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ABSTRACT 

Mass  t r ans f e r  u n d e r  b u b b l e - i n d u c e d  c o n v e c t i o n  has  b e e n  e x p e r i m e n t a l l y  m e a s u r e d  in a ver t ica l  cell. The  cell  con-  
s i s t ed  of  two  para l le l  ver t ica l  e lec t rodes ,  u p o n  one  of  w h i c h  ch lo r ine  gas evo lved  a n d  t he  o the r  w h e r e  t h e  mass - t r ans fe r -  
con t ro l l ed  r e d u c t i o n  of  d i s so lved  ch lo r ine  occur red .  Two m e c h a n i s m s  c o n t r i b u t e d  to t he  e n h a n c e m e n t  of  m a s s  t ransfer :  
c i rcu la t ion  due  to t he  n o n u n i f o r m  d i s t r i b u t i o n  of  b u b b l e s  a n d  s t i r r ing  c a u s e d  b y  t he  r i s ing  bubb le s .  The  ave rage  mass -  
t r a n s f e r  coeff ic ient  genera l ly  d e c r e a s e d  w i th  i n c r e a s i n g  cell  gap,  e x c e p t  at  a cell  gap of  a b o u t  0.5 cm w h e r e  a local  maxi -  
m u m  occur red .  The  local  m a s s - t r a n s f e r  coeff ic ient  i n c r e a s e d  n o n l i n e a r l y  w i t h  he igh t .  A m a t h e m a t i c a l  m o d e l  for  t h e  b u b -  
b l e -d r iven  fluid flow in  t he  e l e c t r ochem i ca l  cell  is p r e s e n t e d  w h e r e  b u b b l e - i n d u c e d  c o n v e c t i o n  can  b e  t r e a t e d  as a n a t u r a l  
c o n v e c t i o n  p h e n o m e n o n .  T he  g o v e r n i n g  d i f fe ren t ia l  e q u a t i o n s  are  d e v e l o p e d  a n d  t he  r e su l t s  of t he  n u m e r i c a l  ana lys i s  are  
p r e s e n t e d  a n d  d i s c u s s e d  in l igh t  of  t he  a s s u m e d  d i s t r i b u t i o n  of  t he  vo id  fract ion.  A qua l i t a t ive  a g r e e m e n t  w i t h  o b s e r v e d  
flow p a t t e r n s  is ob ta ined .  

M a n y  e l e c t r o c h e m i c a l  r eac t ions  of  c o m m e r c i a l  i n t e r e s t  
h a v e  one  or m o r e  p r o d u c t s  in  t he  gaseous  phase .  These  
p r o d u c t s  are  f o r m e d  on  t he  e l ec t rode  sur face  a n d  re l eased  
in  t he  fo rm of b u b b l e s  in  t he  l iqu id  electrolyte .  T h r e e  of 
t he  m o s t  c o m m o n  p r o d u c t s  are h y d r o g e n ,  oxygen ,  a n d  
chlor ine .  In  o the r  i n d u s t r i a l  e l e c t r ochem i ca l  cells, i ne r t  
gases  s u c h  as n i t r o g e n  a n d  air  are s pa r ged  in to  t he  cell  to 
st ir  t he  electrolyte .  A n  e x a m p l e  of  s u c h  an  app l i ca t i on  is 
t h e  c o p p e r  e l e c t r o w i n n i n g  cell. 

The  p r e s e n c e  of  gas b u b b l e s  in  t he  e l e c t r ochem i ca l  cell  
af fects  t he  p e r f o r m a n c e  of the  cell  in  two i n d e p e n d e n t  
ways.  First ,  gas b u b b l e s  in  t he  p a t h  of  t he  e lect r ic  c u r r e n t  
b e t w e e n  the  two  e lec t rodes  of  t he  cell  dec rease  t he  effec- 
t ive  c o n d u c t i v i t y  of  t h e  electrolyte ,  w h i c h  inc reases  o h m i c  
losses  of  t he  cell. Second ,  t he  b u o y a n c y  force ac t ing  on  t he  
gas b u b b l e s  i n d u c e s  h y d r o d y n a m i c  c o n v e c t i o n  in  t he  cell  
gap, w h i c h  ha s  a p r o f o u n d  effect  on  t he  ra te  of  m a s s  t r ans -  
fer of  species  to a n d  f rom t h e  e l ec t rode  surface.  

The  e n h a n c e m e n t  of  c o n v e c t i v e  m a s s  t r a n s f e r  d u e  to gas  
b u b b l e s  is t he  sub j ec t  of th i s  inves t iga t ion .  Often,  t h e  in- 
c r ea sed  ra te  of  m a s s  t r a n s f e r  benef i t s  t he  cell pe r f o r m ance .  
Th i s  is no t  t r ue  in all cases,  as in  t he  case  of  t he  z inc-chlo-  
r ine  ba t te ry ,  w h e r e  t h e  mass  t r a n s f e r  of  d i s so lved  ch lo r ine  
across  t h e  cell  gap  is undes i r ab le .  

Two types  of  m a s s - t r a n s f e r  e n h a n c e m e n t  due  to gas evo- 
l u t i o n  can  b e  d i s t i ngu i shed :  (i) gas evo lv ing  e l ec t rodes  
w h e r e  t he  gas evo lu t i on  a n d  the  m a s s  t r a n s f e r  occurs  at  
t he  s a m e  e lec t rode ,  a n d  (ii) ex t e rna l  gas i n t r o d u c t i o n  
w h e r e  gas  b u b b l e s  are i n t r o d u c e d  phys ica l ly  or e lectro-  
c h e m i c a l l y  in  o rde r  to e n h a n c e  mass  t r ans f e r  in  t he  elec- 
t r o c h e m i c a l  cell. Gas  b u b b l e s  c an  b e  i n t r o d u c e d  by  gas 
s p a r g i n g  in t he  cell  gap  or b y  e l ec t rochemica l ly  evo lv ing  
gas  b u b b l e s  at  a n  e lec t rode  p l aced  nea r  t he  e l ec t rode  
w h e r e  m a s s - t r a n s f e r  e n h a n c e m e n t  is des i rable .  In  m o s t  
cases,  gas evo lu t i on  at  t he  c o u n t e r e l e c t r o d e  can  serve  th i s  
pu rpose .  

The  p r e s e n t  i nves t iga t ion  is c o n c e r n e d  w i th  t he  case  
w h e r e  t he  m a s s  t r ans f e r  at  a ver t ica l  e l ec t rode  is a f fec ted  
b y  t he  c lose  p r o x i m i t y  of a ver t ica l  gas evo lv ing  e lec t rode .  
T h e  m a s s  t r a n s f e r  of  d i s so lved  ch lo r ine  is m e a s u r e d  at  a 
ve r t i ca l  e l ec t rode  whi l e  ch lo r ine  gas is evo lved  at  a n e a r b y  
ver t ica l  e lec t rode .  The  effects  of  s pac i ng  a n d  cell  g e o m e t r y  
on  t he  mass  t r ans f e r  are  i nves t i ga t ed  and  d i scussed .  

T h e  p u b l i s h e d  r e sea rch  on  m a s s  t r ans f e r  due  to  b u b b l e -  
d r i v e n  c i rcu la t ion  can  be  classif ied in to  two  categor ies .  
T h e  first ca tegory  deals  w i t h  mass  t r ans f e r  to a gas evolv-  
ing  e l ec t rode  (1-6). T he  s tud ies  u n d e r  th i s  ca tegory  con-  
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c e n t r a t e  on  t h e  mass  t r ans f e r  at  t he  s a m e  e lec t rode  sur face  
on  w h i c h  gas b u b b l e s  are  f o r m e d  a n d  re leased.  The  s e c o n d  
ca tegory  invo lves  t he  i nves t iga t ion  of  m a s s  t r a n s f e r  at  a 
ga s - spa rged  e l ec t rode  (7-14). This  ca tegory  i nc ludes  cases  
w h e r e  gas is i n t r o d u c e d  ex t e rna l ly  t h r o u g h  a spa rge r  
p l a c e d  in  t he  cell  gap a n d  gas evolves  e l ec t rochemica l l y  at  
one  e lec t rode ,  a n d  t he  mass  t r ans fe r  to t h e  o the r  e l ec t rode  
is t he  sub j ec t  of inves t iga t ion .  I t  is c lear  t h a t  t h e r e  is a sig- 
n i f i can t  d i f fe rence  in the  m e c h a n i s m  of  m a s s  t r ans f e r  in  
t h e  two  ca tegor ies  m e n t i o n e d  above.  The  p r e s e n t  invest i -  
ga t ion  deals  w i t h  t he  s e c o n d  ca tegory  w h e r e  gas evo lves  
e l ec t rochemica l l y  at  one  e l ec t rode  a n d  t he  mass  t r a n s f e r  to 
t he  o t h e r  e l ec t rode  is affected.  

