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A B S T R A C T

Th i s  t h e s i s  d e s c r i b e s  the e x p e r i m e n t a l  and 

t h e o r e t i c a l  i n v e s t i g a t i o n  of El e c t r o h y d r o d y n a m i  c (EHD) 

e n h a n c e m e n t  of c o n v e c t i v e  heat t r a n s f e r  to and f r o m  the o u t s i d e  

of tubes. Th e m a j o r  e m p h a s i s  of the work has be en to f u r t h e r  the 

d e v e l o p m e n t  of e n g i n e e r i n g  a p p l i c a t i o n s  of E H D  e n h a n c e m e n t  of 

b o i l i n g  and c o n d e n s a t i o n ,  p a r t i c u l a r l y  with r e g a r d  to s h e l l - t u b e  

heat e x c h a n g e r s .  A s i n g l e - t u b e  s h e l l - t u b e  he a t  e x c h a n g e r  ha s 

been us ed to s t u d y  the E H D  e n h a n c e m e n t  of b o i l i n g  and c o n d e n s i n g  

F r e o n s  (R 114 and R12) with th re e d i f f e r e n t  e l e c t r o d e  

a r r a n g e m e n t s , two be i n g  s u i t a b l e  for use in l a r g e  s c a l e  t u b e  

banks. V e r y  s u b s t a n t i a l  a u g m e n t a t i o n  (by up to a f a c t o r  of ten) 

of n u c l e a t e  pool b o i l i n g  he at t r a n s f e r  of R 114 and R 1 1 4 - o i l  

m i x t u r e s  is r e p o r t e d  for ag i n t e g r a l l y  f i n n e d  tube. The 

a p p l i c a t i o n  of e l e c t r i c  s t r e s s  to a b o i l i n g  h e at t r a n s f e r  s u r f a c e  

has a l s o  been s h o w n  to e l i m i n a t e  " b o i l i n g  h y s t e r e s i s "  by t h e  

e l e c t r i c a l  a c t i v a t i o n  of v a p o u r  g e n e r a t i n g  n u c l e a t i o n  sites. In 

a t h e o r e t i c a l  a n a l y s i s  of EH D e n h a n c e d  n u c l e a t e  b o i l i n g  a m e t h o d  

of c o r r e l a t i n g  e x p e r i m e n t a l  d a t a  is p r e s e n t e d .  T h i s  e m p l o y s  the 

c o n c e p t  of R e y n o l d s  and N u s s e l t  n u m b e r s  b a s e d  on the 

c h a r a c t e r i s t i c  d i m e n s i o n  of b u b b l e  d e p a r t u r e  d i a m e t e r .  The 

l a t t e r  is a f f e c t e d  by the a p p l i e d  e l e c t r i c  f i e l d  s t r e n g t h .  A new 

" f ie ld i n d u c e d  e b u l l i t i o n ” (FIE) p h e n o m e n o n  ha s b e e n  d i s c o v e r e d .

An 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  of E H D  e n h a n c e d  

c o n d e n s a t i o n  is r e p o r t e d .  R e s u l t s  s h o w  t h at heat t r a n s f e r  

c o e f f i c i e n t s  on the o u t s i d e  of t u b e s  can be i n c r e a s e d  by b e t w e e n  

two and t h r e e  times. E x p e r i m e n t a l  d a t a  has b e en c o r r e l a t e d  by a 

m e t h o d  b a s e d  on the p r e d i c t i o n  of EH D i n s t a b i l i t y  w a v e l e n g t h  on a 

c o n d e n s a t e  film. EH D e n h a n c e m e n t  a p p l i e d  to a s i n g l e  s m o o t h  

h o r i z o n t a l  t u b e  did not p r o d u c e  he at t r a n s f e r  r a t e s  a c h i e v a b l e  on 

z e r o - f i e l d  i n t e g r a l l y  f i n n e d  tubes. A n u m e r i c a l  a n a l y s i s  of EH D 

c o n d e n s a t e  f i l m  i n s t a b i l i t i e s  and th ei r e f f e c t  on h e at t r a n s f e r  

is r e p o r t e d .
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CH.l I N T R O D U C T I O N

This t h e s i s  d e s c r i b e s  r e s e a r c h  on E l e c t r o h y d r o d y n a m i c  (EHD) 

e n h a n c e m e n t  of s i n g l e - p h a s e  and t w o - p h a s e  heat t r a n s f e r  to and f r o m  

the o u t s i d e  of tubes. EHD e n h a n c e m e n t  of heat t r a n s f e r  is a c h i e v e d  

t h r o u g h  the a p p l i c a t i o n  of an i n t e n s e  e l e c t r i c  f i e l d  at the heat 

t r a n s f e r  s u r f ac e. The m a j o r  o b j e c t i v e  of t h i s  w o r k  has been to 

f u r t h e r  the r e a l i z a t i o n  of e n g i n e e r i n g  a p p l i c a t i o n s  of t h is m e a n s  of 

heat t r a n s f e r  a u g m e n t a t i o n  on th e "shell si de" of s h e l l - t u b e  heat 

e x c h a n g e r s .  The l a t t e r  (see Fig. 1.1) r e p r e s e n t  p o s s i b l y  the most 

c o m m o n  c o n f i g u r a t i o n  of l i q u i d - l i q u i d  heat e x c h a n g e r s ,  p a r t i c u l a r l y  

for l a r g e  s c a l e  a p p l i c a t i o n s .  A wi de v a r i e t y  of f l u i d s  and 

t e m p e r a t u r e  r a n g e s  are us ed w i t h  t h e s e  u n i t s  and e x a m p l e s  of 

a p p l i c a t i o n s  r a n g e  f r o m  the s h e l l - t u b e  oil c o o l e r s  in h i g h - v o l t a g e  

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

s i t u a t i o n s  e m p l o y i n g  he at e x c h a n g e r s  to the m a s s i v e  c o n d e n s e r s  used 

in th e e l e c t r i c i t y  p o w e r  g e n e r a t i o n  i n d u s t r y  or th e  e v a p o r a t o r s  in 

d e s a l i n a t i o n  plant.

The p o p u l a r i t y  of the s h e l l - t u b e  heat e x c h a n g e r  is a r e s u l t  

of a n u m b e r  of f a c t o r s  i n c l u d i n g :  u n i t s  can be m a d e  in a wi de r a n g e  

of sizes; high r a t e s  of heat t r a n s f e r  are o b t a i n a b l e  on both s i d e s  

of th e he at t r a n s f e r  s u r f a c e  (i.e. on the i n s i d e  and o u t s i d e  of the 

t u be s) ; a high p r e s s u r e  d i f f e r e n c e  can be w i t h s t o o d  b e t w e e n  the two 

f l u i d  s t r e a m s  (a f a c t o r  l i m i t i n g  the a p p l i c a b i l i t y  of m a n y  ot h e r  

d e s i g n s  such as th e p l a t e  heat e x c h a n g e r ) ;  the u n i t  can f a c i l i t a t e  

c o n v e n i e n t  c l e a n i n g / d e s c a l i n g  of the i n s i d e  of th e t u be s. H o w e v e r ,  

as wi th most h e a t  e x c h a n g e r  d e s i g n s  the co st of t h i s  c o m p o n e n t  in 

an y s y s t e m  can be v e r y  s u b s t a n t i a l  and t h e r e  ar e c o n s i d e r a b l e  

e c o n o m i c  p r e s s u r e s  for a r e d u c t i o n  in heat e x c h a n g e r  si ze and thus 

cost. For e x a m p l e ,  in v e r y  la r g e  h e a t  pump s y s t e m s  (as used in 

S c a n d a n a v i a  for d i s t r i c t  h e a t i n g  p u r p o s e s )  the h e a t  e x c h a n g e r s  may 

r e p r e s e n t  50'/. of total heat pump c a p i t a l  cost. T h e  s i n g l e  most 

e f f e c t i v e  m e t h o d  of r e d u c i n g  e x c h a n g e r  s i z e  is by i n c r e a s i n g  the 

c o n v e c t i v e  s u r f a c e  heat t r a n s f e r  c o e f f i c i e n t s  by so me means. 

B e r g l e s  [12] has r e c e n t l y  r e v i e w e d  r e s e a r c h  on and a p p l i c a t i o n s  of 

m a n y  p o s s i b l e  m e a n s  of heat t r a n s f e r  a u g m e n t a t i o n .  Fo r any m e t h o d
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Fig.1.1 Two-pass shell-tube heat exchanger



to be w o r t h w h i l e  it mu st be sh o w n  to be c o s t - e f f e c t i v e  (i.e. the 

r e d u c t i o n  in ca p i t a l  cost mu st be g r e a t e r  than th e total i n c r e a s e  in 

o p e r a t i n g  c o s t s  over the p l a n t  l i f e t i m e ,  or v i c e - v e r s a )  and e v e r y  

me t h o d  of he at t r a n s f e r  e n h a n c e m e n t  has at l e as t one cost p e n a l t y  

v i s - a - v i s  c o s t - e f f e c t i v e n e s s .  The fi rs t p e n a l t y  is a l w a y s  the 

i n c r e a s e d  cost of the h e a t  e x c h a n g e r  per u n i t  a r e a  of n o m i n a l  heat 

t r a n s f e r  s u r f a c e  area (e.g. by f i n n i n g  or s u r f a c e  t r e a t m e n t  or 

i n d u c i n g  f l u i d  t u r b u l e n c e / m i x i n g  u s i n g  v o r t e x  i n d u c i n g  s p i r a l s  in 

tubes). Th e s e c o n d  p e n a l t y  c o m e s  with i n c r e a s e d  p r e s s u r e  drop 

t h r o u g h  t h e  he at e x c h a n g e r  r e s u l t i n g  in a g r e a t e r  pu mp p o w e r  

r e q u i r e m e n t .  T h e  a d v a n t a g e  of E l e c t r o h y d r a d y n a m i c  (EHD) e n h a n c e m e n t  

over m o r e  c o n v e n t i o n a l  m e t h o d s  is the r e l a t i v e l y  small i n c r e a s e  in 

p r e s s u r e  dr op for c o r r e s p o n d i n g  s p e c t a c u l a r  i n c r e a s e s  in heat 

t r a n s f e r .

EHD e n h a n c e m e n t  of s i n g l e - p h a s e  c o n v e c t i v e  heat t r a n s f e r  

o c c u r s  w h e r e  an e l e c t r i c  f i e l d  a c t i n g  on a f l u i d  (or m i x t u r e )  at a 

heat t r a n s f e r  s u r f a c e  g i v e s  r i s e  to f o r c e s  w i t h i n  th e f l u i d  w h i c h  

m o d i f y  f l u i d  f l o w  and t h e r e b y  i n c r e a s e  the r a t e  of h e a t  c o n v e c t i o n  

from the s u r f a c e  to the bu l k  fluid. In e n g i n e e r i n g  p l a n t  it is 

usual to e m p l o y  f o r c e d  r a t h e r  than na t u r a l  c o n v e c t i v e  heat t r a n s f e r  

and a p r a c t i c a l  i m p l e m e n t a t i o n  of the EHD e n h a n c e m e n t  m e t h o d  w o u l d  

r e s u l t  in bo th m o m e n t u m  and e l e c t r i c a l  f o r c e s  c o m b i n i n g  to d e t e r m i n e  

c o n v e c t i v e  he at t r a n f e r  rate. H o w e v e r ,  in m a n y  e n g i n e e r i n g  

t w o - p h a s e  s i t u a t i o n s  the e f f e c t s  of g r a v i t a t i o n a l  r a t h e r  than 

m o m e n t u m  f o r c e s  d e t e r m i n e  th e ra te of h e a t  t r a n s f e r .  In 

c o n d e n s a t i o n ,  for e x a m p l e ,  th e c o n d e n s a t e  f i l m  f o r m e d  on a heat 

t r a n s f e r  s u r f a c e  r e p r e s e n t s  the m a j o r  r e s i s t a n c e  to he at f l ow and it 

is g e n e r a l l y  th e f o r c e  of g r a v i t y  a c t i n g  to thin th is f i l m  ( t h r ou gh 

dr a i n a g e )  that m a i n t a i n s  a c c e p t a b l e  r a t e s  of h e a t  t r a n s f e r .  

S i m i l a r l y ,  in pool b o i l i n g  (e.g. i n s i d e  a s h e l l - t u b e  e v a p o r a t o r  in a 

large a i r - c o n d i t i o n i n g  plan t) the a b s e n c e  of g r a v i t y  wo u l d  r e s u l t  in 

no b u o y a n c y  f o r c e s  a v a i l a b l e  for r e mo va l of v a p o u r  f r o m  th e he at 

t r a n s f e r  s u r f a c e  and t h e r e f o r e  very low r a t e s  of l i q u i d  

v a p o r i z a t i o n .  Thus, t w o - p h a s e  EH D heat t r a n s f e r  e n h a n c e m e n t  is 

c h a r a c t e r i z e d  by the c o m p l e m e n t a r y  a c t i o n  of e l e c t r i c  and 

g r a v i t a t i o n a l  fi elds.

17



The p r e s e n t  s t u d y  ha s i n v o l v e d  work on b o t h  s i n g l e -  and 

t w o - p h a s e  EHD h e a t  t r a n s f e r  e n h a n c e m e n t ;  h o w e v e r ,  mu ch the g r e a t e r  

e m p h a s i s  has be en p l a c e d  upon the latter. This, in part, has been 

d e t e r m i n e d  by the a t t i t u d e  to novel a u g m e n t a t i o n  t e c h n i q u e s  

g e n e r a l l y  th at s e e m s  to p r e v a i l  a m o n g s t  heat t r a n s f e r  e n g i n e e r s .  

Th e fact that s i n g l e - p h a s e  he at t r a n s f e r  e n h a n c e m e n t  r a t e s  a c h i e v e d  

us i n g  e l e c t r i c  f i e l d s  can be g a i n e d  by m e r e l y  i n c r e a s i n g  pump p o w e r  

(and t h e r e f o r e  f l u i d  v e l o c i t i e s )  s e e m s  to lead th e r a t h e r  s c e p t i c a l  

heat t r a n s f e r  e n g i n e e r  to c o n c l u d e  that d e v e l o p m e n t  of EHD 

t e c h n i q u e s  is not w o r t h w h i l e  d e s p i t e  the e n o r m o u s  i n c r e a s e  in 

r u n n i n g  c o s t s  of a c o n v e n t i o n a l  system. T h i s  p r e j u d i c e  is not 

h e l p e d  by a d e e p  m i s t r u s t  of the high v o l t a g e s  i n v o l v e d  in EH D 

e n h a n c e m e n t  e q u i p m e n t  d e s p i t e  th e fa ct t h a t  s i m i l a r  e l e c t r i c a l  

p o t e n t i a l s  ar e p r e s e n t  in m a n y  e v e r y d a y  a p p l i a n c e s  (e.g. 

t e l e v i s i o n s  and c o p y i n g  m a c h i n e s ) .  M a n y  e x a m p l e s  of t w o - p h a s e  heat 

t r a n s f e r  e n g i n e e r i n g  d i f f e r  fr o m  th e s i n g l e - p h a s e  s i t u a t i o n  in that 

the p e r f o r m a n c e  of the f o r m e r  are not a l w a y s  mo st e a s i l y  e n h a n c e d  by 

i n c r e a s i n g  f l u i d  v e l o c i t y .  Th us, EHD e n h a n c e m e n t  m a y  of f e r  u n i q u e  

a d v a n t a g e s  ov er o t h e r  t e c h n i q u e s .  In c h a p t e r  5, for e x a m p l e ,  the 

e l e c t r i c a l  e l i m i n a t i o n  of b o i l i n g  h y s t e r e s i s  is d e s c r i b e d ;  the 

s o l u t i o n  to t h i s  p r o b l e m  by any ot h e r  m e a n s  w o u l d  be e x t r e m e l y  

d i f f i c u l t .  T h e  p r e s e n t  a u t h o r  t h e r e f o r e  fe lt t h at the p r a c t i c a l  

a p p l i c a t i o n  of EHD e n h a n c e m e n t  of t w o - p h a s e  h e a t  t r a n s f e r  w o u l d  meet 

less r e s i s t a n c e  f r o m  e n g i n e e r s  in i n d u s t r y  th an s i n g l e - p h a s e  E H D  and 

the m a j o r  p a r t  of the r e s e a r c h  p r o g r a m m e  ha s r e f l e c t e d  t h is 

phi 1 o s o p h y .

The work d e s c r i b e d  in t h i s  t h e s i s  r e p r e s e n t s  the f i r s t  m a j o r  

r e s e a r c h  p r o j e c t  on EH D e n h a n c e m e n t  of t w o - p h a s e  he at t r a n s f e r  to be 

c a r r i e d  out in the UK. P r e v i o u s  r e s e a r c h  c o n d u c t e d  in the 

D e p a r t m e n t  of E l e c t r i c a l  E n g i n e e r i n g  at I m p e r i a l  C o l l e g e  by Dr. P. 

H. 6. A l l e n  and o t h e r s  has be e n  l a r g e l y  c o n c e r n e d  w i t h  s i n g l e - p h a s e  

EHD h e a t  t r a n s f e r  e n h a n c e m e n t  to and f r o m  t r a n s f o r m e r  oil. A n u m b e r  

of r e s e a r c h  p r o g r a m m e s  h a v e  b e e n  c a r r i e d  out in t h i s  fi e l d  l o o k i n g  

at the e f f e c t s  of bo th u n i d i r e c t i o n a l  ("d.c.") and a l t e r n a t i n g  

("a.c.") e l e c t r i c  f i e l d s  on a v a r i e t y  of t h e r m a l  and e l e c t r i c a l  

g e o m e t r i e s .  T h e  d e v e l o p m e n t  of l a r g e  s c a l e  h e a t  pump p l a n t  and 

ot h e r  v a p o u r - r e c o m p r e s s i o n  e q u i p m e n t  u s i n g  f l u o r i n a t e d  h y d r o c a r b o n
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w o r k i n g  f l u i d s  wi th s h e l l - t u b e  he at e x c h a n g e r s  o p e n e d  a new a v e n u e  

for p o s s i b l e  a p p l i c a t i o n  of EH D e n h a n c e m e n t  t e c h n i q u e s .  A 

( s uc ce ss fu l) a p p l i c a t i o n  was t h e r e f o r e  ma de to the S c i e n c e  and 

E n g i n e e r i n g  R e s e a r c h  C o u n c i l  He at Pump Panel for f u n d i n g  of the 

p r e s e n t  p r o j ec t.

C o n s i d e r a b l e  e f f o r t s  w e r e  m a d e  to e n s u r e  th at the r e s e a r c h  

work p r o d u c e d  r e s u l t s  of r e l e v a n c e  to e n g i n e e r s  w o r k i n g  in i n d u s t r y  

and to th is end a n u m b e r  of c o n s u l t a t i v e  v i s i t s  we re m a d e  to 

m a n u f a c t u r e r s / i n s t i t u t i o n s  ( i n c l u d i n g  SEC S t a f f o r d ,  Hal 1 - T h e r m o t a n k  

( D ar tf or d) , M a r c o n i  A v i o n i c s  ( L i n co ln ), the E l e c t r i c i t y  R e s e a r c h  

Co u n c i l  ( C a p e n h u r s t )  and M a r s t o n - P a l m e r  ( W o l v e r h a m p t o n ) ) .  A n u m b e r  

of t h e s e  h a v e  p r o v e d  f r u i t f u l ,  ar e be i n g  f a l l o w e d  up and, it is 

hope d, will be d e v e l o p e d  c o m m e r c i a l l y .  Some of th e most p r o m i s i n g  

a p p l i c a t i o n s  h a v e  e i t h e r  i n v o l v e d  ve ry l a r g e  and e x p e n s i v e  he at 

e x c h a n g e r s  (e.g. for Oc e a n  T h e r m a l  E n e r g y  C o n v e r s i o n  (OTEC)) or 

have been in s i t u a t i o n s  w h e r e  a h i g h - v o l t a g e  s o u r c e  ha s a l r e a d y  been 

a v a i l a b l e  in a t w o - p h a s e  s i t u a t i o n  (e.g. in the c o o l i n g  of 

h i g h - p o w e r  s o l i d  s t a t e  t h y r i s t o r s ) .

The s u c c e s s  (or o t h e r w i s e )  of this r e s e a r c h  p r o g r a m m e  may 

be m e a s u r e d  a g a i n s t  fi v e  ma in r e s u l t s / a s p e c t s  of th e w o r k : -

a) Th e f i l i n g  of a p a t e n t  by the N a t i o n a l  R e s e a r c h  and D e v e l o p m e n t  

C o r p o r a t i o n  ( N R D C ) , a b r a n c h  of t h e  B r i t i s h  T e c h n o l o g y  Gr o u p  ( B T G ) , 

un d e r  the t i t l e  " E HD 2 - P h a s e  He at T r a n s f e r " ,  UK P a t e n t  A p p l i c a t i o n  

No. 8 5 2 2 6 8 0  [43.

b) A u n i q u e  b o d y  of e x p e r i m e n t a l  d a t a  has been p r o d u c e d  r e l a t i n g  

to EHD e n h a n c e m e n t  of b o i l i n g  and c o n d e n s a t i o n  of f 1 u o r o c a r b o n s

R 114 and R12 on s m o o t h  and i n t e g r a l l y  fi n n e d  h o r i z o n t a l  and 

v e r t i c a l  tubes.

c) A c o r r e l a t i o n  m e t h o d  has been p r o p o s e d  for EH D e n h a n c e m e n t  of 

n u c l e a t e  b o i l i n g  he at t r a n s f e r  in d i e l e c t r i c  l i q u id s.

d) A n u m b e r  of ne w p o t e n t i a l  e n g i n e e r i n g  a p p l i c a t i o n s  of EHD heat 

t r a n s f e r  e n h a n c e m e n t  h a v e  be en i d e n t i f i e d .

e) P r o g r e s s  ha s been m a d e  t o w a r d s  the d e v e l o p m e n t  of a 

c o m p r e h e n s i v e  m o de l of EHD c o n d e n s a t i o n  e n h a n c e m e n t  u s i n g  n u m e r i c a l  

a n a l y s e s  of e l e c t r i c a l  and t h e r m a l  f i e l d s  in d e s t a b i l i z e d  

c o n d e n s a t e  films.
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C H . 2  EH D R E S E A R C H  AN D H E A T  E X C H A N G E R S

2.1 S i n g l e - p h a s e  h e a t  t r a n s f e r

Until r e c e n t l y  it ha s be en g e n e r a l l y  a c c e p t e d  t h a t  the f i r s t  

w o r k  on EH D e n h a n c e m e n t  of h e a t  t r a n s f e r  wa s r e p o r t e d  by S e n f t l e b e n  and 

B r a u n  E973 in 1936. T h e y  us ed the c l a s s i c  fine, h o r i z o n t a l ,  h e a t e d  

w i r e  a p p a r a t u s  to i n v e s t i g a t e  the i n f l u e n c e  of i n t e n s e  e l e c t r i c  f i e l d s  

on he at t r a n s f e r  to a n u m b e r  of gase s. A s c h e m a t i c  d i a g r a m  of t h i s  

a p p a r a t u s  is s h ow n in Fig. 2.1 w h e r e  a h i g h - v o l t a g e  c y l i n d e r  e l e c t r o d e  

is us ed to e l e c t r i c a l l y  s t r e s s  th e s u r f a c e  of a f i n e  h e a t e d  wi r e  the 

m e a n  t e m p e r a t u r e  of wh i c h  can be d e t e r m i n e d  by r e s i s t a n c e  t h e r m o m e t r y  

(m aking the w i r e  on e ar m of a W h e a t s t o n e  b r id ge , for e x a m p l e ) .  M a n y  

o t h e r  r e s e a r c h e r s  h a v e  u s ed t h i s  t y p e  of a p p a r a t u s  as it has the 

a d v a n t a g e s  of s i m p l i c i t y  of c o n s t r u c t i o n / i n s t r u m e n t a t i o n  and can be 

d e s i g n e d  so th at th e e l e c t r o d e  a l s o  s e r v e s  as the c o n t a i n e r / p r e s s u r e  

vess el h o l d i n g  the te s t  fluid. The v e r y  small r a d i u s  of c u r v a t u r e  of 

th e  heat t r a n s f e r  s u r f a c e  a l s o  p r o d u c e s  a v e r y  i n t e n s e  e l e c t r i c  f i e l d  

for r e l a t i v e l y  m o d e s t  e l e c t r o d e  p o t e n t i a l s .  S e n f t l e b e n  and Br a u n  f o u n d  

th at by e l e c t r i c a l l y  s t r e s s i n g  t h e i r  h e a t e d  w i r e  he a t  t r a n s f e r  r a t e s  

c o u l d  be s u b s t a n t i a l l y  i n c r e a s e d .

In 1947 A h s m a n n  and K r o n i g  E23 r e p o r t e d  the r e s u l t s  of s i m i l a r  

e x p e r i m e n t s  u s i n g  E H D  e n h a n c e m e n t  of heat t r a n s f e r  to d i e l e c t r i c  

l i q u i d s  and a m e a n s  of c o r r e l a t i n g  t h e i r  e x p e r i m e n t a l  r e s u l t s .  S i n c e  

t h a t  t i m e  a ve r y  g r e a t  deal of f u n d a m e n t a l  r e s e a r c h  ha s  be en a p p l i e d  to 

s i n g l e - p h a s e  EH D p r o b l e m s .  Th e p r e s e n t  a u t h o r  d o e s  not i n t e n d  to 

r e v i e w  t h i s  r e s e a r c h  in its e n t i r e t y  si n c e  t h i s  ha s r e c e n t l y  b e e n  

c a r r i e d  out by J o n e s  E613. It is m o r e  a p p r o p r i a t e  in the p r e s e n t  

c o n t e x t  to o u t l i n e  th e  b a s i c  p r i n c i p l e s  b e h i n d  E H D  e n h a n c e m e n t  and to 

r e v i e w  t h o s e  r e s e a r c h  p r o g r a m m e s  m o s t  c l o s e l y  l i n k e d  to p r a c t i c a l  

a p p l i c a t i o n  of the p h e n o m e n o n .

EHD e n h a n c e m e n t  of c o n v e c t i v e  he at t r a n s f e r  o c c u r s  wh en an 

a p p l i e d  e l e c t r i c  f i e l d  g i v e s  r i s e  to e l e c t r i c a l  b o d y  f o r c e s  w i t h i n  a 

d i e l e c t r i c  f l u i d  w h i c h  m o d i f y  the p a t t e r n  of c o n v e c t i o n .  S e v e r a l  

f o r m u l a t i o n s  of th e e l e c t r i c a l  b o d y  f o r c e ,  f E , are p o s s i b l e ,  one of the
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m o st c o m m o n l y  u s ed b e i n g  C 104]:

f *  • /jf§ - | e-»« - 2 [ V r [ | J : ] T ] <2.d

w h e r e  E is e l e c t r i c a l  f i e l d  s t r e n g t h  and Ôi., |Of , e and T 

ar e fl u i d  d e n s i t y ,  v o l u m e t r i c  s p a c e  c h a r g e ,  p e r m i t t i v i t y  and 

t e m p e r a t u r e ,  r e s p e c t i v e l y .  Th e fi r s t  t e r m  on the r i g h t  h a n d  s i d e  of

(2.1) g i v e s  the m a g n i t u d e  and d i r e c t i o n  of the e l e c t r o p h o r e t i c  f o r c e  

due to the p r e s e n c e  of f r e e  c h a r g e s  w i t h i n  the b u l k  l i qu id . M o v e m e n t  

of t h e s e  c h a r g e s  u n d e r  th e a c t i o n  of th e e l e c t r i c  f i e l d  c a u s e s  

a d d i t i o n a l ,  b e n e f i c i a l ,  f l u i d  m o ti on . The s e c o n d  and t h i r d  t e r m s  

d e t e r m i n e  th e d i e l e c t r o p h o r e t i c  b o d y  force. T h i s  is du e to the 

i n f l u e n c e  of an i n h o m o g e n e o u s  e l e c t r i c  f i e l d  on d i p o l e s  w i t h i n  the 

fluid; on e end of a g i v e n  d i p o l e  is a c t e d  up on by an e l e c t r i c  fi e l d  of 

g r e a t e r  m a g n i t u d e  t h a n  that a c t i n g  on its ot h e r  end g i v i n g  r i s e  to a 

net f o r c e  on the di p o l e .  Th e  e l e c t r i c a l  b o d y  f o r c e  m a y  th e n  be a d d e d  

to the z e r o - f i e l d  N a v i e r  e q u a t i o n  to give:

pi. -9p + yj52 U + g p i ^ ? T  + f E (2.2)

w h e r e  U, p, p, and fi are f l u i d  v e l o c i t y ,  p r e s s u r e ,  d y n a m i c  

v i s c o s i t y  and c o e f f i c i e n t  of e x p a n s i o n  r e s p e c t i v e l y ,  g is a c c e l e r a t i o n  

due to g r a v i t y  and t is time. A n a l y t i c a l  s o l u t i o n  of t h i s  e q u a t i o n  is 

v i r t u a l l y  i m p o s s i b l e  in any p r a c t i c a l  s i t u a t i o n  and as a r e s u l t  th e 

a p p r o a c h  to EH D h e a t  t r a n s f e r  r e s e a r c h  has be en l a r g e l y  e x p e r i m e n t a l  

wi th v a r i o u s  a t t e m p t s  h a v i n g  be en m a d e  to p r o d u c e  d a t a  c o r r e l a t i o n s  

u s i n g  a n u m b e r  of d i m e n s i o n l e s s  gr o u p s .  The a n a l y s i s  by A h s m a n n  and 

K r o n i g  C21 p r o d u c e d  a c o r r e l a t i o n  of th e type:

Nu = f ( G r . P r )  + g ( E l . P r )  (2.3)

w h e r e  Nu is the N u s s e l t  n u m b e r ,  Pr the P r a n d t l  n u m b e r ,  6r 

the G r a s h o f  n u m b e r  and El a d i m e n s i o n l e s s  e l e c t r i c a l  i n f l u e n c e
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n u m b e r  d e t e r m i n e d  fr o m  th e f o r m u l a t i o n  for the 

d i e l e c t r o p h o r e t i c  f o r c e  c o m p o n e n t  of f e :

El (2.4)

w h e r e  d is a c h a r a c t e r i s t i c  d i m e n s i o n ,  AT a c h a r a c t e r i s t i c  

t e m p e r a t u r e  d i f f e r e n c e  (e.g. b e t w e e n  h e a t e d  s u r f a c e  and b u l k  fluid) and 

E s is the e l e c t r i c  f i e l d  s t r e n g t h  at t h e  heat t r a n s f e r  s u r f a c e .  T h i s  

c o r r e l a t i o n  ha s b e e n  fo u n d  to wo r k  well for m a n y  s i t u a t i o n s  u s i n g  a.c. 

f i e l d s  w i th f r e q u e n c i e s  of 4 0 Hz and a b o v e  (see C3], for e x a m p l e )  w h e n  

e l e c t r o p h o r e t i c  f o r c e s  ar e d o m i n a t e d  by d i e l e c t r o p h o r e s i s .  In 

p r a c t i c e ,  h o w e v e r ,  it ha s b e e n  f o u n d  that d.c. f i e l d s  g e n e r a l l y  s h o w  

g r e a t e r  e f f e c t i v e n e s s  in e n h a n c i n g  h e a t  t r a n s f e r .  C o r r e l a t i n g  the 

r e s u l t s  of e x p e r i m e n t s  u s i n g  d.c. f i e l d s  has b e e n  f o u n d  to be far m o r e  

d i f f i c u l t  th an for a.c. c a s e s  s i n c e  k n o w l e d g e  of th e b e h a v i o u r  of io ns 

in d i e l e c t r i c  l i q u i d s  a f f e c t e d  by i n t e n s e  e l e c t r i c  f i e l d s  is 

i n c o m p l e t e ,  to sa y t h e  least. O v e r  th e past tw o d e c a d e s  two d i f f e r e n t  

a p p r o a c h e s  to t h i s  c o r r e l a t i o n  p r o b l e m  h a v e  been d e v e l o p e d .  The fi r s t ,  

d u e  to T u r n b u l l  C112], u s e s  a s i m i l a r  a n a l y s i s  to t h a t  of A h s m a n n  and 

K r o n i g  r e s u l t i n g  in an e l e c t r i c a l  i n f l u e n c e  n u m b e r ,  El', g i v i n g  a 

m e a s u r e  of e l e c t r o p h o r e t i c  E H D  e n h a n c e m e n t  and w h i c h  r e p l a c e s  El in 

e q u a t i o n  (2.3):

E l ' (2.3)

w h e r e  oi_ is t h e  e l e c t r i c a l  c o n d u c t i v i t y  of the h e at t r a n s f e r  

flui d. A n u m b e r  of p r o b l e m s  are a s s o c i a t e d  wi t h  the us e of t h i s  

d i m e n s i o n l e s s  g r o u p  for the p u r p o s e s  of d a t a  c o r r e l a t i o n .  A p e n d i x  1 

g i v e s  a r e p r o d u c t i o n  of the p a p e r  p u b l i s h e d  by the p r e s e n t  a u t h o r  and
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Dr. P. H. G. Al l e n  in wh i c h  a d e t a i l e d  d i s c u s s i o n  of th e  s u b j e c t  is 

p r e s e n t e d .  T h e  m a j o r  l i m i t a t i o n  of (2.S) a r i s e s  as a r e s u l t  of 

u n c e r t a i n t i e s  r e g a r d i n g  the d e t e r m i n a t i o n  of a p p r o p r i a t e  v a l u e s  for at 

and E s at the h e a t  t r a n s f e r  s u r f a c e .  EHD e n h a n c e d  s i n g l e - p h a s e  h e a t  

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

r e s u l t  in m o d i f i c a t i o n s  to th e c o n d u c t i o n  c h a r a c t e r i s t i c s  of the 

d i e l e c t r i c  fl u i d  an d to the fi e l d  d i s t r i b u t i o n  at t h e  he at t r a n s f e r  

s u r f a c e .  In p a r t i c u l a r ,  the f o r m a t i o n  of s p a c e  c h a r g e  c l o u d s  in th e 

v i c i n i t y  of e l e c t r o d e s  may s u b s t a n t i a l l y  i n c r e a s e  the local f i e l d  

s t r e n g t h  a b o v e  th a t  of th e n o m i n a l  a p p l i e d  f i e l d  an d the p r e s e n c e  of 

s u c h  hi gh c o n c e n t r a t i o n s  of c h a r g e  c a r r i e r s  n a t u r a l l y  a f f e c t s  th e local 

e l e c t r i c a l  c o n d u c t i v i t y  of th e he at t r a n s f e r  m e d i u m .  It is not 

g e n e r a l l y  p o s s i b l e  to m e a s u r e  t h e s e  c h a n g e s  d i r e c t l y  and a s s u m p t i o n s  

h a v e  to be m a d e  as to the m a g n i t u d e  of t h e s e  ef f e c t s .

The us e of El' a l s o  p r e s u p p o s e s  t h at th e e l e c t r o p h o r e t i c  e f f e c t  

of the f i e l d  is s i m i l a r  to d i e l e c t r o p h o r e s i s  in t h a t  th e e l e c t r i c a l  

b o d y  f o r c e  is h o m o g e n e o u s  t h r o u g h o u t  th e heat t r a n s f e r  fluid. T h i s  is 

c e r t a i n l y  not the c a s e  since, in r e a l i t y ,  the e l e c t r i c  fi e l d  d i r e c t l y  

a f f e c t s  o n l y  the c h a r g e  c a r r i e r s  w i t h i n  th e h o s t  f l u i d  and t h e s e  ar e 

g e n e r a l l y  of e x t e m e l y  low c o n c e n t r a t i o n .  S n a d d o n  and P o u l t e r  [101] 

a p p e a r  to be the o n l y  r e s e a r c h e r s  to d a t e  to h a v e  i n v e s t i g a t e d  th e 

n a t u r e  of m o m e n t u m  t r a n s f e r  b e t w e e n  the c h a r g e  c a r r i e r s  u n d e r  the 

i n f l u e n c e  of an e l e c t r i c  f i e l d  and t h e  bulk of t h e i r  h o s t  fluid. A 

s t u d y  of u n i p o l a r  e l e c t r o p h o r e t i c  f l o w s  us i n g  i o n - e x c h a n g e  r e s i n s  to 

i n j e c t  c h a r g e  i n t o  n - h e x a n e  s h o w e d  t h at c o n v e r s i o n  of e l e c t r i c a l  e n e r g y  

to usef ul f l o w  w o r k  o p e r a t e d  at e f f i c i e n c i e s  of s o m e  1 0 ’/.-207.. Th e 

i m p o r t a n c e  of t h i s  l i n e  of f u n d a m e n t a l  r e s e a r c h  is a p p a r e n t  w h e n  a 

f u r t h e r  c h a r a c t e r i s t i c  of EH D s i n g l e - p h a s e  heat t r a n s f e r  e n h a n c e m e n t  is 

c o n s i d e r e d ,  n a m e l y  t h e  n a t u r e  of th e f l o w  d i s t u r b a n c e  i m p o s e d  on the 

z e r o - f i e l d  c o n v e c t i o n  p a t t e r n .

Se v e r a l  r e s e a r c h e r s  (e.g. N e w t o n  CS5], F e r n a n d e z  C373 and G r o s s  

an d P o r t e r  C453 ) h a v e  i n v e s t i g a t e d  t h e  c o n v e c t i o n  p a t t e r n s  r e s u l t i n g  

f r o m  EHD i n d u c e d  f l u i d  moti on . T h e s e  are g e n e r a l l y  c h a r a c t e r i z e d  by 

“B e r n a r d "  c o n v e c t i o n  c e l l s  and a r e  o f t e n  i n i t i a t e d  by f l u i d  

" s t r e a m e r s " . T h e o r e t i c a l  m o d e l l i n g  of the f o r m a t i o n  of EH D i n d u c e d  

d i s t u r b a n c e s  of t h i s  t y p e  has b e e n  p e r f o r m e d  by a n u m b e r  of r e s e a r c h e r s  

i n c l u d i n g  T u r n b u l l  C 1 1 1 3 , C 1 1 3 3  who c a r r i e d  out s t a b i l i t y  a n a l y s e s  of
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EH D d e s t a b i l i z e d  h o r i z o n t a l  and v e r t i c a l  ther ma l b o u n d a r y  la y e r s  in 

d i e l e c t r i c  li qu id s. T h e s e  a n a l y s e s  w e r e  ve r y  s i m i l a r  to t h o s e  

m o d e l l i n g  EH D i n d u c e d  i n s t a b i l i t i e s  in c o n d e n s a t e  -Films ( d e s c r i b e d  in 

c h a p t e r  3) and f a c i l i t a t e d  the p r e d i c t i o n  of a m i n i m u m  c r i t i c a l  fi el d 

s t r e n g t h  r e q u i r e d  to c a u s e  d i s r u p t i o n  of the z e r o - f i e l d  c o n v e c t i o n  

p a t t e r n .  As with th e a n a l o g o u s  c o n d e n s a t e  film s i t u a t i o n  it is r a t h e r  

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

e n h a n c e m e n t  r e s u l t i n g  f r o m  t h e  EH D i n s t a b i l i t y  s i n c e  s t a b i l i t y  a n a l y s e s  

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

an i n s t a b i l i t y .  An e x p l i c i t  model of th e EH D e n h a n c e d  h e a t  t r a n s f e r  

s i t u a t i o n  m u st t h e r e f o r e  a c c o u n t  for: a) the m i c r o s c o p i c  i n t e r a c t i o n  

b e t w e e n  c h a r g e  c a r r i e r s  and th e f l u i d  bulk; b) t h e  e f f e c t  of 

c o n d u c t i o n ,  e l e c t r i c  f i e l d  and t h er ma l i n h o m o g e n e i t i e s  in th e  fl u i d  and

c) the i n f l u e n c e  of o b s e r v e d  EHD p h e n o m e n a  such as t h e  f o r m a t i o n  of 

"hot f l u i d  s t r e a m e r s "  e m a n a t i n g  fr om th e  EHD h e a t  t r a n s f e r  s u r f a c e  on 

th e  p a t t e r n  of fl u i d  c o n v e c t i o n .

The s e c o n d  a p p r o a c h  to the c o r r e l a t i o n  of e l e c t r o p h o r e t i c  EHD 

h e a t  t r a n s f e r  d a t a  h a s  be en d e v e l o p e d  from an a n a l y s i s  of the 

c o n d u c t i o n  and c o n v e c t i o n  of c h a r g e  in a d i e l e c t r i c  f l ui d. M i l l e r  C831 

ha s  e m p l o y e d  an a n a l y s i s  of c u r r e n t  f l o w  in l i q u i d s  by F e l i c i  C363 to 

p o s t u l a t e  that EH D i n d u c e d  fl u i d  m o t i o n  is c h a r a c t e r i z e d  by two 

d i m e n s i o n l e s s  g r ou ps : a) an i n j e c t i o n  s t r e n g t h ,  C, w h i c h  is d e p e n d e n t  

on the c o n d u c t i o n  c h a r a c t e r i s t i c s  of t h e  li quid, the s u r f a c e  p r o p e r t i e s  

of th e e l e c t r o d e  and a p p l i e d  f i e l d  s t r e n g t h :

C » (2.4)€t_E

w h e r e  d is th e e l e c t r o d e  d i a m e t e r ;  b) a v o l t a g e  

p a r a m e t e r ,  T T ,  or " e l e c t r i c a l  R e y n o l d s  n u m b e r " :

. M < « u B L ) » - »  <2.71

f
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The ma jo r d i f f i c u l t y  a r i s i n g  f r o m  t h i s  a p p r o a c h ,  as in th e c a s e  

of u s i n g  El', is th e lack of k n o w l e d g e  r e g a r d i n g  th e t r u e  m a g n i t u d e  of 

p F at the heat t r a n s f e r  s u r f ac e. N e v e r t h e l e s s ,  the n o t i o n  of an 

i n j e c t i o n  s t r e n g t h  is a v e r y  u s ef ul c o n c e p t  and g o e s  s o m e  way t o w a r d s  

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

and i n j e c t i o n  at an E H D  e l e c t r o d e .  K i l l e r  [83] a l s o  d i s c u s s e d  the link 

b e t w e e n  the io ni c c u r r e n t  d e n s i t y  of th e  EH D m e c h a n i s m  and a n u m b e r  of 

p a r a m e t e r s  i n c l u d i n g  th e  e l e c t r i c a l  R e y n o l d s  n u m b e r ,  TT. F r o m  the 

r e l a t i o n s h i p  b e t w e e n  c u r r e n t  d e n s i t y  and T T  the o r d e r  of m a g n i t u d e  of 

i n j e c t i o n  s t r e n g t h  m a y  be i n d i r e c t l y  d e t e r m i n e d  u s i n g  F e l i c i ' s  model of 

i o n i c  c o n d u c t i o n .  T h i s  a n a l y s i s  has d e m o n s t r a t e d  th e i m p o r t a n c e  of the 

r e l a t i o n s h i p  of EH D h e a t  t r a n s f e r  e n h a n c e m e n t  to bo th f i e l d  s t r e n g t h  

and c o n d u c t i o n  c u r r e n t  de n s i t y .  Un til no w t h i s  has not been f u l l y  

a p p r e c i a t e d  by m a n y  r e s e a r c h e r s .

Th is work r e p r e s e n t s  an i m p o r t a n t  d e v e l o p m e n t  t o w a r d s  the 

o b j e c t i v e  of an e n g i n e e r i n g  a p p l i c a t i o n  of EH D e n h a n c e d  h e a t  t r a n s f e r  

by f a c i l i t a t i n g  c o m p a r i s o n  of d i f f e r e n t  1 i q u i d / e l e c t r o d e  p a i r s  wi th 

r e g a r d  to th e i r  s u i t a b i l i t y  for EH D  e x p l o i t a t i o n .  A t h e o r y  of c h a r g e  

i n j e c t i o n  s t r e n g t h ,  E H D  f l o w - t y p e  (i.e. l a m i n a r  or t u r b u l e n t )  and th e i r  

r e l a t i o n s h i p  with c o n d u c t i o n  c u r r e n t  h a s  been d e v e l o p e d  so that the 

mo st p r o m i s i n g  l i q u i d / e l e c t r o d e  p a i r s  can be i d e n t i f i e d  u s i n g  f a i r l y  

s i m p l e  tests. K i l l e r  a l s o  d e v e l o p e d  a m e a n s  of a s s e s s i n g  the a m o u n t  of 

e x t r a  pu mp p o w e r  i n p u t  r e q u i r e d  to e n h a n c e  heat t r a n s f e r  i n s i d e  th e 

t u b e s  of an i d e a l i z e d  s h e l l - t u b e  h e a t  e x c h a n g e r  c o m p a r e d  to th e 

e l e c t r i c a l  p o w e r  in p u t  to a c h i e v e  a s i m i l a r  d e g r e e  of E H D  e n h a n c e m e n t  

(using a m o d i f i e d  " L o n d o n "  d i a g r a m ) .  T h i s  w o u l d  be o n e  tool used in 

the f u t u r e  to a s c e r t a i n  w h e t h e r  EH D e n h a n c e m e n t  w o u l d  be a p p r o p r i a t e  

for a gi v e n  p r a c t i c a l  s h e l l - t u b e  heat e x c h a n g e r  a r r a n g e m e n t .

E x p e r i m e n t a l  r e s e a r c h  on s i n g l e - p h a s e  EHD h e a t  t r a n s f e r  

e n h a n c e m e n t  ha s b e e n  c o n d u c t e d  u s i n g  s e v e r a l  t y p e s  of a p p a r a t u s  w h i c h  

ma y be g r o u p e d  a c c o r d i n g  to the t y p e  of h e at t r a n s f e r  s u r f a c e  used: a) 

f i n e  h e a t e d  wires; b) plat es ; c) i n s i d e  t u b e s / d u c t s ;  d) o u t s i d e  

t u b e s  or in annuli. E x p e r i m e n t s  u n d e r  g r o u p s  c) and d) h a v e  the m o st 

r e l e v a n c e  to a p p l i c a t i o n s  of EH D e n h a n c e m e n t  to s h e l l - t u b e  he at 

e x c h a n g e r s .  A p p e n d i x  1 r e p o r t s  th e wo r k  by the p r e s e n t  au t h o r  on
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c r o s s - f l o w  of t r a n s f o r m e r  oil over a ro w of t h r e e  h o r i z o n t a l  t u b e s  

w h i c h  ma y be ta ken as r e p r e s e n t a t i v e  of pa rt of a t u b e  b u nd le . Th is 

work on m o d e l l i n g  s h e l l - s i d e  EHD heat t r a n s f e r  e n h a n c e m e n t  c o m p l e m e n t s  

t h at of the r e s e a r c h e r s  at Br i s t o l  and N e w c a s t l e  U n i v e r s i t i e s  and 

e l s e w h e r e  i n v e s t i g a t i n g  t u b e - s i d e  e n h a n c e m e n t .  A p l a n e  e l e c t r o d e  

s y s t e m  was us ed r e d u c i n g  the e f f e c t s  of c h a r g e  i n j e c t i o n  w h i c h  was the 

m a j o r  e n h a n c e m e n t  m e c h a n i s m  e m p l o y e d  in th e a p p a r a t u s  of F e r n a n d e z ,  

M i l l e r  et al C3 7 ] , C833« Th e d e g r e e  of heat t r a n s f e r  e n h a n c e m e n t  

o b t a i n e d  wa s s u b s t a n t i a l l y  less than r e p o r t e d  for t u b e - s i d e  e x p e r i m e n t s  

w i t h  c h a r g e  i n j e c t i n g  axial e l e c t r o d e s  ([831 and E843) but c o m p a r a b l e  

to work on f o r c e d  c o n v e c t i o n  with e l e c t r o d e s  of s u b s t a n t i a l  radii of 

c u r v a t u r e  (e.g. [901 and [95]). In a d d i t i o n  to s h o w i n g  that 

s u b s t a n t i a l  s h e l l - s i d e  E H D  e n h a n c e m e n t  is p o s s i b l e  th e m a i n  c o n c l u s i o n s  

f r o m  the r e s e a r c h  were:

a) The e f f e c t  of i m p u r i t y  c o n c e n t r a t i o n  ( p a r t i c u l a r l y  ga s c o n t e n t  in 

t r a n s f o r m e r  oil) and t h u s  c h a r g e  c a r r i e r  a v a i l a b i l i t y ,  on th e d e g r e e  of 

EH D e n h a n c e m e n t  can be s u b s t a n t i a l .

b) In c e r t a i n  c i r c u m s t a n c e s ,  p a r t i c u l a r l y  when heat t r a n s f e r  is fr om 

th e d i e l e c t r i c  l i qu id , e l e c t r i c  s t r e s s  a p p l i e d  to th e heat t r a n s f e r  

s u r f a c e  ma y c a u s e  a s i g n i f i c a n t  i n h i b i t i o n  of heat flow.

c) The d e g r e e  of EH D e n h a n c e m e n t  d i m i n i s h e s  with i n c r e a s i n g  fl u i d  

R e y n o l d s  numb er . T h i s  c o n c u r s  with t h e  wo rk of m a n y  o t h e r  r e s e a r c h e r s  

and is a r e s u l t  of th e g r e a t e r  p r e d o m i n a n c e  of i n e r t i a l  o v e r  e l e c t r i c a l  

b o d y  f o r c e s  at h i g h e r  f l u i d  v e l o c i t i e s .

The a p p a r a t u s  us e d  in the work d e t a i l e d  in A p p e n d i x  1 was not 

p a r t i c u l a r l y  s o p h i s t i c a t e d  and a m o r e  d e t a i l e d  s t u d y  of s h e l l - s i d e  EHD 

m e t h o d s  is w a r r a n t e d  u s i n g  m o r e  a p p r o p r i a t e  and b e t t e r  i n s t r u m e n t e d  

a p p a r a t u s  (e.g. wi t h  f a c i l i t i e s  for p r e s s u r e  drop m e a s u r e m e n t s ) .  The 

e f f e c t s  of a d d i n g  s u i t a b l e  e l e c t r o d e s  to the tu be b u n d l e  must a l s o  be 

a n a l y s e d  v i s - a - v i s  p r e s s u r e  drop and cost.
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2.2 EHD C O N D E N S A T I O N

C o n d e n s a t i o n  he at t r a n s f e r  p l a y s  a vital r o l e  in m a n y  

t e c h n o l o g i e s  that s u p p o r t  our i n d u s t r i a l i z e d  s o c i e t y .  S h e l l ~ t u b e  

c o n d e n s e r s  are the p r i n c i p a l  m e a n s  u s e d  for e f f e c t i v e  c o n d e n s a t i o n  on a 

l a r g e  s c a l e  (they a r e  s o m e t i m e s  th e s i z e  of l a r g e  b u i l d i n g s )  and are 

f o u n d  in m a n y  s i t u a t i o n s  i n c l u d i n g  e l e c t r i c i t y  p o w e r  g e n e r a t i o n  p l a n t  

(the c o n d e n s e r  f o r m s  p a r t  of the s t e a m  g e n e r a t o r / t u r b i n e / c o n d e n s e r  heat 

e n g i n e ) ,  oil r e f i n i n g ,  c h e m i c a l  p r o c e s  sing, d e s a l i n a t i o n ,  air 

c o n d i t i o n i n g ,  etc. Th e  s h e e r  s c a l e  and cost of t h e s e  c o m p o n e n t s  ha s 

r e s u l t e d  in c o n s i d e r a b l e  r e s e a r c h  to i m p r o v e  c o n d e n s a t i o n  h e a t  t r a n s f e r  

c o e f f i c i e n t s  and t h e r e b y  r e d u c e  c o n d e n s e r  si ze and c a p i t a l  cost. In 

s o m e  s i t u a t i o n s  w h e r e  w a t e r  is p r e s e n t  on both shell and t u b e  si d e s  of 

th e unit th e o v e r a l l  h e at t r a n s f e r  r a t e  is g e n e r a l l y  l i m i t e d  by the 

s i n g l e - p h a s e  p r o c e s s  w h i c h ,  t y p i c a l l y ,  ha s h e at t r a n s f e r  c o e f f i c i e n t s  

an or d e r  of m a g n i t u d e  le ss than for c o n d e n s a t i o n .  It is then most 

a p p r o p r i a t e  to us e s i n g l e - p h a s e  e n h a n c e m e n t  t e c h n i q u e s .  H o w e v e r ,  in 

m a n y  o t h e r  a p p l i c a t i o n s  it is the c o n d e n s i n g  s i d e  h e a t  t r a n s f e r  w h i c h  

is th e l i m i t i n g  f a c t o r ,  liany o r g a n i c  he at t r a n s f e r  f l u i d s  such as the 

f l u o r i n a t e d  h y d r o c a r b o n  (Freon) r e f r i g e r a n t s  h a v e  l a t e n t  heat and 

t h e r m a l  c o n d u c t i v i t y  v a l u e s  c o n s i d e r a b l y  lower th an w a t e r  and t h e r e f o r e  

g i v e  po or c o n d e n s a t i o n  he at t r a n s f e r .  C o n s e q u e n t l y ,  c o n d e n s a t i o n  

e n h a n c e m e n t  r e s e a r c h  ha s  be en l a r g e l y  c o n c e r n e d  w i t h  f l u i d s  su ch as 

these.

A l t h o u g h  th e f i r s t  m a j o r  t h e o r e t i c a l  a n a l y s i s  of c o n d e n s a t i o n  on 

f i n n e d  h o r i z o n t a l  t u b e s  wa s c a r r i e d  out by B e a t t y  and K a tz C103 as long 

ago as 1948, the p r o b l e m  of o p t i m i z i n g  t u b e  fin d i m e n s i o n s  w i t h  r e s p e c t  

to heat t r a n s f e r  u n d e r  g i v e n  c o n d e n s a t i o n  c o n d i t i o n s  h a s  not yet been 

so l v e d .  R e c e n t  e x p e r i m e n t a l  wo rk on the a p p r a i s a l  of novel fin 

a r r a n g e m e n t s  ma y be f o u n d  in r e f e r e n c e s  [18] and [82] w h i l e  t h e o r e t i c a l  

a n a l y s i s  of the c o n d e n s a t i o n  p r o c e s s  on i n t e g r a l l y  f i n n e d  t u b e s  has 

b e e n  a t t e m p t e d  by E d w a r d s  et al [35] and R u d y  et al [93]. A r e v i e w  of 

the s t a t e - o f - t h e - a r t  a n a l y s e s  of c o n d e n s a t i o n  p r o c e s s e s  has been 

r e c e n t l y  c o m p i l e d  by O w e n  and Le e [87].

The m a j o r  r e s i s t a n c e  to heat f l o w  fr om a c o n d e n s i n g  v a p o u r  to a 

h e a t  t r a n s f e r  s u r f a c e  is t h r o u g h  th e t h i c k n e s s  of th e  c o n d e n s a t e  f i l m  

th at f o r m s  on the cool su r f a c e .  Thus, e n h a n c e m e n t  t e c h n i q u e s  g e n e r a l l y
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s e e k  to thin th is f i l m  in s o m e  way. O n e  a p p r o a c h  is to i n c r e a s e  the 

v a p o u r  v e l o c i t y  o v er the -film c a u s i n g  d e s t a b i l i z a t i o n  but at a co st o-f 

a g r e a t l y  i n c r e a s e d  p r e s s u r e  drop. T h e  most c o m m o n  m e t h o d  o-f t h i n n i n g  

the c o n d e n s a t e  f i l m  and s i m u l t a n e o u s l y  i n c r e a s i n g  h e at t r a n s f e r  s u r f a c e  

a r e a  in m o d e r n  p l a n t  is t h r o u g h  the us e  of v a r i o u s  fin a r r a n g e m e n t s  on 

c o n d e n s e r  t u b e s  or p l a t e s .  T h e  e f f e c t  of the f i n s  is to p h y s i c a l l y  

th i n  the c o n d e n s a t e  at th e fin t i p s  and to f a c i l i t a t e  g o o d  d r a i n a g e  in 

the i n t e r - f i n  s p a c e s  u s i n g  the s u r f a c e  t e n s i o n  of th e  liquid. In

s h e l l - t u b e  c o n d e n s e r s  c o n d e n s a t i o n  is u s u a l l y  a r r a n g e d  to be on the 

s h e l l - s i d e  and t u b e s  a r e  m a d e  with c o r r u g a t i o n s / f l u t e s  p a r a l l e l  to the 

t u b e  a x e s  in v e r t i c a l  u n i t s  (e.g. as us ed in d e s a l i n a t i o n  plant) and 

f i n s  p e r p e n d i c u l a r  to the ax es in the m o r e  c o m m o n  h o r i z o n t a l

c o n f i g u r a t i o n .

The e f f e c t  of an e l e c t r i c  f i e l d  on e n h a n c e m e n t  of c o n d e n s a t i o n  

h e a t  t r a n s f e r  f r o m  d i e l e c t r i c  v a p o u r s  wa s f i rs t r e p o r t e d  by G e r s t m a n  

an d Choi in 1962 C433 for a p l a n e  e l e c t r o d e / h e a t  t r a n s f e r  s u r f a c e  

a r r a n g e m e n t .  V e l k o f f  and H i l l e r  [114] r e p o r t e d  a s i m i l a r  e x p e r i m e n t  in 

1965 and d e t a i l e d  six p o s s i b l e  m e c h a n i s m s  that c o u l d  e x p l a i n  the 

o b s e r v e d  i n c r e a s e s  in he a t  t r a n s f e r  r a t e  of s o m e  t w o - h u n d r e d  p e r c en t:

i) Ion p r o d u c t i o n  in th e  v a p o u r  p h a s e  p r o v i d e s  c o n d e n s a t i o n  

n u c l e a t i o n  s i t e s

ii) A c t i o n  of the e l e c t r i c  f i e l d  on ion c l u s t e r s  b r i n g s  c o n d e n s a t e  

d r o p l e t s  to th e heat t r a n s f e r  s u r f a c e  (i.e. a f o r m  of c o r o n a  wind)

iii) I n h o m o g e n e i t i e s  in th e e l e c t r i c  f i e l d  aid p r e c i p i t a t i o n  of 

c o n d e n s a t e  in p r e f e r r e d  r e g i o n s

iv) EHD i n d u c e d  i n t e r n a l  m i x i n g  of c o n d e n s a t e  f i l m

v) EH D d e s t a b i l i z a t i o n  of c o n d e n s a t e  f i l m  s u r f a c e

vi) E l e c t r o s t a t i c  p u m p i n g  of l i q u i d  f r o m  c o n d e n s a t e  f i l m

M e c h a n i s m s  iv), v ) , and vi) ea ch r e l a t e  to an e l e c t r i c a l l y  

i n d u c e d  r e d u c t i o n  of th e th e r m a l  r e s i s t a n c e  of th e  c o n d e n s a t e  f i l m  

(i.e. e f f e c t i v e l y  t h i n n i n g  it wi th r e s p e c t  to he at flow ). S u b s e q u e n t
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r e s e a r c h  p r o g r a m m e s  h a v e  c o n c e n t r a t e d  on the e x p e r i m e n t a l  and 

t h e o r e t i c a l  a n a l y s i s  of the last two m e c h a n i s m s .  [ A l t h o u g h  one m i g h t  

n o t e  in p a s s i n g  that m u c h  of the e a r l y  r e s e a r c h  was s p o n s o r e d  by the 

U n i t e d  S t a t e s  Air F o r c e  b e c a u s e  the m a j o r  i n t e r e s t ,  p r e s u m a b l y ,  w a s  in 

m e c h a n i s m  iii) a b o v e  w h i c h  c o u l d  p r o v i d e  a m e a n s  of u s i n g  t w o - p h a s e  

h e a t  t r a n s f e r  u n d e r  z e r o - g r a v i t y  c o n d i t i o n s ,  i.e. in space. Th e 

a b s e n c e  of g r a v i t y  f o r c e s  to dr a i n  a c o n d e n s a t e  f i l m  w o u l d  n o r m a l l y  

r e s u l t  in e x t r e m e l y  p o o r  h e at t r a n s f e r  u n l e s s  a n o t h e r  b o d y  f o r c e  

( p o s s i b l y  of e l e c t r i c a l  or i g i n )  c o u l d  i n f l u e n c e  l i q u i d  mo t i o n .  It may 

be that the s t r a t e g i c  i m p o r t a n c e  of t h i s  work ha s m e a n t  that s o m e  

r e s u l t s  h a v e  not be e n  p u b l i s h e d . ]  Q u i t e  r e m a r k a b l y  r e g u l a r  w a v e  

s t r u c t u r e s  w e r e  f o u n d  to be i n d u c e d  on the s u r f a c e  of c o n d e n s a t e  f i l m s  

by the d e s t a b i l i z i n g  e f f e c t  of the e l e c t r i c  field. S t a b i l i t y  a n a l y s e s  

u s i n g  l i n e a r i z e d  p e r t u r b a t i o n  m e t h o d s  g a v e  v e r y  e f f e c t i v e  m e a n s  of 

p r e d i c t i n g  the w a v e l e n g t h  of t h e s e  t w o - d i m e n s i o n a l  w a v e t r a i n s  on the 

f i l m  s u r f a c e s .

S o m e  r e s e a r c h e r s  ( p a r t i c u l a r l y  M e l c h e r  C7 6 ] , C77]) had a l r e a d y  

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

d e s t a b i l i z e s  an i s o t h e r m a l  v a p o u r - l i q u i d  i n t e r f a c e .  O t h e r  r e s e a r c h e r s  

to p e r f o r m  s i m i l a r  s t a b i l i t y  a n a l y s e s  i n c l u d e d  T a y l o r  and M c E w e n  [109], 

Lee and Choi [68], M i c h a e l  [ 7 8 ] , [ 7 9 ] ,  Mi c h a e l  and O ' N e i l l  [80] and Choi 

and R e y n o l d s  [22]. T h e  l a t t e r  s t u d y  s t a n d s  out f r o m  the o t h e r s  in that 

Choi and R e y n o l d s  s u c c e e d e d  in e x t e n d i n g  t h e i r  a n a l y s i s  f r o m  the 

p r e d i c t i o n  of i n s t a b i l i t y  w a v e l e n g t h  to the d e v e l o p m e n t  of a m e a n s  of 

c o r r e l a t i n g  t h e i r  EH D c o n d e n s a t i o n  h e a t  t r a n s f e r  r e s u l t s  on the b a s i s  

of the p r e d i c t e d  w a v e l e n g t h .  C h a p t e r  4 d e s c r i b e s  h o w  t h i s  c o r r e l a t i o n  

ha s been used, for th e f i r s t  t i m e  s i n c e  R e y n o l d s  and C h o i ' s  work, to 

c o r r e l a t e  s u c c e s s f u l l y  o t h e r  EH D c o n d e n s a t i o n  d a t a  i n c l u d i n g  t h o s e  of 

the p r e s e n t  study.

Lee and Choi [68] w e r e  a l o n e  in p e r f o r m i n g  i s o t h e r m a l  

e x p e r i m e n t s  on a d i e l e c t r i c  l i q u i d  (a s i l i c o n e  fluid) to test t h e i r  

a n a l y s i s  a g a i n s t  t h e  i n f l u e n c e  of l i q u i d  f l o w  that w o u l d  o c c u r  in a 

c o n d e n s a t e  f i l m  (other t h e o r e t i c a l  a n a l y s e s  o n l y  c o n s i d e r e d  s t a t i o n a r y  

l i q u i d s  and v a p o u r s ) .  T h i s  w o r k  wa s e x t r e m e l y  v a l u a b l e  as it y i e l d e d  

an e x p l a n a t i o n  as to why t h r e e - d i m e n s i o n a l  w a v e  i n s t a b i l i t i e s  are 

o b s e r v e d  on e l e c t r i c a l l y  s t r e s s e d  s t a t i o n a r y  v a p o u r - l i q u i d  i n t e r f a c e s  

yet m o v i n g  c o n d e n s a t e  f i l m s  can g i v e  o n l y  t w o - d i m e n s i o n a l  w a v e f o r m s
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(the w a v e t r a i n  parallel . to l i q u i d  -flow is d a m p e d  out). Le e and Choi 

a l s o  e x a m i n e d  t h e o r e t i c a l l y  th e  e f f e c t  of th e p r e s e n c e  of e l e c t r i c  

c h a r g e s  in the c o n d e n s a t e  f i l m  s u r f a c e  on the c r i t i c a l  f i e l d  s t r e n g t h  

r e q u i r e d  to i n i t i a t e  an EH D i n s t a b i l i t y  and fo u n d  that the l a t t e r  wa s 

d e p e n d e n t  on a c h a r a c t e r i s t i c  t i m e  r a t i o ,  t', the r a t i o  of the c h a r g e  

r e l a x a t i o n  t i m e  c o n s t a n t  of th e f l u i d  ,t"*(ei./cn.) to the t i m e  a g i v e n  

s u r f a c e  e l e m e n t  of t h e  c o n d e n s a t e  f i l m  s p e n t  u n d e r  th e i n f l u e n c e  of the 

e l e c t r i c  field.

The n u m b e r  of p r e v i o u s  e x p e r i m e n t a l  s t u d i e s  of EH D  e n h a n c e d  

c o n d e n s a t i o n  h a s  b e e n  v e r y  l i m i te d. O n l y  six s e t s  of d a t a  h a v e  be en 

f o u n d  by th e p r e s e n t  a u t h o r ,  all p r i n c i p a l l y  i n v e s t i g a t i n g  f l u o r i n a t e d  

h y d r o c a r b o n s  (Freons). T h e s e  heat t r a n s f e r  f l u i d s  h a v e  be en mo st 

e x t e n s i v e l y  i n v e s t i g a t e d  b e c a u s e  of th e i r  f a v o u r a b l e  e l e c t r i c a l  

p r o p e r t i e s  and t h e i r  w i d e  c o m m e r c i a l  us e in v a p o u r  r e c o m p r e s s i o n  p l a n t  

(e.g. r e f r i g e r a t o r s ) . F a l l o w i n g  an the work of r e f e r e n c e s  [43] and

[114], in 1965 Choi and R e y n o l d s  r e p o r t e d  r e s u l t s  for EH D e n h a n c e d  

c o n d e n s a t i o n  of R 113 on the i n s i d e  of a v e r t i c a l  t u b e  and t h i s  was 

l a t e r  gi v e n  a w i d e r  d i s s e m i n a t i o n  by Choi in 1968 C 213. T h i s  

e x p e r i m e n t a l  work v a l i d a t e d  t h e i r  c o r r e l a t i o n  m e t h o d  and s o m e  of the 

e x p e r i m e n t a l  d a t a  is r e p r o d u c e d  in Fig. 4.19.

In 1970 H o l m e s  and C h a p m a n  [53] r e p o r t e d  a s t u d y  of EH D e n h a n c e d  

c o n d e n s a t i o n  of R 1 1 4  on an i n c l i n e d  fl at p l a t e  h e a t  t r a n s f e r  s u r f a c e  

s t r e s s e d  by an a.c. f i e l d  d e v e l o p e d  b e t w e e n  t h i s  p l a t e  and a s e c o n d  

p o s i t i o n e d  w i t h  v a r i a b l e  i n c l i n a t i o n  to th e first. No f i r m  c o n c l u s i o n s  

w e r e  d e v e l o p e d  a l t h o u g h  heat t r a n s f e r  e n h a n c e m e n t s  of up to a f a c t o r  of 

ten w e r e  c l a i m e d .  T h e s e  a u t h o r s  used a t h e o r e t i c a l  a n a l y s i s  d e v e l o p e d  

by H o l m e s  [52] to mo del c o n d e n s a t i o n  e n h a n c e m e n t .  H o w e v e r ,  the p r e s e n t  

a u t h o r  f e e l s  th at t h i s  wa s not well a r g u e d  and th at the a p p r o a c h  of 

Choi et al ha s be en s h o w n  to be of g r e a t e r  u t i l i t y .  The a p p a r a t u s  us ed 

by H o l m e s  and C h a p m a n  was a l s o  p r o n e  to s e v e r e  f i e l d  d i s t o r t i o n  at the 

e d g e s  of th e h e at t r a n s f e r  s u r f a c e  and e l e c t r o d e  w h i c h  will h a v e  

p r o d u c e d  n o n - u n i f o r m i t i e s  of f i e l d  on th e  fi lm s u r f a c e  and ma y e x p l a i n  

the very l a r g e  s c a t t e r  in the e x p e r i m e n t a l  re s u l t s .

Seth and L e e  [98] p e r f o r m e d  e x p e r i m e n t s  on EH D e n h a n c e d  

c o n d e n s a t i o n  he at t r a n s f e r  f r o m  R 113 on a s m o o t h  h o r i z o n t a l  tube. T h e y  

sa w  one p o s s i b l e  b e n e f i t  of EH D  e n h a n c e m e n t  as c o m p e n s a t i o n  for the
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d e t e r i o r a t i o n  of h e a t  t r a n s f e r  due to the p r e s e n c e  of n o n - c o n d e n s i b l e  

g a s e s  in the r e f r i g e r a n t  vapour. T h e s e  g a s e s  are n o r m a l l y  r e m o v e d  or 

" p u r g e d "  f r o m  e q u i p m e n t  d u r i n g  commissioning,' h o w e v e r ,  if p r e s e n t  by 

s o m e  a c c i d e n t  t h e y  will be dr a w n  to th e heat t r a n s f e r  s u r f a c e  and f o r m  

a b a r r i e r  to the d i f f u s i o n  of the r e f r i g e r a n t  v a p o u r  ther e. I n c r e a s e s  

in he at t r a n s f e r  c o e f f i c i e n t  of up to 60 %  we re r e p o r t e d  for an a p p l i e d  

f i e l d  of s o m e  1 . 4 M V / m  ( w h e th er d.c. or a.c. f i e l d s  w e r e  us ed was not 

c l e a r ,  a l t h o u g h  J o n e s  [61] ha s s t a t e d  that " a p p a r e n t l y "  d.c. f i e l d s  

w e r e  used). S i n c e  th e e f f e c t  of n o n - c o n d e n s i b l e  ga s c o n t a m i n a t i o n  was 

f o u n d  to be d r a m a t i c ,  S e t h  and Le e  c o n c l u d e d  that EH D  e n h a n c e m e n t  c o u l d  

o v e r c o m e  the e f f e c t s  of c o n t a m i n a t i o n  o n l y  if a fe w  p e r c e n t  of 

n o n - c o n d e n s i b l e s  w e r e  p r e s e n t .  D e s p i t e  th is th e i r  s t u d y  did e x a m i n e  a 

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

h o r i z o n t a l  s h e l l - t u b e  c o n d e n s e r  and i n d i c a t e d  that E H D  t e c h n i q u e s  c o u l d  

p r o d u c e  w o r t h w h i l e  e n h a n c e m e n t .

The most r e c e n t  EHD c o n d e n s a t i o n  s t u d y  k n o w n  to th e p r e s e n t  

a u t h o r  was c a r r i e d  out by the R u s s i a n  r e s e a r c h e r s  D i d k o v s k y  and S o l o g a  

[31] who i n v e s t i g a t e d  EHD e n h a n c e d  c o n d e n s a t i o n  of F r e o n  113, n - h e x a n e  

and d i e t h y l e t h e r  on a v e r t i c a l  f l at plat e. U s in g d.c. e l e c t r i c  f i e l d  

s t r e n g t h s  of up to 10 0 M V /m t h e y  r e p o r t e d  a t e n f o l d  i n c r e a s e  in h e a t  

t r a n s f e r  for R113. Th e i r  r e p o r t  i n c l u d e d  s o m e  v e r y  i n f o r m a t i v e  

p h o t o g r a p h i c  r e c o r d s  of EHD i n s t a b i l i t y  w a v e  p a t t e r n s  on th e c o n d e n s a t e  

film. T h e s e  s h o w e d  that at hi gh f i e l d  s t r e n g t h s  c o n d e n s a t e  w o u l d  

b r i d g e  the i n t e r - e l e c t r o d e  gap t h i n n i n g  the f i l m  by a fo rm of 

e l e c t r o s t a t i c  p u m p i n g  p o s t u l a t e d  as m e c h a n i s m  vi) by V e l k o f f  and M i l l e r  

[114] above. A s e c o n d  a p p a r a t u s  wa s a l s o  us ed to a s s e s s  the h e i g h t  of 

th e EH D i n d u c e d  f i l m  i n s t a b i l i t y  p e a k s  a l t h o u g h  no m e a s u r e m e n t  was m a d e  

of i n s t a b i l i t y  a m p l i t u d e  per se. D i d k o v s k y  and B o l o g a  c o r r e l a t e d  th e i r  

d a t a  us i n g  f i v e  d i m e n s i o n l e s s  g r o u p s ,  t h r e e  r e l a t i n g  to t h e  z e r o - f i e l d  

h e a t  t r a n s f e r  p a r a m e t e r s  and two to t h o s e  for th e E H D  e f f e c t s  w h i c h  

w e r e  o r i g i n a l l y  d e r i v e d  by Le e and Choi [68]. T w o  c o r r e l a t i o n s  w e r e  

p r e s e n t e d ,  one for p r e s c r i b e d  h e at fl ux d e n s i t y  and on e for p r e s c r i b e d  

v a p o u r - w a l l  t e m p e r a t u r e  d i f f e r e n c e .  T h e s e  c o r r e l a t i o n s  a p p e a r  to h a v e  

be en d e r i v e d  u s i n g  r e g r e s s i o n  a n a l y s e s  on the e x p e r i m e n t a l  d a t a  and th e 

a u t h o r s  c l a i m  that the e x p e r i m e n t a l  d a t a  of r e f e r e n c e s  [114], [21] and 

[53] are a l s o  " s a t i s f a c t o r i l y "  c o r r e l a t e d  by the d i m e n s i o n  less 

r e l a t i o n  p r e s e n t e d  t h o u g h  no f u r t h e r  d e t a i l s  w e r e  give n. H o w e v e r ,  as 

n o t e d  in' C h a p t e r  4, the r e l a t i v e l y  s i m p l e  c o r r e l a t i o n  of Choi and
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R e y n o l d s  C223 a p p e a r s  to h a v e  be en e q u a l l y  ac c u r a t e .

In s u m m a r y ,  r e l a t i v e l y  l i t t l e  e x p e r i m e n t a l  wo r k  has p r e v i o u s l y  

b e e n  d o n e  on EHD c o n d e n s a t i o n  and th e  a p p a r a t u s  u s e d  h a v e  b e e n  

c o n s i d e r a b l y  r e m o v e d  -from a r r a n g e m e n t s  s u i t a b l e  for a p r a c t i c a l  

a p p l i c a t i o n  o-f the EH D  e n h a n c e m e n t  t e c h n i q u e .  In p a r t i c u l a r ,  the 

p r o b l e m  of a s u i t a b l e  g e o m e t r y  of h e a t  t r a n s f e r  s u r f a c e s  and e l e c t r o d e s  

h a s  not b e e n  a n a l y s e d .  It h a s  be en s h o w n  by p r e v i o u s  w o r k  t h a t : -

a) E H D  c o n d e n s a t i o n  e n h a n c e m e n t  can p r o d u c e  s u b s t a n t i a l  i n c r e a s e s  in 

h e a t  t r a n s f e r  rates.

b) L i n e a r  p e r t u r b a t i o n  a n a l y s e s  can a c c u r a t e l y  p r e d i c t  i n s t a b i l i t y  

w a v e l e n g t h  and model s o m e  a s p e c t s  of th e  r e l a t i o n  b e t w e e n  i n s t a b i l i t y  

f o r m a t i o n ,  c o n d e n s a t e  f l o w  r a t e  and c o n d e n s a t e  e l e c t r i c a l  p r o p e r t i e s .

Th e p r e s e n t  s t u d y  h a s  t h e r e f o r e  a t t e m p t e d  to m a k e  s o m e  h e a d w a y  

t o w a r d s  f i l l i n g  th e d e v e l o p m e n t a l  gap b e t w e e n  p r e v i o u s  f u n d a m e n t a l  

r e s e a r c h  and the r e q u i r e m e n t s  of p r a c t i c a l  heat t r a n s f e r  e n g i n e e r i n g .

2.3 EHD B O I L I N G

At the b e g i n n i n g  of t h i s  c h a p t e r  it was s t a t e d  th at S e n f t l e b e n  

and B r a u n  1971 r e p o r t e d  the f i r s t  work on EHD e n h a n c e d  he a t  t r a n s f e r .  

It is n o w  a p p a r e n t  ( t h r o u g h  the r e s e a r c h  r e q u i r e d  to v a l i d a t e  th e 

p a t e n t  a p p l i c a t i o n s  r e s u l t i n g  f r o m  th e p r e s e n t  study) th at a much 

e a r l i e r  s t u d y  was c o n d u c t e d  l e a d i n g  to a UK p a t e n t  a p p l i c a t i o n  (No. 

10 0, 79 6) C233 in 1916 by the B r i t i s h  W e s t i n g h o u s e  E l e c t r i c  and 

M a n u f a c t u r i n g  Co. Ltd. ( " a s s i g n e e s "  of L. W. Chubb) on " I m p r o v e m e n t s  

r e l a t i n g  to m e t h o d s  and a p p a r a t u s  for h e a t i n g  l i q u i d s ” . T h i s  r e f e r r e d  

to th e use of EH D f i l m  b o i l i n g  e n h a n c e m e n t  w h e r e  a h i g h  v o l t a g e  

e l e c t r o d e  p l a c e d  in a l i q u i d  wo u l d  d e s t a b i l i z e  th e v a p o u r  f i l m  f o r m e d  

at the b o i l i n g  heat t r a n s f e r  s u r f a c e  at h i g h  r a t e s  of h e a t  flux in the 

s a m e  wa y that a l i q u i d  c o n d e n s a t e  f i l m  can be e l e c t r i c a l l y  

d e s t a b i l i z e d .

At le as t four d e c a d e s  w e r e  to p a s s  b e f o r e  a q u a n t i t a t i v e  s t u d y  

of E H D  e n h a n c e d  b o i l i n g  was c a r r i e d  out by B o c h i r o l ,  B o n j o u r  and Weil
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[15] p u b l i s h e d  in 1960. T h i s  n a r k e d  the b e g i n n i n g  of a r e l a t i v e l y  

i n t e n s e  p e r i o d  of r e s e a r c h  c o m p a r e d  with that on EHD c o n d e n s a t i o n .  

