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ABSTRACT 

A fundamental  s tudy  o f  t h e  s t a b i l i t y  o f  a 

g a s - l i q u i d  i n t e r f a c e  between r o t a t i n g  c y l i n d e r s  i 

The s tudy  was i n i t i a t e d  f o r  t h e  purpose of s eek ing  f a c t o r s  

which have a s i g n i f i c a n t  r o l e  i n  t h e  p rocess  o f  gas  i n g e s -  

t i o n ,  o r  gas en t r a inmen t ,  i n  v i s c o s e a l s .  

The s i m p l i f i e d  model o f  smooth, c y l i n d r i c a l  s u r f a c e s  

was s e l e c t e d  f o r  mathematical  t r a c t a b i l i t y  and t o  provide  

a v i s u a l  s t u d y ,  u s i n g  a t r a n s p a r e n t  a c r y l i c  housing,  w i thou t  

t h e  o b s c u r i t y  of  t h e  more complex f l u i d  f l o w  r e s u l t i n g  from 

t h e  presence  o f  t h e  grooved s u r f a c e s  employed i n  v i s c o s e a l s .  

The v i s u a l  s tudy  was supplemented by employing s t r o b o s c o p i c  

photography and h igh-speed  motion p i c t u r e  photography. 

A phenomenological mechanism of  gas i n g e s t i o n  was 

e s t a b l i s h e d ,  t h e o r e t i c a l l y  and expe r imen ta l ly .  I t  was found 

t h a t  gas en t ra inment  can r e s u l t  f rom a g a s - l i q u i d  i n t e r f a c e  

i n s t a b i l i t y  caused by a v e l o c i t y  o f  a p o r t i o n  o f  t h e  i n t e r -  

face toward t h e  more v iscous  f l u i d  and/or  an a c c e l e r a t i o n  

of a p o r t i o n  of t h e  i n t e r f a c e  toward t h e  more dense f l u i d .  

Resu l t s  o f  t h e  s tudy  i n d i c a t e  t h a t  s u r f a c e  t e n s i o n  tends  t o  

s t a b i l i z e  the  i n t e r f a c e  and p reven t  o r  de lay  gas i n g e s t i o n .  

I t  i s  concluded t h a t  gas . i n g e s t i o n  i n  v i s c o s e a l s  i s  

an e s s e n t i a l l y  i n h e r e n t  phenomenon which cannot be r e a d i l y  

e l i m i n a t e d  through o p t i m i z a t i o n  o f  t h e  v i s c o s e a l  geometry. 
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A b r i e f  d i s c u s s i o n  i s  given on t h e  i m p l i c a t i o n s  of 

t he  i n t e r f a c e  s t a b i l i t y  s tudy  i n  the  ope ra t ion  o f  j o u r n a l  

b e a r i n g s ,  f ace  s e a l s ,  and b u f f e r e d  bushing s e a l s ,  i n  

a d d i t i o n  t o  a d i s c u s s i o n  o f  i t s  a p p l i c a t i o n  t o  v i s c o s e a l s .  

E c c e n t r i c i t y ,  s h a f t  runout ,  and v i b r a t i o n s  a r e  

c r e d i t e d  wi th  c o n t r i b u t i n g  t o  cond i t ions  necessa ry  f o r  t he  

i n s t a b i l i t y  of  an i n t e r f a c e  i n  r o t a t i n g  machinery. 

i v  



TABLE OF CONTENTS 

CHAP TE R PAGE 

I . INTRODUCTION . . . . . . . . . . . . . . . . . . .  1 

11 . ANALYTICAL STUDY . . . . . . . . . . . . . . . . .  9 

M a t h e m a t i c a l  Model . . . . . . . . . . . . . . .  9 

S t a b i l i t y  Analysis . V i s c o u s  E f f e c t s  . . . . . .  11 

S t a b i l i t y  A n a l y s i s  . A c c e l e r a t i o n  E f f e c t s  e . 3 0  

I11 . EXPERIMENTAL STUDY . . . . . . . . . . . . . . . .  39 

E x p e r i m e n t a l  F a c i l i t y  . . . . . . . . . . . . .  39 

D e s c r i p t i o n  o f  E x p e r i m e n t a l  I n v e s t i g a t i o n  . a . 4 3  

I V  . EXPERIMENTAL RESULTS . . . . . . . . . . . . . . .  4 7  

V . D I S C U S S I O N  . . . . . . . . . . . . . . . . . . . .  5 7  

V I  . CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . .  6 4  

BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . .  66  

V I T A  . . . . . . . . . . . . . . . . . . . . . . . . . .  69 

V 



LIST OF FIGURES 

FIGURE PAGE 

1. Elements of a Typica l  V i scosea l .  . . . . . . 2 

2 .  Model f o r  Analysis  o f  I n t e r f a c e  Sepa ra t ing  Two 

F lu ids  Confined Between P a r a l l e l  P l a t e s  

Having Re la t ive  Motion P a r a l l e l  t o  t he  

I n t e r f a c e .  , e e . . . . . . e . . . . . 1 0  

3 .  Model f o r  Analysis  of a Dis turbed  I n t e r f a c e  

Sepa ra t ing  Two Viscous F l u i d s  Moving 

Transverse t o  t h e  I n t e r f a c e  and Confined 

Between P a r a l l e l  P l a t e s  Having R e l a t i v e  

Motion P a r a l l e l  t o  t he  I n t e r f a c e  e . . . e 16  

4 .  Schematic Representa t ion  of P res su re  F i e l d  

i n  a Viscous Liquid Sepa ra t ed  from a Gas 

by an Unstable  I n t e r f a c e  . a . . . . . . a 2 1  

5. Model f o r  Analysis  of a Dis turbed  I n t e r f a c e  

Sepa ra t ing  Two Viscous F lu ids  Moving 

Transverse t o  t h e  I n t e r f a c e  and Confined 

Between P a r a l l e l  P l a t e s  Having R e l a t i v e  

Motion n o t  P a r a l l e l  t o  t h e  i n t e r f a c e  . a . 26  

6 .  Model f o r  Analysis  of t h e  S t a b i l i t y  of an 

Acce lera ted  I n t e r f a c e  Sepa ra t ing  Two 

F lu ids  Having D i f f e r e n t  D e n s i t i e s .  . . e a e 31 

v i  



LIST OF FIGURES, cont inued 

FIGURE PAGE 

7 .  I n t e r f a c e  Study F a c i l i t y  e . . . . . a . . . 40 

8. Experimental  F a c i l i t i e s .  . . , . . . . . . . 42 

9 .  F ingers  of  A i r  and 5 0 %  Mixture o f  Glycer ine  

and Water a t  S h a f t  Speed of 50 rpm . . . . . 49 

1 0 .  Motion P i c t u r e  Frame Sequence Showing 

Development o f  F ingers  i n  5 0 %  Glycer ine-  

50% Water So lu t ion .  Sha f t  Rota t ion  of  

26 .So Between Frames , S h a f t  Speed - 

440 rpm, Clearance - 0 . 0 0 6  i nch .  e . . . . . . 50 

11. Retouched Motion P i c t u r e  Frame Sequence 

Showing Development of  Fingers  i n  5 0 %  

Glycerine-50% Water S o l u t i o n .  S h a f t  

Rota t ion  o f  26 . P o  Between Frames, S h a f t  

Speed - 440 rpm, Clearance - 0 . 0 0 6  i nches .  . * 51 

1 2 .  A i r - D i s t i l l e d  Water I n t e r f a c e  Region a t  

S h a f t  Speed of  1 1 0 0  rpm. . e . a . . . . . . 5 4  

v i  i 



SYMBOL 

LIST OF SYMBOLS 

DESCRIPTION 

Engl i sh  Alphabet 

a Acce le ra t ion  

C Radial  c l ea rance  

g G r a v i t a t i o n a l  a c c e l e r a t i o n  

K Wave number = 2 a / L  

L Wavelength of i n t e r f a c e  d i s tu rbance  

Wave length  of uns t ab l e  d i s tu rbance  
LU 

m Time c o e f f i c i e n t  

P P res su re  

R2 

S 

Re Reynolds number = pUc/p 

I n t e r f a c e  r ad ius  o f  cu rva tu re  i n  

a p lane  normal t o  f l a t  p l a t e s  

I n t e r f a c e  r ad ius  of cu rva tu re  i n  

R1 

t 

T 

U 

- 
U 

a p lane  p a r a l l e l  t o  f l a t  p l a t e s  

I n t e r f a c e  displacement  from mean 

p o s i t i o n  of i n t e r f a c e  

Time 

Surface  t e n s i o n  

Ve l o c i  t y  comp onen t i n  x- d i  r e  e t  i o n  

Mean v e l o c i t y  component i n  

x - d i  r e  c t i  on 

U N I T  

2 i n c h / s e c  

inch  

i n c h / s  e c 

inch- '  

inch  

inch  

2 

-1 sec 
l b f / i n c h  2 

dimensionless  

inch  

inch  

inch  

s e c  

l b f  / i nch  

inch/  s e c 

i n c h / s e c  

v i i i  



SYMBOL 

U 

V 

- 
V 

V 

W 

X , Y  

Z 

DES CRI  P T I  ON 

Sur face  v e l o c i t y  o f  s h a f t  

V e l o c i t y  component i n  y - d i r e c t i o n  

Mean v e l o c i t y  component i n  

y - d i r e c t i o n  

P l a t e  v e l o c i t y  i n  y - d i r e c t i o n  

Ve loc i ty  component i n  z - d i r e c t i o n  

Coordinates  p a r a l l e l  t o  moving 

s u r f a c e  

Coordinate  normal t o  moving s u r f a c e  

Greek Alphabet 

. P  Densi ty  

1-1 Ab s o l u t e  v i s  cos i t y  

4 Veloc i ty  p o t e n t i a l  

U N I T  

i n c h / s e  c 

i n c h / s e c  

i n c h / s e  G 

i n c h / s e c  

i n c h / s e c  

i n c h  

inch  

3 lbm/ inch  

l b f  s e c / i n c h  2 

2 i n c h  /sec 

Subs c r i p  t s  

1 denotes  F l u i d  1 

2 denotes  F l u i d  2 

iX 



CHAPTER I 

INTRODUCTION 

A fundamental s tudy  of t h e  s t a b i l i t y  of a dynamic 

g a s - l i q u i d  i n t e r f a c e  was i n i t i a t e d  f o r  t h e  purpose of  

p rov id ing  i n s i g h t  i n t o  t h e  mechanism of gas i n g e s t i o n  i n  

v i s c o s e a l s .  

A v i s c o s e a l  i s  a dynamic s h a f t  s e a l  which develops 

a p r e s s u r e  g r a d i e n t  i n  the  a x i a l  d i r e c t i o n  w i t h i n  t h e  

annular  space between a s h a f t  and housing having a r e l a t i v e  

angu la r  v e l o c i t y  and normally n o t  i n  c o n t a c t  w i th  each 

o t h e r .  H e l i c a l  grooves a r e  provided  on t h e  s h a f t  and/or  

t he  hous ing ,  and t h e  r e l a t i v e  motion of t h e  two s u r f a c e s  

causes  a v i scous  pumping a c t i o n  on t h e  f l u i d  i n  t h e  annular  

space ,  developing the  d e s i r e d  p r e s s u r e  g r a d i e n t  i n  t h e  

a x i a l  d i r e c t i o n  and e s t a b l i s h i n g  a g a s - l i q u i d  i n t e r f a c e  

w i t h i n  t h e  annulus .  A t y p i c a l  v i s c o s e a l ,  w i th  a grooved 

s h a f t  and smooth hous ing ,  i s  shown i n  F igure  1. 

Since  t h e  v i s c o s e a l  does n o t  depend on rubbing con- 

t a c t  i n  p rov id ing  s e a l i n g  a c t i o n ,  i t  o f fe r s  t h e  p o s s i b i l i t y  

o f  low wear r a t e s  and e s s e n t i a l l y  zero- leakage r a t e s  f o r  

extended p e r i o d s  of o p e r a t i o n .  These c o n s i d e r a t i o n s  a r e  

impor tan t  i n  space  a p p l i c a t i o n s  and n u c l e a r  o p e r a t i o n s ,  and 

a l s o  make t h e  v i s c o s e a l  an a t t r a c t i v e  contender  f o r  many 

1 



2 

C y l i n d r i c a l  
Housing 

L H e  l i c a l  l y  
Grooved 

S h a f t  

-Gas - Liquid  
I n t e r f a c e  

Figure 1. Elements o f  a t y p i c a l  v i s c o s e a l .  



3 

o t h e r  i n d u s t r i a l  a p p l i c a t i o n s ,  p a r t i c u l a r l y  those  invo lv ing  

h igh-speed  r o t a t i n g  machinery e 

The v i s c o s e a l  i s  e s s e n t i a l l y  t h e  same p h y s i c a l  

appara tus  as  a screw e x t r u d e r ,  a device  o f  e a r l i e r  o r i g i n  

ope ra t ed  f o r  t h e  primary purpose of producing a f low of a 

very  v i scous  l i q u i d  o r  a p l a s t i c ,  u s u a l l y  under p r e s s u r e .  

The f i r s t  p a t e n t  of an e x t r u d e r  employing a screw was taken  

out  i n  1 8 7 9  by an Englishman named Gray [ l ]  . John Royle 

developed a screw machine i n  t h e  U . S .  a t  t h e  same t i m e .  

1 

Lawaczeck [2] conducted t e s t s  w i t h  t h e  viscopump i n  

1 9 1 6  i n  an ex tens ion  of t he  screw e x t r u d e r  concept t o  t h e  

performance o f  t h e  v i s e o s e a l  f u n c t i o n  of g e n e r a t i n g  an 

a x i a l  p r e s s u r e  g r a d i e n t  while  producing no n e t  f low through 

the  annulus .  