G e n d r o n  a n d  Et te l  (7) c o m p a r e d  t he  e n h a n c e m e n t  in  t he  
m a s s - t r a n s f e r  coeff ic ient  caused  by  t h r e e  d i f fe ren t  m o d e s  
of  c o n v e c t i o n  d u r i n g  c o p p e r  e l ec t rodepos i t ion :  t he  fo rced  
r ec i r cu l a t ion  of  e lec t ro ly te  in  a d i r ec t ion  para l le l  to a cop- 
pe r  ca thode ,  o x y g e n  gas evo lu t ion  on  t he  anode ,  a n d  air  
s p a r g i n g  over  the  face of t he  ca thode .  The i r  e x p e r i m e n t a l  
t e c h n i q u e  i n c l u d e d  m e a s u r e m e n t  of l imi t ing  c u r r e n t  for 
c o d e p o s i t i o n  of  s i lver  w i t h  c o p p e r  (8). T h e y  c o n c l u d e d  t h a t  
air  s p a r g i n g  in t he  cell  gap  is a b e t t e r  m e t h o d  for  mass -  
t r a n s f e r  e n h a n c e m e n t  b e c a u s e  it r esu l t s  ~n a u n i f o r m  mass  
t r a n s f e r  ove r  t h e  c a t h o d e  surface.  A h i g h  local  mass -  
t r a n s f e r  coeff ic ient  was  m e a s u r e d  at  t he  top,  c o m p a r e d  to 
t h e  local  m a s s - t r a n s f e r  coeff ic ient  a t  t he  b o t t o m  w h e r e  
l a m i n a r  n a t u r a l  c o n v e c t i o n  domina t e s .  M o h a n t a  a n d  Fa- 
h i d y  (9) i n v e s t i g a t e d  t he  e n h a n c i n g  effect  of gas  b u b b l e s  
g e n e r a t e d  at  an  a n o d e  on  t he  ionic  mass  t r ans f e r  at  t he  as- 
soc ia t ed  ca thode .  The i r  e x p e r i m e n t a l  s y s t e m  i n c l u d e d  a 
l abora to ry - sca le  c o p p e r  e l e c t r o w i n n i n g  cell  w i t h  c o p p e r  
c a t h o d e  a n d  an  a n o d e  on  w h i c h  o x y g e n  gas evolved.  T h e y  
n o t e d  t h a t  a t  h i g h e r  cell gaps,  a smal le r  po r t i on  of  t he  b u b -  
b les  t rave l s  across  t he  cell gap  t o w a r d  t he  c a t h o d e  a n d  
h e n c e  t he  e n h a n c e m e n t  of  t he  m a s s - t r a n s f e r  coeff ic ient  is 
smal ler .  Fo r  t he  ta l ler  e lec t rode ,  a la rger  f r ac t ion  of  t he  
to ta l  c a t h o d e  a rea  is a f fec ted  b y  b u b b l e  d r i v e n  convec t ion ;  
hence ,  t he  e n h a n c e m e n t  in  the  m a s s - t r a n s f e r  coeff ic ient  is 
h igher .  S e d a h m e d  (10) i n v e s t i g a t e d  t he  e n h a n c e m e n t  of  
t h e  m a s s - t r a n s f e r  coeff ic ient  for c o p p e r  d e p o s i t i o n  on  a 
ver t i ca l  cy l inde r  c a t h o d e  s t i r red  by  o x y g e n  evo lved  on  a 
lead  a n o d e  p l aced  b e l o w  the  cyl inder .  S e d a h m e d  a n d  
S c h e m i l t  (11) m e a s u r e d  the  m a s s - t r a n s f e r  coeff ic ient  for  
t h e  d e p o s i t i o n  of  c o p p e r  at  a ve r t i ca l -p la te  c a t h o d e  p laced  
in  c o p p e r  su l fa te  e lec t ro ly te  s t i r red  b y  o x y g e n  evo lved  at a 
c o p l a n a r  ver t ica l -p la te  lead e l ec t rode  pos i t i oned  u p s t r e a m  
f rom the  ca thode .  I t  is r e p o r t e d  (11) t h a t  t he  flow t u r n s  
f rom l a m i n a r  to t u r b u l e n t  a b o v e  a ce r t a in  e l ec t rode  he ight .  
The  b u b b l e s  in  t he  s w a r m  in t e rac t  a m o n g  each  o the r  to  af- 
fect  t he  r i s ing  ve loc i ty  in  two d i f fe ren t  ways.  A c h i m n e y  ef- 
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fect  c an  deve lop  in w h i c h  m a s s i v e  u p w a r d  flow at  t he  axis  
of  t he  s w a r m  leads  to i nc r ea sed  ne t  b u b b l e  ve loc i ty  a n d  
t h e  p r o x i m i t y  of  t h e  b u b b l e s  to  one  a n o t h e r  c an  r e su l t  in  a 
h i n d e r e d  se t t l ing  c o n d i t i o n  l ead ing  to r e d u c e d  ave rage  
b u b b l e  veloci ty .  

S igr i s t  et al. (12) i n v e s t i g a t e d  m a s s  t r ans f e r  at  a vert i -  
cal ga s - spa rged  e l ec t rode  w i t h  a n d  w i t h o u t  s u p e r i m p o s e d  
e lec t ro ly te  flow for t h r e e  d i f fe ren t  cell  conf igura t ions .  The  
e lec t ro ly t ic  gas evo lu t i on  was  s i m u l a t e d  b y  a ver t ica l  po- 
rous  p la te  t h r o u g h  w h i c h  t he  gas e n t e r e d  t he  cell. I t  was  
o b s e r v e d  t h a t  t h e  d i s t ance  b e t w e e n  t he  e l ec t rodes  has  no  
in f luence  on  t he  ra te  of m a s s  t r a n s f e r  a n d  the  mass -  
t r a n s f e r  ra te  dec rea se s  w i th  i n c r e a s i n g  t he  s u p e r i m p o s e d  
l iqu id  flow. T h e y  p r o p o s e d  t he  fo l lowing  e x p l a n a t i o n  for  
t h e  decrease :  t he  s u p e r i m p o s e d  l iqu id  flow causes  t he  ris- 
ing  ve loc i ty  of  t he  b u b b l e s  to i nc rease  w h i c h  in  t u r n  re- 
su l t s  in  a n  e x p a n s i o n  of  t he  b u b b l e  s w a r m  a n d  a corres-  
p o n d i n g  dec rea se  of  vo id  fract ion.  T h e y  also o b s e r v e d  t h a t  
t he  m a s s - t r a n s f e r  ra te  is a f u n c t i o n  of  vo id  fract ion,  irre- 
spec t i ve  of  t he  va lues  of  l iqu id  a n d  gas flow rates .  F r o m  
t h e  p r o c e e d i n g  obse rva t ions ,  S igr i s t  et al. (12) d e d u c e d  
t h a t  t h e  m a c r o s c o p i c  flow s i tua t ion  is no t  a r e l e v a n t  fac tor  
in  m a s s  t r a n s f e r  f rom a d i s p e r s e d  s y s t e m  to a sol id wall. 
T h e  i nc r ea se  in m a s s  t r ans f e r  w i t h  t he  vo id  f r ac t ion  sug- 
ges ts  t h a t  t h e  m o t i o n  of  i n d i v i d u a l  b u b b l e s  p lays  an  im- 
p o r t a n t  role. They  p r o p o s e d  t he  fo l lowing  co r re l a t ion  for 
t he  m a s s  t r a n s f e r  ra te  

S h  = 0.19 (Sc Ar*) ~ [1] 

w h e r e  S h  is t he  S h e r w o o d  n u m b e r ,  Sc is t he  S c h m i d t  
n u m b e r ,  a n d  Ar* is a modi f i ed  A r c h i m e d e s  n u m b e r  gd  3 
�9 v 2 (1 - �9 Th i s  co r re l a t ion  is iden t i ca l  to t he  one  for 
m a s s  a n d  hea t  t r a n s f e r  u n d e r  t u r b u l e n t  n a t u r a l  c o n v e c t i o n  
cond i t ions .  I t  impl i e s  t h a t  t he  m a s s - t r a n s f e r  ra te  does  no t  
d e p e n d  o n  t he  h e i g h t  of  t he  e lec t rodes  a n d  t h e  d i s t ance  be- 
t w e e n  t h e m .  

Ib l  (13) p r e s e n t e d  a m o d e l  t h a t  a l lows a theo re t i ca l  inter-  
p r e t a t i o n  of  t h e  s imi l iar i t ies  b e t w e e n  m a s s  t r a n s f e r  at  ver-  
t ical  gas  spa rged  e l ec t rodes  a n d  t u r b u l e n t  na t u r a l  convec-  
t ion.  T h e  co r re l a t ion  p r o p o s e d  b y  Ib l  (13) is s imi la r  to  the  
one  g iven  b y  S igr i s t  et aL (12) e x c e p t  t h a t  t h e  S h  is re- 
p l aced  by  Sha, a S h e r w o o d  n u m b e r  b a s e d  on  t he  cell gap  
(d). In  th i s  mode l ,  t he  m a c r o s c o p i c  vor t i ces  of  t he  two  
p h a s e  s y s t e m  (gas a n d  l iquid)  are c o n s i d e r e d  to h a v e  a 
m a j o r  ef fec t  o n  t he  m a s s 4 r a n s f e r  rate.  This  is un l ike  t he  
m o d e l  p r o p o s e d  b y  S igr i s t  et al. (12) in  w h i c h  t h e  edd ie s  
f o r m e d  in t he  w a k e  of  i n d i v i d u a l  b u b b l e s  are  c o n s i d e r e d  
to h a v e  a m a j o r  effect  on  t he  m a s s - t r a n s f e r  rate.  T he  sys- 
t e m  is c o n s i d e r e d  t u r b u l e n t  nea r  t he  t op  of  t he  e l ec t rode  
for  w h i c h  t he  p r o p o s e d  co r re la t ion  holds .  T he  p r e s e n c e  of  
a m a c r o s c o p i c  v o r t e x  at  t he  top  of  t he  cell  is r e p o r t e d  by  
Ib l  (13). I t  is also o b s e r v e d  t h a t  t h e  b u b b l e  e n v e l o p e  of  t he  
l ower  pa r t  of  t he  cell  s u d d e n l y  b r o a d e n s  at  a ce r t a in  h e i g h t  
w h e r e  i t  a b r u p t l y  e x p a n d s  across  the  cell  gap a n d  r eaches  
t h e  o p p o s i n g  e lec t rode .  T he  h e i g h t  at  w h i c h  t he  b u b b l e  en- 
v e l o p e  b r o a d e n s  d e p e n d s  on  t he  h e i g h t  of  t he  l iqu id  a b o v e  
t h e  u p p e r  edge  of  t he  w o r k i n g  e lec t rode ,  t he  f ree  sur face  
ava i l ab le  for b u b b l e  d e t a c h m e n t  a n d  its k inet ics .  
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Fig. 1. Experimental determination of isolated effect of bubble- 

induced convection using weight loss measurements. 