Indeed, the r e v i e w  o-F EHD r e s e a r c h  by J o n e s  C611 c i t e d  a total of 32 

s t u d i e s  on EH D  b o i l i n g  a g a i n s t  7 for EHD c o n d e n s a t i o n .  Th e a t t r a c t i o n  

of the s u b j e c t  p r o b a b l y  la y in the v e r y  g r e a t  i n c r e a s e s  in he at 

t r a n s f e r  r a t e  that co u l d  be a c h i e v e d  by EHD d e s t a b i l i z a t i o n  of f i l m  

b o i l i n g  to p r o d u c e  n u c l e a t e  b o i l i n g  (where a s u b s t a n t i a l  pa rt of the 

he at t r a n s f e r  s u r f a c e  is in c o n t a c t  with the l i q u i d  p h a s e  of the he at 

t r a n s f e r  m e d i u m  and v a p o u r  is p r o d u c e d  at i n d i v i d u a l  n u c l e a t i o n  s i t e s  

on the h e a t  t r a n s f e r  s u r f a c e ) .  The t h e o r e t i c a l  m o d e l l i n g  of th is 

p a r t i c u l a r  EH D  p h e n o m e n o n  ha s g e n e r a l l y  i n v o l v e d  p e r t u r b a t i o n  m e t h o d s  

v e r y  s i m i l a r  to t h o s e  us ed for c o n d e n s a t e  f i l m  d e s t a b i l i z a t i o n  

a n a l y s i s .  By such m e a n s  the w a v e l e n g t h  b e t w e e n  b u b b l e  r e l e a s e  p o i n t s  

on the v a p o u r  f i l m - l i q u i d  i n t e r f a c e  h a s  been a c c u r a t e l y  p r e d i c t e d .  A 

n u m b e r  of a u t h o r s  (e.g. B e r g h m a n s  C 11] and J o n e s  and S c h a e f f e r  C63]) 

h a v e  f u r t h e r  d e v e l o p e d  t h i s  t y p e  of a n a l y s i s  to p r e d i c t  the EH D  i n d u c e d  

i n c r e a s e  in the " m a x i m u m  h e a t  fl ux" (i.e. th at he at flux a t t a i n a b l e  

u n d e r  the n u c l e a t e  b o i l i n g  r e g i m e ;  at h i g h e r  l i q u i d - w a l l  s u p e r h e a t s  the 

v a p o u r  g e n e r a t i o n  r a t e  b e c o m e s  s u f f i c i e n t l y  g r e a t  to c a u s e  f i l m  b o i l i n g  

and a drop in h e a t  flux, se e c h a p t e r  6).

A g r e a t  m a n y  e x p e r i m e n t a l  s t u d i e s  of E H D  b o i l i n g  h a v e  be en 

r e p o r t e d  an d s u b s e q u e n t l y  r e v i e w e d  by J o n e s  1611. T h e  r a n g e  of l i q u i d s  

s t u d i e d  so far ha s b e en l i m i t e d  to t h o s e  p o p u l a r  in EHD w o r k  (i.e. the 

F r e o n s ,  n - h e x a n e ,  e t h y l - e t h e r ,  etc.) but w a t e r  ha s a l s o  be en 

i n v e s t i g a t e d .  M a r k e l s  and D u r f e e  C72], [73] c o n d u c t e d  a n u m b e r  of 

e x p e r i m e n t s  on w a t e r  b o i l i n g  on th e i n s i d e  and o u t s i d e  of s t e a m  h e a t e d  

tubes. T h e y  p o s t u l a t e d  th at with the a p p l i c a t i o n  of d.c. f i e l d s  

c o u l o m b i c  (or e l e c t r o p h o r e t i c )  f o r c e s  c o u l d  d o m i n a t e  ov er the 

d i e l e c t r o p h o r e t i c  f o r c e s  t h a t  had p r e v i o u s l y  be en h e l d  by most 

r e s e a r c h e r s  to p r o v i d e  th e m a j o r  f o r c e  f i e l d  on b u b b l e s  and 

v a p o u r - l i q u i d  i n t e r f a c e s  g e n e r a l l y .  S i n c e  w a te r, even wh en d e i o n i z e d ,  

ha s a r e l a t i v e l y  h i gh e l e c t r i c a l  c o n d u c t i v i t y  c o n s i d e r a b l e  io nic 

h e a t i n g  o c c u r r e d  in t h e s e  e x p e r i m e n t s .  H o w e v e r ,  M a r k e l s  and D u r f e e  

u s e d  the c o n c e p t  of an " a m p l i f i c a t i o n  f a c t o r "  to r e l a t e  t h e  EH D  i n d u c e d  

i n c r e a s e  in he at flux to th e po w e r  i n pu t to the e l e c t r i c  field. 

A l t h o u g h  a m p l i f i c a t i o n  f a c t o r s  w e r e  c o n s i d e r a b l y  s m a l l e r  th an for ot h e r  

m o r e  i n s u l a t i n g  f l u i d s ,  t h e s e  r e s e a r c h e r s  h a v e  s h o w n  that p o s s i b i l i t i e s  

e x i s t  for E H D  e n h a n c e m e n t  of w a t e r  b o i l i n g  and t h i s  o p e n s  up a m a s s i v e
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r a n g e  o-f p o t e n t i a l  e n g i n e e r i n g  a p p l i c a t i o n s .

The r e l a t i v e  i m p o r t a n c e  of e l e c t r o p h o r e t i c  and d i e l e c t r o p h o r e t i c  

f o r c e s  has not yet been f u l l y  e s t a b l i s h e d  with v a r i o u s  a u t h o r s  m a k i n g  

q u i t e  c o n t r a d i c t o r y  clai ms . A g a i n s t  M a r k e l s  and D u r f e e ' s  b e l i e f  that 

c o u l o m b i c  f o r c e s  can d o m i n a t e ,  L a z a r e n k o  et al C 67 3 s t a t e d  that 

p r e v i o u s  R u s s i a n  r e s e a r c h  d e m o n s t r a t e d  that "gas b u b b l e s  in a c h a r g e d  

li q u i d  do not t r a n s p o r t  c h a r g e "  (though th e y  w i s h e d  to a n a l y s e  th is 

fu r t h e r )  and B o n j o u r  et al [16] m a d e  no m e n t i o n  of e l e c t r o p h o r e t i c  

f o r c e s  a f f e c t i n g  EHD b o i l i n g  ev e n  t h o u g h  t h e i r  a n a l y s i s  of s i n g l e - p h a s e  

EH D heat t r a n s f e r  in th e s a m e  p a p e r  d e t a i l e d  a c o r r e l a t i o n  m e t h o d  b a s e d  

on e l e c t r i c a l  c o n d u c t i o n  c h a r a c t e r i s t i c s  of the fl u i d  in q u e s t i o n .  

C o n s i d e r a b l e  f u n d a m e n t a l  r e s e a r c h  has yet to be d o n e  to i d e n t i f y  the 

tr ue n a t u r e  of the f o r c e s  i n d u c e d  in E H D  b o i l i n g  - it ma y  be, for 

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

e a r l y  s t a g e s  of b u b b l e  f o r m a t i o n  w h i l e  d i e l e c t r o p h o r e s i s  d o m i n a t e s  when 

t h e  v a p o u r - l i q u i d  i n t e r f a c e  is r e l a t i v e l y  d i s t a n t  f r o m  the h e a t  

t r a n s f e r  s u r f a c e .

P r e v i o u s  r e s e a r c h e r s  h a v e  a l m o s t  e x c l u s i v e l y  d e a l t  with f i l m  

b o i l i n g  an d EH D  d e s t a b i l i z a t i o n  t h e r e o f .  S o m e  s t u d i e s  have, in 

p a s s i n g , p r e s e n t e d  EH D r e s u l t s  for n u c l e a t e  b o i l i n g  (e.g. [16]); 

h o w e v e r ,  no a n a l y s i s  of t h i s  ha s been p r e v i o u s l y  r e p o r t e d  . Th e e f f e c t  

of e l e c t r i c  f i e l d s  on th e n u c l e a t i o n  p r o c e s s  it s e l f  has be en 

i n v e s t i g a t e d  q u a l i t a t i v e l y  by J a l a l u d d i n  and S i h n a  [59] and B a s u  [9] 

who f o u n d  th at an e l e c t r i c  fi el d c o u l d  a r t i f i c i a l l y  s t i m u l a t e  the 

f o r m a t i o n  of n u c l e a t i o n  s i t e s  on a b o i l i n g  heat t r a n s f e r  s u r f a c e  

t h e r e b y  r e d u c i n g  or e l i m i n a t i n g  b o i l i n g  h y s t e r e s i s  (i.e. w h e r e  a 

r e l a t i v e l y  l a r g e  l i q u i d - w a l l  s u p e r h e a t  is r e q u i r e d  to i n i t i a t e  b o i l i n g  

w h i c h  will th en c o n t i n u e  at m u c h  lo wer s u p e r h e a t s ) .  The p r e s e n t  s t u d y  

h a s  i n v e s t i g a t e d  t h e s e  l a t t e r  two a s p e c t s o f  b o i l i n g  (i.e. n u c l e a t i o n  

a c t i v a t i o n  and n u c l e a t e  b o i l i n g )  as t h e s e  are v e r y  much m o r e  r e l e v a n t  

to the n e e d s  of e n g i n e e r i n g  pl a n t  than the i n v e s t i g a t i o n  of f i l m  

b o i l i n g  w h i c h  is g e n e r a l l y  to be av o i d e d .

U n l i k e  s o m e  EH D  s i t u a t i o n s ,  it a p p e a r s  l i k e l y  that o t h e r  b o i l i n g  

e n h a n c e m e n t  t e c h n i q u e s  c o u l d  c o m p l e m e n t  th e EH D m e t h o d  (i.e. be us ed 

in the s a m e  he at e x c h a n g e r ) .  In p a r t i c u l a r ,  d e v e l o p m e n t s  in the 

a p p l i c a t i o n  of sp e c i a l  p o r o u s  s u r f a c e s  (e.g. " H I S H - F L U X " )  to s m o o t h
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he at t r a n s f e r  s u r f a c e s  and v a r i o u s  in t e g r a l  fin a r r a n g e m e n t s  (e.g. the 

" T h e r m o - E x e l " r a n g e  of tubes) mi gh t be p r o f i t a b l y  c o m b i n e d  with EHD 

e n h a n c e m e n t  to p r o d u c e  e x t r e m e l y  high b o i l i n g  he a t  t r a n s f e r  

c o e f f i c i e n t s .  Webb C 117 3 ha s r e c e n t l y  r e v i e w e d  m a n y  of th e s e  

z e r o - f i e l d  e n h a n c e m e n t  t e c h n i q u e s .  In C h a p t e r  5 b e l o w  r e s u l t s  are 

p r e s e n t e d  for EHD e n h a n c e m e n t  of b o i l i n g  on i n t e g r a l l y  f i n n e d  t u b e s  

s h o w i n g  i n c r e a s e s  in h e at t r a n s f e r  of up to an o r d e r  of m a g n i t u d e .
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C H . 3. EHD E F F E C T S  ON C O N D E N S A T I O N  HEftT T R A N S F E R :  T H E O R Y

The e f f e c t  of a s u f f i c i e n t l y  i n t e n s e  e l e c t r i c  fi e l d  on a 

t w o - p h a s e  heat t r a n s f e r  s i t u a t i o n  is to i n c r e a s e  the r a t e  of heat 

fl ow by m o d i f y i n g  th e c o n v e c t i v e  f l o w  in t h e  he at t r a n s f e r  me di um . 

In c o n t r a s t  to th e s i n g l e - p h a s e  c a s e  w h e r e  e l e c t r i c  b o d y  f a r c e s  in 

the w o r k i n g  f l u i d  r e s u l t  f r o m  the v a r i a t i o n  in e l e c t r i c a l  

p e r m i t t i v i t y ,  e, and c o n d u c t i v i t y ,  <r, t h r o u g h o u t  th e t e m p e r a t u r e  

fiel d, t w o - p h a s e  EH D  f o r c e s  aris e, p r i m a r i l y ,  as a r e s u l t  of the 

d i s t i n c t  v a l u e s  of e and a~ p e r t a i n i n g  to the l i q u i d  and v a p o u r  

phas es . The t w o - p h a s e  p h e n o m e n e n a  may be c h a r a c t e r i z e d  by 

i n t e r f a c i a l  e f f e c t s  (i.e. m o d i f i c a t i o n  of the v a p o u r - l i q u i d  

b o u n d a r y )  w h i l e  for th e s i n g l e - p h a s e  c a s e  the e f f e c t s  a p p e a r  w i t h i n  

a c o n t i n u o u s  medi um .

In n e a r l y  all p r a c t i c a l  e n g i n e e r i n g  s i t u a t i o n s  

c o n d e n s a t i o n  h e a t  t r a n s f e r  o c c u r s  as f i l m  c o n d e n s a t i o n  w h e r e  a 

v a p o u r  at the s y s t e m  s a t u r a t i o n  t e m p e r a t u r e ,  T s , c o n d e n s e s  on a b o d y  

at a l o we r t e m p e r a t u r e ,  Tw, s u r r e n d e r i n g  th e l a t e n t  h e at of 

v a p o r i z a t i o n  to that body. A t h e o r e t i c a l  a n a l y s i s  of t h i s  s i t u a t i o n  

was f i r s t  r e p o r t e d  by N u s s e l t  in 19 16 and a ve r y  g o o d  a c c o u n t  of 

t h i s  m a y  be f o u n d  in J a k o b  C573. We shall b r i e f l y  c o n s i d e r  the 

c l a s s i c a l  t r e a t m e n t  of a v a p o u r  c o n d e n s i n g  on a flat v e r t i c a l  p l a t e  

and th en d e t e r m i n e  h o w  an e l e c t r i c  f i e l d  a f f e c t s  t h i s  s i t u a t i o n .

3,1 EH D D E S T A B I L I Z A T I O N  OF A C O N D E N S A T E  F I L M

Fig. 3.1 s h o w s  a v a p o u r  c o n d e n s i n g  on a co l d  p l a t e  

f o r m i n g  a f i l m  of l i q u i d  w h i c h  th en f l o w s  do wn the p l a t e  u n d e r  the 

i n f l u e n c e  of g r a v i t y .  N u s s e l t  s h o w e d  f i r s t l y  th at th e v e l o c i t y  

p r o f i l e  in the c o n d e n s a t e  f i l m  is p a r a b o l i c ,  then, g i v e n  a c o n s t a n t  

t e m p e r a t u r e  d i f f e r e n c e  (Ta - T w ) b e t w e e n  th e v a p o u r - l i q u i d  i n t e r f a c e  

and the wall, the local r a t e  of h e a t  t r a n s f e r  t h r o u g h  the f i l m  is 

p r o p o r t i o n a l  to th e f i l m  t h er ma l c o n d u c t i v i t y  and th e r e c i p r o c a l  of 

the f i l m  t h i c k n e s s .  By c o m p a r i n g  the r a t e  of l i q u i d  g e n e r a t i o n ,  

fi lm t h i c k n e s s  and th e r a t e  of heat c o n d u c t i o n  t h r o u g h  the f i l m  the 

local h e a t  t r a n s f e r  c o e f f i c i e n t  ma y  be c a l c u l a t e d .  Th us, the mean
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Fig.  3.1 Condensate f i lm development on a v e r t i c a l  plate .
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heat t r a n s f e r  c o e f f i c i e n t ,  h m , over a p l a t e  of h e i g h t  L is g i v e n  by:

h m L  . .*//3̂ g i q kl  3 V  4 yUuL(Ts-Tw) (3.1)

w h e r e  yoL is the l i q u i d  d e n s i t y ,  g a c c e l e r a t i o n  d u e  to g r a v i t y ,  

ifa the l a t e n t  he at of v a p o r i z a t i o n ,  k L th e l i q u i d  th e r m a l  

c o n d u c t i v i t y  a n d y u L l i q u i d  d y n a m i c  v i s c o s i t y .  N u s s e l t ' s  a n a l y s i s  

was r e l a t i v e l y  s i m p l i s t i c ,  and s e v e r a l  a s s u m p t i o n s  w e r e  m a d e  w h i c h  

do not h o l d  in p r a c t i c e  (e.g. c o n s t a n t  f l u i d  p r o p e r t i e s  in the 

c o n d e n s a t e  film, h e a t  is t r a n s m i t t e d  to the p l a t e  by c o n d u c t i o n  

alone, the f i l m  s u r f a c e  is n o m i n a l l y  flat in the x - d i r e c t i o n ,  z e r o  

v a p o u r  v e l o c i t y  at f i l m  s u r f a c e ,  etc. ). D e s p i t e  t h e s e  a s s u m p t i o n s ,  

good a g r e e m e n t  ha s b e e n  d e m o n s t r a t e d  b e t w e e n  the t h e o r y  and 

e x p e r i m e n t a l  o b s e r v a t i o n s ,  a l t h o u g h  th e N u s s e l t  p r e d i c t i o n  of he at 

t r a n s f e r  c o e f f i c i e n t  t e n d s  to be s l i g h t l y  less t h an that f o u n d  in 

p r a c t i c e .

Fig. 3. 2  i l l u s t r a t e s  the s a m e  s i t u a t i o n  as a b o v e  but 

with an e l e c t r i c  fi e l d ,  E, a p p l i e d  p e r p e n d i c u l a r l y  to the v e r t i c a l  

plate, t h i s  fi e l d  will p r o d u c e  an e l e c t r i c a l  p r e s s u r e ,  p E , on the 

n o m i n a l l y  flat s u r f a c e  of th e c o n d e n s a t e  film. p E is d e t e r m i n e d  

fr om the M a x w e l l  S t r e s s  T e n s o r  [1071:

Hij = euEiEj - - ^ S u E 2 I
w h e r e  E l. is th e l i q u i d  p e r m i t t i v i t y ,  

may be r e d u c e d  to:

(3.2)
6 ■ 1 : i = j"

6 = 0 : i7*.L 
In th e  p r e s e n t  c a s e  th i s

p E = - - ~ E 2 (3.3)

For a p e r f e c t l y  flat f i l m  p E will be c o n s t a n t  a c r o s s  the 

w h o l e  v a p o u r - l i q u i d  i n t e r f a c e  and no c h a n g e  will re s u l t .  In a 

p r a c t i c a l  s i t u a t i o n ,  h o w e v e r ,  th is will not be th e c a s e  and small 

p e r t u r b a t i o n s  in th e v a p o u r - l i q u i d  i n t e r f a c e  will be p r e s e n t .  

N o r m a l l y  s u r f a c e  t e n s i o n  f o r c e s  will tend to r e s t o r e  the f i l m  

s u r f a c e  to a n o m i n a l l y  fl at p r o f i l e ,  but if a s u f f i c i e n t l y  i n t e n s e  

fi e l d  is a p p l i e d  th e p e r t u r b a t i o n s  will g r o w  and the f i l m  b e c o m e s  

u n s t a b l e .  It is t h i s  EH D i n s t a b i l i t y  w h i c h  r e s u l t s  in i n c r e a s e s  in 

the he at t r a n s f e r  c o e f f i c i e n t .
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A s u f f i c i e n t l y  i n t e n s e  -field, E, c a u s e s  g r o w t h  r a t h e r  

than s u p p r e s s i o n  of th e p e r t u r b a t i o n  for the f o l l o w i n g  r e a s o n : *  in a 

n o n - u n i f o r m  e l e c t r i c  f i e l d  m a t e r i a l  of g r e a t e s t  p e r m i t t i v i t y ,  e, is 

a t t r a c t e d  most s t r o n g l y  to r e g i o n s  w h e r e  the f i e l d  is most in tense. 

A p e r t u r b a t i o n  p r o d u c i n g  a p r o t u b e r e n c e  in th e c o n d e n s a t e  f i l m  in 

Fig. 3. 2 r e s u l t s  in a l o c a l l y  i n t e n s e  fi el d at th at p o i n t  r e s u l t i n g  

in f u r t h e r  g r o w t h  of t h a t  d i s t u r b a n c e .

In p r a c t i c e  a r e g u l a r  s t a n d i n g  w a v e  t y p e  s t r u c t u r e  f o r m s  

on the s u r f a c e  of the f i l m  (see Fig. 3.2) w h i c h  ma y be t w o -  or 

t h r e e - d i m e n s i o n a l  in form. T h e  e f f e c t  of t h i s  is to p r o d u c e  local 

v a r i a t i o n s  in h e a t  t r a n s f e r  t h r o u g h  the fi lm as the t h i c k n e s s  of the 

l a t t e r  v a r i e s  n o w  in bo th th e x- and the y- d i r e c t i o n .  Ev en if the 

mean t h i c k n e s s ,  6 m , of the f i l m  r e m a i n s  as it wa s  for the z e r o - f i e l d  

c a s e  ( a s s u m i n g  th e v o l u m e  of l i q u i d  in the f i l m  is u n c h a n g e d )  the 

mean h e a t  t r a n s f e r  t h r o u g h  th e f i l m  i n c r e a s e s  s i n c e  local heat 

t r a n s f e r  is d e p e n d e n t  on the th e r m a l  r e s i s t a n c e  of the f i l m  w h i c h  in 

turn is d e p e n d e n t  on th e  r e c i p r o c a l  of local f i l m  t h i c k n e s s .

To p r e d i c t  the n a t u r e  of the r e s u l t i n g  E H D  s u r f a c e  

d i s t u r b a n c e  a s t a b i l i t y  a n a l y s i s  ma y be c a r r i e d  out w h e r e  the 

init ia l d i s t u r b a n c e  is a s s u m e d  to be s i n u s o i d a l .  It is then 

p o s s i b l e  to p r e d i c t  the mo st u n s t a b l e  w a v e l e n g t h ,  7\*, of all 

p o s s i b l e  w a v e f o r m s  (i.e. th e w a v e l e n g t h  of the f a s t e s t  g r o w i n g  

w a v e f o r m  of e x t r e m e l y  small a m p l i t u d e )  f r o m  the d i f f e r e n t i a l  

e q u a t i o n s  g o v e r n i n g  all f o r c e s  a c t i n g  on the i n t e r f a c e .  S e v e r a l  

r e s e a r c h e r s  h a v e  p u r s u e d  th is t y p e  of a n a l y s i s  for e i t h e r  f i l m  

c o n d e n s a t i o n  or for i s o t h e r m a l  l i q u i d - v a p o u r  i n t e r f a c e s  

C 2 2 1 C 6 8 1 C 3 4 K 8 0 K 7 6 1 C 7 8 K 7 9 H 1 0 9 1 .  The m a t h e m a t i c s  i n v o l v e d  in 

t h e s e  w o r k s  is q u i t e  c o m p l e x  and will not be d i s c u s s e d  in gr e a t  

d e ta il , h o w e v e r ,  s o me a s p e c t s  of t h e s e  s t u d i e s  are of n o t e  and are 

c o n s i d e r e d  below.

The end r e s u l t  of t h e s e  s t a b i l i t y  a n a l y s e s  is the 

d e t e r m i n a t i o n  of A* f r o m  a " d i s p e r s i o n  r e l a t i o n " .  The i n it ia l wa v e  

d i s t u r b a n c e  (in the x - d i r e c t i o n  in the c a s e  of Fig. 3.2) is a s s u m e d  

to be g i v e n  by the real p a r t  of:

y = y 0 + a . e J < K * - W t > (3.4)
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Fig.  3.2 EHD d e s t a b i l i z e d  condensate f i lm.



wh e r e  y is th e local -film t h i c k n e s s ,  y 0 th e me an u n p e r t u r b e d  

value, a the a m p l i t u d e  of the d i s t u r b a n c e ,  K th e w a v e  n u m b e r ,  w the 

a n g u l a r  f r e q u e n c y ,  x the d i s t a n c e  in the x- d i r e c t i o n  and t is time. 

S i n c e  the m o v e m e n t  of the i n t e r f a c e  is in r e s p o n s e  to an i m p o s e d  

d i s t u r b a n c e  g i v e n  by (3.4) then K and w are no t i n d e p e n d e n t ,  and it 

is the d i s p e r s i o n  r e l a t i o n  w h i c h  d e t e r m i n e s  th e  " c h a r a c t e r i s t i c "  w 

a s s o c i a t e d  wi th ea c h  v a l u e  of K wh i c h ,  of c o u r s e ,  is r e l a t e d  to th e 

d i s t u r b a n c e  w a v e l e n g t h ,  ?\, by K=2 tt/?\. S h o u l d  th e  c h a r a c t e r i s t i c  w 

a s s o c i a t e d  with a g i v e n  v a l u e  of K be i m a g i n a r y  then, f r o m  e q u a t i o n

3.4, the w a v e f o r m  will g r o w  w i th i n c r e a s i n g  t i m e  i.e. it is 

u n s t a b l e .  D e t e r m i n a t i o n  of the mo s t  u n s t a b l e  w a v e l e n g t h ,  A * , is 

t h e r e f o r e  a m a t t e r  of us i n g  th e d i s p e r s i o n  r e l a t i o n  to d e t e r m i n e  the 

v a l u e  of K a s s o c i a t e d  with th e  l a r g e s t  p o s s i b l e  i m a g i n a r y  v a l u e  of 

w. Th e d i s p e r s i o n  r e l a t i o n  it s e l f  is a r e s u l t  of s o l v i n g  th e 

l i n e a r i z e d  e q u a t i o n s  of m o t i o n  and e l e c t r i c  p o t e n t i a l  (i.e. 

l i n e a r i z e d  by t a k i n g  the a m p l i t u d e  of the p e r t u r b a t i o n , a, to be so 

small that all p r o d u c t s  of the p e r t u r b a t i o n  v a r i a b l e s  can be 

n e g l e c t e d )  g i v e n  v a r i o u s  b o u n d a r y  c o n d i t i o n s  (e.g. a s s u m p t i o n s  as 

to the n a t u r e  of th e i n t e r f a c i a l  c h a r g e  layer, w h e t h e r  the f l u i d  is 

c o n s i d e r e d  to be an e l e c t r i c a l  c o n d u c t o r  or i n s u l a t o r ,  etc.).

H a v i n g  f o u n d  a m e a n s  of c a l c u l a t i n g  K  , the ma in p o i n t  

of i n t e r e s t  is th en the r e l a t i o n s h i p  b e t w e e n  and the a p p l i e d

f i e l d  E. F i r s t l y  it ha s b e en f o u n d  th at t h e  w a v e l e n g t h  of a 

d i s t u r b a n c e  is d e p e n d e n t  on p a r a m e t e r s  su ch as e L and E w h i c h  

d e t e r m i n e  the m a g n i t u d e  of d e s t a b i l i z i n g  f o r c e s  and s u r f a c e  t e n s i o n ,  

s, w h i c h  g i v e s  th e r e s t o r i n g  f o r c e  a c t i n g  to r e m o v e  th e i n s t a b i l i t y .  

By way of e x a m p l e  Choi and R e y n o l d s  C22] d e r i v e d  an e x p r e s s i o n  for 

K« on a v e r t i c a l  c o n d e n s a t e  f i l m  as:

* f 1 * h  f 1 - t : T  - e5 (3-5)
w h e r e  the s u b s c r i p t s  u and v re fe r to l i q u i d  and v a p o u r  

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

Lee and Choi C683 m a d e  an e x p e r i m e n t a l  and t h e o r e t i c a l  

s t u d y  of EH D i n s t a b i l i t i e s  on a d i e l e c t r i c  l i q u i d  f i l m  (a s i l i c o n e  

fluid) f l o w i n g  do wn an i n c l i n e d  plate. U n l i k e  most o t h e r

t h e o r e t i c a l  a n a l y s t s  t h e y  i n v e s t i g a t e d  the e f f e c t  of fl u i d  f l o w  in 

the f i l m  on the EH D  w a v e  i n s t a b i l i t y  and fo un d t h a t  for ze r o  and



v e ry s l o w  f l o w  r a t e s  a t h r e e - d i m e n s i o n a l  wave s t r u c t u r e  was p r o d u c e d  

with a r e g u l a r  and s t a b l e  a r r a y  of dr o p s  b e i n g  p u l l e d  f r o m  the 

s u r f a c e  of the l i qu id . T h i s  s i t u a t i o n  was c o n s i d e r e d  to be one w h e r e  

two t w o - d i m e n s i o n a l  w a v e  t r a i n s  i n t e r a c t e d ,  on e t r a v e l l i n g  p a r a l l e l  

to the d i r e c t i o n  of f l o w  and th e s e c o n d  t r a v e l l i n g  t r a n s v e r s e l y  to 

this. W h en th e li q u i d  f l o w  r a t e  was i n c r e a s e d  the t h e o r e t i c a l  

a n a l y s i s  p r e d i c t e d  that th e w a v e  t r a v e l l i n g  in the d i r e c t i o n  of 

liqu id f l o w  w o u l d  be p r o g r e s s i v e l y  d a m p e d  ou t r e s u l t i n g  in a 

t w o - d i m e n s i o n a l  w a v e  s t r u c t u r e  s i m i l a r  to th at s h o w n  in Fig. 3.2. 

E x p e r i m e n t a l  o b s e r v a t i o n s  c o n f i r m e d  this f i n d i n g  and the w o r k  

c a r r i e d  out in t h i s  s t u d y  (see ch.4) has lent f u r t h e r  s u p p o r t  to 

this.

Le e and Choi a l s o  i n v e s t i g a t e d  t h e  c r i t i c a l  field, E c , 

n e c e s s a r y  for th e f o r m a t i o n  of a w a v e  i n s t a b i l i t y  (in fact th ey w e r e  

mo re c o n c e r n e d  wi th t h i s  a s p e c t  than with the r e l a t i o n s h i p  b e t w e e n  E 

and h* per se). B e l o w  th is c r i t i c a l  f i el d s t r e n g t h  s u r f a c e  t e n s i o n  

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

s u r f a c e  r e m a i n s  st able. Go od a g r e e m e n t  wa s o b t a i n e d  b e t w e e n  t h e i r  

e x p e r i m e n t a l  r e s u l t s  and the t h e o r y  wh ic h a c c o u n t e d  for the f i n i t e  

e l e c t r i c a l  c o n d u c t i v i t y  of th e s i l i c o n e  fluid. The ma in c o n c l u s i o n  

dr a w n  wa s th at th e c r i t i c a l  f i e l d  s t r e n g t h ,  Ec, w a s  r e l a t e d  (weakly) 

to a c h a r a c t e r i s t i c  ti me r a t i o  t'l

6 L  ̂ (Jo 
CJL * L

(3.6)

w h e r e  Uo and L are t h e  f i l m  s u r f a c e  v e l o c i t y  and the d i s t a n c e  

b e t w e e n  the u p s t r e a m  end of th e  e l e c t r i c a l l y  s t r e s s e d  l i q u i d  and the 

p o in t at w h i c h  the i n s t a b i l i t y  was o b s e r v e d  (v a l u e s  of t' b e t w e e n

0.4 and 2. 0  w e r e  used). In o t h e r  wo r d s ,  the r a t i o  of the 

c h a r a c t e r i s t i c  l i q u i d  v e l o c i t y  to th e c h a r g e  r e l a x a t i o n  ti me has an 

i m p o r t a n t  i n f l u e n c e  on th e c r i t i c a l  field s t r e n g t h  r e q u i r e d  to 

p r o d u c e  an i n s t a b i l i t y .  It was f o u n d  th at s m a l l e r  v a l u e s  of t' 

r e q u i r e d  lo w e r  c r i t i c a l  f i e l d  s t r e n g t h s .  T h i s  wa s b e c a u s e  the 

p r e s e n c e  of s i g n i f i c a n t  d e n s i t i e s  of fr ee c h a r g e  on a l i q u i d - v a p o u r  

i n t e r f a c e  will i n c r e a s e  the e l e c t r i c a l  i n t e r f a c i a l  f o r c e s  for a



given a p p l i e d  field. The c h a r g e  r e l a x a t i o n  t i m e  t"=Si_/crL for a 

gi v e n  l i q u i d  is a m e a s u r e  of the t i m e  t a k e n  for a c h a r g e  

d i s t r i b u t i o n  to b u i l d  up w h i l e  th e time L / U o  is a m e a s u r e  of the 

time a v a i l a b l e  for th is to occur. Lee and C h o i ' s  c h a r a c t e r i s t i c  

time t' is, t h e r e f o r e ,  an i m p o r t a n t  p a r a m e t e r  w h i c h  d e t e r m i n e s  

w h e t h e r  we s h o u l d  c o n s i d e r  a gi v e n  t w o - p h a s e  E H D  s i t u a t i o n  as b e i n g  

c h a r a c t e r i z e d  by an e l e c t r i c a l l y  c o n d u c t i v e  l i q u i d  or an i n s u l a t i n g  

1 iquid.

M o r e  r e c e n t l y  D y a k o w s k i  et al E343 h a v e  p e r f o r m e d  a 

s i m i l a r  t h e o r e t i c a l  a n a l y s i s  and h a v e  c o n s i d e r e d  th e e f f e c t  of the 

p h e n o m e n o n  w h er e, at h i g h  f i e l d  s t r e n g t h s ,  l a r g e  d r o p l e t s  of 

c o n d e n s a t e  f o r m e d  by the EH D  p r o c e s s  are c a r r i e d  d o w n w a r d s  u n d e r  the 

f o r c e  of g r a v i t y  on top of the t w o - d i m e n s i o n a l  w a v e  s t r u c t u r e  of 

Fig. 3.2. T h i s  e f f e c t  has b e e n  o b s e r v e d  in t h e  p r e s e n t  s t u d y  (see 

ch.4) and by D i d k o v s k y  an d B o l o g a  C31]. D y a k o w s k i  et al c l a i m  to 

h a v e  s u c c e s s f u l l y  m o d e l l e d  t h i s  s i t u a t i o n  and that t h e i r  model ma y 

be used to p r e d i c t  the i n c r e a s e  in c o n d e n s a t i o n  he at t r a n s f e r  

c o e f f i c i e n t  r e s u l t i n g  f r o m  the a p p l i c a t i o n  of th e field.

3.2 DA T A  C O R R E L A T I O N  A N D  THE E F F E C T  OF I N S T A B I L I T Y  

W A V E L E N G T H  AN D A M P L I T U D E  ON H E A T  T R A N S F E R

C o n s i d e r  a g a i n  the s i t u a t i o n  g i v e n  in Fig. 3.2. The 

i n s t a b i l i t y  may h a v e  a f i n i t e  w a v e l e n g t h  but w i t h o u t  a f i n i t e  

a m p l i t u d e  no he at t r a n s f e r  e n h a n c e m e n t  will occu r. A l t h o u g h  t h i s  

may be s t a t i n g  the o b v i o u s  , p r e v i o u s  r e s e a r c h e r s  h a v e  not g o n e  

b e y o n d  c o n s i d e r a t i o n s  of w a v e l e n g t h ,  and for g o od r e a s o n ,  s i n c e  

c a l c u l a t i o n  of th e a m p l i t u d e  of such a w a v e f o r m  is an even m o r e  

c o m p l e x  task th an d e t e r m i n a t i o n  of A f . So me of the p r o b l e m s  f a c e d  

when a t t e m p t i n g  to c a l c u l a t e  w a v e  a m p l i t u d e  in c l u d e :  (a) the w a v e  

s h a p e  is u n k n o w n ,  (b) th e e l e c t r i c  fi eld d i s t r i b u t i o n  is not 

c o n s t a n t  a l o n g  th e i n t e r f a c e  and (c) the w a v e l e n g t h  of a w a v e f o r m  of 

f i n i t e  a m p l i t u d e  is not kn o w n  and i n d e e d  may c h a n g e  wi th a m p l i t u d e .  

H o w e v e r ,  b e f o r e  d i s c u s s i o n  of ho w t h e s e  p r o b l e m s  m a y  be t a c k l e d  let 

us c o n s i d e r ,  g i v e n  a c e r t a i n  EHD w a v e f o r m ,  to what d e g r e e  s u c h  an 

i n s t a b i l i t y  will e n h a n c e  the me an c o n d e n s a t i o n  h e a t  t r a n s f e r  

c o e f f i c i e n t .



If, for the sa k e  of a r g u m e n t ,  we c h o o s e  th e

t w o - d i m e n s i o n a l  w a v e f o r m  of Fig. 3. 2  to be s i n u s o i d a l  wi th a m p l i t u d e  

a and a s s u m e  t h at (a) heat t r a n s f e r  t h r o u g h  the fi lm is by

c o n d u c t i o n  a l o n e  and (b) )\* is mu ch g r e a t e r  th an the mean f i l m  

t h i c k n e s s  S m (z) at a gi v e n  d i s t a n c e  z from the top of the plat e, 

th en local f i l m  t h i c k n e s s ,  S ( x ' , z ) ,  m a y  be c a l c u l a t e d  from:

S ( x ' , z )  = 6m(z) + a . s i n ( x ' )  (3.7)

w h e r e

x ' * 2ttx / 7U

Then th e r e l a t i v e  i n c r e a s e  in the h e a t  t r a n s f e r  

c o e f f i c i e n t  with e l e c t r i c  f i el d, h m ,E , ov er t h a t  w i t h o u t  f i el d, 

h m ,oi at a l o c a t i o n  z is gi v e n  by:

h ( Z )m,E 
h ( Z ) m , O

(3.8)

whic h, u s i n g  D w i g h t  C33], yi e l d s :  

= ( l - u 2 ) " 1/2
n \ Z  ) m , O

w h e r e  u = a / 5 m (z )

To t e st the v a l i d i t y  of the a s s u m p t i o n  m a d e  in the 

d e r i v a t i o n  of (3.9) that >>Sm a c o m p u t e r  p r o g r a m  wa s w r i t t e n  (see 

ch.7) to s o l v e  for the t e m p e r a t u r e  d i s t r i b u t i o n  in a s t a t i o n a r y  

c o n d e n s a t e  f i lm w i t h  an i m p o s e d  s i n u s o i d a l  s u r f a c e  i n s t a b i l i t y  of 

n o n - d i m e n s i o n a l  a m p l i t u d e  u. Fig. 3. 3 p r e s e n t s  s o m e  r e s u l t s  f r o m  

th i s  p r o g r a m  and c l e a r l y  s h o w s  how the th ermal r e s i s t a n c e  of th e 

c o n d e n s a t e  f i l m  d e c r e a s e s  as th e w a v e l e n g t h  of th e i n s t a b i l i t y  

d e c r e a s e s .  Th is is as on e w o u l d  e x p e c t  s i n c e  th e v a p o u r - l i q u i d  

i n t e r f a c i a l  a r e a  per un it ar ea of p l a t e  heat t r a n s f e r  s u r f a c e  

i n c r e a s e s  with d e c r e a s i n g  w a v e l e n g t h .  The r e s u l t s  for a 

n o n - d i m e n s i o n a l  w a v e l e n g t h  (XL=0tf/8m ) of 16 c o i n c i d e  wi th
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p r e d i c t i o n s  of h m ,E / h m ,o u s i n g  (3.9). The l a t t e r  does, h o w e v e r ,  

u n d e r e s t i m a t e  the t h e o r e t i c a l  e n h a n c e d  heat t r a n s f e r  c o e f f i c i e n t  by 

up to a p p r o x i m a t e l y  7 01 when X L = 1. The next q u e s t i o n  is t h e n , " W h a t  

or d e r  of m a g n i t u d e  of XL is a p p r o p r i a t e  in a p r a c t i c a l  EHD 

c o n d e n s a t i o n  s i t u a t i o n ? "  N u s s e l t ' s  a n a l y s i s  [57] can be u s ed to 

p r e d i c t  the c o n d e n s a t e  f i l m  t h i c k n e s s ,  S m , on a h o r i z o n t a l  s m o o t h  

tu be us i n g  t h e  r e l a t i o n :

6.  = V p / ^ r t T s  - Tw) y "  ,3.10)
7 L g you l + g J

w h e r e  all the v a r i a b l e s  are as in (3.1) e x c e p t i n g  r, the 

r a d i u s  of the tu be, and the p a r a m e t e r  w h i c h  was c a l c u l a t e d

n u m e r i c a l l y  by N u s s e l t  and h a s  the v a l u e s  1. 0 0 0  and 1.144 for

p o s i t i o n s  at th e top of the t u b e  and 90 ° f r o m  the v e r t i c a l ,

r e s p e c t i v e l y ,  F r o m  the p r a c t i c a l  w o r k  d e s c r i b e d  in C h . 4  for the 

c o n d e n s a t i o n  of R 114 on a s m o o t h  tube u n d e r  the f o l l o w i n g

c o n d i t i o n s :  s a t u r a t i o n  t e m p e r a t u r e  T S=65° C, (Ts - T w ) = 3 0 ° C , the

i n s t a b i l i t y  w a v e l e n g t h s  f o u n d  on the s i de of th e t u b e  w e re of the 

or d e r  of 1mm and f r o m  (3.10) th e f i l m  t h i c k n e s s  wa s c a l c u l a t e d  as 

a p p r o x i m a t e l y  0 . 0 5 7 m m .  T h i s  s i t u a t i o n  c o r r e s p o n d s  to a

n o n - d i m e n s i o n a l  w a v e l e n g t h  X L = ( 1 . 0 / 0 . 0 5 7 ) = 1 8 . 0  and it wo u l d  a p p e a r  

fr o m  Fig. 3.3, t h e r e f o r e ,  t h at (3.9) a d e q u a t e l y  m o d e l s  the c h a n g e  in 

th ermal r e s i s t a n c e  of the l i q u i d  film. (It s h o u l d  of c o u r s e  be 

no t e d  that the EH D e n h a n c e m e n t  of c o n d e n s a t i o n  will c a u s e  an

i n c r e a s e  in m e a n  f i l m  t h i c k n e s s  on a c c o u n t  of th e  i n c r e a s e  in m a s s

t r a n s f e r  r a t e ) .

The m o s t  e f f e c t i v e  m e a n s  of c o r r e l a t i n g  EHD c o n d e n s a t i o n  

d a t a  d e v e l o p e d  to da t e  a p p e a r s  to be that of Choi and R e y n o l d s  [221. 

They used t h e i r  t h e o r e t i c a l  p r e d i c t i o n s  of )[* (see e q u a t i o n  (3.5)) 

as a c h a r a c t e r i s t i c  d i m e n s i o n  and an " e q u i v a l e n t  fo r c e " ,  Sj, a 

m e a s u r e  of the EHD f o r c e s  i n v o l v e d ,  to p r o d u c e  th e d i m e n s i o n l e s s  

c o r r e l a t i o n :

Nu = 0 . 5  ( R a )°* 23 (3.11)

w h e r e  Nu is a N u s s e l t  n u m b e r  g i v e n  by:



Nil (3.12)
h m , e
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and Ra, a R a y l e i g h  n u m b e r ,  gi v e n  by:

5 >Ql_ j -f q

w h e r e  A T m is the m e a n  v a p o u r - w a l l  t e m p e r a t u r e  drop a n d : -

(3.13)

^  s K* £  1 • - | S v E v  (3.14)

Choi and R e y n o l d s  f o u n d  that (3.11) c o r r e l a t e d  t h e i r  

d a t a  v e r y  well for th e h i g h - f i e l d  re s u l t s .  In c h a p t e r  4 t h i s  

c o r r e l a t i o n  is u s e d  v e r y  s u c c e s s f u l l y  on e x p e r i m e n t a l  d a t a  fr o m  the 

p r e s e n t  study. T h i s  w o u l d  a p p e a r  to be the f i r s t  t i m e  Choi and 

R e y n o l d s '  m e t h o d  h a s  be en used d i r e c t l y  by a n o t h e r  r e s e a r c h e r .

The q u e s t i o n  then a r i s e s  as to w h e t h e r  it is the c h a n g e  

in w a v e l e n g t h  per se w h ic h d e t e r m i n e s  the d e g r e e  of E H D  e n h a n c e m e n t  

or w h e t h e r  Choi and R e y n o l d s '  c o r r e l a t i o n  w o r k s  b e c a u s e  o t h e r  

e f f e c t s  o c c u r  su ch as c h a n g e s  in i n s t a b i l i t y  a m p l i t u d e .  E q u a t i o n s  

(3.11), (3.12) and (3.13) may be a r r a n g e d  to show:

■  c0 n s tan tt a i ^ ? : ] o’2S (3- 15)

If we a s s u m e  a s i n u s o i d a l  t w o - d i m e n s i o n a l  i n s t a b i l i t y  

then by r e p l o t t i n g  th e r e s u l t s  of Fig. 3.3 it can be s h o w n  that th e 

e n h a n c e d  heat t r a n s f e r  c o e f f i c i e n t  is i n v e r s e l y  p r o p o r t i o n a l  to the 

f o u r t h  r o o t  of th e ( d i m e n s i o n l e s s )  w a v e l e n g t h  (as in (3.15)) for a 

c o n s t a n t  a m p l i t u d e  of u = 0 . 8  (where u = a / 6 m ) only. For any o t h e r  w a v e  

a m p l i t u d e  c h a n g e s  in a m p l i t u d e ,  u, are r e q u i r e d  in a d d i t i o n  to 

c h a n g i n g  w a v e l e n g t h ,  , in or d e r  th at (3.15) and t h e r e f o r e  (3.11) 

ho ld true. The f a c t  that (3.11) has been f o u n d  to work so well 

r a i s e s  i n t e r e s t i n g  q u e s t i o n s  as to ho w  the EH D i n s t a b i l i t y  w a v e f o r m ,  

a m p l i t u d e  and s h a p e  are (or ar e not) i n t e r r e l a t e d  and w h e t h e r  

d i m e n s i o n l e s s  EH D i n s t a b i l i t y  a m p l i t u d e ,  u, d o e s  r e m a i n  c o n s t a n t  for 

i n c r e a s i n g  fi e l d  s t r e n g t h .  It ma y be that the c o r r e l a t i o n  (3.11) 

w o r k s  b e c a u s e  is d i r e c t l y  r e l a t e d  to a m p l i t u d e  in so m e  way just

as the d i e l e c t r o p h o r e t i c  c o r r e l a t i o n  of A h s m a n n  and K r o n i g  (2.4) 

a p p e a r e d  to work for s o m e  e l e c t r o p h o r e t i c  e x p e r i m e n t s  b e c a u s e  of the 

v e r y  c l o s e  r e l a t i o n s h i p  b e t w e e n  (de/dT) and (dcr/BT) in most 

d i e l e c t r i c  l i q u i d s  C1123.
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3.3 N U M E R I C A L  M E T H O D  FOR C A L C U L A T I O N  OF

I N S T A B I L I T Y  W A V E L E N G T H  

AND C R I T I C A L  E L E C T R O D E  P O T E N T I A L

D a r i n g  the p r e s e n t  work, it was felt that the us e of 

n u m e r i c a l  t e c h n i q u e s  to t a c k l e  the p r o b l e m  of p r e d i c t i n g  i n s t a b i l i t y  

a m p l i t u d e ,  a, a f f o r d e d  th e  most f l e x i b l e  a p p r o a c h  s i n c e  any 

a r b i t r a r y  s h a p e  of w a v e  c o u l d  be a c c o m o d a t e d  in th e d e t e r m i n a t i o n  of 

the e l e c t r i c  f i e l d  a f f e c t i n g  the c o n d e n s a t e  f i l m  s u r f a c e .  The 

d e c i s i o n  to a d o p t  t h i s  a p p r o a c h  was ma d e  o n l y  a f t e r  an e x t e n s i v e  

l i t e r a t u r e  s e a r c h  for an a n a l y t i c a l  s o l u t i o n  to the f i e l d  b e t w e e n  

two s e m i - i n f i n i t e  e l e c t r o d e s ,  on e  b e i n g  p l a n a r  th e ot h e r  wi th a 

t w o - d i m e n s i o n a l  w a v e  d e f o r m a t i o n  of f i n i t e  a m p l i t u d e .  Of c o u r s e ,  

t h i s  t y p e  of s o l u t i o n  w o u l d  o n l y  be a p p l i c a b l e  to the 

d e s t a b i l i z a t i o n  of a c o n d u c t i n g  l i q u i d  but not ev en a s t u d y  of th is 

s i m p l e  s i t u a t i o n  c o u l d  be found. T o w a r d s  th e end of the p r o j e c t  

a s t u d y  by H a n d o j o  C48] was fo u n d  w h i c h  a l s o  r e p o r t e d  a lack of 

a n a l y t i c a l  t o o l s  to t a c k l e  the p r o b l e m  in hand. A b r i e f  a c c o u n t  is 

no w g i v e n  of the model u s e d  in th e a t t e m p t  to d e v e l o p  a m e a n s  of 

p r e d i c t i n g  the ac t u a l  s h ap e, a m p l i t u d e  and w a v e l e n g t h  of a 

t w o - d i m e n s i o n a l  EHD w a v e f o r m  on a c o n d e n s a t e  film.

As a f i r s t  st ep it wa s a s s u m e d  th at the f l o w  of the 

l i qu id do wn th e p l a t e  of Fig. 3.2 p l a y e d  no p a r t  in th e pr o b l e m .  

T h i s  wa s o b v i o u s l y  a c o n s i d e r a b l e  s i m p l i f i c a t i o n  but it me a n t  that 

the p r o b l e m  wa s e s s e n t i a l l y  r e d u c e d  to an e l e c t r o s t a t i c  s i t u a t i o n  

w h e r e  two m e di a, c o n t a i n e d  b e t w e e n  and each a d j a c e n t  to on e of two 

p l a n e  e l e c t r o d e s ,  ar e s e p a r a t e d  by a m o v a b l e  i n t e r f a c e ,  th e s h a p e  of 

w h ic h is to be d e t e r m i n e d .  Fig. 3. 4  s h o w s  ho w  on e h a l f - w a v e l e n g t h  

of the EH D i n s t a b i l i t y  was m o d e l l e d  and e f f e c t i v e l y  r e p r e s e n t s  a 

p l an c r o s s  s e c t i o n  of the c o n d e n s a t e  f i l m  of Fig. 3.2. The top 

e l e c t r o d e  in Fig. 3.4 w o u l d  be a s e c o n d  p l a t e  p a r a l l e l  to the co l d  

wall but at the v a p o u r  ( s a t u r a t i o n )  t e m p e r a t u r e ,  T s , w h i c h  t h e r e f o r e  

p l a y s  no p a rt in h e at t r a n s f e r  per se. E l e c t r o d e  s e p a r a t i o n  is (H + 

Sm) w h e r e  H is the d i s t a n c e  b e t w e e n  the top e l e c t r o d e  and the 

s u r f a c e  of the q u i e s c e n t  l i q u i d  (i.e. in the z e r o  f i e l d  case).

For a s t a b l e  s i t u a t i o n  th e net i n t e r f a c i a l  p r e s s u r e  due 

to e l e c t r i c a l  and s u r f a c e  t e n s i o n  f o r c e s  mu st be c o n s t a n t  at all 

p o i n t s  on the s u r f a c e .  To c a l c u l a t e  the e l e c t r i c a l  f o r c e s  a
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Fig.  3.4 One hal f  wavelength of  

EHD d e s t a b i l i z e d  condensate f i lm.



b o u n d a r y  i n t e g r a l  m e t h o d  wa s used to so l v e  for th e e l e c t r i c a l  

p o t e n t i a l  and -field d i s t r i b u t i o n s  on the b o u n d a r i e s  o-f the d o m a i n  

sh ow n in Fig. 3 . 4  and on th e l i q u i d - v a p o u r  i n t e r f a c e  (this m e t h o d  is 

d i s c u s s e d  in deta il in ch. 7). Th e b o u n d a r y  i n t e g r a l  m e t h o d  is a 

m e a n s  of s o l v i n g  L a p l a c e ' s  e q u a t i o n ,  i.e.:

V 2jrf ■ 0 (3.16)

w h e r e  $ is the e l e c t r i c a l  p o t e n t i a l  w i t h i n  the d o m a i n  

c o n s i d e r e d .  T h i s  m e a n s  that the d o m a i n  m u st c o n t a i n  no f r e e

ch a r g e s .  For c o m p l e t e n e s s  it s h o u l d  be n o t e d  th at for a p r o b l e m

i n v o l v i n g  f r e e  c h a r g e s  P o i s s o n ' s  e q u a t i o n  must be s a lv ed :

V 2jrf = p*/e (3.17)

w h e r e  p* is the v o l u m e t r i c  fr ee c h a r g e  d e n s i t y .  To s o l v e  (3.17) 

n u m e r i c a l l y  t e c h n i q u e s  su ch as f i n i t e  d i f f e r e n c e  or f i n i t e  e l e m e n t s  

must be used. By c o m p a r i s o n  the b o u n d a r y  i n t e g r a l  m e t h o d  is 

r e l a t i v e l y  s i m p l e  to i m p l e m e n t  and m a k e s  c o n s i d e r a b l y  f e w e r  d e m a n d s  

on c o m p u t e r  s t o r a g e  and run time. Th e b o u n d a r y  i n t e g r a l  m e t h o d  is 

a l s o  m o s t  a m e n a b l e  to u s e  in a m o v i n g  b o u n d a r y  p r o b l e m  su ch as the 

one in q u e s t i o n .  A g a i n s t  t h i s  a d v a n t a g e  on e ha s to w e i g h  the fact 

that e q u a t i o n  (3.16) can o n l y  model t r u e  d i e l e c t r i c s  (i.e.

i n s u l a t o r s )  and to a c c o u n t  for the f i n i t e  c o n d u c t i v i t y  of a l i q u i d

the s o l u t i o n  of (3.17) is r e q u i r e d .  H o w e v e r ,  g i v e n  that (a) the

p r e s e n t  s t u d y  is c o n c e r n e d  e x p e r i m e n t a l l y  w i th c o n d e n s a t i o n  of

F r e o n s  w h i c h  are e x t r e m e l y  go od d i e l e c t r i c s ,  (b) by the n a t u r e  of 

the c o n d e n s a t i o n  p r o c e s s  i t se lf the i m p u r i t y  c o n t e n t  of the

c o n d e n s a t e  f i l m  wo u l d  be n e g l i g i b l e  r e s u l t i n g  in v e r y  low 

c o n d u c t i v i t y ,  a-, and (c) the low v i s c o s i t y  of the F r e o n  l i q u i d s  

wo u l d  g i v e  r i s e  to v e r y  small v a l u e s  of L/Uo, then th e use of the 

b o u n d a r y  i n t e g r a l  m e t h o d  for d e t e r m i n a t i o n  of th e e l e c t r i c  fi e l d  

was t h o u g h t  to be mo st a p p r o p r i a t e .  In a d d i t i o n  it s h o u l d  be n o t e d  

that a p e r f e c t l y  c o n d u c t i n g  li q u i d  can in fact be m o d e l l e d  by

a s s u m i n g  the l i q u i d  m e d i u m  in the i n t e g r a l  d o m a i n  has an i n f i n i t e l y  

high p e r m i t t i v i t y .

In the f i r s t  i n s t a n c e  the w a v e f o r m  s h a p e  was a s s u m e d  to 

be s i n u s o i d a l ,  of a m p l i t u d e  a and w a v e l e n g t h  ?W. T h e n  (3.16) was
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s o l v e d  for the e l e c t r i c  p o t e n t i a l  w i t h i n  the d o m a i n  of Fig. 3.4 

g i ve n the p a r a m e t e r s  V, Ev, e L ,H and S m , the e l e c t r o d e  p o t e n t i a l ,  

p e r m i t t i v i t y  of l i q u i d  and v a p o u r ,  e l e c t r o d e  to u n d i s t u r b e d  

l i q u i d - v a p o u r  interface, s e p a r a t i o n  and m e a n  l i q u i d  f i l m  d e pt h, 

r e s p e c t i v e l y .  H a v i n g  c a l c u l a t e d  the e l e c t r i c  f i e l d  s t r e n g t h ,  E, at 

the l i q u i d - v a p o u r  i n t e r f a c e  it was then p o s s i b l e  to c a l c u l a t e  the 

e l e c t r i c a l  p r e s s u r e ,  p E , no r m a l  to th e i n t e r f a c e  at any gi v e n  point. 

For two d i e l e c t r i c s  of p e r m i t t i v i t i e s  E l and Ev the p r e s s u r e  at 

th ei r i n t e r f a c e  p E is g i v e n  by C893:

2
p E = 4 -  (Eu - Ev) (E? + - ^ - )  (3.18)a E vEi_

w h e r e  E* is the e l e c t r i c  f i e l d  t a n g e n t i a l  to the i n t e r f a c e  and 

D n the e l e c t r i c  d i s p l a c e m e n t  v e c t o r  (Es e D) no r m a l  to the i n t e r f a c e .  

T h i s  p r e s s u r e  is a l w a y s  d i r e c t e d  t o w a r d  the m e d i u m  of s m a l l e r  

p e r m i t t i v i t y .  T h e r e  is, h o w e v e r ,  s o me c o n s i d e r a b l e  d e b a t e  as to 

w h e t h e r  a f u r t h e r  c o n t r i b u t i o n  to t h i s  p r e s s u r e  s h o u l d  be i n c l u d e d  

due to th e e f f e c t s  of e l e c t r o s t r i c t i o n  w h e n  c o n s i d e r i n g  a 

l i q u i d - v a p o u r  i n t e r f a c e .  T h e  i n c r e a s e  in p r e s s u r e ,  p E 8, w i t h i n  the 

b o d y  of a l i q u i d  du e to an a p p l i e d  e l e c t r i c  f i e l d  is g i v e n  by [1053:

P E 3
SoE2

6 (—  - 1) (—  + 2) 
Eo E o

(3.19)

S o m e  a u t h o r s  (e.g. C463 or C1003) h a v e  us ed the s u m  of 

P e  and p E s  to d e f i n e  th e e l e c t r i c a l  p r e s s u r e  on a l i q u i d - v a p o u r  

i n t e r f a c e  w h i l e  o t h e r s  ( e . g . C 223 , C683 , C343 and C793) h a v e  c o n s i d e r e d  

only p E to be th e s o u r c e  of e l e c t r i c a l  p r e s s u r e .  Th i s  u n c e r t a i n t y  

over th e c o r r e c t  f o r m u l a t i o n  of th e p r e s s u r e  t e r m  is c o m p o u n d e d  by 

the a p p a r e n t  r e t i c e n c e  of m o s t  a u t h o r s  to d i s c u s s  the is s u e  full y. 

P e r h a p s  th e be st a n a l y s i s  of th e  s i t u a t i o n  was g i v e n  by G a r t o n  and 

K r a s u c k i  [423 in t h e i r  work on the d e f o r m a t i o n  of v a p o u r  b u b b l e s  in 

i n s u l a t i n g  l i q u i d s  u n d e r  e l e c t r i c  stress. T h e y  p o s t u l a t e d  th at 

e l e c t r o s t r i c t i o n  is not m a n i f e s t  as a p r e s s u r e  per se but m e r e l y  as 

an i n c r e a s e  in the d e n s i t y  of the l i q u i d  w i t h  a p p l i e d  e l e c t r i c  

stress. This, t h e y  say, is a r e s u l t  of a d e c r e a s e  in i n t e r m o l e c u l a r
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space. The a u t h o r  c o n c u r s  with t h i s  view. G a r t o n  and K r a s u c k i  

p r e s e n t e d  s u p p o r t i n g  e x p e r i m e n t a l  e v i d e n c e  and c o n c l u d e d  that 

e l e c t r o s t r i c t i o n  m a k e s  no c o n t r i b u t i o n  to e l e c t r i c a l  inter-facial 

p r e s s u r e  and t h i s  a p p r o a c h  is us ed t h r o u g h o u t  t h i s  t h es is .

R e t u r n i n g  to the p r o b l e m  o-f Fig. 3. 4 th e  next step was 

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

the i n t e r f a c e  and t h at is gi v e n  by:

PST ] (3.20)

w h e r e  s is th e c o e f f i c i e n t  of s u r f a c e  t e n s i o n  and ri and r 2 are 

two o r t h o g o n a l  ra dii of c u r v a t u r e  of the i n t e r f a c e  (taken as 

p o s i t i v e  if l o c a t e d  in the l i q u i d ) .  In the p r e s e n t  ca se of a 

t w o - d i m e n s i o n a l  w a v e f o r m  r 2 * c o . ri wa s then f o u n d  f r o m  the e q u a t i o n  

d e s c r i b i n g  the i n t e r f a c e  shape:

y 3 V x )

by usin g:

_L .  JLfH
r i d x 2

In a d d i t i o n  to e l e c t r i c a l  and s u r f a c e  t e n s i o n  p r e s s u r e s  

on the v a p o u r - l i q u i d  i n t e r f a c e  t h e r e  may a l s o  be h y d r o s t a t i c  

p r e s s u r e s  to be t a k e n  into a c c o u n t .  For a f i l m  of l i q u i d  i n c l i n e d  

by an a n g l e  B to the h o r i z o n t a l  t h e n  the h y d r o s t a t i c  p r e s s u r e  p g 

a c t i n g  on the i n t e r f a c e  t o w a r d s  the v a p o u r  p h a s e  is g i v e n  by:

Pg 3 /^g(\(xp ) - T ^ ( x ) ) . c o s B  (3.23)

w h e r e  (fy(xp ) - t^(x)).cos0 r e p r e s e n t s  the d i f f e r e n c e  in h e i g h t

b e t w e e n  the pe a k  of the w a v e f o r m  and the p o i n t  in q u e s t i o n  of a 

gi v e n  c r o s s  s e c t i o n  of the l i q u i d  film. So, for e x a m p l e ,  the 

p r e s s u r e  d i f f e r e n c e ,  ^ p g , b e t w e e n  the p r e s s u r e s  a c t i n g  on the 

i n t e r f a c e  at th e t r o u g h  and peak of a w a v e f o r m  f o f p e a k - t o - t r o u g h

1 +
- 3 / 2

(3.21)

(3.22)
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amplitude 2a (which tends to reduce the amplitude of the wave for 

-Tr/2<0<+TT/2 ) is given by:

A p g = 2a^i_gcos8 (3.23a)

T h u s  th e  total p r e s s u r e ,  p T , a c t i n g  at an y po in t on the 

i n t e r f a c e  t o w a r d s  the v a p o u r  p h a s e  is:

P t a  P e + PST + Po

E?
Dn

GvCu.
+ + -3/2

.dx

+ ^Oug. Ci^tXp) - ^ ( x ) ) c o s 0 (3.24)

For a s t a b l e  i n t e r f a c e  p T must then be c o n s t a n t  a c r o s s  

the w h o l e  i n t e r f a c e .  H o w e v e r ,  for a gi ve n f i l m  t h i c k n e s s ,  e l e c t r o d e  

s e p a r a t i o n ,  e l e c t r o d e  p o t e n t i a l  , v a p o u r  and l i q u i d  p e r m i t t i v i t i e s  

and w a v e f o r m  s h a p e  two p a r a m e t e r s  (i.e. w a v e  a m p l i t u d e  and 

w a v e l e n g t h )  r e m a i n  un k n o w n .  The next step in the a n a l y s i s  wa s to 

d e t e r m i n e  A* for a gi v e n  (small) w a v e  a m p l i t u d e  i.e. a n u m e r i c a l  

p e r t u r b a t i o n  a n a l y s i s  was p e r f o r m e d .

It wa s  d e c i d e d  that t h e  m e a s u r e  of th e  g r o w t h  ra te of a 

p a r t i c u l a r  w a v e f o r m  w o u l d  be t a k e n  as, ^ p T , the d i f f e r e n c e  b e t w e e n  

p T at th e pe a k  and t r o u g h  of th e wave:

AP T = PTpatk “ PTtrough (3.25)

P o s i t i v e  v a l u e s  of A p t  d e n o t e  a w a v e  t e n d i n g  to grow, 

n e g a t i v e  v a l u e s  of a p t  a p p l y  to a c o l l a p s i n g  wave. Gi ve n t h i s  

c r i t e r i o n  of s t a b i l i t y  th e m o st u n s t a b l e  w a v e l e n g t h ,  ?W, is that for 

the w a v e  g i v i n g  t h e  g r e a t e s t  v a l u e  of A P t . A c o m p u t e r  p r o g r a m  wa s 

then w r i t t e n  (which is d e s c r i b e d  in detail in ch.7) to find A* for a 

gi v e n  small w a v e  a m p l i t u d e .  N u m e r i c a l  s o l u t i o n  of (3.16) was q u i t e  

c o s t l y  in t e r m s  of c o m p u t e r  t i m e  so to m i n i m i z e  th e n u m b e r  of t i m e s  

th is o p e r a t i o n  wa s  r e q u i r e d  a s u b r o u t i n e  was w r i t t e n  to m a x i m i z e  

A p t  with r e s p e c t  to 7\ as e f f i c i e n t l y  as p o s s i b l e  (see ch.7) u s i n g  a 

q u a d r a t i c  b e st fit meth od . _



In mo st t h e o r e t i c a l  t r e a t m e n t s  of th is s t a b i l i t y  p r o b l e m  

(e.g. C7 6 3 , C7 8 3 , C7 9 ] , and C803 ) the s u b j e c t  of c e n t r a l  i m p o r t a n c e  

has be en the p r e d i c t i o n  of the c r i t i c a l  (minimum) e l e c t r o d e

p o t e n t i a l ,  V c , r e q u i r e d  to c a u s e  th e i n t e r f a c i a l  i n s t a b i l i t y  . For 

v e r i f i c a t i o n  of the n u m e r i c a l  t e c h n i q u e  d e s c r i b e d  h e r e  o n ly one 

p r e v i o u s  s t u d y  a p p e a r e d  to be s u i t a b l e  for p u r p o s e s  of c o m p a r i s o n

i.e. th at of Le e and Choi C 6B 3• T h e y  d e r i v e d  th e  f o l l o w i n g

e x p r e s s i o n  to p r e d i c t  th e  mo st u n s t a b l e  w a v e l e n g t h  on t h e  s u r f a c e  of 

th e f i l m  of s i l i c o n e  f l u i d  f l o w i n g  do w n  a plate:

h = 27T / K*

where:

8 is the a n g l e  of i n c l i n a t i o n  of th e p l a t e  to th e  h o r i z o n t a l ,  H is th e 

d i s t a n c e  b e t w e e n  th e e l e c t r o d e  and th e u n d i s t u r b e d  f l u i d  s u r f a c e  and:

t' = -it- U° (3.27)
CL L

as d e s c r i b e d  p r e v i o u s l y .

Fig. 3. 5 s h o w s  a c o m p a r i s o n  of r e s u l t s  u s i n g  the 

n u m e r i c a l  m e t h o d  a g a i n s t  t h o s e  f r o m  (3.26) for t w o  s i t u a t i o n s  

e x a m i n e d  e x p e r i m e n t a l l y  by Lee and Choi. The f a l l o w i n g  t a b l e  g i v e s  

the e x p e r i m e n t a l  c o n d i t i o n s  used to c a l c u l a t e  c u r v e s  A and B f r o m  

(3.26) (note: two r e l a t i v e  p e r m i t t i v i t i e s  of th e l i q u i d  w e r e  used,

2 . 6 3  and 1000, to model a p u r e  d i e l e c t r i c  and a c o n d u c t i n g  l i q u i d  

r e s p e c t i v e l y ) .
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C O M P U T E R  P R E D I C T I O N  O F  Xf
s y m b o l e x p e r i m e n t a l  

c o n d i t i o n s  ( c f .  T a b l e  3 . 1 )
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e q u a t i o n  ( 3 * 2 6 )  i . e .  f r o m  t h e  

a n a l y s i s  o f  L e e  a n d  C h o i

Fig.  3.5 Comparison of numerical predict ion  

of Af  and Lee and Choi 's method.



T A B L E  3.1

E x p e r i m e n t  Sm(rnrn) H (mm) s(N/ra) yOi_ ( k g / m 3 )

A 0.3 16.6 .020 940

B 0.4 10.8 .020 940

S o o d a g r e e m e n t was o b t a i n e d e n c o u r a g i n g the vi ew that

n u m e r i c a l t e c h n i q u e was a v a l i d r e p r e s e n t a t i o n of the real

s i t u a t i o n  s i n c e  t h e  t h e o r y  of Lee and Choi a c c u r a t e l y  m o d e l l e d  t h e i r  

e x p e r i m e n t a l  r e s u l t s .  The s o l i d  l i n e s  in Fig. 3. 5 s t a r t  -from a 

gi v e n  t h r e s h o l d  v o l t a g e  w h i c h  is, in fact, the c r i t i c a l  v o l t a g e ,  Vc, 

r e q u i r e d  to e s t a b l i s h  a w a v e  i n s t a b i l i t y .  Lee an d Choi d e t e r m i n e d  

t h i s  v o l t a g e  to be:

Vc * H^Oi_sg.cos0)1/M 2 / e v)1/2(XA.XB)1/2 (3.28)

and the most unstable wavelength at this voltage is then:

21 °"g c o s Q ]
1/2

(3.29)

To c a l c u l a t e  the c r i t i c a l  v o l t a g e  by th e n u m e r i c a l  

m e t h o d  r e q u i r e s  th at th e p o i n t  at w h i c h  a P t s 0 be foun d. T h i s  wa s

d o n e  by p l o t t i n g  v a l u e s  of a P t a g a i n s t  V as in Fig. 3. 6 wh i c h  s h o w s  

r e s u l t s  for th e s a m e  e x p e r i m e n t s  as in T a b l e  3.1. T a b l e  3.2 s h o w s  

the c o m p a r i s o n  of t h e s e  c o m p u t e d  v a l u e s  of Vc a g a i n s t  t h o s e  

c a l c u l a t e d  f r o m  (3.28).

T A B L E  3.2

Experi ment C i _ / S o V c ( c o m p u t e d ) ( k V ) V c (from 3 . 2 3 ) (kV)

A 2 . 6 3 4 4 . 5 4 6 . 9

A 1000 2 7 . 2 29.1

B 2 . 6 3 3 0 . 5 3 0 . 5

B 1000 18.0 18.9

S o m e  s c a t t e r  in the c o m p u t e d  r e s u l t s  wa s to be e x p e c t e d  

and i n d e e d  was foun d. T h i s  was l a r g e l y  a r e s u l t  of the need to 

c o m p r o m i s e  b e t w e e n  the d e m a n d  for l a r g e  n u m b e r s  of b o u n d a r y
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Fig, 3.6 R e l a t i o n s h i p  b e t w e e n  

a) interfaciali p r e s s u r e  d i f f e r e n c e  

b e t w e e n  pe ak and t r o u g h  of w a v e f o r m ,  

b) e l e c t r o d e  p o t e n t i a l .
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e l e m e n t s / n o d e s  in the b o u n d a r y  i n t e g r a l  s o l u t i o n  of (3.16) , and 

h e n c e  a c c u r a c y ,  and the s u b s e q u e n t l y  h i g h e r  d e m a n d  on c o m p u t e r  

s t o r a g e  and run t i m e / c o s t .

It s h o u l d  be n o t e d  that for v a l u e s  of V < V C th e n u m e r i c a l  

p r o c e d u r e  m a y  st ill c a l c u l a t e  the f a s t e s t  g r o w i n g  w a v e l e n g t h  but 

un d e r  t h e s e  c o n d i t i o n s  the r a t e  of g r o w t h  is n e g a t i v e .  The s a m e  is 

t r u e  for Le e and C h o i ' s  e q u a t i o n  (3.28) a l t h o u g h  w h e n  the r i g h t  hand 

b r a c k e t  of that e x p r e s s i o n  b e c o m e s  n e g a t i v e  K b e c o m e s  i m a g i n a r y  and 

ha s no p h y s i c a l  m e a n i n g .

Ne xt s o m e  c o m p a r i s o n s  w e r e  m a d e  b e t w e e n  e x p e r i m e n t a l  

work d e s c r i b e d  in c h . 4  u s i n g  R 114 c o n d e n s i n g  on a s m o o t h  h o r i z o n t a l  

t u b e  and the t h e o r e t i c a l  m o de ls . U n f o r t u n a t e l y  in th e e a r l y  s t a g e s  

of th e p r o j e c t  du e to th e r a t h e r  g r e a t e r  e m p h a s i s  laid on the 

m a c r o s c o p i c  (overall) e f f e c t  of the e l e c t r i c  f i e l d  on he a t  t r a n s f e r  

e x p e r i m e n t a l l y ,  l i t t l e  q u a n t i t a t i v e  d a t a  was r e c o r d e d  w i th r e g a r d  to 

i n s t a b i l i t y  w a v e l e n g t h .  H o w e v e r ,  f r o m  a sh o r t  v i d e o  r e c o r d i n g  m a d e  

d u r i n g  the e x p e r i m e n t a l  wo rk it wa s p o s s i b l e  at a l a t e r  d a t e  to 

a s c e r t a i n  i n s t a b i l i t y  w a v e l e n g t h  by r e p l a y i n g  the v i d e o  and s c a l i n g  

the m o n i t o r  p i c t u r e  by a c c u r a t e l y  m e a s u r i n g  a t h e r m o c o u p l e  v i s i b l e  

in the s u r f a c e  of the c o n d e n s e r  tube. In th e c a s e  c h o s e n  at the 

s i d e  (verti ca l p a r t  of the wall) of the t u b e  u s i n g  an e l e c t r o d e  

a r r a n g e m e n t  of tw o v e r t i c a l  p l a t e s  e i t h e r  s i d e  of the t u b e  and 

e l e c t r o d e  r o d s  a b o v e  and b e l o w  ( e l e c t r o d e  (c), s e e  ch.4) the 

i n s t a b i l i t y  w a v e l e n g t h  w a s  f o u n d  to be 1.2mm. The 

t h e r m o d y n a m i c / e l e c t r i c a l  c o n d i t i o n s  at th i s  t i m e  w e r e  as fo l l o w s :

Ts = 6 5 ° C  j (Ts”Tw) m = 3 0 ° C  ; E = 5. 0  M V / m

U s i n g  (3.10) t h e  c o n d e n s a t e  f i l m  t h i c k n e s s  was then 

c a l c u l a t e d  at 90 ° f r o m  th e top of the t u b e  and was fo u n d  to be 

S m = 0 . 0 5 7 m m .  N e g l e c t i n g  the e f f e c t  of the c u r v a t u r e  of the t u b e  

s u r f a c e  the i n s t a b i l i t y  w a v e l e n g t h  wa s then c a l c u l a t e d  (using 

(3.26)) as ^ f S 0 . 9 6 m m  (a d i f f e r e n c e  of a p p r o x i m a t e l y  207. w h en 

c o m p a r e d  to the e x p e r i m e n t a l  r e s u l t ) .  Th i s  r a t h e r  l a r g e  d i s c r e p a n c y  

may ha ve been the r e s u l t  of s o m e  of the m a n y  l i m i t a t i o n s  of the 

t h e o r e t i c a l  model s o m e  of w h i c h  are d i s c u s s e d  later.
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E q u a t i o n  (3.28) d e s e r v e s  -further a t t e n t i o n  as it 

e m b o d i e s  s o m e  i n t e r e s t i n g  p o i n t s  r e g a r d i n g  th e n a t u r e  of the EH D 

i n s t a b i l i t y .  The fi rs t t e r m  of the ri^W: hand s i d e  of (3.28) s h o w s  

that if c o s B = 0  (i.e. if the l i q u i d  f i l m  is f a l l i n g  d o w n  a v e r t i c a l  

plate) then V c =0. So no m a t t e r  ho w small th e a p p l i e d  e l e c t r o d e  

p o t e n t i a l  or h o w  g r e a t  th e l i q u i d  s u r f a c e  t e n s i o n ,  t h e o r e t i c a l l y  an 

i n s t a b i l i t y  will d e v e l o p  - t h o u g h  a d m i t t e d l y  it will h a v e  an 

e x t r e m e l y  long w a v e l e n g t h !  T h i s  c o n t r a s t s  wi th w h a t  m a n y  a u t h o r s  

ha ve p o s t u l a t e d ,  and i n d e e d  wh at one w o u l d  i n t u i t i v e l y  e x p e c t ,  that

s u r f a c e  t e n s i o n  p r o d u c e s  th e m e c h a n i s m  wh ic h p r e v e n t s  i n s t a b i l i t y

f o r m a t i o n .  F r o m  (3.28) it is c l e a r  that it is th e p r o d u c t  of 

g r a v i t a t i o n a l  and s u r f a c e  t e n s i o n  f o r c e s  that d e t e r m i n e  V c . Thus, 

it has b e e n  n o t e d  in the e x p e r i m e n t a l  part of t h i s  s t u d y  that for 

c o n d e n s a t i o n  of F r e o n  on a h o r i z o n t a l  t u b e  c o n s i d e r a b l y  g r e a t e r

fi e l d  s t r e n g t h s  are r e q u i r e d  to p r o d u c e  an i n s t a b i l i t y  in th e

c o n d e n s a t e  f i l m  on top of t h e  t u b e  (where cos8 =l ) t h a n  on the s i d e  

(cos8=0). On th e l o we r p o r t i o n  of the t u b e  of c o u r s e  c o s B < 0  and 

a l t h o u g h  (3.28) h a s  no p h y s i c a l  m e a n i n g  in that c a s e  g r a v i t a t i o n a l  

f o r c e s  ar e  then d e s t a b i l i z i n g  f o r c e s  (rather than th e a p p o s i t e  on 

the top of the tube) and V c may in fact h a v e  a n e g a t i v e  v a l u e  in 

so m e  sense.

3.4 W A V E  A M P L I T U D E  P R E D I C T I O N  A S S U M I N G  ft S I N U S O I D A L

W A V E F O R M

The f i r s t  a t t e m p t s  at n u m e r i c a l  m o d e l l i n g  of th e s u r f a c e  

i n s t a b i l i t y  in th e r e s e a r c h  p r o g r a m m e  w e r e  u n s u c c e s s f u l .  O r i g i n a l l y  

the a p p r o a c h  us e d  was one w h e r e  the s t a r t i n g  w a v e f o r m  a m p l i t u d e  and 

s h a p e  w e r e  a s s u m e d  for a gi v e n  w a v e l e n g t h  then, f r o m  the p r e s s u r e  

d i s t r i b u t i o n ,  p T , al o n g  th e i n t e r f a c e ,  the w a v e f o r m  was m o d i f i e d  in 

S u c h  a w a y  as to model a d e f o r m a t i o n  by the i n t e r f a c i a l  p r e s s u r e s .  

It was then a s s u m e d  that af t e r  an i t e r a t i v e  p r o c e s s  a s t a b l e  

e q u i l i b r i u m  w a v e f o r m  wo u l d  e v e n t u a l l y  be d e t e r m i n e d .  T h i s  model was 

u n s u c c e s s f u l  f i r s t l y  b e c a u s e  a u n i q u e  w a v e l e n g t h  c o u l d  not be 

a t t r i b u t e d  to the model of Fig. 3. 4 but mo r e  i m p o r t a n t l y  b e c a u s e  th e 

au t h o r  wa s not yet f u l l y  a w a r e  of th e c o m p l e x i t y  of the s i t u a t i o n  

u n d e r  a n a l y s i s !

