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ABSTRACT 

The design investigation reported w a s  undertaken in  an attempt to develop 
a zero ieakage ciynamic cryogenic seaio Background tneory, s e a i  evaiuarion, and 
design and development method are discussed, The results  of t h i s  investigation 
indicated that an advake i n  the technology of dynamic cryogenic seals had been 
made; however, further work t o  optimize the  design is feasible  and is recommended, 
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I. SUHMARY 

Candidate cryogenic dynamic seals were t e s t e d  p r i o r  t o  i n i t i a t i n g  M - 1  engine 
con t r ac t  work. 
meet t h e  ze ro  leakage requirements f o r  t h e  H-1  t h r u s t  chamber valves and t h a t  a 
seal development effort would be required,  
developing seals for t h e  H - 1  t h r u s t  chamber valves is presented i n  t h i s  r e p o r t ,  

h o a r  t h i s  t e s t i n g  it w a s  determined that e x i s t i n g  seals would not 

The work accomplished in designing and 

Although two types  of t h r u s t  chamber valves were involved, only t h e  sleeve- 
type  configuration w a s  completely f a b r i c a t e d  and t e s t e d ,  
chamber valve is s b o n  in Figure 1. 
d i f f e r e n t  sizes of l i p s e a l c  w e r e  used to seal high pmssure cywgenic f l u i d s  
( l i q u i d  oxygen and l i q u i d  hydrogen), 
seal (1.25-in. nominal d iameter ) ,  and t h e  o t h e r  was t h e  s leeve-gate  l i p s e a l  
(1l.O-in. nominal diameter). 
because it c o n s t i t u t e d  a major portion of t h e  development e f f o r t ,  
sleeve-gate l i p s e a l  w a s  used i n  t h e  valve as an upper s l eeve  seal which remained 
i n  cons tan t  contac t  with t h e  sleeve and as a lower shut-off  seal which disengaged 
wi th  t h e  s l eeve  during valve opening and re-engaged during valve closure, 

The sleeve-type th rus t  
In  t h e  sleeve-type t h r u s t  chamber valve, two 

One of t h e s e  seals was t h e  ac tua t ing  s h a f t  

This r epor t  d e a l s  pr imar i ly  wi th  t h e  l a r g e r  seal 
This l a r g e  

The seal that showed t h e  best  p o t e n t i a l  for development w a s  a Kel-F flanged 
l i p s e a l .  
T i t an  I l i q u i d  oxygen t h r u s t  chamber valve, 
t i o n  w a s  adapted t o  t h e  M-1 t h r u s t  chamber valve sleeve-gate and s h a f t  f o r  both 
t h e  l i q u i d  oxygen and l i q u i d  hydrogen valves.  
w e r e  achieved for t h e s e  valve seals a t  p re s su res  of up t o  1800 ps ig ;  however, 
t h e s e  leakage rates w e r e  n o t  cons is ten t .  
11-in. seal w a s  approximately 500 cc/min, t h u s  i n d i c a t i n g  t h e  need f o r  design 
refinement. 
sea l ing-sur face  f i n i s h ,  mating-surface, l u b r i c a t i o n ,  and t e s t - f l u i d  contamination, 

The performance of t h i s  l i p s e a l  was w e l l  known from its use i n  t h e  
The Kel-F flanged lipseal configura- 

Leakage rates of less t han  1 cc/mk 

The average leakage rate f o r  t h e  l a r g e  

Also, t h i s  type of s e a l  is very cr i t ical  with respec t  t o  seal q u a l i t y ,  

During t h e  seal development, t h o  optimum seal design became a compromise 
between good s e a l i n g  and s t r u c t u r a l  s t r eng th .  
w e r e  t o o  f l e x i b l e  t o  withstand high pressure.  
t i o n  f a i l e d  s t r u c t u r a l l y  a t  2400 psig. 
incorpora te  a steel  support r i n g  within t h e  seal f lange  inne r  diameter, 
device permit ted s a t i s f a c t o r y  s e a l  performance beyond t h e  requi red  operating 
l i m i t s .  

The b e s t  p ressure-sens i t ive  seals 
Even t h e  b e s t  compromise configura- 

Therefore, t h e  design was modified t o  
This 

The seal sus t a ined  a test pressure  of 3000 p s i g  without s t r u c t u r a l  damage. 

The c o n t r o l  of f r i c t i o n a l  d r a g  is a l i p s e a l  design problem, High u n i t  
p re s su re  is e s s e n t i a l  for good sea l ing  at  t h e  seal contac t  area. A t y p i c a l  seal 
f r i c t i o n  for a 11-in, diameter s e a l ,  using l i q u i d  n i t rogen  as test  f l u i d ,  ranged 
from 200-lb f o r c e  a t  zero  pressure d i f f e r e n t i a l  t o  2300-lb f o r c e  at 1400-psig 
pressure  across  t h e  seal, However, t h e  design wi th  t h e  s teel  backup r i n g  l i m i t s  
seal pressure  s e n s i t i v i t y .  With l i q u i d  n i t rogen ,  t h e  f r i c t i o n  peaked at 1460-lb 
f o r c e  a t  800-psig pressure  and then decreased as t h e  p re s su re  increased. 

