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ABSTRACT 

This r e p o r t ,  t h e  f i f t h  of a s e r i e s ,  o u t l i n e s  t h e  p rogres s  

on a t h e o r e t i c a l  and expe r imen ta l  i n v e s t i g a t i o n  of r a r e f i e d ,  

i n t e r n a l  gas dynamics. This r e s e a r c h  i s  be ing  conducted under 

Research Grant 43-001-023 sponsored  by t h e  Na t iona l  Aeronaut ics  

and Space Admin i s t r a t ion .  

The a c t i v i t i e s  r e p o r t e d  h e r e i n  a r e  concerned wi th  an 

i n v e s t i g a t i o n  of r a r e f i e d - g a s  v i s c o s e a l s .  Sec t ion  A p r e s e n t s  

a t h e o r e t i c a l  a n a l y s i s  which has  been developed by applying 

non-continuum boundary c o n d i t i o n s  t o  t h e  Reynold 's  Lubr ica t ion  

e q u a t i o n s .  Comparisons between t h e  performance p r e d i c t e d  by 

t h i s  model and t h e  expe r imen ta l  d a t a  of  s e v e r a l  i n v e s t i g a t o r s  

a r e  p r e s e n t e d .  S e c t i o n  B i s  a p r o g r e s s  r e p o r t  o f  t h e  experimental  

e f f o r t s  t o  i n v e s t i g a t e  r a r e f i e d - g a s  v i s c o s e a l  performance. 
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INTRODUCTION 

An i n v e s t i g a t i o n  of r a r e f i e d ,  i n t e r n a l  gas  dynamics w i t h  

emphasis on s h a f t  s e a l i n g  a p p l i c a t i o n s  was i n i t i a t e d  on May 1, 

1966, a t  t h e  U n i v e r s i t y  of Tennessee i n  t h e  Department of 

Mechanical and Aerospace Engineer ing .  The i n v e s t i g a t i o n  i s  be ing  

conducted f o r  t h e  N a t i o n a l  Aeronaut ics  and Space Admin i s t r a t ion  

under Research Grant  43-001-023, and t h i s  r e p o r t  p r e s e n t s  t h e  

p r o g r e s s  o f  t h e  i n v e s t i g a t i o n  f o r  t h e  p e r i o d  November 1, 1968 

through June 30, 1969. 

A c r i t i c a l  review of a l l  a v a i l a b l e  l i t e r a t u r e  l e d  t o  t h e  

i d e n t i f i c a t i o n  of  a number o f  b a s i c  problem a r e a s  r e q u i r i n g  s t u d y  

i n  o r d e r  t o  advance r a r e f i e d  gas dynamics technology t o  t h e  s t a t e  

r e q u i r e d  by t o d a y ' s  a p p l i c a t i o n .  Other  r e p o r t s  d e s c r i b e  t h e  r e s u l t s  

of a long tube  i n v e s t i g a t i o n  (1)" and a nozz le  i n v e s t i g a t i o n  (2 )*  

which were completed b e f o r e  t h e  p r e s e n t  s t u d y  was i n i t i a t e d .  The 

f i r s t  r e p o r t  i n  t h i s  s e r i e s  ( 3 ) "  d e s c r i b e s  t h e  r e s u l t s  of  a s h o r t  

t ube  s t u d y .  The second r e p o r t  i n  t h i s  s e r i e s  (4 ) "  was an i n t e r i m  

r e p o r t  on the  a n n u l i  i n v e s t i g a t i o n  which was r e p o r t e d  i n  f u l l  i n  

r e f e r e n c e  (S)*. The f o u r t h  r e p o r t  ( 6 ) *  c o n t a i n s  t h r e e  d i f f e r e n t  

t o p i c s  of r a r e f i e d  g a s  dynamics i n c l u d i n g  a p r o g r e s s  r e p o r t  

p r i m a r i l y  concerned w i t h  expe r imen ta l  e f f o r t s  t o  i n v e s t i g a t e  f low 

through a n n u l i  w i t h  a r o t a t i n g  i n n e r  boundary, a flow a n a l y s i s  

*Sec t ion  B Re fe rences ,  Page 2 4  
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f o r  an e c c e n t r i c  annulus us ing  s l i p  boundary c o n d i t i o n s ,  and an 

expe r imen ta l  i n v e s t i g a t i o n  o f  flow through u l t r a  f i n e  f i l t e r i n g  

media. 