As a r e s u l t  a d i f f e r e n t  a p p r o a c h  wa s a d o p t e d  w h e r e

f i r s t l y  the m e t h o d  for p r e d i c t i n g  and V c was d e v e l o p e d  as
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d e s c r i b e d  in 3.3. Still a s s u m i n g  a s i n u s o i d a l  w a v e f o r m  the e f f e c t  

of i n c r e a s i n g  a m p l i t u d e  k e e p i n g  o t h e r  p a r a m e t e r s  c o n s t a n t  wa s  then 

i n v e s t i g a t e d .  The fi rst r e s u l t  of s i g n i f i c a n c e  wa s that Tl* c h a n g e d  

ve r y  l i t t l e  wi th i n c r e a s i n g  w a v e  a m p l i t u d e .  Fig. 3.7 s h o w s  se v e r a l  

e x a m p l e s  of this. The f a s t e s t  g r o w i n g  w a v e l e n g t h  o n l y  s e e m s  to v a r y  

s i g n i f i c a n t l y  wh en both e l e c t r o d e  p o t e n t i a l  is well in e x c e s s  of the 

cr i t i c a l  v o l t a g e ,  V c , and th e fi l m  t h i c k n e s s ,  6 m , is c o n s i d e r a b l y  

g r e a t e r  th an th at in the e x p e r i m e n t a l  s i t u a t i o n s .  G i v e n  t h i s  r e s u l t  

a c o m p u t e r  p r o g r a m  was t h e n  w r i t t e n  w h e r e  7l* was f i r s t  c a l c u l a t e d  

for a small w a v e  a m p l i t u d e .  T h i s  v a l u e  of was th e n  h e ld c o n s t a n t  

as the w a v e f o r m  a m p l i t u d e  wa s i n c r e a s e d .  By p l o t t i n g  A p T a g a i n s t  

a m p l i t u d e ,  a, it was t h o u g h t  that the r a t e  of w a v e  g r o w t h  w o u l d  at 

so me p o i n t  c h a n g e  f r o m  p o s i t i v e  to n e g a t i v e  i n d i c a t i n g  the l i mi t of 

w a v e  g r o w t h  in a real s i t u a t i o n .

T h i s  wa s not f o u n d  to be th e case. All r e s u l t s  f r o m  

th is c o m p u t e r  p r o g r a m  s h o w e d  that £ p T a c t u a l l y  i n c r e a s e s  l i n e a r l y  

with i n c r e a s i n g  a m p l i t u d e  w i t h o u t  r e a c h i n g  an y limit. T h i s  i m p l i e d  

that s u r f a c e  t e n s i o n  f o r c e s  are not th e p r i n c i p a l  m e c h a n i s m  l i m i t i n g  

w a v e  g r ow th . It w o u l d  t h e r e f o r e  a p p e a r  that the a n a l y s i s  did not 

c o r r e c t l y  model the real s i t u a t i o n ,  w h e r e  c l e a r l y  g r o w t h  r a t e  m u s t  

e v e n t u a l l y  d e c r e a s e  with i n c r e a s i n g  a m p l i t u d e ,  and c o u l d  h a v e  been 

d e f i c i e n t  in at le as t two ways: (a) the a s s u m p t i o n  of a s i n u s o i d a l

w a v e f o r m  ma y  h a v e  been i n c o r r e c t  (b) o t h e r  p h y s i c a l  p h e n o m e n a  ap a r t  

fr om s u r f a c e  t e n s i o n  may li mi t w a v e  g r ow th . Wi th r e g a r d  to the 

la t t e r  it wa s  p o s s i b l e  a f t e r  i n t r o d u c i n g  a g r a v i t a t i o n a l  f o r c e  f i e l d  

to li mit w a v e  g r o w t h  but o n l y  in s o m e  sp e c i a l  case s, in an y e v en t, 

the g r a v i t a t i o n a l  fi e l d  p l a y s  no pa rt in a v e r t i c a l  f i l m  i n s t a b i l i t y  

(given the a s s u m p t i o n s  p r e v i o u s l y  a d o p t e d ) .  The n e x t  s t a g e  wa s to 

d e v e l o p  a m e a n s  of m o d e l l i n g  v a r i o u s  w a v e s h a p e s .

3.5 D E T E R M I N A T I O N  OF I N S T A B I L I T Y  W A V E F O R M  AND S H A P E

In the p r e v i o u s  model u s i n g  a s i n u s o i d a l  w a v e f o r m  on l y  

the total p r e s s u r e ,  p-r, at the p e a k s  and t r o u g h s  of an i n s t a b i l i t y  

w e r e  of c o n c e r n  s i n c e  th e y  y i e l d  £ p T a m e a s u r e  of w a v e  g r o w t h  rate. 

To look at the r e l a t i v e  p r o b a b i l i t y  of any w a v e f o r m  d e v e l o p i n g  in 

p r e f e r e n c e  to any ot h e r  a c r i t e r i o n  to c h o o s e  th e mo st l i k e l y  

w a v e s h a p e  had to be d e v e l o p e d .
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Fig.  3.7 Variat ion of  i n s t a b i l i t y  wavelength with 

amplitude for various f i lm t h i cknes s es .
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For an e q u i l i b r i u m  s i t u a t i o n  the i n t e r f a c i a l  p r e s s u r e  

fr om l i q u i d  to v a p o u r  mu st be c o n s t a n t  ov er the w h o l e  d e s t a b i l i z e d  

l i qu id s u r f a c e .  The u s e  of the b o u n d a r y  i n t e g r a l  m e t h o d  for s o l v i n g  

the e l e c t r i c  fi e l d  (eqn. 3.16) i n v o l v e d  d i v i d i n g  the i n t e r f a c e  into 

a n u m b e r  of e l e m e n t s  (total n u m b e r  NI). The mo st s t a b l e  w a v e f o r m  of 

a gi v e n  a m p l i t u d e  was th en d e f i n e d  as that wi th the l o w e s t  s t a n d a r d  

d e v i a t i o n ,  S D P , of th e p r e s s u r e s ,  p-r(i), a c t i n g  on the NI e l e m e n t s  

in the i n t e r f a c e ,  so:

tl  N X  - 1 0 . 3jjj I Z  (pt ( i ) - pTm ) 2J (3.30)

w h e r e  p Tm is the m e a n  of the i n t e r f a c i a l  p r e s s u r e s .

F r o m  p r e v i o u s  w o r k  by M e l c h e r  C761 and o t h e r s ,  e.g. 

T a y l o r  C108], it a p p e a r s  that EH D i n s t a b i l i t i e s  g a v e  d i f f e r i n g  

d e g r e e s  of np o i n t e d n e s s "  at the w a v e  peaks. It wa s  t h e r e f o r e

t h o u g h t  a p p r o p r i a t e  to c h o o s e  a m a t h e m a t i c a l  f o r m u l a t i o n  for the 

w a v e s h a p e  that: (a) c o u l d  d e s c r i b e  w a v e s  of d i f f e r e n t  d e g r e e s  of

p e a k i n g ,  (b) wa s s i m p l e  e n o u g h  to a l l o w  m i n i m i z a t i o n  of S D P w i th 

r e s p e c t  to a s i n g l e  p a r a m e t e r  and (c) e n s u r e d  a s m o o t h  c o n t i n u a t i o n  

of the i n t e r f a c e  f r o m  i n s i d e  the d o m a i n  c o n s i d e r e d  in Fig. 3.4 to 

o t h e r  w a v e s  in the t w o - d i m e n s i o n a l  w a v e t r a i n .  The f o l l o w i n g  wa s 

c h o s e n  to r e p r e s e n t  w a v e s h a p e :

7^(x) = - a. cos ( *tt(2 x / A # ) k 1 ) (3.31)

Fig. 3. 8 s h o w s  s e v e r a l  w a v e f o r m s  d e s c r i b e d  by (3.31) 

with d i f f e r e n t  v a l u e s  of th e p a r a m e t e r  El. The c o m p u t e r  p r o g r a m  of

3.4 was th e n  m o d i f i e d  so th at at ea ch w a v e  a m p l i t u d e  the w a v e s h a p e  

was c h a n g e d  (by m e a n s  of El) so as to m i n i m i z e  S D P and fi nd th e most 

s t a b l e  w a v e  for that a m p l i t u d e .  Fig. 3. 9 s h o w s  a s i m p l e  f l o w  c h a r t  

i l l u s t r a t i n g  the o p e r a t i o n s  c a r r i e d  out in the a t t e m p t  to f i nd the 

i n s t a b i l i t y  w a v e l e n g t h ,  a m p l i t u d e  and shape.

The r e l a t i o n s h i p  b e t w e e n  S D P and El for any g i v e n  w a v e  

a m p l i t u d e  wa s  co m p l e x .  An e x a m p l e  m o d e l l i n g  the e x p e r i m e n t  B of 

Ta b l e  3.1 with E i_ = 1 0 0 0 e o is sh o w n  in Fig. 3.10. C l o s e  e x a m i n a t i o n  

of the l a t t e r  s h o w s  how, for small a m p l i t u d e s ,  the m o st s t a b l e  

w a v e s h a p e s  c o r r e s p o n d  to E 1>1 (i.e. w a v e s  w i t h  a s h a r p  pe ak and a 

long t r ou gh ) w h i l e  for l a r g e r  a m p l i t u d e s  the m i n i m u m  of S D P
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Fig.  3.8 Several  i n s t a b i l i t y  waveshapes determined by (3 . 31)
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Fig.  3.9 Flow chart  for determination of  

i n s t a b i l i t y  waveshape & ampli tude.
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c o r r e s p o n d s  to E1<1. T h i s  in itself is not of g r e a t  s i g n i f i c a n c e .  

H o w e v e r ,  the r e l a t i o n s h i p  b e t w e e n  El, SDp and ApT was such that for 

the m i n i m a  of SDp with E1>1, Apt was a l w a y s  p o s i t i v e  w h i l e  for t h o s e  

m i n i m a  wi th E K 1 ,  A P t wa s n e g a t i v e .  So with i n c r e a s i n g  wa ve 

a m p l i t u d e  t h e r e  c o m e s  a p o i n t  at w h i c h  the mo st s t a b l e  w a v e f o r m  is 

no l o n g e r  on e with E D I  and APt >0, i.e. g r o w i n g ,  but on e with E1<1, 

and t h u s  c o l l a p s i n g .  Fig. 3.11 s h o w s  a plot of APt a g a i n s t  SDp for 

-three a m p l i t u d e s  (all c o n d i t i o n s  as for F i g . 3.10) by wa y of 

i l l u s t r a t i o n  of t h i s  point.

The q u e s t i o n  p o s e d  then was "Is t h i s  n u m e r i c a l  me t h o d ,  

wh i c h  a p p a r e n t l y  m a k e s  a p r e d i c t i o n  of i n s t a b i l i t y  a m p l i t u d e ,  a t r u e  

model of what h a p p e n s  in r e a l i t y " .  U n f o r t u n a t e l y  the a n s w e r  to th i s  

can not wi th c e r t a i n t y  be said to be "Yes" for s e v e r a l  re a s o n s .  

F i r s t l y  th is work was c a r r i e d  out v e r y  near the end of th e p r o j e c t  

with i n s u f f i c i e n t  t i m e  to te st r e s u l t s ,  such as t h o s e  of Figs. 3 . 1 0  

and 3.11, to d e t e r m i n e  w h e t h e r  th ey a r e  i n d e p e n d e n t  of p a r a m e t e r s  in 

the n u m e r i c a l  m e t h o d  i t s e l f  (e.g. mesh si z e ) ,  e s p e c i a l l y  as the 

d e p e n d e n c e  of SDp on El is r e l a t i v e l y  w e a k  c o m p a r e d  wi th the 

d e p e n d e n c e  of APt on SDp or El. R e f i n e m e n t  of c o m p u t a t i o n  

m e t h o d s / a c c u r a c y  s h o u l d  t h e r e f o r e  be u n d e r t a k e n  as a p r i o r i t y  b e f o r e  

any f u r t h e r  wo rk is c o n s i d e r e d .  S e c o n d l y ,  e x p e r i m e n t s  s h o u l d  be 

c o n d u c t e d  to a s c e r t a i n  the E H D  w a v e  a m p l i t u d e s  and w a v e s h a p e s  fo u n d  

in p r a c t i c e  for the p u r p o s e s  of c o m p a r i s o n .  No w o r k  in t h i s  a r e a  

ha s as yet been r e p o r t e d  a l t h o u g h  D i d k o v s k y  and B o l o g a  C31] h a v e  

s t u d i e d  EH D  a m p l i t u d e s  on a v e r t i c a l  R 1 1 3  c o n d e n s a t e  f i l m  but un d e r  

r a t h e r  d i f f e r e n t  c o n d i t i o n s  than t h o s e  c o v e r e d  in the e x p e r i m e n t a l  

s e c t i o n  of th is study. T h e y  used a v e r t i c a l ,  c y l i n d r i c a l  c o n d e n s i n g  

s u r f a c e  15 0 m m  hi gh and o b s e r v e d  w a v y  fi l m  f l o w  in th e c o n d e n s a t e  

even b e f o r e  the a p p l i c a t i o n  of the e l e c t r i c  f i e l d  u n l i k e  the p r e s e n t  

s t u d y  w h e r e  no d i s t u r b a n c e  of the f i l m  on a h o r i z o n t a l  tu be was 

fo u n d  u n d e r  z e r o  f i e l d  c o n d i t i o n s .  D i d k o v s k y  and B o l o g a  then 

i n v e s t i g a t e d  the e f f e c t  of an e l e c t r i c  f i e l d  a p p l i e d  to t h ei r 

v e r t i c a l  f i l m  and f o u n d  th at with i n c r e a s i n g  f i e l d  the h y d r o d y n a m i c  

f i l m  d i s t u r b a n c e s  w e r e  f i r s t  r e a r r a n g e d  into a m o r e  r e g u l a r  EHD 

s t r u c t u r e ,  then, at h i g h e r  fi e l d  s t r e n g t h s ,  the EHD w a v e  h e i g h t s  

d i m i n i s h e d .  The l a t t e r  wa s a t t r i b u t e d  to a d e c r e a s e  in m e an f i l m  

t h i c k n e s s  as a r e s u l t  of c o n d e n s a t e  b e i n g  e l e c t r i c a l l y  s p r a y e d  into 

the i n t e r - e l e c t r o d e  gap (a f o r m  of EH D p u m p i n g ) .  T h e i r  p r e s e n t a t i o n  

did not h o w e v e r  c o v e r  s o m e  i m p o r t a n t  p o i n t s  (e.g. it was not cl e a r
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w h e t h e r  the w a v e  h e i g h t  was that of the t w o - d i m e n s i o n a l  s t r u c t u r e  or

o-f the t h r e e - d i m e n s i o n a l  d r o p s  s u p e r i m p o s e d  t h e r e o n ) .  T h e r e  is a 

d e f i n i t e  ne ed for f u r t h e r  work in t h i s  d i r e c t i o n .

The c o m p u t e r  a n a l y s i s  g i v i n g  r e s u l t s  s u ch as t h o s e  of 

Figs. 3 . 1 0  and 3.11 s u g g e s t s  that th e most s t a b l e  t y p e  of w a v e s h a p e  

will a b r u p t l y  c h a n g e  f r o m  on e w i th s h a r p  pe a k s  to o n e  wi th s m o o t h  

h u m p s  and s h a r p  t r o u g h s  at s o m e  g i v e n  a m p l i t u d e .  T h i s  is u n l i k e l y  

to h a p p e n  in r e a l i t y  and ha s c e r t a i n l y  not be en se en or r e p o r t e d  by 

EH D c o n d e n s a t i o n  r e s e a r c h e r s ,  a l t h o u g h  in e x p e r i m e n t s  with i n t e n s e  

e l e c t r i c  f i e l d s  a p p l i e d  to l i q u i d  m e n i s c i  of small c u r v a t u r e  T a y l o r  

C 108] f o u n d  that ne a r  the c r i t i c a l  f i e l d  r e q u i r e d  to d e s t a b i l i z e  the 

l i q u i d - v a p o u r  i n t e r f a c e  a m e n i s c u s  would, in s o m e  c a s e s ,  o s c i l l a t e  

ra p i d l y .  Such b e h a v i o u r  m i g h t  be a c c o u n t e d  for in t h e  above, i.e. 

at a g i v e n  a m p l i t u d e  two w a v e s h a p e s  ma y be a l t e r n a t e l y  a d o p t e d ,  one 

g r o w i n g  , one c o l l a p s i n g ,  l e a d i n g  to an o s c i l l a t o r y  m o v e m e n t .  O n l y  

one t y p e  of w a v e  s h a p e  has be en t r i e d  in th e p r e s e n t  s t u d y  and it 

ma y well be the c a s e  that a m o r e  a p p r o p r i a t e  f u n c t i o n  than (3.31) 

c o ul d be fo u n d  g i v i n g  a le ss c o m p l e x  r e l a t i o n s h i p  b e t w e e n  S D P , El 

and A p T .

G i v e n  th e a b o v e  the a u t h o r  has s o m e  s e r i o u s  m i s g i v i n g s  

a b ou t the r e s u l t s  p r e s e n t e d  in t h i s  s e c t i o n  but n e v e r t h e l e s s  f e e l s  

that t h e i r  p u b l i c a t i o n  can o n l y  do good by c o n t r i b u t i n g  to th e 

d i s c u s s i o n  on th e n a t u r e / a n a l y s i s  of t w o - p h a s e  E H D  p h e n o m e n a .

Fig. 3 . 1 2  is a p l ot of APt vs. El for the s i t u a t i o n  of 

R 114 c o n d e n s i n g  on a h o r i z o n t a l  t u b e  as d e t a i l e d  in s e c t i o n  3.3. 

This s h o w s  the r e s u l t s ,  at the s i d e  of the tube, for an e l e c t r o d e  

p o t e n t i a l  of 1 3 kV w h e r e  V c for that s i t u a t i o n  w o u l d  be 12.2kV. Fig.

3 . 1 3  s h o w s  ho w for a m u c h  h i g h e r  e l e c t r o d e  p o t e n t i a l  (V=20kV) the 

m i n i m a  of SDp for all w a v e  a m p l i t u d e s  c o r r e s p o n d  to p o s i t i v e  g r o w t h  

r a t e s  i n d i c a t i n g  a t h e o r e t i c a l l y  u n s t a b l e  wa ve w h e r e  in p r a c t i c e  

some o t h e r  g r o w t h  l i m i t i n g  m e c h a n i s m  may co me in to play.

Any f u t u r e  d e v e l o p m e n t  of th is n u m e r i c a l  a n a l y s i s  will 

p r o b a b l y  r e t u r n  to the idea tr i e d  at the b e g i n n i n g  of the p r o j e c t  

and m e n t i o n e d  in the fi r s t  p a r a g r a p h  of s e c t i o n  3. 4 w h e r e  the w a v e  

sh a p e  is a l l o w e d  to d e v e l o p  a c c o r d i n g  to the p r e s s u r e s  on ea ch 

b o u n d a r y  e l e m e n t  in the l i q u i d - v a p o u r  i n t e r f a c e ,  but, in the li gh t 

of the k n o w l e d g e  g a i n e d  above, h a v i n g  f i rs t c a l c u l a t e d  .
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waveform against  waveshape.



Fig.  3.11 In t er f ac i a l  pressure d i f f .  

between peak & trough of  waveform

against  waveform s t a b i l i t y .



E1

X a = 0 0 2 7 5 m m V  = 1 5  k V

<•> a = 0 0  1 2 5 m m > A f  =  5  0 6  m m

O a  =  0  0 0 7 5  m m  ^ EL/ e 0  = 2 - 1 1

Fig.  3.12 S t a b i l i t y  of  a given 

waveform against  waveshape.



\

-cH

x a = 0 0275mm 

o a = 0 0175 mm 

© a= 0 0075 mm

V = 20 kV 

> Af=1'53mm

el/ e0 = 2-11

Fig.  3.13 S t a b i l i t y  of  a given 

waveform agains t  waveshape.



3.6 F O R C E S  L I M I T I N G  EHD W A V E  A M P L I T U D E

Upon a p p l i c a t i o n  of an e l e c t r i c  -field to a d i e l e c t r i c  

c o n d e n s a t e  film, d e s t a b i l i z a t i o n  o-f th at f i l m  may o c c u r  as a r e s u l t  

of f o r c e s  of e l e c t r i c a l  o r i g i n  a c t i n g  on th e i n t e r f a c e .  A g a i n s t  

t h e s e  d e s t a b i l i z i n g  f o r c e s  act s e ve ra l r e s t o r i n g  fa r c e s .  S u r f a c e  

t e n s i o n  and g r a v i t a t i o n a l  f o r c e s  have a l r e a d y  be e n  d i s c u s s e d  

e x t e n s i v e l y  a b o v e  as t h e y  f o rm part of th e c o m p u t a t i o n a l  model, 

h o w e v e r ,  in a d d i t i o n  t h e r e  will e x is t h y d r o d y n a m i c  f o r c e s  in any EHD 

d e s t a b i l i z e d  c o n d e n s a t e  film. T h e s e  a r i s e  p r i m a r i l y  f r o m  the

d i f f e r e n c e  in local c o n d e n s a t i o n  r a t e s  at p e a k s  and t r o u g h s  of the

i n s t a b i l i t y  (see Fig. 3.2). The c o n d e n s a t e  m a s s  flux into the 

s u r f a c e  of the f i l m  at a t r o u g h ,  m T , will be g r e a t e r  th an t h at at a 

peak, mp, by the r a t i o  of the r e c i p r o c a l  of the local f i l m  

t h i c k n e s s e s  ( a s s u m i n g  h e a t  fl ow t h r o u g h  the f i l m  is by c o n d u c t i o n  

alone). G i v e n  a s t a b l e  EH D wa ve i n s t a b i l i t y  t h e r e  mu st then be a 

p r e s s u r e  drop, du e to r e d i s t r i b u t i o n  of the n o n - u n i f o r m l y  g e n e r a t e d  

li quid, b e t w e e n  th e pe ak and tr ou gh . Th is p r e s s u r e  d r o p  will g i v e

r i s e  to f u r t h e r  r e s t o r i n g  f o r c e s  on th e fi lm s u r f a c e  w h i c h  will tend

to r e d u c e  i n s t a b i l i t y  a m p l i t u d e .  No a t t e m p t  is m a d e  h e r e  to ta ke 

th is m a t t e r  f u r t h e r  but th e p o s s i b i l i t y  of su ch a p h e n e m e n o n  is 

no t e d  and it may well be that its e f f e c t s  in p r a c t i c e  are of 

c o n s i d e r a b l e  p h y s i c a l  s i g n i f i c a n c e .

3.7 EH D S U R F A C E  I N S T A B I L I T I E S  IN T H E R M O P L A S T I C S

T h r o u g h o u t  the p r o j e c t  the a u t h o r  f r e q u e n t l y  soug ht , 

t h r o u g h  p e r u s a l  of t e c h n i c a l  j o u r n a l s ,  p o s s i b l e  a r e a s  of r e s e a r c h  

with i n t e r e s t s  c o m m o n  to t h o s e  d e s c r i b e d  in t h i s  t h es is . One such 

fi el d w a s  fo u n d  to be the e l e c t r o s t a t i c  d e f o r m a t i o n  of t h e r m o p l a s t i c  

films. The fi r s t  r e p o r t  on th is p h e n o m e n o n  was m a d e  by C r e s s m a n  

C303 in 1963 wh o  d e s c r i b e d  ho w the s u r f a c e  of a m o l t e n  t h e r m o p l a s t i c  

fi lm ma y be e l e c t r i c a l l y  c h a r g e d ,  the r e s u l t i n g  e l e c t r i c  fi e l d  

t h r o u g h  the fi lm t h e n  c a u s e s  a w a v e  d e f o r m a t i o n  of the f i l m  s u r f a c e  

(known as "frost") v e r y  s i m i l a r  to the EHD i n s t a b i l i t y  on a 

c o n d e n s a t e  fi lm as d e s c r i b e d  above. Th is e f f e c t  can be used to 

"wri te " on a t h e r m o p l a s t i c  layer c o a t i n g  a c o n d u c t i n g  s u b s t r a t e  by 

m e a n s  of an e l e c t r o n  b e a m  in a vacuum. ( C r e s s m a n  a l s o  r e p o r t e d  a 

s i m i l a r  e f f e c t  c a l l e d  " E i d o p h o r "  w h e r e  an e l e c t r o n  b e a m  w r i t e s  on a 

v i s c o u s  oil film u s i n g  c a t h o d e - r a y - t u b e  t e c h n i q u e s .  By r e p e a t i n g



the p r o c e s s  at h i g h  -frequency as in a TV CRT a r i p p l e  de-formation is 

i m p o s e d  on the f i l m  and t h i s  t o g e t h e r  with a S c h l i e r e n  o p t i c a l  

s y s t e m  has been e m p l o y e d  for l a r g e  TV d i s p l a y s ) .

C r e s s m a n  and la te r Bu dd [171 m a d e  t h e o r e t i c a l  a n a l y s e s  

of the p h e n o m e n o n .  C r e s s m a n  u s e d  a c o m p a r a t i v e l y  s i m p l e  a p p r o a c h  to 

c a l c u l a t e  the t h r e s h o l d  s u r f a c e  v o l t a g e ,  Vo, r e q u i r e d  for s u r f a c e  

d e f o r m a t i o n  w h i c h  he c o n s i d e r e d  to oc c u r  when th e e f f e c t i v e  s u r f a c e  

t e n s i o n ,  s, of th e t h e r m o p l a s t i c  f i l m  was ze ro usin g:

s = So - 0. 5 OsV (3.32)

w h e r e  So is th e normal c o e f f i c i e n t  of s u r f a c e  t e n s i o n  u n d e r  z e r o  

f i e l d  c o n d i t i o n s ,  a“8 and V are th e s u r f a c e  c h a r g e  d e n s i t y  and 

p o t e n t i a l  of th e f i lm s u r f a c e  r e s p e c t i v e l y .  In o t he r w o r d s  

i n s t a b i l i t y  wa s t h o u g h t  to o c c u r  w h e n  V = V o  i.e. w h e n  c o n v e n t i o n a l  

s u r f a c e  t e n s i o n  e n e r g y  was equal to the e l e c t r i c a l  e n e r g y  of th e 

s u r f a c e  per u n i t  area. T h i s  t h e o r y  did not model the e x p e r i m e n t a l  

r e s u l t s  c o r r e c t l y  and did not p r e d i c t  the s p a t i a l  w a v e l e n g t h s  of the 

fr o s t  d e f o r m a t i o n .

Budd C171 used a p e r t u r b a t i o n  a n a l y s i s  a s s u m i n g  a 

s i n u s o i d a l  d e f o r m a t i o n  of th e f i l m  s u r f a c e  and d e r i v e d  an e x p r e s s i o n  

for the ra te of g r o w t h  of a g i v e n  w a v e f o r m  of w a v e n u m b e r  K f r o m  

wh i c h  the most u n s t a b l e  w a v e  n u m b e r  c o u l d  be d e r i v e d  (as did Le e and 

Choi [68], cf. e q u a t i o n  3.26). Bo th Budd and C r e s s m a n  a s s u m e d  th at

(a) the e l e c t r i c  f i e l d  a f f e c t s ,  and i n de ed r e d u c e s ,  s u r f a c e  t e n s i o n  

and that (b) f i l m  s u r f a c e  d e f o r m a t i o n  d o e s  not o c c u r  until 

e l e c t r i c a l  and s u r f a c e  t e n s i o n  e n e r g y  d e n s i t i e s  are equal. T h e s e  

a s s u m p t i o n s  are op en to so me q u e s t i o n .  T a k i n g  p o i n t  (b) fi r s t  - the 

n u m e r i c a l  a n a l y s i s  p r e s e n t e d  e a r l i e r  in this c h a p t e r  and by o t h e r s  

such as Lee and Choi [68] or M e l c h e r  [76] s h o w  that an EH D 

i n s t a b i l i t y  of th e sort d e s c r i b e d  by B u dd and C r e s s m a n  can be 

p r o d u c e d  w i t h o u t  a c c o u n t i n g  for any e f f e c t  of th e e l e c t r i c  fi e l d  on 

s u r f a c e  t e n s i o n .  Po i n t  (a) a b o v e  is de al t w i th in s e c t i o n  3.8.

M o r e  r e c e n t l y  H a n d o j o  [48] has a n a l y s e d  the 

t h e r m o p l a s t i c  f r o s t  p h e n o m e n o n  u s i n g  t e c h n i q u e s  m u c h  c l o s e r  to t h o s e  

used in the a n a l y s i s  of EHD c o n d e n s a t i o n  and we nt f u r t h e r  th an mo st 

(as in the p r e s e n t  study) by i n v e s t i g a t i n g  ( t h e o r e t i c a l l y )  the
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r e l a t i o n s h i p  b e t w e e n  w a v e  a m p l i t u d e ,  a, and m o s t  u n s t a b l e  

w a v e l e n g t h ,  ?W. Hi s r e s u l t s  are m o s t  i n t e r e s t i n g  but a g a i n  th e i r  

i n t e r p r e t a t i o n  is o p en to q u e s t i o n .  Take for e x a m p l e  t h e  s t a t e m e n t  

"We know that f r o s t  d e f o r m a t i o n  c o m m e n c e s  when a n e g a t i v e  s u r f a c e  

t e n s i o n . . . .  m a k e s  t h e  s u r f a c e  u n s t a b l e " .  But H a n d o j o  d o e s  at le ast 

ad m i t  that s o m e  e x p e r i m e n t a l  e v i d e n c e  r u n s  c o n t r a r y  to th i s  

a s s e r t i o n  and that in s o m e  c a s e s  "Frost d e f o r m a t i o n  can g r o w  even 

when the s u r f a c e  p o t e n t i a l  is lower th a n  Uth", (where Uth=V0).

It is p o s s i b l e  that an i n s t a b i l i t y  r a t h e r  m o r e  d r a m a t i c  

than f r o s t  f o r m a t i o n  w o u l d  oc c u r  s h o u l d  the e f f e c t i v e  s u r f a c e  e n e r g y  

of a l i q u i d  b e c o m e  n e g a t i v e  by m e a n s  of an a p p l i e d  e l e c t r i c  field. 

As e v i d e n c e  for t h i s  one m i gh t c o n s i d e r  the wo rk of T a y l o r  C10B] on 

e l e c t r i c a l l y  d r i v e n  jets. H e r e  hi g h  f i e l d s  w e r e  a p p l i e d  to li q u i d  

me n i s c i  at the e n d s  of fi ne tu b e s  and T a y l o r  f o u n d  th at the li q u i d  

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

p u l l e d  f r o m  the l i q u i d  s u r f a c e  t o w a r d s  the e l e c t r o d e  o p p o s i t e  (for 

c o n d u c t i n g  l i q u i d s  a v e r y  f i n e  jet of li q u i d  wa s p r o d u c e d ) .

N e i t h e r  H a n d o j o  nor Bu dd m a d e  an y q u a n t i t a t i v e  

c o m p a r i s o n s  b e t w e e n  th e i r  t h e o r e t i c a l  a n a l y s e s  and ot h e r  

e x p e r i m e n t a l  r e s u l t s .  It w o u l d  se e m  that the p r e o c c u p a t i o n  with the 

c r i t i c a l  v o l t a g e  Vo at w h i c h  the e f f e c t i v e  s u r f a c e  e n e r g y  of the 

f i l m  s u p p o s e d l y  b e c o m e s  ze ro has led to a r e l u c t a n c e  to c o n t e m p l a t e  

the e x i s t e n c e  of p o s i t i v e  g r o w t h  r a t e s  for w a v e f o r m s  at s u r f a c e  

p o t e n t i a l s  b e l o w  t h is v o l t ag e. C o m m u n i c a t i o n  b e t w e e n  EHD 

c o n d e n s a t i o n  r e s e a r c h e r s  and t h o s e  i n v o l v e d  with f r o s t  d e f o r m a t i o n  

w o ul d, w i t h o u t  d o u b t ,  lead to so me l i v e l y  de bate!

3 . B  THE E F F E C T  OF AN E L E C T R I C  F I E L D  ON S U R F A C E  T E N S I O N

It wa s  not until the w o r k  of C r e s s m a n  and o t h e r s  in the 

p r e v i o u s  s e c t i o n  had been seen th a t  the a u t h o r  a p p r e c i a t e d  the 

p o s s i b i l i t y  that an e l e c t r i c  fi e l d  c o u l d  a f f e c t  th e s u r f a c e  t e n s i o n  

of a li quid. S h o u l d  such a p h e n o m e n o n  ex i s t  then it c o u l d  ha ve ve ry 

s i g n i f i c a n t  e f f e c t s  on t w o - p h a s e  EH D heat t r a n s f e r .  H o w e v e r ,  

c o n s i d e r a t i o n  of t h i s  s u b j e c t  was ag a i n  m a d e  d i f f i c u l t  by the lack 

of e x p e r i m e n t a l  e v i d e n c e  on the topi c. An e x t e n s i v e  l i t e r a t u r e  

s u r v e y  r e v e a l e d  o n l y  two r e p o r t s  of r e l e v a n c e ,  and ev e n  then t h e r e  

was c o n s i d e r a b l e  d i s a g r e e m e n t  as to w h e t h e r  the e f f e c t  e x i s t e d  or



First consider the effect of an electric field on

s u r f a c e  t e n s i o n  in a q u a l i t a t i v e  s e n s e  . For a c o n d u c t i n g  l i q u i d  

with a f i e l d  a p p l i e d  at its s u r f a c e  the e f f e c t  will be o n e  of 

a t t r a c t i n g  c h a r g e  of one p o l a r i t y  to the l i q u i d  s u r f a c e .  S i n c e  

th e s e  c h a r g e s  will tend to repel one a n o t h e r  th e s u r f a c e  t e n s i o n  of 

the l i q u i d  will be e f f e c t i v e l y  r e d u c e d .  Thus, C r e s s m a n  g i v e s  (3.32) 

as a m e a n s  of c a l c u l a t i n g  th e e f f e c t i v e  s u r f a c e  t e n s i o n .  In a t r u e  

d i e l e c t r i c  l i q u i d  the s i t u a t i o n  will be r a t h e r  d i f f e r e n t .  F r e e  

c h a r g e s  will not e x i s t  as su c h  in the b o d y  of th e l i qu id , thus, for 

a fi el d n o r m a l  to th e li q u i d  i n t e r f a c e  d i p o l e s  will be a l i g n e d  as in 

Fig. 3 . 1 4 a  i n d u c i n g  a b o u n d  s u r f a c e  c h a r g e  d e n s i t y  and one w o u l d  

e x pe ct s u r f a c e  t e n s i o n  to be re d u c e d .  But for a fi e l d  t a n g e n t i a l  to 

the l i q u i d  s u r f a c e  a s i t u a t i o n  as in Fig. 3 . 1 4 b  p e r t a i n s  w h e r e  an 

i n c r e a s e  in s u r f a c e  t e n s i o n  ma y  a r i s e  (though t h i s  is not c o m p l e t e l y  

c e r t a i n ) .  O b v i o u s l y  the s i t u a t i o n  is not q u i t e  as s i m p l e  as 

s u g g e s t e d  by th e  f o r m u l a t i o n  of (3.32). (It sh o u l d ,  h o w e v e r ,  be 

no te d that th e t h e r m o p l a s t i c  f i l m  d e f o r m a t i o n s  we r e  p r o d u c e d  by 

s p r a y i n g  c h a r g e  on the s u r f a c e  of the f i l m  w h i c h  is a r a t h e r  

d i f f e r e n t  s i t u a t i o n  to an EH D c o n d e n s a t e  f i l m  w h e r e  an e l e c t r i c  

fi e l d  is a p p l i e d  e x t e r n a l l y  by m e a n s  of e l e c t r o d e s ) .

s u r f a c e  t e n s i o n  w o u l d  be s i g n i f i c a n t  in EH D c o n d e n s a t i o n  the 

f o l l o w i n g  e x a m p l e  was take n: f i l m  t h i c k n e s s ,  6 m s 0.1rnrn; a p p l i e d  

field, E = 3 . 0 M V / m j  6 i_/6os 2 . 5 j s o = 0 . 0 1 5 N / m .  F r o m  (3.32) t h e s e  

c o n d i t i o n s  e f f e c t i v e  s u r f a c e  t e n s i o n  is gi ve n by (cf. H a n d o j o  C483 ):

= 0 . 0 1 1 8  N/m

W h e r e  the s u s c r i p t s  L and v r e f e r  to l i q u i d  and v a p o u r  

as be fo re . T h i s  r e p r e s e n t s  a c h a n g e  of a p p r o x i m a t e l y  217. c o m p a r e d  

to the z e r o  f i e l d  case. For the s a m e  s i t u a t i o n  but wi th e L / e o = 1 0 0 0  

the c h a n g e  is o n l y  0.067.. T h u s  the ef f e c t ,  if p r e s e n t ,  w o u l d  be 

most s i g n i f i c a n t  in ideal d i e l e c t r i c s .  As a f u r t h e r  test the 

p r o g r a m  for c a l c u l a t i o n  of w a v e  a m p l i t u d e ,  s h a p e  and w a v e l e n g t h  

(section 3.5) was m o d i f i e d  to a c c o u n t  for t h i s  p o s s i b l e  c h a n g e  in 

the c o e f f i c i e n t  of s u r f a c e  t e n s i o n  wi th fi e l d  s t r e n g t h .  Th e r e s u l t s  

of t h is p r o g r a m  a p p l i e d  to a v e r t i c a l  c o n d e n s a t e  f i l m  (Sm = 0 . 0 5 m m ,

To d e t e r m i n e  w h e t h e r  the ef f e c t  of th e e l e c t r i c  f i e l d  on

S = S o  “ E l i E l .V

S o  “  E l
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F ig .  3 . 1 4  E f f e c t  o f  a p p l i e d  f i e l d s  on  s u r f a c e  t e n s i o n  o n  a d i e l e c t r i c  liquid^.



So=0.007N/m and H = 5 . 0 m m )  are sh o w n  in Fig. 3.15. Th e c o m p a r i s o n  

b e t w e e n  for a g i v e n  v o l t a g e  w i t h o u t  and w i th th e f i e l d  e f f e c t  on 

s u r f a c e  t e n s i o n  s h o w s  that up to a c r i t i c a l  v o l t a g e  ( a p p r o x i m a t e l y  

1 7 kV in the c a s e  g i v e n ) , a s  e x p e c t e d ,  the e l e c t r i c a l l y  d i m i n i s h e d  

c o e f f i c i e n t  of s u r f a c e  t e n s i o n  l e a d s  to s l i g h t l y  s m a l l e r  v a l u e s  of 

A f . But b e y o n d  t h i s  c r i t i c a l  v o l t a g e  a d e c r e a s e  in ?U of two o r d e r s  

of m a g n i t u d e  is p r e d i c t e d .  T h i s  jump in )U wi t h  i n c r e a s i n g  fi e l d  

ha s c e r t a i n l y  not be en seen in p r a c t i c e  i n d i c a t i n g  that the model of 

e l e c t r i c  f i e l d / s u r f a c e  t e n s i o n  i n t e r a c t i o n  is not c o r r e c t .  H o w e v e r ,  

that is not to s a y  t h e r e  is no e f f e c t  w h a t s o e v e r  s i n c e  th e t h e o r y  of 

the s t a b i l i t y  of c h a r g e d  l i q u i d  d r o p s  has been well s u b s t a n t i a t e d .

As for d i r e c t  e x p e r i m e n t a l  e v i d e n c e ,  the f i r s t  s t u d y  by 

S c h m i d  et al [94] e x a m i n e d  the e f f e c t  of e l e c t r i c  f i e l d s  on the 

s u r f a c e  t e n s i o n ,  s, of salt s o l u t i o n s .  For an a p p l i e d  fi el d of 

a p p r o x i m a t e l y  l M V / m  a c h a n g e  in s of o n l y  a f e w  p e r c e n t  wa s found. 

But ev en t h i s  small c h a n g e  was l a t e r  q u e s t i o n e d  by H a y e s  [49] who 

c o n d u c t e d  a " r i p p l e  e x p e r i m e n t "  w h e r e  EHD i n s t a b i l i t i e s  w e r e  i n d u c e d  

in the s u r f a c e  of a w a t e r  film. T h e  w a v e l e n g t h  of the i n s t a b i l i t y  

was p r e d i c t e d  u s i n g  t e c h n i q u e s  d e v e l o p e d  by H e l c h e r [ 7 6 ]  and the 

e x p e r i m e n t a l  r e s u l t s  w e r e  a d e q u a t e l y  p r e d i c t e d  a s s u m i n g  the fi e l d  

had no e f f e c t  on s u r f a c e  t e n s i o n ,  t h u s  c h a l l e n g i n g  th e f i n d i n g s  of 

S c h m i d  et al. U n f o r t u n a t e l y  o n l y  w a t e r  was us e d  in H a ye s' work. It 

wo ul d be i n t e r e s t i n g  to kn o w  if s i m i l a r  r e s u l t s  w o u l d  be f o u n d  us i n g  

a l i q u i d  c l o s e r  in n a t u r e  to a p u r e  i n s u l a t o r .

In c o n c l u s i o n ,  it w o u l d  a p p e a r  that f r o m  r e s e a r c h  on EHD 

v a p o u r - l i q u i d  f i l m  i n s t a b i l i t y  w a v e l e n g t h  t h e r e  is v e r y  l i t t l e  

ef f e c t  due to the e l e c t r i c  f i e l d  on s u r f a c e  t e n s i o n ,  c e r t a i n l y  less 

than that p r e d i c t e d  by e q u a t i o n  (3.32) for th e l i q u i d s  and fi e l d  

s t r e n g t h s  us ed e x p e r i m e n t a l l y .  But it s h o u l d  a l s o  be n o t e d  that in 

s t u d i e s  w h e r e  m o r e  in t e n s e ,  and o f t e n  v e ry n o n - u n i f o r m ,  f i e l d s  h a v e  

been us ed good a g r e e m e n t  b e t w e e n  t h e o r y  and e x p e r i m e n t  on the 

c r i t i c a l  f i e l d  r e q u i r e d  for d i s r u p t i o n  of a l i q u i d - v a p o u r  i n t e r f a c e  

has been a c h i e v e d .
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electric field- 
surface tension 

effect

Fig.  3.15 Ef f ec t  of  including poss i b l e

surface t e n s i o n / f i e l d  strength

funct ion [eqn ( 3 . 3 2 ) ]  in c a l cu l a t i on  of  i n s t a b i l i t y  wavelength.
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3,9 R E C E N T  D E V E L O P M E N T S  IN THE A N A L Y S I S  OF ft

T H R E E- DI ME NS IQ Nft L

EHD C O N D E N S A T I O N  I N S T A B I L I T Y

The EHD i n s t a b i l i t y  p h e n o m e n a  are, in e s s e n c e ,  sp e c i a l  

c a s e s  of th e m o r e  ge n e r a l  g r o u p  of f i l m  s u r f a c e  i n s t a b i l i t i e s  w h i c h  

ha ve a t t r a c t e d  th e a t t e n t i o n  of m a n y  r e s e a r c h e r s  in r e c e n t  years. 

If a l i q u i d  f i l m  f a l l s  s u f f i c i e n t l y  far and fast do wn a v e r t i c a l  

p l a t e  it will e v e n t u a l l y  b e c o m e  u n s t a b l e  and i r r e g u l a r  t r a n s v e r s e  

w a v e s  will f o r m  t h e r eo n. T h i s  ha s been m e n t i o n e d  in s e c t i o n  3.5

a b o v e  wi th r e g a r d  to the w o r k  of D i d k o v s k y  and B o l o g a  C313. The

a n a l y s i s  of t h e s e  h y d r o d y n a m i c  i n s t a b i l i t i e s  is of g r e a t  i n t e r e s t  

and i m p o r t a n c e  s i n c e  t h e y  r e s u l t  in i n c r e a s e d  heat and m a s s  t r a n s f e r  

in m a n y  e n g i n e e r i n g  s i t u a t i o n s  (e.g. c o n d e n s e r s ,  c h e m i c a l

e n g i n e e r i n g  e q u i p m e n t  and f a l l i n g  fi l m  e v a p o r a t o r s ) .  T h e o r e t i c a l  

m o d e l l i n g  of t h e s e  h y d r o d y n a m i c  i n s t a b i l i t i e s  is e x t r e m e l y  d i f f i c u l t  

not le as t b e c a u s e  the w a v e f o r m s  ar e not p a r t i c u l a r l y  r e g u l a r  or 

s t ab le , u n l i k e  the EH D case.

The a n a l y s i s  d e v e l o p e d  a b o v e  by t h e  p r e s e n t  a u t h o r  

a p p l i e s  o n l y  to a t w o - d i m e n s i o n a l  EH D  wa ve s t r u c t u r e .  In p r a c t i c e  

the s i t u a t i o n  is m o r e  c o m p l e x .  Fig. 3. 16 is an i l l u s t r a t i o n  of th e 

EH D i n s t a b i l i t y  o b s e r v e d  on a sm o o t h ,  h o r i z o n t a l  c o n d e n s e r  t u b e  at

high f i e l d  s t r e n g t h s  in the p r e s e n t  s t u d y  (i.e. E > 2 . 5 M V / m ) .

(S im il ar r e s u l t s  w e r e  d e s c r i b e d  by D i d k o v s k y  and B o l o g a ) .  He r e  

d r o p s  of c o n d e n s a t e  are s i t u a t e d  in a r e g u l a r  p a t t e r n  on the top of 

the t w o - d i m e n s i o n a l  EHD w a v e  s t r u c t u r e .  D y a k o w s k i  et al [34] h a v e  

a n a l y s e d  th is e f f e c t  and c l a i m  to ha ve d e v e l o p e d  a m e a n s  of 

p r e d i c t i n g  th e r e s u l t i n g  E H D  e n h a n c e m e n t  of h e a t  t r a n s f e r .  T h e r e  

now f o l l o w s  a r e v i e w / c r i t i q u e  of t h i s  a n a l y s i s ,  the ma in p u r p o s e  of 

wh i c h  is to s h o w  a c o m p l e t e l y  d i f f e r e n t  a p p r o a c h  to the m o d e l l i n g  of 

th is EH D p h e n o m e n o n  and s o m e  of the d i f f i c u l t i e s  in v o l v e d .

D y a k o w s k i  et al f i r s t  used a c o n v e n t i o n a l  l i n e a r  

p e r t u r b a t i o n  a n a l y s i s  to p r e d i c t  the w a v e l e n g t h ,  of the

u n d e r l y i n g  t w o - d i m e n s i o n a l  i n s t a b i l i t y  (as d i s c u s s e d  in s e c t i o n  

3.1). T h e y  then a s s e r t e d  th at the t h r e e - d i m e n s i o n a l  d r o p l e t s  w e r e  

s p a c e d  v e r t i c a l l y  a d i s t a n c e  of apart, t h i s  s e c o n d  w a v e l e n g t h  

be i n g  equal to the h y d r o d y n a m i c  i n s t a b i l i t y  w a v e l e n g t h  as p r e d i c t e d
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by the t h e o r i e s  of H i r s c h b u r g  and F l o r s c h u e t z  [513 and P e n e v  et al 

[883. T h e s e  t h e o r i e s  w e r e  a l s o  used to p r e d i c t  the v e l o c i t y  

(celerity) of the d r o p l e t s  f a l l i n g  down th e s u r f a c e  of the 

t w o - d i m e n s i o n a l  i n s t a b i l i t y .  Then a s s u m i n g  a gi v e n  d r o p l e t  s h a p e  

and that the d i a m e t e r  of the b a s e  of the d r o p l e t s  is equal to 7)d 

D y a k o w s k i  et al d e r i v e d  an e x p r e s s i o n  for d r o p l e t  h e i g h t  wh i c h  

a l l o w e d  the total c o n d e n s a t e  m a s s  f l o w i n g  do wn the p l a t e  to be 

c a l c u l a t e d .  By c o m p a r i n g  t h i s  with the ma ss flux un d e r  z e r o - f i e l d  

c o n d i t i o n s  the r e l a t i v e  E H D  i n c r e a s e  in he a t  t r a n s f e r  c o e f f i c i e n t  

was c a l c u l a t e d .  E x t r e m e l y  good a g r e e m e n t  wa s c l a i m e d  with the 

e x p e r m e n t a l  r e s u l t s  of D i d k o v s k y  and Bologa.

T h i s  a n a l y s i s  is e x t r e m e l y  i n t e r e s t i n g  and if the 

a s s u m p t i o n s  used t r u l y  h o l d  in p r a c t i c e  then a r e l i a b l e  m e a n s  of 

p r e d i c t i n g  EM D c o n d e n s a t i o n  e n h a n c e m e n t  ma y h a v e  b e en d e v e l o p e d .  

U n f o r t u n a t e l y ,  the a u t h o r  do e s  not a c c e p t  t h i s  to be the case. 

T h e r e  ar e tw o main criti c i s m s  of D y a k o w s k i ' s  mo del (a) no a c c o u n t  

is ta k e n  of the e f f e c t  of the t w o - d i m e n s i o n a l  w a v e  s t r u c t u r e  on the 

ther ma l r e s i s t a n c e  of th e c o n d e n s a t e  f i l m  (b) t h e r e  is no e v i d e n c e  

that th e t h r e e - d i m e n s i o n a l  d r o p l e t  v e l o c i t y  and s p a c i n g  are 

d e t e r m i n e d  by the c a p i l l a r y - g r a v i t a t i o n a l  i n s t a b i l i t y  p h a s e  v e l o c i t y  

and w a v e l e n g t h  r e s p e c t i v e l y .  T a k i n g  t h e s e  p o i n t s  in m o r e  d e t a i l ,

(a) the mo del of the d e s t a b i l i z e d  f i l m  is o n e  of a n o m i n a l l y  flat 

film th e t h i c k n e s s  of w h i c h  has b e e n  r e d u c e d  f r o m  the z e r o - f i e l d  

case by th e  a p p e a r a n c e  of E H D  i n d u c e d  d r o p l e t s  on top of the film. 

Now the e x p e r i m e n t a l  e v i d e n c e  f r o m  the p r e s e n t  s t u d y  and f r o m  

p h o t o g r a p h s  of D i d k o v s k y  and B o l o g a ' s  e x p e r i m e n t s  s h o w  that a v e r y  

d i s t i n c t  t w o - d i m e n s i o n a l  w a v e  s t r u c t u r e  c o v e r s  the w h o l e  s u r f a c e  of 

the f i e l d - a f f e c t e d  c o n d e n s a t e  film. Th i s  i n s t a b i l i t y  of f i n i t e  

a m p l i t u d e  (i) will i n c r e a s e  h m ,e s u b s t a n t i a l l y ,  (ii) may be the 

p r i n c i p a l  m e c h a n i s m  c a u s i n g  E H D  e n h a n c e m e n t  and (iii) s h o u l d  not be 

i gnored.

With r e g a r d  to c r i t i s c i s m  (b) D y a k o w s k i  et al s t a t e  that 

with r e f e r e n c e  to D i d k o v s k i  and B o l o g a ' s  e x p e r i m e n t s  " T h e s e  

r e s e a r c h e r s  o b s e r v e d  that the wa ve s t r u c t u r e  in the x d i r e c t i o n  

(along the v e r t i c a l )  is not i n f l u e n c e d  by the a p p l i c a t i o n  of the 

e l e c t r i c  fi e l d  f r o m  a c e r t a i n  c r i t i c a l  v a l u e  of the fi e l d  s t r e n g t h  

on". T h i s  is not as r e p o r t e d  in [311. What wa s a c t u a l l y  said was
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"On a p p l i c a t i o n  of the f i e l d  the t r i a n g u l a r  w a v e s  (the z e r o - f i e l d  

c a p i l l a r y - g r a v i t a t i o n a l  waves) c o n t r a c t  into f i l a m e n t  c r e s t s  •... 

and i n s t a b i l i t y  d e v e l o p s  in the f o r m  of t r a n s v e r s e  s t a n d i n g  w a v e s  

3 m m  long ...... R e a r r a n g e m e n t  of the l o n g i t u d i n a l  w a v e s  in to

t r a n s v e r s e  o n e s  o c c u r s  w i t h i n  the r a n g e  U/UCr f r o m  1 to 2.3 ....
W i t h  f u r t h e r  i n c r e a s e  in th e f i e l d  s t r e n g t h ,  the l e n g t h  of the 

t r a n s v e r s e  w a v e s  is m a i n t a i n e d ,  th e a m p l i t u d e  d e c r e a s e s  and at 

U/Ucr>2.5 c o n i c a l  d r o p l e t s  a p p e a r  on the f i l m  s u r f a c e " .  So it is 

the t r a n s v e r s e  w a v e l e n g t h  that r e m a i n s  c o n s t a n t  a c c o r d i n g  to C313 

not the v e r t i c a l  w a v e l e n g t h ,  Ax, b e t w e e n  d r o p l e t s .  Gut it m u st be 

s a i d  (at s o m e  r i s k  of c o n f u s i n g  the issue) th at th e p h o t o g r a p h s  

p r e s e n t e d  in £311 s h o w  q u i t e  c l e a r l y  that bo t h  the t r a n s v e r s e  and 

v e r t i c a l  w a v e l e n g t h s  (Ad and A*) d e c r e a s e  w i t h  i n c r e a s i n g  f i e l d  

s t r e n g t h .  C e r t a i n l y  t h e r e  is no e v i d e n c e  that t h e  v e r t i c a l  s p a c i n g  

of the co n i c a l  d r o p l e t s  is in any w a y  r e l a t e d  to t h e  w a v e l e n g t h  of 

th e z e r o - f i e l d  c a p i 1 1 a r y - g r a v i t a t i o n a l  i n s t a b i l i t y  m o d e l l e d  in the 

t h e o r i e s  of H i r s c h b u r g  and F l o r s c h u e t z  or P e n e v  et al.

D y a k o w s k i  et al go f u r t h e r  than to s u g g e s t  that it is

o n l y  the c a p i l l a r y - g r a v i t a t i o n a l  w a v e l e n g t h  w h i c h  is a p p l i c a b l e  to

the EHD i n s t a b i l i t y ,  t h e y  a l s o  a s s u m e  that t h e  v e l o c i t y  of the

d r o p l e t s  f a l l i n g  d o w n  the f i l m  is eq ual to th e p h a s e  v e l o c i t y  of the

c a p i l l a r y - g r a v i t a t i o n a l  w a v e s  and is, t h e r e f o r e ,  i n d e p e n d e n t  of

f i e l d  s t r e n g t h  . Ag a i n  no e v i d e n c e  is put f o r w a r d  in s u p p o r t  of

t h i s  a r g u m e n t  and in fact D i d k o v s k y  and B o l o g a  p r e s e n t  r e s u l t s  w h i c h

sh o w  that the s p e e d  of the d i s t u r b a n c e s  is d e p e n d e n t  on the e l e c t r i c

f i e l d  s t r e n g t h  ( F i g . 7, £313). In th e e x p e r i m e n t a l  part of the

p r e s e n t  s t u d y  it was f o u n d  th at no c a p i l l a r y - g r a v i t a t i o n a l  w a v e s

w e r e  o b s e r v e d  on th e top of th e h o r i z o n t a l  s m o o t h  c o n d e n s e r  t u be and

yet t h r e e - d i m e n s i o n a l  EHD d r o p l e t s  w e r e  f o r m e d  u n d e r  the a c t i o n  of

th e e l e c t r i c  fiel d. This, at th e v e r y  least, d o e s  not i n d i c a t e  a

s t r o n g  link b e t w e e n  the c a p i l l a r y - g r a v i t a t i o n a l  and the EH D e f f e c t s .

V i su al o b s e r v a t i o n s  i n d i c a t e d  th at th e dr op s w e r e  f o r m e d  on the top

of the h o r i z o n t a l  tu be i.e. in r e g i o n s  of low l i q u i d  f l o w  or low

f i l m  R e y n o l d s  n u m b e r ,  Re, w h e r e  R e M B / v -  £513, B is the local

v o l u m e t r i c  f l o w  r a t e  per unit f i l m  wi d t h  an d Vs- the k i n e m a t i c

v i s c o s i t y  of the c o n d e n s a t e .  T h i s  c o n c u r s  with t h e  w o r k  of Lee and

Choi £683 and f r o m  t h ei r t h e o r e t i c a l  a n a l y s i s  on e  w o u l d  e x p e c t  the

f o r m a t i o n  of a t h r e e - d i m e n s i o n a l  i n s t a b i l i t y  in t h e s e  r e g i on s. It

is the a u t h o r ' s  v i e w  that t h e s e  d r op s w e r e  th en a c c e l e r a t e d

d o w n w a r d s  o v er th e f i l m  s u r f a c e  u n d e r  the i n f l u e n c e  of g r a v i t y  and
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that the s e p a r a t i o n  b e t w e e n  c o n s e c u t i v e  d r o p s  i n c r e a s e d  with 

i n c r e a s i n g  d i s t a n c e  fr o m  the top of the t u b e  (or the top of a 

v e r t i c a l  plate). Th e r a t e  of d r o p l e t  g e n e r a t i o n  in t h i s  st u d y  was 

c e r t a i n l y  not i n d e p e n d e n t  of f i el d s t r e n g t h  and w o u l d  a p p e a r  to be a 

f u n c t i o n  of the l a t t e r  and the r a t e  of c o n d e n s a t e  p r o d u c t i o n  (though 

t h i s  c a n n o t  be s a i d  to h a v e  b e e n  q u a n t i t a t i v e l y / e x p e r i m e n t a l l y  

p r o v e n ) .

In s u m m a r y  it s h o u l d  be s a i d  that (a) the E H D  c o n d e n s a t e  

i n s t a b i l i t y  is in r e a l i t y  a much m o r e  c o m p l i c a t e d  p h e n o m e n o n  than 

the model in the f i r s t  pa rt of th is c h a p t e r  but it ma y  well be that 

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

of EH D  e n h a n c e m e n t  (b) o t h e r  m o d e l s ,  such as D y a k o w s k i ' s ,  may be 

a p p l i c a b l e  but to use the t h e o r i e s  of w a v y  f i l m  f l o w  in such m o d e l s  

is, at t h e  p r e s e n t  time, a m a t t e r  of s o m e  c o n j e c t u r e .
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3 . 1 0  C O N C L U S I O N S

In th i s  c h a p t e r  so me r e c e n t  d e v e l o p m e n t s  in the t h e o r y  

of EHD c o n d e n s a t i o n  h a v e  be en d e s c r i b e d .  Th e main p o i n t s  ma y  be 

s u m m a r i z e d  as fo l l o w s !

(a) It is the a m p l i t u d e ,  w a v e l e n g t h  and s h a p e  of an EH D i n s t a b i l i t y  

that will d e t e r m i n e  the d e g r e e  of EH D c o n d e n s a t i o n  e n h a n c e m e n t  (not 

the w a v e l e n g t h  al one).

(b) A n u m e r i c a l  m e t h o d  has been d e v i s e d  to c a l c u l a t e  the w a v e l e n g t h  

and c r i t i c a l  f i e l d  s t r e n g t h  r e q u i r e d  for a t w o - d i m e n s i o n a l  EHD 

i n s t a b i l i t y .  S o m e  p r o g r e s s  has be en m a d e  t o w a r d s  th e d e v e l o p m e n t  of 

a m e a n s  of p r e d i c t i n g  the wa v e  a m p l i t u d e  and shape.

(c) H y d r o d y n a m i c  p r e s s u r e s  will e x i s t  in an E H D  d e s t a b i l i z e d  

c o n d e n s a t e  f i l m  and t h e s e  p r e s s u r e s  will act on th e l i q u i d - v a p o u r  

i n t e r f a c e  with a t e n d e n c y  to li mit th e EH D  i n s t a b i l i t y  growth.

(d) Th e t h e o r y  of E H D  c o n d e n s a t e  d e s t a b i l i z a t i o n  is a l s o  a p p l i c a b l e  

to th e a n a l y s i s  of t h e r m o p l a s t i c  " f ro st " d e f o r m a t i o n s .

(e) Th e e f f e c t  of e l e c t r i c  f i e l d  s t r e n g t h  on s u r f a c e  t e n s i o n  will 

a f f e c t  EHD c o n d e n s a t i o n  i n s t a b i l i t y  m o d e l l i n g ,  p a r t i c u l a r l y  when 

c o n c e r n e d  w i th n o n - c o n d u c t i n g  c o n d e n s a t e ,  t h o u g h  th e ex ac t 

r e l a t i o n s h i p  b e t w e e n  the f i e l d  s t r e n g t h  and the c o e f f i c i e n t  of 

s u r f a c e  t e n s i o n  ha s yet to be f u l l y  e s t a b l i s h e d .

(f) F u r t h e r  f u n d a m e n t a l  r e s e a r c h  must be do n e  e x p e r i m e n t a l l y  and 

t h e o r e t i c a l l y  b e f o r e  a r e a l i s t i c  model of EH D c o n d e n s a t i o n  can be 

d e v e l o p e d  wh i c h  w o u l d  a l l o w  e n g i n e e r s  to p r e d i c t  heat t r a n s f e r  

c o e f f i c i e n t s  u n d e r  hi gh fi e l d  c o n d i t i o n s .



CH.4. 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  DF EH D C O N D E N S A T I O N

C h a p t e r  2 i n c l u d e d  a br ie f d e s c r i p t i o n  of p r e v i o u s  

s t u d i e s  of EHD c o n d e n s a t i o n .  In g e ne ra l t h e s e  u s e d  a p p a r a t u s  

i n c o r p o r a t i n g  p l a n e  and v e r t i c a l  he at t r a n s f e r  s u r f a c e s  with te s t s  

c a r r i e d  out u s i n g  a s i n g l e  s y s t e m  s a t u r a t i o n  t e m p e r a t u r e .  The 

p r e s e n t  s t u d y  set out to i n v e s t i g a t e  the u s e  of EH D c o n d e n s a t i o n  

e n h a n c e m e n t  in a p p a r a t u s  wi th a h e a t  t r a n s f e r  g e o m e t r y  mo r e  

r e p r e s e n t a t i v e  of that u s ed in e n g i n e e r i n g  and to i n v e s t i g a t e  the 

i n f l u e n c e  of s y s t e m  s a t u r a t i o n  t e m p e r a t u r e  and e l e c t r o d e  g e o m e t r y  on 

the d e g r e e  of EH D  e n h a n c e m e n t  a t t a i n a b l e .

F o l l o w i n g  the e x a m p l e  of m a n y  o t h e r  r e s e a r c h e r s  the 

p r e s e n t  a u t h o r  c h o s e  f l u o r i n a t e d  h y d r o c a r b o n s  ( " F r e o n s ” ) as the EH D 

heat t r a n s f e r  medi a. T h i s  c h o i c e  was m a d e  as a r e s u l t  of the 

f a v o u r a b l e  c h a r a c t e r i s t i c s  of F r e o n s  for EH D r e s e a r c h  na m e l y :  high 

d i e l e c t r i c  s t r e n g t h ;  w i d e s p r e a d  c o m m e r c i a l  u s e / a v a i 1 a b i 1 ity; low 

cost; low e l e c t r i c a l  c o n d u c t i v i t y ;  lo w s a t u r a t i o n  p r e s s u r e  at ro o m  

t e m p e r a t u r e ;  low t o x i c i t y ;  h i g h  d e g r e e  of i n e r t n e s s  and 

c o m p a t i b i l i t y  wi th most e n g i n e e r i n g  m a t e r i a l s .  To d a t e  most 

r e s e a r c h  has been d o n e  u s i n g  R 113 w h i c h  has a b o i l i n g  p o i n t  at one 

a t m o s p h e r e  ve r y  c l o s e  to r o o m  t e m p e r a t u r e .  T h i s  ha s me a n t  that 

e x p e r i m e n t a l  a p p a r a t u s  n e e d  not w i t h s t a n d  hi g h  p r e s s u r e s  and i n d e e d  

g l a s s  h a s  of t e n  be en used to c o n t a i n  the Fr e o n  c i r c u i t .  Glas s, of 

c o ur se , has the a d v a n t a g e s  a) of b e i n g  a hi gh q u a l i t y  e l e c t r i c a l  

i n s u l a t o r  and b) that it a f f o r d s  e a s y  visu al o b s e r v a t i o n  of the EHD 

p h e n o m e n o n  itself.

Two ma in d r a w b a c k s  p e r t a i n  to the use of R 113 and low 

p r e s s u r e  a p p a r a t u s :  f i r s t l y ,  R1 1 3  is not a w i d e l y  us e d  r e f r i g e r a n t  

in c o m m e r c i a l  e n g i n e e r i n g  (large air c o n d i t i o n i n g  p l a n t  be i n g  an 

e x c e p t i o n )  s i n c e  its hi gh s p e c i f i c  v a p o u r  v o l u m e  r e q u i r e s  a high 

c o m p r e s s o r  c a p a c i t y  and, s e c o n d l y ,  the EHD p h e n o m e n a  can be 

i n v e s t i g a t e d  in o n l y  a small r a n g e  of f l u i d  s a t u r a t i o n  

p r e s s u r e / t e m p e r a t u r e .  To t a k e  EHD r e s e a r c h  c l o s e r  to an e n g i n e e r i n g  

a p p l i c a t i o n  the p r e s e n t  s t u d y  u s ed two F r e o n s ,  R1 2  and R 114, 

c o m m o n l y  us ed in p r a c t i c e ,  the f o r m e r  in d o m e s t i c  and i n d u s t r i a l
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r e f r i g e r a t o r s  and th e l a t t e r  in h i g h e r  t e m p e r a t u r e  a p p l i c a t i o n s  such 

as heat p u m p s  g e n e r a l l y  and heat p u m p s  with c o n d e n s i n g  t e m p e r a t u r e s  

a b o v e  100°C in p a r t i c u l a r  (e.g. see C913). The a p p a r a t u s  was 

d e s i g n e d  to w i t h s t a n d  high p r e s s u r e s  (up to 15 bar gauge) to a l l o w  a 

r a n g e  of s a t u r a t i o n  t e m p e r a t u r e s  to be used.

The t y p e  of r e f r i g e r a n t - w a t e r  c o n d e n s e r  m o st w i d e l y  used 

in l a r g e  r e f r i g e r a t i o n , a i r - c o n d i t i o n i n g  or he at pump pl a n t  is the 

s h e l l - t u b e  t y p e  wi th wa t e r  on the t u b e - s i d e  and r e f r i g e r a n t  on the 

s h e l l - s i d e .  The p r e s e n t  s t u d y  has i n v e s t i g a t e d  se v e r a l  s i t u a t i o n s  

w h e r e  E H D  c o n d e n s a t i o n  e n h a n c e m e n t  is a p p l i e d  to a s i n g l e  h o r i z o n t a l  

(and, in one case, v e r t i c a l )  c o n d e n s e r  tu be as a model of wh at w o u l d  

h a p p e n  in a l a r g e  EH D e n h a n c e d  t u b e  bank. P r e v i o u s  r e s e a r c h e r s  h a v e  

t e n d e d  to use r a t h e r  s i m p l e r  g e o m e t r i e s  such as the v e r t i c a l  flat 

c o n d e n s e r  plate. In the la t t e r ,  u n d e r  z e r o - f i e l d  c o n d i t i o n s ,  me an 

heat t r a n s f e r  c o e f f i c i e n t s  te nd to be r a t h e r  l o we r than for the 

h o r i z o n t a l  t u b e  s i n c e  a m u c h  t h i c k e r  c o n d e n s a t e  f i l m  d e v e l o p e s  over 

the v e r t i c a l  l e n g t h  of th e heat t r a n s f e r  s u r f a c e .  T h i s  is wh y the 

h o r i z o n t a l  t u b e  g e o m e t r y  is f a v o u r e d  in p r a c t i c e .  It w o u l d  a l s o  

s u g g e s t  that the d e g r e e  of EH D e n h a n c e m e n t  a v a i l a b l e  in the a l r e a d y  

" o p t i m i z e d "  h o r i z o n t a l  t u b e  g e o m e t r y  may well be less than for the 

v e r t i c a l  case. M i n d f u l  of th e above, this s t u d y  al so set out to 

a s c e r t a i n  w h e t h e r  the t e n f o l d  EH D i n c r e a s e s  in h e at t r a n s f e r  

o b t a i n e d  by o t h e r s  C311 w a s  in pa rt due to us e of a g e o m e t r y  g i v i n g  

an u n f a v o u r a b l e  r a t e  of he at t r a n s f e r  u n de r z e r o - f i e l d  c o n d i t i o n s .

The s t r a t e g y  a d o p t e d  in t h i s  part of the s t u d y  was:

(a) D e s i g n  and b u i l d  a s i n g l e  h o r i z o n t a l  t u b e  EH D c o n d e n s e r  to

model the p e r f o r m a n c e  of t u b e s  in th e top row of a

s h e l l - t u b e  c o n d e n s e r .

(b) D e s i g n  hi gh v o l t a g e  e l e c t r o d e  s y s t e m ( s )  s u i t a b l e  for

i n c o r p o r a t i o n  in l a r g e  s h e l l - t u b e  c o n d e n s e r s  and bu i l d  a

small v e r s i o n  for (a) above.

(c) C o m p a r e  the s y s t e m ( s )  of (b) with a c y l i n d r i c a l  e l e c t r o d e  

c o n c e n t r i c  wi th the c o n d e n s e r  tu be (the l a t t e r  g i v i n g  a high 

f i e l d  s t r e n g t h  c o n s t a n t  a r o u n d  the c i r c u m f e r e n c e  of the tu b e  

and, t h e r e f o r e ,  a f f o r d i n g  a d a t u m  e l e c t r o d e  s y s t e m  wi th 

w h i c h  to c o m p a r e  o t h e r s ) . 86



(d) M a k e  q u a n t i t a t i v e  t e s t s  of EH D e n h a n c e m e n t  u s i n g  the a b o v e  

s y s t e m ( s )  and m a k e  visu al o b s e r v a t i o n s  of the E H D  c o n d e n s a t e  

fi lm i n s t a b i l i t i e s  p r o d u c e d  to f u r t h e r  u n d e r s t a n d i n g  of the 

f u n d a m e n t a l  E H D  p h e n o m e n o n .

(e) F r o m  e x p e r i e n c e  g a i n e d  d u r i n g  d e s i g n / t e s t i n g  of the a b o v e  

d e s i g n ,  b u i l d  and test a l a r g e  m u l t i - t u b e  EH D c o n d e n s e r  to 

d e t e r m i n e  the b e n e f i t s  of EHD e n h a n c e m e n t  on t u b e s  in the 

mi d s t  of a t u b e  bund le .

4.1 S I N G L E  T U B E  EH D C O N D E N S E R  RIG

4,1.1 F r e o n  C i r c u i t  and I n s t r u m e n t a t i o n

Fig. 4.1 is a s c h e m a t i c  i l l u s t r a t i o n  of the e x p e r i m e n t a l  

rig. The s i m p l e  b o i l e r / c o n d e n s e r  loop c o n s i s t e d  of the s i n g l e  

(h o r i z o n t a l )  t u b e  EH D e n h a n c e d  c o n d e n s e r  s u p p l i e d  wi t h  v a p o u r  f r o m  

an e l e c t r i c a l l y  h e a t e d  b o i l e r  (see a l s o  P l a t e  4.1). Bo th b o i l e r  and 

c o n d e n s e r  w e r e  d e s i g n e d  to the A S M E  b o i l e r  and p r e s s u r e  vess el c o d e  

E7] for a m a x i m u m  w o r k i n g  p r e s s u r e  of 15 bar (gauge). Fig. 4. 2 and 

pl a t e  4.2 s h o w  the g e ne ra l a s s e m b l y  of the b o i l e r  un it w h i c h  a l s o  

i n c l u d e d  a spir al wa t e r  t u b e  for later us e of th e  unit as a 

c o n d e n s e r  in the E H D  b o i l i n g  s t u d y  (see Ch.5). Th e e l e c t r i c  h e a t i n g  

e l e m e n t  for th e b o i l e r  wa s a 3k W 2 4 0 V  a.c. k e t t l e  e l e m e n t .  A l a r g e  

b r a s s  fin and a t h e r m o j u n c t i o n  w e r e  s o l d e r e d  to t h i s  to m i n i m i z e  the 

ri sk of t h e r m a l  d e g r a d a t i o n  of th e r e f r i g e r a n t .  Tw o f u r t h e r  

t h e r m o  j u n c t i o n s  w e r e  a s s e m b l e d  for m e a s u r e m e n t  of r e f r i g e r a n t  l i q u i d  

and v a p o u r  t e m p e r a t u r e s  in the bo i l e r .  Th e l e a d s  of the t h r e e  

t h e r m o j u n c t i o n s  w e r e  then fed t h r o u g h  a P T F E  plug in the b o i l e r  

wall. E l e c t r i c a l  p o w e r  to the h e a t i n g  e l e m e n t  was c o n t r o l l e d  by 

me a n s  of a v a r i a b l e  s i n g l e - p h a s e  a u t o - t r a n s f o r m e r  ( " V a r i ac ") .

The E H D  c o n d e n s e r  was d e s i g n e d  for e a s e  of d i s a s s e m b l y  

so that d i f f e r e n t  e l e c t r o d e  a r r a n g e m e n t s  and c o n d e n s i n g  t u b e s  co u l d  

be test ed . Th e shell c o n s i s t e d  of a b r a s s  t u b e  of 6 3 . 5 m m  i n s i d e  

d i a m e t e r  and 0 . 5 m  length. Fig. 4. 3 s h o w s  th e g e n e r a l  a s s e m b l y  of 

the c o n d e n s e r  w i th si gh t g l a s s e s  for o b s e r v a t i o n  of the EH D 

p h e n o m e n a .
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Two t y p e s  of c o n d e n s e r  t u be s w e r e  used in this study. 

Th e fi rst was a s m o o t h  b r a s s  tu be 1 9 . 1 m m  o u t s i d e  d i a m e t e r  1.2mm wall 

t h i c k n e s s .  The t u b e  d i a m e t e r  was c h o s e n  af te r c o n s u l t a t i o n  w i t h  a 

m a n u f a c t u r e r  of l a r g e  c o n d e n s e r / e v a p o r a t o r s  w h o  g a v e  d e t a i l s  of t u b e  

si z e s  and m a t e r i a l s  e m p l o y e d  in c o m m e r c i a l  s h e l l / t u b e  units. T h i s  

s m o o t h  t u b e  w a s  f i r s t  p o l i s h e d  u s i n g  the f i n e s t  a v a i l a b l e  g r a d e  of 

e m e r y  p a p e r  then wi th "Min C r e a m "  me tal p o l i s h  and f i n a l l y  d e g r e a s e d  

with ac e t o n e .  The s e c o n d  t u b e  wa s a p r o p r i e t o r y  br a n d  of the 

in te gr al fin t y p e  (also known as " l o- fi n" ). Fig. 4.4 sh o w s  the 

p r o f i l e  of t h i s  t u b e  as m e a s u r e d  wi th a t r a v e l l i n g  m i c r o s c o p e .  T h i s  

tu be was not p o l i s h e d  but c l e a n e d  r o u g h l y  wi th a w i r e  br us h and 

d e g r e a s e d  wi th a c e t o n e  so as to r e p l i c a t e  as c l o s e l y  as p o s s i b l e  the 

s u r f a c e  f i n i s h  of t u b e s  in c o m m e r c i a l  c o n d e n s e r s .

All metal f a c e s  not s i l v e r  or soft s o l d e r e d  were s e a l e d  

us i n g  'Nitrile' 0 - r i n g s .  The l a t t e r  we re c h o s e n  a f t e r  c o n s u l t a t i o n  

with e x p e r t s  in i n d u s t r y  for t h e i r  low a b s o r p t i o n  r a t e  of R 12 and 

R114.

P l a t e  4. 3 s h o w s  the l o - f i n  c o n d e n s i n g  tu b e  with an 

a r r a n g e m e n t  for b r i n g i n g  out the t h e r m o j u n c t i o n  e x t e n s i o n  le ad s f r o m  

the i n s i d e  of th e c o n d e n s e r  tube. The fa ct th at v e r y  i n t e n s e  

e l e c t r i c  f i e l d s  w o u l d  be p r e s e n t  at and a r o u n d  t h e  r e f r i g e r a n t - s i d e  

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

t h e r m o j u n c t i o n  w i r e s  t h r o u g h  the r e f r i g e r a n t  s i d e  of the a p p a r a t u s .  

C o p p e r / c o n s t a n t a n  t h e r m o j u n c t i o n s  w e r e  c h o s e n  for th e i r  h i gh 

r e s i s t a n c e  to c o r r o s i o n  in an a q u e o u s  e n v i r o n m e n t .  The t h e r m o c o u p l e  

c o n d u c t o r s  w e r e  of 0 . 2 m m  d i a m e t e r  c o v e r e d  in P T F E  i n s u l a t i o n .  Fig.

4.5 sh o w s  the m e t h o d  of e m b e d d i n g  the se ven t h e r m o j u n c t i o n s  in the 

b r a s s  c o n d e n s e r  t u b e  wall and a l s o  the p o s i t i o n  of each one. 

C o n s i d e r a b l e  i n g e n u i t y  was r e q u i r e d  in the a s s e m b l y  p r o c e s s  as the 

ba r e d  e n d s  of th e i n s u l a t e d  w i r e s  had to be p a s s e d  t h r o u g h  the t u b e  

wall f r o m  the i n si de . Th is wa s a c h e i v e d  w i th t h e  aid of a small 

light bulb i n s i d e  the tu be and a long 8mm d i a m e t e r  t u b e  to the end 

of w h ic h was a t t a c h e d  a " p i n - c h u c k "  to hold th e t h e r m o c o u p l e  wire. 

H a vi ng p a s s e d  th e ba r e d  end of the wi re t h r o u g h  th e c o n d e n s e r  t u b e  

wall the p i n - c h u c k  gr ip was r e l e a s e d  by m e a n s  of a rod p a s s i n g  d o w n  

the c e n t r e  of th e 8mm tube. E a ch w i r e  co ul d then be soft s o l d e r e d  

into a small g r o o v e  p r e p a r e d  in th e ou t e r  c o n d e n s e r  t u b e  s u r f a c e
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Fig. 4 , 4  C r o s s - s e c t i o n  o f  l o - f i n  t u b e  p r o f i l e .
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Plate 4.3 Lo-fin tube used in EHD rigs.

Plate 4.4 Specially modified spark plug

for H.V.feed through condenser shell.
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F i g .  4 . 5  T h e r m o j u n c t i o n  i n s t r u m e n t a t i o n  o f  c o n d e n s e r  t u b e .
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with an e n g r a v i n g  m a c h i n e .  The e x c e s s  so l d e r  and c o n d u c t o r  s t a n d i n g  

pr ou d of the t u b e  s u r f a c e  w e r e  r e m o v e d  by c a r e f u l  us e of fi le and 

e m e r y  paper.

