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EXPERIMENTAL PERFORMANCE O F  L I Q U I D  HYDROGEN AND LIQUID FLUORINE 

IN REGEDERATIVELY COOLED ROCKET ENGINES" 

By H. W. Douglass, G. Hennings, and H. G .  P r ice ,  Jr. 

SUMMARY 

The rocket propel lant  combination hydrogen-fluorine gave very high 
performance e f f i c i ency  (98%) when burned i n  a 5000-pound-thr-~st rocket 
engine a t  a combustion pressure of 300 pounds per square inch absolute .  
A maximum spec i f i c  impulse of 352 pound-seconds per  pound was obtained 
f o r  a combination with 13.8 percent hydrogen. This value i s  98 percent 
of the  maximum t h e o r e t i c a l l y  possible  i n  the  p a r t i c u l a r  t h r u s t  chamber 
used, considering equilibrium expansion t o  sea- level  pressure.  With 6.1 
percent f u e l ,  where propel lant  bulk densi ty  i s  grea te r ,  a s p e c i f i c  i m -  
pulse of 314 pound-seconds per pound was measured. 
j e c t o r s  gave s i roi lar  r e s u l t s .  

Two d i f f e r e n t  i n -  

Complete regenerat ive cooling with hydrogen w a s  successful ,  even 
though average over -a l l  heat- t r ans f  e r  r a t e s  (4.5 t o  8.5 Btu/( see)  (sq i n .  ) ) 
g r e a t l y  exceeded those encountered with convention.al propel lants .  Be- 
cause pronounced changes i n  hydrogen densi ty  occur i n  the coolant pas- 
sages, automstic cont ro l  of propel lant  flow r a t e s  w a s  employed t o  ensure 
proper mixture r a t i o s .  

No  problems were apparent r e l a t i v e  t o  engine operation, s t a r t i n g ,  
or  combustion s t a b i l i t y .  

INTRODUCTION 

Theore t ica l  s tud ie s  show t h a t  the rocket propel lant  combination 
hydrogen-fluorine has the  highest  performance p o t e n t i a l  of a l l  s t a b l e  
chemical sources of energy ( r e f .  1). 
i n d i c a t e  that hydrogen can exceed a l l  o ther  rocket propel lants  as a re -  
generat ive coolant ( r e f .  2 ) .  I n  addi t ion t o  having high heat capacity,  
hydrogen i s  f r e e  of t he  physical  l imi t a t ions  of c e r t a i n  other  f u e l s  when 
they are used as coolants (e .g . ,  coking and decomposition). Even bo i l ing  
can be r ead i ly  avoided by using the hydrogen above i t s  c r i t i c a l  pressure,  
which i s  only 188 pounds per square inch absolute .  

Fmthermore, hea t - t ransfer  analyses 
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Because of t h e  absence of experimental data, t h e  objec t ives  of t he  
present  work were (1) t o  measure the  performance of hydrogen-fluorine i n  
an experimental rocket  engine, ( 2 )  t o  determine whether such an engine 
could be regenerat ively cooled by the  hydrogen, and (3) t o  explore f o r  
problem areas assoc ia ted  with the  use of hydrogen-fluorine i n  rocket  
engines. 

The experimental 5000-pound-thrust rocket engines used f o r  the  
inves t iga t ion  were operated a t  a nominal combustion pressure of 300 
pounds per square inch absolute .  The data cover propel lan t  mixtures 
ranging from 6 t o  20 percent f u e l .  Spec i f ic  impulse, c h a r a c t e r i s t i c  ve- 
l o c i t y ,  nozzle t h r u s t  coe f f i c i en t ,  and heat r e j e c t i o n  were determined as 
funct ioas  of oxidant-fuel  r a t i o .  This work was done a t  t h e  NASA Lewis  
Research Center. 

A construction method f o r  l ightweight rocket t h r u s t  chambers i s  
described i n  appendix A, by Edward F. Baehr. 

COMBUSTION-CHAMBER DESIGN 

I n j e c t o r s  

Both a showerhead-type and a t r i p l e t - t y p e  i n j e c t o r  were used i n  t h i s  
i n i t i a l  study. Showerhead i n j e c t o r s  general ly  give s t a b l e  combustion 
with r e l a t i v e l y  low heat  r e j e c t i o n  t o  the  engine walls and minimum chance 
of i n j e c t o r  burnout. Since n e i t h e r  atomization nor mixing of the  propel- 
l a n t s  i s  provided by these  i n j e c t o r s ,  showerhead i n j e c t o r s  have r e su l t ed  
i n  lower performance than o ther  types when used with conventional rocket  
propel lants .  When used with hydrogen-oxygen, however, showerhead in-  
j e c t o r s  have been found t o  give high performance ( r e f .  3 ) .  

The t r i p l e t  i n j e c t o r  was t e s t e d  t o  a s c e r t a i n  t h e  inf luence of pro- 
p e l l a n t  preparation on combustion e f f i c i ency  f o r  t h e  highly r eac t ive  
hydrogen-fluorine propel lant  combination. The t r i p l e t  arrangement of two 
f u e l  j e t s  impinging on one oxidant j e t  serves  t o  enforce mixing and r ap id  
dispers ion of propel lan ts  i n  the  combustion chamber. With o ther  propel- 
l a n t s ,  the use of t r i p l e t - t y p e  i n j e c t o r s  has r e su l t ed  i n  s i g n i f i c a n t  im-  
provement i n  performance and has given good r e s u l t s  i n  small-scale  s tud ie s  
with gaseous hydrogen and l i q u i d  oxygen (refs . 4 and 5) . 

The two i n j e c t o r s  used f o r  t h i s  hydrogen-fluorine work a r e  i l l u s t r a t -  
ed i n  f igure 1. Both have the  same arrangement of propel lan t  holes on 
the in j ec to r  face ;  they d i f f e r  only i n  the  c h a r a c t e r i s t i c s  of t he  bas ic  
i n j ec t ion  elements. For both i n j e c t o r s ,  t he  f u e l  holes  a r e  0.067 inch 
i n  diameter and the  oxidant holes a r e  0.043 inch.  The i n j e c t o r s  a r e  
designed f o r  use a t  the oxidant-fuel proport ions of maximum t h e o r e t i c a l  
performanee; t h i s  spec i f i e s  t h a t  15 percent  of t he  propel lan t  combination 



3 

M 
CD 
rl 

I 

A 

P 
s 

i s  f u e l .  
100 f e e t  per  second, and the  f u e l  i n j ec t ion  ve loc i ty  i s  about 1700 feet 
per second. The half-angle of impingement between f u e l  holes i n  the  
t r i p l e t  arrangement i s  15O, and the  point of impingement i s  0.575 inch 
from the  i n j e c t o r  face .  
t h a t  the  r e su l t i ng  spray fans form a noninterference g r i d  across  the  
face,  as indica ted  i n  f igu re  1. 
a r e  considered t o  compose t h e  elemental u n i t  of these  i n j e c t o r s ,  then 
engine t h r u s t  per i n j ec t ion  element i s  39 pounds. 

A t  these  conditions,  oxidant i s  i n j e c t e d  a t  a ve loc i ty  near 

Impinging t r iplet- je t  elements a r e  arranged s o  

If two f u e l  holes and one oxidant hole 

I n  addi t ion  t o  atomization and mixing, propel lan t  d i s t r i b u t i o n  by 
the  i n j e c t o r  i s  an important design consideration. Here, propel lant  
d i s t r i b u t i o n  i s  arranged t o  be uniform across  t h e  i n j e c t o r  f ace ,  and i n  
f i n e  d e t a i l .  T h a t  i s ,  t he re  are many propel lant  o r i f i c e s ;  each of t he  
oxidant holes i s  surrounded by f u e l  holes. 

