


INTRODUCTIQN 

The 5-2 high-energy liquid propellant rocket engine ( ~ i ~ .  l), a large 

engine producing 200,000 pounds of thrust at altitude conditions, burns 

liquid hydrogen and liquid oxygen to produce the necessary high specific 

impulse for practical space use. Rocketdyne, a Division of North Ameri- 

can Aviation, Inc., is developing the engine for the George C. Marshall 

Space Flight Center, X f i .  The first use of the engine will be in the 

upper stages of the Saturn vehicles. Five engines will be used for the 

second, S-I1 stage of the Saturn V, and one will power the S-IVB third 

stage of the Saturn V and S-ISTI second stage of 'the Saturn IB. 

The 5-2 development program at Roclietdyne %.as initiated in September 

1960. The engine passed rapidly through feasibility firing phases and 

progressed to dailv firings for operational refinement and reliability 

verification. Encouraging progress was demonstrated by success of the 

first attempt at a full-duration firing at full thrust. The develop- 

ment program will reach the Preliminary Flight Rating Test milestone 

this year, and production engine deliveries wi1I comence this summer. 

Qualification and first flights are scheduled for 1965, 

In this paper, the engine systcn and component design will be discussed, 

with emphasis upon the newer features whose development has been dictated 

by the use of liquid hydrogen as the fuel. A brief description of the 

developncnt program and of the principal specialized test equipment will 

be given. 

The 5-2 engine is built around the high-altitude thrust chamber, which 

serves as a mount for all components and is designed for lo-degree 



Figure 1. The 5-2 Engine 



d i r e c t i o n a l  cont ro l  by gimbaling the  e n t i r e  engine. The t h r u s t  chamber 

has an expansion a rea  r a t i o  of 27.5:1, a s  l a rge  a s  poss ib le  f o r  vacuum 

performance while r e t a i n i n g  the  des i r ab l e  f ea tu re  of sea-level f i r i n g  

c a p a b i l i t y  f o r  s tage  checkout and r e l i a b i l i t y  development; 

The p rope l l an t s  f o r  t he  engine a r e  del ivered t o  t h e  i n j e c t o r  and combus- 

t i o n  chamber by two separa te  turbopumps mounted on e i t h e r  s i d e  of t he  

combustion chamber. The l i q u i d  hydrogen pump i s  a  seven-stage, ax ia l -  

f low pump opera t ing  e f f i c i e n t l y  a t  more than 25,000 rpm. The l i q u i d  

oxygen pump is a  r a d i a l  pump operat ing i n  the 6000-rpm range. Separa- 

t i o n  of the  two pumps avoids t h e  complication of gear  s e t s  o r  e f f i c i e n c y  

compromise. Each pump is  driven by an i n t e g r a l l y  mounted, two-stage, 

velocity-compound turb ine .  

The tu rb ine  power cycle  i s  i l l u s t r a t e d  i n  Fig. 2, Liquid hydrogen and 

l i q u i d  oxygen a r e  burned i n  a  s ing le  gas generator ,  f u e l  r i c h  t o  provide 

reasonably ho t  bu t  h ighly  e f f i c i e n t  low-molecular-weight gas. This gas  

passes  f i r s t  through the  two s t ages  of the hydrogen pump turb ine ,  and 

then is d i r ec t ed  to the  oxygen pump turb ine .  F ina l ly ,  a s  low-pressure 

exhaust,  it i s  in j ec t ed  i n t o  the  t h r u s t  chamber expansion zone. The two 

independent pumps a r e  ca l ib ra t ed  f o r  the  co r r ec t  engine p rope l l an t  f low 

of 5 pounds of oxygen t o  1 pound of hydrogen, and operate  gas-coupled 

wi thout  controls .  