The p o s i t i o n s  of the t h e r m o j u n c t i o n s  on th e  c o n d e n s e r  

tu be w e r e  c h o s e n  so that t h o s e  n u m b e r e d  1 to 5 in Fig. 4 . 5  w e r e  to 

be used to d e t e r m i n e  the me an t u be wall t e m p e r a t u r e  (the local wall 

t e m p e r a t u r e  i n c r e a s e d  wi th i n c r e a s i n g  d i s t a n c e  a l o n g  th e t u b e  in the 

d i r e c t i o n  of c o o l i n g  w a t e r  f l o w  due to a b s o r b t i o n  of the l a t e n t  heat 

of c o n d e n s a t i o n ) .  T h e r m o j u n c t i o n s  3, 6 and 7 w e r e  for m e a s u r e m e n t  of 

c i r c u m f e r e n t i a l  v a r i a t i o n s  in tu be wall t e m p e r a t u r e .  

T h e r m o j u n c t i o n s  in th e l o - f i n  t u b e  w e r e  p r e p a r e d  in th e  s a m e  m a n n e r  

with the w i r e s  s o l d e r e d  in the t u b e  wall in th e g r o o v e s  b e t w e e n  

fins. G r e a t  c a r e  was ta k e n  to p r e s e r v e  the o r i g i n a l  o u t s i d e  tu b e  

wall p r o f il e.

The t h e r m o c o u p l e  w i r e s  w e r e  led out f r o m  the c o o l i n g  

wa t e r  c i r c u i t  t h r o u g h  a s p e c i a l l y  d e s i g n e d  f i t t i n g ,  se e  Fig. 4.6. 

I n d i v i d u a l  t e m p e r a t u r e s  w e r e  then m o n i t o r e d  by m e a n s  of a d i g i t a l  

p y r o m e t e r  with a r e s o l u t i o n  of 0 . 1 ° C  and ea c h  t h e r m o j u n c t i o n  was 

s e l e c t e d  by m e a n s  of a m a n u a l l y  o p e r a t e d  100 p o s i t i o n  r o t a r y  

t h e r m o c o u p l e  swit ch . The t e m p e r a t u r e  of F r e o n  v a p o u r  e n t e r i n g  the 

c o n d e n s e r  wa s m e a s u r e d  by m e a n s  of a t h e r m o p i l e  of t h r e e  

c o p p e r / c o n s t a n t a n  t h e r m o j u n c t i o n s  all h o u s e d  in a sp e c i a l  c h a m b e r  

(which i n c l u d e d  a m e r c u r y  in g l a s s  t h e r m o m e t e r  p o ck et ) l o c a t e d  as 

c l o s e  as p o s s i b l e  to the c o n d e n s e r  inlet. Th e v a p o u r / t u b e - w a l 1 

t e m p e r a t u r e  d i f f e r e n c e s  w e r e  then a s c e r t a i n e d  by m e a s u r i n g  the 

d i f f e r e n t i a l  e.m.f. b e t w e e n  the v a p o u r  t h e r m o p i l e  and th e r e l e v a n t  

t u b e - w a l l  t h e r m o j u n c t i o n  and o b t a i n i n g  the c o r r e s p o n d i n g  t e m p e r a t u r e  

d i f f e r e n c e  fr om t h e r m o c o u p l e  t a b l e s . [ N o t e :  the 0°C a d j u s t m e n t  on 

the p y r o m e t e r  wa s c h e c k e d  b e f o r e  e a c h  set of e x p e r i m e n t a l  r e a d i n g s  

us i n g  a t h e r m o j u n c t i o n  i m m e r s e d  in a p u r e  c r u s h e d  i c e / w a t e r  

mi x t u r e ] .

O v e r a l l  heat flux, q, t h r o u g h  the c o n d e n s e r  tube wall 

was c a l c u l a t e d  u s i n g  the b u lk t e m p e r a t u r e  r i s e  (To-Ti) of the 

c o o l i n g  w a t e r  b e t w e e n  o u t l e t  and inlet, the w a t e r  f l o w  r a te and 

p u b l i s h e d  d a ta for the d e n s i t y / s p e c i f i c  heat of water. The w a t e r  

f l o w r a t e  was m e a s u r e d  by a v a r i a b l e  gap f l o w m e t e r  (the c a l i b r a t i o n
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Fig.  4.6 Arrangement for thermocouple lead feed through tube wal l .



of w h i c h  was c h e c k e d  u s i n g  the " b u c k e t  and s t o p w a t c h "  meth od ) and 

the m i x i n g  of the c o o l i n g  w a t e r  at the inlet and o u t l e t  was e n s u r e d  

by us e of v o r t e x  i n d u c i n g  s p i r a l s  and c o p p e r  g a u z e  b a f f l e s  

p o s i t i o n e d  u p s t r e a m  of th e tw o w a t e r  t e m p e r a t u r e  m e a s u r e m e n t  

l o c a t i o n s .  The t e m p e r a t u r e  d i f f e r e n c e  (To-Ti) was then d e t e r m i n e d  

f r o m  m e a s u r e m e n t  of th e d i f f e r e n t i a l  e.m.f. b e t w e e n  t h e r m o c o u p l e s  at 

inlet and o u t l e t  by a p r e c i s i o n  d i g i t a l  v o l t m e t e r  of 1/iV r e s o l u t i o n  

( K e i t h l e y  Model 191).

C h a r g i n g  of the e x p e r i m e n t a l  rig wi th F r e o n  was d o n e  in 

the s a m e  m a n n e r  as for d o m e s t i c  or c o m m e r c i a l  r e f r i g e r a t i o n  s y s t em s. 

Fi r s t  a v a c u u m  (of *50/10) Hg) was a p p l i e d  to the s y s t e m  for 

a p p r o x i m a t e l y  o n e  ho ur th en F r e o n  liqu id wa s i n t r o d u c e d  f r o m  a 

c y l i n d e r  s u s p e n d e d  f r o m  a s p r i n g  b a l a n c e  to d e t e r m i n e  the w e i g h t  of 

r e f r i g e r a n t  i n t r o d u c e d .  P r e v e n t i o n  of n o n - c o n d e n s i b l e  gas b u i l d  up 

in the s y s t e m  wa s e n s u r e d  by r e g u l a r  " p u r g i n g "  i.e. v e n t i n g  of gas 

f r o m  th e u p p e r m o s t  p o i n t  in th e F r e o n  c i r c u i t  to the a t m o s p h e r e  

(Freon ga s is d e n s e r  than air).

Fig. 4. 3  s h o w s  how two 5 0 m m  d i a m e t e r  si g h t  g l a s s e s  w e r e  

i n c o r p o r a t e d  i n t o  t h e  EH D c o n d e n s e r  shell to f a c i l i t a t e  visu al 

o b s e r v a t i o n  of th e  EH D p h e n o m e n a .  A v i d e o  c a m e r a / r e c o r d e r  s y s t e m  

wa s u s ed to p e r m a n e n t l y  r e c o r d  s o m e  of th e s e  e f f e c t s .  The a u t h o r  

w o u l d  be most w i l l i n g  to a c c o m o d a t e  any o t h e r  r e s e a r c h e r s  who may 

wi sh to see the v i d e o  r e c o r d i n g s  so made.

4 . 1 . 2  E l e c t r o d e  S y s t e m s

T h r e e  t y p e s  of e l e c t r o d e  g e o m e t r y  w e r e  i n v e s t i g a t e d .  In 

ea ch c a s e  the e l e c t r i c a l  s u p p l y  to the e l e c t r o d e  was o b t a i n e d  f r o m  

e i t h e r  one of two "Sam es " e l e c t r o s t a t i c  g e n e r a t o r s  for d.c. 

e l e c t r o d e  p o t e n t i a l s  (one unit s u p p l i e d  p o s i t i v e  d.c. up to 8 0 k V  the 

o t h e r  n e g a t i v e  d.c. up to 1 5 0 k V ) or f r om a l O O k V A  h i gh v o l t a g e  

t r a n s f o r m e r  and r e g u l a t o r  for a.c. e l e c t r o d e  p o t e n t i a l s .  The high 

v o l t a g e  wa s fed t h r o u g h  a high r e s i s t a n c e  p o t e n t i a l  d i v i d e r  to a 

s p a r k i n g  pl ug in the wall of the EH D c o n d e n s e r .  T h i s  was s p e c i a l l y  

m o d i f i e d  by a d d i n g  h i gh q u a l i t y  " T u f n o l "  i n s u l a t i o n  to the p o r c e l a i n  

in the p l u g  b o d y  (see P l a t e  4.4) , so as to i n c r e a s e  the high 

v o l t a g e  w i t h s t a n d  c a p a b i l i t y  of the plug to a p p r o x i m a t e l y  35 kV (in
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Fr eo n) . E l e c t r i c a l  c o n t a c t  b e t w e e n  th e  c o n d e n s e r  e l e c t r o d e  and the 

s p a r k i n g  plug e l e c t r o d e  wa s e f f e c t e d  by m e a n s  of a s p r u n g  e x t e n s i o n  

to the latter.

The w h o l e  e x p e r i m e n t a l  rig was s i t e d  i n s i d e  a F a r a d a y  

c a g e  for s a f e t y  r e a s o n s  with i n t e r l o c k s  on th e do o r  to p r e v e n t  

o p e r a t i o n  of th e H.T. g e n e r a t o r s  d u r i n g  o c c u p a n c y  of the cage.

R.M.S. e l e c t r o d e  p o t e n t i a l s  w e r e  m e a s u r e d  u s i n g  two "Pye" 

e l e c t r o s t a t i c  v o l t m e t e r s  of 1 OkV and 4 0 k V  full s c a l e  d e f l e c t i o n .  

T h e s e  w e r e  c a l i b r a t e d  by the a u t h o r  to B . S . 3 5 8  at Q u e e n  M a r y  

C o l l e g e ,  London.

Fig. 4. 7 s h o w s  the c o n s t r u c t i o n  d e t a i l s  of the t h r e e  

e l e c t r o d e  s y s t e m s  used. S y s t e m  (a) is a c y l i n d r i c a l  c o p p e r  g a u z e  

e l e c t r o d e  of 3 8 m m  d i a m e t e r .  Th is d i m e n s i o n  was c h o s e n  to g i v e  an 

i n t e r - e l e c t r o d e - t u b e  gap c l o s e  to th e " o p t i m u m "  of 7m m s u g g e s t e d  by 

D i d k o v s k y  and B o l o g a  [31] w h i l e  a l l o w i n g  s u f f i c i e n t  c l e a r a n c e  to 

a c c o m m o d a t e  the t o l e r a n c e s  of m a n u f a c t u r e .  T h e  e l e c t r o d e  was 

s u p p o r t e d  and i n s u l a t e d  fr om th e c o n d e n s e r  shell by " T u f n o l "  

i n s u l a t o r s  (grade 2P /4 5) . T h i s  m a t e r i a l  was c h o s e n  for its high 

e l e c t r i c  s t r e n g t h ,  e a s e  of m a c h i n i n g  and r e p o r t e d  c o m p a t i b i l i t y  with 

F r e o n s  C 143. In all high v o l t a g e  a p p a r a t u s  the p r o d u c t i o n  of 

i n t e n s e  e l e c t r i c  f i e l d s  at s h ar p c o n d u c t o r  e d g e s  s h o u l d  be a v o i d e d .  

In the p r e s e n t  c a s e  this was a c h i e v e d  by r o u n d i n g  all c o n d u c t o r  and 

i n s u l a t o r  c o r n e r s / e d g e s  and i n c l u d i n g  " s t r e s s  r e l i e v i n g  r i n g s "  at 

the e n d s  of t h e  e l e c t r o d e s .  T h e  us e of a c y l i n d r i c a l  e l e c t r o d e  

c o - a x i a l  to the c o n d e n s e r  t u b e  was d e s i g n e d  to s h o w  th e d e g r e e  of 

EM D e n h a n c e m e n t  p o s s i b l e  with an e l e c t r i c  f i e l d  of c o n s t a n t  

i n t e n s i t y  a r o u n d  the c i r c u m f e r e n c e  of the tube. T h i s  a r r a n g e m e n t  

was t h o u g h t  to g i v e  the most e f f e c t i v e  fi el d c o n f i g u r a t i o n  for a 

g i ve n me an fi e l d  a r o u n d  the tube. P r a c t i c a l  e l e c t r o d e  s y s t e m s  in 

m u l t i - t u b e  b a n k s  w o u l d  not us e such a g e o m e t r y  s i n c e  f a b r i c a t i o n  of 

such an EHD e l e c t r o d e / t u b e  s y s t e m  w o u l d  be e x t r e m e l y  d i f f i c u l t .  A 

m o r e  l i k e l y  e l e c t r o d e  a r r a n g e m e n t  in t u b e  b a n k s  w o u l d  i n v o l v e  e i t h e r  

e l e c t r o d e  p l a t e s  h e l d  b e t w e e n  r o w s / c o l u m n s  of t u b e s  or e l e c t r o d e  

ro ds he l d  p a r a l l e l  to t u b e s  (or both). In t h e s e  m o r e  p r a c t i c a l  

s y s t e m s  fi e l d  i n t e n s i t y  a r o u n d  the c o n d e n s e r  t u b e s  w o u l d  not be 

c o n s t a n t  and c o m p a r i s o n  of EH D he at t r a n s f e r  e n h a n c e m e n t  with t h e s e  

e l e c t r o d e s  a g a i n s t  that for c y l i n d e r  e l e c t r o d e s  c o u l d  p r o v i d e  useful 

d a t a  on the r e l a t i v e  e f f i c a c y  of ea ch system.
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Fig,  4.7 Electrode assembl ies

Electrode ( a ).
!

Electrode (b).

Electrode (c).



Fig. 4. 8 sh o w s  the v a r i a t i o n  in c a l c u l a t e d  f i e l d  

s t r e n g t h ,  E n , no r m a l  to a t u be s u r f a c e  for ea ch e l e c t r o d e  s y s t e m  

us ed in the p r e s e n t  s t u d y  for an a p p l i e d  p o t e n t i a l  of lOkV. Th e 

c o m p u t e r  p r o g r a m  us ed to c a l c u l a t e  the e l e c t r i c  f i e l d  d i s t r i b u t i o n  

is d e s c r i b e d  in d e t a i l  in c h a p t e r  7. E l e c t r o d e  (b) was a s i n g l e  

tu be model of a s y s t e m  in a l a r g e  t u b e  bank w h e r e  p l a t e  e l e c t r o d e s  

w e r e  to be held v e r t i c a l l y  b e t w e e n  c o l u m n s  of tubes. It can be se en 

f r o m  Fig. 4.8 th at E n is far f r o m  c o n s t a n t  a r o u n d  the t u b e  

c i r c u m f e r e n c e  d u e  to the v a r i a t i o n  in e l e c t r o d e / t u b e  s e p a r a t i o n  at 

any gi ve n po in t on the tube s u r f a c e .  Such a n o n - u n i f o r m i t y  of f i e l d  

w o u l d  p r o b a b l y  r e d u c e  EH D e n h a n c e m e n t  for a g i v e n  e l e c t r o d e  

p o t e n t i a l  and it w o u l d  c e r t a i n l y  r e d u c e  the m a x i m u m  mean a p p l i e d  

f i e l d  p o s s i b l e  for a gi ve n b r e a k d o w n  s t r e n g t h  of the d i e l e c t r i c  

m e di um . A u n i q u e  m o d i f i c a t i o n  of this d e s i g n  was t h e r e f o r e  

p r o p o s e d .  To r e d u c e  the c i r c u m f e r e n t i a l  n o n - u n i f o r m i t y  of E n rod 

e l e c t r o d e s  w e r e  i n t r o d u c e d  a b o v e  and b e l o w  the c o n d e n s e r  tube, t h e s e  

p r o d u c e d  l o c a l l y  i n t e n s e  f i e l d s  and i n c r e a s e d  E n at the top and 

b o t t o m  of the tube. The use of t h e  fi el d a n a l y s i s  c o m p u t e r  p r o g r a m  

a l l o w e d  the d i a m e t e r  of the rod e l e c t r o d e s  to be o p t i m i z e d  w i t h  

r e s p e c t  to f i e l d  u n i f o r m i t y  and th e r e q u i r e m e n t  for a m a x i m u m  me a n  

f i e l d  s t r e n g t h  to be a p p l i e d  w h i l e  a v o i d i n g  d i e l e c t r i c  b r e a k d o w n  was 

a l s o  t a ke n in to a c c o u n t .  Th e i m p r o v e m e n t  in f i e l d  u n i f o r m i t y  can be 

c l e a r l y  seen in Fig. 4.8. (Note: the f i e l d  d i s t r i b u t i o n  for 

e l e c t r o d e  (b) wa s c a l c u l a t e d  a s s u m i n g  a given n o n - d i m e n s i o n a l  a s p e c t  

r a t i o  of the t u b e  bank, i.e. H/D w h e r e  H is the v e r t i c a l  tube p i t c h  

and D the h o r i z o n t a l  pitch. E x a m p l e s  for H/D of 1 and 10 are s h o w n  

i l l u s t r a t i n g  ho w th e v e r t i c a l  p r o x i m i t y  of a d j a c e n t  t u b e s  g r e a t l y  

a f f e c t s  En at th e top and b o t t o m  t u b e  s u r f a c e s ) .  P l a t e  4.5 s h o w s  

the c y l i n d e r  e l e c t r o d e  and e l e c t r o d e  (c).

In s e c t i o n  4.4 w h e r e  r e s u l t s  are p r e s e n t e d  for EH D 

e n h a n c e d  c o n d e n s a t i o n  it is no t e d  t h a t  the m a x i m u m  a p p l i e d  e l e c t r o d e  

p o t e n t i a l  p o s s i b l e ,  V m « K , v a r i e d  t h r o u g h o u t  the c o u r s e  of the 

e x p e r i m e n t a l  work. Ap art f r o m  s l i g h t  v a r i a t i o n  in b r e a k d o w n  

s t r e n g t h  b e t w e e n  th e two F r e o n s  us ed and the i n f l u e n c e  of s a t u r a t i o n  

p r e s s u r e  on b r e a k d o w n  s t r e n g t h  the m a i n  re a s o n  for d i f f e r e n t  v a l u e s  

in Vfi>a x was th e mi n o r  i m p r o v e m e n t s  to the e l e c t r o d e  i n s u l a t i o n  

s y s t e m  m a d e  t h r o u g h o u t  the study. T h e  most c r i t i c a l  r e g i o n  in the
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Fig.  4,8 Circumferential  var i at i on of e l e c t r i c  f i e l d  s trength for e l ectrode

potent ia l  of  10kV.



♦

Plate 4.5 Electrodes a) and c).

Plate 4.6 Formation of EHD condensate

cones on top of smooth condenser tube 

with electrode c) (TS = 45°C, V = 2 4 k V ) .
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e l e c t r o d e  i n s u l a t i o n  s y s t e m  was at the s p a r k i n g  pl ug "feed t h r o u g h "  

a r r a n g e m e n t .  In the later e x p e r i m e n t s  ex t r a  P T F E  and "T u f n o l "  p l u g s  

and i n s e r t s  w e r e  p l a c e d  a r o u n d  th e s p a r k i n g  pl ug e l e c t r o d e  and in 

the c o n d e n s e r  wall r e s p e c t i v e l y .

The w h o l e  a p p a r a t u s  was t h e r m a l l y  i n s u l a t e d  f r o m  the 

s u r r o u n d i n g s  u s i n g  n e o p r e n e  f o a m  and r o c k wo ol i n s u l a t i o n .

4.2 E X P E R I M E N T A L  M E T H O D

H a v i n g  c h a r g e d  the rig and c h e c k e d  th at no 

n o n - c o n d e n s i b l e  gas was p r e s e n t  (by c o m p a r i n g  p u b l i s h e d  da t a  on the 

s a t u r a t i o n  t e m p e r a t u r e / p r e s s u r e  r e l a t i o n s h i p  for p u r e  Fr e o n  wi th the 

t e m p e r a t u r e  and p r e s s u r e  of th e v a p o u r  in the rig) e x p e r i m e n t s  c o u l d  

pr oc ee d.

F i r s t  the rig wa s run up to the r e q u i r e d  s t e a d y  s t a t e  

c o n d i t i o n s  for 1 to 2 h o u r s  (i.e. wi t h  the c h o s e n  Fr e o n  s a t u r a t i o n  

t e m p e r a t u r e  and c o n d e n s e r  t u b e - i n l e t  c o o l i n g  w a t e r  t e m p e r a t u r e  

d i f f e r e n c e ) .  D u r i n g  this p e r i o d  th e s a t u r a t i o n  t e m p e r a t u r e  was he ld 

c o n s t a n t  by m e a n s  of th e p r e s s u r e  s w i t c h  s h o w n  in Fig. 4.1 w h i c h  

c o n t r o l l e d  th e e l e c t r i c a l  in p u t  to the b o i l e r  unit in an o n / o f f  

mode. The c o o l i n g  wa t e r  t e m p e r a t u r e  was a l s o  t h e r m o s t a t i c a l l y  

c o n t r o l l e d .  D u r i n g  the e x p e r i m e n t s  per se the p r e s s u r e  s w i t c h  was 

d i s c o n n e c t e d  and the e l e c t r i c a l  p o w e r  to th e b o i l e r  was c o n t r o l l e d  

m a n u a l l y  t h r o u g h  the a u t o - t r a n s f o r m e r  to a l l o w  p r e c i s e  s t a b i l i z a t i o n  

of the s a t u r a t i o n  t e m p e r a t u r e ,  T b .

Wh en the rig r e a c h e d  th e r m a l  e q u i l i b r i u m  all 

t h e r m o j u n c t i o n  t e m p e r a t u r e s  w e r e  then l o gg ed a l o n g  with the r e q u i r e d  

d i f f e r e n t i a l  t h e r m o c o u p l e  e . m . f . s .  The H.V. g e n e r a t o r  w o u l d  th en be 

s w i t c h e d  on and r e s u l t s  t a k e n  for i n c r e a s i n g  and d e c r e a s i n g  v a l u e s  

of e l e c t r o d e  p o t e n t i a l  ( a l t h o u g h  t h e r e  was so on fo u n d  to be no 

d i f f e r e n c e  in the d e g r e e  of E H D  he at t r a n s f e r  e n h a n c e m e n t  o b t a i n e d  

with e i t h e r ,  i.e. no h y s t e r e s i s ,  and most e x p e r i m e n t s  w e r e  t h en 

c o n d u c t e d  w i th i n c r e a s i n g  e l e c t r o d e  p o t e n t i a l  only). S e ve ra l t e n s  

of m i n u t e s  w e r e  a l l o w e d  to p a s s  b e t w e e n  c o n s e c u t i v e  r e a d i n g s  for 

s y s t e m  t h e r m a l  s t a b i l i z a t i o n .



4.3 C A L C U L A T I O N  OF EHD HE AT T R A N S F E R  E N H A N C E M E N T

The r e s u l t s  p r e s e n t e d  in t h i s  t h e s i s  -For b o t h  

c o n d e n s a t i o n  and b o i l i n g  r e l a t e  to r e f r i g e r a n t - s i d e  heat t r a n s f e r  

c o e f f i c i e n t s .  In all c a s e s  in t h i s  c h a p t e r  th e m e a n  v a p o u r - w a l l  

t e m p e r a t u r e  d i f f e r e n c e ,  ^ T m , was c a l c u l a t e d  f r o m  th e t e m p e r a t u r e  of 

the v a p o u r  e n t e r i n g  the c o n d e n s e r  shell and th e me an of f i v e  

t h e r m o j u n c t i o n  t e m p e r a t u r e s  a l o n g  the s i d e  of the t u b e  

( t h e r m o j u n c t i o n s  1 to 5 in Fig. 4.4). Th e m e a n  r e f r i g e r a n t - s i d e  

heat t r a n s f e r  c o e f f i c i e n t  w i t h o u t  e l e c t r i c  s t r e s s  wa s then d e f i n e d  

from:

h m . O  = . T ' ° **T* (4.1)m, O A
and with e l e c t r i c  stress:

h" ,E ■  /\T„!e ft U ,2)

w h e r e  th e s u b s c r i p t s  e and o r e f e r  to q u a n t i t i e s

m e a s u r e d  w i t h  and w i t h o u t  a p p l i e d  e l e c t r i c  f i e l d ,  r e s p e c t i v e l y ,  and 

A r e f e r s  to the s u r f a c e  a r e a  of the c o n d e n s i n g  tube. In the c a s e  of 

the l o - f i n  t u b e  A wa s ta ken n o m i n a l l y  as the a r e a  of a s m o o t h  t u b e  

of a d i a m e t e r  eq ua l to the me a n  of the fin tip and fin r o o t  

d i a m e t e r s  (see Fig. 4.4).

For e a c h  e x p e r i m e n t a l  run with g i v e n  T. and Ti as th e 

e l e c t r o d e  p o t e n t i a l ,  V, was r a i s e d  (above a g i v e n  t h r e s h o l d ,  V c ) th e 

r a t e  of he at t r a n s f e r ,  h ffl(E, i n c r e a s e d  due to two f a c t o r s ;  the EH D  

i m p r o v e d  r e f r i g e r a n t - s i d e  t e m p e r a t u r e  drop and a d e c r e a s e  in /\Tro, 

th e mean v a p o u r - w a l l  t e m p e r a t u r e  d r op (a r e s u l t  of th e i n c r e a s e  in 

qo r a i s i n g  the m e a n  c o o l i n g  w a t e r  t e m p e r a t u r e ) .  No w f r o m  N u s s e l t ' s  

a n a l y s i s  (see e q u a t i o n  3.1), u n d e r  zero f i e l d  c o n d i t i o n s  th e 

c o n d e n s a t i o n  h e a t  t r a n s f e r  c o e f f i c i e n t  is p r o p o r t i o n a l  to A T * - 0 ’2 3 . 

I s o l a t i o n  of the e f f e c t  of th is on ov e r a l l  heat t r a n s f e r  e n h a n c e m e n t  

f r o m  that of the EH D i n c r e a s e  in h m was e f f e c t e d  by m e a n s  of a 

c o r r e c t i o n  to th e r a t i o  of h m , e / h m , o .  Thus, for c o n s t a n t  s a t u r a t i o n  

t e m p e r a t u r e ,  T», and c o o l i n g  w a t e r  inlet t e m p e r a t u r e ,  Ti, th e 

e n h a n c e m e n t  due to the e l e c t r i c  f i e l d  al o n e  h ' m , E / h m ,o was gi ven by:
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O .  2 5

(4.3)
^  in i E  ^  h  m i E  f  in |  E
hmtO h m , O L mfO

w h e r e  ( ^ T m , e / A T m , o ) 0 '2s r e p r e s e n t s  the c o r r e c t i o n  f a c t o r  

to a c c o u n t  for h i g h e r  h m ,o r e s u l t i n g  f r o m  a d e c r e a s e  in ^ T m .

4.4 R E S U L T S  FO R  S M O O T H  H O R I Z O N T A L  T U B E

To d e t e r m i n e  the v a l i d i t y  of the e x p e r i m e n t a l  m e t h o d  for 

the a p p a r a t u s  d e s c r i b e d  a b ov e, s e v e r a l  t e s t s  w e r e  c o n d u c t e d  to 

c o m p a r e  e x p e r i m e n t a l  r e s u l t s  for th e mean h e at t r a n s f e r  c o e f f i c i e n t  

of R12 c o n d e n s i n g  on a s m o o t h  h o r i z o n t a l  t u b e  w i th the t h e o r e t i c a l  

p r e d i c t i o n  of t h e  N u s s e l t  a n a l y s i s  (cf. e q u a t i o n  3.1). Fig. 4.9 

s h o w s  a t y pi ca l set of r e s u l t s  for T « = 5 5 ° C  in w h i c h  the l i n e a r  

r e l a t i o n s h i p  b e t w e e n  h m and A T m ” ° ’2S can be seen. Th e e x p e r i m e n t a l  

d a t a  gi v e  a me an h e a t  t r a n s f e r  c o e f f i c i e n t  c o n s i s t e n t l y  h i g h e r  than 

the N u s s e l t  p r e d i c t i o n  w h i c h  c o n c u r s  with the w o r k  of m a n y  o t h e r  

r e s e a r c h e r s  (e.g. se e C263). A l s o  i n c l u d e d  in Fig. 4.9 are r e s u l t s  

for z e r o - f i e l d  c o n d e n s a t i o n  on th e l o - f i n  t u b e  s h o w i n g  the 

i m p r o v e m e n t  in he at t r a n s f e r  by a f a c t o r  of a b o u t  4 ov er the s m o o t h  

tu be ca se (this is d i s c u s s e d  in detail in s e c t i o n  4.6). H a v i n g  

fo u n d  s a t i s f a c t o r y  a g r e e m e n t  with p r e v i o u s  r e s e a r c h  and t h e o r e t i c a l  

p r e d i c t i o n s  of h m ,o the e f f e c t  of an i m p o s e d  e l e c t r i c  f i e l d  was t h en 

i n v e s t i g a t e d .

4.4.1 C y l i n d e r  e l e c t r o d e  s y s t e m ( a )

U s i n g  the c y l i n d r i c a l  e l e c t r o d e  (a) s u b s t a n t i a l

i m p r o v e m e n t  in h e a t  t r a n s f e r  was a c h i e v e d  for c o n d e n s a t i o n  of bo th 

R12 and R114. Fig. 4 . 1 0  s h o w s  r e s u l t s  for c o n d e n s a t i o n  of R1 2 at 

two s a t u r a t i o n  t e m p e r a t u r e s  p l o t t e d  on l o g - l o g  a x e s  of h ' m , E / h m ,o 

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

r e s u l t s  and th e p h y s i c a l  fo r m  of th e EHD p h e n o m e n o n  in d e t a i l ,  

seve ra l g e n e r a l  p o i n t s  s h o u l d  be noted.

(a) In all e x p e r i m e n t s  in b o t h  c o n d e n s a t i o n  and b o i l i n g  the 

d e g r e e  of EH D  he at t r a n s f e r  e n h a n c e m e n t  wa s i n d e p e n d e n t  of 

the e l e c t r o d e  p o l a r i t y  or th e type of a p p l i e d  s t r e s s  (i.e. 

w h e t h e r  50Hz a.c. or d.c.) for a g i ve n e l e c t r o d e  p o t e n t i a l .
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This c o n c u r s  with p r e v i o u s  r e s e a r c h  and i n d i c a t e s  that 

t w o - p h a s e  EHD h e at t r a n s f e r  is d o m i n a t e d  by 

d i e l e c t r o p h o r e t i c  p r o c e s s e s  (i.e. e l e c t r o p h o r e s i s , a c t i o n  of 

th e fi e l d  on f r e e  c h a r g e s ,  ha s a n e g l i g i b l e  ef f e c t ) .  All 

e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  in t h i s  t h e s i s  ar e for 

p o s i t i v e  d.c. e l e c t r o d e  p o t e n t i a l s  u n l e s s  s t a t e d  o t h e r w i s e .

(b) H i g h e r  s a t u r a t i o n  t e m p e r a t u r e s  lead to g r e a t e r  EHD 

e n h a n c e m e n t  (i.e. h i g h e r  v a l u e s  of h'm,E/h„,,o) for a g i v e n  

e l e c t r o d e  p o t e n t i a l .  P r e v i o u s  r e s e a r c h e r s  h a v e  r e p o r t e d  

r e s u l t s  for s i n g l e  s a t u r a t i o n  t e m p e r a t u r e s .  The hi gh 

p r e s s u r e  c a p a b i l i t y  of the a p p a r a t u s  d e s c r i b e d  h e r e  a l l o w e d  

a w i de r a n g e  of v a p o u r  p r e s s u r e s  to be used. Th e i n c r e a s e  

in h rm , E / h m ,o at h i g h e r  t e m p e r a t u r e s  is a t t r i b u t e d  to 

g r e a t e r  d i s r u p t i o n  of th e c o n d e n s a t e  fi l m  as the d a m p i n g  

e f f e c t  of v i s c o s i t y  and s u r f a c e  t e n s i o n  f o r c e s  bo th 

d e c r e a s e .

(c) The p o w e r  a b s o r b e d  by the EHD m e c h a n i s m  f r o m  the hi gh 

v o l t a g e  s u p p l y  wa s s e v e r a l  o r d e r s  of m a g n i t u d e  le ss than the 

total c o n d e n s a t i o n  heat flux, q. The m a x i m u m  c u r r e n t  ta k e n  

f r o m  the H.V. s o u r c e  was of the o r d e r  of a fe w m i c r o a m p e r e s  

i n d i c a t i n g  a p o w e r  c o n s u m p t i o n  < 1 wa tt c o m p a r e d  to an 

i n c r e a s e  of up to s e v e r a l  h u n d r e d  w a t t s  in the EH D  e n h a n c e d  

v a l u e  of q 0 .

Un d e r  z e r o - f i e l d  c o n d i t i o n s  c o n d e n s a t i o n  on the 

h o r i z o n t a l  t u b e  o c c u r e d  w i t h o u t  any w a v e  d i s t u r b a n c e  on the 

c o n d e n s a t e  film s u r f a c e  th at was v i s i b l e  to th e n a k e d  ey e (t hough it 

must be said that no S c h l i e r e n  op t i c a l  a r r a n g e m e n t  was used to aid 

the v i s u a l i z a t i o n  of any s u ch d i s t u r b a n c e ) .  U p on a p p l i c a t i o n  and 

g r ad ua l i n c r e a s e  of an e l e c t r o d e  p o t e n t i a l  th e EHD d i s t u r b a n c e  of 

the c o n d e n s a t e  f i l m  on the t u b e  d e v e l o p e d  in s e v e r a l  s t ag es :

(A) A d e c r e a s e  was o b s e r v e d  in th e w a v e l e n g t h ,  tar-ip, 

b e t w e e n  the p o i n t s  at w h i c h  c o n d e n s a t e  d r a i n e d  f r o m  the 

u n d e r s i d e  of the t u b e  ( d r a i n a g e  o c c u r r e d  in e i t h e r  a s e r i e s  

of d r o p s  or in a c o n t i n u o u s  stre am , d e p e n d i n g  on the o v e r a l l  

r a te of c o n d e n s a t i o n ) .  The d r o p s / s t r e a m s  al so b e c a m e
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e l o n g a t e d .  T h i s  e f f e c t  wa s due to the e l e c t r i c  f o r c e s  on 

the l i q u i d  no w b e i n g  p r e s e n t  in a d d i t i o n  to g r a v i t a t i o n a l  

forces. Lee C693 has a n a l y s e d  the T a y l o r  i n s t a b i l i t y  of 

l i qu id d r a i n i n g  f r o m  a h o r i z o n t a l  c y l i n d e r  of r a d i u s  R and 

o b t a i n e d  an e x p r e s s i o n  for th e drip w a v e l e n g t h :

w h e r e  g is th 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 ,  pv is the 

v a p o u r  d e n s i t y ,  /oL and s are th e l i q u i d  d e n s i t y  and s u r f a c e  

t e n s i o n ,  r e s p e c t i v e l y .  It can be seen that if g is 

e f f e c t i v e l y  i n c r e a s e d  by the a d d i t i o n  of d i e l e c t r o p h o r e t i c  

f o r c e s  the dr i p  w a v e l e n g t h  will i n d e e d  d e c r e a s e  as o b s e r v e d  

e x p e r i m e n t a l l y .  It is not p o s s i b l e ,  h o w e v e r ,  to c a l c u l a t e  

the m a g n i t u d e  of the e l e c t r i c  f o r c e s  i n v o l v e d  s i n c e  the 

f i e l d  s t r e n g t h  at the end of the d r i p s  is u n k n o w n  and v e r y  

d i f f i c u l t  to c a l c u l a t e  even u s i n g  n u m e r i c a l  m e t h o d s .

The e f f e c t  on m e a n  heat t r a n s f e r  of the d e c r e a s e  in 

L i p  and e l o n g a t i o n  of d r o p l e t s  h a n g i n g  f r om th e u n d e r s i d e  

of the t u b e  wa s v e r y  slight. H o w e v e r ,  at h i g h  e l e c t r o d e  

p o t e n t i a l s  s o m e  i n t e r e s t i n g  drop d y n a m i c s  w e r e  o b s e r v e d  as 

L i p  a p p r o a c h e d  1mm. The c o n d e n s a t e  s t r e a m s  c o a l e s c e d  to 

f o r m  a s e r i e s  of q u a s i - s t a b l e  s h e e t s  of c o n d e n s a t e  that 

b r i d g e d  th e gap b e t w e e n  the t u b e  u n d e r s i d e  and the 

e l e c t r o d e .  At h i g h e r  e l e c t r o d e  p o t e n t i a l s ,  of 3 0 k V  and 

abov e, a c o n t i n u o u s  sh e e t  was f o r m e d  a l o n g  the w h o l e  

u n d e r s i d e  of the tube. (Note: N u s s e l t ' s  c o n d e n s a t i o n  

a n a l y s i s  a s s u m e s  that c o n d e n s a t e  l e a v e s  the t u b e  in e x a c t l y  

t h i s  t y p e  of 'sheet' d r a i n a g e  p a t t e r n .  It is i n t e r e s t i n g  

that this s h o u l d  o n l y  o c cu r wh e n  b o d y  f o r c e s  a c t i n g  on the 

c o n d e n s a t e  a r e  m a d e  a r t i f i c i a l l y  large, by the p r e s e n c e  of 

th e e l e c t r i c  f i e l d  ,i.e. l a r g e  wh e n  c o m p a r e d  to s u r f a c e  

t e n s i o n  f o r c e s  w h i c h  are r e s p o n s i b l e  for the f o r m a t i o n  of 

the d r i p / s t r e a m  d r a i n a g e  p a t t e r n ) .

(B) A b o v e  a c e r t a i n  t h r e s h o l d  e l e c t r o d e  p o t e n t i a l  a 

t w o - d i m e n s i o n a l  w a v e  s t r u c t u r e  of the ty p e  m o d e l l e d  in

(4.4)
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c h a p t e r  3 s t a r t e d  to form on the c o n d e n s a t e  -film s u r f a c e  on 

the lower si de on the tube. Wi th i n c r e a s i n g  e l e c t r o d e  

p o t e n t i a l  the u p s t r e a m  s t a r t  of t h i s  w a v e  s t r u c t u r e  

p r o g r e s s e d  f u r t h e r  u p w a r d s  a r o u n d  the tube. S u b s t a n t i a l  

e n h a n c e m e n t  of m e an heat t r a n s f e r  was o b s e r v e d .  Fig. 4 . 1 0  

i l l u s t r a t e s  the d e g r e e  of e n h a n c e m e n t  a c h i e v e d  for the gi v e n  

t h er ma l and e l e c t r i c a l  c o n d i t i o n s .

D e v e l o p m e n t  of the t w o - d i m e n s i o n a l  w a v e f o r m  on the lower 

si d e  of the tu be f i rs t led to g r e a t e r  local h e at t r a n s f e r  

e n h a n c e m e n t  in that regi on . Fig. 4.11 ( r e p r o d u c e d  f r o m  

Ja k o b  C58]) s h o w s  th e v a r i a t i o n  in f i l m  t h i c k n e s s  and local 

h e a t  t r a n s f e r  c o e f f i c i e n t ,  ho, a r o u n d  a h o r i z o n t a l  c o n d e n s e r  

t u b e  un d e r  z e r o - f i e l d  c o n d i t i o n s .  It can be seen that 

p r e d i c t e d  ho v a r i e s  m o n o t o n i c a l  1 y f r om a m a x i m u m  at the top 

of the t u b e  to z e r o  at the bo tt om . Fig. 4 . 1 2  i l l u s t r a t e s  a 

t y pi ca l plot of t u b e  s u r f a c e  t e m p e r a t u r e s  at top and b o t t o m  

p o s i t i o n s  (at th e m i d - s e c t i o n  of t u b e  l e ng th ) a g a i n s t  

i n c r e a s i n g  e l e c t r o d e  p o t e n t i a l  gi v e n  c o n s t a n t  R1 2 s a t u r a t i o n  

t e m p e r a t u r e  and c o o l i n g  w a t e r  in le t t e m p e r a t u r e .  It can be 

seen that d e v e l o p m e n t  of the t w o - d i m e n s i o n a l  E H D  i n s t a b i l i t y  

on the lo w e r  half of the t u b e  r e s u l t s  in h i g h e r  local heat 

t r a n s f e r  t h e r e  for e l e c t r o d e  p o t e n t i a l s  b e t w e e n  

a p p r o x i m a t e l y  19k V and 30kV. A b o v e  3 0 k V  for t h e s e  ther ma l 

c o n d i t i o n s  the EH D i n s t a b i l i t y  s u r r o u n d e d  th e w h o l e  t u b e  

r e s u l t i n g  in a t e m p e r a t u r e  d i s t r i b u t i o n  s i m i l a r  to the 

z e r o - f i e l d  c a s e  (whe re i n c r e a s i n g  me an f i l m  t h i c k n e s s  down 

the tube g i v e s  lo w e r  d o w n s t r e a m  v a l u e s  of h).

(C) At high e l e c t r o d e  p o t e n t i a l s  (V>22kV) t h r e e - d i m e n s i o n a l  

EH D d r o p l e t s  f o r m e d  on the u p p e r  half of the c o n d e n s a t e  f i l m  

as d e s c r i b e d  in c h a p t e r  3. Fig. 3. 1 6  is an i l l u s t r a t i o n  of 

t h i s  p h e n o m e n o n .

(D) In s o m e  s i n g l e - p h a s e  EH D s t u d i e s  (e.g. [27] and [37]) 

the e l e c t r i c a l  d e p o s i t i o n  of a bl a c k  s l u d g e  on he at t r a n s f e r  

s u r f a c e s  and e l e c t r o d e s  has be en r e p o r t e d .  A l t h o u g h  no such 

d e p o s i t  was seen in the c o u r s e  of the p r e s e n t  s t u d y  t h e r e  

was e v i d e n c e  of a p a t t e r n  of b l u e / b l a c k  d i s c o l o u r a t i o n  on 

so me p a r t s  of the s m o o t h  c o n d e n s e r  tube. The p a t t e r n  was of
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Fig. 4.12 Local temperature variation on EHD enhanced smooth tube.

Fig. 4.13 EHD heat transfer enhancement for R114 condensing 
on a smooth horizontal tube with cylindrical electrode a).
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a v e r y  r e g u l a r  d i a m o n d  a r r a y  of li gh t c o l o u r e d  p a t c h e s  in 

the dark d i s c o l o u r a t i o n  wi th the s p a c i n g  b e t w e e n  l i n e s  of 

p a t c h e s  s i m i l a r  to the EHD i n s t a b i l i t y  w a v e l e n g t h s  p r o d u c e d  

t h r o u g h o u t  much of th e e x p e r i m e n t a l  work. F u r t h e r  r e s e a r c h  

is n e e d e d  to e l u c i d a t e  the p r e c i s e  c a u s e  and n a t u r e  of t h i s  

d i s c o l o u r a t i o n  and to d e t e r m i n e  the ri sk of f o u l i n g  of the 

heat t r a n s f e r  s u r f a c e  a f t e r  e x t e n d e d  p e r i o d s  of se r v i c e .

Figs. 4 . 1 0  and 4 . 1 3  s h o w  q u a n t i t a t i v e  r e s u l t s  of EH D 

e n h a n c e m e n t  of mean heat t r a n s f e r  c o e f f i c i e n t ,  h ' m . e / h m . o ,  a g a i n s t  

a p p l i e d  e l e c t r o d e  p o t e n t i a l ,  V, for c o n d e n s i n g  R 12 and R 114 

r e s p e c t i v e l y .  It is q u i t e  p l a i n  that th e r e l a t i o n s h i p  b e t w e e n  

h ' m . E / h m . o  and V is a l m o s t  i d e n t i c a l  for the two he at t r a n s f e r  

fluids. Th e l o g - l o g  g r a p h s  c l e a r l y  s h o w  t h e  e x i s t e n c e  of two 

r e g i o n s  of e n h a n c e m e n t ;  one for low s t r e s s  1 5 k V < V < 2 2 kV and o n e  for 

high s t r e s s  V > 25 kV . T h i s  c o n c u r s  wi th the w o r k  of D i d k o v s k y  and 

B o l o g a  on R 113 [311. T h e y  p o s t u l a t e d  that for the lo wer fi e l d  

r e g i o n  " s u r f a c e  t e n s i o n  and v i s c o s i t y  i m p o s e  a c o n s t r a i n t  on the 

e l e c t r i c a l  f o r c e s "  w h e r e a s  in the h i g h e r  f i e l d s  the " p r o c e s s  is 

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

fi el ds ". (They a l s o  fo u n d  a th i r d  r e g i o n  at v e r y  h i gh e l e c t r i c  

s t r e s s  w h e r e  s a t u r a t i o n  of EH D e n h a n c e m e n t  wa s o b s e r v e d ) .  The 

p r e s e n t  a u t h o r  can n e i t h e r  a g r e e  nor d i s a g r e e  wi th t h e s e  

p r o p o s i t i o n s  but can o n l y  s t a t e  th at at th i s  s t a g e  t h e y  m u st be 

r e g a r d e d  as c o n j e c t u r e .  H o w e v e r ,  for a m o m e n t  let us c o n s i d e r  the 

g r a d i e n t s ,  m, of the high f i e l d  c u r v e s  of F i g . s  4 . 1 0  and 4. 1 3  w h e r e  

m is g i v e n  by:

h ' m ,E / h m , o  = C x . V "  (4.5)

n
w h e r e  Ci is a g i v e n  c o n s t a n t  (units of 1/volts) and V is 

e l e c t r o d e  p o t e n t i a l .  In t h e s e  f o ur ca s e s  m ha s the v a l u e s  1.66, 

1.70, 1.82 and 1.93. R e p l o t t i n g  the d a ta of D i d k o v s k y  and B o l o g a  

( F ig .3 in C311) for di e t h y l  e t h e r  g i v e s  m=1. 74 . T h i s  s u g g e s t s  that 

m co uld be r e l a t i v e l y  i n d e p e n d e n t  of both e l e c t r o d e  g e o m e t r y  and 

heat t r a n s f e r  fluid. T h e s e  v a l u e s  of m ar e at o d d s  with the 

a s s e r t i o n s  of m o s t  o t h e r  r e s e a r c h e r s  in the f i e l d  who b e l i e v e  that 

the d e g r e e  of EH D e n h a n c e m e n t  is p r o p o r t i o n a l  to the s q u a r e  of f i e l d  

s t r e n g t h ,  E, at the c o n d e n s a t e / v a p o u r  i n t e r f a c e  (i.e. p r o p o r t i o n a l
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to the i n t e r f a c i a l  fo r c e  of e l e c t r i c a l  o r i g i n ) .  In fa ct D i d k o v s k y  

and B o l o g a ' s  d i m e n s i o n l e s s  c o r r e l a t i o n  of e x p e r i m e n t a l  r e s u l t s  of 

th e i r  own and o t h e r  r e s e a r c h e r s  g i v e s  h m , E / h m ,o p r o p o r t i o n a l  to 

E 2 *4 .

The m a x i m u m  e l e c t r o d e  p o t e n t i a l  us ed in the e x p e r i m e n t s  

was l i m i t e d  by th e b r e a k d o w n  s t r e n g t h  of the F r e o n  gas, t h o u g h  it 

was not p o s s i b l e  to d e t e r m i n e  at e x a c t l y  w h i c h  p o i n t s  in the 

a p p a r a t u s  b r e a k d o w n  was most l i k e l y  to occur. F r e o n s ,  like s u l p h u r  

h e x a f l o u r i d e  (SF6 ), are e x t r e m e l y  e l e c t r o n e g a t i v e  and ar e v e r y  g o o d  

i n s u l a t i n g  gases. C a t a s t r o p h i c  b r e a k d o w n  d o e s  not r e a d i l y  oc c u r  (in 

c o n t r a s t  to the c a s e  of air or o t h e r  c o m m o n  d i e l e c t r i c  ga se s) ; 

in s t e a d ,  r e l a t i v e l y  la r g e  c o n d u c t i o n  c u r r e n t s  are p a s s e d  w i th 

i n c r e a s i n g  f i e l d  s t r e n g t h  w i t h o u t  c o m p l e t e  i n t e r e l e c t r o d e  b r e a k d o w n .  

R 114 a p p e a r e d  to h a v e  a f r a c t i o n a l l y  h i g h e r  e l e c t r i c  s t r e n g t h  than 

R12 and b o th g a s e s  e x h i b i t  h i g h e r  b r e a k d o w n  s t r e n g t h s  at e l e v a t e d  

p r e s s u r e s .

4 . 4 . 2  E f f e c t  of s a t u r a t i o n  t e m p e r a t u r e  and v a p o u r / w a l l  

t e m p e r a t u r e  d i f f e r e n c e

In b o t h  F i g . s  4 . 1 0  and 4 . 1 3  EHD e n h a n c e m e n t  r e s u l t s  are 

p r e s e n t e d  for d i f f e r e n t  s a t u r a t i o n  t e m p e r a t u r e s .  It can be se en 

that the g r e a t e r  E H D  e n h a n c e m e n t  at a given e l e c t r o d e  p o t e n t i a l  is 

p r o d u c e d  at h i g h e r  s a t u r a t i o n  t e m p e r a t u r e s , T s ,  for a g i v e n  

r e f r i g e r a n t .  T h i s  r e s u l t  s u p p o r t e d  the v i su al o b s e r v a t i o n s  w h i c h  

s h o w e d  i n c r e a s i n g  i n s t a b i l i t y  m a g n i t u d e  and s p e e d  of d i s t u r b a n c e  at 

h i g h e r  T s . The EH D i n d u c e d  t u r b u l e n c e  in the c o n d e n s a t e  f i l m  is 

t h o u g h t  to be c o n s i d e r a b l y  g r e a t e r  un d e r  t h e s e  c o n d i t i o n s  b e c a u s e  of 

the r e d u c t i o n  in l i q u i d  v i s c o s i t y .  S u r f a c e  t e n s i o n  f o r c e s  are a l s o  

r e d u c e d  at e l e v a t e d  t e m p e r a t u r e s  and t h is may a l s o  a c c o u n t  for the 

g r e a t e r  i n s t a b i l i t y  of the film.

The m e a n  v a p o u r - w a l l  t e m p e r a t u r e  d i f f e r e n c e ,  had no 

d e t e c t a b l e  q u a n t i t a t i v e  e f f e c t  on the r e l a t i v e  EH D h e a t  t r a n s f e r  

e n h a n c e m e n t  in all th e p r e s e n t  EHD c o n d e n s a t i o n  e x p e r i m e n t s .  Vi s u a l  

o b s e r v a t i o n  r e v e a l e d  that for small v a l u e s  of ^ T m (about 5°C say) 

r e l a t i v e l y  l i t t l e  i n s t a b i l i t y  a c t i v i t y  o c c u r e d .  T h i s  was p r o b a b l y  

due to the fi lm t h i c k n e s s ,  6m, b e i n g  s m a l l e r  at low AT«*. One w o u l d  

e x p e c t  t h i s  to li m i t  the m a x i m u m  E H D  w a v e  a m p l i t u d e  p o s s i b l e .
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F u r t h e r  d e v e l o p m e n t  of the c o m p u t e r  model of the EHD w a v e  in c h a p t e r  

3 w o u l d  reveal w h e t h e r  t h i s  is a t h e o r e t i c a l l y  p l a u s i b l e  

e x p l a n a t i o n .  D e s p i t e  the s m a l l e r  w a v e  a m p l i t u d e s  -Found with lo we r 

v a l u e s  of hJm q u a l i t a t i v e  visual o b s e r v a t i o n  s u g g e s t e d  that the a r e a  

of c o n d e n s a t e  f i l m  s u r f a c e  a f f e c t e d  by the EH D i n s t a b i l i t y  was 

i n d e p e n d e n t  of and th us Sm, for a gi ve n e l e c t r o d e  p o t e n t i a l .  

T h e s e  r e m a r k s  a p p l y  to all the EH D c o n d e n s a t i o n  r e s u l t s .

4 . 4 , 3  V e r t i c a l  p l a t e  e l e c t r o d e  (b)

EHD c o n d e n s a t i o n  e n h a n c e m e n t  us i n g  e l e c t r o d e  s y s t e m  (b) 

(two p a r a l l e l  v e r t i c a l  plat es ) was v e r y  small c o m p a r e d  w i th that for 

the c y l i n d e r  e l e c t r o d e .  Th is was a t t r i b u t e d  to the n o n - u n i f o r m i t y  

of e l e c t r i c  f i e l d  s t r e n g t h  a r o u n d  the c i r c u m f e r e n c e  of the tube. 

Fig. 4. 8 s h o w s  the c i r c u m f e r e n t i a l  v a r i a t i o n  of e l e c t r i c  f i e l d  

s t r e n g t h ,  E n , no r m a l  to th e t u b e  s u r f a c e  for an e l e c t r o d e  p o t e n t i a l  

of 1 Ok V p l o t t e d  a g a i n s t  the a n g l e  s u b t e n d e d  at th e t u b e  ax is b e t w e e n  

a h o r i z o n t a l  p l a n e  and the p o i n t  in q u e s t i o n .  T h e s e  f i e l d  

d i s t r i b u t i o n s  w e r e  c a l c u l a t e d  a s s u m i n g  no c o n d e n s a t e  f i l m  to be 

p r e s e n t  s i n c e  mean f i l m  t h i c k n e s s e s  w e r e  on ly of the o r d e r  of 0 . 1 m m  

in p r a c t i c e  c o m p a r e d  to an e l e c t r o d e  s e p a r a t i o n  of seve ra l mm. 

C l e a r l y  e l e c t r o d e  (b) had r e g i o n s  of low fi e l d  s t r e n g t h  at the top 

and b o t t o m  of the tube. T h i s  r e s u l t e d  in the c o m p l e t e  a b s e n c e  of 

any EH D d i s t u r b a n c e  on the top h a lf of the t u b e  for all e l e c t r o d e  

p o t e n t i a l s  used. W a v e  i n s t a b i l i t i e s  did a p p e a r  on the t u be 

u n d e r s i d e  and t h e s e  w e r e  mo st l i k e l y  to ha ve be en i n i t i a t e d  in the 

hi gh f i e l d  r e g i o n  at the c l o s e s t  a p p r o a c h  of the e l e c t r o d e  to the 

tube. H a v i n g  be en so e s t a b l i s h e d  t h e s e  i n s t a b i l i t i e s  p r o p a g a t e d  

d o w n s t r e a m .

The m a x i m u m  EHD i n c r e a s e  in heat t r a n s f e r  was fo u n d  to 

be of the or d e r  of 20'/. for an e l e c t r o d e  p o t e n t i a l  of 2 2 kV and 

r e s e a r c h  on th is e l e c t r o d e  s y s t e m  was d i s c o n t i n u e d .

4 . 4 . 4  P I a t e - a n d - r o d  e l e c t r o d e  (c)

E l e c t r o d e  s y s t e m  (c) w a s  much m o r e  s u c c e s s f u l .  Fig.

4 . 1 4  s h o w s  the q u a n t i t a t i v e  r e s u l t s  o b t a i n e d  for E H D  c o n d e n s a t i o n  of 

R 114 wi th the e l e c t r o d e  in one of two o r i e n t a t i o n s  (pla te s ve r t i c a l
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Fig.  4.14 EHD heat t rans fer  enhancement 

for R114 condensing on a smooth 

horizontal  tube with e l ec t rode  c) 

in two o r i e n t a t i o n s .
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or h o r i z o n t a l ) .  V e r y  s i m i l a r  d e g r e e s  of EHD heat t r a n s f e r  

e n h a n c e m e n t  were o b t a i n e d  as for the c y l i n d e r  e l e c t r o d e ,  but the 

m a x i m u m  e l e c t r o d e  p o t e n t i a l  a v a i l a b l e  b e f o r e  l a r g e  H.T. s u p p l y  

c u r r e n t s  we re d r a w n  (i.e. c u r r e n t s  >5/jA, say) was lo we r than for 

e l e c t r o d e  (a), the l a t t e r  b e i n g  due to n o n - u n i f o r m i t y  in the a p p l i e d  

fi e l d  (see Fig. 4.8). The s u c c e s s  of t h i s  e l e c t r o d e  s y s t e m  was 

d e s p i t e  the rod e l e c t r o d e s  o n l y  r u n n i n g  some 807. of the le n g t h  of 

the c o n d e n s e r  tube.

O b s e r v a t i o n  of the i n s t a b i l i t y  p h e n o m e n a  w i th ve r t i c a l  

e l e c t r o d e  p l a t e s  wa s f a c i l i t a t e d  by th e c o n d u c t i v e  g l a s s  w i n d o w  in 

one plate. W i th t h i s  o r i e n t a t i o n  and e l e c t r o d e  p o t e n t i a l s  a b o v e  

ab o u t  20kV, in a d d i t i o n  to the t w o -  and t h r e e - d i m e n s i o n a l  w a v e  

s t r u c t u r e s  o b s e r v e d  in s e c t i o n  4.4. 1. s t a b l e  c o n e s  of c o n d e n s a t e  

a p p e a r e d  on top of the tube. T h e s e  w e r e  dr a w n  up f r o m  the b o d y  of 

the f i l m  t o w a r d s  the e l e c t r o d e  rod a b o v e  the tube. Fig. 4 . 1 5  is a 

s k e t c h  of the p h e n o m e n o n  and P l a t e  4. 6 is a still p h o t o  of the s a m e  

s i t u a t i o n  r e p l a y e d  f r o m  a v i d e o  t a p e  r e c o r d i n g  on a T.V. mo ni to r. 

The c o n d e n s a t e  c o n e s  g r e w  s l o w l y  and at a g i v e n  h e i g h t  of 

a p p r o x i m a t e l y  2mm e a ch w o u l d  d i v i d e  into tw o s m a l l e r  cones. To 

a c c o m o d a t e  the e x t r a  c o n e  in the “c o n e  line" a l o n g  t h e  top of the 

t u b e  the o t h e r  c o n e s  w o u l d  all m o v e  a p p r o p r i a t e l y ,  and th us co n e s  

w e r e  b e i n g  c o n t i n u a l l y  "los t" off t h e  e n d s  of the c o n d e n s e r  t u be 

(though this c o u l d  not be o b s e r v e d  d i r e c t l y ) .  Th e l a r g e  bulk of 

c o n d e n s a t e  held in t h e s e  c o n e s  a p p e a r s  to h a v e  i n h i b i t e d  local heat 

t r a n s f e r  on top of the t u b e  and Fig. 4. 16 s h o w s  th e v a r i a t i o n  in 

tu b e  top and b o t t o m  t e m p e r a t u r e  a g a i n s t  e l e c t r o d e  p o t e n t i a l  for the 

two e l e c t r o d e  o r i e n t a t i o n s  (cf. the s a m e  s i t u a t i o n  wi th the c y l i n d e r  

e l e c t r o d e  in Fig. 4.12).

The a p p e a r a n c e  of t h e s e  c o n e s  was v e r y  s i m i l a r  to t h o s e  

r e p o r t e d  by T a y l o r  [108] in his s t u d y  of e l e c t r i c a l l y  d r i v e n  jets. 

In that s t u d y  T a y l o r  f o u n d  that if a s u f f i c i e n t l y  i n t e n s e  e l e c t r i c  

fi e l d  c o u l d  be a p p l i e d  to an EH D c o n e  of i n s u l a t i n g  l i q u i d  a fi ne 

s p r a y  of small l i q u i d  d r o p s  wo u l d  be d r aw n f r o m  the pe ak of the co ne 

t o w a r d s  the o p p o s i t e  e l e c t r o d e .  T h i s  was not o b s e r v e d  in the

p r e s e n t  st u d y  and h e r e  s p r a y i n g  may h a v e  been i n h i b i t e d  by the la rge 

c o ne s' o p p o r t u n i t y  to s u b d i v i d e .  T h i s  p r o c e s s  m a y  ha v e  had the

e f f e c t  of r e d u c i n g  the c o n c e n t r a t i o n  of c h a r g e  at the i n d i v i d u a l
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Fig.  4.15 Three-dimensional  EHD i n s t a b i l i t y  on top of horizontal  smooth

tube with e l ectrode  c ) .
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Fig.  4.16 Local temperature var i at ion around EHD

enhanced smooth tube with e l ec t rode  c) in two or i en t a t i o ns  ( R114 @ TSi-90oC).



c o n e  t i p s  and t h e r e b y  p r e v e n t e d  the a t t a i n m e n t  of the R a y l e i g h  limit 

w h e r e  s u r f a c e  c h a r g e  f o r c e s  e x c e e d  s u r f a c e  t e n s i o n  forc es . In 

T a y l o r ' s  e x p e r i m e n t s  s u b d i v i s i o n  was not o b s e r v e d  s i n c e  each c o ne 

was he ld in the end of a small v e r t i c a l  tube.

In the c a s e  of the e l e c t r o d e  o r i e n t e d  w i th p l a t e s  

h o r i z o n t a l  a much m o r e  h o m o g e n e o u s  f o r m  of i n s t a b i l i t y  was f o r m e d  

a r o u n d  th e c i r c u m f e r e n c e  of the c o n d e n s a t e  film. No EH D c o n e s  w e r e  

p r e s en t. The a u t h o r  t h e r e f o r e  s u g g e s t s  th at the p a r t i c u l a r  fi e l d  

d i s t r i b u t i o n  a r o u n d  a t u b e  (not just its mean value) ma y be c r u c i a l  

to the d e v e l o p m e n t  of the mo st e f f e c t i v e  EHD i n s t a b i l i t y .  He wo u l d  

go f u r t h e r  and p r o p o s e  that the most i n t e n s e  f i e l d  r e g i o n  s h o u l d  be 

a p p l i e d  to the u p s t r e a m  part of the c o n d e n s a t e  film. T h i s  

s u g g e s t i o n  a r i s e s  f r o m  th e fa ct that a h i g h e r  e l e c t r o d e  p o t e n t i a l  is 

r e q u i r e d  to i n i t i a t e  an i n s t a b i l i t y  at an u p s t r e a m  l o c a t i o n  than for 

a p o i n t  d o w n s t r e a m  g i v e n  that the w h o l e  f i l m  is s u b j e c t  to the s a m e  

normal f i e l d  s t r e n g t h .  In c h a p t e r  3 it was n o t e d  that the c r i t i c a l  

e l e c t r o d e  p o t e n t i a l ,  V c , r e q u i r e d  to p r o d u c e  a f i l m  s u r f a c e  

i n s t a b i l i t y  wo u l d  be z e r o  on the s i d e  of the t u b e  but h a v e  a f i n i t e  

and s i g n i f i c a n t  v a l u e  for the top of the tube. For a c o n s i s t e n t  

d e g r e e  of f i l m  d i s t u r b a n c e  a r o u n d  the tu be c i r c u m f e r e n c e  one wo u l d  

t h e r e f o r e  e x p e c t  a f i e l d  d i s t r i b u t i o n  wi th h i g h e s t  E n at the top of 

the t u b e  to be mo st u s ef ul . T h i s  w o u l d  e x p l a i n  th e g r e a t e r  e f f i c a c y  

of the e l e c t r o d e  s y s t e m  (c) in the h o r i z o n t a l - p l a t e  o r i e n t a t i o n  for 

a gi v e n  e l e c t r o d e  p o t e n t i a l  (cf. Fig. 4.14). In t h i s  c a se the 

m a x i m u m  fi e l d  s t r e n g t h  is f o u n d  at the top and b o t t o m  for the t u b e  

(cf. Fig. 4.8). F u r t h e r  b e n e f i t s  in p r a c t i c a l  s y s t e m s  ma y a c c r u e  

fr om p o s i t i o n i n g  e l e c t r o d e  ro ds or p l a t e s  a s s y m m e t r i c a l  1y wi th 

r e s p e c t  to v e r t i c a l  tu b e  p i t c h  so that f i el d s t r e n g t h s  are g r e a t e r  

at the top of t u b e s  (high fi e l d  s t r e n g t h s  at t u be u n d e r s u r f  a c es 

b e i n g  le s s  i m p o r t a n t  s i n c e  the c o n d e n s a t e  f i l m  is a l r e a d y  u n s t a b l e ,  

to a d e g r e e ,  u n d e r  z e r o - f i e l d  c o n d i t i o n s  du e to the g r a v i t a t i o n a l  

f o r c e  f i e l d ) .

A n o t h e r  e x p e r i m e n t a l  o b s e r v a t i o n ,  not c o n n e c t e d  with the 

EHD p h e n o m e n o n  per se, was ma de a f t e r  c l o s e  e x a m i n a t i o n  of a v i d e o  

r e c o r d i n g  w h e r e  t h e r e  a p p e a r e d  to be so me i r r e g u l a r  r e f r a c t i o n  of 

light t h r o u g h  th e v a p o u r  p h a s e  a r o u n d  the r e l a t i v e l y  s t a b l e  c o n e s  on 

top of the tube.
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4.5 V E R T I C A L  S M O O T H  T U B E

The a p p a r a t u s  o-f Fig. 4.1 and P l a t e  4.1 wa s r e a r r a n g e d  

so that the EH D c o n d e n s e r  wa s v e r t i c a l l y  a l i g n e d  and t e s t e d  in 

c o n j u n c t i o n  with R 114 and the c y l i n d e r  e l e c t r o d e .  F r e o n  v a p o u r  

e n t e r e d  the c o n d e n s e r  a p p r o x i m a t e l y  m i d w a y  a l o n g  its l e n g t h  and 

c o n d e n s a t e  d r a i n e d  t h r o u g h  a tube in the shell wall. B e c a u s e  of the 

n a t u r e  of the e l e c t r o d e  a s s e m b l y  it w a s  not p o s s i b l e  to f a b r i c a t e  

the d r a i n  ho le in the b o t t o m  e n d - p l a t e  of the c o n d e n s e r .  A l l o w a n c e  

was m a d e  for t h i s  in the c a l c u l a t i o n  of c o n d e n s a t i o n  h e a t  t r a n s f e r  

c o e f f i c i e n t s  by s i m p l y  r e d u c i n g  the c a l c u l a t e d  he at t r a n s f e r  a r e a  by 

the a m o u n t  by w h i c h  the t u b e  was s u b m e r g e d  ( a p p r o x i m a t e l y  10%). 

A l t h o u g h  s i n g l e - p h a s e  heat t r a n s f e r  will h a v e  o c c u r e d  b e t w e e n  the 

Fr e o n  c o n d e n s a t e  and the s u b m e r g e d  p o r t i o n  of th e tu be its e f f e c t  on 

the o v e r a l l  r a t e  of h e at t r a n s f e r  wa s n e g l i g i b l e  due to the much 

h i g h e r  he at t r a n s f e r  c o e f f i c i e n t  of th e c o n d e n s a t i o n  p r o c e s s .

Fig. 4 . 1 7  s h o w s  the r e s u l t s  of EH D e n h a n c e d  c o n d e n s a t i o n  

of R 114 on a v e r t i c a l  s m o o t h  tube u s i n g  the c y l i n d e r  e l e c t r o d e .  The 

d e g r e e  of e n h a n c e m e n t  a g a i n s t  e l e c t r o d e  p o t e n t i a l  is e x t r e m e l y  c l o s e  

to that for th e h o r i z o n t a l  c a s e  a l t h o u g h  the d e p e n d e n c e  of 

h 1m ,e / h m ,o on s a t u r a t i o n  t e m p e r a t u r e  a p p e a r s  to be less c r i t i c a l .

S i n c e  th e h e i g h t  of the c o n d e n s a t e  f i l m  wa s of the or de r 

of 4 5 0 m m  as o p p o s e d  to s o m e  20 mm in the ca se of the h o r i z o n t a l  tu be 

the f i l m  t h i c k n e s s  had i n c r e a s e d  d r a m a t i c a l l y  al o n g  w i t h  the f i l m  

R e y n o l d s  numb er . C o n s i d e r a b l e  t u r b u l e n c e  in the f i l m  wa s a l r e a d y  

p r e s e n t  in the f o r m  of i r r e g u l a r  w a v e s  on the f i l m  s u r f a c e  un de r 

z e r o - f i e l d  c o n d i t i o n s .  A p p l i c a t i o n  of the fi e l d  c a u s e d  the 

f o r m a t i o n  of a m o r e  r e g u l a r  p a t t e r n  of t r a n s v e r s e  w a v e s  with th eir 

c r e s t s  v e r t i c a l l y  a l i g n e d .  U n f o r t u n a t e l y  the v e l o c i t y  of the f i lm 

f l o w i n g  down the t u b e  and the sp ee d of the EH D d i s t u r b a n c e s  w e r e  so 

gr eat as to ma k e  c l e a r  visual i d e n t i f i c a t i o n  of th e p h e n o m e n a  

i m p o s s i b l e .  H o w e v e r ,  at hi gh fi e l d  s t r e n g t h s  (V>30kV) c o n s i d e r a b l e  

a m o u n t s  of c o n d e n s a t e  w e r e  s p r a y e d  f r o m  the e x t r e m e l y  a g i t a t e d  f i lm 

on to the g a u z e  e l e c t r o d e  and th en f l o w e d  down th e e l e c t r o d e .  

S i m i l a r  o b s e r v a t i o n s  w e r e  m a d e  by D i d k o v s k y  and B o l o g a  [31] who a l so 

r e p o r t e d  c o n d e n s a t e  s p r a y i n g ;  h o w e v e r ,  in the p r e s e n t  s t u d y  no 

c o n d e n s a t e  " b r i d g e s "  w e r e  f o u n d  in the t u b e - e l e c t r o d e  gap. Of
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E H D  e n h a n c e d  c o n d e n s a t i o n

o f  R 1 1 4 o n a  s m o o t h , v e r t i c a l  
t u b e .

E l e c t r o d e  P o t e n t i a l  ( k V ) .



c o u r s e  t h i s  EH D s p r a y i n g  w o u l d  h a v e  r e d u c e d  th e mean f i l m  t h i c k n e s s  

and e n h a n c e d  he at t r a n s f e r  a b o v e  that a v a i l a b l e  with the w a v e  

d i s t u r b a n c e  t y p e  of i n s t a b i l i t y  alone.

4.6 I N T E G R A L L Y  F I N N E D  T U B E

M o st s h e l l / t u b e  c o n d e n s e r s  for air c o n d i t i o n i n g ,  

r e f r i g e r a t i o n  or h e a t  pump a p p l i c a t i o n s  no w u s e  t u b e s  with 'lo-fin' 

ou te r s u r f a c e  p r o f i l e s  and th e  r e f r i g e r a n t  t h e n  c o n d e n s e s  on the 

s h e l l - s i d e  of t h e  unit. T h e  size, s h a p e  and p i t c h  of the f i n s  on 

such t u b e s  may v a r y  c o n s i d e r a b l y  but all are m a d e  by e s s e n t i a l l y  th e 

s a m e  p r o c e s s  w h e r e  an i n i t i a l l y  smoo th , t h i c k - w a l l e d  t u b e  is 

m a c h i n e d  or r o l l e d  to f a r m  a c o n t i n u o u s  spiral fin w i t h  a p i t c h  of 

bet ween 3 0 0  and 1200 r e v o l u t i o n s  per metre. ( F lu te d t u b e s  for us e 

in v e r t i c a l  c o n d e n s e r s / e v a p o r a t o r s  (e.g. in d e s a l i n a t i o n  plant) are 

a l s o  used and e m p l o y  the s a m e  e n h a n c e m e n t  m e c h a n i s m s ) .

In both s i n g l e  and t w o - p h a s e  he at t r a n s f e r  s i t u a t i o n s  

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

area. Fig. 4. 4 s h o w s  the a c t u a l  p r o f i l e  of the l o - f i n  tu be us ed in 

the p r e s e n t  s t u d y  . T h i s  t u b e  p r o f i l e  g a v e  a r a t i o  of f i n n e d  

s u r f a c e  a r e a  to u n f i n n e d  s u r f a c e  ar ea (i.e. th e a r e a  of a s m o o t h  

t u b e  of l o - f i n  f i n - r o o t  d i a m e t e r )  of 5.4. In c o n d e n s a t i o n  

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

“G r e g o r i g "  e f fe ct . T h i s  is the p h e n o m e n o n  w h e r e b y  s u r f a c e  t e n s i o n  

f o r c e s  on the c o n d e n s a t e  f i l m  te nd to ' f l a tt en ' the fi lm s u r f a c e

i.e. the f i l m  is t h i n n e d  at th e fin t i p s  and c o n d e n s a t e  c o l l e c t s  in 

the i n t e r - f i n  gaps. C o n s e q u e n t l y  v e ry h i g h  local heat t r a n s f e r  

c o e f f i c i e n t s  o c c u r  at the fin tips, c o n d e n s a t e  is then f o r c e d  in to 

the gaps do wn w h i c h  it d r a i n s  most e f f e c t i v e l y  (for t h e o r e t i c a l  

m o d e l l i n g  of t h i s  p h e n o m e n o n  see r e f e r e n c e s  CIO], C353 and [93]). 

Fig. 4.9 s h o w s  a c o m p a r i s o n  of z e r o - f i e l d  e x p e r i m e n t a l  r e s u l t s  for 

c o n d e n s a t i o n  he at t r a n s f e r  c o e f f i c i e n t s  for th e s m o o t h  h o r i z o n t a l  

t u be and th e h o r i z o n t a l  l o - f i n  tube. The t u b e s  h a v e  a p p r o x i m a t e l y  

equal me an t u b e  o u t s i d e  d i a m e t e r s  and it can be se en that the l o - f i n  

t u be a c h i e v e s  a heat t r a n s f e r  r a te far a gi v e n  t u b e  l e n g t h  s o m e  f o ur 

ti m e s  g r e a t e r  than that for the s m o o t h  tube.

It was o r i g i n a l l y  h o p e d  that EH D e f f e c t s  and the 

G r e g o r i g  p h e n o m e n o n  wo ul d c o m b i n e  on a lo-fin t u b e  to p r o d u c e
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s p e c t a c u l a r  e n h a n c e m e n t  of c o n d e n s a t i o n  heat t r a n s f e r .  T h i s  was not 

fo u n d  to be the case. Th e EH D f o r c e s  w o r k  in o p p o s i t i o n  to the 

G r e g o r i g  s u r f a c e  t e n s i o n  fo rces. D i e l e c t r o p h o r e t i c  f o r c e s  t e nd to 

mo v e  m a t t e r  of h i g h e r  p e r m i t t i v i t y  to r e g i o n s  of h i g h e r  e l e c t r i c  

fi e l d  i n t e n s i t y .  On the l o - f i n  t u b e  the r e g i o n  of g r e a t e s t  fi e l d  

i n t e n s i t y  was at th e  fin tips, e x a c t l y  the r e g i o n  f r o m  w h i c h  the 

s u r f a c e  t e n s i o n  f o r c e s  tend to r e m o v e  liquid. The net r e s u l t  was 

that o n l y  a ten p e r c e n t  E H D  i n c r e a s e  in h e a t  t r a n s f e r  c o u l d  be 

a c h i e v e d  on the l o - f i n  tube. V i su al o b s e r v a t i o n s  i n d i c a t e d  that 

c o n s i d e r a b l e  E H D  f i l m  i n s t a b i l i t y  was t a k i n g  p l ac e, i n c l u d i n g  

f o r m a t i o n  of t h r e e - d i m e n s i o n a l  d r o p s  on the f i l m  at fin tips, but 

v e r y  l i t t l e  net q u a n t i t a t i v e  e f f e c t  on heat t r a n s f e r  r e s u l t e d  fr om 

this.

It w o u l d  a p p e a r  th at EH D  e n h a n c e m e n t  of c o n d e n s a t i o n  of 

F r e o n s  on s m o o t h  t u b e s  d o e s  not a c h i e v e  he at t r a n s f e r  r a t e s  g r e a t e r  

than t h o s e  a v a i l a b l e  fr o m  i n t e g r a l l y  f i n n e d  tu b i n g .  Fig. 4 . 1 8  s h o w s  

so me r e s u l t s  for heat t r a n s f e r  c o e f f i c i e n t  p l o t t e d  a g a i n s t  

v a p o u r - w a l l  t e m p e r a t u r e  d i f f e r e n c e  A T m . Th e be st EHD e n h a n c e m e n t  

a c h i e v e d  g i v e s  a r e f r i g e r a n t - s i d e  he at t r a n s f e r  c o e f f i c i e n t  

a p p r o x i m a t e l y  5 0 ‘/. le ss than that a v a i l a b l e  f r o m  the l o - f i n  tube. 

H o w e v e r  th i s  a p p l i e s  to a s i n g l e  tu be only. (It is al s o  a s s u m e d  

that the " n o m i n a l "  heat t r a n s f e r  a r e a s  of the t u b e s  are e q ua l, 

w h e r e a s ,  in r e a l i t y ,  the f i n n e d  s u r f a c e  a r e a  of the l o - f i n  t u b e  is

5.4 t i m e s  that of th e s m o o t h  tube).

In l a r g e  c o n d e n s e r  t u b e  b a n k s  o n l y  t h o s e  t u b e s  in the 

top row b e h a v e  as t h e y  w o u l d  in a s i n g l e - t u b e  c o n d e n s e r  s i n c e  lo w e r  

tube ro w s  r e c e i v e  c o n d e n s a t e  f r o m  the t u be s above. The m a in e f f e c t  

of the e x t r a  c o n d e n s a t e  f r o m  a b o v e  is to i n c r e a s e  c o n d e n s a t e  f i l m  

t h i c k n e s s  and r e d u c e  he at t r a n s f e r  for lo wer tube s. In the c a s e  of 

a l o -f in t u b e  b a n k  the d e c r e a s e  in heat t r a n s f e r  c o e f f i c i e n t  with 

i n c r e a s i n g  d i s t a n c e  down the ba nk is mo re a c u t e  th an for s m o o t h  

tu b e s  s i n c e  th e f i n s  may b e c o m e  " f l o o d e d "  and the b e n e f i t s  of the 

G r e g o r i g  e f f e c t  ma y be e n t i r e l y  lost. A s t u d y  by S m i r n o v  and 

L u k a n o v  C993 of Rll c o n d e n s i n g  on a la r g e  l o - f i n  tu b e  bank f o u n d  

that heat t r a n s f e r  for t u b e s  in the n i nt h and te n t h  ro w s  was on l y  

287. that for the top tu be ro w ( f u r th er down the bank the s i t u a t i o n  

i m p r o v e d  a l i tt le , p r o b a b l y  due to i n c r e a s e d  t u r b u l e n c e  in the
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c o n d e n s a t e  -flow at high m a s s  f l o w  r a te s) . It is t h o u g h t  l i k e l y  that 

the a p p l i c a t i o n  of EHD e n h a n c e m e n t  to the s i t u a t i o n  a b o v e  w o u l d  

o v e r c o m e  t h e s e  p r o b l e m s  by s t r i p p i n g  the f l o o d e d  t u b e s  of th e i r  

e x c e s s  c o n d e n s a t e  at the hi gh f i e l d  r e g i o n s  at fin t i p s  in a s i m i l a r  

m a n n e r  to th e c o n d e n s a t e  s p r a y i n g  d e s c r i b e d  in s e c t i o n  4.5. Wi th 

the aim of t e s t i n g  th is h y p o t h e s i s  e x p e r i m e n t a l l y  tw o la r g e r  (9 

tube) s h e l l / t u b e  e v a p o r a t o r / c o n d e n s e r s  w e re d e s i g n e d  and built. 