Fineness of d i s t r i b u t i o n  makes f o r  b e t t e r  performance. It a l s o  
provides more uniform cooling of t h e  i n j e c t o r  face .  Figure 2 i l l u s t r a t e s  
t h e  technique of using t h e  f u e l  t o  cool these  i n j e c t o r s .  Hydrogen en te r s  
t h e  i n j e c t a r  from t h e  coolant jacke t  of t h e  engine. 
holes  i n  the  coolant d i s t r i b u t i o g  p la te .  These holes are so spaced that 
the  hydrogen sweeps t h e  back s ide  of the i n j e c t o r  f ace  before a r r i v i n g  
at  t h e  holes,  which de l ive r  it t o  t h e  combustion chamber. 

It then flows through 

Fluorine en te r s  a manifold formed by a dome a t tzched  t o  the  in jec-  
t o r  ( l oca t ed  l e f t  of the  manifold p la te  i n  f i g .  2 )  and then flows through 
de l ive ry  tubes and o r i f i c e s  i n t o  t h e  combustion chamber. The de l ivery  
tubes,  t h e  coolant d i s t r i b u t i o n  p la te ,  and the  i n j e c t o r  f ace  p l a t e  are 
=de of copper; t h e  f luo r ine  manifold p l a t e  i s  made of s t a i n l e s s  steel. 
The e n t i r e  s t r u c t u r e  i s  put  together  by furnace-brazing. 

The assembly of an i n j e c t o r  w i t h  a t h r u s t  chamber i s  i l l u s t r a t e d  
i n  f i g u r e  3. The centerbody of t h e  in j ec to r  and t h e  f luo r ine  manifold 
dome arz c l a p e d  t o  the  t h r u s t  chamber by f lange  pieces .  
i s  accomplished with Teflon-coated self-pressurizing metal O-rings; a 
double O-ring seal i s  used a t  the f luor ine  manifold, with helium pres- 
su r i za t ion  between r ings .  The in t e rna l  seal between hydrogen passages 
and t h e  combustion zone cons is t s  of a tapered metal-to-metal j o i n t  mated 
under compression. 

Outside sea l ing  

Thrus t  Chambers 

t h r u s t  a t  sea l e v e l  when operated a t  a combustion pressure of 300 pounds 
per square inch absolute .  
chamber contract ion area r a t i o  i s  1.89; t h roa t  diameter i s  3.21 inches.  
The length  from i n j e c t o r  t o  t h r o a t  i s  1 2  inches,  and the  chamber charac- 
t e r i s t i c  length i s  20 inches.  
conica l ,  with a 15O half-angle .  

The t h r u s t  chambers used were designed t o  develop 5000 pounds of 

The nozzle expansion area r a t i o  i s  3.68; 

The divergent por t ion  of the  nozzle i s  
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The thrust chambers were made from 72 longitudinal channels that 
were bundled together, wire-wrapped, and brazed (fig. 4). 
tudinal channels are U-shaped in cross section and are made of nickel 
0.020 inch thick. Such thin walls are necessary for adequate cooling. 
Since these channels provide passageways for the coolant, the height of 
the channels is an important design consideration. The fabrication de- 
tails are given in appendix A. 

The 72 longi- 

For cooling, the hydrogen enters the coolant passageway at tne exit t;rl 
end of the nozzle and flows toward the injector. At this time, changes 03 P 

w in hydrogen temperature and pressure are expected to cause the density 
to change by a factor of about 50. 
tailored to match this changing hydrogen density from one end of the 
combustion chamber to the other. T%e design of this tapering channel 
height.was arrived at by calculating local heat-transfer rates with the 
aid of electronic computing equipment (ref. 2). The design was to pro- 
vide a maximum gas-side wall temperature of 1000° F when the engine is 
operated with 15 percent hydrogen in the propellant combination. 
plete listing of combustion-chamber and coolant-passage dimensions is 
given in table I. 

The coolant channel height had to be 

A com- 

EXPERlMENTAL FACILITIES 

The propellant systems, thrust stand, instrumentation, controls, and 
related apparatus are shown in figures 5 to 9. These facilities and the 
experimental procedure are described in appendix B. 

FGSULTS AND DISCUSSION 

Performance 

All experimental performance data are listed in table 11. Pertinent 
theoretical performance values corresponding to the experimental condi- 
tions are included in the table. Symbols are defined in appendix C. 

Experimental performance values were sc: high compared with the ideal 
theoretical values reported in reference 1 that it was desirable to Com- 
pare actual performance with the maximum theoretically possible for the 
real engine configuration and operating ccnditions used. Consequently, 
the ideal theoretical calculations were modified to include divergence 
losses in the nozzle and momentum pressure drop in the combustion chamber 
and to account for the specific combustion and exit pressure conditions 
for each run (see appendix C). 
in figure lO(a) reach as high as 98 percent of the highest theoretically 
possible with the particular thrust chamber used. 

Actual specific-impulse values plotted 
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The eleven operating conditions ranged from nearly 20 t o  about 6 
percent f u e l  i n  the  propel lant  combination. 
from measurements near 14 percent f u e l ,  was 352 pound-seconds per  pound; 
t h e  experimental spec i f i c  impulse dropped t o  314 a t  6 . 1  percent fLe l .  
Tnese values correspond t o  vacuiun specific-impolse values of 397 and 354, 
respec t ive ly ,  f o r  the  present  engines, which had a 3.68 expansion area  
r a t i o .  

The maximum s p e c i f i c  impulse, 

Performance a t  fuel-oxidant proportions near  s toichiometr ic ,  5 per- 
cent f u e l ,  i s  of considerable i n t e r e s t  i f  the  use of hydrogen i s  t o  be 
minimized. The extremely low dens i ty  of hydrogen requires  t h a t  i t s  tanks,  
pumps, valves,  and pipes be r e l a t i v e l y  l a rge .  Operation a t  l e s s  than 14 
percent f u e l ,  although r e su l t i ng  i n  lower spec i f i c  impulse, may represent  
a reasonable compromise i n  performance t o  reduce f u e l  requirements. 

Fortunately,  t h e  theo re t i ca l  peak s p e c i f i c  impulse, assuming s h i f t i n g  
equilibrium expansion, occurs a t  lower proportions of f u e l  as t h e  nozzle 
expansion r a t i o  increases .  'Ifhis would per ta in ,  f o r  example, t o  engines 
designed t o  exhaust i n t o  a high-al t i tude environment (near-vacuum) and, 
t o  a more l imi t ed  extent ,  t o  pump-fed engines intended f o r  operation a t  
high cbmber  pressures  i n  low-alt i tude environments. The deciding f a c t o r  
depends upon whether expansion of t he  combustion products through the  
nozzle i s  more c lose ly  r e l a t e d  t o  f r o z e n  o r  t o  s h i f t i n g  equilibrium condi- 
t i o x .  This can be more c l e a r l y  expressed by reference t o  f i g u r e  11, 
where t h e o r e t i c a l  curves of s p e c i f i c  impulse a r e  presented f o r  f rozen 
and equilibrium expansion across  high pressure r a t i o s .  

If equilibrium expansion preva i l s ,  6 percent f u e l  i n  t h e  propel lan t  
combination may be appropriate  f o r  appl ica t ion  t o  space f l i g h t ;  then t h e  
bulk dens i ty  of t h e  combination will be 43.55 pounds per  cubic foo t ,  o r  
near ly  double t h a t  a t  14 percent f u e l .  Actually, the experimental per- 
formance of hydrogen-fluorine apparently d i d  exceed the  frozen values 
under most conditions,  and the  curve has the  same shape as the curve f o r  
s h i f t i n g  equilibrium. 

