
L I Q U I D  B O C K E T  E N G I N E S  

SATURN HISTORY CCCUMENT 
University of Alcbama Re.)rarch Institute 

H. K. Griggs History of Science & Technology GrmP 

Group Leader -- 
Advanced Technologr fib ,---*---- DPE. NO. ----r--r 

Bocketdyne 
A Divioion of North American Aviation, Inc. 
Canoga Park, California 



Thir paper has been approved for  

prewntation only. Publication 

of these data w i l l  require formal 

approval of OASD. 

June 11, 1965 



This paper presents a discussion on l iqu id  propellant  rocket engines. 

The f i r s t  pa r t  contains a discussion on l iquid  propel lants ,  including 

a descr ip t ion of various propellant  types such as  cryogenic, s to rab le ,  

b ipropel lant ,  and monopropellant. This pa r t  a l so  points  out des i rable  

physical proper t ies  and includes a sect ion on performance out l in ing the 

methods by which performance i s  calculated and shows performance f o r  

various l iqu id  rocket  propellant  combinations. 

The second par t  of t h i s  paper contains a discussion on various engine 

components and methods f o r  control l ing the rocket engine. The components 

t o  be described include the t h r u s t  chamber and pa r t s  thereof including 

the  i n j ec to r ,  chamber, nozzle,  cooling methods, e t c .  A descr ip t ion i s  

given of a pressure-fed l iqu id  rocket engine and a pump-fed l i qu id  

rocket  engine; the  various types of feed systems, including turbomachinery 

and pressur iza t ion systems are  a l s o  discussed. Control systems, including 

methods of s t a r t ,  s top ,  t h r o t t l e ,  e tc .  a r e  described. 

The t h i r d  eection of t h i s  paper includes appl ica t ions  and examples of 

various l iqu id  propulsion eystems including space engines, pre-packaged 

l iqu id  miss i le  systems, and space launch vehicle systems. 

The f i n a l  sect ion of the  paper includes a discussion on fu tu re  trends of 

l i qu id  propellant  rocket  engines including advanced nozzles, cycles,  

combustors, e t c .  



LIQUID gEloPEUrWTS 

PROPELLANT IIW)PE&TIES AND SPECIFICATIONS 

It is important to distinguish between the characteristics and properties 

of the liquid propellants--that is, the fuel and oxidizer liquids in their 

unreacted condition, and the properties of the hot gas mixture that result. 

from the reaction in the combustion chamber. The chemical mixture of the 

liquid propellants determines the properties and characteristics of both 

of these types. 

A high content of chemical energy per unit of propellant mixture is desirable 

because it permits a high chamber temperature. Because of incomplete com- 

bustion, friction, and dissociation, the full value of the propellant energy 

is, however, never realized. This heat content differ8 from that used in 

conventional combustion engines, because it refers to a unit weight of 

mixture and not a weight of fuel. 

TYPES OF HlOF'ELWLNTS 

The following definitions ( ~ i ~ .  1) of various types of propellants will 

help classify the propellants for future reference. The airmion and oper- 

atiry enviroqemf of a specified vehicle will often dictate the type of 

propellant required for the vehicle. 





Monopropellant 

A monopropellant contains an oxidizing agent, and combustible matter i n  

a s ingle  substance. It may be a mixture of several  compounds such a s  

hydrogen peroxide mixed with alcohol; o r  it may be a homogenous chemical 

agent,  such a s  nitromethane. Monopropellants are s tab le  a t  ordinary 

atmospheric conditions but  decompose and y ie ld  hot combustion gases when 

heated and pressurized. The feed system of monopropellant un i t s  i s  

usual ly  simple because only one l iquid  needs t o  be supplied. 

Bipropellant  

A bipropel lant  rocket un i t  has two separate propellants,  usually an 

oxidizer and a fue l .  They are stored separately and a re  not mixed out- 

s ide  the combustion chamber. The majority of successful l iquid  pro- 

pe l lan t  rocket  u n i t s  have used bipropel lants .  

Cryogenic Propellant  

A cryogenic propellant  i s  l iquef ied gas a t  low temperature, such as  

l iqu id  oxygen (-297OF) or l iquid  hydrogen (-423'~). Provisions f o r  

venting the storage tank and minimizing vaporization losses a re  neces- 

sary with t h i s  type. 



Storable Propellant  

Storable propel lants  ( f o r  example, n i t r i c  acid or gasoline) are  

l iquid  a t  ambient temperatures and they can be stored f o r  long periods 

i n  sealed tanks. 

ISSIRAT3X.E PBYSICAL PROPERTIES ( ~ i ~ .  2) 

Low Freezing Point  

This permits operation of rockets i n  cold weather. The addi t ion of small 

amounts of specia l  chemicals has been found t o  help  depress the freezing 

point of l iqu id  propellants  which otherwise s o l i d i f y  read i ly  a t  r e l a t i v e l y  

high temperatures. 

High Specif ic  Gravity 

To accommodate a large  weight of propellants  i n  a given vehicle tank space, 

a  denee propellant  i s  required. It permits a small vehicle construction 

and, consequently, a  r e l a t i v e l y  low s t ruc tu r a l  vehic le  weight and l o w  

aerodynamic drag. Specif ic  g rav i ty ,  therefore ,  has an important e f f e c t  

on the maximum f l i g h t  veloci ty  and range of any rocket-powered vehicle or  

mieaile.  





S t a b i l i t y  

No de t e r io ra t ion  with s torage and no r eac t ion  with the atmosphere is  

des i rab le .  Good chemical s t a b i l i t y  means no decomposition of the l iqu id  

propel lan t  during s torage,  even a t  e levated temperatures. 

A good l i qu id  propel lant  should a l so  have a negl ig ib le  chemical r eac t ion  

with piping, tank wal l s ,  valve s e a t s ,  and gasket  mater ia l s ,  even a t  

r e l a t i v e l y  high ambient temperatures. 

No appreciable absorption of moisture and no adverse e f f e c t s  of small 

amounts of impuri t ies  a r e  des i rab le  propert ies .  

Heat Transfer  Proper t ies  

High spec i f i c  hea t ,  high thermal conduct ivi ty ,  and a high boi l ing  or  

decomposition temperature a r e  des i rab le  f o r  propel lants  which a r e  used 

f o ~  t h r u s t  chamber cooling. 

Pumping Proper t ies  

A low vapor pressure w i l l  permit no t  only e a s i e r  handling of propel lan ts ,  

bu t  a l s o  a more e f f e c t i v e  pump design i n  appl icat ions where the  propel lant  

i s  pumped. I f  the v i scos i ty  of the propel lant  i s  too high, then pumping 

and engine-system ca l ib ra t ion  become d i f f i c u l t .  Propel lants  with high 

vapor pressure,  such a s  l i qu id  oxygen, l i qu id  methane, o r  o ther  l iquef ied  

gases ,  r equ i r e  spec i a l  design provie ions ,~unusual  handling techniques, 

and o f t en  spec i a l  low-temperature mater ials .  



Temperature V a r i a t i o n  

The temperature v a r i a t i o n  of t h e  phys ica l  p r o p e r t i e s  of t h e  l i q u i d  

p rope l l an t  should be small .  For example, a  wide temperature v a r i a t i o n  

i n  vapor p re s su re  and d e n s i t y  ( thermal  c o e f f i c i e n t  of expansion) o r  

an unduly h igh  change i n  v i s c o s i t y  with temperature w i l l  make it v e r y  

d i f f i c u l t  t o  a c c u r a t e l y  c a l i b r a t e  a  rocke t  engine flow system o r  p r e d i c t  

i t s  performance over any reasonable range of opera t ing  temperatures .  

PERFORMANCE 

The performance of a  rocke t  p r o p e l l a n t  i s  cha rac t e r i zed  p r imar i ly  by 

t h e  s p e c i f i c  impulse,  I . 
s 

S p e c i f i c  impulse i s  def ined  a s  the  t h r u s t  de l ive red  per  u n i t  weight r a t e  

of p r o p e l l a n t  consumed; Is = F/W. S p e c i f i c  impulse i s  dependent both 

on the  inhe ren t  thermo-chemical p r o p e r t i e s  of t h e  p rope l l an t  and on the  

e f f i c i e n c y  of t h e  expansion process .  The l a t t e r  depends, i n  t u r n  on 

t h e  nozz le  en t r ance ,  nozzle  e x i t ,  and ambient p re s su re s .  To sepa ra t e  

approximately t h e  combustion and expansion processes ,  use i s  made of two 

q u a n t i t i e s  which can convenient ly  be measured experimental ly ,  t he  charac- 

t e r i s t i c  v e l o c i t y ,  c*, and the  nozzle  t h r u s t  c o e f f i c i e n t ,  CF ( ~ i ~ .  3). 