An exper imenta l  screw o i l  pump, r e p o r t e d  by P e a r s a l l  

[3]  i n  1 9 2 4 ,  used a threaded  s h a f t  t o  produce a h i g h - p r e s s u r e  

o i l  f low,  and a l s o  employed screw th reads  " t o  a c t  as  a g land  

and p r e v e n t  t he  o i l  escaping" along a s l e e v e .  P e a r s a l l  

de r ived  a r e l a t i o n  between the  volumetr ic  f l o w  r a t e  and t h e  

o u t l e t  p r e s s u r e .  He commented t h a t  "when us ing  such a 

t h r e a d  t o  r e t a i n  o i l  and p reven t  i t  l eak ing  out  t h e  end o f  

t he  b e a r i n g ,  i t  has  been fouvd i n  p r a c t i c e  necessa ry  t o  run 

'Numbers i n  b r a c k e t s  r e f e r  t o  s i m i l a r l y  numbered 
r e f e r e n c e s  i n  t h e  b ib l iog raphy .  
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a t  a speed  about two and a h a l f  t 

equa t ions  f o r  no f low,"  

Rowel1 and Finlayson [ 4 ]  p r  

t h e  screw v i s c o s i t y  pump i n  1 9 2 8  

immediately i n t e r e s t i n g  a p p l i c a t i o n "  i n  t h e  f i e l d  of b e a r i n g  

s e a l s .  

I n t e r e s t  i n  t h e  v i s c o s e a l  concept c o n t i n  

s u b j e c t  r ece ived  only a l i m i t e d  amount of a t t e n t i o n  u n t i l  

t h e  needs f o r  advanced s e a l i n g  concepts i n  t h e  space and 

n u c l e a r  programs gave impetus  t o  t h e  development o f  t h e  

v i s c o s e a l  a t  a more r a p i d  pace .  

I n  1 9 6 3 ,  M c G r e w  and McHugh [ S I  r e p o r t e d  an observed 

phenomenon which they c a l l e d  "seal breakdown" which appeared 

as a leakage of about one drop o f  l i q u i d  every  t h r e e  minutes 

and a dec rease  i n  t h e  s e a l  p r e s s u r e .  I n  t h e i r  t e s t  r i g  

arrangement,  t he  a x i s  of t h e  s h a f t  was p a r a l l e l  t o  t h e  

d i r e c t i o n  of t h e  f o r c e  of g r a v i t y .  The l i q u i d  was above 

the  i n t e r f a c e  and t h e  leakage which was encountered  was i n  

the  form of l i q u i d  d r ipp ing  ou t  t h e  open end  of t h e  housing 

t o  the  atmosphere. They s t u d i e d  t h e  r e l a t i o n  between t h e  

beginning  of s e a l  breakdown and t h e  Reynolds number, Froude 

number, c a v i t a t i o n  number, and Weber number. The Weber 

number, i nvo lv ing  t h e  f l u i d  p r o p e r t i e s  of d e n s i t y  and s u r -  

on ,  appeared t o  provide  b e s t  c o r r e l a t i o n  w i t h  
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s e a l  breakdown, b u t  was n o t  conc lus ive .  Three s i l i c o n e  

f l u i d s  and water were t e s t e d .  S e a l  breakdown f o r  t h r e e  of 

t hese  f l u i d s  occurred  i n  a range of Weber numbers f r o  

8 0 0 - 1 1 0 0 .  For  t h e  remaining f l u i d ,  which was one of t h e  

s i l i c o n e  f l u i d s ,  t h e  Weber number was 2 2 0  a t  t h e  beginning 

of s e a l  breakdown. S e a l  breakdown occur red  under laminar  

flow cond i t ions  f o r  another  of t h e  s i l i c o n e  f l u i d s ,  whi le  

breakdown came i n  the  t r a n s i t i o n  range f o r  one o f  t h e  f l u i d s  

and i n  t h e  t u r b u l e n t  range f o r  t h e  o t h e r  two f l u i d s .  

I n  a l a t e r  exper imenta l  s t u d y ,  King [ 6 ]  a l so  employed 

a v e r t i c a l l y  mounted s h a f t  w i th  the  l i q u i d  above t h e  i n t e r -  

f a c e  and observed a "secondary leakage brought  on by s p l a s h -  

i n g  and i n s t a b i l i t i e s  a t  t he  l i q u i d - v a p o r  i n t e r f a c e  .'' Liquids  

t e s t e d  by King were o i l ,  w a t e r ,  and potassium. I n  t h e  t e s t s  

w i th  w a t e r ,  t h e  p o i n t  a t  which the  secondary leak  could f i r s t  

be d e t e c t e d  v a r i e d  wi th  the  speed and r a d i a l  c l ea rance .  A t  

0.0025 i n .  r a d i a l  c l e a r a n c e ,  i t  was f i r s t  n o t i c e d  a t  1 2 , 0 0 0  

t o  1 4 , 0 0 0  rpm; a t  0 . 0 0 2 9  i n . ,  i t  was n o t i c e d  a t  7 , 0 0 0  t o  

8 , 0 0 0  rpm; a t  0 . 0 0 4 4  i n . ,  i t  was n o t i c e d  a t  t h e  s t a r t i n g  

speed o f  4 , 0 0 0  rpm. The Weber numbers corresponding t o  

these  p o i n t s  were 1 2 9 0 ,  5 7 2 ,  and 2 1 4 ,  r e s p e c t i v e l y .  With 

a 0 . 0 0 1 5  i n .  c l e a r a n c e ,  t he  s h a f t  was ope ra t ed  a t  a speed 

up t o  1 4 , 0 0 0  rpm w i t h  a corresponding Weber number of 8 8 3 ,  

b u t  no leakage was n o t i c e d .  
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In exper imenta l  work r epor t ed  by S t a i r  [ 7 ]  i n  1965, 

the  v i s c o s e a l  s h a f t  was o r i e n t e d  h o r i z o n t a l l y .  During t h e  

course of t h i s  exper imenta l  work no evidence of a s e a  

break w a s  observed, b u t  a phenomenon c a l l e d  a i r  i n g e s t i o n  

occurred.  When the  s h a f t  speed was i n c r e a s e d  t o  a s u f f i -  

c i e n t l y  h igh  v a l u e ,  a i r  bubbles were observed t o  r i s e  i n  

t h e  t r a n s p a r e n t  p r e s s u r e  t a p  l i n e s ,  and b l eed ing  t h e  a i r  

from the  l i n e s  would n o t  s t o p  t h e  i n g e s t i o n .  The a x i a l  

p r e s s u r e  g r a d i e n t  decreased  and caused t h e  a i r - w a t e r  

i n t e r f a c e  t o  move toward the  atmospheric  end of t h e  s e a l ,  

b u t  t h e r e  was no observed leakage except  when t h e  i n t e r f a c e  

moved ou t s ide  the  annu la r  space .  A t  i n c r e a s e d  s h a f t  speeds 

the amount of a i r  i n g e s t i o n  would i n c r e a s e  and i n  some 

cases  t h e  s h a f t  reached a speed a t  which t h e  p r e s s u r e  p r o f i l e  

would become u n s t a b l e  and seve re  p r e s s u r e  p u l s a t i o n s  were 

observed. S t a i r  concluded f rom h i s  d a t a  t h a t  a i r  i n g e s t i o n  

i n c r e a s e s  w i t h  s h a f t  e c c e n t r i c i t y  and i s  reduced by us ing  

wider  grooves ,  H e  no ted  [8 ]  t h a t  no a i r  i n g e s t i o n  w a s  

d e t e c t a b l e  wi th  laminar  ope ra t ion  of t h e  s e a l .  

An exper imenta l  s tudy  of gas i n g e s t i o n  was repo.rted 

by Ludwig, Strom, and Allen [ 9 ]  i n  March 1966 .  Test f l u i d s  

used were water  and sodium, I n  the  t e s t s  wi th  w a t e r ,  a 

t r a n s p a r e n t  housing was used t o  permi t  v i s u a l  obse rva t ions  

of t h e  gas i n g e s t i o n  reg ion .  For  each f l u i d ,  t e s t s  were 
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made us ing  a grooved s h a f t ,  and us ing  a grooved hous ing ,  

w i th  t h e  same groove dep th ,  w id th ,  e t c .  used f o r  each .  Gas 

i n g e s t i o n  was found t o  be more pronounced w i t h  t h e  grooved 

s h a f t ,  and t h e  au tho r s  a t t r i b u t e d  the  d i f f e r e n c e  t o  t h e  

c e n t r i f u g e  a c t i o n  f o r c i n g  bubbles i n t o  t h e  grooves where 

they  are pumped t o  t h e  h igh -p res su re  end o f  t he  s e a l .  

Although i n c r e a s i n g  a t t e n t i o n  has  been g iven  t o  t h e  

problem o f  gas i n g e s t i o n ,  t h e  b a s i c  mechanism causing i t  

i s  n o t  w e l l  understood.  I t  i s  n o t  understood how gas 

bubbles which become mixed wi th  the  l i q u i d  a r e  t r a n s p o r t e d  

t o  t h e  h i g h - p r e s s u r e  end of t h e  s e a l .  A s e p a r a t e  q u e s t i o n  

concerns the  mechanism by which t h e  i n t e r f a c e  becomes 

i n t e r r u p t e d  t o  pe rmi t  t h e  gas bubbles t o  become e n t r a i n e d  

i n  t h e  l i q u i d .  

While t h e  mechanism o f  s e a l  breakdown o r  secondary 

leakage may be s i g n i f i c a n t l y  d i f f e r e n t  f rom t h a t  causing 

gas i n g e s t i o n ,  botll appear  t o  r e s u l t  from some form o f  

i n s t a b i l i t y  o f  t he  gas -  l i q u i d  i n t e r f a c e  , sugges t ing  t h e  

need f o r  t h e  s tudy  undertaken h e r e .  

A d i r e c t  s tudy  of t h e  s t a b i l i t y  o f  t h e  dynamic 

i n t e r f a c e  a c t u a l l y  encountered i n  t h e  v i s c o s e a l  p r e s e n t s  

an extremely d i f f i c u l t  problem. The re fo re ,  f o r  t h e  purpose 

o f  t h i s  i n v e s t i g a t i o n ,  a s i m p l i f i e d  model l ead ing  t o  a more 

b a s i c  s tudy  of  t h e  s t a b i l i t y  o f  a dynamic i n t e r f a c e  was 
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s e l e c t e d  as a m a t t e r  of p r a c t i c a l  expedience.  The model 

which was chosen as having a s i g n i f i c a n t  s i m i l a r i t y  t o  t h e  

flow i n  a v i s c o s e a l ,  b u t  s u f f i c i e n t l y  s imple t o  pe rmi t  an 

a n a l y t i c a l  s t u d y ,  was a gas and l i q u i d  conf ined  i n  t h e  

annular  space between the  smooth s u r f a c e s  of a s t a t i o n a r y  

housing and a r o t a t i n g  c y l i n d e r .  This model i s  t h e  same 

as t h e  v i s c o s e a l  shown i n  Figure 1, page 2 ,  except  t h a t  

a s h a f t  w i th  a smooth s u r f a c e  i s  s u b s t i t u t e d  f o r  t h e  grooved 

s h a f t .  



CHAPTER I1 

ANALYTICAL STUDY 

I ,  MATHEMATICAL MODEL 

The mathematical  model f o r  t h e  a n a l y t i c a l  s tudy  was 

based on f u r t h e r  s i m p l i f i c a t i o n s  of t h e  f low model. Because 

of t h e  sma l l  c l ea rance  between t h e  s u r f a c e s  having r e l a t i v e  

motion,  t he  e f f ec t s  of cu rva tu re  were cons idered  t o  be of 

sma l l  magnitude i n  comparison w i t h  o t h e r  v a r i a b l e s  of 

i n t e r e s t  e There fo re ,  t he  model f o r  mathematical  a n a l y s i s  

was ob ta ined  by assuming an i n t e r f a c e  between two incom- 

p r e s s i b l e ,  Newtonian f l u i d s  conf ined  between two i n f i n i t e  

f l a t  p l a t e s  moving a t  equa l  b u t  o p p o s i t e l y  d i r e c t e d  

v e l o c i t i e s  U / 2  i n  t he  x - d i r e c t i o n ,  as  shown i n  F igure  2 .  

The t h e o r e t i c a l  a n a l y s i s  was approached by c o n s i d e r -  

i n g  s e p a r a t e l y  the  e f f e c t s  of t he  f l u i d  v i s c o s i t i e s  and t h e  

e f f e c t s  o f  f l u i d  a c c e l e r a t i o n .  The model f o r  t h e  a n a l y s i s  

t r e a t i n g  v i scous  e f f e c t s  was p a t t e r n e d  a f t e r  t h e  work of 

Saffman and Taylor  [ l o ]  i n  a s tudy  of t h e  s t a b i l i t y  of an 

i n t e r f a c e  s e p a r a t i n g  two v i scous  f l s i d s  conf ined  between 

two c l o s e l y  spaced  p a r a l l e l  p l a t e s  w i t h  t h e  f l u i d s  having 

a v e l o c i t y  p e r p e n d i c u l a r  t o  t h e  . i n t e r f a c e .  The p l a t e s  were 

assumed t o  be s t a t i o n a r y  and i n e r t i a  e f f e c t s  were n e g l e c t e d  

9 
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F l u i d  1 

Figure 2 .  Model f o r  a n a l y s i s  o f  i n t e r f a c e  s e p a r a t i n g  
two fluidLs conf ined  between p a r a l l e l  p l a t e s  having r e l a t i v e  
motion p a r a l l e l  t o  the  i n t e r f a c e .  
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i n  t h i s  a n a l y s i s  The a n a l y s i s  t a k i n g  a c c e l e r a t i o n  e f f e c t s  

i n t o  account was developed along l i n e s  s i m i l a r  t o  t h e  work 

o f  Taylor  [ l l ]  i n  a s t a b i l i t y  a n a l y s i s  of an i n t e r f a c e  

s e p a r a t i n g  two f l u i d s  of d i f f e r e n t  d e n s i t i e s  when t h e  f l u i d s  

a re  a c c e l e r a t e d  i n  a d i r e c t i o n  normal t o  t h e i r  mutual i n t e r -  

f a c e , .  H i s  a n a l y s i s  was n o t  r e s t r i c t e d  t o  a narrow space 

between two p l a t e s ,  and v iscous  e f f e c t s  were n o t  i nc luded  

i n  the  a n a l y s i s .  