Each p rope l l an t  pump i s  equipped wi th  a  h ighly  e f f i c i e n t  inducer s t age  

to operate  wi th  unusual ly low suc t ion  pressures  because tank pressure 

requirements f o r  l a r g e  space veh ic l e s  must be minimal. Net p o s i t i v e  

Suction Head (NPSH) f o r  the  hydrogen pump i s  130 f e e t  (4 psis), and f o r  

t he  oxygen pump i s  25 f e e t  (12.5 psis). 
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Figure 2. 5-2 Engine Power Cycle 
* 



The power cycle was o r i g i n a l l y  conceived t o  provide a  s t a r t  sequence i n  

which the  gas generator  is  s t a r t e d  from pressures  o r d i n a r i l y  ava i l ab l e  

i n  the  vehic le  tanks;  i t s  feed pressures  and power a r e  then increased by 

increas ing  the  speed of the turbopump. Although simple, the  "tank-head" 

s t a r t  proved t o  be too slow f o r  e f f i c i e n t  s tage  use i n  the  Saturn appl i-  

cat ion.  Accordingly, the turb ine  power system was augmented, a s  shown 

i n  Fig. 3, by a  4-cu f t  sphere of compressed hydrogen gas. This gas  

d r ives  t he  turb ine  during the e a r l y  phase of s t a r t i n g  t o  produce i n i t i a l  

rap id  pump acce lera t ion .  The "gas-spin" s t a r t  may be repeated any num- 

ber  of times during f l i g h t  by simply recharging the sphere wi th  hydrogen 

h-hich has been heated i n  the chamber tubes during the  engine run. The 

i n i t i a l  s t a r t s  and r e s t a r t s  a r e  i d e n t i c a l ,  and do not  r equ i r e  d i f f e r e n t  

cont ro l  o r  operat ing sequences. 

The engine system i s  completed by he l ium-ac tua t~d  va lves  and an e l e c t r i -  

ca l  cont ro l  and i g n i t i o n  system. F l i g h t  instrumentat ion,  hydrogen and 

oq-gen gases  f o r  tank p re s su r i za t ion ,  and in tegra ted  i n t e r f a c e  cormec- 

t i o n s  a r e  included. 

CO?IPOKE2W DESIGN 

Thrust Chamber Assembly 

'I'he 5-2 t h r u s t  chamber and propel lan t  i n j e c t o r  designs have made f u l l  * 
use of the  unique hea t - t ransfer  p rope r t i e s  of hydrogen. The l a rge  

chamber is  adequately cooled by hydrogen flowing 1-1/2 longi tudina l  

passes  i n  the  s t a i n l e s s - s t e e l  tubes of which it i s  constructed. Liquid 

hydrogen a t  more than 800 p s i  en t e r s  t h i s  cooling cycle and i s  heated 

from approximately -423 t o  approximately -260 F. This temperature and 
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this pressure are well above the ctitical values, and the hydrogen is to 

all intents a gas. The hydrogen is pressure-reduced to supply pressuriz- 

ing gas to the fuel tank, and to recharge the start bottle. The injector 

is designed for gashiquid injection, giving unusual freedom to atomize 

the propellants and to promote stable, controlled burning. 

The tubular construction of the thrust chamber was selected not only 

because it lends itself to good structural strength and known fabrica- 

tion techniques, bet also because of the very thin metal va11 demanded 

by the application. The gas-side heat transfer on each side of the tube 

wall is so good that the thermal resistance of metal is significant in 

the series heat transfer from the hydrogen-rich combustion .gas, through 

the tube wall, to the cooling hydrogen flow, - 

The thrust chamber coolant circuit is illustrated in Fig. 4. Coolant 

velocity varies from 60 ft/sec to 1000 ft/sec at the throat. The wide 

variations in heat flux, hydrogen flowrate, and corresponding large 

density changes, require radical variations in tube cross section. An 

iterative computer program which solves the general energy equation, 

momentum equation, continuity equation, equation of state, and heat 

balance equation across tube walls provides design tube cross section 

shapes for the specified wall temperature profile. The resulting-design 

of a tapered, formed tube has demons-Lrat;d conformance to the analytical 

model, 
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The "1-1/2 pass" cooling c i r c u i t ,  i l l u s t r a t e d  i n  Fig. 4 and 5, was 

se l ec t ed  t o  reduce the  s i z e  of t h e  f u e l  i n l e t  manifold and t o  f a c i l i t a t e  

t h e  tubu la r  cons t ruc t ion  t o  a  high nozzle expansion r a t i o .  The l i q u i d  

hydrogen e n t e r s  a  manifold a t  a  chamber expansion a rea  r a t i o  of 12:1, 