Performance e f f i c i enc ie s ,  i n  terms of percentage of t h e  values theo- 
r e t i c a l l y  possible  with the  pa r t i cu la r  engine used, a r e  presented i n  
f ig -me  l O ( a ) .  A s  ind ica ted  by these  p l o t s ,  the  experimental spec i f i c -  
impulse values surpassed the  calculated ones f o r  f rozen expansion through- 
out most of t h e  range studied, i n  some cases by as much as 3 percent .  
Experimental specific-impulse data held a t  98 percent of corresponding 
t h e o r e t i c a l  data f o r  s h i f t i n g  e q u i l i b r i m  exPansion except a t  fuel-oxidant  
proport ions having l e s s  than 11 percent f u e l ,  where e f f ic iency  dropped. 

Experinental  cha rac t e r i s t i c  ve loc i ty  and nozzle t h r u s t  coe f f i c i en t  
a r e  referenced aga ins t  t heo re t i ca l  &ta i n  f igures  10(b)  and ( e ) .  
perixenta;  th r , s t -coef f ic ien t  e f f i c i m c y  remained high, while 
cha rac t e r i s t i c -ve loc i ty  efficit-ilcy Cropped &t propellant proportions 

Ex- 
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having l e s s  than 11 percent f u e l .  Therefore, a decrease i n  c h a r a c t e r i s t i c  
ve loc i ty  was apparent ly  responsible  f o r  t he  corresponding drop i n  s p e c i f i c  
impulse. 

Since c h a r a c t e r i s t i c  ve loc i ty  remains unchanged when engine pres- 
sure  r a t i o  var ies ,  the  drop i n  t h i s  e f f i c i ency  a t  t h e  lower f u e l  percent- 
ages (which are of t h e  g rea t e s t  i n t e r e s t  f o r  high-pressure-rat io  engines) 
i s  s ign i f i can t .  
of t he  propel lant  i n j e c t i o n  technique. 
i n  t h e  present  work no d i s t i n c t i o n  can be made between r e s u l t s  from the  
showerhead i n j e c t o r  and those from the t r i p l e t .  

Possibly t h i s  e f f i c i ency  can be improved by va r i a t ion  
It may be noted, however, that 

Regenerative Cooling 

The capab i l i t y  cf hydrogen t o  completely cool  the  engines regener- 
a t i v e l y  w a s  successful ly  demonstrated. I n  f igure  1 2 ,  values of average 
over -a l l  heat  flux per u n i t  a r ea  a r e  p l o t t e d  as a funct ion of the  per- 
centage f u e l  used i n  the  propel lan t  combination. The top  curve repre- 
sen ts  the heat  t r a n s f e r  an t i c ipa t ed  by design computations, assuming 100- 
percent combustion e f f ic iency .  
based on the  a c t u a l  equilibrium performance e f f i c i e n c i e s  experienced, as 
indicated f o r  c h a r a c t e r i s t i c  ve loc i ty  i n  f i g u r e  1 0 ( b ) .  
i n  f igure  1 2  represent  the  average heat  t r a n s f e r  through the  engine walls 
as measured experimentally. 
reasonable agreement, considering t h e  assumptions necessary i n  the  design 
ana lys i s .  

The lower curve r e su l t ed  from ca lcu la t ions  

The data poin ts  

These ca lcu la ted  and measured values a r e  i n  

The f i r s t  run was made near 20 percent  f u e l ;  successive runs were 
made using l e s s  fue l ,  unti l  proportions near  s toichiometr ic  were reached. 
Cooling becomes more d i f f i c u l t ,  of course, as s toichiometr ic  proportions 
a r e  approached, assuming combustion e f f i c i ency  remains constant .  

After runs near 6 and 7 percent f u e l ,  t he re  were ind ica t ions  t h a t  
t h e  engine inner  w a l l s  had begun t o  melt  o r  burn s l i g h t l y  a t  the  centers  
of t he  channels i n  four  r a t h e r  well-defined a reas  ( f i g .  13).  These a reas  
were r e l a t e d  i n  pos i t ion  t o  fou r  por t ions  near  t he  edge of t he  i n j e c t o r  
t h a t  could provide propel lant  mixtures l eane r  i n  f u e l  than o ther  loca- 
t i ons .  I t  i s  supposed, then, t h a t  t he  engine walls were damaged by 
local ized oxidant-rich combustion. Such loca l i zed  condi t ions could un- 
doubtedly be a l l e v i a t e d  by i n j e c t o r  modification during engine development. 
Even w i t h  t he  channel w a l l s  s l i g h t l y  damaged, t h e  engine continued t o  
perform s a t i s f a c t o r i l y  f o r  t he  t e s t  period. 

The engine coolant passages were designed f o r  use a t  propel lan t  
proportions of about 15 percent f u e l .  Even when l e s s  f u e l  was employed 
with t h i s  design, ca lcu la t ions  ind ica ted  w a l l  temperatures (assumed uni- 
form circumferent ia l ly)  t h a t  were wel l  below the  melting poin t  of 

. 
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nickel ,  of which the walls were made. 
design would permit some cont ro l  of wall temperatures as compromised by 
coolant pressure drop, but  would not  s ign i f i can t ly  a f f e c t  the t o t a l  heat- 
t r a n s f e r  rate, s ince  t h i s  rate i s  determined pr imari ly  by combustion-gas 
conditions.  

Modification of the coolan t -pssage  

The r e s u l t s  of cooling design analysis and measurements made during 
the  experimental runs are l i s t e d  i n  d e t a i l  i n  t a b l e  III. It i s  apparent 
from these data t h a t  a very broad range i n  hydrogen densi ty  must be taken 
i n t o  account. Thus, ca re fu l  cooling design i s  required t o  a f fo rd  an ac- 
ceptable balance between wall temperature and coolant pressure drop. 

Operations 

The extreme s e n s i t i v i t y  of t h e  density of hydrogen t o  environmental 
conditions can cause cooling t roubles .  For example, t he  flow rate of 
hydrogen through the longi tudina l  coolant passages depends upon the cross- 
s ec t iona l  area of t h e  passages, t h e  d i f f e r e n t i a l  pressure ava i lab le  from 
one end t o  the other ,  and the  f l u id  density.  A s  ind ica ted  previously, 
values w e r e  assigned t o  these parameters by design calculat ions.  
i n  those calculat ions,  ce r t a in  assumptions were necessary with respect 
t o  combustion eff ic iency,  local heat-transfer coef f ic ien ts ,  coolant-flow 
ve loc i t i e s ,  f r i c t i o n  f ac to r s ,  and s o  for th ,  that could lead  t o  design 
e r ro r s .  If a design e r r o r  caused a fuel-flow rate t o  be too low r e l a t i v e  
t o  the  oxidant-flow rate i n  the  engine, t h e  combustion temperature would 
be higher than had been an t ic ipa ted ,  and heat-transfer rates would be 
higher. The coolant temperature would exceed that expected. Hence, the 
densi ty  of the hydrogen (coolant)  would be decreased appreciably, and i t s  
mass-flow rate would drop accordingly. This decrease in flow rate would 
fur ther  a l te r  the  oxidant-fuel r a t i o  i n  the combustion chamber, c r ea t ing  
even higher temperatures and thus propagating t h e  cycle. 

However, 

It was f o r  this reason tha t  automatic flow-control valves w e r e  con- 
sidered e s s e n t i a l .  These controls  very successful ly  held oxidant-fuel 
r a t i o  a t  the  desired point  by adjust ing t o  the demands of the run. 

Throughout t h e  experimental program no combustion i n s t a b i l i t i e s  were 
encountered, nor was any d i f f i c u l t y  experienced with engine s t a r t i n g  o r  
shutdown. 

SUMMARY OF RESULTS AND CONCLUSIONS 

The following r e s u l t s  were obtained from an experimental invest iga-  
t i o n  of a regenerat ively cooled hydrogen-fluorine rocket engine: 
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1. Hydrogen and fluorine were successfully burned at high efficiency 
over a range of 6 to 20 percent fuel in 5000-pound-thrust rocket engines 
operating at a combustion pressure of 300 pounds per square inch absolute 
and exhausting to atmospheric pressure. 

