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1 . INTRODUCTION 

Oxygen i s  a r e l a t i v e l y  energet ic reactant  a t  normal ambient condi- 
t i o n s  and becomes more h i g h l y  reac t i ve  w i t h  increases i n  pressure. A t  
very h igh pressures it becomes extremely reac t ive .  The successful design, 
development and operat ion o f  h igh pressure oxygen systems requi res specia l  
know? edge o f  mater i  a ?  s, desi gn pract ices,  t e s t  phenomena, and manufacturing 
and operat ional  techniques. 

During the course o f  the manned space f l i g h t  programs, a great  deal 
o f  research and t e s t i n g  has been conducted by the Government and i t s  con- 
t r a c t o r s  t o  develop h igh pressure oxygen systems used i n  the propulsion, 
power, and l i f e  support systems o f  manned vehicles. To support such var ied  
appl icat ions,  t e s t i n g  has covered a broad spectrum o f  environmental and 
operat ing condit ions. As a r e s u l t  o f  t h i s  research and tes t ing ,  a wealth 
of t e s t  data and knowledge has been amassed on the r e a c t i v i t y  o f  a wide va- 
r i e t y  o f  m e t a l l i c  and nonmetal l ic mater ia ls  i n  h igh  pressure environments. 
(For example, re f .  3, JSC-02681.) Another cu r ren t  data base on the prop- 
e r t i e s  and behavior o f  oxygen i n  i t s  var ious s ta tes  has been compiled i n  
the n i  ne-vol ume Oxygen Techno1 ogy Survey, sponsored by NASA' s Aerospace 
Safety Research and Data I n s t i t u t e  (ASRDI) , 1972-1 975 ( re f .  1 ) . Addi t ion-  
a l l y ,  i n  reference 2, Clark and Hust have provided a thorough review o f  a 
la rge  number o f  repor ts  on the  oxygen c o m p a t i b i l i t y  o f  both m e t a l l i c  and 
nonmetal 1 i c  mater ia ls .  These and other  re1 ated sources pub1 ished i n  the 
cur ren t  l i t e r a t u r e  are indeed usefu l  i n  p rov id ing  a guide t o  the designer 
f o r  the se lec t i on  o f  mater ia ls  and f o r  determining general ized design 
approaches f o r  oxygen components and systems. However, many of the design 
sub t l e t i es ,  techniques, and re1 ated knowledge, p resen t l y  i n  use i n  aero- 
space appl i ca t ions ,  have not  been adequate t y  repor ted i n  the  1 i t e ra tu re .  

Our experiences have proved t h a t  a successful h igh  pressure oxygen 
system i s  no t  necessar i ly  achieved merely by se lec t i ng  the most oxygen 
compatible mater ia ls  avai lab le.  Because, even the best mater ia ls  have 
1 im i ta t ions ,  innovat ive design features and techniques must be employed t o  
make up f o r  mater ia l  def ic iences. Space program engineers have gained con- 
s iderab le  understanding o f  the e f f e c t s  o f  geometry on the design o f  oxygen 
system components and have developed design features d i rec ted  a t  overcom- 
i n g  some o f  the physical  l i m i t a t i o n s  o f  mater ia ls .  Much has been learned 
about unsafe and undesirable design pract ices.  Advancing technology, w i t h  
the  attendant demand f o r  storage and use o f  oxygen a t  increasing pressures 
and f l o w  rates, makes i t imperat ive tha t  t h i s  design exper t i se  and knowl- 
edge be w e l l  understood and documented fo r  app l i ca t i on  by the  f u t u r e  devel- 
opers o f  space f l i g h t  hardware. 

Therefore, the  primary purpose o f  t h i s  handbook i s  t o  document and 
prov ide a repos i to ry  f o r  c r i t i c a l  and important de ta i l ed  design data and 
information, h i t h e r t o  unpublished, along w i t h  s i g n i f i c a n t  data on oxygen 
r e a c t i v i t y  phenomena w i th  metal1 i c  and nonmetal 1 i c  mater ia ls  i n  moderate 
t o  very h igh  pressure environments. The authors, represent ing several d i -  
v i s i ons  o f  the Engineering and Development D i rec to ra te  o f  the Johnson 
Space Center and i t s  White Sands Test F a c i l i t y ,  have compiled and format- 
t ed  t h i s  data and in format ion t o  provide a ready and easy t o  use reference 
f o r  t he  guidance o f  designers o f  f u t u r e  propulsion, power and l i f e  support 



systems f o r  use i n  space f l i g h t .  This document, which very c l e a r l y  il lus-  
t r a t e s  both good and bad design pract ices, i s  appl icable not only t o  aero- 
space designs, but  also t o  designs f o r  i n d u s t r i a l  and c i v i l i a n  uses o f  
h igh  pressure oxygen systems. The information presented herein are der 
r i v e d  from data and design prac t ices  i nvo lv ing  oxygen usage a t  pressures 
ranging from about 20 p s i a  t o  8000 ps ia  equal w i th  thermal condi t ions 
ranging from room temperatures up t o  500° F. 



2.  IGN IT ION MECHAN ISMS 

The number o f  po ten t i a l  i g n i t i o n  sources t h a t  could be present i n  
even a simple component intended f o r  h igh pressure oxygen serv ice i s  quite' 
la rge  and varied. For example, e l e c t r i c a l  sensors o r  heaters can f a i l  and 
cause arcing, sparking o r  overheating which lead t o  i g n i t i o n .  Small con- 
taminat ion pa r t i c l es ,  both m e t a l l i c  o r  nonmetall ic, can be accelerated t o  
sonic v e l o c i t i e s  i n  high f l ow  regions o f  the component and lead t o  impact 
i g n i t i o n  o f  suscept ible mater ia ls .  Contamination can a lso c o l l e c t  i n  stag- 
nant regions o f  a component and be heated t o  i g n i t i o n  by pneumatic shock 
o r  adiabat ic  compression. 

Actuat ion can cause impact loading o f  valve seats o r  other  d e t a i l  
pa r t s  r e s u l t i n g  i n  f a i l u r e  o f  the pa r t s  o r  mechanically induced i g n i t i o n .  
Fa i  1 ure t o  consider mater ia l  hardness d i f ferences can r e s u l t  i n  ga l  1 i n g  
o f  rubbing surfaces which can cause both func t i ona l  f a i l u r e  o r  i g n i t i o n .  
Chatter and subsequent f r e t t i n g  can r e s u l t  f rom unbalanced a i r loads ,  

Cavi ty  resonance leading t o  i g n i t i o n  o f  trapped contaminants can occur 
i n  b l i n d  passages upon system actuat ion. Flow induced v i b r a t i o n  leading t o  
system f a i l u r e  can a lso occur i n  bellows and l i n e s  where system design o f  
support s t ruc tu re  i s  not  adequate. Flow induced c a v i t a t i o n  i n  LO2 systems 
may r e s u l t  i n  format ion  o f  i g n i t i o n  suscept ib le f resh  surfaces. 

Consideration o f  i g n i t i o n  mechanisms should inc lude a l l  o f  those fac -  
t o r s  l i s t e d  above and should be covered dur ing design o f  both components 
and systems. While t h i s  1 i s t i n g  covers the  most f requen t l y  observed i g n i -  
t i o n  sources, i t  i s  not considered t o  be exhaustive. A ca re fu l  f a i l u r e  
modes and e f f e c t s  analys is  which includes i g n i t i o n  as a f a i l u r e  mechanism 
should be conducted as a p a r t  o f  each new design. 



3. MATER IAL SELECT ION 

Materials currently used in high pressure oxygen systems range from 
ignition-resistant materials like Monel 400 to materials of widely varying, 
ignitability like butyl rubber and the silicones. The range of ignitabil- 
ity as a function of pressure is illustrated in figure 1 for nonmetallics 
and in figure 2 for metals. 

The material selection process has historically been guided by consid- 
erations of functional acceptabi 1 ity and 1 ight weight, with only secondary 
consideration being given to the possibility - or ease - of ignition. 
Many currently used materials appear to work primarily because the design 
in some way protects the ignition-susceptible material or because no parti- 
cle with sufficient energy to ignite the system has yet impacted it. 
While functional performance is obviously a very important requirement in 
the design of high pressure oxygen systems, the incidence and severity of 
fires indicates that selection based on ignition resistance is at least 
equally important. 

M i l e  material selection a1 one cannot precl ude igni tion from these 
mechanisms, proper choices can markedly reduce the probabil i ty of igni - 
tion. For example, ignition induced by mechanical impact can be minimized 
by selecting valve seats and balls that do not shatter under normal load- 
ing. Gall ing can be largely el iminated if potential rubbing surfaces are 
made from materials with widely differing hardnesses. For all types of ig- 
nition mechanisms, selecting materials that have relatively small exother- 
mic heats of combustion (I ike Monel 400 and Inconel 718) will reduce not 
only the probability of ignition but also the probability of propagation. 
Materials with high heats of combustion (stainless steels) or very high 
heats of combustion (a1 uminum alloys) should be avoided wherever possible. 
A summary of typical heats of combustion as well as other properties for 
some currently used materials is given in table 1. 

MATERlAl TESTS 

Over the past 20 years a large number of different types of tests 
(ref. 2 - ASRDI, Vol. IX, 1975) have been developed and evaluated by vari- 
ous groups, both public and private, in an attempt to find test methods 
that would predict materials behavior in planned applications. For non- 
metall ic materials, both mechanical and pneumatic impact tests have been 
studied. For metals, tests studied have included promoted ignition, me- 
chanical and particle impacts, rubbing or rotating friction, and arc or 
spark ignition, with a number of variations on each type. To date, no sin- 
gle test has been developed that can be applied to all materials, both 
metals and nonmetals, to produce either consistent relative rankings or ab- 
solute ignition limits as a function of oxygen pressure alone. The tests 
that appear to show the greatest predictive ability are as follows. 

1. Nonmetals - Test No. 13 in NHB-8060.JB, "Ambient Liquid Oxygen and 
Pressurized Liquid and Gaseous Oxygen Mechanical Impact Tests" (ref. 4) 
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Pressure, 1000 lbl in 2 
Material 0 1 2 3 4 5 6 7 8  

Alumina 
Teflon, PTFE 
Tef Ion, g lass-f illed 
Asbestos 
Viton Rubber 1502 
Viton Rubber 

(Parker Seal V747-70) 
KEL-F 
Teflon, FEP 
Silicone rubber 

(Parco Seal 1235-70) 
Vespel SP-21 
Nylon 
Tecfiuorfil B 
Vespel SP-21 I 
Vespel SP-I 
Sllastic 675 
Ty-Ply-3 adhesive 
Neoprene Rubber 
C hloroprene 

(Parker Seal C-557) 
Loctite 222 
EPR (Parker Seal E-529) 
Butyl rubber 
Epoxy glass laminate 
Eccobond 104 
M-Bond 610 
Noryl plastic 

1-1 Not ignitable 0 10 20 30 50 
f ? ? A  Ignition varies with lot Pressure, M N I ~ ~  

Always ignites 

Figure 1.- Range o f  ignitability for nonmetallics. 
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Pressure, 1000 lblin2 
II 1 2 3 4 5 6 7 8  

, 

1 7  Not Ignitable 
0 10 20 30 40 50 

Pressure, ~ ~ l r n ~  
Y m f l  lgnltlon varies with lot 

Always Ignites 

Material 

Gold 
Silver 
Nickel 
Monel 
lnconel 
MP35N alloy 
Beryllium copper 
Aluminum bronze or 

Phosphor bronze 
Copper 
Elgiloy 
Hastelloy 
Ni-Span C 
Brazing alloys 
A-286 alloy 
PH stainless steels 
Stainless steels 
Aluminum alloys 
StellHe or Stoody 2 
Tungsten carbide 

with 10% cobalt 
Brass 
Molybdenum/rhenlum 
Permendur 2-V 
Samarium cobalt 
Magnesium 
Solder 
Carbon steel 
K-601 (Kennametal alloy) 

Figure 2.- Range o f  ignitability for metals. 
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This t e s t  i s  a modi f ied form o f  the Army B a l l i s t i c  M i s s i l e  Agency 
(ABMA) impact tes t ,  which has been i n  use f o r  over 20 years. A schematic 
o f  the t e s t  f i x t u r e  i s  shown i n  f i g u r e  3. I n  ssence, samples o f  the mate- I r i a l  being tested are impacted a t  368 f t - l b / i n  (772 kd/m2) w i t h  oxygen a t  
the  pressure and temperature o f  intended use. Twenty specimens a r e  tes ted  
from each l o t  o f  mater ia l .  I f  two o r  more specimens react,  the l o t  i s  
re jected.  If on l y  1 specimen o f  20 reacts, an add i t i ona l  40 specimens are 
tested and, i f  no more react ions occur, the l o t  i s  accepted. Thousands o f  
mater ia ls  have been tested and, t o  date, no component i g n i t i o n s  have been 
a t t r i b u t a b l e  t o  mater ia ls  t h a t  have passed t h i s  t e s t  when used w i t h i n  the 
l i m i t s  (temperature, impact energy, and pressure) o f  the  t e s t  envelope. A 
comprehensive l i s t i n g  o f  t e s t  r e s u l t s  obtained fo r  a wide v a r i e t y  o f  mate- 
r i a l s  i s  given i n  JSC-02681. 

2. Metals - White Sands Test F a c i l i t y  (WSTF) P a r t i c l e  Impact - 
TR-277-001 - "Metals I g n i t i o n  Study i n  Gaseous Oxygen" 

This recen t l y  developed t e s t  has demonstrated the a b i l i t y  t o  d i s c r i m i -  
nate between i g n i t a b l e  and non- igni table metals a t  pressures up t o  6000 l b / i n 2  
(41 M N / ~ ) .  The t e s t  f i x t u r e  i n  f i g u r e  4 involves impact o f  candidate metal- 
l i c  specimens w i t h  t y p i c a l  p a r t i c l e s  i n  the  100 t o  1000 micron range a t  sonic 
v e l o c i t i e s  w i t h  oxygen a t  the temperature and pressure of intended use. Ex- 
perience t o  date ind ica tes  t h a t  t h i s  t e s t  could be adopted as a meaningful 
method f o r  se lec t ing  metals f o r  use i n  oxygen systems. 

The p a r t i c l e  i g n i  t i o n  pressure i s  def ined as " the pressure below 
which the maximum sized p a r t i c l e  which can penetrate the components fil- 
t e r s  and moving a t  sonic v e l o c i t y  w i l l  & i g n i t e  the material." 

BATCH/LOT TESTING 

As i s  r e a d i l y  apparent from the  data shown i n  f i g u r e  1, many nonmetal- 
l i c  mater ia ls  show a s i g n i f i c a n t  range o f  reac t ion  pressures when d i f f e r -  
en t  l o t s  o f  ma te r i a l  from the  same source are tes ted  using i d e n t i c a l  
methods. The reasons f o r  t h i s  v a r i a b i l i t y  are not understood i n  d e t a i l  
and are probably d i f f e r e n t  f o r  each mater ia l  tested. As a resu l t ,  p red ic -  

' t l o n  o f  the  t e s t  behavior o f  a given l o t  o f  mater ia l  i s  possib le i n  on ly  
a l i m i t e d  number o f  cases. Except f o r  mater ia ls  t h a t  have been proved ac- 
ceptable by t e s t s  o f  a t  l e a s t  10 l o t s  o f  mater ia l  wi thout  a s ing le  f a i l -  
ure, each new l o t  o f  ma te r i a l  must be experimental ly proved acceptable. 
Mater ia ls  t h a t  have passed the  necessary t e s t i n g  and have been found t o  be 
i nsens i t i ve  t o  ba tch / l o t  v a r i a t i o n  are shown i n  t a b l e  2. 

When the  materials t h a t  w i l l  f unc t i on  i n  a design range from those 
t h a t  do not  requ i re  batch con t ro l  t o  those t h a t  always i g n i t e  a t  the de- 
s ign  pressure, the se lec t i on  l o g i c  var ies w i th  the s e n s i t i v i t y  o f  the mate- 
r i a l .  Figure 5 i l l u s t r a t e s  the  se lec t i on  and con t ro l  l o g i c  we have devel- 
oped f o r  h igh  pressure oxygen systems. It should be noted t h a t  using 
ba tch / lo t  i n s e n s i t i v e  and ba tch / l o t  tes ted  mater ia ls  below t h e i r  i g n i t i o n  
pressure s i g n i f i c a n t l y  simp1 if i e s  the t e s t  requirements, documentation, and 
review . 
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Pneumatic amplifier Equalizer pln anvil 
chamber GN cavlty 

Pneumatic 
amplifier chamber 

High pressure seal 

Pressurization 

High pressure seal 

Figure 3.- Pressurized mechanical impact t e s t  chamber drawing. 
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Inlet 
port 

(specimen) 

Figure 4.- White Sands Test F a c i l i t y  hlgh velocity (sonlc) impact 
p la te  t e s t  f ix ture .  
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Not batchllot sensitive 
impact data show at intended-use conditions. 

0 failures for 10 or more Use and refurbish 
without further approval. 

r 

/ some lots \ yes r 

Review material mechanical 
impact test data - 
368 ft-lblin2 (772 k.!lm2). 

pass at intended-use Use lots that passed 

\ conditkns? )- without further approval. 

Conduct configuration test 1 on conditkns articl~l~;nded-use for 4 times the k h l  
as basis for waiver. 

expected number of cycles. 

A Board review and approval. 

yes <n 'deq~ate > 
substltute materbl 

available? 

Use identical components 
for 114 the number of cycles 
passed in configuration test. 

material equal to or better than 
material used In configuration 

I Find new design. I I test. I 

Figure 5.- Nonmetallic materials control logic. 



TABLE 2.- MATERIALS THAT W NOT REQUIRE BATCH CONTROL 

M a t e r i  a1 Type o f  M a t e r i a l  F l u i d  Max. temp., Max. pressure, 
OF ( K )  1 b / i n 2  ( ~ ~ / r n 2 )  

*E v e r l  ube 812 Dry  f i l m  l u b r i  cant GOX 530 (550) 5500 (38) 
LOX -297 (90) 1000 (6.9) 

*Mi croseal  100-1 Dry  f i lrn l u b r l c a n t  GOX 200 (366) 1000 (6.9) 
LOX -297 (90) Ambient 

*Mi croseal  200-1 Dry  f i l m  l u b r i c a n t  GOX 200 (366) 3300 (23) 
LOX -297 (90) 1000 (6.9) 

*T r i o lube  1175 Dry  f i l m  1 u b r i  cant GOX 350 (450) 3300 (23) 
LOX -297 (90) 1000 (6.9) 

K ry tox  240 AB Grease GOX 250 (394) 1000 (6.9) 
LOX -297 (90) 1000 (6.9) 

Kry tox  240 AC Grease GO X 150 (339) 6000 (41) 

Braycote 3L-38RP Grease 

Tef lon ,  PTFE P l a s t i c  GO X 250 (394) 1000 (6.9) 
LOX -297 (90) 1000 (6.9) 

25% g l a s s - f i l l e d  P l a s t i c  GO X 150 (339) 1000 (6.9) 
T e f  1 on LOX -297 (90) 1000 (6.9) 

Rulon A P l a s t i c  LOX -297 (90) 600 (4.1) 

KEL -F P l a s t i c  GOX 150 (339) 500 (3.4) 
LOX -297 (90) 400 (2.8) 

V i t o n  Rubber 1542/1441 E l  astaner GOX 250 (394) 135 (0.93) 

Tecf  1 u o r f  i 1 B P l a s t i c  GOX 200 (366) 200 (1.4) 
LOX -297 (90) 275 (1.9) 

Vespel SP-1 P l a s t i c  GOX 150 (339) 250 (1.7) 

V i  t o n  Rubber (Parker El a s t m e r  
Seal V747-70) 

Armal on TG-4060 F a b r i c  GOX 275 (408) 400 (2.8) - 
*Maximum use pressure on these d r y  f i l m  l u b r i c a n t s  i s  the  maximm pressure whe?e 

10-batch data are  ava i l ab le .  These l u b r i c a n t s  may be acceptable a t  h igher  pressures,' 
b u t  a d d i t i o n a l  t e s t i n g  i s  r e q u i r e d  f o r  proof .  