and flows down t o  the  e x i t  end i n  180 tubes.  This  flow is divided i n  a 

r e t u r n  manifold between two long r e t u r n  tubes which c a r r y  it to the  in- 

j ec to r  end. There a r e  360 r e t u r n  tubes. This 1-1/2 pass  system provides 

a  n a t u r a l  passage f o r  i n j e c t i n g  the  turb ine  exhaust gas i n t o  the  chamber 

a t  t he  d i scon t inu i ty  between t h e  down and up tubes. A manifold d i s t r i -  

bu te s  the  exhaust gas t o  t he  180 t r i a n g u l a r  holes  ava i l ab l e  f o r  t h i s  

purpose. . 

The 5-2 turbopumps a r e  both s ingle-shaf t  u n i t s ,  each wi th  i t s  own two- - 
s t age  velocity-compound turb ine ,  A one-stage cen t r i fuga l  l i q u i d  oxygen 

pump ( ~ i ~ .  6) and a  seven-stage axial-f low l i q u i d  hydrogen pump (I?ig, 7) 

a r e  employed. Speed r a t i o  of the  turbopumps i s  preadjusted by a  e a l i -  

b ra ted  o r i f i c e  downstream of the  l i q u i d  oxygen pump turbine.  This  per- 

m i t s  opera t ion  of both u n i t s  a t  t h e i r  r e spec t ive  optimum speed and a t  

t h e  same time e l imina tes  the  need f o r  high-power gearing. 

A major s imp l i f i ca t ion  of the-turbopumps was made poss ib le  by the  devel- 

opment of propel lan t - lubr ica ted  b a i l  bearings f o r  each un i t .  The oxygen 

turbopump bearings a r e  lubr ica ted  by an i n t e r n a l  bypass flow of 20 gpm 

of l i q u i d  oxygen which passes  through the  two bearings i n  s e r i e s .  I n  

t he  hydrogen turbopump, an i n t e r n a l  l i q u i d  hydrogen flow of 10 gpm is 

provided f o r  each of two bearings. The hydrogen turbopump bearings 

operate  a t  a  D-N (bore diameter i n  mi l l imeters  by speed i n  r p m )  of 



Figure 5 .  Thrust Chamber Tube Stack, Prior t o  Braze Operation 



Figure 6 .  Liquid Oxygen Turbopump, Component Test Setup 



Figure 7 .  L iqu id  Hydrogen Turbopump, Component Test Setup 



1,800,000. Test ing t o  da t e  has demonstrated the  adequacy of bo th  designs. 

I n  add i t i on  t o  i t s  bas i c  s imp l i c i ty ,  t h i s  l ub r i ca t ion  method avoids t he  

use of l u b r i c a t i n g  o i l s  which would prove troublesome because o f  t he  

cryogenic operat ing temperatures. I n t e r n a l  bypass p rope l l an t  flow i s  a l s o  

u t i l i z e d  i n  each t,urbopump t o  prox~ide t h r u s t  balance, and thus  t o  prevent  

a x i a l  loading of the  bearings. 

E l e c t r i c a l  Srstem 

The programming, s a fe ty ,  instrumentat ion,  and i g n i t i o n  c i r c u i t s  of t he  

5-2 engine a r e  composed of e l e c t r i c  components and c i r c u i t s  of advanced 

design. To a ~ o i d  the  neces s i ty  of heated e l e c t r i c a l  conta iners ,  a spec- 

i f i c a t i o n  of o p e r a b i l i t y  through a  temperature range of -300 t o  140 F 

was added t o  the  o ther  severe condit ions f o r  rocke t  engine use. These 

condi t ions  include extreme ~ i b r a t i o n  and moisture r e s i s t a n c e ,  s t r i n g e n t  

r a d i o  frequenq- i n t e r f e rence ,  high c i r c u i t  s t a b i l i t y ,  and except iona l ly  

high r e l i a b i l i t y .  -\ s a t i s f a c t o r y  e l e c t r i c a l  and e l e c t r o n i c  design f o r  

these  condit ions i s  a  unique ach ie~emen t  of t he  5-2 engine design. Com- 

ponent s e l e c t i o c  a t  extreme condit ions,  p a r t i c u l a r l y  -300 F i n  combina- 

t i o n  N-ith v ib ra t ion ,  and c i r c u i t  oeerdesign, have r e su l t ed  i n  an 

e l e c t r i c a l  system of demonstrated r e l i a b i l i t y . a n d  performance. For 

i l l u s t r a t i v e  purposes,  Fig. 8 i s  appended from another source,* and 

shows t h e  temperature performance of two s i l i c o n  WE t r a n s i s t o r s .  Note 

t h a t  even the  b e t t e r  t r a n s i s t o r  has wide performance v a r i a t i o n ,  which 

must be alloh-ed f o r  i n  c i r c u i t  design. 