2. Maximwn specific impulse was 352 pound-seconds per pound at 13.8 
percent fuel. 
shifting equilibrium value and 98 percent of the maximum theoretically 

This value is 96.5 percent of the maximum ideal theoretical 

possible vith the chamber geometry actually used. F 
G 3. The specific impulse at 6 percent fuel was 314 pound-seconds per 0 4  

pound, or 91 percent of that theoretically possible with the real engine. 

4. The corresponding vacuum specific-impulse values would be 397 
and 354, respectively, for the 3.68-area-ratio engine used. 

5. Two different injector types, a showerhead and a triplet, gave 
similar results. 

6. Regenerative cooling with hydrogen was successful. 
cooling loads agreed reasonably well with design expectations. 

Experimental 

7. Average over-all heat-flux values ranged from 4.5 to 8.5 
Btu/(  sec) (sq in.). 

8. Automatic control of oxidant-fuel ratio was found highly de- 
sirable, and probably essential, for regeneratively hydrogen-cooled 
thrust chambers. 

9. No starting, operational, or combustion stability problems were 
uncovered. 

The high performance and successful cooling in small rocket engines 
indicate that large engines can be developed that can burn hydrogen- 
fluorine at equally high performance levels and that can be adequately 
cooled by the hydrogen even with large nozzle expansion ratios. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, June 10, 1959 
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APPENDIX A 

3 

CONSTRUCTION METHOD FOR LIGBTWEIGHT ROCKET THRUST CHAMBERS' 

By Edward F. Baehr 

Research on t h e  use of high-energy l i q u i d  propel lants  requi res  
rocket t h r u s t  chambers capable of withstanding very high heat-f lux rates. 
In order t o  m e e t  this need, thin-gage, high-conductivity metal  must be 
used f o r  the  inner surface of t h e  chamber. 
from the t h i n  metal, t he  ve loc i ty  of the coolant must preferably be tai- 
lored  t o  the  l o c a l  conditions.  

To car ry  the  heat  away rap id ly  

The NASA Lewis Research Center has developed a wire-wrapped channel 
construction technique that gives complete freedom i n  the  coolant- 
passage area d i s t r ibu t ion  and i s  su i ted  f o r  use with extremely light-gage 
metals. Since t h i s  method of fabr ica t ion  may be useful  for f l igh t - type  
t h r u s t  chambers, gas generators, or any other  device requir ing these 
fea tures ,  as w e l l  as f o r  experimental rocket t h r u s t  chambers, a br ie f  
descr ipt ion of t he  f ab r i ca t ion  technique i s  presented. 

Fabri  ca t ion  F1. oc edure 

The technique described herein consis ts  of t he  following s teps:  

(1) Making t h e  channels 

( 2 )  Assembling the  channels 

(3) Brazing the  channels 

( 4 )  Sizing t h e  channel heights  

(5) Wire- or ribbon-wrapping 

( 6 )  Brazing t h e  wrapping 

( 7 )  I n s t a l l i n g  manifolds and flanges 

( 8 )  Heat- t reat ing 

Making the  channels. - The operation of cu t t i ng  the  l ight-gage 
sheet-metal s t r i p s  for t he  channels of t he  engine i s  shown i n  f igu re  14. 
The blanking dies used t o  cut  t he  material were simple s t ee l - ru l e  type 
mounted i n  heavy s teel  frames and cast  i n  place with Cerromatrix m e t a l .  

'Patent appl ied for. 
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These dies were s e t  f o r  zero clearance t o  produce burr-free edges on the  
l ight-gage metal. 

2 

The f l a t  blank s t r i p s  were then hand-curved t o  the  approximate shape 
of t he  engine contour and placed i n  a simple d i e  mounted i n  a press  
brake, where they were formed t o  the  channel cross  sec t ion  ( f i g .  15) .  
Figure 16 shows the  d i e s  used t o  form the  channels. The female d i e  w a s  
made of three-piece construct ion so  t h a t  s l i g h t  t a i l o r i n g  could be very 
e a s i l y  accomplished by removing the  cen te r  port ion f o r  rework. 
t e r  port ion of t he  female d i e  w a s  made up of a p a r t  whose narrow s ide  
had the contour of the ins ide  of the  engine and whose s ides  represented 

The cen- 
?j 
P 
0) 
0.J 

radial planes through the  engine cen te r l ine .  The two s ide  port ions of 
t h i s  female d i e  merely enclosed t h i s  shape and had a convenient pro jec t ion  
i n  height beyond the  inner  contour t o  form channels of t he  appropriate  
height .  

The male port ion of the  d ie  w a s  of one-piece construct ion repre- 
sent ing t h e  angular segment of t he  engine with thickness  allowance on 
the  s ides  and bottom r e l a t i v e  t o  the female d ie .  This means t h a t  t he  
s ides  of a l l  d i e s  represented r a d i a l  plane surfaces .  The only contours 
were those required t o  form the  various diameters of t h e  engine. No at- 
tempt was made t o  form a curved circumferent ia l  surface,  but  r a t h e r  a 
f l a t  chord was used f o r  s impl ic i ty .  

To f a c i l i t a t e  removal of t h e  r a t h e r  d e l i c a t e  channel sec t ion  from 
the  die ,  a hydraulic pressure c e l l  was introduced i n t o  the  d i e  holder,  
along with the  three-piece channel die ,  so  that t h e  female d i e  could be 
opened t o  remove the  channel sec t ion .  Experience ind ica ted  that too l ing  
designed t o  produce channels approximately 0.002 inch undersize w a s  
desirable  t o  ensure proper f i t  of the completed chamber around a brazing 
mandrel. It has a l s o  been noted t h a t  t h i s  type of d i e  has a tendency t o  
coin the channel s l i g h t l y  as the  d ie  i s  bottomed, r e s u l t i n g  i n  l e s s  than 
the  designed angular f l a r e  t o  the  channel s ides .  This, however, has been 
an advantage, i n  t h a t  it f a c i l i t a t e s  c lose  f i t t i n g  during t h e  subsequent 
spot-welding procedure. 

Assembling the  channels. - M t e r  the  proper nmber  of channels were 
formed, they were assembled around the  brazing mandrel. 
were placed i n  the  channels t o  permit clamping the  inne r  surfaces  i n  
contact  with t h e  mandrel. A channel assembly clamped t o  t h e  brazing 
mandrel i s  shown i n  f igu re  1 7 .  The number of clamps used depended on the  
s i z e  of the engine and the f i t  of the  channels on the  mandrel. 

Small wood blocks 

The channels were next spotwelded toge ther  ( f i g .  18) f o r  t he  brazing 
operation t h a t  followed. The spotwelds ensured t h a t  there  would  be no 
s l ipp ing  as the assembly w a s  heated f o r  t he  brazing operat ion.  
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Brazing t h e  channels. - A number of d i f f e ren t  techniques have been 
successful ly  used f o r  brazing t h e  channels together .  One chamber was 
brazed using copper wire placed i n  the  grooves between channels on the  
combustion-chamber inner  surface.  Subsequent assemblies have been made 
using commercial brazing powders applied t o  the  outs ide edge of the  r i b s .  
Figure 1 9  shows t h e  appl ica t ion  of a powdered braze a l l o y  s l u r r y  t o  t he  
r i b s  of the  channels. Care m u s t  be exercised i n  t h e  appl ica t ion  of t h i s  
braze a l l o y  t o  prevent excess braze from flowing onto cooling surfaces .  
For t he  most uniform r e s u l t s ,  vacuum-brazing has been used, but  hydrogen- 
brazing has a l s o  been successful .  It has been the  prac t ice  t o  be very 
conservative i n  the  appl ica t ion  of braze a l loys .  This has resulted i n  an 
occasional rerun being required t o  complete the  brazing of a l l  channels. 