T h e s e  are d e s c r i b e d  in c h a p t e r  8. U n f o r t u n a t e l y  ti me did not p e r m i t  

c o n t i n u a t i o n  of th e e x p e r i m e n t a l  wo rk to t e s t i n g  of t h e s e  units.

4.7 D A TA C O R R E L A T I O N

A n u m b e r  of EHD c o n d e n s a t i o n  he at t r a n s f e r  d a t a  

c o r r e l a t i o n s  ha v e  b e e n  a t t e m p t e d  by v a r i o u s  a u t h o r s  (e.g. [31] and 

C53]), h o w e v e r ,  the s i m p l e s t  and also th e most e f f e c t i v e  w o u l d  

a p p e a r  to be that of Choi and R e y n o l d s  [221 f i r s t  p u b l i s h e d  in 1966 

and d e s c r i b e d  in detail in s e c t i o n  3.2. Th e p r e s e n t  s t u d y  a p p e a r s  

to be th e f i r s t  to s u p p o r t  t h e  v a l i d a t i o n  of t h i s  c o r r e l a t i o n  u s i n g  

heat t r a n s f e r  f l u i d s  and t h e r m a l / e l e c t r i c a l  g e o m e t r i e s  ot he r t h an 

t h o s e  of th e o r i g i n a l  study. Fig. 4. 19 s h o w s  a gr a p h  of the 

d i m e n s i o n l e s s  g r o u p  N u / ( R a ) ° * 2S p l o t t e d  a g a i n s t  the " e q u i v a l e n t  EHD 

fo r c e " ,  (where Nu, the N u s s e l t  numb er , and Ra, the R a y l e i g h  

n u mb er , ar e g i v e n  by e q u a t i o n s  (3.12) and (3.13)) for s e ve ra l se ts 

of e x p e r i m e n t a l  d a t a  f r o m  the p r e s e n t  s t ud y, f r o m  Fig. 3 of 

D i d k o v s k y  and B o l o g a  [31] and f r om Choi and R e y n o l d s '  r e s u l t s  [22]. 

V e r y  go od a g r e e m e n t  is r e a c h e d  for the d a t a  at h i g h e r  f i e l d  

s t r e n g t h s  t h o u g h  the c o n s t a n t  in e q u a t i o n  (3.11) w o u l d  a p p e a r  to be 

s o m e w h a t  le ss th an th e v a l u e  of 0 . 5  p o s t u l a t e d  by Choi and R e y n o l d s .  

H o w e v e r ,  the da t a  at £ = 1 0 s N / m *  ha ve a s p r e a d  of less th an 15X, w h i c h  

is v e r y  e n c o u r a g i n g  ( e s p e c i a l l y  s i n c e  the he at t r a n s f e r  g e o m e t r i e s  

vary w i d e l y ,  f r o m  c o n d e n s a t i o n  on v e r t i c a l  p l a t e s  to c o n d e n s a t i o n  on 

h o r i z o n t a l  tube s, as do th e p r o p e r t i e s  of the he at t r a n s f e r  fl u i d s ) .  

The r e l a t i v e l y  s i m p l e  f o r m u l a t i o n  of the c o r r e l a t i o n  and its s u c c e s s  

as s h ow n in Fig. 4 . 1 9  s u g g e s t s  th at it c o u l d  be used by heat 

t r a n s f e r  e n g i n e e r s  to a s s e s s  the EH D p o t e n t i a l  of v a r i o u s  f l u i d s  and 

e l e c t r o d e  g e o m e t r i e s .
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Fi g. 4 . 1 9  C o r r e l a t i o n  o f  v a r i o u s  E H D  c o n d e n s a t i o n  d a t a  b y t h e  m e t h o d  o f  C h o i .



4.8 C O N C L U S I O N S

Se v e r a l  g e n e r a l  c o n c l u s i o n s  r e g a r d i n g  EHD c o n d e n s a t i o n

may be d r a w n  fr om the wo rk a b ov e, i n c l u d i n g :

(a) EHD c o n d e n s a t i o n  e n h a n c e m e n t  on s i n g l e  h o r i z o n t a l  s m o o t h  t u b e s  

w o u l d  not a p p e a r  to be as e f f e c t i v e  as u s i n g  z e r o - f i e l d  in t e g r a l  

t u b e  fins.

(b) The e l e c t r o d e  g e o m e t r y  used w i t h  h o r i z o n t a l  t u b e s  is ve ry

i m p o r t a n t .  P l a t e  e l e c t r o d e s  a l o n e  do not g i v e  a s u f f i c i e n t l y  

i n t e n s e  fi e l d  a r o u n d  the w h o l e  tu b e  c i r c u m f e r e n c e .  The

r o d - a n d - p l a t e  e l e c t r o d e  c) w o r k e d  well w i th s e v e r a l  p o i n t s  of 

note: i) e l e c t r o d e  o r i e n t a t i o n  is i m p o r t a n t ,  ii) hi gh fi el d

s t r e n g t h s  s h o u l d  be a p p l i e d  on u p s t r e a m  s e c t i o n s  of the

c o n d e n s a t e  f i l m  - a s y m m e t r i c  e l e c t r o d e - t u b e  a r r a n g e m e n t s  ma y  be 

a c o n v e n i e n t  w a y  of a c h i e v i n g  this, iii) l a r g e  c o n d e n s a t e  c o n e s  

i n h i b i t i n g  local heat t r a n s f e r  can be p r o d u c e d  at high f i e l d  

s t r e n g t h s  in t h e  v i c i n i t y  of the rod e l e c t r o d e s .

(c) EHD c o n d e n s a t e  s p r a y i n g  has be e n  o b s e r v e d  for the v e r t i c a l  

s m o o t h  tu be and ma y  p r o v e  b e n e f i c i a l  in l a r g e  h o r i z o n t a l  tu be 

banks.

(d) L i t t l e  EHD e n h a n c e m e n t  was a v a i l a b l e  on the e l e c t r i c a l l y

s t r e s s e d  l o - f i n  t u b e  (EHD and G r e g o r i g  e f f e c t s  work in

o p p o s i t i o n  in t h i s  case).

(e) I n c r e a s i n g  e l e c t r o d e  p o t e n t i a l s  m o d i f i e d  the local c o n d e n s a t i o n  

he at t r a n s f e r  c o e f f i c i e n t  a r o u n d  the h o r i z o n t a l  tu be 

c i r c u m f e r e n c e  p r o d u c i n g  high r a t e s  of heat t r a n s f e r  on the lo we r 

part of the t u b e s  w h i c h  n o r m a l l y  ha ve a t h i c k e r  c o n d e n s a t e  f i l m  

and t h e r e f o r e  lo w e r  he at tr a n s f e r .

(f) A w i d e  r a n g e  of EH D  c o n d e n s a t i o n  d a t a  can be c l o s e l y  c o r r e l a t e d  

u s i n g  the a n a l y s i s  of Choi and R e y n o l d s  C223 .
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C H . 5  EH D E N H A N C E D  B O I L I N G  OF R114. E X P E R I M E N T A L

T h i s  c h a p t e r  and c h a p t e r  6 deal with t h e  e x p e r i m e n t a l  and 

t h e o r e t i c a l  s t u d y  of EHD e f f e c t s  on b o i l i n g  R 114. It was d e c i d e d  to 

a d d r e s s  the c o n d e n s a t i o n  p h e n o m e n a  in the f i r s t  p h a s e  of the p r o j e c t  

b e c a u s e  p r e v i o u s  s t u d i e s  s u g g e s t e d  th at EHD c o n d e n s a t i o n  e n h a n c e m e n t  

wa s p r o b a b l y  m o r e  e a s i l y  a p p l i e d  and b e n e f i c i a l  to p r a c t i c a l  

e n g i n e e r i n g  heat t r a n s f e r  s i t u a t i o n s .  H o w e v e r ,  the EHD b o i l i n g  

p r o c e s s e s  h a v e  be en fo un d to be not on ly m o r e  c o m p l e x  and d i f f i c u l t  

to model than EH D c o n d e n s a t i o n  but qu i t e  r e m a r k a b l y  s u s c e p t i b l e  to 

EH D n u c l e a t e  b o i l i n g  e n h a n c e m e n t .  Th e  fact t h a t  EH D b o i l i n g  is not 

as well u n d e r s t o o d  as EH D c o n d e n s a t i o n  r e f l e c t s  the d e g r e e  of 

c o m p l e x i t y  and ' s t a t e - o f - t h e - a r t '  u n d e r s t a n d i n g  of the tw o p r o c e s s e s  

un d e r  z e r o - f i e l d  c o n d i t i o n s .  F i l m  c o n d e n s a t i o n  is r e l a t i v e l y  

si mp le , the c e n t r a l  m e c h a n i s m s  of c o n d e n s a t e  f i l m  f o r m a t i o n ,  v a p o u r  

shear, c o n d e n s a t e  i n u n d a t i o n ,  etc. ha ve been o b s e r v e d  and m o d e l l e d ,  

t h us good q u a n t i t a t i v e  p r e d i c t i o n  of heat t r a n s f e r  r e s u l t s  can be 

ac h i e v e d .  Thus, the e f f e c t  of an a p p l i e d  e l e c t r i c  field, in 

e s s e n c e ,  is to d i s r u p t  the s u r f a c e  of the c o n d e n s a t e  film.

B o i l i n g ,  h o w e v e r ,  is c h a r a c t e r i z e d  by se v e r a l  e x t r e m e l y  

c o m p l e x  p r o c e s s e s .  The in i t i a l  p r o d u c t i o n  of v a p o u r  at s p e c i f i c  

'sites' on the he at t r a n s f e r  s u r f a c e  is d e p e n d e n t  on m a n y  f a c t o r s ,  

s o m e  m i c r o s c o p i c  (e.g. s u r f a c e  r o u g h n e s s ,  n u m b e r  of l o c a t i o n s  w h e r e  

v a p o u r  is t r a p p e d ,  1 i q u i d - v a p o u r - s u r f  ace c o n t a c t  angl e, etc.) and 

s o m e  m a c r o s c o p i c  (e.g. s u r f a c e - l i q u i d  s u p e r h e a t ,  h y d r o s t a t i c  

p r e s s u r e  past and p r e s e n t ,  f l u i d  p r o p e r t i e s ,  etc. ). B u b b l e  d y n a m i c s  

d u r i n g  g r o w t h  and a f te r d e t a c h m e n t  are e x t r e m e l y  c o m p le x. For 

ex a m p l e ,  the p r e d i c t i o n  of b u b b l e  d e p a r t u r e  d i a m e t e r  i n v o l v e s  

k n o w l e d g e  of l i q u i d - v a p o u r - s u r f a c e  c o n t a c t  a n g l e s ,  r a t e  of b u b b l e  

g r ow th , v i s c o u s  dr ag e f f e c t s ,  etc. Yet t h e s e  and ma ny o t h e r  

m e c h a n i s m s ,  o f t e n  o p e r a t i n g  on the m i c r o s c o p i c  level, must 

e v e n t u a l l y  d e t e r m i n e  the bu lk r a t e s  of v a p o u r  p r o d u c t i o n  and h e a t  

tr a n s f e r .  Thus, much r e c e n t  r e s e a r c h  has be en d i r e c t e d  t o w a r d s  th e 

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

f r o m  what is k n o w n  of th e p h y s i c s  of v a p o u r  n u c l e a t i o n  and 

e b u l l i t i o n .  It c o m e s  as no s u r p r i s e  then th a t  a p p l i c a t i o n  of 

e l e c t r i c  f i e l d s  to b o i l i n g  e x p e r i m e n t s  r e s u l t s  in even mo re
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c o m p l e x i t y  as the -field irvfluences v i r t u a l l y  e v e r y  a s p e c t  of the 

b o i l i n g  pr o c e s s .  Th e s t u d y  of EH D b o i l i n g  is r e a l l y  in its in fa nc y. 

This c h a p t e r  and th e  n e x t  a t t e m p t ;  a) to d e t e r m i n e  w h e t h e r  

a p p l i c a t i o n  of EHD b o i l i n g  e n h a n c e m e n t  is f e a s i b l e  and d e s i r a b l e  in 

p r a c t i c e  and, b) to set d o w n  the mo st l i k e l y  e f f e c t s  of th e e l e c t r i c  

fi e l d  on the v a r i o u s  m i c r o s c o p i c  and m a c r o s c o p i c  b o i l i n g  m e c h a n i s m s .

5.1 E X P E R I M E N T A L  A P P A R A T U S

F i g u r e  5.1 is a s c h e m a t i c  d i a g r a m  of th e EHD b o i l i n g  

rig. It was b u i l t  f r o m  m a n y  of th e sa m e  c o m p o n e n t s  as the EH D 

c o n d e n s a t i o n  rig (Fig. 4.1) but the f u n c t i o n  and p o s i t i o n  of s e ve ra l 

wa s ch a n g e d .  Th e E H D  s i n g l e  tu be c o n d e n s e r  was u s e d  as an E H D  

b o i l e r ,  and the e l e c t r i c a l l y  h e a t e d  b o i l e r  of Fig 4.1 no w  b e c a m e  the 

c o n d e n s e r  with a c o o l i n g  coil s u p p l i e d  with cool w a t e r  f r om the 

r e f r i g e r a t i o n / h e a t e r  unit.

S e ve ra l m i n o r  m o d i f i c a t i o n s  w e r e  m a d e  to the EHD 

c o n d e n s e r ,  most c o n c e r n i n g  the a r r a n g e m e n t  of t h e  e l e c t r o d e  

i n s u l a t i o n  wh ic h wa s c h a n g e d  to a l l o w  fr ee p a s s a g e  of v a p o u r  out of 

and l i q u i d  into th e E H D  boil er . T h i s  m o d i f i c a t i o n  was p a r t i c u l a r l y  

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

p e r s p e x  tu be i n s u l a t i n g  th e e l e c t r o d e  f r o m  the b o i l e r  wall had to be 

p e n e t r a t e d  to a l l o w  p a s s a g e  of v a p o u r  f r o m  the b o i l e r  w i t h o u t  u n d u l y  

d i m i n i s h i n g  the d e g r e e  of e l e c t r i c a l  i n s u l a t i o n  (see Fig 4.7). The 

high v o l t a g e  fe ed t h r o u g h  the b o i l e r  shell wall wa s a r r a n g e d  to be 

on the u n d e r s i d e  of th e s y s t e m  so th at l i q u i d  F r e o n  w o u l d  s u b m e r g e  

the s p a r k i n g  p l u g - e l e c t r o d e  co n t a c t .  This a l l o w e d  s o m e w h a t  h i g h e r  

e l e c t r o d e  p o t e n t i a l s  to be e m p l o y e d  as F r e o n  has a c o n s i d e r a b l y  

g r e a t e r  e l e c t r i c  s t r e n g t h  in the l i q u i d  r a t h e r  t h a n  the v a p o u r  

phase.

A u x i l i a r y  h e a t i n g  was a d d e d  to the EH D b o i l e r  in the 

f o r m  of ' F r e e z g u a r d '  self l i m i t i n g  h e a t i n g  t a p e  wh i c h  wa s s t r a p p e d  

to the u n d e r s i d e  of the b o i l e r  shell. The heat o u t p u t  of this t a p e  

was r e l a t i v e l y  small ( a p p r o x i m a t e l y  30W) its p u r p o s e  be in g the 

p r e v e n t i o n  of t h e r m a l  s t r a t i f i c a t i o n  of the l i q u i d  in the b o i l e r  

p r i o r  to h e a t i n g  of t h e  e x p e r i m e n t a l  t u b e  and to p r o v i d e  a me a n s  of 

d r i v i n g  off any d i s s o l v e d  g a s e s  in th e Fr e o n  li q u i d  not p r e v i o u s l y  

r e m o v e d  by p u r g i n g  (as d e s c r i b e d  in 4.1.1) b e f o r e  each te st run.
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The h e a t i n g  of the e x p e r i m e n t a l  tu be i t se lf was p r o v i d e d  

by hot wa te r p u m p e d  fr o m  a s t a i n l e s s  steel t a n k  c o n t a i n i n g  a 9k W 

i m m e r s i o n  h e at er , the heat o u t p u t  of w h ic h wa s c o n t r o l l e d  by a 

t h r e e - p h a s e  'Variac'. T h i s  m e t h o d  of h e a t i n g  the t u b e  was by no 

m e a n s  ideal and not the a u t h o r ' s  f i r s t  p r e f e r e n c e .  In most b o i l i n g  

s t u d i e s  t u b e s  are h e a t e d  e l e c t r i c a l l y  e i t h e r  by p a s s i n g  c u r r e n t  

d i r e c t l y  al ong th e t u b e  wall i t s e l f  or by i n s e r t i n g  a h e a t i n g  

e l e m e n t  inside. Th e f i r s t  m e t h o d  ha s be en most e f f e c t i v e l y  e m p l o y e d  

by M i l l e r  C833 in the s t u d y  of s i n g l e - p h a s e  EHD h e a t  t r a n s f e r  i n s i d e  

tubes. H o w e v e r ,  in the p r e s e n t  s t u d y  the wall t h i c k n e s s e s  of the 

t u b e s  i n v e s t i g a t e d  w o u l d  h a v e  r e q u i r e d  p r o h i b i t i v e l y  la r g e  h e a t i n g  

c u r r e n t s  ( >1 00 0A ). Th e use of an i n t e rn al h e a t i n g  e l e m e n t  was 

c o n s i d e r e d  but i n i t i a l  c a l c u l a t i o n s  of the b o i l i n g  heat flux 

e x p e c t e d  on the l o - f i n  t u b e  s h o w e d  t h a t  a m a n u f a c t u r e d  e l e m e n t  of 

s u f f i c i e n t  o u t p u t  and t e m p e r a t u r e  c a p a b i l i t y  was not a v a i l a b l e .  In 

a d d i t i o n ,  m e a s u r e m e n t s  of s u r f a c e  t e m p e r a t u r e  of th e t u b e  w o ul d h a v e  

m e a n t  ve ry ca r e f u l  d e t a i l i n g  of r u n s  of t h e r m o c o u p l e  e x t e n s i o n  w i r e s  

w i t h i n  the s u r f a c e  of the tu be s i n c e  t h e s e  w i r e s  c o u l d  not be s a f e l y  

e x p o s e d  to the i n t e n s e  e l e c t r i c  fiel d. The o p t i o n  of us in g hot 

w a t e r  wa s t h e r e f o r e  r e l u c t a n t l y  a d o p t e d .  T h i s  r e s u l t e d  in s e ve ra l 

d i f f i c u l t i e s  (which w e r e  fo r s e e n )  d u r i n g  the e x p e r i m e n t a l  work and 

t h e s e  are d i s c u s s e d  later. It s h o u l d  be said h o w e v e r  that a l t h o u g h  

t h i s  a r r a n g e m e n t  wa s not ideal for p r e c i s e  i n v e s t i g a t i o n  of the 

p h y s i c s  of EHD b o i l i n g  it did c l o s e l y  r e p r e s e n t  an e l e m e n t  of a 

p r a c t i c a l  F r e o n - w a t e r  s h e l l - t u b e  he at e x c h a n g e r .

M e a s u r e m e n t s  of F r e o n  l i q u i d  and v a p o u r  t e m p e r a t u r e s , 

tu be s u r f a c e  and w a t e r  t e m p e r a t u r e s  w e r e  all m a d e  as d e s c r i b e d  in 

c h a p t e r  4. An e x t r a  t h e r m o j u n c t i o n  was ad ded to the l o - f i n  t u b e  at 

its m i d - s e c t i o n  o p p o s i t e  t h e r m o j u n c t i o n  n u m b e r  3 in Fig 4.5 g i v i n g  

four t h e r m o j u n c t i o n s  n u m b e r e d  3 , 7 , 8  and 6 e q u a l l y  s p a c e d  a r o u n d  the 

tu b e  c i r c u m f e r e n c e .  The e x p e r i m e n t a l  t u b e s  w e r e  p r e p a r e d  as 

d e s c r i b e d  in Ch.4.

The rig was c h a r g e d  wi th R 114 su ch t h a t  at r o o m  

t e m p e r a t u r e  the l i q u i d  level just r e a c h e d  the v a p o u r  o u t l e t  port on 

the top of the b o i l e r  shell. The rig was then o p e r a t e d  for s e ve ra l 

h o u r s  with the b o i l e r  h e a t e d  u n d e r  z e r o - f i e l d  c o n d i t i o n s  to 

t h o r o u g h l y  cl ea n th e i n s i d e  of the sy s t e m .  A c o n s i d e r a b l e  am o u n t  of
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s o l d e r  -flux and d e b r i s  had c o n t a m i n a t e d  the s y s t e m  w h i c h  was then 

d r a i n e d ,  c l e a n e d  and -filled a g ai n wi th -fresh R 114.

5. 2 V I S U A L  O B S E R V A T I O N S

The time' r e m a i n i n g  on the p r o j e c t  for 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 s  was no w li mi te d. T h i s  fa ct c o m b i n e d  with the 

a v a i l a b i l i t y  of a v i d e o  c a m e r a  and r e c o r d e r  for a l i m i t e d  p e r i o d  led 

th e a u t h o r  to c o n d u c t  a b r ie f q u a l i t a t i v e  s t u d y  of th e EH D b o i l i n g  

p h e n o m e n a  on s m o o t h  and l o - f i n  tubes; a) to o b t a i n  v i d e o  r e c o r d i n g s  

of t h e s e  p h e n o m e n a  (which have s i n c e  p r o v e d  i n v a l u a b l e  in

d e m o n s t r a t i n g  to bo th a c a d e m i c s  and i n d u s t r i a l i s t s  th e n a t u r e  and 

p o s s i b l e  b e n e f i t s  of t w o - p h a s e  EHD h e a t  t r a n s f e r  e n h a n c e m e n t )  and b) 

to a s c e r t a i n  w h i c h  of th e v a r i o u s  p h e n o m e n a  the r e s e a r c h  s h o u l d  

a d d r e s s  in the r e m a i n i n g  t i m e  a v a i l a b l e .

EHD b o i l i n g  e x p e r i m e n t s  we r e  c o n d u c t e d  i n i t i a l l y  with 

the s m o o t h  tube. Visu al o b s e r v a t i o n s  u s i n g  the p l a n e  e l e c t r o d e  

s y s t e m  wi th the c o n d u c t i v e  g l a s s  w i n d o w  i n se rt s h o w e d  that 

r e l a t i v e l y  low e l e c t r o d e  p o t e n t i a l s  (V<10kV) c o u l d  a c t i v a t e  

n u c l e a t i o n  si t e s  (where v a p o u r  is g e n e r a t e d  d u r i n g  b o i l i n g )  on the 

s u r f a c e  of the tubes. In o t he r word s, as the th e tu be was 

s u p e r h e a t e d  by a few d e g r e e s  C e n t i g r a d e  a b o v e  the F r e o n  l i qu id

s a t u r a t i o n  t e m p e r a t u r e  un d e r  z e r o - f i e l d  c o n d i t i o n s  n a tu ra l 

c o n v e c t i v e  heat t r a n s f e r  o c c u r r e d .  Upon a p p l i c a t i o n  of th e fi el d 

e b u l l i t i o n  i m m e d i a t e l y  t o ok place. H i g h e r  fi e l d  s t r e n g t h s  c a u s e d  

c h a n g e s  in b u b b l e  d y n a m i c s  as e l e c t r i c  f o r c e s  ca me to d o m i n a t e  over 

norm al b u o y a n c y  forc es .

The a p p a r a t u s  was then d i s m a n t l e d  and the l o - f i n  tube 

a s s e m b l e d  in th e b o i l e r  shell. Th e e l e c t r i c a l  a c t i v a t i o n  of 

e b u l l i t i o n  was ag a i n  o b s e r v e d .  In a d d i t i o n ,  at hi gh fi e l d

s t r e n g t h s  (V>20kV) v e r y  i n t e r e s t i n g  b u b b l e  d y n a m i c s  w e r e  o b s e r v e d  

w h e r e  b u b b l e s  p r o d u c e d  on th e lower s i d e  of the tube w e r e  a p p a r e n t l y  

t r a p p e d  b e t w e e n  the t u b e  fi n s  by e l e c t r i c a l  f o r c e s  and o n l y  e s c a p e d

f r o m  the top of the tube. Th is led to ve ry s u b s t a n t i a l  i n c r e a s e s  in

heat t r a n s f e r .  A th i r d  p h e n o m e n o n  was also fo u n d  w h e r e  at v e r y  low 

s u p e r h e a t s  v a p o u r  was p r o d u c e d  in the i n t e r - f i n  s p a c e s  on the t u b e  

even t h o u g h  no n u c l e a t i o n  s i t e s  w e r e  v i s i b l y  active.

133



Gi v e n  the r e l a t i v e l y  small EHD e n h a n c e m e n t  f o u n d  for the 

sm o o t h  tu b e  it was d e c i d e d  that a d e t a i l e d  s t u d y  of the lo - f i n  tube 

w o ul d be c a r r i e d  out. The r e s u l t s  of th is are p r e s e n t e d  below.

5.3 N U C L E A T E  B O I L I N G  HEftT T R A N S F E R  OF R 1 1 4  ON 

A L O - F I N  TU BE

5.3.1 E x p e r i m e n t a l  m e t h o d

In s e c t i o n  5.1 the r e a s o n s  for c h o o s i n g  hot wa t e r  

h e a t i n g  of the te st t u b e  w e r e  given. T h i s  t y p e  of h e a t i n g  did, 

h o w e v e r ,  i m p o s e  l i m i t a t i o n s  on the e x p e r i m e n t a l  m e t h o d o l o g y  b e c a u s e  

the t u b e  s u r f a c e  t e m p e r a t u r e  c o ul d not be a c c u r a t e l y  c o n t r o l l e d  

i n d e p e n d e n t l y  of the s a t u r a t i o n  t e m p e r a t u r e  of the s y st em . Fig 5.2 

is a g r e a t l y  s i m p l i f i e d  r e p r e s e n t a t i o n  of the h e a t  f l o w s  w i t h i n  the 

e x p e r i m e n t a l  rig i l l u s t r a t i n g  the p r o b l e m s  i n v o l v e d .  In the EHD 

c o n d e n s a t i o n  i n v e s t i g a t i o n  it was p o s s i b l e  to keep the v a p o u r  

t e m p e r a t u r e  and the t u b e  c o o l i n g  w a t e r  t e m p e r a t u r e  c o n s t a n t  and use 

a c o r r e c t i o n  to heat t r a n s f e r  to a c c o u n t  for th e c h a n g e  in 

l i q u i d - w a l l  s u p e r h e a t ,  A T ffl, due EHD e n h a n c e m e n t  as in e q u a t i o n

(4.3). In the c a s e  of b o i l i n g  such a c o r r e c t i o n  was not p o s s i b l e  

si n c e  th e r e l a t i o n s h i p  b e t w e e n  the b o i l i n g  he at t r a n s f e r  c o e f f i c i e n t  

and film was not a s i m p l e  or known f u n c t i o n  for a g i v e n  he at t r a n s f e r  

s u r f a c e  and fluid. Thus, each e x p e r i m e n t a l  run wa s conducted* with a 

f i xe d e l e c t r o d e  p o t e n t i a l .  The heat input to the hot w a t e r  tank and 

the t e m p e r a t u r e  s e t t i n g  on the r e f r i g e r a t i o n  u n it w e r e  then a d j u s t e d  

to v a r y  the me an t u b e  s u r f a c e  t e m p e r a t u r e  w h i l e  k e e p i n g  the 

s a t u r a t i o n  t e m p e r a t u r e  c o n s t a n t .

One p r o b l e m  c o m m o n  to all s t u d i e s  of b o i l i n g  heat

t r a n s f e r  is that c o n c e r n i n g  the c h o i c e  of t e m p e r a t u r e s  

c h a r a c t e r i z i n g  the w a l l - f l u i d  s u p e r h e a t .  The wall t e m p e r a t u r e  is 

u s u a l l y  d e t e r m i n e d  d i r e c t l y  by t h e r m o j u n c t i o n s  e m b e d d e d  in the wall 

s u r f a c e  or i n d i r e c t l y  f r o m  a t e m p e r a t u r e  w i t h i n  th e i n t e r i o r  of the 

h e a t e d  b o d y  and the t h e o r e t i c a l  t e m p e r a t u r e  d i s t r i b u t i o n  t h e r ei n. 

In pool b o i l i n g  t h e r e  is then the q u e s t i o n  of wh i c h  fl u i d

t e m p e r a t u r e  to us e in c h a r a c t e r i z i n g  the heat t r a n s f e r  m e c h a n i s m .

This c o u l d  be the t e m p e r a t u r e ;  a) of f l u i d  e n t e r i n g  the heat

e x c h a n g e r ,  b) of fl u i d  a p p r o a c h i n g  the heat t r a n s f e r  s u r f a c e  (i.e.
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F i g u r e  5. 2 D i a q r a m a t i c  r e p r e s e n t a t i o n  of EHD B o i l e r  t e s t  c i r c u i t

KEY

Ts - Fr e o n  s a t u r a t i o n  t e m p e r a t u r e  Tw, m - mean b o i l e r  tube temp.

Tew - mean c o n d e n s e r  t u be wall Tc - c o o l i n g  w a t e r  temp.

s u r f a c e  temp. T* - h e a t i n g  w a t e r  temp.

R b - b o i l i n g  he at t r a n s f e r  r e s i s t a n c e  a f u n c t i o n  of 

(Tw - Ts) and e l e c t r i c  f i e l d  s t r e n g t h  

Rcond- c o n d e n s i n g  heat t r a n s f e r  c o e f f i c i e n t  

p r o p o r t i o n a l  to (Ts - Tow)°*2S 
Rbw - w a t e r - s i d e  + wall r e s i s t a n c e  of b o i l e r  tu b e

R C w - w a t e r - s i d e  + wall r e s i s t a n c e  of c o n d e n s e r  t u b e

Ch - heat c a p a c i t y  of hot w a t e r  ta nk

C c - heat c a p a c i t y  of r e f r i g e r a t i o n  unit

Q m  - heat f r o m  9 kW u m m e r s i o n  h e a t e r

Qout - heat r e m o v e d  by r e f r i g e r a t i o n  unit to air
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•from b e l o w  in pool b o i l i n g ) ,  c) of f l u i d  (and v a p o u r  d u r i n g  bo i l i n g )  

l e a v i n g  the u p p e r  s u r f a c e  of the t u b e  or d) the s y s t e m  s a t u r a t i o n  

t e m p e r a t u r e  a b o v e  the s u r f a c e  of the pool of li quid. In the p r e s e n t  

s t u d y  the e x t r e m e l y  i n t e n s e  e l e c t r i c  f i e l d s  w i t h i n  the shell of the 

EHD b o i l e r  did not p e r m i t  t h e r m o j u n c t i o n s  to be s i t e d  in the fluid, 

e l i m i n a t i n g  b) and c) above. The p o s s i b i l i t y  of c o n s i d e r a b l y  

' s u b c o o l e d '  l i q u i d  (i.e. b e l o w  s a t u r a t i o n  t e m p e r a t u r e )  e n t e r i n g  the 

b o i l e r  f r o m  the c o n d e n s e r  m i t i g a t e d  a g a i n s t  the use of a), 

c o n s e q u e n t l y  o p t i o n  d) was a d a p t e d  wi th the t h e r m o p i l e  in Fig. 5.1 

m o n i t o r i n g  v a p o u r  exit t e m p e r a t u r e  and th is b e i n g  ta k e n  as the 

m e a s u r e  of s y s t e m  s a t u r a t i o n  t e m p e r a t u r e .  F o r t u i t o u s l y  th is has 

o f t e n  b e e n  the s c h e m e  e m p l o y e d  by ot he r r e s e a r c h e r s  s t u d y i n g  

z e r o - f i e l d  b o i l i n g .  H a h n e  and M u l l e r  [46], for e x a m p l e ,  c o n d u c t e d  

an e x t r e m e l y  d e t a i l e d  s t u d y  of b o i l i n g  R 11 on a s i n g l e  f i n n e d  t u b e  

and f i n n e d  tu b e  bu n d l e .  T h e y  c o n s i d e r e d  o p t i o n s  b), c) and d) a b o v e  

and c o n c l u d e d  th at a l t h o u g h  th e a p p r o a c h i n g  f l u i d  t e m p e r a t u r e  is 

best u s e d  for s i n g l e - p h a s e  n a tu ra l c o n v e c t i o n ,  s a t u r a t i o n  v a p o u r  

t e m p e r a t u r e  a b o v e  the l i q u i d  s u r f a c e  ga ve the b e st c o r r e l a t i o n  of 

r e s u l t s  for b o i l i n g .  [It s h o u l d  be n o t e d  that s a t u r a t i o n  t e m p e r a t u r e  

in a f l u i d  i n c r e a s e s  with i n c r e a s i n g  fl ui d d e p t h  b e c a u s e  of the 

a d d i t i o n a l  h y d r o s t a t i c  head. In the p r e s e n t  s t u d y  t h i s  did not 

p r e s e n t  a p r o b l e m  as the l i q u i d  c h a r g e  in the E H D  b o i l e r  was he ld 

c o n s t a n t . ]

^ T m was t h e r e f o r e  t a k e n  as the d i f f e r e n c e  b e t w e e n  e x i t  

v a p o u r  t e m p e r a t u r e ,  Ts, and mean wall t e m p e r a t u r e ,  Tw,m, and was 

c a l c u l a t e d  f r o m  d i f f e r e n t i a l  t h e r m o j u n c t i o n  e . m . f . s  as d e s c r i b e d  in 

s e c t i o n  4.1.1. In t h i s  part of th e p r o j e c t  the c i r c u m f e r e n t i a l  

t e m p e r a t u r e  d i s t r i b u t i o n  a r o u n d  the m i d - s e c t i o n  of the l o -f in tu be 

was t a k e n  to be r e p r e s e n t a t i v e  of that al o n g  the w h o l e  tu be l e n g t h  

and ^Tm v a l u e s  c a l c u l a t e d  fr om t h e m o j u n c t i o n  no s 1 , 2 , 3 , 4  and 5 w e r e  

a d j u s t e d  a c c o r d i n g l y .

At the st a r t  of each e x p e r i m e n t a l  run the a u x i l i a r y  

h e a t e r  t a p e s  w e r e  a c t i v a t e d  and the c o n d e n s e r  c o o l i n g  wa t e r  set to 

an a p p r o p r i a t e  t e m p e r a t u r e  such th at the d e s i r e d  s y s t e m  s a t u r a t i o n  

t e m p e r a t u r e ,  T s , was m a i n t a i n e d  until s t e a d y  s t a t e  c o n d i t i o n s  in the 

w h o l e  rig w e r e  a c h i e v e d .  The p o w e r  input to the 9kW hot w a t e r  

i m m e r s i o n  h e a t e r  was t h en i n c r e a s e d  until the in le t w a t e r
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t e m p e r a t u r e  was equal to T s . The hot wa ter t e m p e r a t u r e  co u l d  then 

be g r a d u a l l y  i n c r e a s e d  and h e a t i n g  of the l i q u i d  R 1 1 4  by the 

e x p e r i m e n t a l  t u b e  wo u l d  occu r, the c o n d e n s e r  c o o l i n g  wa t e r  

t e m p e r a t u r e  b e i n g  a d j u s t e d  to keep T s co ns t a n t .  Due to the la r g e  

t h er ma l c a p a c i t a n c e  of bo th the hot wa t e r  tank and the r e f r i g e r a t i o n  

unit good th e r m a l  s t a b i l i t y  of both wa t e r  t e m p e r a t u r e s  was p o s s i b l e ;  

h o w e v e r ,  t h i s  a l s o  led to long e x p e r i m e n t a l  run t i me s, each t a k i n g  a 

full day to c o m p l e t e .

5 . 3 . 2  Z e r o - f i e l d  e x p e r i m e n t s

F i g u r e  5.3 g i v e s  r e s u l t s  for an e x p e r i m e n t a l  run of 

z e r o - f i e l d  b o i l i n g  r e p r e s e n t e d  as me an heat t r a n s f e r  c o e f f i c i e n t ,  

hm.o, a g a i n s t  m e a n  heat flux per u n i t  s u r f a c e  area, qm. All r e s u l t s  

in t h i s  c h a p t e r  ar e for h e at t r a n s f e r  fr om the l o - f i n  t u b e  to l i qu id 

R114. In each c a s e  the f i n n e d  o u t s i d e  c o n v o l u t e d  s u r f a c e  area, A, 

was used to c a l c u l a t e  h m and q'm (A = 0. 1 5 2  m 2 ). Fig. 5. 3  sh o w s  how 

for i n c r e a s i n g  v a l u e s  of q£ much lo w e r  v a l u e s  of h m ,o we re o b t a i n e d  

than for d e c r e a s i n g  ql (or d e c r e a s i n g  A T m ). T h i s  was due to 

'b oi li ng h y s t e r e s i s '  w h e r e  a g i v e n  t h r e s h o l d  of l i q u i d - w a l l  

s u p e r h e a t  is r e q u i r e d  to a c t i v a t e  b o i l i n g  ( s t a r t i n g  f r o m  i s o t h e r m a l  

c o n d i t i o n s ) .  For v a l u e s  of film le ss than t h i s  c r i t i c a l  v a l u e  heat 

t r a n s f e r  is by n a t u r a l  c o n v e c t i o n  a l o n e  (see c h a p t e r  6 for a full 

d i s c u s s i o n  of b o i l i n g  h y s t e r e s i s ) .  Also s h o w n  on Fig. 5.3 are 

r e s u l t s  f r o m  two o t h e r  b o i l i n g  s t u d i e s  for p u r p o s e s  of c o m p a r i s o n .  

Henr ic i and H e s s e  C50] c o n d u c t e d  an e x p e r i m e n t a l  s t u d y  of the e f f e c t  

of oil c o n c e n t r a t i o n s  on b o i l i n g  h e at t r a n s f e r  c o e f f i c i e n t  fr o m  a 

s i n g l e  h o r i z o n t a l  s m o o t h  t u b e  to a m i x t u r e  of R 114 and oil. T h e y  

used a p p a r a t u s  v e r y  s i m i l a r  to t h at in the p r e s e n t  study. T h e i r  

r e s u l t s  in Fig 5.3 are for pu re r e f r i g e r a n t  and c o m p a r e  very well 

with the p r e s e n t  a u t h o r ' s  r e s u l t s .  The g r a d i e n t s  of the b o i l i n g  

c u r v e s  are a l m o s t  i d e n t i c a l .  The h i g h e r  heat t r a n s f e r  c o e f f i c i e n t  

for E50] wa s  p r o b a b l y  a r e s u l t  of the d i f f e r e n t  he at t r a n s f e r  

s u r f a c e  g e o m e t r y .  The H a h n e  and Mu l l e r  r e s u l t s  [46] also s h o w  

s i m i l a r  c h a r a c t e r i s t i c s , but a d i f f e r e n t  r e f r i g e r a n t  (Rll) was used 

in that study.
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Fig. 5 . 3  Z e r o - f i e l d  h e a t  t r a n s f e r  o f  F r e o n s  b o i l i n g  on h o r i z o n t a l  t u b e s .
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The na t u r a l  c o n v e c t i o n  s i n g l e - p h a s e  he at t r a n s f e r  

c o e f f i c i e n t  d e t e r m i n e d  in the p r e s e n t  s t u d y  c a n n o t  be r e g a r d e d  as 

q u a n t i t a t i v e l y  r e l i a b l e  due to th e d e s i g n / 1 i m i t a t i o n s  of the 

a p p a r a t u s  (in p a r t i c u l a r  the use of the a u x i l i a r y  h e a t e r s  to e n s u r e  

m i x i n g / d e g a s s i n g  of the l i q u i d  F r e o n  wo u l d  h a v e  i n c r e a s e d  natu ra l 

c o n v e c t i v e  heat t r a n s f e r  to so m e  de gr ee ). H o w e v e r ,  it b e c a m e  

a p p a r e n t  d u r i n g  the EHD e n h a n c e d  b o i l i n g  e x p e r i m e n t s ,  t h a t  the most 

i m p o r t a n t  a s p e c t  of the " i n c r e a s i n g  q"m " part of the h y s t e r e s i s  loop 

was the d e g r e e  of w a l l - l i q u i d  s u p e r h e a t  r e q u i r e d  to a c t i v a t e  

n u c l e a t i o n .  As a r e s u l t  of the m e t h o d  used for h e a t i n g  the 

e x p e r i m e n t a l  tu be (h eated water) the d e g r e e  of s u p e r h e a t  al on g the 

tu be d e c r e a s e d  as the hot wa te r c o o l e d  d u r i n g  its p a s s a g e  down the 

tube. Thus, th e local s u p e r h e a t  r e q u i r e d  to a c t i v a t e  e b u l l i t i o n  at 

a gi v e n  s i t e  was c o n s i d e r a b l y  g r e a t e r  than the mean t u b e  s u p e r h e a t  

at an y ti m e  d u r i n g  an e x p e r i m e n t a l  run.

For a s a t u r a t i o n  t e m p e r a t u r e  of 2 1 . 5 ° C  it was fo un d th at 

a local s u p e r h e a t  of a p p r o x i m a t e l y  7 . 5 ° C  was r e q u i r e d  to i n i t i a t e  

b o i l i n g .  For T S = 4 5 ° C  the local AT r e q u i r e d  was a p p r o x i m a t e l y  4,5°C. 

S i n c e  the b o i l i n g  h e a t  t r a n s f e r  c o e f f i c i e n t  was c o n s i d e r a b l y  g r e a t e r  

than that for s i n g l e - p h a s e  c o n v e c t i o n  c o n s i d e r a b l e  v a r i a t i o n  in wall 

t e m p e r a t u r e  o c c u r r e d  a l o n g  the l e n g t h  of the t u b e  ( s o m e t i m e s  up to 

5°C b e t w e e n  a r e a s  wi th and w i t h o u t  a c t i v e  n u c l e a t i o n  site s) . T h i s  

p r o b l e m  wa s most p r o n o u n c e d  for i n c r e a s i n g  ql s i n c e  the low r a t e s  of 

heat t r a n s f e r  n e c e s s i t a t e d  th e us e of r e l a t i v e l y  low h e a t i n g  wa t e r  

f l o w  r a t e s  (*0.07 1/s) to m e a s u r e  th e h e a t i n g  wa t e r  b u l k  t e m p e r a t u r e  

drop al o n g  the t u b e  s u f f i c i e n t l y  a c c u r a t e l y .  For d e c r e a s i n g  qi with 

f u l l y  d e v e l o p e d  n u c l e a t e  b o i l i n g  m u c h  h i g h e r  f l o w  r a t e s  ( >0.2 1/s) 

co u l d  be used r e s u l t i n g  in a g r e a t l y  i m p r o v e d  h o m o g e n e i t y  of t u b e  

s u r f a c e  t e m p e r a t u r e .  It must be e m p h a s i s e d  t h e r e f o r e  that the 

q u a n t i t a t i v e  he at t r a n s f e r  r e s u l t s  for i n c r e a s i n g  q!!, are not 

s p e c i f i c  to a s i n g l e  l i q u i d - w a l l  s u p e r h e a t  but to a me an value.

5 . 3 , 3  E f f e c t s  of EH D e n h a n c e m e n t  on b o i l i n g  R 114

A p p l i c a t i o n  of an e l e c t r i c  fi el d to the b o i l i n g  heat 

t r a n s f e r  s u r f a c e  in all e x p e r i m e n t s  r e s u l t e d  in two E H D  p h e n o m e n a ;

a) e l i m i n a t i o n  of b o i l i n g  h y s t e r e s i s  and b) e n h a n c e m e n t  of heat



t r a n s f e r  in the n u c l e a t e  b o i l i n g  regi me . Fig 5.4 s h o w s  the r e s u l t s  

o b t a i n e d  for b o i l i n g  heat t r a n s f e r  to R 114 on the l o - f i n  t u b e  at a 

s a t u r a t i o n  t e m p e r a t u r e  of 21.5°C.

The e l e c t r i c a l  a c t i v a t i o n  of n u c l e a t i o n  s i t e s  on the 

tu be s u r f a c e  a p p e a r e d  to be s i m i l a r  to the n o rm al th e r m a l  a c t i v a t i o n  

of such s i t e s  (i.e. by i n c r e a s i n g  the l i q u i d - w a l l  s u p e r h e a t )  s i n c e  

on c e  a c t i v a t e d  t h e s e  s i t e s  r e m a i n e d  a c t i v e  a f t e r  r e m o v a l  of the 

field. Thus, by a p p l y i n g  a s u f f i c i e n t l y  i n t e n s e  f i e l d  (V'MOkV) it 

was p o s s i b l e  to c a u s e  a jump f r o m  c u r v e  A of Fig 5.4 to a po i n t  on 

cu rv e B with the same A T m . D.c. and a.c. f i e l d s  we r e  e q u a l l y  

e f f e c t i v e  in p r o m o t i n g  n u c l e a t i o n .  The ti m e  lag (if any) b e t w e e n  

a p p l i c a t i o n  of the fi e l d  and n u c l e a t i o n  was e x t r e m e l y  small and 

c e r t a i n l y  c o u l d  not be e s t i m a t e d  from vi s u a l  o b s e r v a t i o n .  A 

d e t a i l e d  d i s c u s s i o n  of the p r o b a b l e  m e c h a n i s m s  of EH D n u c l e a t i o n  

a c t i v a t i o n  is g i v e n  in c h a p t e r  6.

E a r l i e r  q u a l i t a t i v e  e x p e r i m e n t s  u s i n g  a s m o o t h  tu be 

w h i l e  r e c o r d i n g  the p h e n o m e n o n  on v i d e o  s h o w e d  th e sa m e  e l i m i n a t i o n  

of h y s t e r e s i s .  A p p l i c a t i o n  of r e l a t i v e l y  low e l e c t r o d e  p o t e n t i a l s  

(less th an lOkV) for d u r a t i o n s  of less than a s e c o n d  w e r e  r e q u i r e d  

to a c t i v a t e  n u c l e a t e  b o i l i n g  at a gi ve n l i q u i d - w a l l  s u p e r h e a t  for 

both t u b e  t y p e s  . It mi g h t  r e a s o n a b l y  be d e d u c e d  f r o m  th is that 

most he at t r a n s f e r / e l e c t r i c a l  g e o m e t r i e s  w o u l d  a f f o r d  the 

o p p o r t u n i t y  for EHD e l i m i n a t i o n  of h y s t e r e s i s .  Ev en r e l a t i v e l y  

c o n d u c t i v e  l i q u i d s  such as w a t e r  wo u l d  be a m e n a b l e  to t h i s  t e c h n i q u e  

s i n c e  o n l y  a s i n g l e  p u l s e  of e l e c t r i c  f i e l d  w o u l d  be r e q u i r e d  

g r e a t l y  r e d u c i n g  the need for; a) a s o p h i s t i c a t e d  high v o l t a g e  po we r 

s u p p l y  and b) an i n s u l a t i o n / e l e c t r o d e  s y s t e m  c a p a b l e  of w i t h s t a n d i n g  

c o n t i n u o u s  e l e c t r i c  s t r e s s  (the c a re fu l d e t a i l i n g  of the i n s u l a t i o n  

s y s t e m  and high t o l e r a n c e s  on e l e c t r o d e  s e p a r a t i o n  c o u l d  be 

o b v i a t e d ).

C o n t i n u o u s  a p p l i c a t i o n  of an e l e c t r o d e  p o t e n t i a l  

p r o d u c e d  i n c r e a s e s  in n u c l e a t e  b o i l i n g  heat t r a n s f e r  a b o v e  that for 

cu rv e B in Fig. 5.4. As the f i e l d  s t r e n g t h  was p r o g r e s s i v e l y  

i n c r e a s e d  so EH D f o r c e s  m o d i f i e d  the b u b b l e  d y n a m i c s  of the b o i l i n g  

pr oc es s; a) b u b b l e  d e p a r t u r e  d i a m e t e r  (i.e. d i a m e t e r  at the m o m e n t  

of b u b b l e  r e l e a s e  fr om a n u c l e a t i o n  site) d e c r e a s e d ,  b) EH D f o r c e s
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t e n d e d  to mo ve b u b b l e s  r a d i a l l y  a w a y  -from the h i g h - f i e l d  r e g i o n  at 

the tu be s u r f a c e  so that at high e l e c t r o d e  p o t e n t i a l s  b u b b l e s  co u l d  

be seen t r a v e l l i n g  d o w n w a r d s  i m m e d i a t e l y  b e l o w  the t u b e  and c) 

s t r o n g  f i e l d  i n h o m o g e n e i t i e s  at th e s u r f a c e  of t h e  l o - f i n  t u b e  

s e v e r e l y  d i s t o r t e d  b u b b l e s  w h ic h co u l d  be t r a p p e d  in b e t w e e n  the 

t u b e  fins. The l a t t e r  p h e n o m e n o n  is t h o u g h t  by the a u t h o r  to ha ve 

led to the r e m a r k a b l e  i n c r e a s e s  in h e at t r a n s f e r  of up to an o r de r 

of m a g n i t u d e  as s h o w n  by c u r v e  D in Fig. 5.4. T h i s  d e g r e e  of 

e n h a n c e m e n t  of b o i l i n g  in the n u c l e a t e  r e g i m e  is the l a r g e s t  to h a v e  

been r e p o r t e d  to d a t e  for g e o m e t r i e s  ot her than the s i m p l e  f i n e  

h e a t e d  w i r e  a p p a r a t u s .

Fig. 5.5 i l l u s t r a t e s  the a c t i o n  of the fi e l d  

i n h o m o g e n e i t i e s  on b u b b l e  g r o w t h  and m o t i o n  as o b s e r v e d  by the 

a u t h o r  with the n a k e d  eye and u s i n g  the v i d e o  r e c o r d i n g s  for 

e l e c t r o d e  p o t e n t i a l s  V>20 kV . Fig. 5. 5 A  s h o w s  s c h e m a t i c a l l y  the 

a r e a s  of hi gh and low e l e c t r i c  fi e l d  s t r e n g t h  on th e l o - f i n  t u b e  

(high f i e l d  at fin t i p s  and low n e a r  the fin r o ot s) . A m o r e  ex a c t  

fi el d c o n f i g u r a t i o n  c a l c u l a t e d  by n u m e r i c a l  m e t h o d s  is sh o w n  in 

c h a p t e r  7. D i e l e c t r o p h o r e t i c  EH D f o r c e s  tend to m o v e  m a t t e r  of low 

p e r m i t t i v i t y  to r e g i o n s  of low f i e l d  s t r e n g t h ,  t h u s  b u b b l e s  w e r e  

f o r c e d  into the i n t e r - f i n  s p a c e s  (Fig. 5.5B). S i n c e  n e a r l y  all 

a c t i v e  n u c l e a t i o n  s i t e s  on the l o - f i n  tu be w e r e  at th e fin r o o t s  

w h e r e  th e d e g r e e  of wall s u p e r h e a t  w a s  g r e a t e s t ,  b u b b l e s  g e n e r a t e d  

t h e r e  w e r e  t r a p p e d  in the i n t e r - f i n  spaces. F o r c e d  to r i s e  by 

b u o y a n c y  f o r c e s  (Fig. 5.5D) t h e s e  b u b b l e s  w e r e  c o m p e l l e d  to f o l l o w  

the c u r v a t u r e  of the tube. At low ra t e s  of heat t r a n s f e r  a c o l u m n  

of v a p o u r  co u l d  be se en t r a p p e d  on th e  top half of t h e  t u b e  in each 

i n t e r - f i n  sp a c e  (see P l a t e  5.1). T h e s e  c o l u m n s  w o u l d  g r o w  until 

b u o y a n c y  f o r c e s  w e r e  g r ea t e n o u g h  to o v e r c o m e  the r e s t r a i n i n g  EHD 

f o r c e s  and a b u b b l e  wo u l d  be r e l e a s e d  f r o m  the top of the tube. The 

lo we r l i q u i d - v a p o u r  i n t e r f a c e  of th e  c o l u m n s  c o u l d  be seen to 

o s c i l l a t e  (X in Fig. 5 . 5 0  with a f r e q u e n c y  (equal to the b u b b l e  

r e l e a s e  f r e q u e n c y )  w h i c h  i n c r e a s e d  with i n c r e a s i n g  h e a t  tr a n s f e r .  

For lo w e r  fi el d s t r e n g t h s  w h e r e  EHD r e s t r a i n i n g  f o r c e s  we r e  

d e c r e a s e d ,  b u b b l e s  w e r e  not t r a p p e d  in the u p p e r  c i r c u m f e r e n c e  of 

the t u b e  but wo u l d  e s c a p e  so me d i s t a n c e  from the top of th e tube.



Fig.  5 . 5A El ec t r i c  f i e l d  on a l o - f i n  tube.

Fig.  5.5B Vapour trapped in l o - f i n  tube i n t e r f i n  spaces.



Plate- 5.1 Still p h o t o g r a p h  of v i d e o  r e c o r d i n g  s h o w i n g  EHD 

v a p o u r  t r a p p i n g  m e c h a n i s m  on lo - f i n  tube
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It is s u g g e s t e d  th at the EHD f o r c e s  k e e p i n g  the b u b b l e s  

ve ry c l o s e  to the h o t t e s t  pa rt of the heat t r a n s f e r  s u r f a c e  g r e a t l y  

i n c r e a s e d  t u r b u l e n c e / m i x i n g  and led to the s u b s t a n t i a l  ri se in heat 

t r a n s f e r .  The p r e s e n t  a p p a r a t u s  a p p e a r s  to h a v e  a c h i e v e d  

e l e c t r i c a l l y  a m e t h o d  of b o i l i n g  e n h a n c e m e n t  s i m i l a r  to that 

p r o d u c e d  m e c h a n i c a l l y  on t u b i n g  such as the G E W A - T - t u b e  d e s c r i b e d  by 

S t e p h a n  and M i t r o v i c  E1023 in t h e i r  e x p e r i m e n t s  w i t h  r e f r i g e r a n t - o i 1 

m i x t u r e s .  T h i s  G E W A - T  t u b i n g  has v e r y  long i n t e g r a l  fins, the ti ps 

of wh i c h  are r o l l e d  to g i v e  a s e c t i o n  as sh ow n in Fig. 5.6. Th e fin 

t i ps p r e v e n t  b u b b l e s  f r o m  r e a d i l y  e s c a p i n g  f r o m  the s u r f a c e  of the 

tu be r e s u l t i n g  in the s a m e  sort of 'scouring' e f f e c t  on the heat 

t r a n s f e r  s u r f a c e  as in the p r e s e n t  study. It s h o u l d  be no t e d  that 

q u a l i t a t i v e  t e s t s  on the s m o o t h  t u b i n g  in the p r e s e n t  s t u d y  s h o w e d  

c o n s i d e r a b l y  less EHD e n h a n c e m e n t  t h an for the lo-f in . Th is may 

h a v e  be en du e to th e fact that EH D  f o r c e s  m o v e  th e b u b b l e s  r a d i a l l y  

away f r o m  the t u b e  s u r f a c e  m i n i m i z i n g  th eir d i s r u p t i v e  e f f e c t  on the 

ther ma l b o u n d a r y  l a y e r  a r o u n d  the tube.

The i m p o r t a n c e  of t h e s e  b u b b l e  t r a p p i n g  and s u g g e s t e d  

s c o u r i n g  e f f e c t s  was sh own mo st c l e a r l y  when the e f f e c t  of the 

a p p l i e d  f i e l d  on local heat t r a n s f e r  a r o u n d  the t u b e  circumference 

was i n v e s t i g a t e d .  It is kn o w n  that heat t r a n s f e r  s u r f a c e  

o r i e n t a t i o n  has a c o n s i d e r a b l e  i n f l u e n c e  on the b o i l i n g  he at 

t r a n s f e r  c o e f f i c i e n t .  A mo st i m p r e s s i v e  s t u d y  by N i s h i k a w a  et al 

[861 ha s sh o w n  th at in b o i l i n g  w a t e r  at f a i r l y  low heat f l u x e s  

(about 10 k W / m 2 ) a heat t r a n s f e r  s u r f a c e  f a c i n g  d o w n w a r d s  will ha v e  

a heat t r a n s f e r  c o e f f i c i e n t  up to t h r e e  t i m e s  g r e a t e r  than one 

f a c i n g  up. Thus, in the c a s e  of b o i l i n g  on the o u t s i d e  of a t u b e  

the top s u r f a c e  of the t u b e  w o u l d  h a ve a r e l a t i v e l y  low he at 

t r a n s f e r  c o e f f i c i e n t  and a high s u r f a c e  t e m p e r a t u r e .  Fig. 5.7 s h o w s  

the s u r f a c e  t e m p e r a t u r e  of the t u b e  for the e x p e r i m e n t a l  run of 

c u r v e s  A and B of Fig. 5.4. H e r e  our m a j o r  c o n c e r n  is with the 

c u r v e s  in the e s t a b l i s h e d  n u c l e a t e  b o i l i n g  r e g i m e  sh o w n  with s o l i d  

s y m b o l s  and l i n e s  (i.e. d e c r e a s i n g  ql). T h e s e  r e s u l t s  are in 

a g r e e m e n t  with t h o s e  of N i s h i k a w a  et a l . The top of th e tu be was 

c o n s i s t e n t l y  h o t t e r  than the bo tt om . Fig. 5. 8 p r e s e n t s  the r e s u l t s  

for c u r v e  D of Fig. 5.4 (i.e. wi th an a p p l i e d  e l e c t r o d e  p o t e n t i a l  of 

27kV). H e r e  the b o t t o m  of the t u b e  is h o t t e r  th an the top for all
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Fig.  5.6 Cross - sect ion of  GEWA-T tube f i n  p r o f i l e .
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Fig.  5.7 Variat ion of  local  horizontal  l o - f i n  tube 

temperature for z e r o - f i e l d ,  bo i l i ng  of  R114.
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Fig. 5.8 V a r i a t i o n  of local hori zo nt al lo-fin tu be t e m p e r a t u r e

for EHD e n h a n c e d  b o i l i n q o f  R114 with 

c y l i n d e r  el e c t r o d e  a) (V=27kV).

Fig. 5.9 EHD heat t r a n s f e r  e n h a n c e m e n t  of 

bo i l i n g  R 114 on hori zo nt al lo-fin tube with c y l i n d e r  el e c t r o d e  a).
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values of ql. This may be explained by the ef fec t s of the
o sc i l l a t i ng vapour columns and trapped bubbles now producing high
turbulence on the upper half of the tube in cont rast to the
zero-f ie ld case where bubbles would have scoured only the bottom
half of the tube. Above the mid-point buoyancy forces would r e su l t  

in bubbles leaving the immediate v ic i n i ty  of the tube surface.  
[Notes In the ze ro- f i e l d  case for the natural  convection regime, 
before nucleat ion i s  ac t ivated,  heat t ransfer  c o e f f i c i e n t s  can be 
s i gn i f i c an t ly  higher at the top of the tube (e.g.  for q'm>2kW/m2 in 
Fig. 5.7) since a downward facing heat t ransfer  surface will produce 
s t a b i l i z i n g  temperature gradients reducing convect ion.]

Fig. 5. 9 shows r e s u l t s  of EHD enhancement of boi l ing 
R114 at a higher sa tura t ion  temperature,  T 8 =45°C. The enhancement 
in t h i s  case was somewhat less dramatic than at  the lower value of 
T s s 2 1 . 5 ° C  although al l  the q u a l i t a t i v e  phenomena observed above were 
repeated.  However, as with al l  boi l ing f luor inated hydrocarbons, 
boi l ing heat t r a ns f e r  co ef f i c i en t s  for a given heat flux densi ty 
increase with increasing system saturat ion pressure.  (See 
Abdelhafiez and Abdelsalam H ]  for a deta i led discussion and 
corre la t ion  of boi l ing in f luor inated hydrocarbons). Thus, for the 
ze ro- f ie ld  cases heat t rans fer  co ef f i c i en t s  are approximately double 
for T s = 4 5 ° C  when compared to T s = 2 1 . 5 ° C .  As in other EHD convective 
heat t rans fer  s i t ua t io ns  (such as forced convection single-phase 
heat t rans fer  where EHD e f fec t s  predominate at low Reynolds numbers 
since i n e r t i a l  forces  are r e l a t i v e l y  small) i t  may be that  EHD 
enhancement of boi l ing heat t r a ns f er  i s  grea tes t  when other factors  
that  contr ibute to high heat t r a ns f er  (e.g.  sa tura t ion  pressure,  
wall superheat ,  e t c . )  in the z e ro- f i e l d  case have r e l a t i v e l y  l i t t l e  
influence.  Note also how at both both sa turat ion temperatures the 
EHD enhanced heat t rans fer  coef f i c i en t  is  l ess  dependent on
superheat ,  &Tm, than in the z e ro- f i e l d  case. For al l  values of Ts 
at very low superheats ( i . e .  ATm<1°C) e bu l l i t io n  was observed for 
high elect rode po ten t i a l s  though none was observed in the zero- f ie ld  
case even for decreasing q'm. This phenomenon is  deta i led in the
next sect ion.



5.3.4 Anomalous EHD induced ebul1i t i on

At extremely low values of wal l - l iquid superheat ( i . e .  
too small to be r e l i a b l y  measured using the present  apparatus) i t  
appeared that  with l o- f i n  tubing very high ra t es  of heat t rans fer  
could be obtained through a vapour production mechanism induced by 
intense f i e lds  ( i . e .  where V>22kV, say).  The exact origin of the 
vapour is  not known. No d i s t i n c t  nucleat ion s i t e s  were observed to 
produce bubbles on the tube surface and yet vapour columns appeared, 
grew and osc i l l a t ed  (as described above) between the tube f ins .  To 
ascer ta in  whether t h i s  vapour production was due to joule heating of 
the l iquid Freon by charge inject ion from the high voltage source 
the apparatus was l e f t  for a period of several  days to reach an 
isothermal s t a t e .  An electrode potent ia l  of 27kV was then applied 
(drawing a current  of approximately 8jjA). No vapour was produced 
during a period of some 20 minutes, indicat ing that  joule heating 
could not be the sole cause of the vapour production.

To t e s t  whether the phenomenon was dependent on the heat 
t r a ns f er  surface being heated or dependent on the presence of 
thermal inhomogeneities in the body of the sa turated l iquid the 
auxi l i a ry  heater tapes on the evaporator shell  were then switched on 
at low power. Within a few seconds vapour columns were seen growing 
in the i n t e r f in  spaces on the top of the tube - no change in 
elect rode current  was observed. Most i n t eres t ing  was the observed 
drop in temperature (by less than 1°C) of the thermojunction in the 
top of the tube wall.

This experiment showed that  i f  joule heating was in any 
way responsible for t h i s  anomalous vapour production i t  was 
ce r t a i nl y  not the only or most important mechanism as i t  could not 
account for a drop in temperature of any component in the system. 
The author feels  that  thermal inhomogenieties in the Freon l iquid 
were in some way ' ampl i f ied '  by the extremely inhomogeneous e l e c t r i c  
f i e l d .  Large local temperature gradients  in the l iquid could have 
led to thermodynamic i n s t a b i l i t i e s  and a type of homogeneous 
nucleat ion may have taken place. (Homogeneous nucleat ion occurs in 
the body of a pure l iquid in the absence of any p a r t i c u l a t e  matter 
capable of supplying normal nucleat ion s i t e s . )  This is  discussed in
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m o r e  detail in c h a p t e r  7. V a p o u r  a l s o  f o rm ed w i t h i n  th e mesh of the 

c y l i n d e r  e l e c t r o d e  wh er e ag ai n e x t r e m e l y  s t r o n g  e l e c t r i c  f i e l d  

i n h o m o g e n e i t i e s  w o u l d  exist.

The p r e s e n t  a p p a r a t u s  wa s not s u f f i c i e n t l y  s e n s i t i v e  to 

e x a m i n e  this p h e n o m e n o n  a d e q u a t e l y  and lack of t i m e  p r e v e n t e d  the 

d e s i g n  of a mo re s u i t a b l e  rig. The l a t t e r  sh o u l d ,  h o w e v e r ,  be d o n e  

as a p r i o r i t y  s i n c e  the o b s e r v a t i o n s  ab ove i m p l y  a p o s s i b i l i t y  of 

r e m o v i n g  heat f r o m  an u n h e a t e d  b o d y  i n i t i a l l y  i m m e r s e d  in a fl uid at 

the sa me mean t e m p e r a t u r e  (some so rt of EHD heat p u mp !) .

5.4 EHD E N H A N C E M E N T  OF B O I L I N G  R E F R I B E R A N T - O I L  M I X T U R E S

The m o s t  c o m m o n  t y p e s  of c o m p r e s s o r s  us ed in heat pumps, 

a i r - c o n d i t i o n i n g  u n i t s  and r e f r i g e r a t o r s  are r e c i p r o c a t i n g  and s c r e w  

c o m p r e s s o r s .  Bo t h  r e q u i r e  a l u b r i c a n t  which, by n e c e s s i t y ,  is m i x e d  

with the heat t r a n s f e r  fluid. Th e  p r e s e n c e  of t h i s  n o n - v o l a t i l e  

c o m p o n e n t  in th e s y s t e m  leads, in g e n e r a l ,  to a d e g r a d a t i o n  in the 

p e r f o r m a n c e  of the c o n d e n s e r  and (more s i g n i f i c a n t l y )  of the 

e v a p o r a t o r .  In th e e v a p o r a t o r ,  oil c o n c e n t r a t i o n  i n c r e a s e s  as the 

m o r e  v o l a t i l e  c o m p o n e n t  of the m i x t u r e  is v a p o r i z e d .  In s i m p l e  

terms, th is oil th e n  f o r m s  a b a r r i e r  to d i f f u s i o n  of F r eo n (and 

t h e r e f o r e  heat) f r o m  the bulk of the liquid to th e e v a p o r a t o r  t u b e  

wall (in the s a m e  way as n o n - c o n d e n s i b l e  gas s e v e r e l y  r e d u c e s  the 

e f f e c t i v e n e s s  of a c o n d e n s e r ) .  Th e b e h a v i o u r  of r e f r i g e r a n t - o i 1 

m i x t u r e s  u n d e r  t h e s e  c o n d i t i o n s  is e x t r e m e l y  c o m p l e x  (e.g. f o a m i n g  

m a y  o c cu r and at low c o n c e n t r a t i o n s  the p r e s e n c e  of oil ma y a c t u a l l y  

e n h a n c e  the p e r f o r m a n c e  of an e v a p o r a t o r ) .  H o w e v e r ,  it is c l e a r  

that in p r a c t i c a l  s y s t e m s  p e r f o r m a n c e  is g e n e r a l l y  d e g r a d e d .  T h i s  

is p a r t i c u l a r l y  cruc ia l in he at pu mp s w h e r e  a fall in COP 

( C o e f f i c i e n t  Of P e r f o r m a n c e )  will r e d u c e  the c o s t - e f f e c t i v e n e s s /  

v i a b i l i t y  of the ma c h i n e .

S e v e r a l  r e s e a r c h e r s  (see r e f e r e n c e s  C 5 0 ] , C 1 0 2 3  and C323 ) 

ha v e  s t u d i e d  the i n f l u e n c e  of oil c o n c e n t r a t i o n  on b o i l i n g  he at 

t r a n s f e r  fr o m  h o r i z o n t a l  t u b e s  to Freons. In m o st c a s e s  a s l i g h t  

i n c r e a s e  in he a t  t r a n s f e r  was r e p o r t e d  at low oil c o n c e n t r a t i o n s  

(i.e. less than 27. w e i g h t  for w e i g h t  ("w. w . ")) but s i g n i f i c a n t
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d e c r e a s e s  o c c u r r e d  for c o n c e n t r a t i o n s  of 107. and above. M c M u l l e n  et 

al [75] c a r r i e d  out a v e r y  d e t a i l e d  st u d y  of th e i n f l u e n c e  of oil 

c o n c e n t r a t i o n s  on e v a p o r a t o r  p e r f o r m a n c e  in a he a t  p u m p  s y s t e m  and 

fo un d that heat t r a n s f e r  to the e v a p o r a t o r  c o u l d  be r e d u c e d  by up to 

507. by the p r e s e n c e  of 107. oil w.w. in the r e f r i g e r a n t  c i r c ui t. Th e 

p r e s e n t  s t u d y  is the fi r s t  to e x a m i n e  the p o s s i b i l i t y  of e m p l o y i n g  

E H D  e n h a n c e m e n t  to e l i m i n a t e  th e d e g r a d a t i o n  of e v a p o r a t o r  

p e r f o r m a n c e  by oil c o n t a m i n a t i o n .

In t h e  a p p a r a t u s  of Fig. 5.1 the m e a n s  of i n t r o d u c i n g  

oil into the s y s t e m  was e f f e c t i v e  but crude. T h e  e v a p o r a t o r  was 

e m p t i e d  (by b o i l i n g  off the F r e o n  into th e c o n d e n s e r  us i n g  the 

a u x i l i a r y  h e a t e r  tapes) and i s o l a t e d  f r om the c o n d e n s e r  by m e a n s  of 

the v a l v e s  s h o w n  in Fig. 5.1. A known w e i g h t  of oil was then 

d i s p e n s e d  f r o m  a s y r i ng e. The oil was d e g a s s e d  in si tu b e f o r e  

r e i n t r o d u c t i o n  of th e Fr eo n liquid. The oil u s e d  in t h i s  work wa s a 

br a n d  w i d e l y  u s e d  in r e f r i g e r a t i o n  e n g i n e e r i n g ,  Shell C l a v u s  68. 

The t h e r m o p h y s i c a l  p r o p e r t i e s  of t h i s  oil were as f o l l o w s : -

D e n s i t y  at 15°C

Po ur p o i n t

F l a s h  p o i n t  (closed)

K i n e m a t i c  v i s c o s i t y :  at 40°C

: at 100°C

0 . 8 9 5  K g / l i t r e

-3 7° C

177°C

68 cSt

7. 3 cSt

Th e e x p e r i m e n t a l  run e q u i v a l e n t  to that sh o w n  in Fig.

5.4 for the z e r o - f i e l d  ca se was r e p e a t e d  with 57. w,w. oil in the 

r e f r i g e r a n t  c h a r g e .  A l m o s t  i d e n t i c a l  r e s u l t s  for heat t r a n s f e r  

c o e f f i c i e n t  w e r e  o b t a i n e d  as for the p u re R 114. Up on the a d d i t i o n  

of a total of 107. w.w. oil v e r y  s i g n i f i c a n t  d e g r a d a t i o n  of h e a t  

t r a n s f e r  was f o un d. C o m p a r i s o n  of F i g . s  5.4 and 5 . 1 0  s h o w s  how:

a) the p r e s e n c e  of 107. oil a p p e a r e d  to s u p p r e s s  n u c l e a t i o n  and 

i n c r e a s e d  the d e g r e e  of b a i l i n g  h y s t e r e s i s .  T h i s  was s u p p o r t e d  by 

visual o b s e r v a t i o n s  wh i c h  s h o w e d  l a r g e  ar e a s  of the l o - f i n  tu be to 

be w i t h o u t  a c t i v e  n u c l e a t i o n  sites.
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Fig.  5,10 EHD heat t rans fer  enhancement

of  bo i l i ng  R114 and 10% o i l  (w.w.)  mixture 

horizontal  l o - f i n  tube with cyl inder e l ectrode  a) .

152



b) for d e c r e a s i n g  heat flux the 10'/. oil i n h i b i t e d  heat t r a n s f e r  by 

at least 50% c o m p a r e d  with the c a s e  of pure r e f r i g e r a n t .

Of th e r e f e r e n c e s  c i t e d  on b o i l i n g  r e f r i g e r a n t  

o i l - m i x t u r e s  o n l y  that of D o u g h e r t y  and S a u e r  C32] r e p o r t e d  the 

e f f e c t  of oil c o n c e n t r a t i o n  on b o i l i n g  h y s t e r e s i s  (on h o r i z o n t a l  

sm o o t h  tu bes). T h e y  fo u n d  that for both R l l - o i l  and R 1 1 3 - o i 1 

m i x t u r e s  h y s t e r e s i s  was s i g n i f i c a n t l y  i n c r e a s e d  with oil 

c o n c e n t r a t i o n s  b e t w e e n  37. and 10% (the h i g h e s t  c o n c e n t r a t i o n  used). 

In some c a s e s  a mean w a l l - l i q u i d  s u p e r h e a t  of a p p r o x i m a t e l y  55°C was 

r e q u i r e d  to a c t i v a t e  n u c l e a t i o n  c o m p a r e d  with v a l u e s  f r o m  3°C to 

20°C for the p u r e  r e f r i g e r a n t s .  In the p r e s e n t  s t u d y  n u c l e a t i o n  

a p p e a r e d  to be a c t i v a t e d  for a m i n i m u m  local w a l l - l i q u i d  s u p e r h e a t  

of a p p r o x i m a t e l y  10°C. H o w e v e r ,  the d e g r e e  of s u p e r h e a t  r e q u i r e d  

v a r i e d  c o n s i d e r a b l y  a l on g the t u b e  l e n g t h  wh ic h m a y  be a t t r i b u t e d  to 

i n h o m o g e n e i t i e s  in oil c o n c e n t r a t i o n .  Th is a l m o s t  c e r t a i n l y  a r o s e  

b e c a u s e  p u r e  R 114 l i q u i d  e n t e r e d  the EHD b o i l e r  shell f r o m  the 

c o n d e n s e r  e f f e c t i v e l y  d i l u t i n g  the oil in the v i c i n i t y  of the l i q u i d  

in let (see Fig. 5.1). The p r a c t i c a l  e f f e c t  of such i n c r e a s e d  

h y s t e r e s i s  in c o m m e r c i a l  pl a n t  is to g e n e r a t e  " s t a r t - u p "  p r o b l e m s  in 

v a p o u r - c o m p r e s s i o n  e q u i p m e n t .  For e x a m pl e, t h i s  is of t e n  fo un d in 

la rg e he at pump i n s t a l l a t i o n s  w h e r e  oil a c c u m u l a t i o n  may p r e v e n t  

v a p o u r  g e n e r a t i o n  in the e v a p o r a t o r  c o m p l e t e l y .  To s u p e r h e a t  the 

tube w a l l s  s u f f i c i e n t l y  a u x i l i a r y  h e a t i n g  of the heat s o u r c e  f l u i d  

m a y  then be n e c e s s a r y .  Oc e a n  T h e r m a l  E n e r g y  C o n v e r s i o n  (OTEC) pl a n t  

may al s o  s u f f e r  s i m i l a r  d i f f i c u l t i e s  with h y s t e r e s i s  and t h i s  is 

d i s c u s s e d  in c h a p t e r  8.

D o u g h e r t y  and S a u e r  f o u n d  heat t r a n s f e r  to be d e g r a d e d  

by up to 60% for 10% oil c o n c e n t r a t i o n  in e s t a b l i s h e d  n u c l e a t e  

b o i l in g. C o m p a r i s o n  of F i g s  5.4 and 5.10 s h o w s  a d e g r a d a t i o n  of 

a p p r o x i m a t e l y  6 0 - 7 0 %  in the p r e s e n t  study.

A p p l i c a t i o n  of e l e c t r i c  s t r e s s  r e s u l t e d  in the s a m e  

e f f e c t s  d e s c r i b e d  in 5 . 3 . 3  and 5.3.4. H y s t e r e s i s  co u l d  be 

c o m p l e t e l y  e l i m i n a t e d  wi th the br i e f  a p p l i c a t i o n  of an e l e c t r o d e  

p o t e n t i a l  of a p p r o x i m a t e l y  lOkV. W i th c o n t i n u o u s  a p p l i c a t i o n  of the 

fi el d t h o r o u g h  m i x i n g  of the r e f r i g e r a n t - o i 1 s o l u t i o n  was o b s e r v e d .  

(In the z e r o - f i e l d  c a s e  i n h o m o g e n e i t i e s ,  due to e i t h e r  ther ma l
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g r a d i e n t s  or oil c o n c e n t r a t i o n  g r a d i e n t s ,  c o u l d  be c l e a r l y  seen as 

th ey c a u s e d  r e f r a c t i o n s  of li ght p a s s i n g  t h r o u g h  the s o l u t i o n . )  Fig.

5 . 1 0  s h o w s  the e f f e c t  of the m a x i m u m  d.c. e l e c t r o d e  p o t e n t i a l  that 

co ul d be s a f e l y  a p p l i e d  (i.e. 2 3 . 5  kV). T h is p o t e n t i a l  was lo wer 

than in the c a s e  of p u r e  F r e o n  as the p r e s e n c e  of oil r e d u c e d  the 

e l e c t r i c  s t r e n g t h  of the s y st em . The a p p l i c a t i o n  of such an i n t e n s e  

fi e l d  wa s fo u n d  to m o r e  than o v e r c o m e  th e e f f e c t s  of oil 

c o n t a m i n a t i o n  on he at t r a n s f e r .  Fig. 5.11 c o m b i n e s  the r e s u l t s  of 

F i g . s  5.4 and 5 . 1 0  g i v i n g  a m e a n s  of c o m p a r i s o n  on the b a s i s  of heat 

t r a n s f e r  c o e f f i c i e n t  a g a i n s t  he at flux de ns it y.

[Note. C r i t i s c i s m s  of th e a b o v e  e x p e r i m e n t .  In m a n y  

p r e v i o u s  EHD s t u d i e s  the c o m p l e x i t i e s  p r o d u c e d  by the a d d i t i o n  of 

the e l e c t r o d e  s t r u c t u r e  in heat t r a n s f e r  a p p a r a t u s  h a v e  led to less 

than o p t i m a l  c o n t r o l / m e a s u r e m e n t  of heat t r a n s f e r  p a r a m e t e r s .  The 

s a m e  is c e r t a i n l y  t r u e  of the wo rk d e s c r i b e d  in t h i s  se c t i o n .  In 

p a r t i c u l a r ,  the c r u d e  n a t u r e  of the a p p a r a t u s  w i th r e s p e c t  to 

co n t r o l  of oil c o n c e n t r a t i o n  when c o m p a r e d  to o t h e r s  (e.g. C102] and 

C753 ) l i m i t s  th e q u a n t i t a t i v e  s i g n i f i c a n c e  of F i g . s  5 . 1 0  and 5.11. 

The a m o u n t  of oil r e q u i r e d  w.w. wa s c a l c u l a t e d  on th e b a s i s  of the 

c o m p l e t e  r e f r i g e r a n t  c h a r g e  in th e a p p a r a t u s  ( a p p r o x i m a t e l y  1.4 

li tr es ). The a c tu al mean c o n c e n t r a t i o n  of oil d u r i n g  each 

e x p e r i m e n t  w o u l d  be s l i g h t l y  h i g h e r  s i n c e  F r e o n  l i q u i d  w o ul d ha v e  

b e en p r e s e n t  in p a r t s  of the a p p a r a t u s  o t h e r  th an the e v a p o r a t o r .  

