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Manager. 
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ABSTRACT 

Hydrogen s t a t i c  "zero leakage" rates and "zero wear" rubbing l i f e  pre- 

A h y d r o s t a t i c  l i f t - o f f  seal and a r e l a t e d  tester u n i t  f o r  u se  
d i c t i o n s  were developed f o r  va r ious  seal  i n t e r f a c e  geometries and material  
combinations. 
wi th  l i q u i d  hydrogen were designed and f a b r i z a t e d .  

turbopump duty  cyc le s .  
leakage' '  w a s  de f ined  as one s t a n d a r d  c c / s e c  a t  a d i f f e r e n t i a l  p r e s s u r e  of 
85 p s i .  A hardware d iscrepancy  prec luded  o p e r a t i o n  of t h e  sea l  a t  des ign  
cond i t ions  e However, s t a t i c  s e a l i n g  and rubbing tests i n  l i q u i d  hydrogen were 
accomplished. The seal func t ioned  e f f e c t i v e l y  as a s t a t i c  seal through a 
known l i f e  of  176 rubbing c y c l e s  wi th  leakage  below 1 s t d  c c / s e c  a t  d i f f e r e n t i a l  
p r e s s u r e s  t o  45 p s i .  

The seal w a s  des igned  f o r  
z e r o  leakage" of  hydrogen a f t e r  o p e r a t i o n  which s imula t ed  300 l i q u i d  hydrogen 1 1  

For t h e  seal  s i z e  s t u d i e d  i n  t h i s  program, "zero 
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I. 

The o b j e c t i v e  of t h e  four - task  E f f e c t i v e  L i f t - o f f  S e a l  Program w a s  t o  
des ign  and develop a l i f t - o f f  seal f o r  l i q u i d  hydrogen s e r v i c e  which would 
f u n c t i o n  as a "zero leakage" s t a t i c  seal wi th  p r e s s u r i z e d  l i q u i d  hydrogen i n  
t h e  seal c a v i t y  as w e l l  as f u n c t i o n  as a dynamic seal  dur ing  s imula t ed  turbo- 
pump t r a n s i e n t  and s t e a d y - s t a t e  ope ra t ion .  

A. TASK I - CONCEPTUAL DESIGN 

A des ign  s tudy  w a s  performed wherein a number of l i f t - o f f  sea l  des ign  
concepts w e r e  formulated.  
a func t ion  o f  s e a l e d  c a v i t y  p r e s s u r e  and/or  s h a f t  r o t a t i o n  ( s e l f - a c t u a t i n g )  
as w e l l  as des igns  r e q u i r i n g  a n  e x t e r n a l  o r  a u x i l i a r y  system f o r  d i sengaging  
t h e  s e a l i n g  elements ( e x t e r n a l l y - a c t u a t e d ) .  I n  a d d i t i o n ,  a ' 'zero leakage" 
d e f i n i t i o n  w a s  conceived which relates t h e  maximum pe rmis s ib l e  flow of hydrogen 
wi th  t h e  p h y s i c a l  s i z e  of t h e  turbomachinery and engine  f o r  which t h e  seal is  
in tended .  

These inc luded  des igns  where seal  l i f t - o f f  occurs  as 

Concurrent w i th  t h e  conceptua l  des ign  of t h e  seals,  a t h e o r e t i c a l  
r e l a t i o n s h i p  w a s  e s t a b l i s h e d  between s e a l i n g  l o a d s ,  "zero wear" rubbing l i f e ,  
and "zero  leakage" hydrogen flow f o r  v a r i o u s  seal  i n t e r f a c e  geometries and 
material combinations.  This r e l a t i o n s h i p  w a s  developed by combining common 
elements de r ived  from a review of r e s u l t s  of e x t e n s i v e  leakage  and wear expe r i -  
ments. 

B. TASK I1 - DETAIL DESIGN AND ANALYSIS 

A t  t h e  completion of t h e  Task I e f f o r t ,  two of t h e  des ign  concepts 
were s e l e c t e d  f o r  f u r t h e r  des ign  and a n a l y s i s .  
h y d r o s t a t i c  face-type bellows seals. The b a s i c  d i f f e r e n c e  between t h e s e  two 
concepts w a s  t h a t  one des ign  r e l i e d  upon t h e  bellows s p r i n g  f o r c e ,  f l u i d  
p r e s s u r e ,  and t h e  h y d r o s t a t i c  f o r c e s  t o  achieve  t h e  program o b j e c t i v e s  wh i l e  
t h e  a l t e r n a t i v e  des ign  inc luded  an e x t e r n a l l y - p r e s s u r i z e d  bellows chamber t o  
provide  p o s i t i v e  c o n t r o l  of t h e  s e a l i n g  loads .  

Both of t h e s e  concepts were 

Mechanical des ign ,  s t r u c t u r a l  and h y d r a u l i c  ana lyses ,  and d e t a i l  
manufacturing drawings w e r e  completed du r ing  Task I1 f o r  both  of t h e  seal  
concepts.  I n  a d d i t i o n ,  an e x i s t i n g  tu rb ine -d r iven  seal  t e s t  u n i t  des ign  w a s  
modified t o  provide  f o r  i n s t a l l a t i o n  of e i t h e r  of t h e  l i f t - o f f  seals and f o r  
l i q u i d  hydrogen e v a l u a t i o n  i n  accordance wi th  program requirements.  

A t  t h e  conclus ion  of Task 11, t h e  e x t e r n a l l y - p r e s s u r i z e d  seal  
des ign  w a s  des igna ted  as t h e  most l o g i c a l  s e l e c t i o n  f o r  f a b r i c a t i o n  and 
subsequent exper imenta l  e v a l u a t i o n .  The c o n t r o l  of seal  loading  made 
p o s s i b l e  by t h i s  des ign  o f f e r e d  t h e  means t o  more f u l l y  exp lo re  t h e  load- 
l e a k a g e - l i f e  r e l a t i o n s h i p  and provided a more adequate  foundat ion  f o r  f u t u r e  
seal  des ign  work. 



C ,  TASK I11 - FABRICATION 

The mechanical des ign  approach taken  du r ing  t h e  Task I1 e f f o r t  w a s  
based upon t h e  use  of  f a b r i c a t i o n  and assembly techniques  t h a t  had been demon- 
s t r a t e d  i n  prev ious  des igns .  
seal d i d  n o t  m e e t  a l l  of  t h e  drawing des ign  requirements  because o f  bel lows 
f a b r i c a t i o n  problems However, a subsequent  review of  t h e  des ign  i n d i c a t e d  
t h a t  a meaningful test  program could be  conducted f o r  e v a l u a t i n g  t h e  b a s i c  
f e a t u r e s  of  t h e  des ign  wi thout  expending t h e  a d d i t i o n a l  funds r e q u i r e d  f o r  
r e p a i r  of t h e  d i sc repanc ie s  

S i g n i f i c a n t  e f f o r t  w a s  expended, b u t  t h e  completed 

D e  TASK I V  - TESTING AND DEVELOPMENT 

A program w a s  e s t a b l i s h e d  f o r  l i q u i d  hydrogen e v a l u a t i o n  of t h e  
l i f t - o f f  seal f o r  comparison wi th  p r e d i c t e d  performance. Tests were conducted 
t o  determine t h e  s t a t i c  "zero leakage" flow ac ross  t h e  seal i n t e r f a c e s  a t  
s e v e r a l  p r e s s u r e  g r a d i e n t s .  Add i t iona l  tests w e r e  conducted t o  e v a l u a t e  t h e  
t r a n s i e n t  wear c h a r a c t e r i s t i c s  of t h e  s e a l i n g  s u r f a c e s  i n  a l i q u i d  hydrogen 
environment. 

E. PROGRAM RESULTS 

Good c o r r e l a t i o n  w a s  ob ta ined  between a c t u a l  and p r e d i c t e d  
s t a t i c  leakage  flow rates and t h e  achievement of t h e  "zero leakage" program 
goa l ,  Wear l i f e  of t h e  i n t e r f a c e  materials w a s  no t  as p r e d i c t e d ,  b u t  w a s  
reasonably good cons ider ing  t h e  s e v e r i t y  of t h e  test cond i t ions .  
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I1 P INTRODUCTION 

C o n t r a c t u a l  e f f o r t  f o r  t h e  e f f e c t i v e  L i f t - o f f  Seal Program w a s  i n i t i -  
a t e d  during J u l y  1967 and t h e  t e c h n i c a l  p o r t i o n  w a s  completed d u r i n g  June 
1970. The fo l lowing  c o n t r a c t u a l  t a s k s  w e r e  accomplished. 

Task I - Conceptual Design 

Task I1 - Detail  Design and Analysis  

Task I11 - F a b r i c a t i o n  

Task I V  - T e s t i n g  and Development 

The d e t a i l e d  accomplishments i n  each t a s k  are provided i n  t h e  ensuing 
s e c t i o n s  of  t h i s  r e p o r t .  

The seal development e f f o r t s  i n  several NASA Programs ( i . e * ,  M-1 ,  5-2, 
and SNAP 8) have e s t a b l i s h e d  t h a t  t h e r e  are s i g n i f i c a n t  p o t e n t i a l  b e n e f i t s  t o  
b e  der ived  from t h e  use  of l i f t - o f f  seals which would prevent  p r o p e l l a n t  leak- 
age dur ing  s t a t i c  o r  non-ro ta t ing  c o n d i t i o n s  and c o n t r o l  leakage under 
dynamic o p e r a t i o n .  Experience h a s  shown t h a t  a l though reasonably a c c u r a t e  
p r e d i c t i o n s  can b e  made f o r  seal dynamic leakage rates, both  s t a t i c  leakage 
and t h e  d u r a t i o n  c a p a b i l i t y  o f  the s e a l i n g  elements had t o  be  determined 
exper imenta l ly  f o r  each des ign  under c o n s i d e r a t i o n .  

Both a s t a t i c  “zero  leakage” l i m i t  and a d u r a t i o n  c a p a b i l i t y  were 
expressed as program g o a l s  ; t h e r e f o r e ,  i t  w a s  cons idered  a p p r o p r i a t e  t o  develop 
an a n a l y t i c a l  approach toward t h e  p r e d i c t i o n  of  t h e  s e a l i n g  loads  r e q u i r e d  t o  
achieve  t h i s  leakage l i m i t  as w e l l  as t h e  rubbing l i f e  of  t h e  s e a l i n g  e lements ,  
The load-leakage-l i fe  r e l a t i o n s h i p  e s t a b l i s h e d  dur ing  t h i s  program c o n s t i t u t e d  
a s i g n i f i c a n t  p o r t i o n  of t h e  des ign  e f f o r t  involved i n  t h e  c r e a t i o n  o f  t h e  
requi red  l i f t - o f f  seal manufacturing drawings. 

111. BASIC DESIGN C O N S I D E U T I O N S  

A. SEAL SPECIFICATIONS 

The l i f t - o f f  sea l  concepts  cons idered  f o r  t h i s  program were 
designed t o  m e e t  t h e  fo l lowing  c o n t r a c t u a l  requirements .  

1. F l u i d  t o  b e  s e a l e d :  Liquid  Hydrogen 

2, Design Parameters:  

3 



Leakage 
Sea led  F l u i d  Cavity Allowable 

Condit ion Cavi ty  P r e s s u r e  P r e s s u r e  Leakage 

( a )  100 f: 10 p s i a  0 p s i g  z e r o  leakage" as I t  

def ined  dur ing  Task I 

(b 1 500 - + 10  p s i a  0 p s i g  To b e  e s t a b l i s h e d  
dur ing  Task I 

Condit ion ( a )  - S e a l  f a c e s  i n  c o n t a c t  a t  z e r o  rpm, 

Condit ion (b) - S e a l  f a c e s  s e p a r a t e d ,  s h a f t  a t  des ign  rpm. 

3. S e a l  f a c e  s u r f a c e  speed a t  des ign  c o n d i t i o n  (b) s h a l l  b e  i n  
t h e  range of  500 f t / s e c  t o  700 f t l s e c .  

4 .  L i f e :  Goal - 10 hours  which s h a l l  i n c l u d e  300 duty cyc les .  

5. S e p a r a t i o n  of  t h e  s e a l i n g  s u r f a c e s  s h a l l  b e  accomplished 
dur ing  s h a f t  a c c e l e r a t i o n  from zero rpm t o  des ign  rpm. 
A c c e l e r a t i o n  t o  des ign  rpm s h a l l  b e  accomplished w i t h i n  
4 sec t o  6 sec. 

B. ZERO LEAKAGE DEFINITION 

To accomplish t h e  s t a t i c  s e a l i n g  o b j e c t i v e s ,  i t  w a s  necessary  t o  
f i r s t  arrive a t  an a c c e p t a b l e  d e f i n i t i o n  of "zero leakage" because a c t u a l  z e r o  
leakage of hydrogen would b e  both  a n  imposs ib le  g o a l  t o  a t t a i n  as w e l l  as an 
impossible  flow q u a n t i t y  t o  measure. For t h i s  purposes  i t  w a s  assumed t h a t  
hydrogen l e a k i n g  p a s t  t h e  sea l  would b e  t rapped  i n  t h e  a i r  f i l l e d  c a v i t y  of 
t h e  t u r b i n e  e x i t  housing of t h e  turbopump. It w a s  considered t h a t  u s i n g  t h e  
t u r b i n e  e x i t  housing as t h e  entrapment volume would provide  a c o n s e r v a t i v e  
means of  a s s i g n i n g  a p e r m i s s i b l e  hydrogen leakage ra te  f o r  any s i z e  engine  
because i t  can b e  shown t h a t  w i t h  s t a t e - o f - t h e - a r t  t u r b i n e  wheel speeds and 
b e a r i n g  DN va lues  t h e  

112 Seal o r  Bearing Diameter = f (engine t h r u s t )  

and 

Turbine Wheel Diameter = f ( s e a l  diameter)  

The t u r b i n e  exhaus t  housing volume (entrapment volume) w i l l  b e  approximately; 

3 V = f ( t u r b i n e  wheel diameter)  
3 

312 
= f ( s e a l  diameter)  

= f (engine t h r u s t )  
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Therefore ,  t h e  t o t a l  l eakage  p e r m i s s i b l e  f o r  a given engine o r  turbopump s i z e  
w i l l  be ;  

QT = f 

= f  

= f  

and t h e  average leakage  

Q, = f 

= f  

= f  

( t u r b i n e  e x i t  housing volume) 

( s e a l  diameter)  

(engine t h r u s t )  

3 

312 

rate w i l l  be ;  

( t u r b i n e  e x i t  housing volume) 

( s e a l  diameter)  

(engine t h r u s t )  
(h o 1 d t i m e  ) 

(ho 1 d t i m e  ) 
3 

312 
(h o 1 d t i  me) 

The d r i v e  u n i t  cons idered  f o r  l i q u i d  hydrogen e v a l u a t i o n  of  t h e  
seals had a speed c a p a b i l i t y  of  approximately 20,000 rpm; t h e r e f o r e ,  t h e  seal  
nominal diameter  r e q u i r e d  t o  g ive  t h e  r e q u i r e d  minimum s u r f a c e  v e l o c i t y  o f  
500 f t / s e c  under s t e a d y - s t a t e  c o n d i t i o n s  would be  

(500 f t / s e c )  (60 seclmin)  (12  i n .  f’ft) = 5. 73-ine 
(3.14/rev)(20,000 rev/min) D =  

which corresponded approximately t o  t h e  s i z e  of t h e  l i f t - o f f  seal  used i n  t h e  
M-1  hydrogen turbopump, which had a t u r b i n e  e x i t  housing volume of approxi- 
mately 4.7 f t 3 a  
a i r  ( a t  s t a n d a r d  c o n d i t i o n s )  f o r  a non-hazardous mixture  from a f lammabi l i ty  
s t a n d p o i n t ,  t h e  t o t a l  q u a n t i t y  of hydrogen which could be  p e r m i t t e d  t o  l e a k  
i n t o  t h e  a i r - f i l l e d  t u r b i n e  e x i t  housing dur ing  t h e  h o l d  p e r i o d  would be :  

Using a 0.041 volumetr ic  r a t i o  (Ref 1) of gaseous hydrogen t o  

QT = 0,041 V = 0.19 f t 3  = 5410 cc. 

A r b i t r a r i l y  assuming a 10 hour h o l d  p e r i o d  a f t e r  chi l ldown and p r i o r  t o  launch,  
t h e  average s t a t i c  leakage  ra te  would be:  

= 0.15 s t d  c c l s e c  - QT 5410 
‘AV T i m e  (10) (3600) 

- - = -  

which would r e p r e s e n t  t h e  leakage flow where t h e  sea l  c a v i t y  p r e s s u r e  w a s  
maintained a t  a c o n s t a n t  level  of 100 p s i a  throughout  t h e  h o l d  per iod .  I t  w a s  
considered more l o g i c a l  t o  assume t h a t  t h e  sea l  c a v i t y  would be  maintained a t  
a p r e s s u r e  of only 25 p s i a  f o r  t h e  f i r s t  n i n e  hours  of t h e  hold  and then  
r a i s e d  t o  100 p s i a  f o r  t h e  l a s t  hour  b e f o r e  launch. This assumption r e s u l t s  
i n  an approximate r a t i o  of  maximum leakage flow t o  minimum leakage flow f o r  
t h e  hold  p e r i o d  o f ;  

5 



1 1 - (14.7)L 
Flow Ra t io  Z e = 24 (approximately)  _ .  

(25)L - (14.7)L 

t h e r e f o r e ,  

and 
- (5410) (24) = 1.09 s t d  cc / sec  

QL-?hX - (3600) (9 + 24) 

From t h e  above reasoning ,  t h e  d e f i n i t i o n  o f  ' 'zero leakage" and, 
hence,  t h e  goa l  f o r  t h i s  program w a s  e s t a b l i s h e d  as 1 s tanda rd  cc/sec a t  an 
85 p s i  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  seal. 