Sizing the  channel heights .  - The a c t u a l  cooling-passage geometry 
required f o r  t h e  engine was provided by grinding t h e  channel r i b s  t o  t h e  
appropriate  heights  along t h e  length  of the  combustion chamber. Although 
the  o r i g i n a l  blank included approximately the  right metal  allowances f o r  
r i b  height,  a nominal 0.030 inch was included f o r  f i n a l  s i z ing  operations.  
I n  order t o  s i ze  these  passage heights accurately,  the brazed channel as- 
sembly was removed from the brazing mandrel and t r ans fe r r ed  t o  an  accu- 
r a t e l y  machined aluminum mandrel f o r  the grinding operation, as shown i n  
f i g u r e  20. On t h e  e a r l y  chambers, dry-grinding was used t o  s i z e  the  r i b s  
while r o t a t i n g  the  channel assembly i n  a contour l a the .  
d i f f i c u l t y  was experienced i n  ge t t i ng  accurate  contours for t he  ind iv idua l  
channels by t h i s  technique. To improve accuracy and t o  speed the  m e t a l  
removal rate, e l e c t r o l y t i c  grinding has s ince  been used very successful ly .  
I n  t h i s  l a t t e r  technique a simple mechanical means has been employed t o  
cont ro l  channel height  r e l a t i v e  t o  the engine wall automatically.  

However, some 

Wire- o r  ribbon-wrapping. - After t he  channel heights  w e r e  ground 
t o  s i z e  and inspected, t he  engine was removed from the  machining mandrel 
and t r ans fe r r ed  once again t o  t h e  brazing mandrel f o r  t he  wire-wrapping 
process.  
grooves ground across  the  r i b s  of the engine. Later  engines have been 
b u i l t  using square wire or formed ribbon wrapped on smooth engine r i b s .  
This wrapping was accomplished i n  a l a the  using a f r i c t i o n  device t o  
provide the  wrapping tension (see f ig .  2 1 ) .  

The f i r s t  chambers were b u i l t  with round wire wrapped i n  s p i r a l  

When round wire was used, the  lead of t he  s p i r a l  groove was g rea t e r  
than t h e  c ross -sec t iona l  diameter of t h e  wire, t o  provide a braze a l -  
lowance between wires. This allowed proper flow of t h e  braze t o  t he  
j o i n t  between wire and r i b .  When square wire w a s  used, the  wire was f e d  
through a set of r o l l e r s ,  as p a r t  of the  wrapping operation, t o  provide 
s m a l l  p ro jec t ions  on one s ide  of t he  wire f o r  proper spacing. For t h e  
braze a l l o y s  used, 0.004- t o  0.005-inch spacing w a s  su i t ab le .  

When wrapping the grooved channels with round wire, it w a s  possible  
t o  s ta r t  a t  e i t h e r  end of t he  chamber and wrap d i r e c t l y  t o  the  other  
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end, since the  groove prevented t h e  wire from s l ipp ing  along the  contour. 
However, when square w i r e  was used on smooth r i b s ,  t he  wrapping w a s  
s t a r t e d  a t  the  t h r o a t  of the  engine and could proceed i n  e i t h e r  d i r ec t ion  
from tha t  s t a t i o n .  To complete the  second h a l f ,  t h e  w i r e  w a s  then welded 
on a t  the t h r o a t  and wrapped i n  t h e  opposite d i r ec t ion .  The w i r e s  were 
secured a t  both ends by tack-welding t o  t h e  r i b s .  

Brazing t h e  wrapping. - The wrapped chamber on the  brazing mandrel 

Here 
w a s  prepared f o r  furnace-brazing by pa in t ing  t h e  powdered braze a l l o y  
s l u r r y  on the  outs ide surface of t he  w i r e s  as shown i n  f i g u r e  2 2 .  
again care was taken t h a t  excess braze a l l o y  would not  be permitted t o  
flow t o  undesired regions of the  engine. 
a second brazing cycle  t o  completely seal the  wire wrap. 
operations were usual ly  accomplished i n  a high-vacuum brazing furnace.  
A t h r u s t  chamber i s  shown being placed i n  the  brazing furnace i n  
f i g u r e  23.  

This occasional ly  necess i ta ted  
These brazing 

I n s t a l l i n g  manifolds and f langes.  - The brazed assembly w a s  next  
r e i n s t a l l e d  on the  machining mandrel and pu t  i n t o  t h e  contour l a t h e  f o r  
trimming and gr inding operations a t  both ends of t h e  chamber. The ex i t  
end of the chamber was made ready f o r  t h e  i n s t a l l a t i o n  of t he  f u e l  i n l e t  
manifold, and the  i n j e c t o r  end w a s  ground f o r  t h e  mounting f lange .  Thi:; 
f lange  and the  f u e l  i n l e t  manifold were then f i t t e d  and brazed i n  place 
with the  inner  port ion of t he  r i b s  open f o r  v i s u a l  inspec t ion .  A r i n g  
was next f i t t e d  t o  the  r i b s  and manifold as a c losure .  These miscellane- 
ous par t s  a r e  shown i n  f igu re  24. 

The remaining s t e p  w a s  t o  i n s t a l l  the  i n j e c t o r  seal r i n g  a t  the  end 
of t he  r i b s .  To do t h i s  t h e  engine w a s  mounted i n  t h e  l a t h e  without a 
mandrel so t h a t  an i n t e r n a l  gr inding operat ion could remove a por t ion  of 
t he  r i b s  a t  the i n j e c t o r  end. A small s l o t t e d  seal  r i n g  w a s  f i t t e d  t o  
the  ends of the r i b s .  After being brazed i n  place,  the seal  surface of 
t h i s  r i ng  and sur faces  of t h e  i n j e c t o r  f lange  were niachined a t  one setup.  
The i n j e c t o r  f lange  w a s  gaged so  that var ious t h r u s t  chambers and in-  
j e c t o r s  were interchangeable.  Figure 25 shows the  seal r i n g  and cooling- 
jacke t  discharge passages. 

Heat- t reat ing.  - The completed engine w a s  then hea t - t r ea t ed  t o  in-  
crease the y i e l d  s t rength  of t h e  wire-wrapped ma te r i a l .  The t h r u s t  
chambers b u i l t  t o  da te  by t h i s  labora tory  have used Allegheny Ludlum 
AM 350 s t a in l e s s - s t ee l  wire wrapping t h a t  i s  hea t - t r ea t ed  by a co ld  
treatment a t  -100' F f o r  3 hours followed by 3 hours a t  850° I?. 
operation t r i p l e s  t he  y i e l d  s t r eng th  of the  wire wrap without a f f e c t i n g  
the  propert ies  of t h e  r i b s  o r  t he  f langes .  Figure 26 shows a completed 
chamber. 

This 

PresJure-checking. - The coirilileted chamber was hydros t a t i ca l ly  t e s t ed  
t o  2 times oi 'erating presswe t o  en5;in-e adequate s t r e n g t h  of a l l  brazed 

. 
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j o i n t s .  This a l s o  served as a leak check on the  e n t i r e  s t r u c t u r e .  Tests 
1 were made with a sample cylinder,  7- inches i n  diameter, constructed of 
2 

76 channels of' 0.020-inch annealed nickel .  The channels were wire- 
wrapped with s o f t  steel  wire and copper-brazed. Theoret ical ly ,  t hese  
channels would have yielded as edge-supported f l a t  p l a t e s  a t  about 300 
pounds per  square inch and would have f a i l e d  as s t re tched  membranes a t  
about 1060 pounds per  square inch. The tests r e su l t ed  i n  f i r s t  permanent 
deformation a t  over 1000 pounds per  square inch and no failure of channels 
or brazed j o i n t s  up t o  6000 pounds per  square inch. 

