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ABSTRACT 

This report presents the results of an experimental program to 

evaluate the performance, in a vacuum environment, of the propellant-valve 

actuating systems for the Lunar Excursion Module Descent and Ascent Engines. 
The objectives of the program are two-fold: (1) to determine the extent of 
adverse effects that could result from evaporativelymfrozen pwpellant in 
the propellant-valve actuating systems (i.e. pilot valves, actuators and 

vent lines); and (2) to investigate a few remedial techniques for the 
reduction of such effects. The Descent and Ascent pilotrvalve and actuator 
assemblies, which were Government supplied, were tested in the Atlantic Re-  

search Corporation's high-altitude facility. 

mixture of hydrazine and unsymmetrical dimethylhydrazine. 

The working fluid was a 1:l 

Three general types of tests were conducted: (1) normal mission 

duty-cycle tests, (2) leak tests, and (3) remedial tests. During the 

normal-mission tests, evaporatively-frozen propellant produced no problems 
which would have prevented successful completion of the normal LEM Descent 

and Ascent missions, as presently defined; however, malfunctions, in both 

the Descent and the Ascent valve-actuating systems were encountered during 

the endurance (20- and 35-restart) sets Qf tests. During the leak tests 
and remedial tests it was determined that a small orifice, positioned at 

the vent-line exit, can be used effectively to limit the amount of propel- 

lant l o s s  in the event of the pilot valve sticking in the half-open 

position. Such an orifice also can be a deterrent to evaporative freezing of 

propellant upstream of the orifice; however, the orifice alone is not a 

panacea for the overall problem of  freezing and vent-line plugging. 

It was demonstrated during this experimental program that applica- 
tion of heat to the vent line can be an effective deterrent of blockage due to 

evaporative freezing. Further effort is recommended to determine the amount 
of  heat required to prevent evaporative freezing for various missions and 
leakage situations. A more detailed valve-leakage study, including an evalua- 
tion of overall system performance in a vacuum, also is recommended. 

iv 
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1.0 SUMMARY 

“1 
i . 4  

This f i n a l  repor t  descr ibes  the  r e s u l t s  of  an 11-week experimental 

program t o  evaluate  the  operat ion,  i n  a vacuum environment, of  the propel- 

l a n t  valve ac tua t ing  systems fo r  the LEM (Lunar Excursion Module) Descent 

and Ascent engines, The purpose of the program w a s  t o  determine the ex ten t  

t o  which adverse e f f e c t s  could be produced by evaporatively frozen propel lant  

i n  the vent l i n e s  of the LEM propel lant  valve ac tua t ing  systems. The t e s t  

program was  divided i n t o  two major par ts :  

tests. 

dimethylhydrazine. 

LEN Descent tests and LEM Ascent 

The propel lant  used was a 1:l mixture of hydrazine and unsymmetrical 

The pr inc ipa l  r e s u l t s  o f  t h i s  inves t iga t ion  a r e  as follows: 

Evaporatively-frozen propel lant  produced no problems which (a) 
would have prevented successful  completion of t he  normal LEM 

Descent and Ascent duty-cycle missions a s  present ly  defined, how- 

ever  malfunctions, both i n  the Descent and Ascent valve actuat ing 

systems were encourLted during the endurance (20- and 35- res ta r t )  

sets of  tests. 

(b) Vent-line blockage, produced by evaporatively-frozen 

propel lan t ,  occurred only near the vent - l ine  ex i t .  

(c) 
important design fac tors  because evaporatively-frozen propel lant  

must be ab le  t o  c o l l e c t  around o r  lodge against  an object  (such 

a s  a tube end, a p l a t e  o r  piece of s t r u c t u r e  upon which the 

venting propel lant  impinges, e t c . )  i n  order to form a r i g i d  

Vent-line ex i t  geometry and immediate surroundings a r e  

P lug. 

(d) 
used e f f e c t i v e l y  t o  l i m i t  the amount of propel lant  loss i n  

the  event of the p i l o t  valve s t ick ing  i n  the half-open posi t ion.  

(e) An o r i f i c e  a t  the vent- l ine a l s o  can be a de te r ren t  t o  

evaporative freezing of  propel lant  upstream of the o r i f i c e .  

A small o r i f i c e  positioned a t  the vent- l ine e x i t  can be 

1 
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( f )  
noted during the tests;  however, considerable leakage was 

experienced pas t  the p is ton  seal i n  the LEM Descent valve 

ac tua t ing  system. 

No leakage of the LEN Ascent valve ac tua t ing  system w a s  

(g) 
f o r  the worst case ( i . e . ,  where the composition o f  the 

freezing propellant: mixture i s  such t h a t  the vapor pressure 

i s  a t  the maximum, approximately 26.5 t o r r ,  f o r  f reezing 

composition), t o  prevent evaporative freezing i n  a vent 

l i n e  containing a 1/16-inch diameter o r i f i c e  a t  the vent- 

l i n e  e x i t .  

Approximately 1 3 . 2  w a t t s  of applied heat  were required,  

Based on these r e s u l t s ,  i t  i s  apparent t h a t  under c e r t a i n  condi t ions,  

evaporatively frozen propel lant  could prevent a mission from being successful ly  

completed. The cont ro l l ing  fac tor  i s  the  number of cycles the valve ac tua t ing  

systems a re  required t o  make. 

be affected as long as  the propel lant  i n  the actuator  can be expelled i n t o  

the vent l i n e  by the spr ing actuated pis ton.  I f ,  however, blockage of the 

vent l i n e  should occur,  the number of cycles t h a t  could be successful ly  com- 

pleted i s  a function of the r a t i o  of the volume of the vent l i ne  t o  the volume 

of the actuator  (volume of propel lant  required t o  ac tua te  the p is ton) ,  A recom- 

mendation therefore  t o  r e f ine  and perhaps supplement the remedies b r i e f l y  tes ted 

i n  t h i s  program, ( i . e . ,  appl icat ion o f  heat and posi t ioning a small o r i f i c e  a t  

vent l i n e  e x i t )  i s  j u s t i f i e d .  

The operation of the actuator  system w i l l  not 

2 
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2 .0  INTRODUCTION AND DISCUSSION 

s 

i 

"2 I 
. I  

A recent  test program conducted by Aerojet-General has indicated 

t h a t  the f a i l u r e  o f  the Ti tan  I11 Vehicle 4C during the  Transtage por t ion  

of the f l i g h t ,  l i k e l y  was caused by propel lant  evaporat ively freezing under 

the influence o f  i t s  exposure, upon vent ing,  t o  the  vacuum environment of  

space. Evaporative freezing of propel lan t  leakage through the p i l o t  valve 

w a s  shown i n  ground tests t o  cause blockage of the  vent  l i n e ,  which then 
prevented the valve from operat ing properly.  The Transtage u t i l i z e s  a 
fuel-actuated p i lo t -va lve  system t o  operate  the engine bipropel lant  valves.  

The f a c t  t h a t  the  Lunar Excursion Module (GEM) Ascent and Descent 

engines u t i l i z e  a fuel-actuated system very similar t o  t h a t  of the Ti tan 

Transtage has led t o  concern regarding problems which possibly could be 

caused by frozen propel lan t  i n  the  vent po r t s  of these LEM engines. 

Although an elaborate  redundant valving system is  employed, blockage of 

flow by frozen propel lant  i n  severa l  vent po r t s  could impair o r  prevent 

r e s t a r t  of the LEM Descent o r  Ascent engines. 

This f i n a l  r epor t  presents  the  r e s u l t s  of  an 11-week tes t  program 

conducted t o  determine the e f f e c t s  of a vacuum environment on the operat ion 

of the LEM Ascent and Descent engine p i lo t -va lve  and ac tua tor  venting 

systems. 

the At lan t ic  Research Corporation's high a l t i t u d e  f a c i l i t y .  The propel lar i  

used $raL &::ozine-W (a 1:l mixture 0 5  N,.H. and UDMlij, f o r  which the p i l o t  
'- 4 

valve and ac tua tor  system was designed. 

Government-furnished Ascent and Descent valves were tes ted  i n  

The behavior o f  l iqu ids  upon exposure t o  a vacuum env'ronment 

involves a v a r i e t y  of  phenomena, most of which r e s u l t  d i r e c t l y  o r  i n d k e c t l y  

from the suddenly imposed supersaturation(')*. 

e i t h e r  i n  bulk o r  by flowing t h  ough a por t  usual ly  boi l ,  and the growth 

and burst ing o f  bubbles break the l iquid up i n t o  a cloud of vapor and drop 

l e t s .  Surface fo .ces  and other  disturbances created by the f l o w  of the 

Volat i le  l iqu ids  exposed 

* 
Superscript  numbers i n  pa-entheses correspond with numbered references 
i n  the L i t e ra tu re  Ci ta t ions  a t  the end of  t h i s  report .  

3 
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l iqu id  a l s o  contr ibute  s i g n i f i c a n t l y  t o  the  breakup. Simultaneous (with 

breakup and d ispersa l )  evaporation occurs from a l l  f r ee  surfaces  of the 

l iqu id .  

the sur face ,  o r  consequently the equilibrium vapor pressure of the surface.  

Vapor-phase res i s tance  t o  evaporation i s  s l i g h t  unless  the ambient pressure 

i s  grea te r  than about 10 per  cent of t he  equilibrium vapor pressure. Be- 

cause of the associated removal of  the l a t e n t  heat o f  vaporizat ion,  evapora- 

t i o n  causes cooling of the l iquid.  I n  a space environment, the rate of 

evaporative cooling is  very g rea t ,  and usual ly  exceeds the rate of heating 

from outs ide sources,  even when the vapor pressure of the l iqu id  a t  the 

surface i s  a s m a l l  f r ac t ion  of a mmHg, Consequently, s m a l l  drops of a 

pure (single-component) l iqu id  whose t r ip l e -po in t  pressure i s  grea te r  than 

one mmHg cool ,  f reeze,  and sub-cool, a l l  wi thin a second or  l e s s  a f t e r  

exposure t o  a space environment. 

t r ip le -poin t  pressure (of a pure l iqu id)  and the vacuum conditions of 

space produces the dr iving force for  evaporative cooling and freezing o f  

single-component l iqu ids  

The r a t e  of  evaporation depends pr imari ly  on the temperature of 

The difference between the value of the 

Aerozine-50 i s  not a pure l iqu id  and therefore  does not have a 

t r i p l e  po in t ,  but f reezes  over a range of temperatures. 

cooled, the f i r s t  so l id  phase, which i s  pure hydrazine, appears a t  approxi- 

mately 18'F (-8OC). Freezing-out of hydrazine continues w i t h  mor2 cooling, 

and the l iqu id  phase become? enriched i n  UDMH, accompanied by a decrease 

i n  the freezing point .  Eventually,  the l iqu id  reaches the eu tec t i c  

composition, about 98 per  cent (weight) UDMH, which freezes a t  approximately 

-78'F (-61OC). 

(sol id  and solut ion)  i s  hydrazine enriched, s ince fo r  solut ions with UDMH 

concentrations grea te r  than 20 per cent (weight), the  vapor i s  near ly  pure 

UDMH. 
1.5 t i m e s  the  heat  of fusion of hydrazine (based on a u n i t  weight), the 

hydrazine rap id ly  freezes  such t h a t  the remaining l iqu id  so lu t ion  becomes 

enriched with UDMH i n  s p i t e  of the loss  of UDMH by evaporation. Assuming 

t h a t  the heat  of fusion o f  hydrazine and the hea t  of vaporization of UDME 

A s  the mixture i s  

I f  the cooling i s  caused by evaporation, the e n t i r e  mixture 

Furthermore, because the heat  of  vaporization of UDMH is approximately 

4 
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from the solutions are the same as for the pure materials, it is estimated 
that after all the, eutectic has been frozen, the over-all composition ~f 

the frozen material is approximately 95 per cent (weight) hydrazine. 
Continued evaporation will, cause still mQre hydrazine enrichment. 
brief review describes the type of process by whiGh evaporative freezing 

This 

was expected to wcur in the LEM Ascent and Descent valve- 

ackuator vent lines. 

Section 3.0 of this report describes the experimental studies 
including the test apparatus, test procedure, and safety considerations. 

The tests were conducted in two parts: (1) with LEM Ascent components, and 

(2) with LEM Descent components. 

are presented in Section 4.0. 

work are discussed in Sections 5.0 and 6.0,  respectively. The detailed 

body of data obtained during the experimentation is presented in Appendix A. 

Results of  the tests and their analyscs 
Conclusions and recommendations €or future 

5 
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3.0 EXPERWNTAL SYSTEMS AND PROCEDURES 

3 .1  BACKGROUND 

The object ive of  t h i s  experimental program was t o  evaluate  the 

operat ion,  i n  a vacuwn environment, of the pyopellant valve ac tua t ing  systems 

for  the &EM Ascent and Descent engines. The Wvernmenf-supplied LEW Ascent 

and Descent p i l o t  valve and ac tua tor  assemblies were tested i n  the  At lan t ic  

Research Corporation's high-al t i tude f a c i l i t y  a t  a pressure o f  apprQximately 

0,04 t o r r  (230,000 fee t  a l t i t u d e ) ,  To e s t a b l i s h  the background for  the 

problem of i n t e r e s t  and the experimental approach empbyed, a b r i e f  descr ip t ion  

of the operat ion of the LEM engine propel lant  valves i s  presented i n  the follow- 

ing paragraphs. 

The bal l - type main propel lant  valves used i n  the LEM Ascent propul- 

s ion  system, are operated by a hydraulic ac tua tor  sub-system which uses the 

fue l  mixture of  hydrazine and unsymmetrical dimethylhydrazine as the working 

f lu id ,  Br ie f ly ,  a three-way solenoid valve i s  energized, allowing the 

fue l  t o  en te r  the ac tua tor  cylinder and move a pis ton.  

the necessary reciprocat ing motion t o  a linkage which operates  two ba l l -  

valves (one fue l  and one oxid izer ) .  When the solenoid i s  deenergized, the 

spring-loaded p i s ton  expels the fue l  overboard through a long vent l i n e  hav- 

ing numerous bends. Four such bal l -valves ,  arranged i n  a s e r i e s -pa ra l l e l  

flow network (two p a r a l l e l  l i n e s ,  each containing two b a l l  valves i n  se r i e s )  

a r e  used fo r  each of the  two propel lants .  Thus four separate vent l ines  a re  

required t o  comprise the toGal propel lant  ( fue l  and oxidizer)  feed system, 

This redundancy technique i s  used t o  improve the r e l i a b i l i t y  of  the system, 

These e ight  ball-valves a r e  actuated by four pi lot-valve and actuator  systems. 

Only one of the four p i lo t -va lve  and actuator  assemblies was tested during 

the LEM Ascent por t ion  of the program. 

3-1 and 3-2. 

