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1.0 INTRODUCTION 

This document i s  a condensed summary r epor t  o f  an inves t iga t ion  

of the  adverse e f f e c t s  of propel lan t  leakage through propel lan t  valves  and 

i n t o  rocket  i n j e c t o r  manifolds and combustion chambers exposed t o  a vacuum 

environment, I n  space,  during a non-firing condi t ion ,  these various regions 

of  the  engine a r e  exposed t o  a vacuum environment. 

any propel lan t  leak pas t  the  con t ro l  valve,  i t  can freeze and accumulate i n  

the i n j e c t o r  flow passages and combustion chamber. The program of inves t i -  
ga t ion  described i n  summary form i n  this  repor t  was conducted t o  s tudy the  

l ikel ihood t h a t  such accumulation may cause blockage of t he  propel lan t  flow 

system o r  r e s u l t  i n  a ca tas t rophic  "hard" s t a r t .  

ed. of concurrent t h e o r e t i c a l  and experimental s t u d i e s ,  with emphasis of 

considerat ion being given t o  the  f ac to r s  t h a t  could a f f e c t  the  performance 

o f  the  Apollo SPS (Service Propulsion System) and the Gemini OAMS (Orbit  

At t i tude  Maneuvering System) engines. 

Consequently, should 

The inves t iga t ion  cons i s t -  

2.0 STUDY OBJECTIVES 

The primary objec t ives  of  t h i s  work were to:  (1) determine the  

ex ten t  o f  blockage of propel lan t  flow systems caused by evaporat ively frozen 

p rope l l an t  when the propel lan t  becomes exposed t o  a vacuum environment; (2) 
i nves t iga t e  the eEfects  of  such freezing on hypergolic i gn i t i on ;  and (3) 

conduct a prel iminary s tudy o f  the e f fec t iveness  of var ious remedial tech- 

niques.  

3.0 RELATIONSHIP TO OTHER NASA EFFORTS 

I n  a previous inves t iga t ion  for  the  George C. Marshall Space 

F l i g h t  CenterLJ2 ,  it was shown tha.t  most l i q u i d  p rope l l an t s ,  p a r t i c u l a r l y  
~ 

h e  d e t a i l e d  Final Report on t h i s  cont rac t  i s  NASA CR 62046. 

A t l a n t i c  Research Corporation, " Inves t iga t ion  of t h e  Ef fec t s  of Vacuum 
on Liquid Hydrogen and Other Cryogens Used on Launch Vehicles," F ina l  
Summary Report by J . A .  Simmons, R.D. G i f t ,  and M. Markels, Jr. f o r  
Contract NAS 8-11044, December 18, 1964. 
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ni t rogen  te t roxide  and Aerozine-50 (the 1:l mixture of  hydrazine and 

unsymmetrical dimethylhydrazine),  may freeze very r ap id ly  when exposed to  
a vacuum environment. This r e s u l t s  from the evaporation and i ts  a t tendant  

cool ing,  which occurs from a l l  exposed sur faces  of the l iqu id .  

p rope l lan t  w i l l  f reeze i f  the  magnitude of the r a t e  of  evaporative hea t  

t ranspor t  a t  the  f reezing temperature of  the  propel lan t  is  g rea t e r  than the  

r a t e  of  heat absorpt ion from the  surroundings ( so l a r  r ad ia t ion ,  hea t  con- 

duct ion from rocket  hardware, e t c . ) .  According t o  the theory of evaporat ion,  

described i n  Reference 1, the r a t e  of evaporative hea t  t ranspor t  is  d i r e c t l y  

proport ional  t o  the  vapor pressure of the  ma te r i a l ,  but  decreases wi th  in- 
creas ing  ambient pressures .  

by enclosures which surround the evaporating p rope l l an t  and impede the  

escape of vapor. 

f reeze  and accumulate wi th in  the  i n j e c t o r  flow passages and combustion 

chamber depends on the geometry of these enclosures  and t h e i r  thermal en- 
vironment. 

The exposed 

S ign i f i can t  ambient pressures  may be c rea ted  

Accordingly, the l ikel ihood t h a t  a given propel lan t  may 

Several cases  of  evaporative f reez ing  of  propel lan t  have occurred 

during s t a t i c - t e s t - f i r i n g s  of  the  Apollo Service Module engine (SPS) 
low-pressure environment. Although the  f reez ing  caused no apparent opera t iona l  

d i f f i c u l t i e s ,  an inves t iga t ion  seemed advisable  t o  def ine  the s i t u a t i o n  -re 

i n  a 

f u l l y .  