I V  0 DESIGN CONCEPTS 

The l i f t - o f f  seal des ign  concepts prepared  dur ing  Task I are descr ibed  
as fo l lows .  P a r t i c u l a r  emphasis w a s  p laced  upon des igns  which provided high 
i n i t i a l  s e a l i n g  loads  t o  m e e t  t h e  "zero" s t a t i c  leakage  requirement ,  r a p i d  
l i f t - o f f  (disengagement of t h e  s e a l i n g  s u r f a c e s )  t o  minimize rubbing wear, 
and f u l f i l l m e n t  of t h e  o p e r a t i o n a l  requirement of 10 hours  l i f e  i nc lud ing  300 
t y p i c a l  turbopump duty cyc le s  

A. DESIGN CONCEPT "A" 

1 e Desc r ip t ion  

The mechanical seal  l i f t e r  device  shown on Figures  No. 1 
through No. 5 is  of t h e  cam and r o l l e r  type.  Actua t ion  i s  accomplished by a 
means of spr ing-loaded f r i c t i o n  c l u t c h ,  r e l e a s e d  a t  1000 rpn  by c e n t r i f u g a l  
f o r c e .  F igure  No. 2 d i s p l a y s  a s e t  of t h r e e  r o l l e r s  (R ),  which are equal ly-  
spaced and conta ined  i n  a r i n g  (R). These r o l l e r s  move around on a c i r c u l a r  
t r a c k  i n  t h e  housing. Another se t  of  t h r e e  r o l l e r s  (Rz),  des igna ted  as cam- 
r o l l e r s ,  i s  l o c a t e d  between t h e  t r a c k  r o l l e r s .  The ends of t h e  p i n s  ho ld ing  
t h e  r o l l e r s  are f l a t t e n e d  and engaged by s l o t s  i n  t h e  d r i v i n g  r i n g  ( see  
Figure No. 3) The r o l l e r s  are R-type f l anged  b a l l  bea r ings  (0.375 i n .  bore)  e 

(R6DD r a d i a l  l oad  capac i ty  i s  235 l b  a t  50 rpm.) The cam-face (F igure  No. 2 ) ,  
which rests on t h e  r o l l e r s ,  R 2 9  c a r r i e s  t h r e e  (120 degrees  a p a r t )  i d e n t i c a l  
a scen t  and descent-ramps having a c i r c u m f e r e n t i a l  ex t ens ion  of approximately 
60 degrees  each. The c a m  i t s e l f  i s  secu red  a g a i n s t  r o t a t i o n  i n  t h e  housing.  
However, i f  t h e  r o l l e r  c a r r i e r  r i n g  is  r o t a t e d ,  t h e  cam w i l l  move a x i a l l y  i n  t h e  
housing wi th  a 60 degree t u r n  corresponding t o  t h e  f u l l  l i f t  of t h e  seal .  
Another 60 degree  t u r n  b r i n g s  t h e  c a m  down aga in ,  A t  rest, a small gap ( s e t  
f o r  nosepiece material and wear) s e p a r a t e s  t h e  l i f t i n g  shou lde r  of t h e  cam 
from the  nosepiece  h o l d e r ,  as shown on F igure  No. 4. Spr ings  and p r e s s u r e  
a c t i n g  upon unbalanced areas f o r c e  t h e  nosep iece  a g a i n s t  t he  running r i n g  t o  
seal t h e  c a v i t y  con ta in ing  l i q u i d  hydrogen a t  100 p s i a  a g a i n s t  t he  leakage  
c a v i t y  a t  0 p s i g .  The secondary seal (between t h e  housing and nosepiece)  is 

1 
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Figure  2.  L i f t -o f f  Seal Design Concept "A" 
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F igure  3,  L i f t - o f f  Seal Concept - Design "A" 
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Figure  4 .  L i f t - o f f  Seal Concept - Design "A" 
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Figure  5. L i f t - o f f  Seal Concept - Design "A" 
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a metal bel lows welded t o  t h e  corresponding components. The f o r c e  r e q u i r e d  t o  
l i f t  t h e  nosepiece  a g a i n s t  a c a v i t y  p r e s s u r e  of 100 p s i a  i s  approximately 
500 l b  i n  t h i s  des ign ,  This  f o r c e  i s  obta ined  from t h e  s h a f t  by means o f  a 
spr ing-loaded c l u t c h  ( s e e  F igure  No. 3 ) .  The d r i v i n g  r i n g  i s  clamped between 
Ring 1 and Ring 2 by a number of s p r i n g s ,  F r i c t i o n  between t h e s e  r i n g s  and 
t h e  d r i v i n g  r i n g  t r a n s m i t s  s h a f t  to rque  i n t o  t h e  l i f t  device.  I f  t h e  s h a f t  
speed i n c r e a s e s ,  c e n t r i f u g a l  f o r c e  on t h e  b a l l s ,  B ,  overcome t h e  s p r i n g  f o r c e  
and move Rings 1 and 2 away from t h e  d r i v i n g  r i n g .  No mechanical connect ion 
between s h a f t  and t h e  l i f t  device  e x i s t s  a t  speeds g r e a t e r  than  1000 rpm. 
Above t h i s  speed ,  t h e  b a l l s  rest a g a i n s t  t h e  c y l i n d r i c a l  i n n e r  s u r f a c e  of  t h e  
r i n g s ,  which r e t a i n  t h e  b a l l s  a g a i n s t  t h e  c e n t r i f u g a l  f o r c e .  

2 .  Cont ro l  

A se t  of bel lows and a c o n t r o l  sleeve are provided t o  achieve  
t h e  d e s i r e d  sequence of motions ( s e e  F igure  No. 4 ) .  The i n t e r i o r  of t h e  be l -  
lows i s  connected t o  t h e  p r e s s u r e  s i d e  of t h e  sea l  by means of a smal l ,  t i m e -  
delay o r i f i c e .  The i n i t i a l  p r e s s u r e  of  100 p s i a  i s  balanced by s p r i n g s ,  wi th  
t h e  top of t h e  bel lows r e s t i n g  a g a i n s t  a s t o p .  P r e s s u r e  build-up expands t h e  
bellows and f o r c e s  t h e  c o n t r o l  sleeve toward t h e  r i g h t  s i d e .  A check v a l v e  
( see  F igure  No. 5) permi ts  t h e  c o n t r o l  sleeve bel lows t o  expand f r e e l y  dur ing  
t h i s  p r e s s u r e  build-up. Conical  s u r f a c e s  of t h e  c o n t r o l  s l e e v e  r e t a i n  and 
f r e e  s m a l l  b a l l s  which are guided i n  t h e  housing bores .  These b a l l s  perform 
t h e  fo l lowing  f u n c t i o n s :  

B a l l  @ 

B a l l  @ 

B a l l  @ 

Locks t h e  nosepiece  i n  t h e  open p o s i t i o n  and 
unlocks i t  (delayed) when t h e  p r e s s u r e  decays.  

Runs i n  a t r a c k  w i t h  a s t o p  f o r  t h e  second 
60 degrees  of  r o t a t i o n .  

Runs i n  a t r a c k  w i t h  a s t o p  f o r  t h e  f i r s t  
60 degrees  of r o t a t i o n .  

3 ,  Sequence of Opera t ion  

a.  P r e - S t a r t  Condi t ion ( ze ro  s h a f t  speed and 100 p s i a  
c a v i t y  p r e s s u r e )  

(1) Clutch i s  engaged 

( 2 )  Bellows is  c o n t r a c t e d  

( 3 )  B a l l  @ i s  o u t  

( 4 )  B a l l  @ i s  ou t  

(5) B a l l  @ i s  i n  a t  t h e  s t a r t  of a 60 degree t r a c k  
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b ,  I n i t i a l  S t a r t  Condi t ions ( s h a f t  speed less t h a n  1000 rpm 
and c a v i t y  s l i g h t l y  g r e a t e r  than  100 p s i a )  

S h a f t  to rque  t u r n s  t h e  d r i v i n g  r i n g  and r o l l e r s  w h i l e  
t h e  c a m  f a c e  l i f t s  t h e  seal. 
degrees  of r o t a t i o n  by a s t o p  i n  t h e  t r a c k  of  b a l l  @ and t h e  c l u t c h  s l i p s .  
A f t e r  a s h a f t  speed of 1000 rpm h a s  been reached ( l e s s  than  one r e v o l u t i o n  of  
t h e  s h a f t ) ,  t h e  c l u t c h  i s  disengaged as i n d i c a t e d  on Figure  No. 3 .  

Movement of t h e  r o l l e r s  is  s topped a f t e r  60 

c. S t a r t  and Steady-State  Condit ions ( s h a f t  speed 2 1000 rpm 
and c a v i t y  p r e s s u r e  between 100 and 500 p s i a )  

A s  t h e  c a v i t y  p r e s s u r e  b u i l d s  up, t h e  bel lows expands 
and t h e  c o n t r o l  sleeve moves toward t h e  r i g h t ,  as shown on Figure  No. 4 .  
B a l l  @ i s  locked i n t o  t h e  ' ' in. ' '  p o s i t i o n  and t h e  s ea l  i s  l i f t e d .  
i s  pushed i n t o  t h e  s t a r t  o f  i t s  60 degree  t r a c k  and b a l l  @ i s  free. 

Ba l l  @ 

Speed v a r i a t i o n s  have no i n f l u e n c e  upon t h e  sea l  func- 
t i o n  because t h e  d r i v e  i s  disengaged above 1000 rpm. P r e s s u r e  v a r i a t i o n s  w i l l  
have no effect  because t h e  c a m  and r o l l e r s  are i n  t h e  f u l l - l i f t  p o s i t i o n  and 
t h e  l i f t e r  ( b a l l  0) i s  locked a t  p r e s s u r e s  above 100 p s i a .  

The l a b y r i n t h  seal shown on F i g u r e  No. 1 i s  provided t o  
l i m i t  t h e  leakage  d u r i n g  t h e  p e r i o d  when t h e  primary sea l  is  i n  t h e  l i f t e d  
p o s i t i o n .  

d. Shutdown Condit ion ( s h a f t  speed less than  1000 rpm and 
c a v i t y  p r e s s u r e  approaching 100 p s i a )  

A t  s h a f t  speeds less than  100 rpm, t h e  c l u t c h  engages 
s lowly.  I f  f r i c t i o n  i s  s u f f i c i e n t l y  h i g h ,  t h e  d r i v  r i n g  and r o l l e r s  w i l l  
move 60 degrees .  This  movement i s  s topped  by B a l l  i n  i t s  t r a c k  and t h e  
c l u t c h  cont inues  t o  s l i p  u n t i l  t h e  s h a f t  rpm reaches zero.  The f a c e  cam and 
r o l l e r s  now are  i n  p o s i t i o n  t o ' a l l o w  t h e  seal  t o  reseat. A s  t h e  p r e s s u r e  i n  
t h e  bel lows decays ( p r e s s u r e  decay is  r e t a r d e d  by t h e  t iming o r i f i c e ) ,  t h e  
c o n t r o l  sleeve moves toward t h e  l e f t .  
unlocked. The seal  reseats under s p r i n g  f o r c e  and t h e  add i  i o n a l  f o r c e  from 
t h e  100 p s i a  c a v i t y  p r e s s u r e .  A t  t e same t i m e  t h a t  B a l l  6 i s  i n  t h e  
unlocked p o s i t i o n ,  Bal l s  @) and 8 s h i f t  p o s i t i o n  i n  r e a d i n e s s  f o r  t h e  n e x t  
cyc le  

Ball. @ becomes f r e e  and t h e  cam i s  

B ,  DESIGN CONCEPT "B" 

The l i f t - o f f  seal concept i l l u s t r a t e d  on Figure  No. 6 is  somewhat 
s imilar  t o  Design "A" w i t h  t h e  major except ion  b e i n g  a d i f f e r e n t i a l  b a l l  screw 
arrangement t h a t  is  u t i l i z e d  f o r  a c t u a t i n g  t h e  seal  i n t o  t h e  open p o s i t i o n ,  

For a r i g h t  hand t h r e a d ,  as viewed from X, a clockwise t u r n  of  
component @ advances @ ( e s s e n t i a l l y  a b o l t )  toward t h e  l e f t ,  where compo- 
nent  @ ( e s s e n t i a l l y  a n u t )  i s  s t a t i o n a r y .  One complete r e v o l u t i o n  of @ 
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e Component @ a l s o  acts  
produces a re la t ive a x i a l  as a n u t  f o 3 s l e e v e  @ and one r e v o l u t i o n  of 

The r e s u l t i n g  ovement 6 minus t h e  l i f t  of t h e  nosepiece  away from t h e  running r i n g  w i l l  b e  

produces an a x i a l  movement e q u a l  t o  t h e  p i t c h ,  

motion of 1 C t o  t h e  r i g h t  e q u a l  t o  t h e  p i t c h  f?  - 
80 degrees  of  w i l l  produce a ne t  sea l  o en ing  of  

o g e t h e r ,  b u t  f r e e  t o  move re la t ive  t o  each 
= 0.5-in. and 0,3-in.  Sleeves @ and 6 are 

o t h e r  a t  s p l i n e  A reverse movement t o  t h e  r i g h t  i s  r e q u i r e d  t o  reposi-  
t i o n  t h e  seal i n  c l o s e d  p o s i t ' o n .  To a c h i e  e t h i s  motion w i t h  t h e  same 
d i r e c t i o n  of  r o t a t i o n  of d r i v e r  b9 t h e  bol ;  6 i s  h e l d  s t a t i o n a r y  and t h e  
n u t  @ is turned.  This  s h i f t  of locks  i s  achieved by b a l l s  and t h e  c o n t r o l  
sleeve 0, a c t u a t e d  by a bel lows which i s  c o n t r a c t e d  by a s p r i n g  a c t i n g  
a g a i n s t  t h e  100 p s i a  c a v i t y  p r e s s u r e .  A s  t h e  c a v i t y  rises above t h e  100 p s i a  
level  t h e  bel low pands and s h i f t s  t h e  locks 
uncouples sleeve t o  t h e  driver.,@ b a l l  @ couples  o r  uncouples sleeve 
@ t o  t h e  d r i v e r  , and b a l l  0 couples  o r  uncouples sleeve @ t o  t h e  
d r i v e r  @ w h i l e  i n g  @ t o  t h e  housing. 
of sleeve @ where sleeve @ i s  dr iven  as would occur  i f  t h e  seal is  s t i l l  
s e a t e d .  Bal l  LL l o c k s  t h e  seal  i n  t h e  open p o s i t i o n  and permi ts  t h e  device  

e n t  and a t  speeds below 1000 rpm, t h e  bel lows remains expanded as a r e s u l t  of  
t h e  r e t a r d i n g  a c t i o n  of t h e  t i m e  delay o r i f i c e .  Contact w i t h  t h e  s e a l i n g  

Ba l l  8 couples  o r  

Component @ prevents  r o t a t i o n  

t o  r e t u r n  t o  t h  9 s t a r t i n g  p o s i t i o n  w i t h o u t  l oad .  During t h e  shutdown t r a n s i -  

s u r f a c e s  i s  prevented u n t i l  t h e  s ea l  re la t ive  
a c c e p t a b l e  level .  The re la t ive motion between 
t o  180 degrees  by a s t o p ,  8 - 
by needle  b e a r i n g s  

Support  f o r  t h e  r o t a t i n g  members i s  provided 
The d r i v i n g  f o r c e  f o r  @ i s  obta ined  from t h e  f r i c -  

t i o n  c l u t c h  @ which i s  r e l e a s e d  through c e n t r i f u g a l  of t h e  b a l l s  
shown when a speed of  1000 rpm h a s  been a t t a i n e d ;  b a l l  dropped i n t o  
t h e  s t o p  and t h e  seal  i s  i n  t h e  l i f t e d  p o s i t i o n .  