The p is ton  provides 

This assembly i s  shown i n  Figures 

The propel lant  valving system fo r  the LQM Descent propulsion system 

uses a valve arrangement and p r inc ip l e  of operat ion which are the  same as 

those used i n  the LEM Ascent valving system (four ball-valves arraeged i n  

a series p a r a l l e l  flow network, fo r  each propel lan t ) .  However, a d i f f e ren t  

6 
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p i l o t  valve and ac tua tor  assembly design i s  used. 
uses four individual  pi lot-valve and ac tua tor  assemblies,  the Descent 

system uses only one. This assembly contains four p i l o t  valve and ac tua tor  

sub-assemblies which can be operated individual ly ,  Each sub-assembly oper- 

ates two bal l -valves  (one f u e l  and one oxid izer ) .  Because of t h i s  i n t e g r a l  

type of design, i t  was necessary t o  t e s t  four vent- l ine systems r a the r  than 

a s ing le  vent l i n e  a s  i n  the Ascent tests. Figures 3-3 and 3-4 show the LEM 
Descent p i l o t  valve and ac tua tor  assembly which was tes ted  during t h i s  program 

Whereas the Ascent System 

The test program for the Ascent t e s t s  i s  out l ined i n  Table 3-1. 
The diagnost ic  prQgram w a s  designed t o  inves t iga te  four d i f f e ren t  po ten t i a l  

problems which might a r i s e  from evaporative freezing of propel lant  i n  the 

vent l i n e  and p i l o t  valve-actuator assembly: 

normal operat ion of the system; (2) freezing of the d r i b b l e  volume ( res idua l  

propel lant)  i n  the system a f t e r  a normal mission cycle;  (3) slow leak o f  

propel lant  pas t  the pressure s e a l  i n  the p i l o t  valve,  with subsequent 

f reezing;  and ( 4 )  vent - l ine  plugging a r i s i n g  from p i l o t  valve stuck i n  ha l f  

open pos i t ion  during f i r i n g .  I n  addi t ion  t o  these diagnost ic  tests,  s i x  

remedial t e s t s  were conducted. These t e s t s  a r e  discussed i n  d e t a i l  i n  

Section 4.0. 

(1) vent- l ine plugging during 

The test program fo r  the Descent t e s t s  i s  out l ined i n  Table 3-2. 

This program was designed t o  inves t iga te  the same problems and phenomena 

of i n t e r e s t  i n  the Ascent t e s t s ,  described above, except t h a t  tests involving 

a slow leak pas t  the pressure seal of the p i l o t  valve were not included i n  

the Descent program. 

3 . 2  TEST SYSTEMS 

3 . 2 . 1  High Alt i tude F a c i l i t y  

The major t oo l  used i n  performing the experiments of t h i s  program 

was the At lan t ic  Research Corporation h igh-a l t i tude  tunnel f a c i l i t y .  Figure 

3-C depic ts  t h i s  f a c i l i t y  and some of i t s  per t inent  cha rac t e r i s t i c s .  

The t e s t  sec t ion  cons i s t s  of a cy l ind r i ca l  s t a i n l e s s  s t e e l  tunnel,  
6 f ee t  i n  diameter and 25 f ee t  long, which i s  exhausted by a 5-stage steam 

9 
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TABLE 3 ~ 1  

PROGRAM FOR LEM ASCENT TESTS 

1.0 NORMAL MISSION DUTY CYCLE; 

1.1 5 sec (A) - Coast - 400 sec (A) - Coast - 
5 sec (8) - Coast - 5 SIC (C) (2 runs) 

5 sec (C) - CQast 5 sec (C) ( 2  runs) 

1 , 3  430 sei: (A) - Coast - 5 sec (H) (2  runs) 

1.4 430 sec (C) - Caast - 5 s a  (C) - Coast - 

1.2  5 sec (A) - Coast - 400 ses: (A) - Coast - 

5 sec (C) - Coast: - 5 sec (C) - . . , , . ,(Xi restarts) 
(2 runs) 

2.0 LEAK TESTS 

2.1 Dribble volume freezing (4  runs) 

2.2 

2.3 

Slow leak p a s t  pressure seat Q E  p i l o t  valve (4  runs) 
P i l o t  valve hung open during f i r i n g  (& runs) 

3.0 REHEDIAL TESTS ( 6  runs) 

Notes : 

1. 

2 ,  

Coast per iods between f i r i n g s  were approximately 5 minutes 

Propel lant  temperatures were: (A) ambient:, nominal 70'P; 
(H) h o t ,  nominal 190OF; and (C) ~ ~ 2 8 ,  nomina1 45'F. 

12 
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TABLE 3-2 

P R O G W  FOR Z E M  DESCgNT TESTS 

4.0 NORMAL MISSION DUTY CYCLE 

4.1 10 sec (C) - coast - 10 sec (C) ......( 20 restarts) (1 run) 
4.2 33 sec (A) - coast - 910 sec (H) (2 runs) 
4 . 3  33 sec (A) - coast - 910 sec (C) (2 runs) 
4 . 4  33 sec (c) - coast - 910 sec (C) (2 runs) 

5 .O LEAK TESTS (DRIBBLE VOLUME) ( 4  runs) 

6 .O REMEDIAL TESTS ( 4  runs) 

Notes : 
1. Coast periods between firings were approximately five minutes. 
2. Propellant temperatures were: (A) ambient, nominal 70°F; (a) hot, 

nominal 105'F; and (C) cold, nominal 37'F. 

13 
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e jec to r  system. The tunnel i housed i n  

15 

bui I d  ing djacent t o  the  At lan t ic  

Research Corporation p r inc ipa l  labora tor ies  located i n  Alexandria, Virginia,  

Figure 3-6 i s  a photograph of the f a c i l i t y  including the cooling towers for  

the condenser water. 

The f a c i l i t y  has a dasign pumping capaci ty  of 71,000 liters of a i r  
per  second a t  a pressure of 60 microns of  mercury, and a no-load, minimum 

pressure capab i l i t y  of  20 microns of mercury, which simulates an a l t i t u d e  

of approximately 245,000 fee t .  The e j e c t o r s  use 9,000 pounds of steam per 

hour, and the two condensers require  1200 gal lons of cooling water p e r  minute. 

Di rec t -cmtac t  type condeitsers are located between the th i rd  and fourth 

s tages  and k ~ e i : w ~ ~ ~ A -  thc fourth and f i f t h  s tages .  The condensers a r e  used t o  

reduce the ove ra l l  steam consumption of the un i t .  The steam i s  supplied by 

a gas-f i red,  sutomatic bo i l e r  with a rated output of 10.35 MB"U/hr. A pre- 

hea te r  using steam as the hea t  source i s  used t o  preheat the boi le r  feed water 

t o  approximately 190°F. 

i s  shown i n  Figure 3-7.  

mentation used for  the program a r e  depicted i n  Figure 3-3. 

The bo i l e r  , including the e l e c t r i c a l  control  panel,  

The tunnel cont ro l  panel and some of the in s t ru -  

3.2.2 Flow Systems 

3.2.2.1 Lem Ascent Apparatus 

Figure 3-9 i s  a schematic diagram of the propel lant  flow system 

used for  the Ascent t e s t s .  Two 4ifferent:  simulated vent- l ines  were f ab r i -  

cated and tested.  Both l i n e s  were fabricated t o  represent  the s i ze  and 

shape of the ac tua l  vent l i n e  a s  c lose ly  as possible .  The f i r s t  simulated 

vent- l ine was made of 10-mm diameter Pyrex tubing, approximately nine f ee t  

long. 

tubing and i s  shown i n  Figure 3-1. For a pa r t i cu la r  test  s e r i e s ,  one of 

these two was mounted ins ide  the Atlant ic  Research Corporation's 6-ft-diameter 

x 25-ft-long vacuum chamber, qnd the Government-furnished LEM Ascent Valving 

system w a s  mounted immediately outs ide the vacuum chamber, as indicated i n  

Figure 3-1. 

The second simulated vent- l ine w a s  made of 3/8-inch diameter aluminum 

Figure 3-2 shows the valve and manifold system i n  de t a i l .  
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In  order  t o  simulate ac tua l  operat ing conditions as c lose ly  as 
poss ib le ,  th ree  d i f f e r e n t  propel lant  temperatures were used. The propel lan t ,  

a t  i ts  conditioned temperature, was  used t o  heat  o r  cool the valving system, 

as required,  by using the by-pass system shown schematically i n  Figure 3-3 .  

Of course under ac tua l  condi t ions,  the hea t  exchange would take place i n  

p a r t  by the opposite process because the valving system would be heated by 

engine hea t  soak-back a f t e r  a f i r i n g ,  

The main propel lant  tank was suspended from a spec ia l  beam-balance 

system which was used t o  measure propel lant  leak rate, 
technique a r e  discussed i n  Section 3 . 2 . 3 .  

Deta i l s  of t h i s  

The hot  and cold r e se rvo i r s  were fabricated from 130 f ee t  of 

1/2-inch-diameter x .049-inch-wall aluminum tubing, wound i n t o  a c o i l  20 

inches i n  diameter. The hot - fue l  reservoi r  was heated by immersing i t  (the 

c o i l )  i n  a 30-gallon drum f i l l e d  with water heated, i n  tu rn ,  by d i r e c t  

contact with low-pressure steam. The cold-reservoir  c o i l  was cooled by 

immersing it  i n t o  a 40-gallon tank f i l l e d  with water which was cooled by a 

r e f r ige ra t ion  system. Aluminum tubing, 1/2-inch i n  diameter,  was used t o  

connect; the heat-exchanger control  valves (5 b a l l  valves) t o  the i so l a t ion  

solenoid valve. A 5/8-inch aluminum tube, bent as c lose ly  a s  possible  to  

the shape used i n  the ac tua l  LEM Ascent configurat ion,  was used t o  connect 

the i s o l a t i o n  valve and the  p i l o t  valve. A l l  tubing between the ambient 

reservoi r  and the heat-exchanger control  valves was l /&inch s t a i n l e s s  s t e e l  

tubing. 

Flow of l iqu id  fue l  w a s  achieved by applying nitrogen-gas pressure t o  the 

vapor space a t  the top o f  the ambient reservoi r  and opening and/or c losing 

the appropriate heat-exchanger control  valves t o  obta in  ho t ,  cold o r  ambient 

fue l  flow. 

A l l  f l ow control  valves were s t a i n l e s s  s t e e l  with t e f lon  packing. 

3.2.2.2 Lem Descent Apparatus 

As was discussed i n  Section 3 . 1 ,  the  LEM Descent Tralve actuator  

sub-system i s  an in t eg ra l  u n i t  cons is t ing  of four complete a c t w t o r  ne t -  

works, Because of i t s  compleyity, the e n t i r e  Descent valving system was 

20 
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mounted inside the vacuum chamber. The four vent-lines, shown in Figures 

3-3 and 3 - 4 ,  were made of 10 mm Pyrex Cubing approximately 3.5 feet long. 
Figure 3-10 shows four lines made o f  3/8-inch-diameter aluminum tubing 

which were used to replace the glass lines for s m e  of the tests. The lines 

were fabricated to represent the size and shape of the actual vent lines as 
closely as possible. "he remainder of the propellant flow system used for 

the Descent tests, as shown in Figure 3-11, was essentially the same as the 

one used for the Ascent tests. 

3 . 2 . 3  

A multichannel recording oscillogriiph was used to record simul- 
taneously the variables that were measured. This recorder provided chart 

speeds from 0.1 to 80 inches per second. The measured variables included 

propellant temperatures, pressure and leak rate, and valve-actuator piston 
travel. Locations of the sensing elements are shpwn in Figures 3-9, 3-11 

and 3-12. 

Temperatures were measured with copper-constantan thermocouples. 
Their signals were conditioned by bridge circuits which allowed pre-run 
balance and electrical calibration. 

Pressure was measured by means o f  an unbonded strain-gage pres- 
sure transducer. It was connected to conditioning circuits which provided 
the excitation voltage for the strain-gage bridge and allowed pre-run balancing 

and electrical calibration. 

Propellant flow-rate was measured by a specially-constructed beam 
balance shown schematically in Figures 3-9 and 3-11. The beam was suspended 

from a carriage by a strip of stainless-steel shin stock which served as 

the beam fulcrum. The propellant tank was fastened securely t o  one end of 

the beam and was counterbalanced by a weight clamped to the opposite end. 

The force transducer, electrically connected to a carrier- 

demodulator, was affixed to the balance carriage such that the transducer 

button touched the beam when the beam was in a horizontal position. When 

23, 
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t he  tank w a s  f u l l y  loaded, small counterweights were placed on the beam t o  

pos i t ion  the transducer t r ace  a t  maximum def lec t ion .  

o f  these weights and t h e i r  loca t ion  on the  beam were chosen such t h a t  when 

the t r ace  approached zero de f l ec t ion ,  due t o  propel lant  flow out of  the 

tank,  the removal of one of these weights would r e s to re  the t race  t o  a 

near ly  fu l l - s ca l e  posi t ion.  

The number and s i z e  

The balance was ca l ibra ted  by pouring measured quan t i t i e s  of 

water i n t o  the tank and recording the  r e su l t i ng  galvanometer def lect ions.  

By repeating the process with various amounts of water i n i t i a l l y  i n  the 

tank, i t  was shown t h a t  the caxibrat ion did not change s ign i f i can t ly  with 

a change i n  l iqu id  level .  The r e s u l t  of t h i s  procedure was a constant 

ca l ib ra t ion  fac tor  of the dimensional form: grams of weight Ghange per 

inch of def lect ion.  

span adjustment i n  the demodulator c i r c u i t  and the locat ion of the load 

c e l l  on the balance beam r e l a t i v e  t o  the balance pivot  point .  Since the 

data obtained from the balance were i n  the form o f  propel lant  weight versus 

time, i t  was necessary to  d i f f e r e n t i a t e  these data  to  obtain flow r a t e s .  

By dividing the change i n  weight by the time i n t e r v a l  over which the change 

occurred, the average mass r a t e  for  the in t e rva l  w a s  obtained. 

The magnitude of the factor  was determined by the 

A 10,000-ohm var iab le  r e s i s t o r  was connected to  the main ba l l -  

valve sha f t  of the Ascent valve actuator .  Rotation of the shaf t  caused a 

change i n  res i s tance  which was proportional t o  the degree of valve opening. 

A s igna l  conditioning c i r c u i t ,  cons is t ing  of a bridge configuration having 

the potentiometer (on the actuator  shaf t )  as two l e g s  of the bridge, was 

used t o  dr ive  a galvanometer i n  a recording oscil lograph. 