Mass  t r a n s f e r  to a ver t ica l  e l ec t rode  u n d e r  gas s p a r g i n g  
was  i nves t i ga t ed  r ecen t ly  b y  Cava to r t a  a n d  B S h m  (14). I t  
was  f o u n d  t h a t  t he  e n h a n c i n g  effect  of  gas b u b b l e s  is a 
f u n c t i o n  of  t he  gas ho ld -up  e, i r r e spec t ive  of  t h e  gas  flow 
a n d  gas  d i s t r i b u t o r  employed .  A cor re la t ion  for ful ly de- 
v e l o p e d  m a s s  t r ans f e r  has  b e e n  o b t a i n e d  

S h  = 0.256 (GaSc) 1/3 e ~ [2] 

Th i s  co r re l a t ion  is s imi la r  in  fo rm to t he  co r re l a t ion  for tur-  
b u l e n t  m a s s  t r a n s f e r  u n d e r  n a t u r a l  convec t ion ,  e x c e p t  t he  
Gal i leo n u m b e r  Ga  = L 3 gv -2, t he  S c h m i d t  n u m b e r  Sc = 
v/D, a n d  t he  gas ho ld -up  �9 are t he  r e l e v e n t  d i m e n s i o n l e s s  
pa r ame te r s .  

T h e  flow r e g i m e  of  l iqu id  c i rcu la t ion  due  to gas evolu-  
t ion  ha s  b e e n  theore t i ca l ly  i nves t i ga t ed  by  Zieg ler  a n d  
E v a n s  (15) for  e l e c t r o w i n n i n g  cells, u s i n g  t u r b u l e n c e  a n d  
b u b b l e  t u r b u l e n t  di f fusion.  T h e y  favorab ly  c o m p a r e d  
t h e i r  p r e d i c t i o n s  to t h e i r  m e a s u r e m e n t s  a n d  t he  exper i -  
m e n t a l  m a s s - t r a n s f e r  resu l t s  of  E t te l  et al. (8). 

Exper imenta l  
The  effect  of  b u b b l e - i n d u c e d  c o n v e c t i o n  on  mass  t rans -  

fer  was  i nves t i ga t ed  by  e l ec t rochemica l ly  evo lv ing  chlo- 
r ine  gas f rom ZnC12 so lu t ion  on  a ver t ica l  p o r o u s  e l ec t rode  
a n d  b y  m e a s u r i n g  the  m a s s - t r a n s f e r  ra te  for i ts  r e d u c t i o n  
at  a n o t h e r  e l ec t rode  loca ted  para l le l  to  t he  gas evo lv ing  
e lec t rode .  

In  o rde r  to isola te  t he  b u b b l e - i n d u c e d  convec t ion ,  a po- 
rous  g r a p h i t e  e l ec t rode  is p l a s m a - s p r a y e d  w i t h  p o r o u s  ti- 
t a n i u m  on t he  s ide fac ing a z inc coun te re l ec t rode .  Th i s  
forces  t h e  ch lo r ine  gas evo lu t ion  on  t he  n o n c o a t e d  s ide of  
t h e  p o r o u s  g r aph i t e  e lec t rode.  A d e n s e  g r aph i t e  or a z inc 
p la te  is p l aced  at an  a p p r o p r i a t e  gap fac ing  t h e  ch lo r ine  
evo lv ing  s ide of  t h e  p o r o u s  g r a p h i t e  plate.  In  th i s  fashion ,  
t he  b u b b l e - i n d u c e d  c o n v e c t i o n  is i so la ted  f rom the  fo rced  
a n d  n a t u r a l  c o n v e c t i o n s  occu r r i ng  at  the  c o u n t e r  z inc elec- 
t rode .  None the l e s s ,  a ve ry  w e a k  na tu r a l  convec t ion ,  
c a u s e d  by  ZnC12 fo rmat ion ,  occurs  at  t he  m e a s u r i n g  elec- 
t rode.  

The  local  a n d  ave rage  m a s s - t r a n s f e r  coeff ic ients  of  dis- 
so lved  ch lo r ine  due  to b u b b l e - i n d u c e d  c o n v e c t i o n  a lone  
were  d e t e r m i n e d  b y  two m e t h o d s :  (i) By  m e a s u r i n g  t he  
w e i g h t  losses  of  the  z inc p la te  caused  b y  t he  co r ros ion  re- 
ac t ion  

Zn(s) + C12(aq) --> ZnC12(aq) 

w h i c h  ha s  b e e n  s h o w n  to b e  m a s s - t r a n s f e r  l imi ted  (16). (ii) 
By m e a s u r i n g  t he  l imi t ing  c u r r e n t s  for ch lo r ine  r e d u c t i o n  
at  a d e n s e  g r aph i t e  p la te  e x p o s e d  to c h l o r i n a t e d  e lectro-  
ly te  in  w h i c h  ch lo r ine  b u b b l e s  evo lved  e lec t rochemica l ly .  
The  r eac t i on  is 

C12(aq) + 2e- --> 2 C1 (aq) 
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Fig. 2. Experimental setup for limiting current measurements. A, 

Auxiliary electrode: dense graphite. B, Gas-evolving electrode: ti- 
tanlum-sproyed porous graphite. C, Working electrode: dense graphite. 
D, Reference electrode: porous graphite, CI2/CI-. 
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In  both  cases, 10 • 10 cm porous graphi te  (Union Car- 
b ide  PG-60) electrode,  p lasma sprayed wi th  t i t an ium on 
one  s ide was used  as the  chlor ine  evo lv ing  electrode.  The  
exper imenta l  setup of  the weight  loss measurements  is 
shown in Fig. 1. In  some experiments ,  segmented zinc plate, 
m a d e  of  horizontal  strips, was used  in order  to measure  the  
local d is t r ibut ion  of  the  corrosion reaction. 

The  expe r imen ta l  setup for the  l imi t ing current  experi-  
men t s  is shown in Fig. 2. Chlor ine gas was evo lved  by 
pass ing  cons tant  current  be tween  the  gas evo lv ing  elec- 
t rode  and the  auxi l iary zinc electrode.  The  dense  graphi te  
electrode,  on which  the  l imi t ing current  is being meas-  
ured,  was held  at potent ials  where  zinc depos i t ion  does not  
take  place. The  chlor ine reduc t ion  l imit ing current  was 
measu red  by a shunt.  The  C12/C1- reference  e lec t rode  con- 
sisted of a porous  graphi te  e lec t rode  submerged  in the  
same  electrolyte.  

The  local  l imi t ing currents  for chlor ine reduc t ion  were  
measu red  on five small  graphi te  probes  (6.35 m m  diam) 
which  were  inser ted into the  graphi te  plate and insulated 
by Kynar  hea t  shr ink ing  sleeves. The  current  on each 
probe  was measu red  by a low resis tance shun t  and the  po- 
tent ials  of  the  probes  were  always main ta ined  at the  poten-  
tial of  the  plate in which  they  were  embedded .  This  was 
ach ieved  by an operat ional  amplif ier  circui t  shown in Fig. 
3. 

All  expe r imen t s  were  carried out  in chlor inated 1.5M 
ZnC12 solut ion at 22~176 The chlor ine solubil i ty was 
about  2.5 g/liter and the  rate of  chlor ine bubb le  evolu t ion  
co r re sponded  to a current  dens i ty  of  33 m A / c m  2. The  mass-  
t ransfer  coefficients  for d issolved chlor ine  were  cal- 
cu la ted  f rom the  measu red  l imi t ing cur ren t  densi t ies  ac- 
cord ing  to 

il 
k - [3] 

nF[C12] 

where  il is the  l imi t ing current  density,  n = 2 is the  n u m b e r  
of  e lect rons  t ransferred,  and [C12] is the  solubi l i ty  of  dis- 
so lved chlor ine  in the  electrolyte.  Fur the r  details of  the  ex- 
pe r imen ta l  p rocedure  are g iven e l sewhere  (17-19). 

Results 
The  effect  of  cell gap on the  average  mass- t ransfer  coef- 

f icient  is shown in Fig. 4. The  curve  can be  d iv ided  into 
three  sections:  (i) Fo r  the  cell  gap 0-4 m m  the  mass- t ransfer  
coeff ic ient  decreases  wi th  increas ing cell  gap, because  the  
fluid motion,  induced  by the rising chlor ine bubbles ,  be- 
comes  less intense;  (it) In  the  cell-gap range of  4-5 m m  the  
mass- t ransfer  coefficient  increases.  One possible  expla-  
na t ion  is that  in this range a well-defined re turn  flow is es- 
tabl i shed which  does not  interfere  wi th  the  r is ing bubbles ;  
and (ii i)  For  the  cell  gaps beyond  5 mm,  the  mass- t ransfer  

I P 

E3 
! I 

~ POTENTIOSTAT 

I 3 �89 

coeff icient  decreases  wi th  increas ing cell  gap and is ex- 
pec ted  to at tain a s teady va lue  at larger cell  gaps  wh ich  
cor responds  to the  cont r ibut ion  due  to natural  convec t ion  
in infinite medium.  In  all reg imes  there  is a re turn  flow; 
however ,  in the  th in  gap reg ime the  d o w n c o m i n g  flow is 
less s ignif icant  and the  fluid percolates  th rough  the  r is ing 
bubbles ,  whi le  in the  th ick  gap regime,  a spatial ly sepa- 
ra ted d o w n c o m i n g  flow is wel l  establ ished.  It  can be no- 
t iced in Fig. 4 that  the  general  behavior  of  the  two curves,  
ob ta ined  by  two independen t  methods ,  is similar. How- 
ever,  the  values  of  the  mass- t ransfer  coefficients  obta ined  
by the  l imi t ing current  m e t h o d  are h igher  by 10-20% than  
those  obta ined  by the  zinc corrosion method.  This differ- 
ence  can be  due  to the  roughness  of  the  dense  graphi te  
compared  to the  zinc plate. F igure  5 shows a representa-  
t ion of  visual  observat ions  of  the  fluid mot ion  for a cell  gap 
of  5 ram. Higher  convec t ion  occurs  at the  top  of  the  cell  
where  a vo r t ex  can be  observed  due  to the  c i rcula t ion of  
the  mix tu re  of  e lect rolyte  and gas bubbles .  For  smal ler  cell 
gaps the  re turn  flow is opposed  by the  r is ing bubbles .  