In a d d i t i o n ,  th e oil c o n c e n t r a t i o n  was al so not h o m o g e n e o u s  w i t h i n  

the e v a p o r a t o r  itse lf . H o w e v e r ,  in m i t i g a t i o n ,  the a u t h o r  w o u l d  

p o in t out that s i m i l a r  p r o b l e m s  h a ve been r e p o r t e d  by ot h e r  

r e s e a r c h e r s  w o r k i n g  on the z e r o - f i e l d  c a s e . 3

In the a b s e n c e  of an e l e c t r i c  fi e l d  the b o i l i n g  

r e f r i g e r a n t - o i 1 m i x t u r e  p r o d u c e d  a gr e a t  deal of f o a m i n g .  Th i s  was 

d r a m a t i c a l l y  r e d u c e d  upon a p p l i c a t i o n  of a c o n t i n u o u s  i n t e n s e  

e l e c t r i c  field. T h i s  co u l d  be of i m p o r t a n c e  in c e r t a i n  c h e m i c a l  

p r o c e s s  heating- s i t u a t i o n s  w h e r e  f o a m i n g  is a p r o b l e m .  The d r a m a t i c  

i n c r e a s e  in heat t r a n s f e r  and the r e d u c t i o n  in f o a m i n g  co ul d be 

e l e c t r i c a l l y  i n d u c e d  by two p o s s i b l e  EHD m i x i n g  m e c h a n i s m s :  a) EHD 

m i x i n g  of r e g i o n s  of d i f f e r i n g  oil c o n c e n t r a t i o n s  ( t h r ou gh the 

d i f f e r e n c e s ,  if any, in the p e r m i t t i v i t y  or e l e c t r i c a l  c o n d u c t i v i t y  

of t h o s e  r e g i o n s )  or b) EH D m i x i n g  t h r o u g h  the a c t i o n  of EHD f o r c e s
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Fig.  5.11 Comparison of  EHD bo i l i ng  enhancement  

for pure R114 and R114-oi l  

mixture (Ts = 2 1 . 5°C) .
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on t h er ma l g r a d i e n t s  in the liquid. To gain s o m e  i n s i g h t  into the 

r e l a t i v e  i m p o r t a n c e  of a) and b) abov e, the r e l a t i v e  p e r m i t t i v i t y  of 

the oil and R 114 we re m e a s u r e d  at room t e m p e r a t u r e  us in g the 

c o n d u c t i v i t y  cell sh o w n  in Fig. 5.12. Af ter t h o r o u g h  c l e a n i n g  with 

p e t r o l e u m  e t he r and d e g a s s i n g  for 20 m i n u t e s  the c a p a c i t a n c e  of the 

e m p t y  cell was f o u n d  to be 16.0 pF u s in g a M a r c o n i  U n i v e r s a l  B r i d g e  

T F 2 7 0 0  ( o s c i l l a t o r  f r e q u e n c y  1kHz). The cell wa s then f i l l e d  with 

d e g a s s e d  Shell C l a v u s  68 oil wh i c h  was fo und to h a v e  a r e l a t i v e  

p e r m i t t i v i t y  of e r = 2 . 2 6  at 21°C. The same p r o c e d u r e  was c a r r i e d  out 

us i n g  R 114 wh ic h was fo u n d  to ha ve e r =2 . 2 5  (s h o w i n g  g o o d  a g r e e m e n t  

wi th the p u b l i s h e d  v a l u e  of e r (25°C) = 2.26 C473 )

The f a ct that the p e r m i t t i v i t i e s  of oil and r e f r i g e r a n t  

we re a l m o s t  i d e n t i c a l  at the s a t u r a t i o n  t e m p e r a t u r e  of the 

e x p e r i m e n t s  a b o v e  i n d i c a t e d  that a s u b s t a n t i a l  E H D  e n h a n c e m e n t  of 

b o i l i n g  heat t r a n s f e r  to r e f r i g e r a n t - o i 1 m i x t u r e s  is not d e p e n d e n t  

on the two c o m p o n e n t s  h a v i n g  s i g n i f i c a n t l y  d i f f e r e n t  p e r m i t t i v i t i e s .  

F u t u r e  wo rk on EHD e f f e c t s  in r e f r i g e r a n t - o i l  m i x t u r e s  mi g h t  

p r o f i t a b l y  i n c l u d e  a s t u d y  of the e n h a n c e m e n t  a c h i e v e d  with o i l s  of 

v a r i o u s  p e r m i t t i v i t i e s .  H o w e v e r ,  the p h y s i c a l  e x p l a n a t i o n  of the 

m a c r o s c o p i c  e f f e c t  of e l e c t r i c  s t r e s s  will be e x t r e m e l y  c o m p l e x  

s i n c e  the m e c h a n i s m  by wh i c h  oil i n h i b i t s  (and s o m e t i m e s  e n h a n c e s )  

he at t r a n s f e r  in th e z e r o - f i e l d  c a s e  is a m a t t e r  of so m e  deba te . 

The e x p l a n a t i o n  will most p r o b a b l y  be l i n k e d  to a f u l l e r  

u n d e r s t a n d i n g  of the i n f l u e n c e  of the local m a s s  f r a c t i o n  of oil in 

the m i x t u r e  on b u b b l e  g r o w t h  (see for e x a m p l e  S t e p h a n  and M i t r o v i c  

[1021).

5.5 C H A R G E  I N J E C T I O N

The EHD e l i m i n a t i o n  of b o i l i n g  h y s t e r e s i s  t h r o u g h  

e l e c t r i c a l  a c t i v a t i o n  of n u c l e a t i o n  s i t e s  and o t h e r  EHD p h e n o m e n a  in 

b o i l i n g  a l m o s t  c e r t a i n l y  ar i s e  as a r e s u l t  of the i n t r o d u c t i o n  of 

e l e c t r i c a l  b o d y  f o r c e s  (within a li q u i d ,  on v a p o u r  n u c l e i ,  on
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b u b b l e s ,  etc.). Two p r i n c i p l e  EHD -forces o p e r a t e : -  a)

d i e l e c t r o p h o r e t i c  -forces r e s u l t i n g  -from g r a d i e n t s  in p e r m i t t i v i t y  

and e l e c t r i c  -field i n t e n s i t y ;  b) e l e c t r o p h o r e t i c  -forces r e s u l t i n g  

f r o m  a c t i o n  of th e fi e l d  on f r e e  c h a r g e s  in the h e at t r a n s f e r  m e d i u m  

(or medi a) . The q u e s t i o n  of w h i c h  f o rc e c a u s e s  a p h e n o m e n o n  or

p r e d o m i n a t e s  in a p r o c e s s  is an e x t r e m e l y  i m p o r t a n t  on e si n c e  it ma y 

ha ve a gr e a t  b e a r i n g  on how the p h e n o m e n o n  or p r o c e s s  can be be st 

e m p l o y e d  in an e n g i n e e r i n g  s i t u a t i o n .  An e x a m p l e  of t h i s  wo u l d  be 

one w h e r e  a l i q u i d  may be 'doped' by a s u i t a b l e  i m p u r i t y  to e n h a n c e  

c h a r g e  i n j e c t i o n  e f f e c t i v e n e s s  as s t u d i e d  by M i l l e r  CB31.

To a s c e r t a i n  w h e t h e r  c h a r g e  i n j e c t i o n  p l a y e d  a ma j o r  

r o l e  in the b o i l i n g  e x p e r i m e n t s  of s e c t i o n s  5 . 3  and 5.4 the 

v o l t a g e / c u r r e n t  r e l a t i o n s h i p  for th e c y l i n d e r  e l e c t r o d e / 1 o - f i n  t u b e  

s y s t e m  was i n v e s t i g a t e d  with and w i t h o u t  b o i l i n g  heat t r a n s f e r  to 

p u r e  R 114 and to the R 1 1 4 - o i 1 m i x t u r e .  C u r r e n t  m e a s u r e m e n t s  w e r e  

m a d e  u s in g a 'Lavell' p i c o a m m e t e r  in the H.V. s u p p l y  (the unit was 

s u s p e n d e d  f r o m  th e roof of the F a r a d a y  ca ge c o n t a i n i n g  the a p p a r a t u s  

and was i n d e p e n d e n t  of m a i n s  su p p l y )  and v o l t a g e s  w e r e  r e c o r d e d  

us i n g  two 'S ca la mp ' e l e c t r o s t a t i c  v o l t m e t e r s .  All r e s u l t s  p r e s e n t e d  

ar e for a s y s t e m  s a t u r a t i o n  t e m p e r a t u r e  of 21 .5°C.

Fig. 5 . 1 3  g i v e s  the c u r r e n t / v o l t a g e  c h a r a c t e r i s t i c  for 

pu r e  R 114 un d e r  i s o t h e r m a l  c o n d i t i o n s .  A m a r k e d  d e p e n d e n c e  on 

e l e c t r o d e  p o l a r i t y  wa s found. All r e s u l t s  p r e s e n t e d  a b o v e  for EHD 

b o i l i n g  heat t r a n s f e r  e n h a n c e m e n t  s h o w  no d e p e n d e n c e  on e l e c t r o d e  

p o l a r i t y ,  s u g g e s t i n g  that d i e l e c t r o p h o r e t i c  p r o c e s s e s  p r e d o m i n a t e .  

Th is v i e w  is f u r t h e r  s u p p o r t e d  by s i m i l a r  c u r r e n t / v o l t a g e  

e x p e r i m e n t s  for the sa me s a t u r a t i o n  t e m p e r a t u r e  but w h e r e  the t u b e  

wall was h e a t e d  and e b u l l i t i o n  i n i t i a t e d .  I d e n t i c a l  r e s u l t s  (w ithin 

e x p e r i m e n t a l  error) we re p r o d u c e d  as in Fig. 5.13.

The c u r r e n t / v o l t a g e  c h a r a c t e r i s t i c s  s h ow two d i s t i n c t  

r e g i o n s  for both p o s i t i v e  and n e g a t i v e  e l e c t r o d e  p o t e n t i a l s .  C u r v e s  

A-B and A'-B' s h o w  the c h a r a c t e r i s t i c s  of a 'space c h a r g e  l i m i t e d  

c u r r e n t '  (SPLC). It is well k n ow n that f l u o r i n a t e d  h y d r o c a r b o n s  are 

e x t r e m e l y  good i n s u l a n t s  due to the p r e s e n c e  of f l u o r i n e  a t o m s  

whic h, b e i n g  e x t r e m e l y  e l e c t r o n e g a t i v e ,  c a p t u r e  f r e e  e l e c t r o n s  

p r e v e n t i n g  a v a l a n c h e  b r e a k d o w n  un d e r  i n t e n s e  e l e c t r i c  f i el ds . Thus,
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the b r e a k s  at p o i n t s  B and B' are p r o b a b l y  a r e s u l t  of the i n t e n s e  

e l e c t r i c  f i el d in the i m m e d i a t e  v i c i n i t y  of the l o - f i n  tu be fin t i p s  

l e a d i n g  to a local p r e - b r e a k d o w n  c o n d i t i o n  w h e r e  a v a l a n c h e  

c o n d u c t i o n  o c c u r s  l o c a l l y  but is p r e v e n t e d  f r o m  s p r e a d i n g  a c r o s s  the 

i n t e r e l e c t r o d e  gap by c a p t u r e  of the c h a r g e  c a r r i e r s  in the bulk of 

the Fr e o n  liquid.

Fig. 5 . 1 4  s h o w s  the e l e c t r o d e  c u r r e n t / v o l t a g e  

c h a r a c t e r i s t i c  for the s y s t e m  f i l l e d  w i t h  the 10’/. w.w. 

r e f r i g e r a n t - o i 1 m i x t u r e .  The p r e s e n c e  of the oil a p p e a r e d  to g i v e  

mu ch h i g h e r  e l e c t r o d e  c u r r e n t s  r e s u l t i n g  from a g r e a t e r  n u m b e r  of 

a v a i l a b l e  c h a r g e  c a r r i e r s  in the SPLC s i t u a t i o n .  At h i g h - f i e l d  

e l e c t r o d e  p o t e n t i a l s  the a v a l a n c h e  p r o c e s s  a g a i n  p r e d o m i n a t e s  and 

the c l o s e  s i m i l a r i t y  with the p u r e  r e f r i g e r a n t  c a s e  s u g g e s t s  th at 

the c u r r e n t  is ag a i n  l i m i t e d  by the p r e v e n t i o n  of c o m p l e t e  

b r e a k d o w n .  The e l e c t r i c a l  c o n d u c t i v i t i e s  of th e p u r e  r e f r i g e r a n t  

and r e f r i g e r a n t - o i 1 m i x t u r e  w e r e  m e a s u r e d  us i n g  the 

p e r m i t t i v i t y / c o n d u c t i v i t y  cell of Fig. 5.12. The r e f r i g e r a n t - o i 1 

m i x t u r e  was f o u n d  to h a ve a c o n d u c t i v i t y  two o r d e r s  of m a g n i t u d e  

l a r g e r  than t h a t  for the pu r e  liquid. At 2 3 ° C  the m i x t u r e  

c o n d u c t i v i t y  was 2 . 2 x l 0 -11 S/m w h i l e  that for the p u r e  l i qu id was 

3 . O x 1 0 “ 13 S/m.

R e p e t i t i o n  of the e x p e r i m e n t s  d e s c r i b e d  in 5. 3 . 4  w h e r e  

v a p o u r  n u c l e a t i o n  was o b s e r v e d  w i t h o u t  v i s i b l y  a c t i v e  s u r f a c e  

n u c l e a t i o n  s i t e s  s h o w e d  no c h a n g e  in the e l e c t r o d e  c u r r e n t  d r a w n  

w i t h  or w i t h o u t  v a p o u r  g e n e r a t i o n .  H o w e ve r, t h i s  d o e s  not ru le out 

the p o s s i b i l i t y  th at c h a r g e  i n j e c t i o n  was in so m e  way r e s p o n s i b l e  

for v a p o u r  p r o d u c t i o n  since: a) an y c u r r e n t  d r a w n  for a c t i v a t i o n  of 

v a p o u r  p r o d u c t i o n  may h a ve been o r d e r s  of m a g n i t u d e  less than, and 

t h e r e f o r e  o b s c u r e d  by, that d r a w n  as a no r m a l  pa rt of e l e c t r o n i c  

c o n d u c t i o n  in th e i s o t h e r m a l  s i t u a t i o n  and; b) b e c a u s e  of the 

e x t r e m e l y  n o n - u n i f o r m  n a t u r e  of t h e  f i el d (which w o u l d  be even m o r e  

i n h o m o g e n e o u s  at a m i c r o s c o p i c  level due to a s p e r i t i e s  on the 

s u r f a c e  of the me tal tube) local jo ule h e a t i n g  ma y h a ve been 

s u f f i c i e n t l y  i n t e n s e  to c a u s e  local liqu id v a p o r i z a t i o n  and the 

p r o d u c t i o n  of v a p o u r  nuclei of radii l a rg er th an the c r i t i c a l  r a d i u s  

r e q u i r e d  for i n i t i a t i o n  of h o m o g e n e o u s  n u c l e a t i o n  (see c h a p t e r  6). 

It is not p o s s i b l e  to a s s e s s  wh at local c u r r e n t  d e n s i t i e s  would h a v e  

f l o w e d  on a m i c r o s c o p i c  level; h o w e v e r ,  the total j o u l e  h e a t i n g  in
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the f l ui d for the r e f r i g e r a n t - o i 1 m i x t u r e  at an e l e c t r o d e  p o t e n t i a l  

of + 2 5 k V  w o ul d h a v e  been a p p r o x i m a t e l y  0.5W. Th i s  is at least two 

o r d e r s  of m a g n i t u d e  le ss than even th e lo w e s t  he at t r a n s f e r  r a t e s  

f r om the s u p e r h e a t e d  tu b e  wall to t h e  l i qu id Freon.

C O N C L U S I O N S

Th i s  e x p e r i m e n t a l  s t u d y  of EHD e n h a n c e d  b o i l i n g  ha s led to the 

f o l l o w i n g  c o n c l u s i o n s : -

(a) B o i l i n g  h y s t e r e s i s  may be e l i m i n a t e d  by e l e c t r i c a l  a c t i v a t i o n  

of n u c l e a t i o n  s i t e s  on the heat t r a n s f e r  s u r f a c e .  R e l a t i v e l y  

m o d e s t  fi e l d  s t r e n g t h s  are r e q u i r e d  to a c h i e v e  t h i s  and need be 

a p p l i e d  for o n l y  a s h or t p e r i o d  K l s e c ) .

(b) EH D e n h a n c e m e n t  of n u c l e a t e  b o i l i n g  of R 114 and R 1 1 4 - o i 1 

m i x t u r e s  on a l o - f i n  t u b e  has be e n  sh o w n  to g i v e  i n c r e a s e s  in 

heat t r a n s f e r  of up to an o r d e r  of m a g n i t u d e .  The m a jo r 

e n h a n c e m e n t  m e c h a n i s m  is t h o u g h t  to be the EH D t r a p p i n g  in the 

i n t e r - f i n  s p a c e s  of v a p o u r  b u b b l e s  w h i c h  " s c o u r "  the tu be 

s u r f a c e  c a u s i n g  g r e a t  local f l u i d  t u r b u l e n c e  as t h e y  rise.

(c) A p p l i c a t i o n  of an e l e c t r i c  f i e l d  r e d u c e s  f o a m i n g  in b o i l i n g  

R 1 1 4 - o i 1 m i x t u r e s .

(d) EH D e n h a n c e m e n t  of b o i l i n g  R 1 1 4 - o i 1 m i x t u r e s  d o e s  not r e q u i r e  a 

s u b s t a n t i a l  d i f f e r e n c e  in p e r m i t t i v i t y  b e t w e e n  oil and Freon.

(e) An a n o m o l o u s  F i e l d  I n du ce d E b u l l i t i o n  (FIE) p h e n o m e n o n  has been 

d i s c o v e r e d  w h e r e  an in t e n s e ,  i n h o m o g e n e o u s  f i e l d  g i v e s  rise to 

v a p o u r  g e n e r a t i o n  in a s a t u r a t e d  d i e l e c t r i c  l i q u i d  with small 

th e r m a l  i n h o m o g e n e i t i e s  p r e s e n t  th e r e i n .  A small r e d u c t i o n  in 

t e m p e r a t u r e  of a s u b m e r g e d  e l e c t r o d e  has been o b s e r v e d .
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C H . 6  EHD B O I L I N G ;  T H E O R Y

B o i l i n g  heat t r a n s f e r  is an e x t r e m e l y  c o m p l e x  p r o c e s s .  D u r i n g  

the past t h r e e  d e c a d e s  gr e a t  a d v a n c e s  h a v e  b e e n  m a d e  in the 

u n d e r s t a n d i n g  of p h e n o m e n a  a s s o c i a t e d  t h e r e w i t h  but t h e r e  r e m a i n  

m a n y  a r e a s  w h e r e  k n o w l e d g e  is l a c k i n g  and s o r e l y  ne eded. For 

e x a m p l e ,  the a d v e n t  of n u c l e a r  r e a c t o r s  c o o l e d  wi t h  w a te r has 

p r e c i p i t a t e d  a vast r e s e a r c h  e f f o r t  to p r e d i c t  the b o i l i n g  heat 

t r a n s f e r  b e h a v i o u r  of c o m p l e x  s y s t e m s  un de r b o t h  w o r k i n g  and fa u l t  

c o n d i t i o n s .  Yet m a n y  q u e s t i o n s  r e m a i n  as to h o w  a c c u r a t e  the 

c u r r e n t  m o d e l s  will p r o v e  in the long term.

P r e v i o u s  r e s e a r c h  on EH D e n h a n c e m e n t  of b o i l i n g  h e a t  t r a n s f e r  

has been l a r g e l y  c o n c e r n e d  with i m p r o v e m e n t  of f i l m  b o i l i n g  heat 

t r a n s f e r .  Th e l a t t e r  is a s t a t e  w h e r e  the h e at t r a n s f e r  s u r f a c e  is 

so g r e a t l y  s u p e r h e a t e d  with r e s p e c t  to the bu l k  l i q u i d  t e m p e r a t u r e  

t h a t  the r a t e  of v a p o u r  g e n e r a t i o n  is s u f f i c i e n t  to f o r m  a v a p o u r  

f i l m  b e t w e e n  th e he at t r a n s f e r  s u r f a c e  and the liqu id . Th is p o o r l y  

c o n d u c t i n g  b a r r i e r  to the p a s s a g e  of heat r e s u l t s  in v e r y  poor heat 

t r a n s f e r  in just the sa me way th at a c o n d e n s a t e  f i l m  p r o v i d e s  the 

m a j o r  r e s i s t a n c e  to he at fl ow in c o n d e n s a t i o n  h e a t  t r a n s f e r .  Fig.

6.1 i l l u s t r a t e s  a t y pi ca l heat t r a n s f e r  c h a r a c t e r i s t i c  for a 

s a t u r a t e d  l i q u i d  w h e r e  ^T is th e d e g r e e  by w h i c h  the he at t r a n s f e r  

s u r f a c e  is s u p e r h e a t e d  wi th r e s p e c t  to bu lk l i q u i d  s a t u r a t i o n  

t e m p e r a t u r e ,  T s . At high s u p e r h e a t s  (tens to h u n d r e d s  of d e g r e e s  

K e l v i n ,  see c u r v e  D-E on Fig. 6.1) fi lm b o i l i n g  o c c u r s  and the 

i n t e r e s t  of EHD r e s e a r c h e r s  in t h i s  re g i o n  of b o i l i n g  a r o s e  b e c a u s e  

of the d e s t a b i l i z i n g  e f f e c t  of the e l e c t r i c  f i e l d  on the v a p o u r  

film. Just as a c o n d e n s a t e  f i l m  can be e l e c t r i c a l l y  d e s t a b i l i z e d  

(cf. c h a p t e r s  3 and 4) a s u f f i c i e n t l y  i n t e n s e  f i e l d  will c r e a t e  a 

wa v e  d i s t u r b a n c e  in the v a p o u r - l i q u i d  i n t e r f a c e  o v e r  a b o i l i n g  heat 

t r a n s f e r  s u r f a c e ,  w h i c h  ma y (if it is of s u f f i c i e n t  a m p l i t u d e )  

r e s u l t  in ' r e w e t t i n g '  of the hot s u r f a c e  d r a m a t i c a l l y  i n c r e a s i n g  

h e at t r a n s f e r  (see C6 3 , C 7 1 1  and C723). T h e  r e s u l t  is sh o w n  

s c h e m a t i c a l l y  as c u r v e  C-E in Fig. 6.1. In o t h e r  word s, the r e g i o n s  

of t r a n s i t i o n  b o i l i n g  and t r u e  f i l m  b o i l i n g  can be o v e r c o m e  by EHD

means.
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The p r a c t i c a l  i m p l i c a t i o n s  of su ch an e n h a n c e m e n t  m e c h a n i s m  are 

v e r y  c o m p e l l i n g .  In a z e r o - f i e l d  s i t u a t i o n  wi th a h e a t i n g  e l e m e n t  

g e n e r a t i n g  s u f f i c i e n t  he at flux to p r o d u c e  t r a n s i t i o n  or f i l m  

b o i l i n g  " b u r n - o u t "  may r e s u l t  w h e r e  s u r f a c e  s u p e r h e a t  i n c r e a s e s  to 

such a level that the h e a t e r  is d e s t r o y e d .  Thus, EHD e l i m i n a t i o n  of 

fi lm b o i l i n g  o f f e r s  not o n l y  e n h a n c e d  heat t r a n s f e r  but a l s o  a 

s a f e t y  m e c h a n i s m  w h e r e b y  e x p e n s i v e  and p o s s i b l y  c a t a s t r o p h i c  f a i l u r e  

of pl a n t  is a v o i d e d .

Us i n g  t e c h n i q u e s  s i m i l a r  to t h o s e  d e s c r i b e d  in c h a p t e r  3 

(see £68] for e x a m p l e )  ma n y  r e s e a r c h e r s  ha ve s u c c e s s f u l l y  m o d e l l e d  

EHD d e s t a b i l i z a t i o n  of fi l m  b o i l i n g .  Th e w a v e l e n g t h  of the 

d i s t u r b a n c e  can be p r e d i c t e d  f r o m  p e r t u r b a t i o n  m e t h o d s  and f r o m  

t h e s e  it has been p o s s i b l e  for r e s e a r c h e r s  su ch as J o n e s  and H a l l o c k  

[62], B e r g h m a n n s  [11] and o t h e r s  to c o r r e l a t e  the e f f e c t i v e  EH D 

e n h a n c e m e n t  of the "peak heat fl u x "  (point C on Fig. 6.1) a g a i n s t  

a p p l i e d  e l e c t r i c  f i e l d  s t r e n g t h .

F i l m  b o i l i n g  is in g e n e r a l  c h a r a c t e r ! z e d  by v e ry high 

w a l l - l i q u i d  s u p e r h e a t s .  T h i s  s i t u a t i o n  d o e s  not a r i s e  in the 

e n g i n e e r i n g  pl a n t  to w h i c h  the p r e s e n t  st u d y  was i n i t i a l l y  a d d r e s s e d

i.e. e v a p o r a t o r s  in v a p o u r - r e c o m p r e s s i o n  e q u i p m e n t  (heat p u m p s  

etc.). T h e s e  e v a p o r a t o r s  seek to m i n i m i z e  the t e m p e r a t u r e  drop 

( t y p i c a l l y  of the or d e r  of 5-10 °C ) b e t w e e n  h e a t  s o u r c e  and 

r e f r i g e r a n t  so as to m a x i m i s e  p l a n t  e f f i c i e n c y .  As a r e s u l t  b o i l i n g  

heat t r a n s f e r  is by the n u c l e a t e  b o i l i n g  r e g i m e  (cur ve A - B ' - C  in 

Fig. 6.1). On e p r e v i o u s  s t u d y  to e x a m i n e  th e p o s s i b l e  EH D 

e n h a n c e m e n t  of th i s  r e g i m e  wa s th at of B o n j o u r  et al [16]. U s i n g  

the c l a s s i c  fine, e l e c t r i c a l l y  h e a t e d ,  h o r i z o n t a l  w i r e  s u s p e n d e d  in 

a li q u i d  and s u r r o u n d e d  by a c o n c e n t r i c  c y l i n d e r  e l e c t r o d e  t h e y  

fo u n d  that s i n g l e - p h a s e  and n u c l e a t e  b o i l i n g  he at t r a n s f e r  to 

e t h y l e t h e r  c o u l d  be s u b s t a n t i a l l y  e n h a n c e d  by th e EH D me th od . 

E n h a n c e m e n t  d i m i n i s h e d  wi th i n c r e a s i n g  heat fl ux with v i r t u a l l y  no 

e f f e c t  n e a r  the pe ak heat flux, a l t h o u g h  the l a t t e r  was i n c r e a s e d  

b e y o n d  th e z e r o - f i e l d  value). H o w e v e r ,  the n a t u r e  of th e  a p p a r a t u s  

m e an t that the e l e c t r i c  fi e l d  at the heat t r a n s f e r  s u r f a c e  wa s 

e x t r e m e l y  d i v e r g e n t  and i n t e n s e  (v a l u e s  of E up to 16 MV/m). Su ch 

f i e l d s  c o u l d  not be r e a d i l y  a c h i e v e d  on th e n o rm al h e a t  t r a n s f e r  

s u r f a c e s  of e n g i n e e r i n g  pl a n t  (cf, c h a p t e r  5 w h e r e  the m a x i m u m  mean
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f i el d at the EHD b o i l e r  t u b e  was of the o r d e r  of 4 M V/ m) . In the 

p r e s e n t  s t u d y  it has b e en fo u n d  p o s s i b l e  to g a i n  v e r y  s u b s t a n t i a l  

EHD n u c l e a t e  b o i l i n g  e n h a n c e m e n t  in such a s i t u a t i o n  by the use of 

a p p r o p r i a t e  t h e r m a l / e l e c t r i c a l  g e o m e t r i e s  and t h e r e  n o w  f o l l o w s  a 

d i s c u s s i o n / a n a l y s i s  of s o m e  of the EH D p h e n o m e n a  r e p o r t e d  in ch. 5.

6.1 B O I L I N G  H Y S T E R E S I S

In c h a p t e r  5 e x p e r i m e n t a l  e v i d e n c e  of the p o s s i b i l i t y  of 

e l e c t r i c a l l y  i n d u c i n g  n u c l e a t i o n  in a s u p e r h e a t e d  l i q u i d  was 

p r e s e n t e d .  The p r o c e s s e s  i n v o l v e d  in the p r o d u c t i o n  of v a p o u r  at 

s p e c i f i c  n u c l e a t i o n  s i t e s  are e x t r e m e l y  c o m p l e x  and to gain an 

i n s i g h t  into s o m e  of the p o s s i b l e  e x p l a n a t i o n s  for the wa y EHD 

m e c h a n i s m s  ma y a c t i v a t e  n u c l e a t i o n  the z e r o - f i e l d  s i t u a t i o n  is fi r s t  

e x a m i n e d .

6.1.1 N u c l e a t i o n  in the z e r o - f i e l d  c a s e

F i g u r e  6.2 s h o w s  a r e p r e s e n t a t i o n  of th e p r e s s u r e - v o l u m e -  

t e m p e r a t u r e  (p-V-T) c h a r a c t e r i s t i c  of a p u r e  s u b s t a n c e .  The

s u b s t a n c e  can be said to be in a s t a b l e  or e q u i l i b r i u m  s t a t e  if the 

c o o r d i n a t e s  of p , V  and T lie on one of the s u r f a c e s  shown. H e r e  we 

are c o n c e r n e d  wi th b o i l i n g  w h e r e  e s s e n t i a l l y  v a p o u r  is p r o d u c e d  in 

the b o d y  of a s a t u r a t e d  liqu id . For t h i s  to o c c u r  the li q u i d  must

be a c t e d  upon to p r o d u c e  a m e t a s t a b l e  c o n d i t i o n  (i.e. one that is

not on th e s a t u r a t e d  l i q u i d  line of Fig. 6.2) for e x a m p l e ,  by

d e c r e a s i n g  the s y s t e m  p r e s s u r e  or i n c r e a s i n g  t h e  t e m p e r a t u r e .  In a 

normal b o i l i n g  s i t u a t i o n  the li q u i d  is h e at ed . H o w e v e r ,  a c e r t a i n  

t h r e s h o l d  of s u p e r h e a t  a b o v e  the s y s t e m  s a t u r a t i o n  t e m p e r a t u r e  has 

to be a c h i e v e d  b e f o r e  e b u l l i t i o n  in the b o d y  of the l i q u i d  can 

occur. In most p r a c t i c a l  s i t u a t i o n s  the d e g r e e  of s u p e r h e a t  (i.e. 

the d e g r e e  of l i q u i d  i n s t a b i l i t y )  is d e t e r m i n e d  by the l a r g e s t  

va p o u r  n u cl ei p r e s e n t  in the b o dy of the l i q u i d  or that are t r a p p e d  

on the w a l l s  of the c o n t a i n e r .

C o n s i d e r  such a v a p o u r  n u c l e u s  in the b o d y  of the l i q u i d  with a 

r a d i u s  r and u n d e r  a s y s t e m  p r e s s u r e  of pu. Un d e r  e q u i l i b r i u m  

c o n d i t i o n s  t h e r e  must e x i s t  a p r e s s u r e ,  p B , i n s i d e  that v a p o u r  

n u c l e u s  in e x c e s s  of p L so that s u r f a c e  t e n s i o n  f o r c e s  t e n d i n g  to 

c o l l a p s e  the b u b b l e  are b a l a n c e d ,  i . e . : -
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Fig.  6.2 Pressure-volume-temperature c h a r a c t e r i s t i c

of  a pure substance.
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w h e r e  s is the c o e f f i c i e n t  of s u r f a c e  t e n s i o n .  If the 

t e m p e r a t u r e  of the l i q u i d  and n u c l e u s  is then i n c r e a s e d ,  th e a r ri va l 

rate of m o l e c u l e s  e n t e r i n g  the v a p o u r - p h a s e  f r o m  the l i q u i d  a c r o s s  

the b u b b l e  s u r f a c e  will be g r e a t e r  than the r a t e  of m o l e c u l e s  

p a s s i n g  f r o m  v a p o u r  to l i qu id , thus th e b u b b l e  will grow. O n ce 

g r o w t h  s t a r t s  it i n c r e a s e s  i n d e f i n i t e l y  s i n c e  the s u r f a c e  t e n s i o n  

f o r c e s  d e c r e a s e  with i n c r e a s i n g  r. E b u l l i t i o n  will t h e r e f o r e  oc c u r  

for nucl ei of a c r i t i c a l  r a d i u s  r* for the g i v e n  a p p l i e d  s u p e r h e a t .

It is p o s s i b l e  to c a l c u l a t e  the s u p e r h e a t  , /\Te , a b o v e  

s a t u r a t i o n  t e m p e r a t u r e ,  T 8 , r e q u i r e d  to a c t i v a t e  nucl ei of a gi v e n  

c r i t i c a l  r a d i u s ,  r * [ 2 4 ] l

w h e r e  Tv and Ti_ are the gas and l i q u i d  t e m p e r a t u r e s ,  yot. li q u i d  

d e n s i t y ,  R g is the u n i v e r s a l  gas c o n s t a n t ,  M is m o l e c u l a r  w e ig ht , 

v L and Vv are the s p e c i f i c  v o l u m e s  of l i q u i d  and gas, r e s p e c t i v e l y ,  

and i*a is the l a t e n t  h e a t  of v a p o r i z a t i o n .  H o w e v e r ,  the main 

d i f f i c u l t y  in a p p l y i n g  (6.2) to a p r a c t i c a l  s i t u a t i o n  a r i s e s  fr om 

the lack of k n o w l e d g e  of the m a g n i t u d e  of r*.

Th e a c t i v a t i o n  of e b u l l i t i o n  by s u p e r h e a t i n g  of a l i q u i d  a l r e a d y  

c o n t a i n i n g  e m b r y o n i c  v a p o u r  n u cl ei is c a l l e d  h e t e r o g e n e o u s  

n u c l e a t i o n .  In the e v e n t  of no such nucl ei b e i n g  p r e s e n t  e b u l l i t i o n  

can o n l y  o c cu r by s u p e r h e a t i n g  the l i q u i d  s u f f i c i e n t l y  un til t h e r e  

b e c o m e s  a f i n i t e  c h a n c e  of the f o r m a t i o n  of a c l u s t e r  of l i q u i d  

m o l e c u l e s  of s u f f i c i e n t  e n e r g y  and of the c r i t i c a l  r a d i u s  r*. In 

p r a c t i c e  this is e x t r e m e l y  d i f f i c u l t  to a c h i e v e  even with 

s o p h i s t i c a t e d  l a b o r a t o r y  a p p a r a t u s  as the l i q u i d  must be c o m p l e t e l y  

p u r e  and f r e e  of p a r t i c u l a t e  m a t t e r  w h i c h  c o u l d  o t h e r w i s e  s e r v e  to 

p r o v i d e  h e t e r o g e n e o u s  n u c l e a t i o n  sites.

A T b

( 6 . 2 )
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In most p r a c t i c a l  heat t r a n s f e r  s i t u a t i o n s  the l a r g e s t  v a p o u r  

nuclei p r e s e n t  in a l i q u i d  (those wh i c h  t h e r e f o r e  r e q u i r e  the 

s m a l l e s t  s u p e r h e a t  to a c t i v a t e )  ar e t r a p p e d  in c a v i t i e s  on the 

s u r f a c e s  c o n t a i n i n g  the liquid. T h e s e  v a p o u r  f i l l e d  c a v i t i e s  a r i s e  

for a v a r i e t y  of r e a s o n s ,  and s o m e  e x a m p l e s  are i l l u s t r a t e d  in Fig. 

6.3. The s i z e  and t y p e  of nucl ei p r e s e n t  are v e r y  m u c h  d e p e n d e n t  on 

the m i c r o s c o p i c  s u r f a c e  s t r u c t u r e  of the vessel wall and on the 

d e g r e e  of s u r f a c e  c o n t a m i n a t i o n  by v a r i o u s  i m p u r i t i e s .  C o n s i d e r a b l e  

r e s e a r c h  has r e c e n t l y  be en d i r e c t e d  t o w a r d s  i n v e s t i g a t i o n  of the 

f a c t o r s  i n f l u e n c i n g  s u r f a c e  c a v i t y / n u c l e u s  a b u n d a n c e  (e.g. by 

C o r n w e l l  [281 and W i n t e r t o n  et al C 4 0 1 , C 1 1 8 1 , C 119]) s i n c e  the n u m b e r  

of a c t i v e  n u c l e a t i o n  s i t e s  p r e s e n t  on a h e a t e d  s u r f a c e  ha s a g r ea t 

b e a r i n g  on the m a c r o s c o p i c  b o i l i n g  he at t r a n s f e r  c o e f f i c i e n t  that 

may be o b t a i n e d  t h e r e f r o m .  One i m p o r t a n t  d e t e r m i n a n t  of the d e g r e e  

of s u p e r h e a t  r e q u i r e d  to a c t i v a t e  a gi v e n  c a v i t y  is th e c o n t a c t  

angle, 9 C , b e t w e e n  the s u r f a c e  and a v a p o u r / 1 iq ui d i n t e r f a c e .  Fig.

6.4 s h o w s  d i a g r a m a t i c a l 1 y ho w a s i m p l e  c a v i t y  is a c t i v a t e d  by 

i n c r e a s i n g  the s u p e r h e a t  of the s o l i d  wall. C l e a r l y  th e m a g n i t u d e  

of the c o n t a c t  a n g l e ,  9c, will i n f l u e n c e  the c r i t i c a l  s u p e r h e a t  

r e q u i r e d  for a c t i v a t i o n  of the s i t e  in q u e s t i o n .  H o w e v e r ,  9c will 

va r y  c o n s i d e r a b l y  ev en w i t h i n  the c a v i t y  it s e l f  du e to v a r i o u s  

c o n t a m i n a n t s  (e.g. o x i d e s ,  g r ea se , etc.) p r e s e n t  on th e  s u r f a c e  of 

the so l i d  so that it is not f e a s i b l e  to p r e d i c t  a c c u r a t e l y  the 

d e g r e e  of s u p e r h e a t  r e q u i r e d  f r om th e m a c r o s c o p i c  p r o p e r t i e s  of the 

li q u i d  and so lid su r f a c e .  F u r t h e r m o r e ,  in a p r a c t i c a l  h e a t  t r a n s f e r  

s i t u a t i o n  a th e r m a l  b o u n d a r y  layer will be p r e s e n t  at the h e a t e d  

s u r f a c e  and th e r m a l  g r a d i e n t s  in th e l i qu id s u r r o u n d i n g  the b u b b l e  

g r o w i n g  f r om a c a v i t y  h a v e  an e f f e c t  on a c t i v a t i o n .  It has been 

p r o p o s e d  by Hsu [55], for e x a m p l e ,  that it is the i s o t h e r m  at the 

top of the g r o w i n g  b u b b l e  of Fig. 6.4 that d e t e r m i n e s  w h e t h e r  the 

si te is a c t i v a t e d .  If the t e m p e r a t u r e  of l i q u i d  at th a t  p o i n t  is 

g r e a t e r  than that n e c e s s a r y  for b u b b l e  e q u i l i b r i u m  t h e n  a c t i v a t i o n  

is a c h i e v e d .  Th e g r a p h  in Fig. 6. 4 s h o w s  the r e q u i r e d  i n c r e a s e  in 

s y s t e m  s a t u r a t i o n  t e m p e r a t u r e  r e q u i r e d  to ma ke the b u b b l e  gr ow i.e. 

to o v e r c o m e  the r e s t r a i n i n g  s u r f a c e  t e n s i o n  f o r c e s  th at are a 

f u n c t i o n  of the r a d i u s  of c u r v a t u r e  of the b u b b l e  at an y g i v e n  time.

Mu ch work ha s be en c o n d u c t e d  on z e r o - f i e l d  n u c l e a t i o n  a c t i v a t i o n  

and its r e l a t i o n s h i p  with s u r f a c e  s t r u c t u r e ,  c o n t a c t  a n g l e s ,  etc.
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L e ss well r e s e a r c h e d  is the s i t u a t i o n  w h e r e  the s u p e r h e a t  at an 

a c t i v a t e d  si te is d e c r e a s e d  until e b u l l i t i o n  c e as es . N e v e r t h e l e s s ,  

fr om e x p e r i m e n t a l  o b s e r v a t i o n  it is c l e a r  that o n c e  a g i v e n  s i t e  is 

a c t i v a t e d  v a p o u r  will be g e n e r a t e d  -for s u p e r h e a t s  c o n s i d e r a b l y  less 

than t h o s e  i n i t i a l l y  r e q u i r e d  -for a c t i v a t i o n .  Wh y t h i s  o c c u r s  is 

not c l e a r  -from th e l i t e r a t u r e  and th e p r e s e n t  a u t h o r  p r e s u m e s  that 

c o n t i n u o u s  p r o d u c t i o n  of v a p o u r  at a c a v i t y  will not a l l o w  the 

-formation of an i n t e r f a c e  of the sa m e  t y pe as for a g r o w i n g  n u c l e u s ,  

r e d u c i n g  the s u p e r h e a t  r e q u i r e m e n t .  B o i l i n g  h y s t e r e s i s  is t h e r e f o r e  

a p r o d u c t  of t h i s  s i t u a t i o n  w h e r e  o n l y  na t u r a l  c o n v e c t i o n  w i th po or 

h e at t r a n s f e r  can o c c u r  until n u c l e a t i o n  is a c t i v a t e d  af t e r  wh i c h  

s u p e r h e a t  can be r e d u c e d  w h i l e  e b u l l i t i o n  and high r a t e s  of heat 

t r a n s f e r  ar e m a i n t a i n e d .

6 . 1 . 2  EH D e l i m i n a t i o n  of b o i l i n g  h y s t e r e s i s

G i v e n  that a c t i v a t i o n  of n u c l e a t i o n  c a n n o t  be o b s e r v e d  d i r e c t l y  

and gi v e n  th e h i g h l y  c o m p l e x  n a t u r e  of th e p r o c e s s ,  the e f f e c t s  of 

the e l e c t r i c  f i e l d  d e s c r i b e d  in s e c t i o n  5 . 3 . 3  c a n n o t  be a n a l y s e d  

d i r e c t l y .  The f o l l o w i n g  d i s c u s s i o n  is, in c o n s e q u e n c e ,  an a t t e m p t  

to i d e n t i f y  so me of the p o s s i b l e  EH D m e c h a n i s m s  o p e r a t i n g  and to 

c o n j e c t u r e  as to w h i c h  are most l i k e l y  to be of i m p o r t a n c e .

E l e c t r i c  f i e l d s  h a v e  been sh o w n  to e l i m i n a t e  b o i l i n g  h y s t e r e s i s  

by e l e c t r i c a l  a c t i v a t i o n  of n u c l e a t i o n .  In a d d i t i o n  to th e r e s u l t s  

r e p o r t e d  in 5 . 3 . 3  two o t h e r  s t u d i e s  h a v e  i n v e s t i g a t e d  th is

p h e n o m e n o n ,  i.e. t h o s e  by J a l a l u d d i n  and S i n h a  E593 and B a s u  £9], 

In 1962 J a l a l u d d i n  and S i n h a  r e p o r t e d  e x p e r i m e n t s  c o n d u c t e d  u s i n g  

r e l a t i v e l y  c r u d e  a p p a r a t u s  c o m p r i s i n g  a h e a t e d  g l a s s  b u l b  i m m e r s e d  

in v a r i o u s  l i q u i d s  ( i s o p r o p a n o l ,  m e t h a n o l  and m e t h y l e t h y l k e t o n e ) . 

The s u r f a c e  of the g l a s s  c o u l d  be e l e c t r i c a l l y  s t r e s s e d  by m e a n s  of 

a p l a t e  e l e c t r o d e  i m m e r s e d  in th e liquid. T h e y  f o u n d  that 

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

i n d u c e d  and the r e l a t i v e  e f f i c a c y  of d.c. and a.c. f i e l d s  was 

d e p e n d e n t  on the l i q u i d  u n d e r  test. B a s u  e m p l o y e d  the c l a s s i c  fi ne 

wi re a p p a r a t u s  w i t h  c o n c e n t r i c  e l e c t r o d e  c y l i n d e r .  Hi s r e s u l t s  for 

c a r b o n  t e t r a c h l o r i d e  s h o w e d  d.c. f i e l d s  to be by far the m o r e  

e f f e c t i v e  in e l i m i n a t i n g  b o i l i n g  h y s t e r e s i s .  B a s u  s u g g e s t e d  that an 

i n t e r f a c i a l  a c c u m u l a t i o n  of c h a r g e  and the e f f e c t  of the fi el d

1 7 1



t h e r e o n  co ul d e x p l a i n  the p h e n o m e n o n .  J a l a l u d d i n  and S i n h a  a l s o  

•favoured a s u r f a c e  c h a r g e  e x p l a n a t i o n .  H o w e v e r ,  t h e r e  are m a n y  

ot he r p o s s i b l e  m e c h a n i s m s  by w h i c h  the e l e c t r i c  fi e l d  c o u l d  i n d u c e  

e b u l l i t i o n ,  so me of w h ic h are c o n s i d e r e d  below.

I) D i e l e c t r o p h o r e t i c  f o r c e s  on 1 i q u i d / v a p o u r  i n t e r f a c e .

The a p p l i c a t i o n  of an e l e c t r i c  f i e l d  to a v a p o u r  n u c l e u s  w i t h i n  

a s u r f a c e  c a v i t y  (cf. Fig. 6.4) will r e s u l t  in d i e l e c t r o p h o r e t i c  

f o r c e s  a c t i n g  on the 1 i q u i d / v a p o u r  i n t e r f a c e .  T h e s e  f o r c e s  act in a 

d i r e c t i o n  f r o m  the m e d i u m  of h i g h e r  p e r m i t t i v i t y  to th a t  of lo wer 

p e r m i t t i v i t y  ( i r r e s p e c t i v e  of the d i r e c t i o n  of e l e c t r i c  st re ss ) and 

t h e r e b y  i n c r e a s e  the e x c e s s  p r e s s u r e  w i t h i n  the n u c l e u s .  Th is 

e f f e c t  w o u l d  t h e r e f o r e  i n c r e a s e  the d e g r e e  of s u p e r h e a t  r e q u i r e d  to 

a c t i v a t e  the c a vi ty . CA s p e c u l a t i v e  t w o - d i m e n s i o n a l  c o m p u t e r  

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

in a l o - f i n  t u b e  has s h o w n  that b u b b l e  s h a p e  and th e r e s u l t a n t
£

e l e c t r i c  f i e l d  are extremily d e p e n d e n t  on the c o n t a c t  a n g l e  of the 

b u b b l e  i n t e r f a c e  w i th the fin w a l l s  and on b u b b l e  v o lu me . If t h i s  

s i t u a t i o n  we r e  s i m i l a r  to the t h r e e - d i m e n s i o n a l  c a s e  of a v a p o u r  

n u c l e u s  t r a p p e d  in a c a v i t y  it may be that the v a p o u r - l i q u i d  

i n t e r f a c e  is made, by EHD f o r c e s ,  to a s s u m e  a s h a p e  th at c a u s e s  the

p o in t of c o n t a c t  of the b u b b l e  i n t e r f a c e  wi th the c a v i t y  to ri se

a b o v e  the c a v i t y  m o u t h  t h e r e b y  c a u s i n g  a c t i v a t i o n  of the site. 

F u r t h e r  a n a l y s i s  of t h is s i t u a t i o n  is r e q u i r e d . ]

II) D e s t a b i l i z a t i o n  of the i n t e r f a c e .

As in the ca s e  of EH D d e s t a b i l i z a t i o n  of a c o n d e n s a t e  f i l m  or 

of a v a p o u r  f i l m  in f i l m  b o i l i n g ,  d i e l e c t r o p h o r e t i c  or 

e l e c t r o p h o r e t i c  f o r c e s  c o u l d  i n d u c e  a fo rm of wa ve d i s t u r b a n c e  on 

the s u r f a c e  of a v a p o u r  n u c l e u s .  G i v e n  that the e l e c t r i c  f i el d at 

the v a p o u r / 1 i q u i d  i n t e r f a c e  for the e x p e r i m e n t s  of c h a p t e r  5 w o u l d  

h a v e  be en of the s a m e  or d e r  as t h o s e  d i s c u s s e d  in the a n a l y s i s  of

EHD c o n d e n s a t i o n  in c h a p t e r  3, the w a v e l e n g t h  of such a d i s t u r b a n c e

wo u l d  be no less than a p p r o x i m a t e l y  1.0mm, see Fig. 3 . 5  (a s s u m i n g  

s u r f a c e  t e n s i o n  to be u n a f f e c t e d  by e l e c t r i c  f i e l d  s t r e n g t h ) .  T h i s  

is s e ve ra l o r d e r s  of m a g n i t u d e  g r e a t e r  than the m a x i m u m  r a d i u s  of
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a c t i v e  n u c l e a t i o n  s i t e s  on ( m a c r o s c o p i c a l  1 y ) s m o o t h  m e t a l l i c  

s u r f a c e s  wh i c h  are t y p i c a l l y  5.0xl0~'7m for r e f r i g e r a n t s  C253. It 

wo u l d  s e e m  u n l i k e l y ,  therefore, th at an EH D w a v e  i n s t a b i l i t y  c o u l d  

a c t i v a t e  such sites.

III) S u r f a c e  te n s i o n .

In s e c t i o n  3.8 the p o s s i b i l i t y  of an e l e c t r i c  f i e l d  c a u s i n g  a 

d e c r e a s e  in s u r f a c e  t e n s i o n  was d i s c u s s e d .  T h i s  e f f e c t  c o u l d

c e r t a i n l y  e x p l a i n  EHD a c t i v a t i o n  of n u c l e a t i o n .  F r o m  e q u a t i o n  (6.2) 

th e d e c r e a s e  in s u p e r h e a t  r e q u i r e d  w o u l d  be d i r e c t l y  p r o p o r t i o n a l  to 

the r e d u c t i o n  in s u r f a c e  te n s i o n .  U n f o r t u n a t e l y ,  e x p e r i m e n t a l  

e v i d e n c e  on the a c tu al m a g n i t u d e  of c h a n g e s  in s u r f a c e  t e n s i o n  as a 

r e s u l t  of an a p p l i e d  f i e l d  is not a v a i l a b l e .  H o w e v e r ,  t h i s  p o s s i b l e  

m e c h a n i s m  co u l d  be of s i g n i f i c a n c e .

IV) EHD i n d u c e d  c h a n g e  in c o n t a c t  angle.

It has been m e n t i o n e d  a b o v e  that c o n t a c t  a n g l e ,  6c, has 

an i n f l u e n c e  on the d e g r e e  of s u p e r h e a t  r e q u i r e d  to a c t i v a t e  

n u c l e a t i o n .  C o n t a c t  a n g l e  is d e t e r m i n e d  in t h e o r y  by the r e l a t i v e  

i n t e r f a c i a l  e n e r g i e s  of the t h r e e  i n t e r f a c e s  b e t w e e n  l i qu id , v a p o u r  

and solid. Fig. 6.5 s h o w s  a w i d e l y  a c c e p t e d  r e p r e s e n t a t i o n  of how 

the m a g n i t u d e  of 0 C is su ch as to g i v e  a f o r c e  b a l a n c e  at the po i n t  

of c o n t a c t  b e t w e e n  a so l i d  wall and a 1 i q u i d / v a p o u r  i n t e r f a c e .  An 

a p p l i e d  e l e c t r i c  f i e l d  c o u l d  a f f e c t  all t h r e e  s u r f a c e  e n e r g i e s  (e.g. 

th e s u r f a c e  e n e r g y  of the 1 i q u i d / v a p o u r  i n t e r f a c e  is e f f e c t i v e l y  the 

s u r f a c e  t e n s i o n )  r e s u l t i n g  in a c h a n g e  in 8 C . A g a i n  an 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  of th is s i t u a t i o n  is r e q u i r e d  to a s s e s s  w h e t h e r  su ch 

c h a n g e s  in 6 C are of s i g n i f i c a n c e .

V) C h a r g e  i n j e c t i o n  and j o u l e  he a t i n g .

The fact that d i e l e c t r i c  l i q u i d s  such as F r e o n s  ar e e x t r e m e l y  

good i n s u l a n t s  do es not p r e c l u d e  the p o s s i b i l i t y  that io ni c 

d i s c h a r g e  fr om an e l e c t r i c a l l y  s t r e s s e d  h e at t r a n s f e r  s u r f a c e  may 

c a u s e  EH D i n d u c e d  a c t i v a t i o n  of e b u l l i t i o n .  T w o  a r e a s  of r e s e a r c h  in 

f i e l d s  q u i t e  r e m o t e  fr om EH D p h e n o m e n a  have p r o v i d e d  e v i d e n c e  that 

th is m e c h a n i s m  ma y be much m o r e  than a p o s s i b i l i t y .  S t u d i e s  of the
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Fig.  6.5 Balance of i n t e r f a c i a l  energies  to

give contact  angle for a drop of

l iquid on a plane s o l i d  surface .
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n a t u r e  of e l e c t r i c a l  b r e a k d o w n  in l i q u i d  d i e l e c t r i c s  and the us e of 

b u b b l e  c h a m b e r s  to tr a c k  the p a t h s  of s u b - a t o m i c  p a r t i c l e s  and i o ns 

ha ve bo th sh o w n  that v a p o u r  nuclei can be g e n e r a t e d  by the i n f l u e n c e  

of e l e c t r i c  fields.

a) E l e c t r i c a l  b r e a k d o w n .  Mu ch r e s e a r c h  in the past 2-3 d e c a d e s  has 

been d i r e c t e d  t o w a r d s  th e m e c h a n i s m s  w h i c h  c i r c u m s c r i b e  the 

e l e c t r i c a l  s t r e n g t h  of l i q u i d  d i e l e c t r i c s .  T h i s  wo rk has i m p o r t a n t  

e c o n o m i c  i m p l i c a t i o n s  s i n c e  a ma j o r  p r o p o r t i o n  of the cost of m a n y  

high v o l t a g e  p o w e r  c o m p o n e n t s  (e.g. t r a n s f o r m e r s , oil f i l l e d  c a b l e s ,  

etc.) is due to the r e q u i r e m e n t  for s u b s t a n t i a l  i n s u l a t i o n  s y s t e m s  

of high i n t e g r i t y .  I n c r e a s i n g  b r e a k d o w n  s t r e n g t h  of the l a tt er is, 

t h e r e f o r e ,  a p r i o r i t y .  H o w e v e r ,  b r e a k d o w n  p h e n o m e n a  are, li ke EHD 

b o i l i n g  e f f e c t s ,  both g e n e r a t e d  on a m i c r o s c o p i c  s c a l e  and e x t r e m e l y  

co m p l e x .  N o n e t h e l e s s ,  r e c e n t  r e s e a r c h  ha s p r o d u c e d  e v i d e n c e  that 

b r e a k d o w n  is i n i t i a l l y  c a u s e d  by the p r o d u c t i o n  of v a p o u r  n u cl ei 

g e n e r a t e d  t h e r m a l l y  by io n i c  h e a t i n g  of the liqu id . T h i s  p r o c e s s  is 

known as " c a v i t a t i o n  b r e a k d o w n "  and the s u b j e c t  ha s be en r e v i e w e d  by 

G a l l a g h e r  C413. T h e  a t t r a c t i o n  of a model for e l e c t r i c a l  b r e a k d o w n  

ba se d on t h e r m a l  g e n e r a t i o n  of v a p o u r  nuclei li e s  in th e fact that 

it can, in part, e x p l a i n  e x p e r i m e n t a l  r e s u l t s  of m a n y  r e s e a r c h e r s  

s h o w i n g  i n c r e a s e d  l i q u i d  h y d r o s t a t i c  p r e s s u r e  r e s u l t s  in i n c r e a s e d  

e l e c t r i c  s t r e n g t h .  M o r e  t r a d i t i o n a l  m o d e l s  of " e l e c t r o n i c "  

b r e a k d o w n  ( i n v o l v i n g  e l e c t r o n i c  e x c i t a t i o n  of i n t r a - m o l e c u l a r  

v i b r a t i o n  and c o l l i s i o n  i o n i z a t i o n )  c a n n o t  a c c o u n t  for this. T h e r e  

is not, h o w e v e r ,  a c o n s e n s u s  on the ex a c t  m e c h a n i s m  by wh i c h  b u b b l e  

g e n e r a t i o n  l e a d s  to b r e a k d o w n  nor on a q u a n t i t a t i v e  model. 

N e v e r t h e l e s s ,  it is w o r t h w h i l e  to c o n s i d e r  s o m e  of the q u a l i t a t i v e  

r e s u l t s  of th i s  w o r k  with a vi e w  to a b e t t e r  u n d e r s t a n d i n g  of the 

EHD b o i l i n g  p h e n o m e n a .

W a t s o n  and S h a r b a u g h  C 1163 ha ve s u g g e s t e d  that m a g n i f i c a t i o n  of 

the a p p l i e d  e l e c t r i c  f i el d at a s p e r i t i e s  on an e l e c t r o d e  s u r f a c e  can 

lead to po w e r  d e n s i t i e s  of the or d e r  of 1 0 13 W / m 3 . T h e y  d e v e l o p e d

an e x p r e s s i o n  to d e t e r m i n e  the heat, H, r e q u i r e d  to v a p o r i z e  a unit 

m a ss of l i q u i d  by a p u l s e  of such io ni c h e a t in g:

H = c P (Tb - T a ) + i-fq (6.3)

175



w h e r e  c P is the s p e c i f i c  heat of the liquid, T b is its b o i l i n g  

p o in t at the g i v e n  h y d r o s t a t i c  p r e s s u r e ,  T a the a m b i e n t  t e m p e r a t u r e  

and i f 0 the l a t e n t  heat of v a p o r i z a t i o n .  By a s s u m i n g  a p a r t i c u l a r  

r e l a t i o n s h i p  b e t w e e n  the c u r r e n t  d e n s i t y  at an a s p e r i t y  e q u a t i o n

(6.3) was sh o w n  to gi v e  the r e q u i r e d  d e p e n d e n c e  of b r e a k d o w n  

s t r e n g t h  on p r e s s u r e  and d u r a t i o n  of a p p l i e d  e l e c t r i c  f i e l d  pulse. 

In EHD b o i l i n g  s t u d i e s  the fi r s t  t e r m  on the r i g h t  h a n d  s i d e  of

(6.3) ( g iv in g the r e q u i r e d  s e n s i b l e  heat input) can be n e g l e c t e d  

s i nc e the l i q u i d  is at the s a t u r a t i o n  t e m p e r a t u r e  (i.e. T A = T b = T s ) .  

Th is will r e d u c e  the a p p l i e d  v o l t a g e  r e q u i r e m e n t  for v a p o r i z a t i o n .  

W a ts on and S h a r b a u g h ' s  model do es not h a v e  the p r e s e n c e  of a v a p o u r  

n u c l e u s  as a p r e r e q u i s i t e  for v a p o u r  g e n e r a t i o n ,  so for e b u l l i t i o n  

to ta ke p l a c e  a f i n i t e  a m o u n t  of v a p o u r  must be g e n e r a t e d  to p r o d u c e  

a n u c l e u s  w i th g r e a t e r  th an the c r i t i c a l  r a d i u s  valu e, r* (cf. 

6.1.1). If an e q u i l i b r i u m  n u c l e u s  of the c r i t i c a l  r a d i u s  is a l r e a d y  

p r e s e n t  th en an y m i n u t e  a m o u n t  of i o n i c a l l y  g e n e r a t e d  v a p o u r  will 

t r i g g e r  n u c l e a t i o n .

K r a s u k i  [65] p o s t u l a t e d  a r a t h e r  m o r e  g e n e r a l  c o n d i t i o n  for 

ionic c a v i t a t i o n  w h e r e  v a p o r i z a t i o n  will o c c u r  w h e r e v e r  a p o i n t  of 

zero p r e s s u r e  is d e v e l o p e d  w i t h i n  the liquid. T h i s  wa s t h o u g h t  most 

l i k e l y  to h a p p e n  at th e s u r f a c e  of p a r t i c u l a t e  i m p u r i t i e s  or 

e l e c t r o d e s  w h e r e  the f i e l d  d e v e l o p s  an e l e c t r o m e c h a n i c a l  p r e s s u r e  

t e n d i n g  to lift the l i q u i d  off th e s u r f a c e  in q u e s t i o n .  K r az uk i 

d e v e l o p e d  his model to g i v e  an e x p r e s s i o n  for l i q u i d  b r e a k d o w n  

s t r e n g t h ,  Ebri

w h e r e  R is th e r a d i u s  at the tip of the p a r t i c l e  in q u e s t i o n  and 

£ l , and p L are l i q u i d  p e r m i t t i v i t y  and li q u i d  h y d r o s t a t i c  p r e s s u r e ,  

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

The q u a n t i t a t i v e  v a l i d i t y  of K r a z u k i ' s  model is li mi te d. 

Ho w e v e r ,  th e v i e w  that c a v i t i e s  do i n i t i a t e  b r e a k d o w n  has been 

s u p p o r t e d  by the visu al o b s e r v a t i o n s  of T h o m a s  CliO]. By the use of 

a laser i l l u m i n a t e d  S c h l i e r e n  t e c h n i q u e  he fo u n d  that a g r e a t  n u m b e r  

of i r r e g u l a r l y  s h a p e d  v a p o u r  c a v i t i e s  in the l i q u i d  are f o r m e d  at 

the e l e c t r o d e  s u r f a c e  over a p e r i o d  of ab out a m i c r o s e c o n d  b e f o r e

0 . 3 3 7 (6.4)
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b r e a k d o w n .  Of gr e a t  i n t e r e s t  to th o s e  c o n c e r n e d  with the EHD 

b o i l i n g  s i t u a t i o n  is the fact that t h e s e  c a v i t i e s  w e re all no l a r g e r  

than a p p r o x i m a t l y  0.1mm. T h o m a s  c o n c l u d e d  that th e s e  c a v i t i e s  in 

the l i q u i d  may h a v e  i n i t i a t e d  b r e a k d o w n  but o t h e r  m e c h a n i s m s ,  such 

as c o l l i s i o n  i o n i z a t i o n ,  ar e r e q u i r e d  to c a u s e  p r o p a g a t i o n  of the 

b r e a k d o w n  a c r o s s  the i n t e r e l e c t r o d e  gap.

The r e l e v a n c e  of K r a z u k i ' s  a p p r o a c h  and t h at of S h a r b a u g h  and 

W a t s o n  to E H D  b o i l i n g  n u c l e a t i o n  a c t i v a t i o n  m a y  no w be a s s e s s e d .  

F i r s t l y ,  the p r e s e n t  a u t h o r  wo ul d po in t out that the r e s u l t s  

p r e s e n t e d  in 5 . 3 . 3  i n d i c a t e d  that the e l e c t r i c a l  a c t i v a t i o n  of 

n u c l e a t i o n  us i n g  e l e c t r o d e  p o t e n t i a l s  of a b o u t  lOkV was s i m i l a r  to 

t h er ma l a c t i v a t i o n  in that s i t e s  r e m a i n e d  a c t i v e  a f t e r  r e m o v a l  of 

the field. In the p r e s e n t  a u t h o r ' s  vi ew t h i s  s u g g e s t s  that the 

a c t i v a t i o n  m e c h a n i s m  i n v o l v e d  c a v i t i e s ,  li ke t h o s e  of Fig. 6.3, 

c o n t a i n i n g  a v a p o u r  e m b r y o  wh ic h we r e  then e l e c t r i c a l l y  a c t i v a t e d  

r a t h e r  th an i n v o l v i n g  a p r o c e s s  w h e r e  the f l u i d  was " l i f t e d  off the 

s u r f a c e  of an a s p e r i t y "  as in the K r a z u k i  mode l. The g e o m e t r y  of 

the l a t t e r  wo u l d  r e s u l t  in a hi gh p r o b a b i l i t y  of th e  s i t e  b e i n g  

d e a c t i v a t e d  upon r e m o v a l  of the field.

C o l l i e r  C253 s u g g e s t s  that the m a x i m u m  r a d i u s  of a c t i v e  s i t e s  on 

sm o o t h  m e t a l l i c  s u r f a c e s  w i th r e f r i g e r a n t  f l u i d s  is <v0.5yum. Us i n g

(6.2) t h i s  g i v e s  a s u p e r h e a t ,  fals, r e q u i r e d  for a c t i v a t i o n  of R 114 

s i t e s  at 2 1 . 5 ° C  of a p p r o x i m a t e l y  7.8° C, w h i c h  is of th e s a m e  or d e r  

as for th e e x p e r i m e n t a l  r e s u l t s  of 5.3.3. T a k i n g  a m a x i m u m  n u c l e u s  

r a d i u s  r* = 0.5^tm, it is p o s s i b l e  to e s t i m a t e  the fi e l d  s t r e n g t h  , E, 

r e q u i r e d  to p r o d u c e  a "p o i n t  of z e r o  p r e s s u r e "  r e l a t i v e  to 

s a t u r a t i o n  p r e s s u r e  in the v a p o u r  n u c l e u s  t h e r e b y  a c t i v a t i n g  

n u c l e a t i o n  us i n g  K r a z u k i ' s  model ( a c c e p ti ng , of c o u r s e ,  that the 

field i n t e n s i t y  in a c a v i t y  is c o n s i d e r a b l y  le ss than on an a s p e r i t y  

for a g i v e n  a p p l i e d  v o l t a g e ) .  Th u s  fr om (6.4) with R 114 at 2 1 . 5 ° C  

E= 16.9 MV/m. T h i s  is a p p r o x i m a t e l y  an or d e r  of m a g n i t u d e  g r e a t e r  

than that for the e l e c t r o d e  p o t e n t i a l  of 1 0 kV a c t u a l l y  used.

The e f f e c t  of ionic h e a t i n g  c a n n o t  be so e a s i l y  q u a n t i f i e d  s i n c e  

one c a n n o t  e a s i l y  p r e d i c t  e i t h e r  the d i s t r i b u t i o n  of an ionic 

d i s c h a r g e  or the EH D  c o n v e c t i v e  f l o w  of li q u i d  r e s u l t i n g  f r o m  such 

c h a r g e  i n j e c t i o n .  In sh or t it is not p o s s i b l e  at this s t a g e  to
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q u a n t i f y  the local f l u i d  t e m p e r a t u r e  r i s e  in the v i c i n i t y  of a 

v a p o u r  em bryo. H o w e v e r ,  it is l i k e l y  that the a p p l i e d  m e a n  e l e c t r i c  

f i el d s t r e n g t h  at th e e d g e  of a s u r f a c e  c a v i t y  c o n t a i n i n g  a v a p o u r  

n u c l e u s  will be m a g n i f i e d  m a n y  t i m e s  due to the g e o m e t r y  of the 

s i t u a t i o n  and the p r e s e n c e  of the v a p o u r / 1 i q u i d  i n t e r f a c e .  The 

e l e c t r i c  fi e l d  d i s t r i b u t i o n  will be q u i t e  c o m p l e x  (see c h a p t e r  7) 

and c h a r g e s  i n j e c t e d  f r o m  the c a v i t y  ri m ma y be d r a w n  on to the 

v a p o u r / I i q u i d  i n t e r f a c e  itse lf . What is r e q u i r e d  for a c t i v a t i o n  is 

ionic h e a t i n g  s u f f i c i e n t  in m a g n i t u d e  to r a i s e  the local 

1 i q u i d / v a p o u r  i n t e r f a c e  t e m p e r a t u r e  by the s u p e r h e a t  g i v e n  in (6.2). 

F u r t h e r  r e s e a r c h  is r e q u i r e d  on t h i s  topic, and not o n l y  in the 

fi e l d  of EHD n u c l e a t i o n  a c t i v a t i o n  for, as G a l l a g h e r  [41] s u g g e s t s ,  

"... the f a c t o r s  r e s p o n s i b l e  for the i n i t i a t i o n  and g r o w t h  of a 

c a v i t y  [ v a p o u r  n u c l e u s ]  still r e m a i n  to be i d e n t i f i e d " .

b) B u b b l e  ch a m b e r s .

The fi r s t  b u b b l e  c h a m b e r  a p p a r a t u s  was d e v e l o p e d  in 1952 by 

G l a s e r  [44] wh o d i s c o v e r e d  that e b u l l i t i o n  in s u p e r h e a t e d  

d i e t h y l e t h e r  co u l d  be a c t i v a t e d  by the p r e s e n c e  of a s o u r c e  of 

i o n i z i n g  r a d i a t i o n  ( C o b a l t - 6 0  was us ed in that i n s t a n c e ) .  In the 

a b s e n c e  of such an i n t e n s e  s o u r c e  of r a d i a t i o n  e b u l l i t i o n  wo u l d  be 

a c t i v a t e d  by n a t u r a l  r a d i a t i o n  (e.g. by a c o s m i c  ray). B u b b l e  

c h a m b e r s  of c o n s i d e r a b l e  s o p h i s t i c a t i o n  are no w w i d e l y  us ed in 

e x p e r i m e n t a l  p a r t i c l e  p h y s i c s .  T h e s e  u n i t s  h a v e  l a r g e l y  r e p l a c e d  

the o r i g i n a l  cl o u d  c h a m b e r s  w h i c h  us ed the c o n d e n s a t i o n  c o r o l l a r y  of 

the a c t i v a t i o n  of e b u l l i t i o n  i.e. n u c l e a t i o n  s i t e s  are i n d u c e d  a l on g 

the pa t h  of a c h a r g e d  p a r t i c l e  m o v i n g  t h r o u g h  a m e t a s t a b l e  

( s u p e r s a t u r a t e d ) va p o u r ,  the r e s u l t i n g  l i q u i d  d r o p l e t s  th en i d e n t i f y  

the path of the p a r t i c l e .

D e s p i t e  the h i g h l y  d e v e l o p e d  o p e r a t i o n a l  p r i n c i p l e s  a s s o c i a t e d  

with m o d e r n  b u b b l e  c h a m b e r s  l i t t l e  a p p e a r s  to be kn o w n  of the 

p r o c e s s e s  by wh i c h  n u c l e a t i o n  is a c t i v a t e d .  To q u o t e  Yuan and Wu 

[120]: " T h e r e  is as yet no s a t i s f a c t o r y  t h e o r y  wh i c h  p r e d i c t s ,  for 

e x a m p l e ,  the d e g r e e  of s u p e r h e a t  r e q u i r e d  or the n u m b e r  of b u b b l e s  

f o r m e d  as a f u n c t i o n  of e n e r g y  loss". It is, t h e r e f o r e ,  h e a r t e n i n g  

for EHD r e s e a r c h e r s  (who h a v e  r e l a t i v e l y  small f i n a n c i a l  r e s o u r c e s  

to p u r s u e  th e i r  r e s e a r c h )  to le arn th at the p h y s i c i s t s  h a v e  a d v a n c e d
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l i t t l e  -further in the qu es t for a model of e l e c t r i c  f i e l d  in d u c e d  

n u c l e a t i o n .  So me e a r l y  work did a t t e m p t  t h e o r e t i c a l  a n a l y s i s  of the 

p r o b l e m .  B e r t a n z a  and Mart el 1 i [13] in p a r t i c u l a r  d e v e l o p e d  an 

e x p r e s s i o n  p r e d i c t i n g  the r a te of f o r m a t i o n  of " c r i t i c a l  b u b b l e s "  

(i.e. b u b b l e s  l a r g e r  than the e q u i l i b r i u m  r a d i u s ,  r*) in a 

t h e r m o d y n a m i c a l l y  m e t a s t a b l e  and i o n i z e d  liquid. A p p l i c a t i o n  of the 

a n a l y s i s  is at p r e s e n t  i m p r a c t i c a l  s i n c e  the s i z e  of "i ni ti al 

a g g r e g a t e s "  or v a p o u r  e m b r y o s  in the b o d y  of the l i q u i d  is re q u i r e d .  

The ma in, r a t h e r  s i m p l i s t i c ,  c o n c l u s i o n  fr o m  th e a n a l y s i s  is then 

m e r e l y  that g r e a t e r  l i q u i d  i o n i z a t i o n  le a d s  to i n c r e a s e d  n u c l e a t i o n .  

An e x t e n s i v e  s e a r c h  of the l i t e r a t u r e  by the p r e s e n t  a u t h o r  has 

f a i l e d  to reveal a n y  m o r e  r e c e n t  s t u d i e s  of g r e a t e r  ut i l i t y .

B u b b l e  c h a m b e r s  h a v e  sh o w n  that h i g h  v e l o c i t y  i o n i z i n g  p a r t i c l e s  

are c a p a b l e  of c a u s i n g  e b u l l i t i o n  w i t h i n  the b o d y  of a m e t a s t a b l e  

liquid. If, as s e e m s  li kely, the e b u l l i t i o n  a c t i v a t i o n  is the 

r e s u l t  of a brief i n t e r a c t i o n  b e t w e e n  the p a r t i c l e  and s u b - c r i t i c a l  

v a p o u r  e m b r y o s  (or "a g g r a g a t e s " ) th i s  w o u l d  e x p l a i n  wh y both a.c. 

and d.c. f i e l d s  can a c t i v a t e  n u c l e a t i o n  s i t e s  on a h e a t e d  su rf ac e. 

The fa ct that n u c l e a t i o n  can be i n i t i a t e d  by a.c. or d.c. f i e l d s  

d o e s  not p r e c l u d e  an e l e c t r o p h o r e t i c  e x p l a n a t i o n  of the p h e n o m e n o n .

VI) EH D e n h a n c e m e n t  of s i n g l e - p h a s e  he at t r a n s f e r .

In s e c t i o n  6.1.1 m e n t i o n  was m a d e  of the wo rk of H s u  C ] who 

c o n s i d e r e d  the e f f e c t  of the f i n i t e  t e m p e r a t u r e  g r a d i e n t  in a 

s a t u r a t e d  l i qu id at a h e a t e r  s u r f a c e  on the c r i t i c a l  r a d i u s  of a 

g r o w i n g  v a p o u r  n u c l e u s  (see Fig. 6.4). One of the e f f e c t s  of an 

e l e c t r i c  fi eld on t h i s  s i t u a t i o n  w o u l d  be EHD e n h a n c e m e n t  of 

s i n g l e - p h a s e  heat t r a n s f e r .  This w o u l d  lead to an increase in the 

d e g r e e  of w a l l - l i q u i d  s u p e r h e a t  r e q u i r e d  to p r o d u c e  a t e m p e r a t u r e  at 

the p o i n t  of the v a p o u r - l i q u i d  i n t e r f a c e  f u r t h e s t  f r o m  the wall 

s u f f i c i e n t  to s a t i s f y  e q u a t i o n  (6.2) and th us to a c t i v a t e  

n u c l e a t i o n .

In c o n c l u s i o n ,  the p r e s e n t  a u t h o r  wo u l d  s u g g e s t  t h at a nu m b e r  of 

p o s s i b l e  m e c h a n i s m s  may e x p a i n  the EH D e l i m i n a t i o n  of b o i l i n g  

h y s t e r e s i s ,  the most p l a u s i b l e  be in g r e l a t e d  to the e f f e c t s  of ionic 

h e a t i n g  and n u c l e a t i o n  by c h a r g e d  p a r t i c l e s .
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6.2 EHD E N H A N C E M E N T  OF E S T A B L I S H E D  N U C L E A T E  B O I L I N G

A c t i v a t i o n  of v a p o u r  g e n e r a t i n g  n u c l e a t i o n  s i t e s  on a h e a t e r  

s u r f a c e  in a s a t u r a t e d  li q u i d  r e s u l t s  in the t r a n s i t i o n  f r o m  n a tu ra l 

c o n v e c t i o n  to n u c l e a t e  b o i l i n g  with a c o r r e s p o n d i n g  d r a m a t i c  ri s e  in 

he at t r a n s f e r  rate. T h i s  i n c r e a s e  in heat t r a n s f e r  is p r i n c i p a l l y  

due to the g e n e r a t i o n  of v a p o u r  d u r i n g  wh ic h the l a t e n t  heat of 

v a p o r i z a t i o n  is a b s o r b e d  by the l i q u i d  e f f e c t i v e l y  g i v i n g  the 

t r a n s f e r  m e d i u m  a far g r e a t e r  heat c o n v e c t i n g  c a p a c i t y  per unit m a s s  

(e.g. c o m p a r e  the s p e c i f i c  heat of w a t e r  of * 4 . 2 2  k J / k g  K with its 

l a t e n t  heat of v a p o r i z a t i o n  of * 2 . 2 6  M J / k g  K at 100°C). In 

a d d i t i o n ,  the d e p a r t u r e  of b u b b l e s  f r o m  the h e a t e r  s u r f a c e  g r e a t l y  

i n c r e a s e s  d i s r u p t i o n  of the t h e r m a l  b o u n d a r y  la y e r  g i v i n g  h i g h e r  

r a t e s  of s i n g l e - p h a s e  heat t r a n s f e r .  The e f f e c t s  of an e l e c t r i c  

f i e l d  on n u c l e a t e  b o i l i n g  will t h e r e f o r e  m o d i f y  b o t h  th e s e  h e at 

t r a n s f e r  m e c h a n i s m s  to s o m e  extent. H o w e v e r ,  to go b e y o n d  a f a i r l y  

q u a l i t a t i v e  s t a t e m e n t  such as this is to e n te r a fi e l d  f r a u g h t  wi th 

d i s a g r e e m e n t  and c o n j e c t u r e  wh i c h  a r i s e s  as a r e s u l t  of the p r e s e n t  

" s t a t e - o f - t h e - a r t "  of b o i l i n g  t h e o r y  un d e r  z e r o - f i e l d  c o n d i t i o n s .  

To q u o t e  a r e c e n t  r e p o r t  by M a y i n g e r  and H o l l b o r n  [741: "B u b b l e

g r o w t h  is a v e ry c o m p l e x  p h e n o m e n o n  d e p e n d i n g  on v a r i o u s  i n f l u e n c e s  

and f o rc es . M u l t i l a t e r a l  a t t e m p t s  a i m i n g  at a g e n e r a l  t h e o r y  of 

b u b b l e  g r o w t h  an d t e m p o r a l  heat f l u x e s  h a v e  not yet s u c c e e d e d " .  