These q u a n t i t i e s  a r e  def ined  by the  equat ions :  c* = P c t c  A g  and 

i 





C -  F  where P i s  the  nozzle entrance stagnation pressure and f  -- C 

At 

A i s  the nozzle th roa t  area.  For systems i n  which no reac t ion  occurs i n  t 

the nozzle,  the nozzle entrance and th roa t  s tagnation pressures a re  equal. 

However, i f  chemical r eac t ion  (combustion, recombination, or condensation) 

occurs i n  the convergent sect ion of the nozzle, these pressures a re  not  

equal and condit ions a t  the th roa t  must be calculated.  Therefore, the 

f requent ly  made statement t h a t  cha r ac t e r i s t i c  veloci ty  i s  a  function 

so le ly  of combustion chamber condit ions i s  correct  only i n  the absence 

of chemical r eac t ion  i n  the nozzle. More general ly ,  the cha r ac t e r i s t i c  

ve loc i t y  i s  a  funct ion of conditions upstream of the nozzle t h roa t ;  the  

t h r u s t  coef f i c ien t  i s  a  function of the nozzle geometry downstream of 

the  t h roa t  and of the  e x i t  and ambient s t a t i c  pressures;  and both are  

functions of the thermodynamic proper t ies  of the combustion products. 

Theoretical  performance of various l iqu id  rocket propellant  combinations 

a r e  shown i n  Fig .  4 .  Based on a  combustion chamber pressure of 1000 p s i a ,  

a  nozzle e x i t  pressure of 14.7 ps ia ,  and optimum nozzle expansion r a t i o ,  

the  spec i f i c  impulse ranges from approximately 289 seconds f o r  a  s to rab le  

combination t o  460 seconds f o r  a  high-energy cryogenic system. 



P
R

O
P

E
LL

A
N

T 
C

O
M

B
IN

A
TI

O
N

 

TH
E

O
R

E
TI

C
A

L 

TH
E

O
R

E
TI

C
A

L 

/U
D

M
H

(5
0-

50
1 

EX
P.

 E
N

G
IN

E
 T

ES
TI

N
G

 

E
X

P
. T

H
R

U
S

T 
C

H
A

M
B

E
R

 

*l
o0

0 
P

S
IA

 
A

T
 S

E
A

 L
E

V
E

L 

F
ig

u
re

 4
. 

L
iq

u
id

 R
oc

k
et

 P
ro

p
el

la
n

ts
 



THRUST CHAMBER 

The t h ru s t  chamber i s  the combustion device i n  which the l iqu id  propel lants  

a r e  metered, i n j ec t ed ,  atomized, mixed, and burned t o  form ho t ,  gaseous 

reac t ion  products which, i n  t u r n ,  a re  accelerated and e jected a t  high 

ve loc i t y ,  producing t h r u s t .  

A t yp i ca l  rocket  t h ru s t  chamber assembly ( ~ i g .  5) cons i s t s  of the  following 

pr inc ipa l  pa r t s :  nozzle, combustion chamber, i n j e c t o r ,  mounting provision,  

and an i gn i t i on  system, i f  non-spontaneously ign i tab le  propellants  are  used 

I n  some cases the  t h ru s t  chamber assembly a l so  includes i n t eg ra l l y  mounted 

propellant  valves and controls .  Figure 6 shows an F-1 th rus t  chamber t h a t  

produces 1,500,000 l b  of t h ru s t  with LOX/RP-1 propellants .  

NOZZLE 

The nozzle i s  t h a t  pa r t  of the rocket  th rus t  chamber assembly in  which the 

gases a re  accelera ted t o  high ve loc i t i e s .  For prolonged duration f i r i n g ,  

nozzles have t o  be cooled. The nozzle s i z e ,  shape, and proportions deter-  

mine the chamber pressure,  t h r u s t ,  propellant  flow, and exhaust ve loc i ty  

of t h r u s t  chambers and the var ia t ions  of these performance parameters. 

Figure 7 shows a  comparison of various nozzle shapes and s izes .  











3 .  Weight i s  a premium. 

4.  Manufacturing and des ign  cons ide ra t ions  i n d i c a t e  a preference  

f o r  a simple chamber geometry, such a s  a cy l inde r  o r  a sphere.  

5. The maximum chamber diameter  o f t e n  determines va r ious  v e h i c l e  

dimensions. A small  u n i t ,  t h e r e f o r e ,  o f t e n  permi ts  a lower 

aerodynamic drag and a smal le r  s t r u c t u r e .  

6 .  The chamber volume and geometry determine c e r t a i n  a c o u s t i c  

v i b r a t i o n  f requencies .  Sometimes the  chamber volume can  be 

s e l e c t e d  t o  avoid  the  e x c i t a t i o n  of n a t u r a l  f r equenc ie s  which 

may be c r i t i c a l  t o  o the r  components i n  t h e  veh ic l e .  

7. The gas  p re s su re  drop f o r  a c c e l e r a t i n g  the  combustion products  

w i t h  t h e  chamber should be a minimum; any r educ t ion  i n  t h e  

nozzle  i n l e t  p ressure  w i l l  reduce the  exhaust  v e l o c i t y  and the  

performance of t he  veh ic l e .  

COOLING OF THRUST CHAMBER ASSEMBLIES 

Uncooled Liquid  P r o p e l l a n t  Thrus t  Chambers 

I n  uncooled t h r u s t  chambers t he  opera t ing  d u r a t i o n  i s  usua l ly  l imi t ed  

by t h e  a b i l i t y  of an  ingenious design t o  absorb h e a t .  I n  cooled t h r u s t  

chambers one of t h e  p r o p e l l a n t s  i s  used i n  forced-convection h e a t  t r a n s f e r  



and the  durat ion i s  l imited only by the  a v a i l a b i l i t y  of the  propellant  

from i t s  fked system. I n  designs where wa l l s  (made of spec ia l  high 

temperature mater ia ls )  can take loads and operate a% the ac tua l  flame 

temperature without forced convection cooling,  there  i s  no l i m i t  on 

operat ing durat ions.  

Radiation-Cooled Chambers. A high-temperature r e f rac to ry  metal i s  used 

f o r  the  wall  and/or nozzle ma te r i a l ,  It glows white h o t ,  loses i t s  heat  

by r a d i a t i o n ,  and can operate f o r  i n d e f i n i t e  durat ions,  

Figure 8 s h w s  a  radiation-cooled t h r u s t  chamber which has operated 

f o r  3100 seconds on N ~ O ~ / N ~ W ~ - I T D M H  (50-50) p r o p l l a n t , ~  a t  a  chamber 

pressure of 25 psia .  

Ablative Thrust Chambers. An ab la t ive  marer ia l ,  such as c e r t a i n  types 

of p l a s t i c ,  g l a s s ,  or glass-reinforced p l a s t i c s  i s  used t o  form t h e  

chamber. The absorption of energy takes place by mel t lng  or vtf l ior lz i~~g  

the  mater ia l .  The melted matter  flows a s  a viscous f l u i d  bsurrdary lager 

and a c t s  a s  a  protec t ion  t o  the  w a l l .  Figure 9 shows an ab la t ive  th rus t  

chamber. 

Thermal Insu la to r s .  Two types of thermal insula ted  chambers have been 

developed: those with t h i n  layers  of specia l  mater ia l  p a i n t e d  o r  other- 

wise applied t o  a surface ,  and those with heavy ceramic wall l in ings .  

Both requi re  a  bas ic  t h r u s t  chamber pressure  s h e l l  R ~ ; B " U C  cure, usual ly  rag 

metal.  
.-.l8-. 







Cooled Liquid Propel lant  Thrust Chambers 

Cooled t h ru s t  chambers have provisions f o r  cooling some or a l l  metal pa r t s  

coming i n to  contact  with hot  gases,  such a s  chamber wa l l s ,  nozzle wal ls ,  

and i n j ec to r  faces .  A cooling jacket or  cooling c o i l  permits the circu- 

l a t i o n  of a  coolant .  Jacke t s  of ten  consis t  of separate l i n e r s  and outer  

wa l l s  or of an assembly of contoured, adjacent  tubes. The inner wall con- 

f i n e s  the gases,  and t he  space between the wal ls  serves a s  the  coolant 

passage. 

The nozzle t h roa t  region i s  usual ly  the locat ion which has the highest  

hea t - t rans fe r  i n t ens i t y  and i s ,  therefore ,  the most d i f f i c u l t  t o  cool. 

For t h i s  reason the  cooling jacket i s  of ten  designed so t h a t  the coolant 

ve loc i t y  i s  highest  a t  t he  c r i t i c a l  regions by r e s t r i c t i n g  the  coolant 

passage c ross  sec t ion ,  and so t h a t  the f r e sh  cold coolant en te r s  the jacket  

a t  or near the nozzle. 