CONFIGURATION TESTING 

If  i t  i s  not possib le t o  f ind, even wi th  ba tch / l o t  test ing,  mater ia ls  
t h a t  meet the  func t iona l  requirements o f  a design, i t  may be possib le t o  
provide s u f f i c i e n t  p ro tec t i on  from i g n i t i o n  t o  permit use o f  a suscepti t j le 
mater ia l .  I f  t h i s  design approach i s  used, then i t  i s  mandatory t h a t  the 
adequacy o f  the design be demonstrated by conf igura t ion  t e s t i n g  a t  condi- 
t i ons  more severe than the expected worst-case use environment f o r  the com- 
ponent i n  question. 

For conf igura t ion  t e s t i n g  t o  be considered va l id ,  the tes ts  should be 
conducted on hardware i d e n t i c a l  t o  the proposed use hardware. Subst i tu te  
nonmetal1 i c s  should be batch / lo t  tested t o  provide a replacement base1 i ne 
even though the mater ia l  w i l l  not pass the standard impact tes ts  i n  the  
expected use environment. Only nonmetall ics t h a t  equal o r  exceed the 
batch/ lot  r a t i n g  o f  the o r i g i n a l  mater ia l  used i n  the conf igura t ion  t e s t s  
should be used t o  re fu rb i sh  the components. 

The conf igura t ion  tes ts  should use oxygen pressures a t  l eas t  10 per- 
cent above the  worst-case use condi t ion.  Expected temperature 1 i m i  t s  
should be exceeded by a t  l eas t  500 F (24 K).  And, i f  the mater ia l  i s  t o  
be subjected t o  r a p i d l y  changing pressures, the  pressure r i s e  r a t e  used i n  
the conf igurat ion tes ts  should be a t  l eas t  twice t h a t  which the component 
i s  expected t o  experience i n  operation. 

I f c y c l i n g  o r  m u l t i p l e  reuse o f  the component i s  a design require-  
ment, then the  conf igura t ion  tes t i ng  should exceed by a f a c t o r  o f  4 the  
expected number of cycles o r  reuses. Fa i l u re  o f  the  con f igu ra t i on  t e s t  
a r t i c l e  before completion o f  the required number o f  cycles would l i m i t  
the use l i f e  o f  the component t o  114 the number o f  cycles a c t u a l l y  com- 
p le ted before f a i l u r e .  

MATER IAL RECOMMENDAT IONS 

The mater ia ls  l i s t e d  i n  tab le  3 have demonstrated super ior  res is tance 
t o  i g n i t i o n  and f i r e  propagation i n  h igh pressure oxygen systems. Valve 
and pressure vessel mater ia ls  are examples. The s ta in less  s tee ls  normally 
used f o r  valve stems, bodies, and springs are p o t e n t i a l l y  combustible i n  
high pressure oxygen systems. Monel a1 loys, which are s e l f  -ext inguishing 
i n  oxygen f i r e s ,  are ava i l  able i n  the necessary range o f  hardnesses. K- 
M n e l  can be used f o r  the  valve stem and 400-series Monel f o r  the  valve 
body. Springs can be wound from Monel wire. Though small diameter Monel 
w i re  i s  not  c u r r e n t l y  avai lable,  min iature springs can be made o f  E lg i l oy .  
Sapphire poppet b a l l s  should replace tungsten carbide o r  s tee l  b a l l s  be- 
cause sapphire has a lower l e v e l  o f  r e a c t i v i t y  (and there fore  i s  less  
combustible) than e i t h e r  tungsten carbide or  s tee l  and i t  i s  more r e s i s t -  
ant than tungsten carbide t o  breakup under a mechanical impact. Ti tanium 
and i t s  a l loys,  normally a t t r a c t i v e  as candidate mater ia ls  f o r  pressure 
vessels because o f  t h e i r  h igh  strength-to-weight r a t i o s ,  cannot be used 
f o r  oxygen vessels because they are impact sens i t i ve  i n  oxygen. Inconel 
i s  a good choice f o r  t1.e vessels t o  contain h igh pressure oxygen. U t i l i z a -  
t i o n  o f  these materials,  p a r t i c u l a r l y  when they are used i n  conjunct ion 



TABLE 3. - RECOMMENDED MATERIALS 

Application 

Component bodies 

Materi a1 

Mone 1 
Inconel 718 

Tubing  and f i t t i ngs  Mone 1 
Inconel 718 

Internal parts 

Springs 

Valve seats 

Monel 
Inconel 718 
Beryllium copper 

Beryl 1 ium copper 
Elgiloy 
Mo ne 1 

Gold or si lver over 
Monel or Inconel 718 

Valve balls Sapphire 

Lubricants Batch/lot tested* Braycote 3L-38RP 
Batchllot tested* Ever1 ube 81 2 
Krytox 240 AC 

0-seal s and backup rings Batch/lot tested* Viton 
Batchllot tested* Teflon 

Pressure vessels Inconel 718 

*Usage should be limited to temperatures less than or equal to those 
l is ted i n  table 2. 

Note: Titanium and i t s  alloys are impact-sensitive i n  oxygen atmos- 
pheres and therefore may not be used i n  oxygen systems. 



with the design, manufacturing , inspect ion, and test techni ques recom- 
mended in other sections of this document, should result in components 
with the lowest risk of fire possible in today's state of the art. 

In no case should an alloy be used at an oxygen pressure above its ' 
particle ignition pressure. This criterion would limit the u e of alumi- f nun alloys and stainless steels to pressures below 1050 1 b/in (7.24 M N / ~ ~ )  
to allow some margin for error in test results and impact predictions. 

Only those nonmetallic materials which have been found to be 
batch/lot insensitive or have been batch/lot tested should be used for 
original or replacement component parts. Even in cases where the design 
is justified by configuration testing, only those materials which have 
been shown by test to be at least as good as those used in the configura- 
tion tests should be used. 

Off-the-shelf equipment or slightly modified current designs should 
not be used in high pressure oxygen systems to save money, time, or 
weight, unless it can be shown that at the operating pressure limit the ma- 
terials used are "not ignitable" in accordance with the values given (with 
some margin) in figures 1 and 2. 



4.  COMPONENT DESIGN 

The purpose o f  t h i s  sec t ion  i s  t o  document improved high pressure oxy- 
gen component design techniques which have been developed. The examples 
t h a t  f o l l o w  are drawn from actual  oxygen systems. Most of the problems 
i l l u s t r a t e d  were discovered i n  hardware t e s t s  o r  use and the  so lu t ions  
shown are, f o r  the most par t ,  those'which we have successfu1ly implemented. 
I n  these examples, we o f f e r  s p e c i f i c  suggestions f o r  the design o f  compo- 
nent housings and valve parts,  f o r  the use o f  seals and f i l t e r s ,  and f o r  
the  design o f  a n c i l l a r y  equipment. The major problems addressed inc lude 
i g n i t i o n  o f  me ta l l i cs  and nonmetall ics, adiabat ic  compression, mechanical 
overstress, seal erosion, and contamination generation and con t ro l .  Some 
o f  the guidel ines are intended f o r  use i n  o r i g i n a l  design, where maximum 
b e n e f i t  can be obtained. Others are examples o f  less-than-ideal conf ig -  
urat ions, each o f  which proved t o  be the best achievable f i x  t o  a problem 
t h a t  occurred i n  an e x i s t i n g  component. 

The designer i s  cautioned t h a t  i n  add i t i on  t o  the standard analyses 
r e l a t i n g  t o  component o r  system funct ion (stress, throughput, etc.) there 
are c e r t a i n  add i t iona l  spec ia l  analyses tha t  are considered mandatory t o  
the  proper design o f  oxygen systems and which must be considered i n  the  de- 
s ign  process. These are as fo l lows.  

1. Examination o f  regions f o r  t he  generation o f  p o t e n t i a l  acoust ic 
resonant cond i t ions  and a lso  where p a r t i c u l a t e  contamination 
could be accelerated t o  h igh  ve loc i t i es .  

2. Ca lcu la t ion  o f  mechanical impact energies f o r  moving par ts ,  par- 
t i c u l a r l y  valve seats and poppets. The impact energies sh u l d  be 
kept  as low as possible, w i t h  values less than 10 f t - l b / i n  
c l e a r l y  being safe. 

B 

3. Pressure r i s e  ra tes  caused by actuat ion should be determined. 
Values below 2000 p s i  /second are considered acceptable. 

4. Resonant frequencies o f  l i n e s  and components should be compared 
t o  f l ow  induced component frequencies t o  insure t h a t  f low condi- 
t i o n s  do not generate des t ruc t ive  v ib ra t ions .  

5. F a i l u r e  modes and e f f e c t s  analyses should consider not on ly  the  
known and p o t e n t i a l  i g n i t i o n  mechanisms but  a lso the e f f e c t s  of 
component f unc t i ona l  f a i l u r e s .  

6. S ing le  b a r r i e r  f a i l u r e  analyses should be conducted t o  determine 
whether b a r r i e r  f a i  lu res  o r  leaks can expose suscept ib le mater ia ls  
t o  h igh  pressure oxygen. 

7. To prevent c a v i t a t i o n  i n  l i q u i d  oxygen (LO2) systems an analys is  
should be conducted t o  insure t h a t  the system pressures exceed 
the  LO vapor pressure by a t  l eas t  2 p s i  f o r  a l l  f l o w  condi t ions 
which f he system i s  expected t o  see. 



COMPONENT HOUSINGS 

The housing general ly  cont r ibu tes  the greatest  p ropor t ion  of weight 
and combustible matter t o  the  component assembly. This mass i s  due t o  i t s  
f u n c t i o n  as the enveloping s t ruc tu re  and as a pressure containment vessel, 
which requ i res  subs tant ia l  ma te r i a l  thickness t o  keep stresses acceptably 
low. Since housings do c o n s t i t u t e  so much o f  the mass, the se lec t i on  o f  
housing mater ia l  i s  espec ia l l y  important i n  f i r e - s e n s i t i v e  oxygen systems. 

High pressure oxygen system components f o r  por table o r  f l i g h t  use 
must be l ightweight ,  so i t  may appear t o  be destrable t o  b u i l d  t h e i r  hous- 
ings from such l igh twe igh t  metals as aluminum. Such metals, however, have 
l i m i t e d  f i r e  res is tance and t h e i r  use r e s u l t s  i n  an increased combustion 
hazard. Aluminum may be used fo r  an oxygen system on ly  when pressure, 
f l ow  ve loc i ty ,  and pressur iza t ion  ra tes  are low. I n  such appl icat ions,  an 
analysis o f  adiabat ic  heat ing should be performed t o  assure acceptabi 1 i t y .  
For h igher  pressures, h igher  f l ow  ve loc i t i es ,  o r  higher p ressu r i za t i on  
rates, Monel and s i m i l a r  a l loys ,  which have much greater  f i r e  tolerance, 
must be used and the  add i t i ona l  weight pena l ty  accepted as necessary f o r  
system safety. 

To o f f s e t  t h i s  add i t i ona l  weight, some weight reduct ion techniques 
can be used, such as t r imn ing  the  e x t e r i o r  surfaces i n  areas where s t ress  
l eve l s  are low. However, t he  designer should use caution. Some guide- 
l i n e s  on us ing t h i s  technique and on avoiding hazardous t h i n  wal ls ,  b l i n d  
passages, feathered edges, burrs, and f l ow  impingements are included i n  
the fo l l ow ing  discussion o f  component housing problems and so lu t ions  t o  
them. 
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The wa l ls  between inner c a v i t i e s  o r  passageways and the  ou ter  surface o f  
component housings may become so t h i n  t h a t  s t ress  concentrat ions r e s u l t  
when pressure i s  introduced. Since geometries both i ns ide  and outs ide can 
be complex, i t  may not be obvious from drawings o r  even from d i r e c t  inspec- 
t i o n  t h a t  such th in ,  h i g h l y  stressed areas e x i s t .  If such wa l ls  become 
too th in ,  they may rupture under pressure loading. This sudden rupture re -  
s u l t s  i n  an energy conversion t h a t  ra i ses  the temperature i n  the rupture 
zone. The f a i l e d  sect ion can expose bare, jagged metal which ox id izes rap- 
i d l y  and hence i n i t i a t e s  and supports combustion. Figures 6a and 6b i l l u s t -  
r a t e  a t h i n  wa l l  condit ion. 

Solut ion:  

An extremely valuable technique f o r  l oca t i ng  such stressed areas i s  t o  
machine a c l e a r  p l a s t i c  model o f  the housing. This model permits viewing 
inner and outer  surfaces simultaneously. While exact wa l l  thicknesses 
cannot be measured d i r e c t l y ,  t he  t h i n  areas do become obvious. Such an 
i n d i c a t i o n  should prompt more de ta i l ed  layout  analys is  and to lerance study 
fo l lowed by st ress analysis o f  the l o c a l  area t o  determine whether a prob- 
lem a c t u a l l y  ex is ts .  Tolerances then c a l l e d  out on the manufacturing 
drawing should be t i g h t  enough t o  preclude s t ress  concentrations. 

The t h i n  wa l l  i n  the f i g u r e  i s  p r i m a r i l y  the r e s u l t  o f  an o v e r d r i l l  due 
t o  lack o f  a t t e n t i o n  during design o r  t o  an overtolerance. The dimen- 
sions o f  a d r i l l e d  i n te rsec t i on  should be planned more c a r e f u l l y  o r  the 
tolerances s e t  more t i g h t l y .  It may even be possib le t o  e l im ina te  the i n -  
t e rsec t i on  a l together  as shown i n  f i g u r e  6c. A l l  in te rsec t ions  should be 
examined by X-ray o r  borescope t o  ensure t h a t  the d r i l l i n g  was accomplished 
i n  an acceptable manner. 

n Thln wall 1 

' J Intersecting drill 

Shallow angle 
drill 7 

I Weld plugJ 

Figure 6.- Component housings - Thin wal ls .  
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P rob 1 em: 

A stagnant area a t  the  end of a d r i l l e d  passage tends t o  c o l l e c t  debr is  
e i t h e r  f rom manufacture o r  from normal use. During rap id  pressur iza t ion  
o f  gaseous oxygen and i t s  attendant compression heating, the debr is  be- 
comes f u e l  f o r  i g n i t i o n .  When an underexpanded j e t  impinges on ( o r  f lows 
across) a stagnant cav i ty ,  a pe r iod i c  pressure wave may be formed t h a t  os- 
c i l l a t e s  i n  the  cavi ty ,  heat ing the gas w i t h i n  it. If ) a r t i c l e s  are pres- 
ent, ho t  gaseous oxygen could i g n i t e  them. B l i n d  passages and dead end 
c a v i t i e s  a l so  present increased d i f f i c u l t y  dur ing cleaning. They requ i re  
t h a t  the p a r t  be turned dur ing soaking t o  e l im ina te  a i r  pockets. And spe- 
c i a l  nozzles o r  extensions most be used t o  f l u s h  such d i f f i c u l t - t o - r e a c h  
areas. F igure  7a depicts  a b l i n d  passage created by plugging a d r i l l e d  
passage. F igure 7b depicts  a dead end c a v i t y  created by o v e r d r i l l i n g  an 
i n t e r s e c t i n g  passage. 

Solut ion:  

Gaseous oxygen components should be designed so t h a t  a j e t  w i l l  no t  im- 
pinge on o r  f l ow  across a stagnant cav i ty .  Jets should be gradual ly  
expanded and stagnant c a v i t i e s  should be e l iminated o r  kept  as shallow as 
possible. I n  f i g u r e  7a the b l i n d  passage can be e l im ina ted by making the  
counterbore f o r  the  p lug  much deeper and i n s t a l l i n g  the  p lug  c loser  t o  the  
regu la tor  stem. The c a v i t y  may not be completely el iminated, bu t  the 
t o t a l  dead volume i s  s i g n i f i c a n t l y  reduced. The c a v i t y  shown i n  f i g u r e  7b 
can be e l im ina ted by paying ca re fu l  a t t e n t i o n  t o  dimensions and tolerances 
or, preferably,  by redesigning t o  e l im ina te  the i n te rsec t i ng  holes. In -  
spect ion w i t h  a borescope can be done t o  v e r i f y  t h a t  passageway lengths 
are w i t h i n  tolerance. 

Bllnd passage 

L Dead end cavity 
(b) 

Figure 7.- Component housings - B l i n d  passages o r  dead end c a v i t i e s .  
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Sharp Feathered Edges ORlbfNAC PbQS IS 
OF POOR QUALITY 

Problem: 
< 

Sharp feathered edges are surfaces w i t h  la rge  areas but  l i t t l e  mass. I n  
an environment where compression heating, shock heating, o r  f l ow  f r i c t i o n  
i s  present, there  may be i n s u f f i c i e n t  mass o f  metal t o  conduct heat away. 
Thus, heat can concentrate i n  such an edge and i t  can become an i g n i t i o n  
po in t .  Any two i n te rsec t i ng  passages t h a t  are d r i l l e d  o f f  center o r  a t  an 
angle other  than 90 degrees w i l l  produce an edge feathered t o  some degree. 
Other machining s i t ua t i ons  may also cause a feathered edge. Figure 8 de- 
p i c t s  a feathered edge caused by an o f f cen te r  d r i l l  in te rsec t ion ,  w i t h  the 
smaller d r i l l  stopping a t  the cav i t y  edge and a l lowing the 120-degree cone 
angle o f  the holes t o  produce a pronounced feathered edge. 

Solut ion:  

The problem shown can be a l l e v i a t e d  e i t h e r  by d r i l l i n g  through or  by 
stopping shor t  o f  the o r i g i n a l  pos i t ion ,  as i l l u s t r a t e d  by f igures  8b 
and 8c. During design, it i s  a simple task t o  f i n d  p o t e n t i a l  feathered 
edges. A l l  i n te rsec t i ng  d r i l l s  should be examined f o r  feathered edges. 

eliminated 
by drilling 
through 

avoided 
by stopping 
short 

Figure 8.- Component housings - Sharp feathered edges. 



Burr Remov a1 

Probl em: 

Small attached sp l in te rs  of metal created during machining are ca l led  
burrs ( f i g .  9). These burrs are usual l y  removed du r i  ng manufacturing; 
however, i f  the burr  I s  i n  an inaccessible passage, It may not  be detected. 
The problem i s  t h a t  the bur r  (much 1 tke the feathered edge j u s t  discussed) 
I s  a t h i n  piece o f  metal w i th  l i t t l e  mass and large area which can by 
loca l i zed  heat generation eas i l y  become an i g n i t i o n  po in t  o r  a source o f  
fuel .  The burr  also has impact potent ia l  because i t could be dislodged 
dur ing operation. It i s  a f i xed  contaminant which cannot be flushed 
away o r  even detected w i th  certa inty.  