4.0 METHOD OF APPROACH 

The inves t iga t ion  was begun June 7 ,  1965 and consis ted o f  four 

phases. Phase I was a study of  the  adverse e f f e c t s  r e s u l t i n g  from leakage 

of  ni t rogen te t roxide  (only) through a p rope l l an t  valve i n t o  the  flow pas- 

sages of a manifold and i n j e c t o r  system. 

propel lant  va lve ,  and a g l a s s  pipe (which permitted observat ion o f  the  

freezing phenomena) was used f o r  the  manifold. I n  genera l ,  t he  system t h a t  

was used approximately simulated the Apollo SPS prope l l an t  flow system i n  a 
reduced scale .  Phare 

I11 was a s t u d y  of adverse e f f e c t s  on hypergol ic  i g n i t i o n ,  which are caused 

A b a l l  valve was used for  the  

Phase I1 was a s imi l a r  s tudy  with Aerozine-50 alone. 
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by the  freezing of leaked propel lan t .  For t h i s  s tudy a 25-pound t h r u s t  

engine with a g l a s s  combustion chamber was designed and used. Phase IV 
was a study of evaporat ive f reez ing  o f  propel lan t  wi th in  the  i n j e c t o r  flow 

passages of t he  Gemini RCS (Reentry Control System) rockets .  This phase 

was added t o  t h e  o r i g i n a l  i nves t iga t ion  on December 10, 1965. The i n t e r -  

m i t t e n t  f a i l u r e  of  severa l  OAMS (Orbit  At t i tude  Maneuvering System) rocke ts  

(very near ly  i d e n t i c a l  t o  the  RCS rockets) on the  Gemini-5 vehic le  poss ib ly  

can be a t t r i b u t e d  t o  evaporative freezing of  propel lan t  within the  i n j e c t o r  

and the  consequent stoppage of propel lant  flow. 

Each of  the  four  phases of  the inves t iga t ion  consis ted of ana ly t -  

i c a l  and experimental e f f o r t s .  

ana lys i s  was made t o  e luc ida te  the  freezing c h a r a c t e r i s t i c s  of the  propel- 

l an ts  n i t rogen  t e t rox ide ,  Aerozine-50 (1: 1 mixture of hydrazine and 

unsymmetrical dimethylhydrazine) and monomethyl hydrazine. Quant i ta t ive 

mathematical r e l a t ionsh ips  between the  r a t e  of leakage and the accumulation 

o f  f rozen propel lan t  wi th in  the  flow passages of an i n j e c t o r  manifold were 

developed. For the experimental s t u d i e s ,  t e s t s  were performed t o  (1) 

cha rac t e r i ze  evaporat ive freezing of the above-l is ted propel lan ts  and 

the  dependency 0 2  such freezing on selected parameters; (2) t o  determine 

the  ex ten t  of  any flow stoppages caused by the accumulation of  frozen 

p rope l l an t ;  and (3) t o  observe e f f e c t s  of leakage on hypergolic i gn i t i on .  

I n  the  former, a l i t e r a t u r e  survey and 

5.0 BASIC DATA GENERATED AND SIGNIFICANT RESULTS 

The p r i n c i p a l  r e s u l t  of t h i s  i nves t iga t ion  was the  experimental 

and t h e o r e t i c a l  demonstration t h a t  leaking propel lan ts  can freeze evapora- 

t i v e l y  i n  the  i n j e c t o r  manifold of a rocket engine,  when exposed t o  a vacuum 

environment, and thereby can obs t ruc t  subsequent flow. Furthermore, the  

obs t ruc t ions  grow and break up i n  a cyc l i ca l  manner, with the  r e s u l t  t h a t  

t he  ser iousness  of  the  blockage depends on the moment i n  t h i s  cycle a t  which 

t h e  p rope l l an t  valve i s  opened. 

i g n i t i o n  e n t i r e l y ,  o r  cause a "hard start" and the  occurrence of explosive 

pressure  t r a n s i e n t s  wi th in  the  combustion chamber o r  i n j e c t o r  manifolds, 

Such blockage could prevent hypergolic 
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I n  the  experiments wi th  n i t rogen  te t roxide  and Aerozine-50, i n  an i n j e c t o r  

system simulat ing t h a t  used i n  the  Apollo main propuls ion systems, the  

longest  delays were 8 and 75.5 minutes,  respec t ive ly .  