While the s e l ec t i on  of the  coolant ve loc i ty  and i t s  var ia t ion  along the 

wal l  f o r  any given t h r u s t  chamber design depends on heat - t ransfer  con- 

s ide ra t ions ;  the se lec t ion  of the coolant passage geometry of ten  depends 

on pressure l o s s  and manufacturing considerations. 



I n  regenera t ive  cooling the  t h r u s t  chamber wa l l s  a r e  cooled by a b u i l t - i n  

jacket  or cooling c o i l  i n  which the  oxidizer  or  the f u e l  i s  used as the  

coolant  f l u i d .  The hea t  absorbed by the coolant  i s ,  the re fo re ,  not  wasted; 

it augments the  i n i t i a l  energy content  of the  propel lant  p r i o r  t o  i n j e c t i o n ,  

increas ing the  exhaust v e l o c i t y  s l i g h t l y .  

The tubular  chamber and nozzle cons t ruct ion  is favored f o r  l a r g e r  rockets .  

This design combines the  advantages of a  t h i n  wa l l  (goad f o r  reducing 

thermal s t r e s s e s  and high wal l  temperatures) and a coo l ,  good, l ightweight  

s t r u c t u r e .  Tubes a r e  formed t o  spec ia l  shapes and contours usual ly  by 

hydraul ic  means, and then brazed, welded or  soldered together .  I n  order 

t o  take  t h e  gas pressure loads i n  hoop t ens ion ,  the tubes a r e  re inforced 

on the  outs ide  by high-strength bands or  wires.  

Figure 10 shows the  hea t  f l u x  vs .  combustion chamber pressure f o r  severa l  

p rope l l an t  combinations. An ana lys i s  i s  shown, f o r  exaanple, of a very 

h igh- thrus t  ( s i x  m i l l i o n  pounds) , high-pressure (3000 pis) liquid-propel  lank 

2 
booster  rocket  with est imated heat  t r a n s f e r  r a t e s  of 40 t o  60 ~ t u / i n . - s e c ,  

This system w i l l  probably use regenerat ive cooling augmented i n  %he a reas  

of high hea t  f l u x  by f i lm cooling o r  t r a n s p i r a t i o n  cooling. 

Film cooling i s  a  method of cooling whereby a t h i n  f l u i d  f i lm covers and 

p r o t e c t s  exposed wa l l  surfaces  from excessive heat  t r a n s f e r .  The f i lm i s  

introduced by i n j e c t i n g  small q u a n t i t i e s  of f u e l ,  ox id ize r ,  o r  an i n e r t  

f l u i d  a t  very low v e l o c i t i e s  i n  a  large number of o r i f i c e s  along the  





exposed surfaces i n  such a manner t h a t  a  protec t ive  f i lm w i l l  be formed. 

This method i s  qu i t e  e f f e c t i v e  because it forms a r e l a t i v e l y  cool boundary 

layer  and because the  coolant i s  able t o  absorb considerable heat  by 

evaporat ion.  A coolant with a high heat  of vaporizat ion and a high bo i l ing  

point  i s  p a r t i c u l a r l y  des i rable .  Film cooling i s  o f t en  used t o  augment 

regenerat ive cooling i n  those regions of the chamber and nozzle wal l  where 

regenerat ive cooling alone i s  i n s u f f i c i e n t .  It does decrease the  per- 

formance of the rocket  s l i g h t l y  because the  f l u i d  used i n  the  coolant f i lm 

i s  not completely burned and i s ,  t he re fo re ,  not used e f f i c i e n t l y .  

A spec ia l  type of f i lm cooling, sweat cooling or  t r a n s p i r a t i o n  cooling,  

uses a  porous wall material  which admits a  coolant through porous mater ia l  

uniformly d i s t r i b u t e d  over the surface .  Considerable d i f f i c u l t y  has been 

encountered i n  making the  coolant d i s t r i b u t i o n  uniform along a porous surface  

because the  pressure drop across the inner t h r u s t  chamber wall  va r i e s  along 

the  a x i s  of the  chamber, p a r t i c u l a r l y  i n  the  nozzle region. The problem 

of manufacturing large  chamber pieces of uniform poros i ty ,  va r i ab le  thick- 

ness ,  and complex shape requ i res  considerable ingenuity. 

The funct ions  of the  i n j e c t o r  a re  s imi la r  t o  those of a  carburetor  i n  an 

i n t e r n a l  combustion engine. The i n j e c t o r  haa t o  introduce and meter the  



f low t o  the combustion chamber, and atomize and mix t h e  p r o p e l l a n t s  i n  

such a  manner t h a t  a  c o r r e c t l y  p ropor t iona l ,  homogeneous fue l /ox id i ze r  

mixture w i l l  r e s u l t ,  i . e . ,  one t h a t  can r e a d i l y  be vaporized and burned. 

Severa l  genera l  t ypes  of i n j e c t o r s  a r e  shown i n  F ig .  11. 

I n  t h e  impinging stream-type, mu l t ip l e  hole  i n j e c t o r s ,  t h e  p r o p e l l a n t s  

a r e  i n j e c t e d  through a  number of s epa ra t e  small  ho les  s o  t h a t  t h e  f u e l  

and o x i d i z e r  s t reams impinge upon each o t h e r .  Impingement w i l l  a i d  

a tomiza t ion  of l i q u i d s  i n t o  d r o p l e t s  and w i l l  a l s o  a i d  i n  d i s t r i b u t i o n .  

The m a j o r i t y  of rocke t  engines have used an  impinging stream-type 

i n j e c t o r .  The d i f f e r e n c e s  of t h e  va r ious  types  shown i n  t h e  above 

f i g u r e  a r e  r e f l e c t e d  i n  d i f f e r e n t  s t a r t i n g  c h a r a c t e r i s t i c s ,  atomi- 

z a t i o n ,  h e a t  t r a n s f e r ,  r e s i s t a n c e  t o  self- induced v i b r a t i o n ,  and o t h e r  

des ign  c h a r a c t e r i s t i c s .  

The non-impinging o r  showerhead i n j e c t o r  employs non-impinging s t reams 

of p r o p e l l a n t s  u s u a l l y  emerging normal t o  t h e  f a c e  of t h e  i n j e c t o r .  It 

r e l i e s  on tu rbu lence  and d i f f u s i o n  t o  achieve mixing. 

Splash p la te - type  i n j e c t o r s  a r e  intended t o  promote p rope l l an t  mixing i n  

t h e  l i q u i d  s t a t e  and use  t h e  p r i n c i p l e  of impinging t h e  p rope l l an t  s t reams 

a g a i n s t  a s u r f a c e .  Th i s  i n j e c t i o n  method has been s u c c e s s f u l l y  used wi th  

c e r t a i n  n i t r i c  a c i d  p rope l l an t  combinations. 





Sheet or  spray-type i n j e c t o r s  give c y l i n d r i c a l ,  conica l ,  or other  types 

of spray sheets  of l i q u i d  rocket  propel lants ;  these sprays genera l ly  i n t e r -  

s e c t  and thereby promote mixing. A spec ia l  type i s  the  r ing  s l o t  i n j e c t o r .  

I n  premixing i n j e c t o r s  the  propel lants  are  mixed before they a re  in t ro -  

duced i n t o  the combustion chamber. The time delay of the r eac t ion  d i c t a t e s  

the  dimensions and the f low r a t e  of the  pre-mixing chamber; genera l ly  the 

con t ro l  of explosions of the  premixed propel lants  ins ide  the i n j e c t o r  i s  

c r i t i c a l .  

Figure 12 shows an i n j e c t o r  used on a  current  engine system. 

IGNITION 

The s t a r t i n g  of a  t h r u s t  chamber has t o  be cont ro l led  so t h a t  a  t imely 

and even i g n i t i o n  of propel lants  i s  achieved and the  flow and t h r u s t  a re  

b u i l t  up smoothly and quickly t o  t h e i r  r a t e d  value. 

Non-spontaneously i g n i t a b l e  propel lants  need t o  be ac t iva ted  by absorbing 

energy p r i o r  t o  combustion i n i t i a t i o n .  This energy i s  supplied by the  

i g n i t i o n  system. The i g n i t e r  has t o  be located near the  i n j e c t o r  i n  such 

a  manner t h a t  a  s a t i s f a c t o r y  mixture i s  present  a t  the time of i g n i t e r  

a c t i v a t i o n ,  y e t  it should not hinder or obs t ruct  the steady-state combustion 

process. 





Spark p lug  i g n i t i o n  has been used succes s fu l ly  on l i q u i d  oxygen - RP-1 

and on nitromethane-oxygen t h r u s t  chambers. The spark plug i s  u sua l ly  

l oca t ed  i n  a  reg ion  where i n i t i a l  f u e l  and ox id i ze r  vapors w i l l  form 

an  i g n i t a b l e  mixture.  This  method seems t o  be p a r t i c u l a r l y  app l i cab le  

t o  small  rocke t  engines which must be r e s t a r t e d  i n  f l i g h t .  The spark 

plug i s  o f t e n  b u i l t  i n t o  t he  i n j e c t o r .  