Solut ion: 

Detect ion and cor rec t ion must come ear l y  i n  the design cycle. When a pos- 
s i b l e  bur r  locat ion i s  ident i f ied ,  the area should be redesigned. If i t  
i s  not possible t o  e l iminate the condition, then special inspection too ls  
such as borescopes should be spec i f  ied and deburr i  ng procedures developed. 

Burrs and sharp edges are so c r i t i c a l  i n  high pressure oxygen systems t ha t  
t h e i r  removal should be emphasized during the design phase by specif ic 
drawing ca l lou ts  t o  every edge and corner t ha t  w i l l  be exposed t o  the f low 
stream. I n  addition, spec i f  i c  inspect i on  procedures should be defined by 
procedural document also ca l led  out on ind iv idua l  drawings. Such emphasis 
i s  necessary since bur r  removal on most other hardware i s  usual ly  ca l led 
f o r  by general note, poor ly  considered i n  design, o f ten  neglected i n  manu- 
facturing, and ignored i n  inspection. This has been found by spot inspec- 
t i o n  t o  be the case even i n  c ruc ia l  high pressure oxygen systems when such 
emphasis was not made. 

Burr removal i n  small diameter i n te rna l  passageways a t  the in tersect ion o f  
cross d r i l l s  has been one o f  the most d i f f i c u l t  techniques t o  develop. 
Best r esu l t s  have been obtained wi th  small motorized grinding too ls  and 
w i t h  e l e c t r i c a l  discharge machining (EM). 

Figure 9.- fimponent housings - Burr Removal. 
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Flow Impingement on Aluminum Housings 

P rob 1 em: 

Since aluminum const i tu tes  a f u e l  i n  an oxygen f i r e  and s ince the oxygen' 
f l ow  might conta in  p a r t i c u l a t e  matter t ha t  could i g n i t e  t h i s  f u e l  on i m -  
pact, the  f l ow  should not be allowed t o  impinge d i r e c t l y  on an aluminum 
housing wa l l  ( f i g u r e  10a). 

Solut ion:  

The housings o f  newly manufactured hardware should be made o f  f i r e -  
r e s i s t a n t  mater ia l  such as Monel o r  some other  h igh-n ickel  a l l o y .  To cor-  
r e c t  f o r  impingement i n  e x i s t i n g  hardware, c r i t i c a l  areas o f  h igh pressure 
and h igh f l ow  can be shielded w i t h  f i r e - r e s i s t a n t  metals. Rerout ing and 
d i f f us ing  flow can a lso slow or  block impacting p a r t i c l e s  ( f i g u r e  l o b ) .  

Flow impinging LMonel rhleld rotated 4S" 
on elumlnum hourlng, to reroute and dlffure flow 

nel 
eld 

Figure 10.- Component housings - Flow impingement on aluminum housings. 
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VALVES 

Conventional va lve p a r t s  are designed t o  preclude g a l l i n g  and t o  
withstand the  h igh  stresses o f  elevated pressure and spr ing forces. Monel 
a l l o y s  are f i r e - r e s i s t a n t  and the range o f  hardnesses i n  which they are - 
produced can be used t o  minimize g a l l i n g  problems. The harder, stronger 
a l l o y s  such as K-Monel can be used f o r  h i g h l y  stressed, small diameter, 
moving p a r t s  such as va lve  stems. 400-series Monel can then be used f o r  
the valve body. Springs can be wound from Monel wire. Min iature springs 
can be made o f  E l g i l o y  o r  b e r y l l i u m  copper i f  small diameter Monel w i re  i s  
not avai lab le.  Tungsten carb ide and steel  poppet b a l l s  should be replaced 
w i t h  sapphire b a l l s  since sapphire has a lower l e v e l  o f  r e a c t i v i t y  (and 
there fore  i s  l ess  combustible) than e i t h e r  tungsten carbide or  s tee l .  It 
i s  also more r e s i s t a n t  than tungsten carbide t o  breakup under a mechanical 
impact i n  oxy en. Lock r i ngs  and re ta ine r  nuts t h a t  are not exposed t o  ox- 
ygen can s t i l !  be made o f  l i gh twe igh t  aluminum s ince they are not subject 
t o  the oxygen i g n i t i o n  hazard (a1 though galvanic corros ion o f  d i s s i m i l a r  
metals must s t i l l  be considered). 

The working parts,  i f  made o f  combustible mater ials,  can con t r i bu te  
s i g n i f i c a n t  mass t o  f u e l  a f i r e .  F r i c t i o n  between moving pa r t s  can i n i t i -  
a te  combustion w i t h i n  the valve. S t a t i c  o r  impact loads on subminiature, 
h i g h l y  stressed p a r t s  can cause f rac tu re  o r  heat ing o f  these parts,  which 
can then i n i t i a t e  combustion. Flow-induced o s c i l l a t i o n  or  chat te r ing  of 
a poppet w i t h i n  a valve can r e s u l t  i n  f r e t t i n g  and h i g h l y  l oca l i zed  heat 
generation, which can lead t o  i g n i t i o n .  

Volumes upstream o f  a valve may be a f fec ted  by h igh  valve ac tua t ion  
rates. The f a s t  c l o s i n g  o f  the valve could produce a water hamner e f f e c t ,  
sending a pressure pu lse  upstream, which could then cause a temperature 
r i s e  by ad iabat ic  compression. Such a pulse could a lso  cause s t r u c t u r a l  
f a i l u r e  i n  an upstream component o r  container.  

Volumes downstream o f  a valve may a lso be a f fec ted  by h igh  valve 
ac tua t ion  rates.  The f a s t  opening o f  the valve could subject passageways 
o r  components t o  ad iabat ic  compression, which could r e s u l t  i n  ho t  spots 
and poss ib le  i g n l  t l o n  o f  nonmetal 1 i c s  o r  p a r t i c u l a t e  contaminants. 

These problems and suggested so lu t ions  are presented i n  the fo l l ow ing  
valve design a r t i c l e s .  



O?:Cj?:$.L p,p;cz [S 
S t a t i c  and Impact Loads on Subminiature Parts 

O~ POok 

Problem: 

Valves f o r  h igh  pressure oxygen systems may be designed w i t h  subminiature 
par ts  t o  reduce pressure forces so tha t  regu la t ing  springs can be kept a 
reasonable s ize.  If these p a r t s  ge t  too small, then they may be h i g h l y  
stressed by the ord inary s t a t i c  and impact loads. If the h igh  stresses 
are appl ied quick ly ,  the  l o c a l  energy t rans fe r  ra tes  can be h igh  enough t o  
f rac ture  a min iature p a r t  o r  heat i t  enough t o  i g n i t e  i t  o r  any contami- 
nant present ( f i g .  11). 

Solut ion: 

High pressure oxygen systems should be designed so t h a t  working loads on 
valves w i t h  subminiature pa r t s  are low. Fast ac tua t ion  which could apply 
impact loads t o  such subminiature pa r t s  should be avoided, and the pa r t s  
should be made o f  mater ia ls  t h a t  are not impact sens i t i ve .  Furthermore, 
each system should be designed f o r  c leanl iness and I s o l a t i o n  o f  contami- 
nants. 

/l -mm ball 

Figure 11.- Valves - S t a t i c  and impact loads on subminiature par ts .  
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Check Valve Chatter ORlGlNAL PAC? 13 
OF POOR QUktfSY 

Problem: 

Under some f l ow  r a t e  condit ions, check valves i n  oxygen service may 
"chat ter"  as a r e s u l t  o f  a resonant coupl ing o f  the dynamically induced 
f low forces (which are dependent on check valve geometry, system geometry, 
f low rate, and oxygen pressure and temperature) w i t h  the check valve seat- 
i ng  spring forces. Chatter ing r e s u l t s  i n  the poppet's h i t t i n g  the seat a t  
a high frequency and can cause an i g n i t i o n  a t  the  seat due t o  the high 
loca l ized heat generation. Furthermore, the  cha t te r i ng  can generate par- 
t i c u l  ate matter which can i n h i b i t  the func t ion  o f  downstream components 
o r  act as a f u e l  f o r  i g n i t i o n  f a r t h e r  downstream. 

Solution: 
Check valves are ava i lab le  i n  a broad v a r i e t y  o f  conf igurat ions. Figure 
12 shows the  cross-section o f  a t yp i ca l  check valve. Successful check 
valve design includes se lec t i on  o f  appropriate mater ia l  s; se lec t ion  o f  
tolerances t o  avoid g a l l i n g  o f  moving parts; and cont ro l  o f  tolerances 
t o  avoid l a t e r a l  i n s t a b i l i t y  (chat te r )  o f  the poppet i n  i t s  guide. To 
cont ro l  a x i a l  chat ter ,  a v a r i e t y  o f  techniques are avai lable.  The use 
o f  a sof t -seat ing spr ing can minimlze cracking pressure so t h a t  on ly  a 
minimal f low holds the valve open. O r  the valve may be designed so t h a t  
the poppet must move subs tan t ia l l y  o f f  i t s  seat before the f low po r t s  
are uncovered, 

Close a t t e n t i o n  should be g iven t o  dynamic analysis o f  the check valve de- 
s ign across i t s  e n t i r e  f l ow  range and f o r  the  e n t i r e  spectrum of expected 
oxygen temperatures and pressures t o  show i t s  dynamic s tab i  1 i ty. Because 
o f  the d i f f i c u l t y  o f  such analyses, the  valve must be a lso tested as a com- 
ponent and i n  a complete system conf igura t ion  (see sect i o n  7). 

Seat ,Soft spring 

Orifice (4 places) \ Poppet (substantial travel 
to open flow orifices) 

Figure 12.- Valves - Check valve chat te r .  



Poppet OSC ill a t i o n  (Asymnetrical Flow) 
ORIW?:F.L PAGE i3 
OF POOR QUALITY 

Problem: 

A s y m t r i c  f l ow  across a valve poppet creates a dynamic imbalance o f  f l ow  
forces on the poppet, causing i t t o  o s c i l l a t e  t ransversely  against i t s  
bore. This transverse o s c i l l a t i o n  r e s u l t s  i n  the poppet's h i t t i n g  the 
bore a t  a h igh  frequency and can cause an i g n i t i o n  due t o  the h igh  l o c a l -  
ized heat generation. Fur thermre,  the  transverse osc i 1 l a t  i o n  can generate 
p a r t i c u l a t e  matter which can i n h i b i t  the func t i on  o f  downstream components 
o r  act  as a f u e l  f o r  i g n i t i o n  f a r t h e r  downstream, f i g u r e  13a. 

Solut ion:  

Where possible, the  i n t e r n a l  f low geometry w i t h i n  valves should provide 
s y m t r i c a l  f low across the poppet. An e f f e c t i v e  a l t e rna te  approach i s  t o  
mount the poppet i n  the  bore by means o f  f l exu re  assemblies, which are 
very f l e x i b l e  i n  the l ong i tud ina l  d i r e c t i o n  (and thus do not i n h i b i t  the 
valve 's  open/close ac t ion)  but  which r e s t r i c t  the transverse motion of the 
poppet. The f l exu re  assemblies act  t o  center the poppet i n  the bore a t  
a11 times and thus prevent any transverse contact. Bore and poppet mate- 
r i a l s  should be selected t o  minimize the p o s s i b i l i t y  o f  i g n i t i o n .  Both 
surfaces may be m e t a l l u r g i c a l l y  hardened t o  minimize d e t e r i o r a t i o n  due t o  
f r e t t  1 ng . f igure 1 3b. Sonic orif ice 

f l o w  

.- 0' 

or'fice Unbalanced pressure load 
Flow control orlflcas 

f l o w  

Poppet 
Figure 13.- Valves - Poppet Osc i l l a t i on ,  
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Actuat ion Rates 

Problem: 

Actuat ion o f  a fast-opening shu to f f  valve subjects the  f i r s t  stage regula- 
t o r  and passageways immediately upstream o f  the regu la tor  t o  a sudden in -  
crease i n  pressure as shown schemat ica l ly  i n  f i g u r e  14a. This sudden pres- 
sure r i s e  can cause ad iabat ic  compression r e s u l t  i ng i n  l oca l i zed  tempera- 
tu res  h igh  enough t o  i g n i t e  nonmetal l ic seals or  p a r t i c u l a t e  contamina- 
t i on .  

Fast c los ing  al lows b o t t l e  pressures t o  pu t  h igh  impact loads on the valve 
seat. Energy t rans fer red  i n  the impact can i g n i t e  contamination on the 
seat. 

Solut ion:  

The system requirements should be evaluated w i t h  the  goal o f  es tab l ish ing  
as slow an actuat ion r a t e  as feas ib le .  Once the minimum actuat ion r a t e  re-  
quirement i s  establ ished, t h e  ac tua t ing  valve can be designed s p e c i f i c a l l y  
t o  achieve t h i s  rate.  O r i f i c e s  o r  r e s t r i c t i o n s  may be requi red t o  l i m i t  
p ressu r i za t i on  rates. For components already ex i s t i ng ,  thermodynamic anal- 
y s i s  techniques should be used t o  i d e n t i f y  areas o f  concern. The r a t e  can 
then be decreased by conver t ing a fast-working pushbutton actuator t o  a 
slower threaded-type actuator .  

Another method, shown schemat ica l ly  i n  f i g u r e  14b, i s  t o  incorporate the 
shu to f f  f unc t i on  i n t o  a regu la tor  stage us ing the regu la tor  va lve as the 
shu to f f  seal. No separate shu to f f  va lve i s  then required. Before the reg- 
u l a t o r  i s  actuated, the f i r s t  stage i s  closed w i t h  h igh  pressure upstream 
o f  the valve seat and medium pressure downstream. The second stage i s  
a lso  closed w i t h  medium pressure upstream o f  i t s  va lve seat and no pres- 
sure downstream. A f t e r  the  regu la tor  i s  actuated, downstream pressure i n -  
creases over a r e l a t i v e l y  small d i f f e r e n t i a l .  No sudden increases occur, 
so no heat-producing compression takes place. This method o f  decreasing 
the  ac tua t ion  r a t e  i s  use fu l  even when long term storage i s  a factor .  If 
the f i r s t  stage s lowly  leaks, i t  may i n  t ime i n c r e a s ~  the  i n t e r s  age pres- h sure t o  the l e v e l  o f  the supply pressure (7400 I b / i n  o r  51 MN/m i n  the 
i l l u s t r a t i o n ) .  When the  second stage regu la tor  ( f unc t i on ing  a lso as a 
shutoff valve) i s  opened, there  w i l l  be a surge o f  f low. But the regula- 
t o r  w i l l  q u i c k l y  c lose again s ince i t s  desi red downstream pressure w i l l  be 
i m d i a t e l y  reached. If the- interstage volume i s  small - and it should be 
small by design - then there w i l l  no t  be much oxygen t o  support a sus- 
ta ined surge. 

The d e f i n i t i o n s  o f  " f a s t "  and 'tslow" depend on the  s i t u a t i o n .  Factors t h a t  
should be considered i n  es tab l i sh ing  actuat ion ra tes  inc lude the i g n i t i o n  
temperatures o f  t he  nonmetal l ics and me ta t l i cs  downstream o f  the valve, the 
t o t a l  volume imnediately downstream o f  the val've, the operat ing temperature, 
t he  operat ing pressure, t h e  pressure r i s e  ra tes  i n  volumes downstream o f  
the  valve, and the heat t r a n s f e r  cha rac te r i s t i cs  o f  the oxygen and the pas- 
sageway wal ls .  Since a l l  these f a c t o r s  w i l l  vary from system t o  system, 



it i s  d i f f i c u l t  t o  es tab l ish  va lv ing  ra tes  o r  pressure r i s e  ra tes  t h a t  
would be acceptable f o r  each case. But extensive pneumatic impact t e s t i n g  
w i t h  oxygen has indicated t h a t  an actuat ion r a t e  o f  50 mi l l iseconds o r  
less  t o  b r i n g  downstream pressure t o  95 percent o f  upstream pressure does 
r o u t i n e l y  cause i g n i t i o n .  This ra te  and any f a s t e r  r a t e  should d e f i n m y  
be considered "fast." B a l l  valves are very fas t ;  t h e i r  ac tua t ion  r a t e  has 
been measured a t  less  than 2 mi l l iseconds. A t  the  other  extreme, a r a t e  
o f  0.5 second t o  achieve the same downstream-to-upstream pressure r a t i o  
has b en found o cause no i g n i t i o n s  i n  extensive t e s t i n g  up t o  2000 I h I b / i n  (14 MN/m ). This r a t e  and any slower should be acceptably "slow" 
from the  standpoint o f  adiabat ic  compression i g n i t i o n .  

There may be a l i m i t ,  however, t o  the nslowness" t h a t  should be designed 
i n t o  a p a r t i c u l a r  system. I f  a valve opens too slowly, i t  presents i n  ef- 
f e c t  a s lowly expanding o r i f i c e  t o  the f low stream. If the upstream and 
downstream pressures and o r i f i c e  charac ter is t i cs  are such t h a t  the  f l ow  
becomes supersonic, then p a r t i c u l a t e  contaminat i o n  may be accelerated t o  
a h igh  ve loc i t y .  Such a v e l o c i t y  can be much h igher  than would be exper i -  
enced i n  a " fas t t1  opening (and slower f lowing)  valve. Wfth the increased 
k i n e t i c  energy, p a r t i c l e  impacts are more capable o f  causing i g n i t i o n .  
Evidence o f  t h i s  phenomenon e x i s t s  i n  oxygen t e s t  program experience. To 
determine the  best trade-off ,  a thorough analysis o f  the actuat ion, con- 
s ide r ing  a l l  the fac to rs  l i s t e d  above, should be performed f o r  each i n d i -  
v i dua l  shu to f f  valve. 

With fast opening With shutoff function 

(a)  
shutoff valve 

(b) 
in regulator 

(-$ 7000 psi ops, 
: F:: 

0 psi 4 psi 

Before valve After valve Before valve After valve 
opening opening opening opening 

Figure 14.- Valves - Actuat ion rates. 
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Single Bar r ie r  Fa i lure  
-.e.*;.JfiA; p;.G: (5 c:h,.s,t 

OF POOR Q ~ J A L ~  
Problem: 

A leak i n  which only the primary containment structure i s  breached i s  
defined as a s ingle bar r ie r  fa i l u re .  Such a leak introduces oxygen i n t o  
a region which i s  not normally exposed t o  oxygen. I n  t h i s  region, the ma- 
t e r i a l s  o r  configurat ion o f  parts may not be compatible w i th  high pressure 
oxygen. I n  the pressure transducer shown i n  f igure 15, rupture o f  the 
bourdon tube would const i tu te  a s ingle bar r ie r  f a i l u r e  since oxygen wol~ld 
leak i n t o  the surrounding cavity. 

Solution: 

Any s i tua t ion  i n  which there i s  a s ingle bar r ie r  tha t  may f a i l  should be 
analyzed during the design phase. Such s ingle ba r r i e r  f a i l u re  analysis 
can consist o f  an engineering evaluation o f  the configuration, including 
analysis o f  materials, or a conf igurat ion t es t  may be performed. I n  the 
case o f  the pressure transducer shown below, a conf igurat ion t es t  was 
performed by d r i l l i n g  a hole i n  the bourdon tube, then pressurizing it 
with oxygen. A spark from the resistance wiper arm caused i g n i t i o n  and 
the resu l t i ng  explosion destroyed the transducer. The conf igurat ion was 
subsequently changed by adding an oxygen-compatible o i l  t o  the cav i ty  t o  
prevent spark i ng . 