This  r e p o r t  p r e s e n t s  i n t e r i m  r e s u l t s  of an i n v e s t i g a t i o n  of 

r a r e f i e d - g a s  v i s c o s e a l s  . S e c t i o n  A c o n t a i n s  an a n a l y s i s  developed 

by apply ing  non-continuum boundary c o n d i t i o n s  t o  t h e  Reynold's 

Lubr i ca t ion  e q u a t i o n s .  The p r e s e n t a t i o n  i n  S e c t i o n  A i s  a paper  

e n t i t  l e d  "Theore t i c a l  Performance of  Raref ied-Gas Viscose a l s  , I 1  

which i s  be ing  cons ide red  f o r  t h e  ASLE-ASME J o i n t  Conference,  

October 1 9 6 9 ,  i n  Houston, Texas.  S e c t i o n  B i s  a p rogres s  r e p o r t  

o f  t h e  expe r imen ta l  i n v e s t i g a t i o n .  

OBJECTIVES 

The r e sea rch  e f f o r t  du r ing  t h i s  p e r i o d  fol lowed t h e  program 

g e n e r a l l y  o u t l i n e d  i n  t h e  p r o p o s a l  w i t h  t h e  excep t ion  t h a t  o v e r a l l  

p r o g r e s s  has  n o t  been as  r a p i d  as o r i g i n a l l y  e s t i m a t e d .  A primary 

f a c t o r  i n  t h i s  de l ay  was t h e  t h r e e  month l a t e  d e l i v e r y  of t h e  

s p i r a l  grooved s h a f t  by t h e  s u p p l i e r .  

PROPOSED SCHEDULE 

During t h e  p e r i o d  J u l y  1, 1969 - December 31, 1969 t h e  

fo l lowing  e f f o r t s  a r e  scheduled:  

1. 

2 .  Continued development o f  t h e o r e t i c a l  models t o  be used 

Experimental  d a t a  a c q u i s i t i o n  on a t  l e a s t  one grooved 
s h a f t  c o n f i g u r a t i o n .  

t o  p r e d i c t  v i s c o s e a l  performance i n  t h e  gas f l o w  regime 
between laminar-continuum and f r e e  molecule .  

V 



3 .  An at tempt  t o  c o r r e l a t e  exper imenta l  d a t a  w i t h  t h e o r e t i c a l  
r e s u l t s  f o r  t he  v i s c o - s e a l  geometry.  

v i  



S E C T I O N  A 

THEORETICAL PERFORMANCE 

OF 

RAREFIED - GAS V I  SCOSEALS 



THEORETICAL PERFORMANCE OF RAREFIED-GAS VISCOSEALS 

Mancil  W .  Mi l l igan’  and Harvey J .  Wilkerson2 

ABSTRACT 

A t h e o r e t i c a l  model has  been developed t o  p r e d i c t  t h e  

performance of  s p i r a l  groove pumping s e a l s  when the  s e a l a n t  

i s  a r a r e f i e d  g a s ,  The model has  been developed by apply ing  

non-continuum boundary c o n d i t i o n s  t o  t h e  Reynold’s l u b r i c a t i o n  

equa t ions  Comparisons between t h e  performance p r e d i c t e d  by 

t h i s  model and t h e  expe r imen ta l  d a t a  of  s e v e r a l  i n v e s t i g a t o r s  

a r e  p r e s e n t e d .  Very l i m i t e d  expe r imen ta l  d a t a  a r e  a v a i l a b l e  

i n  t h e  r a r e f i e d - g a s  regime b u t  q u a l i t a t i v e  comparisons i n d i c a t e  

t h a t  t h e  proposed model i s  v a l i d  f o r  p r e d i c t i n g  t h e  o n s e t  of 

non-continuum e f f e c t s  and t h e  consequent deg rada t ion  of  s e a l  

performance,  

NOMENCLATURE 

s l i p  c o e f f i c i e n t  

c o n s t a n t s  o f  i n t e g r a t i o n  

s e a l  d i ame te r  

s e a l  l e n g t h  

s e a l a n t  f l o w  

s u r f a c e  v e l o c i t y  

‘Professor  o f  Mechanical and Aerospace Engineer ing ,  U n i v e r s i t y  
of  Tennessee,  Knoxvi l le .  