% l i n g e r ,  E. C.: "Cryogenic Test ing of E l e c t r i c  Components," American 
Rocket Society,  Paper So. 2636-62, 13 November 1963. 
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The 5-2 engine e l e c t r i c a l  design employs approximately 75- t r a n s i s t o r s ,  

350 diodes,  50 Zener diodes,  140 capac i tors ,  400 r e s i s t o r s ,  and 25 in- 

duc tors ,  a l l  of which a r e  assembled and sealed together .  Connections 

from the  e l e c t r i c a l  container  t o  engine control  components and t o  t he  

s t age  a r e  car r ied  i n  high-temperature-resistant (1500 F) cabling. A s  

an ind ica t ion  of t he  importance of these  components i n  the  over-al l  

engine design,  it has r ecen t ly  been determined t h a t  t h e  e l e c t r i c a l  sys- 

tem con t r ibu te s  15 percent  of the  t o t a l  cos t  of the  engine hardware. 

Vacuum Jacke t s  

Cryogenic component design i n  rocket  engines using l i q u i d  oxygen has  

long p ro f i t ed  from t h e  f a c t  t h a t  bare metal containing l i q u i d  oxygen 

forms a  coat ing of f r o s t  from the atmosphere which i s  a  s u r p r i s i n g l y  

good - i n s u l a t i o n  aga ins t  heat. -Accordingly, it has been common p r a c t i c e  

to design such components x i t h  no d e l i b e r a t e l y  added insu la t ion .  I n  

c o n t r a s t ,  bare  metal containing l i q u i d  hydrogen i s  so much colder  

(-423 F) t h a t  f r o s t  does no t  form, b u t  a i r  l i q u i f i e s  on the  surface, 

The r e s u l t i n g  streams of l i qu id  a i r  cons t i t u t e  a  s e r ious  h e a t  leak  as 

we l l  a s  being an unacceptable annoyance. It i s  therefore  necessary- to  

provide i n s u l a t i o n  f o r  most engine components containing l i q u i d  hydro- 

gen. This i s  conveniently accomplished f o r  the  hydrogen duc t s  and pump 

by e i t h e r  good, moisture-sealed in su la t ion ,  o r  by vacuum jackets .  Cur- 

r e n t  models of the J-2 engine employ vacuum j acke t s  f o r  these  pa r t s .  

The most d i f f i c u l t  design problem i n  t h i s  'regard i s  the  l i q u i d  hydrogen 

i n l e t  duc t ,  which must take the motion inc iden t  t o  10-1/2 degree gimbal- 

ing  of the  engine. The bellows construct ion of t h i s  duc t  is shown i n  

Fig. 9 ,  i n  which a  duct  i s  undergoing l i f e  t e s t .  Compression and exten- 

s ion  of 54.5 inches i n  the 21-inch duct  a r e  requi red ,  i n  add i t i on  t o  





angulation and twis t .  In  t h i s  duct the vacuum jacket  i s  

provided by a double bellows and s t a b i l i z a t i o n  i s  pro- 

vided by scizzors-type external  supports. h i n l e t  duct - 

and the engine spher ica l  gimbal bearing are  shown i n  

Fig. 9 .  