Three solenoid-actuator sub-assembly of the  Descent system w a s  equipped 

with a s imi la r  10,000-ohm var iab le  r e s i s t o r .  Figure 3-12 shows the method 

by which these potentiometers were connected to  the valve actuators .  With 

t h i s  technique, the h i s t o r y  of  the valve-actuator opening and closing be- 

The Number 

havior was recorded along 

Normal-speed 16  

vent l i n e s  during a l l  the 

with the other  types of data.  

mm color motion p i c tu re s  recorded events i n  the 

tests. For some of the Descent tests,  movies of 

24 
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Showing Potentiometer Mounting Location. 
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the  events t ha t  occurred around the outs ide s t ruc tu re  of the actuator  as- 

sembly a l s o  were recorded. 

3.3 TEST PROCEDURE 

For both the Ascent and Descent phases of  t h i s  program, the experi-  

ments associated with each w e r e  divided i n t o  three types of tests: normal 

mission duty-cycle tests,  leak tests,  and remedial tests. The elements of 

these tests a re  outlined i n  Tables 3-1 and 3-2, and the bas i s  for  the 

se lec t ion  of these types of tests for  the study of freezing e f f e c t s  was 

discussed i n  Section 3.1. 

3.3.1 Flow System F i l l i n g  Procedure 

Pr ior  t o  running a t e s t ,  the  ambient r e se rvo i r ,  hot reservoir  and 

cold reservoir  (see Figures 3-9 and 3-11) were f i l l e d  with fue l  (Aerozine- 

50). The procedure for  f i l l i n g  the l i n e s  was ( a l l  component i den t i f i ca t ion  

codes r e f e r  t o  Figures 3-9 and 3-11): 

1. 

2. 

3. 

4. 

5 .  

6 .  

7. 

8. 

All valves w e r e  closed. 

The tunnel was evacuated with a f ive-s tage steam e j ec to r  

system. 

Valves V - 1 ,  V-3, V-5, B - 1 ,  B-2, B-3, B-4, B-5 and the 

i s o l a t i o n  valve were opened to  evacuate the flow system 

and reservoirs .  

While the l i n e s  were being evacuated, the  ambient reser -  

voir  on the balance scale  was tare-balanced by adding the 

appropriate counter weights. 

After the l i n e s  were evacuated t o  tunnel pressure (about 

0.04 t o r r ) ,  valves V - 3 ,  B-2, €5-3 and B-5 were closed. 

Valve V-8 was slowly opened and fue l  was drawn in to  the 

ambrent reservoir  from the fue l  storage tank. 

The quant i ty  of fue l  t ransferred was monitored by u s e  o f  

the  balance sca l e ,  which had been tared and cal ibrated 

previously. Pressure i n  the  ambient reservoir  was con- 

t ro l l ed  by adjust ing valve V-3 .  

When the ambient reservoir  was f u l l ,  valves V-8 and V-3 

were closed and the reservoir  was pressurized s l i g h t l y  by 
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opening valve V - 4 ,  opening the f u e l  de l ivery  N cy l inder ,  

and ad jus t ing  the regulator .  

9. Valves B-1  and V-4 were closed. 

2 

10, Ball-valve B-2 was opened slowly, and f u e l  was t ransfer red  

from the ambient reservoi r  i n t o  the cold reservoi r .  

11. Valve B - 2  was closed and the ambient reservoi r  w a s  r e f i l l e d  

as described i n  the appropriate  s t eps  above. 

12. Valve B-4  was closed and valve B-5 w a s  opened slowly which 

allowed fue l  t o  be t ransfer red  from the ambient reservoi r  

i n t o  the hot  reservoi r .  

13. The ambient reservoi r  was r e f i l l e d  again from the fue l  

s torage tank . 
Fuel was then i n  a l l  fue l  l i n e s  up t o  bal l -valves  B - 1 ,  B-3, and 

B-4. Valves V - 1 ,  V-5 and the i s o l a t i o n  valve were s t i l l  open, such t h a t  

the l i n e s  from the valves (ball-valves) i n  the propel lant  thermal-condition- 

ing system t o  the p i l o t  valve remained evacuated. 

14. Valves V - 1  and V-5 were closed; then valve B-3 was  opened 

slowly and fue l  w a s  admitted up t o  the p i l o t  valve. 

15. F ina l ly  a l l  valves ,  including the i s o l a t i o n  valve,  were 

closed and the system then was ready f o r  t e s t i n g  to  begin. 

3.3.2 Normal Mission Duty-Cycle Tests 

The normal mission duty-cycle t e s t s  were i n i t i a t e d  by heating or  

cooling the fue l  as required for  the p a r t i c u l a r  t e s t  being conducted. 

During the cooling process valve B-2 was open and during the heating process 

valve B-5 was open t o  allow for  expansion and contract ion of the fue l  and 

tubing. When the required reservoi r  temperatures were a t t a ined ,  the fo l -  

lowing t e s t  procedure was used: 

1. recording equipment was turned on and allowed t o  warm up; 

2. a l l  valves w e r e  checked t o  assure t h a t  they were closed; 

3. tunnel was evacuated (unless the test follower? immediately 

a f t e r  the f i l l i n g  operat ion,  i n  which case the tunnel was 

already evacuated); 
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4. instruments were ca l ibra ted  e l ec t ron ica l ly ;  

5. the ambient reservoi r  was pressurized by opening valve V-4 
and s e t t i n g  the pressure regulator  a t  the d e s i r e d  value 

(about 40 psig)  ; 

appropriate bal l -valves  were opened t o  permit del ivery of 

fue l  a t  the temperature desired;  fo r  instance,  i f  cold fue l  

w a s  required valves B-1  and B-2 w e r e  opened and valves B - 3 ,  

B-4 and B-5 were kept closed; 

6 .  

7. the  i s o l a t i o n  valve was opened; 

8. valve V-6 was opened slowly and the fue l  temperature was 

monitored. 

9. when the fue l  reached the desired temperature, valve 8-6 

was closed; 

the vapor space i n  the  ambient reservoi r  was pressurized 

t o  the d e s i r e d  operating pressure (200 t o  300 ps ig ) ;  

10. 

11. the Visicorder paper supply and desired se t t i ngs  (chart  

speed e t c . )  w e r e  checked; 

12. the movie camera and v is icorder  were turned on; 

13. the  pi?.ot  valve was opened for  the prescribed time in t e rva l  

which const i tuted the test cycle;  

14. the p i l o t  valve and i s o l a t i o n  valve were closed simultaneously 

a t  the end of the t e s t  cycle;  

15. the movie camera and v is icorder  were turned o f f .  

During the "coast" period between cycles the fue l  temperature 

could be changed, i f  required,  by reducing the pressure t o  about 40 p s i  and 

repeat ing s teps  6 through 9. 

operating conditions. A t  the termination of a tes t  s e r i e s ,  the pressure 

was reduced t o  a value s l i g h t l y  above one atmosphere and a l l  valves were 

closed. 

The system was  then pressurized again t o  

3 . 3 . 3  Leak T e s t s  

Three d i f f e ren t  types of leak t e s t s  w e r e  conducted with the LEM 

Ascent flow system: (1) dr ibble  volume, (2) slow leak  pas t  pressure sea t  of 
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p i l o t  valve and (3) p i l o t  valve hung open during f i r i n g .  

3 . 3 . 3 . 1  Dribble Volume Tests  

The objec t ive  of the  dribble-volume ( res idua l  propel lant  i n  the 

system a f t e r  "firing") tests was t o  determine the exten$ to  which the 

dr ibble  volume remaining i n  the actuator assembly and vent l ine would freeze 

a f t e r  operat ion of the  system. 

ner  as fo r  the  f i r s t  cycle of a normal mission duty cycle t e s t ,  The 

valves were closed a f t e r  the f i rs t  cycle and the dr ibble  volume was exposed 

t o  the tunnel pressure through the vent l i ne .  After  various waiting periods 

(1 t o  30 minutes) the p i l o t  valve was actuated and the opening and c los ing  

times recorded by the v is icorder  were compared with the opening and c los ing  

times fo r  the i n i t i a l  cycle. A t  the end of the tests the pressure i n  the 

flow system was vented in to  the tunnel ,  the v is icorder  was turned o f f  and 

a l l  valves were closed. 

These tests were conducted i n  the same man- 

3.3 .3 .2  Slow Leak Past  Pressure Seat of P i l o t  Valve 

The slow leak pas t  the pressure sea t  of the Ascent p i l o t  valve 

was accomplished by cont ro l l ing  the plunger t r a v e l  i n  the p i l o t  valve,  

spec ia l  micrometer-equipped solenoid cover was used f o r  t h i s  purpose. Pr ior  

t o  a leak t e s t ,  the tunnel was  evacuated) the i n s t r m e n t s  were ca l ib ra t ed ,  

the ambient f u e l  reservoi r  w a s  f i l l e d  and tared on the beam balance, and 

the v is icorder  was s t a r t e d .  With the i so l a t ion  valve open qnd the system 

pressurized up t o  the p i l o t  va lve ,  the micrometer cont ro l  was adjusted 

u n t i l  the  d e s i r e d  leak rate was  obtained, The leak rate was determined 

by measuring the loss i n  weight of the ambient reservoi r  over a period of 

t i m e .  This was accomplished by monitoring the output from a load c e l l  which 

was p a r t  of  the spec ia l  beam balance (see Section 3 . 2 . 3 ) ,  and recording t h i s  

output with the recording osci l lograph.  When the  des+red  leak was achieved 

the  i s o l a t i o n  valve was closed. After  the i s o l a t i o n  valve w a s  closed the 

pressure i n  the l i n e ,  connecting the i so l a t ion  valve and the p i l o t  valve,  

decreased as the l iqu id  leaked pas t  the seals i n  the p i l o t  valve. 

resu l ted  i n  a decreasing leak rate which could not  be measured because the 

A 

This 
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balance sca le  was located upstream from the closed i s o l a t i o n  valve. The 

leak tests were terminated by opening the  i s o l a t i o n  and p i l o t  valve for  5 

sec and then closing them. (The v is icorder  char t  was turned o f f ,  the p r e s -  

sure  i n  the flow system was decreased and a l l  valves were closed).  

p i c tu re s  were taken during the  leaking and during the opening and closing 

of the valve. The t i m e  required t o  open the valve ac tua t ing  system was  

measured and compared with the t i m e  required f o r  the non-leakage case t o  

determine i f  freezing may have caused sluggish operat ion of the system. 

Moving 

3 . 3 . 3 . 3 .  P i l o t  Valve Hung Open During Fi r ing  

The tests for  the case of a p i l o t  valve hung open w e r e  accomplished 

by in se r t ing  a th in  shim under the  p i l o t  valve solenoid s t e m  cap. 

shim allowed the valve stem t o  t r ave l  only ha l f  i t s  normal dis tance when 

the valve was energized. The t e s t  procedure was  a s  follows: The tunnel 

w a s  evacuated, the instruments were ca l ib ra t ed ,  the ambient reservoi r  was 

f i l l e d  and ta red ,  the  flow system was pressur ized  t o  operat ing pressure,  

the v is icorder  and camera were turned on, and the i s o l a t i o n  and p i l o t  

valves w e r e  opened. The durat ion of each t e s t  was  from 5 t o  10 sec. The 

t e s t  was terminated by closing the p i l o t  and i s o l a t i o n  valves ,  stopping 

the v is icorder  and camera, lowering the flow system pressure and closing 

a l l  valves.  

This 

3 .3 .4  Remedial Tests 

The basic procedure used for conducting the remedial t e s t s  was 

the same as  t h a t  used fo r  the normal mission duty cycle tests, These 

tests were conducted with various vent l i n e  configurations which a re  

described i n  d e t a i l  i n  Section 4.0. 

3 . 4  SAFETY 

Special  precautions and handling techniques were required t o  

conduct the t e s t s  because of the tox ic  and high energy nature of the 

propel lan ts  (a 1:l mixture of hydrazine and unsymmetrical dimethylhydrazine) 
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precautions w e r e  taken t o  assure compatibi l i ty  of a l l  mater ia l s .  The 

personnel working on t h i s  program a l l  had extensive p r i o r  experience with 

the  propel lan ts  being used. Pro tec t ive  c lo th ing ,  including impermeable 

gloves, boots and body pro tec t ion  were worn t o  pro tec t  aga ins t  s p i l l s ,  

Self  contained breathing equipment with f u l l  face masks were used for  

r e sp i r a to ry  pro tec t ion  when needed. A sa fe ty  shower and eye wash are 

located i n  the test  area.  At lan t ic  Research employees a r e  instructed t o  

wear sa fe ty  glasses  during a l l  hazardous work a c t i v i t i e s .  

A completely closed propel lant  t r a n s f e r  system was  u t i l i z e d  and 
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4.0 RESULTS AND ANALYSIS 

This sec t ion  of the repor t  represents  a summary and in t e rp re t a t ion  of 

the t e s t  r e s u l t s .  Detailed d a t a  gathered during these tests are presented i n  

Appendix A. The tests were conducted a s  described i n  Section 3.3 and accord- 

ing t o  the schedule out l ined i n  Tables 3-1 and 3-2. 

4.1 ASCENT TESTS 

The LEM Ascent valve-actuator system operated properly during the 

"Normal Mission Duty Cycle" sets of tests ( t e s t  series 1.1, 1.2 and 1.3). 

Although an accumulation of frozen propel lant  formed a t  the end of the g lass  

simulated vent l i n e  a f t e r  each cyc le ,  no plugging o r  malfunction of the 

system was  noted. 

during the coast  per iod,  b u t  i f  i t  survived during the e n t i r e  coast  period 

(approximately 5 minutes) i t  was dislodged quickly during the following 

cycle and a new accumulation was formed. The s i z e  of a t yp ica l  accumulation 

during these t e s t s  was about 1/2-inch i n  diameter and one-inch long. During 

each cycle most of the propel lant  w a s  expelled out the end, but a small 

amount of propel lant  usual ly  remained i n  the vent l i n e ,  where i t  boiled and, 

i n  some cases ,  froze evaporatively.  Subsequently it e i t h e r  sublimed com- 

p l e t e l y  or  was washed down-stream and melted by the warmer propel lant  during 

the succeeding cycle. 

The accumulation of frozen propel lant  usual ly  f e l l  o f f  

The f i r s t  s e t  of "35-Restart Tests" ( t e s t  s e r i e s  1.4) produced 

e s s e n t i a l l y  the same r e s u l t s  described above for t e s t s  1.1, 1.2 and 1.3. 

The second set of 35- res ta r t  t e s t s ,  however , resu l ted  i n  a "hung-open" 

valve. During t h i s  t e s t  the in te rmi t ten t  propel lant  accumulations described 

above were obtained during the f i rs t  seven cycles.  

number e i g h t ,  the accumulation was not dislodged but continued to  grow during 

each cycle u n t i l  cycle number 19 .  

vented but col lected i n  the g lass  vent l i ne .  The plug had grown t o  a diameter 

of about three inches around the vent - l ine  end and extended about three 

inches inside the l i ne .  A t  the  t i m e  of cycle number 23, a su f f i c i en t  amount 

of propel lant  had col lected i n  the vent l i n e  t o  allow only 90% of the p i s ton  

Beginning with cycle 

Subsequently the propel lant  no longer 
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smaller u n t i l ,  during cycle number 26, the valve remained completely open. 