Pyrotechnic i g n i t i o n  uses  a  s o l i d  p rope l l an t  squib  or  g r a i n  of a  few 

seconds burning dura t ion .  The s o l i d  p rope l l an t  charge i s  e l e c t r i c a l l y  

i g n i t e d  by a  ho t  wire  o r  o the r  means and burns with a hot  flame wi th in  

t h e  combustion chamber. Almost a l l  s o l i d  p rope l l an t  rocke t s  and many 

l i q u i d  rocke t s  a r e  i g n i t e d  i n  t h i s  fash ion .  The i g n i t e r  conta iner  may 

be designed t o  f i t  d i r e c t l y  onto the  i n j e c t o r ,  o r  the  chamber, or  may 

be he ld  i n  t h e  chamber from outs ide  through the  nozzle .  This  i g n i t i o n  

method can only be used once; t h e r e a f t e r  the  charge has t o  be rep laced  

I n  precombustion chamber i g n i t i o n  a small  chamber i s  b u i l t  next  t o  the  

main combustion chamber and convected through an o r i f i c e .  A small 

amount of f u e l  and ox id i ze r  i s  i n j e c t e d  i n t o  the  precombustion chamber 

and i g n i t e d  by a  spark p lug ,  c a t a l y s t ,  o r  o the r  means. The burning 

mixture e n t e r s  t he  main combustion chamber i n  a  t o rch - l ike  f a sh ion  and 

i g n i t e s  t h e  l a r g e r  main p rope l l an t  f low i n j e c t e d  i n t o  the  main chamber. 

This  i g n i t i o n  procedure permits  repea ted  s t a r t i n g  of v a r i a b l e  t h r u s t  

engines and has  proved succes s fu l  w i th  l i q u i d  oxygen-RP-1 and oxygen- 

a lcohol  t h r u s t  chambers. 



A u x i l i a r y  f l u i d  i g n i t i o n  i s  a  method whereby some l i q u i d  o r  g a s ,  i n  

a d d i t i o n  t o  t he  r e g u l a r  f u e l  and o x i d i z e r ,  i s  i n j e c t e d  i n t o  t h e  com- 

b u s t i o n  chamber f o r  very  s h o r t  per iods  during t h e  s t a r t i n g  opera t ions .  

This  f l u i d  i s  hypergol ic ,  which means it produces spontaneous combustion 

wi th  e i t h e r  t h e  f u e l  o r  t h e  oxid izer .  The combustion of n i t r i c  a c i d  

and some organic f u e l s  can ,  f o r  i n s t a n c e ,  he i n i t i a t e d  by t h e  in t roduc t ion  

of a  small  q u a n t i t y  of a n i l i n e  a t  the  beginning of rocke t  opera t ion .  



The s e l e c t i o n  of a p a r t i c u l a r  feed system and i t s  components i s  governed 

p r imar i ly  by the  app l i ca t ion  of the  rocke t ,  i t s  s i z e ,  p rope l l an t ,  t h r u s t ,  

f l i g h t  program dura t ion ,  pas t  experience,  and by genera l  requirements of 

s i m p l i c i t y  of des ign ,  ease of manufacture, r e l i a b i l i t y  of opera t ion  and 

minimum weight. A c l a s s i f i c a t i o n  of severa l  of t h e  more important types 

of feed  systems i s  shown i n F i g .  13. 

GAS-PRESSURE FEED SYSTEM 

These simple systems expel  l i q u i d  propel lants  from high-pressure tanks  by 

d i sp lac ing  them with a high-pressure gas.  The f i r s t  p a r t  of gas leaving 

the  high-pressure gas  s torage  tank i s  a t  a s l i g h t l y  below ambient temper- 

a t u r e .  The gas remaining i n  the  tank undergoes e s s e n t i a l l y  an i s e n t r o p i c  

expansion, causing t h e  temperature of the  gas t o  decrease s t e a d i l y ;  the  

l a s t  po r t ions  of the  pressur iz ing  gas  leaving the  tank w i l l  be very much 

colder  than the  ambient temperature and w i l l  r e a d i l y  absorb heat  from the  

piping and the tank wal ls .  The Joule-Thomon e f f e c t  w i l l  cause a f u r t h e r  

small  temperature change. I n  an  a c t u a l  propulsion system i n s t a l l a t i o n ,  

t h e  pressur ized  gas  i s  requi red  t o  perform other  funct ions  such a s  the  

opera t ion  of va lves  and con t ro l s ,  according t o  the  p a r t i c u l a r  system 

requirements.  Figure 14 shows a schematic of a t y p i c a l  space engine system. 
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Many d i f f e r e n t  appl ica t ions  w i l l  requi re  pressurized systems and many 

w i l l  have a t h r u s t  seve ra l  magnitudes above t h a t  of a  space engine. 

A pressure-fed system i s  inheren t ly  rugged because the  main propel lant  

tanks must be r a t e d  a t  a  pressure g rea te r  than chamber pressure;  t h i s  

same condit ion r e s t r a i n s  optimum chamber pressure t o  r e l a t i v e l y  low 

l e v e l s .  Extreme s impl ic i ty ,  high r e l i a b i l i t y ,  and minimum weight a re  

e a s i l y  designed i n t o  a pressure-fed engine system. 

The pressure-fed engine cons i s t s  of a  t h r u s t  chamber assembly, pressuriza-  

t i o n  system, propellant  feed and contro l  system, and the  subsystems which 

may be requi red  f o r  the  funct ions  of t h r u s t  vector  con t ro l ,  r o l l  c o n t r o l ,  

v e l o c i t y  t r i m ,  and/or propel lant  u t i l i z a t i o n ,  and main propellant  tanks.  

A t y p i c a l  pressure-fed system w i l l  have the  following fea tu res :  

1. Propel lants  a re  completely i s o l a t e d  i n  main t anks ,  and i n  the  

p ressur i za t ion  system tanks by i s o l a t i o n  valves.  

2. Pressur i za t ion  i s  by pressurant  tank. 

3 .  S t a r t i n g  and shut-off funct ions  a r e  eaah con t ro l l ed  by a s ing le  

e l e c t r i c a l  s igna l  t o  t h e  valves. S t a r t  and cut-off sequencing i s  

automatic and pos i t ive ,  once these  valves a re  s ignal led .  

4. Normally open main valves ,  with i n t e g r a l  b u r s t  diaphragms, provide 

pos i t ive  s t a r t i n g  upon p ressur i za t ion  of main propellant  tanks.  



TURBOPUMP FEED SYSTEM 

The turbopump rocket  feed system pressurizes the propel lants  by means of 

pumps, which, i n  t u rn ,  a r e  driven by turbines .  The turbines  derive t h e i r  

power from the expansion of ho t  gases. A separate gas generator o rd inar i ly  

produces these gases i n  the required quan t i t i e s  and a t  the desired turbine  

i n l e t  temperatures by means of a chemical react ion i n  the combustion chamber. 

A turbopump feed system i s  shown schematically i n  Figure 15. 

The pump-fed engine o f f e r s  high performance and low engine weight. Low- 

pressure propellant  tanks augment the performance of a pumpfed engine, 

provided ruggedness i s  not  a miss i le  requirement. Continuing development 

of pump-fed engines has resu l t ed  i n  gross reduction of complexity, and 

increased r e l i a b i l i t y  and performance. 

Turbopump-fed engines a re  characterized by high chamber pressure operation,  

a performance advantage afforded by the use of high-pressure pumps. 

The pump-fed engine consis ts  of a t h ru s t  chamber assembly, turbopump 

assembly, propellant  feed and control  system, turbine  drive system ( e i t he r  

tap-off o r  a separate gas generator assembly) and those controls  t h a t  may 

be required f o r  t h ru s t  vector o r ien ta t ion ,  r o l l  torque, ve loc i ty  t r i m ,  and 

propellant  u t i l i z a t i o n .  
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Function - The funct ion of the turbopump i n  an engine i n s t a l l a t i o n  i s  - 
t o  receive propel lants  from the  tanks and de l ive r  them t o  the t h ru s t  

chamber a t  design pressure l eve l s  and flow r a t e s  so t h a t  the engine can 

develop design t h ru s t  a t  the required chamber pressure. The turbopump 

i s  a r o t a t i ng  machinery assembly including a pump ( o r  pumps) f o r  increasing 

the  pressure l eve l  of the propel lant (s) .  The power t o  drive the pump(s) 

i n  t h i s  assembly is supplied by a turbine which u t i l i z e s  working f l u i d s  

supplied by the engine system gas generator. Turbopump design configura- 

t i o n s  can vary depending on the  engine combustion process, the i n s t a l l a -  

t i o n  requirements, and the  propel lants  being pumped. 