C. DESIGN CONCEPT "C" 

The l i f t - o f f  seal  i l l u s t r a t e d  on Figures  No. 7 through No. 9 
relies upon a b a l l  and ramp a c t u a t i o n  system f o r  r a p i d l y  s e p a r a t i n g  t h e  seal- 
i n g  s u r f a c e s  dur ing  t h e  s t a r t  t r a n s i e n t .  Complete l i f t - o f f  occurs  w i t h  t h i s  
device dur ing  t h e  f i r s t  60 degrees of s h a f t  r o t a t i o n  by t h e  a c t i o n  of t h e  
t h r e e  b a l l s  fo l lowing  a ramp as shown on Figure  No. 9 .  I n  a d d i t i o n  t o  t h e  
ball-ramp device ,  a c o n t r o l  bellows i s  provided t o  augment t h e  l i f t i n g  a c t i o n ,  
A s  t h e  system p r e s s u r e  i n c r e a s e s  from 100 p s i a  t o  500 p s i a ,  t h e  c o n t r o l  be l -  
lows expands and relieves t h e  load  on t h e  b a l l  and t h e  ramp. The sea l  w i l l  
remain i n  t h e  l i f t e d  p o s i t i o n  d e s p i t e  minor system p r e s s u r e  and s h a f t  speed 
v a r i a t i o n s  dur ing  s t e a d y - s t a t e  o p e r a t i o n  because of t h e  locking  b a l l  a c t i o n  
and corresponding groove ( s e e  F igure  No, % > ,  Resea t ing  of t h e  seal  dur ing  t h e  
shutdown t r a n s i e n t  i s  r e t a r d e d  u n t i l  re la t ive  seal  v e l o c i t i e s  have reached an 
a c c e p t a b l e  level  by t h e  combined a c t i o n  of a t iming o r i f i c e  i n  t h e  c o n t r o l  
bellows feed  system and t h e  locking  b a l l ,  
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Figure 9 .  L i f t - o f f  Seal Concept - Design "C" 
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D e  DESIGN CONCEPT "D" 

F i g u r e  No, 10 i l l u s t r a t e s  a seal which i s  l i f t e d  by d i f f e r e n t i a l  
p r e s s u r e  a c t i n g  on be l lows ,  P r i o r  t o  r o t a t i o n ,  t h e  sea l  c a v i t y  p r e s s u r e  (P ) 
i s  100 p s i a ,  t h e  c a v i t y  p r e s s u r e  upstream o f  t h e  l a b y r i n t h  (Pu> i s  0 p s i g ,  and 
t h e  downstream c a v i t y  p r e s s u r e  (Pd) i s  0 p s i g ,  
from t h e  o t h e r  cavit ies by t h e  nosepiece  s e a t i n g  a g a i n s t  t h e  running r i n g  and 
by t h e  spr ing-loaded b a l l  valves shown on t h e  f i g u r e .  When s h a f t  r o t a t i o n  
reaches 1000 rpm dur ing  t h e  s tar t  t r a n s i e n t ,  t h e  c e n t r i f u g a l  f o r c e  on t h e  
b a l l s  i s  s u f f i c i e n t  t o  unsea t  t h e  valve and permit  P p r e s s u r e  t o  approach t h e  
P p r e s s u r e  o f  100 p s i a ,  which w i l l  cause t h e  nosepiece  t o  l i f t  away from t h e  
running r i n g .  Reseat ing of t h e  seal  i s  r e t a r d e d  dur ing  t h e  shutdown t r a n s i e n t  
by t h e  a c t i o n  of  t h e  b a l l  valves a t  speeds above 1000 rpm and by t h e  bel lows 
check valve as t h e  system p r e s s u r e  decays. I 

C 

The seal  c a v i t y  i s  i s o l a t e d  

U 

C 

E. DESIGN CONCEPT "E" 

The h y d r o s t a t i c  l i f t - o f f  seal  c o n f i g u r a t i o n  shown on F i g u r e  No. 11 
u t i l i z e s  an e x t e r n a l l y - p r e s s u r i z e d  c o n t r o l  bel lows chamber P r e s s u r i z a t i o n  
of t h e  bel lows provides  t h e  i n i t i a l  c l o s i n g  f o r c e  r e q u i r e d  f o r  s t a t i c  s e a l i n g  
as w e l l  as f o r  ba lanc ing  t h e  h y d r o s t a t i c  f o r c e s  on t h e  sea l  f aces  dur ing  
dynamic o p e r a t i o n .  The i n h e r e n t l y  s imple  des ign  o f f e r s  a means f o r  o b t a i n i n g  
s e a l i n g  loads  t n a t  are s u f f i c i e n t l y  h igh  t o  m e e t  t h e  e s t a b l i s h e d  "zero1'  leak-  
age l i m i t s  w h i l e  p e r m i t t i n g  r a p i d  l i f t - o f f  w i t h o u t  wear of t h e  sea l  i n t e r -  
f aces  * 

F, DESIGN CONCEPT "F" 

The l i f t - o f f  seal des ign  of F igure  No. 1 2  i s  a pressure-ac tua ted  
u n i t  c o n s i s t i n g  of a r a d i a l  p i s t o n  pump arrangement provid ing  p r e s s u r e  t o  
expand a bel lows which s e p a r a t e s  t h e  nosepiece  from t h e  running-ring. I n i t i a l  
c l o s i n g  f o r c e  f o r  s t a t i c  s e a l i n g  i s  accomplished by a Bel lev i l le  s p r i n g  
assembly. The p i s t o n  i s  d r i v e n  by a cam and c e n t r i f u g a l  c l u t c h  system which 
disengages a t  a s h a f t  speed where t h e  c a v i t y  p r e s s u r e  has  r i s e n  t o  a leve l  
t h a t  i s  s u f f i c i e n t  t o  main ta in  t h e  s ea l  i n  t h e  open p o s i t i o n ,  The seal  i s  
r e t a i n e d  i n  t h e  open p o s i t i o n  dur ing  t h e  shutdown t r a n s i e n t  by r e t a i n i n g  t h e  
p r e s s u r e  i n  t h e  bel lows u n t i l  sea l  re la t ive  v e l o c i t i e s  have reached an 
accept  ab l e  leve l  

G. DESIGN CONCEPT "G" 

F igures  No. 13  and No. 1 4  d e p i c t  a p r e s s u r e  a c t u a t e d  s ea l  config- 
u r a t i o n  similar t o  t h e  "F" design.  The bel lows p r e s s u r i z a t i o n  p i s t o n s  f o r  
t h i s  des ign  are d r i v e n  by a cam arrangement which disengages by t h e  a c t i o n  of 
pressure-sensing bel lows a t  c a v i t y  p r e s s u r e s  exceeding 120 p s i a  (corresponding 
t o  a s h a f t  speed of approximately 2000 rpm), Seal face c o n t a c t  dur ing  t h e  
shutdown t r a n s i e n t  i s  prevented  by re -es tab l i shment  o f  t h e  p i s t o n  pumping 
a c t i o n  when t h e  c a v i t y  p r e s s u r e  drops below 120 p s i a  as w e l l  as by v i r t u e  of 
t h e  t i m e  delay o r i f i c e  which r e t a r d s  t h e  a c t u a t i n g  bel lows p r e s s u r e  decay 
u n t i l  s h a f t  speeds reach an a c c e p t a b l e  level,  
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100 - 0 PSI 

RIJNNING RING 

PRESSURE SENSING 
BEWWS 

CAM FACE 

- NOTE: PISTONS RETRACT AND PUU AWAY 
FROM CAM FACE AT APPROXIMATELY 
2000 RPM BY PRESSURE SENSING 
BELLOWS (120 PSI). 

F igu re  14. Lift-off Seal Concept - Design "G" 
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H,  DESIGN CONCEPT "H" 

The des ign  shown on Figures  No. 15 and No. 1 6  is  a m o d i f i c a t i o n  of 
t h e  "G" des ign ,  w i t h  a cam-driven p i s t o n  pump p r o v i d i n g  t h e  p r e s s u r e  f o r  
i n i t i a l  l i f t - o f f  dur ing  t h e  s t a r t  t r a n s i e n t .  Again, a p r e s s u r e  s e n s i n g  be l -  
lows i s  used t o  prevent  c o n t a c t  between t h e  p i s t o n  f o l l o w e r  and t h e  c a m  a t  
seal  c a v i t y  p r e s s u r e s  above 120 p s i a ,  when t h e  nosepiece  i s  i n  t h e  l i f t e d  and 
locked p o s i t i o n .  A mechanical locking  d e v i c e  i s  used t o  r e t a i n  t h e  nosepiece  
i n  t h e  l i f t e d  p o s i t i o n .  During t h e  shutdown t r a n s i e n t ,  t h e  mechanical l o c k  i s  
disengaged a t  p r e s s u r e s  below 120 p s i a ,  t h e  p i s t o n  pumping a c t i o n  is  i n i t i a t e d ,  
and t h e  sea l  remains l i f t e d  u n t i l  acceptab ly  low s u r f a c e  speeds are a g a i n  
es t a b  l i s h e  d 

I. DESIGN CONCEPT "J" 

This  des ign ,  as r e p r e s e n t e d  by Figure No. 1 7 ,  i s  a s e l f - a c t i n g ,  
pocketed, h y d r o s t a t i c  l i f t - o f f  seal. The combined f o r c e s  of t h e  compressed 
bel lows t h e  s p r i n g ,  and t h e  pressure-area  f o r c e s  provide  t h e  necessary  seal- 
i n g  load  f o r  "zero" leakage  under s t a t i c  condi t ions .  
i n g  c o n d i t i o n s ,  t h e  seal faces w i l l  b e  s e p a r a t e d  as a r e s u l t  of  a ba lance  
between t h e  pressure-area  f o r c e s  t h e  s p r i n g  f o r c e s ,  and t h e  h y d r o s t a t i c  
f o r c e s  a t  t h e  seal  f ace .  I n  t h i s  d e s i g n ,  sea l  i n t e r f a c e  rubbing w i l l  occur  
dur ing  t h e  s ta r t  and shutdown t r a n s i e n t  p e r i o d s  o f  o p e r a t i o n .  Consequently,  
p a r t i c u l a r  emphasis must b e  p laced  upon t h e  s e l e c t i o n  of m a t e r i a l s  wi th  good 
l i q u i d  hydrogen wear c h a r a c t e r i s  t i cs .  

For s t e a d y - s t a t e  opera t -  

v. LOAD LEAKAGE LIFE RELATIONSHIPS 

P r i o r  t o  t h e  a c t u a l  design of  t h e  l i f t - o f f  seal f o r  t h i s  program, a 
paramet r ic  s t u d y  w a s  conducted t o  determine t h e  r e l a t i o n s h i p s  between f a c t o r s  
i n f l u e n c i n g  both  t h e  s t a t i c  s e a l i n g  c a p a b i l i t y  and t h e  wear r e s i s t a n c e  o f  seal  
i n t e r f a c e  components I) 
( i e e a 9  p l a s t i c  deformation o f  t h e  s e a l i n g  l i p )  r e s u l t  i n  excess ive  wear dur ing  
rubbing o p e r a t i o n ;  ,conversely,  t h e  c o n d i t i o n s  optimum f o r  long  rubbing l i f e  
( i e e . 9  low seal element c o n t a c t  s t r e s s )  r e s u l t  i n  poor  s t a t i c  s e a l i n g  c a p a b i l i t y ,  

I n  g e n e r a l ,  c o n d i t i o n s  optimum f o r  s t a t i c  s e a l i n g  

The r e s u l t s  of  t h e  p a r a m e t r i c  s t u d y  d e s c r i b e d  i n  t h i s  s e c t i o n  provide  
a method f o r  s e l e c t i n g  seal i n t e r f a c e  material combinations,  geometr ies ,  and 
f a c e  loadings  which w i l l  s a t i s f y  t h e  ' 'zero leakage" and t h e  o p e r a t i o n a l  l i f e  
requirements f o r  a s p e c i f i c  seal a p p l i c a t i o n .  
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NOSEPIECE 

SPRING 

Figure 1 6 ,  L i f t -o f f  Seal Concept - Design "H" 
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A. STATIC SEAL LEAKAGE CRITERIA 

A s  a r e s u l t  of  Aero je t  exper ience  i n  t h e  des ign  of s t a t i c  seals 
f o r  "zero leakage ,"  t h e  most p r a c t i c a l  "zero leakage" c r i t e r i a  f o r  s t a t i c a l l y -  
s e a l e d  j o i n t s  of helium and hydrogen systems have been e s t a b l i s h e d  a t  approxi-  
mately 1.0 x s t d  c c / s e c / i n .  of seal i n t e r f a c e  l e n g t h .  However, t h i s  
requirement i s  a p p l i c a b l e  only t o  s t a t i c a l l y - s e a l e d  j o i n t s .  The m e t a l  o r  
p l a s t i c  gaske t  must b e  compressed p l a s t i c a l l y  t o  ensure  intimate conformity 
wi th  t h e  mating s u r f a c e  a s p e r i t i e s  and t h i s  r e s u l t s  i n  permanent deformation 
wi th  an accompanying work-hardening of t h e  metal gaske t s .  No a t tempt  i s  made 
t o  r euse  t h e  m e t a l  o r  p l a s t i c  gaske t s  because each r euse  would r e q u i r e  a h ighe r  
pre load  t o  g a i n  t h e  same i n i t i a l  conformity and t h e  same leakage rate capa- 
b i l i t y  a t  t h e  i n t e r f a c e .  

When r e s e a t i n g  of t h e  i n t e r f a c e  i s  r e q u i r e d ,  such as i n  t h e  pro- 
posed a p p l i c a t i o n ,  i n t e r f a c e  stress levels must be lowered dependent upon t h e  
number of r e s e a t i n g  c y c l e s  r equ i r ed ,  t h e  amount of rubbing expected a t  t h e  
i n t e r f a c e ,  and t h e  materials t o  b e  used.  I n  view of t h e  leakage  r a t e  be ing  
p r imar i ly  dependent upon t h e  i n t e r f a c e  stresses, p e r m i s s i b l e  leakage  neces- 
s a r i l y  w i l l  be g r e a t e r  t h a n  f o r  t h e  s t r i c t l y  s t a t i c  seal  i n t e r f a c e  designed 
f o r  on ly  one compression cyc le .  I f  no rubbing e x i s t s  a t  t h e  i n t e r f a c e  ( e .g . ,  
t h e  seal i s  l i f t e d  from t h e  seat b e f o r e  r o t a t i o n  o c c u r s ) ,  pe rmis s ib l e  i n t e r -  
f a c e  stresses can exceed the  e l a s t i c  l i m i t  and some p l a s t i c  deformation would 
be  accep tab le .  I f  rubbing e x i s t s  ( e . g . ,  t h e  seal i s  l i f t e d  from t h e  seat a f t e r  
r o t a t i o n  s t a r t s ) ,  t h e  i n t e r f a c e  stress l e v e l s  must be  below t h e  e las t ic  l i m i t  
and t h e  pe rmis s ib l e  stress levels f u r t h e r  depend upon t h e  amount of rubbing 
t h a t  occurs  dur ing  t h e  d e s i r e d  l i f e  of t h e  seal. 

Aero je t  has  ex tens ive  test  exper ience  w i t h  poppet seals, which are 
s imilar  t o  t h e  l i f t - o f f  seal  bu t  w i thou t  t h e  rubbing .  It has been demonstrated 
t h a t  by e x e r c i s i n g  a j u d i c i o u s  s e l e c t i o n  of t h e  seal and seat  m a t e r i a l s ,  t he  
pe rmis s ib l e  stress levels f o r  300 t o  500 duty c y c l e s  can b e  s u f f i c i e n t  t o  
main ta in  leakage  rates below 1,O x 10-3 c c / s e c / i n .  of i n t e r f a c e  l e n g t h .  
r e p r e s e n t s  a n  a t t a i n a b l e  "zero leakage" va lue  f o r  t h e  non-rubbing, e x t e r n a l l y -  
a c t u a t e d ,  l i f t - o f f  seal  des igns .  

This  

The pe rmis s ib l e  i n t e r f a c e  stress l e v e l s  f o r  s e l f - ene rg ized  l i f t -  
o f f  seal  des igns  wi th  some rubbing are l i m i t e d  by t h e  wear c h a r a c t e r i s t i c s  of 
t h e  s e l e c t e d  seat and seal materials;  t h e r e f o r e ,  l eakage  w i l l  be  somewhat pre-  
determined. This i s  d i scussed  i n  g r e a t e r  d e t a i l  y subsequent s e c t i o n s .  
Pre l iminary  p r e d i c t e d  v a l u e s  range from 1 . 0  x 10- c c / s e c / i n .  of c i rcumference 
t o  as high as 20 c c / s e c / i n .  of c i rcumference depending upon the  nosepiece 
c o n f i g u r a t i o n  and t h e  materials used. The leakage  va lue  of 1 .0  s t d  cc / sec  
(approximately 0 - 0 6  c c / s e c / i n .  of c i rcumference f o r  t h e  seal  s i z e  under con- 
s i d e r a t i o n )  e s t a b l i s h e d  dur ing  Task I as t h e  program goa l  ( s ee  Sec t ion  II1,A) 
would appear  t o  be a t t a i n a b l e  by s e l e c t i n g  t h e  proper  nosepiece material, 
geometry, loading  and t h e  o v e r - a l l  seal  c o n f i g u r a t i o n ,  
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B. NOSEPIECE DESIGN CRITERIA 

1. Non-Rubbind S t a t i c  Seals 
I 

The b a s i c  requirement f o r  a s t a t i c  seal is  p l a s t i c  flow of 
t h e  gaske t  material t o  f i l l  t h e  a s p e r i t i e s  of t h e  mating s u r f a c e s  t o  t h e  
e x t e n t  necessary  t o  s a t i s f y  t h e  a l lowable  leakage  of  t h e  system f l u i d  a t  a l l  
o p e r a t i n g  and environmental  cond i t ions .  
c a n t l y  from t h o s e  of t h e  elastic loading  r equ i r ed  f o r  rubbing seals. 
Absolute "zero leakage" a c r o s s  t h e  i n t e r f a c e  can b e  a t t a i n e d  only  when p l a s t i c  
flow of t h e  gaske t  has  occurred  t o  provide  complete conformity wi th  t h e  mating 
s u r f a c e  a s p e r i t i e s ,  I f  t h i s  conformity of t h e  mating s u r f a c e s  i s  n o t  d i s -  
tu rbed  dur ing  ope ra t ion ,  "zero leakage" w i l l  be maintained.  However, from a 
p r a c t i c a l  a s p e c t ,  p e r f e c t  conformity a t  t h e  i n t e r f a c e  is  n e a r l y  imposs ib le  
t o  a t t a i n  i n i t i a l l y  and i s  even more d i f f i c u l t  t o  ma in ta in  dur ing  ope ra t ion .  
This  i s  subsequent ly  amplified. ,  I f  t h e  gaske t  must be  reused ,  as r equ i r ed  
i n  the  proposed a p p l i c a t i o n ,  e i t h e r  t he  mating s u r f a c e s  must seat p r e c i s e l y  
i n  t h e  same p o s i t i o n  each t i m e  o r  t h e  load  must be  inc reased  t o  reform t h e  
gaske t  t o  an e s s e n t i a l l y  new i n t e r f a c e .  