The  he ight  d is t r ibut ion of the  local mass- t ransfer  coeffi- 
c ient  is shown in Fig. 6. These  data  were  obta ined  us ing 
s egmen ted  zinc plates and potent iosta t ic  l imi t ing current  
on p robe  electrodes.  The  local mass- t ransfer  coeff icient  in- 
creases wi th  d is tance  f rom the  bo t tom of  the  electrode.  
The  increase is due to the accumula t ion  of  r is ing bubbles  
wh ich  causes more  in tense  fluid motion.  The  local mass-  
t ransfer  coefficients  for the  lower  half  decrease  wi th  in- 
creas ing the  cell gap. However ,  for cell  gaps beyond  3 ram, 
the  mass- t ransfer  coefficients for the upper  half  increase 
wi th  cell  gap. The  increase in average mass- t ransfer  coef- 
f icient  f rom 4 to 5 m m  ceil  gap is due  to the  increase in 
local mass- t ransfer  coefficients  for the  upper  ha l f  of  the  
zinc plate. F igure  4 shows the zinc corrosion m e a s u r e m e n t  
to be  lower  than  the  potentiostat ic ,  bu t  Fig. 6, in which  
local  d is t r ibut ion  is reported,  shows the  reverse  trend. It  is 
poss ible  that  the  s egmen ted  zinc e lec t rode  is responsib le  
for the  h igher  local mass  t ransfer  rates. 

The shape of  the bubble  envelope formed near vertical  gas 
evolving electrodes is shown schematical ly in Fig. 7 where  
two dist inct  shapes of expanding  envelopes of  gas bubbles  
can be seen. The bubble  envelope expands  with height  due 
to the accumulat ion of gas bubbles. In  the case of  smaller  
cell gaps, the bubble  envelope expands  almost  lin- 
early wi th  he igh t  and reaches  the  oppos ing  wall  gradual ly  
as shown  in Fig. 7a. A weak  circulat ion loop is es tabl i shed 
in the  bo t tom sect ion of  cell  gap. The  ve loc i ty  of  the  l iquid  
does not  significantly affect the  shape of  the  bubble  enve- 
lope. For  larger  cell gaps, the  bubble  enve lope  expands  lin- 
early wi th  he ight  near  the  bo t tom of the  cell. The  circu- 
lat ion loop is taller and s t ronger  than  in the case of  the  
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Fig. 4. Bubble-induced convection: mass-transfer coefficient vs. cell 

Fig. 3. Circuit for maintaining equal potential on probe gap. 
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Fig. 5. Representation of the vortex near the top of electrode in bub- 
ble-induced convection at a cell gap of 5 mm. 

smaller cell gap. The liquid velocity affects the shape of 
the bubble envelope. In the upper section, the envelope 
expands abruptly and reaches the opposing wall as shown 
in Fig. 7b. The abrupt expansion of the bubble envelope is 
due to the horizontal component  of the liquid velocity to- 
ward the opposing wall. The horizontal velocity near the 
bottom is toward the gas evolving wall, and hence the bub- 
ble envelope is narrower than in the case of smaller cell 
gaps. For smaller cell gaps, the bubble envelope gradually 
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Fig. 6. Local mass-transfer coefficients v s .  height obtained by weight 

loss measurements of segmented zinc plate and potentiostatic meas- 
urements (bold circles). 

reaches the opposing wall before the horizontal com- 
ponent of the liquid velocity can become strong enough to 
drag the bubbles along. It is easy to see that in the case of a 
larger cell gap, a well-defined circulation loop occupies 
most of the cell gap. The critical cell gap at which the liq- 
uid velocity begins to affect the shape of bubble envelope 
is expected to be a function of the rate of gas evolution on 
the vertical electrode. The data reported here were col- 
lected at current density of 33 mA/cm 2, which corresponds 
to a rate of chlorine gas evolution of 0.251 cm3/cm2-min. 

Discussion 
An attempt is made here to analyze and explain the ex- 

perimental results for isolated bubble-induced convection. 
It is believed that in the case of mass transfer to a vertical 
gas-sparged electrode the following two mechanisms con- 
tribute to the overall rate of mass transfer: 

1. The mass transfer due to the stirring or disturbance 
caused by the rising bubbles. 

2. The mass transfer due to the well-defined circulation 
of liquid caused by the variable density. 

The contribution to overall mass transfer due to the dis- 
turbance caused by the rising bubbles would exist even if 
the bubbles were uniformly distributed in the liquid. How- 
ever, the well-defined circulation loop, similar to one in the 
case of natural convection caused by a temperature gradi- 
ent, would occur only if the bubbles were distributed non- 
uniformly, causing density gradient in the horizontal di- 
rection. In the case of a bubble column, where the gas bub- 
bles are introduced uniformly at the bottom, the mass 
transfer to the vertical walls occurs only due to the disturb- 
ance caused by the rising bubbles and the well-defined cir- 
culation loop does not exist. The downcoming liquid per- 
colates back through the rising bubbles. On the other 
hand, in the case of natural convection due to temperature 
or concentration gradient, the mass transfer to vertical 
walls occur only due to circulation of liquid. The identifi- 
cation of a thin gap regime where the downcoming flow is 
less significant and a thick gap regime where the down- 
coming is spatially established has not been reported be- 
fore. Sigrist et al. (12) did not observe cell gap dependency 
as can be seen from Eq. [1]. The transition in the present 
work occurs at 4 mm, however, it is expected to depend on 
the electrode height. 

We do not have experimental  data on the rate of mass 
transfer due to the individual mechanisms. The mass 
transfer due to the disturbance caused by rising bubbles is 
expected to depend on the proximity of bubbles to the ver- 
tical wall and the velocity of the bubbles. As the cell gap is 
increased, most of the bubbles would not reach the cath- 
ode and the contribution to the overall mass transfer due 
to this mechanism would decrease. As shown in Fig. 7, due 
to the accumulation with height, bubbles come close to the 
vertical cathode in the top section of the cell. Hence, the 
contribution to local mass transfer, due to disturbance 
caused by the rising bubbles would increase along the 
height of the electrode. 
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T h e  ra te  of  m a s s  t r ans f e r  due  to t he  c i rcu la t ion  of  l iqu id  
d e p e n d s  on  t h e  g r ad i en t  of  ve loc i ty  at  t he  ver t ica l  ca thode .  
A h y d r o d y n a m i c  m o d e l  for the  c i rcu la t ion  c a u s e d  b y  t he  
dens i t y  g r ad i en t  in  t he  ho r i zon ta l  d i r ec t i on  is p r e s e n t e d  b y  
S h a h  (17), and  t he  resu l t s  of  t he  m o d e l  will  b e  d i s c u s s e d  
la te r  in  t he  theore t i ca l  sect ion.  For  sma l l  cell  gaps,  con-  
t ra ry  to our  expec ta t ion ,  t he  ve loc i ty  of  t he  c i r cu la t ion  
loop  inc reases  w i t h  an  inc rease  in  t h e  cell  gap.  Th i s  is due  
to t he  d e c r e a s e  in  t h e  v i scous  losses.  T h e  h i g h e r  ve loc i ty  
r e su l t s  in  a s t e epe r  g r a d i e n t  at  t h e  ver t i ca l  c a t h o d e  a n d  
h e n c e ,  t he  c o n t r i b u t i o n  to t h e  overal l  m a s s  t ransfer ,  due  to 
t he  c i r cu la t ion  of  l iquid ,  inc reases  w i t h  a n  inc rease  in  t he  
cel l  gap. However ,  t he  ve loc i ty  of  l iqu id  c i r cu la t ion  c a n n o t  
k e e p  i n c r e a s i n g  w i th  cell gap in  t he  en t i r e  r a n g e  of  cell  
gaps.  At  a def in i te  cell  gap, the  ve loc i ty  of  t he  c i r cu la t ion  
loop  w o u l d  r e a c h  a m a x i m u m  a n d  t h e n  dec rease  w i th  a n  
i nc r ea se  in  t he  cell gap. This  w o u l d  cause  a dec rease  in  t he  
ra te  of  m a s s  t ransfer .  A h i g h e r  ra te  of  local  m a s s  t r a n s f e r  
n e a r  t he  t op  of  t he  c a t h o d e  is s u g g e s t e d  b y  t he  i n t e n s e  cir- 
cu l a t i on  in  t he  t op  region.  

T h e  c o n t r i b u t i o n  due  to t he  i n d i v i d u a l  m e c h a n i s m s  a n d  
t he  c o m b i n e d  m a s s - t r a n s f e r  coeff ic ient  are  qua l i t a t ive ly  
s h o w n  in  Fig. 8. T h e  cu rve  for t he  c o m b i n e d  m a s s - t r a n s f e r  
coeff ic ient  is s imi la r  to t he  e x p e r i m e n t a l  cu rves  in  Fig. 4 
a n d  on ly  qua l i t a t ive  a g r e e m e n t  is obse rved .  