Fluids  and Fluid Proper t ies  - The major fac to r  influencing the type of 

turbopump design chosen f o r  any appl ica t ion i s  the  densi ty  of the  propel- 

l a n t s  t o  be pumped. Variat ions i n  oxidizer and f u e l  densi ty  requires  the 

individual  pumps t o  be operated a t  speeds capable of obtaining respect ive  

pump head and flow volumes. For turbopumps pumping propellant  combinations 

t h a t  have s imi lar  dens i t i e s ,  both pumps can be run a t  the  same speed. I n  

cases where a g r ea t  va r ia t ion  i n  propellant  densi ty  e x i s t s  between the 

oxidizer and f u e l ,  a s  i n  the l iqu id  oxygen/liquid hydrogen combination, 

each pump i s  driven a t  i t s  bes t  design speed t o  most e f f i c i e n t l y  meet 

individual  head requirements. 



Opera t ing  Range - Figure  16 is a  p l o t  showing t h e  range of opera t ion  

f o r  t y p i c a l  p rope l l an t  pumps i n  terms of pump head and f low.  This  

curve demonstrates  how t h e  head requirements f o r  t h e  l e s s  dense pro- 

p e l l a n t ,  l i q u i d  hydrogen, a r e  much g r e a t e r  t han  those  requi red  by  

e i t h e r  l i q u i d  oxygen o r  RP-1. The p l o t  shown i n  F ig .  17  i s  t h e  opera- 

t i o n  envelope of c u r r e n t  turbopump t u r b i n e  des igns  based on power and 

speed requi rements .  Turbine working f l u i d  mass f l owra t e  depends on 

t h e  p r o p e r t i e s  of t h e s e  f l u i d s ,  t h e  power development requirements ,  

amount of energy from t h e s e  f l u i d s  made a v a i l a b l e  t o  t h e  t u r b i n e  t o  

convert  i n t o  work, and t h e  t u r b i n e  des ign  and ope ra t ing  parameters.  

A s  power requirements f o r  a  s p e c i f i c  des ign  ope ra t ing  poin t  i nc rease ,  

t h e  r a t i o  of t u r b i n e  mass f l owra t e  t o  engine f low inc reases .  I f  chamber 

p re s su re  i s  increased  f o r  a  f i x e d  t h r u s t  cond i t i on ,  t h e  t u r b i n e  power 

requirements  t o  develop t h e  needed pump heads become g r e a t e r .  

Turbopump Configurat ions - Turbopumps can be designed i n  a  number of 

d i f f e r e n t  con f igu ra t ions  and arrangements.  The f i n a l  s e l e c t i o n  de- 

pends on t h e  d e s i r e d  speed r a t i o  between pumps, t h e  arrangement of 

components, and t h e  energy source of t h e  t u r b i n e  working f l u i d .  There 

a r e  t h r e e  b a s i c  turbopump des igns :  (1)  geared turbopump, (2)  s ing le -  

s h a f t  turbopump, and (3) dual -shaf t  turbopump. Figure 1 8  shows t h e s e  

va r ious  con f igu ra t ions .  
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Geared Tarbopum~ - The geared turbopump design u t i l i z e s  a  gear  box with 

which t o  dr ive  the  f u e l  and oxidizer  pump a t  d i f f e r e n t  speeds with a 

s i n g l e  turbine  d r ive  assembly. Figure 19 i s  a cut-away photograph of a  

LOX RP-1 gear  turbopump conf igura t ion  cur ren t ly  i n  service  i n  a  150,000-lb 

t h r u s t  booster  engine. 

Single-Shaft Turbopump - The turbopump shown i n  Figure 20 i s  a s ingle-  

s h a f t  conf igura t ion  where both the  oxidizer  and f u e l  pumps a r e  driven 

on one s h a f t  by a s ing le  turbine .  This s ingle-shaf t  turbopump i s  being 

used i n  the  LOX/RP-1 1,500,000-lb-thrust engine. 

Dual-Shaft Turbopump - The dual-shaft  turbopump u t i l i z e s  separa te  s h a f t s  

t o  dr ive  the  oxidizer  and f u e l  pumps a t  t h e  b e s t  speed t o  meet the  head 

and f low requirements of the  p rope l l an t s  being pumped. Each pump i s  

dr iven by i t s  own tu rb ine ;  pump speeds, heads, and flows can be adjus ted  

independently with t h i s  pump. Dual-shaft configurat ions a r e  used f o r  

pumping propel lant  combinations t h a t  have l a rge  d i f fe rences  i n  d e n s i t i e s ;  

one such propel lant  combination i s  LOX/LE~, The two pumps shown i n  

Figure 21 a r e  dual -shaf t ,  LOX and XBp turbopumps respec t ive ly ,  f o r  a  

200,000-pound-thrust engine app l i ca t ion .  I n  dual-shaft  i n s t a l l a t i o n ,  

the  tu rb ines  can be i n s t a l l e d  e i t h e r  i n  s e r i e s  or  i n  p a r a l l e l  t o  one 

another .  I n  Figure 21  the  oxygen pump i s  a one-stage cen t r i fuga l  type ;  

t h e  hydrogen pump i s  a mult i-s tage a x i a l  flow. 









GAS GENERATORS 

The power necessary t o  drive the turbine i s  usual ly  obtained from the  gas 

genera tor ,  which generates gases by a  chemical r eac t ion  of propel lants  

s imi la r  t o  those i n  t h r u s t  chambers. The generated gases have t o  be 

r e l a t i v e l y  cool compared t o  t h r u s t  chamber r eac t ion  gases,  because ex- 

cess ive  temperatures w i l l  cause a  f a i l u r e  of turbine  buckets ,  turbine 

nozzles ,  and sometimes the  turbine  wheel. The propel lants  used f o r  t h i s  

purpose a r e  i n t e n t i o n a l l y  mixed i n  such proportions t h a t  the  r e s u l t a n t  

gas temperature w i l l  be r e l a t i v e l y  low. 

There are  many methods f o r  generat ing gases. The more common types 

(Figure 22) a r e  : (1) gas-pre ssur ized  genera tor ,  having i t s  own propel- 

l a n t  supply; (2 )  feed-system pressurized generator  using the  same propel- 

l a n t  a s  a  rocket  from the same feed system, but  with a  separa te  combustion 

chamber; (3)  gas bleeding ( tap-off )  d i r e c t l y  from the  main combustion 

chamber; ( 4 )  s o l i d  propel lant  charges burning a t  a  slow r a t e  and giving 

off gases ;  and (5)  vaporized propel lants .  

Figure 23 i s  a  feed-system pressurized gas generator  using the same pro- 

p e l l a n t s  a s  a  rocket  from the  same feed system, but  with a  separate com- 

bus t ion  chamber; it  i s  used on a  current  200,000-lb-thrust LOX/RP-1 engine 

system. Figure 24 i s  a  schematic showing how combustion gases a re  tapped 

off  from the  main combustion chamber t o  drive the  turbine .  
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PRESSURIZATION SYSTEMS 

The app l i ca t ion  of the  p a r t i c u l a r  l iqu id  propulsion system w i l l  o f t en  

d i c t a t e  the  type of p ressu r i za t ion  system required f o r  t h a t  p a r t i c u l a r  

mission. Figure 25 shows various pressur iza t ion  system advancements 

made throughout the pas t  severa l  years .  For propel lants  which r e a c t  

wi th  t h i s  p ressu r i za t ion  g a s ,  an i n e r t  gas ( fo r  example ni trogen t o  

pressur ize  l i q u i d  oxygen o r  helium t o  pressur ize  l iqu id  hydrogen) must 

be used unless  provisions a r e  madeto separa te  the chemically ac t ive  gas 

from the  propel lant .  This separa t ion  may be accomplished by means of a  

c o l l a p s i b l e ,  f l e x i b l e  bag wi th in  the  propel lant  tank or  by means of a  

p i s ton  cyl inder  arrangement a s  shown i n  Figure 26. The required weight 

of pressur iz ing  gas ,  and thus the  s i z e  and weight of the gas  s torage 

conta iner  can be s i g n i f i c a n t l y  reduced by a  " t a i l - o f f "  pressure decay. 

Here the  pressur iz ing  gas supply i s  shut  off while a  major port ion of 

the  l i q u i d  propel lants  a r e  s t i l l  i n  the  tanks.  These remaining propel- 

l a n t s  a r e  then expelled by the  ad iaba t i c  expansion of the  gas already 

i n  the  propel lant  tanks.  The tank pressure and chamber pressure decrease 

o r  progress ively  decay during t h i s  ad iaba t i c  expansion period. 