These requi rements  d i f f e r  s i g n i f i -  

I n v e s t i g a t i o n s  (Ref. 2) wherein va r ious  shaped wedges were 
impressed a g a i n s t  a f l a t  p l a t e  e s t a b l i s h e d  t h a t  t h e  b e s t  combination of l o a d  
i n t e r f a c e  con tac t  area and deformation as w e l l  as t h e  lowest  leakage  i s  
obta ined  wi th  a s o f t  60 degree angle  wedge a g a i n s t  a ha rd  p l a t e  ( s e e  F igure  
No. 18 ) .  Data obta ined  du r ing  t h e s e  i n v e s t i g a t i o n s  are shown on Figures  
No. 19 ,  No. 20,  and No. 21 .  

f l a t  p l a t e  has  an i n h e r e n t  advantage over  a f l a t  nosepiece shape. 
nosepiece  r e q u i r e s  p e r f e c t  a x i a l  and angu la r  a l ignment  ( p a r a l l e l i s m )  between 
t h e  two i n t e r f a c e s  t o  o b t a i n  a deformed i n t e r f a c e  equa l  t o  t h e  l e n g t h  of t h e  
f l a t ,  Conversely,  wedge o r  cy l ind r i a l ly - shaped  nosepieces  tend t o  form t h e  
i n t e r f a c e  p a r a l l e l  t o  t h e  f l a t  p l a t e  without  p e r f e c t  a x i a l  alignment and 
r e s u l t  i n  less p e r f e c t  angu la r  alignment depending upon t h e  s t i f f n e s s  of t h e  
nosepiece,  The i n t e r f a c e  stresses of t h e  angu la r  wedge are extremely high.  
Also,  they are u s u a l l y  equa l  t o  the  compressive s t r e n g t h  i n  t h e  p l a s t i c  range.  
Thus, t h e  r a d i a l  wid th  of t h e  i n t e r f a c e  ( con tac t  a r e a / i n , )  i s  a f u n c t i o n  of 
t h e  load .  The same advantages r e s u l t  from t h e  use  of a s m a l l  r a d i u s  c y l i n d r i c a l  
wedge; however, as the r a d i u s  i n c r e a s e s ,  elastic stresses become more pre-  
dominant because t h e  stress concen t r a t ion  f a c t o r  dec reases  and t h e  l o a d / a r e a  
r e l a t i o n s h i p  becomes less l i n e a r .  When t h e  r a d i u s  becomes i n f i n i t e  ( f l a t  
nosepiece) ,  t h e  area remains cons t an t  w i t h  l o a d  and t h e  stress i n c r e a s e s  from 
zero  u n t i l  t h e  compressive e las t ic  l i m i t  i s  reached.  A t  t h i s  p o i n t ,  t h e  
material f lows normal t o  t h e  load and t h e  c o n t a c t  area i n c r e a s e s  n o n l i n e a r l y ,  

An angu la r  o r  cy l ind r i ca l ly - shaped  nosepiece  mated a g a i n s t  a 
The f l a t  

Aero je t  exper ience  i n  t h e  des ign  of s t a t i c  seals has  shown 
t h a t  t h e  p r a c t i c a l  l i m i t  f o r  t h e  seal i n t e r f a c e  wid th  i s  approximately 
0.020-ine Other  i n v e s t i g a t o r s  (Ref. 2) have r epor t ed  t h a t  a minimum width 
as low as 0,012-in, w a s  p r a c t i c a l  f o r  good s e a l i n g .  S t u d i e s  undertaken dur ing  
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Figure 19. Apparent Area-Load Relationship f o r  an 1100-0 Aluminum 
Wedge on an 1141 Flat Steel Surface (Plastic Wedge Case) 
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t h e  conceptua l  des ign  phase,  Task I ,  e s t a b l i s h e d  0.040-in. as a d e s i r a b l e  seal  
i n t e r f a c e  width f o r  t h i s  s p e c i f i c  a p p l i c a t i o n .  The load  r equ i r ed  t o  ga in  t h i s  
width wi th  t h e  wedge shapes shown on Figure  No, 18 i s  a f u n c t i o n  of t h e  com- 
p r e s s i v e  y i e l d  (hardness)  of t h e  wedge material. 

The b e s t  material f o r  o b t a i n i n g  i n i t i a l  s t a t i c  s e a l i n g  would 
b e  one t h a t  provides  t h e  l a r g e s t  deformed c o n t a c t  area wi th  t h e  smallest load .  
However, o t h e r  c o n s i d e r a t i o n s  e l i m i n a t e  many of t h e  p rospec t ive  materials. 
While e las tomers  would provide  t h e  b e s t  conformation a t  ambient tempera ture ,  
they  become b r i t t l e  a t  low temperatures  and would s h a t t e r  dur ing  l i f t - o f f  
cyc l ing .  I n  a d d i t i o n ,  e las tomers  s h r i n k  more r a p i d l y  dur ing  coo l ing  than  the  
m e t a l l i c  seal h o l d e r  and severe thermal  hoop stresses are induced. P l a s t i c  
materials ( i - e . 9  Te f lon  and Kel-F) a l s o  are r e l a t i v e l y  b r i t t l e  a t  l i q u i d  
hydrogen tempera tures .  Although d i f f e r e n t i a l  c o n t r a c t i o n s  remain a problem 
wi th  t h e  p l a s t i c s ,  g e n e r a l l y  they  are n o t  as seve re  as those  c h a r a c t e r i s t i c  
of e las tomers .  P l a s t i c  f low (creep)  under load  a t  ambient temperature  (co ld  
flow) has  been used t o  advantage f o r  some seal des igns  u t i l i z i n g  t h e  p las t ics .  
Various types  and p a r t i c l e  s i z e s  of f i l l e r  materials a l s o  have been molded 
i n t o  t h e  p l a s t i c s  t o  reduce t h e  co ld  f low problem., Glass f a b r i c  and par t ic les  
are t h e  most commonly used f i l l e r  m a t e r i a l s ,  b u t  m e t a l - f i l l e d  and g raph i t e -  
f i l l e d  Tef lon  a l s o  have been manufactured f o r  some a p p l i c a t i o n s .  

The s e l e c t i o n  of m e t a l l i c  materials f o r  t h e  nosepiece i s  
l i m i t e d  by t h e  hardness  of t h e  mating s u r f a c e .  Good s t a t i c  s e a l i n g  r e q u i r e s  
t h a t  t h e  hardness  of  t h e  seal material be  less than  one-half t h e  hardness  o f  
t h e  mating s u r f a c e  (Ref. 2) t o  e l imina te  s i g n i f i c a n t  deformation of t h e  mating 
s u r f a c e .  I n  a d d i t i o n ,  some metals creep under load  wh i l e  o t h e r s  work-harden 
wi th  deformation.  Any advantage t o  be  de r ived  from creep  i n  t h i s  a p p l i c a t i o n  
is  ques t ionab le  because t h e  s e a l i n g  load  can be  he ld  cons t an t  over  a r e l a t i v e l y  
l a r g e  deformation range w i t h  some des igns .  However, work hardening i s  d e f i -  
n i t e l y  a d isadvantage  because i t  r e q u i r e s  an i n c r e a s e  i n  load  a t  each r e s e a t i n g  
cyc le  t o  main ta in  t h e  same i n t e r f a c e  conformity and leakage  rate. I f  t h e  
r e s e a t i n g  load  remains c o n s t a n t ,  t h e r e  i s  inc reased  leakage wi th  each cyc le .  
The g r e a t e r  t h e  work-hardening tendency of  a material ,  t he  g r e a t e r  i s  the  
leakage 

materials as a r e s u l t  of g a l l i n g  dur ing  cyc l ing  o r  s e a t i n g  i s  ano the r  impor tan t  
parameter t o  be cons idered .  Although t h i s  c o n d i t i o n  more a p p r o p r i a t e l y  a p p l i e s  
when rubbing occurs  a t  t h e  i n t e r f a c e ,  t r a n s f e r  can t a k e  place wi thout  rubbing 
i f  i n t e r f a c e  stresses are h igh .  This  i m p l i e s  t h a t  t h e  nosepiece a l s o  should 
have a low s u s c e p t i b i l i t y  of  material  t r a n s f e r  w i th  t h e  mating (running r i n g )  
s u r f a c e  (Ref,  3 ) ,  Assuming t h a t  no t r a n s f e r  of material t a k e s  place wi th  each 
r e s e a t i n g  c y c l e ,  t h e  leakage  would dec rease  w i t h  each cyc le  and become 
r e l a t i v e l y  cons t an t  a f t e r  t h e  material s t a b i l i z e s .  

T rans fe r  c h a r a c t e r i s t i c s  between metal-to-metal  i n t e r f a c e  

Candidate nosepiece materials are shown on Table I.  This  
s e l e c t i o n  provides  a broad range of seal  material hardness  (Meyer hardness  
from %4000 p s i  t o  420,000 p s i )  and s t r a i n  hardening c h a r a c t e r i s t i c s  (Meyer 
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Index %2.1 t o  2 ,8)  f o r  i n v e s t i g a t i o n .  The r equ i r ed  seal  loading  varies because 
of t h e  hardness  of t h e  material and leakage  should va ry  wi th  c y c l i n g  depending 
upon t h e  s t r a i n  hardening and co ld  flow o r  c reep  c h a r a c t e r i s t i c s .  A l l  of t h e  
materials shown are less than  one-half t h e  hardness  of t h e  mating r i n g  s u r f a c e ,  
The s u s c e p t i b i l i t y  t o  t r a n s f e r  material w i t h  t h e  i n t e r f a c e  v a r i e s  from very low 
wi th  the  Tef lon  t o  r e l a t i v e l y  h igh  wi th  300 Series CRES (based upon room 
temperature  p rope r ty  d a t a ) .  

Two d i f f e r e n t  b a s i c  nosepiece  shapes were cons idered  f o r  
i n v e s t i g a t i o n ;  a 60-degree angu la r  wedge and a l a r g e  r a d i u s  c y l i n d r i c a l  wedge. 
The 60-degree wedge w a s  cons idered  t o  have t h e  b e s t  s e a l i n g  p o t e n t i a l ,  b u t  
t h e  wear rate might be  g r e a t e r  f o r  t h i s  c o n f i g u r a t i o n ,  The l a r g e  r a d i u s  wedge 
o f f e r e d  b e t t e r  wear c h a r a c t e r i s t i c s ,  b u t  would p e r m i t  h ighe r  leakage  flow f o r  
a g iven  load .  These c o n f i g u r a t i o n s  are shown on Figure  No, 22. 

Ca lcu la t ed  load-contact  area r e l a t i o n s h i p s  f o r  several  nose- 
p i e c e  shapes are shown on Figure  No. 23 ,  us ing  phosphor bronze as t h e  wedge 
material. The curve f o r  t h e  60-degree wedge and t h e  s m a l l  r a d i u s  (0.050-in. 
diameter)  c y l i n d r i c a l  wedge are based upon t h e  assumption t h a t  a cond i t ion  of 
cons t an t  average stress occurs  a t  t h e  i n t e r f a c e  as t h e  wedge i s  deformed 
(Ref. 2) .  This  imp l i e s  p l a s t i c  flow of t h e  seal material o r  

P/A’ = S = cons tan t  f o r  a g iven  material Eq.  (1) n 
where : 

P = Applied load  ( l b / i n * )  

A’ 

S = Average normal stress ( p s i )  n 

= Apparent c o n t a c t  area ( i n a 2 / i n . )  

The average normal stress i s  r e l a t e d  t o  Meyer ha rdness ,  0 by: m q  

s = com9 
n 

where C i s  a cons t an t  t h a t  depends upon t h e  wedge geometry and i s  approximately 
0 , 5  f o r  t h e  60-degree wedge and approximately 0,8 f o r  t h e  s m a l l  r a d i u s  wedge. 

The Her tz  formula f o r  t h e  maximum stress imposed by p r e s s i n g  
a c y l i n d e r  a g a i n s t  a f l a t  p l a t e  w a s  used i n  c a l c u l a t i n g  the  maximum stress i n  
t h e  wedge, up t o  t h e  compressive y i e l d  s t r e n g t h  of t h e  wedge material:  

(’ c )  max = 0,798 P I 
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where: 
= Maximum compressive stress induced by p r e s s i n g  t h e  

c y l i n d e r  a g a i n s t  t h e  p l a t e  ( l b / i n ,  2, (' c)  max 

D = D i a m e t e r  of t h e  c y l i n d r i c a l  wedge ( i n , )  

and v2 = Poi s son ' s  r a t i o  f o r  t h e  seal  and running r i n g ,  

and E2 = Young's modulus of t h e  seal  and running r i n g ,  

P = Applied load  pe r  i nch  of seal circumference,  ( l b / i n e )  

v 
r e s p e c t i v e l y  

r e s p e c t i v e l y  ( p s i )  

1 

E 1 

The load  a t  which t h e  induced compressive stress equa l s  t h e  compressive 
s t r e n g t h  of t h e  seal i s  c a l c u l a t e d  from: 

2 

+ '-"I Eq. ( 3 )  'GRIT = [A] [- El E2 

l-V1 

where : 

CT = Meyer hardness  of t h e  nosepiece  material  ( p s i ) .  m 

Load-area r e l a t i o n s h i p s  were c a l c u l a t e d  us ing  t h e  i n t e g r a l :  
b 

P = S dx,  
C -b 

Eq.  ( 4 )  

where : 

S = Compressive stress a t  any p o i n t  a long  t h e  con tac t  i n t e r f a c e .  
C 

CRIT) ' For an app l i ed  load  (PI less than  t h e  c r i t i c a l  l o a d  (P  
a p a r a b o l i c  stress d i s t r i b u t i o n  over t h e  c o n t a c t  i s  assumed as shown on 
Figure  No. 24(a) 

S u b s t i t u t i n g  Equation (5) i n t o  Equat ion ( 4 ) ,  t h e  r e l a t i o n s h i p  

o r  e 2b 2 
3 c max P = - ( S )  

i s  obta ined .  
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Since  2b = R 

This  r e l a t i o n s h i p  ho lds  f o r  (S ) < CT * The con tac t  c max - m l eng th  i s  an e l a s t i c  deformation.  Then 

= 2 (om) 'GRIT 3 

For an app l i ed  load  (P)  g r e a t e r  t han  t h e  c r i t i c a l  l oad  
>, t h e  p a r a b o l i c  stress d i s t r i b u t i o n  f l a t t e n s  a t  t h e  compressive y i e l d  ('GRIT s t r e n g t h  of t he  material as shown on F igure  No. 24 (b ) .  The stress parabola  

then  i s  d i sp laced  outward i n  t h e  x -d i r ec t ion .  

I sc  dx P =  
- (b+B) 

B+b a -a 
P = I S c d x  = I S c d x +  I S dx 

a -a -(a+b) 

where : 

so 
2 
3 c  CRIT ' 2 B =  R '  a n d - 0  R =  P 

+ CT R '  
= 'GRIT C 

R '  = P l a s t i c a l l y  deformed con tac t  w id th ,  i n .  

= A '  = Apparent c o n t a c t  area, ( i n . 2 / i n .  of seal 
circumference)  

Eq. ( 7 )  

This  p las t ica l ly-deformed c o n t a c t  width i s ,  i n  essence ,  t h e  
width of t h e  l eak  pa th  through which any leakage must p a s s .  
deformed con tac t  area, t h e  stress l e v e l  i n  t h e  seal i s  c l o s e  t o  t h e  Meyer 
hardness  of t h e  material, Thus, t h e  seal flows p l a s t i c a l l y  i n  t h i s  area and 
conforms t o  any asper i t ies  i n  t h e  s u r f a c e  of t h e  running r i n g .  Also,  t h e  
s u r f a c e  c o n t a c t  i n  t h i s  area i s  q u i t e  c l o s e  and forms t h e  major r e s i s t a n c e  t o  

In this  p l a s t i c a l l y -  
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f l u i d  leakage  i n  t h e  e l eas t i ca l ly -de fo rmed  r eg ion ,  
what less than  t h e  Meyer hardness  of t h e  seal and the  c o n t a c t  between t h e  seal  
and running-r ing i s  less i n t i m a t e  i n  t h i s  r eg ion ,  
r e s i s t a n c e  i n  the  l e a k  p a t h  i n  t h i s  reg ion .  

The stress level i s  some- 

Therefore ,  t h e r e  i s  less 

To develop t h e  load-area r e l a t i o n s h i p s  f o r  t h e  v a r i o u s  
materials and c o n f i g u r a t i o n s  be ing  cons idered ,  PCRIT w a s  f i r s t  c a l c u l a t e d  
f o r  each seal material and d iameter  u s ing  Equat ion (2 ) .  
from Equat ion (7) as a f u n c t i o n  of t h e  a p p l i e d  l o a d ,  P.  

The R ’  was c a l c u l a t e d  

I n i t i a l  l eakage  rate va lues  w e r e  es t imated  by a method pre-  
sen ted  by Bauer (Ref. 2), assuming a s u f f i c i e n t  app l i ed  load  t o  o b t a i n  a 
0.012-in, and a 0.020-in. s e a l i n g  width.  These v a l u e s  are shown on Table I1 
and t h e  b a s i c  formula is:  

x -! 2 2 
( P i  - PO )a  

24 i; poRq 
(h3) [l + 6.39 E-  i;l  Q, = 

where : 
5 Q = Leakage flow a c r o s s  t h e  i n t e r f a c e  ( i n .  / s e c )  L 

P i  = I n t e r n a l  ( o r  h igh)  p r e s s u r e  ( p s i a )  

Po = Exte rna l  ( o r  l o w )  p r e s s u r e  ( p s i a )  
- 
p = Viscos i ty  of t h e  f l u i d  a t  t h e  temperature  and p r e s s u r e  being 

analyzed (Reyns - l b / s e c / i n .  2, 

a = Length of t h e  i n t e r f a c e  normal t o  flow ( i n . )  

R P  = Width of t h e  s e a l i n g  i n t e r f a c e  i n  t h e  d i r e c t i o n  of flow ( i n . )  

h3 = Flow conductance parameter ( i n e 3 )  = t h e  cube of t h e  e q u i v a l e n t  
channel  c l ea rance  between t h e  i n t e r f a c e s .  

E = Cor rec t ion  f a c t o r  f o r  gases  (0.9 f o r  a s i n g l e  gas)  

= Equivalent  channel  c l ea rance  ( o r  h e i g h t )  ( i n . )  
- 
X = Mean molecular  f r e e  p a t h  of t h e  gas a t  temperature  be ing  analyzed 

and a mean p r e s s u r e  = (Pi + P0)/2 

Equat ion (8) provides  f o r  flow i n  t h e  laminar ,  t r a n s i t i o n ,  
and molecular  flow modes. The f i r s t  p a r t  of t h e  equa t ion  i s  e s s e n t i a l l y  t h e  
v iscous  flow equat ion  and t h e  t e r m  (1 + 6 -39 E A/h) i s  a modified molecular  
flow c o r r e c t i o n  f a c t o r ,  
T/h < O.Ol), viscous  laminar  f low predominates and w i l l  produce t h e  l a r g e s t  

When t h i s  term i s  e s s e n t i a l l y  equa l  t o  1 ( i e e o 9  

4 3  
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- 
leakage flow. 
t o  l e O ) 9  b o t h  laminar and molecular  f low ( t r a n s i t i o n  flow mode) exis ts  i n  t h e  
channel .  Values above 7 ( i e e e 9  x/E > 1.0) i n d i c a t e  t h a t  t h e  predominant f low 
mode i s  molecular .  