11. STABILITY ANALYSIS - VISCOUS EFFECTS 

F o r  t h e  Car t e s i an  coord ina te  system shown i n  F igure  

2 ,  t he  Navier-Stokes equa t ions  a r e  

Dw ap 2 p- = - - + l.lv w .  D t  a z  (3) 

The c l ea rance  c between t h e  p l a t e s  i s  assumed t o  be 

sma l l  and t h e  f l u i d  motion i s  assumed t o  be everywhere 

p a r a l l e l  t o  the  p l a t e s  e Der iva t ives  o f  v e l o c i t y  components 

i n  d i r e c t i o n s  o t h e r  than  normal t o  t he  p l a t e s  a r e  assumed 

sma l l  i n  comparison wi th  d e r i v a t i v e s  along t h e  normal,  and 

a re  n e g l e c t e d .  I f  t h e  a c c e l e r a t i o n  terms a r e  assumed t o  be 
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sma l l ,  t he  equa t ions  of  motion become 

2 3P a u  0 = - - +  
V-Z, a x  a z  

and 

an d 

2 0 = - (%+ Pg) + 2' a v  

( 4 )  

( 5 )  

I n t e g r a t i n g  equa t ions  ( 4 )  and ( 5 )  wi th  r e s p e c t  t o  z, 

A second i n t e g r a t i o n  wi th  r e s p e c t  t o  z y i e l d s  

= -- I. a p  z 2  c l z  + cg, 211 ax 

and 

v = z  ( a p  8y + Pg) z2  + c 2 z  + c4.  ( 9 )  

The a p p r o p r i a t e  boundary cond i t ions  a r e ,  
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S u b s t i t u t i n g  t h e  boundary cond i t ions  i n t o  equa t ions  (8 )  and 

( 9 ) ,  t h e  c o n s t a n t s  a r e  

and 

- U 
Z' c3 - - 

c4  = 0 ,  

Equat ions (8)  and ( 9 )  become 

The mean v e l o c i t i e s  a r e  

i'j = u dz,  

v = LJ v dz ,  
c 
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2 
1 2  u 

C - v =  - - ( ? $ + p g ) .  

The form of  t h e  equa t ions  f o r  t he  mean v e l o c i t i e s  

pe rmi t s  t h e  i n t r o d u c t i o n  of a v e l o c i t y  p o t e n t i a l  $ ,  given  

by 

an d 

The i n t e r f a c e  i s  assumed t o  have a s l i g h t  wave- l ike  

d i s tu rbance  of  wavelength 

L = 2 ~ r / K ,  ( 2 5 )  

d e s c r i b e d  by 

S = Bemt cos Kx, ( 2 6 )  

which i s  t h e  equa t ion  f o r  t h e  s u r f a c e  of  s e p a r a t i o n  of t h e  
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two f l u i d s ,  and which g ives  the  displacement  of t h e  i n t e r -  

f ace  from the  mean p o s i t i o n  of t he  i n t e r f a c e ,  as  shown i n  

Figure 3. 

The s t a b i l i t y  problem becomes one of determining t h e  

a l g e b r a i c  s i g n  of m i n  equat ion  ( 2 6 ) .  If  m i s  p o s i t i v e ,  

the  magnitude of t h e  i n t e r f a c e  d i s tu rbance  grows exponen- 

- - 

t i a l l y  wi th  t i m e  and t h e  i n t e r f a c e  i s  u n s t a b l e .  N e u t r a l  

s t a b i l i t y  e x i s t s  when m i s  zero,  and t h e  i n t e r f a c e  i s  s t a b l e  

t o  a small  d i s tu rbance  i f  t he  s i g n  of m - i s  n e g a t i v e .  

On t h e  i n t e r f a c e ,  the  y-components of t h e  v e l o c i t i e s  

of  t h e  two f l u i d s  a r e  e q u a l ,  and are given by 

- 
= v + mBemt cos  Kx. 

The s o l u t i o n  o f  t h e  c o n t i n u i t y  e q u a t i o n ,  

( 2 9 )  2 Q $I = 0 ,  

must s a t i s f y  equa t ion  ( 2 8 )  , and t h e  d i s tu rbance  v e l o c i t y  

must vanish  a t  i n f i n i t y .  The appropr i a t e  s o l u t i o n s  a r e  

mB emt - Ky cos K X ,  (30) 
- - ( 4 1 - V Y - K  

and 
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/ 
C 

Figure  3 .  Model f o r  a n a l y s i s  of  a d i s t u r b e d  
i n t e r f a c e  s e p a r a t i n g  two v iscous  f l u i d s  aoving t r a n s v e r s e  
t o  t h e  i n t e r f a c e  and conf ined  between p a r a l l e l  p l a t e s  
having r e l a t i v e  motion p a r a l l e l  t o  t h e  i n t e r f a c e .  
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I n t e g r a t i n g  equa t ion  (24) wi th  r e s p e c t  t o  y ,  and 

s u b s t i t u t i n g  t h e  v e l o c i t y  p o t e n t i a l s  from e q u a t i o n  

and ( 3 l ) ,  t h e  s o l u t i o n s  f o r  t h e  p r e s s u r e s  a r e  

Ky cos Kx) - plgy + C g 9  P1 - - - --+?y 1 2 P 1  - mB e m t  - 

c 

an d 

l 2 V 2  P 2  - - - T ( v y  + - mB emt * Ky cos K X )  - p2gy + c6 .  (33) K 
C 

The d i f f e r e n c e  between t h e  p r e s s u r e s  on t h e  two 

s i d e s  of t h e  i n t e r f a c e  w i l l  depend on t h e  c u r v a t u r e  of 

t h e  i n t e r f a c e  [12 ] ,  and may be expres sed  by t h e  Laplace 

equa t ion ,  

(34) 

where T i s  t h e  s u r f a c e  t e n s i o n  and R1 and R2 a r e  t h e  r a d i i  

of cu rva tu re  of t h e  i n t e r f a c e  i n  mutua l ly  p e r p e n d i c u l a r  

p l a n e s .  The i n t e r f a c e  cu rva tu re  may depend i n  a r a t h e r  

complicated manner on such f a c t o r s  as t h e  d i s t a n c e  sepa -  

r a t i n g  t h e  p l a t e s ,  s u r f a c e  roughness ,  t h e  m a t e r i a l s  of t he  

s o l i d  s u r f a c e s ,  t h e  l i q u i d ,  and i n t e r f a c e  dynamics. F o r  

example, t h e  c o n t a c t  a n g l e  f o r  a receding  i n t e r f a c e  would 

be expec ted  t o  be less than t h e  angle  of  c o n t a c t  of an 

advancing i n t e r f a c e  [13] .  However, i t  i s  assumed h e r e  f o r  
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s i m p l i c i t y  t h a t  t h e  angles  o f  c o n t a c t  w i t h  the s o l i d  

s u r f a c e s  are ze ro  and t h a t  t h e  r a d i u s  R1 i s  h a l f  t h e  

d i s t a n c e  s e p a r a t i n g  the  s o l i d  s u r f a c e s ,  o r  

1 -  1 - -  
R1 c7z (35) 

Because t h e  i n t e r f a c e  d i s tu rbance  was assumed t o  be s m a l l ,  

t he  cu rva tu re  i n  a p l ane  p a r a l l e l  t o  t h e  p l a t e s  may be 

approximated by 

When equa t ions  (35) and (36) a r e  s u b s t i t u t e d  i n t o  

equa t ion  (34 ) ,  t h e  p r e s s u r e  d i f f e r e n c e  becomes 

(P1 - P2) = T (f + A) 2 .  
ax 

(37) 

S u b s t i t u t i n g  equa t ion  (26) i n t o  equa t ion  (37) and s e t t i n g  

equa t ion  (37) e q u a l  t o  t h e  p r e s s u r e  d i f f e r e n c e  ac ross  the  

i n t e r f a c e  from equa t ions  (32) and (33) g i v e s  

127s T ( g  - BK2emt cos  Kx) = - I__ 2 (u1  - 11,) 
C 
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When S,  as  de f ined  by equa t ion  ( 2 6 ) ,  i s  z e r o ,  

equa t ion  ( 3 8 )  reduces t o  

S u b s t i t u t i n g  t h i s  i n t o  equa t ion  ( 3 8 ) ,  t hen  d i v i d i n g  through 

by S and mul t ip ly ing  through by K = 2 n / L  g ives  

871 3T 
L3 

- -  

A d i s tu rbance  i s  u n s t a b l e  when t h e  r i g h t - h a n d  s i d e  

o f  equa t ion  ( 4 0 )  i s  p o s i t i v e ,  s i n c e  t h e  l e f t - h a n d  s i d e  i s  

p o s i t i v e  when i s  p o s i t i v e .  The re fo re ,  t h e  f i r s t  term on 

the  r i g h t - h a n d  s i d e  of t h e  equa t ion  must be p o s i t i v e  and 

numer i ca l ly  l a r g e r  than  t h e  second term on t h e  r i g h t  i n  

o r d e r  f o r  a d i s tu rbance  t o  be u n s t a b l e .  

Thus, s u r f a c e  t e n s i o n  tends t o  cause t h e  i n t e r f a c e  

t o  be s t a b l e  t o  a s m a l l  d i s t u r b a n c e ,  and an i n t e r f a c e  

v e l o c i t y  toward t h e  more v i scous  f l u i d  c o n t r i b u t e s  toward 

t h e  development of an i n s t a b i l i t y .  

Information concerning t h e  wavelength Lu  of u n s t a b l e  

d i s t u r b a n c e s  can a l s o  be  ob ta ined  from equa t ion  ( 4 0 ) .  S e t -  

t i n g  the r i g h t - h a n d  s i d e  of equa t ion  ( 4 0 )  t o  be  g r e a t e r  
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than zero ,  

which i s  t h e  case  f o r  u n s t a b l e  d i s t u r b a n c e s ,  and s o l v i n g  

f o r  Lu g ives  

When t h e  necessa ry  c o n d i t i o n s  e x i s t ,  as  g iven  by e q u a t i o n  

(40 ) ,  f o r  s m a l l  d i s t u r b a n c e s  t o  be u n s t a b l e ,  t h e  wavelength 

of such u n s t a b l e  d i s t u r b a n c e s  must be g r e a t e r  t han  t h e  

c r i t i c a l  va lue  g iven  by equa t ion  (42) .  This  va lue  i s  p r o -  

p o r t i o n a l  t o  t h e  square  r o o t  of t h e  s u r f a c e  t e n s i o n ,  S O  f o r  

t h e  h y p o t h e t i c a l  case  i n  which t h e  s u r f a c e  t e n s i o n  i s  z e r o ,  

t h e  wavelength of u n s t a b l e  d i s t u r b a n c e s  would n o t  be l i m i t e d  

t o  a minimum va lue .  The r e s u l t  i s  t h e  same as  t h a t  found 

by Saffman and Taylor  [ E O ] ,  even though t h e  p l a t e s  were 

cons ide red  t o  be s t a t i o n a r y  i n  t h e i r  a n a l y s i s .  

That an u n s t a b l e  d i s t u r b a n c e  w i l l  cont inue  t o  grow 

when it  reaches  a f i n i t e  magnitude can be shown r e a d i l y  

by a q u a l i t a t i v e  de t e rmina t ion  of t h e  r e l a t i v e  magnitude of 

p r e s s u r e  g r a d i e n t s  a t  s p e c i f i c  l o c a t i o n s  i n  F igure  4 ,  where 

c o n s t a n t  p r e s s u r e  l i n e s  i n  the l i q u i d  are ske tched ,  b u t  n o t  
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tY Gas - 

Figure 4 .  Schematic r e p r e s e n t a t i o n  o f  p r e s s u r e  
f i e l d  i n  a v iscous  l i q u i d  s e p a r a t e d  from a gas by an 
u n s t a b l e  i n t e r f a c e .  
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n e c e s s a r i l y  t o  scale .  For the  purpose of t h e  q u a l i t a t i v e  

a n a l y s i s  under c o n s i d e r a t i o n ,  assume t h a t  t h e  g r a v i t a t i o n a l  

f o r c e  i s  normal t o  t h e  p l ane  of  t h e  p l a t e s  i n  F igure  4 .  