T h e  genera l  s h a p e  of  t he  e x p e r i m e n t a l  cu rves  p r e s e n t e d  
in  Fig. 4 a n d  6 does  n o t  en t i re ly  agree  w i t h  t h e  e x p e r i m e n -  
tal  da ta  p u b l i s h e d  b y  o t h e r  i nves t iga to r s  (7, 9-12). The  
m a j o r  r e a s o n  for th i s  a p p a r e n t  d i s a g r e e m e n t  is the  u n i q u e  
g e o m e t r y  of  t he  e x p e r i m e n t a l  cell  u s e d  in  th i s  inves t iga-  
t ion.  S o m e  i m p o r t a n t  d i f fe rences  are d i s c u s s e d  below.  (i) 
The  cell  gaps  i nves t i ga t ed  he re  are smal le r  t h a n  t h o s e  in- 
v e s t i g a t e d  b y  o thers .  In  th i s  s t u d y  t h e  cell  gap  was  va r i ed  
f rom 0.1 to 0.8 cm. In  m o s t  o the r  p t l b l i shed  inves t iga t ions  
t he  cell  gaps  r a n g e  f rom 1.0 to 5.0 cm. (ii) T he  cavi ty  be- 
t w e e n  t h e  two e lec t rodes  is c losed  at  t h e  bo t t om .  This  pre-  
v e n t s  t he  c i r cu la t ion  of  l iqu id  a r o u n d  e i the r  e l ec t rode  a n d  
i n c l u d e s  a c i r cu la t ion  loop  w i t h i n  t h e  cavi ty .  ( i i i )  T h e  ra t e  
of  gas  e v o l u t i o n  of  0.25 cm3/cm2-min, is l ower  t h a n  t he  
ra tes  u s e d  b y  o the r  inves t iga tors .  (iv) T he  m a s s - t r a n s f e r  
coeff ic ient  is m e a s u r e d  a long  t h e  en t i r e  su r face  of  a 10 cm 
tal l  e lec t rode ,  u n l i k e  Sigr is t  et al. (12) w h o  m e a s u r e d  t he  
ra te  of  m a s s  t r ans f e r  on ly  for a smal l  sec t ion  at  t he  top. 

Theoretical Analysis 
T h e  theo re t i ca l  ana lys i s  is d iv ided  in to  two  sect ions :  

m a s s  t r a n s f e r  u n d e r  b u b b l e - i n d u c e d  c o n v e c t i o n  a n d  b u b -  
b l e -d r iven  fluid flow in a ver t ica l  e l e c t r ochem i ca l  cell. 

M a s s  t r a n s f e r  u n d e r  b u b b l e - i n d u c e d  c o n v e c t i o n . - - T h e  
b u b b l e - i n d u c e d  m a s s  t r ans f e r  can  b e  t r ea t ed  s imi la r ly  to  
n a t u r a l  c o n v e c t i o n  due  to c o n c e n t r a t i o n  or t e m p e r a t u r e  
va r i a t i ons  (13, 20, 21). T he  d e n s i t y  va r i a t ion  he re  is c a u s e d  
b y  t he  vo id  f rac t ion  in t he  v ic in i ty  of  t he  gas evo lv ing  elec- 
t rode .  
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Fig. 8. Schematics of contribution by individual mechanisms 

T h e  genera l  cor re la t ion  for m a s s  t r ans f e r  u n d e r  tur-  
b u l e n t  na tu r a l  c o n v e c t i o n  is g iven  by  

S h  = a ( G r .  Sc) 1/3 [4] 

w h e r e  a is a c o n s t a n t  and  t he  d i m e n s i o n l e s s  n u m b e r s  are 
b a s e d  on  t he  h e i g h t  of  t he  e l ec t rode  

k h  
Sh - [5] 

D 

g h  3 �9 
Gr  - - -  [6] 

v~(1 - 0 

Sc = v/D [7] 

w h e r e  k is t he  m a s s - t r a n s f e r  coefficient ,  D t he  d i f fus ion  co- 
efficient ,  v t he  k i n e m a t i c  viscosi ty ,  �9 is t he  vo id  f r ac t ion  of  
t he  e l ec t ro ly t e -bubb le s  mix tu re ,  g is t h e  g rav i t a t iona l  ac- 
ce lera t ion ,  a n d  h is t he  e l ec t rode  he igh t .  T h e  m a s s - t r a n s f e r  
coeff ic ient  k is g iven  b y  

k=aD~3(v)-l13gl/3[ �9 11~3 [8] 

Accord ing ly ,  a l oga r i t hmic  p lot  of  k vs.  (�9 - �9 s h o u l d  give 
a s t r a igh t  l ine  w i t h  a 1/3 slope. 

In  o rde r  to e s t ima te  t he  vo id  f ract ion,  a s impl i f ied  m o d e l  
ha s  b e e n  used.  The  vo id  f rac t ion  is de f ined  by  

Yg 
�9 - - -  [ 9 ]  

V1 + Vg 

w h e r e  Vg a n d  V~ are the  v o l u m e  of gas a n d  l iquid,  respec-  
t ive ly  in t he  cell gap  

Vl + Vg = d b h  [10] 

w h e r e  d, b, a n d  h a re  t he  cel l  gap, wid th ,  a n d  he igh t ,  re- 
spec t ive ly .  

The  v o l u m e  of  t he  gas Vg can  be  e x p r e s s e d  as 

Vg ~ x t [11] 

w h e r e ~  is the  v o l u m e  ra te  of  gas  evo lu t ion  a n d  t is t he  resi-  
d e n c e  t ime.  The  v o l u m e t r i c  ra te  of  gas evo lu t i on  can  b e  ob- 
t a i n e d  b y  F a r a d a y ' s  l aw 

Vmbhi  
n F  [12] 

w h e r e  I?m is t he  m o l a r  v o l u m e  of  a gas u n d e r  STP,  a n d  i is 
t h e  app l i ed  c u r r e n t  dens i ty .  

A s impl i f ied  a s s u m p t i o n  is m a d e  to d e t e r m i n e  t he  aver-  
age r e s i d e n c e  t i m e  t. I t  is a s s u m e d  t h a t  all t h e  b u b b l e  uni-  
fo rmly  r ise  t h r o u g h  the  en t i r e  h e i g h t  (h) of t h e  e lec t rode .  
T h e r e f o r e  

h 
t - [13] 

2v 

w h e r e  v is r i s ing  ve loc i ty  of  t he  bubb le s ,  a n d  h e n c e  

fJmbh2i 
V ~  - [ 1 4 ]  

2 n F v  

S u b s t i t u t i n g  in Eq.  [9] g ives  

Vmhi 
�9 - [15] 

2 d n F v  

For  t he  e x p e r i m e n t a l  cond i t i ons  of  h = 10 cm,  i = 0.03 
A /cm 2 d = 2-8 m m  a n d  an  a s s u m e d  c o n s t a n t  r i s ing  veloci ty,  
it c an  be  a p p r o x i m a t e d  t h a t  

e ~Zmhi 
[16] 

1 - �9 2 d n F v  
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Therefore ,  the  mass- t ranspor t  coeff icient  is inverse ly  pro- 
por t ional  to the cell  gap 

k = [17] 

A logar i thmic  plot  of  the  mass- t ransfer  coeff icient  vs. the  
cell  gap is shown in Fig. 9. An  app rox ima ted  s lope of  -1/3  
can be  observed  for cell  gaps up to 4 mm.  Beyond  this gap, 
the  mass- t ransfer  coefficient  increases  probably  due  to the 
es tab l i shment  of  a re turn  flow and ci rcula t ion wi th in  the  
cell  gap, as d iscussed  above.  Thus,  bubb le - induced  con- 
vec t ion  can be t reated as a natural  convec t ion  phenome-  
non. This  convec t ion  is d r iven  by the  dens i ty  var ia t ion due  
to the  void  fract ion of  the  bubble-e lec t ro ly te  m ix tu r e  adja- 
cent  to the  gas evolv ing  electrode.  The  cons tant  a in Eq. [4], 
can be  es t imated  f rom Fig. 9 once  the  r is ing ve loc i ty  v is 
known.  By  visual  observat ion,  the  r is ing ve loc i ty  was esti- 
ma ted  at 1 cm/s and the  cons tant  a is app rox ima ted  at a = 
0.12, in reasonable  ag reemen t  wi th  a = 0.31, obta ined by 
Fouad  and Ibl  (23) for tu rbu len t  natural  convec t ion  at ver-  
t ical  electrode.  

Acco rd ing  to this model ,  the  mass  t ransfer  coeff icient  
depends  on the  e lec t rode  he igh t  to the  1/3 power  and on 
the  cur ren t  dens i ty  to the  - 1/3 power.  These  dependences  
have  not  been  inves t iga ted  in the  p resen t  work.  

Bubble-driven f lu id  f low in a vertical electrochemical 
ce iL--The fluid flow due  to bubble  induced  convec t ion  in 
an e lec t rochemica l  cell consists  of  a two-phase  mixture ,  
gas and l iquid,  f lowing in a nar row ver t ical  channel .  A 
large n u m b e r  of  ve ry  small  bubbles  are d ispersed  into the  
con t inuous  l iquid  phase. The  rec tangular  coord ina te  sys- 
t e m  used  for the  mode l ing  is def ined in Fig. 10. The  bo t tom 
lef t -hand corner  of  the  rec tangular  cavi ty  is se lected as a 
coord ina te  origin. The  componen t s  of  veloci ty  in the  x and 
y direct ions  are u and v, respect ively.  The  he igh t  of  the  
e lec t rodes  is 'T '  and the  d is tance  be tween  the  two elec- 
t rodes  is deno ted  by "d."  The  e lec t rode  on the  left  is the  
anode  on which  gas bubbles  evolve.  The  wall  on the  r ight  
could  be a meta l  plate or a work ing  e lec t rode  depend ing  
on the  expe r imen ta l  method .  The  bo t tom of the  cell  is 
c losed and the  top  is a free surface. 

The  fol lowing assumpt ions  were  m a d e  whi le  formulat-  
ing  the  govern ing  differential  equa t ions  for the  bubble-  
d r iven  fluid flow in an e lec t rochemica l  cell: 

1. The  Bouss inesq  approximat ion :  the  effect  of  var iable  
dens i ty  is confined to the  body force te rm of the  mo- 
m e n t u m  equat ions ,  o therwise  the t h e r m o d y n a m i c  and 
t ranspor t  proper t ies  of  the  fluid are constant.  