Resistance wiper arm 
Pressure sensing 7 

Hole drilled for 1 \ 
configuration test--l 

L ~ o u r d o n  tube 

Figure 15.- Valves - Single bar r ie r  f a i l u re .  
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Rota t ing  Stem Valves 

Prob 1 em: 

A manual, screw-type valve w i t h  a r o t a t i n g  stem, f i g u r e  16a, might seem de- 
s i r a b l e  i n  a h igh  pressure oxygen system because such a valve can prov ide 
a slow actuat ion rate.  However, a r o t a t i n g  stem valve presents contamina- 
t i o n  problems espec ia l l y  when combined w i t h  a nonmetal l ic seat. Such a 
seat can e a s i l y  be damaged by excessive c los ing  torque o r  by shredding o r  
gas erosion during both opening and c los ing.  Furthermore, so l  i d  contami- 
nants can become embedded i n  such s o f t  seat mater ia l .  If the seat i s  made 
of metal, i t  must be hardened t o  prevent g a l l i n g  by the r o t a t i n g  stem. Such 
hardened mater ia ls  can f r a c t u r e  o r  even fragment as a r e s u l t  o f  excessive 
c l o s i n g  torque or  c losure onto hard contaminants ( l i k e  s i l i c o n  d iox ide) .  
Also, seat g a l l i n g  i s  s t i l l  poss ib le  when the valve stem ro ta tes  against 
a m e t a l l i c  seat. 

Solut ion:  

A manual valve w i t h  a nonrotat ing stem, f i g u r e  16b, and a m e t a l l i c  seat 
can be chosen t o  achieve the  desi red slow actuat ion ra te .  I n  t h i s  case, 
the metal seat can be made o f  a much s o f t e r  mater ia l  and the seat can be 
formed by "coin ing"  (pressure molding by the stem i t s e l f  t o  create a per-  
f ec t  match). Contaminants w i l l  not cause fragmentation o f  such a seat. 
Ga l l i ng  cannot occur unless the  nonrotat ing fea ture  i s  cornpromtsed. The 
seat and body o f  such a valve can be fabr ica ted  from such metals as 
Inconel o r  Monel, which have been shown t o  be comparatively unreact ive 
w i t h  oxygen. 

Rotating 

body seat --/ operator threads 
L ~ o n m e t e l l l c  

seat (b) 

Figure 16.- Valves - Rota t ion  stem valves. 
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SEALS 

Seals used i n  valves and f i t t i n g s  are made o f  r e l a t i v e l y  s o f t  non- 
m e t a l l i c  mater ia ls .  A l l  such mater ia ls  w i t h  adequate mechanical proper- 
t i e s  are i g n i t a b l e  a t  r e l a t i v e l y  low temperatures compared t o  the i g n i t i o n  
temperatures o f  the  surrounding metal par ts .  Seal loca t ions  are there fore  
among the most l i k e l y  combustion s i tes .  To decrease the r i s k  created by 
these locat ions,  the  number o f  seals used should be minimized. Where they 
are used, they should be shielded o r  removed from the f low stream. 

The fo l low ing a r t i c l e s  discuss not  o n l y  some techniques o f  sh ie ld ing  
seals from f low impingement bu t  a lso  some methods o f  avoiding such seal- 
eroding condi t ions as a l t e rna t i ng  pressure, seal extrusion, seal squeeze, 
seal ro ta t i on ,  and the e f f e c t s  of poor seat shape. Also presented are 
some considerat ions on using dynamic seals and metal -to-metal rubbing 
seals. 



Flow Impingement 

Problem: 

If the oxygen f low stream impinges d i r e c t l y  on an exposed nonmetal l ic o f  ' 

low i g n i t i o n  temperature such as O-ring mater ia l ,  there i s  a r i s k  o f  i g n i -  
t i o n  due t o  impact by contaminants ca r r i ed  along i n  the f l ow  stream 
( f i g u r e  17a). 

Solut ion:  

This  problem can be solved by sh ie ld ing  the O-ring from the f low stream 
w i t h  a backup r i n g  o f  a mater ia l  w i t h  a h igher  i g n i t i o n  temperature o r  by 
designing the housing bore and sealed component so t h a t  metal i s  bottomed 
on metal, c rea t ing  a f l ow  b a r r i e r  t o  p ro tec t  the O-ring ( f i gu res  17b and 
17c). 

Bottomed out 
Flow impinging on 
O-ring-, 

(a) Flow 

Backup ring shields 
O-ring -, 

metal-to-metal 
barrier protects 
O-ring - 

Figure 17.- Seals - Flow impingement. 
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A l t e rna t i ng  Pressure (Redundant Sea l1  
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Problem: 

When two sets o f  seals are used a t  the  same l o c a t i o n  i n  a long term pres- 
sur ized storage appl icat ion, eventual permeation o f  the f i r s t  seal pro- 
duces a pressurized volume between the seals. The pressure i n  t h i s  zone 
would be greater  than t h a t  on the low pressure s ide o f  the component bu t  
less than operat ing pressure. When the  valve i s  opened and the low pres- 
sure s ide i s  ra ised t o  operat ing pressure, the  second seal i s  exposed t o  
pressure on i t s  downstream s ide which i s  now greater  than t h a t  i n  the  
intermediate zone. As the component goes through several use cycles, the 
d i r e c t i o n  o f  the  pressure fo rce  a l te rna tes  from one s ide t o  the other .  
Th i s  a1 te rna t  i ng pressure can cause seal work i ng and eros ion o r  blowback 
o f  contaminants ( f i g u r e  18a) . 

Solut ion: 

The s o l u t i o n  I s  t o  e l im ina te  the second "redundant" se t  o f  seals and 
ensure t h a t  the f i r s t  set o f  seals i s  adequate i n  oxygen compa t ib i l i t y ,  
Shore hardness, and proper use o f  backup r i n g s  t o  perform the seal ing 
task alone ( f i g u r e  18b). 

r Low pressure 

2nd seal 

lntermed 
zone 

1st seal 

(a) 
High pressure 

iate 

L ~ i g h  pressure 

Figure 18.- Seals - A l te rna t i ng  pressure (redundant seal) .  
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Seal Ex t rus ion  (Backup Ringsr OF POOR Q:JAL:i"i 

Prob 1 em: 

I n  h igh  pressure oxygen systems, i t  i s  c r i t i c a l  t o  minimize both seal ero- 
s i o n  and contaminant generat ion. Without backup r ings,  0 - r i  ngs can be par- 
t i a l l y  extruded i n t o  the  r a d i a l  gap between par ts .  Even though the O-ring 
may s t i  11 seal, such ex t rus ion  over a number o f  cycles may wear o f f  mate- 
r i a l ,  thus degrading the seal and contaminating the  system wi th  nonmetal- 
1 i c  pa r t i cu la tes .  I n  systems w l t h  very h igh  pressures, ord inary backup 
r i n g s  may also be p a r t i a l l y  extruded, causing the same problems ( f i g u r e s  
19a and 19c). 

Solut ion:  

For safety i n  h igh  pressure oxygen systems, one should use backup r lngs  on 
the low pressure s ide o f  O-rings even a t  pressures where standard O-ring 
p rac t i ce  does not d i c t a t e  such u e f o r  gases i n  general.. A t  pressures B greater  than 1000 1b/in2 ( 7  MN/m ), more sophist icated backup r i n g  shapes 
such as d e l t a  r i n g s  should be used ( f i gu res  , 19b and 19d). 

Low pressure Low pressure 

O-ring and o 
backup ring 
partially 
extrude 

Non 
delta 

extruding 

Very high pressure Very high pressure 

LOW pressure Low pressure 

0-rlng 
extrud 

Hiah pressure 

Controlled rrdir 

~ e t r ~  overlap 1 
(d) 11gh pressure 

Figure 19.- Seals - Seal ex t rus ion  (backup r i ngs ) .  
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Seal Squeeze 

Problem: 

ORlQwAL p;",.:.;.,: !:: 
OF POOR QilALiTY 

Buildup o f  tolerances on valve pa r t s  o r  an unfavorable con f i gu ra t i on  i n  
which t o  machine a gland may r e s u l t  i n  a gland too small f o r  i t s  O-r ing 
seal. Since a c e r t a i n  amount o f  compression o r  squeeze i n  the a x i a l  d i -  
r e c t i o n  i s  necessary t o  achieve the proper seal ing load, there must be 
space f o r  the  O-ring t o  expand r a d i a l l y .  If t h i s  r a d i a l  space cannot be 
provided, the O-r ing w i l l  be p a r t i a l l y  extruded from the gland and t h i s  
ex t rus ion  w i l l  r e s u l t  i n  p a r t i c u a l t e  pieces being shaved o f f .  

Solut ion:  

Careful  a t t e n t i o n  should be given t o  dimensions and tolerances o f  a l l  
pa r t s  i n  the valve assembly. Idea l ly ,  adequate gland s i z e  should be pro-  
vided i n  t he  i n i t i a l  design. When adequate gland s i z e  cannot be achieved, 
a specia l  seal w i t h  an oval cross sect i on  may be used. This  seal r e t a i n s  
the requi red dimension a x i a l l y  but  has a reduced cross-sect ional  width. 
Thus, the seal w i l l  occupy less  space s ide t o  s ide even when compressed 
( f ig .  20). 

7 Gland too small Special 
O-ring I oval ring 

Standard 
0-rlng 

Special Compressed 
oval ring oval ring 

Figure 20.- Seals - Seal squeeze. 
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Rotat ion o f  Seals 

Problem: 

Sealed par ts  t h a t  requ i re  r o t a t i o n  a t  assembly (such as O-rings on 
threaded shafts) can generate p a r t i c l e s  which may migrate i n t o  the f low 
stream as shown i n  the f i r s t  i l l u s t r a t i o n .  Pa r t i cu la te  generat ion a lso 
occurs i n  b a l l  valves where operat ion o f  the valve ro ta tes  a b a l l  on a 
nonmetal l ic seat. 

A re la ted  phenomenon which may be described as " feather ing"  occurs when 
valve stems are ro ta ted  against some nonmetal l ic seats such as KEL-F. Be- 
cause o f  the mechanical p roper t ies  o f  some nonmetall ics, a th in ,  feather-  
l i k e  p ro jec t i on  o f  mater ia l  i s  extruded from the seat. The feathered fea- 
t u r e  i s  m r e  i g n i t a b l e  than the seat i t s e l f  would have been ( f i g u r e  21a). 

Solut ion:  

Instead o f  a r o t a t i n g  sealed par t ,  the sealed p a r t  could be designed as 
a push-in p lug locked i n  place by a second p a r t  which i s  threaded bu t  no t  
sealed as shown i n  f igure 21 b. A l te rna te l y  the sealed threads could be 
replaced w i th  a f langed and bo l ted  connection. Kel-F seals should no t  be 
used i n  r o t a t i n g  conf igurat ions a t  a l l  and b a l l  valves are no t  recommended f o r  
f o r  oxygen systems no t  on ly  because of p a r t i c l e  generation bu t  also because 
o f  f a s t  ac tua t ion  rates. 

Threads require 
rotation of seal 
at assemblyl 

Threads removed - 
seal not rotated 
at assembly 7 

Seal J 

Figure 21.- Seals - Rota t ion  of seals. 
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Seat Shape 

P rob 1 em: 

Designs which seal an O-ring on an unusual seat shape may se t  the  stage 
f o r  increased wear problems o r  unduly accelerated ex t rus ion  o f  the  non- 
m e t a l l i c .  Such e f f e c t s  can generate p a r t i c u l a t e  contamination which w i l l  
increase the r i s k  o f  combustion. An example o f  such a design i s  seen i n  
f igure  22a wherein a face-type O-ring seal i s  seated on the edge o f  t he  
sea 1 i ng su r f  ace. 

Solut ion:  

Nonmetal 1 i c  seal ing in te r faces  are a necessary compromise; however, the 
designs can be optimized. The example i s  object ionable because i t  u t i -  
l i z e s  an O-ring improperly. The m s t  r e l i a b l e  valve and regu la tor  con- 
f i g u r a t i o n s  have been found t o  be a m e t a l l i c  o r  sapphire b a l l  i n  a 
washer-shaped Vespel seat, as shown i n  f i g u r e  22b. 

O-ring seated 
improperly 7 

Washer-shaped 
seat 

(a) 
I 

Corner on seat 

Figure 22.- Seals - Seat shape. 
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Problem: 

When a p o r t i o n  o f  a valve o r  f i t t i n g  moves i n  r e l a t i o n  t o  a seal ing sur- 
face, f r i c t i o n  can generate p a r t i c l e s  a t  the interface. The amount of 
p a r t i c u l a t e  matter depends on the  load and c o e f f i c i e n t  o f  f r i c t i o n  between 
the m e t a l l i c  p a r t  and the nonmetall ic seal and on the strength o f  the 
nonmetal1 i c  seal mater ia l .  Unfortunately, even the  best nonmetal 1 i c  mate- 
r i a l s  f o r  O-rings i n  h igh  pressure oxygen service have a f a i r l y  substan- 
t i a l  f r i c t i o n  c o e f f i c i e n t  and a r e l a t i v e l y  low strength ( f i g u r e  23a). 

Solut ion: 

For appl icat ions up t o  about 1200 lb / i n2  (8.3 MN/&), the  O-ring may be 
replaced by a spring-loaded Tef lon  seal. The Tef lon  has both a lower coef- 
f i c i e n t  o f  f r i c t i o n  and a higher strength. Such seals may require modi f i -  
ca t jon  o f  the seal groove i n  r a d i a l  seal appl icat ions since they cannot be 
stretched as much as elastomeric O-rings f o r  assembly. Spring-loaded 
Tef lon  seals may not be adequate f o r  use as r o t a t i n g  shaf t  seals o r  other 
continuous-motion app l ica t ions  since f r i c t i o n a l  heat bui ldup becomes a 
problem. I n  such appl icat ions, specia l  conf igurat ions may be required t o  
provide heat r e j e c t  ion. 

For valves and f i t t i n g s  used a t  pressures above 1200 1b/in2 (8.3 M N / ~ ~ ) ,  
seals made o f  pure Tef lon (PTFE) may be acceptable i f  the reduced seal ing 
c a p a b i l i t y  due t o  co ld  f l ow  can be to lerated.  Also, ba tch -ce r t i f i ed  V i ton  
o r  KEL-F 81 may be used, although V i ton  may harden and permit leakage a t  
temperatures o f  -40° F (23 K )  and lower ( f i g u r e  23b). 

Moving stern-' \ 
Ordinary O-ring --\ 

(a) 

Spring-loaded 
Teflon seal 

0) 
Figure 23.- Seals - Dynamic seals. 



Metal-to-Metal Rubbing Seals 

Problem: 

Design requirements f o r  valves t h a t  con t ro l  the f l ow  o f  ho t  oxygen a t  h igh  
pressure r u l e  out  s o f t  seals. I n  t h i s  s i t ua t i on ,  s o f t  seals are replaced 
by metal-to-metal rubbing seals. High pressure and h igh  f low ra tes  can 
produce s ide loads and o s c i l l a t i o n s  on the  poppet seal; these side loads 
and o s c i l l a t i o n s  can cause f r e t t i n g  o r  ga l l i ng .  Fre t t ing ,  i n  t h i s  case, 
means metal d e t e r i o r a t i o n  caused by r e p e t i t i v e  h igh  frequency v i b r a t i o n  a t  
the i n t e r f a c e  between two surfaces. Ga l l i ng  i s  a more severe cond i t i on  
i nvo l v ing  smearing and t r a n s f e r  of mater ia l  from one surface t o  the other.  
Both occurrences are problems i n  oxygen systems. The valve poppet could 
seize, r e s u l t i n g  i n  loss o f  function; the f r i c t i o n a l  heat o f  the f r e t t i n g  
o r  g a l l i n g  could lead t o  i g n i t i o n  o f  the valve; o r  the  p a r t i c l e s  generated 
by the f r e t t i n g  o r  g a l l i n g  could cause mal funct ion o r  i g n i t i o n  o f  another 
component downstream , f igure  24a. 

Solut ion: 

Where possible, t he  valve poppet should be designed f o r  symnetrical f l o w  
so t h a t  no o s c i l l a t o r y  s ide  loads are created. The symnetrical f low w i l l  
center  the poppet i n  the  bore and maintain design clearances between the  
poppet and bore surfaces. 

For gaseous systems i t  may be poss ib le  t o  reduce the  volumetric f l ow  r a t e  
(and thus the  magnitude o f  o s c i l l a t i o n s  and side loads) by i n s t a l l i n g  an 
o r i f  i c e  downstream of the  poppet t o  minimize the  pressure d i f f e r e n t i a 1  
occurr ing across the poppet. 

It i s  a lso poss ib le  t o  f l e x u r e  mount the poppet i n  the bore and t o  i n -  
crease the clearance between the poppet and the bore by incorporat ing laby- 
r i n t h  seal grooves i n  t he  poppet surface. 

Poppet and bore mater ia ls  should be selected t o  minlmize the chance of i g -  
n i t i o n .  Both may be hardened by a process l i k e  n i t r i d i n g  t o  minimize mate- 
r i a l  loss due t o  f r e t t i n g  o r  g a l l i n g ,  f igure 24b. 
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not shown \ 

flexure 

flexure 

o 2  out 
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Figure 24.- Seals - Metal-to-metal rubbing seals. 
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F I LTERS 

Contamination can never be completely e l iminated from a fluid system 
s ince i t  i s  always being generated t o  some degree by moving par ts .  It i s  
there fore  u s u a l l y  necessary t o  con t ro l  and remove pa r t i cu la tes  from the 
f low stream cont inuously. F i l t e r s  are the  devices most c o m n l y  used t o  
con t ro l  pa r t i cu la tes .  While they do t rap  most contaminants above a spe- 
c i f i c  size, there  are concerns associated w i th  t h e i r  use. One i s  t h a t  
a f t e r  some use the f i l t e r  becomes a p o t e n t i a l  combustion s i t e  j u s t  because 
o f  the h igh  c o m b u s t i b i l i t y  o f  i t s  c o l l e c t i o n  o f  f i n e  p a r t i c l e s ,  Another 
concern i s  t h a t  f i l t e r s  are made o f  very small diameter m e t a l l i c  wire, so 
small t ha t  a very s l i g h t  a d d i t i o n  o f  heat can cause hot  spots i n  the  wire. 

Proper design o f  f i l t e r s  must inc lude a ca re fu l  t r ade -o f f  study t o  
ensure t h a t  i g n i t i o n  p o t e n t i a l  i s  reduced ra the r  than increased. Use o f  
f i r e - r e s i s t a n t  mater ia ls  such as pure n i cke l  o r  Monel can ease some o f  the 
concern. A maintenance p lan  t h a t  c a l l s  f o r  frequent cleaning o r  replace- 
ment o f  f i l t e r s  can a lso  help. 

Other techniques are discussed i n  the  fo l low ing a r t i c l e s  on the use 
o f  f i l t e r s  a t  the i n l e t s  and o u t l e t s  o f  modules, upstream o f  valve seats, 
and around d i f f  i cu l t - t o -c lean  passageways. 



F i l t e r s  a t  I n l e t s  and Outlets o f  Modules 
ORIMNAL PA@: [IS 
OF POOR QUALITY 

Problem: 

Modular pressure system components, such as regulator assemblies, which' 
are manufactured, tested, shipped, and handled as independent uni ts ,  are 
subject t o  the in t roduct ion o f  contaminants through t h e i r  i n l e t  and o u t l e t  
ports. These ports are sealed o f f  by f i t t i n g s  and tubes during normal 
operation, but these openings may be unprotected before the module i s  
i ns ta l l ed  i n  the system. 