Since t h e  pr imary concern h e r e  i s  w i t h  a g a s - l i q u i d  i n t e r -  

face,  and l i q u i d  v i s c o s i t i e s  a r e  u s u a l l y  much l a r g e r  than  

the  v i s c o s i t y  of  g a s e s ,  t he  v i s c o s i t y  o f  t h e  gas  may be 

ignored .  Then wi th  no p r e s s u r e  g r a d i e n t  r e q u i r e d  f o r  t h e  

gas r eg ion ,  t h e  p r e s s u r e  throughout  t h e  gas  reg ion  has  a 

uniform va lue .  I f  the  amplitude of t h e  d i s t u r b a n c e  i s  sma l l  

compared t o  i t s  wavelength L ,  t h e  p r e s s u r e  d i f f e r e n c e  ac ross  

the  i n t e r f a c e  may b e  taken  as  approximately c o n s t a n t .  Then 

the  l i q u i d  p r e s s u r e  along t h e  i n t e r f a c e  may be assumed t o  be 

approximately c o n s t a n t .  

The p r e s s u r e  g r a d i e n t  i n  t h e  l i q u i d  approaches a 

cons t an t  va lue  a t  some d i s t a n c e  from t h e  i n t e r f a c e ,  

However, a t  a d i s t a n c e  up t o  a few wavelengths away f rom 

t h e  i n t e r f a c e ,  t h e  p r e s s u r e  g r a d i e n t  i s  a f u n c t i o n  o f  x, 

and along a l i n e  y = c o n s t a n t  has  a l a r g e r  magnitude i n  a 

reg ion  o f  n e a r e s t  approach t o  t h e  i n t e r f a c e .  S ince  t h e  

l i q u i d  v e l o c i t y  depends on t h e  p r e s s u r e  g r a d i e n t ,  t h e  

v e l o c i t y  o f  t he  l i q u i d  n e a r  t he  i n t e r f a c e  i s  g r e a t e r  i n  

t h e  reg ion  where t h e  i n t e r f a c e  i s  l ead ing  than where i t  i s  

lagging .  The re fo re ,  t h e  p o r t i o n  of l i q u i d  which i s  lagging  

w i l l  cont inue  t o  l a g  even f u r t h e r .  Thus, t h e  ampli tude o f  

t h e  wave w i l l  cont inue  t o  grow. Continued growth w i l l  
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r e s u l t  i n  long " f inge r s "  of gas 

In  t h e  annul 

with an i n t e r f a c e  h 

i n t e r f a c e  u s u a l l y  w 

p o s i t i o n  wi th  a p e r i o d  eq 

of t he  r o t a t i n g  c y l i n d e r .  

two unavoidable f a c t o r s  - e c c e n t r i c i t y  of mounting, an 

runout Ignor ing  g r a v i t a t i o n a l  e f f e c t s  , t he  i n t e r f a c e  would 

be u n s t a b l e  only when moving toward t h e  l i q u i d ,  With t h e  

i n t e r f a c e  v e l o c i t y  i n  t h e  oppos i t e  d i r e c t i o n ,  t h e  f i n i t e  

wave h e i g h t ,  o r  f i n g e r  l e n g t h ,  would dec rease .  The re fo re ,  

f i n g e r s  would be expec ted  t o  form and grow t o  some f i n i t e  

length  i n  a p o r t i o n  of t he  annulus ,  and then t o  become 

s h o r t e r  and p o s s i b l y  d i sappea r  a l t o g e t h e r  i n  another  p o r t i o n  

of t he  annulus .  

The f i n g e r s  thus  formed would a t t a i n  a maximum leng th  

which depends on the  o v e r a l l  displacement  of t he  o s c i l l a t i n g  

i n t e r f a c e .  

A l l  of the  f i n g e r s  formed, as desc r ibed  above, would 

be expected t o  t r a v e l  around the  annulus a t  e s s e n t i a l l y  

h a l f  t h e  s u r f a c e  speed of t he  r o t a t i n g  c y l i n d e r ,  a l though 

s l i g h t  d i f f e r e n c e s  i n  t h e i r  v e l o c i t i e s  could  a r i s e  because 

i n c r e a s i n g  o r  decreas ing  c l e a r  s along t h e  p a t h  of 

f l u i d  elements  on t a i n e  d w i t h i n  ch f i n g e r s ,  o r  v a r i a t i o n s  

i n  s u  
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t h e  i n t e r f a c e ,  

The chances of two a d j a c e n t  f i n g e r s  o f  l i q u i d  coming 

i n t o  c o n t a c t  w i th  each o t h e r  i n  t h i s  manner and t r app ing  a 

volume of gas  i n  t h e  l i q u i d  would be enhanced by a h i g h  

f i n g e r  l eng th - to -wid th  r a t i o ,  i , e . ,  by the  presence  of long ,  

narrow f i n g e r s .  Thus s h o r t e r  wavelengths would be more 

conducive t o  t r a p p i n g  gas bubbles .  Likewise,  f o r  a g iven  

wavelength,  the  g r e a t e r  t h e  magnitude of t h e  i n t e r f a c e  

o s c i l l a t i o n  and thus  the  l eng th  t o  which a f i n g e r  could 

grow, t h e  g r e a t e r  t h e  chance of en t ra inment  of gas  bubbles .  

The mathematical  model shown i n  Figure 2 ,  page 1 0 ,  

was e s t a b l i s h e d  f o r  an i n t e r f a c e  p a r a l l e l  t o  t h e  x - a x i s .  

When the  i n t e r f a c e  i n  t h i s  t h e o r e t i c a l  model has  a v e l o c i t y ,  

the  l i q u i d  i s  e i t h e r  advancing on both  s u r f a c e s ,  o r  receding  

both  s u r f a c e s ,  However, i f  t h e  p h y s i c a l  model - a 

t a t i n g  cylindeff i i d e  a hou - h a  t r i c i t y  b u t  

e r a n  



2 5  

p o s i t i o n  on t h e  s t a t i o n a r y  c y l i n d e r  and t h e r  

i n t e r f a c e  would be o s c i l l a t i n  

r o t a t i n g  cy1 

of t h e  r o t a t  

The re fo re ,  i t  remains t o  

would produce an i n s t a b i  

i n g  o r  receding  a t  d i f f e r e n t  s over  t h e  two s u r f a c e s  

between which t h e  f l u i d s  a re  conf ined .  

A s l i g h t  mod i f i ca t ion  of t h e  mathematical  model 

shown i n  F igure  2 ,  page 1 0 ,  can be made t o  approximate t h e  

d e s i r e d  c o n d i t i o n s .  The p l a t e s  i n  F igu re  2 a r e  shown t o  

have e q u a l  b u t  o p p o s i t e l y  d i r e c t e d  v e l o c i t i e s  U / 2  i n  t h e  

x - d i r e c t i o n .  One p l a t e  i s  f u r t h e r  a s s igned  a v e l o c i t y  V 

i n  t h e  y - d i r e c t i o n ,  as  shown i n  Figure 5 .  

With t h i s  added cond i t ion  imposed, a p p r o p r i a t e  

boundary cond i t ions  a r e ,  

u .  v = 0 ;  
Z’ a t z = O :  u = -  

( 4 3 )  
v = v. u = + r ;  U a t  z = c: 

The c o n s t a n t s  i n  equa t ions  (8)  and (9)  a r e  unchanged, w i t h  

t h e  excep t ion  of C2,  which becomes 

an 
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C 

F l u i d  1 

Figure 5 .  Model f o r  a n a l y s i s  o f  a d i s t u r b e d  
i n t e r f a c e  s e p a r a t i n g  two v iscous  f l u i d s  moving t r a n s v e r s e  
t o  t h e  i n t e r f a c e  and conf ined  between p a r a l l e l  p l a t e s  
having r e l a t i v e  motion n o t  p a r a l l e l  t o  t h e  i n t e r f a c e .  
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S u b s t i t u t i n g  equat ion  ( 4 5 )  i n t o  equa t ion  (18)  and 

i n t e g r a t i n g  y i e l d s  t h e  average v e l o c i t y ,  

When equa t ion  ( 4 6 )  i s  i n t e g r a t e d  wi th  r e s p e c t  t o  y ,  

t h e  s o l u t i o n s  ob ta ined  f o r  the p r e s s u r e s  a r e  

lZPl 
- - - - (m, - "') 2 - Plgy * c 7 ,  C 

an d 

( 4 7 )  

Equating t h e  d i f f e r e n c e  between t h e  p r e s s u r e s  from 

equat ions  (47) and (48)  wi th  t h e  p r e s s u r e  d i f f e r e n c e  across  

the  i n t e r f a c e  as given by equat ion  ( 3 4 ) ,  n o t i n g  t h a t  con- 

s t a n t  terms a r e  e l i m i n a t e d  as g iven  i n  equat ion  ( 3 9 ) ,  

d iv id ing  by S and mul t ip ly ing  through by K = 2 r / L  g ives  

f i n a l l y ,  
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( 4 9 )  

Equat ion (49) d i f f e r s  from equa t ion  ( 4 0 )  only i n  t h e  

c o e f f i c i e n t  of t he  v i s c o s i t y  d i f f e r e n c e ,  Other  t h i n g s  

being e q u a l ,  i f  bo th  t h e  i n t e r f a c e  v e l o c i t y  and t h e  p l a t e  

v e l o c i t y  were d i r e c t e d  toward t h e  more v iscous  f l u i d ,  a 

l a r g e r  magnitude of i n t e r f a c e  v e l o c i t y  would be r e q u i r e d  t o  

cause t h e  i n t e r f a c e  t o  be u n s t a b l e  t o  a s m a l l  d i s tu rbance  

than  would be r e q u i r e d  when n e i t h e r  p l a t e  moves v e r t i c a l l y .  

I f ,  f o r  example, t h e  v e r t i c a l  v e l o c i t y  o f  t he  p l a t e  and t h e  

i n t e r f a c e  v e l o c i t y  were equa l  and both  moving toward t h e  

more v i scous  f l u i d ,  t h e  va lue  of i n t e r f a c e  v e l o c i t y  

necessary  t o  cause an i n s t a b i l i t y  would be twice t h e  va lue  

r e q u i r e d  w i t h  n e i t h e r  p l a t e  moving v e r t i c a l l y .  The re fo re ,  

t h e  p h y s i c a l  model would have a g r e a t e r  tendency toward 

i n s t a b i l i t y  of t h e  i n t e r f a c e  when both  runout  and eccen-  

t r i c i t y  a r e  p r e s e n t  s imul taneous ly .  

In assuming a p r e s s u r e  d i f f e r e n c e  ac ross  t h e  i n t e r -  

f ace  due t o  s u r f a c e  t e n s i o n ,  t o  a r r i v e  a t  equa t ion  (34 ) ,  i t  

was assumed t h a t  P1 was g r e a t e r  t han  P 2 ,  and t h a t  t h e  

i n t e r f a c e  was concave upward. I f  t h e  i n t e r f a c e  were concave 
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equa t ion  ( 3 4 ) .  But t he  c u r v a t u r e ,  as approximated 

a S/ax , i s  p o s i t i v e  when t h e  c e n t e r  of cu rva tu re  i s  above 2 2 

f o r  a c e n t e r  o f  cu rva tu re  

t h e  i n t e r f a c e .  Therefore ,  i n  e s t a b l i s h i n g  a s i g n  convention 

l o c a t e d  below the  i n t e r f a c e ,  t h e  

cu rva tu re  i s  approximated 

and equa t ion  (50)  becomes 

(Pz - P1) = T (g  - 
o r  

I O  

a%) 
2 ’  ax 

= T (- - BK2emt c o s  Kx) . 

( 5 3 )  

(54)  

The only d i f f e r e n c e  between equa t ion  (54)  and 

Y 



30 

upon e v a l u a t i o n  

v e l o c i t i e s .  Therefore ,  

F o r  a g a s - l i q  

e t e l y  non- 

degrees ,  the  conclus 

t o  t h e  conclus ions  reached f o r  a l i q u i d  which wets t h  

s o l i d  s u r f a c e s  e 

111. STABILITY ANALYSIS - ACCELERATION EFFECTS 

The mathematical  model f o r  t he  a n a l y s i s  t ak ing  i n t o  

account a c c e l e r a t i o n  e f f e c t s  i s  shown i n  Figure 6 .  Viscous 

e f f e c t s  a r e  n e g l e c t e d  here  and it  i s  assumed t h a t  t h e  f l u i d  

system undergoes an a c c e l e r a t i o n  - a normal t o  t h e  i n t e r f a c e  

and cons idered  t o  be p o s i t i v e  when d i r e c t e d  downward, as  

shown i n  Figure 6 .  

The coord ina te  system i s  assumed t o  move wi th  the  

b u l k  f l u i d  motion. E f f e c t i v e l y ,  s l i p  f low i s  assumed, and 

the  d i s t a n c e  s e p a r a t i n g  the  p l a t e s  e n t e r s  i n t o  t h e  mathe- 

m a t i c a l  a n a l y s i s  only i n  the  p r e s s u r e  d i f f e r e n c e  a c r o s s  the  

i n t e r f a c e ,  bu t  does no t  appear  i n  t h e  f i n a l  r e s u l t .  The 

i n i t i a l  mathematical  formula t ion  i s  e s s e n t i a l l y  t h e  same 

as  t h a t  p r e s e n t e d  by Taylor  [ l l ]  a 

as sume d e a sma l l  wa 

wi th  the  equa t ion  o f  t h e  s u r  
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C 

F l u i d  1 

- -  - AK emt cos  Kx 
m 

f o r  a n a l y s i s  of  t h  
s e p a r a t i n g  two f l  



' mean p o s i t i o n  o f  t he  i n t e r f a c e ,  i s  

an d 

as 
a t  v = - = AK emt cos K X .  

The a p p r o p r i a t e  v e l o c i t y  p o t e n t i a l s  a r e  

$ I ~ = + A ~  mt + Ky cos Kx. 