2. The  two-phase  fluid mix tu re  is a s sumed  to be incom-  
pressible.  

3. The  fluid is Newtonian .  
4. The  flow is l aminar  and two dimensional .  
The  govern ing  hyd rodynamic  equat ions  are as follows 

Ou Ov 
- -  + - -  = o [ 1 8 ]  
ox oy 

2 0  

o 
"~ 10  x 

E 

�9 .~ 5 

[ ~ { I b I I " " l  I , I 

3 "~ 

1 
1 1  I { { ; I I I ; r I 

1 2 5 10 20 

CELL GAP: mm 
Fig. 9. Mass-transfer coefficient vs .  cell gap isolated bubble-induced 

convection. 

\ 7 x  + = - 0 x  - pg + 2 + [19] 

PL U - - +  = - - - - +  + [20] 
T , /  

Equa t ion  [18] is the  cont inui ty  equa t ion  and Eq. [19] and 
[20] are the  Navier -Stokes  equa t ions  in x and y direct ions,  
respect ively .  The  dens i ty  in the  gravi ty  t e rm of  Eq. [19] is 
g iven  by 

pLVL + pgYg p -  
VT 

Subs t i tu t ing  V~ 
E -  

y~, 

p = p L ( 1 -  e +  pg ) - - e  
PL 

The ratio of  Pg/PL is general ly  very  small  and hence  the  last 
t e rm may  be neg lec ted  

p = PL (1 -- e) [21] 

The  dens i ty  p, in the  gravi ty  t e rm of  Eq.  [19] can be  re- 
p laced by Eq. [21]. 

N o w  we  have  a sys tem of three s imul taneous  nonl inear  
second-order  part ial  differential  equa t ions  involv ing  four  
unknowns :  u, v, p, and e. A four th  equa t ion  which  relates 
the  concen t ra t ion  of  the  bubbles  or  the  void  fract ion distri- 
bu t ion  in the  x-y plane to the ve loc i ty  componen t s ,  pres- 
sure, and the  physical  proper t ies  of the  two phases  is re- 
qu i red  in order  to be able to solve these  equat ions .  Various 
assumpt ions  for the  void  fract ion d is t r ibut ion  are pre- 
sen ted  in the  n e x t  sect ion as a ma thema t i ca l  express ion  
for this funct ion  is u n k n o w n  and an analysis f rom first 
pr inciples  is complicated.  However ,  qual i ta t ive  informa-  
t ion on the  behav io r  of this func t ion  is available.  Recent ly ,  
Ziegler  and Evans  (15) used  a convec t ive  diffusion equa-  
t ion to descr ibe  this funct ion  under  tu rbu len t  flow, how- 
ever,  as far as we  know,  there  has  no t  been  any invest iga-  
t ion in suppor t  of  their  assumpt ion.  Fur the rmore ,  the 
bubb le  tu rbu len t  diffusivity,  the  bubb le  diameter ,  and the  
re la t ive  ve loc i ty  are needed  for solving the  convec t ive  dif- 
fus ion of the  bubbles .  
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Fig. 10. The schematics of electrochemical cell with coordinate 
system. 
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The  b o u n d a r y  c o n d i t i o n s  for t he  d i f fe ren t ia l  e q u a t i o n s  
are  

y = O a n d y = d  u =O y = O  

x = 0 u = 0 v = 0 [22] 

OV 
x = l  u = 0  - - = b  

3x 

To o b t a i n  a n  a p p r o x i m a t e  so lu t ion  of  t he  four  e q u a t i o n s  
one  m a y  p r o c e e d  b y  t he  e l i m i n a t i o n  of t he  p r e s su re  t e r m  
f rom the  m o m e n t u m  equa t ions .  Fu r the r ,  t he  c o n t i n u i t y  
e q u a t i o n  is sat isf ied b y  t he  i n t r o d u c t i o n  of  a s t r e a m  func-  
t ion  4, de f ined  as 

U - -  V ~ -  - -  
3y 3X 

This  p r o c e d u r e  leads  to  a f ou r t h - o r de r  e q u a t i o n  in  t e r m s  of  
~p. Th i s  f o r m u l a t i o n  ha s  b e e n  u s e d  b y  R u b e l  a n d  L a n d i s  
(24) for n a t u r a l  c o n v e c t i o n  p r o b l e m  in a ver t i ca l  r ec t angu-  
lar  enc losure .  

T h e  p r e s s u r e  t e r m s  f rom t he  two  m o m e n t u m  e q u a t i o n s  
are  e l i m i n a t e d  b y  a p p r o p r i a t e  d i f f e ren t i a t ions  a n d  sub t r ac -  
t i o n  of  Eq.  [19] a n d  [20]. T he  r e su l t i ng  equa t ion ,  fo l lowing  
s impl i f ica t ion ,  c an  b e  w r i t t e n  

O2U 3 2 U  32V 32V 

U + V  . . . .  V 
3xOy  3Y 2 U .3X 2 OXOy 

Oe(x, y) O 0 
= g + P - -  V U u  -- 1) - -  V2V 

Oy Oy Ox 

E q u a t i o n s  [18] a n d  [23] de sc r ibe  t he  f luid flow due  to b u b -  
b l e -d r iven  fluid c i rcula t ion.  No te  t h a t  t he  p r e s s u r e  t e r m  
has  b e e n  e l imina ted ,  however ,  t he  o rde r  of  t he  e q u a t i o n s  
has  i n c r e a s e d  f rom two  to three .  

T h e  fo l lowing  d i m e n s i o n l e s s  va r i ab le s  are  i n t r o d u c e d  
in to  Eq. [18] a n d  [23] 

u d  v d  
U = - -  V -  

11 1) 

x y 
X -  Y -  

d d 

The  fo l lowing  e q u a t i o n s  in  t e r m s  of  t he  d i m e n s i o n l e s s  
va r i ab le s  are o b t a i n e d  

aU OV 
- - + - - = 0  
OX aY 

a2U 02U a2V O2V 
U + U - V - -  

ax Y -ZZ  xov 

gd 30e(X, Y) 0 0 
- - -  + - - V 2 U - - - V W  

v 2 OY 3Y OX 

A d i m e n s i o n l e s s  s t r e a m  f u n c t i o n  def ined  b y  t h e  follow- 
ing  e q u a t i o n s  is i n t r o d u c e d  

ar 
U -  

OY 

ar 
V = - - -  [27] 

OX 

Not ice  t h a t  t he  s t r e a m  f u n c t i o n  is de f ined  in s u c h  a way 
t h a t  i t  sat isf ies t he  c o n t i n u i t y  equa t ion ,  Eq. [25]. E q u a t i o n  
[26], in  t e r m s  of  s t r e a m  func t ion ,  is g iven  by  Eq.  [28] 

oY o x  ~ , ~  + oY~ ) - o x  oY \ o x  ~ + oY ~ / 

gd  3 __Oe(X' Y) + V 2 ( 024 + 
v 2 OY \ OX 2 a y 2 

T h e  d i m e n s i o n l e s s  b o u n d a r y  c o n d i t i o n s  are as fol lows 

0r 
y = O a n d Y =  l 4 = 0  - 0  

OY 

o4 
X = 0 r = 0 - 0 [29] 

oY 

l 024 
x = -  4 = 0  - 0  

d OX ~ 

The  so lu t ion  to Eq. [28], s u b j e c t e d  to t he  b o u n d a r y  con- 
d i t ions  in  Eq. [29], w o u l d  give a s t r e a m  f u n c t i o n  field. The  
ve loc i ty  c o m p o n e n t s  cou ld  b e  o b t a i n e d  f rom t h e  s t r e a m  
f u n c t i o n  by  d i f f e ren t i a t ion  a c c o r d i n g  to Eq. [27]. 

The  n o n l i n e a r  f ou r th -o rde r  par t ia l  d i f fe ren t ia l  e q u a t i o n  
in  t e r m s  of  a s t r e a m  f u n c t i o n  is so lved  u s i n g  a genera l i zed  
N e w t o n ' s  m e t h o d  d e s c r i b e d  by  R u b e l  a n d  L a n d i s  (24). 
Th i s  impl i c i t  m e t h o d  of  so lu t ion  is s t ab le  a n d  has  a r ap id ly  
c o n v e r g i n g  i t e ra t ion  scheme .  A de ta i l ed  de sc r i p t i on  of  t he  
n u m e r i c a l  m e t h o d  for so lv ing  t he  e q u a t i o n  is g iven  by  
S h a h  (17). All  ca lcu la t ions  were  p e r f o r m e d  on  a pe r sona l  
c o m p u t e r  u s i n g  a n  a s s e m b l y  l a n g u a g e  p rog ram.  The  effect  
of  m e s h  size was  s tud ied  b y  c o m p a r i n g  t he  s t r e a m  func-  
t i ons  o b t a i n e d  b y  u s i n g  d i f fe ren t  size grids.  The  m o r e  ac- 
c u r a t e  va lues  of  t h e  s t r e a m  f u n c t i o n  is f o u n d  b y  ex t rapo-  
l a t ion  of  t he  s t r e a m  f u n c t i o n  va lues  o b t a i n e d  b y  t he  two  
f ines t  grids.  The  resu l t s  of  th i s  i nves t i ga t i on  are g iven  in  
(17). 