Adherence of the propel lant  accumulation t o  the exit of the vent l i n e  was 

caused by contract ion of the frozen propel lant .  

when freezing,  the N2H4 - UDMH mixture cont rac ts  when it  freezes ,  

propel lant  accumulation grew back along the outs ide w a l l  of the vent l i n e ,  

and the clamping ac t ion  around the end of the vent l i n e ,  caused by contrac- 

t i o n  of frozen propel lan t ,  was  s u f f i c i e n t  t o  prevent t he  accumulation from 

becoming dislodged during subsequent cycles. Cool ing,resul t ing from sub- 

l imation of the frozen propel lan t ,  caused continued freezing of the propel lant  

inside the e x i t  sec t ion  of the vent l i n e ,  

During the  next th ree  cycles  the p i s ton  t r a v e l  became progressively 

Unlike water which expands 

"he 

The "Leak Tests", as l i s t e d  i n  Table 3-1, produced r e s u l t s  s imi la r  

Frozen propel lant  formed a t  t o  the three "Normal Mission Duty Cycle Tests". 

the vent- l ine exit  and a small amount of evaporative freezing occurred i n  

the l i n e .  However, normal operat ion of the system was not prevented by 

evaporative freezing during t h i s  test series. 

Based on these r e s u l t s  one cannot conclude ca tegor ica l ly  tha t  

leakage could not cause a problem. The very l i m i t e d  scope and t i m e  permitted 

fo r  the performance of  these t e s t s  allowed only four leak r a t e s  to  be observed, 

covering a range from 0.08 t o  5 . 3  grams p e r  second. Since leak-rate  i s  one 

of the most important parameters governing evaporative freezing phenomena , 
i t  i s  possible  t h a t  addi t iona l  t e s t s  a t  d i f f e r e n t  leak-rate  values may 

produce plugging due t o  evaporative freezing. 

( 3 , 4 , 5 )  

Six  s e t s  of remedial tests were conducted which were of the 35- 

restart type, similar to  the t e s t  s e r i e s  1.4. For the f i r s t  s e t  of t e s t s  

i n  t h i s  s e r i e s ,  the e x i t  of the g l a s s  vent l i n e  was f la red  t o  about 30 . 
After the second cycle of t h i s  t e s t  the frozen propel lant  accumulation 

remained lodged a t  the e x i t  of  the  vent l i n e  and remained u n t i l  the 16th 

cycle when the g lass  vent l i n e  broke a s  a r e s u l t  of the pressure increase 

caused by the plug. 

0 

For the second remedial t e s t  the g l a s s  vent l i n e  was modified by 
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i n s e r t i n g  a 1/16-inch-diameter o r i f i c e  a t  the  e x i t  of the l i ne .  

benef i t  of t h i s  modification would be the l imi t ing  of the flow, and conse- 

quently propel lant  loss  should the p i l o t  valve hang half-open during a 

f i r i ng .  

too large a loss  of propel lant  and prevent the completion of the mission. 

The 1/16-inch-diameter o r i f i c e  allowed a flow of only 60 grams/sec, which 

was judged t o  be low enough t o  allow successful completion of the ascent  

mission. 

freezing nor plugging were experienced ins ide  the vent l i ne .  

frozen propel lant  growths were formed a t  the vent l i n e  e x i t  a f t e r  each 

cycle,  but they were dislodged during the  subsequent cycle. 

The primary 

Without a r e s t r i c t i o n  of some type t h i s  s i t u a t i o n  would r e s u l t  i n  

Five restarts were completed with t h i s  configurat ion and ne i ther  

The usual 

For remedial t e s t s ,  3,  4 ,  5 and 6 the g l a s s  simulated vent l i ne  

was replaced by an aluminum l i n e ,  

was fabricated t o  resemble the ac tua l  vent l i n e s  of the LEM Ascent propel- 

lant-valve-actuating system (See Figure 3-6), except t h a t  a 8-inch-square 

aluminum p l a t e  was welded on the ex i t  end and a 1/16 inch diameter hole w a s  

d r i l l e d  i n  the p l a t e  a t  the center l ine  of the l i ne .  The purpose of the 

p l a t e  was t o  prevent re-occurrence of the plugging experienced i n  t e s t  

s e r i e s  1.4 as described above. Since the s t rength  of the plug depends on 

i t s  foot ing,  the growth of a strong plug about the end of the vent tube is  

precluded by a f l a t  p l a t e  having no pro jec t ing  and convex surfaces which 

can be grasped by the freezing propel lant .  Moreover, a plug which grazps 

the l i p  of the o r i f i c e  may not form s ince evaporative freezing (via the 

1/16-inch o r i f i c e )  of the  Aerozine-50 i n  the tube cannot occur for  many 

circumstances. This point  i s  discussed fur ther  i n  the next sect ion.  

The 3/8-inch-diameter aluminum l i n e  

Remedial tests 3 ,  4 ,  5 and 6 w e r e  conducted with t h i s  arrangement. 

The four sets of 35- res ta r t  tests were completed without d i f f i c u l t y  and 

with no apparent f reezing i n  the vent l ine .  However, t h i s  configuration can- 

not  be regarded a s  a panacea for  the plugging problem caused by evaporative 

freezing;  subsequent testin:: of the LEM descent propellant-valve-actuating 

system, with the "remedial" configuratLon described below, showed otherwise. 

34 



3 
a 

ATLANTYC RESEARCH CORPORATION 
ALEXAN OR IA,VI R G l N  IA 

4.2  DESCENT TESTS 

As  described i n  sec t ion  3.2 and shown i n  Figure 3-11, the descent 

propellant-valve-actuating system and four g l a s s  simulated vent l i n e s  were 

located e n t i r e l y  inside the vacuum test  chamber. 

(set 4.1) i n  the Descent-actuator test  s e r i e s  consisted of 2 0  restarts,  as 

out l ined i n  Table 3-2.  During cycles  1 through 6 of t h i s  s e t  of tests,  

frozen propel lant  accumulated a t  the e x i t s  of the four vent l i nes  a f t e r  

each cyc le ,  but the accumulations were dislodged during the following cycle.  

During cycles  7 through 1 9 ,  random plugging of the four vent l i n e s  was ex- 

perienced but the plugging d i d  not prevent the valves from operating. During 

cycle 9 and the remainder of the t e s t ,  frozen propel lant  discharged in to  the 

vacuum chamber through the vent po r t  (which is i n  the ac tua tor  body t o  r e l i eve  

the pressure on the downstream s i d e  of the four p is tons) .  Also, a s imi la r  

discharge occurred around the j o i n t  between the cyl inder  housing and main 

body of the valve. This implied t h a t  propel lant  w a s  leaking pas t  the 

p i s ton  sea l s .  During cycle 2 0 ,  solenoid Number three opened only p a r t i a l l y  

and allowed a small flow of fue l  through the vent l i n e  during the e n t i r e  10 - 
second f i r i n g  (solenoid iden t i f i ca t ions  a r e  shown i n  Figure 3 - 3 ) .  Flow 

through the vent-line terminated when the solenoid valve was deenergized. 

During cycle 21 ,  solenoids Three and Four a l so  behaved i n  t h i s  abnormal 

manner. 

The f i r s t  set of tests 

The leakage pas t  the p is ton ,  experienced during t h i s  t es t ,  may have 

been a function of a low fuel-del ivery pressure a t  the pi lot-valve i n l e t  

during the i n i t i a l  s tages  of  a cycle. Although a tank pressure of 200 psig 

w a s  used, the large length of tubing (1/2 inch diameter by 100 fee t  long), 

used a s  a heat-exchanger c o i l  between the tank and valve assembly t o  achieve 

the required propel lant  temperature, undoubtedly caused a large temp , rary 

pressure drop and a reduced f lu id  pressure a t  the pi lot-valve i n l e t .  

not recorded during t h i s  t e s t ,  the i n l e t  pressure t o  the valve was recorded 

during subsequent t e s t s ,  with a pressure transducer espec ia l ly  in s t a l l ed  for  

t h i s  purpose. 

recorded. 

Although 

An i n i t i a l  drop of the i n l e t  pressure t o  a s  low as 60 p s i g  was 

A s  a r e s u l t  the average valve-opening time recorded was about 650 
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mill iseconds r a t h e r  than the design value of less than 200 milliseconds,  

The normal mission duty-cycle sets of tests 4.2, and the four sets 

of dribble-volume tests,  4.3 and 4.4, were conducted with the same g la s s  

vent- l ines  t h a t  were used for  the  4.1 se t8  of tests. These tests w e r e  

completed without d i f f i c u l t y .  Smal l  amounts of r e s idua l  propel lant  froze 

i n  the vent - l ines  between cyc les ,  but  the frozen propel lant  e i t h e r  sublimed 

o r  was washed downstream and melted by the warmer propel lant  during the 

subsequent cycle. 

For the f i r s t  remedial tes t ,  a 1/16-diameter o r i f i c e  was inser ted 

a t  the e x i t  end of each of the four g lass  vent- l ines .  A t  the end of the 

f i f t h  cycle ,  frozen propel lan t  plugs had formed a t  the e x i t s  of a l l  four 

l i n e s  and the l i n e s  began t o  f i l l  with l iqu id .  Propel lant  leakage pas t  the 

p i s ton  s e a l s ,  as experienced i n  t e s t  4.1 and described above, a l so  was noted 

during t h i s  s e t  of tests. During cycle 7 ,  the plug i n  l i n e  Number Four was 

blown out the o r i f i c e ,  but the other  th ree  vent l i n e s  remained plugged. A l l  

the valves operated normally except valve Number 

completely; however, during the closing p a r t  of 

t rave l led  only 47 per cent of the f u l l  dis tance.  

terminated a t  the end of the seventh cycle.  

For the second remedial t e s t ,  the four 

Three. This valve opened 

the cycle the p is ton  

This s e t  of  t e s t s  was 

g lass  vent - l ines  were re-  

placed by aluminum l i n e s  of the  same s i ze  and configuration a s  those planned 

for  the ac tua l  LEM vehicle .  A f l a t  aluminum p l a t e ,  2-inches square, was 

welded t o  the e x i t  end of each l i n e  and a 1/16-inch diameter o r i f i c e  was 

d r i l l e d  i n  the center of the p l a t e  a t  the tube center l ine .  Vent-lines One 

and Two plugged during the second cycle of  the 'iest; thereaf te r  a l l  l i nes  

plugged for  a f e w  cycles  and then unplugged, i n  a random manner, during 

the remainder of the t e s t ,  During cycle 1 7 ,  valve Number Four operated i n  

a s luggish manner, and a t  the end of cycle 18 the p is ton  remained i n  the 

f u l l y  open pos i t i on  when the solenoid valve w a s  deenergized. 

Pis tons Three and Four remained i n  the open pos i t ion .  

After cycle 20, 

For the th i rd  set o f  remedial tests,  the aluminum vent l i n e s  were 

replaced by the same g la s s  vent - l ines  t h a t  were used for  the f i r s t  remedial 
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test .  

of propel lant  which had been cooled t o  about 4OoF. 

100 fee t  of 1/2-inch-diameter tubing (heat-exchanger c o i l )  from the propel- 

lant  feed system. By a l s o  increasing the propel lant  tank pressure from 200 

t o  300 ps ig ,  the valve opening t i m e  was reduced from about 650 t o  400 m i l l i -  

seconds, 

plugging phenomena. 

a t  the end of cycle 8 ,  were similar t o  those of  the f i r s t  s e t  of remedial 

tests.  

This t i m e ,  propel lant  a t  ambient temperature (70') was used instead 

This eliminated about 

These changes d i d  not seem t o  a f f e c t  the valve-leakage o r  vent- l ine-  

The r e s u l t s  during t h i s  set of tests, which was terminated 

For the  f i n a l  s e t  of remedial tests,  the g l a s s  vent- l ines  on 

valves Two and Four were replaced by the aluminum l i n e s  and f l a t  p l a t e s  used 

for  the second set of remedial tests. I n  addi t ion ,  a length of insulated 

hea ter  w i r e  was wrapped around vent - l ine  Number Four. For the f i r s t  three 

cyc les ,  a 10-watt heat-f lux was appl ied,  and during the remainder of the 53 

cyc les ,  a five-watt heat f l ux  was applied. In te rmi t ten t  plugging and un- 

plugging of the vent l i n e s  was experienced during the f i r s t  15 cycles on a l l  

l i n e s  except l i n e  Number Four (the heated l i ne )  and a l l  the valves opened 

and closed completely. 

and remained open f o r  the remainder of the t e s t .  

i n t e rmi t t en t ly  plugged and unplugged throughout the t e s t .  F ina l ly ,  on cycle 

number 53, Number One g lass  vent - l ine  broke because of excessive f lu id  

pressure created by the plug of frozen propel lant  a t  the e x i t  end. 

l i n e  Number Four (the heated l i ne )  w a s  not plugged throughout the tes t .  
Excessive leakage p a s t  the p i s ton  seals was  noted throughout the t e s t .  

During cycle number 16 ,  valve Number One stuck open 

Lines Two and Three were 

Vent- 

During a l l  the t e s t s  with the Descent vent l i n e  configurations,  i t  

was observed t h a t  considerable amounts of frozen propel lant  (from the d i s -  

chaEge of the nearby l i nes )  accumulated on the outs ide of the vent l i n e s  

near the e x i t  ends. 

from the vents  i n  a conical  spray of vapor and freezing l iqu id .  The included 

angle of the spray cone w a s  near ly  180 . Moreover, as growths of frozen 

propel lant  grew a t  the vent o u t l e t s ,  much of the spray sometimes was def lected 

i n  a backward d i rec t ion .  

This condition arose because the propel lant  discharged 

0 

The freezing l iqu id  i n  these sprays impinged and 
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f roze on the outs ide surfaces  of the  nearby vent l i n e s .  Continuing evaporative 

cooling from t h i s  mater ia l  r e f r ige ra t ed  the  l i ne  and froze the lzquid inside.  

This occurrence undoubtedly played a major r o l e  i n  the formation of plugs i n  

the vent l i n e s  during these tests. 

After the scheduled t e s t s  were completed, the  Descent valve assembly 

was pressure-tested with ni t rogen gas. 