Between t h e  va lues  of  approximately 1 and 7 ( i , e a ,  A/h = 0.01 

Because t h e  f l u i d ,  f l u i d  pressure,  and f l u i d  temperature  are 
known, t h e  v a l u e s  f o r  t h e  f l u i d  p r o p e r t i e s  (i and A) can be  determined;  

P i  = 100 p s i a  

Po = 14.7 p s i a  

1-1 

1-1 

- 
= 5.44 x lo-' 1 b - s e c / i n e 2  a t  59'R (Ref. 4) 

= 1.29 x lo-' I b - s e c / i n e 2  a t  (530'R) (Ref. 4) 
- 

S u b s t i t u t i n g  t h e s e  v a l u e s  i n  t h e  flow e q u a t i o n  and assuming a v a l u e  of 1 - in .  
f o r  t h e  circumference of w ,  t h e  formula reduces t o :  

- 2.1 (10") (h3) + 1.016 ( lo5)  (h2) 
QL = R '  

a t  ambient temperature  (530'R) and 100 p s i a ,  and 

- 4 2  QL = 4,99 (1010)(h3) + 2.83 (10 ) ( h  ) 
R P  

a t  supercooled gas temperature  (59'R) and 100 p s i a ,  
where 

3 - 
Q = leakage p e r  inch of i n t e r f a c e  l e n g t h  ( i n .  I s e c l i n .  

c i rcumference)  L 

3 The v a l u e s  f o r  (h  ) depend upon t h e  n e t  a p p l i e d  l o a d ,  apparent  
c o n t a c t  area,  t h e  Meyer Hardness (0,) and Meyer Index (n') of  t h e  seal 
material and t h e  peak-to-valley (PTV) s u r f a c e  roughness of t h e  h a r d e r  i n t e r -  
f a c e  material, 
and are shown on Figure  No, 25, 
f o r  s u r f a c e s  lapped and p o l i s h e d  t o  t h e  peak-to-valley roughness (PTV) h e i g h t s  
shown on t h e  curves.  
us ing  t h e  r e l a t i o n s h i p :  

Empir ical  v a l u e s  f o r  h3  have been der ived  (Ref. 2) from tests 
This f i g u r e  r e p r e s e n t s  t h e  d a t a  c o l l e c t e d  

The modified stress r a t i o  must be  i n i t i a l l y  c a l c u l a t e d  

45 



MODIFIED STRESS RATIO, R 

Figure 25, Design Criteria for Lapped and Polished Surfaces with 
Surface Roughness Shown as a Parameter (Ref 2) 
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where : R = Modified stress r a t i o  

W = The n e t  a p p l i e d  load  ( l b )  

A a  = Apparent c o n t a c t  area ( i n ,  ) 

n '  = Meyer Index ( h a r d e n a b i l i t y )  = 2.0 f o r  most of  

2 

t h e  materials cons idered .  

I n  t h i s  case, R s 9  t h e  appa ren t  c o n t a c t  width and P have been 
determined f o r  t h e  a p p l i e d  l o a d  p e r  i nch  of seal. 
are 0.012-in. and/or  0 .020-in0,  from which t h e  r equ i r ed  app l i ed  l o a d  can be 
determined us ing  Figure  No, 23, where phosphor bronze i s  t h e  nosepiece 
material. Curves can be cons t ruc t ed  i n  a similar manner f o r  o t h e r  cand ida te  
materials. Values f o r  R i n  the  p las t ica l ly-deformed con tac t  area w e r e  t y p i -  
c a l l y  0.3 t o  0.5 f o r  t h e  materials cons idered .  The l a r g e r  va lues  w e r e  ob ta ined  
wi th  t h e  b igge r  diameter  nosepieces ,  
s e r v a t i v e l y  s e l e c t e d  f o r  a PTV s u r f a c e  roughness of 10 microinches.  
r e s u l t e d  i n  a va lue  of 1.0 x 

The s e l e c t e d  v a l u e s  of R '  

A modif ied stress r a t i o  of 0 - 2  w a s  con- 
It 

f o r  h3. 

2 .  S t a t i c  Seals wi th  Rubbing 

When rubbing occurs  between t h e  i n t e r f a c e  s u r f a c e s  under l o a d ,  
t h e  s t a t i c  s e a l i n g  problem becomes h igh ly  complex. By d e f i n i t i o n ,  good 
s e a l i n g  p r a c t i c e s  r e q u i r e  t h a t  t h e  i n t i m a t e  con tac t  between mating s u r f a c e s  
be  undis turbed  t o  main ta in  t h e  i n i t i a l  seal. A l s o ,  as p rev ious ly  exp la ined ,  
t h e  b e s t  seal  i s  a t t a i n e d  when t h e  gaske t  i s  compressed t o  a stress l e v e l  
above t h e  y i e l d  ( i n  t h e  p l a s t i c  range)  of t h e  material. However, f o r  good 
wear, t h e  i n t e r f a c e  stress l e v e l s  must b e  i n  t h e  e las t ic  range of t h e  m a t e r i a l s  
and t h e  p e r m i s s i b l e  normal stress l e v e l  i s  dependent upon t h e  amount of rubbing 
t h a t  occurs  dur ing  t h e  d e s i r e d  l i f e  of t h e  i n t e r f a c e .  

Extens ive  i n v e s t i g a t i o n s  (Ref. 5) have shown t h a t  t h e  "zero- 
wear'' l i f e  of t h e  rubbing i n t e r f a c e s  p r i m a r i l y  depends upon t h e  a c t u a l  shea r  
stress a t  t h e  i n t e r f a c e  and the  shea r  y i e l d  s t r e n g t h  of t he  i n t e r f a c e  materials 
The empi r i ca l  r e l a t i o n s h i p  f o r  "zero-wear" obta ined  from t h e s e  i n v e s t i g a t i o n s  
i s  : 

s s  2 [y] GY, 

where : 
S = The a c t u a l  s h e a r  stress l e v e l  a t  t he  i n t e r f a c e  ( p s i )  

N = The number of pas ses  experienced dur ing  t h e  l i f e  of t h e  i n t e r f a c e  

S 

and i s  r e l a t e d  t o  t h e  amount of rubbing experienced by each of t h e  
two s u r f a c e s .  

G = A form of a stress concen t r a t ion  f a c t o r  t h a t  depends upon the  two 
materials and t h e  l u b r i c a n t s  used ,  i f  anyp  and i s  b e s t  determined 
by a c t u a l  t es t ,  

Y = The y i e l d  p o i n t  i n  s h e a r  of t h e  materials used ( p s i )  
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For un lubr i ca t ed  i n t e r f a c e s ,  G can b e  only one of two v a l u e s ;  
0.20 f o r  i n t e r f a c e  material combinations w i t h  a h igh  s u s c e p t i b i l i t y  t o  trans- 
f e r ,  o r  0,54 f o r  i n t e r f a c e  material combinations wi th  a low s u s c e p t i b i l i t y  t o  
t r a n s f e r .  

The maximum p e r m i s s i b l e  shea r  stress (Ss max) can b e  assumed 
equa l  t o  t h e  va lue :  

It can be  c a l c u l a t e d  f o r  v a r i o u s  va lues  of  N i f  t h e  va lue  of G i s  known f o r  t h e  
p a r t i c u l a r  material combination. 
enced l i t e r a t u r e  (Ref, 51, assuming t h e  mating i n t e r f a c e  t o  be tungs t en  ca rb ide  
ha rd fac ing ,  wh i l e  v a l u e s  f o r  "Y" were e i t h e r  taken  from t h e  same source  o r  
es t imated  from t h e  material hardness .  These v a l u e s  are shown on Table  111. 
The c a l c u l a t e d  maximum pe rmis s ib l e  s h e a r  stress a t  v a r i o u s  va lues  of  N f o r  a 

Values f o r  "G" w e r e  t aken  from t h e  r e f e r -  

few r e p r e s e n t a t i v e  cand ida te  m a t e r i a l s i s s h o w n  on Figure  No. 26. 

TABLE I11 

VALUES USED FOR STRESS CONCENTRATION FACTOR "G" AND 
YIELD POINT ''"l' 

Nosepiece Material 

Tef lon  

65% Bronze-Filled Te f lon  

Phosphor Bronze 

347 CRES 

J. 

i s  r e l a t e d  t o  t h e  'n 9 
The maximum p e r m i s s i b l e  normal stress, 

shea r  stress by: 

- 's (max) - 
'n (max) r n 

K "\/ 1 / 4  + p L  
where: 

= Maximum pe rmis s ib l e  normal stress ( p s i )  'n (max) 

= Maximum pe rmis s ib l e  s h e a r  stress p rev ious ly  c a l c u l a t e d  
( p s i )  

s (max) 

K = S t r e s s  concen t r a t ion  f a c t o r  

1-I = F r i c t i o n  f a c t o r  and i s  dependent upon t h e  two materials 
i n  c o n t a c t  and t h e  l u b r i c a t i o n ,  i f  any. 
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10 lo2  

NUMBER OF PASSES (M) 

1 o3 

) for Several Calculated Maximum Allowable Shear Stress (S s max 
Candidate Nosepiece Materials 

Figure 26. 
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The stress concen t r a t ion  f a c t o r ,  K ,  depends upon t h e  sharp-  
nes s  of co rne r s  and edges i n  t h e  d i r e c t i o n  of s l i d i n g  (Ref. 5), For w e l l -  
rounded co rne r s ,  t h e  va lue  of K i s  approximately 2 wh i l e  f o r  sharp  c o r n e r s ,  
i t  can be  as h igh  as 1000, 
b u t  p re l imina ry  estimates were made based upon d a t a  c o l l e c t e d  by McGregor 
(Ref. 5) and are shown on Table I V .  The f r i c t i o n  f a c t o r ,  1-1, shown a l s o  w a s  
taken  from t h e  McGregor d a t a .  

The va lue  of K i s  b e s t  determined by a c t u a l  tes t ,  

TABLE I V  

VALUES USED FOR STRESS CONCENTRATION FACTOR "K" 

60-degree Wedge 

Small  R Cyl inder  

S m a l l  R Cyl inder  

Large R Cyl inder  

200 0.03 

200 0.67 

50 

5 

200 1 , o o  
50 

5 

The width of t h e  i n t e r f a c e ,  R ,  i s  es t imated  from t h e  modified 
Hertz  stress equat ion  (Ref.  5) f o r  t h e  c y l i n d e r s  a g a i n s t  a f l a t  p l a t e  us ing  
the  r e l a t i o n s h i p  : 

R = 3.56 (S ) n max 

where: 

R = Sea l ing  edge width ( i n . )  
2 

('n) max 
D = Diameter of t h e  c y l i n d e r  ( i n . )  

= Maximum normal stress ( l b / i n ,  ) 
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v1 and v = Poi s son ' s  r a t i o  f o r  t h e  nosepiece and t h e  running- 
r i n g  material ,  r e s p e c t i v e l y ,  2 

El and E = Young's modulus of t h e  nosepiece and t h e  running-r ing,  
r e s p e c t i v e l y  ( p s i )  

Assuming t h a t  t h e  normal app l i ed  l o a d ,  P ,  is  c o n t r o l l e d  by 
t h e  stress level so t h a t  

t hen  P = S R S n = p  n 

The v a l u e s  of "v'l and "E" were taken  from v a r i o u s  r e f e r e n c e s  
and are shown on Table  V .  The v a l u e  of D f o r  t h e  60-degree wedge ncsepiece  
w a s  assumed t o  be approximately 0.005-in. The c a l c u l a t e d  va lues  of c o n t a c t  
wid th ,  R ,  are shown on Figure  No. 27 f o r  a 0.500-in. diameter  nosepice  and 
f o r  t h e  d i f f e r e n t  materials under cons ide ra t ion .  T h e o r e t i c a l l y ,  R i s  pro- 
p o r t i o n a l  t o  D ;  t h e r e f o r e ,  t h e  c o n t a c t  wid ths  w i l l  be  reduced an o r d e r  of 
magnitude f o r  t h e  0.050-in. diameter  and two o r d e r s  of magnitude f o r  t h e  
0.005-in. d iameter .  

TABLE V 

VALUES USED FOR POISSON'S RATIO "vtt AND 
YOUNG ' S MODULUS "E" 

Material 

Te f lon  

65% Bronze-Filled Tef lon  

Phosphor Bronze 

347 CRES 

Tungsten Carbide 

? o i s s o n ' s  Ra t io  
(VI 

0.35 

0.35 

0.34 

0.30 

0,30 

Young's Modulus 
(E) p s i  

5.7 104 
5 1.0 x 10 
6 16 x 10 

30 x l o 6  
6 30 x 10 

The pe rmis s ib l e  stress levels and t h e  r e s u l t a n t  s e a l i n g  edge 
width are p r e s e t  f o r  a p a r t i c u l a r  nosepiece  conf igu ra t ion .  Add i t iona l ly ,  t h e  
materials t h a t  can be  used are d i c t a t e d  by t h e  d e s i r e d  (o r  designed)  "zero- 
wear" l i f e  as de f ined  by t h e  number of pas ses .  A s  a consequence, t h e  leakage  
can be  es t imated  from t h e s e  p r e s e t  cond i t ions  f o r  a p a r t i c u l a r  des ign  number 
o f  passes ( N P ) .  Enter ing  t h e  v a l u e  of N i n  t h e  a p p r o p r i a t e  curve (such as 
Figure No. 261, t h e  maximum a l lowable  normal stress, Sn(max) can be de te r -  
mined, 
mined from Figure  No, 27 whi le  t h e  a p p l i e d  load  P ,  i s  determined from: 

With t h i s  va lue  of Sn(maxI9 t h e  seal l eak  pa th  l eng th ,  R ,  i s  de te r -  
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1 10 l o L  1 oJ 

MAXIW ALLOWABLE APPLIED NORMAL STRESS (Sn) LB/IN2 

F igu re  27, Ca lcu la t ed  Sea l  Leak Pa th  Length at Naximum Allowable 
Normal S t r e s s  for a 0.500 i n .  D i a m e t e r  Nosepiece 
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3 P = Sn(max) R ,  f o r  a p a r t i c u l a r  seal l i f e ,  N', and t h e  
modified stress r a t i o ,  R,  as determined from Equat ion (9), 
i s  determined from Figure  No, 25 and t h e  leakage c a l c u l a t e d  from Equat ions 
( 6 )  and ( 7 ) .  Typica l  leakage  rate v a l u e s  f o r  t h e  l a r g e  r a d i u s  nosepieces  
which are needed t o  s a t i s f y  t h e  requirements  f o r  des ign  l i f e  (N') are p l o t t e d  
on Figure  No. 28, 

A va lue  f o r  (h  ) 

A number of conclus ions  can be drawn from t h e s e  estimates. 
F i r s t l y ,  t h e  lowest  leakage  rates w i l l  be  obta ined  f o r  rubbing seals w i t h  
l a r g e  diameter  c y l i n d r i c a l  nosepieces  because t h e  pe rmis s ib l e  normal stresses 
(S,) can b e  g r e a t e r  and, t h u s ,  t h e  s e a l i n g  edge width ( a )  can be  l a r g e r  as 
t h e  r a d i u s  approaches i n f i n i t y  ( i e e e ,  two f l a t  p l a t e s  i n  p e r f e c t  c o n t a c t ) .  
Although t h e  mating of two f l a t  p l a t e s  i s  n o t  d e s i r a b l e  from a p r a c t i c a l  
aspect because such a seal p r e s e n t s  extremely c r i t i c a l  al ignment  problems, the  
des ign  r a d i u s  should b e  as l a r g e  as p o s s i b l e  w i t h i n  t h e  l i m i t s  of t h e  permis- 
s i b l e  misalignment dur ing  assembly. Secondly,  t h e  Tef lon  (o r  b r o n z e - f i l l e d  
Teflon)  nosepiece  has  t h e  b e s t  l eakage  ra te  c a p a b i l i t y ,  p rovid ing  i t  w i l l  no t  
s h a t t e r  a t  t h e  temperatures  of l i q u i d  hydrogen., Although t h e  pe rmis s ib l e  
stress levels are much lower f o r  t h e  Te f lon  than  t h e  o t h e r  materials having 
t h e  same des ign  l i f e ,  t h e  Tef lon  provides  a wider  l e a k  pa th  (2 )  and a smaller 
equ iva len t  i n t e r f a c e  channel  he igh t  (h) a t  t h e  lower normal stress and normal 
load  va lues .  I f  t h e  co ld  flow and b r i t t l e n e s s  problems can b e  reduced w i t h i n  
accep tab le  l i m i t s  by u t i l i z i n g  f i l l e r s  o r  apply ing  des ign  t echn iques ,  t h i s  
material would be t h e  b e s t  s e l e c t i o n ,  This  sugges t s  t h e  p o s s i b i l i t y  of u s ing  
t h e  low modulus, low hardness  metals ( i e e e 9  t i n  o r  s i l v e r ) ,  p a r t i c u l a r l y  i n  
view of t h e i r  s u s c e p t i b i l i t y  t o  t r a n s f e r  i n  con tac t  w i t h  t h e  tungs t en  ca rb ide  
mating s u r f a c e  be ing  p o t e n t i a l l y  low (Ref .  6)  (wear f a c t o r  "G" p o t e n t i a l l y  = 
0 . 5 4 ) .  Also, t h e s e  metals o f f e r  p o t e n t i a l  c a p a b i l i t i e s  t h a t  are reasonably 
c l o s e  t o  those  of t h e  Teflon wi thout  t h e  problem of s h a t t e r i n g .  