[23] A s s u m p t i o n  o f  vo id  f r a c t i o n  d i s t r i b u t i o n . - - A s  d i s c u s s e d  
earl ier ,  t h e  vo id  f rac t ion  d i s t r i b u t i o n  a n d  s t r e a m  f u n c t i o n  
field are  coupled ,  h e n c e  t he  s t r e a m  f u n c t i o n s  o b t a i n e d  b y  
n u m e r i c a l  so lu t ion  of  t he  g o v e r n i n g  e q u a t i o n  d e p e n d s  on  
t h e  a s s u m e d  vo id  f rac t ion  d i s t r ibu t ion .  F u r t h e r m o r e ,  
a m o n g  t he  inf in i te  n u m b e r  of  vo id  f rac t ion  d i s t r i b u t i o n s  
t h a t  can  be  a s s u m e d  to ob ta in  t he  s t r e a m  func t ions ,  on ly  
ve ry  few can  phys ica l ly  ex i s t  in  a real  sys tem.  In  t he  ab- 
s e n c e  of  a f u n d a m e n t a l  r e l a t ion  b e t w e e n  vo id  f r ac t ion  a n d  
ve loc i ty  field or s t r e a m  func t ion ,  t h e  f ic t i t ious vo id  frac- 
t i on  d i s t r i b u t i o n s  are e l i m i n a t e d  u s ing  t h e  qua l i t a t ive  in- 
f o r m a t i o n  ava i l ab le  in  l i t e ra tu re  a n d  e x p e r i m e n t a l  obser-  
va t i ons  (17). I t  is n e c e s s a r y  to p o i n t  ou t  t h a t  th i s  is on ly  a n  
a p p r o x i m a t e  m e t h o d  t h r o u g h  w h i c h  a qua l i t a t ive  i n s igh t  

[24] in to  t he  b u b b l e  d r i v e n  fluid c i r cu la t ion  can  b e  gained.  
I t  was  e x p e r i m e n t a l l y  o b s e r v e d  t h a t  in  a n a r r o w  ver t ica l  

c h a n n e l  t h e  b u b b l e s  are con f ined  to a r eg ion  nea r  t h e  vert i -  
cal gas evo lv ing  wal l  and  t he  b o u n d a r y  b e t w e e n  t he  r eg ion  
c o n t a i n i n g  gas b u b b l e s  a n d  bubb l e - f r ee  r eg ion  is s h a r p  
a n d  d i s t i nc t  (17). The  b u b b l e  enve lope  e x p a n d s  a long  t he  

[25] h e i g h t  of  t h e  c o l u m n  a n d  m a y  or m a y  no t  r e a c h  t he  oppos-  
ing  wal l  d e p e n d i n g  on  t he  cell gap, cell  he igh t ,  a n d  ra te  of  
gas  evo lu t ion .  Typica l  s h a p e s  of  t he  b u b b l e  e n v e l o p e  in 
ver t i ca l  s lots  are  s h o w n  a n d  d i s c u s s e d  in  (17). T h e  s u d d e n  
e x p a n s i o n  of  t he  b u b b l e  e n v e l o p e  nea r  t he  top  of  t he  cav- 
i ty was  e x p e r i m e n t a l l y  obse rved .  

[26] A b r i e f  c o m m e n t  on  t he  types  of  vo id  f rac t ion  d i s t r ibu-  
t i ons  p r imar i ly  u s e d  in  th i s  s t u d y  is in  order .  T h e  types  of  
vo id  f rac t ion  d i s t r i b u t i o n s  d e s c r i b e d  he re  are  t h o u g h t  to 
s i m u l a t e  t he  rea l  vo id  f rac t ion  d i s t r ibu t ion .  In  t he  v e r y  first  
n u m e r i c a l  e x p e r i m e n t  t h e  vo id  f r ac t ion  at  t h e  o r ig in  of  t he  
space  c o o r d i n a t e  (see Fig. 11) was  a s s u m e d  zero a n d  was  
i n c r e a s e d  l inear ly  a long  t he  gas evo lv ing  wal l  a n d  de- 
c r ea sed  l inear ly  to zero across  t he  cell  gap  as s h o w n  in  Fig. 
1 la.  In  th i s  d i s t r i b u t i o n  n o n e  of  t he  gas b u b b l e s  r e a c h  t he  
oppos i t e  wal l  a t  y = d. In  a n o t h e r  s imula t ion ,  a c o n s t a n t  
n o n z e r o  va lue  of  vo id  f r ac t ion  was  a s s u m e d  in t he  en t i r e  
b u b b l e  e n v e l o p e  a n d  a zero vo id  f rac t ion  was  a s s u m e d  out-  
s ide  t he  b u b b l e  e n v e l o p e  as s h o w n  in Fig. l l b .  T h e  s h a p e  
of  t h e  b u b b l e  e n v e l o p e  was  also var ied.  In  ye t  a n o t h e r  s im- 
u l a t i on  a c o n s t a n t  nonze ro  vo id  f r ac t ion  was  a s s u m e d  
a long  t he  gas evo lv ing  ver t i ca l  wal l  a n d  t he  vo id  f rac t ion  
l inear ly  d e c r e a s e d  in  the  ho r i zon ta l  d i r ec t ion  to zero a long  
t h e  b o u n d a r y  of  t he  b u b b l e  e n v e l o p e  as s h o w n  in  Fig. l l c .  
In  th i s  case  also t he  s h a p e  of  t he  b u b b l e  e n v e l o p e  was  
changed .  A s u d d e n  e x p a n s i o n  of  t he  b u b b l e  e n v e l o p e  nea r  

[28] t h e  top  of t he  channe l ,  as s h o w n  in  Fig. 1 ld ,  was  also s imu-  
lated.  

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 141.210.2.78Downloaded on 2015-06-09 to IP 

http://ecsdl.org/site/terms_use


= CONSTANT 

J. Electrochem. Soc., Vol. 136, No. 1, January 1989 �9 The Electrochemical Society, Inc. 

(A) (e) ~ = 0.1 

s  0 

~ L~EARLY 
t DECREASING 

mw 
E r  

/ /  

/ 
/ 

o / 

Ii I 
I 

/ 
/ s  

I 
I 

m 
I = l O c m  

s  s  

LINEARLY j 
DECREA8ING 

I 
/ 

/ 
I 

/ 
I 

/ 
/ 

/ 

i i  s  

I 
I 

r :E 
0 
o 

II 

LINEARLY 
DECREASING 

I 
I 
I 
I 
I 
I 
I 

/ ~ = 0 
I 

/ 
I 

(C) (D) 

Fig. 11. Assumed void fraction distributions 

Results and Discussion 
The results of the numerical study are presented in the 

form of stream function contours. All contours were ob- 
tained by linear interpolation of the nodal point values. 
For improved clarity of presentation, only a few stream 
function contours are included. The value of the stream 
function at a point is proportional to the flow per unit t ime 

t; = 0.1 ~ = 0  

I =  5 c m  

0 d = 0 . 5  c m  

Fig. 12. Streamlines for void fraction distribution as shown in Fig. 
] la ,  cell gap d = 0.5 cm and height I = 5 cm. 
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Fig. 13. Streamlines for  void fraction distribution as shown in Fig. 
] ]c ,  cell gap d = 0.2 cm and height I = 10 cm. 

crossing any line joining the point to the wall. Due to the 
uncertainty associated with the assumption of the final 
steady-state void fraction distribution, the analysis and 
comparison of the results presented here must remain 
qualitative in nature. 
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Fig. 14. Streamlines for void fraction distribution as shown in Fig. 

] ]cl, cell gap d = 0.2 cm and height I = 10 cm. 
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F i g u r e  12 s h o w s  t h e  s t r e a m  f u n c t i o n  d i s t r i b u t i o n  for  t he  
cel l  gap  of  0.5 c m  a n d  h e i g h t  of  5 cm. Th i s  d i s t r i b u t i o n  was  
o b t a i n e d  u s i n g  vo id  f r ac t ion  d i s t r i b u t i o n  s h o w n  in Fig. 
11 a. The  c loseness  of  t he  s t r e a m  l ines  at  t he  top  ind ica t e s  a 
h i g h e r  ve loc i ty  in  t he  ho r i zon ta l  d i rect ion.  Th i s  is in  agree-  
m e n t  w i th  t he  e x p e r i m e n t a l  o b s e r v a t i o n  (17) of  i n t e n s e  cir- 
cu l a t i on  of  e lec t ro ly te  at  t he  top  of  t he  cavi ty  as s h o w n  in  
Fig. 5. This  un ice l lu l a r  flow p a t t e r n  is s imi la r  to one  re- 
p o r t e d  b y  R u b e l  a n d  L a n d i s  (24) for  n a t u r a l  c o n v e c t i o n  
w i t h  m o d e r a t e  Ray le igh  n u m b e r s  (<105). F igu re  13 s h o w s  a 
s imi la r  s t r e a m  f u n c t i o n  d i s t r i b u t i o n  for t he  cell  gap  of  0.2 
c m  a n d  h e i g h t  of  10 cm. A d a s h e d  l ine  ind ica t e s  t he  b o u n d -  
a ry  of t he  b u b b l e  enve lope .  T he  vo id  f rac t ion  d i s t r i b u t i o n  
u s e d  for o b t a i n i n g  th i s  c o n t o u r  w as  s imi la r  to  t h e  one  
s h o w n  in Fig. l l c .  A c o n s t a n t  vo id  f r ac t ion  of  0.1 was  as- 
s u m e d  a long  t he  gas evo lv ing  e l ec t rode  ( the  l e f t -hand  ver-  
t ical  border) .  Once  aga in  t he  c loseness  of  t he  s t r e a m  l ines  
n e a r  t h e  top  of  t he  cavi ty  ind ica t e s  a h i g h e r  ho r i zon ta l  ve- 
locity.  T h e  s t r e a m  f u n c t i o n  d i s t r i b u t i o n  in  Fig. 14 is for a 
cel l  w i t h  t he  s a m e  p a r a m e t e r s  as in  F i g :  13 e x c e p t  for  t he  
s h a p e  of  t h e  b u b b l e  e n v e l o p e  a n d  c o n s t a n t  vo id  f r ac t ion  of  
0.3 a long  t he  gas evo lv ing  e lect rode.  C o m p a r i s o n  of  Fig. 14 
w i t h  Fig. 13 s h o w s  t h a t  t he  flow p a t t e r n s  in  t h e  two cases  
are similar.  However  the  shape  of the  s t r eam l ines sl ightly 
above  the  eye of  the  loop in Fig. 14 indica tes  the  possibi l i ty  
of  a second  c i rcula t ion loop. I t  shou ld  be  not iced  t ha t  in  Fig. 
14 the  s t r eam func t ion  values  are app rox ima te ly  th ree  t imes  
t ha t  of  the  s t r eam func t ion  values  in  Fig. 13. This  increase  in 
s t r eam func t ion  is due  to the  threefold  increase  in the  void  
f ract ion at  the  gas evolv ing  wall. A s imilar  p ropor t iona te  in- 
crease in the  s t r eam func t ion  was obse rved  in m a n y  o ther  
numer i ca l  exper iments .  A h igher  s t r eam func t ion  va lue  indi- 
cates  more  in tense  l iquid circulation.  The  s t r eam 
l ines  in  Fig. 15 are  for a cell w i th  t he  s a m e  p a r a m e t e r s  as in  
Fig. 13, e x c e p t  for a c h a n g e  in cell  gap f rom 0.2 to 0.3 cm. 
The  h i g h e r  v a l u e  of  s t r e a m  f u n c t i o n  for la rger  cell  gap indi-  
ca tes  m o r e  i n t e n s e  c i rcu la t ion  a n d  is due  to dec rea se  in  t h e  
v i scous  losses.  The  effect  of  dec rea se  in t he  v i scous  losses  
w i t h  i n c r e a s i n g  cell  gap  can  b e  c lear ly  no t i c ed  in Fig. 16, 
w h e r e  t he  s t r e a m  l ines  for  a cell gap of 0.5 c m  are shown.  
T h e  d i s t inc t ive  f ea tu re  in  the  s t r e a m  l ines  in  Fig. 16 is t he  

