i a  a r s  

equally o r  more inpor tant  i n  z r r i v i cg  a t  an engzne choice thsn the perfor-  

manc e c r i t e r i a .  

Verf of t e n  more than one roc,ket engine can s a t i s f y  a p a r t i c u l a r  r eq~ i r emen t  . 
For exmple ,  both l i q ~ i d - p r o p e l l a n t  and sol id-propel lant  rockets can be 

used i n  ce r t a in  jobs. I n  these cases, the  s e l ec t i on  has t o  be based on 

minor differences,  p r io r  exprierice,  a,* the  bzckgrour.5 and o p i ~ i o n s  of 

those t ha t  make the  se lect ion.  Even though the  check l i s t s  s h ~ n l i  sbovs 

have t o  be  t a i l o r ed  t o  a s ? e c i f i c  appl icat ion and a r e  not cocplete, they 

can be useful  a s  checkl is ts .  



By c a r e f n l l y  a n t i c i p a t i n g  t h e  c r i t i c a l  s e l e c t i o n  f a c t o r s  i n  an  upcon2cg 

c o n p e t i t i o n  f o r  a nex rocket  propulsion application, i t  i s  p o s s i b l e  t o  

des ign  t h e  engine and t a i l o r  t h e  progran i n  such a manner t h a t  i t  w i l i  do 

a very much b e t t e r  j o 5  of s a t i s f y i n g  the  perforrcance, econcjnic, o p e r a t i o r z l  

and o t h e r  s e l e c t i o n  r e q a i r e r z n t s  and thus  v i n  t h e  competf t ion by h a v l r g  

a most s u i t a b l e  and f e a s i b l e  proposed prochct .  



Abil i ty  t o  t e s t  

Guided Missile 
scvs ro  v i b r a t i o n  

overhau l s ,  o p e r a t i o n  
ciur.ing n i ~ ~ r a f t  
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Propuls ion  f o r  A i r -  
Launched Guided l Y s s i l e  - 
Should be n c x i n a l .  

P, 

A 

Very s i ~ n i i i c a n t ;  sllculc! 
by lo;<. 

- 
Should he s i n b a l .  

As fev a s  poss ib l e ;  
p r e f e r a b l y  none. 

Should be s r a l l .  

A couple of t r a i n e d  men 
a t  each base  f o r  inspec-  
t i c n ;  a l l  r e p a i r ,  replace- .  
ment ar;d overhaul  a t  
p ropuls ion  n a n u f a c t u r e r ' s  
plar, t . 

p- - - 
Xost ly  a t  p ropuls ion  
m a n u f s c t u r e r r s  p l a n t ,  
sone  a t  gove r r~ ien t  
f a c i l i t y  . 

A 

P 

C r i t e r i a  

Cost of Sngine Gevelo;j;-,ent 

Cost of V e t i c l e  In t eg ra -  
t i o n  

C 

Cost of P r o d ~ c t i o n  

Cost of Sup30rk hAxFp~.en t 
( c h e c k - o ~ t ,  p r c p e l l a ~ t  
supply,  p r e s s s r s n t  sup?ly)  

Spa re  P a r t s  
.. 

O p e r a t l n ~  Cos ts  (check- 
out ,  s e r v t c i n g ,  crews, 
b a s e )  

Basing Cone ep t 
. 

Test Locat ion  

A v a i l a S i l i  t g  of Engine, 

Upper-Stage Space 
Fineuver  *.cine 

U s u ~ l l y  expensive t o  g e t  
rnarLri;m perf cr~.r,r~c e ar,d 
r e l i a b i l i t y .  

k 

A 

Usually a s r i a l l  p a r t  cf  
t o t a l  c o s t .  

Vsually complex and 
ex -pe~s ive .  

F o r  a l l  c r i t i c a l  
. conipcnent s , 

Exp~r . s i  ve  . 

?3xtensive check-out 
s e r v i c i n g ,  rr-aintenznce 
s p a r e s  a t  launch s i t e - -  
overkaul  a t  p ropuls ion  
m n u f a c t u r e r r s  p l a n t .  

A t  propuls ion  and s t a g e  
manufacturer ' s p l a n t s ;  
a l s o  a t  goverrxent  t e s t  
f a c i l i t y .  

- - 
A 

T o o l i ~ j ,  S p e c l a l  Tes t  
E q u i p ~ e x t ,  T ra in ing  Aids, 
Overkaill. F s c i l i t i e s ,  
Shippir.: Contairiers. 

Location of ?!anufactcrer ' s 
P lan t s ,  Tes t  P a c i l i t i s s ,  
Overhaul Depots 

A I n p o r t a z i  when s e l e c t i n g  

She re  there i s  t h e  b e s t  
c a p a 5 i l i t y .  

. . 

For m i l i t a r y  wea?ons i t  
is d e s i r z b l e  t o  have a t  
l e a s t  t x o  of each type  

. i n  d i f f e r e n t  p a r t s  of 
coxnt  ry . 

f r o n  s e v e r a l  corzpeting engines. 



iiela t i v e  a d v a ~ c e  i n  tho s t a t e - c f  ? the -a r t  

Exis tence  of experience backgrowd and i t s  a p p l i c a b i l i t y  
t o  a s p e c i f i c  a ? p l i c a t i o n  

I n t e r f e r e n c e  of t h e  xork  on the  s e l e c t e d  er.zine z i t h  o t h e r  
urgent work i n  saae  f a c t o q -  o r  same o rgan iea t ion  

A p p l i c a b i l i t y  of saae  engine t o  o t h e r  v e h i c l e s  ( v e r s a t i l i t y )  

R e l a t i v e  importance of engine program t o  o the r  progpans 
( p r i o r i  t.f ) 

Ava i l ab i l i t ,  y of funds  

Type of c o n t r a c t  o f f e r e d  arid guarantees  o r  warr.anties 
f u r n i s h e d  by c o n t r a c t o r s  

2. FA3L4GFl.SITT 

Reputa t ion  of engine manufacturer  and h i s  c u r r e n t  and p r i o r  
p e r f o m n c e ,  i nc lud ing  c o s t  and schedule  on s i m i l a r  jobs 

. C r e d i b i l i t y  of a t t a i n i n g  promised per fomance ,  c o s t  and 
schedule  

Y i n a g e ~ e n t  a b i l i t y  ( i nc lud ing  means f o r  o b t a i n i n z  v i s i b i l i t y ,  
p rogress  nieasurexent, s e t t i n g  p lans  and imp lexen t i r~g  . * 

changes) - 
- Reputatfor., conpetence and bac7-:ground of key personnel  - 

E-oaluation of subcon t r ac to r s  of key coraponerrts o r  c r i t i c a l  - 
p a r t s  ( a l s o  percentage of k ~ r k  whlc?~ i s  s ~ b c o n t r a c t e d )  

E f fec t iveness  and 6s  t a i l  of conputer ized  i n t e r n a l  naragensnt  
inf o r c a t i o n  s y s t e x s  (e.g, , p a r t s  o r  r a t e r i a l  i n v e n t o r i e s ,  

- shop planning and c o n t r o l ,  progran arid subZiv;_sion of 
work budgets,  schedules  and ac t l l a l  c o s t s ,  a u t o n a t i c  t e s t  
d a t a  record ing  and r educ t ion ,  r e p o r t  r e t r i e v a l ,  e t c . )  

E f fec t iveness  and speed of process ing  and implexent ing c o n t r a c t  
and prograa changes 

- --.- - - --- - 
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