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INTRODUCTION 

The high temperature associated with the efficient combustion of rocket 

propellants necessitates the selection of a cooling technique which reliably 

maintains safe operating temperatures on all critical components. For all 

liquid booster propulsion units, such as the 5-2 engine (Fig. I), this 

task is accomplished by regenerative cooling. The prime assets of regen- 

erative cooling are reliability, durability, and high performance. 

The Space Shuttle Engine imposes requirements on regenerative cooling well 

beyond those associated with current engine systems. This presentation 

will compare those requirements to capabilities and available technology of 

regenerative cooling. 





REGENERATIVELY COOLED THRUST CHAMBER 

The principal of regenerative cooling is to maintain a cool wall by utilizing 

one of the propellants within the rocket engine to absorb heat that is 

transmitted to the thrust chamber from the combustion products. The selected 

coolant absorbs heat as it travels through the coolant passages and then 

returns this heat (regenerates) to the combustion process when it is injected 

into the combustion chamber. 

Many types of coolanes have been utilized in regeneratively cooled thrust 

chambers. Both oxidizers and fuels have been applied; cryogenics and storable 

propellants have each demonstrated the capability to cool regeneratively. 

The techniques for constructing the coolant passages have also varied. The 

thrust chambers used for the early V-2 and Redstone rockets utilized a simple 

double wall construction. Later chambers utilized tubular construction. 

Current engines rely on both tubes and channel wall constructions. The latter 

is a modification of the earlier double wall technique. 





ENGINE LAUNCHES 

The reliability of regenerative cooling is impressive. Figure 3 indicates 

space boosters and ballistic missiles which utilize regeneratively cooled 

engines. The number of flights for each of the propulsion systems is 

indicated and the number of regeneratively cooled engines associated with 

each vehicle is also shown. This chart represents over 4000 applications 

of regeneratively cooled engines. On all of these flights, regenerative 

cooling has had a failure-free operation. 
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THERMAL CHARACTERISTICS OF PROPULSION SYSTEMS 

The thermal environment within a rocket engine is substantially more severe 

than those experienced within other propulsion systems. Figure 4 indicates 

relative temperatures and heat fluxes that are experienced in rocket engines 

and air breathing propulsion systems. The severity of the thermal conditions 

is directly related to the stagnation temperature, the properties of the 

combustion gases, and the Mach number. 

For air breathing systems combustion temperatures frequently exceed the 

allowable temperatures of most metals; butrarely approach the stagnation 

temperatures of from 6,000 to 8,000 degrees that are obtained within rocket 

engines. The heat fluxes experienced within oxygen-hydrogen rocket engines 

are substantially more severe than those encountered in air breathing propul- 

sion. In the rocket engine the high stagnation temperature is combined with 

sonic hot gas conditions at the throat of the thrust chamber. Current oxygen- 

hdyrogen rocket engines, such as the 5-2, 5-25? and M-1, experience heat fluxes 
2 

ranging from 17 to 35 Btu/in -sec. At the Space Shuttle Engine design point 

the maximum heat flux is 72 Eitu/in2-sec. Regenerative cooling provides the 

only means for handling these severe heat fluxes without encountering 

appreciable performance losses. 
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O X I D I Z E R  6 
PERFORMANCE GA N FROM REGENERAT 

S P E C l  F l  C ENTROPY, S S P E C l  F l C  ENTROPY, 



SPACE SHUTTLE ENGINE 

The previous charts have discussed some of the features of regenerative 

cooling. It is now appropriate to explore the requirements and limitations 

associated with this cooling technique. The Space Shuttle Engine is 

designed to achieve a high thrust and high performance within a compact 

envelope. To accomplish these objectives, the engine operates at a 

chamber pressure of 3000 psi and produces heat flux four times as high 

as those experienced in the current 5-2 engine. To understand the feas- 

ibility of regeneratively cooling the Space Shuttle Engine, it is necessary 

to compare the capabilities of coolant and thrust chamber materials with 

the engine requirements. 





0
 

m
 

@
m

o
m

 
c
,
 

a, 
a
 

m
 

k
 

a
,
.
r

l
k

R
 

k
 

0
 

.* k 
0
 

2
c

,a
, 

a, 
UJ 

a
c

,
 

k
G

i
?

s
 

a, 
0
 

k
M

k
 

e
m

5
 

? 
.A

 
+, 





ALLUNABLE REGENERATIVE COOLING REGIMES 

The effect of the material prorerties on the allowable regenerative cooling 

operating regimes is indicated in this figure. Four xhrust c.hamber materials 

are analyzed in terms of the conduction and stress requirements. The conduc- 

tion limit represents the maximum wall tl,ickness, which i.l exceeded will 

result in excessive . .!i tem?srature ?nd/or high coolant pressure drops. 