The gene ra l  design and development method used was t o  adapt an e x i s t i n g  
seal design f o r  app l i ca t ion  i n  t h e  M - 1  t h r u s t  chamber valve. The seal w a s  t h e n  
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Figure 1 

Thrust Chamber Valve, Sleeve-Type, P/N 705520 
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t e s t e d  t o  determine w h a t  design modifications w e r e  required t o  meet t h e  more severe 
condi t ions  (i,,e*, zero  leakage i n  l i q u i d  oxygen and l i q u i d  hydrogen a t  l e a k  test 
p res su res  up t o  1800 ps ig ) ,  
less than one gas bubble/min a t  standard pressure  and temperature,  which is equiva- 
l e n t  t o  I x 10-3 cc/min. 

Zero leakage f o r  i n t e r n a l  seals was def ined as being 

I1 e INTRODUCTION 

A precont rac t  search coupled w i t h  t e s t i n g  ot candidate dynamic cryogenic 

However, t h e  bas i c  design of t h e  flanged 
seals revealed t h a t  no adequate s e a l  e x i s t e d  for t h e  zero leakage requirements of 
t h e  M - 1  engine t h r u s t  chamber valves,  
seal (Kel-F) used i n  t h e  Ti tan I l iqu id  oxyzen t h r u s t  chamber valve showed devel- 
opment po ten t i a l .  Sea l s  designed f o r  t h o  H - 1  Program included t h e  conf igura t ions  
shown i n  Figure 2 (Configurat ions A ,  B, C, D, and E ) ,  

The purpose of t h e  seal inves t iga t ion  was t o  f i n d  and/or develop a seal wi th  
zero leakage capab i l i t yo  
1 x 10-3 cc/min, 

I n  t h e  M-1 Program, zero leakage was defined as being 

The cross-sect ion and general  conf igura t ion  of t h e  seals designed f o r  t h e  
M - 1  engine t h r u s t  chamber valves  were based upon t h e  ind ica ted  T i t a n  I seals, 
The program approach t o  improve s e a l  performance was t o  test and then  modify t h i s  
design as test results d i c t a t e d ,  
temperature,  cryogenic ( l i q u i d  n i t rogen  and l i q u i d  hydrogen) t e s t i n g  w a s  performed 
t o  eva lua te  t h e  seal i n  its operat ing enviranment, 
t o  modify Ti tan I seals w a s  unsuccessful because t h e  seal stress p a t t e r n s  were too 
complex and material p rope r t i e s  da ta  for Kel-F a t  cryogenic temperatures were t o o  
l i m i t e d  

When a seal design performed w e l l  a t  ambient 

An a n l y t i c a l  design approach 

The development test  r e s u l t s  are summarized and presented herein.  They 
represent  t h e  da t a  co l l ec t ed  during t h e  development t e s t i n g  of t h e  H - 1  engine 
t h r u s t  chamber valve s h a f t  and sleeve-gate seals; however, primary emphasis is 
placed upon t h e  l a r g e r  ( l l - i n a  diameter) s leeve-gate  seal, A more d e t a i l e d  pres- 
e n t a t i o n  of t h e  da t a  and a discussion of test  r e s u l t s  has been provided i n  another  
r e p o r t ( 1 )  0 

111. BACKGROUND THEORY 

In general ,  s ea l ing  theory  is based upon t h e  concept of two material sur -  
faces caming i n  close contac t  t o  prevent t h e  flow of a gas or l i q u i d  between t h e  
two surfaces, 
move aga ins t  each o the r  i n  a shear ing mode, 

I n  a s l i d i n g  valve seal, t h e  two sur faces  continuously touch and 

If t h e  plane,  sphe r i ca l ,  c y l i n d r i c a l  o r  con ica l  su r f aces  t h a t  are i n  con- 
tact are absolu te ly  congruent i n  a mathematical sense,  no f l o w  path e x i s t s ,  
t i g h t n e s s  is a t t a ined  without t h e  u s e  of high contact  forces between t h e  surfaces , ,  

(1) Henson. Flovd M. An Evaluation of Gaskets .  Seals. and J o i n t s  f o r  AerosDace 

Leak 

a 

Hardware, A e r o j e t e l y  
published as a NASA Contractor Report,) 
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If t h e  su r faces  are no t  congruent, or if contamination p a r t i c l e s  are entrapped, a 
geanetric leak  path is  created,  To obta in  a t i g h t  seal, t h e  r e s u l t i n g  c rev ice  must 
be closed under a fo rce  t h a t  is capable of deforming t h e  s e a l i n g  surface and/or t h e  
contaminant p a r t i c l e  u n t i l  an unin ter r rupted  l i n e  of contact is  es tab l i shed  

Conventional manufacturing methods, including t h e  bes t  lapping and diamond 
dus t  po l i sh ing ,  are not  capable of producing a p e r f e c t l y  smooth su r face  of mono- 
molecular dimensions. 
somewhat evenly d i s t r i b u t e d  asperities of var ious he ights  and occasional  random 
dis turbances  (e.g., n i cks  and scratches 1 , 

Instead,  t h e r e  are surface i r r e g u l a r i t i e s  cons is t ing  of 

Fim-dmntal1.y using existing technology and f a b r i c a t  ion techniques t h e r e  
must be a d e f i n i t e  unit loading of t h e  seal aga ins t  t h e  s e a l i n g  su r face  t o  have an 
e f f e c t i v e  dynamic seal, The unit loading must be increased when leakage allowances 
are reduced or when s e a l i n g  aga ins t  higher  pressures  is required,  This  a d d i t i o n a l  
u n i t  loading r e s u l t s  i n  a greater seal f r i c t i o n  force, The contact  area is another 
parameter a f fec t ing  t h e  force required t o  move a component pas t  t h e  seal, 