The equa t ion  of  motion i n  t h e  y - d i r e c t i o n  i s  
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The ine r t i a  term 

mt  - Ky cos Kx, v1 = - 5  K A e  a %  
a Y  

(6 3)  -I avl - K‘A emt - K~ s i n  K X ,  ax 

mt  - Ky cos Kx. (65) - -  avl - mKA e a t  

Equat ion (59) becomes, f o r  f l u i d  1, 

- =  apl pl (a  - g - mKA e mt  - Ky cos Kx + Kulz + Kv12). 
aY (66)  

For f l u i d  2 ,  t h e  r e q u i r e d  d e r i v a t i v s s  of t h e  v e l o c i t y  

p o t e n t i a l  a r e  

= - KA emt + Ky s i n  K X ,  



( 7 1 )  m t  + Ky cos Kx. - -  av2 - mKA e a t  

The equa t ion  of motion f o r  f l u i d  2 becomes 

-3 - p Z ( a  - g - mKA e mt + Ky cos Kx - KuZ2 - Kv2 2 ) .  ( 7 2 )  
a Y  

Neglec t ing  squa res  of t h e  d i s tu rbance  v e l o c i t i e s  i n  

equa t ions  (66 )  d ( 7 2 )  and i n t e g r a t i n g ,  t e s o l u t i o n s  f o r  

the p r e s s u r e s  are ,  
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P2 = p 2 ( a  - g)y  - P 74)  

P e 

i n t e r f a c e ,  as  en by equat  

(P, - P2)  = T ($ + 137) 

i s  a p p l i c a b l e  h e r e ,  and s e t t i n g  equa t ion  (37) equa l  t o  t h e  

p r e s s u r e  d i f f e r e n c e  ob ta ined  by s u b t r a c t i n g  equa t ion  (74) 

from equa t ion  (73) ,  g ives  

+ mA emt(ple-KS + p2e*KS) cos K x  

When cos Kx i s  zero ,  S i s  ze ro ,  ,and equa t ion  (75) reduces 

When equa t ion  (75) i s  d iv ided  through by S ,  as g iven  by 

equa t ion  (55)  , equa t ion  (75) becomes 

- K S  + K S )  2 
+ p2e = ( a  - g)(P,  -pl) - T K  . mL 

K he (77) 
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The a l g e b r a i c  

hand s i d e  of 

an 

l l y  wi th  ti 
2 viscous  f o r c e s  were n e g l e c t e d  i n  t h e  a n a l y s i s .  When - m 

i s  p o s i t i v e ,  t h e  s i g n  of - m could b e  e i t h e r  p o s i t i v e  o r  

n e g a t i v e ,  from a s t r i c t l y  mathematical  s t a n d p o i n t .  How- 

e v e r ,  t h e  omission of v i scous  f o r c e s  i n  t h e  a n a l y s i s  

removes k y  means of damping, and it  i s  t h e r e f o r e  concluded 

from p u r e l y  p h y s i c a l  c o n s i d e r a t i o n s  t h a t  - m w i l l  be p o s i t i v e  

when - m2 i s  p o s i t i v e  and the  d i s tu rbance  w i l l  i n c r e a s e  ex -  

p o n e n t i a l l y  wi th  t i m k  u n t i l  i t  a t t a i n s  an amplitude which 

i s  no longer  sma l l  campared w i t h  t he  wavelength.  

When t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  a c t s  toward the  

more dense f l u i d ,  equat ion  (77) p r e d i c t s  t h a t  an i n s t a b i l -  

i t y  w i l l  r e s u l t  from an a c c e l e r a t i o n  o f  t h e  f l u i d  system 

toward t h e  more dense f l u i d  a t  a value which i s  s u f f i c i e n t l y  

l a r g e r  than g r a v i t y  t o  cause t h e  f i r s t  term on the  r i g h t  t o  

be l a r g e r  than  the  secohd term,  Therefore ,  s u r f a c e  t e n s i o n  

c o n t r i b u t e s  toward s t a b i l i t y  o f  t h e  i n t e r f a c e .  

The minimum velength  o f  an u n s t a b l e  d i s tu rbance  

can be found from equa t ion  (77) .  The s u b s t i t u t i  

where L i s  t h e  wavelength of a d i s t u r b a n c e ,  i s  made i n  

equa t ion  (77) .  
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Unstable  d i s t u r b a n c e s ,  havin  

when t h e  r igh t -hand  s i d e  

a t h  

9 

When equa t ion  (78)  i s  s o l v e d  f o r  Lu,  t h e  e f f e c t  o 

t ens ion  i s  found t o  b e  t o  r e s t r i c t  u n s t a b l e  d i s tu rbances  t o  

those  of wavelength g r e a t e r  t han  a c r i t i c a l  v a l u e ,  g iven  by 

Upon reaching  a f i n i t e  va lue ,  t h e  amplitude of  

u n s t a b l e  d i s tu rbances  w i l l  cont inue  t o  grow and w i l l  r e s u l t  

i n  t h e  format ion  of  f i n g e r s .  The suppor t ing  reasoning i s  

s i m i l a r  t o  t h a t  g iven  f o r  t he  growth of  t he  u n s t a b l e  d i s -  

tu rbances  o f  t h e  i n t e r f a c e  between t h e  v i scous  f l u i d s  o f  

Figure 4 ,  page 2 1 ,  i n t o  f i n g e r s .  

The model shown i n  Figure 4 i s  a l s o  a p p l i c a b l e  t o  an 

u n s t a b l e  i n t e r f a c e  i n  an a c c e l e r a t e d  f l u i d  system. Consid- 

e r i n g  a g a s - l i q u i d  i n t e r f a c e ,  and ignor ing  t h e  d e n s i t y  o f  

t h e  g a s ,  t he  i n t e r f a c e  pressure  may be assumed c o n s t a n t .  

When t h e  system i s  be ing  a c c e l e r a t e d  toward t h e  mare dense 

f l u i d ,  t he  l i q u i d  i n  t h i s  c a s e ,  the  p r e s s u r e  i n  t h e  l i q u i d  
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a t  a l o c a t i o n  which i s  s e v e r a l  wavelengths from t h e  i n t e r -  

f ace  w i l l  be dependent only on t h e  d i s t a n c e  from t h e  mean 

p o s i t i o n  o f  t h e  i n t e r f a c e .  But a t  p o s i t i o n s  i n  t h e  ne igh -  

borhood of t h e  i n t e r f a c e ,  t h e  p r e s s u r e  g r a d i e n t  n e a r  t h e  

l ead ing  p o r t i o n  o f  t he  i n t e r f a c e  w i l l  be g rea t e r  than t h e  

p r e s s u r e  g r a d i e n t  n e a r  t h e  lagging  p o r t i o n .  Hence, t h e  

a c c e l e r a t i o n  of  t h e  f l u i d  n e a r  t he  l ead ing  p o r t i o n  w i l l  be 

g r e a t e r  i n  magnitude, and i t s  v e l o c i t y  w i l l  become i n c r e a s -  

i n g l y  l a r g e r  tban t h e  v e l o c i t y  of  t he  f l u i d  n e a r  t he  lagging  

p o r t i o n .  Thus, t h e  ampli tude of t he  d i s t u r b a n c e  w i l l  

cont inue  t o  grow. 

I n  an annulus between r o t a t i n g  c y l i n d e r s ,  a c c e l e r -  

a t i o n s  normal t o  t h e  i n t e r f a c e  occur  due t o  e c c e n t r i c i t y  

and runout .  S ince  t h e  a c c e l e r a t i o n  i s  a l t e r n a t e l y  p o s i t i v e  

and n e g a t i v e ,  t he  wavelength of  t h e  f i n g e r s  and t h e  l e n g t h  

t o  which f i n g e r s  would grow would depend on t h e  magnitude 

of e c c e n t r i c i t y  and runou t ,  s u r f a c e  t e n s i o n ,  s h a f t  speed ,  

e t c . ,  and would determine t h e  p o t e n t i a l  f o r  t r a p p i n g  gas 

bubbles i n  the  l i q u i d .  



CHAPTER I11 

EXPERIMENTAL STUDY 

I .  EXPERIMENTAL FACILITY 

The t e s t  f a c i l i t y  was designed and b u i l t  t o  permi t  

v i s u a l  obse rva t ions  and photographic  re ding of  an i n t e r -  

face  s e p a r a t i n g  a i r  and a l i q u i d  conf ined  i n  t h e  annu la r  

space between a r o t a t i n g  c y l i n d e r  and a s t a t i o n a r y  housing.  

A t r a n s p a r e n t  c y l i n d r i c a l  housing i s  mounted t o  

t h e  t e s t  frame, as  shown i n  F igure  7 ,  Housings having 

nominal i n s i d e  d iameters  of  t w o ,  f o u r ,  s i x  o r  e i g h t  inches  

can b e  accommodated. G las s ,  and t r a n s p a r e n t  a c r y l i c  

p l a s t i c  housings were used i n  t h e  exper imenta l  work. An 

O-r ing s e a l  was used between t h e  housing and t h e  b a s e .  

The s t a i n l e s s  s t e e l  s h a f t ,  which i s  d r iven  through 

a V-be l t  by a v a r i a b l e  speed motor,  was designed f o r  mount- 

i ng  in t e rchangeab le  t e s t  r o t o r s  ranging f r o m  two t o  e i g h t  

inches  i n  d iameter .  The t e s t  r o t o r s ,  which were made o f  

aluminum, have a l eng th  of s i x  i n c h e s .  The r o t o r s  are 

p o s i t i o n e d  on t h e  s h a f t  by a tapered. shou lde r  on t h e  s h a f t ,  

and a t a p e r e d  n u t  a t  t h e  Power end.  The r o t o r s  were ground 

and p o l i s h e d ,  and t h e  runout w a s  about  0 . 0 0 0 3  t o  0 . 0 0 1 0  

i nch .  

3 9  
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Frame Rota t ing  
Ne ch an i sn 

Lt Rota t ing  1 L- Rota t ing  
Frame 

Figure 7. I n t e r f a c e  s tudy  f a c i l i t y  



41 

The s h a f t  i s  suppor ted  by a b a l l  bea r ing  a t  the end 

on which t h e  V-be l t  sheave i s  mounted. A h e l i c a l  groove 

hydrodynamic j o u r n a l  bea r ing  having a d iameter  of one inch  

suppor t s  t h e  o t h e r  end,  and i s  l u b r i c a t e d  by t h e  l i q u i d  

being used i n  the  i n t e r f a c e  s t u d y .  

P rov i s ion  was made f o r  r o t a t i n g  t h e  t e s t  frame 

through an angle  of 1 8 0  degrees ,  i n  o r d e r  t o  a t t a i n  any 

d e s i r e d  angle  o f  o r i e n t a t i o n  of t h e  s h a f t  a x i s  i n  t h e  

g r a v i t a t i o n a l  f i e l d .  

With t h e  frame o r i e n t a t i o n  as shown i n  F igure  7 ,  t h e  

volume below the  t e s t  r o t o r ,  and w i t h i n  t h e  hous ing ,  i s  t h e  

l i q u i d  r e s e r v o i r .  A h o l e  was d r i l l e d  and tapped i n  t h e  

b a s e ,  and a va lve  was f i t t e d  i n t o  the  passage  t o  permi t  

l i q u i d  t o  be in t roduced  i n t o  t h e  r e s e r v o i r  f rom below. 

This  arrangement makes i t  p o s s i b l e  t o  exclude a l l  a i r  

bubbles  from t h e  r e s e r v o i r  by f i l l i n g  it through t h i s  

passage ,  The annulus i s  open t o  t h e  atmosphere a t  t h e  top 

of t h e  r o t o r .  

A view of t he  t e s t  r i g  a f t e r  completion o f  c o n s t r u c -  

t i o n  i s  shown i n  F igure  8.  The housing mounted i n  t h e  t e s t  

r i g  i n  t h i s  view i s  a f i v e - i n c h  o u t s i d e  diameter  a c r y l i c  

c y l i n d e r  w i th  an i n s i d e  d iameter  of 4 .116  i n c h e s .  The 

aluminum r o t o r  mounted on t h e  s h a f t  has  a d iameter  o f  

3 ,990  i n c h e s .  I n  t h e  l e f t  background of F igure  8 a r e  o t h e r  

r o t o r s  having a nominal d iameter  of f o u r  i n c h e s ,  and a l s o  
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Figure 8 .  Experimental  f a c i l i t i e s .  
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an e x t r a  s h a f t .  The th readed  r o t o r s  w e  

performance t e s t s  i n  a companion s t u d y .  

funnel  i s  a t t a c h e d  t o  p l a s t i c  t u b  

va lve  through which the  r e s e r v o i r  i s  f i  

I n  F igure  8 ,  d i s t i l l e d  w a t e r  i s  i n  t h e  r e s e r v o i r ,  and t h e  

i n t e r f a c e  l e v e l  i s  about midway up on t h e  aluminum r o t o r .  

No p r o v i s i o n  was made f o r  c o o l i n  t h e  working f l u i d .  

However, a thermocouple w a s  i n s t a l l e d  i n  a r a d i a l  h o l e  

d r i l l e d  through the  a c r y l i c  c y l i n d e r  t o  provide  f o r  moni- 

t o r i n g  the  temperature  of t h e  l i q u i d  i n  t h e  annulus .  

V i sua l  obse rva t ions  were f a c i l i t a t e d  by t h e  use  of 

a s t roboscope ,  which was a l s o  used as  t h e  l i g h t  sou rce  f o r  

s t i l l  photographs of about 1 . 2  microseconds exposure time 

The s t i l l  photographs were made wi th  a 35 mm camera us ing  

b lack  and whi te  f i l m .  

High speed movies were made a t  f i l m  speeds up t o  

5 , 0 0 0  frames p e r  second us ing  b l ack  and whi te  f i l m .  