Figure 25 dep ic t s  seve ra l  types of pressur iza t ion  systems. The heated 

helium system i s  used t o  pressur ize  both the oxidizer  and the  f u e l .  I n  

the  dual gas  generator  system, one gas generator i s  used t o  pressur ize  

the  f u e l  tank.  I n  the  case of the  s ing le  gas generator  the  exhaust 
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products of the gas generator are  used t o  pressurize both the oxidizer  

and the  f u e l  tanks.  In  the l iqu id  reac t ion  pressur iza t ion  system a  

small amount of f u e l  i s  in j ec ted  in to  the  oxidizer  tank,  allowing a  s l i g h t  

chemical r eac t ion  t o  take place which i n  tu rn  pressur izes  the oxidizer  

and the  f u e l  tank. 

Figure 26 shows various expulsion techniques. I n  the  d i r e c t  pressuriza-  

t i o n  expulsion technique, propellant  o r i en ta t ions  shown include no pro- 

p e l l a n t  o r i en ta t ion  requi red ,  t r a p ,  s p i n ,  and surface tens ion propel lant  

o r i en ta t ion .  The pos i t ive  expulsion devices include p is tons ,  bellows, 

b ladders ,  and diaphragms. 

CONTROLS 

A l l  l i q u i d  propellant  rockets  have cont ro ls  t o  accomplish some or a l l  of 

the  following t a sks  ( ~ i ~ .  27): 

1. S t a r t  rocket  operation 

2. Shut down rocket  operation 

3. Res ta r t  

4 .  Maintain programmed operation (predetermined constant or 

var ied  t h r u s t ,  p rese t  propellant  mixture r a t i o  or flow) by 

c a l i b r a t i o n  of feed system or by automatic cont ro ls  





5 .  Make emergency shutdown when sa fe ty  device senses a malfunction 

or a c r i t i c a l  condition of the vehicle or  the engine 

6. F i l l  with propel lants  

7. Drain excess propellant  a f t e r  operation 

8 .  Pre-f l ight  check-out of proper functioning of c r i t i c a l  

components without ac tual  operation 

9. Throt t l ing 

10. Thrust vector control  

The complexity of these control  elements and the  complexity of the engine 

systems depend very much on the  nature of the mission of the vehic le .  

Rockets which are used only once, and are f i l l e d  with propellant  a t  the  

fac to ry ,  and which have t o  operate over a narrow range of environmental 

condit ions generally tend t o  be simpler than rocket  systems intended f:or 

repeated use,  f o r  appl ica t ions  where s a t i s f ac to ry  operation must be 

demonstrated p r io r  t o  use,  and f o r  manned vehicles.  Because of the nature 

of the  l iqu id  propel lants ,  most of the control  functions are  achieved by 

valves ,  r egu la to rs ,  pressure switches, and flow controls .  



THROTTLING 

The t h r o t t l i n g  of rocket propulsion systems represents an e f fec t ive  

means f o r  obtaining precise control  of b a l l i s t i c  miss i le  and space 

vehicle f l i g h t  cha r ac t e r i s t i c s ,  and f o r  enabling a  s ingle  rocket engine 

t o  accommodate the  propulsion requirements of each of several widely 

d i f f e r en t  maneuvers. 

The bas ic  advantage of t h ro t t l i ng  capab i l i ty  is  t ha t  it permits a  s ingle  

rocket un i t  t o  s a t i s f y  mission objectives t h a t  might otherwise require a  

mult i-unit  system; the basic disadvantage i s  t ha t  providing such a 

c apab i l i t y  means t ha t  the un i t  must be more complex than a  constant-thrust  

engine. Overall ,  the  diverse propulsion requirements of various weapon 

and space vehicle systems c l ea r l y  warrant the use of t h r o t t l i n g  so long 

a s  attended performance and r e l i a b i l i t y  penal t ies  can be kept within 

reasonable bounds. The conception and development of e f f i c i e n t ,  r e l i a b l e  

t h r o t t l i n g  techniques a r e  therefore b primary objective i n  the advancement 

of propulsion technology. 

The main concern i n  the area of t h r o t t l i n g  i s  t o  accomplish a  smooth, 

continuous t r a n s i t i o n  from one t h ru s t  level  t o  another accompanied by a  

predic table ,  i f  no t  constant ,  performance eff ic iency.  This l a t t e r  require-  

ment necess i t a tes  precise  mixture r a t i o  control  during t h r o t t l i n g .  A major 

problem area i s  t h a t  of maintaining high spec i f i c  impulse e f f i c iency  a t  

the lower propellant  flow r a t e s  associated with the low-thrust-level end 

of the  range. 



I n  add i t ion  t o  continuous t h r o t t l i n g ,  stepped or discontinuous t h r o t t l i n g  

a l s o  has c e r t a i n  app l ica t iom &a- space propulsion systems. One such 

app l ica t ion  i s  the use of a s ingle  engine t o  e f f i c i e n t l y  perform a dual 

funct ion,  a s  i n  a combination of mid-course correct ion (low t h r u s t )  and 

o r b i t  i n j e c t i on  (high t h ru s t )  maneuvers, thus el iminating the need fo r  

two separate engines. 

Throt t l ing Techniques 

The techniques explored f o r  continuous t h ru s t  modulation of l i qu id  

bipropel lant  rocket  engines have been many and varied.  The simplest and 

perhaps the  be s t  technique f o r  l imited t h r o t t l i n g  ranges (up t o  about 5 : l )  

i s  t o  use var iable-or i f ice  propellant  valves. However, a s  the  required 

t h r o t t l i n g  range i s  increased,  the propellant  i n j ec t i on  ve loc i t i e s  a t  the 

lower end of the range decrease t o  a point where smooth combustion e f f i -  

ciency and s t a b i l i t y  problems can be incurred. Therefore, t h r o t t l j n g  

techniques must be employed which maintain a minimum allowable propellant  

i n j ec t i on  ve loc i ty  a s  the propellant  flow r a t e ,  and hence t h r u s t ,  i s  

decreased. Two technical  approaches are  possible.  F i r s t ,  the in jec to r  

o r i f i c e  areas  can be decreased with increased propellant  flow, and second, 

the  flow can be decreased by the i n j ec t i on  of an i n e r t  gas ,  Both techniques 

have been developed. The var iable  o r i f i c e  area  in jec to r  i s  the more complex 

mechanically, while the  gas i n j ec t i on  appr'oach requires  a small amount of 

s to red  gas ,  usual ly  avai lable  from the system pressure tank. Both systems 

a r e  t heo re t i c a l l y  capable of large  t h r o t t l i n g  ranges as  high a s  several  



hundred t o  one ( the  var iable  area in jec to r  has been demonstrated t o  

300:1), and both a re  current ly  being applied t o  spacecraft  propulsion. 

THRUST VECTOR CONTROL ( ~ i ~ .  28) 

Gimballed Engine 

The gimballed engine method of t h ru s t  vector control  i s  a  proven concept, 

and has been used on many vehicle systemwith no known engine f a i l u r e s  

a t t r i bu t ab l e  t o  it. This system involves swiveling of the t h ru s t  chamber 

and turbopump combination. The performance l o s s  with t h i s  system i s  

e s s e n t i a l l y  zero.  Comparing the weight and performance losses  of various 

systems shows t h a t  the gimballed engine i s  one of the bes t  methods. 

Fixed ~ n j e c t o r / ~ i m b a l l e d  Chamber 

This system cons i s t s  of a  f ixed in jec to r  assembly and a  f ixed turbopump. 

At t i tude  control  i s  provided by a  movable chamber assembly which pivots 

about the i n j ec to r .  This arrangement e  liminates the need f o r  f l ex ib l e  

propellant  l i ne s  and reduces the mass t o  be swiveled. However, dynemic 

s ea l s  a r e  required fo r  the coolant flowing t o  and from the t h ru s t  chamber 

wal ls .  The performance i s  i den t i c a l  t o  t h a t  of the gimballed engine, but 

the weight i s  l e s s .  





Side  I n j e c t i o n  of F l u i d s  

Three types  of systems using s i d e  i n j e c t i o n  of f l u i d s  may be mentioned: 

s i d e  gas  i n j e c t i o n ,  s i d e  l i q u i d  i n j e c t i o n ,  and a8symetr ical  t h r o a t  

i n j e c t i o n .  The s i d e  gas  i n j e c t i o n  system produces b e t t e r  performance i n  

some cases  t han  the  s i d e  l i q u i d  system, and i n  many cases  a s syme t r i ca l  

t h r o a t  i n j e c t i o n  w i l l  be i n e f f e c t i v e .  I n  t he  s i d e  gas  i n j e c t i o n  system 

gases  a r e  i n j e c t e d  i n t o  the  d ivergent  po r t ion  of t h e  nozz le .  The i n t e r -  

a c t i o n  of t hese  gases  wi th  the  main stream changes the  d i r e c t i o n  of t h e  

t h r u s t  vec to r .  This  system, though e l imina t ing  a l l  movement of t he  t h r u s t  

chamber assembly, r e q u i r e s  an  increased  f low of p rope l l an t  t o  produce t h e  

r equ i r ed  vec to r  displacement.  This  i nc rease  i s  l a r g e  a t  t imes ,  e s p e c i a l l y  

i f  t h e  i n j e c t e d  gas  temperature i s  cons iderably  lower than  t h a t  of t h e  

mainstream gas .  