I V  0 LIPSEAL DEVELOPMENT METHOD 

A, EVALUATION 

1, Aerojet-General Flange Seal Design AS1023 

The AS1023 flange seal made of Kel-F (Figure 3)  w a s  t h e  first 
seal of t h i s  type  t o  be designed a t  Aerojet-General f o r  t h e  dynamic s e a l i n g  of 
rods or s h a f t s  which have a rotary or rec iproca t ing  motion i n  rocket engine con- 
t r o l s  hardware. 
with s u f f i c i e n t  force t o  maintain its pos i t i ve  contact  with t h e  rod or s h a f t  
during dynamic as w e l l  as s t a t i c  condi t ions,  
f u l l y  i n  sizes up t o  fou r  inches in  diameter for both cryogenic and s t o r a b l e  pro- 
p e l l a n t  appl ica t ions .  
its use  as a s h a f t  seal for t h e  t h r u s t  chamber b u t t e r f l y  valves  and as a rod seal 
for  t h e  gas genera tor  ox id i ze r  valves on t h e  Ti tan  I, 
used i n  l i q u i d  oxygen systems which operated a t  pressures  of approximately 900 
ps ig ,  

The operat ing p r inc ip l e  of t h i s  seal is  t o  load t h e  seal l i p  

This seal has been used sucsess- 

A t y p i c a l  appl ica t ion  for  t h i s  s tandard  seal  design was 

Both of t h e s e  valves were 

There are fou r  forces  loading seals of t h i s  configurat ion in a 
cryogenic app l i ca t ion  These forces  are 8 preload,  pressure,  thermal contrac- 
t i o n ,  and f l a w ,  

a, Preload Force 

Preload force  results from t h e  in t e r f e rence  f i t  between t h e  
i n t e r n a l  s e a l i n g  diameter of t h e  plast ic  seal and t h e  dynamic rod ( s h a f t )  against 
which t h e  seal makes contac t ,  Preloading is  essential t o  ensure s e a l i n g  at low 
pressures ,  An example of t h e  in t e r f e rences  provided i n  t y p i c a l  AS1023 seals, the 
nominal 0,125-inO diameter s e a l  has a O,OlO-in, d iamet ra l  i n t e r f e rence  fit with 
t h e  rod and t h e  4,OO-in, seal has  a 0,119-in. d iamet ra l  i n t e r f e rence ,  
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If t h e  pressure force is  defined as F = PA, with P denoting 
t h e  pressure on t h e  seal, t h e  only remaining d i f f i c u l t y  is t o  ca l cu la t e  t h e  effec- 
t i v e  area, A, 
A = 0.75 w d 1. t 2 )  I n  t h i s  formula, "d" is t h e  rod diameter and "1" is t h e  seal 
contac t  length ,  which is measuxwd from t h e  seal bend rad ius  t o  t h e  end of t h e  
seal l i p .  

T e e f f e c t i v e  area fo r  a similar seal has  been derived as 

co  Thenaal Contraction Force 

This force results f r m  differential r e l a t i v e  contraction 
between t h e  seal (supported by t h e  valve body, component housing, etc, usua l ly  
f ab r i ca t ed  of aluminum material) and t h e  rod or s h a f t  which i s  usua l ly  f ab r i ca t ed  
from steel, 
system, 

The cont rac t ion  e f f e c t  occurs during chilldown i n  t h e  cryogenic 
I n  genera l ,  t h e  contract ion force increases  as t h e  temperature decreases ,  

d o  Flow Force 

This force is t h e  r e s u l t  of t h e  f l u i d  moving a t  high veloc- 
i t y  and impinging upon t h e  seal, 
p o r t i o n a l  t o  t h e  magnitude of t h e  f l u i d  dens i ty  and ve loc i ty  for a given seal  
s i z e .  

The flow force can be considered d i r e c t l y  pro- 

2, Lipsea l  Influence Factors  

Experience at Aerojet-General with t h e  AS1023 seal ind ica ted  t h a t  
excessive f r i c t i o n  would r e s u l t  from at tempting t o  use t h e  bas i c  design a t  high 
pressures  but  with l a r g e r  seal diameters ( g r e a t e r  than  four inches) ,  
t h e  Ti tan  I t h r u s t  chamber valve gate l i p s e a l  was designed with nominal diameters 
ranging from t h r e e  t o  f i v e  inches,  an attempt was made t o  achieve l i n e  contact  
with t h e  valve ga t e ,  ins tead  of t h e  l a rge  contac t  area c h a r a c t e r i s t i c s  of t h e  
AS1023 design, 

Thus, when 

The larger-size l i p s e a l s  for Ti tan I l i q u i d  oxygen t h r u s t  
chamber valves ,  which were designed t o  operate  i n  a cryogenic environment, were 
shaped t o  minimize t h e  contract ion force by keeping adequate c learance a t  t h e  knee 
of t h e  seal. The clearance provided is s u f f i c i e n t  t o  prevent t he  knee of  t h e  seal 
f r o m  contac t ing  t h e  valve ga t e ,  regard less  of t h e  seal shrinkage a t  low tempera- 
t u r e s ,  
" l ine"  contac t  a t  t h e  sea l ing  l i p  only 