Solution: 

Insta l7 a t  i n l e t  and o u t l e t  ports f i l t e r s  t ha t  remain i n  place whether 
connecting f i t t i n g s  are i n  or  out. The t yp i ca l  i n s t a l l a t i o n  i s  shown 
i n  f i gu re  25. 

Figure 25.- F i l t e r s  - F i l t e r s  a t  i n l e t s  and ou t le ts  o f  modules. 
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F i l t e r s  Upstream o f  Valve Seats 

OF POOR QUkLIVI." 
Problem: 

Valve seats I n  h igh  pressure oxygen systems are c r i t i c a l  seal ing po in t s  
which must be carefu 1 l y  designed and manufactured t o  provide leakproof, 
r e l i a b l e  pressure cont ro l .  Proper mater ia l  se lec t  i o n  and seat-forming 
techniques are c r u c i a l  i f  an adequate seal i s  t o  be achieved f o r  long 
term storage a t  h igh pressure and f o r  thousands o f  cyc les o f  use. The 
performance o f  such a seal i s  degraded by the t rapping o f  contaminant 
p a r t i c l e s  a t  i t s  seal ing i n t e r f a c e  ( f i g u r e  26a). 

Solut ion:  

I n s t a l l  very f i n e  mesh (e.g., 10-micron) f i l t e r s  imnediately upstream o f  
va lve  seats ( f i g u r e  26b). 

r V a l ~ e  Va Ive 
/ seat seat 

lter 

Figure 26.- F i l t e r s  - F i l t e r s  upstream o f  va lve seats. 
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F i  l t e r s  Is01 a t  ing Unavoidably "D i r t y "  Passageways 
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OF POOR QUALITY . 

Problem: 

Some po r t i ons  o f  the f low stream i n  an oxygen system may be extremely d i f -  
f i c u l t  t o  c lean during manufacturing. The pressure b o t t l e  shown i n  f i g u r e  
27a has tub ing  brazed t o  the  ins ide  o f  the wa l l  which i s  d i f f i c u l t  t o  
c lean adequately. The long passageway w i th  a small diameter, shown i n  
f i g u r e  27b, could not be s a t i s f a c t o r i l y  cleaned once the  p lug  was welded 
i n  place. Welds and soldered and brazed j o in t s ,  i f  l e f t  i n  the  as-formed 
condit ion, m y  leave slag, roughness, porosi ty ,  o r  cracks which can gener- 
a te  o r  t r a p  contaminants. 

Solut ion:  

Fine mesh f i l t e r s  should be added irmtediately outs ide the unavoidably 
"d i r ty i t  passageways t o  conta in and cont ro l  contamination t h a t  cannot be 
eliminated. Welds should be spec i f ied  as f u l l  penet ra t ion  so t h a t  a l l  
contact ing surface area i s  jo ined together t o  prevent entrapment o f  par- 
t i cu la tes  and e l im ina te  uncleanable b l i n d  surfaces. Exposed weld sur- 
faces should then be ground t o  a smooth f i n i s h  t o  enhance cleaning. 

Tubing brazed I- Welded plug 

passageway 
difficult to clean T 

(b) 

Figure 27.- F i l t e r s  - F i l t e r s  i s o l a t i n g  unavoidably "Di r ty t t  passageways. 
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ANC 1LLARY EQUIPMENT 

I n  add i t ion  t o  housings, valves, seals, and f i l t e r s ,  high pressure 
oxygen systems t y p i c a l l y  contain a var ied c o l l e c t i o n  o f  anci 11 ary  compo- 
nents such as tanks, pumps, heaters, and sensors. These components 
should be designed j u s t  as c a r e f u l l y  as the other components we have 
discussed. They have t h e i r  own unlque set o f  design considerations. 

Tanks f o r  h igh  pressure oxygen systems, f o r  instance, may not be made 
i gh strength-to-wei ght r a t i o s  
Ti tanium and i t s  a l loys  are im- 

p a c t  sens i t i ve  - i n  oxygen atmospheres. 

Pumps, compressors, fans, and blowers i n  oxygen serv ice must be care- 
f u l l y  designed t o  avoid r o t a t i o n a l  f r i c t i o n ,  or rubbing, which can q u i c k l y  
lead t o  an i g n i t i o n .  Bootstrap pumps, i n  which a f u e l - r i c h  gas dr ives a 
tu rb ine  on a comnon sha f t  w i t h  the oxygen pump, present t he  special  prob- 
lem o f  avoiding f l u i d  contact along the comnon shaft .  

Heaters and sensors i n  oxygen systems present a speci a1 set o f  prob- 
lems because they introduce e l e c t r i c a l  current  i n t o  an environment where 
a shor t  c i r c u i t  o r  an arc would cause an i gn i t i on .  

The fo l l ow ing  pages discuss some o f  the design problems and so lu t ions  
r e  1 ated t o  anc i 1 1 a ry  components. 



Bootstrap Oxygen Turbopump 

O R i ~ l ~ , ' &  
OF POOR QOli~1-j-y 

Problem: 

Bootstrap oxygen turbopumps, such as are employed i n  boost propulsion' 
systems, u t i l i z e  hot f ue l - r i ch  combustion gases t o  d r i ve  a turbine which 
also drives the oxygen turbopump on the comnon shaft.  Mixlng along the 
c o m n  shaft o f  the f ue l - r i ch  combustion gases w i th  the high pressure 
oxygen being pumped w i  11 produce high temperature combustion t ha t  w i  11 
destroy the turbopump. 

Solution: 

Use o f  an additional, intermediate set o f  seals along the shaft creates 
a separation area which i s  then continuously purged w i th  an i n e r t  gas t o  
avoid the development o f  a hazardous gas mixture ( f i g .  28). 

- 
Inert gas 

Liquid oxidizer and Inert gas Fuel rlch gas and inert gas 

Hot fuel rlch gas 

Liquid seals 

Figure 28.- Anc i l l a ry  equipment - Bootstrap oxygen turbopump. 
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Problem: 

I n  ce r ta in  cases heaters are required t o  funct ion w i th in  the high pressure 
oxygen environment. A malfunction i n  the heater o r  i t s  cont ro l  c i r c u i t r y  
could r esu l t  i n  overheating, a short c i r c u i t ,  o r  arcing, which would i g -  
n i t e  system materials. 

Solut ion: 

Heater temperatures should be cont ro l led  t o  values substant ia l ly  below the 
temperature a t  which i g n i t i o n  o f  the heater surface material  o r  aiiy adja- 
cent mater ia l  could occur. This margin should be a t  l eas t  200° F (111 K) .  
I n  establ ishing it, the designer should consider the possible temperature 
d i f ference between the thermal sensor and the hot test  heater surface loca- 
t ion ,  the uncerta inty i n  sensor reading, and the uncerta inty i n  i g n i t i o n  
temperature. Redundant thermal sensors should be used i f  indicated by a 
f a i l u r e  modes and e f f ec t s  analysis. 

I g n i t i o n  due t o  e l e c t r i c a l  malfunction o f  the heater may be prevented by 
using double-insu lated heater wire. An addi t ional  safety feature t ha t  can 
be used i s  the d i f f e r e n t i a l  current sensor, which monitors heater current  
i n  both the i n l e t  and the o u t l e t  wire and turns the heater power o f f  i f  a 
predetermined imbalance develops (such as from a short or an arc from the 
hea te r ' to  another element i n  the system). Materials, both meta l l i c  and 
nonmetallic, should be chosen t o  minimize the chance o f  i g n i t i o n  should a 
short or  arc occur. 

/ 
Differential current sensor 

Signal conditioner 

Double Insulated heater wire 
sS sheath 'B 

lnsulatlon conductor 

Figure 29.- Anci 1 l a r y  equipment - Heaters. 



Sensors 

Problem: 4 

Sensors are requi red i n  oxygen systems t o  measure such parameters as tern- 
perature, pressure, density,  1  i q u i d  leve 1, and f low rate.  A mal funct ion 
i n  t he  sensor o r  i t s  s igna l  cond i t ioner  could r e s u l t  i n  h igh  cur ren t  f low, 
overheating, a  shor t  c i r c u i t ,  o r  arcing, which should i g n i t e  system 
mater ia ls .  

Solut ion:  

Sensor and s ignal  cond i t ioner  c i r c u i t r y  should be designed t o  minimize the  
cur ren t  f l ow  and thus the overheating and arc ing t h a t  might r e s u l t  f rom a 
shor t  i n  the  sensor system. Mater ia ls ,  both m e t a l l i c  and nonmetal l ic,  
should be chosen t o  minimize the chance o f  i g n i t i o n  should a  shor t  occur. 
I n  s i t ua t i ons  where arc ing  can occur, t e s t i n g  should v e r i f y  t h a t  the  
maximum possib le spark energy i s  i n s u f f i c i e n t  t o  cause i g n i t i o n  o f  adja- 
cent mater ia ls .  

No f i g u r e  i s  used t o  i l l u s t r a t e  t h i s  item. 



5. SYSTEMS DESIGN 

It i s  our purpose i n  t h i s  sect ion o f  the handbook t o  b u i l d  on the 
guidel ines f o r  mater ia l  se lec t ion  and component design given i n  sect ions 
3 and 4 and t o  extend these guidel ines t o  the systems design leve l .  These 
added guidel ines are not exhaustive but  focus on those specia l  considera- 
t i ons  required i n  the design o f  an oxygen system. 

It i s  assumed t h a t  the  designer w i l l  adequately handle those standard 
analyses re la ted  t o  system flow capacity, dynamic and s t a t i c  s t r u c t u r a l  
loads, thermal ly  induced loads, heat t ransfer ,  e tc .  These rou t ine  anal- 
yses are not unique t o  h igh pressure oxygen systems, but  inadequate a t ten-  
t i o n  t o  them can r e s u l t  i n  system f a i l u r e s  whose r e s u l t s  are magnified be- 
cause o f  the extreme r e a c t i v i t y  o f  oxygen. 

Many o f  the  special  analyses required i n  the design o f  oxygen sys- 
tems, as we l l  as many o f  the po ten t ia l  design problems and the design prac- 
t i c e s  f o r  overcoming them t h a t  were presented i n  sect ion 4 a t  the component 
l e v e l  a lso apply at  the system leve l .  These areas have already been ade- 
quate ly  discussed i n  sect ion 4 and the  information w i l l  not  be repeated 
here. 

Two areas o f  importance i n  the  design of h igh pressure oxygen systems 
t h a t  should be noted are as fo l lows:  

1. I n  the performance o f  the  f rac tu re  mechanics and f l aw  growth anal- 
yses, which should be a pa r t  o f  any system design, the  designer should be 
aware t h a t  the presence o f  oxygen increases the fa t i gue  crack growth r a t e  
i n  metals as compared t o  the r a t e  i n  an i n e r t  atmosphere. Also, i n  gas- 
eous oxygen systems, the  presence o f  water vapor can f u r t h e r  accelerate 
f a t i  gue crack growth. 

2. The selected arch i tec ture  o f  high pressure oxygen systems imposes 
c e r t a i n  const ra in ts  on system operations such as the  sequence and t im ing  
of commanded component funct ions. As an example, during shutdown o f  a 
cryogenic boost propuls ion system, the engine's 1 i q u i d  oxygen prevalves 
m s t  be closed and the LO i n l e t  l i n e  t o  the oxygen turbopump pressurized 
w l th  i n e r t  gas w i t h i n  a c f osely spec i f ied  t ime t o  avoid c a v i t a t i o n  and 
a dangerous overspeed cond i t ion  i n  the  l i q u i d  oxygen turbopump. As p a r t  
of the standard f a i l u r e  modes and e f f e c t s  analyses (FMEA) a comprehensive 
system operat ing analys is  should be performed t o  understand the con- 
s t r a i n t s  imposed by a p a r t i c u l a r  a rch i tec ture  on both normal and f a i l u r e -  
mode operat ions. 

I n  t h i s  section, we present design considerations f o r  the use of h igh  
pressure oxygen which requ i re  special  a t ten t i on  a t  the  system leve l .  We 
have grouped these design gui  de1 i nes and speci a1 considerat ions i n t o  the  
fo l lowing categories f o r  discussion: 

System arch i tec ture  
System flow dynamics 
System thermal desi gn 
System c lean1 i ness 



We w i l l  d i s t i n g u i s h  between cryogenic l i q u i d ,  s u p e r c r i t i c a l ,  and gaseous 
oxygen systems when the d i s t i n c t i o n  i s  important. 

SYSTEM ARCHITECTURE 

System a rch i tec tu re  considerat ions inc lude i den t i f y i ng  the components 
requi red t o  perform the  function, de f i n ing  redundancy requirements, and 
l oca t i ng  components w i t h i n  the veh ic le  and i n  r e l a t i o n  t o  one another. 
F a i l u r e  modes and e f fec ts  analysis (FMEA) i s  an e f f e c t i v e  t o o l  i n  the i n i -  
t i a l  process o f  designing system a rch i tec tu re  and should be used i n  se lec t -  
i ng  components, es tab l i sh ing  redundancy levels ,  and evaluat ing spec i f i c  
system geometries, ra the r  than as an af ter- the- fact  j u s t i f i c a t i o n  of a sys- 
tem arch i tec ture  t h a t  was derived by less  d i s c i p l i n e d  means. There are 
system geometry considerat ions re1 ated t o  f 1 ow dynamics, thermal desl gn, 
and clean1 iness which w i  11 be discussed subsequently under those headings. 
The fo l low ing two items are important system arch i tec ture  considerat ions 
fo r  oxygen systems. 

P ro tec t i on  of System Redundancy 

Problem: 

A component o r  system-level f a i l u r e  can i n i t i a t e  a f i r e  w i t h i n  the system. 
Oxygen f i r e s ,  once star ted,  spread rap i d l y  using any exposed nonmetal 1 i c s  
and even some metals as f u e l .  The f i r e  may not on ly  engul f  the a f fec ted  
components bu t  a lso spread t o  adjacent components and destroy system 
redundancy. 

Solut ion:  

Containment o f  a f i r e  t o  as small an area as possib le i s  desired. If the 
f i r e  can be l i m i t e d  t o  a s i n g l e  component o r  t o  a small area, redundant 
components should be able t o  ca r r y  on the  system funct ion. Not on ly  
should a l l  system mater ia ls  be selected w i t h  an eye t o  t h e i r  combust ibi l -  
i t y ,  but, wherever pract icable,  they should be selected t o  prov ide f i r e -  
breaks between system components. N icke l  and Monel are candidate f 4 re -  
r e s i s t a n t  mater ia ls .  Furthermore, redundant system components should not  
be located i n  a c o m n  assembly o r  adjacent t o  one another because the  
f a i l u r e  o f  one o f  the components could then lead t o  f a i l u r e  o f  the others. 
The redundant components should be separated geometr ica l ly  and a lso by 
f i rebreaks wherever posst ble. Figure 30 il l u s t r a t e s  the use o f  f i rebreak  
appl i c a t i o n  i n  systems archi tecture.  
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/- Monel inlet fitting 

Figure 30.- System architecture - Protect ion o f  system redundancy. 

Location of Oxygen System Re l ie f  Ports 

Problem: 

A l l  high pressure oxygen systems are provided wi th pressure r e l i e f  ports 
t o  prevent s t ruc tura l  f a i l u r e  due t o  overpressure. Improperly located 
oxygen vents can damage adjacent components or  cause an ign i t i on .  

Solut ion: 

The designer must evaluate a l l  system r e l i e f  por t  locations t o  ensure t ha t  
oxygen w i l l  not be vented overboard near a f ue l  or  i n t e rna l l y  i n t o  an area 
contafning a f ue l  and an i g n i t i o n  source. If oxygen i s  vented i n t o  i n t e r -  
nal vehicle cavi t ies,  a cav i ty  analysis should be done t o  v e r i f y  that  no 
hazardous s i tua t ion  w i l l  develop as a r esu l t  o f  the vent. As pa r t  o f  the 
system-1 eve1 FMEA, a s lmi l  ar compartment hazard analysis should be done 
t o  determine the e f fec ts  o f  any system leaks. Where cryogenic oxygen i s  
vented, the potent ia l  t o  freeze adjacent components of other systems 
should be evaluated . 
No f igu re  i s  used t o  i l l u s t r a t e  t h i s  item. 



SYSTEM FLOW DYNAMICS 

Considerations o f  system f low dynamics include flow ve loc i t y  ef fects,  
p a r t i c l e  impact, erosion, cavitat ion, induced v ibra t ion,  geysering, water 
hamner, and pressure spikes. Par t i c le  impact effects, water hammer, and ' 
adiabatic compression e f fec ts  have been discussed i n  sect ion 4. The f o l -  
lowing four  items deal wi th aspects o f  f low dynamics as they a f fec t  oxygen 
systems. 

Because o f  the complexity and the v a r i a b i l i t y  o f  system design, no a t -  
tempt was made t o  i l l u s t r a t e  the items discussed i n  the res t  o f  t h i s  sec- 
t ion.  We bel ieve the problem statement and solut ions are adequate f o r  
c lear  understanding. 

System Erosion 

Problem: 

Erosion o f  system components due t o  flow phenomena such as p a r t i c l e  
impacts, impacts o f  droplets entrained i n  a gas flow, and cav i ta t ion  can 
expose fresh, reactive surfaces t o  oxygen and provide the local ized heat 
generation necessary t o  cause igni t ion.  

Solution: 

Good design pract ice t o  prevent erosion, as i n  the case o f  p a r t i c l e  im-  
pact, includes ve loc i ty  control, a f low geometry tha t  minimizes impact 
angle, adequate f i l t r a t i o n ,  select ion o f  i gn i  t ion- res is tant  materials, and 
control  o f  local ized system pressure drop and heat input  t o  minimize cavi- 
t a t i on  potent ia l .  

Cavi tat ion i n  Rotating Equipment 

Problem: 

Cavi tat ion (creat ion o f  local ized areas i n  the f l u i d  having pressures be- 
low the vapor pressure) i n  l i q u i d  oxygen feed systems upstream o f  oxygen 
turbopumps can resu l t  i n  a var ie ty  o f  turbopump hazards. These hazards in -  
clude erosion o f  the impeller and local ized burning o f  the impeller due t o  
bubble collapse. Extensive cav i ta t ion may cause turbopump overspeed lead- 
Ing t o  c r i t i c a l  r o to r  dynamics problems, including rubbing o f  the impeller 
on the housing wi th resul tant  f r i c t i o n a l  ign i t ion.  

Solution: 

The system design must provide adequate net pos i t i ve  suction pressure 
(NPSP) t o  oxygen turbopumps by establ ishing adequate supply tank pressure 



and ca re fu l l y  ca lcu la t ing and con t ro l l i ng  f low system thermal inputs o r  by , 

using a boost pump upstream o f  the turbopump. 

F low-Induced Vibrat ion i n  Bellows and F lex ib le  Joints 

Problem: 

Oxygen f low through bellows and f l e x i b l e  j o i n t s  can induce high-level pres- 
sure f luc tuat ions i n  these components which can lead t o  rapid f a i l u r e  due 
t o  s t ruc tu ra l  fat igue.  