S t a t i c  Seals  

The s t a t i c  s e a l s  f o r  hydrogen hare had pa r t i cu la r  design 

a t t e n t i o n ,  not  only t o  prerent l o s s  under vacuum operation, 

b u t  to  prevent hazardous mixing of hydrogen with a i r  during 

sea-level t e s t i n g  and handling. To a l l e v i a t e  sea l ing  com- 

p l ica t ions ,  the engine design has concentrated on the 

el imination of jo in t s  requir ing sea l ing  by a uniquely com- 

plete u t i l i z a t i o n  of welded connections. For example, the 

i n j e c t o r  dome i s  welded t o  the in jec to r ,  and a l l  small tube 

jo in t s  are  completely welded. k'here welding i s  not  prac t ica l ,  

a spec i f i ca t ion  of zero (measurable) leakage has been met by 

a design using a pressure-actuat.ed combination s e a l .  This . 

s e a l  has such excel lent  demonstrated performance t h a t  it i s  

used throughout the  5-2 engine, not  only f o r  l iqu id  hydrogen 

b u t  f o r  l iqu id  oxygen, helium, and generator hot  gas. 

Approximately 112 s e a l s  are  used i n  the 5-2 engine, -the 

majori ty being used f o r  instrument connections. The l a r g e s t  

i s  a 19.48-inch sea l  f o r  the t h r u s t  chamber/injector sea l .  



X fu r the r  consideration with regard to  sea l s  i s  the 

spec i f i ca t ion  i n i t i a l  hardware temperature of -250 F, 

which precludes the use of any s o f t  sea l  mater ia ls  

such a s  O-rings. No s o f t  sea l s  are incorporated i n  

the 5-2 design, and t h i s  r e s t r i c t i o n  has led t o  the  

design of a  four-way solenoid valve with metal-to- 

metal sea t s .  

Solenoid Valve 

The 5-2 pneumatic control  ~ a l v e  i s  a direct-act ing,  

solenoid-operated u n i t  which i s  pressure-balanced by 

simultaneously mating pai rs  of sea t s  and f l ex ib le  disk 

s e a l s ,  thus el iminating the need f o r  dynamic seals .  

All-metal construction permits operation from -400 t o  

160 F and, within solenoid l imi ta t ions ,  in te rmi t t en t ly  

t o  400 F. The solenoid i s  hermetically sealed and 

employs thermal compensation windings f o r  low-temperature 

current  control .  

The par ts  of the valve mechanism (I?ig. 10) are made of 

hardened s t e e l ,  ground and lapped t o  a 4-microinch f in i sh .  

C r i t i c a l  surfaces and dimensions are  spec i f i ed- to  +50 

mil l ionths  of an inch tolerance.  The disk sea l s  are  made 

from a cobalt-base spring s t e e l  which i s  used* a s  ro l l ed  to 

a 4-microinch f in i sh .  

Leakage past the sea t s ,  measured under helium pressure, has 

been held to  very low values i n  a va r ie ty  of environmental 

t e s t s .  



Figure 10. Four-Way Solenoid Control Valve 



RELLlBILITY VERIFICATION 

The intended manned use of the 5-2 engine led to a stringent.relia- 

bility specification requirement at qualification to include performance 

as well as hardware integrity. Even though this reliability has been 

approached by liquid propellant missile engines, the reliability goal 

was accepted as the major design -challenge of the 5-2 engine. Each 

component and its subsequent system integration subjected to an 

initial series of design and reliability reviews. Subsequent component 

development programs were conducted to verify the reliability which 

~ias demanded of the original design. Anticipated reliability growth of 

the engine as development progresses is shown in Fig. 11. 

TEST EQtEPMENT 

Though the 5-2 component and engine test equipment %-as based upon - 

existing operating large engine facilities, the unusual requirements of 

the upper-stage liquid hydrogen engine have led in some cases to test 

equipment development programs. The cryogenic temperatures of liquid 

hydrogen have necessitated the solution of a number of design-problems 

pertaining to hydrogen tanks, transfer lines, and valves. Requirements 

to test the engine at simulated altitude conditions have led to new 

concepts in large vacuum test facilities. 
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Figure 11. 5-2 Engine Relia3ility Growth 



Engine Vacuum T e s t  Equipment 

The 5-2 engine was designed w i t h  sea- level  t e s t  c a p a b i l i t y ;  accord ing ly ,  

most engine development and a l l  s t a g e  engine f i r i n g s  w i l l  be accomplished 

a t  ambient p r e s s u r e .  To p rov ide  a l t i t u d e  performance comparisons'and to 

s e a r c h  f o r  unexpected environmental  occurrances ,  two of  t h e  f i v e  5-2 

engine derelopment t e s t  s t a n d s  a r e  equipped f o r  vacuum s imula t ion ,  