t; = 0.1 

I = 10  c m  

r  

/ 
/ 

/ 
/ 

/ 
/ 

d = o , 3  cm 

Fig. 15. Streamlines for void fraction distribution as shown in Fig. 2d, 
cell gap d = 0.3 cm and height I = 10 cm. 

p r e s e n c e  of  two c i rcu la t ion  loops.  Mul t i ce l lu la r  flow pat-  
t e r n s  in  a n a r r o w  cavi ty  h a v e  b e e n  r epo r t ed  in t h e  l i tera- 
ture .  E lde r  (25) e x p e r i m e n t a l l y  Observed a mul t i ce l lu l a r  
flow due  to n a t u r a l  c o n v e c t i o n  in  a cavi ty  w i th  o p e n  top. 
He  no t i c ed  t he  a p p e a r a n c e  of s t rong  cells a t  Ray le igh  n u m -  
be r  g rea t e r  t h a n  l0 s a n d  n o t e d  t h a t  t he  size of t he se  cells 
d e c r e a s e d  wh i l e  t he i r  n u m b e r  i nc r ea sed  w i th  an  inc rease  
in  t h e  Ray le igh  n u m b e r .  The  mul t i ce l lu l a r  flow in t he  case  
of  n a t u r a l  c o n v e c t i o n  due  to t e m p e r a t u r e  g r a d i e n t  ha s  
b e e n  n u m e r i c a l l y  p r e d i c t e d  b y  De Vah l  Davis  (26), Wilkes  
a n d  Church i l l  (27), a n d  P e p p e r  a n d  Harr i s  (28). De Vah l  
Dav i s  (26) n o t e d  t h a t  at  h i g h  Ray le igh  n u m b e r s  t he  s t rong  
vor t i c i ty  is ab le  to su s t a in  flow in  oppos i t e  d i rec t ions ,  s imi- 
lar  to  t he  one  s een  in Fig. 16. The  s e c o n d  c i r cu la t ion  loop in 
Fig. 16 causes  a n  i n t e n s e  m i x i n g  of  e lec t ro ly te  at  t he  top  
a n d  a n  i n c r e a s e d  ra te  of  mass  t r a n s f e r  there .  B o t h  of  t h e s e  
effects  we re  e x p e r i m e n t a l l y  o b s e r v e d  in a z inc -ch lo r ine  
cell  (1%19). 

C o n c l u s i o n s  

The  b u b b l e - i n d u c e d  c o n v e c t i o n  in  a ver t ica l  t h i n  s lot  is 
i so la ted  f rom o t h e r  m o d e s  of c o n v e c t i o n  u s i n g  a compos -  
i te  e lec t rode .  The  c o m p o s i t e  e lec t rode ,  10 c m  high ,  is m a d e  
of  a p o r o u s  layer  of  t i t an ium,  p l a s m a  sp r ayed  on  a p o r o u s  
g r a p h i t e  subs t ra te .  The  ave rage  ra te  of  m a s s  t r ans f e r  gen-  
era l ly  dec reases  w i t h  i n c r e a s i n g  cell gap,  e x c e p t  at  a r o u n d  
a ceil  gap  of 0.5 c m  w h e r e  a local  m a x i m u m  is obse rved .  
Two i n d e p e n d e n t  m e c h a n i s m s  of  m a s s  t r a n s f e r  c o n t r i b u t e  
to t h e  overa l l  ra te  of  m a s s  t ransfer .  The  two  m e c h a n i s m s  
are  c i r cu la t ion  of  l iqu id  due  to n o n u n i f o r m  d i s t r i b u t i o n  of  
b u b b l e s  a n d  s t i r r ing  c a u s e d  b y  t he  r i s ing  b u b b l e s .  The  
local  ra te  of  m a s s  t r ans f e r  inc reases  w i t h  h e i g h t  a n d  de- 
c reases  as t he  cell  gap  inc reases  to 0.3 cm. Wi th  f u r t h e r  in- 
c rease  in t he  cell  gap  t he  local  ra te  of  m a s s  t r a n s f e r  coeffi- 
c i en t  increases ,  in  a g r e e m e n t  w i th  t he  o b s e r v e d  local  
m a x i m u m  in  t he  ave rage  ra te  of  m a s s  t ransfer .  Mass  t r ans -  
fer u n d e r  b u b b l e - i n d u c e d  c o n v e c t i o n  can  b e  t r e a t ed  as a 
t u r b u l e n t  n a t u r a l  convec t ion .  

A m a t h e m a t i c a l  m o d e l  for  b u b b l e - d r i v e n  fluid flow in a n  
e l e c t r o c h e m i c a l  cell  is p re sen ted .  The  cell  cons i s t s  of  a nar-  
r ow  ver t ica l  s lot  w h e r e  gas evo lves  e l ec t rochemica l ly  at  
one  wall. The  b o t t o m  of  t h e  cell  is c losed  a n d  t he  t op  is a 
free surface.  The  n u m e r i c a l  r e su l t s  i nd i ca t e  t he  p r e s e n c e  
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Fig. 16. Streamlines for void fraction distribution as shown in Fig. 2d, 
cell gap d = 0.5 cm and height I = 10 cm. 
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of circulatory flow which depends strongly on the cell gap, 
height, and assumed void fraction. The shape of the bub- 
ble envelope and the distribution of the void fraction de- 
termine the intensity of the circulation and the possibility 
of multicellular flow patterns. 
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Mass Transfer under Combined Gas Evolution 
and Forced Convection 
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ABSTRACT 

The combined effect of forced convection and bubble-induced convection on mass transfer in an electrochemical cell 
with vertical planar electrodes is investigated experimentally. The results indicate that a minimum is established in the 
mass-transfer coefficient due to the opposing effects of the two convections. A linear correlation exists between the rate of 
gas evolution and the rate of liquid flow at the minimum points. The effect of the cell gap is nonlinear, and it appears that a 
- 1/3 power dependence exists. Beyond the point of minimum, the mass-transfer coefficient is dominated by the bubble- 
induced convection and a universal correlation exists between the rate of gas evolution and the increase in mass-transfer 
coefficient beyond the minimum value. 

In many electrochemical processes gas evolution and 
forced convection interact to establish the mechanism for 
convective diffusion in the cell gap and near the electrode 
surface. Gas evolution can occur in two ways: external in- 
troduction of gas by bubbling gas through a porous me- 
dium and electrochemical gas evolution. Furthermore, the 
electrochemical gas evolution can occur at the electrode 
which is mass-transfer-limited or at an auxiliary or a coun- 
terelectrode. The present work is concerned with the situa- 
tion in which gas evolution occurs at an auxiliary porous 
electrode and the induced electrolyte flow interacts with a 
forced convection through the porous electrode. This situ- 
ation occurs for example in flow batteries (1), where po- 
rous electrodes are widely utilized and in electrochemical 
reactors where gas evolution occurs. In the zinc-chlorine 
battery (2, 3), for example, during charge, the chlorine- 
saturated zinc chloride electrolyte is circulated through 
the gas-evoiving porous chlorine electrode. The combined 

* Electrochemical Society Active Member. 
l Present address: Teledyne Analytical Instruments, City of In- 

dustry, California 91748. 

flow affects the convective diffusion of dissolved chlorine 
to the zinc electrode, which is responsible for the cou- 
lombic inefficiency. In order to increase the coulombic ef- 
ficiency of the zinc-chlorine battery, the convective diffu- 
sion of dissolved chlorine to the zinc electrode must be 
minimized. This can be achieved by balancing the forced 
convection by the opposing bubble-induced convection 
(i-3). In the chlor-alkali cell, gas evolution and flow of elec- 
trolyte interact to establish the flow pattern in the gaps be- 
tween the electrodes and the separator (or membrane). 

In the present work, the effect of bubble-induced con- 
vection and forced convection on the mass transfer within 
a vertical electrochemical cell is investigated. The experi- 
mental system is based on the design of the zinc-chlorine 
battery where chlorine gas is electrochemically evolved on 
a flow-through porous graphite electrode. The mass trans- 
port of dissolved chlorine to a parallel nearby zinc elec- 
trode is measured under various combinations of forced 
flow and gas evolution. The mass-transfer rate is measured 
by the limiting current method, although special pre- 
caution and arrangement had to be made in order to elimi- 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 141.210.2.78Downloaded on 2015-06-09 to IP 

http://ecsdl.org/site/terms_use