Composite p l o t s  were made (F igures  No. 29 and No. 30) of t h e  
c a l c u l a t e d  va lues  of hydrogen leakage  and "zero-wear" rubbing l i f e  t o  provide  
a more d i r e c t  b a s i s  f o r  comparing t h e  v a r i o u s  cand ida te  materials and 
geometr ies  considered f o r  t h e  l i f t - o f f  sea l  nosepiece  and running r i n g .  'These 
parameters  w e r e  p l o t t e d  as a f u n c t i o n  of t h e  app l i ed  load  f o r  t h e  materials 
l i s t e d  on Table  I, From t h e s e  curves ,  i t  i s  t h e o r e t i c a l l y  p o s s i b l e  t o  select 
t h e  nosepiece  material and i n t e r f a c e  geometry b e s t  s u i t e d  f o r  t h e  a p p l i c a t i o n ,  
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EJUMBER O F  CYCLES (NO), DESIGN LIFE OF SEAL 

Figure 28, Calculated Leakage Rate for "Zero Wear" Design Life f o r  a 
.500-ine Diameter Nosepiece 
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1.0 10 lo2 

APPLIED LOAD - P (LB/IN. OF CIRCUMFERENCE) 

Figure 2 9 .  Load-Leakage-Life Relationships for Large Radius Nosepieces 
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10- 1.0 10 lo2 

APPLIEDc LOAD - P (LB/IN.  OF CIRCUMFERENCE) 

Figure 30, Load-Leakage-Life Relationships f o r  Blunted 60 Degree 
Wedge Nosepieces 
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V I  HYDROMECHANICAL DESIGN AND FABRICATION 

The o r i g i n a l  i n t e n t i o n  du r ing  Task I w a s  t o  concen t r a t e  upon seal 
des igns  t h a t  would l i f t - o f f  r a p i d l y  du r ing  t h e  t r a n s i e n t  per iod  s o  as t o  mini- 
mize o r  prevent  rubbing of t h e  s u r f a c e s ,  However, t h e  load- leakage- l i fe  
s t u d i e s  conducted i n  p a r a l l e l  w i th  t h e  p r e p a r a t i o n  of  t h e  des ign  concepts  
i n d i c a t e d  t h a t  program g o a l s  ("zero" leakage  and long l i f e )  could b e  achieved 
wi thout  any need f o r  t h e  type  of complex seal a c t u a t i n g  systems impl ied  by 
t h e  i l l u s t r a t i o n  on Figure  No. 1, 

A t  t h e  conclus ion  of t h e  Task I conceptua l  des ign  e f f o r t ,  two of t h e  
l i f t - o f f  seal c o n f i g u r a t i o n s  descr ibed  i n  Sec t ion  I V  w e r e  s e l e c t e d  f o r  d e t a i l  
des ign  and a n a l y s i s .  These concepts  (Design "E", F igure  No. 11, and Design 
"J", Figure No. 1 7 )  w e r e  pocketed h y d r o s t a t i c  f a c e  seals which d i f f e r e d  p r i -  
mar i ly  i n  t h e  means used t o  achieve  s t a t i c  s e a l i n g  and t o  c o n t r o l  i n t e r f a c e  
rubbing du r ing  t r a n s i e n t  ope ra t ion .  Both of t h e  s e l e c t e d  concepts  were sub- 
j e c t e d  t o  r igo rous  h y d r a u l i c  and mechanical ana lyses .  Detail manufactur ing 
drawings w e r e  prepared.  They included a l l  of t h e  dimensional ,  material ,  and 
process ing  informat ion  necessary  f o r  f a b r i c a t i n g  a l l  of t h e  r equ i r ed  com- 
ponents and assembl ies .  

A ,  EXTERNALLY-PRESSURIZED SEAL DESIGN 
, 

I n i t i a l  paramet r ic  s t u d i e s  w e r e  conducted t o  determine t h e  optimum 
f a c e  geometry us ing  a h y d r o s t a t i c  bea r ing  and seal  computer model developed i n  
a previous c o n t r a c t  (Ref,  7 ) .  The 33 cases i n i t i a l l y  considered are shown on 
Figure  No, 31. The nomenclature f o r  t h e s e  cases i s  desc r ibed  on t h e  seal f a c e  
schematic (F igure  No. 32) .  The s t u d i e s  r e s u l t e d  i n  g r a p h i c a l  p r e s e n t a t i o n s ,  
s imilar  t o  t h a t  of Figure No. 33, f o r  s t e a d y - s t a t e  o p e r a t i n g  load  c a p a c i t y ,  
dynamic leakage  f low,  a x i a l  s t i f f n e s s ,  t o r s i o n a l  s t i f f n e s s ,  and recess (pocket)  
p re s su res  as a func t ion  of t h e  running c l ea rance  between t h e  seal f a c e  and t h e  
mating r i n g .  The fo l lowing  f i n a l  nominal f a c e  geometry w a s  s e l e c t e d  a f t e r  
success ive  i t e r a t i o n s :  

Number of Pockets  - 1 2  

Inne r  E x i t  Land Radius - 2.875-in. 

E x i t  Land Width - 0.040-in. 

Face Width - 0 525-in. 

O r i f i c e  Diameter - 0.016-in.  

Pocket Width - 0.100-in.  

Inne r  Land Width - 0.350-in.  

Inner  Land Setback - 0.0003-ine 
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SUMMARY OF CASES 

1 

Number of Pockets ( 8 )  

Supply Pressure  ( 5 0 0  p s i a )  

Ro ta t iona l  Speed (20000 rpm) 

I n n e r  E x i t  Land Radius (2.875 i n . )  

). Three Ex i t  Land Widths 
( .020 ,  .040, and ,100 in . )  

Three Face Widths 
( .250 ,  .500, and .750 i n . )  

Three O r i f i c e  Diameters 
( .020 ,  .030, and .040 i n . )  

Number of Pockets ( 8 )  

Supply Pressure  ( 5 0 0  p s i a )  

Ro ta t iona l  Speed (20000 

I n n e r  E x i t  Land Radius (2.875 i n )  

Face Width ( .500 i n . )  

O r i f i c e  Diameter ( .020  i n . )  

Two E x i t  Land Widths 
( .020, and .040 i n . )  

Three I n n e r  Land Setbacks 
( , 0 0 0 2 ,  .0005, and -001 i n . )  

\ 

CASES 

Figure  31. E x t e r n a l l y  P r e s s u r i z e d  L i f t - o f f  S e a l  Parametric Study Cases 
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The pockets ,  o r  recesses, f o r  t h i s  des ign  are 0.010-in. deep and 
equally-spaced on t h e  seal  f a c e  wi th  0.100-in, c i r c u m f e r e n t i a l  spac ing  between 
each pocket .  The 0.040-in,  wide e x i t  l and  width and t h e  extremely s m a l l  
(0.0003-in.) i n n e r  land  se tback  w a s  necessa ry  t o  provide  t h e  r equ i r ed  l i p  area 
f o r  s t a t i c  s e a l i n g  wh i l e  main ta in ing  a s t a b l e  o p e r a t i n g  f i l m  between t h e  i n n e r  
land  and mating r i n g .  
t h e  se tback  as a p a r t  of t h e  s o f t e r  mating r i n g  t o  main ta in  a r e l a t i v e l y  
u n c l u t t e r e d  pocketed f ace .  

The des ign  w a s  arranged t o  inc lude  t h e  s e a l i n g  l i p  and 

Seve ra l  concen t r i c  a c t u a t i n g  bel lows arrangements w e r e  cons idered ,  
It w a s  determined t h a t  a bel lows chamber us ing  a se t  of s i n g l e  convolu t ion  
t o r o i d a l  be l lows ,  similar t o  one inc luded  on a seal f o r  s t o r a b l e  p r o p e l l a n t s  
(Ref.  7), would provide t h e  optimum means f o r  c o n t r o l l i n g  t h e  c e n t e r  of t h e  
f o r c e s  on t h e  back s i d e  of t h e  seal f a c e  whi le  exper ienc ing  l i t t l e  o r  no 
change i n  e f f e c t i v e  bel lows area when p res su r i zed .  

The f i n a l  des ign  arrangement i s  shown on Figure No. 34. I n  t h i s  
des ign ,  t he  s t a t i o n a r y  member of t h e  seal  i s  cons t ruc t ed  e n t i r e l y  from age- 
hardened Inconel  718 wi th  t h e  c o n t a c t  f a c e  being flame-sprayed wi th  tungs t en  
c a r b i d e ,  followed by g r ind ing  and lapping  t o  a 4 micro-inch f i n i s h .  The 
bel lows are 0.004-in.  t h i c k  Inconel  718 hydroformed i n t o  t h e  t o r o i d a l  shape 
from a welded c y l i n d e r  of s h e e t  s t o c k  and then jo ined  t o  t h e  mating com- 
ponents.  A bel lows chamber area of approximately 4.6 i n .2  r e s u l t s  from t h i s  
des ign .  The r o t a t i n g  r i n g  shown, which h a s  t h e  0.040-in. wide s e a l i n g  nose- 
p i ece  lapped t o  an average s u r f a c e  of 1 micro-inch and the  0.0003-in. s e tback  
f o r  t h e  seal i n n e r  l a n d ,  i s  made of phosphor bronze (QQ-B-750, Composition A, 
Half-Hard). This  material  w a s  s e l e c t e d  a f t e r  t h e  material combinations shown 
on Figures  No. 29 and No. 30 were compared f o r  wear l i f e  and s t a t i c  s e a l i n g  
c a p a b i l i t i e s .  The 0.040-in. wide f l a t  seal  s e a l i n g  l i p  w a s  s e l e c t e d  t o  pro- 
v i d e  a con tac t  s u r f a c e  which would lend  i t s e l f  t o  convent iona l  manufactur ing 
techniques .  Lapping s p h e r i c a l  s u r f a c e s ,  as would be necessary  i n  a l a r g e  
r a d i u s  nosepiece ,  and c o n t r o l l i n g  t h e  geometry of a 60 degree b lun ted  c o n i c a l  
nosepiece f o r  a p p l i c a t i o n  on a h y d r o s t a t i c  seal would have been extremely 
d i f f i c u l t  because of t h e  s m a l l  nosepiece  d i c t a t e d  by t h e  i n n e r  land  se tback  
re quiremen t a 

The es t imated  seal o p e r a t i n g  curve of F igure  No. 35, which 
inc ludes  t h e  e f f e c t  of running-r ing r o t a t i o n ,  shows t h a t  a t  t h e  des ign  con- 
d i t i o n s  of 20,000 rpm and a t  a c a v i t y  p r e s s u r e  of 500 p s i a ,  t h e  s e p a r a t i o n  
between t h e  seal f a c e  and t h e  nosepiece  w i l l  be approximately 0.001-in.  The 
ope ra t ing  l i n e  shown r e f l e c t s  t h e  back s i d e  f o r c e  r e s u l t i n g  from p r e s s u r i z a -  
t i o n  of t h e  bel lows chamber. Under i n i t i a l  s t a t i c  c o n d i t i o n s ,  t h e  bel lows 
chamber p re s su re  (Pg) i s  g r e a t e r  t han  t h e  100 p s i a  seal c a v i t y  p r e s s u r e  (P,) 
s o  as t o  provide  the  s e a l i n g  load  needed t o  achieve  "zero" leakage .  During 
t h e  start  t r a n s i e n t ,  when seal c a v i t y  p r e s s u r e  and s h a f t  speed are i n c r e a s i n g ,  
t h e  bel lows chamber p r e s s u r e  i s  allowed t o  e q u a l i z e  wi th  t h e  s e a l  c a v i t y  
p re s su re  and t h e  running c l ea rance  w i l l  vary as i n d i c a t e d ,  Dynamic seal  
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Figure 35, Externally Pressurized Hydrostatic Lift-off Seal Estimated 
Operating Performance 
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leakage f low w i l l  vary  d u r i n g  t r a n s i e n t  o p e r a t i o n  i n  a similar manner, as 
i n d i c a t e d  by t h e  curve on Figure No. 36. 
a t  des ign  c o n d i t i o n s  i s  es t imated  t o  be  approximately 16 gpm. 

Maximum s t e a d y - s t a t e  leakage  f low 

B. SELF-ACTING SEAL DESIGN 

A paramet r ic  s t u d y ,  s i m i l a r  t o  t h a t  d i s c u s s e d  i n  S e c t i o n  V,A,  w a s  
conducted t o  determine t h e  f a c e  geometry requirements  f o r  t h e  s e l f - a c t i n g  
h y d r o s t a t i c  seal  concept .  The nominal f a c e  geometry s e l e c t e d  f o r  t h i s  des ign  
w a s  : 

Number of Pockets  - 5 

I n n e r  Exi t  Land Radius - 2.875-in. 

E x i t  Land Width - 0.040-in, 

Face Width - 0.585-in. 

O r i f i c e  Diameter - 0.022-in. 

Pocket Width - 0.240-in. 

Pocket Depth - 0.020-in.  

I n n e r  Land Width - 0.300-in. 

I n n e r  Land Setback - 0.0005-in. 

T h i s  seal ,  as shown on Figure No. 37, was designed so  t h a t  t h e  
pocketed f a c e ,  t h e  s e a l i n g  l i p ,  and t h e  i n n e r  land  se tback  are p a r t  of the 
s o f t e r  s t a t i o n a r y  member, whi le  t h e  r o t a t i n g  r i n g  i s  a hard-surfaced f l a t  
member. I n i t i a l  s t a t i c  s e a l i n g  f o r  t h i s  d e s i g n  i s  achieved by pre- loading 
t h e  bel lows when i n s t a l l i n g  t h e  running-ring and by s p e c i f y i n g  a t i g h t  
t o l e r a n c e  on t h e  bel lows s p r i n g  ra te  dur ing  manufacture.  The be l lows  s p r i n g  
ra te  and pre load  were d i c t a t e d  by t h e  wear and s e a l i n g  c h a r a c t e r i s t i c s  of t h e  
s o f t e r  member, which i s  t i t a n i u m  a l l o y e d  w i t h  aluminum and vanadium 
(MIL-T-9047) f o r  t h i s  des ign .  The load- leakage- l i fe  c h a r t s  (F igures  No. 29 
and No. 30) i n d i c a t e d  t h a t  t h e  t i t a n i u m  a l l o y  should have a rubbing l i f e  and 
s e a l i n g  c a p a b i l i t y  comparable wi th  t h e  phosphor bronze s e l e c t e d  f o r  t h e  des ign  
d iscussed  i n  Sec t ion  V 1 , A .  The b a s i c  materials used f o r  t h i s  seal were 
Inconel  750 f o r  t h e  mounting f l a n g e  and bel lows,  wi th  a Has te l loy  B t r a n s i -  
t i o n  r i n g  between t h e  bel lows and t h e  t i t a n i u m  a l l o y  seal  f a c e  body, The 
t r a n s i t i o n  r i n g  w a s  inc luded  t o  overcome f a b r i c a t i o n  problems a s s o c i a t e d  w i t h  
t h e  j o i n i n g  of a Inconel  750 bel lows t o  t h e  t i t a n i u m  body. For t h i s  purpose,  
t h e  bellows w a s  t o  b e  welded t o  t h e  t r a n s i t i o n  r i n g ,  which, i n  t u r n ,  would be 
diffusion-bonded t o  t h e  t i t a n i u m ,  The running-ring i s  Inconel  750 wi th  t h e  
rubbing s u r f a c e  flame-sprayed w i t h  tungs ten  c a r b i d e .  

The es t imated  performance curve  on Figure  No. 38 shows t h a t  t h i s  
seal  des ign  (which re l ies  s o l e l y  upon bel lows pre- load,  bel lows s p r i n g  ra te ,  

6 4  



0 
\o 

0 
0 

0 
4, 

0 
m 

0 cv 

0 
4 

0 
0 
1 

e 001 e 002 

AXIAL CLEARANCE (h) - IN, 
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and t h e  i n t e r n a l  seal c a v i t y  p r e s s u r e  f o r  o p e r a t i o n )  w i l l  have a c l e a r a n c e  
between t h e  running-ring and t h e  s e a l i n g  nose of approximately 0.0006-ine a t  
t h e  des ign  o p e r a t i n g  p o i n t .  

C. DESIGN SELECTION 

A t  t h e  completion of t h i s  t a s k ,  t h e  d e c i s i o n  w a s  made t o  proceed 
wi th  f a b r i c a t i o n  of t h e  e x t e r n a l l y - p r e s s u r i z e d  seal  des ign  d e s c r i b e d  i n  
Sec t ion  V I , A  whi le  ho ld ing  t h e  s e l f - a c t i n g  seal  des ign  f o r  f u t u r e  considera-  
t i o n .  This  d e c i s i o n  w a s  p r i m a r i l y  based upon t h e  load- leakage- l i fe  curves  
(F igures  No. 29 and No. 30) be ing  c o n s t r u c t e d  u t i l i z i n g  materials p r o p e r t i e s  
t h a t  were es t imated  o r  e x t r a p o l a t e d  from a v a i l a b l e  room temperature  d a t a  i n  
applying t h e  e q u a t i o n s  of S e c t i o n  V.  

S e l e c t i o n  of t h e  s e l f - a c t i n g  seal des ign  would r e q u i r e  a more pre- 
c ise  knowledge of t h e  s p e c i f i c  cryogenic  materials p r o p e r t i e s  and, hence,  t h e  
load- leakage- l i fe  c h a r a c t e r i s t i c s .  T h i s  in format ion  would be  needed t o  
select  t h e  c o r r e c t  bel lows s p r i n g  ra te  and pre-load e s s e n t i a l  t o  achiev ing  
t h e  program g o a l s .  

The e x t e r n a l l y - p r e s s u r i z e d  seal d e s i g n  concept provided t h e  means 
f o r  vary ing  o r  a d j u s t i n g  t h e  s t a t i c  s e a l i n g  l o a d  and c o n t r o l l i n g  t h e  f a c e  load  
dur ing  t r a n s i e n t  o p e r a t i o n  by r e g u l a t i n g  t h e  p r e s s u r e  i n  t h e  bel lows chamber. 
Also,  d a t a  c o l l e c t e d  dur ing  t h e  t e s t i n g  of t h i s  des ign  would provide an 
improved b a s i s  f o r  f u t u r e  seal  des ign  e f f o r t s .  