Solut ion: 

Flow ve loc i t y  through these components should be minimized. Where possi- 
ble, bellows should be l ined. Where l ined bellows cannot be used, the 
system should be analyzed f o r  suscep t ib i l i t y  t o  flow-induced v ibrat ion.  

Geysering i n  Cryogenic L iqu id  Oxygen Propulsion Feed Systems 

Problem: 

Geysering occurs i n  v e r t i c a l  systems wi th a tank and a long feedline from 
it f i l l e d  w i t h  cryogenic oxygen. Heat t ransfer  i n t o  the l i n e  causes gas 
bubbles t o  form and begin r i s i n g  i n  the l ine. As the bubbles r ise ,  they 
coalesce t o  form larger  bubbles. I n  a l i n e  tha t  i s  long wi th  respect t o  
i t s  diameter, the r e s u l t  i s  an expanding vapor bubble o f  su f f i c i en t  s ize 
t o  expel the l i q u i d  above i t  i n t o  the tank w i th  a force large enough a t  
times t o  rupture the tank o r  t o  damage in terna l  tank components such as 
baffles, screens, o r  l e ve l  sensors. When the 1 i qu i d  subsequently reenters 
the l ine ,  it can cause large water hamner forces w i th  accompanying system 
damage. 

Solution: 

Geysering can be-con t ro l l ed  by con t ro l l i ng  tank pressure, choosing appro- 
p r i a t e  feed l ine geometry, insu la t ing the feedline, and rec i r cu la t ing  the 
f l u i d  from the low po in t  i n  the l i n e  back t o  the tank. Control consists 
o f  keeping the oxygen i n  the l i n e  from reaching i t s  vaporizat ion tempera- 
ture  and providfng adequate l i n e  diameter t o  handle the vapor bubble perco- 
l a t i o n  t ha t  s t i l l  occurs. 



SYSTEM THERMAL DES IGN 

System thermal design considerations include s ta r tup  thermal con- 
d i t i on ing ,  i nsu la t i ng  t o  prevent external  system condensation, and avoid- 
i ng the lockup o f  cryogenic oxygen i n  a system segment. 

4 

Startup Malfunct ions i n  Rotat ing Equ ipment and Dynamic System Components 

Problem: 

I n  cryogenic oxygen turbopump systems, i t  i s  necessary t o  b r ing  compo- 
nents t o  thermal equ i l ib r ium before s t a r t i n g  up the  system t o  avoid 
hazardous component thermal t rans ients  which may a f f e c t  f i t s  and c lea r -  
ances, cause r o t o r  dynamic i n s t a b i l i t i e s ,  o r  lead t o  h igh  speed rubbing 
f r i c t i o n .  Any o f  these problems may r e s u l t  i n  an i g n i t i o n .  

Solut ion:  

Provide thermal cond i t ion ing  o f  the cryogenic system and components by 
gradual ly  bleeding through cryogenic gas, then 1 iquid.  Once approximate 
thermal equ i l i b r i um i s  achieved, maintain i t  by using pumps t o  c i r c u l a t e  
proper ly  condit ioned f l u i d  through the system before star tup.  

Condensation on External System Surf aces 

Problem: 

Exposed cryogenic surfaces i n  oxygen systems can form la rge  amounts o f  
Ice. The f a l l i n g  i c e  can damage the vehic le o r  i t s  components during 
ground operations o r  launch. 

Solut ion: 

Exposed cryogenic surfaces should be insulated. Any of the  various insula-  
t i o n  schemes (sprayed-on foam, wrap-around c losed-cel l  segments, vacuum 
jackets) used t o  con t ro l  heat input  t o  cryogenic oxygen systems can be 
used t o  preclude the formation o f  i c e  o r  l i q u i d  a i r  on surfaces. The de- 
signer should ensure t h a t  there are no uninsulated system areas o r  exposed 
gaps between insulated areas which permit the bui ldup o f  i ce .  



Lockup o f  Cryoqenic Oxygen i n  System Segments 

Problem: 

Cryogenic oxygen h y d r a u l i c a l l y  locked up between two valves o r  f l ow  con- 
t r o l  components can absorb heat and through the in.crease of pressure cause 
s t r u c t u r a l  f a i l u r e .  

Solut ion:  

The system and components should be designed t o  prov ide appropriate pres- 
sure re1 i e f  and thereby preclude unacceptable pressure buildup. E i the r  a 
separate r e l i e f  system may be incorporated i n t o  the  system o r  back-re l ie f  
valves may be b u i l t  i n t o  the components. System r e l i e f  devices should be 
protected by i n s u l a t i o n  and perhaps by purging w i t h  n i t rogen or helium t o  
prevent i c e  blockage o f  the r e l i e f  por t .  

Condensat i o n  o f  Contaminants With in Cryogenic Systems During Loading 

P rob 1 em: 

Loading cryogenic oxygen can r e s u l t  i n  condensation water o r  any o ther  
condensable vapor i n s i d e  the system. I n  la rge  systems, even contaminant 
l eve l s  measured i n  p a r t s  per  m i l  1 i o n  can produce a s i zab le  f rozen mass 
t h a t  could impede f l ow  o r  system funct ion.  

Solut ion:  

Before a cryogenic system i s  loaded, a l l  a i r ,  water, and condensable vapors 
should be purged o r  evacuated from the  system. Experimentation may be 
requi red t o  define the degree o f  purge o r  the number o f  evacuation cycles 
requ ired. 



SYSTEM CLEANLINESS 

System c lean l iness  i s  extremely important i n  oxygen. M e t a l l i c  and 
nonmetal1 i c  contaminants and nonvo la t i l e  residues may be l e f t  i n  compo- 
nents and systems a f t e r  f a b r i c a t i o n  and assembly. The component design ' 
prac t ices  i d e n t i f i e d  i n  sec t ion  4 concerning contaminant generat ion and 
con t ro l  are a lso appl icable t o  system design as are the clean assembly 
techniques discussed i n  sec t ion  6 and the cleaning techniques discussed 
i n  sect ion 8. 

The designer should recognize, however, t h a t  component f i 1 t e r s  alone 
may not be adequate t o  handle contaminants b u i l t  i n t o  the system o r  gen- 
erated a t  the system/level. Separate system-level f i l t e r s  may be requi red 
t o  con t ro l  p a r t i c u l a t e  contamination, and appropriate system f l u s h  and 
purge po r t s  should be designed i n t o  the  system. 

System Level F i  1 t e r s  

Problem: 

The most r igorous a t t e n t i o n  t o  designing a system for  clean assembly and 
c lean operat i o n  and t o  minimizing contaminant c o l  l e c t  i o n  areas cannot t o -  
t a l l y  e l im ina te  contamination b u i l t  i n t o  the system and generated by the 
system dur ing operat ion. If system-level contaminatlon con t ro l  and r e -  
moval features are no t  provided, performance and safety may be severely  
degraded. 

Solut ion:  

Adequate system-level f i l t e r s  should be provided (f i I t r a t i o n  ra t i ng ,  
d i r t - h o l d i  ng capacity) t o  handle b u i l t - i n  contaminants and system- 
generated contaminants. The system f i l t e r s  should be located so as t o  
p ro tec t  component f i 1 t e r s  f rom contamination overload. 

System Flush and Purqe F i t t i n q s  

P rob 1 em: 

The most r igorous a t t e n t i o n  t o  designing a system f o r  c lean assembly and 
c lean operat ion and t o  m i n i m i t i  ng contaminant c o l l e c t i o n  areas cannot t o -  
t a l l y  e l im ina te  contamination b u i l t  i n t o  the system, generated by the  sys- 
tem dur ing operation, o r  introduced i n t o  the system dur ing maintenance 
operations. If system-level contamination con t ro l  and removal features 
are not provided, performance and sa fe ty  may be severely degraded. 

Solut ion:  

System f l u s h  and purge f i t t i n g s  should be located a t  approprlate h igh  and 
low po in t s  t o  a l low e f f e c t i v e  f l u s h  o r  purge o f  the  system i n  a l l  expected 
a t t i t udes .  
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6. CLEAN ASSEMBLY AND INSPECTION 

CLEAN ASSEMBLY TECHNIQUES 
< 

An area of foremost concern i n  h igh  pressure oxygen systems i s  contam- 
i n a t i o n  contro l .  Contamlnants are the  most l i k e l y  source o f  r e a d i l y  i g n i t -  
able mater ia l .  If they are nonmetal l ic,  then they have r e l a t i v e l y  low i g -  
n i t i o n  temperatures. If they are me ta l l i c ,  they have been abraded o f f  metal 
surfaces. Such a product o f  m e t a l l i c  abrasion w i l l  have bare, unoxidized 
metal as a po r t i on  i f  not a l l  of i t s  exposed surface area. This surface i s  
r e a d i l y  i g n i t a b l e  when heat from impact, shock, o r  compression ra ises  the  
l o c a l  temperature t o  a c r i t i c a l  value. E l im ina t ion  o f  a l l  contaminants i s  
h i g h l y  desi rable but  not t o t a l l y  achievable i n  complex assemblies which 
inc lude nonmetall ic seals, threads, screw lock plugs, press f i t s ,  welds, 
soldered and brazed j o i n t s ,  and lubr icants .  Fortunately,  there are some 
bene f i c i a l  techniques tha t  can be used t o  minimize the bad side e f f e c t s  of 
these sometimes necessary features. 

Assernblinq Seals 

Designs t h a t  a l low o r  cause harmful cu ts  o r  abrasions t o  the in-place 
seals during assembly can create contaminants and can se t  up f u t u r e  contam- 
i nan t  generation, as the sea l  w i l l  cont inue t o  shed p a r t i c l e s  dur ing i t s  
funct ional  l i f e .  A t y p i c a l  example f i g u r e  31 i s  the assembly o f  a sha f t  
i n t o  a bore conta in ing an O-ring. The sha f t  could c u t  the  O-ring because 
of a nbnexistent o r  inadequate chamfer on the end o f  the shaft .  Perhaps 
even more comnon i s  the  f o r c i n g  o f  an O-ring over screw threads t o  posi -  
t i o n  the seal on a threaded sha f t  o r  b o l t .  The c res t  o f  the threads w i l l  
c u t  and ch ip  the seal, and, i f  the assembled components are not recleaned, 
then the contaminated i tem i s  l e f t  i n  the  system. 

Seals should not  be forced i n t o  bores o r  over shaf ts  wi thout  generous 
chamfers. These pa r t s  most be inspected f o r  burrs and sharp edges before 
they are assembled. It i s  important t o  note t h a t  a chamfer w i l l  have a 
sharp edge unless it i s  s p e c i f i c a l l y  removed. Hardened s tee l  may have a 
very pronounced sharp edge a t  the  i n te rsec t i on  o f  the  chamfer cu t  and the  
outer  diameter o f  the shaft .  

I n s t a l l a t i o n  o f  an O-ring over threads whose major diameter exceeds 
the i ns ide  diameter o f  the O-ring should be avoided i f  possible. If t h i s  
danger o f  c u t t i n g  i n t o  the  O-ring cannot be avolded, then the  assembly 
spec i f i ca t i ons  should a l l ow  f o r  add i t i ona l  c leaning a f t e r  the O-ring and 
the threaded p a r t  have been assembled and before the  components are in -  
s t a l l e d  i n  the next l e v e l  o f  assembly. A l i g h t  coat ing o f  seal l ub r i can t  
should be used t o  ease the  assembly. 



p r e s s e d  and 
welded plug 

Figure 31 .- Contamination generation during assembly. 
NOTE: Care must be exercised in the installation of 
O-rings into bore. 



Threaded Assembly 

Threaded connections occurr ing i n  f l u i d  systems can generate contami- 
nants as the  threads are engaged and tightened, as shown i n  the f i r s t  il- 
l u s t r a t i o n  o f  f i g u r e  32. One way t o  avoid t h i s  problem i s  t o  redesign the  
threaded members as shown i n  the second i 1 l u s t r a t  ion, wherein the smooth 
p o r t i o n  o f  the p lug  in te r faces  w i t h  the seal before the threads engage. 
This  solut ion,  however, does invo lve  r o t a t i n g  a p a r t  against i t s  seal 
causing r e a l  damage. A l te rna te ly ,  the i n - l i n e  threaded fea ture  could be 
replaced w i t h  a f langed and bo l ted  connection, which places the threaded 
por t ions  outs ide the f l u i d  stream, as shown i n  the t h i r d  f i gu re .  Using an- 
other  method, the func t i on  o f  the threaded member can be ca r r i ed  out by a 
separate nut device t h a t  i s  not inser ted  u n t i l  the  seal ing has been accom- 
p l i shed w i t h  a push-in plug, as shown i n  the f o u r t h  f igure,  And f i n a l l y ,  
another op t ion  i s  t o  i n s t a l l  a b a r r i e r  r i n g  t o  block the migra t ion  o f  
p a r t i c u l a t e  matter, as shown i n  f i g u r e  32e. 

Deformable Parts  

Parts such as screw lock ing  devices, usua l l y  nonmetal l ic inser ts ,  
which func t i on  by a l low ing other  par ts  t o  deform them are contaminant gen- 
erators. The i r  use should be l i m i t e d  as much as poss ib le  and t h e i r  i n s t a l -  
l a t i o n  should be sequenced so t h a t  they are dr iven i n  one t ime only. Suc- 
cessive assembly and disassembly o n l y  compounds the  amount o f  p a r t i c u l a t e  
created. 

Press F i t s  

Press f i t s  generate p a r t i c l e s  dur ing t h e i r  assembly from the r e l a t i v e  
motion o f  the  two h i g h l y  loaded surfaces. These p a r t i c l e s  can be par- 
t i a l l y  removed by cleaning the  joined pa r t s  immediately a f t e r  pressing 
them together, and t h i s  step should be c a l l e d  f o r  on the  subassembly draw- 
ing. D i r e c t i o n  should be g iven i n  the  assembly procedure document t h a t  
the  i n s t a l l a t i o n  o f  press fit, push fit, and threaded valve p a r t s  i n t o  
housing bores should be performed w i t h  the housing inver ted  (bore opening 
po in t i ng  down) so t h a t  assembly-generated contaminants f a l l  away from the 
component ra the r  than i n t o  c r i t i c a l  f l ow  paths. 

Welded, Soldered, and Brazed Jo in t s  

Welded, soldered, and brazed jo in ts ,  i f  l e f t  i n  the as-formed condi- 
t i o n ,  may leave slag, roughness, porosi ty ,  o r  cracks which can generate o r  
t r a p  contaminants. The use o f  such j o i n t s  should be minimized i n  h igh  
pressure oxygen components. When the  use o f  welds cannot be avoided, they 
should a t  l e a s t  be spec i f i ed  as f u l l  penetrat ion so t h a t  a l l  contact ing 
surface area i s  jo ined t o  prevent entrapment o f  pa r t i cu la tes  and e l im ina te  
uncleanable b l i n d  surfaces. Exposed weld surfaces should then be ground 
t o  a smooth f fn i sh  t o  enhance cleaning. 



r Threading generates 
contaminants 

Flow stream 

Smooth shaft seals 
before threads engage 

Separate locking nut Barrler seal ring 
protects flow stream 
from thread-generated 
contaminant, 

Figure 32. - Threaded assembly generates contaml nant . 
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Burrs - 
Removal of burrs and sharp edges i s  c r i t i c a l  i n  h igh  pressure oxygen 

systems. Accomplishing t h i s  i n  small-diameter i n t e r n a l  passageways a t  the 
i n te rsec t i on  o f  cross d r i l l s  i s  a comnon problem. The best r e s u l t s  hav6 
been obtained w i t h  small, motorized gr ind ing  t o o l s  and w i t h  e l e c t r i c a l  d i s -  
charge machi nS ng (EDM) . 

Lubr icants 

Lubricants should be used wherever necessary t o  reduce abrasion and 
damage t o  seals during assembly and t o  enhance the  sea l ing  o r  s l i d i n g  o f  
pa r t s  operat ional ly .  Care should be taken, however, t o  apply lubr icants  
l i g h t l y  and t o  remove excess t o  prevent f u t u r e  migrat ion. Only approved 
batch / lo t  tested lubr icants  should be used, such as ba tch-cer t i f ied  Krytox 
240 AC o r  Braycote 3L-38RP. It should be noted tha t ,  although such ap- 
proved lubr icants  are i d e n t i f i e d  as oxygen compatible, they can react w i t h  
oxygen when system design 1 i m i  t s  on temperature, pressure, o r  pressure 
r i s e  ra tes  are exceeded. 



INSPECT ION REQUIREMENTS 

This design guide points out design, assembly, and contamination prob- 
lems tha t  should be avoided i n  high pressure oxygen systems. The problems, 
t h e i r  causes, and the means of avoiding them are treated i n  considerdble 
de ta i l  i n  the sections on design requirements. The design guide1 ines re-  
comnended i n  t h i s  document should be reviewed and applicable features 
incorporated whenever possible. However, even incorporation o f  as many as 
possible i s  no guarantee against errors. Therefore, special inspection 
procedures should be used t o  i d e n t i f y  cer ta in  problems tha t  are po ten t i a l l y  
dangerous t o  oxygen systems. 

The problems tha t  tend t o  increase the i g n i t i o n  hazard i n  high pres- 
sure oxygen systems and, a t  the same time, lend themselves t o  inspection 
are 1 i s ted  below, along wi th  the recomnended inspection methods. These ad- 
d i t i o n a l  inspection requirements w i  11 increase the overal l  re1 i a b i  1 i t y  o f  
the system and should be imposed whenever feasible. These addi t ional  i n -  
spection procedures should be used i n  conjunction with, not i n  place of, 
inspect ion procedures normally used t o  v e r i f y  component in tegr i t y ,  clean1 i - 
ness, and conformance t o  spec i f ica t  ions. 

Thin Walls 

Radiography (X-ray) i s  a most ef fect ive inspection method f o r  imagtng 
and measuring t h i n  walls. Preparation o f  a c lear p l as t i c  block f i gu re  
containing a1 1 the passageways i s  a useful inspection a id  f o r  v isual  i z i n g  
distances and to1 erances be tween passageways. An example o f  a machined 
p l a s t i c  block i s  shown i n  f igure 33. Such a block would also a i d  i n  v isual-  
i z i n g  the X-ray view required. 

B l ind  Passages or Dead End Cavit ies 

Often a dead end cav i t y  i s  the unintended resu l t  o f  an ove rd r i l l .  
X-ray i s  an excel lent  inspection method f o r  imaging and measuring dead end 
cav i t ies .  There i s  also some potent ia l  f o r  imaging meta l l i c  debris i n  the 
cav i t y  using the X-ray method. Visual examination i s  another excel lent 
method for  f inding dead end cav i t i es  where holes are large enough f o r  a 
borescope t o  be inserted. 

Feathered Edges and Machine Burrs 

Visual inspection i s  the most e f fec t i ve  means o f  detecting feathered 
edges and machine burrs when a borescope can be inserted. X-ray has some 
potent ia l  f o r  detect ing these conditions, but i t  i s  1 imfted by o r ien ta t ion  
considerations and the general ly large overal l  thickness o f  the par t  com- 
pared t o  tha t  o f  feathered edges or  burrs. 



ORIQtNAL PAGZ IS 
OF POOR QUALITY 

Figure 33.- Machined plastic block. 



Seal and F i l t e r  Placement 

Improper placement o f  seals, such as revers ing the p o s i t i o n  o f  seals 
and backup r ings,  can r e s u l t  i n  ex t rus ion  o f  the  seal o r  p a r t i c u l a t e  mat- 
t e r  i n t o  the  oxygen flow. X-ray i s  q u i t e  e f f e c t i v e  i n  imaging m e t a l l i c  . 
seals, backup r ings, and f i l t e r s ,  wh i l e  neutron radiography i s  exce l len t  
f o r  imaging hydrogen-beari ng nonmetal 1 i c  seals and backup r i  ngs. 