I l l u m i n a t i o n  was provided  by two lamps, each  having a 

r a t i n g  of 1 , 0 0 0  w a t t s ,  

I1 DESCRIPTION OF EXPERIMEKTAL INVESTIGATION 

An annulus w i t h  a nominal d iameter  of f o u r  inches  

was a r b i t r a r i l y  chosen f o r  t h e  i n i t i a l  exper imenta l  s t u d i e s ,  

which preceded  t h e  a n a l y t i c a l  development p r e s e n t e d  i n  
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Chapter 11. Because o f  t h e  n a t u r e  o 

l y t i c a l  development, it was n o t  found necessary  

the  f u l l  range o 

designed. Consequently, annu l i  w i th  a nominal d iameter  of 

f o u r  i n c h e s ,  b u t  w i th  a v a r i a t i o n  i n  the  t h i c k n e s s ,  were 

employed throughout t he  exper imenta l  s tudy  e 

Three r a d i a l  c l ea rances  were used i n  the  exper imenta l  

work. S p e c i f i c  dimensions of t h e  ro tor -hous ing  combinations 

a r e  given i n  Table I .  

TABLE I .  

DIMENSIONS OF ROTOR-HOUSING COMBINATIONS 
USED I N  THE EXPERIMENTAL WORK 

Rot o r  D i  ame t e  r Housing I . D .  Avg. Radial  
( Inches)  ( Inches)  Clearance (Inches)  

3.990 4 . 0 0 2  0 . 0 0 6  

3.980 4 . 0 0 2  0 . 0 1 1  

3.990 4 .116  0.063 

A 0.006-inch average r a d i a l  c l ea rance  was provided  by 

two d i f f e r e n t  housings,  one made o f  g l a s s  and one made of 

a c r y l i c ,  and each having an in.si.de d iameter  of 4 . 0 0 2  i nches .  

r l y  exper imenta l  work, which was of an ex-  

p l o r a t o r y  na tu re ,  a i r  bubbles were observed t o  be p r e s e n t  

i n  the  annulus a t  s u f f i c i e n t l y  h igh  s h a f t  speeds.  An e f f o r t  
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was made t o  e s t a b l i s h  an e m p i r i c a l  c r i t e r i o n  f o r  t h e  onse t  

of a i r  en t ra inment .  Following the  approach taken by M 

and McHugh [ 5 ] ,  and by King [ 6 ] ,  t h e  Reynolds number and t h e  

Weber number were cons idered  i n  a t t empt ing  t o  o b t a i n  a c o r -  

r e l a t i o n  w i t h  the  beginning of  a i r  en t r a inmen t .  

S t u d i e s  were made a t  s h a f t  speeds up t o  4 , 0 0 0  rpm 

us ing  f l u i d s  having v i s c o s i t i e s  f rom 0 - 5  c e n t i p o i s e  f o r  

methyl a l coho l  up t o  1 2 0 0  c e n t i p o i s e  f o r  g l y c e r i n e ,  Values 

of s u r f a c e  t ens ion  €or  the  f l u i d s  employed ranged from 2 2  

dynes/cm. f o r  e t h y l  a l coho l  t o  72  dynes/cm. f o r  w a t e r .  No 

s i g n i f i c a n t  r e  1 a t  i o n  was e s t a b l i s h e d  be tween t h e  beginning  

of a i r  en t ra inment  and the  Weber number o r  Reynolds number, 

o r  combination of t h e  two numbers.. However, i t  was found 

t h a t  a i r  en t ra inment  occurred  f o r  some f l u i d s ,  p a r t i c u l a r l y  

t h e  more v i scous  f l u i d s ,  under laminar  f l o w  c o n d i t i o n s ,  F o r  

a Reynolds number based on t h e  s u r f a c e  v e l o c i t y  of  t h e  r o t o r  

and on t h e  r a d i a l  c l e a r a n c e ,  Couette f low remains laminar  

f o r  Reynolds numbers below 1 , 0 0 0  [ 1 4 ] ,  and may remain laminar  

a t  Reynolds numbers o f  f o u r  t imes t h i s  va lue  [15] A i r  e n -  

t ra inment  was observed t o  occur  a t  Reynolds numbers of 1 0 0  

o r  l ess ,  p l a c i n g  the  f low w e l l  i n t o  t h e  laminar  regime, 

The obse rva t ion  t h a t  a i r  en t r a inmen t  could  occur  under 

laminar  flow c o n d i t i o n s ,  as w e l l  as  under  t u r b u l e n t  f low 

c o n d i t i o n s ,  p rovided  i n s i g h t  as t o  t h e  g e n e r a l  d i r e c t i o n  
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which t h e  a n a l y t i c a l  s tudy  shou ld  t ake .  This  e v e n t u a l l y  l e d  

t o  t h e  t h e o r e t i c a l  p r e d i c t i o n  o f  an i n  ae 

n o t  c l o s e l y  r e l a t e d  - t o  e i t h e r  t h  no lds  numb 

We be r numbe r . 
Experimental  v e r i f i c a t i o n  of  t h e  p r e d i c t e d  i n s t a b i l -  

i t y  of t h e  i n t e r f a c e  was p r i m a r i l y  of a q u a l i t a t i v e  n a t u r e  

only .  While the  runout and e c c e n t r i c i t y  i n  the  exper imenta l  

f a c i l i t y  provided  t h e  cond i t ions  t o  produce an i n t e r f a c e  i n -  

s t a b i l i t y ,  they a l s o  p r e s e n t e d  problems i n  determining l o c a l  

v e l o c i t i e s  and r a d i a l  c l e a r a n c e s  

However, v i s u a l  obse rva t ion  r e v e a l e d  an o s c i l l a t i n g  

i n t e r f a c e ,  and by vary ing  the  s h a f t  speed  and t h e  v i s c o s i t y  

of t h e  l i q u i d  used,  cond i t ions  could  b e  produced which would 

cause t h e  format ion  o f  f i n g e r s  of  a i r  ex tending  i n t o  t h e  

l i q u i d .  These f i n g e r s  were seen  w i t h  t h e  a i d  of  a s t r o b o -  

scope ,  and a i r  bubbles  t r apped  below t h e  i n t e r f a c e  were a l s o  

seen .  But t h e  a c t u a l  development o f  t h e  f i n g e r s  and t h e  

t r app ing  of t he  a i r  bubbles  were n o t  s een  s a t i s f a c t o r i l y ,  

except  a t  very  low s h a f t  speeds .  

F o r  t he  h i g h e r  s h a f t  speeds ,  a h igh-speed  movie 

camera w a s  used t o  f a c i l i t a t e  viewing t h e  development of 

f i n g e r s  and t h e  formation of a i r  bubb les .  F i l m  speeds up t o  

5 , 0 0 0  frames p e r  second were used  f o r  s h a f t  speeds up t o  

2 1 4 0  rpm. 



CHAPTER I V  

EXPERIMENTAL RESULTS 

A i r  en t ra inment  occurred  wi th  each  of  t h e  t h r e e  

c l e a r a n c e s  employed i n  the  exper imenta l  s tudy .  The s h a f t  

speed a t  which a i r  en t ra inment  occurred  v a r i e d  w i t h  t h e  

th i ckness  of t h e  annulus ,  and w i t h  t h e  p r o p e r t i e s  of t h e  

l i q u i d  be ing  used .  

Clearance o f  0 . 0 0 6  inch  

The r e s u l t s  ob ta ined  w i t h  a g l a s s  housing p rov id ing  

a c l ea rance  of 0 . 0 0 6  inch  were n o t  i d e n t i c a l  t o  t he  r e s u l t s  

ob ta ined  wi th  an a c r y l i c  housing p rov id ing  t h e  same c l e a r -  

ance,  b u t  t he  d i f f e r e n c e  i n  t h e  r e s u l t s  was n o t  a t t r i b u t e d  t o  

t h e  d i f f e r e n c e  i n  t h e  m a t e r i a l s  o f  which the  housings were 

made. There were d i f f e r e n c e s  of  comparable magnitude between 

d i f f e r e n t  t e s t  runs u s i n g  t h e  same a c r y l i c  hous ing .  The d i f -  

f e r e n c e s  were a t t r i b u t e d  p r i m a r i l y  t o  unavoidable  v a r i a t i o n s  

i n  runout  and e c c e n t r i c i t y ,  These v a r i a t i o n s  were c r e a t e d  

when t h e  appara tus  was disassembled f o r  c l e a n i n g ,  o r  o t h e r  

purposes ,  and then  reassembled wi th  a s l i g h t l y  d i f f e r e n t  

alignment of  r o t o r  and hous ing .  

The e c c e n t r i c i t y  r a t i o ,  which cou ld  n o t  be p r e c i s e l y  

determined,  was e s t i m a t e d  t o  be about 0 . 1  t o  0 . 4  f o r  t e s t s  
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conducted w i t h  t h e  g l a s s  housing and w i t h  t h e  a c r y l i c  

housing 

Using a 5 0 %  g l y c e r i n e  and 5 0 %  w a t e r  s o l u t i o n ,  having 

a v i s c o s i t y  of f i v e  c e n t i p o i s e  a t  room tempera ture ,  t h e  

formation of pronounced f i n g e r s  was observed a t  r e l a t i v e l y  

low s h a f t  speeds .  The photograph shown i n  F igure  9 was 

taken when the  s h a f t  speed was 50  rpm. The corresponding 

Reynolds number w a s  e i g h t ,  i n d i c a t i n g  t h e  presence  of  

laminar  f low cond i t ions  e This  photograph d e p i c t s  a t y p i c a l  

i n t e r f a c e  p r o f i l e  w i t h  pronounced f i n g e r s  formed under  the  

i n f l u e n c e  of v i scous  e f f e c t s .  

Using the  same s o l u t i o n ,  a few hundred f e e t  of 1 6  

m i l l i m e t e r  movie f i l m  were taken  f o r  s h a f t  speeds up t o  

6 0 0  rpm., The p r o g r e s s i v e  s t a g e s  o f  t h e  development of t h e  

f i n g e r s  can be seen  on t h i s  f i l m .  A t y p i c a l  movie f i l m  

sequence i s  shown i n  F igure  1 0  f o r  a s h a f t  speed of  440 rpm, 

I n t e r f a c e  d e t a i l s  were n o t  e a s i l y  d i s c e r n i b l e  when 

viewing t h e  motion p i c t u r e  p r o j e c t e d  a t  normal speeds ,  and 

were q u i t e  d i f f i c u l t  t o  s e e  i n  s i n g l e  frame viewing. For  

t h i s  r eason ,  t he  same f i l m  sequence i s  reproduced as Figure 

11, where the  i n t e r f a c e  has been t r a c e d  w i t h  ink  on t h e  

photographic  p r i n t s  i n  o r d e r  t o  a s s i s t  i n  v i s u a l l y  fo l lowing  

t h e  changes i n  t h e  i n t e r f a c e  seen  i n  the  u n a l t e r e d  photo-  

graph of Figure 1 0 .  
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Figure 9 ,  F ingers  o f  a i r  and 50% mixture  of  
g l y c e r i n e  and wa te r  a t  s h a f t  speed of  50 rpm. 
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Figure  1 0 .  Motion p i c t u r e  frame sequence showing 
development of f i n g e r s  i n  50% g lyce r ine -50% wa te r  s o l u t i o n .  
S h a f t  r o t a t i o n  of 26 .5 "  between frames,  s h a f t  speed - 440 
rpm, c l ea rance  - 0 .006  inch .  
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Figure 11. Retouched motion p i c t u r e  frame sequence 
showing development of f i n g e r s  i n  50% g lycer ine-50% water  
s o l u t i o n .  S h a f t  r o t a t i o n  of 26.5' between frames, s h a f t  
speed - 440 rpm, c l ea rance  - 0 .006  i n c h e s .  
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The f i l m  speed f o r  t h e  movie sequence shown was 5 0 0  

frames p e r  second, and every  f i f t h  frame o f  t h e  f i l m  i s  shown 

i n  F igures  1 0  and 11. Elapsed time between a d j a c e n t  frames 

shown was 0 . 0 1  second, r e p r e s e n t i n g  t h e  time f o r  2 6 , s  degrees  

o f  s h a f t  r e v o l u t i o n ,  

The i n t e r f a c e  was descending i n  t h e  f i r s t  n ine  o r  t e n  

frames shown. This  i s  n o t  immediately apparent  i n  t h e  photo-  

graphs shown, b u t  was r e a d i l y  seen  i n  viewing t h e  p r o j e c t i o n  

of t h e  f i l m  onto a sc reen  a t  normal p r o j e c t i o n  s p e e d s ,  

A dark v e r t i c a l  l i n e  and a dark h o r i z o n t a l  l i n e ,  

each p a s s i n g  through t h e  c e n t e r  of t he  p i c t u r e ,  a r e  seen  

i n  each frame. These r e fe rence  l i n e s  were b u i l t  i n t o  t h e  

o p t i c a l  system o f  t h e  camera. To the  r i g h t  of and ad jacen t  

t o  t he  v e r t i c a l  r e fe rence  l i n e  i s  seen  a l i g h t  v e r t i c a l  

band, which i s  one of  t he  b o l t s  ho ld ing  t h e  p l a t e  which 

clamps t h e  t r a n s p a r e n t  housing i n t o  p o s i t i o n ,  The b o l t  was 

wrapped w i t h  whi te  pape r ,  and a f i l m  i d e n t i f i c a t i o n  number 

was taped  t o  i t .  