’ I n s t r u c t o r  i n  Mechanical and Aerospace Engineer ing ,  U n i v e r s i t y  
of Tennessee,  Knoxvi l le ,  
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INTRODUCTION 

The s p i r a l  groove pumping s e a l  i s  a p r e s s u r e  g 

dev ice  which i s  c h a r a c t e r i z e d  by 

t o  each o t h e r ,  w i t h  very  s m a l l  f i  

o r  bo th  s u r f a c e s  grooved. The c y l i n d r i c a l  form, v i s c o s e a l ,  has  

been t h e  s u b j e c t  of many r e c e n t  i n v e s t i g a t i o n s .  Most o f  t h e s e  

s t u d i e s  have been concerned w i t h  l i q u i d s  as t h e  s e a l a n t  w i th  

emphasis on t h e  continuum regimes bo th  l amina r  and t u r b u l e n t .  

The requirement  o f  r e s t r i c t i n g  t h e  f l o w  o f  f l u z d s  t o  space  has  

n e c e s s i t a t e d  t h e  development of  s e a l s  which o p e r a t e  i n  t h e  

r a r e f i e d  gas flow regime. 

L i t t l e  expe r imen ta l  i n v e s t i g a t i o n  has  been devoted  t o  

r a r e f i e d - g a s  s e a l i n g .  Baron (1) performed exper iments  u s i n g  

a i r  and hydrogen as t h e  s e a l a n t s  i n  v i s c o s e a l s  b u t  h i s  d a t a  

are w e l l  w i t h i n  t h e  continuum regime. Hodgson ( 2 )  performed 

exper iments  w i t h  mercury vapor  as t h e  s e a l a n t  b u t  g r e a t  d i f f i c u l t y  

was expe r i enced  i n  t h i s  i n v e s t i g a t i o n .  King ( 3 )  performed expe r -  

iments  u s i n g  a i r ,  a rgon ,  he l ium,  and s u l f u r  h e x a f l o u r i d e  gas  and 

a p o r t i o n  o f  t h e s e  d a t a  a r e  i n  t h e  non-continuum reg ime .  Hodgson 

and M i l l i g a n  (4) o b t a i n e d  d a t a  f o r  a i r  b u t  aga in  t h e s e  were i n  

t h e  continuum regime. 

The t h e o r e t i c a l  a n a l y s i s  o f  v i s c o s e a l s  having  r a r e f i e d  gas 

as the  s e a l a n t  a r e  a l s o  very  l i m i t e d .  ng  ( 3 )  a t t empted  a 

t h e o r e t i c a l  s o l u t i o n  u s i n g  a non-continuum boundary c o n d i t i o n  

and a s i m p l i f i e d  model. Hodgson ( 2 )  a t t empted  a molecu la r  

s o l u t i o n  b u t  i n c l u  d no i n v e s t i g a t i o n  
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of  t h e  t r a n s i t i o n  regime between continuum and molecular  f l o w s .  

I n  t h e  w o r k  p r e s e n t e d  h e r e  t h e  laminar  continuum model o f  

Boon and T a l  ( 5 )  has  been modi f ied  by u s i n g  non-continuum 

boundary c o n d i t i o n s  and t h e  r e s u l t i n g  s o l u t i o n  has  been used 

t o  p r e d i c t  t h e  onse t  of non-continuum e f f e c t s  and t h e  performance 

o f  v i s c o s e a l s  i n  r a r e f i e d  near-cont inuum o p e r a t i o n .  