Debris 

Debris i s  p a r t i c u l a t e  matter t h a t  can cause impact heat ing when 
ca r r i ed  by a h igh  v e l o c i t y  gas stream o r  f r i c t i o n  heat ing when entrapped 
between s l i d i n g  su r f  aces. Where a borescope can be inserted, v isua l  i n -  
spect ion i s  the most e f f e c t i v e  means o f  de tec t ing  debr is .  X-ray has some 
p o t e n t i a l  f o r  detect ing l a rge r  metal 1 i c  pa r t i c l es ,  although ove ra l l  p a r t  
thickness i s  a l i m i t i n g  fac to r .  Neutron radiography can be used t o  detect  
hydrogen-bearing nonmetal 1 i c  debris, but  agafn ove ra l l  pa r t  thickness i s  
a l i m i t i n g  factor, although not  as pronounced as f o r  X-ray detect ion o f  
m e t a l l i c  debris. Neutron rays are not  absorbed by the metal housing as 
r e a d i l y  as X-rays. A t h i r d  means o f  de tec t ing  debr is  o r  loose p a r t i c l e s  
i s  t o  v i b r a t e  the p a r t  w i th  acoust ic sensors attached t o  the housing. In -  
spect ions fo r  debr is  should be performed a f t e r  c leaning and could even be 
considered a f t e r  assembly as a f i n a l  v e r i f i c a t i o n  o f  system clean1 iness. 



RE INSPECTION RECOMMENDAT IONS 

Oxygen components and systems should be p e r i o d i c a l l y  reinspected t o  
ensure t h a t  safety and component i n t e g r i t y  are maintained during the  l i f e  
o f  the system. Determination o f  system and component re inspect  ion i n t e r i  
va ls  has proved t o  be a  complex task. Detai led knowledge of construct ion 
materials,  pressure levels,  the use environment, and the service the sys- 
tem i s  performing must be applied. For example, a  system tha t  supplies 
h igh pressure oxygen t o  f l i g h t  hardware i s  reinspected w i t h  greater f r e -  
quency and i n  greater d e t a i l  than i s  a  low pressure oxygen system i n  a 
f a c i l i t y  welding shop. 

I n  es tab l ish ing  the re inspect ion in terva ls ,  t he  fo l lowing items 
should be considered. 

a) Routine disassembly and reassembly o f  p ip lng  systems inva r iab l y  i n -  
creases the l e v e l  o f  system contamination because pa r t i cu la tes  are 
generated. 

b) Sampling o f  an assembled system or  component f o r  gasborne contami- 
nants y i e l d s  on ly  l i m i t e d  data on the  i n t e r n a l  c leanl iness o f  the o v e r a l l  
system because the a b i l i t y  o f  f lowing gases t o  en t ra in  pa r t i cu la tes  i s  a  
func t ion  o f  p a r t i c u l a t e  mass and iden t i t y ,  gas f low ve loc i t y ,  gas viscos- 
i t y ,  system configurat ion, and other factors.  We must emphasize t h a t  t h i s  
method of system sampling cannot be d i r e c t l y  cor re la ted w i th  the  c l e a n l i -  
ness o r  contaminat ion  o f  i n te rna l  component or  system s u r f  aces. 

C) The re inspect ion p lan  ,must address the design serv ice  l i f e  o f  com- 
ponents. It must i d e n t i f y  problems associated w i th  anomalous component be- 
havior  (such as chat te r  i n  check o r  r e l i e f  valves, valve i n t e r n a l  leakage, 
and regu la tor  pressure cont ro l  i ns tab i  1  i t i e s )  and address the d i spos i t i on  
o f  these problems. 

d )  Addi t ional  i n s i g h t  regarding system contaminat i o n  l eve ls  can be 
gained through systematic Inspect i on  o f  components (e .g., transducers, 
f l e x  hoses, r e l i e f  valves, f i l t e r s )  removed f o r  ca l i b ra t i on ,  proof- 
tes t ing ,  o r  pe r iod i c  maintenance. 

Rever i f  i c a t i o n  o f  clean1 iness l e v e l s  I n  components and systems t h a t  
have been i n  service i s  the subject o f  Section 8, Cleaning Requirements. 



7. COMPONENT AND SYSTEM-LEVEL TEST REQUIREMENTS 

OBJECTIVES 
d 

The main object ives o f  i nd i v idua l  component and system-level t e s t i n g  
are t o  inves t iga te  the performance and operat ing cha rac te r i s t i cs  o f  the 
i nd i v idua l  components, and t o  then inves t iga te  the e f f e c t s  o f  t h e i r  
i n t e r a c t  i on  when assembled and operated as a system. Component t e s t i n g  
evaluates and v e r i f i e s  t h a t  the spec i f ied  func t iona l  performance, 1 i f e ,  
r e l i a b i l i t y  and sa fe ty  are sa t is f ied ;  whi le  system-level t e s t i n g  s a t i s f i e s  
the same purpose a t  the higher assembly leve l .  Some system components 
such as l ines,  connectors, flanges, and sensors are tested f o r  the f i r s t  
t ime a t  the system leve l .  A f u r t h e r  ob jec t i ve  o f  system-level t e s t i n g  i s  
t o  def ine the range o f  condit ions encountered by each component as the 
system i s  operated over i t s  f u l l  spec i f ied  operat ing range, and t o  ver- 
i f y  t h a t  the i nd i v idua l  component spec i f i ca t i ons  meet these condi t ions 
s a t i s f a c t o r i l y .  

TYPES OF TESTING 

Three types of component and system-level t e s t i n g  are o f  i n t e r e s t  - 
engineering development tests, q u a l i f i c a t i o n  tests,  and acceptance tes ts .  

Engineering Development Tests 

The complete range o f  f unc t i ona l  requirements, the e n t i r e  spectrum of 
imposed environmental condit ions, and the  f u l l  l i f e  c a p a b i l i t y  of the com- 
ponents and system should be demonstrated i n  engineering development 
tes ts .  Hardware o f  the  highest f i d e l i t y  poss ib le  should be used and the 
t e s t s  should be done w i t h  oxygen. The purpose o f  these t e s t s  i s  t o  come 
t o  a f u l l  understanding o f  the  performance o f  the component and system 
over the f u l l  s p e c i f i c a t i o n  range wh i le  i t  i s  s t i l l  poss ib le  t o  change the  
hardware. Engineering development t e s t s  are not  burdened w i t h  the  r i g o r -  
ous d i s c i p l i n e  o f  f u l l  q u a l i t y  con t ro l  coverage. Sa t i s fac to ry  engineering 
development t e s t s  o f  adequate scope can help t o  guarantee a successful 
formal qua1 if i c a t  i o n  program. 

Consideration should be given t o  running selected o f f - l i m i t s  t e s t s  t o  
determine the rea l  1 i m i t s  o f  the components and system. Such t e s t i n g  may 
be p a r t i c u l a r l y  valuable where hardware performance margins are not  known, 
where s ing le  p o i n t  f a i l u r e s  may ex i s t ,  o r  where uncer ta in ty  e x i s t s  i n  the 
spec i f  i c a t  ions. 

Q u a l i f i c a t i o n  Tests 

These components and systems must demonstrate under f u l l  q u a l i t y  con- 
t r o l  d i s c i p l i n e  t h e i r  f unc t i ona l  performance enabl ing them t o  withstand 
the poss ib le  stresses and t o  meet the  environmental condi t ions o f  t h e i r  ap- 
p l i c a t i o n ,  t h e i r  l i f e  expectancy, and t h e i r  sa fe ty  and r e l i a b i l i t y .  Q u a l i -  
f i c a t i o n  t e s t s  are performed on hardware of the  h ighest  poss ib le  f i d e l i t y  



with the t e s t  system arranged as close t o  the actual conf igurat ion as pos- 
sible. These tes ts  must be run wi th oxygen. The component or system i s  
always subjected t o  a formal acceptance t es t  as the i n i t i a l  po r t ion  o f  the 
qua1 i f i c a t i o n  tes t .  e 

Higher leve l  qua l i f i ca t ion  test ing,  o f ten ca l led ve r i f i ca t i on  tes t -  
ing, i s  f requent ly done on an oxygen system t o  v e r i f y  tha t  i t  integrates 
sa t i s f ac to r i l y  wi th other vehic le systems. An example i s  an integrated 
vehicle tes t  i n  which the system software i s  ve r i f i ed  t o  operate the sys- 
tem sa t i s fac to r i l y .  Other examples are large-scale vibro-acoustic and 
thermal tests.  

Acceptance Tests 

I n  acceptance test ing, the component or the as-bu i l t  system must dem- 
onstrate tha t  i t  meets funct iona l  requirements, i s  safe, and i s  compatible 
wi th oxygen as i t s  working f lu id .  

GENERAL SYSTEM TEST REQUIREMENTS 

Several considerations are common t o  a l l  three types o f  component and 
system-level test ing.  

The f i d e l i t y  of both the hardware and the t es t  system geometry should 
be a t  the highest leve l  possible f o r  a l l  tests. 

Clean1 i ness i s  c ruc ia l  i n  oxygen components and systems. Extreme 
care must be taken t o  ensure tha t  a71 corn onents have been cleaned by 
approved procedures, t ha t  the system has LIZ en assembled fo l  1 owing approved 
procedures, and tha t  i t s  cleanl iness has subsequently been ver i f fed as 
meeting the standards f o r  gaseous and 1 i qu id  oxygen usage. See sections 
6 and 8 o f  t h i s  handbook f o r  recomnended inspection and cleaning standards 
and procedures. 

A l l  f l u i d s  t o  be pu t  i n t o  the t es t  system must f i r s t  be sampled from 
the ground service equipment and analyzed t o  v e r i f y  acceptable qua l i ty .  
A l l  f lu ids  introduced i n t o  the t es t  system f o r  system-level tes ts  must be 
f i 1 tered t o  an approprlate leve l  a t  the system-loading interface. The 
ground system f i l t e r s  must be as f ine as or f i n e r  than the f i nes t  onboard 
f i l t e r  t o  keep from loading i n t o  the system part iculates tha t  would reduce 
the capacity and l i f e  o f  the f l i g h t  system f i l t e r s .  Af ter  the test ,  sam- 
ples of f l u i d s  should be removed from the t es t  system f o r  analysis and f i l- 
t ra t ion.  These tes ts  should detect any change i n  f l u i d  propert ies o r  deg- 
radation i n  f l u i d  qua l i t y .  They should also detect any pa r t i c l es  picked 
up by the f l u i d  which may indicate fa i lure,  inc jp ient  fa i lu re ,  or design 
problems w i th in  the system. 

As a cryogenic l i q u i d  i s  loaded i n to  a tes t  system, care must be 
taken t o  avoid excessive thermal shock and t o  prevent pressure vessel im-  
p losion due t o  pressure collapse. 



Care must also be taken t o  v e r i f y  t h a t  i n s u l a t i o n  i s  proper ly  i n -  
s t a l l e d  on cryogenic areas t o  prevent excessive i c e  bui ldup on the t e s t  
system. 

A l l  ground service equipment should be c a r e f u l l y  assessed t o  v e r i f y '  
i t s  adequacy t o  support the t e s t  requirements under both normal and cont in-  
gency operat ions. 

Test designers must v e r i f y  t h a t  any non f l i gh t  hardware o r  instrumen- 
t a t i o n  used i n  component or  systems t e s t i n g  does not  compromise the t e s t  
object ives o r  system safety. I n  pa r t i cu la r ,  i f  any instrumentat ion such 
as a pressure transducer i s  connected i n t o  the system by a tube stub, the 
t e s t  d i rec to r  should ensure t h a t  the  o r i e n t a t i o n  o f  the tube does not 
cause i t  t o  act as a contaminant c o l l e c t i o n  point,  t h a t  the tube stub does 
not become an acoustic heat ing c a v i t y  source, t h a t  the  po ten t ia l  f o r  cav- 
i t y  compression heating i s  minimized, and tha t  the  instrument i s  supported 
t o  avoid v i b r a t i o n  f a i l u r e .  

TEST PROGRAM CONTENT 

Much o f  the recommended t e s t  program content f o r  engineering develop- 
ment tests,  q u a l i f i c a t i o n  tests, and acceptance t e s t s  i s  the same f o r  both 
i nd i v idua l  components and f o r  system-level tests.  

Enqineerinq development tes ts  should include the fo l l ow ing  as a 
minimum. 

1. Pretest  f low and func t iona l  v a l i d a t i o n  tests,  inc lud ing t e s t s  of 
instrumentat ion operation. These t e s t s  t o  v e r i f y  t h a t  the t e s t  system and 
components are operat ing c o r r e c t l y  should be performed w i th  a clean i n e r t  
f l u i d .  

2. Stress test ing.  These tes ts  exercise the  system over the e n t i r e  
combined range o f  t e s t  parameters (pressure, temperature, f low), concen- 
t r a t i n g  on those combinations o f  parameters which produce the worst system 
stress. Stress tes t i ng  can be accomplished by operat ing the  component a t  
t e s t  pressures t h a t  exceed the highest pressure and temperature expected 
i n  operat ion by a t  l eas t  10 percent. F a c i l i t y  and ground support equip- 
ment should be chosen so t h a t  i t s  maximum allowable working pressure 
(MAWP) i s  s u f f i c i e n t l y  above planned use leve ls  t o  a l low a 25-percent t e s t  
pressure margin and s t i l l  be below the MAWP. I n  addit ion, f l i g h t  equip- 
ment should be exposed t o  a pneumatic surge (gaseous impact) a t  leas t  
twice the r a t e  it i s  expected t o  experience i n  use. Pressure r i s  ra tes  
from 20,000 t o  100,000 l b  per i n2  per  second (140 t o  690 MH per per 
second) are commonly used. A rap id  pressure surge can, by the process o f  
adiabat ic  compression o f  the oxygen, heat i n t e r n a l  s o f t  goods o r  assembly- 
generated contaminants t o  t h e i r  i g n i t i o n  temperatures. I f  a component 
passes t h i s  t e s t  phase, user confidence should be s i g n i f i c a n t l y  enhanced. 

r s  t p s t s  must be ~ e r f o r f w d  using oxyqen. These t e s t s  demonstrate the 
a b i l i t y  of the  component o r  system t o  operate over the  required range of 
parameters s a t i s f a c t o r i l y ,  and w i th  some safety margin. 



3. Environmental test ing.  These tests expose the component o r  sys- 
tem, both operating and nonoperating, t o  the appl icat ion's ex ected range 
o f  environmental conditions (temperature, pressure (o r  vacuum , humidity, 
sand and dust, rain, acoustics, v ibra t ion) .  Environmental t es t  

P 
s must be 

performed wi th oxyqen i n  the system. These tes ts  demonstrate the a b i l i t y  
' 

of the component or  system t o  operate sa t i s f ac to r i l y  i n  the expected envi- 
ronment. 

4. L i f e  cycle tests. These tes ts  t o  assure that  the system w i l l  
l a s t  the planned l i f e t ime  may include mechanical cycles, thermal cycles, 
pressure cycles, and load cycles. Thpcp tgqts rwd. be mrforugd wi th oxv- 
qen. The number o f  cycles t o  be performed i s  determined from the 
ant ic ipated use. For f l i g h t  equipment, the number o f  t es t  cycles i s  t y p i -  
c a l l y  speci f ied t o  be 4 times the expected l i f e  cycles for  each opera- 
t i ona l  mode. For f a c i l i t y  and ground support equipment, which i s  usual ly  
designed and constructed f o r  longer l i f e  and a greater fac tor  o f  safety 
than f l i g h t  equipment, the number o f  cycles i s  t yp i ca l l y  l im i ted  t o  tha t  
required t o  demonstrate funct ional  i t y  and oxygen compatibil ity; however, 
a s t a t i s t i c a l l y  s ign i f i can t  number o f  cycles should be performed i n  each 
operational mode. Experience indicates tha t  50 cycles i n  each mode should 
iden t i f y  inherent operational problems. 

5. Posttest f low and funct iona l  va l idat ion tests.  These tests t o  
i d e n t i f y  any changes i n  component or  system performance resu l t ing from the 
t e s t  program o r  from exposure t o  oxygen should fo l low the same procedures 
used f o r  the pre test  f low and funct ional  val idat ion. 

6. Disassembly and inspection. After the engineering development 
tes ts  have been completed, system components should be examined i n  d e t a i l  
t o  iden t i f y  evidence o f  damage, wear, fa i l u re ,  o r  i nc ip ien t  fa i l u re .  Spe- 
c i a l  a t tent ion should be di rected t o  the condit ion o f  so f t  goods and the 
presence of contamination. Sources o f  any observed contaminat ion should 
be thoroughly investigated. I n  t h i s  manner, anomalies such as f r e t t i ng ,  
overstressing, and other func t iona l l y  introduced f a i l u res  can be iden t i -  
f i ed  and corrected before the component i s  put i n t o  use. 

Qua1 if ica t i on  tes ts  should always begin wi th the approved acceptance 
test .  Thereafter, the aua l i f i ca t i on  t e s t  program should be as described 
for  the engineering development tests. Qua l i f i ca t i on  tests, o f  course, 
are conducted under the d i sc i p l i ne  o f  f u l l  conffgurat ion control, deta i led 
t e s t  procedures, and speci f ied pass/ fa i l  c r i t e r i a .  A l l  aua l i f i ca t ion  
t ests ( e XCPD t the D r etest  flow and functional val idat ion) nntst be ~ e r -  
formed usina oxvQen, 

Acceptance tes ts  should include the fo l lowing as a minimum. 

1. Pretest flow and funct ional  evaluation t o  v e r i f y  tha t  the compo- 
nent or system i s  operating correct ly ,  meets specifications, and has the 
same performance character is t ics  as the qua1 i f  i ca t i on  can onent o r  system. 

ness standards. 
R This evaluatlon should be conducted w i th  an i n e r t  f l u i d  t a t  meets c1eanliL 



2. Flow and func t iona l  tests ,  inc lud ing  l i m i t e d  cyc le  tes t i ng ,  us ing 
oxygen t o  v e r i f y  system compa t ib i l i t y .  Cycle t e s t i n g  should be an abbre- 
v ia ted  vers ion  o f  the q u a l i f i c a t i o n  t e s t  procedure. To ensure safety and 
func t i ona l i t y ,  pressure and temperature leve ls  should exceed the maximum 
ant ic ipa ted  use levels .  The number o f  cycles should be on ly  t h a t  needed ' 
t o  demonstrate oxygen compat i b  i 1 ity. Dur i  ng cyc le  test ing,  each component 
should be evaluated f o r  func t iona l  anomalies. 

3. Pos t tes t  f l ow  and func t iona l  evaluat ion using oxygen. 

TEST PROGRAM EVALUATION 

I n  a l l  tests ,  spec ia l  a t t e n t i o n  should be paid t o  the de tec t ion  o f  po- 
t e n t i a l l y  dangerous character is t ics--pressure surges, sustained pressure 
o s c i l l a t i o n s ,  standing acoustic waves i n  c a v i t i e s  o r  b l i n d  passages, valve 
o r  regu la to r  chat ter ,  f r i c t i o n a l  contact of component parts,  e t c .  