Thus, the f o l l o w i n g  a n a l y s i s ,  w h i c h  a t t e m p t s  to d e v e l o p  a s i m p l e  

model of EHD b o i l i n g  e n h a n c e m e n t ,  by n e c e s s i t y ,  ha s  to re ly on a 

p r e v i o u s  t y pe of z e r o - f i e l d  a n a l y s i s  wh ic h is but on e  am o n g  m a n y  

a p p r o a c h e s  to the p r o b l e m  of c o r r e l a t i n g  n u c l e a t e  b o i l i n g  heat 

t r a n s f e r .  The mo del b e l o w  is t h e r e f o r e  p r e s e n t e d  as a s t a r t i n g  

po i n t  for q u a n t i t a t i v e  c o r r e l a t i o n  of EH D n u c l e a t e  b o i l i n g  

e n h a n c e m e n t .  Th e f i r s t  p r o b l e m  th at must be d e a l t  w i t h  is the 

q u e s t i o n  of w h e t h e r  e l e c t r o p h o r e t i c  or d i e l e c t r o p h o r e t i c  f o r c e s  

p r e d o m i n a t e  in E H D  bo i l i n g .  In c o m m o n  wi th m o s t  p r e v i o u s  

r e s e a r c h e r s  the p r e s e n t  a u t h o r  a s s u m e s  d i e l e c t r o p h o r e s i s  to be the 

mo st i n f l u e n c i a l  s i n c e  the d e g r e e  of EHD e n h a n c e m e n t  a p p e a r s  to be 

i n d e p e n d e n t  of e l e c t r o d e  p o l a r i t y  or w h e t h e r  the e l e c t r i c  fi e l d  is 

a. c. or d.c.

A s i g n i f i c a n t  v i su al o b s e r v a t i o n  r e p o r t e d  in c h a p t e r  5 (though 

not s t u d i e d  q u a n t i t a t i v e l y )  was the d e c r e a s e  in b u b b l e  d e p a r t u r e
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d i a m e t e r  in b o i l i n g  R 114 r e s u l t i n g  fr om the a p p l i c a t i o n  of e l e c t r i c  

stress. T h i s  has be en o b s e r v e d  by ot h e r  r e s e a r c h e r s  and s t u d i e d  in 

detail by Baboi et al [83. In z e r o - f i e l d  b o i l i n g  mu ch r e s e a r c h  has 

been c a r r i e d  out on the r e l a t i o n s h i p  b e t w e e n  b u b b l e  d e p a r t u r e  

d i a m e t e r  and r e l e a s e  f r e q u e n c y  at a c t i v e  n u c l e a t i o n  site s. H o w e v e r ,  

d e s p i t e  th is e f f o r t  a n u m b e r  of m o d e l s  ex is t and s e v e r a l  h y p o t h e s e s  

have be en a s s e s s e d  r e c e n t l y  by C e u m e r n - L i n d e n s t j e r n a  C193. Most 

m o d e l s  t a k e  the form!

fD* = c o n s t a n t (6.5)

w h e r e  f is the b u b b l e  d e p a r t u r e  f r e q u e n c y ,  D t h e  d e p a r t u r e  

d i a m e t e r  and a an e x p o n e n t  the v a l u e  of wh i c h  g i v e s  r i s e  to mu ch of 

the d i s a g r e e m e n t  ov er w h i c h  model is c o r r e c t .  For e x a m p l e ,  a w i d e l y  

a c c e p t e d  model of Fr i t z  and En de [39] g i v e s  a - 1 . 0  as a r e s u l t  of 

c o n s i d e r i n g  the b a l a n c e  b e t w e e n  s u r f a c e  t e n s i o n  and b o u y a n c y  f o r c e s  

on a g r o w i n g  bubb le :

fD (6 . 6 )

w h e r e  s is the c o e f f i c i e n t  of s u r f a c e  t e n s i o n  and ‘is the 

d i f f e r e n c e  b e t w e e n  l i q u i d  and v a p o u r  d e n s i t i e s  (pL - p v ) .  A s i m i l a r  

a n a l y s i s  by Zu ber [121] gave:

fD 0 . 5 9 (6.7)

The a n a l y s i s  of b u b b l e  g r o w t h  b e c o m e s  e x t r e m e l y  c o m p l e x  if one 

c o n s i d e r s  the i n e r t i a l  and v i s c o u s  f o r c e s  that act on a g r o w i n g  

b u b b l e  w h i c h  is e f f e c t i v e l y  d i s p l a c i n g  a li q u i d  d u r i n g  its growth. 

At h i gh r a t e s  of v a p o u r  p r o d u c t i o n  t h e s e  f o r c e s  may p r e d o m i n a t e  and 

the r e l a t i o n  b e t w e e n  d e p a r t u r e  d i a m e t e r  and f r e q u e n c y  b e c o m e s  [191:

f 2 D = c o n s t a n t  (6.8)

S i n c e  e l e c t r i c  s t r e s s  a p p e a r s  to a f f e c t  d e p a r t u r e  d i a m e t e r /  

f r e q u e n c y  the q u e s t i o n  is then! "Can a m e a n s  of c o r r e l a t i o n  be 

d e v e l o p e d  f r o m  t h i s ? "  M a n y  m e a n s  of p r e d i c t i n g / c o r r e l a t i n g
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z e r o - f i e l d  b o i l i n g  heat t r a n s f e r  r a t e s  have b e e n  p r o p o s e d  s t a r t i n g  

with m o d e l s  of e i t h e r  the m i c r o s c o p i c  or m a c r o s c o p i c  a s p e c t s  of the 

b o i l i n g  pr o c e s s .  O f t e n  the o b j e c t i v e  has be en to p r o d u c e  a r e l a t i o n  

of the type:

Nu = C 2 .R e * .P r y (6.9)

w h e r e  Nu is the N u s s e l t  n u m b e r ,  Re the R e y n o l d s  n u m b e r ,  Pr the 

Pran dt l nu m b e r ,  C 2 , x and y be i n g  c o n s t a n t s .  The b u b b l e  d e p a r t u r e  

d i a m e t e r  has been used by R o s e n h o w  [923 as the c h a r a c t e r i s t i c  

d i m e n s i o n  in Nu and Re. The s u p e r f i c i a l  l i q u i d  v e l o c i t y  t o w a r d s  the 

h e a t e r  s u r f a c e  was a l s o  u s e d  to d e t e r m i n e  Re, i.e. f r o m  (6.6) we 

have:

Nu = — • F — ] ° * s (6.10)ki_ L gAp J
w h e r e  h is th e mean local b o i l i n g  heat t r a n s f e r

c o e f f i c i e n t ,  ki_ is l i q u i d  t h er ma l c o n d u c t i v i t y  and:

Re ( 6 . 11 )

w h e r e  q'm is local mean s u r f a c e  heat flux d e n s i t y ,  i « g the la t e n t  

heat of v a p o r i z a t i o n  and li q u i d  d y n a m i c  v i s c o s i t y .  The t h r e e  

g r o u p s  of t e r m s  on th e r i g h t  ha nd s i d e  of (6.11) t h e r e f o r e  r e p r e s e n t  

a v e l o c i t y ,  a c h a r a c t e r i s t i c  d i m e n s i o n  and a v i s c o s i t y ,  r e p e c t i v e l y .  

R o s e n h o w  th en p r o p o s e d  that:

Nu = C l .R e ‘1 _ n ’ .Pr <-m> (6.12)

the e x p o n e n t s  h a v i n g  th e s u g g e s t e d  v a l u e s  of n = 0 . 3 3  and m=0.7. 

It will no w  be d e m o n s t r a t e d  how t h is c o r r e l a t i o n  can be m o d i f i e d  to 

a c c o u n t  for EH D i n d u c e d  c h a n g e s  in d e p a r t u r e  d i a m e t e r .

Baboi et al [8] u s ed a h o r i z o n t a l  h e a t e d  w i re in b e n z e n e  and

high s p e e d  ci n e  f i l m  to i n v e s t i g a t e  q u a n t i t a t i v e l y  the r e l a t i o n
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b e t w e e n  d e p a r t u r e  d i a m e t e r  and e l e c t r i c  -field s t r e n g t h  at the w i r e  

su rf ac e. T h e i r  a n a l y t i c a l  model ag r e e d  v e r y  c l o s e l y  wi th 

e x p e r i m e n t a l  r e s u l t s .  T h e y  c o n s i d e r e d  a s i t u a t i o n  w h e r e  b u b b l e  

d e p a r t u r e  d i a m e t e r  was d e t e r m i n e d  by b u o y a n c y  and s u r f a c e  t e n s i o n  

f o r c e s  (cf. (6.6)). It wa s r e p o r t e d  that o t h e r  (Russian) s t u d i e s  

had sh ow n that gas b u b b l e s  in a c h a r g e d  l i q u i d  do not t r a n s p o r t  

c h a r g e  and it was t h e r e f o r e  c o n s i d e r e d  that o n l y  a d i e l e c t r o p h o r e t i c  

force, Fe , a c ts on the b u b b l e s  g i v e n  by:

F e
3 Vb 6l(£l ~ Ev)
8 .TT * (Ev + 2.Cl ) ’ ~ (6.13)

w h e r e  V B was b u b b l e  v o l u m e  and E l and Ev the a b s o l u t e  

p e r m i t t i v i t y  of l i q u i d  and v a p o u r  r e s p e c t i v e l y .  C o n v e r t i n g  (6.13) 

to SI u n i t s  we have:

3 Vb El (El ” Ev)
2 (Ev + 2 . E l ) ' ~

(6.14)

Baboi and B o l o g a  then f o u n d  the b r e a k a w a y  d i a m e t e r ,  D, to be (in

S I ) :

D
3 6 l (El - Cv) 2E2 
2 < 6 v + 2. E l ) gyi

(6.15)

w h e r e  w ( 6 c ) is a gi v e n  f u n c t i o n  of c o n t a c t  a n gl e, 0c, w h i c h  h e r e  

is a s s u m e d  to be a c o n s t a n t .  No w c o m b i n i n g  (6.11) and (6.15) we 

ha ve a p o s s i b l e  m e a n s  of c o r r e l a t i o n  e m p l o y i n g  a m o d i f i e d  R e y n o l d s  

n u mb er , R e E :

R e E
, 3 E l (El - Ev) £ E 2 =

2 (Ev + 2.€l_) gy J (6.16)

w h e r e  R e 0 is the z e r o - f i e l d  v a l u e  for a g i v e n  ra te of heat flux, 

q'm. A s i m i l a r  r e l a t i o n  for N u s s e l t  n u m b e r  w i t h  (Nu e ) and w i t h o u t  

(Nu0 ) e l e c t r i c  f i e l d  is gi v e n  by:
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^ - 0 . 5
(6.17)

N U e

Nuo
h e 
h o

+ 3 £ l ( £ l ** E v ) 
2 (Ev + 2 . e l )

2E;

gap

w h e r e  h E is the EHD e n h a n c e d  v a l u e  of he at t r a n s f e r  c o e f f i c i e n t  

c o r r e s p o n d i n g  to the z e r o - f i e l d  case, ho, at th e s a m e  qm* Thus, 

un d e r  c o n d i t i o n s  of c o n s t a n t  heat flux and s a t u r a t i o n  t e m p e r a t u r e  we 

ha ve fr o m  (6.12):

Nue _ [" Ree 1 <J-n)
Nuo ” L Reo i (6.18)

Thus, f r o m  (6.17) and (6.18):

h.
h o

3 E l (El - Ev) 
2 (E v + 2 .E l.)

- Ev) 
2 . E l )

J n /2

2£1 
g ap

s

(6.19)

The d e g r e e  to w h i c h  e q u a t i o n  (6.19) a c c u r a t e l y  m o d e l s  the 

p h y s i c a l  m e c h a n i s m  of EH D n u c l e a t e  b o i l i n g  e n h a n c e m e n t  is d e p e n d e n t ,  

in part, on th e a s s u m p t i o n s  i m p l i c i t l y  m a d e  w i t h i n  it, and t h e r e  are 

s e v e r a l ,  i n c l u d i n g :

i) B u b b l e  d e p a r t u r e  d i a m e t e r  is u n a f f e c t e d  by i n e r t i a l  or v i s c o u s  

f o r c e s  i.e. it is e f f e c t i v e l y  m o t i o n l e s s  and is o n l y  a c t e d  up on by 

b u o y a n c y ,  s u r f a c e  t e n s i o n  and d i e l e c t r o p h o r e t i c  f o rc es , ii) The 

e l e c t r i c  fi e l d  at the he at t r a n s f e r  s u r f a c e  is kn o w n  and is 

n o n - u n i f o r m ,  iii) The b u b b l e s  are u n c h a r g e d .  iv) S u r f a c e  t e n s i o n  

is u n a f f e c t e d  by f i e l d  s t r e n g t h  (a c o n c l u s i o n  h e l d  by Baboi et al 

[8] c o n t r a r y  to so me p o i n t s  r a i s e d  in c h a p t e r  3). v) C o n t a c t  

a n g l e  is u n a f f e c t e d  by f i e l d  s t r e n g t h .

The most l i m i t i n g  a s s u m p t i o n  a b o v e  wo ul d s e e m  to be i) s i n c e  the 

d e g r e e  of EHD e n h a n c e m e n t  g i v e n  by (6.19) is i n d e p e n d e n t  of heat 

flux d e n s i t y ,  q„. Th is has not been fo u n d  in p r a c t i c e ,  h o w e v e r .  All 

a v a i l a b l e  r e s e a r c h  r e s u l t s  s u g g e s t  that the t e r m  h E /ho d i m i n i s h e s  

with i n c r e a s i n g  q™. Thus, it m i gh t be the c a s e  that a c o r r e l a t i o n  

i n c l u d i n g  both the d i m e n s i o n l e s s  i n c r e a s e  in heat t r a n s f e r  fr o m  

(6.19) and a d i m e n s i o n l e s s  r e p r e s e n t a t i o n  of heat flux d e n s i t y  w o u l d
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be of u t i l i t y .  Th e a u t h o r  t h e r e f o r e  p r o p o s e s  that th e R e y n o l d s  

n u mb er b a s e d  on b u b b l e  d e p a r t u r e  d i a m e t e r  be i n c l u d e d  in (6.19) to 

give:

£=. . 4  i + 6 y- I " - 2ho L 2 (e v  + 2 . E l ) g^p J

or -£=■ = K 1 ( N e ) " /2 (R e . ) B (4.20)
n o

w h e r e  n = 0 . 3 3  as s u g g e s t e d  by R o s e n h o w  and B is to be d e t e r m i n e d  

fr om e x p e r i m e n t a l  r e s u l t  c o r r e l a t i o n .  Ne is a n o n - d i m e n s i o n a l  

n u m b e r  d e r i v e d  f r o m  the w o rk of Baboi et al and p r o p o s e d  by the 

p r e s e n t  a u t h o r  as a m e a n s  of c o r r e l a t i n g  EH D  e n h a n c e d  n u c l e a t e  

b o i l i n g  re s u l t s .

Fig. 6.6 s h o w s  a c o r r e l a t i o n  of all the EH D n u c l e a t e  b o i l i n g  

da t a  a v a i l a b l e  to the p r e s e n t  a u th or . It can be seen that a l t h o u g h  

th e r e  s c a t t e r  of the d a t a  a g e n e r a l  tr e n d  s h o w i n g  a c o n s i s t e n t  

d e c r e a s e  in (hE / h o ) ( N e ) “ n/2 with i n c r e a s i n g  R e y n o l d s  numb er . T h e r e  

are, h o w e v e r ,  s o m e  q u a l i f i c a t i o n s  that s h o u l d  a c c o m p a n y  an y 

d i s c u s s i o n  of Fig. 6.6. One c o n c e r n s  the d e t e r m i n a t i o n  of the 

m a g n i t u d e  of th e g r a d i e n t  of the e l e c t r i c  f i e l d  s t r e n g t h  s q u a r e d  

(i.e. 9 E 2 in (6.20)) at the heat t r a n s f e r  s u r f a c e .  T h i s  p a r a m e t e r  

has o n l y  b e en a c c u r a t e l y  a s s e s s e d  in the c a s e s  of W a t s o n  [1153 and 

M a r k e l s  and D u r f e e  C723 wh o both used c o n c e n t r i c  h e a t e r / e l e c t r o d e  

a p p a r a t u s .  Th e e l e c t r i c  f i e l d  s t r e n g t h ,  E r , at a r a d i u s  r f r o m  the 

a x is of the two c y l i n d e r  e l e c t r o d e s  with an a p p l i e d  p o t e n t i a l  

d i f f e r e n c e ,  V, is g i v e n  by:

Er

thus:

V_________
r .I n ( r 2 / r i )

7 E 2
d(Er)2 B _2_ r V
dr " r s L In (r2 /r *)

2= (Er)2

( 6 . 21 )

( 6 . 22 )

In the ca se of the work of both B o n j o u r  et al [163 and Baboi et 

al [83 a p p a r a t u s  i n c o r p o r a t i n g  a f i n e  h e a t e d  wi re w i t h  a p a r a l l e l  

rod e l e c t r o d e  w e r e  used. U n f o r t u n a t e l y  for p r e s e n t  p u r p o s e s  in both
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th e s e  s t u d i e s  the i n t e r - e l e c t r o d e  gap was not s p e c i f i e d  and in [16] 

the r a d i u s  of the rod e l e c t r o d e  was a l s o  not m e n t i o n e d .  The p r e s e n t  

au t h o r  has t h e r e f o r e ,  r e l u c t a n t l y ,  a s s u m e d  (6.22) to gi v e  an

e s t i m a t i o n  of V E 2 in the p a r a l l e l  e l e c t r o d e  s i t u a t i o n ,  s i n c e  fi el d 

s t r e n g t h s  at the he at t r a n s f e r  s u r f a c e ,  E r , and wi re d i a m e t e r s  are 

g i ve n in [16] and [8]. R e s u l t s  f r o m  B o n j o u r  et al in Fig 6.6 ha ve 

t h e r e f o r e  be en c a l c u l a t e d  f r o m  t h e i r  e x p e r i m e n t a l  r e s u l t s  for

e t h y l e t h e r  ta ke n f r o m  Fig. 1 of r e f e r e n c e  [16] a s s u m i n g  the fi eld 

d i s t r i b u t i o n  to be g i v e n  by (6.22) and that th e i r  e x p e r i m e n t s  w e re

c o n d u c t e d  at a t m o s p h e r i c  p r e s s u r e .  T h i s  f i x e s  the b o i l i n g  po i n t  of

e t h y l e t h e r  as 3 4 , 5 ° C  and all r e q u i r e d  t h e r m o p h y s i c a l  and e l e c t r i c a l  

p r o p e r t i e s  w e r e  s o u g h t  by the p r e s e n t  a u t h o r  at t h at t e m p e r a t u r e .  

S i m i l a r l y ,  the r e s u l t s  of Baboi et al [8] w e r e  ta k e n  f r o m  th e i r  Fig. 

3 for s a t u r a t e d  b o i l i n g  T o l u e n e  (TS= 1 1 2 ° C ) .  Fig. 3 of [8] a l s o  gave 

r e s u l t s  for EH D e n h a n c e m e n t  of " u n d e r h e a t e d "  t o l u e n e  at a 

t e m p e r a t u r e  of 26°C. C o n s i d e r a b l y  g r e a t e r  e n h a n c e m e n t  of heat

t r a n s f e r  wa s a c h i e v e d  at h i g h e r  heat flux d e n s i t i e s  in th is ca se

than for the s a t u r a t e d  liquid. Th is may be e x p l a i n e d  by the g r e a t e r  

r o l e  of n a t u r a l  c o n v e c t i o n  h e a t  t r a n s f e r  in the u n d e r h e a t e d  ca se 

r e s u l t i n g  in a d i s p r o p o r t i o n a t e l y  h i g h  E H D  e n h a n c e m e n t .

In th e p r e s e n t  s t u d y  the c h o i c e  of an e s t i m a t e  of V E 2 on 

the l o - f i n  t u b e  wa s to s o m e  e x t e n t  a r b i t r a r y  and has in fact been 

c a l c u l a t e d  for Fig. 6.6 as f o l l o w s ;  us i n g  th e t w o - d i m e n s i o n a l  

c o m p u t e r  e v a l u a t i o n  of the fi e l d  on th e l o - f i n  t u b e  (see c h a p t e r  7) 

the d i f f e r e n c e  in fi e l d  s t r e n g t h ,  ^E, b e t w e e n  that on the c o r n e r  of 

the fin tip and th e m i d - p o i n t  b e t w e e n  two fin t i p s  was

appr ox i m a te ly :

AE = (4.25 - 0.67)xl51xVo (V/m)

w h e r e  Vo was th e a p p l i e d  e l e c t r o d e  p o t e n t i a l .  Thus:

H 2 = 9.50 x Vo x 10"7 (V2/ms)

The s o l i d  l i n e  in Fig. 6.6 r e p r e s e n t s  a l e as t s q u a r e s  best fit 

to the d a t a  of the p r e s e n t  a u th or , B o n j o u r  et al [16] and Baboi et 

al [8], Th i s  c o r r e l a t i o n  then gave:
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0 . 3 2 8 ( R e E ) - ° - 2 9 s ( N e ) ° - 166 (6.23)
h
h

The d a t a  of W a t s o n  C 1153 and M a r k e l s  and D u r f e e  C723 

we re not used in the c o r r e l a t i o n  of (6.23) for two re a s o n s !

a) W a t s o n ' s  e x p e r i m e n t s  w e r e  c a r r i e d  out with l i q u i d  h e x a n e  at 

a t e m p e r a t u r e  of 2 6 ° C  c o m p a r e d  w i th a s a t u r a t i o n  t e m p e r a t u r e  of 

a p p r o x i m a t e l y  69°C at 1 bar. Hi s r e s u l t s  t h e r e f o r e  a p p l y  to an 

e x t r e m e l y  u n d e r h e a t e d  s i t u a t i o n .  As a r e s u l t  one w o u l d  e x p e c t  his 

r e s u l t s  p l o t t e d  in Fig. 6.6 to h a v e  high v a l u e s  of th e p a r a m e t e r  

(hE / h o ) .N e - * 166 c o m p a r e d  with a s a t u r a t e d  b o i l i n g  s i t u a t i o n .  T h is 

can be se en to be th e case.

b) M a r k e l s  and D u r f e e  used wa t e r  as th e i r  te st liquid. 

E x t r e m e l y  la r g e  io ni c c u r r e n t s  w e r e  dr aw n d u r i n g  E H D  e n h a n c e m e n t  

wh ic h in so me c a s e s  a c c o u n t e d  for n e a r l y  all the i n c r e a s e d  heat 

flux. T h e i r  r e s u l t s  h a v e  t h u s  b e e n  sh own in Fig. 6.6 o n l y  for 

i l l u s t r a t i o n  of the or d e r  of m a g n i t u d e  of R e £ to be f o u n d  in wa t e r  

e x p e r i m e n t s .

T h e r e  ha ve be en s e v e r a l  ot he r s t u d i e s  of EHD b o i l i n g  (e.g. by 

Asch C6]) wh ic h h a v e  used a p l a n a r  e l e c t r i c a l  g e o m e t r y .  R e l a t i v e l y  

l i t t l e  EH D e n h a n c e m e n t  of heat t r a n s f e r  was o b t a i n e d  in t h e s e  

s t u d i e s  r e f l e c t i n g  th e i m p o r t a n c e  of an n o n - u n i f o r m  f i e l d  for 

e f f e c t i v e  e n h a n c e m e n t .  H o w e v e r ,  some e n h a n c e m e n t  was found, 

u n d o u b t e d l y  b e c a u s e  of f i e l d  i n h o m o g e n e i t i e s  c a u s e d  by the p r e s e n c e  

of the v a p o u r  b u b b l e s  t h e m s e l v e s .  A c o r r e l a t i o n  m e t h o d  for t h e s e  

p l a n a r  c a s e s  w o u l d  r e q u i r e  a m e a s u r e  of this fi e l d  i n h o m o g e n e i t y .  

The p r e s e n t  a u t h o r  feel s, h o w e v e r ,  that s i n c e  it is no w known that 

the g r e a t e s t  e f f e c t  of e l e c t r i c  s t r e s s  is a c h i e v e d  u s i n g  n o n - p l a n a r  

heat t r a n s f e r  s u r f a c e s  f u t u r e  r e s e a r c h  e f f o r t s  s h o u l d  be d i r e c t e d  

t o w a r d s  a c c u r a t e  m o d e l l i n g  and o p t i m i z a t i o n  of t h o s e  s i t u a t i o n s .

6.3 EH D E B U L L I T I O N  AT AN U N H E A T E D  E L E C T R O D E

In s e c t i o n  5 . 3 . 4  e x p e r i m e n t a l  o b s e r v a t i o n s  of an EHD i n d u c e d  

v a p o u r  g e n e r a t i o n  p h e n o m e n o n  we re r e p o r t e d  at the s u r f a c e  of an 

u n h e a t e d  l o -f in tube. This ef f e c t  has not been p r e v i o u s l y  r e p o r t e d
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by o t h e r  r e s e a r c h e r s .  Th e p r e s e n t  a u t h o r  has no d e f i n i t i v e  

e x p l a n a t i o n  of the p h e n o m e n o n .  H o w e v e r ,  a b r ie f d i s c u s s i o n  of th is 

ef f e c t  is no w p r e s e n t e d .

The p r e r e q u i s i t e s  for the o c c u r r e n c e  of the p h e n o m e n o n  

( h e n c e f o r t h  r e f e r r e d  to as F i e l d  I n d u c e d  E b u l l i t i o n ,  FIE) a p p e a r  to 

be a h i g h l y  i n h o m o g e n e o u s  e l e c t r i c  fi el d at an e l e c t r o d e  s u r f a c e  

wh ic h s h o u l d  be s u r r o u n d e d  by a t h e r m a l l y  i n h o m o g e n e o u s  s a t u r a t e d  

liquid. Se v e r a l  m e c h a n i s m s  may o p e r a t e  in t h i s  s i t u a t i o n .  F i r s t l y ,  

the l i t t l e  k n ow n " e l e c t r o c a l o r i c  e f f e c t "  will p l a y  s o m e  part. Th is 

effe ct , t h e o r e t i c a l l y  a n a l y s e d  by L a n d a u  and L i f s c h i t z  [663 , is 

s i m i l a r  to the m a g n e t i c a l l y  a n a l o g o u s  s i t u a t i o n  w h e r e  an i n t e n s e  

m a g n e t i c  f i e l d  a p p l i e d  to a p a r a - m a g n e t i c  s a m p l e  at low t e m p e r a t u r e s  

(or a f e r r o m a g n e t i c  s a m p l e  near its C u r i e  t e m p e r a t u r e )  will c a u s e  

the t e m p e r a t u r e  of the m a t e r i a l  to r i s e  un d e r  a d i a b a t i c  c o n d i t i o n s  

[1033, [543. S i m i l a r l y ,  a p p l i c a t i o n  of an i n t e n s e  e l e c t r i c  f i e l d  to 

a p o l a r i z a b l e  d i e l e c t r i c  will c a u s e  a rise in t e m p e r a t u r e  w h e r e  the 

e f f e c t i v e  he at i n pu t Q to the b o d y  of v o l u m e  V and t e m p e r a t u r e  T, 

un de r c o n s t a n t  p r e s s u r e  p, is gi ve n by [663:

Q (6.24)

w h e r e  K d is the m a t e r i a l  s u s c e p t i b i l i t y .  A mo re c o n v e n i e n t  f o rm 

of (6.24) is gi v e n  by L a n d a u  and L i f s h i t z  for a p l a n e  di sc wi th a 

p e r p e n d i c u l a r  f i e l d  a p p l i e d ,  th en (in SI unit s) :

Q
T V E 2

2 (6.25)

w h e r e  e r is the r e l a t i v e  p e r m i t t i v i t y  and p the c o e f f i c i e n t  of 

t h er ma l e x p a n s i o n  of the d i e l e c t r i c .  Fr o m  t h i s  e x p r e s s i o n  we can 

gain s o m e  i n s i g h t  in to the m a g n i t u d e  of the e l e c t r o c a l o r i c  

t e m p e r a t u r e  rise, ^T, e x p e c t e d  in R 114 s u r r o u n d i n g  th e l o - f i n  tu be 

at h i g h - f i e l d  i n t e n s i t i e s .  A s s u m i n g  T = 2 5 ° C  and the m a x i m u m  local 

fi el d s t r e n g t h  to be 3 M V / m  then (6.25) c o m b i n e d  with:

d e r i v e d  f r o m  th e C l a u s i u s - M o s s o t t i  r e l a t i o n s h i p  [1043, g i v e s  a
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t e m p e r a t u r e  r i s e  of the o r d e r  = 2 . 2 6 x 1 0 “ ° °C. C l e a r l y  t h i s  is

i n s u f f i c i e n t  to a c c o u n t  for the FI E o b s e r v e d  in s e c t i o n  5.3.4.

The h i g h l y  i n h o m o g e n e o u s  fi e l d  will, h o w e v e r ,  ha v e  se ve ra l ot h e r  

p o s s i b l e  e f f e c t s  i n c l u d i n g :

a) P r o d u c t i o n  of local p r e s s u r e  v a r i a t i o n s  due to

e l e c t r o s t r i c t i v e  fo rces. T h e r e  is some d e b a t e  as to the tr ue 

m a n i f e s t a t i o n  of e l e c t r o s t r i c t i o n . Ho w e v e r ,  if one a c c e p t s  that 

e l e c t r o s t r i c t i v e  p r e s s u r e  p E s g i v e n  by (3.19) i n c r e a s e s  local 

h y d r o s t a t i c  p r e s s u r e  then a m e a s u r e  of the local EHD i n d u c e d  

d i f f e r e n c e s  in p r e s s u r e  b e t w e e n  the tip and r o o t  of a l o - f i n  t u b e  

fin can be g a i n e d  a s s u m i n g  that local f i e l d  s t r e n g t h  in t h e s e  

r e g i o n s  is a p p r o x i m a t e l y  4 . 2 5  and 0 . 6 7  t i m e s  t h a t  of the a p p l i e d  

field, r e s p e c t i v e l y  (see s e c t i o n  6.2 above). F r o m  (3.19) this g i v e s  

the e l e c t r o s t r i c t i v e  p r e s s u r e  d i f f e r e n c e  A p e s  as a p p r o x i m a t e l y  

1 . 8 x l 0 3 Pa at 2 5 ° C  in R 114. T h i s  c o r r e s p o n d s  to an e f f e c t i v e  c h a n g e

in local s a t u r a t i o n  t e m p e r a t u r e  of some 0. 24°C. H o w e v e r ,  fr om 

e x p e r i m e n t a l  o b s e r v a t i o n  t h i s  a l o n e  c a n n o t  a c c o u n t  for F I E  s i n c e  it 

has been f o u n d  not to oc cu r in an i s o t h e r m a l  s i t u a t i o n .

b) Any t h e r m a l  i n h o m o g e n e i t i e s  in the l i q u i d  R 114 will r e s u l t  

in w a r m e r  l i q u i d  (of lo we r p e r m i t t i v i t y )  b e i n g  c o l l e c t e d  in the 

l o w - i n t e n s i t y  f i e l d  r e g i o n  at fin r o o t s  or w i t h i n  a mesh e l e c t r o d e  

by d i e l e c t r o p h o r e t i c  forces.

c) V a p o u r  n u cl ei p r o d u c e d  in the h i g h - f i e l d  r e g i o n  at fin t i p s  

by m e c h a n i s m s  d e s c r i b e d  in 6 . 1 . 2 ( V )  ma y be m o v e d  to and then t r a p p e d  

in the l o w - f i e l d  fin root a r e a  by d i e l e c t r o p h o r e s i s .  T h e s e  nuclei 

w o ul d be i n c a p a b l e  of g r o w t h  (and wo uld i n d e e d  c o l l a p s e )  in an 

i s o t h e r m a l  s a t u r a t e d  l i q u i d  w h ic h r e q u i r e s  s u p e r h e a t  (see e q u a t i o n

(6.2)) for s u r f a c e  t e n s i o n  f o r c e s  to be o v e r c o m e .  H o w e v e r ,  the 

e f f e c t s  of a) and b) a b o v e  c o u l d  lead to s u f f i c i e n t  local s u p e r h e a t  

to ca u s e  e b u l l i t i o n  to occur. Such an e x p l a n a t i o n  of FI E wo u l d  

c o nc ur with the i d e n t i c a l  e l e c t r o d e  c u r r e n t s  d r a w n  in the i s o t h e r m a l  

and the FI E e x p e r i m e n t s  r e p o r t e d  in 5.3.4. I o n i c a l l y  g e n e r a t e d  

v a po ur nucl ei w o u l d  be p r e s e n t  in bo th cases, but in the i s o t h e r m a l  

s i t u a t i o n  t h e y  w o u l d  c o l l a p s e  b e f o r e  b e c o m i n g  s u pe r c r i t i c a l  in 

radius.
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C O N C L U S I O N S

The t h e o r e  tical d i s c u s s i o n  of v a r i o u s  o b s e r v e d  EHD b o i l i n g  

p h e n o m e n a  a b o v e  ha s r e s u l t e d  in the f o l l o w i n g  c o n c l u s i o n s :

(a) A n u m b e r  of m e c h a n i s m s  may o p e r a t e  to c a u s e  e l e c t r i c a l  

a c t i v a t i o n  of n u c l e a t i o n  s i t e s  on a b o i l i n g  he a t  t r a n s f e r  su r f a c e .  

The most i m p o r t a n t  are t h o u g h t  to be: f i e l d  i n d u c e d  c h a n g e s  in 

s u r f a c e  t e n s i o n  and c o n t a c t  angle; c h a r g e  i n j e c t i o n / j o u l e  h e a t i n g ;  

and EHD f o r c e s  on the l i q u i d - v a p o u r  i n t e rf ac e.

(b) A m e t h o d  of c o r r e l a t i n g  EH D  n u c l e a t e  b o i l i n g  e n h a n c e m e n t  d a t a  

has been d e v e l o p e d .  Th is u t i l i z e s  a fa c t o r  Ne, d e r i v e d  fr om an 

a n a l y s i s  of fi e l d  e f f e c t s  on b u b b l e  d e p a r t u r e  d i a m e t e r  by Baboi et 

al [81, and an e l e c t r i c a l  R e y n o l d s  n u mb er , R e E , d e r i v e d  fr om the 

z e r o - f i e l d  b o i l i n g  c o r r e l a t i o n  a n a l y s i s  of R o s e n h o w  C92],

(c) The Fi e l d  I n d u c e d  E b u l l i t i o n  (FIE) p h e n o m e n o n  d e s c r i b e d  in ch. 

5 is u n l i k e l y  to be c a u s e d  by the " e l e c t r o c a l o r i c  e f f e c t " .  Ot h e r ,  

m o r e  p r o b a b l e  e x p l a n a t i o n s  i n c l ud e: field i n d u c e d  local s a t u r a t i o n  

p r e s s u r e  v a r i a t i o n ;  e l e c t r i c a l  p r o d u c t i o n  of s u b - c r i t i c a l  v a p o u r  

e m b r y o s  w h i c h  w o u l d  be d i e l e c t r o p h o r e t i c a l  1 y m o v e d  to r e g i o n s  of 

h i g h e s t  fi e l d  s t r e n g t h  or t e m p e r a t u r e .
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CH. 7 C O M P U T E R  M O D E L L I N G

The t h e o r e t i c a l  a n a l y s i s  of all EHD he at t r a n s f e r  s i t u a t i o n s  

is c o m p l e x  due to the i n t e r a c t i v e  i n f l u e n c e s  of t h e r m a l ,  e l e c t r i c a l  

and v e l o c i t y  f i e l d s  on the c o n v e c t i v e  h e a t  t r a n s f e r  m e d i u m  or

media. An y p r a c t i c a l l y  r e a l i z e d  EH D e n h a n c e m e n t  of heat t r a n s f e r  

can, at p r e s e n t ,  on ly be m o d e l l e d  wi th c o n s i d e r a b l e  s i m p l i f i c a t i o n  

of the t r u e  s i t u a t i o n .  T h i s  c h a p t e r  d e s c r i b e s  the b a s i s  of the

n u m e r i c a l  m o d e l s  used to a n a l y s e  s e ve ra l of the s i t u a t i o n s

i n v e s t i g a t e d  and r e p o r t e d  in e a r l i e r  c h a p t e r s .  All c o m p u t i n g  wa s

c a r r i e d  out on the Im pe ri al C o l l e g e  m a i n f r a m e  c o m p u t e r  (CDC 6600) 

us in g F o r t r a n  IV.

7.1 S I N G L E  M E D I U M  E L E C T R I C A L / T H E R M A L  FI E L D  A N A L Y S I S

In s e v e r a l  e x p e r i m e n t a l  s i t u a t i o n s  d e s c r i b e d  in c h a p t e r s  4 

and 5 k n o w l e d g e  of the f i e l d  d i s t r i b u t i o n  on an EH D heat t r a n s f e r  

s u r f a c e  was r e q u i r e d  (e.g. on the s m o o t h  c o n d e n s e r  tu be w i t h  

e l e c t r o d e  s y s t e m  c) of Fig. 4.7). In the s t u d y  of c o n d e n s a t i o n  the 

t h i c k n e s s  of c o n d e n s a t e  f i l m  wa s c o n s i d e r e d  to be n e g l i g i b l e  

c o m p a r e d  to the i n t e r e l e c t r o d e  d i s t a n c e ,  thus, the s i t u a t i o n  wa s 

e s s e n t i a l l y  one of an e l e c t r o s t a t i c  fi el d in a s i n g l e  d i e l e c t r i c  

m e d i u m  b o u n d e d  by c o n d u c t o r s .  T h r e e  main m e t h o d s  of a n a l y s i n g  the 

fi eld d i s t r i b u t i o n  we re p o s s i b l e :  f i n i t e  d i f f e r e n c e ,  f i n i t e  

e l e m e n t  or b o u n d a r y  i n t e g r a l .  Th e  latt er wa s  c h o s e n  and used for 

all fi e l d  a n a l y s e s  in this p r o j e c t  for the r e a s o n s  o u t l i n e d  in 

s e c t i o n  3.3. Th e use of a f i n i t e  d i f f e r e n c e  or f i n i t e  e l e m e n t  

s c h e m e  w o u l d  h a v e  gi v e n  the c a p a c i t y  for m o d e l l i n g  the p r e s e n c e  of 

f r e e  c h a r g e s  w i t h i n  a d i e l e c t r i c  or heat s o u r c e s  in a th e r m a l  

field. H o w e v e r ,  the ma j o r  p r o b l e m  c o n s i d e r e d  in the f o l l o w i n g  

t h e o r e t i c a l  a n a l y s i s  was the d e t e r m i n a t i o n  of th e si ze and s h a p e  of 

an i n s t a b i l i t y  on an e l e c t r i c a l l y  s t r e s s e d  i n t e r f a c e  b e t w e e n  two 

d i e l e c t r i c  media. Th e p r i m a r y  r e q u i r e m e n t  of the m e t h o d  of f i e l d  

s o l u t i o n  was t h e r e f o r e  the ne ed for e a s e  of m o d i f y i n g  the g e o m e t r y  

of the f i e l d  doma in . S e t t i n g  up of the nodal or e l e m e n t a l  m e s h e s  

in f i n i t e  d i f f e r e n c e  or f i n i t e  e l e m e n t  s c h e m e s  can r e p r e s e n t  a 

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

were t h e r e f o r e  r e j e c t e d .
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Two t y p e s  of fi e l d  r e q u i r e d  a n a l y s i s  d u r i n g  the c o u r s e  of 

the p r o j e c t : -

a) a n a l y s i s  of a p o t e n t i a l  f i e l d  in a s i n g l e  me d i u m ,  e.g.

d e t e r m i n a t i o n  of the t h e r m a l  f i e l d  in a d e s t a b i l i z e d  c o n d e n s a t e

film, see s e c t i o n  3.2 and Fig. 3.3, and of th e fi e l d  d i s t r i b u t i o n  

a r o u n d  the EH D c o n d e n s e r  t u b e  wi th v a r i o u s  e l e c t r o d e  s y s t em s.

b) a n a l y s i s  of a s i t u a t i o n  wi th two d i e l e c t r i c  m e d i a  e.g.

d e t e r m i n a t i o n  of EH D c o n d e n s a t e  i n s t a b i l i t y  w a v e l e n g t h  and shape.

For p r o b l e m s  of t y p e  b) the p r e s e n t  a u t h o r  d e v e l o p e d  his own 

b o u n d a r y  i n t e g r a l  c o m p u t e r  p r o g r a m  d e s c r i b e d  in s e c t i o n  7.2 b e l o w  

(where an o u t l i n e  of the p r i n c i p l e s  of the b o u n d a r y  i n t e g r a l  m e t h o d  

may a l s o  be fo u n d ) .  F i e l d s  of t y p e  a) we re s o l v e d  u s i n g  a p r o g r a m  

a v a i l a b l e  on the Im pe ri al C o l l e g e  m a i n f r a m e  c o m p u t e r  as part of the 

NA G (N ational A l g o r i t h m  Group) L i b r a r y .  T h i s  p r o g r a m  (D03EAF) us e s  

a two d i m e n s i o n a l  b o u n d a r y  i n t e g r a l  e q u a t i o n  m e t h o d  to s o l v e  

L a p l a c e ' s  e q u a t i o n  (3.16) u s i n g  G r e e n ' s  f o r m u l a .  By wa y of

e x a m p l e ,  t h e r e  no w f o l l o w s  a d e s c r i p t i o n  of how t h i s  p r o g r a m  was 

used to c a l c u l a t e  the d e c r e a s e  in t h er ma l r e s i s t a n c e  of an EHD 

d e s t a b i l i z e d  c o n d e n s a t e  film.

7.1.1 T h e r m a l  r e s i s t a n c e  of c o n d e n s a t e  film

Fig. 7.1 s h o w s  th e t h e r m a l  fi el d d o m a i n  w i t h i n  a o n e - h a l f 

w a v e l e n g t h  (?W/2) of a d e s t a b i l i z e d  c o n d e n s a t e  f i l m  c o r r e s p o n d i n g  

to the l i q u i d  r e g i o n  of Fig. 3.4 h a v i n g  a s i n u s o i d a l  i n s t a b i l i t y  of 

a m p l i t u d e  a . T h i s  s i t u a t i o n  was m o d e l l e d  by a s s u m i n g  that heat 

t r a n s f e r  f r o m  the c o n d e n s i n g  v a p o u r  at th e s u r f a c e  of the 

d e s t a b i l i z e d  f i l m  to the heat t r a n s f e r  s u r f a c e  o c c u r e d  by 

c o n d u c t i o n  alone. Th e b o u n d a r i e s  of the d o m a i n  w e r e  d i v i d e d  in to a 

n u m b e r  of e l e m e n t s  each c o n t a i n i n g  a node at w h i c h  the t e m p e r a t u r e  

of the g i v e n  e l e m e n t  was e i t h e r  p r e s c r i b e d  or to be found. The 

thermal f i e l d  w i t h i n  the f i l m  was t h e r e f o r e  g i v e n  by L a p l a c e ' s  

e q u a t i o n :

V 2 T = 0 (7.1)
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d e s t a b i l i z e d  condensate f i lm.



w h e r e  T wa s l i qu id t e m p e r a t u r e  at a g i v e n  point. To a s s e s s  

the c h a n g e  in the ther ma l c o n d u c t a n c e  of the u n d i s t u r b e d  fi l m  the 

p r o b l e m  was g e n e r a l i z e d  (i.e. m a d e  n o n - d i m e n s i o n a l ) by t a k i n g  the 

mean fi lm t h i c k n e s s ,  & m , as the c h a r a c t e r i s t i c  d i m e n s i o n .  

N o n - d i m e n s i o n a l i z i n g  the p o s i t i o n  v a r i a b l e s  x and y gave:

x ' = x / 6 m ; y ' = y / 6 m

s i m i l a r l y  n o n - d i m e n s i o n a l  w a v e l e n g t h  and a m p l i t u d e  we re 

gi ven by:

X L = ? U / 6 m and u = a / 6 m

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

ta ken as that b e t w e e n  the v a p o u r - l i q u i d  i n t e r f a c e ,  T a , and the heat 

t r a n s f e r  s u r f a c e ,  T w , g i v i n g  the n o n - d i m e n s i o n a l  t e m p e r a t u r e  at any 

p o i n t , ( x ,y ), as:

T ' ( x ' , y ') T <*.y>
(T s - T w )

The n o n - d i m e n s i o n a l  local he at flux d e n s i t y ,  q ', at any 

po i n t  on th e h e a t  t r a n s f e r  s u r f a c e  was t h e r e f o r e :

ku
(7.2)

w h e r e  q and ki_ w e re ( d i m e n s i o n a l )  heat flux d e n s i t y  and 

l i qu id th e r m a l  c o n d u c t i v i t y ,  r e s p e c t i v e l y .  Th e n o n - d i m e n s i o n a l  

heat t r a n s f e r  c o e f f i c i e n t ,  h', for the film was then d e t e r m i n e d  

fr om the mean h e a t  flux d e n s i t y  a l o n g  the l e n g t h  of the heat 

t r a n s f e r  s u r f a c e  i.e.:

h'
1 . 1 

I T  I S (7.3)

w h e r e  N H T S  is the n u m b e r  of e l e m e n t s  on the h e at t r a n s f e r  

s u r f a c e  b o u n d a r y ,  L* the l e n g t h  of the ith. e l e m e n t  and qi the 

local n o n - d i m e n s i o n a l  heat flux d e n s i t y  d e t e r m i n e d  at the ith. 

node. h' is th en also a m e a s u r e  of the i n c r e a s e d  heat t r a n s f e r  

ra te r e s u l t i n g  f r o m  the f i l m  i n s t a b i l i t y  s i n c e  h'=l for the 

u n d i s t u r b e d  film. Thus, in all cases:
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h' (7.4)
h m , O

wh e r e  h m ,E and h m ,o are d i m e n s i o n a l  v a l u e s  o-f mean -Film he at 

t r a n s f e r  c o e f f i c i e n t  with and w i t h o u t  EH D i n s t a b i l i t y ,  

r e s p e c t i v e l y . Th e local v a l u e s  of thermal g r a d i e n t  and t h e r e f o r e  

q' w e r e  d e t e r m i n e d  u s i n g  the p r o g r a m  D 0 3 E A F  to s o l v e  (7.1) in the 

d o m a i n  of Fig. 7.1. The b o u n d a r y  c o n d i t i o n s  for e q u a t i o n  7.1 in 

th is s i t u a t i o n  ar e mi x e d  i.e. b o t h  D i r i c h l e t  and N e u m a n n  c o n d i t i o n s  

ap p l y  to v a r i o u s  b o u n d a r y  e l e m e n t s / n o d e s .  At n o d e s  on a x e s  of 

s y m m e t r y  (see Fig. 7.1) the t e m p e r a t u r e  is u n k n o w n  but the

t e m p e r a t u r e  g r a d i e n t  norm al to t h e  b o u n d a r y  (fcT'/bn') (where n is 

the norm al v e ct or ) is gi ve n and eq ual to zero; a N e u m a n n  c o n d i t i o n .  

C o n v e r s e l y ,  at n o d e s  on the i n t e r f a c e  and heat t r a n s f e r  s u r f a c e  the 

t e m p e r a t u r e  is f i x e d  (e ither 1 or 0) and the n o rm al d e r i v a t i v e  

r e q u i r e d ;  D i r i c h l e t  c o n d i t i o n s .  The u n k n o w n  v a r i a b l e s  at the

b o u n d a r i e s  c o u l d  then be d e t e r m i n e d  using th e fi r s t  s t a g e  of

D03EAF. The r e s u l t s  of th is p r o c e d u r e  are s h o w n  in Fig. 3.3.

7 . 1 . 2  D e t e r m i n a t i o n  of e l e c t r i c  fi e l d  s t r e n g t h

a r o u n d  th e t u b e  c i r c u m f e r e n c e

The NA G p r o g r a m  D 0 3 E A F  wa s also u s ed to c a l c u l a t e  the 

e l e c t r i c  fi e l d  d i s t r i b u t i o n  a r o u n d  the c i r c u m f e r e n c e  of the EH D 

c o n d e n s e r  tu be for e l e c t r o d e  s y s t e m s  b) and c). F i g . s  7.2 and 7. 3 

sh ow the fi e l d  d o m a i n  us e d  to a n a l y s e  the tw o sy s t e m s .  S i m i l a r  

t e c h n i q u e s  we r e  a p p l i e d  as in s e c t i o n  7.1.1, t h i s  t i m e  s o l v i n g  for 

e l e c t r o d e  p o t e n t i a l  and f i e l d  s t r e n g t h .  S i n c e  th e a n a l y s i s  was 

p a r t i c u l a r  to tw o p r a c t i c a l  e l e c t r o d e  a r r a n g e m e n t s  p h y s i c a l  

d i m e n s i o n s  w e re us ed and an a p p l i e d  e l e c t r o d e  p o t e n t i a l  of one volt 

was as s u m e d .  Thus, f i el d s t r e n g t h s  at the t u b e  s u r f a c e  m e r e l y  

r e q u i r e d  s c a l i n g  by the e l e c t r o d e  p o t e n t i a l  a p p l i e d  in p r a c t i c e .  

R e s u l t s  for e l e c t r o d e  s y s t e m s  b) and c) are s h o w n  in Fig. 4.8. The 

c o m p u t e r  p r o g r a m  d e v e l o p e d  for t h i s  a n a l y s i s  was a l s o  used to 

o p t i m i z e  the e l e c t r o d e  a r r a n g e m e n t  for the two 9 - t u b e  EH D 

e v a p o r a t o r / c o n d e n s e r s  d e s c r i b e d  in s e c t i o n  8.1.
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7 . 1 . 3  F i e l d  on 1 o - f i n  tube

H a v i n g  c a l c u l a t e d  the f i e l d  at the s u r f a c e  of a n o m i n a l l y  

sm o o t h  c o n d e n s e r  t u b e  for v a r i o u s  e l e c t r o d e  a r r a n g e m e n t s  it wa s 

then n e c e s s a r y  to find the f i e l d  d i s t r i b u t i o n  a r o u n d  the l o - f i n  

tube. A g a i n  th e NA G b o u n d a r y  i n t e g r a l  s u b r o u t i n e  was used. It wa s 

a s s u m e d  that the e f f e c t s  of c u r v a t u r e  ar o u n d  th e c i r c u m f e r e n c e  of 

the tu b e  w e r e  i n s i g n i f i c a n t  in c o m p a r i s o n  with the f i e l d  

i n h o m o g e n e i t i e s  c a u s e d  by the t u b e  fi n s  (the ra dii on the l a t t e r  

be i n g  an o r d e r  of m a g n i t u d e  le ss than the r a d i u s  of th e tube). A 

t w o - d i m e n s i o n a l  a n a l y s i s  was t h e r e f o r e  p e r f o r m e d  on a c r o s s - s e c t i o n  

p e r p e n d i c u l a r  to a p l a n e  i n c l u d i n g  the axis of th e  l o - f i n  tube. It 

was f u r t h e r  a s s u m e d  that a u n i f o r m  fi eld was a p p l i e d  at a d i s t a n c e  

fr om th e fin t i p s  equal to a g i v e n  f r a c t i o n  of th e i n t e r - e l e c t r o d e  

gap (i.e. a N e u m a n n  c o n d i t i o n  was a p p l i e d  to the b o u n d a r y  o p p o s i t e  

the t u b e  s u r f a c e  in Fig. 7.4).

In the t h e r m a l  and e l e c t r i c a l  a n a l y s e s  of s e c t i o n s  7.1.1 and

7 . 1 . 2  the p o t e n t i a l  (and f i e l d  s t r e n g t h  d e r i v e d  f r o m  the g r a d i e n t  

of p o t e n t i a l )w e r e  r e q u i r e d  at the b o u n d a r i e s  of th e fi e l d  d o m a i n s  

only. T h e s e  p a r a m e t e r s  we r e  c a l c u l a t e d  with the fi r s t  of two 

p o s s i b l e  s t a g e s  of c a l c u l a t i o n  in the D 0 3 E A F  s u b r o u t i n e ,  the s e c o n d  

be i n g  for the c a l c u l a t i o n  of p o t e n t i a l  at a n y  g i v e n  po int w i t h i n  

the doma in . S i n c e  the p o t e n t i a l  d i s t r i b u t i o n  a r o u n d  the l o - f i n  

tube was r e q u i r e d  t h i s  s e c o n d  s t a g e  was i n v o k e d  at a n u m b e r  of 

p o i n t s  c o r r e s p o n d i n g  to n o d e s  of a t r i a n g u l a r  m e s h  of the t y p e  

sh ow n in Fig. 7.4. [Notes the me sh in Fig. 7 . 4  is i l l u s t r a t i v e  

only sinc e, in r e a l i t y ,  the e x t r e m e s  of the me s h  c o i n c i d e d  with th e 

e d g e s  of the f i e l d  d o m a i n  - the mesh in th e d i a g r a m  has be e n  

" s h r un k" for th e s a k e  of c l a r i t y . ]  H a v i n g  c a l c u l a t e d  the p o t e n t i a l  

at ea ch n o d e  of the t r i a n g u l a r  me sh it was t h e n  p o s s i b l e ,  u s i n g  

a n o t h e r  c o m p u t e r  p r o g r a m  ( d e v e l o p e d  by Dr. P. J. L e o n a r d  of 

Im perial C o l l e g e )  to c a l c u l a t e  and plot the e q u i p o t e n t i a l  l i n e s  

wi t h i n  the do m a i n .  This p r o g r a m  o p e r a t e d  by: a) f i n d i n g  th e 

m i n i m u m  and m a x i m u m  no de p o t e n t i a l s  w i t h i n  the domain; b) 

c a l c u l a t i n g  th e i n c r e m e n t a l  p o t e n t i a l  b e t w e e n  e q u i p o t e n t i a l s  (the 

total n u m b e r  of e q u i p o t e n t i a l s  to be drawn h a v i n g  been set by th e 

user); c) f i n d i n g  the p o s i t i o n  on th e e l e m e n t  s i d e s  w h ic h
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Fig.  7.4 Domain for anal ys i s  of  f i e l d

on l o - f i n  tube.
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c o r r e s p o n d e d  to each e q u i p o t e n t i a l  by u s i n g  l i n e a r  i n t e r p o l a t i o n  

b e t w e e n  the p o t e n t i a l s  at a d j a c e n t  nodes; and d) j o i n i n g  t h e s e  

e q u i p o t e n t i a l  p o i n t s  with s t r a i g h t  li ne s and p l o t t i n g  out the 

latt er and the o r i g i n a l  t r i a n g u l a r  mesh. T h e  r e s u l t s  o-f t h i s

p r o c e s s  are sh o w n  in Fig. 7.5. [Notes the t u b e  d i m e n s i o n s  in Fig.

7.5, w h i c h  al so a p p l y  to Fig. 7.7, r e l a t e  to the l o - f i n  tu be used 

in p r a c t i c e .  ]

The p o t e n t i a l  g r a d i e n t  in each t r i a n g u l a r  e l e m e n t  was 

d e t e r m i n e d  u s i n g  the -following a n a l y s i s  ( a d a p t e d  f r o m  S e g e r l a n d

C961) and i n c o r p o r a t e d  in a p r o g r a m  d e v e l o p e d  by the p r e s e n t  

author. Th e  p o t e n t i a l  d i s t r i b u t i o n  a c r o s s  an y t w o - d i m e n s i o n a l  

t r i a n g u l a r  e l e m e n t  such as t h o s e  in the d o m a i n  of Fig. 7.4 ma y be 

r e p r e s e n t e d  as in Fig. 7.6. No w if the p o t e n t i a l s ,  x - c o o r d i n a t e s  

and y - c o o r d i n a t e s  of the t h r e e  n o d e s  are g i v e n  by (jtfi,Xi,yi), 

(^2 ,x2 ,yz) and (0 3, xs,ys) th en the p o t e n t i a l ,  jtf, w i t h i n  the

t r i a n g l e  is g i v e n  bys

$ = Nijzfi + N 2 ^ 2  + N3^3 (7.5)

w h e r e  Ni are the s h a p e  f u n c t i o n s  a s s o c i a t e d  with each 

no de and w h i c h  are a s s u m e d  to be of the form:

Ni = ai + bi x + Ci y (7.6)

w h e r e

a i = (x i i + i ij. y i i + 2 1j - x 11 - 2  ij. y t n-i ij ) / (2 A t ) (7.7a)

bi = (y 11 * i ij " y 1 1 + 2 1} ) / ( 2 A t ) (7.7b)

Ct = ( X i i + 2 Jj “ X \ i + i ij ) / ( 2 A t ) (7.7c)

w h e r e  I Is d e n o t e s  n u m b e r s  to m o d u l u s  3 (e.g. 11 + 1 13 = 2 and 

ll+4ls =2) and A t is the a r e a  of the t r i a n g u l a r  e l e m e n t  w h i c h  is 

gi ven by th e d e t e r m i n a n t :

A 0.5
1 Xi yi
1 x 2 y 2 
1 x 3 y 3

(7.8)

2 0 0



Fig.  7.5 plot  of  ana l ys i s  of  f i e l d  on l o - f i n  tube.
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The p o t e n t i a l  g r a d i e n t  in the x and y d i r e c t i o n s  is t h en si mply:

Bx
a 4 ( N i / i )

5x
3

E  .bi)
i=l

f; (jzfi.cj 
i-1

(7.9a)

(7.9b)

The m a g n i t u d e  and d i r e c t i o n  of fi e l d  s t r e n g t h  can t h e r e f o r e  

be c a l c u l a t e d  f r o m  (7.9). The r e s u l t s  for the f i e l d  s t r e n g t h  

m a g n i t u d e  d i s t r i b u t i o n  a r o u n d  the l o -f in t u b e  are sh o w n  in Fig. 

7.7.

7.2 A N A L Y S I S  OF C O N D E N S A T E  I N S T A B I L I T Y

7.2.1 The b o u n d a r y  in t e g r a l  m e t h o d

To d e t e r m i n e  the e l e c t r i c a l  f o r c e s  a c t i n g  on a v a p o u r - l i q u i d  

i n t e r f a c e  of an y  gi v e n  s h a p e  it is n e c e s s a r y  to k n o w  the e l e c t r i c  

fi el d d i s t r i b u t i o n  on that i n t e r f a c e .  In th e c a s e  of a 

d e s t a b i l i z e d  c o n d e n s a t e  film, as s h o w n  in Fig. 3.1, the p r o b l e m  is 

e s s e n t i a l l y  a t w o - d i m e n s i o n a l  one of two d i e l e c t r i c s  b e t w e e n  two 

plan e, c o n d u c t i n g  e l e c t r o d e s .  T h e  e l e c t r i c  f i e l d  in t h i s  s i t u a t i o n  

can be fo u n d  by the b o u n d a r y  in t e g r a l  n u m e r i c a l  meth od . An

a n a l y s i s  of the f u n d a m e n t a l  e q u a t i o n s ,  wh ich lead to the n u m e r i c a l  

t e c h n i q u e s  d e s c r i b e d  belo w, is g i v e n  by S t r a t t o n  C107] who 

c o n s i d e r s  the i n t e g r a t i o n  of P o i s s o n ' s  e q u a t i o n  in a h o m o g e n e o u s  

r e g i o n  ( c o n t a i n i n g  o n l y  one t y pe of d i e l e c t r i c ) :

= - p* ie (7.10)

w h e r e  ^ is e l e c t r i c  p o t e n t i a l ,  p* v o l u m e t r i c  c h a r g e  d e n s i t y  

and c th e a b s o l u t e  p e r m i t t i v i t y  of the d i e l e c t r i c .  For a m e d i u m  of 

v o l u m e  V b o u n d e d  by a s u r f a c e  S the p o t e n t i a l ,  0 ( x ' , y ' , z ' ) ,  at any 

po in t (x', y' ,z ') a d i s t a n c e  r f r o m  a fi x e d  po i n t  of o b s e r v a t i o n  

(x,y,z) may be c a l c u l a t e d ,  u s in g G r e e n ' s  t h e o r u m ,  as:

p(x ' ,y' ,z ') + _ ! _  I" n  M
4tt J s b* dn (7.11)
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applied field of 1 V/m

Fig.  7.7 Field s trength d i s t r i but i o n  on l o - f i n  tube.
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or in the c a s e  of a v o l u m e  c o n t a i n i n g  no char ge :

/ < x ' , y ' , z ' )
4tt J . & ftn

(7.12)

w h e r e  n is th e no r m a l  to the s u r f a c e  S at any point. Thus, 

the s u r f a c e  i n t e g r a l s  in (7.11) and (7.12) r e p r e s e n t  the 

c o n t r i b u t i o n  to the p o t e n t i a l  at / ( x ' , y ' , z ' )  of all c h a r g e s  wh ic h 

are e x t e r i o r  to the s u r f a c e  S. It is no w p o s s i b l e  to s u b d i v i d e  the 

s u r f a c e  S into N f i n i t e  e l e m e n t a l  a r e a s  (Sa). The p o t e n t i a l  of the 

ith. area, , b e i n g  gi v e n  by:

(7.13)

w h e r e  r̂  is the d i s t a n c e  f r o m  the ith. to the jth. areas. 

In o t h e r  wo r d s ,  a c o n t r i b u t i o n  to the p o t e n t i a l  at any a r e a  e l e m e n t  

on the b o u n d a r y  of the d o m a i n  V is m a d e  up by th e p o t e n t i a l  and its 

d e r i v a t i v e  normal to the b o u n d a r y  at e v e r y  e l e m e n t  on the b o u n d a r y  

( i n c l u d i n g  the e l e m e n t  in q u e s t i o n ) .  We t h e r e f o r e  h a v e  N 

e q u a t i o n s .  In a well d e f i n e d  p r o b l e m ,  at ea ch ar ea e l e m e n t  e i t h e r  

one or bo th of the p o t e n t i a l  or its normal d e r i v a t i v e  are k n o w n , w e  

t h e r e f o r e  h a v e  N e q u a t i o n s  and N u n k n o w n  v a l u e s  of e i t h e r  or 

(fcpf/bn). The u n k n o w n  v a l u e s  may t h u s  be f o u n d  by s o l u t i o n  of the 

s y s t e m  of e q u a t i o n s .

For a d e t a i l e d  d i s c u s s i o n  of b o u n d a r y  i n t e g r a l  t e c h n i q u e s  

the r e a d e r  is r e f e r r e d  to J a s w o n  and Sy mm C603 j h o w e v e r ,  an o u t l i n e  

of the m e t h o d  as us e d  in the p r e s e n t  s t u d y  is p r e s e n t e d  below.

E q u a t i o n s  (7.11), (7.12) and (7.13) a p p l y  to a

t h r e e - d i m e n s i o n a l  s i t u a t i o n .  For a t w o - d i m e n s i o n a l  a n a l y s i s  

e q u a t i o n  4 . 4 . 3  of C603 ma y be used. A d o p t i n g  the v e c t o r  n o t a t i o n  

of J a s w o n  and Symm, the p o t e n t i a l  frf(p) at any po in t p w i t h i n  the 

v o l u m e  Bi or on th e b o u n d a r y  dB of Bi (see F i g . 7.8) ma y be fo u n d  by 

i n t e g r a t i n g  the c o n t r i b u t i o n s  of the p o t e n t i a l  tf(q) and its 

d e r i v a t i v e  normal to dB, ja"(q), ov er the e n t i r e  b o u n d a r y  bB, thus, 

fr om the t w o - d i m e n s i o n a l  v e r s i o n  of (7.12):

-TT^(p) = log Ip - q l V (g)dg

- r loglp - q | ^ / (q)dq (7.14)
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Fig.  7.8 Domain for general  boundary i ntegral  a n a l y s i s .

6* t o n .  ten to iv '0. " 0 *(i+nxC)ki\_ *v'v\ ----  *

.........  (l^j)
- ~ - - O+jO  '

IhA
l^")r o

S»1
(ah\b* fz

o

- - - — — - - (/vf,W)k«' o
1
• 0

( i i \A ̂  v\ J;

Fig.  7.9 Boundary integral  method for

s i ng l e  medium domain.
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where:

loglp - ql' = lo glq - pi

and /'(q) = ~ * i l l  (7.15)

w h e r e  n is the norm al to the s u r f a c e  b B  at the po i n t  q 

p o i n t i n g  into the i n t e r i o r  of Bi. For a n u m e r i c a l  s o l u t i o n  to the 

f i el d the b o u n d a r y  &B is d i v i d e d  into a n u m b e r  (N) of li ne 

e l e m en ts . On e a c h  e l e m e n t  is a n o d e  at w h i c h  ^  and (Jltf/dn) are 

e v a l u a t e d  for that el e m e n t .  N e q u a t i o n s  r e s u l t  gi v i n g  the

p o t e n t i a l  at ea ch of the N n o d e s  i.e. at the ith. node:

A TT JTI
( l o g l p i - q i l )  - / ( q )  j. log Ip t- qj l* Sq

(7.16)

w h e r e  6qj is the le n g t h  of th e jth. e l e m e n t .  (7.16) may be 

e x p r e s s e d  in m a t r i x  f o rm w h e r e  the " k e r n e l s "  1 ogIp *-q jI and 

l o g l p i - q j l ; b e c o m e  the c o e f f i c i e n t s  k u  and m u ,  r e s p e c t i v e l y ,  and 

th is is sh o w n  in Fig. 7.9 for a p r o b l e m  wi t h  f i v e  b o u n d a r y  

e l e m en ts .

The c o e f f i c i e n t s  m u  and k u  are f u n c t i o n s  of the d i s t a n c e  

Ipi-qjl, the l e n g t h  and s h a p e  of the jth. e l e m e n t  and its 

o r i e n t a t i o n  r e l a t i v e  to the v e c t o r  (pt-qj). J a s w o n  and Sy mm gi v e  

full d e t a i l s  of the c a l c u l a t i o n  p r o c e d u r e s  for e l e m e n t  t y p e s  and 

th e s e  we re i n c o r p o r a t e d  in s u b p r o g r a m s  w r i t t e n  by the p r e s e n t  

author. Th e r e s u l t s  us i n g  t h e s e  s u b p r o g r a m s  w e r e  c h e c k e d  a g a i n s t  

th os e p r o d u c e d  by a more g e n e r a l  set of s u b p r o g r a m s  d e v e l o p e d  by 

Dr. C l i v e  B r y a n t  (to whom the p r e s e n t  au t h o r  is d e e p l y  i n d e b t e d ) .  

The two t y p e s  of s u b p r o g r a m s  p r o d u c e d  id e n t i c a l  r e s u l t s .

As d i s c u s s e d  in s e c t i o n  7.1. 1, the v a l u e s  of and 

(ktf/6n)i are e i t h e r  kn own or u n k n o w n  d e p e n d i n g  on the b o u n d a r y  

c o n d i t i o n s  a p p l y i n g  at th e g i v e n  b o u n d a r y  e l e m e n t .  For an 

e l e c t r o d e  s u r f a c e ,  for e x a m p l e ,  is known ( D i r i c h l e t  c o n d i t i o n )  or 

at an a x i s  of s y m m e t r y  (cl^/cDn) is known (N e u m a n n  c o n d i t i o n ) .  The 

u n k n o w n  p a r a m e t e r s  of (7.16) can then be fo u n d  by s o l u t i o n  of the N 

b o u n d a r y  i n t e g r a l  e q u a t i o n s .
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For the p u r p o s e s  of m o d e l l i n g  a c o n d e n s a t e  -film i n s t a b i l i t y ,  

e q u a t i o n  (7.16) mu st be m o d i f i e d  to a c c o u n t  for th e p r e s e n c e  of two 

d i e l e c t r i c  media. Th is was d o n e  by s p l i t t i n g  the s i t u a t i o n  into 

tw o h o m o g e n e o u s  d o m a i n s  i.e. the d o m a i n s  c o r r e s p o n d e d  to the v a p o u r  

and l i q u i d  r e g i o n s  of Fig. 3.4. Th e b o u n d a r y  i n t e g r a l  me t h o d  can 

then be a p p l i e d  to each d o m a i n  and th e two fi el d s o l u t i o n s  are then 

l i n k e d  by the b o u n d a r y  c o n d i t i o n s  a p p l i c a b l e  at th e i n t e r f a c e  

b e t w e e n  the two d i e l e c t r i c s .  For a d i s c u s s i o n  of the a n a l y s i s  of a 

m a g n e t i c  a n a l o g u e  to th is s i t u a t i o n  the r e a d e r  is r e f e r r e d  to Chari 

and S i l v e s t e r  [20] . The i n s t a b i l i t y  p r o b l e m  was a n a l y s e d  us i n g  

the d o m a i n s  and b o u n d a r y  e l e m e n t s / n o d e s  as s h o w n  in Fig. 7.10. The 

v a r i a b l e s  in s q u a r e  b r a c k e t s  (e.g. [Nil, [N B I D E ]) r e f e r  to t h o s e  

used in the c o m p u t e r  p r o g r a m  to set the n u m b e r  of e l e m e n t s  in each 

s e c t i o n  of a d o m a i n  b o u n d a r y .

The b o u n d a r y  c o n d i t i o n s  set at the v a p o u r - l i q u i d  i n t e r f a c e  

a s s u m e d  no f r e e  c h a r g e s  to be p r e s e n t ,  th us th e p o t e n t i a l  at a 

g i v e n  n o d e  was the s a me for b o t h  the v a p o u r  d o m a i n  and l i q u i d  

d o m a i n ,  i.e. at th e ith. i n t e r f a c e  node:

Jfv.i = A . i  (7.17)

w h e r e  the s u b s c r i p t s  L and V d e n o t e  v a r i a b l e s  in the l i q u i d  

and v a p o u r  r e g i o n s ,  r e p e c t i v e l y .  The s e c o n d  b o u n d a r y  c o n d i t i o n  

e q u a t e s  the e l e c t r i c  d i s p l a c e m e n t  v e c t o r s  normal to the i n t e r f a c e  

at e i t h e r  side of th e b o u n d a r y ,  i.e.:

wh er e the two n o r m a l s  p o i n t  into th e i r  r e s p e c t i v e  d o m a i n s ,  

h e n c e  the m i n u s  sign.

Thus, (from Fig. 7.6) we h a ve now a total of 

N I + 2 x ( N E L E C + N S I D E 1 + N S I D E 2 )  e l e m e n t s .  T h e r e  are, h o w e v e r ,  

2x (NELEC + NSID E1 + N S I D E 2 )  known v a l u e s  of / t or (tyf/6n)i but
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Fig.  7.10 Domain used in ana l ys i s  of  f i e l d  on d e s t a b i l i z e d  d i e l e c t r i c  f i lm.



2 k ( N I + N E L E C + N S I D E 1+ N S I D E 2 )  u n k n o w n  p a r a m e t e r s .  Th e p r o b l e m  is 

still "well p o s e d "  h o w e v e r  (i.e. not u n d e r d e t e r m i n e d ) ,  s i nc e the 

s e t s  of e l e m e n t a l  e q u a t i o n s  for the two d o m a i n s  are l i n k e d  by 2xNI 

b o u n d a r y  c o n d i t i o n s .  The two s y s t e m s  of e q u a t i o n s  w e r e  s o l v e d  

us i n g  the m a t r i x  r e p r e s e n t a t i o n  s h o w n  in Fig. 7.11. E l e m e n t s  and 

n o d e s  for the two d o m a i n s  we re n u m b e r e d  s t a r t i n g  at A in Fig. 7 . 1 0  

in b o th cases, c l o c k w i s e  for the l i q u i d  d o m a i n  and a n t i - c l o c k w i s e  

for the vapour. C o n s i d e r a b l e  c a re had to be t a ke n d u r i n g  c o d i n g  of 

the F o r t r a n  s u b r o u t i n e s  to e v a l u a t e  the c o e f f i c i e n t s  m v u ,  k v u ,  

rnuij and k L u  on the i n t e r f a c e  s i n c e  the o r i e n t a t i o n  of a gi ve n 

e l e m e n t  a f f e c t s  th e sign of the c o e f f i c i e n t s .

S o l u t i o n  of the s y s t e m  of e q u a t i o n s  of Fig. 7.11 was 

e f f e c t e d  by an i t e r a t i v e  m e t h o d  u s i n g  the NAG s u b r o u t i n e  F0 4ATF. 

E l e c t r i c  f i el d s t r e n g t h  and p o t e n t i a l  w e r e  r e q u i r e d  at d o m a i n  

b o u n d a r i e s  o n l y  (i.e. on the v a p o u r - l i q u i d  i n t e r f a c e  and 

e l e c t r o d e s ) ,  th us no f u r t h e r  c a l c u l a t i o n s  of p o t e n t i a l s  w i t h i n  the 

two d o m a i n s  w e re p e r f o r m e d .

The a c c u r a c y  of the n u m e r i c a l  b o u n d a r y  i n t e g r a l  meth od , as 

with o t h e r  t e c h n i q u e s  such as f i n i t e  d i f f e r e n c e  and f i n i t e  

e l e m e n t s ,  d e p e n d s  on the deta il w i th wh ic h a d o m a i n  is mapped. It 

is go od p r a c t i c e  t h e r e f o r e  to e x a m i n e  the c h a n g e  in the c a l c u l a t e d  

f i e l d  s o l u t i o n  w i t h  the detail of the no d e  mesh for the f i n i t e  

d i f f e r e n c e / e l e m e n t  m e t h o d s  and the s i z e  of the b o u n d a r y  e l e m e n t s  

for th e b o u n d a r y  i n t e g r a l  m e th od . This was d o ne in the p r e s e n t  

s t u d y  u s i n g  the d o m a i n  of Fig. 7 . 1 0  with a flat i n t e r f a c e  g i v i n g  a 

s i t u a t i o n  with a kn o w n  a n a l y t i c  s o l u t i o n .  A c c u r a c y  of the b o u n d a r y  

i n t e g r a l  m e t h o d  is most s e v e r e l y  te s t e d  at sh a r p  in t e r n a l  and 

e x t e r n a l  c o r n e r s  (e.g. at po i n t  A in Fig. 7.10). To i m p r o v e  th is 

s i t u a t i o n  a v e r y  small e l e m e n t  wa s i n s e r t e d  at e a c h  end of the 

i n t e r f a c e  and on s o m e  ot h e r  b o u n d a r i e s .  T h o u g h  the p o t e n t i a l s  at 

t h e s e  small e l e m e n t s  w e r e  c a l c u l a t e d  th ey w e r e  not u s e d  in f u r t h e r  

c a l c u l a t i o n s  (of f o r c e s  on e l e m e n t s ,  for e x a m p l e ) .  Th e n u m b e r s  of 

e l e m e n t s  used on ea ch b o u n d a r y  w e r e  g e n e r a l l y  as f o l l o w s :  NI=1 5, 

N S I D E 1 = N S I D E 2 = 5 , N E L E C = 6  and we re c h o s e n  af te r the fl at i n t e r f a c e  

test w h i c h  y i e l d e d  r e s u l t s  d e v i a t i n g  by less than 17. fr om the 

a n a l y t i c  s o l u t i o n  for all b o u n d a r y  nodes.
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7 . 2 . 2  C a l c u l a t i o n  of EHD i n s t a b i l i t y  w a v e l e n g t h

S e c t i o n  3. 3 d e s c r i b e d  the ge neral a n a l y s i s  of p r e s s u r e s  

ac t i n g  at any p o i n t  on the v a p o u r - 1 i q u i d  i n t e r f a c e  of Fig. 3.4 

(i.e. e l e c t r i c a l ,  p E , g r a v i t a t i o n a l ,  p g , and s u r f a c e  t e n s io n, pST, 

sum to gi ve the total p r e s s u r e ,  p T ). The f i r s t  step in 

d e t e r m i n a t i o n  of th e EHD i n s t a b i l i t y  d e v e l o p e d  for a g i v e n  a p p l i e d  

v o l t a g e  was the c a l c u l a t i o n  of th e most u n s t a b l e  w a v e l e n g t h ,  A * . 

For th is a s i n u s o i d a l  w a v e f o r m  of sm all a m p l i t u d e  was a s s u m e d ,  the 

w a v e l e n t h  of w h i c h  was v a r i e d  until the m a x i m u m  a m p l i t u d e  g r o w t h  

r a t e  was found. The d e t e r m i n a t i o n  of t h i s  m a x i m u m ,  ^p-rm.* 

( c o r r e s p o n d i n g  to a m a x i m u m  in A p T , the d i f f e r e n c e  b e t w e e n  the 

i n t e r f a c i a l  p r e s s u r e  at the peak and t r o u g h  of an i n s t a b i l i t y )  was 

c a r r i e d  out by m e a n s  of an a l g o r i t h m  d e v e l o p e d  by the p r e s e n t  

a u t h o r  us i n g  a q u a d r a t i c  be st fit m e t h o d  d e s i g n e d  to m i n i m i z e  the 

n u m b e r  of f i e l d  s o l u t i o n s  r e q u i r e d  to find the m a x i m u m  (an 

i m p o r t a n t  c o n s i d e r a t i o n  v i s - a - v i s  c o m p u t e r  run time).

Fig. 7 . 1 2  s h o w s  an e x a m p l e  of the r e l a t i o n s h i p  b e t w e e n  A p T 

and A* for a g i v e n  EH D i n s t a b i l i t y .  The m a x i m i z a t i o n  a l g o r i t h m  

t a k e s  a st ar t valu e, X L S T A R T ,  of i n s t a b i l i t y  w a v e l e n g t h ,  A, and 

c a l c u l a t e s  A p t  at th at p o i n t  us i n g  th e fi e l d  a n a l y s i s  of s e c t i o n

7.2.1 and e q u a t i o n  (3.19) a p p l i e d  to the n o d e s  at e a c h  end of the 

v a p o u r - l i q u i d  interface of Fig. 7.10. A p T * s t h en e v a l u a t e d  at 

i n c r e a s i n g  m a g n i t u d e s  of (with i n c r e m e n t s  of XLST EP ) until the 

peak of the A P t (A ) c h a r a c t e r i s t i c  is p a s s e d  e.g. w i th p o i n t s  A, B 

and C in Fig. 7.12. A q u a d r a t i c  b e s t  fit to the last t h r e e  p o i n t s  

can then be used to o b t a i n  an e s t i m a t e  of the m a x i m u m  of A p T and 

the c o r r e s p o n d i n g  7\ (i.e. po i n t  Y). The t r u e  v a lu e, D,of £ p T is 

then f o u n d  for t h i s  w a v e l e n g t h  and a new e s t i m a t e  m a d e  of Ap-rm** 

us in g a best fit to the p o i n t s  c l o s e s t  to the ne w pe ak (i.e. B, C 

and D ) . T h i s  p r o c e s s  c o n t i n u e s  until the c h a n g e s  in A p t  and 7\ 
b e t w e e n  s u c c e s s i v e  i t e r a t i o n s  are l e s s  than a gi v e n  mi n i m u m .  The 

a l g o r i t h m  is r a t h e r  mo re c o m p l e x  in r e a l i t y  than o u t l i n e d  h e re as 

p r o v i s i o n  has to be m a d e  for X L S T A R T  be i n g  on the w r o n g  side of the 

A p t ( A ^)c h a r a c t e r i s t i c  peak or if a q u a d r a t i c  best fit p r e d i c t s  a 

v a l u e  of A* o u t s i d e  the r a n g e  of th e p r e v i o u s  t h r e e  valu es , for 

e x a m p l e .  It was f o u n d  that c o m p u t i n g / r e s e a r c h  t i m e  was
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wavelength by quadratic b e s t - f i t  curves.



c o n s i d e r a b l y  r e d u c e d  us i n g  this s u b r o u t i n e  when c o m p a r e d  with the 

a l t e r n a t i v e  m e t h o d  of g r a p h i n g  each A P t v e r s u s  A* c h a r a c t e r i s t i c .