Discussion 

The preceding descr ip t ion  t e l l s  of t h e  s teps  used i n  t h e  manufacture 
of a research-type t h r u s t  chamber. This chamber used single-pass counter- 
flow cooling. However, a f l i gh t - type  chamber would include a d i f f e r e n t  
type of i n l e t  manifold and i n j e c t o r  f lange.  Perhaps an i n t e g r a l  i n j e c t o r  
would be used. The i n l e t  fue lmax i fo l& f o r  f l i gh t - type  engines prob- 
ab ly  would be of formed sheet-metal construct ion.  For minimum engine 
weight, t he  f u e l  i n l e t  manifold should be located near  t h e  throat  of t he  
engine r a t h e r  t b n  a t  the  la rge  e x i t  diameter. The f l u i d  might be con- 
ducted t o  t h e  ex i t  end of t he  engine i n  "piggyback" channel passages or 
i n  a two-pass configuration from the  manifold t o  t h e  e x i t  end and then 
returned the  length  of the  engine t o  the  i n j e c t o r .  For a t r u l y  f l i g h t -  
type a r t i c l e ,  a f u t u r e  refinement that could e a s i l y  be appl ied  i s  a 
grading of t he  wire wrap along the  length of t he  chamber t o  match t h e  
s t r eng th  requirements cons is ten t  with the  i n t e r n a l  pressure p r o f i l e .  

. 
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APPENDIX B 

APPARATUS AND PROCEDURE 

Propel lant  Flow Systems 

Oxidant. - The f l u o r i n e  flow system i s  i l l u s t r a t e d  schematically i n  
f i g u r e  5. In t h i s  system the  f luo r ine  tank and t h e  e n t i r e  flow l i n e ,  t o  
within about ‘2 f e e t  of t he  t h r u s t  chamber, were surrounded by l i q u i d  
ni t rogen during operat ion.  Since t h e  bo i l ing  poin t  of ni t rogen i s  l o w e r  
than t h a t  of f l uo r ine ,  t he  use of l i q u i d  ni t rogen af fords  t h e  safest and 
most convenient way t o  handle f luo r ine ;  fu r the r ,  a ba th  of l i q u i d  n i t r o -  
gen improves the  ease and r e l i a b i l i t y  of f l uo r ine  f low-rate  measurement 
by ensuring constant  temperature and hence constant  dens i ty .  

Located i n  t h e  f luo r ine  main flow l i n e  were two remotely operated 
valves.  One, near  the  tank, w a s  simply an emergency shutoff valve,  
pneumatically cont ro l led .  The main f i r e  va lve  was loca ted  near  the  t h r u s t  
chamber. This hydraul ica l ly  operated valve served t o  con t ro l  oxidant-flow 
rate prec ise ly  during experimental f i r i n g s .  
a packless,  bellows-seal type with metal  s e a t s  and plugs.  

The f luo r ine  valves  were of 

All valve connections were made with se r r a t ed  f langes  and aluminum 
gaskets.  Threaded connections and s leeve j o i n t s  w e r e  avoided because 
crevices  inherent  i n  them could contain contaminants capable of r eac t ing  
with the  f luo r ine  and causing des t ruc t ion  of t h e  system. Whenever pos- 
s i b l e ,  pipe connections i n  the  f l u o r i n e  system were welded. 
welding technique w a s  worked out t h a t  cons is ted  of V-joint welding by a 
he l i a rc  technique with i n e r t  gas i n s i d e  the  pipe being welded. 
cedure was followed t o  e l iminate  s l a g  inc lus ion  i n  t h e  welds. Af te r  
welding was completed, each j o i n t  w a s  X-ray photographed as a check on 
weld penetrat ion.  Except f o r  some s t a i n l e s s - s t e e l  valve bodies and a 
n i cke l  flowmeter, the  en t i r e  f luo r ine  system w a s  f ab r i ca t ed  of monel. 

A s p e c i a l  

T h i s  pro- 

- Fuel. - The hydrogen flow system i s  i l l u s t r a t e d  i n  f i g u r e  6 .  The 
main hydrogen flow l i n e  w a s  i n su la t ed  with foam g l a s s .  The l i qu id -  
hydrogen tank was in s ide  an evacuated jacke t ,  which i n  t u r n  w a s  surrounded 
by a l iquid-ni t rogen r ad ia t ion  sh ie ld ;  a f i n a l  vacuum jacke t  surrounded 
the  whole assembly. The hydrogen vent l i n e  f o r  t h i s  tank  was run a con- 
s iderable  dis tance away from the  t e s t  c e l l  t o  prevent f i r e  and f lashback.  

The hydrogen flow l i n e  a l s o  had two main valves ,  an emergency shut- 
off and t h e  automatic flow con t ro l  valve; bu t  i n  add i t ion ,  t he re  was a 
bypass valve t o  permit flow of l i q u i d  hydrogen t o  cool  t h e  main flow l i n e  
bzfore the engine was operated.  Hydrogen valves  were Teflon packed and 
had Teflon s e a t s  w i t h  metal p lugs .  

T 
t- 
a, 
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Valve connections consis ted of se r ra ted  f langes f o r  convenience. 
Pipe connections were made by conventional techniques f o r  flow systems. 
Except f o r  t he  brass  flowmeter, a l l  metal components were of s t a i n l e s s  
s t e e l .  

Exhaust-Gas Scrubber 

The operation of hydrogen-fluorine engines generates t ox ic  combus- 
t i o n  products, p r inc ipa l ly  hydrogen f luor ide .  
scrubber ( f i g .  7 )  was used t o  remove these tox ic  products. 

A rocket  exhaust-gas 

Flame from the  rocket engine passed through t h e  spokes of a wheel- 
l i k e  .mnifold i n  the  scrubber. 
i n t o  the  core of t he  flame and grea t ly  reduced the  exhaust-gas tempera- 
t u re s  and v e l o c i t i e s .  
i n t o  the  v e r t i c a l  sect ion.  
were exposed t o  water sprays from hundreds of nozzles arranged i n  seven 
t iers .  
gal lons per minute. The r e su l t i ng  hydrofluoric ac id  so lu t ion  was col-  
l ec t ed  i n  a sump p i t  a t  t he  bottom of t h e  v e r t i c a l  sect ion.  

These spokes introduced water d i r e c t l y  

The gases were then f ed  along t h e  hor izonta l  duct 
Upon enter ing the  v e r t i c a l  sect ion,  the  gases 

The gases were scrubbed by this water, which flowed a t  about 8400 

The use of the  scrubber presented a problem i n  using hydrogen. 
t he  operations of the  engine were conducted by using a hydrogen lead  and 
overr ide and by running fue l - r i ch ,  excess hydrogen could e a s i l y  c o l l e c t  
and mix with a i r  i n  the  scrubber ducts. If t h i s  should occur, an explo- 
s ion  would be inev i t ab le  when the  engine f i red.  
scrubber had t o  be ine r t ed  by replacing a l l  the  a i r  with carbon dioxide. 
This l e d  t o  the  f u r t h e r  requirement of monitoring the  oxygen content a t  
various s t a t i o n s  i n  the  scrubber. No rocket runs were made unless 
sampling showed l e s s  than 3 percent oxygen concentration a t  each monitor- 
i ng  s t a t i o n .  

Since 

Therefore, t he  e n t i r e  

Thrust Stand 

The experimental t h r u s t  chamber was mounted hor izonta l ly  on a f l o a t -  
ing  bed, suspended by four  f l exure  p la tes  from the main s t r u c t u r a l  frame 
of t h e  t h r u s t  s tand ( f i g .  8) .  
ducer loca ted  on the  cen te r l ine  of the combustion chamber behind the  
f l o a t i n g  bed. Cal ibrat ion -as accomplished by means of a standard t rans-  
ducer nounted temporarily between the t h r u s t  stand and an independently 
supported r i g i d  post .  