In  t h i s  manner, seal contact wi th  t h e  mating dynamic p a r t  is l imi t ed  t o  

3, Ti tan  I Liquid Oxygen Thrust Chamber Valve Gate Sea l  

The g a t e  seal f o r  t h e  T i t a n  I l i q u i d  oxygen t h r u s t  chamber valve,  
wi th  a design based upon t h e  concepts descr ibed i n  Sect ion IV,AD20, is shown i n  
Figure 4, 

( 2 )  

This f i n a l  seal configurat ion evolved during t h e  assoc ia ted  valve 

Pearson, G,H,; The Design of Valves and F i t t i n g s ,  Second Edi t ion ,  
S i r  Issac Pitman and Sons, L t d ,  , 1964, p. 333, 
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development program, 
modified as necessary t o  achieve optimum sea l ing  and low f r i c t i o n  with a s t ruc -  
t u r a l  (proof)  c a p a b i l i t y  t o  1980 psig.  
"bubble t i g h t "  leakage with l i q u i d  n i t rogen  a t  pressures  up t o  1410 ps ig ,  

Preceding va r i a t ions  of t h e  i n i t i a l  design were t e s t e d  and 

This seal was u l t ima te ly  capable of 

B. DESIGN AND DEVELOPMENT OF VALVE SEALS FOR M - 1  ENGINE 

1. Design and Development Approach 

The approach t o  l i p s e a l  design and development for  t h e  #-I t h r u s t  
chamber valves  w a s  based upon t h e  Ti tan  I ox id ize r  ( l i q u i d  oxygen) t h r u s t  chamber 
valve l i p s e a l s  and test experience, The cross-sect ion of t h e  l i p s e a l s  for  t h e  M - 1  
va lves  w a s  designed t o  g ive  t h e o r e t i c a l  l i n e  contact  with t h e  rec iproca t ing  mating 
parts t o  minimize t h e  rubbing area and corresponding f r i c t i o n  forces, 
a small f la t  developes on t h e  seal l i p  a t  the  contact  l i n e  because of t h e  co ld  flow 
characteristic of t h e  p l a s t i c  (Kel-F) material, 

In  a c t u a l i t y ,  

The M - 1  t h r u s t  chamber valve seals w e r e  designed t o  be pressure  
s e n s i t i v e  t o  increase  seal loadixag and t o  maintain adequate s e a l i n g  at t h e  h igher  
pressures .  
t i o n ,  
p ressure  range than  would otherwise e x i s t  i f  t h e  seal were designed for  a preload 
s u f f i c i e n t l y  high t o  seal a t  high pressure ,  without being pressure  s e n s i t i v e ,  

This  f e a t u r e  minimizes t h e  seal preload required fo r  i n i t i a l  i n s t a l l a -  
Minimizing t h e  seal preloading r e s u l t s  i n  a lower t o t a l  f r i c t ion  i n  t h e  l o w  

A seal backup r i n g  w a s  u l t ima te ly  provided i n  t h e  s leeve-gate  l i p -  
seal design for seal Configuration D, where operat ing pressures  ranged from 1000 
t o  1500 p s i g  and s e a l i n g  diameters w e r e  r e l a t i v e l y  large, 
shut-off seal app l i ca t ion  is i l l u s t r a t e d  i n  Figure 5 ,  
Figure 6 )  which is loca ted  immediately beneath t h e  seal, provides s t r u c t u r a l  sup- 
p o r t  t o  prevent excessive de f l ec t ion  and poss ib le  seal f a i l u r e ,  
fit of t h e  support  r i n g  is that it s i g n i f i c a n t l y  restricts t h e  i n s t a l l e d ,  minimum 
diameter of t h e  seal l i p ,  thereby f a c i l i t a t i n g  t h e  i n s e r t i o n  of t h e  mating s h a f t  
o r  rod  during component assembly and/or operat ing condi t ions ,  

This design fo r  t h e  
The back-up r i n g  (see 

A secondary bene- 

The primary disadvantage of pressure-sens i t ive  seals is t h a t  a 
design for  pressure s e n s i t i v i t y  is a t  cross  purposes with a design for minimal 
f r i c t i o n ,  
t o  minimize f r i c t i o n  throughout t h e  e n t i r e  pressure  range while s a t i s f y i n g  ade- 
qua te  sea l ing  requirements, This  can be accomplished with a back-up r i n g  design 
by th inning  t h e  seal cross sec t ion  t o  provide good pressure-sens i t ive  s e a l i n g  a t  
t h e  l o w  end of t h e  pressure  range; and by dimensioning t h e  r i n g  t o  restrict 
pressure  s e n s i t i v i t y  above a predetermined pressure  threshhold by l i m i t i n g  t h e  
amount of seal de f l ec t ion  t h a t  can occur above t h i s  pressure  l e v e l ,  

It is i n  t h i s  aspec t  t h a t  a back-up r i n g  beneath t h e  l i p s e a l  can serve  

Lipseal  development experience has proven that thermoplas t ics  
are t h e  only l i p s e a l  materials s u i t a b l e  for  adequate performance i n  cryogenic 
appl ica t ions .  
Metals have too high a modulus of e l a s t i c i t y ,  which makes it impossible t o  