D.  TEST UNIT DESIGN MODIFICATION 

The turb ine-dr iven  tes t  u n i t ,  d e p i c t e d  on Figure No. 39,  w a s  
designed d u r i n g  t h e  Task I1 e f f o r t .  
tes t  e v a l u a t i o n  of t h e  l i f t - o f f  seal .  Both t h e  t u r b i n e  d r i v e  and t h e  power 
t ransmiss ion  f o r  t h i s  u n i t  w e r e  p r e v i o u s l y  used f o r  b e a r i n g  and seal  t e s t i n g  
dur ing  t h e  M-1 program (Ref. 8 )  and could o p e r a t e  a t  speeds i n  e x c e s s  of 
20,000 rpm, 
requi red  several m o d i f i c a t i o n s  t o  provide  c o m p a t i b i l i t y  wi th  t h e  l i f t - o f f  
seal des igns .  This  m o d i f i c a t i o n  p r i m a r i l y  c o n s i s t e d  of a redes ign  of t h e  
s e a l e d  f l u i d  p o r t i o n  of t h e  tes t  head t o  a l low f o r  i n s t a l l a t i o n  of the seal 
and t o  provide t h e  necessary  i n s t r u m e n t a t i o n  p o r t s  and c a v i t y  feed  passages.  
A redesigned s h a f t  a l s o  w a s  included t o  minimize t h e  overhung moment and 
reduce t h e  r a d i a l  and a x i a l  run-out. Severa l  spac ing  sleeves,  a d a p t e r s ,  and 
mounting f l a n g e s  w e r e  requi red  t o  o f f s e t  component manufactur ing t o l e r a n c e s  
and thermal shr inkage  dur ing  cryogenic  o p e r a t i o n .  P r o v i s i o n s  were made t o  
measure and record  s h a f t  r o t a t i o n a l  speed ,  hydrogen p r e s s u r e s  and temperatures  
i n  all c a v i t i e s ,  hydrogen s t a t i c  and dynamic leakage  f lows ,  as w e l l  as tes ter  
s l a v e  component parameters  ( i - e . ,  b e a r i n g  tempera tures ,  l u b r i c a n t  p r e s s u r e s  
and tempera tures ,  and t u r b i n e  p r e s s u r e s ) .  

It provided a v e h i c l e  f o r  l i q u i d  hydrogen 

The Government-furnished seal  tes t  head used i n  t h i s  u n i t  
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F a b r i c a t i o n  of t h e  new components and m o d i f i c a t i o n s  of t h e  e x i s t -  
i n g  ones were accomplished concurrent  w i t h  t h e  Task I11 l i f t - o f f  seal f a b r i c a -  
t i o n  e f f o r t .  

E LIFT-OFF SEAL FABRICATION 

F a b r i c a t i o n  of t h e  components f o r  t h e  seal test u n i t  and t h e  
phosphor bronze running-ring w a s  accomplished wi thout  any s i g n i f i c a n t  d i f -  
f i c u l t i e s .  All of t h e s e  components e i t h e r  m e t  o r  exceeded drawing r e q u i r e -  
ments. The average s u r f a c e  f i n i s h  on t h e  s e a l i n g  nose of t h e  running r i n g  
w a s  1 micro-inch w i t h  a peak--to-valley (PTV) v a r i a t i o n  of 5 micro-inches.  
T h i s  w a s  t h e  d e s i r e d  f i n i s h  and corresponded wi th  t h e  v a l u e s  used f o r  t h e  
leakage and l i f e  c a l c u l a t i o n s  on F igures  No. 29 and No, 30 .  

Problems were encountered d u r i n g  t h e  f a b r i c a t i o n  of t h e  l i f t - o f f  
seal  i n  manufacturing t h e  t o r o i d a l  be l lows ,  and i n  t h e  subsequent j o i n i n g  of 
t h e  bel lows t o  mating components. 

F a b r i c a t i o n  methods were changed on several occasions i n  an 
at tempt  t o  circumvent t h e s e  problems. I n i t i a l l y ,  i t  w a s  intended t h a t  t h e  
" legs"  of t h e  bel lows b e  electron-beam welded t o  t h e  a d j o i n i n g  r i n g s  because 
t h i s  method had been s u c c e s s f u l l y  a p p l i e d  p r e v i o u s l y  (Ref. 7 ) .  When t h e  
vendor experienced d i f f i c u l t y  i n  producing an a c c e p t a b l e  weld j o i n t  u s i n g  
t h i s  p r o c e s s ,  i t  w a s  proposed t h a t  GTAW j o i n i n g  methods be  u t i l i z e d  as an 
a l t e r n a t i v e .  The " legs"  w e r e  welded u s i n g  t h i s  method, but  i t  w a s  found t h a t  
t h e r e  w a s  l a c k  of f u s i o n  i n  a s m a l l  area. This  would r e s u l t  i n  a l e a k  between 
t h e  bel lows chamber and t h e  seal  c a v i t y  and an a t tempt  w a s  made t o  weld r e p a i r  
t h i s  small s e c t i o n .  Addi t iona l  damage ( s e e  Figure No. 4 0 )  w a s  i n c u r r e d  and 
w a s  s u f f i c i e n t l y  severe t o  r e q u i r e  remanufacture of t h e  at tachment  r i n g s  as 
w e l l  as t h e  procurement of a d d i t i o n a l  bel lows.  A change i n  procedure allow- 
i n g  t h e  u s e  of gold-nickel  b r a z i n g  of t h e  bel lows l e g s  t o  t h e  r i n g s  w a s  
au thor ized  and subsequent ly  implemented. During one of t h e  finish-machining 
o p e r a t i o n s  on t h e  v i r t u a l l y  completed assembly, t h e  o u t e r  bel lows w a s  p i e r c e d  
by a clamping f i x t u r e  ( a s  shown on Figure  No. 41) a g a i n  n e c e s s i t a t i n g  
t h e  remanufacture of t h e  r i n g s  and bel lows.  

The new bel lows and o t h e r  components w e r e  f a b r i c a t e d  i n t o  t h e  
requi red  assembly. A t  t h i s  p o i n t  i n  t h e  f a b r i c a t i o n  c y c l e ,  t h e  assembly w a s  
subjec ted  t o  a proof p r e s s u r e  check p r i o r  t o  t h e  f i n a l  hard-facing and lapping  
o p e r a t i o n s ,  The tes t  revea led  a p r e s s u r e  decay i n  t h e  bel lows chamber, which 
i n d i c a t e d  t h e  presence of s i g n i f i c a n t  bel lows leakage.  E i t h e r  t h e  bellows- 
leg- to-r ing j o i n t  w a s  inadequate  o r  t h e  material had ruptured .  Closer  examina- 
t i o n  p inpoin ted  t h e  leakage  area t o  t h e  zone i n  t h e  v i c i n i t y  of t h e  fusion-  
welded j o i n t  of t h e  o u t e r  bel lows.  A set-up w a s  made t o  a s c e r t a i n  t h e  s e v e r i t y  
of t h e  l e a k ,  u s i n g  gaseous n i t r o g e n  as t h e  tes t  f l u i d ,  The r e s u l t s  of t h i s  
tes t  were as fo l lows:  
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BELLOWS DAMeLGE RESULTING 
FROM WELD REPAIR ATTEMPT 

F igure  40. Bellows Weld-Repair Damage 
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AND OUTER BELLOWS 

GTAW J O I N T  BETWEEN 
SEAL FACE SUBASSEME LLY 

TEAR I N  ou 'TER BEL1 

Figure 41, Bellows Damage Resul t ing  from Fix tur ing  

,OWS 
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Bellows Cavi ty  Observed GN2 
P r e s s u r e  Leakage 

25 p s i g  15 s t d  ccfsec 

50 p s i g  32 s t d  cc/sec 

75 p s i g  49 s t d  ccfsec 

Based upon t h e s e  r e s u l t s ,  i t  w a s  concluded t h a t  t h e  seal  could n o t  p o s s i b l y  
f u n c t i o n  as o r i g i n a l l y  in tended  because leakage of t h i s  magnitude from t h e  
o u t e r  bel lows i n t o  t h e  seal leakage c a v i t y  d u r i n g  s t a t i c  leak t e s t i n g  w i t h  
hydrogen would prec lude  any reasonable  accuracy i n  determining t h e  leakage  
p a s t  t h e  seal c o n t a c t  f a c e s .  The hydrogen leakage through t h e  d i s c r e p a n t  
p o r t i o n  of t h e  o u t e r  bel lows would be  i n  excess of two o r d e r s  of magnitude 
g r e a t e r  t h a n  t h e  a n t i c i p a t e d  f low p a s t  t h e  s e a l i n g  f a c e s .  

I n  view of t h e  manufacturing problems experienced wi th  t h e  
be l lows ,  i t  w a s  decided t o  a l te r  program requirements  by r e v i s i n g  t h e  l i q u i d  
hydrogen t e s t i n g  procedures  t o  permit  t h e  use of t h e  seal wi th  i t s  o u t e r  
bel lows l e a k .  This  would permit  t h e  reasonable  a t t a i n m e n t  of o v e r - a l l  objec-  
t ives  wi thout  i n c u r r i n g  t h e  r i s k  i n  program d e l a y  and expendi tures  t h a t  con- 
t inued  e f f o r t s  t o  complete t h e  seal i n  accordance wi th  t h e  drawing r e q u i r e -  
ments appeared t o  o f f e r .  

The seal vendor w a s  advised t o  complete t h e  remaining manufactur- 
i n g  o p e r a t i o n s  which inc luded  flame-spraying of t h e  seal  f a c e ,  e l e c t r i c a l  
d i scharge  machining (EDM) of t h e  pockets ,  and f i n a l  g r i n d i n g  and lapping  of 
the c o n t a c t  s u r f a c e .  These were accomplished and t h e  completed assembly 
( see  Figure No. 4 2 )  w a s  d e l i v e r e d  t o  t h e  t es t  s i t e .  
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Figure 42. Completed Lift-off Seal 
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V I 1  L I Q U I D  HYDROGEN TESTING 

The test p lan  o r i g i n a l l y  proposed f o r  l i q u i d  hydrogen e v a l u a t i o n  of  
t h e  l i f t - o f f  sea l  c a l l e d  f o r  dynamic o p e r a t i o n  i n  t h e  manner i n d i c a t e d  by 
Figure  No. 35.  S t a t i c  s e a l i n g  tests were t o  b e  conducted w i t h  100 p s i a  l i q u i d  
hydrogen i n  t h e  seal  c a v i t y ,  l i q u i d  hydrogen a t  atmospheric  p r e s s u r e  i n  t h e  
leakage  c a v i t y ,  and w i t h  e i t h e r  l i q u i d  o r  gaseous hydrogen i n  t h e  bel lows 
c a v i t y  p r e s s u r i z e d  t o  t h e  level  r e q u i r e d  t o  achieve t h e  ' 'zero'' leakage program 
goal  e 

The p r e v i o u s l y  d e s c r i b e d  e x c e s s i v e  leakage of  t h e  o u t e r  be l lows  of  t h e  
completed hardware n e c e s s i t a t e d  a r e d i r e c t i o n  of t h e  t e s t i n g  p lan  s o  t h a t  t h e  
tes t  r e s u l t s  achieved would b e  meaningful.  
p r e s s u r i z a t i o n  of t h e  seal  would permit  s t a t i c  leakage  t o  b e  determined. This  
meant t h a t  hydrogen flowed r a d i a l l y  inward p a s t  t h e  s e a l i n g  f a c e s  i n s t e a d  of 
flowing r a d i a l l y  outward. To accomplish t h i s ,  t h e  upstream sea l  c a v i t y  is  
p r e s s u r i z e d  t o  several levels ,  t h e  bel lows chamber i s  connected t o  t h e  upstream 
seal  leakage c a v i t y  v ia  a p r e s s u r e  e q u a l i z i n g  l i n e  ( s e e  F igure  No. 4 3 ) ,  and t h e  
seal  c a v i t y  i s  maintained a t  atmospheric p r e s s u r e .  The r e s u l t  of t h e  pressure-  
area ba lance  i s  a p o s i t i v e  c l o s i n g  l o a d  between t h e  nosepiece  and t h e  running 
r i n g .  Using t h e  curves and equat ions  of  Sec t ion  V ,  i t  was e s t i m a t e d  t h a t  
hydrogen leakage  flow would vary  between approximately 0.015 s t d  c c / s e c ,  w i t h  
20 p s i a  i n  t h e  upstream c a v i t y  ( a s  des igna ted  on Figure  No. 39)  t o  0.045 
s t d  cc/sec w i t h  60 p s i a  i n  t h e  upstream c a v i t y .  Rubbing tests a l s o  were con- 
ducted t o  s i m u l a t e  300 turbopump s t a r t  and shutdown t r a n s i e n t s .  

I n  t h e  new test  p l a n ,  a "backwards" 

A. TEST SETUP 

The l i f t - o f f  seal  tes ter  assembly u n i t  shown on Figure  No. 39 was 
i n s t a l l e d  i n  a l i q u i d  hydrogen tes t  bay a t  Wyle L a b o r a t o r i e s '  Norco C a l i f o r n i a  
Liquid Tes t  F a c i l i t y .  P r o p e l l a n t  l i n e s  , f i l t e r s  va lves  r e g u l a t o r s ,  a 2000 
g a l  l i q u i d  hydrogen s t o r a g e  vessel , t h e  t u r b i n e  dr ive-gas  system, i n s  trumenta- 
t i o n ,  and o t h e r  components were provided i n  compliance wi th  t h e  requirements  
o f  t h e  flow schematic  inc luded  as Figure  No. 43.  

A flow t r a n s d u c e r  (des igna ted  as FM-SL on Figure  No. 4 3 )  w a s  
provided t o  measure t h e  leakage  of  hydrogen under s t a t i c  c o n d i t i o n s .  The 
b a s i c  ins t rument  had a 5.0 m v  f u l l - s c a l e  o u t p u t  s i g n a l  and w a s  c a l i b r a t e d  
between 0 and 10  s t a n d a r d  cc/min of hydrogen (0 t o  0 .17  c c / s e c ) .  Based upon 
t h e  e s t i m a t e d  s e a l  leakage rates of between 0.015 and 0.045 s t a n d a r d  c c f s e c  
(0 .9  and 2 , 7  cc/min) f o r  t h e  p r e s s u r e  extremes,  t h i s  ins t rument  would provide 
an adequate range f o r  measurement. However, as p r e v i o u s l y  expla ined  (Sec t ion  
V I , C ) ,  i n s u f f i c i e n t  cryogenic  material  p r o p e r t y  d a t a  a r e  a v a i l a b l e  t o  
a c c u r a t e l y  determine t h e  modif ied stress r a t i o ;  t h e r e f o r e ,  t h e  leakage  rates 
c a l c u l a t e d  must be viewed w i t h  t h i s  i n  mind. The s h u n t  c i r c u i t  arrangement 
shown on Figure  No. 44 w a s  c o n s t r u c t e d  t o  ex tend  t h e  flow measuring range.  
With t h e  shunt  v a l v e  c l o s e d ,  t h e  maximum measurable flow w a s  10 s t d  cc/min 
f o r  a 5 m i l l i v o l t  ou tput  s i g n a l  and wi th  t h e  v a l v e  open, t h e  maximum 
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measurable f low range w a s  extended t o  180 s t d  cc/min ( 3  cc / sec )  f o r  a 5 
m i l l i v o l t  ou tput  s i g n a l ,  This  system w a s  c a l i b r a t e d  a g a i n s t  w a t e r  d i s p l a c e -  
ment measurements us ing  n i t r o g e n ,  helium, and hydrogen (F igure  No. 4 5 )  as 
t h e  test  f l u i d s .  The t ransducer  o u t p u t  w a s  connected t o  both  a d i g i t a l  
vo l tmeter  as w e l l  as a s t r i p  c h a r t  r e c o r d e r  t o  monitor  "zero leakage" flow 
rates dur ing  t h e  subsequent  t e s t i n g .  

The t u r b i n e  d r i v e  gas system c o n s i s t e d  of a n i t r o g e n  cascade,  
pressure  r e g u l a t o r s ,  a f a s t - a c t i n g  t u r b i n e  s t a r t  v a l v e  w i t h  a shut-off  
timer (F igures  No. 46 and No. 4 7 ) ,  and two, se r ies -connec ted ,  s p h e r i c a l  
n i t r o g e n  s tar t  b o t t l e s  (F igure  No. 4 7 ) .  With t h i s  system, v a r i a t i o n s  of t h e  
s h a f t  a c c e l e r a t i o n  and maximum s h a f t  speed could b e  provided by a l t e r i n g  t h e  
va lve  shut-off  t i m e r ,  t h e  supply p r e s s u r e ,  and t h e  system p r e s s u r e  decay rate.  

B .  TEST PROCEDURES 

Before l i q u i d  hydrogen w a s  flowed i n t o  t h e  tes t  u n i t ,  gaseous 
n i t r o g e n  w a s  used t o  purge moisture  and oxygen from a l l  of  t h e  a f f e c t e d  
cavi t ies .  Then, t h e  n i t r o g e n  was purged w i t h  gaseous helium o r  gaseous 
hydrogen e 

Chilldown of t h e  tes ter  w a s  accomplished by flowing hydrogen i n t o  
t h e  upstream c a v i t y  ( p o r t  No. 1 3  on Figure  No. 4 3 )  and i n t o  the  downstream 
( s e a l )  c a v i t y  by opening t h e  seal c a v i t y  c h i l l  valve (see Figure No. 4 3 ) .  I n  
each i n s t a n c e ,  approximately 1 . 5  hours  w e r e  r e q u i r e d  from t h e  opening o f  t h e  
supply va lve  t o  t h e  t i m e  when l i q u i d  hydrogen temperatures  were observed i n  
t h e  cavi t ies  a 

I n i t i a l  s t a t i c  leakage  tests were accomplished a t  upstream c a v i t y  
p r e s s u r e s  ranging from 20 p s i a  t o  60 p s i a  b e f o r e  r o t a t i o n .  