Thrust was measured by a s ing le  t rans-  
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Instrumentation 

In addition to thrust, the parameters measured included combustion 
pressure, oxidant- and fuel-flow rates, hydrogen temperatures and pres- 
sures, and the temperature and pressure differentials across the coolant 
passage. Allmeasurements, except those of temperatures, were made with 
strain-gage-type primary transducers. 
were fed to voltage amplifiers, which were adjusted to cover each full 
measured input range with an output span of 0 to 1 volt. 

Signals from these transducers 

F Generally, the 
output signal from each amplifier was split to drive both a direct-inking 
strip-chart recorder and one galvanometer element of a multichannel 

t-J 
CD 
w 

photographic oscillograph. Additional splitting of flow-rate and 
combustion-pressure signals supplied information to the automatic flow- 
control valves. 

Fluorine-flow rate was measured by recording the differential pres- 
sure across a Venturi in the main flow line. This measurement is depend- 
ent on fluid density. By immersion of the entire fluorine system in 
liquid nitrogen, the fluorine temperature was kept constant and thus 
density was constant. 

The Venturi for measuring hydrogen-flow rate was located at the 
During run conditions, bottom of the dip tube in the hydrogen tank. 

this was the only location at which the hydrogen temperature, pressure, 
and consequently density, were constant and reproducible. Coolant tem- 
perature rise was measured by differential copper-constantan thermocouple 
pairs across the coolant passage and by single thermocouples referenced 
against the temperature of boiling liquid nitrogen. 
temperatures of liquid hydrogen were measured at the engine coolant in- 
let manifold and in the hydrogen tank by use of calibrated carbon re- 
sistors. The resistance of these elements changes markedly with temper- 
ature in the region of the hydrogen boiling point. 
located at 1-foot intervals along the hydrogen tank dip tube, indicated 
the liquid level at any time. 

In addition, absolute 

Several such elements, 

All primary transducers were calibrated against standard instru- 
ments before installation. Further checks were made following installa- 
tion by applying known loads to be read through each complete measuring 
and recording channel. 
program provided measurements having probable errors of less than 1 
percent. 

As a result, the instrumentation used for this 

Controls 

Automatic servo-operated flow control valves were installed in both 
the fuel and oxidant f l o w  lines. These valves functioned so that the 

c 
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fuel-flow rate was cont ro l led  t o  hold the proper coIIlEustion pressure,  
and the  oxidant flow was proportioned t o  t he  ac tua l  f u e l  flow. 
su i t ab le  timing devices, several  d i f f e ren t  oxidant-fuel r a t i o s  could be 
obtained i n  a stepwise fashion during a s ing le  f i r i n g .  Control s igna ls  
cane from t h e  primary measuring instrumentation. 

By using 

These valves consis ted of commercially ava i l ab le  bodies and trims, 
but  were modified by the  addi t ion  of hydraulic ac tua tors  designed a t  
the  NASA Lewis Research Center ( f i g .  9 ) .  
was a l s o  of NASA design ( r e f .  6 ) .  
was on the  order  of 5 t o  10 mill iseconds.  Accuracy of cont ro l  t o  a 
s t ab le  spec i f i ed  flow r a t e  was b e t t e r  than 5 percent .  

Electronic  cont ro l  c i r c u i t r y  
Full s t roke  t r a v e l  time of t h e  valves 

Since t h e  valves operated with closed-loop control ,  no ca l ib ra t ions  
were necessary t o  e s t a b l i s h  flow-rate r e l a t i o n s .  Trial runs w e r e  made 
with l iquid-ni t rogen flow, however, t o  permit adjustment of t he  sensi-  
t i v i t y  and s t a b i l i t y  of control  response. 

Working Fluids 

Both propel lan ts  were obtained, handled, and used i n  t h e  l i q u i d  
state. Each propel lan t  was of a t  l e a s t  98 percent pur i ty .  The l i q u i d  
hydrogen was 95 percent i n  the  - para form. 
su r i za t ion  of t he  f l u o r i n e  tank; t he  liquid-hydrogen tank was pressurized 
with gaseous hydrogen. 

Helium gas was used f o r  pres- 

Pr oc e du re  s 

Proper c leaning of f luo r ine  systems i s  e s s e n t i a l .  The present  sys- 
tem was cleaned and passivated by the following procedure. The e n t i r e  
tank and flow l i n e  assembly was washed thoroughly with carbon te t rachlo-  
r i d e .  This was followed by washing with acetone. Then the  system was 
blown dry  with ni t rogen gas. 
percent n i t r i c  acid,  followed by a water r i n s e .  
removed the  water, and f i n a l l y  Freon 1 2  was flowed through t h e  complete 
system t o  remove the  acetone. The system was next purged with dry helium 
gas. Following this, the  e n t i r e  assembly was evacuated f o r  an extended 
period of t i m e  t o  remove a l l  t r a c e s  of condensibles. For complete pas- 
s iva t ion ,  f l uo r ine  gas w a s  introduced d i r e c t l y  i n t o  t h e  vacuum and l e f t  
i n  t h e  system f o r  1 2  hours a t  a pressure of 50 pounds per square inch.  
The f l u o r i n e  system was then ready f o r  use. After each t e s t  run, a l l  
r e s i d u a l  f l uo r ine  was removed and the tank was warmed as rap id ly  as pos- 
s i b l e  with e l e c t r i c  heaters .  This was done t o  reduce t h e  p o s s i b i l i t y  
of condensing moisture and other  contaminants i n t o  the  tank. During 
standby between runs, the e n t i r e  f luor ine  system, including a l l  f l o w  and 

The next s t e p  involved a r in se  with 20 
Then an acetone wash 
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t r ans fe r  l i n e s ,  was kept closed and under s l i g h t  pos i t i ve  helium pres- 
sure  t o  exclude entrance of contaminants. 

Cleaning requirements f o r  hydrogen systems are no t  rigorous,  but  
a l l  oxygen must be removed before hydrogen i s  admitted.  
pl ished by repeatedly evacuating the  system and then breaking this vac- 
uum wi th  helium. 

This was accom- 

Both the  hydrogen and the  f l u o r i n e  were t r ans fe r r ed  t o  t h e  t e s t -  
c e l l  tanks as l i qu ids  from mobile supply t ra i lers  by s l i g h t l y  pressur- 
i z i n g  the supply t r a i l e r s .  The t r a n s f e r  systems were prepared and 
t r e a t e d  i n  the same manner as the  main flow systems. 
mental runs were completed, any appreciable quan t i t i e s  of f l u o r i n e  re-  
maining i n  the tank were returned t o  the  supply t r a i l e r .  
t i e s  of r e s idua l  f l uo r ine  were disposed of by reac t ion  i n  charcoal  burners 
( r e f .  7 ) .  

After  t he  experi-  

Small quanti-  

A l l  experimental runs were made with a f u e l  l ead  and overr ide t o  
ensure t h a t  t he  engine coolant passages were f i l l e d  with hydrogen and 
that the hot  m e t a l  combustion-chamber wall was not  exposed t o  elemental 
f l uo r ine .  The runs were s t a r t e d  with f u l l - r a t e d  propel lan t  flows. No 
ex te rna l  i g n i t i o n  system was required; combustion with f luo r ine  i s  
i n i t i a t e d  spontaneously. 
onds; generally,  t h i s  was broken i n t o  th ree  sequent ia l  run segments, 
each having a d i f f e r e n t  oxidant-fuel  r a t i o .  The run segments, then, were 
of about 4-second durat ion each. From observations of the instrument 
records,  conditions within the  engines, including hea t - t r ans fe r  rates, 
were w e l l  e s tab l i shed  within t h a t  period. 