A dark band i s  seen  t o  the  l e f t  of t h e  v e r t i c a l  

r e f e r e n c e  l ine. ,  This  i s  a s e c t i o n  of t h e  aluminum r o t o r  

which was i n s u f f i c i e n t l y  l i g h t e d  because of t h e  d i f f i c u l t y  

i n  uniformly i l l u m i n a t i n g  a curved,  h i g h l y  r e f l e c t i v e  s u r -  

f ace. 

When us ing  d i s t i l l e d  water i n  t h e  annulus ,  s eve re  

gas i n g e s t i o n  g e n e r a l l y  occurred  a t  s h a f t  speeds above 
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2150  rpm, and i n t e r f a c e  i r r e g u l a r i t i e s  were observed a t  

s h a f t  speeds above 1 1 0 0  t o  1350 rpm. The v a r i a t i o n  i n  

minimum speed a t  which these  i r r e g u l a r i t i e s  became e v i d e n t  

was a t t r i b u t e d  t o  t h e  unavoidable d i f f e r e n c e s  i n  e c c e n t r i c -  

i t y  and runout p r e v i o u s l y  d i scussed ,  

On one occas ion ,  w i t h  t h e  s h a f t  ope ra t ing  a t  1 1 0 0  

rpm, the  i n t e r f a c e  showed no i r r e g u l a r i t i e s  and no t r apped  

a i r  bubbles  were v i s i b l e .  A s  t he  s h a f t  cont inued  t o  ope ra t e  

a t  1 1 0 0  rpm, t h e  s h a f t  a x i s  was r o t a t e d  1 8 0  degrees ,  p l a c i n g  

the  l i q u i d  above t h e  i n t e r f a c e  and the  a i r  below i t .  The 

s h a f t  cont inued  t o  ope ra t e  a t  t h i s  speed ,  w i t h  the  i n t e r f a c e  

i n v e r t e d ,  f o r  over  an hour  w i t h  no v i s i b l e  evidence of  a i r  

bubbles i n  t h e  l i q u i d  o r  any l o s s  of l i q u i d  from t h e  i n t e r -  

f ace  * 

However, on another  o c c a s i o n ,  when the  s h a f t  eccen-  

t r i c i t y  was probably d i f f e r e n t ,  i n t e r r u p t i o n s  o f  t he  

i n t e r f a c e  and a i r  i n g e s t i o n  occurred  f o r  t h e  same s h a f t  

speed w i t h  the  s h a f t  o r i e n t e d  i n  t h e  normal p o s i t i o n  ( i n t e r -  

f a c e  n o t  i n v e r t e d )  s This i s  shown i n  F igure  1 2 .  

A comparison of F igure  1 2  w i th  F igure  9 ,  page 4 9 ,  

i n d i c a t e s  i n t e r f a c e  i r r e g u l a r i t i e s  and t r apped  a i r  bubbles 

of smaller dimensions a t  t h e  h i g h e r  s h a f t  speed ,  Although 

v iscous  e f f e c t s  and a c c e l e r a t i o n  e f f e c t s  on t h e  i n t e r f a c e  

were p r e s e n t  s imul t aneous ly ,  t h e  v i s c o s i t y  of  t h e  wa te r  i n  

Figure 1 2  was only 2 0  p e r  c e n t  of t h e  v i s c o s i t y  of t h e  
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Figure 12, A i r - d i s t i l l e d  w a t e r  i n t e r f a c e  reg ion  
a t  s h a f t  speed of  1 1 0 0  rpm. 



55 

g lyce r ine -wa te r  s o l u t i o n  i n  F a s t r o n g e r  

f luence  of a l e r a t i o n  e f f  

Clearance of 0 . 0 1 1  i nch  

The e c c e n t r i c i t y  r a t i o  w a s  e s t i m a t e d  t o  be less  than 

0 . 2  f o r  obse rva t ions  made wi th  a c l ea rance  of  0.011 i n c h .  

Using w a t e r  i n  t h e  annulus ,  a i r  bubbles  were p r e s e n t  

i n  t h e  annulus f o r  s h a f t  speeds above 1 1 0 0  rpm. 

The s h a f t  a x i s  was r o t a t e d  1 8 0  degrees  whi le  t h e  

s h a f t  was o p e r a t i n g ,  and no leakage from t h e  i n t e r f a c e  was 

observe d e  

Clearance o f  0 , 0 6 3  i nch  

An e c c e n t r i c i t y  r a t i o  of  less than  0 . 1  was e s t i m a t e d  

f o r  a c l ea rance  of 0 . 0 6 3  i n c h ,  

Using water i n  the  annulus ,  a i r  bubbles  appeared i n  

the  annulus a t  s h a f t  speeds o f  6 7 0  rpm o r  h i g h e r .  The 

bubbles were observed t o  be a l i g n e d  i n  c i r c u m f e r e n t i a l  rows 

wi th  an a x i a l  spac ing  vary ing  f rom about 0 . 1 5  i nch  a t  l o w  

speeds up t o  about 0 . 2 5  inch  a t  speeds above 3000  rpm. 

The rows of bubbles  had no t  been a n t i c i p a t e d ,  and 

aluminum powder was mixed wi th  the  water i n  t h e  annulus i n  

o r d e r  t o  v e r i f y  t h a t  t he  spac ing  o f  t h e  rows of bubbles  

corresponded t o  t h e  spac ing  of v o r t e x  p a i r s  p r e d i c t e d  by 
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Taylor  [16] .  The i n i t i a t i o n ,  t h e o r e t i c a l l y  and experimen- 

t a l l y ,  of t h e  Tay lo r  i n s t a b i l i t y  was foun'd t o  be 25  rpm. 

With i n c r e a s e d  s h a f t  speed ,  t he  a x i a l  spac ing  of t h e  

T a y l o r ' s  vo r t ex  p a i r s  was found t o  i n c r e a s e  from t h e  

0,125-inch spac ing  p r e d i c t e d  by Taylor  f o r  t h e  onse t  of 

t h e  i n s t a b i l i t y .  

E f f o r t s  t o  o p e r a t e  t h e  s h a f t  i n  t h e  i n v e r t e d  p o s i t i o n  

wi thou t  t he  l o s s  of wa te r  were unsuccess fu l .  A l a r g e  range 

of s h a f t  speeds was employed i n  a t tempts  t o  r o t a t e  t h e  s h a f t  

a x i s ,  whi le  t h e  s h a f t  was r o t a t i n g ,  w i thou t  a breakup o f  

t h e  i n t e r f a c e .  I n  a l l  e f f o r t s ,  wa te r  was l o s t  from t h e  

annulus b e f o r e  t h e  s h a f t  axis was r o t a t e d  through an angle  

of more than about 1 2 0  deg rees .  



CHAPTER V 

D I  S CUSS I ON 

The t h e o r e t i c a l  development p r e s e n t e d  i n  Chapter I1 

and expe r imen ta l ly  v e r i f i e d  i n  a q u a l i t a t i v e  way, w i th  

t y p i c a l  r e s u l t s  d i sp l ayed  i n  Chapter I V ,  p rovides  an e x p l a -  

n a t i o n  of a p o s s i b l e  mechanism by which gas i n g e s t i o n  can 

occur i n  the  region of  a g a s - l i q u i d  i n t e r f a c e ,  

The ope ra t ion  of a v i s c o s e a l  i nvo lves  reg ions  i n  

which t h e  i n t e r f a c e  has  a component of v e l o c i t y  r e l a t i v e  t o  

one of t he  s u r f a c e s  such t h a t  t h e  l i q u i d  i s  advancing on a 

s o l i d  s u r f a c e ,  and o t h e r  reg ions  where the  i n t e r f a c e  i s  

receding on the  s o l i d  s u r f a c e .  With runout of t he  r o t a t i n g  

s h a f t ,  t h e r e  may be reg ions  i n  which the  l i q u i d  i s  receding 

on both s u r f a c e s .  An i n t e r f a c e  which i s  receding on one o r  

b o t h  s u r f a c e s  may be s u b j e c t  t o  the v iscous  type o f  i n t e r -  

f ace  i n s t a b i l i t y ,  which could l e a d  t o  gas en t r a inmen t .  

F lu id  p a r t i c l e s  ad jacen t  t o  t he  i n t e r f a c e  i n  t h e  

v i s c o s e a l  a r e  a l s o  sub jec t ed  t o  l o c a l  a c c e l e r a t i o n s  having 

a component normal t o  t h e  i n t e r f a c e ,  These normal a c c e l e r -  

a t i o n  components, when d i r e c t e d  toward t h e  l i q u i d ,  can a l s o  

cause an i n t e r f a c e  i n s t a b i l i t y  r e s u l t i n g  i n  gas en t r a inmen t .  

The subsequent  motion o f  gas bubbles  thus  t rapped  

would depend on a number of  v a r i a b l e s ,  i nc lud ing  the  o r i e n t a -  

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

5 7  
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v i s c o s e a l  geometry, whether  t u rbu lence  e x i s t s ,  and o t h e r  

f a c t o r s .  I f  a l l  e n t r a i n e d  bubbles  subsequent ly  moved back 

t o  t h e  i n t e r f a c e  r a t h e r  than be ing  t r a n s p o r t e d  away from t h e  

i n t e r f a c e ,  t h e  e f f e c t  of t h e  gas en t ra inment  could be  incon-  

s e q u e n t i a l  w i th  r e s p e c t  t o  t h e  s a t i s f a c t o r y  o p e r a t i o n  of t h e  

v i s c o s e a l .  However, i f  e n t r a i n e d  gas  bubbles  c o n t i n u a l l y  

accumulate i n  t h e  l i q u i d  conf ined  i n  the  annu la r  space ,  t he  

v i s c o s e a l  would most f r e q u e n t l y  be rendered  i n e f f e c t i v e  t o  

i t s  in t ended  purpose.  As. d i s c u s s e d  i n  Chapter I ,  t h e  

mechanics of t h e  gas t r a n s p o r t  p rocess  i s  a s e p a r a t e  a spec t  

of t h e  problem a s s o c i a t e d  w i t h  gas i n g e s t i o n ,  and i s  n o t  

w e l l  understood.  

I n  t h e  v i s c o s e a l ,  a small element of f l u i d  a d j a c e n t  

t o  t h e  i n t e r f a c e  has  motion w i t h  r e s p e c t  t o  t h e  grooved 

s u r f a c e  a s  w e l l  as having motion wi th  r e s p e c t  t o  t he  smooth 

s u r f a c e .  An u n s t a b l e  d i s t u r b a n c e ,  i n  t h e  form of a 

developing f i n g e r ,  w i l l  have t h e  same g e n e r a l  motion a s  

t h e  l o c a l  average motion o f  t he  l i q u i d  element i n  which 

t h e  d i s t u r b a n c e  i s  l o c a t e d .  An undetermined b u t  f i n i t e  

amount of  t i m e  i s  r e q u i r e d  f o r  a sma l l  d i s t u r b a n c e  t o  grow 

t o  a s u f f i c i e n t  s i z e  t o  r e s u l t  i n  t h e  j o i n i n g  o f  t h e  t i p s  

of two l i q u i d  f i n g e r s  t o  i s o l a t e  a q u a n t i t y  of  gas as  a 

bubble .  I f ,  dur ing  t h e  t i m e  o f  growth of such a d i s t u r b a n c e ,  

t he  l i q u i d  element  and i t s  developing d i s tu rbance  move i n t o  

a reg ion  which i s  s t a b l e  t o  a sma l l  p e r t u r b a t i o n ,  t hen  
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the  d i s tu rbance  w i l l  no longer  cont inue  t o  grow, b u t  w i l l  

begin t o  decrease  i n  s i z e  and no gas  bubble w i l l  have 

r e s u l t e d  from t h e  d i s t u r b a n c e .  

The re fo re ,  t h e  theory  p r e s e n t e d  h e r e  does n o t  l e a d  t o  

a q u a n t i t a t i v e  p r e d i c t i o n  o f  t h e  a c t u a l  t r a p p i n g  of a gas 

bubble i n  t h e  l i q u i d .  Thus regimes of v i s c o s e a l  ope ra t ion  

i n  which gas i n g e s t i o n  would be expec ted  could  n o t  be d e t e r -  

mined, even i f  t h e  motion of t h e  f l u i d  f i e l d  were known. 

However, i f  t h e  f l u i d  motion were known, o p e r a t i n g  

ranges which could  be d e f i n i t e l y  expec ted  t o  be f r e e  o f  gas 

i n g e s t i o n  could be e s t a b l i s h e d  by determining t h a t  i n t e r f a c e  

s t a b i l i t y  e x i s t e d  on a l l  p a r t s  of t he  i n t e r f a c e  dur ing  t h e  

e n t i r e  t ime of one s h a f t  r e v o l u t i o n .  This assumes t h a t  

t h e r e  are no mechanisms of  gas  i n g e s t i o n  o t h e r  than those  

p r e s e n t e d  h e r e .  

Other  p h y s i c a l  a p p l i c a t i o n s  approximately f i t t i n g  the  

h y p o t h e t i c a l  model i nc lude  f a c e  s e a l s ,  b u f f e r e d  bushing 

s e a l s ,  and j o u r n a l  b e a r i n g s .  