’ 

The s i g n i f i c a n t  processes of f reezing and ac,:umulation o f  frozen 

p rope l l an t ,  associated wi th  p rope l l an t  leakage i n t o  i n j e c t o r  manifolds ,  can 

be explained by the  general  theory of  evaporation and evaporative freezing.  

That the course of accumulation of  frozen p rope l l an t ,  and the  ex ten t  o f  

the blockage c rea t ed ,  i s  c y c l i c a l  r e s u l t s  from the  f a c t  t h a t  the accumula- 

t i o n  i s  cons tan t ly  being d i s s ipa t ed  by sublimation and melting. 

weakened by these d i s s i p a t i v e  e f f e c t s ,  the  plug of  frozen propel lan t  i s  

broken away by the  pressure  of the l i qu id  backed up behind i t .  

exposed l i qu id  then begins t o  f reeze evapora t ive ly  and a new plug  i s  

created.  This r epea t s  i n  a c y c l i c a l  fashion as long as the leakage con- 

t inues .  I f  the leak r a t e  i s  very low, the  blockage occurs only i n  the  

v i c i n i t y  of  t he  leak. A t  h igher  leak r a t e s ,  the s i t e  of blockage progresses ,  

wi th  each successive cyc le ,  from the source of  the leak through the flow 

passages t o  the i n j e c t o r ,  where i t  remains. The frequency of  t he  cyc les  

i s  approximately propor t iona l  t o  the leak r a t e  s ince  t h i s  determines the  

t i m e  required for  l i qu id  t o  f i l l  the c a v i t y  behind the  plug. To some ex- 
t e n t  the €requency a l s o  depends on the  s i t e  of the plug;  t he  a b i l i t y  o f  

the frozen mater ia l  t o  resist  the  p rope l l an t  pressure  depends on the  mechani- 

cal. support provided by the  s i t e .  Thus, s t rong  plugs are  formed a t  bends, 

and points  of abrupt reduct ion  i n  flow area,  such a s  a t  t h e  i n j e c t o r  po r t s .  

When 

The newly 

The inves t iga t ion  a l s o  showed t h a t  l eak - ra t e  and i n j e c t o r  o r i f i c e  

area had f a r  more e f f e c t  on the  f reez ing  mode than any of  the  o the r  v a r i a b l e s  

invest igated.  

p ropel lan t  i n t o  i n j e c t o r  flow passages i s  t h a t  frozen p rope l l an t  can accumu- 

l a t e  i n  the passages only i f  t he  leak r a t e  i s  wi th in  a c e r t a i n  range. 

maximum of the  range r e s u l t s  from the  f a c t  t h a t  the  vapor can escape only 

through the i n j e c t o r  p o r t s .  Consequently t h e  maximum ra te  of heat  removal 

i s  l imited by the t o t a l  area o f  the po r t s .  

One o f  the most important c h a r a c t e r i s t i c s  of leakage of  

The 

Therefore ,  i f  the p rope l l an t  is  
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a pure l i q u i d ,  such as ni t rogen te t roxide ,  the  maximum of the leak range 

i s  defined by the condi t ion  tha t  the  r a t e  of evaporat ive hea t  flow be j u s t  

s u f f i c i e n t  t o  cool and freeze the leaking propel lan t  and simultaneously 

remove the  hea t  t ransported t o  the  frozen p rope l l an t  Erom the surroundings. 

The minimum of t h i s  range i s  defined by the condi t ion t h a t  the r a t e  of hea t  

t r anspor t  from the  surroundings be  j u s t  s u f f i c i e n t  t o  vaporize the  

propel lan t  a s  f a s t  a s  i t  leaks.  In  other  words, there  i s  no accumulation 

of  frozen propel lan t  wi th in  manifold a t  leak r a t e s  l e s s  than the min imum 
o r  g rea t e r  than the maximum value. However, a t  leak r a t e s  grea te r  than the  

maximum, the  propel lan t  flows on i n t o  the combustion chamber where i t  may 

f reeze  and accumulate. 

I 

I 

I 

I 

Based on the experimental and t h e o r e t i c a l  r e s u l t s ,  m i n i m u m  and 

maximum leak  r a t e s  for  se lec ted  i n i t i a l  p rope l lan t  temperatures were com- 

puted fo r  the  oxid izer  and fue l  i n j e c t o r  systems of the  Apollo SPS (Service 

Propulsion System) engine and the 25-and 100-pound-thrust OAMS (Orbit  

A t t i t ude  Maneuvering System) engines of  the Gemini vehic le .  The results 

a r e  l i s t e d  i n  Table 1. The minimum lealc-rate values  a r e  order-of-magnitude 

es t imates  and r e f l e c t  the  attempt t o  s e l e c t  the  lowest reasonable rate of  

hea t  t r a n s f e r  from the surroundings,  considering a l l  the var ious types of  

thermal environments i n  which the engines would be  used. Accordingly, under 

most opera t iona l  circumstances,  the  ac tua l  minimum leak  rates may be some- 

what g r e a t e r  than the values  l i s t e d  i n  Table 1. 