The durat ion of each f i r i n g  was about 14 sec- 

c 
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Experimentally obtained values of spec i f i c  impulse, c h a r a c t e r i s t i c  
ve loc i ty ,  and nozzle t h r u s t  coef f ic ien t  are often compared with theoret-  
i c a l  values.  These theo re t i ca l  values are general ly  ca lcu la ted  with no 
momentum pressure loss,  no nozzle divergence angle losses ,  and a t  an 
i d e a l  expansion r a t i o  so that exit pressure always equals ambient pres- 
sure .  
n i f icance .  Therefore, unless the  t h e o r e t i c a l  data  a r e  adjusted,  a mis- 
leading evaluation of the  experimental data i s  l i ke ly .  The method 
present ly  described i s  appl icable  f o r  ad jus t ing  both equilibrium- and 
frozen-composition t h e o r e t i c a l  data t o  a spec i f i c  experimental run condi- 
t i o n  by accounting f o r  t he  primary loss sources mentioned. 

Actual engines w i l l  have these lo s ses  and others  of l e s s e r  s ig-  

A 

C F  

C+ 

F 

gc 

I 

m 

P 

v 
V 

W 

a 

h 

Symbols 

a rea  

t h r u s t  c oef f i c i e n t  

c h a r a c t e r i s t i c  ve loc i ty  

t h r u s t  

g rav i t a t iona l  conversion fac tor ,  32.2 
f t - l b  ~ S S  

(sec2) ( III force)  

s p e c i f i c  impulse 

mass flow 

absolute  pressure, t o t a l  unless indicated otherwise 

ca lcu la ted  average ve loc i ty  of unburned propel lants  

ve loc i ty  of combustion gases 

propel lant  weight flow 

half-angle of nozzle divergence 

(1 + cos a>/z 
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Subscripts : 

a 

C 

d 

e 

eq 

f 

i 

i d  

n 

R 

S 

t 

vac 

X 

ambient 

combustion chamber 

corrected f o r  nozzle divergence 

a t  nozzle e x i t  

equilibrium 

frozen 

at i n  j ec t o r  

i d e a l  

a t  nozzle entrance 

r e a l  engine 

s t a t i c  

a t  nozzle th roa t  

vacuum 

experimental 

Computational Procedure 

Charac te r i s t ic  ve loc i ty .  - O f  t he  th ree  cor rec t ions  considered, only 
the momentum pressure- loss  term i s  appl icable  t o  c h a r a c t e r i s t i c  ve loc i ty .  - 
Theoretical  ca lcu la t ions  of c h a r a c t e r i s t i c  ve loc i ty  are based on the  
t o t a l  pressure 

zle;  bu t ,  i n  experimental work, it i s  genera l ly  more convenient t o  
measure the pressure PCJi a t  the  i n j e c t o r ,  where combustion-gas ve loc i ty  
may be considered negl ig ib le .  The pressures  PcJn and Pc,i can be 

reconciled a n a l y t i c a l l y  f o r  momentum loss by the  equation ( re f .  8, p .  1 7 )  

PcJn of the  combustion gases a t  the  entrance t o  t h e  noz- 



0 0  0.0 0 0 0 0 0  0 0  0 0 0 0  0 0.0 0 0  . 

M 
Q 
rl 

I4 

The theoretical value of characteristic velocity at the injector 
c? can then be computed as follows. Since 
1 

and 
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Specific impulse. - Ideally, the thrust produced by a rocket engine, 
assuming one-dimensional flow and expansion to ambient pressure, may be 
expre s sed by 

- 
F = mve 

This form is useful for theoretical calculations to keep them gen- 
eral; but, for consideration of practical engines, an additional term 
is required to account for three-dimensional flow through a nozzle having 
a specified divergence angle: 

h 

Because the exhaust gases from a real engine cannot be expected to 
expand exactly to the ambient pressure, additional modification is re- 
quired. Analytically, then, the thrust of a real engine is 

FR = F h  + (Pe - Pa)Ae 

Since I = F/C, the theoretical specific impulse for a real engine is 

Theoretical computations, being generalized, do not specify w f o r  
particular applications, but give values of I and cg. It is therefore 
convenient to substitute f o r  in terms of e; in the preceding equa- 
tion: 



.. ... . ... . 0 .  0 .  . . . 0.. 0 .  

2 2  

( 3 )  

In  prac t ice ,  t o  compute IR f o r  s p e c i f i c  engine and opera t iona l  
conditions,  t he  terms are obtained as follows: h, Ae, At, and Pa are 
determined from measurements; I, c*, and Pe 

per t inent  t o  the  
t i on ;  P C t n  i s  ca lcu la ted  from t h e  measured Pc, i  by equation (1). 

come from t h e o r e t i c a l  data n 
PCtn, Ae/At, and propel lan t  mixture r a t i o  of t he  opera- 

Nozzle t h r u s t  coe f f i c i en t .  - Values of nozzle t h r u s t  c o e f f i c i e n t  are 
determined simply by the  equation 

(4) 
I 
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TABLE I .  - ENGINE GEOMETRY 

Sec t ion  31 25 10 1 
I 

I 
I I 

3.75" 

Y- 

le c ti on 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

Local engine 
diameter,  

i n .  

7.5 
6.98 
6.49 
5.96 
5.44 
4.94 
4.43 
4.16 
3.98 
3.91 
3.92 
3.98 
4.08 
4.20 
4.30 
4.51 
4.70 
4.85 
4.99 
5.10 
5.20 
5.27 
5.32 
5.36 
5.38 
5.38 
5.38 
5.38 
5.38 
5.38 
5.38 

Coolant-passage 
he igh t ,  

i n .  

Engine 1 

0.203 
.186 
.169 
.152 
.135 
.119 
. l o o  
.090 
.082 
,076 
.082 
.087 
.091 
.092 
.091 
.082 
.082 
.084 
.087 
.090 
.092 
.095 
.097 
.099 
.loo 
.loo 
.loo 
. l o o  
.loo 
. l o o  
.loo 

Engine 2 

0.230 
.209 
.188 
,168 
.147 
.126 
.lo5 
.096 
.085 
.078 
.080 
.082 
.084 
.086 
.088 
.090 
.093 
.097 
.099 
.loo 
.lo1 
.lo1 
.lo1 
.099 
.098 
.096 
.092 
.092 
,089 
.086 
.084 

.ength o f  cool- 
a n t  pas sage 

between 
s e c t i o n s  , 

in. 

0 
1 .oo 
1 .oo 
1 .oo 
1.00 
1 .oo 
1.00 
.53 
.49 
.40 
.28 
.27 
.32 
.22 
.27 
.50 
.50 
.so 
.50 
.50 
.so 
.so 
.50 
.50 
.50 
1 .oo 
1 .oo 
1 .oo 
1.00 
1.00 
.82 

E 
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Figure 4. - Detai l  of t h r u s t  chamber. 
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(a) Photograph. 
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(b) Schematic diagram. 

Figure 7 .  - Rocket exhaust-gas scrubber .  
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Figure 9 .  - Automatic servo-operated f l o w  c o n t r o l  valve. 
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Figure 10. - Experimental performance of hylrogen-fluorine. 
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Figure 10. - Concluded. Experimental performance 
of hydrogen-f luorine. 
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Figure 11. - Theoretical  vacuum spec i f i c  impulse f o r  hydrogen- 
f luorine at chamber pressure of 300 pounds per  square inch 
absolute as  function of expansion area r a t i o .  
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Figure 15. - Removing formed channel from die .  - 
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Figure  19. - Applying braze  a l l o y  t o  channels.  
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Figure  23.  - Pry-grinding channels t o  des i r ed  contour. 
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Figure 22. - Applying braze  t o  wire-wrapped charnel assembly. 
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Figure 23. - Installing channel assembly in vacuum-brazing furnace. 
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Figure 25. - Detailed view of cooling-jacket discharge passages. 
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