THEORE TI CAL ANALYSIS 

Consider  a screw formed on a s h a f t  l o c a t e d  c o n c e n t r i c a l l y  

w i t h i n  a c y l i n d r i c a l  hous ing  w i t h  a r a d i a l  c l e a r a n c e  e. The 

annu la r  space  i s  f i l l e d  w i t h  a gas and t h e  s h a f t  i s  moving 

r e l a t i v e  t o  t h e  hous ing  w i t h  an angu la r  v e l o c i t y ,  03 . Figure  

1 shows a developed view of  t h e  v i s c o s e a l  geometry,  The (x,y)  

axes a r e  a long  and normal t o  t h e  d i r e c t i o n  o f  r e l a t i v e  motion 

and t h e  ( 5 , 
The (x ,y )  and (5 , ‘2, ) c o o r d i n a t e s  systems a r e  r e l a t e d  by:  

) axes. a r e  p a r a l l e l  and normal t o  t h e  grooves .  

Most i n v e s t i g a t o r s  ( 5 ,  6 )  have reduced t h e  d e s c r i b i n g  p a r t i a l  

d i f f e r e n t i a l  e q u a t i o n s  to t h e  Reynold’s l u b r i c a t i o n  e q u a t i o n s .  

For gases  t h i s  appears  t o  be even more r e a l i s t i c  t han  f o r  

l i q u i d s .  The d e s c r i b i n g  mathematical  model i s  taken  a s :  
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I n t e g r a t i o n  o f  [I.] and [ 2 3  g i v e s :  

E21 

T h e  i n t e g r a t i o n  c o n s t a n t s  a r e  determined by t h e  boundary c o n d i t i o n s .  

To account  f o r  t h e  non-continuum e f f e c t s  s l i p  boundary cond i t ions  

a r e  in t roduced .  The boundary c o n d i t i o n s  a r e  taken  a s :  

Along t h e  l ands :  

= u, d Ur 
”, - A x  I ?=br a=h, 

Along t h e  groove: 



Across  t h e  l a n d s :  

Across  t h e  groove:  

Using t h e  above boundary eondi t i .ons  t h e  f o l l o w i n g  v e l o c i t y  com- 

ponents  a r e  de te rmined:  

Along t h e  l a n d s :  

Along t h e  grooves :  
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Across t h e  l a n d s :  

Across t h e  grooves:  

1 7 1  

The s l i p  v e l o c i t i e s  a t  t h e  w a l l s  can now be  s o l v e d  € o r  and t h e  

fo l lowing  v e l o c i t y  d i s t r i b u t i o n  equa t ions  o b t a i n e d :  



- 8 -  

Noting t h a t  t h e  a x i a l  v e l o c i t y  components are 

t h e  a x i a l  f low r a t e  components Q 5r' Q . F g '  Q 2r and Q rg may be 

de te rmined .  The wid th  of t h e  f low p a t h  f o r  t he  3 l and  flow 

component is  (1-'$ ) Tr D and the  p a t h  wid th  f o r  t h e  5 groove flow 

i s  '(IT D .  The r a t i o  o f  t h e  groove wid th  t o  t h e  groove p l u s  l and  

w i d t h  i s  d e f i n e d  as  )j 

l a n d  f low i s :  

The a x i a l  component o f  t h e  3 c o o r d i n a t e  



J 
0 

S u b s t i t u t i n g  E q .  

J 
0 

[ 9 ]  and i n t e g r a t i n g  g i v e s ,  

I n  a s i m i l a r  manner 

r 7 
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The p r e s s u r e  g r a d i e n t s  i n  E q s .  [ I61  through [ 1 9 ;  may be r e p l a c e d  

by t h e  more convenient  a x i a l  g r a d i e n t s  by n o t i n p  t h a t :  

an d 

From the  c o n t i n u i t y  of mass: 

- 
QV - 9 9 4  

Thus t h e  t o t a l  f l o w  i s  g iven  by: 

Using Eqs .  [ I 6 1  through [23] t h e  fo l lowing  e x p r e s s i o n  f o r  t h e  

a x i a l  f low i s  o b t a i n e d .  
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where 

The most u s e f u l  s i t u a t i o n  f o r  t h e  v i s c o s e a l  as a s e a l i n g  device  

would be t o  have Q e q u a l  t o  ze ro .  Taking Q = 0 and 

t h e  s e a l i n g  c o e f f i c i e n t  may be o b t a i n e d  a s :  