Assymetr ical  P r o p e l l a n t  I n j e c t i o n  

The i n j e c t o r  of a  rocke t  combustion chamber could be t h r o t t l e d  i n  s e c t i o n s  

t o  cause a s syme t r i ca l  f low through t h e  combustion chamber and nozz le ,  t h u s  

gene ra t ing  s i d e  f o r c e s  which could be used f o r  t h r u s t  vec tor  c o n t r o l .  I t  

can be found t h a t  t h e  f low through one quadrant  of an i n j e c t o r  must be 

completely stopped and the  flow i n  t h e  opposi te  quadrant  must be doubled t o  

g e t  a  maximum e f f e c t i v e  gimbal angle  of only 3 degrees.  Therefore ,  

a s syme t r i ca l  p rope l l an t  i n j e c t i o n  i s  no t  p a r t i c u l a r l y  a  p r a c t i c a l  method 

of v e c t o r  c o n t r o l .  



APPLICATIONS 

SPACE ENGINE DESCRIPTION 

A space engine i s  defined a s  a l iquid-propellant ,  pressure-fed system 

i n  the  lower-thrust range, designed primari ly f o r  operation i n  a space 

environment. The propellant  tankage and feed subsystem are included i n  

t h i s  engine system de f in i t i on ,  although, i n  many ins tances ,  these com- 

ponents and sub-systems a re  provided by airframe contractors  ra the r  than 

by propulsion companies, and of ten  comprise much of the vehicle airframe 

i t s e l f .  Figure 29 shows a schematic representa t ion of a typ ica l  system. 

Funct ional ly ,  a  pressurizing gas ,  usual ly  gaseous nitrogen o r  helium, is  

re leased through a system of valves and pressure regula tors  i n to  tanks 

containing l iqu id  propel lants ,  e i t he r  cryogenic or s to rab le ,  and usually 

hypergolic . The propel lants  , under presaure , are  delivered through l i ne s  

t o  the  one o r  more t h rue t  chamber assemblies; then they are  metered, on 

demand, through propellant  valves in to  the t h ru s t  chamber where combustion 

takes  place. A monopropellant system is even simpler, a s  one leg  of the 

propel lant  feed system i s  eliminated. 

SPACE ENGINE APPLICATION 

Considering the space engine category, i n  a wide sense, as these propul- 

s ion systems ba r e  primary funct ions ,  other than f ree ing  a vehicle from 

the  pu l l  of the  e a r t h ' s  g rav i ty ,  th rus t8  t o  something i n  excess of 20,000 l b  





must be included t o  encompass the Apollo Service module primary engine. 

The next s t eps  down the  t h r u s t  ladder are  the  Agena and RL-10 propulsion 

systems a t  the  15,000-lb-thrust l e v e l ;  the  10,500-lb t h r u s t  l eve l  LEM 

descent engines;  the  Trnastage, Able-Star, and Delta  engines,  a l l  a t  

7,000 t o  8,000 l b  t h r u s t ;  and the  LEM Ascent engine a t  3,400 l b  t h r u s t .  

The RL-10 and Agena systems are i n  the pump-fed category,  and, along with 

the  Able-Star and Delta systems, f a l l  i n t o  a  " t r ans i t ion"  t h r u s t  c l a s s  

between the booster  s tages  and the payload s tages  incorporat ing the 

smaller  space engines. Thrust c l a s ses  under 4,000 l b  and p a r t i c u l a r l y  

under 1,000 l b ,  include a  host  of r e l a t i v e l y  low-thrust,  l iquid-propel lant ,  

pressure-fed propulsion systems. 

The Gemini propulsion systems, including the  o r b i t  a t t i t u d e  and the  

maneuver systems, and re-entry cont ro l  system, are shown i n  Figure 30. 

The o r b i t  a t t i t u d e  and maneuver system i s  a  complete propulsion system 

including e i g h t  25-lb ab la t ive  t h r u s t  chambers, s i x  100-lb ab la t ive  t h r u s t  

chambers, two 85-lb ab la t ive  t h r u s t  chambers, and a  Teflon bladder pos i t ive  

expulsion system. The propel lants  f o r  t h i s  system a re  NTO/M.W. I n  addi t ion  

t o  s teady s t a t e  operat ion t h i s  system has a  pulsing requirement of 0.25 l b  

per second minimum impulse b i t  f o r  the 25 l b  t h r u s t  chambers and 25 l b  per 

second minimum impulse b i t  f o r  the  85 and 100 l b  t h r u s t  chambers. The 

Gemini re-entry cont ro l  system cons i s t s  of two complete propulsion systems 

cons i s t ing  of e igh t  25 l b  ab la t ive  t h r u s t  chambers per system, and a  Teflon 

bladder pos i t ive  expulsion system; NTo/MMEI propel lants  a re  used. This system 

a l s o  has a  pulsing requirement of 0.25 l b  second minimum impulse b i t .  





PRE-PACKAGED LIQUID MISSILF: SYSTEMS 

A pre-packaged l i q u i d  propulsion system i s  normally equipped with a  

l i q u i d  propel lant ,  pressure-fed propulsion system comprising a  tankage 

assembly, p ressu r i za t ion  system, t h r u s t  chamber assembly, and contro l  

system. Normally the  propel lants  a r e  hypergolic and a re  loaded i n t o  the  

system a t  t h e  f ac to ry  p r io r  t o  de l ivery  of the miss i le  system. These 

miss i l e s  a r e  designed f o r  a simple operat ion,  long-term storage under a  

wide temperature range,  and requi re  a minimum amount of maintenance. 

Figure 31 shows the  Lance miss i l e  with a  pre-packaged l iqu id  propulsion 

system being launched a t  the  White Sands Missi le  Range. 

SPACE LAUNCH VEHICLF: SYSTEMS 

Saturn I Launch Vehicle - The Saturn vehicle has a  booster t h r u s t  of 

1,500,000 l b .  The f i r s t  s tage  of the  vehicle i s  powered by e igh t  

Rocketdyne H-1 engines as shown on Figure 32. This vehic le  w i l l  stand 

about seventeen s t o r i e s  high and w i l l  put three  men i n t o  a  300 n a u t i c a l  

mile o r b i t  where they w i l l  be able  t o  s t a y  f o r  a  period of up t o  two 

weeks. Nine Saturn I vehic les  have been launched successful ly  ( a s  of 

t h i s  d a t e ) ,  using a  t o t a l  of 72 engines i n  the f i r s t  s tage with 100 

percent  r e l i a b i l i t y .  The l a t e r  f l i g h t s  of the  current  s e r i e s  of vehic les  

a l s o  had an S-IV upper s tage each using s i x  engines of 15,000 l b  t h r u s t  

each,  operating on oxygen-hydrogen propel lant  systems. 



Figure 31. Prepackaged Storable  Propuls ion System 
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Afte r  the  current  s e r i e s  of the Saturn I f l i g h t s ,  the  vehic le  w i l l  be 

uprated t o  the  S-IB configurat ion by subs t i tu t ing  the  S-IV B with one 

Rocketdyne 5 - 2 ,  200,000-lb-thrust,  oxygen-hydrogen engine system f o r  the 

second s tage .  This new s tage  w i l l  have over twice the t h r u s t  of the 

e a r l i e r  s tage .  This launch vehicle w i l l  be used t o  place the Apollo 

w b o i l e r p l a t e "  spacecraf t  and the Lunar excursion module, o r  LEM, i n  

e a r t h  o r b i t  f o r  crew t r a i n i n g  i n  weightless environment, and rendezvous 

and docking techniques. Figure 73 shows a launch of one of the Saturn I 

veh ic les .  

Saturn V Launch Vehicle - The Saturn V vehicle a s  shown i n  Fig. 34 w i l l  

have a booster  t h r u s t  of 7,500,000 l b .  The booster  s tage i s  powered by 

f i v e  F-1 engines each developing 1,500,000 l b  of t h r u s t  operating on 

l i q u i d  oxygen/~p- l .  The pad weight of the vehic le  i s  6,000,000 lb .  

Saturn  V w i l l  launch 45 tons in to  lunar o r b i t  t r a j e c t o r y .  This vehicle 

i s  almost a s  t a l l  a s  the  Los Angeles C i ty  Ha l l .  