The first test  involved applying N2 gas a t  a pressure of 160 p s i g ,  t o  the 

solenoid-valve i n l e t .  The solenoid valves were deenergized and leakage pas t  

the solenoid valve s e a t s  was  checked. No leaks pas t  the solenoids could be 

detected,  and s ince leaks a s  low a s  10 cc lhr  could be measured by the 

technique used, leakage, i f  any, must have been less than t h i s  value. The 

same arrangement was used for  the second leak t e s t ,  except t h a t  the pressure 

was increased t o  260 p s i g .  Again no leakage was detected.  The th i rd  type 

of t e s t  involved opening one solenoid a t  a t i m e  and checking leakage p a s t  

the p i s ton  s e a l s  a t  a pressure of 260 psig.  No leakage was detected pas t  

any of the p is tons .  However, during t h i s  set of t e s t s ,  solenoid valve 

Number Three f a i l ed  t o  c lose completely i n  two of the f ive  t e s t s  performed. 

Three types of t e s t s  were conducted. 

The l i m i t e d  scope and time ava i lab le  t o  conduct the test program 

d i d  not permit an optimization of the hea ter  requirements t o  prevent cvapor- 

a t i v e  freezing i n  the vent l i nes .  During one of the Descent-system remedial 

t e s t s ,  a thermal f lux  a s  low a s  f ive  w a t t s ,  applied to  the e x i t  end of  one 

of the vent l i n e s ,  prevented freezing,  This,  however, may not have been the 

worst case. For the worst case,  the composition of the freezing fue l  mixture 

(N2H4 and UDMH) i s  t h a t  which has the highest  vapor pressure,  and, hence, 

produces the maximum evaporative heat  f lux  for  f reezing mixtures. This 

condition occurs a t  approximately -3 .9  C where the  t o t a l  vapor pressure 

i s  approximately 26.5 t o r r  . Considering flow of the propel lant  l iquid 

and vapor through the 1/16-inch-diameter o r i f i c e ,  the heat  required t o  prevent 

freezing i n  the vent l i n e ,  can be calculated for  t h i s  worst-case condition, 

0 

qi 

9c E s t i m a t e d  fo r  l i m i t e d  data  (cf.  Reference 3 ) .  
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a s  follows: 

= 2.80 ca l / sec  For UDMH q = 552 x .0198 x 129.6 (24.74) 

760 @ 

= 0.352 ca l / sec  For N2H4 q = 294 x .0198 x 429 (1.76 

760 x 

= 2.80 + 0.35 = 3.15 ca l / sec  4T 

= 13.2 wat ts  

Accordingly, an estimated heat-f lux value of 13.2 wat ts  i s  required t o  

prevent freezing i n  the vent l i ne  f o r  the worst case.  The value for the 

constants K 

i n  the Atlant ic  Research CQrporation repor t  e n t i t l e d  "The Study of Valve 

Leakage i n  a Vacuum Phase I1 Report".(4) The subscr ip ts  u and H r e f e r  t o  

UDMH and hydrazine, respect ively.  A represents  the o r i f i c e  a rea ,  M i s  

the heat of  vaporizat ion,  P i s  the p a r t i a l  pressure and T i s  the temperature 

of the mixture, 

and %was  derived from the data  and de ta i led  analysis  presented 
U 

0 
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5.0 CONCLUSIONS 

During the  duty cycles  of a normal mission (as present ly  planned) 

i n  both the  Ascent and Descent tests, no problems were encountered which 

would have prevented successful  completion of the mission. Even when a plug 

formed a t  t he  exit  of the vent l i n e  during the f i r s t  cycle ,  the valves s t i l l  

operated. The reason fo r  t h i s  i s  t h a t  the volume of the vent l i n e s  i s  s u f f i -  

c i en t  t o  contain the e n t i r e  amount of propel lant  vented during a l l  the cycles  

of a normal mission. Of course,  t h i s  would be t rue only i f  very l i t t l e  o r  no 

leakage through the valves occurred during the mission. Should a vent l i ne  

become plugged q t  i t s  o u t l e t  end and completely f i l l e d  with propel lan t ,  the 

main propel lant  valves associated with t h a t  p a r t i c u l a r  vent l i n e  could not be 

closed. 

However, during the 20- and 35- res ta r t  s e t s  of t e s t s ,  both valve 

systems d i d  malfunction because of evaporative freezing. Plugs of frozen 

propel lant  formed a t  the vent  l i n e  e x i t s ,  preventing fu r the r  venting. Even- 

t u a l l y  the plugged l i n e s  f i l l e d  with propel lant  sild the valve ac tua tors  could 

not  move t o  the closed posi t ion.  The t ab le  below summarizes the c r i t i c a l  

event data fo r  the r e s t a r t  tests conducted during the  program which resul ted 

i n  eventual actuator-system malfunctioning. 

the number of  cycles  i n  each restart series a f t e r  which the freezing-induced 

malfunction occurred. 

These c r i t i c a l  event data a re  

System Malfunction 
Run No.  (cycle No.) 

Ascent Tests 

Descent Tests 

1.4b 
3.la 

4 , l  
6 .Oa 
6 .Ob 
6 .Oc 
6.0d 

23 
16 

20 
7 

17  
7 

16 

The plugging appeared t o  have resul ted from e i t h e r  of two causes. 

I n  one case the spray discharge from one vent l i n e  impinged and froze on the 

outs ide of  another. 

froze the propel lant  ins ide  t h a t  l i n e  and formed a plug. 

Continuing evaporation of t h i s  mater ia l  cooled and 
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I n  the  second case,  the plug appeared t o  have b u i l t  up during one 

o r  more cycles.  In  an i n i t i a l l y  c lean  l i n e ,  most of  t he  propel lant  was ex- 
pel led from the e x i t  o f  the line. That which remained usual ly  f roze ,  espe- 

c i a l l y  i f  it was  near the  e x i t .  

the l i p  of  the end o f  the vent l ine ,  a t i g h t  bond between the end of  the  l i n e  

and the frozen material was formed (Aerozine-50 shr inks as i t  freezes).  Thus, 

the footing of the  frozen material was s u f f i c i e n t l y  s t rong t o  obs t ruc t  the 

When the  l i q u i d  vanaged t o  f reeze around 

flow o f  subsequent ventings.  In  a shor t  t i m e  (of ten within one cyc le) ,  

enough addi t iona l  l i q u i d  col lected about t h i s  material, froze and occluded 

i n  the end of  the l i ne .  The necessary condition fo r  plugging of t h i s  type 

t o  occur i s  t h a t  some protuberance o r  convex surface (e.g. the l i p  of the 

vent l i n e  e x i t )  be available fo r  the propel lant  t o  freeze around and "grasp". 

Although not inves t iga ted ,  another plugging mode i s  l i k e l y  t o  occur 

when some of  the vehicle  i s  i n  the path of the discharge spray. The 

propel lant  w i l l  f reeze on t h i s  p a r t ,  and a f t e r  severa l  cycles  a stalagmite of  

frozen propel lant  w i l l  grow back i n t o  the vent l ine  and plug the opening. 

This process has been observed i n  other  experiments. (1) 

The experiments described were, of course,  performed i n  a one-g 

g rav i t a t iona l  f i e l d .  I n  the absence of grav i ty  (or i n  a f i e l d  of low 

s t rength) ,  f reezing and plugging i s  expected t o  be more severe. 

ments of  t h i s  program, the axes of the vent l i n e s  were or ien ta ted  more or less 

perpendicular t o  gravi ty .  Thus, res idual  l iqu id  remaining i n  the l i n e s  a f t e r  

a cycle ,  col lected i n  the low sec t ion  formed by the bends i n  the l i nes .  How- 

eve r ,  i n  the absence of g rav i ty ,  t h i s  l i qu id  would be carr ied t o  the end of 

the l i n e  by the flow of the vapor t h a t  i s  evolved. 

l iqu id  would l i k e l y  be slow, it could e a s i l y  f reeze i n  the end of the l i n e  and 

enhance plug formation. 

I n  the experi-  

Since the flow of t h i s  

Placing a s m a l l  o r i f i c e  a t  the vent - l ine  exit  can be used t o  l i m i t  

the  amount o f  propel lant  loss should the p i l o t  valve s t i c k  half-open during 

a f i r i ng .  

l i n e ,  a l s o  can be used t o  prevent evaporative freezing within the l i ne .  The 

Such an o r i f i c e ,  togehter with heat  applied t o  the end of the vent 
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o r i f i c e  l i m i t s  the  r a t e  of vapor flow from the vent l ine ,  and therefore  the 

r a t e  of evaporative cooling within the l ine .  

diameter o r i f i c e  t e s t e d ,  i t  was  estimated t h a t  a heat f l ux  of approximately 

13 w a t t s  from a heater  w w l d  be required t o  prevent evaporative freezing i n  

the  vent l i n e  for  the worst-case conditions.  Even b e t t e r  results could be 

obtained with a smaller o r i f i c e ,  l i m i t e d  only by the p o s s i b i l i t y  tha t  i t  

could become plugged with some foreign material .  A smaller o r i f i c e  reduces 

the heat requirements t o  prevent f reezing,  and l i m i t s ,  f u r the r ,  the lo s s  of 

propel lant  through an accident ly  stuck valve. 

For the case of the 1/16-inch- 

The LEM ascent p i l o t  valve and actuator  systems performed s a t i s -  

f a c t o r i l y  during the tests conducted; however, the LEM descent p i l o t  valve 

and actuator  system leaked profusely during some of the  tests. 

leakage pas t  the actuator  p i s ton  sea l s  was considerable each time the valve 

was cycled. 

t he  valve-actuation t i m e  during the tests was about three t i m e s  longer than 

the design value. 

Propellant 

The amount of leakage was undoubtedly affected by the f ac t  t h a t  
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6.0 RECOMMENDATIONS 

During this brief (11-week) test program, several significant facts 

were learned concerning the behavior, in a vacuum environment, of the LEM 

Ascent and Descent propellant-valve actuating systems, 

purpose of this program was the determination of the extent of and adverse 

effects resulting from the accumulation of frozen propellant in the vent- 

line of LEM propellant-valve actuating systems, several important side 

results also were obtained. 

limitations, the potential difficulties and remedial procedures, suggested 
by the important test results, could not be explored fully. Therefore, the 

recommendations discussed below include suggestions for further investigations, 

as well as suggested procedures that relate directly to vent-line design con- 
siderations which were the main objective of  this program. 

Although the primary 

However, as a result of time and budgetary 

As was discussed in Section 5.0 of this report, one of the princi- 
pal conclusions derived, which also can be regarded as a recommendation, 

concerns vent-line design criteria for normal LEM mission duty cycles. In 
this respect, the present vent-line designs, both for the Ascent and the 
Descent systems, appear to be adequate notwithstanding the threat o f  plugging 

by the accumulation of frozen propellant at their discharge ends. The reason 

for this, as discussed before, is that their volumetric capacities permit 
them to accommodate at least the number and intervals of valve-actuation 

cycles associated with the presently-planned LEM normal mission, even when 

their exit ends are plugged (assuming, of course, that little or no pilot- 
valve leakage occurred during the mission). However, the addition of  a small 

orifice at the end of each line, to limit the extent o f  propellant l o s s  in 

the event o f  a pilot valve being stuck in the half-open position, probably 

would be desirable. 
these orifices would not alter the propellant freezing and accumulation 

around the vent-line discharge end, and therefore would not adversely affect 

the presently-planned LEM normal mission (assuming, again, that significant 
valve leakage does not occur during the mission). In fact, a properly- 
designed orifice can actually retard or prevent propellant-freezing inside 

The results of testing on this program indicate that 
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the vent line. 

Although, as stated above, the normal mission could probably be 

completed without difficulty using the present vent-line design, certain 
deviations, such as a significant increase in the number and frequency of 
restarts, could present serious problems. Such mission-plan deviations 

possibly could occur as a result of emergency situations. 

is recommended that further investigations be conducted to establish optimum 

vent-line design criteria to eliminate the threat of vent-line plugging by 
evaporatively-frozen propellant. Consideration of such factors as (1) vent- 
line placement and discharge-end designs to prevent the impingement of 
effluent from one line onto the discharge-end of other lines; (2) location 

of structural protuberances with respect to the discharge end of the vent- 

lines; ( 3 )  optimum design of  heaters; etc., should be included in such an 
investigation. Although it was demonstrated during the present program 
that the application of heat to the vent-lines can be an effective deter- 

rent to the accumulation of frozen propellant, program limitations did 

not permit the determination of the optimum amount of heat flux required 

for individual vent-lines. This information would probably be very beneficial. 

Therefore, it 

Finally, it appears that the actual performance of the entire 

valve-actuating systems (Ascent and Descent) in a vacuum environment should 

be evaluated very carefully. Fortunately, although not part of the 
principal objective of this program, the performance characteristics of 

one of these actuator assemblies, in a realistic vacuum environment, were 

observed. As a result, several possible problem areas were identified. 
A future program of investigation to thoroughly assess and, if necessary, 
remedy these difficulties should give particular attention to (1) the 
minimum value of propellant feed pressure, below which the rate of travel 

of the actuator piston becomes low enough to permit leakage past the piston, 

thereby setting up deleterious conditions of propellant freezing inside the 

actuator cavity; (2) leak tests for a selection of leak rates beyond the 
leak-rate Levels used in the experiments of this program; and (3) additional 
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sources of valve leakage and/or malfunction, i n  a vacuum environment, as 

yet  un ident i f ied ,  which possibly could compromise the successful  completion 

of  even the normal LEM mission-plan. 
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This appendix contains the d e t a i l e d  test  da ta  obtained during the 

LEN Ascent and Descent tests. The t e s t  program i s  outlined i n  Tables 3-1 

and 3-2. The sets of  test  runs having the i n i t i a l  numbers one through three 

were conducted with the ascent  valve network, and runs with i n i t i a l  numbers 

four through s i x  were conducted with the Descent valve network. A l l  t e s t s  

were accomplished i n  the At lan t ic  Research Corporation's h igh-a l t i tude  f a c i l i t y  

a t  a pressure of  approximately 0.04 t o r r .  The da ta  were recorded a s  functions 

of time by a multi-channel recording oscil lograph. Test procedures used 

fo r  both the Ascent and Descent t e s t s  a r e  described i n  Section 3.2. 

A comparison of the data i n  the Valve Response columns y ie lds  the 

elapsed-time in t e rva l s  between valve-cycling events.  These data  represent 

the t i m e  i n to  the t e s t  ( s t a r t i n g  a t  zero) when the e l e c t r i c a l  solenoids were 

energized and de-energized. Propellant temperature and pressure were measured 

j u s t  upstream from the p i l o t  valve (see Figures 3-9 and 3-11). The symbol 

N/A,  shown i n  the tabulated da ta ,  ind ica tes  t h a t  the data  point  was not ava i l -  

able  because o f  a malfunction of the sensing element o r  because o f  some other  

t e s t  anomaly. 