Elastomers are too  b r i t t l e  a t  t h e  extremely low temperatures 
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manipulate design to l e rances  f o r  adequate c o n t r o l  of f r i c t i o n / s e a l i n g  balance and 
st i l l  r e t a i n  a f e a s i b l e  t o l e r a n c e  range f o r  f a b r i c a t i o n ,  

The most s u i t a b l e  of t h e  various candidate materials eva lua ted  
f o r  cryogenic use was Kel-F; t he re fo re ,  t h i s  material was s e l e c t e d  f o r  use i n  t h e  
M - 1  valve l ipseals,  
low temperatures and e x h i b i t s  less co ld  flow a t  ambient temperature than  Teflon, 
which is t h e  second b e s t  material, The resistance of Teflon t o  co ld  flow can be 
improved through t h e  use of a d d i t i v e s ,  but even i n  t h i s  improved condi t ion  Teflon 
i s  considered i n f e r i o r  t o  Kel-F, 
i n i t i a l l y  considered as p o t e n t i a l  l i p s e a l  materials is presented i n  Table I ,  The 
phys ica l  p rope r t i e s  of t h e  fou r  most promising materials are shown i n  Table 11, 
Other ma te r i a l s  such as Kynar and Mylar were eva lua ted ,  
mentation when exposed t o  a high pressure  d i f f e r e n t i a l  a t  cryogenic temperatures,  
Mylar, although of i n t e r e s t ,  is  a v a i l a b l e  only i n  t h i n  s h e e t s  ( less than  0,010-in0 
t h i c k )  t h a t  a r e  not  s u i t a b l e  f o r  f a b r i c a t i n g  l a r g e  s ingle-p iece  l i p s e a l s ,  

Kel-F has t h e  most acceptab le  phys i ca l  p r o p e r t i e s  a t  extremely 

A q u a l i t a t i v e  comparison of those  thermoplas t ics  

Kynar showed extreme f rag-  

2 ,  v n  and Development - 

Cer ta in  b a s i c  stress cons idera t ions ,  i n  combination with app l i -  
cab le  experience and accumulated d a t a ,  are used i n  e s t a b l i s h i n g  i n i t i a l  seal  
design conf igura t ions ,  
s e q u e n t i a l  t e s t  1) performance a n a l y s i s  

F i n a l  sea l  conf igura t ions  are developed through appropr ia te  
and redes ign  cyc les ,  

An unsuccessful a n a l y t i c a l  approach t o  seal  design u t i l i z i n g  a 
computer technique was attempted during t h e  M - 1  t h r u s t  chamber valve seal  develop- 
ment program, 
r e q u i r e  more engineering d a t a  about cryogenic seals  and Kel-F material under com- 
bined moment, t e n s i l e ,  and shea r  stress than  cu r ren t ly  e x i s t ,  

The implementation of computerized methods i n  s ea l  design w i l l  

V, DEVELOPMENT TEST RESULTS 

A ,  LEAKAGE 

A major po r t ion  of t h e  sleeve-gate l i p s e a l  development t e s t i n g  was 
conducted using seal. testers, which were designed for  t h e  va lve  and va lve  seal  
development programs, 
n i t rogen  f i x t u r e  f o r  f u n c t i o n a l  t e s t i n g ,  
ment of seal conf igura t ion  was accomplished using t h e  valve i t s e l f ,  

Figure 7 shows t h e  s ea l  t es te r  i n s t a l l e d  i n  t h e  l i q u i d  
F i n a l  development t e s t i n g  and r e f ine -  

*I 
Severa l  hundred leakage tes ts  with 20 d i f f e r e n t  seal  conf igura t ions  

were conducted on both t h e  t h r u s t  chamber valve and valve seal  tes ter ,  Although 
ex tens ive  d e t a i l s  of t h i s  ove r -a l l  e f f o r t  are not  repor ted  he re in ,  some s p e c i f i c  
information is included, Table I11 is a l is t  of t h e  var ious  seals t e s t e d ,  S e a l  
Configuration A was t h e  o r i g i n a l  b a s i s  sleeve i n l e t  l i p s e a l  and was considered as 
t h e  s tandard  comparative development t o o l ,  The s tandard  a c t u a t o r  s h a f t  seal  was 
Configuration E,  During development t e s t i n g ,  t h e  seals  were usua l ly  subjec ted  t o  
leakage measurements under t h e  following pressure  sequences 
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TABLE I 

SUITABILITY OF CANDIDATE SEMI-RIGID SEAL MATERIALS 

Propel lan ts  

Material LO2 

(TFE/AGC-44028 Su i t ab le  
( Kel-F) 

Teflon (1OOX)  FEP/ Sui tab le  
AGC-44081 & AGC-44113 

w 
Sui t ab le  

Su i t ab le  

Kynar /AGC-44 140 Quest ionable  - Questionable - 
Possible  I n s u f f i c i e n t  
Detonation Property Data 

Mylar ( .010 Sheet)  Unsuitable - S u i t  ab l e  
Sens i t ive  t o  
Detonation 

Nylon/AGC-44002 

Polypropylene 
AG C- 44 0 89 

TFE/AGC-44087 
(Teflon-7) 

Unsuitable - 
Sens i t ive  t o  
Detonation 

Unsuitable - 
Sens i t ive  to 
Detonation 

Sui tab le  

Unsuitable - 
Thermal Shock 
Crazing 

Quest ionable  - 
I n s u f f i c i e n t  
Property Data 

S u i t a b l e  
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TABLE I1 

Properties of Various Thermoplastic Materials 
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F i g u r e  7 

Test Installation of M-1 Thrust Chamber Valve Seal Tester 
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1, Zero t o  500 p s i g  with ambient gaseous n i t rogen ,  

2. 
temperatures below -25OOF. 