These resu l t s  p red ic t  t h a t  leakage, over a wide range of r a t e s ,  

of e i t h e r  n i t rogen  t e t rox ide  o r  Aerozine-50 i n t o  the Clow passages of the  

i n j e c t o r  o f  the SPS engine can lead t o  an  acaumulation of  frozen propel lan t .  

The same r e s u l t  i s  predicted for  ni t rogen t e t rox ide  i n  the Gemini OAMS 
engines.  On the  o the r  hand, monomethyl hydrazine,  the fue l  for  the OAMS 

engines ,  cannot f reeze i n  the  flow passages s ince  the  evaporative hea t  flow 

a t  i t s  t r i p l e  po in t  i s  l e s s  than the r a t e  o f  heat  t r a n s f e r  from the  s u r -  

I roundings. 
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I The l imited number of hypergolic i g n i t i o n  s e t s  of  t e s t s  conducted 

d i d  not allow re so lu t ion  of a l l  the  questions.  

ment i t  was demonstrated t h a t  catastrophic  overpressures  could occur i n  the  

oxid izer  manifold as a r e s u l t  of  i gn i t i on  following a fue l  leak. On the 

o the r  hand, no dangerous and excessive pressures  were recorded i n  the  com- 

bust ion chamber as the  r e s u l t  o f  i gn i t i on  following e i t h e r  an oxid izer  o r  

f u e l  leak. 

Nevertheless ,  i n  one exper i -  

The apparent ly  obvious method o f  prevent ing the  freezing of  

leaking propel lan t  i s  t o  hea t  the in jec tors .  However, t h i s  approach i s  

imprac t ica l  for  spacecraf t  because of the very la rge  power inputs  t h a t  a r e  

required t o  provide adequate heat ing,  The power needed t o  prevent f reez ing ,  

regard less  of the  leak r a t e ,  i s  prescribed by the  f a c t  t h a t  the  range of  

leak r a t e s  f o r  f reezing must be zero ,  o r  i n  o the r  words, the maximum and 

minimum leak r a t e s  must be equal. As an example, consider nl t rogen t e t rox ide  

i n  the  Apollo SPS engine. 

t he  power requi red  is 20.2 kw! 
For an i n i t i a l  p rope l lan t  temperature of 40°F, 

Other remedial methods a r e  suggested by considerat ion of  the  severa l  

f a c t o r s  governing the  maximum leak r a t e .  For example, the maximum leak r a t e  

i s  d i r e c t l y  propor t iona l  t o  the t r i p l e -po in t  pressure  of  the p rope l l an t ,  and 

accordingly the  use o f  propel lan ts  with s u f f i c i e n t l y  low t r ip l e -po in t  

pressures  would a l l e v i a t e  the problem. As demonstrated i n  the  Gemini t e s t s ,  

monomethyl hydrazine,  whose t r ip l e -po in t  p re s su re  i s  approximately 0.1 t o r r ,  

cannot f reeze  evaporat ively i n  the fue l  flow-passages of the Gemini OAMS 
engines ,  However, monomethyl hydrazine is adequate fo r  t h i s  purpose only 

f o r  small  engines ,  s ince  i t  was a l s o  predicted t h a t  i t  can freeze i n  the 

i n j e c t o r s  of  la rge  engines because of the d i f f e rences  i n  geometries (e.g. , 
t o t a l  i n j ec to r -po r t  a r eas  , e tc . )  involved. 

I 

1 

Another exce l len t  approach t o  the problem i s  t o  minimize the  

I l ike l ihood of  leakage. One means of  e f f e c t i n g  t h i s  i s  t o  use double 
I 

I 
(redundant) va lv ing ,  a p rac t i ce  t h a t  has been adopted fo r  a l l  the  main pro- 

pu l s ion  systems of the  Apollo vehicles .  

e n t a i l e d ,  and the  increased allowable response time requi red ,  the method 

probably i s  not  p r a c t i c a l  fo r  small control  rockets .  