Figure 35 shows a s i z e  comparison between the 188,000-lb-thrust H-1 

engine,  e i g h t  of which a r e  used i n  the Saturn I veh ic le ,  and a l s o  the  

1,500,000-lb-thrust F-1 engine, f i v e  of which a r e  used i n  the Saturn V 

f i r s t  s t age .  









The second s tage  of the  Saturn vehicle i s  powered by f i v e  5-2 200,000-lb- 

t h r u s t  oxygen/hydrogen engines. One of these 200,000-lb-thrust oxygen- 

hydrogen engine systems i s  used i n  the t h i r d  s tage .  This i s  the  same 

s t age  used i n  the  Saturn I B  vehic le .  The 5-2 engine system i s  shown i n  

Figure 36. 

On t o p  of the th ree  s tages  mentioned before w i l l  be located the  lunar 

excursion module and the  Apollo Command module a s  shown i n  Figure 37. The 

manned f l i g h t  t o  the  moon w i l l  be accomplished by the  lunar o r b i t  concept. 

That i s ,  the  Apollo spacec ra f t ,  including the  Lunar Excursion module or 

LEM, w i l l  be launched by Saturn V t o  a  lunar o r b i t .  The f i r s t  s t age ,  

developing 7-1/2 mi l l ion  pounds of t h r u s t ,  w i l l  burn f o r  150 seconds; the  

second s tage  w i l l  burn f o r  390 seconds. The t h i r d  stage w i l l  burn f o r  

160 seconds, shut  down, coas t ,  and then r e i g n i t e  t o  run  f o r  a  t o t a l  of 

400 seconds t o  impart the  v e l o c i t y  of 36,000 f e e t  per second (26,600 miles 

per  hour) requi red  t o  place the  Apollo spacecraf t  in to  an e a r t h  escape 

t r a j e c t o r y  toward the  moon. In jec ted  i n t o  space a re  the  t h i r d  (s-IV) stage 

(now dry) and the  Apollo spacecraf t  s t i l l  a t tached t o  and mounted on top  

of the  S-IV B s tage .  Shor t ly  a f t e r  enter ing  the  Lunar t r a j e c t o r y ,  shaped 

charges peel  away the f a i r i n g ,  leaving the Apollo i n  f r e e  f l i g h t .  The 

spacecraf t  i s  then turned by means of an a t t i t u d e  engine t o  dock, nose t o  

nose, with the  L;EM r id ing  i n  the  forward por t ion  of the t h i r d  s tage .  Ex- 

plosive b o l t s  a r e  then f i r e d  t o  separate t h e  LEM form the  t h i r d  s t age ,  which 

i s  l e f t  behind. 
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It  is  with t h i s  vehicle t h a t  we w i l l  explore ex t r a - t e r r e s t i a l  areas.  

With t h i s  vehicle two men w i l l  be landed on the moon. They w i l l  explore 

it and re tu rn  back t o  ea r th  along with a t h i r d  man who has been r id ing  

i n  the  Apollo capeule above the moon. We have made tremendous s t r i d e s  

with the  Project  Mercury and Project  Gemini programs; the  Apollo Launch 

Vehicle and Spacecraft w i l l  be one molestep toward man conquering space. 



ADVANCED COMBUSTOR AND CHAMBER COOLING CONCEPTS 

Performance increases  can be achieved i n  b e l l  nozzle design by higher 

expansion r a t i o  nozzles.  This d e s i r a b i l i t y  f o r  increased a r e a  r a t i o s  

has been hindered by the  r e s u l t i n g  nozzle s i z e ;  t h i s  can be a l l e v i a t e d  

by going t o  higher chamber pressure operat ion.  Today's chamber f e a s i b i l i t y  

programs a t  2500 and 3000 ps ia  a re  paving the  way f o r  fu tu re  increases  i n  

chamber operat ing pressures  f o r  new engine designs,  j u s t  a s  the  high 

pressure work a t  the  1500 ps ia  l e v e l  conducted i n  1957 preceded the  

s e l e c t i o n  of the  1000 p s i a  operating pressures f o r  the  cu r ren t  F-1 and 

M-1  systems. High chamber pressures  place l a t e r  importance on the  com- 

bus tor  des ign,  cooling of the  combustor and nozzle t h r o a t  sec t ion ,  and 

the  turbomachinery. For the advanced annular nozzles ( ~ i ~ .  38) a higher 

chamber pressure wi 11 a l s o  provide s i z e  reductions wi th  s imi la r  problems 

of cooling and turbomachinery. For the b e l l  nozzle designs,  c y l i n d r i c a l  

combustion combustors have been developed and a r e  being used on current  

engines. For the  advanced annular nozzle ,  two types of combustors have 

evolved; the  annular t o r o i d a l  and t h e  multi-chamber combustor. The 

annular t o r o i d a l  combustor i s  a  simple t o r o i d  with an appropr ia te  annular 

opening t o  form the  t h r o a t .  The multi-chamber combustor system uses an 

annular arrangement of separated combustors e i t h e r  of c y l i n d r i c a l  or oval 

shape, arranged so t h a t  combustor gas i s  exhausted i n t o  the  common nozzle. 

High performance and combustion s t a b i l i t y  should be obtainable with both 





combustor concepts ;  w i t h  each conf igu ra t ion ,  modular o r  segment t e s t i n g  

can be used t o  minimize development c o s t s  and prove out  performance and 

s t a b i l i t y .  Many of the  performance ga ins  a s s o c i a t e d  wi th  high-pressure 

ope ra t ion  a r e  jeopardized by the requirements  f o r  cool ing the  inc reas ing  

h e a t  f l u x e s .  Technology programs a r e  providing engineer ing  d a t a  which 

w i l l  a s s i s t  i n  t h e  d e f i n i t i o n  of a f e a s i b l e  system f o r  high chamber 

p re s su re  ope ra t ion .  

ADVANCED TURBOMACHINERY 

The h igh  f low r a t e s  and d ischarge  pressure  r equ i r ed  by advanced engine 

des igns  have n e c e s s i t a t e d  new high  performance and low weight concepts  

of turbomachinery. Under s e v e r a l  programs des ign  s t u d i e s  and experimental  

i n v e s t i g a t i o n s  a r e  being d i r e c t e d  toward advanced turbomachinery f o r  s e v e r a l  

p r o p e l l a n t  combinations and t h r u s t  l e v e l s .  Evalua t ion  of turbomachinery 

des igns  has shown t h a t  a major p a r t  of t he  weight i n  the  s t r u c t u r a l  

members, v o l u t e s ,  and ou te r  cas ings  can be e l imina ted .  New concepts which 

permit  l i g h t  weight des igns  f o r  t hese  i tems have evolved through novel  

arrangements of t he  f low passages ,  pump inducers ,  and pump impe l l e r s .  

E f f o r t  i s  now focused on design improvements which w i l l  permit  high-speed 

pump ope ra t ion .  High-speed pumps w i l l  permit small  impe l l e r s  and inducers  

t o  provide h igh  f lowra te s  and d ischarge  p re s su res ,  and thus  provide a lower 

weight u n i t .  As a t tempts  were made t o  i nc rease  pump des ign  speed,  sub- 

s e q u e n t i a l  technology advances were r equ i r ed  t o  opera te  w i th  a v a i l a b l e  NPSH, 



overcome bearing and s ea l  speed l imi ta t ions ,  and design configurations 

which would not  overs t ress  turbine  components. Advanced technology pro- 

grams have indicated promising innovations i n  each of these a reas ,  and 

pump designs with subs t an t i a l l y  increased speeds appear imminent. 

ADVANCED CYCLES 

Gas generator and topping cycles ( ~ i ~ .  39) a r e  used on engine systems 

today. These cycles w i l l  s t i l l  be used on many new engine systems. How- 

ever,with higher performance being required on new engine systems and 

with higher chamber pressures,  work i s  continuing t o  improve these  cycles  

and new cycle concepts a re  being created.  

PACKAGING ( ~ i ~ .  40) 

By combining a l l  of the above concepts it w i l l  be possible t o  produce a 

propulsion system t h a t  w i l l  require  much l e s s  space than i n  the  pas t .  The 

propulsion system w i l l  have higher performance, be more compact, have 

higher r e l i a b i l i t y ,  and w i l l  put up heavier  payloads than ever before. 



GAS GENERATOR CYCLE TOPPING CYCLE 

n 

RELATIVE RATING 

PERFORMANCE .,-,,-.-.--. 2 (v= 0.98) ,----.-- 1 (7)= 1-00) .---------- 

SYSTEM COMPLEXITY -__.- 2 .-----------.-- 3-----, 

PUMP DISCH. PRESS. ------ 1 --.--- -- ---- --3.---- ---------- - 

SYSTEM WEIGHT -.-- ---_-2- -.----------- 3 .--_-----------. 

Figure 39. Cycle Evolution 
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