Zero t o  1800 ps ig  with l i q u i d  n i t m g e n  i n  200-psi increments at 

3. S i x  ac tua t ions  with 500 ps ig  i n l e t  pressure,  

4. Zero t o  1800 p s i g  and r e t u r n  t o  zero  ps ig  in 200-psi increments 
at temperatures bel- -250°F w i t h  l i q u i d  n i t rogen ,  

5. Five ac tua t ions  with 500 p s i g  i n l e t  pressure,  

6 .  Zero t o  1800 p s i g  and r e t u r n  t o  zero p s i g  i n  200-psi increments 
at -250°F or below with l i q u i d  ni t rogen.  

The r e s u l t s  of t h e s e  tests were not e n t i r e l y  conclusive,  but  t he  gen- 
eral t rend  i n  leakage indica ted  t h a t  fo r  any given seal  design, less leakage was 
obtained with g r e a t e r  amounts of in t e r f e rence  between t h e  l i p s e a l  and mating 
dynamic part  ( s leeve) .  
rnately n e c e s s i t a t i n g  a trade-off between leakage and f r i c t i o n ,  
cated and t e s t e d  with diametral i n t e r f e rence  ranging from 0,080-in, t o  O,15O-in0 
on a nominal 11.0-in. diameter sea l .  

However, f r i c t i o n  also increased with in t e r f e rence ,  u l t  i- 
S e a l s  were fabri- 

Sleeve-gate l i p s e a l s  were used most ex tens ive ly  during t h e  develop- 

Lipsea l  C o n f i p a t i o n  D, commonly c a l l e d  t h e  supported l i p s e a l ,  w a s  used i n  
ment t e s t ing .  The sequence in which they were t e s t e d  w a s  Configuration A, C,  and 
D. 
conjunction with a support  r i n g  and was found t o  give t h e  most s a t i s f a c t o r y  over- 
a l l  r e s u l t s .  The supported l i p s e a l  test  r e s u l t s  ind ica ted  a maximum l i q u i d  n i t r o -  
gen bleed-in leakage of 180 cc/min of gaseous ni t rogen.  
a t  l i q u i d  n i t rogen  temperature,  t h e  leakage rate was zero  a t  i n l e t  p ressures  up t o  
1600 ps ig  and a m a x i m u m  leakage r a t e  of 65 cc/min of gaseous n i t rogen  at an i n l e t  
p ressure  of 1800 psig.  Visual inspect ion after disassembly of t h e  valve revealed 
that t h e  l i p s e a l  d id  not show any evidence of  excessive wear, 

After 26 s leeve  ac tua t ions  

Be FRICTION 

F r i c t i o n a l  forces were determined for t h e  var ious i n t e r n a l  s leeve-  
g a t e  l i p s e a l s  (nominal 11.0-in. diameter) by using t h e  seal tester, 
force ana lys i s  became increas ingly  more s i g n i f i c a n t  as t h e  seal development empha- 
sis s h i f t e d  from an unsupported t o  a supported l i p s e a l  configurat ion.  The exact  
values  of f r i c t i o n  loads  ac t ing  upon t h e  var ious seals could not be completely 
obtained wi th  absolu te  prec is ion  using t h e  seal tes ter  because of minute d i f f e r -  
ences i n  t h e  ac tua t ion  system and body designs,  
p red ic ted  and t h e  over -a l l  magnitude of t h e  fo rces  could be determined, 

F r i c t ion  

However, t r ends  could be r e l i a b l y  

1. Standard Sleeve-Gate Lipsea l  (Configuration A )  

The first f r i c t i o n  tests were conducted with t h e  o r i g i n a l  un- 
supported-sleeve l i p s e a l  (Configuration A) ,  An extens ive  series of tests was 
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conducted with t h i s  seal at both ambient and l i q u i d  n i t rogen  temperatures,  The 
r e s u l t s  of t hese  tests indica ted  t h a t  t h e  t o t a l  f r i c t i o n  f o r c e  generated by t h e  
l i p s e a l s  increases  a s  t h e  i n l e t  p ressure  inc reases ,  
t h e  combined r e s u l t  of p l a s t i c  l i p s e a l  deformation, an inc rease  i n  contac t  gr ipping  
area, a poss ib le  change i n  coe f f i c i en t  of f r i c t i o n ,  and an inc rease  i n  u n i t  loading  
on t h e  contact areao 
v e l o c i t y  upon break-away and s l i d i n g  fo rces  ind ica t ed  t h a t  a s l i g h t  i nc rease  i n  
break-away fo rce  occurred wi th  an inc rease  i n  v e l o c i t y ,  but s l i d i n g  f o r c e  remained 
cons tan t  as v e l o c i t y  increased, This seal  was used as t h e  s tandard  far  f u r t h e r  
f r i c t i o n  eva lua t ion  of o t h e r  seal des igns ,  

This  i nc rease  i n  f r i c t i o n  is 

Dynamic f r i c t i o n  tes t s  t o  determine t h e  effect  of a c t u a t i o n  