Conduction lircits are based on a 400~" coolant side wall temperature (typical 
0 

of +,be SSY throat). A maximum gz; side wall temperature of 1000 F was used 
0 

for the two copper materials, end 1400 F was used for nickel and stainless 

stsel. The str2ss limit line represents the minimum wall thickness, which 

is necessary icr structural integrity. Stress limits are based on conserva- 

tively designed channel thrust nP:mbers. Yield strengths utilized are 

consistent with the previous chart. 

The figure clearly indicates that stainless steel and nickel are unaccept- 

able c~ndidates for high chamber pressure operation. OFHC copper and copper 

ailoys arc the appropriate materials for high chamber pressure operation. 

Annealed OFHC copper can achieve chamber pressures approaching 400G psi. 

Higher pressures can be obtained by strength improvements to the copper. 

Because of its high strength and high thermal cond~:-tivity the copper alloy 

(NARloy) can be operated at extremely high chamber pressures. 





02/H2 REGENERATIVE COOLING FEASIBILITY LIMITS 

The combined potential of the hydrogen coolant and the copper alloy (NARloy) 

material is illustrated in this figure. It is evident that the Space Shuttle 

Engine design point is well within the capabilities of regenerative cooling. 

In general, regenerative cooling becomes easier as the thrust level increases. 

At high thrust the difference between the wall conduction limit, which repre- 

sents an ultimate limit, and the pressure drop limit, which represents a 

practical constraint becomes minimal. The pressure drop limit line represents 

a coolant pressure drop equal to one-tenth of the chamber pressure. 





CONSTRUCTION METHODS 

Durable and economical f a b r i c a t i o n  methods a r e  n e c e s s a r y  f o r  a  s u i t a b l e  

Space S h u t t l e  Engine des ign .  

Although t u b u l a r  t h r u s t  chamber d e s i g n s  a r e  f e a s i b l e ,  t u b u l a r  c o n s t r u c t i o n  

does  n o t  t a k e  f u l l  advantage of h igh  c o n d u c t i v i t y  m a t e r i a l s .  Tubular 

c o n s t r u c t i o n  has  been used almost e x c l u s i v e l y  f o r  n i c k e l  and s t a i n l e s s  

s t e e l  chambers. 

A f a r  more p r e f e r e n t i a l  t echn ique  i s  channel c o n s t r u c t i o n .  In  t h e  channel 

c o n s t r u c t i o n  method t h e  c o o l a n t  passages  a r e  formed by channe l s  f a b r i c a t e d  

on t h e  o u t e r  pe r iphery  of a  chamber l i n e r .  The channel c o n s t r u c t i o n  o f f e r s  

t h e  advantages  of having a  smooth h o t  gas  w a l l  the reby  reducing t h e  h e a t  

load  and s i n c e  t h e  channe l s  themselves  a r e  machined, t h e  flow a r e a s  can  be 

c l o s e l y  c o n t r o l l e d .  The s t r u c t u r e  i s  rugged and d u r a b l e .  One of t h e  c h i e f  

advantages  i s  t h e  f a c t  t h a t  channel c o n s t r u c t i o n  talces f u l l  advantage of 

t h e  h igh  c o n d u c t i v i t y  of t h e  t h r u s t  chamber w a l l  m a t e r i a l .  Flow o r  a r e a  

v a r i a t i o n s  i n  any s i n g l e  channel a r e  negated by conduct ion of h e a t  t o  t h e  

a d j a c e n t  channe l s .  
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RECENT ROCKETDYNE REGENERATIVE COOLING CONTRACTS 

The application of regenerative cooling to the Space Shuttle Engine is based 

on the results of numerous NASA and Air Force studies which have advanced 

the regenerative cooling technology. The attached figure lists recent 

contracts associated with regenerative cooling that have been conducted at 

Rocketdyne. Additional studies have been conducted at other companies and 

within the NASA and Air Force centers. The documentation is quite extensive, 

however the security classification of these studies varies. 

The results of these studies have demonstrated the capability of regenerative 

cooling over a wide range of chamber pressures. The advanced construction 

techniques have been demonstrated and the capability of hydrogen as an 

exceptional coolant has been verified. Extensive data have also been 

gathered on the ability of regenerative cooled chambers to achieve a large 

number of re-used cycles. The following charts present some of these data. 
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SPACE SHUTTLE REQUIREMENl'S 

In conclusion, the Space Shuttle Engine must provide high performance in a 

compact configuration. It must be capable of long life operation. Regen- 

erative cooling enhances the ability of the Space Shuttle Engine to meet 

these requirements. 