Any time an anomaly i s  detected, the system o r  component should be 
disassembled and inspected t o  determine the co r rec t i ve  ac t i on  t h a t  must be 
taken. 

Any discrepant o r  anomalous hardware must be subjected t o  an estab- 
l i shed  system o f  con t ro l l ed  review, rework, and re inspect ion before it i s  
considered f o r  reuse. 



8. CLEAN ING REQUIREMENTS 

Clean1 i ness (contami nat ion cont ro l )  i s  c r i t i c a l  i n  oxygen components 
and systems. There are two obvious reasons. F i r s t ,  contamination leve ls  
may be s u f f i c i e n t  t o  cause func t i ona l  anomalies such as leaking valves or  
regulators.  Second, the presence o f  contaminat i o n  can cause i g n i t i o n  o f  
components o r  systems by a v a r i e t y  o f  mechanisms such as p a r t i c l e  impact, 
mechanical o r  pneumatic impact, o r  spontaneous i g n i t i o n .  These mechanisms 
are discussed more thoroughly i n  other pa r t s  o f  t h i s  handbook. 

The cleaning o f  an oxygen system should begin w i t h  disassembly t o  the 
elemental o r  piece p a r t  l eve l .  If cleaning i s  attempted by f lowing solu- 
t i o n s  through a component, vulnerable i n t e r n a l  elements may be damaged by 
the so lu t ions  required t o  c lean the major elements o f  the component. Also 
contaminants and cleaning so lu t ions  may become entrapped i n  component 
recesses and may u l t i m a t e l y  react  w i th  oxygen. When the component has 
been disassembled, the  p a r t s  should be grouped according t o  the method o f  
cleaning. Special c leaning procedures must be developed t o  remove en- 
trapped contaminants. Disassembly also al lows assessment o f  the service- 
a b i l  i t y  of the component elements. If seal ing surfaces are damaged o r  
cracks are observed i n  the m e t a l l i c  parts,  the  component must be repai red 
o r  replaced. Special a t t e n t i o n  should be d i rec ted  t o  the component s o f t  
goods. Damaged o r  worn s o f t  goods should be replaced w i t h  s o f t  goods from 
the same batch if possible. I f s o f t  goods o f  the same batch are not ava i l -  
able, r e q u a l i f i c a t i o n  o f  each component w i t h  the  new batch o f  s o f t  goods 
i s  recommended unless oxygen compatibi 1 i t y  can be establ ished by other  
means. 

Each system and component element must be subjected t o  c leaning 
processes which employ the fo l l ow ing  general techniques. 

Precleani  ng of i nd i v idua l  par ts  must be performed t o  remove contami- 
nants from r e a d i l y  accessible surfaces. The f i r s t  step should be a 
degreasing o f  the surfaces. Nonmetall ics and used m e t a l l i c  par ts  can be 
adequately degreased by  r i n s i n g  w i th  tri c h l o r o t r i f  luoroethane (Freon PCA, 
MIL-C-813026, amendment 1, type 11) ; newly machined pa r t s  and unusual ly 
d i r t y  p a r t s  should be vapor-degreased using t r i ch lo roe thy lene  o r  1,1,1- 
tr ich loroethane.  Caution must be exercised i n  the use o f  vapor degreasing 
since some metals, such as magnesium, could reac t  w i t h  the  degreasing so l -  
vent. Various c leaning so lu t ions  can then be employed i n  conjunct ion w i t h  
u l t rason ics .  Comnonly used cleaning so lu t ions  inc lude the fo l lowing.  

A l k a l i n e  c leaning solut ion, t y p i c a l l y  contains sodium hydroxide, so- 
dium carbonate, sodium metas i l icate, sodium phosphates, and su r f  ace-active 
(wet t ing)  agents. Such so lu t ions  may be used a t  temperatures up t o  1800 F 
(355 K) .  An example i s  Oakite HD126. 

Acid c leaning so lu t ion ,  which t y p i c a l l y  contains phosphoric acid, 
ethylene g l y c o l  monobutyl ether,  and wet t ing  agents. These so lu t ions  may 
be used a t  temperatures up t o  1500 F (338 K) .  Oakite 33 i s  an example. 

M i l d  a l k a l i n e  l i q u i d  detergent, which t y p i c a l l y  contains anionic and 
nonionic surface-act ive agents, che la t ing  agents, and sodium metasi l icate.  



Such a detergent may be used a t  temperatures up t o  1800 F (355 K ) .  Exam- 
p le :  Oakite L iqui -Det  2. 

Rust and scale remover, which t y p i c a l l y  contains sodium hydroxide ( a t  
much h igher  l e v e l s  than i n  an a l k a l i n e  c leaning so lu t ion) ,  sodium carbon: 
ate, sur face-act ive agents, and che la t ing  agents. Such so lu t ions  are used 
from 1600 F (344 K)  t o  bo i l i ng .  Oakite Rustr ipper i s  an example. 

The sequence o f  c leaning so lu t ions  t o  be used depends on the ma te r ia l  
t o  be cleaned. S ta in less  s tee ls  (300 series),  Monel, and Inconel normal ly 
are cleaned i n  a l k a l i n e  s o l u t i o n  and then i n  ac id so lu t ion .  Carbon s tee l  
i s  cleaned by r u s t  and scale remover, i f  required, fol lowed by a l k a l i n e  so- 
l u t i o n .  Copper and brass are cleaned i n  a l ka l i ne  s o l u t i o n  and b r i e f l y  i n  
acid. Aluminum i s  cleaned i n  l i q u i d  detergent. S o f t  goods are cleaned i n  
l i q u i d  detergent except f o r  Teflon, which may be cleaned i n  a l k a l i n e  solu- 
t i o n  fo l lowed by acid. Other specia l ized mater ia ls  may requ i re  d i f f e r e n t  
sequences, and considerat ion must be given t o  metals '  r e a c t i v i t y .  Other 
spec ia l i zed  so lu t ions  such as p i c k l i n g  o r  metal-br ightening (chromic ac id )  
so lu t ions  may a lso be employed. A thorough water r i n s e  between c leaning 
so lu t ions  i s  mandatory. Fol lowing the l a s t  water r inse,  the par ts  should 
be flushed w i t h  isopropyl  alcohol, then Freon PCA. During the  e n t i r e  
c leaning process, the pa r t s  should be v i s u a l l y  inspected and mechanically 
cleaned when necessary. Visual inspect ion should be requ i red  before f i n a l  
c l  eani ng s ince gross chemical contami nat ion cannot be removed i n  f i n a l  
cleaning. 

The precleaned pa r t s  should then be moved t o  a c lean room. We have 
found t h a t  a Class 100 laminar flow environment, as def ined i n  Federal 
Standard 209B, i s  adequate. F i n a l  cleaning, sampling, and analys is  i s  
performed by r i n s i n g  each p a r t  w i t h  Freon PCA, then sampling the r i n s e  
f l u i d .  Soaking i n  an u l t r a s o n i c  Freon PCA bath may be necessary t o  remove 
pa r t i cu la tes .  The volume o f  r i n s e  f l u i d  re ta ined f o r  sampling and anal- 
y s i s  i s  d i r e c t l y  r e l a t e d  t o  the r insed p a r t  surface area; e.g., 100 m l / f t 2  
(1080 mllm2). The r i n s e  f l u i d  i s  f i l t e r e d  t o  ascer ta in  the  p a r t i c u l a t e  
contarninant leve7s; then the f l u i d  i s  subjected t o  chemical analys is  f o r  
determinat ion o f  t o t a l  hydrocarbon content. 

Add i t iona l  in fo rmat ion  may be obtained from app l icab le  sect ions o f  
JSCM-5322B, 1982, "JSC Contamination Control Requirements Manual ." 

A t y p i c a l  p a r t i c u l a t e  spec i f i ca t ion  t h a t  has been found t o  be adequate 
f o r  oxygen systems i s  shown i n  the fo l l ow ing  table. 



MAXIMUM ALLOWABLE PARTICULATES PER SQUARE FOOT 
(PER SQUARE METER) OF CRITICAL SURFACE 

P a r t i c l e  s ize  range Max imum Per Sq. 
( P ~ P  guant i t~ meter 

No s i l t i n g  None 
permit ted 

F iber  length (uml 

I n  addit ion, a t o t a l  hydrocarbon content (THC) assessment should be 
performed i n  1 ieu o f  the normal ly spec i f ied  nonvo la t i l e  residue (NVR) as- 
sessment. Determination of THC permits a q u a l i t a t i v e  as we l l  as a quant i -  
t a t i v e  measure o f  the e f f e c t i v  ness o f  the cleaning process. Since the  5 THC 1 i m i t  of 3 pg / f t2  (32 ug/m ) o f  cleaned surface area (based on a 100- 
ml sample o f  f l ush ing  f l  i d )  i s  f a r  more s t r i ngen t  than the normal NVR B s p e c i f i c a t i o n  o f  1 mg/ft  (11 mg/m2), users o f  t h i s  THC process can be 
b e t t e r  assured t h a t  t h e i r  hardware i s  e s s e n t i a l l y  f r e e  o f  nonpart i c u l  a te 
contaminants . * 

Experience has shown t h a t  approximately one-half o f  a l l  p a r t s  cleaned 
w i l l  f a i l  t o  meet e i t h e r  the  p a r t i c u l a t e  o r  the THC s p e c i f i c a t i o n  on the 
i n i t i a l  sampling; consequently, recleaning i s  requi red u n t i  1 a1 1 p a r t s  
pass both spec i f  i c a t  ions. 

A f t e r  a p a r t  has been cleaned t o  these spec i f i ca t ions ,  i t should be 
bagged by i t s e l f  i n  FEP Tef lon  f i l m .  The Tef lon used f o r  bagging oxygen 
system p a r t s  should be as c lean as the  i tem being packaged. Tef lon  has 
been chosen f o r  the i n i t i a l  packaging o f  oxygen system pa r t s  over such a l -  
t e r n a t i v e  mater ia ls  as polyethylene and nylon because i t s  surface i s  r e l a -  
t i v e l y  nonshedding, it i s  more e a s i l y  cleaned, and i t i s  more oxygen com- 
p a t i b l e .  Some drawbacks o f  Tef lon are i t s  h igh cost, i t s  tendency t o  de- 
velop an e l e c t r o s t a t i c  charge which a t t r a c t s  par t i c les ,  and i t s  permeabil- 
i t y  t o  water. To reduce p a r t i c u l a t e  contamination, the  p a r t  i s  sealed i n  
the Tef lon  bag whi le  i n  the  f i n a l  c leaning area ( laminar f l ow  c lean room) 
us ing a specia l  heat sealer. The Tef lon  bag i s  then covered w i t h  a po ly -  
ethylene outer  bag which i s  heat sealed. This outer  bag p ro tec ts  the 
Tef lon  and the  p a r t  from abrasion, s t a t i c a l l y  a t t rac ted  p a r t i c l e s ,  and 
moisture. A l abe l  should be a f f i x e d  t o  each bagged p a r t  t o  document the 
clean1 iness l e v e l  achieved. 

* pm i s  micrometer. pg i s  microgram. mg i s  m f l l  igram. 



After system and component disassembly and cleaning, reassembly of 
components and systems must be s t r i n g e n t l y  cont ro l led  t o  assure t h a t  the  
achieved c lean l  iness l eve ls  are not compromised. A1 1 components requ i r i ng  
reassembly (such as valves, regulators,  and f i l t e r s )  should be reassembled 
i n  a f i l t e r e d - a i r  environment such as a Class 100 c lean room or  f low 
bench. Personnel should be p roper l y  a t t i r e d  i n  clean room garments and 
gloves. A l l  t oo l s  t h a t  contact component i n te rna l  must be cleaned t o  the 
spec i f ied  levels.  Only approved lub r i can ts  such as batch-cert  i f  ied  Krytox 
240 AC o r  Braycote 3L-38RP should be used, and then sparingly. Bear i n  
mind tha t  lubr icants,  a1 though i d e n t i f i e d  as oxygen compatible, can reac t  
w i th  oxygen when system design temperature, pressure, o r  pressure r i s e  
r a t e  l i m i t s  are exceeded. Also, a l ub r i can t  can migrate i n t o  an area t h a t  
should not be lubr icated,  thereby causing func t iona l  anomalies (such as 
regulator  cont ro l  mechanisms t h a t  f a i l  t o  respond proper ly  because o f  con- 
taminat ion by excess lub r i can t ) .  

Reassembly o f  systems should be accomplished i n  a manner which mini -  
mizes contamination o f  the system. Some techniques commonly employed i n -  
clude bui ldup o f  the system as subassemblies using the same techniques as 
fo r  components ( f i  l t e r e d - a i r  environment, etc .) . When the s ize o r  loca- 
t i o n  o f  a system precludes t h i s  pract ice,  a low pressure purge of the sys- 
tem by a clean i n e r t  gas dur ing reassembly o r  a por table clean t e n t  can be 
used t o  reduce contami nation. 

After t he  system has been reassembled, a pressure i n t e g r i t y  and leak 
t e s t  should be performed, using an appropr iate ly  f i l t e r e d  i n e r t  gas t h a t  
has been analyzed f o r  contaminants. Then the system should be purged w i th  
a h igh pressure, h igh volume c lean i n e r t  gas i n  an attempt t o  mobi l ize and 
remove any p a r t i c l e s  generated dur ing reassembly. A f t e r  t h i s  purge o r  
Hblowdown," the system may be vented, then pressurized w i th  oxygen. It i s  
a good p rac t i ce  t o  perform the  f i r s t  oxygen pressur izat ion o f  a system by 
remote contro 1 since i g n i t i o n  o f  assembly-generated contaminants can occur. 

System c lean l  iness v e r i f i c a t i o n  and r e v e r i f  i c a t i o n  procedures should 
be performed whenever s ign i f i can t  disassembly and reassembly has occurred 
o r  contamination i s  suspected. Also, i f  the  oxygen system contains com- 
ponents w i th  a h i s t o r y  o f  in-serv ice f a i l u r e ,  appropriate t raps (e .g . , 
f i l t e r s )  o r  other  easi l y  analyzed components should be removed, inspected, 
and rep1 aced p e r i o d i c a l l y  . 

Oxygen systems can be sampled f o r  gasborne pa r t i cu la tes  by at taching 
a f i l t e r  t o  each o u t l e t  o f  the t e s t  system and then f lowing a clean i n e r t  
gas o r  oxygen through the  f i l t e r  as f a s t  as i s  possible without exceeding 
the maximum al lowable working pressure f o r  e i t he r  the f i l t e r  o r  the  sys- 
.tem. A b e t t e r  measure o f  the  systemis a b i l i t y  t o  d e l i v e r  oxygen of a de- 
s i red  c leanl iness can be taken i f  the  sample f low r a t e  exceeds the sys- 
tem end-use f l ow  ra te .  The quan t i t y  and s ize as we1 1 as the  type of par- 
t i c u l a t e  can be determined by performing a chemical/metal l u r g i c a l  anal- 
y s i s  of t he  trapped pa r t i c les .  

Gasborne p a r t i c u l a t e  analys is  i s  c o m n l y  used on a gas sampling vo l -  
ume of 35 standard cubic f e e t  (1 cubic meter). Using a standard volume 
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permi ts  d i r e c t  comparison w i t h  o ther  gasborne p a r t i c u l a t e  samples; how- 
ever, t h i s  method o f  system sampling i s  not d i r e c t l y  c o r r e l a t i v e  t o  the 
sampling of i n t e r n a l  component o r  system surf aces. 

I 

Oxygen systems can be sampled f o r  surface-borne p a r t i c u l a t e s  and 
hydrocarbons, halocarbons, and other  nonvolat i  l e  residue by removing sys- 
tem l i n e s  o r  components tha t  lend themselves t o  contamjnant entrapment, 
e i t h e r  by p o s i t i o n  o r  design (e.g., a system low p o i n t  o r  a f i l t e r i n g  
device) and subject ing the l i n e s  o r  components t o  sampling and analysis.  
Speci f ic  solvents may be used t o  separate selected mater ia ls ;  e.g., carbon 
t e t r a c h l o r i d e  may be used t o  d issolve halocarbon o i l  wi thout  a lso  m b -  
i l i z i n g  Krytox o r  Braycote lubr icants .  A f t e r  a l i n e  o r  component has 
been flushed o r  v i s u a l l y  inspected, it should be recleaned before it i s  
r e i n s t a l l e d  i n  the oxygen system. 

I n  summary, whi le  c lean l iness  w i l l  not make a poor ly  designed fab- 
r i c a t e d  system safe, contamination can cause the best systems and compo- 
nents t o  be hazardous. 



9 .  SUMMARY 

Much ana ly t i ca l  and experimental work has been done i n  recent years 
t o  broaden the understanding o f  the i g n i t i o n - t r i g g e r i n g  mechanisms and * 

physical combustion processes o f  metal 1 i c  and nonmetal 1 i c  mater ia ls  i n  
pure oxygen environments. However, because o f  the imnense complexity o f  
t h i s  many-faceted problem, 1 i t t l e  headway has been made i n  developing 
ana ly t i ca l  models f o r  the design o f  such systems. On the other  hand, major 
progress i n  advancing the a b i l i t y  o f  oxygen systems t o  cope w i th  the de- 
mands f o r  h igher  performance, pressures, temperatures, etc,, has been made 
through the app l ica t ion  o f  empi r ica l  t e s t i n g  o f  mater ia ls  i n  conf igura- 
t i o n s  represent ing t h e i r  intended uses and through the use o f  design tech- 
niques which pro tec t  o r  sh ie ld  the mare suscept ib le nonmetal l ics from d i -  
r e c t  impingement o r  i n te r face  w i t h  t h e  oxygen. This handbook, there fore  
i s  an attempt t o  document the p r a c t i c a l  ' s ta te -o f - the-ar t "  which has been 
developed by a s i g n i f i c a n t  element o f  the  Aerospace community i n  recent 
years f o r  the design o f  h igh pressure oxygen systems. 

This handbook presents a unique and usefu l  synopsis o f  a great bulk  
o f  data on the i g n i t a b i l i t y  o f  both m e t a l l i c s  and nonmetal l ics i n  oxygen 
a t  var ious pressure condit ions. The synthesis o f  t h i s  data i s  indeed a 
tremendous t ime saver since i t  al lows the  designer t o  deduce a t  a glance 
the  b e t t e r  performing mater ia ls  f o r  oxygen usage. Furthermore, the 
handbook a1 so presents many examples o f  proven component design features 
along w i t h  i l l u s t r a t i o n s  o f  undesirable features which should be avoided. 
Add i t iona l ly ,  the handbook t r e a t s  the important aspects o f  component and 
systems t e s t i n g  and cleaning and hand1 ing, in fo rmat ion  derived from many 
thousands o f  manhours o f  e f f o r t  d i rec ted  toward the  improvement and perfec- 
t i o n  of manned space vehicles. By c a r e f u l  a t t e n t i o n  and u t i l i z a t i o n  o f  
the recomnended de ta i l ed  component and systems design features prescribed 
herein, along w i th  the adherence t o  the  l i m i t e d  bu t  adequate l i s t  of 
recomnended materials,  the designer should be i n  a good posture t o  avoid 
the  many p i t f a l l s  and problem areas t h a t  have been experienced by others 
I n  the past. When requirements d i c t a t e  the use o f  mater ia ls  not  contained 
on the  recomnended l i s t ,  the deslgner should proceed w i t h  caut ion  and ver- 
i f y  design adequacy by appropriate component and systems conf igura t ion  and 
overstress tes ts .  
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