.. 
2,  Supported Lipsea l  (Configuration D )  

A seal tester was assembled, t e s t e d  with l i q u i d  n i t rogen ,  and 
subsequently s e n t  t o  t h e  Cryogenics Laboratory fo r  f r i c t i o n  tests under l i q u i d  
hydrogen conditions,  This assembly included t h e  supported l i p s e a l  (Configuration 
D ) ,  two supplementary i n t e r n a l  Omniseals t o  i s o l a t e  l i p s e a l  leakage, and two t an=  
dem s h a f t  s e a l s  (Configuration PI, 
represented  t h e  f i rs t  attempt t o  c o r r e l a t e  t h e  effects  of d i f f e r e n t  cryogenic 
f l u i d s ,  
comparison of t h e  f r i c t i o n a l  fo rces  encountered wi th  both l i q u i d  n i t rogen  and 
l i q u i d  hydrogen was poss ib l e ,  
t o t a l  fo rces  and independent l i p s e a l  f o r c e s  which were obtained with t h e  supported 
l i p s e a l  and t h e  s tandard  l i p s e a l  with both l i q u i d  n i t rogen  and l i q u i d  hydrogen, 
The independent l i p s e a l  f r i c t i o n  forces were der ived  by sub t r ac t ing  t h e  curve of 
t o t a l  fo rces  without t h e  l i p s e a l  a t  l i q u i d  n i t rogen  condi t ions  from t h e  curve of 
t o t a l  fo rces  obtained during t e s t i n g  wi th  t h e  l i p s e a l  a t  both l i q u i d  n i t rogen  and 
l i q u i d  hydrogen condi t ions ,  
l i p s e a l  force  wi th  l i q u i d  hydrogen is  a c t u a l l y  i n  e r r o r  by some unknown p o s i t i v e  
amount because to t a l  forces without t h e  l i p s e a l  a t  l i q u i d  hydrogen condi t ions  
would probably be somewhat higher than experienced with l i q u i d  n i t rogen ,  
t h i s  d i f fe rence ,  t h e  t r e n d  is demonstrated, 

The f r i c t i o n  tes t s  of  t h e  supported l i p s e a l  

Although t h e  supplementary Omniseals cont r ibu ted  a d d i t i o n a l  f r i c t i o n ,  a 

Figure 8 is a comparison of curves r ep resen t ing  

As a r e s u l t  of t h e s e  f a c t o r s ,  t h e  derived independent 

Despite 

Test r e s u l t s  i n d i c a t e  t h a t  t h e  f r i c t i o n a l  fo rces  with l i q u i d  
n i t rogen  a r e  g r e a t e r  f o r  t h e  supported l i p s e a l  t han  f o r  t h e  s tandard  nonsupported 
l i p s e a l ,  As a resu l t  of having a th inne r  c ros s - sec t iona l  area i n  t h e  f l ex ib l e  arm 
and l a r g e r  r a d i i  a t  t h e  bending area, t h e  supported l i p s e a l  is more pressure  sen- 
s i t i v e  at i n l e t  p ressures  from zero  t o  900 ps ig ,  The unique f e a t u r e  of  t h e  sup- 
ported l i p s e a l  is t h a t  f r i c t i o n  forces diminish r a p i d l y  af ter  900 ps ig  and are 
considerably less than t h e  conventional sea l  a t  i n l e t  p ressures  above 1000 ps ig ,  
This  same phenomena was experienced under l i q u i d  hydrogen condi t ions ;  f r i c t i o n a l  
f o r c e s  diminished r ap id ly  above 600 ps ig ,  and a p ro jec t ed  cross-over po in t  wi th  
t h e  s tandard  s e a l  occurred a t  approximately 1200 ps ig ,  One poss ib l e  theory  f o r  
t h e  reduction of f r i c t i o n a l  fo rces  above a c e r t a i n  i n l e t  p ressure  is t h a t  t h e  
p ivot  po in t  of t h e  f l e x i b l e  l i p s e a l  s h i f t s  from i t s  own bending r ad ius  t o  t h e  
contac t  a r ea  on t h e  support  r i n g ,  
arm changes and t h e  e f f e c t i v e  o r  normal load a c t i n g  along t h e  l i p sea l - s l eeve  con- 
tact  arm is reduced as t h e  r e s u l t a n t  p re s su re  load is t r ansmi t t ed  mostly i n t o  
t h e  support  r i n g ,  

. 
When s u f f i c i e n t  contac t  is  made, t h e  moment 
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Figure 8 

Friction Forces in the M - 1  Seal Tester 
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3 ,  Lipsea l  ( conf igura t ion  C 1 

A s e a l  f r i c t i o n  t e s t  was conducted us ing  a t h r u s t  chamber valve 
This  tes t  was t o  determine t h e  f o r c e  incorporating a l i p s e a l  (Configuration C), 

requi red  t o  i n s e r t  t h e  s l eeve  i n t o  t h e  l i p s e a l  i n i t i a l l y  ( l i p s e a l  used as shut- 
of f  sea l )  and t h e  running f o r c e  requi red  t o  move t h e  s l e e v e  through t h e  seal  once 
t h e  s l eeve  has been i n s e r t e d ,  
t h e  s l eeve  through t h e  seal was 714 l b ,  
maintain t h e  continuous motion o f  t h e  s l eeve  i n  t h e  opening d i r e c t i o n  was 513 l b ,  
The fo rce  required t o  move t h e  s l eeve  i n  t h e  c l o s i n g  d i r e c t i o n  was 656 l b ,  
l i q u i d  n i t rogen  temperature,  t h e  f o r c e  requi red  t o  continuously move t h e  s l eeve  
i n  t h e  opening d i r e c t i o n  was 780 l b ,  
t h e  c los ing  d i r e c t i o n  was 1048 l b ,  