J o u r n a l  bea r ings  a re  i n h e r e n t l y  vu lne rab le  t o  gas 

en t ra inment  r e s u l t i n g  f rom t h e  type of i n t e r f a c e  i n s t a b i l i t y  

p r e s e n t e d  h e r e ,  s i n c e  any r a d i a l  l o a d  r e s u l t s  i n  e c c e n t r i c  

ope ra t ion  of t he  j o u r n a l ,  I f  t h e  b e a r i n g  i s  n o t  immersed i n  

t h e  l u b r i c a n t ,  and a g a s - l i q u i d  i n t e r f a c e  e x i s t s  i n  t h e  

annulus ,  then  over  a p o r t i o n  of t he  i n t e r f a c e  the  l i q u i d  i s  

receding  from t h e  s o l i d  s u r f a c e  of t h e  s h a f t .  This  
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a p p l i c a t i o n  r e p r e s e n t s  r a t h e r  c l o s e l y  t h e  model on which 

t h e  a n a l y t i c a l  s tudy  was based ,  and t h e  j o u r n a l  b e a r i n g  

ope ra t ion  i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  exper imenta l  I 

f a c i l i t y  used i n  t h e  i n t e r f a c e  s t a b i l i t y  s t u d y .  However, 

c a v i t a t i o n  (where t h e  l o c a l  p r e s s u r e  becomes l e s s  t han  t h e  

vapor p r e s s u r e  o f  t he  l u b r i c a n t )  could  occur  i n  t h e  annulus 

of a j o u r n a l  bea r ing  which i s  completely immersed and i n -  

volves  a d i f f e r e n t  mechanism than t h a t  causing what i s  

r e f e r r e d  t o  he re  as  gas i n g e s t i o n .  

Buffered  bushing s e a l s  a r e  s imilar  i n  many r e s p e c t s  

t o  t h e  j o u r n a l  b e a r i n g ,  and gas i n g e s t i o n  encountered  i n  t h e  

b u f f e r e d  bushing s e a l  may w e l l  have i t s  o r i g i n  i n  t h e  same 

type o f  i n t e r f a c e  i n s t a b i l i t y  which i s  p o s t u l a t e d  h e r e  t o  

occur  i n  t h e  j o u r n a l  b e a r i n g ,  

Face s e a l s  r e p r e s e n t ,  i d e a l l y ,  r e l a t i v e  motion between 

two c l o s e l y  spaced p a r a l l e l  p l a t e s  between which a g a s - l i q u i d  

i n t e r f a c e  e x i s t s .  Due t o  non-uni formi ty  o f  t he  spac ing  be -  

tween t h e  p l a t e s ,  t he  i n t e r f a c e  would n o t  have the  shape o f  

a c i r c l e  and t h e  d i s t a n c e  from t h e  i n t e r f a c e  t o  t h e  c e n t e r  

of r o t a t i o n  would vary along t h e  i n t e r f a c e .  The re fo re ,  a 

receding  i n t e r f a c e  would e x i s t  i n  a reg ion  o r  r e g i o n s ,  and 

f l u i d  elements  i n  t h e  i n t e r f a c e  would a l s o  undergo normal 

a c c e l e r a t i o n s  a Hence, p o t e n t i a l  c o n d i t i o n s  f o r  i n s t a b i l i t y  

o f  t h e  i n t e r f a c e  and f o r  gas i n g e s t i o n  a r e  p r e s e n t .  The 

p o t e n t i a l  f o r  gas i n g e s t i o n  would appear  t o  be cons ide rab ly  
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g r e a t e r  when s e a l i n g  a l i q u i d  i n  t h e  c 

s i n c e  t h e  c e n t r i f u g a l  acc 

d i r e c t e d  toward the  

He l i ca l ly -g rooved  face s e a l s  have c h a r a c t e  

s imilar  t o  t he  v i s c o s e a l ,  i n  t h a t  t h e  f l u i d  flow i n  the 

v i c i n i t y  of t h e  i n t e r f a c e  i s  cons ide rab ly  complicated by 

the  presence  of t h e  grooves and l a n d s .  Those des igne  

inward pumping of t he  l i q u i d  would appear  t o  have a g r e a t e r  

tendency toward gas  i n g e s t i o n  than f a c e  s e a l s  w i t h  p l a i n  

s u r f a c e s .  

The r e s u l t s  i n  t h e  exper imenta l  work were f r e q u e n t l y  

n o t  s a t i s f a c t o r i l y  r ep roduc ib le .  As  d i s c u s s e d  e a r l i e r ,  some 

o f  t h e  v a r i a t i o n s  i n  r e s u l t s  were a t t r i b u t e d  t o  d i f f e r e n c e s  

i n  s h a f t  and housing al ignment .  However, t h e r e  were a l s o  

occas ions  when t h e r e  was no reason t o  b e l i e v e  t h a t  t h e r e  

were changes i n  dimensions of t h e  p h y s i c a l  equipment,  and 

y e t  t h e  gas i n g e s t i o n  c h a r a c t e r i s t i c s  v a r i e d  s u b s t a n t i a l l y  

from one obse rva t ion  t o  ano the r .  These v a r i a t i o n s  were 

p a r t i c u l a r l y  n o t i c e a b l e  when t h e r e  was a t i m e  i n t e r v a l  o f  

s e v e r a l  hours  between an observed even t  and an a t tempt  t o  

d u p l i c a t e  t h e  even t .  

The mathematical  model on which t h e  t h e o r e t i c a l  

development w a s  based  was cons ide rab ly  s i m p l i f i e d  i n  o r d e r  

t o  permi t  a n a l y t i c a l  s o l u t i o n .  A c o n t a c t  angle  of zero 

r d e r  t o  determine an e x p r e s s i o n  f o r  t h e  
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p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  i n t e r f a c e .  I t  was no ted  

i n  Chapter I1 t h a t  t h e  mathematical  r e s u l t  i s  unchanged by 

assuming a non-wett ing i n t e r f a c e ,  and i t  i s  seen  t h a t  f o r  

any uniformly c o n s t a n t  i n t e r f a c e  c o n t a c t  angle  t h e  mathemat- 

i c a l  r e s u l t s  a r e  unchanged. 

However, D e t t r e  and Johnson [13] have shown t h a t  

advancing and receding  c o n t a c t  angles  may d i f f e r  by as  much 

as 80 degrees .  A l s o ,  nonuniformity o f  t h e  s u r f a c e  causes  

l o c a l  v a r i a t i o n s  i n  c o n t a c t  ang le s .  These au tho r s  a l s o  

imply t h a t  t he  r e l a t i v e  humidity of t h e  a i r  i n  c o n t a c t  w i th  

an a i r - l i q u i d  i n t e r f a c e  a f fec ts  the  angle  of c o n t a c t ,  and t h e  

t i m e  of exposure of a l i q u i d  t o  a s u r f a c e  i s  s t a t e d  t o  i n -  

f l uence  t h e  c o n t a c t  angle  

I n  t h e  exper imenta l  work r e p o r t e d  h e r e ,  t h e  r e l a t i v e  

humidity of  t he  a i r  i n  t h e  l a b o r a t o r y  was n o t  c o n t r o l l e d ,  

n o r  was it recorded .  Also,  changes i n  t h e  p h y s i c a l  appear -  

ance o f  t h e  s u r f a c e  o f  t he  aluminum r o t o r s  were observed, 

causing s p e c u l a t i o n  t h a t  o x i d a t i o n  o r  o t h e r  changes were 

producing changes i n  t h e  w e t t i n g  c h a r a c t e r i s t i c s  on t h e  s u r -  

f a c e  * 

One p a r t i c u l a r  v a r i a t i o n  i n  p r o p e r t i e s  observed t o  

r e s u l t  from long time i n t e r v a l s  .between exper imenta l  obse r -  

v a t i o n s  w a s  t h e  composition o f  mix tures  of g l y c e r i n e  and 

wa te r ,  w i th  the  a t t e n d a n t  v a r i a t i o n s  i n  v i s c o s i t y  and o t h e r  

p r o p e r t i e s .  I t  w a s  d i scove red  t h a t  t h e  amount of w a t e r - i n  



6 3  

s o l u t i o n  i n c r e a s e s  o r  decreases  s i g n i f i c a n t l y  when t h e  

s o l u t i o n  i s  n o t  i n  e q u i l i b r i u m  wi th  t h e  a i r  t o  which the  

l i q u i d  s u r f a c e  i s  exposed. Then a f t e r  e q u i l i b r i u m  i s  

reached,  measurable changes i n  composition occur  from one 

day t o  t h e  nex t  as the  r e l a t i v e  humidi ty  of  t h e  a i r  i n c r e a s e s  

o r  dec reases .  The room temperature  was h e l d  w i t h i n  a narrow 

range,  w i n t e r  and summer, b u t  t h e  r e l a t i v e  humidi ty  was n o t ,  

These f a c t o r s  are p o i n t e d  out t o  i n d i c a t e  some of  t h e  

v a r i a b l e s  which may e n t e r  i n t o  t h e  problem of ob ta in ing  

reproducib le  r e s u l t s  i n  v i s c o s e a l  o p e r a t i o n ,  o r  o t h e r  r e l a t e d  

a p p l i c a t i o n s  a 

Although the  problem of r e p r o d u c i b i l i t y  was 

exper ienced  i n  t h i s  work, t h e  problem d i d  n o t  p reven t  t he  

achievement of t h e  o b j e c t i v e  o f  t he  t e s t s  - t h a t  of v e r i f y -  

ing  the  mechanism by which gas  i n g e s t i o n  can occur i n  an 

i n t e r f a c e  between r o t a t i n g  c y l i n d e r s .  



CHAPTER V I  

CONCLUSIONS AND RECOMMENDATIONS 

Some conclus ions  evo,lving from t h i s  i n v e s t i g a t i o n  

are t h a t :  

1. A phenomenological e x p l a n a t i o n  of gas i n g e s t i o n  

can be ob ta ined  through a s t a b i l i t y  a n a l y s i s  of a dynamic 

g a s - l i q u i d  i n t e r f a c e .  

2 .  For f l u i d s  con ta ined  between c l o s e l y  spaced  

s u r f a c e s ,  gas i n g e s t i o n  can be caused by a g a s - l i q u i d  

i n t e r f a c e  i n s t a b i l i t y  r e s u l t i n g  f rom a v e l o c i t y  and/or  an 

a c c e l e r a t i o n  of the  i n t e r f a c e  toward t h e  l i q u i d .  

3 .  Surface  t e n s i o n  tends  t o  p r e v e n t  i n t e r f a c e  

i n s t a b i l i t i e s  and gas i n g e s t i o n .  

4 .  Gas i n g e s t i o n  i n  v i s c o s e a l s  appears  t o  b e  an 

e s s e n t i a l l y  i n h e r e n t  phenomenon which can n o t  be r e a d i l y  

e l i m i n a t e d  through op t imiza t ion  of t h e  geometry. 

5 .  E c c e n t r i c i t y ,  s h a f t  runout  and v i b r a t i o n s  con- 

t r i b u t e  t o  cond i t ions  necessary  f o r  t h e  i n s t a b i l i t y  o f  an 

i n t e r f a c e  i n  r o t a t i n g  machinery. 

Although a mechanism of gas i n g e s t i o n  has  been 

e s t a b l i s h e d ,  bo th  t h e o r e t i c a l l y  and expe r imen ta l ly ,  t h i s  

s tudy  d i d  n o t  provide  a q u a n t i t a t i v e  c r i t e r i o n  f o r  p r e d i c t -  

i ng  gas i n g e s t i o n .  For s p e c i f i c  eng inee r ing  a p p l i c a t i o n s  
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i n  which a g a s - l i q u i d  i n t e r f a c e  must be  p r e s e n t  i n  an 

annulus between r o t a t i n g  s h a f t s ,  in format ion  i s  needed t o  

a i d  i n  s e l e c t i n g  des ign  parameters  which w i l l  p rovide  

ope ra t ion  f ree  of t h e  problem of g a s  i n g e s t i o n .  

S ince  gas i n g e s t i o n  i n  v i s c o s e a l s  seems t o  be a 

phenomenon which i s  n o t  e a s i l y  avoided, e f f o r t s  shou ld  b e  

made t o  des ign  a method of  s e p a r a t i n g  out  t h e  i n g e s t e d  gas 

A s u b s t a n t i a l  e f f o r t  i n  t h i s  d i r e c t i o n  has  been r e p o r t e d  

by Boon [17] .  A f u r t h e r  e f f o r t  t o  provide  a r e c i r c u l a t i o n  

and c e n t r i f u g a l  s e p a r a t i o n  p a t h  i n  t h e  v i s c o s e a l  i s  be ing  

made by t h e  Mechanical and Aerospace Engineer ing Department 

a t  The Un ive r s i ty  o f  Tennessee.  
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1 I -  S U P P L E M E N T A R Y  N O T E S  12. S P O N S O R I N G  M I L I T A R Y  A C T I V I T Y  

A fundamental study of the stability of a dynamic gas-liquid interface between rotat- 
ing cylinders is reported. The study was initiated for the purpose of seeking factors 
which have a significant role in the process of gas ingestion, C)r gas entrainment, in 
viscoseals. 

The simplified model of smooth, cylindrical surfaces was selected for mathematical 
tractability and to provide a visual study, using a transparent acrylic housing, without the 
obscurity of the more complex fluid flow resulting frcm the presence of the grooved sur- 
faces employed in viscoseals. The visual study was supplemented by employing strobo- 
scopic photography and high- speed motion picture photography. 

A phenomenological mechanism of gas  ingestion was established, theoretically and 
experimentally. It was found that gas entrainment can result from a gas-liquid interface 
instability caused by a velocity of a portion of the interface toward the more viscous 
fluid and/or an acceleration of a portion of .the interface toward the more dense fluid. R e  
sults of the study indicate that surface tension tends to stabilize the interface and pre- 
vent or delay gas  ingestion. 

It is concluded that gas ingestion in viscoseals is an essentially inherent phenomenor 
which cannot be readily eliminated through optimization of the viscoseal geometry. 

A brief discussion is given on the implications of the interface stability study in the opera- 
tionof journal bearings,face seals, and buffered bushing seals, in addition to a discussion 
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