= 9 
L 

where t h e  Knudsen Numher i s  d e f i n e d  as 

x 
N K =  - c 
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- The s l i p  c o e f f i c i e n t ,  A ,  has  a va lue  n e a r  u n i t y  f o r  s u r f a c e s  

of p r a c t i c a l  i n t e r e s t  and i s  t a k e n  t o  be u n i t y  i n  a l l  of t he  r e s u l t s  

p r e s e n t e d  h e r e .  The Knudsen Number i n d i c a t e s  t h e  degree o f  r a r e f i -  

c a t i o n  S P I P C X  i t  becomes l a r g e  as  t h e  mean f r e e  p a t h ,  h , becomes 

l a r g e  

I t  should  be no ted  t h a t  a l l  expe r imen ta l  Knudsen Numbers 

r e p o r t e d  h e r e  have been determined us ing  t h e  average p r e s s u r e  

i n  t h e  s e a l  as  d e t a i l e d  i n  Ref. ( 7 ) .  

RESULTS AND CONCLUSIONS 

Experimental  d a t a  ob ta ined  by o t h e r  i n v e s t i g a t o r s  a r e  

p r e s e n t e d  i n  F i g s ,  2 ,  3 ,  and 4 .  Also p r e s e n t e d  on t h e s e  f i g u r e s  

a r e  t h e  r e s u l t s  o b t a i n e d  from the  t h e o r e t i c a l  model ( E q ,  2 5 )  

which has  been developed. I n  F igure  2 t h e  d a t a  of Hodgson and 

: / l i l l igan  14)  a r e  compared w i t h  t h e  r e s u l t s  from E q .  [ 2 5 ] .  These 

d a t a  were ob ta ined  a t  a NK =: 0 . 0 0 1 4 7 .  

i n d i c a t e  a s l i g h t l y  l a r g e r  s e a l i n g  c o e f f i c i e n t  than  t h a t  p r e d i c t e d  

by the  theory  b u t  agree  w i t h i n  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  

t h e  s e a l  dimensions,  I n  F igure  3 t h e  d a t a  of Baron (1) a re  

compared w i t h  theoretical p r e d i c t i o n s .  Baron's s e a l i n g  parameter  

i s  r e l a t e d  t o  t h e  s e a l i n g  c o e f f i c i e n t  i n  t h e  manner shown on the  

o r d i n a t e  i n  F i g .  3 .  The theo ry  c e r t a i n l y  p r e d i c t s  t h e  t r e n d s  o f  

t h e  d a t a  a l though t h e r e  i s  a s i g n i f i c a n t  d e v i a t i o n  between theor) '  

The expe r imen ta l  r e s u l t s  

and exper iment ,  A s  i n  t h e  c a s e  of  Ref. ( 4 )  t h e s e  d a t a  a r e  a l l  

w e l l  w i t h i n  t h e  continuum regime. I n  F igure  4 t h e  d a t a  o f  K i n g  

( 3 )  a re  compared w i t h  theoretical. p r e d i c t l o n s .  A s  shown i n  the  

f i g u r e  t h e  t h e o r y  i n d l c a t e s  t h a t  non-continuum e f f e c t s  will 
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occur  f o r  Knudsen Numbers g r e a t e r  t han  0 . 0 0 1  i n  t h e  form o f  a 

decrease  i n  s e a l i n g  performance. The d a t a  a l s o  i n d i c a t e  t h i s  

same t r e n d  al though t h e r e .  i s  a s i g n i f i c a n t  d e v i a t i o n  between 

theory  and experiment .  

I n  F igs .  5 ,  6 ,  and 7 t h e  s e a l i n g  c o e f f i c i e n t  i s  p r e s e n t e d  

as  a f u n c t i o n  of  geometry f o r  d i f f e r e n t  va lues  of Knudsen Number. 