The propellant-valve pos i t ion  (open o r  closed) was determined by 

at taching a potentiometer t o  the ac tua tor  linkage (see Figure 3-12 and the 

discussion i n  Section 3 ) .  

where the potentiometer was used a s  two legs  i n  a bridge configuration, the 

valve opening and closing was recorded versus time with a recording osc i l l o -  

graph. This measurement was used t o  determine the extent  of completion of  valve 

opening and closing during each cycle.  This same measurement a l so  was used 

t o  determine the time required t o  open and close the valves.  The column 

headed " A t l "  shows the time required t o  open the valve,  and the column headed 

' 'A t2"  shows the time r e q u i r e d  t o  c lose  the valve. 

elapsed time from the in s t an t  the ac tua tor  linkage began t o  move u n t i l  the 

actuator  linkage movement was completed. 

I n  conjunction with a s igna l  conditioning c i r c u i t ,  

The data  represent the 

A- 1 
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As discussed i n  Section 3.1, a l l  four of the Descent p i l o t  valve- 

ac tua tor  sub-assemblies t h a t  comprise a typ ica l  un i t  were tes ted  because of  

the i n t e g r a l  construct ion of the system. Only one of the ac tua tor  linkages 

(number Three as iden t i f i ed  i n  Figure 3-3) w a s  equipped with a potentiometer- 

valve-posit ion ind ica tor ,  Consequently, the data column headed "piston 

t rave l"  r e f e r s  only t o  the Number-Three ac tua tor .  

During t e s t  s e r i e s  6.0 the average coast  period between 

was f ive  minutes except for  the f i n a l  38 cycles  of t e s t  set 6 .0d ,  

a coast  period of three t o  four seconds was  used. 

cyc l e s  

wherein 

A- 2 
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ASCENT TEST DATA 

PISMN FUEL VALVE 
RUN VALVE RESPONSE (min:sec) TRAVE& TEMP. TEMP. Atlm see At2m sec 
NO. OPEN CLOSED 35, , ,OF OF 

1.18 0 

5:05 

20:45 

31:50 

l.lb 0 

5:05 

17:lO 

23: 10 

1.2a 0 

4:05 

16:lO 

20:lO 

1.2b 0 

4: 05 

13:40 

17:45 

:05 

11: 45 

20:50 

31:55 

: 05 

11:45 

17:15 

23: 55 

:05 

10: 45 

16: 15 

20 z 15 

: 05 

10 : 45 

13:45 

17:SO 

100% 
I t  

I1 

fI 

I1 

I t  

fI 

I1 

100% 
I I  

19 

I f  

f f  

I t  

I 1  

I f  

100% 
I f  

I f  

11 

I f  

I f  

I f  

I1  

100% 
I 1  

f I  

II 

I t  

fl 

f I  

f f  

A -  3 

76 
76 
75 
78 
165 
163 
66 
67 

83 
84 
83 
85 
166 
15 7 
55 
55 

65 
65 
65 
68 
45 
45 
53 
53 

66 
66 
66 
69 
45 
46 
43 
44 

215 

185 

245 

210 

150 

10 

10 

60 

62 30 
61. 
61 10 
73 
60 50 
59 
57 60 
57 

65 50 
65 
61 100 
74 
66 60 
66 
55 60 
55 

30 

10 

30 

30 

70 

10 

10 

70 

30 

10 

70 

70 

150 

100 

100 

50 
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ASCENT TEST DATA 

PIS!I!ON rmEL VALVE 
RUN VALVE RESPONSE (min:sec) TRAVEL TMP. TEMP. Atlm sec At2m sec 
NO OPEN CJX)SED % F OF 

1.3a 0 

15 : 45 

1.3b 0 

21: 10 

1.4a 0 

13: 35 

20:oo 

30: 15 

36:50 

41:30 

Y8:05 

50: 25 

52:55 

56:15 

57: 20 

1:06:35 

k08: 10 

1: 10:05 

1: 11:45 

8: 10 

15 : 50 

7:lO 

21:15 

7: 10 

13:40 

20 : 05 

30: 20 

36:55 

41: 35 

48: 10 

50: 30 

53:OO 

56:20 

57: 25 

1.06:40 

1.08: 15 

1: 10: 10 

1: 11:50 

100% 
I I  

I 1  

I1 

100: 
1 1  

I ,  

.' 

100% 
I 1  

11 

I t  

11 

I I  

f l  

II 

I 1  

II 

$1 

11 

I 1  

I 1  

I t  

11 

11 

I 1  

11 

11 

11 

II 

I 1  

II 

11 

11 

11 

II 

II 

II 

83 
86 
172 
168 

92 
92 

173 
172 

&25 
44 
44 
42 
43 
45 
46 
46 
47 
48 
48 
46 
46 
45 
45 
44 
45 
42 
44 
44 
44 
44 
45 
46 
46 
44 
45 
44 
44 

63 
76 
61 
6 2  
58 
59 
57 
57 
57 
57 
54 
54 
54 
55 
51 
51 
51 
51 
51 
51 
50 
so 
53 
53 
51 
51 
48 
49 
48 
48 

10 

150 

10 

110 

40 

60 

50 

50 

60 

50 

50 

80 

50 

50 

40 

50 

50 

40 

40 

10 

60 

10 

90 

10 

50 

70 

50 

70 

70 

70 

60 

70 

70 

60 

50 

60 

80 

50 

A - 4  
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ASCENT TEST DATA 

PISlDN FUEL VALVE 
RUN VALVE RESPONSE (min:sec) TRAVEL v. T%Mp. ytlm see 
NO. OPEN CLOSED 7. F F 

t2m sec 

1.4a 1:15:00 
(cont . ) 

1: 21:oo 

1: 23: 10 

1: 26:05 

1:28:40 

1 : 31 : 20 

1:35:15 

1:4O:OO 

1:41: 55 

1:46: 25 

1:49:20 

1:54:00 

1:59:00 

205: 25 

2:07:55 

2: 14: 30 

2: 17:OO 

2: 22:05 

2:25:25 

2: 32:OO 

2: 37 : 50 

2: 42: 35 

1:15:05 

1: 21:05 

1:23:15 

1: 26: 10 

1: 28:45 

1 : 31: 25 

1:35:20 

1:40:05 

1:42:OO 

1:46:30 

1:49:25 

1 : 54 : 05 

1 :59:05 

2:05:30 

2: 08: 00 

2:15:35 

2: 17:05 

2: 22: 10 

2: 25: 30 

2: 32:05 

2:37:55 

2:42:40 

100% 
I t  

I1 

II 

11 

I1 

I t  

I1 

I t  

I I  

I t  

I t  

I 1  

I1 

II 

I 1  

I t  

II 

11 

I t  

11 

I 1  

I I  

11 

I t  

f I  

11 

I 1  

I1 

I I  

I 1  

I 1  

I 1  

I 1  

11 

I 1  

11 

II 

I1 

I1  

I t  

11 

I1  

I t  

A - 5  

44 
44 
44 
44 
45 
45 
46 
46 
45 
46 
45 
45 
45 
45 
45 
45 
45 
45 
46 
46 
43 
44 
44 
44 
45 
45 
46 
46 
46 
46 
45 
46 
44 
45 
49 
45 
44 
45 
43 
44 
44 
44 
43 
43 

49 
49 
48 
48 
48 
48 
47 
47 
46 
46 
46 
46 
47 
47 
48 
48 
47 
47 
48 
48 
48 
48 
48 
48 
47 
47 
48 
48 
47 
47 
47 
47 
47 
47 
47 
47 
46 
46 
47 
47 
48 
48 
47 
47 

40 

50 

50 

60 

50 

59 

40 

40 

50 

40 

50 

40 

50 

50 

50 

60 

50 

50 

60 

50 

60 

60 

60 

60 

70 

60 

70 

70 

70 

60 

60 

70 

70 

70 

70 

60 

70 

70 

70 

70 

80 

80 

80 

70 
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ASCENT TEST DATA 

PISTON FUEL VALVE 
RUN TRAVEL F. TMP. Atl" see At2m see 
NO. OPEN CLOSED % F F 

1.4b 0 

14: 10 

17:OO 

23:OO 

28:05 

31:40 

38: 30 

42:55 

49:05 

52:40 

58: 20 

1:02:05 

1 :07 : 25 

1: 12:05 

1 : 17 : 05 

1 : 22:05 

1:28:30 

1 : 32: 45 

1:37:10 

1: 39: 35 

1:42:30 

7:lO 

14: 15 

17:05 

23:05 

28: 10 

31:45 

38:35 

43:oo 

49: 10 

52:45 

58: 25 

1:02:10 

1:07:30 

1: 12: 10 

1: 17: 10 

1:22:10 

1:28:35 

1:32:50 

1:37:15 

1:39:40 

1 : 42: 35 

100% 
I1 

I t  

I t  

11 

It 

11 

13 

I t  

I f  

11 

I I  

11 

I 1  

II  

II 

I I  

II 

II 

I 4  

II 

I1  

I I  

11 

II 

I t  

11 

II 

I t  

11 

I f  

11 

I I  

t I  

II 

I 1  

I 1  

I I  

I1 

I f  

II 

I f  

A -6  

45 
6 4  
44 
45 
41 
43 
42 
43 
42 
43 
42 
43 
34 
35 
41 
42 
42 
43 
42 
43 
43 
43 
41 
42 
42 
42 
41 
42 
38 
38 
41 
42 
42 
42 
44 
45 
38 
39 
42 
43 
43 
43 

63 
74 
56 
66 
59 
59 
55 
5s 
52 
52 
51 
51 
47 
47 
51 
51 
52 
52 
50 
50 
48 
48 
48 
48 
47 
47 
47 
47 
46 
46 
46 
46 
47 
47 
47 
47 
45 
45 
45 
45 
47 
47 

10 

70 

50 

50 

55 

55 

55 

65 

65 

65 

70 

70 

80 

65 

75 

65 

6 0  

70 

60 

50 

50 

10 

65 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

75 

80 

70 
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ALEXAN OR IA,VI  R G  I N IA 

ASCENT TEST DATA 

PISTON rmEL VALVE 
RUN VALVE RESPONSE (min:sec) TRAVEL TgW. TE?. Atl" sec At2m sec 
NO. OPEN CLOSED % F F 

1.4b 1:46:55 

1:52:00 

1:56:40 

2:Ol: 05 

2:05:05 

2: 11:05 

2:17:00 

(cont .  1 1:47:00 

1:52:05 

1:56:45 

2: 0 1  : 10 

2:05:10 

2:ll:lO 

2:17:05 

100% 
11 

I I  

I I  

I I  

89.75% 

38.5% 
100% 

100% 
5 * 75% 
100% 
0.1% 
100% 
0 

A 7  

43 49 
44 49 
44 52 
45 52 
44 52 
45 52 
43 54 
44 54 
44 52 
44 52 
45 54 
46 5 4  
44 54 
45 54 

50 

55 

45 

40 

20 

1.0 

90 

100 

110 

105 

30 

- 



SB 1 ATL$NTIC RESEARCH CORPORATION 
ALEXANDRIA,VIRGlNIA 

ASCENT TEST DATA 
PISTON FUEL VALVE 

RUN V- TRAVEL TgME'. T P .  k l m  sec At2" sec 
NO. OPEN CLOSED % F F. 

2. la 0 
7:lO 

2, lb 0 
7:lO 

2.lc 0 
7:lO 

2. Id 0 
7: 10 

100% 
I I  

100% 
I1 

100% 
II 

100% 
II 

A - 8  

42 56 
64 73 

45 61 
64 74 

45 59 
60 68 

47 61 
64 73 

10 
, 10 

10 
10 

10 
10 

10 
10 



ATLANTIC RESEARCH CORPORATION 
(r 

AlEXANDRIA,VIRGINIA 

ASCENT TEST DATA 

PISTON FUEL VALVE LEAK 
RUN VALVE RESPONSE (min:sec) TRAVEL ToEMp. T p .  Atl" sec At2m sec RATE 
NO. OPEN CLOSED x F F. gmlsec 

2,2a 0 
7:lO 

7:14 
I7:lO 

2.2b 0 
7:lO 

17:lO 
17:06 

2.2c 0 
0: 15 

2.2d 0 
: 05 

1m 
I 1  

11 

I 1  

100% 
I 1  

100% 
II 

A - 9  

72 69 10 
75 68 
72 70 440 
72 70 

66 N/A 10 
68 N/A 
73 N/A 60 
73 N/A 

67 52 35 
67 52 

66 59 15 
67 59 

5 
10 

1 20 

.08 
10 

50 

5.33 
10 

.31 
10 



7 
A T L ~ N T I C  RESEARCH CORPORATION 

ALEXAN DRIA,VIRGIN IA 

J 

.5 
ASCENT TEST DATA 

PISTON FUEL VALVE LEAK 
RUN VALVE RESPONSE (min:sec) TRAVEL TpP. "IJMP. Atlm sec At2" sec RATE 
NO. OPEN CMSED % F F gcnslsec 

so 76 
10 

2.3a 0 
10 

15% 
10% 

71 
68 

65 
62 

3 10 76 
10 

2.3b 0 
10 

24% 
100% 

65 
65 

62 
58 

70 76 
10 

2.3~ 0 
10 

100% 
11 

63 
62 

56 
54 

280 76 
95 

2.3d 0 
23 

100% 
I 1  

63 
63 

59 
58 

3 



3 
\ ATLANTIC RESEARCH CORPORATION 

4 
ALEXANDRIA,VIRGINIA 

ASCENT TEST DATA 

RUN VALVE RESPONSE (min:sec) TRAVEL T p .  TI$lP. Atlm sec At2" sec 
NO. OPEN CLOSED % F F 

3.0a 0 

9:30 

14: 50 

17:20 

20: 25 

23:40 

28 : 50 

31:55 

35 : 35 

38:55 

42:40 

48:50 

52:20 

56:40 

1 :oo: 20 

1:07: 20 

: os 
9: 3s 

14: 55 

17:25 

20: 30 

23:45 

28:55 

32:OO 

3 5 : m  

39:oo 

42:45 

48:55 

52: 25 

56:45 

1:OO: 25 

1:07: 25 

1009. 
II 

II 

II 

II  

II 

11 

11 

I t  

I 1  

II 

I t  

I 1  

I t  

11 

11 

11 

I I  

11 

11 

I 1  

I 1  

II 

11 

11 

I t  

I 1  

I 1  

11 

I t  

I1 

I t  

52 
53 
49 
51 
46 
47 
45 
46 
44 
44 
43 
44 
44 
45 
43 
44 
42 
43 
43 
44 
43 
43 
44 
45 
43 
44 
42 
43 
41 
42 
43 
44 

6 1  
6 1  
59 
59 
57 
57 
53 
53 
50 
50 
49 
49 
49 
49 
48 
48 
47 
47 
47 
47 
48 
48 
49 
49 
51 
51 
52 
52 
52 
52 
53 
53 

40 

60 

60 

70 

60 

80 

60 

80 

70 

90 

150 

140 

130 

130 

130 

180 

70 

80 

80 

80 

80 

70 

70 

80 

80 

70 

60 

60 

60 

70 

70 

80 



ATLANTIC RESEARCH CORPORATION 
ALEXANORIA,VIRGINIA 

ASCENT TEST DATA 

PISTON FUEL VALVE 
RUN VALVE RESPONSE (min:sec) TRAVEL ToEMp. ToEMp. 
NO. OPEN CLOSED % F F 

A t  m sec 2 A t  m sec 1 

3.013 0 
7: 10 

12.15 

17: 15 

22: 25 

27:30 

32: 35 

12: 10 

17:10 

22: 20 

27 : 25 

32:30 

3 . 0 ~  0 
: 05 

11:45 

14: 40 

19:oo 

5 :05 

14: 35 

18 : 55 

3.0d 0 
7: 10 

9:40 

28:OS 

31:45 

34: 30 

9: 35 

28: 00 

31:40 

34: 25 

72 
77 81 
80 81 
80 81 
80 78 
80 79 
79 76 
79 76 
78 75 
78 75 
77 74 
77 74 

100% 75 
I 1  

I 1  

I t  

II 

II 

I 1  

11 

I t  

I 1  

11 

II 

100% 72 69 
11 72 70 
II 72 68 

I I  74 68 
68 75 

I 1  75 65 
11 76 6 4  

11 74 77 
I t  

100% 42 63 
66 74 
45 68 
46 68 
51 62 
53 63 
50 59 
52 59 
54 59 
54 59 

II 

I I  

II 

I I  

I I  

I# 

I1 

II 

I1 

200 

180 

180 

160 

170 

160 

70 

70  

70 

70 

70  

110 

- 
1 so 

180 

GO 

- 
70 

70 

100 

50 

50 

50 

50 

100 

70 

70 

80 

60 

1 A- 12 



ATLANTIC R E S E A R C H  C O R P O R A T I O N  

ALEXANDRIA,VIRG IN IA 

L 

3.0d 41: 20 
(cont.) 