A t  ambient temperature,  t h e  f o r c e  requi red  t o  s tar t  
After i n s e r t i o n ,  t h e  f o r c e  r equ i r ed  t o  

A t  

The fo rce  requi red  t o  move t h e  s l eeve  i n  

* 

The l ip sea l - to - s l eeve  i n t e r f e r e n c e  was 0,097-in, 

C ,  STRUCTURE 

Crit ical  dimensions o f  t h e  var ious  l i p s e a l  des igns  are presented i n  
Figure 6,  
t a n t  t o  cold flow than  Teflon, 
f a i l u r e  revealed t h a t  a seal support  r i n g  was requi red  t o  provide t h e  l i p s e a l  w i t h  
a s a t i s f a c t o r y  margin of s a f e t y  above t h e  maximum dynamic system p res su re  of 2200 
ps ig ,  Several  s e a l  f a i l u r e s  occurred i n  t h e  a s soc ia t ed  t h r u s t  chamber va lve  a t  an 
estimated pressure of 2400 ps ig ,  S t a t i c  l abora to ry  tests demonstrated t h e  s t r u c -  
t u r a l  i n t e g r i t y  of t h e  supported l i p s e a l  at pressures  up t o  3000 ps ig  and es tab-  
l i s h e d  t h e  f a i l u r e  l i m i t  of t h e  s t anaa rd  l i p s e a l  t o  be 2400 ps ig ,  

Kel-F was found t o  be s t r u c t u r a l l y  more sound than Lexan and more resis- 
I n t e n t i o n a l  p r e s s u r i z a t i o n  of var ious  seals t o  

Do TEFLON SUPPORT AND G U I D E  BEARINGS 

One of t h e  primary causes of l i p s e a l  leakage is s c r a t c h i n g  or wearing 
of t h e  sea l ing  su r face  of t h e  seal, 
in -serv ice  damage, o r  d e t e r i o r a t i o n  of t h e  mating, dynamic metal s e a l i n g  su r face ,  
The use of Teflon bear ings  i n  t h e  t h r u s t  chamber valve body t o  support  and t o  guide 
t h e  sleeve-gate and s h a f t  improved l i p s e a l  performance and longevi ty  by p r o t e c t i n g  
t h e  mating sealing su r face  from metal-to-metal contac t  and r e s u l t a n t  damage, This  
arrangement proved very success fu l  i n  both t h e  t h r u s t  chamber valve seal  t e s t e r  
and t h e  valve assembly, 

This usua l ly  occurs because of imperfections,  

Eo LIPSEAL TECHNOLOGY SUMMARY 

Over-all development experience i n d i c a t e s  t h a t  t h e  supported l i p s e a l  
design, as used f o r  t h e  11-in,-diameter t h r u s t  chamber va lve  seal ,  e x h i b i t s  d e f i -  
n i t e  advantages over unsupported conf igura t iops  of t h e  same s i z e ,  
(Configuration D) has a b u r s t  s t r e n g t h  25% h igher  (3000 p s i g  maximum) than t h e  
conventional o r  s tandard  design (Configuration A ) ;  i t s  leakage rates a re  comparable 
with o t h e r  s e a l s ;  and has a unique f r i c t i o n - t o - i n l e t  p re s su re  c h a r a c t e r i s t i c  curvec 
Leakage less than 1 cc/min with l i q u i d  hydrogen and l i q u i d  n i t rogen  was occas iona l ly  
achieved with t h e  nominal 11-inomdiameter l i p s e a l ;  however, t h e  average leakage was 
approximately 300 cc/min, 
supported shaf t  l i p s e a l  (Configuration E )  ranged from ze ro  t o  approximately 50 cc /min ,  

4 This  s ea l  

Leakage rates with t h e  smaller 1,25-in0 diameter, un- 
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This  s h a f t  seal successfu l ly  withstood proof p re s su res  up t o  3000 p s i g  a t  l i q u i d  
n i t rogen  condi t ions and up t o  2500 ps ig  at  ambient condi t ions without s t ructural  
f a i l u r e ,  

V I  0 CONCLUSIONS 

A, The Aerojet-General l i p s e a l  design, as used in M - 1  t h r u s t  chamber 
valves ,  is a p o t e n t i a l l y  successful  cryogenic seal f o r  dynamic app l i ca t ions ,  

B, Development work t o  date  concerning t h e  subjec t  l i p s e a l s  is l imi t ed  
b u t  resul ts  ind ica t e  t h e  f e a s i b i l i t y  of design opt imizat ion,  

V I I .  RECOMMENDATIONS FOR DEVELOPING AN OPTIMUM SEAL 3 

A, A thorough ana lys i s  of test r e s u l t s  t o  da te  should be made, 

B o  An a n a l y t i c a l  design method should be developed, 

C ,  The method and design should be made optimum by means of an advanced 
development program, 

c 
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