The q u a d r a t i c  best f i t s  w e r e  m a de by s t o r i n g  the t h r e e  

p r e v i o u s  v a l u e s  of A P t and A  in the th r e e  e l e m e n t  v e c t o r s  PDV(3) 

and X L V (3), r e s p e c t i v e l y .  The best fit for a g i v e n  t h r e e  p o i n t s  

was then c a l c u l a t e d  using:

Apr = a A2 + b A  + c (7.19)

wh i c h  ga v e  the v a l u e  of A  at a m a x i m u m  (or m i n i m u m )  of A P t as: 

A-f <b • » t -fit) = - b / 2 a

w h e r e  a and b a r e  d e t e r m i n e d  as f o l l o w s  in m a t r i x  form:

’PD V (1)’ ’XLV (1) 2 XLV (1) f ’a'
P D V (2) = X L V (2)2 X L V (2) 1 b
.PDV (3). .XLV (3) 2 X L V (3) L J=.

th en u s i n g  C r a m e r ' s  rule:

—

a = P D V (1) X L V (1) 1 X L V (1)2 XLV (1) 1
P D V (2) X L V (2) 1 X L V (2)2 X L V (2) 1
P D V (3) X L V (3) 1 X L V (3)2 X L V (3) 1

-

b = X L V ( 1 ) 2 PDV (1) 1 X L V (1)2 XLV (1) 1
XLV (2)2 PDV (2) 1 X L V (2)2 X L V (2) 1
X L V (3 )2 P D V (3) 1 X L V (3)2 X L V (3) 1

Thus, the ne w e s t i m a t e  of A  co u l d  be c a l c u l a t e d .  Fig.

7 . 1 3  s h o w s  a f l o w  d i a g r a m  of the b a s i s c to the m a x i m u m  s e e k i n g  

a l g o r i t h m .
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C a l c u l a t i o n  of the c r i t i c a l  (i.e. m i n i m u m )  e l e c t r o d e

p o t e n t i a l ,  V c , r e q u i r e d  to i n d u c e  an EHD i n s t a b i l i t y  on a

c o n d e n s a t e  f i l m  wa s e f f e c t e d  by a p p l y i n g  the a b o v e  t e c h n i q u e s  for 

d e t e r m i n a t i o n  of for i n c r e a s i n g  v a l u e s  of e l e c t r o d e  p o t e n t i a l .

V c was then g i v e n  for the s i t u a t i o n  w h e r e  Ap-rs 0 i.e. for a 

w a v e f o r m  n e i t h e r  c o l l a p s i n g  (^Pt<0) nor g r o w i n g  (£Lpt >0).

The c o m p u t e r  p r o g r a m  d e v e l o p e d  to d e t e r m i n e  the w a v e l e n g t h ,  

of a s i n u s o i d a l  EHD i n s t a b i l i t y  was then m o d i f i e d  to

i n c o r p o r a t e  v a r i o u s  w a v e s h a p e s  as d e s c r i b e d  in s e c t i o n  3.5 a b o v e  

and a g r e a t l y  s i m p l i f i e d  f l o w c h a r t  of the p r o g r a m  s t r a t e g y  is sh ow n 

in Fig. 3.9.
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CH .8 E N G I N E E R I N G  A P P L I C A T I O N S  FOR EHD C O N D E N S A T I O N

AND B O I L I N G

The p r e s e n t  s t u d y  and p r e v i o u s  r e s e a r c h  has s h o w n  that EHD 

e n h a n c e m e n t  of c o n d e n s a t i o n  and b o i l i n g  can p r o d u c e  v e r y  

s u b s t a n t i a l  i n c r e a s e s  in heat t r a n s f e r  u n de r l a b o r a t o r y  c o n d i t i o n s .  

Us e of t h e s e  t e c h n i q u e s  in e n g i n e e r i n g  pl an t r e q u i r e s  the a d d i t i o n  

of e l e c t r o d e s ,  e l e c t r i c a l  i n s u l a t i o n  and a hi gh v o l t a g e  p o w e r  

s u p p l y  to the c o n v e n t i o n a l  he at e x c h a n g e r .  The he at t r a n s f e r  

s i t u a t i o n s  most a m e n a b l e  to EHD e n h a n c e m e n t  w o u l d  t h e r e f o r e  s e e m  to 

be l a r g e  s c a l e  i n s t a l l a t i o n s  w h e r e  the a d d i t i o n a l  costs per unit 

ar ea of heat t r a n s f e r  s u r f a c e  are- m i n i m i z e d .  An a d d i t i o n a l  

a d v a n t a g e  of us i n g  l a r g e  s c a l e  p l a n t  in the c a s e  of c o n d e n s a t i o n  is 

that th e la rg e h e i g h t s  i n v o l v e d  in c o n d e n s a t e  f i l m  d e v e l o p m e n t  mean 

th at EH D  " s t r i p p i n g "  of the c o n d e n s a t e  f i l m  (i.e. e l e c t r o s t a t i c  

p u m p i n g  of c o n d e n s a t e  f r o m  a heat t r a n s f e r  s u r f a c e  to an e l e c t r o d e ,  

say) ma y be v e r y  w o r t h w h i l e .

Th i s  c h a p t e r  d e s c r i b e s  so me a s p e c t s  of th e p r a c t i c a l  d e s i g n  

of tw o 9 - t u b e  s h e l l - t u b e  c o n d e n s e r s  (or e v a p o r a t o r s )  wh i c h  will be 

used in f u t u r e  s t u d i e s  to i n v e s t i g a t e  the EHD p h e n o m e n a  in t u b e  

banks. The a p p a r a t u s  will th en a l l o w  an a s s e s s m e n t  of the 

p r a c t i c a b i l i t y  of EHD e n h a n c e m e n t  of heat e x c h a n g e r s  p r o p o s e d  for 

us e  in O c e a n  Th e r m a l  E n e r g y  C o n v e r s i o n  (OTEC) p o w e r  p l a n t s  and the 

p o t e n t i a l  for su ch u n i t s  is d i s c u s s e d  below. S e v e r a l  o t h e r  s m a l l e r  

s c a l e  E H D  a p p l i c a t i o n s  f o u n d  d u r i n g  the p r e s e n t  s t u d y  are a l s o  

m e n t i o n e d .
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8.1 D E S I G N  OF ft 9 - T U B E  S H E L L - T U B E  EHD

C O N D E N S E R / E V A P O R A T O R

One of the ma st d i f f i c u l t  a s p e c t s  of d e s i g n i n g  a p r a c t i c a l  

EH D c o n d e n s e r / e v a p o r a t o r  is the a r r a n g e m e n t  of e l e c t r o d e s  and 

i n s u l a t i o n  s y s t e m s .  C h a p t e r  4 d e t a i l e d  t h r e e  t y p e s  of e l e c t r o d e  

used wi th the s i n g l e - t u b e  E H D  c o n d e n s e r / e v a p o r a t o r  (see Fig. 4.7). 

Of thes e, on l y  a r r a n g e m e n t s  b) and c) are p r a c t i c a b l e  in a 

m u l t i - t u b e  array. Fig. 8.1 s h o w s  the t h r e e  s y s t e m s  of e l e c t r o d e s  

and t u b e s  in a l a r g e  s h e l l - t u b e  c o n d e n s e r  c o n s i d e r e d  in the p r e s e n t  

study. Ea ch ha s  its m e r i t s  and d i s a d v a n t a g e s .  T h e  s i m p l e s t  

a r r a n g e m e n t  is (C) of Fig. 8.1 us i n g  o n l y  rod e l e c t r o d e s  s i m i l a r  to 

that used by C o v e r  [29] in his s i n g l e - p h a s e  wo rk on c o o l i n g  

t r a n s f o r m e r  oil. T h i s  has the a d v a n t a g e  of s i m p l i c i t y  and a l l o w s  a 

high p a c k i n g  d e n s i t y  in the tu b e  b u n d l e  but at the c o s t  of a poor 

u n i f o r m i t y  of f i e l d  s t r e n g t h  a r o u n d  the c i r c u m f e r e n c e  of the tubes. 

A r r a n g e m e n t  (B) a l l o w s  a g r e a t e r  u n i f o r m i t y  of f i e l d  but lo we r 

p a c k i n g  d e n s i t y  and h i g h e r  p r e s s u r e  d r o p s  p r e s e n t e d  to fl u i d  

f l o w i n g  t h r o u g h  t h e  t u b e  b u nd le . E l e c t r o d e  s y s t e m  (A) 

( c o r r e s p o n d i n g  to t y p e  c) in the s i n g l e - t u b e  rig) o f f e r s  the most 

u n i f o r m  f i e l d  d i s t r i b u t i o n  but at h i g h e s t  c o s t  e c o n o m i c a l l y  and 

with r e g a r d  to p r e s s u r e  drop.

The c h o i c e  of e l e c t r o d e  d i m e n s i o n s ,  t u b e  s p a c i n g ,  etc. has 

a g r e a t  e f f e c t  on the c h a r a c t e r i s t i e s  of th e E H D  e n h a n c e m e n t  

system. S e v e r a l  f a c t o r s  wh i c h  p o s e  d i f f e r e n t  p r o b l e m s  are 

in v o l v e d :  a) the b r e a k d o w n  s t r e n g t h  of th e he at t r a n s f e r  m e d i u m  

s h o u l d  not be e x c e e d e d  (u nl es s s u b s t a n t i a l  c h a r g e  i n j e c t i o n  is 

r e q u i r e d  at s p e c i f i c  p o i n t s ) }  b) small e l e c t r o d e - t o - h e a t  t r a n s f e r  

s u r f a c e  d i s t a n c e s  r e q u i r e  very hi gh m a n u f a c t u r i n g  t o l e r a n c e s  to 

e n s u r e  that b r e a k d o w n  d o e s  not oc cu r at p o i n t s  of m i n i m u m  

c l e a r a n c e ;  c) l a r g e r  i n t e r - e l e c t r o d e  g a p s  g e n e r a l l y  lead to 

g r e a t e r  f i el d u n i f o r m i t y  at the he at t r a n s f e r  s u r f a c e  but then 

r e q u i r e  h i g h e r  e l e c t r o d e  p o t e n t i a l s  for a g i v e n  a p p l i e d  f i el d 

s t r e n g t h .  The d e s i g n e r  of the s y s t e m  mu st t h e r e f o r e  c h o o s e  the 

d i m e n s i o n s  of the s y s t e m  a c c o r d i n g  to the r e q u i r e m e n t s  of size, 

fluid type, e n h a n c e m e n t  d e s i r e d ,  etc. b e a r i n g  in mi nd the 

c o n f l i c t i n g  r e s t r a i n t s  above.
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Fig.  8.1 Three types of  e l ectrode

system in a tube bundle.
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In the p r e s e n t  s t u d y  e l e c t r o d e  a r r a n g e m e n t  (A) was c h o s e n  

(so that the m a x i m u m  EHD e n h a n c e m e n t  p o t e n t i a l  in a t u be b u n d l e  

co u l d  be a s s e s s e d )  and d i m e n s i o n s  w e r e  o p t i m i z e d  u s i n g  the c o m p u t e r  

p r o g r a m  d e s c r i b e d  in s e c t i o n  7 . 1 . 2  (see F i g . s  7.2 and 7.3). By 

s e t t i n g  a no m i n a l  m a x i m u m  -field s t r e n g t h  at an y p o i n t  on the tu be 

s u r f a c e  of 5 M V / m  (giving a s a f e t y  f a c t o r  of a p p r o x i m a t e l y  2 on the 

b r e a k d o w n  s t r e n g t h  of R 114) the m a x i m u m  e l e c t r o d e  p o t e n t i a l ,  Vm.*, 

for g i v e  s y s t e m  d i m e n s i o n s  co ul d be c a l c u l a t e d  and t h e n c e  the mean 

fi el d s t r e n g t h ,  Em««n, a r o u n d  th e s u r f a c e  of ea ch tube. The 

m a x i m u m  fi eld s t r e n g t h ,  Em**, on a n y  part of th e e l e c t r o d e  s y s t e m  

co u l d  al s o  be a s s e s s e d .  Fig. 8. 2 s h o w s  the r e s u l t s  for so me of 

the mo st p r a c t i c a b l e  a r r a n g e m e n t s  a s s e s s e d  g i v i n g  th e v a l u e s  of 

E m t a n , E m . x , V m « M and s f , a s p a c e  f a c t o r  (d ef in ed as the total 

e x t e r n a l  t u b e  s u r f a c e  a r e a  d i v i d e d  by the total v o l u m e  of s p a c e  

o c c u p i e d  by the t u b e  b u n d le ). For c o m p a r i s o n ,  th e  t u b e  b u n d l e  us ed 

by S m i r n o v  and L u k a n o v  C993 in a z e r o - f i e l d  s t u d y  of c o n d e n s a t i o n  

had a s p a c e  f a c t o r  s f = 7 1 . 4 m _ 1 . T h e s e  r e s u l t s  g i v e  a p e r s p e c t i v e  on 

the l a r g e  v a r i a t i o n  in a p p l i e d  f i e l d  d i s t r i b u t i o n  and h e n c e  (from 

C h a p t e r  4) on th e E H D  e f f e c t i v e n e s s  a v a i l a b l e  f r o m  th e  d i f f e r e n t  

e l e c t r o d e  a r r a n g e m e n t s .  O b v i o u s l y  the c h o i c e  of e l e c t r o d e  s y s t e m  

will d e p e n d  on th e a p p l i c a t i o n  in q u e s t i o n .  For e x a m p l e ,  in a he at 

e x c h a n g e r  w h e r e  e l i m i n a t i o n  of b o i l i n g  h y s t e r e s i s  is of p r i m a r y  

i m p o r t a n c e  a r r a n g e m e n t  (D) of Fig. 8.2 w o u l d  be q u i t e  a d e q u a t e  

s i n c e  o n l y  r e l a t i v e l y  low fi el d s t r e n g t h s  need be a p p l i e d  for sh or t 

d u r a t i o n s .  For c o n d e n s a t i o n  a p p l i c a t i o n s ,  h o w e v e r ,  w h e r e  

u n i f o r m i t y  of th e f i e l d  a r o u n d  th e c o n d e n s e r  t u b e s  h a s  been fo u n d  

to be i m p o r t a n t  (see c h a p t e r  4), an a r r a n g e m e n t  s i m i l a r  to (A) 

wo u l d  be most a p p r o p r i a t e .

H a v i n g  d e c i d e d  on the e l e c t r o d e  s y s t e m  of (A) in Fig. 8.2 a 

gr e a t  m a n y  d e s i g n  d e t a i l s  then had to be r e s o l v e d  r e g a r d i n g  

i m p l e m e n t a t i o n  of the e l e c t r o d e s  p a r t i c u l a r l y  wi t h  r e g a r d  to 

e l e c t r i c a l  i n s u l a t i o n .  Fig. 8.3 s h o w s  the g e n e r a l  a s s e m b l y  of the

9 - t u b e  EHD c o n d e n s e r / e v a p o r a t o r  and Fig. 8.4 th e e l e c t r o d e  s y s t e m  

used. P o i n t s  to n o t e  includes a) th e use of s t r e s s  r e l i e v i n g  ro ds 

at the ends of t h e  e l e c t r o d e ,  th e radii of w h i c h  had to be 

c a l c u l a t e d  v i s - a - v i s  the e l e c t r i c  s t r e n g t h  of the " T U F N D L "  e l e c t r o d e

2 2 0
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' i a ' c ,  n o  iom -o A r t

\ t v « - 'a  *•«*

V fU P  iot>rt* £ h 1> s n A i.L ./ V ^ a *  

e v A » v « V T a «  -

/" S. 0010's
)ATt r / ' . / u

C« B
'Z i . t r  « ^ 4 c .  Jw < ,

C « * - < - £ c a -

a w “i
f e u

{5d ̂Uo. CW»i)
I'd.* ’A'iUk

>*>U
afed taradt ».

[Si>« .view1
N

4vW 
I* *A b J

m *
WAihd '̂«(uk >i' lUcVt

F i g .  8 . 3  G e n e r a l  a s s e m b l y  o f  9 - t u b e  EHD! s h e l l - t u b e  c o n d e n s e r / e v a p o r a t o r ■



222

Fig.  8.4 Electrode for 9-tube she l l

tube EHD condenser/evaporator.
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Fig.  8.5 Electrode support for 9-tube

E H D  s h e l l - t u b e  c o n d e n s e r / e v a p o r a t o r .



s u p p o r t s  (see Fig. 8.5); b) the i n t e r i o r  of the he at e x c h a n g e r  

shell was i n s u l a t e d  w i th se v e r a l  la y e r s  of " N om ex " paper; c) 

c o n s i d e r a b l e  a t t e n t i o n  had to be paid to the high v o l t a g e  fe ed 

t h r o u g h  th e shell wall w h i c h  c o n s i s t e d  of a m o d i f i e d  s p a r k  plug (as 

used in the s i n g l e - t u b e  rig) with a s u b s t a n t i a l  P T F E  pl ug 

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

heat e x c h a n g e r  e l e c t r o d e  and the s p ar k pl u g  e l e c t r o d e ;  d) all 

m a t e r i a l s  in the un it w e r e  c h o s e n  to be c o m p a t i b l e  with R 114 and 

R12. The e l e c t r o d e s  t h e m s e l v e s  w e r e  c o n t r u c t e d  by f i r s t  m a k i n g  th e 

s t r e s s  r e l i e v i n g  rod f r a m e  at ea ch end on a sp e c i a l  jig. Th e 

e l e c t r o d e  p l a t e s  w e r e  m a d e  f r o m  a c o p p e r  w i r e  me sh in one c a s e  and 

thin p e r f o r a t e d  b r a s s  sh e e t  in th e other. B o th w e r e  c o n s t r u c t e d  by 

fi rs t f o l d i n g  the ou t e r  p l a t e s  a r o u n d  a w o o d e n  f o r m e r  (the s e a m s  of 

this s e c t i o n  w e r e  s o l d e r e d  in the b r a s s  s h e e t  c a s e  and s t i t c h e d  

with w i r e  and th en s o l d e r e d  for the w i r e  me s h  e l e c t r o d e ) .  The 

inner p l a t e s  w e r e  then a t t a c h e d  and f i n a l l y  th e r o d s  and end f r a m e s  

were s o l d e r e d  in place. T h e  w h o l e  o p e r a t i o n  wa s  by far the mo st 

d i f f i c u l t  part of the EH D c o n d e n s e r / e v a p o r a t o r  f a b r i c a t i o n  and 

co uld not h a v e  be en a c h i e v e d  w i t h o u t  the c o n s i d e r a b l e  t e c h n i c a l  

s k i l l s  of the w o r k s h o p  staff i n v o lv ed .

One of the 9 - t u b e  u n i t s  was f i t t e d  wi th s m o o t h  1 9 . 1 m m  

d i a m e t e r  t u b e s  and the s e c o n d  with l o - f i n  t u b e s  of the s a m e  

d i m e n s i o n s  as t h o s e  used in the s i n g l e - t u b e  rig. The i n t e n t i o n  is 

to use th e two u n i t s  b a c k - t o - b a c k  in an a r r a n g e m e n t  s i m i l a r  to that 

shown in Fig. 8.6. [Note: The d e s i g n  of t h e s e  c o n d e n s e r /  

e v a p o r a t o r  u n i t s  f o r m e d  the b a s i s  for the UK p a t e n t  no. 8 5 2 2 6 8 0  

[43 and w o u l d  fi nd a p p l i c a t i o n  in l a rg e s c a l e  v a p o u r - r e c o m p r e s s i o n  

p l a n t . 3  P l a t e  8.1 s h o w s  one of the EH D c o n d e n s e r / e v a p o r a t o r s .

8.2 H E A T  E X C H A N G E R  FOR O C E A N  T H E R M A L  E N E R G Y  

C O N V E R S I O N  (OTEC)

O T E C  is ba s e d  on the e x t r a c t i o n  of e n e r g y  f r o m  the 

t e m p e r a t u r e  d i f f e r e n c e  e x i s t i n g  b e t w e e n  the w a r m  s u r f a c e  w a t e r s  of 

the o c e a n s  in e x t e n s i v e  t r o p i c a l  and s u b - t r o p i c a l  areas, and the 

deep w a t e r s  in t h o s e  s a m e  a r e a s  wh ic h h a v e  f l o w e d  f r o m  the p o l a r  

r e g i on s. T h i s  t e m p e r a t u r e  d i f f e r e n c e  is u s ed to d r i v e  a heat
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Plate 8.1 Components ofthe 9-tube EHD
condenser/evaporator
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Fig.  8.6 Schematic of  9-tube EHD s he l l - t ube  condenser/evaporator t e s t  r i g .



e n g i n e  and p r o d u c e  useful en e r g y ,  u s u a l l y  in the fo rm of 

e l e c t r i c i t y .  Th e c o n c e p t  is e x t r e m e l y  s i m p l e  and was f i r s t  

s u g g e s t e d  by a F r e n c h m a n ,  d ' A r s o n v a l ,  in 1881. The first a t t e m p t  

to put the t h e o r y  into p r a c t i c e  was made in C u b a  by C l a u d e  s o m e  

f i f t y  y e a r s  la t e r  u s in g an o p e n  c y c l e  heat e n g i n e  [703. H o w e v e r ,  

it is on ly wi t h  r e c e n t  d e v e l o p m e n t s  in o f f s h o r e  d r i l l i n g  p l a t f o r m  

t e c h n o l o g y  th at O T E C  has b e c o m e  a v i a b l e  p r o p o s i t i o n  for e n e r g y  

p r o d u c t i o n  p a r t i c u l a r l y  for small island c o m m u n i t i e s  who are 

p r e s e n t l y  r e l i a n t  on e x t r e m e l y  e x p e n s i v e  o i l - f u e l l e d  p o w e r  plant.

Ja pa n and the USA h a v e  p i o n e e r e d  d e v e l o p m e n t  of O T E C  

t e c h n o l o g y  and J a p a n  in p a r t i c u l a r  has built s e v e r a l  d e m o n s t r a t i o n  

o n s h o r e  p o w e r  p l a n t s .  The c l o s e d  cy c l e  s y s t e m  is c u r r e n t l y  th e 

m o r e  h i g h l y  f a v o u r e d  op t i o n  (i.e. w i t h  the w o r k i n g  f l u i d  c o m p l e t e l y  

s e p a r a t e  f r o m  th e heat s o u r c e  and sink). T h i s  c o m p r i s e s  an 

e v a p o r a t o r  (fed w i t h  w a r m  s u r f a c e  w a t e r  at a p p r o x i m a t e l y  2 5 - 3 0 ° C ) , 

a t u r b i n e / g e n e r a t o r  set and a c o n d e n s e r  (fed w i t h  wa te r f r o m  a 

de pth of m o r e  t h a n  50 0m at a t e m p e r a t u r e  of l e s s  th an 10°C, say, 

and r e q u i r i n g  a s u b s t a n t i a l  f e e d  pipe, or tu n n e l  in the c a s e  of 

some o n s h o r e  s i t e s ) .  Fig. 8.7 s h o w s  the s y s t e m  o p e r a t i o n  u n d e r  

d e s i g n  c o n d i t i o n s  for the l O Ok W ( e le ct ri ca l) O T E C  pi l o t  plant b u i l t  

on the i s l a n d  of N a u r u  in the W. P a c i f i c  in 1981 (from r e f e r e n c e  

C563 ). The small t e m p e r a t u r e  d i f f e r e n c e  a c r o s s  th e heat e n g i n e  ha s 

the a d v a n t a g e  t h a t  ther ma l s t r e s s e s  on the t u r b i n e  are mi n i m a l  

r e d u c i n g  we ar and m a i n t e n a n c e .  Ho w e v e r ,  e x t r e m e l y  large he at 

e x c h a n g e r s  are r e q u i r e d  for the e v a p o r a t o r  and c o n d e n s e r  s i n c e  th e 

o v er al l c y c l e  e f f i c i e n c y  of the s y s t e m  is e x t r e m e l y  low (of the 

or der of o n l y  2.57. for a w a t e r  temper at ur e' d i f f e r e n c e  of 2 0 ° C  

[703). The s m a l l e r  the heat e x c h a n g e r s  the g r e a t e r  the t e m p e r a t u r e  

dr op s b e t w e e n  w o r k i n g  f l ui d and sea wa ter and t h u s  the lower the 

s y s t e m  e f f i c i e n c y .  C o n s e q u e n t l y ,  o n e  of the mo st i m p o r t a n t  a s p e c t s  

of O T E C  r e s e a r c h  and d e v e l o p m e n t  has be en the s t u d y  of h i g h l y  

e f f e c t i v e  and e x t r e m e l y  la r g e  heat e x c h a n g e r s  th at can w i t h s t a n d  

the c o r r o s i v e  and f o u l i n g  a c t i o n  of sea water. A r e c e n t  r e v i e w  of 

OT EC d e v e l o p m e n t s  [383 r e p o r t s  th at "it has b e e n  s u g g e s t e d  that an 

e f f e c t i v e  e x c h a n g e  s u r f a c e  a r e a  of 2 . 5 k m 2 mi g h t  be n e c e s s a r y  for a 

4 0 0 M W e  sy s t e m " .  T h e s e  u n i t s  are to be made f r o m  t i t a n i u m  and it is 

also said that "to m a n u f a c t u r e  e i g h t  heat e x h a n g e r s  of 4 0 0 M W e  s i z e
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would c o n s u m e  half the annu al o u t p u t  of the US t i t a n i u m  i n d u s t r y  

(at 1974 f i g u r e s ) " !  So the r a c e  is on to fi n d  e f f e c t i v e  h e a t  

t r a n s f e r  a u g m e n t a t i o n  t e c h n i q u e s  c a p a b l e  of us e in e x t r e m e l y  l a r g e  

u n i t s  and t h e r e  h a v e  been n u m e r o u s  p u b l i c a t i o n s  in t h i s  field of 

late (e.g. [641, [53 and [ B I D .

The mo st l i k e l y  w o r k i n g  f l u i d s  to be u s e d  in the O T EC h e a t  

e n g i n e  are F r e o n s  ( e s p e c i a l l y  Rll and R22) , w a t e r  (in an "o pen 

cycl e" s y s t e m ) ,  p r o p a n e  and a m m o n i a .  At p r e s e n t  the F r e o n s  look 

the most p r o m i s i n g  b e c a u s e  of th ei r o u t s t a n d i n g  s a f e t y  and 

e n v i r o n m e n t a l  c h a r a t e r i s t i c s  and good th e r m a l  p r o p e r t i e s .  Th us, 

EH D e n h a n c e m e n t  c o u l d  p l a y  a vi tal r o l e  in th e d e v e l o p m e n t  of O T E C  

by s u b s t a n t i a l l y  r e d u c i n g  the c a p i t a l  cost of th e he at e x c h a n g e r s .

One p a r t i c u l a r  p r o b l e m  t h a t  co u l d  be s i m p l y  s o l v e d  us i n g  E H D  

t e c h n i q u e s  w o u l d  be the e l i m i n a t i o n  of s t a r t - u p  p r o b l e m s  du e to 

b o i l i n g  h y s t e r e s i s  in the e v a p o r a t o r .  G i v e n  that the total 

t e m p e r a t u r e  dr op a c r o s s  the he at e n g i n e  is o n l y  of the o r d e r  of 

2 0 ° C  the a v a i l a b l e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  th e e v a p o r a t o r  

tu be w a l l s  and th e w o r k i n g  f l u i d  m a y  only be 5° C  w h i c h  co ul d p r o v e  

i n s u f f i c i e n t  to i n i t i a t e  n u c l e a t i o n  and the p l a n t  will then h a v e  to 

be s t a r t e d  by a r t i f i c i a l l y  h e a t i n g  the e v a p o r a t o r  f e e d - w a t e r  to 

f o r c e  the e v a p o r a t o r  w o r k i n g  f l u i d  side into full n u c l e a t e  b o i l i n g  

mo de (see Fig. 6.1). Ap a r t  f r o m  th e o b v i o u s  i n c o n v e n i e n c e  and 

e x t r a  ca p i t a l  co st, th is will r e s u l t  in l o w e r  o v e r a l l  o p e r a t i n g  

e f f i c i e n c i e s .

A l t h o u g h  J a p a n  and o t h e r  c o u n t r i e s  ar e l o o k i n g  at the 

p o s s i b i l i t y  of u s i n g  l a r g e  p l a t e  heat e x c h a n g e r s  in OTEC, the 

p l a n t s  so far b u i l t  ha ve used s h e l l - t u b e  u n i t s  w h i c h  are ve ry m u c h  

the m o r e  p r o v e n  t e c h n o l o g y  at v e r y  l a r g e  scale. Th e type of 

e l e c t r o d e  a r r a n g e m e n t s  d e s c r i b e d  in s e c t i o n  8.1 a b o v e  may t h e r e f o r e  

be d i r e c t l y  a p p l i c a b l e  to the O T E C  s i t u a t i o n .

2 2 9



8.3 O T H E R  EHD C O N D E N S f t T I Q N / B O I L I N G  ftPPLICftTIONS

a) P o w e r  t r a n s f o r m e r s .

The d e s i r e  to i m p r o v e  the e f f i c i e n c y ,  r e l i a b i l i t y  and

c o m p a c t n e s s  of h i g h - v o l t a g e  p o w e r  t r a n s f o r m e r s  has led m a n y  

m a n u f a c t u r e r s  to e x a m i n e  th e p o s s i b i l i t i e s  of t w o - p h a s e  c o o l i n g  of 

th e s e  units. T h e  p r e f e r r e d  w o r k i n g  f l u i d s  are F r e o n s ,  the

f l u o r o c a r b o n s  ( " F l ut ec s" ) and t e t r a c h l o r o e t h y l e n e .  T h e s e  f l u i d s  

all h a v e  e x c e l l e n t  e l e c t r i c a l  i n s u l a t i o n  p r o p e r t i e s  and s u i t a b l e  

t e m p e r a t u r e  -  p r e s s u r e  c h a r a c t e r i s t i c s .  The p r e s e n c e  of i n t e n s e  

e l e c t r i c  f i e l d s  w i t h i n  the t r a n s f o r m e r  w i n d i n g s  t h e m s e l v e s  g i v e s  an 

o p p o r t u n i t y  to us e EHD e n h a n c e d  b o i l i n g  if s u i t a b l e  g e o m e t r i e s  are 

used, w h i l e  the c o n d e n s e r  u n i t s  ma y  m a ke p r o f i t a b l e  use of EH D heat 

t r a n s f e r  e n h a n c e m e n t .  On e f a c t o r  that m a k e s  t w o - p h a s e  EHD 

a u g m e n t a t i o n  m o r e  a t t r a c t i v e  in th i s  ca se, m o r e  so than for 

s i n g l e - p h a s e  oil c o o l e d  t r a n s f o r m e r s ,  is th a t  r e s e a r c h  has s h o w n  

that b o i l i n g  and c o n d e n s a t i o n  are e q u a l l y  e n h a n c e d  with e i t h e r  d.c. 

or a.c. f i e l d s  (only the l a t t e r  ar e p r e s e n t  in t r a n s f o r m e r s )  w h i l e  

d.c. is mu ch th e m o r e  e f f e c t i v e  in s i n g l e - p h a s e  s i t u a t i o n s .

b) P o w e r  s e m i c o n d u c t o r s .

D i s c u s s i o n s  with s e ve ra l i n d u s t r i a l  c o n c e r n s  i d e n t i f i e d  

t w o - p h a s e  c o o l i n g  of h i gh p o w e r  t h y r i s t o r s  and t r a n s i s t o r s  as a 

p o s s i b l e  a p p l i c a t i o n  for E H D  e n h a n c e m e n t .  In p a r t i c u l a r ,  the use 

of l a r g e  b a n k s  of t h y r i s t o r s  in a . c . / d . c .  c o n v e r t e r  s t a t i o n s  for 

d.c. l i n k e d  E H V  po w e r  t r a n s m i s s i o n  sh ow s p r o m i s e .  H e r e  the f l u i d  

c o o l i n g  the a c t i v e  c o m p o n e n t s  must be a go od i n s u l a t o r  s i n c e  l a r g e  

p o t e n t i a l  d r o p s  ex i s t  b e t w e e n  the i n d i v i d u a l  d e v i c e s  wh i c h  ar e 

wi r e d  in s e ri es . S o m e  p r e l i m i n a r y  r e s e a r c h  w o u l d  be r e q u i r e d  to 

a s s e s s  the v i a b i l i t y  of an EHD e n h a n c e d  F r e o n  t w o - p h a s e  c o o l i n g  

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

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

wo u l d  be us ed as th e high v o l t a g e  source.

Toda y, m a n y  high po w e r  d e n s i t y  s o l i d  s t a t e  c i r c u i t s  are 

co o l e d  by pool b o i l i n g  F r e o n s ,  c o m p o n e n t s  b e i n g  s u b m e r g e d  in the
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w o r k i n g  fluid, u s u a l l y  in a s e a l e d  unit with e x t e r n a l  c o o l i n g  f i n s  

(e.g. r e c t i f i e r  u n i t s  for e l e c t r i c  l o c o m o t i v e s ) .  H e r e  ag ai n the 

j u d i c i o u s  use of hi g h  v o l t a g e  e l e c t r o d e s  p o s i t i o n e d  c l o s e  to h i gh 

p o w e r  c o m p o n e n t s  or i n t e r d i g i t a t i n g  c o o l i n g  f i n s  at d i f f e r e n t  

e l e c t r i c a l  p o t e n t i a l s  w o u l d  g r e a t l y  i m p r o v e  local r a t e s  of h e at 

t r a n s f e r .
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9. C O N C L U S I O N S

The work d e s c r i b e d  in t h i s  t h e s i s  was d i r e c t e d  p r i m a r i l y
* ^

t o w a r d s  the d e v e l o p m e n t  o-f an engineer/ng a p p l i c a t i o n  o-f EHD 

e n h a n c e d  t w o - p h a s e  heat t r a n s f e r  on the s h e l l - s i d e  of s h e l l - t u b e  

heat e x c h a n g e r s .  S e v e r a l  g e n e r a l  p o i n t s  h a v e  been d e m o n s t r a t e d  in 

the e x p e r i m e n t a l  w o r k  on f l u o r i n a t e d  h y d r o c a r b o n s  (R 114 and R 12):

a) EH D e n h a n c e m e n t  of b o i l i n g  heat t r a n s f e r  of up to a f a c t o r  of 

ten has b e en a c h i e v e d  u s i n g  a h o r i z o n t a l  i n t e g r a l l y  f i n n e d  

tu be wi th a c y l i n d r i c a l  e l e c t r o d e .

b) B o i l i n g  h y s t e r e s i s  can be e l i m i n a t e d  by th e br i e f  a p p l i c a t i o n  

of a m o d e r a t e  e l e c t r i c  f i e l d  to a heat t r a n s f e r  su r f a c e .  T h i s  

e l e c t r i c  s t r e s s  r e s u l t s  in e l e c t r i c a l  a c t i v a t i o n  of the v a p o u r  

g e n e r a t i n g  n u c l e a t i o n  s i t e s  on th e h e a t e d  su r f a c e .

c) EHD e n h a n c e m e n t  of c o n d e n s a t i o n  on h o r i z o n t a l  and v e r t i c a l  

t u b e s  has r e s u l t e d  in i n c r e a s e s  in he at t r a n s f e r  of b e t w e e n  

1 0 0 ’/. and 200'/. for a p p l i e d  d.c. e l e c t r o d e  p o t e n t i a l s  of up to 

30kV.

d) EHD e n h a n c e m e n t  of c o n d e n s a t i o n  on a s i ng le , h o r i z o n t a l ,  

i n t e g r a l l y  f i n n e d  t u b e  ha s be en found to be i n e f f e c t i v e  s i n c e  

e l e c t r i c a l  e n h a n c e m e n t  and the " G r e g o r i g "  e f f e c t  (where the 

c o n d e n s a t e  f i l m  is t h i n n e d  by s u r f a c e  t e n s i o n  f o rc es ) wo rk in 

op po s i t i o n .

The f o l l o w i n g  c o n c l u s i o n s  h a v e  been d r a w n  r e g a r d i n g  the 

p o s s i b l e  f u t u r e  d e v e l o p m e n t s  in EH D  e n g i n e e r i n g  h e a t  t r a n s f e r  

plant:

e) For s h e l l - s i d e  EHD e n h a n c e m e n t  e l e c t r o d e  and heat t r a n s f e r

g e o m e t r i e s  are i m p o r t a n t  with re g a r d  to both the e a s e  of 

e q u i p m e n t  f a b r i c a t i o n  and to the r e q u i r e m e n t s  for m a x i m i z a t i o n  

of heat t r a n s f e r  c o e f f i c i e n t s .  The ty p e  of e l e c t r o d e  and heat

t r a n s f e r  s u r f a c e  a r r a n g e m e n t s  c h o s e n  will de p e n d ,  to s o m e

2 3 2



e x t e n t ,  on the a p p l i c a t i o n .  For e x a m p l e ,  wi t h  c o n d e n s a t i o n  on 

the o u t s i d e  of h o r i z o n t a l  s m o o t h  t u b e s  it is i m p o r t a n t  to 

m a x i m i z e  the u n i f o r m i t y  of f i e l d  s t r e n g t h  a r o u n d  the tu be 

c i r c u m f e r e n c e  wi th s l i g h t l y  h i g h e r  fi el d s t r e n g t h s  at the top 

of the t u b e s  b e i n g  a p a s s i b l e  a d v a n t a g e .  For e l i m i n a t i o n  of 

b o i l i n g  h y s t e r e s i s  r e l a t i v e l y  cr u d e  e l e c t r o d e / i n s u l a t i o n  

s y s t e m s  ma y be a p p l i c a b l e  due to the l e s s  s t r i n g e n t  

r e q u i r e m e n t s  on the s t r e n g t h  and u n i f o r m i t y  of the e l e c t r i c  

field.

C i r c u m f e r e n t i a l  u n i f o r m i t y  of e l e c t r i c  f i e l d  s t r e n g t h  on t u b e  

s u r f a c e s  and r e l a t i v e l y  l i t t l e  o b s t r u c t i o n  to th e f l o w  of 

l i q u i d  and v a p o u r  c o u l d  be a c h i e v e d  wi th an e l e c t r o d e  

a r r a n g e m e n t  c o m p r i s i n g  p l a t e s  and rods. H o w e v e r ,  t h i s  l e a d s  to 

r e l a t i v e l y  low t u b e  b u n d l e  p a c k i n g  d e n s i t i e s .  S h o u l d  th e 

l a t t e r  be u n a c c e p t a b l e  in a gi v e n  s i t u a t i o n ,  m o r e  c o m p a c t  

a r r a n g e m e n t s  u s i n g  o n l y  e l e c t r o d e  rods ar e p o s s i b l e  but at the 

c o s t  of l e s s  i n t e n s e  and l e s s  u n i f o r m  e l e c t r i c  f i e l d s  on the 

heat t r a n s f e r  t u b e  s u r f a c e s .

f) EH D b o i l i n g  he a t  t r a n s f e r  e n h a n c e m e n t  a p p e a r s  t o V g r e a t e r  for

he at t r a n s f e r  s u r f a c e s  g i v i n g  a high d e g r e e  of e l e c t r i c  fi e l d  

i n h o m o g e n e i t y .  Such i n h o m o g e n e i t y  in the c a s e  of the

i n t e g r a l l y  f i n n e d  t u b e  of the p r e s e n t  s t u d y  c a u s e d  

c o n s i d e r a b l e  m o d i f i c a t i o n  of b u b b l e  d y n a m i c s .  B u b b l e s  

a p p e a r e d  to be t r a p p e d  by e l e c t r i c a l  f o r c e s  in th e i n t e r - f i n  

g a p s  and w e r e  f o r c e d  to r i se a r o u n d  the t u b e  

c i r c u m f e r e n c e .  It is t h o u g h t  that t h i s  b u b b l e  " s c o u r i n g "  

a c t i o n  of t h e  tu b e  s u r f a c e  led to c o n s i d e r a b l e  local fl u i d  

t u r b u l e n c e / m i x i n g  and was th e p r i m a r y  m e c h a n i s m  g i v i n g

the l a r g e  E H D  i n d u c e d  i n c r e a s e  in h e at t r a n s f e r .  T h i s

e n h a n c e m e n t  t e c h n i q u e  wo u l d  be a p p l i c a b l e  to l a r g e  s h e l l - t u b e  

e v ^ o r a t o r s  in a v a r i e t y  of e n g i n e e r i n g  plant.

g) A p p l i c a t i o n  of EH D e n h a n c e m e n t  to small c o n d e n s e r  u n i t s  w o u l d

not a p p e a r  to be v i a b l e  u n d e r  normal c i r c u m s t a n c e s  s i n c e

l o - f i n  t u b i n g  a l r e a d y  o f f e r s  h i g h e r  ra t e s  of heat t r a n s f e r  per 

unit l e n g t h  of tube. H o w e v e r ,  in l a r g e  u n i t s  (e.g. as
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p r o p o s e d  for use in Oc e a n  Th er ma l E n e r g y  C o n v e r s i o n  (OTEC) 

plant) th e d e v e l o p m e n t  of v e r y  th i c k  c o n d e n s a t e  f i lm s, 

wh i c h  r e d u c e  the local r a t e  of heat t r a n s f e r ,  may be a v o i d e d  

by the us e of EHD t e c h n i q u e s  to "s trip" c o n d e n s a t e  f r o m  the 

t u be s u r f a c e s .  T h i s  e f f e c t  has been o b s e r v e d  on th e v e r t i c a l  

s m o o t h  tu b e  in the p r e s e n t  s t u d y  but ma y be e q u a l l y  b e n e f i c i a l  

in a l a r g e  f i n n e d  t u b e  bund le .

In a d d i t i o n  to f i n d i n g s  of d i r e c t  r e l e v a n c e  to the 

d e v e l o p m e n t  of EH D c o n d e n s e r s  and e v a p o r a t o r s ,  a n u m b e r  of o t h e r  

ph y s i c a l  p h e n o m e n a  and t h e o r e t i c a l  p o i n t s  h a v e  b e e n  noted:

h) A "F i e l d  I n d u c e d  E b u l l i t i o n "  (FIE) p h e n o m e n o n  has b e e n  

d i s c o v e r e d  w h e r e ,  u n d e r  the a c t i o n  of an i n t e n s e  i n h o m o g e n e o u s  

e l e c t r i c  f i e l d ,  v a p o u r  can be g e n e r a t e d  at an u n h e a t e d  s u r f a c e  

in a n o m i n a l l y  s a t u r a t e d  l i q u i d  with small t h e r m a l  g r a d i e n t s  

th e r e i n .  T h e  g e n e r a t i o n  of v a p o u r  d o e s  not a p p e a r  to be 

d i r e c t l y  du e to j o u l e  h e a t i n g  and is d e p e n d e n t  on the p r e s e n c e  

of t h e r m a l  i n h o m o g e n e i t i e s .  C o o l i n g  of the e l e c t r i c a l l y  

s t r e s s e d  s u r f a c e  has a l s o  be en o b s e r v e d .

i) C o m p l e x  t h r e e - d i m e n s i o n a l  E H D  s u r f a c e  i n s t a b i l i t i e s  h a v e  been 

fo u n d  on c o n d e n s a t e  f i l m s  on a s m o o t h  h o r i z o n t a l  tube. L a r g e  

q u a s i - s t a b l e  c o n d e n s a t e  c o n e s  d r a w n  f r o m  th e f i l m  s u r f a c e  by 

i n t e n s e  local f i e l d  n o n - u n i f o r m i t i e s  h a v e  been o b s e r v e d .  

U n l i k e  o t h e r  EH D f i l m  i n s t a b i l i t i e s  t h e s e  c o n e s  a p p e a r  to 

r e d u c e  the local c o n d e n s a t i o n  he a t  t r a n s f e r  rates.

j) A c o r r e l a t i o n  m e t h o d  ha s b e e n  d e v e l o p e d  for EH D e n h a n c e d  

b o i l i n g  data. T h i s  u t i l i z e s  th e a n a l y s e s  of R o s e n h o w  [923 (on 

z e r o - f i e l d  n u c l e a t e  b o i l i n g )  and of Baboi et al C83 (on the 

r e l a t i o n  b e t w e e n  f i e l d  s t r e n g t h  and b u b b l e  d e p a r t u r e  f r e q u e n c y /  

d i a m e t e r  in EHD b o i l i n g ) .  E H D  da t a  is c o r r e l a t e d  u s i n g  

e l e c t r i c a l  N u s s e l t  and R e y n o l d s  n u m b e r s  (N uE and R e E ) in wh i c h  

the c h a r a c t e r i s t i c  d i m e n s i o n  is the b u b b l e  d e p a r t u r e  d i a m e t e r ,  

and a d i m e n s i o n l e s s  grou p, Ne, w h i c h  g i v e s  a m e a s u r e  of the 

i n f l u e n c e  of e l e c t r i c a l  f o r c e s  on b u b b l e  d e p a r t u r e  d i a m e t e r .
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k) EHD c o n d e n s a t i o n  e x p e r i m e n t a l  d a t a  -from the p r e s e n t  st u d y  and 

o t h e r s  has b e en s u c c e s s f u l l y  c o r r e l a t e d  u s i n g  a r e l a t i v e l y  

s i m p l e  f o r m  u l a t i o n  d e v e l o p e d  by Choi and R e y n o l d s  [223. T h i s  

m e t h o d  w o u l d  a p p e a r  to be q u i t e  a d e q u a t e  for the p u r p o s e s  of 

p r e d i c t i n g  E H D  c o n d e n s a t i o n  e n h a n c e m e n t  in e n g i n e e r i n g  he at 

t r a n s f e r  plant.
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Abstract—The possibility of using the heat transfer enhancing (“Senftleben”) effect of electric stress in 
an oil/water shell/tube heat exchanger is investigated for the first time. The importance of allowing for 
oil gas content and stress polarity is demonstrated and some observations made on how the physical 
nature of the phenomena limits the application of existing correlation methods. Without applied 
voltage, good agreement is obtained with the correlation devised by Zukauskas for in-line tube bank 
cross-flow heat transfer thus confirming the zero stress datum.

1. INTRODUCTION

The effect of an electric field at a surface in changing the coefficient of convective heat transfer 
to an adjacent fluid at the surface was discovered nearly half a century ago by Senftleben 
(after whom the effect is now named) and Braun [1]. The electric field gives rise to electrical 
forces which influence the fluid motion, so producing a change in the heat-transfer rate. There 
are in fact two types of electrical force which can be attributed to the electric field, namely, 
space charge force (electrophoresis) and dielectrophoretic force. The space charge force arises 
from the presence of electrically charged entities being acted upon by the electric field. 
Dielectrophoretic force arises when electrical dipoles are present in a non-uniform field. One 
end of the dipole is acted upon by an electric field of greater magnitude than that acting on its 
other end giving rise to a net force on the dipole.

Since Senftleben’s pioneer work, many studies of electrohydrodynamic (EHD) phenomena 
have been made and a most comprehensive review of this work has recently been compiled by 
Jones [2]. Many, like Senftleben, used a heat transfer surface subject to a highly 
inhomogeneous electric stress distribution. Typically, the surface has been that of a small 
diameter cylinder. This experimental procedure has two disadvantages: first, it is not typical 
of many potential engineering applications; secondly, the relative effect of dielectrophoretic 
and of space charge forces is unrepresentative of uniform field conditions and so results 
cannot be extrapolated to those applications. Some of the work using more uniform field 
configurations, a.c. and d.c., has been correlated by Newton and Allen [3]. It is regrettable, 
however, that, despite the discovery of greatly enhanced values of heat-transfer coefficient, 
few practical applications have resulted. The work outlined in this paper is a further 
contribution towards the goal of developing an engineering exploitation of the ‘Senftleben’ 
effect.

Earlier work at Imperial College has included two modifications of a commercial shell (oil- 
side)/tubc (water-side) heat exchanger to incorporate the application of high-voltage in the 
cooling of transformer oil. In the first, electrical insulation of the shell from the core tubes 
allowed application of electric stress to the outer surface of the outer tubes. As a result, about 
90° of the circumference of each of 24 tubes out of a total of 60 was stressed, i.e. about 10% of
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the total heat-transfer surface. Using the simple analysis given in the Appendix, the heat 
transfer at the stressed surface was estimated as improving by about 40% for an applied 
voltage of 6 kV negative [4]. However, the overall effect on conductance, G, was small and the 
second modification was to apply the voltage to wire electrodes held parallel to and between 
the tubes by Perspex flow diverting baffles. Using this apparatus to cool hot transformer oil 
no heat-transfer augmentation was observed [5]. As other work [6] showed that heat 
transfer front the oil is as susceptible to improvement as heat transfer to it (hitherto studied) it 
was calculated that a more fundamental redesign was needed for further study and a full-size 
model of a section of a shell/tube heat exchanger was constructed using an alternative (plane) 
electrode geometry designed to achieve a more uniform electric field at the tube outer surface. 
It was envisaged that a practical modification of a commercial shell/tube heat exchanger 
would involve plane wire-mesh electrodes fitted between rows of tubes. This is thought to be 
the first study of the Senftleben effect in a cross-flow system.

Three previous studies [7-9] on the effect of electric stress on forced, rather than natural, 
convective heat transfer in ducts have shown that substantial increases in mean heat-transfer 
coefficient can be achieved in mineral insulating oils at modest Reynolds numbers. However, 
EHD effects are strongly dependent on electrical conduction in the liquid dielectrics and, in 
these, electrical properties depend largely on impurity content. Thus, to achieve consistent 
and reproducible results some means of controlling the impurity content of the dielectric had 
to be devised. This was done using an oil circuit closed to the atmosphere.

2. THEORY

The set of differential equations governing fluid flow, heat transfer, charge transport and 
electric potential in an EHD convective heat-transfer situation is complex and (apart from a 
few trivial cases) virtually insoluble numerically or analytically. However, means of 
correlating and predicting results have been devised. The equation set mentioned above has 
been adequately described elsewhere [2,10] and it might be profitable to examine some of the 
basic limitations of these theoretical approaches.

In 1947, Ahsmann and Kronig [11] suggested a Nusselt number correlation for EHD 
enhancement of natural convective heat transfer in liquids, viz.

Nu =  /(Gr • Pr) +  g(El • Pr) (1)
where Gr represents the Grashof number, Pr the Prandtl number and El is a dimensionless 
dielectrophoretic electrical influence number defined as

PI pd2AT(de/dT)E2El = -----------5---------- (2)
n

where p, e, T  and ;/ are liquid density, permittivity, temperature, and dynamic viscosity, 
respectively, d is characteristic dimension, AT is a temperature difference and E is the electric 
field strength at the heat-transfer surface.

By this means, Ahsmann and Kronig were able to correlate their results for heat transfer 
enhancement with alternating (a.c.) fields for frequencies above 40 Hz. However, the 
correlation did not cover low frequency or unidirectional (d.c.) electric stresses due to space 
charge effects which caused inhibition of heat transfer. They also found that changing the 
polarity of d.c. fields affected the degree of heat transfer enhancement/inhibition.

The appearance of free charges in a dielectric liquid can be viewed as the result of variations 
in the electrical conductivity, a, of the liquid. Electroconvection due to movement of these 
charges in an electric field is called electrophoresis (in contrast to dielectrophoretic 
convection due to variation of liquid permittivity). In most practical experiments (par-

2k9
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ticularly using d.c. stress) electrophoresis is the predominant electric body force and in 1968 
Turnbull [12] suggested a second electrical influence number, El', to correlate results from 
these experiments, viz.

This dimensionless number has been successfully used by some researchers. However, it 
must be used with great caution since the mechanisms of free charge generation and charge 
transport, their dependence on temperature and their effect on bulk fluid convection are all 
complex phenomena that are far from fully understood.

An insight into the behaviour of free charges in EHD experiments is available from the 
substantial volume of work published on conduction/breakdown phenomena and carrier 
mobility in liquid insulants. A fairly simple analysis of this work shows: (a) that free charges 
may appear as the result of dissociation of impurities within the liquid and/or as a result of 
charge injection at the electrodes; (b) that the conduction characteristics of the liquid differ 
according to the magnitude of the applied electric stress.

In the case of many commercial grade insulating liquids that have been used in EHD heat- 
transfer experiments (e.g. transformer oil) the following generally applies in the case of d.c. 
fields: at low field strengths (less than 5 kV m -1, say) the dielectric liquid acts as an ohmic 
conductor with free charges (arising from impurity dissociation) being swept to the 
appropriate electrode; at higher field strengths space charge clouds build up near the 
electrodes causing a perturbation of the nominally uniform electric field generally resulting in 
field enhancement at the electrodes (the magnitude of space charge density depending on 
several factors including charge carrier mobility and coefficients of dissociation and 
recombination of the impurity molecules); at high field strengths (greater than 2 MV m -1, 
say) charge injection may occur (possibly leading to electroconvection) and at very high fields 
(greater than 10 MV m _1, say) incipient liquid breakdown will occur, with high current 
pulses passing at random intervals. The actual conductive behaviour of a given dielectric 
liquid under such conditions will be further determined by the nature of the pure liquid itself, 
the type and concentration of the impurities therein and the liquid temperature.

It is clear that these factors governing electrical conduction will determine the EHD 
convective behaviour of a dielectric liquid. It has been found, for example, that the formation 
of space charge clouds at a heat-transfer surface/electrode greatly inhibits convective heat 
transfer [13]. Similarly, ion injection has been used as a means of enhancing heat transfer in a 
duct [14]. One can therefore conclude that the correlation of EHD heat transfer (in d.c. 
electric fields) by El' is of limited validity. Other, more complex, correlations have been 
attempted (e.g. [10]) but these are also subject to the same limitations. To date, no 
satisfactory means has been devised to correlate the results of the wide range of studies 
involving electrophoretic heat-transfer enhancement/inhibition. This situation will persist 
until the mechanisms discussed above are fully understood and until researchers in EHD 
heat transfer are able to apply the same exacting standards to the control of dielectric purity 
and electrode/heat-transfer surface condition that have been found necessary for repro
ducible results in the field of insulating liquid conductivity and breakdown research.

The flow regime in the heat exchanger model (see Fig. 1) represented qualitatively that in a 
section of a complete shell/tube heat exchanger. Oil flowed up a vertical channel (127 x 20.7

(3),2

3. EXPERIMENTAL

250



88 P. Cooper and P. H. G. Allen

Fig. 1. Schematic diagram of electrically enhanced heat exchanger.

mm) over a line of three brass water tubes (o.d. 12.6 mm) and the complete arrangement was 
housed in a Perspex tank containing transformer oil (to B.S. 148). The whole apparatus is 
shown in Fig. 2. It incorporates a sealed oil-circuit which allows the condition of the oil, with 
respect to water and air content, to be maintained almost indefinitely. The oil and the heat 
transfer surfaces could be degassed in situ to a vacuum of about 50 /im of mercury and 
aeration could be effected by simply bubbling air through the oil in the Perspex tank. The 
presence of particulate impurities was minimized by means of a 100 mesh phosphor-bronze 
screen filter incorporated in the oil circuit.

In the first set of experiments, where cold oil was heated by the hot tube bank, cold water 
was passed through the small heat exchanger to maintain the oil temperature and hot water 
was circulated through the tube bank by a thermostatically controlled immersion 
healer/pump. When tests on hot oil-cold tubes were made the two water circuits were 
interchanged. Volumetric oil and water flow rates were monitored by a positive displacement 
nutating disc and a variable area flowmeter, respectively. Inlet oil and water temperatures to 
the heat exchanger model were measured by mercury-in-glass thermometers and inlet-outlet 
fluid temperature differences by iron-constantan thermocouples. To ensure that the oil 
temperatures measured were bulk (mixed mean) ones, the thermojunctions were embedded 
in copper discs perforated with many small holes; similarly, for water temperature 
measurement vortex promoting spirals were placed in the circuit to ensure mixing.

The high-voltages applied to the electrodes were obtained from two “Sames” d.c. 
generators or from a 100 kVA high-voltage transformer depending on the requirement. All 
generators were connected to the heat-transfer apparatus through a potential divider to 
maximize applied voltage stability.

When necessary, the electrical conductivity of the oil was determined as a function of
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T -  Thermojunction 

RT -  Flowmeter 

ps -  Pressure Sensor 

MT- Mercury-in- glass 

Thermometer

temperature. A small sample of oil would then be drained from the Perspex tank into a 
specially modified gas-tight “Wayne-Kerr” conductivity test-cell. This was then placed in an 
oil bath and the oil conductivity found for a range of temperature by means of a specially 
built electrometer digitally controlled by a ‘PET mini-computer. By employing weak electric 
fields (of the order 10-15 kV m -1) and by reversing the polarity of the applied voltage, then 
from a digital record of the transient current waveform it was possible to ensure that space 
charge build-up did not occur.

4. RESULTS AND DISCUSSION

The mean oil-side Nusselt numbers for the three tubes were determined as follows: first the 
overall heat-transfer coefficient, L7, was calculated:

JJ __ ^Ivt’^ 'p w d  Twa ^ w ,o l)  / . y
~  A0ATm 1 '

where m„  cpw, Tw l and Tw o are water mass flow rate, specific heat, inlet temperature and 
outlet temperature respectively, and A„ represents oil-side heat-transfer surface area. The 
mean temperature difference between oil and water, ATm, is defined:

AT = (lTw, - T J )  + (ITWt0- T 0J)
(5)

Having found the overall heat-transfer coefficient, U, it was then possible to isolate the oil- 
side coefficient, hm 0, from

1 _  1 L  1 

U ~ h mtW + J  + h Z (6)
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where L and X are, respectively, the thickness and thermal conductivity of the water tubes. 
The water-side mean heat-transfer coefficient, hm w, was calculated from water temperatures 
and flow rate in conjunction with published data [15] and the Nusselt number was calculated 
on the basis of tube diameter, D.

To confirm the validity of the experimental method, Nusselt numbers (for zero applied 
electric stress) were correlated against Reynolds numbers. Figure 3 shows this correlation in 
the form suggested by Zukauskas [16] where

K f  =  Nuf 'P r j03'J(Prf /Prg)~0 25. (7)
The Reynolds number in all results is based on the tube outside diameter and the flow 

velocity in the minimum free flow cross-section, i.e.
Re = pDu

n
(8)

u = uJ(l-D /H )  (9)
where ua is the oil velocity in the channel between the electrodes and D/H represents the 
‘blockage ratio’ for a bank of tubes (H  being the distance between adjacent tube axes, see Fig. 
4). It was assumed that the electrode surfaces corresponded to the outer surfaces of adjacent 
tube lines (i.e. D/H = 0.756). The results in Fig. 3 show very good agreement with those of 
Zukauskas for in-line tube banks in transformer oil (Fig. 45 [16]) the solid line representing a 
close linear fit to the latter.

In the following presentation of results the degree of heat-transfer enhancement or 
inhibition resulting from the application of electric stress to the heat-transfer surfaces is 
expressed as the ratio of oil-side mean Nusselt number at a given electric stress, Num E, to that 
at zero electric stress, N«m 0. These values are then graphed against the potential applied to 
the two aluminium electrodes.

First, the case of cold oil being heated is examined. Under nearly all hydrodynamic and 
thermal conditions EHD heat-transfer enhancement was obtained for all values of d.c. 
electric stress above a given threshold value. Alternating stress had no measurable effect. It 
would seem reasonable, therefore, to suppose electrophoresis to be the predominant EHD 
mechanism. Figure 5 shows the relationship between electrode potential and the degree of 
heat-transfer enhancement for three values of Reynolds number. For a given applied stress,

o Cooling oil

Fig 3. Zukauskas heat-transfer factor versus Reynolds number (without electrical enhancement)

253



The Senftleben effect in cross-flow heat exchange 91

Fig. 4. Basis of determination of Reynolds numbers.

enhancement is greater for smaller Reynolds numbers. This concurs with previous work [8] 
and is due to the predominance of inertial forces over electric body forces at higher fluid 
velocities. It should be noted that the degree of enhancement can be very considerable. Figure 
5 includes two plots of overall heat-transfer enhancement to illustrate the order of 
enhancement possible in an engineering application.

The relationship between Num>E/Numt0 and electrode potential shows characteristics 
common to all oil flow conditions. At low electrode potentials (i.e. less than 1 kV) no 
enhancement was observed. Enhancement then rapidly increased with increasing stress to 
reach a region of semi-saturation (at about 6-14 kV) and at high potentials enhancement 
again began to increase more rapidly. This suggests the existence of two separate 
enhancement mechanisms. Porter and Smith [8] reported a saturation of the effect at applied 
voltages of 12-14 kV. However, this would correspond to an applied voltage of only about 6 
kV in the present apparatus. Had they utilized stronger electric fields, Porter and Smith 
might well have found high-field enhancement (also observed in our hot oil/cold tubes 
experiments).

Here, for moderate values of stress, the electric body forces are thought to be of an 
electrophoretic nature (due to the variation in space charge density and conductivity of the 
transformer oil across the temperature field). However, a second mechanism, due to space 
charge accumulation at the heat-transfer surfaces, serves to inhibit heat transfer. This has 
been observed in previous studies [8,9,17,18] and was described in detail by Senftleben and 
Schnabel [13]. In the present apparatus, such inhibition only became evident for smaller

25k



92 P. Cooper and P. H. G. Allen

Aerated o il ATm =L0°C  Electrode Po larity  —  N egative

2 2

Fig. 5. Heat-transfer (oil-side and overall) enhancement when heating oil at various velocities.

values of ATm with positive electrode polarity (see Fig. 6). It is thought that for large ATm the 
effect of the reduction of oil viscosity at the hot tube wall greatly increases the mobility of 
charge carriers preventing significant space charge accumulation. (The viscosity of trans
former oil has a very strong dependence on temperature, in this study ?/20.c =  2.7 x 10~2 kg 
m -1 s" 1 and rfs0.c =  3.4 x 10~3 kg m-1 s -1 .) It has also been found in paraffin oils that 
positive ions have a lower mobility than negative ions [19]. If, as is probable, this were true 
for the present oil, a positive electrode potential, resulting in a migration of positive ions to 
the heat-transfer surface, would be more likely to produce high space charge density—and, 
hence, heat-transfer inhibition—than a negative electrode potential.

A strong polarity effect was observed in all experiments. Negative potentials gave sub
stantially greater enhancement than positive ones of equal magnitude, probably due to a less 
effective inhibition mechanism. Porter and Smith [8] reported the same phenomenon, 
although Schmidt and Leidenfrost [7] made no mention of electrode polarity.

Figures 6 and 7 show that enhancement is greater for larger mean temperature differences, 
ATm. This, again, was found by Porter and Smith [8] and is probably caused by increased 
electrophoresis due to the larger temperature gradients in the oil. (Note: heat fluxes 
employed in this study were of the order 10-15 kW m-2 and bulk oil inlet temperatures were 
generally about 40°C. Porter and Smith [8] used heat fluxes of 5-9 kW m~2.)

Figures 8 and 9 show the effect of degasification of the transformer oil on the EHD heat- 
transfer enhancement. Degassed oil generally showed a higher degree of enhancement at 
moderate field strengths, especially in the case of positive electrode polarity. No firm 
conclusions can be drawn as to the mechanisms involved since the effect of dissolved gas on 
the electronic conduction processes is extremely complex [20]. However, the results may be 
explained by use of the work of Cherney and Cross [21] who investigated variations in space
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Fig. 6. Effect of electrode polarity and AT),, on enhanced heat transfer to oil.

charge density in chlorobiphenyls. They found greater cathode space charge densities in 
aerated dielectric liquid (i.e. with high oxygen and water content) than in degassed liquid. If a 
similar mechanism were operating in the present study, then heat-transfer inhibition would 
increase for a positive electrode polarity when the oil was aerated.

At high electric field strengths, a second enhancement mechanism due to charge injection
2 0 1

NUm,E
NU.,0

0 2 4 6 8 10 12 14 16 18 20 22
Electrode P o te n tia l ( k V )

Fig. 7 Effect of electrode polarity and A T m on enhanced heat transfer to oil.
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at the heat-transfer surfaces may be postulated (in addition to electrophoretic transport of 
charges produced within the liquid). Figures 8 and 9 show how this enhancement is 
apparently increased upon aeration of the oil. This agrees with the results of Sugita et al. [22] 
who found a marked increase in conduction current upon exposure to air in filtered 
transformer oil under electric stress of the same order of magnitude as used in the present
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1 k  - 

1 2 -
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Fig 9. Effect of oil air content on enhanced heat transfer to oil.
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Degassed Oil Re=215 ATm= 50°C 
Fig. 10. Inhibition/enhancement of heat transfer from oil.

experiments. The injection velocity of charge carriers in transformer oil is also reduced by the 
addition of electronegative impurities to the oil [23]. This could lead to a less substantial 
disruption of a thermal boundary layer in an EHD situation of the present type.

For experiments using hot oil cooled by cold tubes, all results again showed common 
characteristics, the most striking being a marked inhibitive effect of electric stress on heat 
transfer. Figure 10 shows a typical set of results for positive and negative electrode potentials. 
Again a strong polarity effect is in evidence but in this case it is most interesting to note that it 
is the positive electrode potentials that produce most heat-transfer enhancement (or least 
inhibition) at high electrode potentials. (Some very slight increases in heat transfer were 
found with applied a.c. electric stress but these were so small as to be unquantifiable.) For a 
qualitative explanation of these results it is helpful to consider the electronic conduction 
processes involved. First, we note that a much higher degree of inhibition is produced for a 
given electrode potential than in the case of hot tubes. This is because the oil around the cold 
tubes is more viscous than in the free-stream. The ions in their vicinity are thus less mobile, 
leading to greater space charge densities, and therefore, greater heat-transfer inhibition.

The mechanism of heat-transfer enhancement is not so obvious. One possibility is high- 
field ion injection from the heat-transfer surface. A space charge cloud around the heat- 
transfer surface, in addition to causing heat-transfer inhibition, will also result in a greatly 
enhanced electric field between the surface and the cloud. Maleki and Pieranski [24] have 
numerically solved the three partial differential equations governing steady state ion 
conduction in an isothermal liquid between plane parallel plates using the ‘Thomson’ model. 
Taking ion mobility in transformer oil to be 4 x 1 0 '8 m2 V -1 s -1 (from Sakamoto and 
Usada [23]) and a water concentration of 10 ppm (assuming all ions are produced by the 
thermal dissociation of water molecules) then from the results of Maleki and Pieranski for an 

, Applied field of 2 MV m ' 1 we would find an enhanced field at both electrode surfaces of
/  approximately 4 MV m _1. As suggested earlier, the effect of local variations in liquid 

viscosity would tend to increase this enhancement even further and we might expect to find 
ion-injection processes occurring at fairly low applied fields. Such ion-injection or corona 
discharge would tend to carry liquid away from the heat-transfer surface causing disruption 
of the thermal boundary layer and thus augmentation of heat transfer.
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Fernandez [14], using apparatus similar to Porter and Poulter [9], found that the 
threshold voltage for ion injection in his transformer oil was approximately 4 kV 
corresponding to a local field strength at the injecting electrode of900 k V m “ 1. In the present 
study, if the electric field between the electrode and the nearest point of a water tube is 
assumed to be uniform, then one could expect ion-injection at an electrode potential of about 
4 kV. This is close to the point at which a tendency toward enhancement is observed for a 
positive electrode polarity.

As in the case of cold oil being heated, the effect of greater fluid bulk-to-wall temperature 
differences or smaller Reynolds numbers tended to increase the effect of enhancement/ 
inhibition. The effect of gas/moisture content of the oil was negligible, the only consistent 
results showing a tendency for high-field enhancement to be reduced in degassed oil as in 
the case of cold oil being heated.

Previous research [17, 18] found that inhibition of heat transfer from fine heated wires 
could be temporarily turned to enhancement by reversing the polarity of the applied field. 
With a view to obtaining continuous heat-transfer enhancement at moderate field strengths 
for cooling oil, low frequency (0.2-10 Hz) square wave alternating stress was applied to the 
model by means of a simple mechanical switching device. In the case of 10 kV applied d.c., 
heat-transfer inhibition of 50% could be turned to at least 50% enhancement using ±  10 kV 
switched stress. The enhancement can be taken as due to space charge, and consequently 
liquid, being swept away from the heat-transfer surface upon each polarity reversal.

Over a period of several weeks a black sludge-like deposit collected on both the heat- 
transfer surfaces and the electrode surfaces. This was of considerable thickness (of the order of 
0.5 mm), could not be removed without dismantling the apparatus and, though its origin is 
not precisely known, its appearance has been noted elsewhere [14]. It was probably an 
accumulation of oil impurities as a result of electrostatic precipitation. In a commercial 
application, though the oil may be effectively cleaned in this way, fouling of the heat-transfer 
surfaces would inevitably be detrimental to the performance of the heat exchanger. The layer 
of sludge, although not affecting Num>0 greatly, had a very marked and unpredictable effect on 
heat transfer with electric stress. For example, after leaving the apparatus overnight and then 
applying an electrode potential of 18 kV to the hot oil/cold tubes arrangement {Re =  100, 
ATm = 48°C) an initial enhancement of 170% was observed. This slowly diminished until a 
steady enhancement of only 10% was reached after one hour.

Although changes in the gas and moisture content of the transformer oil had relatively 
little effect on EHD heat-transfer enhancement/inhibition, particulate contamination of the 
oil did greatly increase enhancement. All data from the present study relate to oil passed 
(continuously) through a 100 mesh filter. Previous studies have made no mention of measures 
taken to limit oil contamination by air or particles.

As mentioned previously, the electrophoretic influence number, EV, must be used with 
caution in view of possible errors from effects such as electric field enhancement by space 
charge clouds. A further limitation in its application to date has been uncertainty as to the 
precise relationship between electrical conductivity and temperature, (Sc/dT), of the 
dielectric heat-transfer fluid. The present study is unique in that this parameter was measured 
directly.

It is most likely that heat-transfer enhancement for moderate electric fields in the hot 
tubes-cold oil experiments was due to electrophoresis and that the charge carriers necessary 
for EHD convection were produced by ionic dissociation of impurities, including water 
(which is readily absorbed from the atmosphere by transformer oil). Ionic dissociation 
processes obey an Arrhenius law relationship, where the number of dissociated molecules, n, 
in a given population (originally n0) is given by

n =  n0 exp(-W JkT )  (10)
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where k =  Boltzmann’s constant, T = absolute temperature and Wd is the activation energy 
of dissociation which determines the slope of a graph of log n against l/T  (‘Arrhenius plot’).

Assuming uniform space charge in a dielectric liquid and equal numbers of singly charged, 
equally mobile, positive and negative charge carriers, then the electrical conductivity, a, is 
given by

<T =  P ffl (11)
where pf  is the total space charge density and p the mobility of the charge carriers. pf  is then 
directly proportional to the number of dissociated molecules available. The mobility of ions 
in a dielectric liquid follows Walden’s Rule, i.e.

1*  =  C ' 1! 1 (12)

where C is a constant and rj is the dynamic viscosity of the liquid. To a fair approximation, the 
viscosity of transformer oil may be written as

r\ = Ho exp {WJkT) (13)
where Wn is the activation energy of viscosity [25]. Thus, the activation energy of carrier 
mobility, WM, would be approximately equal to Wr  The electrical conductivity of a dielectric 
fluid would, therefore, also obey an Arrhenius law, with a slope of Wa, the activation energy of 
conduction.

Though this approach is obviously a simplification, the conductivities of many pure and 
impure hydrocarbons do obey the Arrhenius law. Forster [26,27] found Wa =  0.41 eV for a 
wide range of unsaturated hydrocarbons (this value being unaffected by dissolved oxygen). In 
transformer oil Guizonnier [28] also found Wa =  0.41 eV. A typical set of results from the 
present study is shown in Fig. 11 together with graphs of t]~l Cpr the oil used and the 
concentration of hydrogen ions, [H +], in pure water [29] for comparison of Wd and Wr  
It was found that two distinct activation energies of conductivity apply, below 35°C Wa =  
0.41 eV and above 40°C Wa = 0.65 eV. The first value agrees with that of Guizonnier, 
who considered it due to the presence of water, and Forster, while the second is supported 
by the work of Yasufuku et al. [25] whose results for transformer oil are also shown in 
Fig. 11.

To summarize, the failure of a single value of Wa to predict the relationship between oil 
temperature and conductivity in the present study was probably due to the presence of 
impurities, in addition to water, each with its own activation energy of dissociation. However, 
this approach does show that (1 /a) • (d(j/dT)is not constant with respect to temperature and it 
has been found in practice to range in magnitude from 0.083 K -1 at 40°C to 0.051 K -1 at 
30°C for the oil used in this study. This taken with the factors discussed in Section 2 is a 
further argument precluding E i as a means of correlating EHD heat-transfer results 
accurately.

5. CONCLUSIONS

The results of this study have shown that substantial EHD heat-transfer enhancement is 
possible in a single-phase forced convection heat exchanger under a variety of conditions. 
With a view to the future practical use of such a method of heat-transfer control/ 
augmentation it is apparent that several important factors must be taken into account. 
For example, from an electrical point of view;

(a) D.c. electric stress should always be employed using appropriate polarity.
(b) Inhibition of heat transfer in a d.c. electric field may be turned to enhancement by using 

low frequency square wave a.c. stress.
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Fig. 11. Logarithmic graphs of electrical conductivity of oil, cr, hydrogen ion concentration in pure water, [H +], 
and reciprocal of oil viscosity, t\~ 1 vs reciprocal of absolute temperature, 1 /T  (Arrhenius law plots).

In addition, it may be possible to increase high-field EHD enhancement of heat transfer 
(due to charge injection) by the addition of an electronegative impurity (e.g. Oc or SF6) to the 
liquid. In all cases the dimensionless electrophoretic influence number, El, for correlating 
EHD heat transfer data must be used with caution since it does not take account of several 
important EHD phenomena, viz. (1) polarity effects; (2) space charge field enhancement; (3) 
space charge heat-transfer inhibition; (4) non-linear dependence of fluid electrical conduc
tivity upon temperature.

One possible engineering application of the Senftleben effect is in the oil-water shell/tube 
heat exchangers cooling the insulating oil of a large high-voltage power transformer. Several 
case studies of flow conditions in conventional oil coolers currently in use show oil-side 
Reynolds numbers of the order 1000 and oil-side heat-transfer coefficients typically between 
400 and 500 W m -2 K -1. The maximum oil-side heat-transfer coefficient achieved in this 
study for cooling was hm — 370 W m " 2 K “1 (c.f. Fig. 10 where hm<0 = 250 W m "2 K ~*) with a 
positive electrode potential of 20 k V and a Reynolds number of only 215. Still higher degrees /" 
of enhancement are possible since the maximum electrode potential was limited by the 
quality of insulation outside the test rig and not by the breakdown strength of the oil itself. In 
this type of application it should be noted that;

(a) The direction of heat flow is most important in determining whether heat-transfer 
enhancement is possible.

(b) The impurity content of the dielectric fluid will, to some extent, affect enhancement/ 
inhibition.

(c) The effectiveness of heat-transfer enhancement/inhibition is greatest at low Reynolds 
numbers and large temperature differences between the heat transfer surface and the bulk 
fluid.

(d) The use of electric fields in dielectric liquid heat transfer may lead to significant fouling 
of heat-transfer surfaces.
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It may, therefore, be possible to develop a ‘Senftleben heat exchanger’ using lower oil 
velocities and a correspondingly lower pumping energy requirement, but of a size 
comparable to conventional oil coolers. However, further developmental work is needed: (1) 
to determine whether sufficiently large heat-transfer coefficients can be realized by the use of 
higher electrode potentials and/or polarity switching; (2) to quantify the increase in pressure 
drop due to incorporation of electrodes in the tube bundle and to EHD effects.
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NOMENCLATURE
A  heat-transfer surface area [m2]
c r specific heat capacity [J kg- 1 K -  *]
D  tube diameter [m]
d characteristic dimension [m]
£  electric field strength [V m * 1]
E l dielectrophoretic electrical influence number
E l' electrophoretic influence number
G  thermal conductance [W  K -1]
Gr Grashof number *
hm mean heat-transfer coefficient [W m - 2 K -1]
H  distance between adjacent tube-line axes [m]
K f  dimensionless heat-transfer coefficient
k  Boltzmann’s constant [J K "  *]
L  thickness of brass tubes [m]
m  mass flow rate [kg s -  3]
N u  Nusselt number
P r  Prandtl number
R e  Reynolds number
T  temperature [K]
AT temperature difference [K]
U  overall oil-water heat-transfer coefficient [W m ~ 2 K “ *]
Wd activation energy of ionic dissociation [eV]
Wt  activation energy of electrical conductivity [eV]
W' activation energy of viscosity [eV] *-
u  oil velocity [m s -1]
u„ free stream oil velocity [m s -1]
G reek sym b o ls
z permittivity [ F m M]
rj dynamic viscosity [kg m - 1 s -  ‘]
/. thermal conductivity [W m “ 1 K “ x]
p  mobility of charge carriers [m 2 V-1 s -1]
p  density of fluid [kg m -  3]
p f  free charge density [C m -3]
a  electrical conductivity [S in -1]
S u bscrip ts
f  fluid in free stream
g  fluid at heat-transfer surface
m  mean
o  oil
w water
o , i  oil inlet
o ,o  oil outlet
w, i water inlet
w ,o  water outlet
m , 0 mean at zero electric stress
m, E  mean at electric stress £
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APPENDIX
Considering the heat exchanger as consisting of two parallel parts, having thermal conductances { W /K )G  x and G2 

to give the overall conductance G =  G , +  G2. If, due to the application of electnc stress, one of these, G2 say, changes 
to G2 +  AG2, then G changes to :

G +  AG =  Gj +  G2 +  AG2 (a)
Assuming that each (unstressed) conductance is proportional to the tube surface area, A x o r  A  2, respectively, 

involved, then:

Rearranging (a):

(b)

(c)
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and substituting (b) into (c):

whence:

A G2 A GSo that — — can be estimated from measurements o f----.G 2 G

(d)

(e)
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