44: 35 

ASCENT TEST DATA 

PISTON FUEL VALVE 
VALVE RESPONSE (min : sec )  TBAVEL "pP. TpP. btlm sec At2m sec 

OPEN CLOSED % F F BE 

48:  30 

52:  35 

55:30 

58:50 

1:03: 15 

1:07 : 15 

1: 11: 15 

1: 19: 15 

1 : 23: 10 

1:26:15 

1: 30: 30 

1: 35 : 30 

1: 39: 30 

1:43:15 

1:47:  10 

1:51:15 

1:54:50 

1:59:05 

2:03: 15 

2: 07 : 00 

41: 25 

44:m 

48: 35 

52:40 

55:35 

58: 55 

1:03:20  

1:07: 20 

1:11:20 

1: 19: 20 

1 : 23: 15 

1: 26: 20 

1: 30: 35 

1:35:35 

1: 39: 35 

1:43: 20 

1:47:15 

1:51: 20 

1: 54:55 

1:59:10  

2:03: 20 

2: 07 :05 

100% 47 
49 
46 
47 
45 
47 
45 
46 
45 
47 
45 
46 
47 
48 
45 
46 
46 
47 
43 
45 
45 
46 
44 
45 
44 
45 
43  
44 
45 
46 
45 
46 
45 
47 
45 
46 
45 
46 
43 
44 
42  
43  
43 
44 

I t  

I t  

I t  

t I  

11 

I t  

I t  

I t  

II 

I t  

I 1  

I t  

I t  

I t  

I t  

I 1  

t I  

I t  

I t  

I t  

II 

11 

I 1  

II 

II 

I t  

I t  

I t  

I t  

I t  

II 

I t  

t I  

I t  

11 

II 

I I  

I 1  

I t  

II 

I t  

I t  

I t  

57 
57 
56 
56 
56 
55 
55 
55 
54 
5 4  
5 4  
54  
55 
55 
55 
55 
55 
55 
56 
56 
55 
55 
55 
5 4  
54 
53 
5 3  
53  
54 
55 
54  
54 
54 
54  
54 
54  
5 3  
53  
52 
5 2  
5 2  
5 2  
51.5 
51  

50 

50 

50 

50 

50 

50 

50 

60 

50 

50 

50 

50 

5 0  

50 

50 

50 

50 

7 0  

7 0  

70  

80 

70 

60  

60  

7 0  

80 

7 0  

7 0  

70  

7 0  

55 

7 0  

7 0  

70  

7 0  

7 0  

70  

70 

80 

80 

7 0  

7 0  

70  

70  

A -  13 



'i ATLANTIC RESEARCH CORPORATIDN 
J 0 

ALEXANORIA,VIRGINIA 

"4 
f 

1 
3 

I 
. J  

ASCENT TEST DATA 

PISTON FUEL VALVE 
RUN VALVE RESPONSE (min:sec) TRAVEL v. TgMP. Atlm see At2" sec 
NO. OPEN CLOSED % F F 

3.0d 2: 12: 10 
(cont.  } 

2: 16:05 

2: 19: 25 

2:23:30 

2: 27: 20 

2: 30: 35 

2; 35: 35 

2:40:35 

2:45: 35 

3 .Oe 0 

18:SO 

15:35 

20:oo 

25 :05 

29:15 

34: 25 

38:45 

43:45 

48 : 45 

53:45 

2: 12: 15 

2: 16: 10 

2:19:30 

2: 23: 35 

2:27:25 

2: 30: 40 

2:35:40 

2:40:40 

2:45:40 

7:lO 

10: 55 

15:40 

20:05 

25 : 10 

29: 20 

34: 30 

38: 50 

43:50 

48:50 

53:50 

1 0 %  
11 

I1  

I 1  

I t  

I1 

I 1  

II 

11 

I 1  

I t  

11 

I1  

I t  

I I  

$1 

i c  
II 

100% 
I 1  

I1  

11 

I 1  

I 1  

I 1  

11 

II 

I 1  

I I  

11 

11 

I 1  

I 1  

I 1  

I I  

I I  

I 1  

I I  

I I  

I# 

A- 14 

44 
45 
43 
44 
43 
44 
43 
44 
42 
44 
45 
46 
42 
43 
45 
46 
45 
47 

46 
62 
73 
45 
45 
47 
45 
46 
35 
36 
45 
46 
45 
46 
45 
46 
45 
46 
75 
45 
45 
46 

52 
5 2  
51 
51 
51 
51 
5 1  
51 
5 2  
52 
52 
52 
52 
52 
53 
53 
5 4  
54 

58 
68 
67 
66 
61 
6 1  
58 
58 
53 
53 
52 
52 
5 4  
5 4  
53 
5 4  
53 
53 
52 
52 
53 
53 

90 

80 

80 

90 

90 

100 

1 10 

1 20 

1 20 

10 

140 

160 

150 

170 

160 

65 

170 

180 

175 

195 

70 

70 

70 

70 

7 0  

60 

7 0  

70 

70  

10 

70 

70 

60 

70 

60 

65 

70 

70 

70 

70 



ATLANTI c RESEARCH CORPORATION 
ALEXAN O R  IA, VI RG I N I A 

f *  
5 ASCENT TEST DATA 

PISTON FUEL VALVE 
RUN VALVE RESPONSE (min:sec) TRAVEL ?ME'. T p .  At1" sec At2" sec 
NO. OPEN CLOSED % F F 

3 .Oe 58: 15 
(cont . 

CI : 02: 05 

1 : 07 : 00 

1: 11:oo 

1: 15 : 50 

1:19:45 

1: 24: 20 

1:27:35 

0 

4: 30 

10: 30 

13:40 

17:40 

22: 10 

27:50 

33:OO 

37: 25 

3 .Of 0 

9: 35 

13: 55 

17:35 

58: 20 

1:02: 10 

1 : 07 : 05 

I: l1:05 

1: 15:55 

1:19:50 

1: 24: 25 

1:27:40 

: 05 

4: 35 

10: 35 

13: 45 

17:45 

22: 15 

27:55 

33:05 

37:30 

7: 10 

9:40 

14:W 

17:40 

100% 43 
44 
4.5 
45 
45 
46 
44 
45 
45 
46 
45 
46 
46 
46 
45 
47 

11 

11 

t i  

II 

II 

II 

tI 

I t  

11 

II 

I t  

t l  

I 1  

I t  

11 

Lost Vacuum 
100% 

II 

I t  

I t  

I t  

I t  

11 

II 

11 

t I  

II 

II 

II 

11 

11 

11 

I t  

I1  

100% 
I t  

11 

11 

I 1  

11 

II 

t I  

A-15 

47 
48 
45 
47 
45 
47 
43 
45 
44 
45 
45 
46 
44 
45 
44 
45 
41 
42 

47 
68 
52 
54 
46 
47 
47 
48 

52 
52 
51 
51 
52 
52 
53 
53 
52 
52 
54 
54 
55 
55 
53 
53 

57 
56 
56 
56 
57 
57 
56 
56 
55 
55 
56 
55 
56 
56 
56 
56 
54 
54 

67 
65 
69 
69 
66 
66 
6 4  
6 4  

210 

200 

195 

200 

205 

220 

215 

200 

205 

210 

210 

210 

200 

205 

205 

210 

205 

100 

210 

210 

210 

65 

65 

65 

75 

70 

60 

70 

70 

70 

7 0  

70 

70 

70 

70 

70 

75 

65 

100 

70 

70 

70 



ATLANTI c RE5EARCH CORPORATI ON 
' ALEXANORIA,VIRGINIA 

ASCENT TEST DATA 

PISTON FUEL VAtVE 
RUN VALVE RESPONSE (min:see) TRAVEL TgMP. TgMP. Atlm sec At2m sec 
NO, OPEN CLOSED % F F 

3*0f 19:45 
(cont.  

23: 30 

24 : 45 

26:# 

30 : 40 

31: 35 

33: 25 

36:40 

38:OO 

38:55 

42: 15 

43: 20 

45 : 10 

48: 40 

49:45 

51:OO 

54: 15 

55: 25 

56t 15 

59: 35 

1 :01: 25 

1:02: 25 

1:05: 25 

19:so 

23: 35 

24: 50 

26:45 

30:45 

31:40 

33:30 

36 : 45 

38:05 

39:00 

42: 20 

43: 25 

45 : 15 

48: 45 

49: 50 

51:05 

54: 20 

55:30 

56:20 

59:40 

1:Ol: 30 

1:02:30 

1:05:30 

45 60 
46 59 
45 59 
47 59 
45 57 
46 57 
44 56 
46 56 
46 57 
47 57 
44 55 
45 54 
43 53 
44 53 
45 55 
47 55 
44 53 
45 53 
45 52 
46 52 
45 55 
47 55 
43 52 
45 52 
44 52 
45 52 
44 54 
45 54 
4 3 52 
44 52 
43 52 
44 5 2  
44 54 
45 54 
43 52 
44 52 
44 51 
45 51 
45 54 
46 54 
44 52  
45 52 
45 51 
46 51 
43 53 
45 53 

210 

210 

210 

200 

210 

20 

20 

2 10 

210 

2 20 

210 

200 

210 

200 

210 

200 

2 10 

200 

200 

200 

210 

210 

200 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

A-16 



ATLANTIC RESEARCH CORPORATION 
ALEXAN OR IA, VI R G  I N I A  

ASCENT TEST DATA 

PISTON FUEL VALVE 
RUN VALVE RESPONSE (min:sec) TRAVEL !l!IJMP. TgMP. At1m sec At2m sec 
NO. OPEN CLOSED x F F 

3.0f l :08:45  
(cont.  ) 

1:09:55 

1:13:05 

1 :  14:  25 

1:15:45 

1: 18:55 

1: 20: 25 

1: 22: 15 

1 :  23:40 

1 :08: 50 

1: lO:oo 

1: 13:  10 

1: 14: 30 

1:15:50 

1:19:00 

1:20:30  

1 :  22: 20 

1: 23:45 

A-17 

44 55 
46 55 
43 5 2  
44 5 2  
44 5 4  
45 54 
47 5 2  
47 5 2  
5 2  5 2  
45 5 2  
44 5 4  
45 54 
43 5 2  
44 5 2  
44 52 
45 5 2  
44 52 
45 51 

200 

200 

200 

200 

200 

170 

200 

200 

200 

7 0  

70  

70  

70  

7 0  

70  

7 0  

70  

7 0  



ATLANTIC RESEARCH CORPORATION 
% 

ALEXAN DRIA,VIRGI N I A  

8. DESCENT TEST DATA 

W E L  VALVE 

RUN VALVE RESPONSE (min:sec) TRAVEL Atl" sec At2" sec 
NO OPEN CLOSED 

4.1 0 

5: 20 

8: 20 

13:05 

16: 50 

21:lO 

24:50 

29: 25 

31:50 

36: 35 

38: 55 

43: 20 

47:35 

50:55 

55 : 55 

1:00:45 

1:04:40 

1:07:25 

1:12:40 

1 : 15 : 20 
1: 15: 29 

1:25:35 
1: 25:41 

: 10 

5:30 

8: 30 

13: 15 

16:60 

21: 20 

25:00 

29: 35 

32:OO 

37:45 

39:05 

43: 30 

47 : 45 

51:05 

56:05 

1 : 00 : 55 

1 : 00: 50 

1:07: 35 

1:12:50 

I.: 15 : 30 

1:25:45 

100% 
I 1  

I1  

11 

I t  

I t  

II 

II 

I 1  

11 

11 

II 

I I  

II 

II 

t I  

II 

II 

I I  

II 

I1  

I I  

I I  

I t  

II  

II 

II  

il 

I I  

II 

t l  

II 

II 

I I  

II 

I t  

I t  

II 

38 
39 
37 
38 
37 
37 
35 
36 
38 

37 
38 
35 
36 
36 
37 
35 
35 
37 
37 
37 
38 
38 
39 
37 
38 
35 
36 
37 
37 
36 
37 
34 
35 
34 
34 
37 
37 

38 

No reaction 35 
30% 
100% 36 

No reaction 36 
100% 

37 II 

A-18 

76 
76 
76 
76 
6 8  
68 
6 4  
6 4  
6 0  
60 
57 
57 
54 
55 
52 
52 
50 
50 
47 
47 
46 
46 
45 
45 
44 
44 
6 3  
43 
42 
42 
41 
41 
39 
39 
38 
38 
37 
37 
37 

38 
37 

37 

640 

6 60 

990 

a3o 

7 60 

7 70 

840 

740 

6 20 

5 90 

700 

700 

6 90 

6 70 

5 60 

5 70 

6 20 

640 

690 

160 

150 

150 

150 

150 

180 

170 

160 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 



A: LAN T I c RE s EAR c H C o R PO R AT I o N 

ALEXAN DRIA,VI RG I N IA 

6? DESCENT TEST DATA 

PISTON FuEt VALVE 
RUN VAL= RESPONSE (min:sec) TRAVEL TgW. TIJMP. 
NO. OPEN CLOSED % F I? 