Because t h e  d e s i r e d  performance measurements are .concerned p r i m a r i l y  - 
w i t h  s t a r t  and s t o p  c h a r a c t e r i s t i c s ,  t h e  Tacuum s t a n d s  were designed t o  

m a i n t a i n  t h e  low p r e s s u r e  corresponding t o  a  60,000-foot a l t i t u d e  i n  an 

eng ine  capsu le  d u r i n g  t h e  e n t i r e  start, r u n ,  s t o p ,  c o a s t ,  and r e s t a r t  

cyc les .  

When t h e  engine i s  running,  s e l f - a s p i r a t i o n  through a  d i f f u s e r  i s  a 

techn ique  p r e ~ i o u s l y  reduced t o  p r a c t i c e .  The d i f f u s e r  i l l u s t r a t e d  i n  - 

Fig.  1 2  was designed and b u i l t  f o r  t h i s  purpose.  To provide t h e  vacuum 

pumping %-hen t h e  engine i s  s t a r t i n g ,  s topp ing ,  o r  n o t  runn ing ,  t h e  

b a s i c  d i f f u s e r  %-as provided w i t h  a  second t h r o a t  and an a n n u l a r  steam 

e j e c t o r  (l?ig. 12 ). The v e r y  h igh  steam f l o w r a t e  i s  provided by a 24- 

i n c h  va lved  l i n e  from a  system of steam accumulators ,  which is  i n  t u r n  

h e a t e d  b y  a  h o t - o i l  c i r c u l a t i n g  system. C h a r a c t e r i s t i c s  of t h e  steam 

system a r e  g iven  i n  Table  1. 

The d i f f u s e r  d e s i g n  was complicated by the- added requirement  t h a t  t h e  

w a l l s  be capable  o f  d e a l i n g  w i t h  h e a t  from t h e  3-2 engine j e t  impingement. 

The s u p e r s o n i c  s e c t i o n  of t h e  d i f f u s e r  i l l u s t r a t e d  was cons t ruc ted  o f  

square - sec t ion  copper t u b e ,  i n  a  manner s i m i l a r  t o  a  r o c k e t  t h r u s t  cham- 

b e r .  The copper t u b e s  a r e  TIG-welded t o g e t h e r  t o  provide a g a s - t i g h t  

s e a l .  The subsonic  s e c t i o n  i s  an e x t e r n a l l y  supported mild s t e e l  s h e l l  

cooied by y a t e r  sprayed on t h e  ou t s ide .  



ENGINE 

Figure 12. Steam Diffuser-Ejector, Engine Stand VTS-3A 



TABLE 1 

CHAR~CTERISTICS OF V A C ~ I  W I R O Q ~ ~ L  EQUIPMENT, 

J-2 ENGINE TEST STAM) TTS-3.A 

Di f fuse r  : 

Expansion a rea  r a t i o ,  engine t h r o a t  to d i f f u s e r  t h r o a t  27,5:1 

Area r a t i o  of mixing sec t ion  (based on steam nozzle) 27:l 

Heat f l u x ,  d i f f u s e r  wa l l ,  ~ t u / s ~  in.-sec (maximum) 8 

(average) 2 

Steam Nozzles: 

Nozzle t h r o a t  a rea ,  sq  f t  1.4 

Expansion a rea  r a t i o ,  annular  nozzle 15.3:l 

Steam f lowra te ,  lb / sec  - 900 

Steam pressure ,  nominal, p s i  300 

Steam Accumulator: 

Accumulator working pressure ,  p s i  

Steam s torage  capaci ty,  pounds 

The vacuum equipment described above i s  c u r r e n t l y  i n  operat ion t o  pro- 

v ide  a simulated a l t i t u d e  f o r  5-2 engine t e s t s .  F igure13  shows t h e  

t e s t  s tand ,  wi th  the  hor izonta l  d i f f u s e r .  Tk'O ste%.m accurnulators a r e  

a t  the  r i g h t  of t he  stand. A second such system is  under cons t ruc t ion  

a t  another  t e s t  s tand ,  wi th  an improvement cons i s t i ng  of a more f l e x i b l e ,  

gas-generator type high-capacity steam generator ,  t he  Rocketdyne 

"Hyperflow" concept, i n  p lace  of the boiler-accumulator system. 