These t h e o r e t i c a l  p r e d i c t i o n s  i n d i c a t e  t h a t  t h e r e  i s  a f o u r - f o l d  

dec rease  i n  s e a l i n g  performance as t h e  Knudsen Number goes from 

continuum (NK = 0 . 0 1 )  t o  r a r e f i e d  (NK = l . O ) ,  

i n d i c a t e  t h a t  t h e  optimum va lue  o f  

o f  r a r e f i c a t i o n  i n c r e a s e s .  In  a d d i t i o n  t h e r e  i s  l e s s  s e n s i t i v i t y  

o f  t h e  s e a l i n g  c o e f f i c i e n t  t o  a p r e c i s e  va lue  o f  a s  i n d i c a t e d  

by t h e  f l a t n e s s  of t he  minimums. 

A l s o  t h e s e  r e s u l t s  

@ i n c r e a s e s  as  t h e  degree 

I t  i s  concluded t h a t  t h e  t h e o r e t i c a l  model p r e s e n t e d  h e r e  

can be used t o  p r e d i c t  t h e  performance of v i s c o s e a l s  i n  t h e  

r a r e f i e d  non-continuum regime As t h e  degree of  r a r e f i c a t i o n  

i n c r e a s e s  i t  i s  necessa ry  t o  c o r r e c t  t h i s  model t o  account f o r  

s e l f - d i f f u s i o n  f l o w  and thus  t h e  u t i l i t y  of t h i s  model i s  l i m i t e d  

to t h e  n e a r  continuum regime. I t  i s  a n t i c i p a t e d  t h a t  i n  t h e  n e a r  

f u t u r e  a complete t h e o r e t i c a l  model w i l l  be a v a i l a b l e  t o  p r e d i c t  

performance up t o  and i n c l u d i n g  f r e e  molecular  c o n d i t i o n s .  I t  

shou ld  be n o t e d  t h a t  t h e  s m a l l  Knudsen Number l i m i t  f o r  t h i s  

model i s  i d e n t i c a l  t o  the  continuum ( n o - s l i p  boundary c o n d i t i o n s )  

s o l u t i o n  p r e v i o u s l y  p r e s e n t e d  i n  References ( 5 )  and ( 6 ) .  
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I NTRODUCT I ON 

The expe r imen ta l  appa ra tus  i s  des igned  t o  i n v e s t i g a t e  

v i s c o s e a l  performance i n  t h e  gas  flow regime between continuum 

and f ree  molecule .  The expe r imen ta l  s e t u p ,  p rocedure ,  and 

p r e l i m i n a r y  r e s u l t s  o b t a i n e d  f o r  gas  flow through a smooth- 

w a l l e d  annulus  w i t h  a r o t a t i n g  i n n e r  boundary were d e s c r i b e d  i n  

r e f e r e n c e  ( 6 ) .  

ACTIVITIES 

Experimental  e f f o r t s  du r ing  t h i s  p e r i o d  d i d  n o t  p r o g r e s s  

as r a p i d l y  a s  o r i g i n a l l y  e s t i m a t e d  due t o  t h e  t h r e e  month l a t e  

d e l i v e r y  of  t he  s p i r a l  grooved s h a f t  by t h e  s u p p l i e r .  The 

p rox imi ty  d e t e c t o r s  which a r e  used f o r  s h a f t - h o u s i n g  alignment 

are p r e s e n t l y  be ing  c a l i b r a t e d  f o r  t h e  grooved s h a f t  s u r f a c e .  

These and o t h e r  p r e l i m i n a r y  e f f o r t s  such a s  in s t rumen t  C a l i -  

b r a t i o n s  and minor r e v i s i o n s  t o  t h e  s e t u p  a r e  be ing  conducted 

i n  p r e p a r a t i o n  f o r  s e a l i n g  performance t e s t s  on t h e  grooved 

s h a f t .  I t  i s  a n t i c i p a t e d  t h a t  t h e  n i a j o r i t y  of  exper imenta l  d a t a  

w i l l  be a c q u i r e d  d u r i n g  t h e  nex t  t h r e e  months. Curren t  p l a n s  

c a l l  f o r  t h e  v i s c o s e a l  t o  be  run ove r  a wide speed range up t o  

3 0 , 0 0 0  rpm and o v e r  a d e n s i t y  range from continuum t o  f r e e -  

molecu la r .  
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