A t  t h e  completion of t h e  p r e r o t a t i o n a l  l e a k  t e s t ,  t h e  p r e s s u r e  
i n  the  upstream c a v i t y  w a s  reduced t o  20 p s i a  t o  l e s s e n  t h e  s e a l  f a c e  l o a d .  
Also, t h e  s h a f t  was manually r o t a t e d  180 degrees  from i t s  o r i g i n a l  p o s i t i o n .  
Once temperatures  s t a b i l i z e d ,  an a d d i t i o n a l  leakage  flow check w a s  conducted 
t o  determine what e f f e c t  a change i n  t h e  c i r c u m f e r e n t i a l  o r i e n t a t i o n  of t h e  
nosepiece i n  r e l a t i o n s h i p  t o  t h e  mating s u r f a c e  would have upon leakage .  

The b a s i c  g o a l  of t he  s e a l  program w a s  t o  achieve  "zero1'  l eakage  
f o r  a 10 hour l i f e ,  i n c l u d i n g  300 turbopump duty c y c l e s .  Consequently,  a 
rubbing wear tes t  w a s  devised t o  approximate t h e  rubbing which would b e  
experienced dur ing  300 turbopump s t a r t  and shutdown t r a n s i e n t s .  Based  upon 
t h e  s e l f - a c t i n g  seal  performance a n a l y s i s  (Sec t ion  V1,B) , s e p a r a t i o n  of t h e  
s e a l i n g  f a c e s  would occur  a t  a s h a f t  speed of  approximately 2500 rpm and t h e  
average nosepiece l o a d  up t o  t h e  p o i n t  of l i f t - o f f  would be  approximately 
50 l b ,  Consequently, a ser ies  o f  t h r e e  c y c l i c  rubbing tests was conducted. 
The curve on Figure  No. 4 8  r e p r e s e n t s  one s h a f t  r o t a t i o n a l  speed c y c l e  wi th  
20 p s i a  maintained i n  t h e  upstream c a v i t y  t o  impose a cons tan t  50 l b  t o  60 l b  
loading  on t h e  seal  f a c e ,  The f i r s t  rubbing t e s t  c o n s i s t e d  of 57 c y c l e s ,  t h e  
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Figure  4 6 ,  L i f t - o f f  Seal and Ro ta t ing  Ring I n s t a l l e d  i n  Test Unit 
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F i g u r e  47,  Installation of Assembly in Test Bay 
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second inc luded  119 c y c l e s ,  and t h e  t h i r d  had 165 cyc les  f o r  an accumulat ive 
t o t a l  of 341 e q u i v a l e n t  turbopump duty  c y c l e s  of o p e r a t i o n .  I t  w a s  o r i g i n a l l y  
in tended  t o  conduct a f o u r t h  test of  159 a d d i t i o n a l  c y c l e s ,  b u t  t h e  nosepiece  
c o n d i t i o n  a f t e r  341 rubbing c y c l e s  prec luded  t h i s  p o s s i b i l i t y .  

C. TEST RESULTS 

The r e s u l t s  of t h e  leakage  check conducted b e f o r e  any rubbing 
a c t i o n  had taken p l a c e  between t h e  seal  and running r i n g  are inc luded  as 
Table V I .  These p o i n t s  are p l o t t e d  on Figure  No. 49 and show a f a i r l y  c l o s e l y -  
def ined  s t r a i g h t - l i n e  r e l a t i o n s h i p  between leakages  as a f u n c t i o n  o f  t h e  
p r e s s u r e  drop a c r o s s  t h e  seal  f a c e .  The d a t a  c o l l e c t e d  a f t e r  t h e  s h a f t  w a s  
manually r o t a t e d  one-half r e v o l u t i o n  showed a s l i g h t  improvement, which could 
be a s s o c i a t e d  wi th  a "running in"  type of  a c t i o n  on t h e  s u r f a c e .  

Speeds a t t a i n e d  dur ing  t h e  f i r s t  r a p i d  r e p e a t  rubbing c y c l e s  
ranged between a minimum of 2000 rpm t o  a maximum i n  excess  of 4000 rpm. The 
speed v a r i a t i o n s  p r i m a r i l y  occurred  dur ing  t h e  f i r s t  few cyc les  when a d j u s t -  
ments were made i n  t h e  t u r b i n e  s ta r t  valve shut-off  t i m e r  and t h e  n i t r o g e n  
supply p r e s s u r e .  

S e a l  leakage  f low rates observed a f t e r  t h e  f i r s t  5 7  rubbing cyc les  
showed a marked improvement, as i n d i c a t e d  on both  Table V I  and Figure  No. 4 9 .  

A f t e r  accumulating 1 7 6  e q u i v a l e n t  turbopump o p e r a t i n g  c y c l e s ,  i t  
can b e  seen  from Figure  No. 49 t h a t  whi le  t he  magnitude of leakage  was n o t  
excess ive ,  t h e  leakage  versus  p r e s s u r e  drop r e l a t i o n s h i p  w a s  markedly d i f f e r -  
e n t  from t h e  ea r l i e r  d a t a .  

The p o s t - t e s t  l e a k  t e s t  d a t a  f o r  t h e  t h i r d  test  (165 rubbing 
cyc le s )  d i sp layed  e x c e s s i v e  leakage which i n d i c a t e d  t h a t  some damage (excess-  
i v e  rubbing wear) had occurred  on t h e  i n t e r f a c e  s u r f a c e s .  

Based upon t h e  comparat ively l a r g e  magnitude of leakage  observed 
a f t e r  accumulating 341 rubbing c y c l e s ,  t h e  u n i t  w a s  p a r t i a l l y  disassembled t o  
permit  i n s p e c t i o n  o f  t h e  seal  s u r f a c e s .  Examination of t h e  seal  components 
confirmed t h a t  wear had occurred  on t h e  s e a l i n g  nosepiece  of  t h e  phosphor 
bronze r o t a t i n g  r i n g  (F igure  No. 50) .  A s  noted on Figure  No. 51 ,  wear had n o t  
on ly  occurred  on t h e  s e a l i n g  l i p ,  b u t  on t h e  i n n e r  land  as w e l l .  Despi te  t h e  
wear t r a c k s  on t h e  f a c e  of t h e  seal, no o t h e r  damage had occurred ,  Relappinp 
of  t h e  s u r f a c e  would r e s t o r e  t h e  component t o  s e r v i c e a b l e  c o n d i t i o n .  
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TABLE V I  

LIFT-OFF SEAL STATIC HYDROGEN LEAKAGE TEST RESULTS 

Upstream Cavity 
P res su re ,  p s i a  

23.8 

29.0 

35.0 

39.5 

45.0 

50.0 

55.0 

60.0 

40.0 

50.0 

60.0 

40.0 

45 .O 

50.0 

60.0 

40.0 

45.0 

50.0 

50.0 

S e a l  Cavi ty  
P r e s s u r e ,  p s i g  

Pre-Rota t iona l  Leak T e s t  

0 108 

0.054 

0.054 

0.036 

0.036 

0 043  

0.025 

0.036 

Leak T e s t  A f t e r  180" Rota t ion  

0.029 

0.036 

0.025 

Leak T e s t  A f t e r  57 Rubbing Cycles 

0.018 

0.018 

0 I) 018 

0 014 

Leak Tes 

Seal Leakage Flow 
s t d  c c l s e c  - H 2 

0.959 

0.875 

0 821 

0 a 561 

0.647 

0 .701  

0.534 

0.564 

0 e 522 

0.582 

0.396 

0.345 

0 e 300 

0.270 

0 210 

A f t e r  176 Rubbing Cycles (Accumulative) 

0 e 062 0.924 

0 e 043 0 a 719 

0 016 0 318 

Leak T e s t  A f t e r  341 Rubbing Cycles (Accumulative) 

15.0 1.98 
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Figure 50. Comparison of Post-Test and Pre-Test Condition of 
Running-Ring 
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Figure  51, Post-Test Wear P a t t e r n  on R o t a t i n g  Ring 
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D. CORRELATION OF TEST RESULTS WITH PREDICTIONS 

C a l c u l a t i o n s  performed p r i o r  t o  t h e  t es t s  p r e d i c t e d ,  as i n d i c a t e d  
earlier i n  t h i s  s e c t i o n ,  t h a t  hydrogen leakage would i n c r e a s e  from approxi-  
mately 0,015 s t d  cc/sec a t  a p r e s s u r e  drop o f  5 p s i  t o  0.045 s t d  cc/sec a t  a 
p r e s s u r e  drop of 45 p s i .  
observed w a s  s i g n i f i c a n t l y  l a r g e r  than p r e d i c t e d  (approximately two o r d e r s  
of  magnitude).  
and modif ied stress r a t i o  c o r r e l a t i o n s  given by Bauer (Reference 2 ) ,  who 
poin ted  o u t  t h a t  wide d ivergence  i n  t h e  c o r r e l a t i o n s  occurred  i n  some cases. 
S p e c i f i c a l l y ,  f o r  t h e  seal examined i n  t h i s  program, t h e  a c t u a l  leakage  could 
vary  ( p l u s  o r  minus) by one o r d e r  of  magnitude from t h e  v a l u e s  c a l c u l a t e d .  
A d d i t i o n a l l y ,  i t  i s  p o s s i b l e  t h a t  t h e  absence of a c c u r a t e  materials p r o p e r t y  
d a t a  a t  l i q u i d  hydrogen temperature  c o n t r i b u t e d  t o  t h e  p r e d i c t e d  leakage  e r r o r .  
A s  noted,  t h e  p r e d i c t e d  t r e n d  w a s  f o r  a n  i n c r e a s e  i n  leakape corresponding wi th  
an i n c r e a s e  i n  p r e s s u r e .  It can be  observed from F i g u r e  49 t h a t  t h e  t e s t  d a t a  
showed a reverse t r e n d .  The f low equat ion  of Sec t ion  V i n d i c a t e d  t h a t  f o r  a 
given geometry, t h e  f low b a s i c a l l y  is  a f u n c t i o n  of t h e  d i f f e r e n c e  of t h e  
squares  of  t h e  two c a v i t y  p r e s s u r e s  m u l t i p l i e d  by t h e  f l o w  conductance para-  
meter (h3). The flow conductance parameter  ob ta ined  from Figure  No. 25 is  a 
f u n c t i o n  of  t h e  modif ied stress r a t i o  (R) which i s  p r o p o r t i o n a l  t o  t h e  a p p l i e d  
load .  It i s  found when comparing t h e  p r e d i c t e d  leakage a t  an upstream c a v i t y  
p r e s s u r e  o f  20 p s i a  w i t h  t h a t  o f  a 60 p s i a  p r e s s u r e ,  t h e r e  i s  an i n c r e a s e  i n  
p r e s s u r e  e f f e c t  by a f a c t o r  of approximately 20 a l though t h e  flow conductance 
parameter i s  reduced by 6.  This  r e s u l t s  i n  f low i n c r e a s i n g  by a f a c t o r  of  
approximately 3.  The reverse t r e n d  i n d i c a t e d  by t h e  tes t  d a t a  i s  b e l i e v e d  t o  
have been caused by changes i n  seal c o n t a c t  geometry a t  t h e  p r o g r e s s i v e l y  
h i g h e r  p r e s s u r e s .  The p r e s s u r e  i n  t h e  upstream c a v i t y  ( see  Figure No. 39) w i l l  
d e f l e c t  t h e  r o t a t i n g  r i n g  w i t h  subsequent  t i l t i n g  of t h e  nosepiece .  This  would 
r e s u l t  i n  a d i v e r g e n t  l e a k  p a t h  and a r e d u c t i o n  i n  t h e  seal  i n t e r f a c e  c o n t a c t  
width,  A change, f o r  example, from a 0.040-in. wide f l a t  s u r f a c e  wi th  20 p s i a  
i n  t h e  c a v i t y  t o  an e f f e c t i v e  width of 0.013-in. a t  t h e  60 p s i a  c a v i t y  p r e s s u r e  
would decrease  t h e  f low conductance parameter  by a f a c t o r  o f  20.  

It w a s  n o t  s u r p r i s i n g  t h a t  t h e  magnitude of  leakage  

The leakage  c a l c u l a t i o n s  were based upon t h e  f low conductance 

L i f e  c a l c u l a t i o n s ,  performed p r i o r  t o  t e s t i n g ,  p r e d i c t e d  t h a t  t h e  
zero wear l i f e  of t h i s  c o n f i g u r a t i o n  should  b e  on t h e  o r d e r  of 13,000 rubbing 
cyc les  w h i l e  t h e  a c t u a l  wear l i f e  w a s  cons iderably  less. I t  i s  clear from t h e  
leakage d a t a  t h a t  t h e  seal  opera ted  e f f e c t i v e l y  as a s t a t i c  seal  through 57 
rubbing c y c l e s .  
p r e s s u r e  drop r e l a t i o n s h i p  a f t e r  an a d d i t i o n a l  119 c y c l e s  (Figure No, 49) w a s  
caused by wear p a r t i c l e s  accumulating i n  t h e  pockets  of  t h e  seal  f a c e  (F igure  
No. 52) which would prevent  normal c o n t a c t  at t h e  s e a l i n g  l i p  i n t e r f a c e .  A t  
t h e  p r o g r e s s i v e l y  h i g h e r  test pxessures ,  t h e  coning of  t h e  running r i n g  would 
reduce t h e  a d v e r s e  e f f e c t  of t h e  wear p a r t i c l e  entrapment .  
magnitude, t h e  seal  a t  t h i s  p o i n t  (176 accumulated rubbing cyc le s )  was o p e r a t i n g  
e f f e c t i v e l y  as a s t a t i c  seal, 
which seal  wear completely negated t h e  s t a t i c  s e a l i n g  f u n c t i o n .  
t h e  a c t u a l  l i f e  of t h e  seal w a s  approximately two o r d e r s  of magnitude less 

I t  i s  p o s s i b l e  t h a t  t h e  s i g n i f i c a n t l y  d i f f e r e n t  leakage  versus  

I n  terms of leakage  

It was n o t  p o s s i b l e  t o  determine t h e  p o i n t  a t  
I n  any e v e n t ,  
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Figure  52,  Post-Test Wear P a t t e r n  on L i f t - o f f  S e a l  Face 
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than  t h e  ' 'zero wear" l i f e  p r e d i c t i o n s .  As w a s  t h e  case wi th  t h e  leakage  pre- 
d i c t i o n s ,  t h e  wear r e s u l t s  were n o t  t o t a l l y  unexpected. 
wear" equat ions  of  S e c t i o n  V,  i t  was necessary  t o  assume a magnitude f o r  y i e l d  
p o i n t  i n  s h e a r  a t  l i q u i d  hydrogen temperature .  A d d i t i o n a l l y ,  t h e  r e l a t i o n s h i p  
between normal stress and s h e a r  stress given i n  S e c t i o n  V i n c l u d e s  a stress 
concent ra t ion  term and c o e f f i c i e n t  of  f r i c t i o n  term, both  of  which were 
es t imated .  The stress c o n c e n t r a t i o n  term i s  b e l i e v e d  t o  have t h e  g r e a t e s t  
i n f l u e n c e  because v a l u e s  o f  from 2 t o  1000 can p r e v a i l  depending upon sharpness  
of corners  (Reference 6 ) .  Wear a l s o  could  b e  a c c e l e r a t e d  as a r e s u l t  of h e a t  
generated a t  t h e  s e a l i n g  i n t e r f a c e  from t h e  rap id- repea t  c y c l i n g  a l though no 
f l u i d  temperature  changes w e r e  no ted  d u r i n g  t h e  tests which would confirm t h i s  
s u p p o s i t i o n .  

I n  u t i l i z i n g  t h e  "zero 

V I I I .  CONCLUSIONS AND RECOMMENDATIONS 

The r e s u l t s  o f  l i q u i d  hydrogen t e s t i n g  of  t h e  l i f t - o f f  seal i n v e s t i g a t e d  
during t h i s  program e f f o r t  p rovide  good s u p p o r t  f o r  t h e  t h e o r e t i c a l  l eakaae ,  
l i f e ,  and c o n t a c t  l o a d  r e l a t i o n s h i p s  developed. Using 1 s t d  c c / s e c  as t h e  
s t a t i c  hydrogen leakage c r i t e r i a ,  u s e f u l  o p e r a t i n g  l i f e  i n  excess  af 174 c y c l e s  
w a s  achieved w i t h  t h e  seal  o p e r a t i n g  i n  a rap id- repea t  rubbing c y c l i c  t es t  mode. 
The a v a i l a b i l i t y  of more a c c u r a t e  materials p r o p e r t y  d a t a  a t  l i q u i d  hydrogen 
temperature  ( a s  d i s c u s s e d  i n  Sec t ion  VII )  would have provided a c l o s e r  c o r r e l a -  
t i o n  between t h e  p r e d i c t e d  and experimental  seal performance. 

It w a s  n o t  p o s s i b l e  t o  determine t h e  dynamic c h a r a c t e r i s t i c s  of t h e  seal 
i n  t h e  l i f t - o f f  mode because of t h e  hardware d iscrepancy  experienced.  However, 
t h e  design o f  t h e  h y d r o s t a t i c  face and o t h e r  e lements  w a s  accomplished us ing  
proven a n a l y s i s  methods and i t  i s  r e a s o n a b l e  t o  assume t h a t  t h e  h y d r o s t a t i c  
performance would have been c o n s i s t e n t  w i t h  p r e d i c t i o n s .  

Based upon t h e  s u c c e s s  r e a l i z e d  i n  t h i s  program, i t  i s  recommended t h a t  
a d e t a i l e d  p u r s u i t  b e  made t o  i n v e s t i g a t e  and determine several s p e c i f i c  
p r o p e r t i e s  of promising materials under  cryogenic  c o n d i t i o n s  so as t o  provide  
an improved foundat ion f o r  d e f i n i n g  "zero" leakage  and "zero" wear. 
p a r t i c u l a r  i n t e r e s t  would b e  t h e  de te rmina t ion  o f  Meyer hardness ,  Meyer Index,  
and material t r a n s f e r  f a c t o r s .  

O f  

I t  i s  f u r t h e r  recommended t h a t  t h e s e  s p e c i f i c  d a t a  be a p p l i e d  t o  t h e  
des ign ,  c o n s t r u c t i o n ,  and tes t  e v a l u a t i o n  of s e l f - a c t i n g  h y d r o s t a t i c  l i f t - o f f  
seal  of t h e  type  d e s c r i b e d  i n  t h i s  r e p o r t ,  
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