Vacuum-Jacketed Tanks 

The l i q u i d  hydrogen run tanks f o r  5-2 engine t e s t i n g  were constructed 

according t o  conventional pressure-vessel p rac t i ce ,  with the added embel- 

l ishments  of complete vacuum jacket ing and unusually l a rge  s i ze ,  

Figure 14 i l l u s t r a t e s  a t e s t  stand wi th  a jacketed hydrogen tank of 

90,000 ga l lons  capac i ty  under construct ion.  This tank i s  flanked by 

two 20,000-gallon bare l i q u i d  oxq-gen tanks. 

Invar  Transfer  Lines 

Liquid hydrogen t r a n s f e r  pipe l i n e s  i n  t he  t e s t  a r e a s  must be  vacuum 

jacketed f o r  t h e  same reasons which r equ i r e  jacket ing of the  cryogenic 

tanks. Although adequate double-wall design has been i n  use f o r  many 

y e a r s ,  r a t h e r  severe maintenance problems a r e  associated wi th  bellows 

provided f o r  expansion and cont rac t ion  i n  the  inner  pipe. A new approach 

t o  t he  hydrogen p ip ing  has been reduced t o  p rac t i ce  by the  use of Invar* 

low-expansion a l l o y  pipe. Thermal cont rac t ion  of t h i s  a l l o y  is  neg l ig ib l e ,  

such t h a t  inner  pipe runs  without  expansion provisions may be employed, 

Invar  p ipe  has been b u i l t  i n  t h e  3- and 4-inch s i z e s  i n  runs  up t o  1200 

f e e t ;  welded pipe a s  l a r g e  a s  10 inches i n  diameter i s  i n  serv ice ,  The 

ou te r  j acke t s  of Invar  t r a n s f e r  pipe a r e  u sua l ly  made of s t a i n l e s s  s t e e l ,  

w i t h  bellows f o r  thermal movement. Shop welding of longi tudina l  seams 

of Invar  and f i e l d  c i rcumferent ia l  welds have been developed t o  good 

r e 1  i a b i l  ity, 

*Invar = Fe 63 percent ,  N i  36 percent ,  o the r  1 percent  



Figure 14. 5-2 Engine Test Stand Delta 2 Under Construction 



E.iecHanica1 Gimbal Actuator 

An advanced design mechanical gimbal ac tua to r  has been developed f o r  

t e s t  s tand use. This  ac tua to r  (F'ig. 15) employs a  bal l -bearing screw 

t o  g ive  42,000 pounds of force  f o r  ac tua t ion .  This self-contained u n i t  

i s  f u l l y  operable  a t  environmental temperatures down t o  -500 F, and 

avoids t h e  h e a t e r s ,  pumps, accumulators, e tc . ,  assoc ia ted  wi th  hydraul ic  

ac tua to r s .  It i s  an t i c ipa t ed  t h a t  the  advantages of such a c t u a t o r s  

w i l l  be r ea l i zed  eventua l ly  f o r  f l i g h t  use. 

The 522 engine development program has progressed through design phases,  

component t e s t ,  and system v e r i f i c a t i o n  t e s t  t o  t he  opera t ing  phases 

concerned w i t h  design refinement,  r e l i a b i l i t y  v e r i f i c a t i o n ,  and s tage  

coordinat ion.  ~b v e r i f y  r e l i a b i l i t y ,  extensive engine t e s t i n g ,  backed 

up by seve ra l  thousand component t e s t s ,  w i l l - b e  completed i n  t h e  next  

2  years .  - Meanwhile, engine d e l i v e r i e s  t o  i n i t i a t e  s t age  development 

f i r i n g s  w i l l  commence. It i s  an t i c ipa t ed  t h a t  t h i s  b a s i c  l a r g e  high- 

energy engine w i l l  be assigned t o  a  v a r i e t y  of t a s k s  i n  t he  'C'nited S t a t e s  

space program. 



Figure 15, Mechanical Gimbal Actuator 
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