Atlm sec At m sec 2 

4.2a 0 100% 
11 

I t  

I I  

: 33 

20: 43 
5:33 

4.2b 0 100% 
I I  

I I  

I I  

: 33 

20: 40 
5:30 

91 91 
92 91 
1 20 89 
99 102 

84 90 
84 90 
111 89 

99 102 

250 

500 
100 

160 

300 

440 
150 

150 

A-19 



ATLANTI c RESEARCH C O R P ~  RATI ON + 
ALEXAN DRIA,VIRGIN IA 

DESCENT TEST DATA 

PISTON FUEL VALVE 
RUN VALVE RESPONSE (min:sec) TRAVEL T p .  TI$@. Atlm sec At2" sec 
NO. OPEN CLOSED % F F 

4.3a 0 

5: 22 
: 33 

20:32 

4.3b 0 

4:03 
: 33 

19: 13 

100% 
II 

I t  

11 

11 

I t  

1: 

I I  

84 
84 
43 
61 

81 
81 
37 
51 

92 
92 
88 
94 

93 
93 

112 
94 

400 

400 
150 

160 

200 

500 
100 

150 

r' 
I 

A- 20 



ATLAN,TIC RESEARCH [IORPORATION 

ALEXANCIRIA,VIRGIN IA 

DESCENT TEST DATA 

PISTON FUEL VALVE 
RUN VALVE RESPONSE (min:sec) TRAVEL TgMP. TEbJP, dtlm sec At2" sec 
NO. OPEN CLOSED x F F 

4.4a 0 

6:40 
: 33 

21 : 50 

4,4b 0 

5;40 
: 33 

20 : 50 

100% 
11 

?I 

I1 

II 

11 

I? 

t i  

A-21 

41 76 
43 75 
42 71 
59 81 

39 78 
43 78 
38 74 
59 83 

600 

600 
150 

160 

600 

600 
150 

160 



ATLANTIC RESEARCH CORPORATION 
9 

ALEXANDRIA,VIRGINIA 

b DESCENT TEST DATA 

PISTON FUEL VALVE FUEL 
RUN VALVE RESPONSE (m sec) TRAVEL qMP. TEY. PRES. Atlm sec At2m sec 
NO OPEN CLOSED % F F P s i g  

5 .Oa 

5 .Ob 

5 .oc 

5 .Od 

0 
150 
550 
600 

0 
100 
550 
600 

0 
150 
5 70 
600 

0 
150 
550 
600 

100% 
f I  33,000 

100% 
I I  33,000 

100% 
I1  33,000 

100% 
I f  33,000 

A-22 

35 73 

37 68 

35 68 

37 68 

45 82 

47 82 

39 77 

43 78 

203 
63 
93 
203 
203 

202 
76 
104 
202 
202 

305 
83 
111 
305 
305 

304 
84 
111 
304 
304 

480 
150 

500 
150 

470 
150 

470 150 



ATLANT~C RESEARCH CORPORATION 
' ALEXANORIA,VIRGINIA 

n, 
DESCENT TEST DATA 

PISTON FUeL VALVE FUEL 
RUN _VALVE RESPONSE (m see)  TRAVEL TEMP. T%Mp. PRES, Atl" sec At2m sec 
NO. OPEN GWSED % OF F Psig 

6.0a 0 
150 
5 70 
600 

0 
1 20 
5 80 
600 

0 
130 
5 70 
600 

0 
1 20 
540 
5 80 

0 
100 
5 30 
5 80 

0 
100 
5 30 
600 

0 
140 
5 30 
5 80 

41 82 

100% 
43 82 11 5,000 

43 77 

100% 
44 77 10,000 II 

42 75 

100% 
42 74 II  10,000 

42 68 

100% 68 
43 I I  10,000 

52 6 1  

100% 
5 1  61 11 10,000 

47 52 

100% 
48 52 11 10,000 

45 46 

100% 
10 ,ooo 47% 47 46 

A- 23 

304 
85 

112 
304 
304 

304 
80 

100 
304 
304 

304 
83 

111 
304 
304 

304 
83 

110 
304 
304 

305 
80 

110 
305 
305 

304 
83 

110 
304 
304 

304 
83 

109 
304 

470 
150 

480 
150 

470 
150 

470 
150 

470 
150 

470 
150 



ATLANTIC R E S E A R C H  C O R P O R A T I O N  

’ ALEXANQRIA,VIRGINIA 

vt DESCENT TEST DATA 

PISTON FUM, VALVE FUEL 
RUN VALVE RESPONSE (m. SG) TRAVEL qMP. qMP. PRES. Atlm sec At2m sec 
NO. OPEN CLOSED % F F P& 

6.0b 0 
180 
5 7 0  
630 

0 
200 
5 80 
6 30 

0 
1 30 
5 80 
6 30 

0 
140 
5 90 
650 

0 
100 
500 
600 

0 
100 
5 20 
5 90 

0 
150 
500 
600 

10,000 

10,000 

10,000 

10 ,Ooo 

10,000 

10,000 

10 ,m 

100% 
I 1  

100% 
I t  

100% 
11 

100% 
I t  

100% 
11 

100% 
11 

100% 
11 

A- 24 

39 

42 

43 

44 

37 

38 

40 

41 

37 

38 

37 

38 

36 

36 

55 

55 

51 

51 

48 

48 

44 

44 

43 

43 

40 

41 

39 

39 

305 
82 

109 
305 
305 

305 

111 
305 
305 

a3 

304 
76 

110 
304 
304 

304 
78 

111 
304 
304 

30 7 
83 

111 
304 
304 

306 
83 

111 
306 
306 

305 
83 

110 
305 
305 

500 
150 

490 
150 

480 
150 

480 
150 

410 
1290 

450 
150 

450 
150 



AT L A y~ I c R E 5 EAR c H C o R P o RAT I o N 
ALEXAN ORIA,VIRGIN IA 

c 
DESCENT TEST DATA 

PISTON FUEL VALVE FUEL 
RUN -) TRAVEL TI$lP. TI$fF. PRES. &,m sec At2" sec 
NO. OPEN CLOSED % F F P s i 8  

6,Ob 0 
(cant*) 160 

540  
6 10 

0 
170 
5 GO 
630 

0 
150 
550 
610 

0 
160 
5 50  
600 

0 
150  
600 
670 

0 
140 
5 30 
GOO 

10,000 

10 , 000 

10,000 

10,000 

10,000 

LO ,000 

100% 
I f  

100% 
I I  

100% 
II 

100% 
1 1  

100% 
I f  

100% 
11 

36 

34 

33 

3 1  

34  

32 

35 

32 

28 

23 

35 

33 

39 

39 

39 

39 

38 

38 

38 

38 

38 

38  

37 

38 

304  
85 

122 
305 
305 

305 
85 

1 20 
305 
305 

305 
83 

120 
305 
305 

305 
83 

1 20 
30 5 
305 

3 30 
7 7  

120 
305 
305 

305 
8 3  
118 
305 
305 

480  

r>?o 

470 

4 SO 

460 

490 

10 sec 

140 

150 

150 

280 

150 

A- 25 



AT LAN T 1 c R E s EAR c H C o R PO RAT I o N 

' ALEXANORIA,V IAGINIA  

hs 
DESCENT TEZT DATA 

PISTON FUEL 
RUN VALVE RESPONSE (m sec) TRAVEL TEMP. 
NO. OPEN CLOSED % F 

VALVE FUEL 2MP. PRES. Atlm sec At2" sec 
F Psig  

6 .Ob 0 
(cont.1 120 

5 4 0  
6 30  

0 
1 20 
5 4 0  
6 30 

0 
130 
5 10 
6 10 

0 
90 

5 60 
6 5 0  

0 
110 
5 10 
5 90 

0 
110 
430  
5 20 

0 
170 
400 
490 

10,000 

10,000 

10,000 

10,000 

10,000 

10 , 000 

10,000 

100% 
11 

100% 
I t  

100% 
I I  

100% 
I f  

100% 
I 1  

100% 
90% 

100% 
0 

A- 26 

34 

32 

35 

34 

35 

33 

32  

29 

34 

33 

35 

33  

35 

33 

37 

37 

37 

37 

37 

37 

36 

36 

37 

37 

37 

37 

37 

37 

305 
83 

122 
305 
305 

306 
81 

118 
306 
30 6 

304 
89 

119 
30 6 
30 6 

305 
79  

117 
305 
305 

30 5 
83 

125; 
305 
305 

305 
87 

126 
305 
305 

304 
92 

1 2 4  
305 
305 

490 

490 

490  

4 80 

4 30 

3 80 

3 7 0  

250 

140 

140 

150 

140 

140 



A T L A ~ T I  c RESEARCH CORPORATION 
ALEXAN DR IA ,V IRG IN I A  

L 

DESCENT TEST DATA 

PISTON FUEL VALVE FUEL 
RUN VALVE RESPONSE (m scc) T&AVF,L ?'PIP. ?MP. PRES. Atlm sec At2m sec 
NO. OPEN CLOSED % I? F Psig 

6 .Oc 0 
100 
600 
650 

0 
80 

440 
460 

0 
60 

440 
470 

0 
40 

4 20 
480 

0 
70 

440 
470 

0 
60 

360 
460 

0 
70 

300 
5 20 

10 y 000 

10 ) 000 

10,000 

10)000 

10,000 

10 000 

10,000 

100% 
I t  

100% 
11 

100% 
I! 

100% 
I f  

100% 
I t  

100% 
i t  

9 2% 
1 sec to 

close 

A- 27 

69 

69 

69 

69 

69 

69 

7 3  

7 3  

7 3  

7 3  

70 

70 

69 

70 

N/A 223 
72 

10 8 
221 

N/A 221 

304 
76 
11 1 
304 
304 

305 
78 

113 
305 
305 

305 
79  

114 
30 5 
305 

306 
7 8  

114 
30 6 
30 G 

30 8 
83 

114 
308 
30 8 

308 
7 %  

120 
30 8 
308 

5 10 
150 

450 
140 

400 
150 

400 
200 

3 90 
200 

400 
140 

430 
150 



AT L ANT I c R 6s EAR c H Co R PO RAT I 0 N 
ALEXANURIA,VIRGIN IA 

DESCENT TEST DATA 

PISTON FUEL VALVE FUEL 
RUN VALVE RESPONSE (m ) TRAVEL TEMP. PRES. Atlm sec At 2 m sec 
NO. OPEN CLOSED % F QF Psig 

9 7% 
10,000 100% 72 

72 308 
80 
114 
308 
308 

400 
160 

A-28 



AT L A N  T I C R E 5 EAR c H c 0 R PO RAT I 0 N 
9 

ALEXANDRIA,VIRGIN IA 

'g DESCENT TEST DATA 

PISTON FUEL FUEL 
RUN VALVE RESPONSE (m sec) TRAVEL TEMP PRES. HEATER Atlm sec k 2 m  sec 
NO. OPEN CLQSED % OF psig TEMP.  

6.0d 0 
100 
600 
6 70 

0 
90 

600 
650 

0 
90 

600 
650 

0 
90 

600 
670 

0 
80 

600 
640 

0 
60 

5 50 
6 20 

0 
70 

64C 
600 

10 , 000 

10,000 
+ 100 sec 

10,000 
+ 120 sec 

10,000 
+ 140 sec 

10,000 
+ 180 sec 

10,000 
f 170 sec 

10,000 
+ 130 sec 

100% 
!I 

100% 
I 1  

100% 
I t  

100% 
I t  

100% 
I 1  

11 

i I  

100% 
It 

A- 29 

62 

61 

61 

61 

63 

63 

64 

64 

65 

65 

65 

65 

65 

65 

216 
83 

110 
20 7 
20 7 

210 
78  

109 
20 8 
208 

214 
77 

111 
209 
20 9 

2 14 
75 

109 
2 10 
2 10 

211 
76 

111 
2 1  1 
211 

21 2 
76 
111 
209 
209 

213 
77 

111 
209 
209 

178 

179 

173 

174 
15 2 

162 

163 
144 

141 

140 
121 

1 24 

125 
109 

115 

116 
10 1 

107 

107 
96 

450 
150 

450 
150 

5 60 
150 

5 50 
150 

550 
150 

5 60 
150 

5 10 
150 



AT L AN 1; c R E 5 E A R c H C o R PO R AT I 0 N 

ALEXANDRIA,VIRGINIA 

0 DESCENT TEST DATA 

PISTON FUEL FUEL 
RUN VALVE RESPONSE (m seG ) TRAVEL qMP. PRES. HEATER btlm sec At2" sec 
NO. OPEN CLOSED % F Psig TEMP. 

0 
90 

6.0d 
(cont. ) 

500 
50 

0' 
60 

350 
480 

0 
100 
460 
5 70 

0 
60 

5 10 
5 30 

0 
60 

500 
5 60 

0 
50 

460 
5 10 

0 
40 

430 
500 

100% 
11 LO ,000 

+ 100 see 

100% 
I 1  10,000 

+ 160 sec 

100% 
10,000 11 

+ 80 sec 

100% 
11 10,000 

+ 60 sec 

100% 
I 1  10,000 

+ 60 sec 

100% 
11 10,000 

+ 60 sec 

100% 
10,000 I1  

+ 80 sec 

64 

64 

63 

63 

63 

63 

62 

61 

58 

58 

58 

57 

55 

55 

214 
7 8  

112 
209 
209 

214 
84 

110 
20 9 
209 

212 
77 

10 7 
209 
209 

213 
77 

117 
208 
208 

211 
76 

10 7 
208 
208 

21 1 
82 

105 
208 
208 

209 

113 
208 
208 

a i  

101 

10 2 
90 

99 

100 
87 

88 

88 
85 

85 

a5 

a1 

81 

81 
80 

80 

80 
78 

78 

77 

450 

340 

440 

470 

5 10 

400 

400 

140 

140 

140 

140 

260 

140 

140 
unchanged 

A- 30 



ATLANTIC RESEARCH CORPORATION 
ALEXAN DRIA,VIRGI N IA 

DESCENT TEST DATA 

PISTON FUEL FUEL 
RUN VALVE RESPONSE (m sec) TRAVEL 2FEMp. PRES. HEATER Atlm sec At2" sec 
NO. OPEN CLOSED % F Psi8 TEMP. 

6 .Od 0 211 77 
(c0nt.I 50 86 

400 J.16 
440 208 

10,000 100% 55 208 77 360 
+ 50 sec I I  76 130 

38 additional rapid recycles of 3 to 4 seconds each - no plugging 
Q f heated vent. 

A-31 