However, because of the weight 
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6.0 LIMITATIONS 

The experiments conducted i n  Phases I and I1 used an i n j e c t o r  

and propel lant  flow system which only approximately simulated the  a c t u a l  

components of the SPS engine. Accordingly, the  leakage condi t ions ,  which 

would adversely a f f e c t  opera t ion  of the SPS engine,  could not be obtained 

d i r e c t l y  from the experiments. Ins tead ,  the adverse leakage condi t ions 

were calculated using the  theory developed. The t ransparent  flow system 

used i n  the  experiments allowed v i sua l  observat ion o f  the freezing phenomena 

and provided the bas ic  da t a  which ve r i f i ed  the  theory.  

A complete eva lua t ion  of  the  e f f e c t s  of  propel lan t  leakage i n  a 
vacuum environment, on hypergolic i g n i t i o n  could not  be made because of 

t h e  l imited scope of the program. Although severa l  important aspec ts  were 

demonstrated by the  hypergolic i g n i t i o n  t e s t s  (see Sect ion 5.0), a more 

comprehensive study i s  necessary t o  def ine  the  e f f e c t s  on hypergolic 

i gn i t i on  of such parameters a s  propel lan t  temperature,  i n j e c t o r  and com- 

bustion chamber geometry, and leak rate. 

Another l i m i t a t i o n  experienced during t h i s  program was the  

unava i l ab i l i t y  of  appropriate  thermodynamic p rope r t i e s  of t he  1:l mixture 

of hydrazine and unsymmetrical dimethylhydrazine. 

t h i s  subject  a r e  presented i n  Sec t ion  7.0 

Additional de ta i l s  on 

7.0 IMPLICATIONS FOR RESEARCH. AND SUGGESTED ADDITIONAL EFFORT 

This inves t iga t ion  r e su l t ed  i n  a good bas i c  understanding of the  

types of problems encountered when p rope l l an t  valves  l eak  while exposed t o  

the  vacuum environment of space. Additional e f f o r t ,  however, i s  required 

t o  provide more de ta i l ed  knowledge of the  evaporat ive f reez ing  phenomena 

under c e r t a i n  s p e c i f i c  condi t ions.  For example: 

(1) A f u l l - s i z e  SPS flow system should be tested i n  an adequate 

vacuum chamber. Althouth the  sub-scale  t ransparent  flow 

system used i n  t h i s  s tudy t o  s imulate  the  SPS system was 
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necessary to obtain visual evidence of the various freezing 
modes encountered, its usefulness is limited. One of the 
major criteria which influence blockage of a flow system by 
evaporatively frozen propellant is the geometry of the 
system. Since the transparent, simulated SPS flow system 
only approximately represented the geometry of the actual 

system, additicnal effort shoilld 52 directed ‘Loward testing 
a full-size SPS flow system under similar conditions, and 
using similar test procedures. 

Further investigation should be conducted to determine the 
thermodynamic properties of the hydrazine and unsymmetrical 
dimethylhydrazine mixtures (Aerozine-50). This will permit 
better, more reliable prediction of its freezing character- 
istics under various temperature and pressure conditions. 
A multicomponent system, such as this propellant mixture, 
exhibits complex thermodynamic behavior. For example, 
under significant changes of temperature or pressure the 
attendant phase changes (vaporization, condensation or 
freezing, etc.) produce changes in the composition of the 
various co-existent phases, 
of thermodynamic-property work has been accomplished and 
reported by various investigators for the pure constituents 
of the mixture N H and UDMH, very little effort has been 
spent specifically in determining the important thermo- 
dynamic properties of the mixture. The recommended investi- 
gation should be conducted to determine those thermodynamic 
properties of the mixture which would be of major importance 
to research, development and design of space propulsion 
systems. A preliminary review of the literature indicated 
a need for a significant amount of additional P-V-T and 

vapor-liquid equilibria data, as well as calorimetric data 
on heats of solution and/or heats of vaporization. 

Although a moderate amount 

2 4  

9 



(3) A d e t a i l e d  study should be conducted t o  de f ine  the e f f e c t s  . I 

of p rope l l an t  leakage on hypergolic i g n i t i o n  of  a rocke t  

engine exposed t o  a vacuum environment. 

i g n i t i o n  s tud ie s  conducted during t h i s  program demonstrated 

t h a t  series problems could be encountered (see Sect ion 5.0)  

and t h a t  remedial measures should be developed t o  cope with 

the  p o t e n t i a l  hazards involved. 

I 

The b r i e f  hypergol ic  

10 
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