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I n  consider ing p o s s i b l e  processes  f o r  producing f u e l s  a s  a l t e r -  
n a t i v e s  t o  f o s s i l  f u e l s ,  t h e  Water E l e c t r o l y s i s  Process  i s  a f e a s i b l e  
one. For example, t h e  Water E l e c t r o l y s i s  Process i s  being considered 
on a l a r g e  s c a l e  i n  connection with I n d u s t r i a l  Complexes which can 
d e s a l t  water ,  produce power and o t h e r  products  such a s  hydrogen, oxy- 
gen, ammonia, ammonia n i t r a t e ,  and n i t r i c  a c i d  (1). The energy source 
could be a l a r g e  n u c l e a r  r e a c t o r  coupled t o  a l a r g e  e l e c t r o l y z e r  s y s -  
t e m .  

Water e l e c t r o l y s i s  i s  a process  i n  which hydrogen and oxygen 
gases  a r e  produced from water  by t h e  a p p l i c a t i o n  of e l e c t r i c  energy. 
Perhaps t h e  s imples t  method f o r  c o n t r o l l i n g  t h e  product ion of t h e s e  
gases  i s  t o  use an e l e c t r o l y z e r  c o n s i s t i n g  of  a number of e l e c t r o l y -  
s is  c e l l s ,  us ing a l i q u i d  water s o l u t i o n  as e l e c t r o l y t e ,  and connect- 
i n g  them h y d r a u l i c a l l y  i n  p a r a l l e l .  E l e c t r i c a l l y  t h e  cells  may be 
connected e i t h e r  i n  series o r  p a r a l l e l .  

an anode (on which oxygen i s  psoduced) , and t h e  e l e c t r o l y t e  which 
flows through t h e  ce l l .  The anode and cathode a r e  s e p a r a t e d  by a mem- 
brane which may be porous t o  l i q u i d  e l e c t r o l y t e  b u t  n o t  t o  t h e  gases 
being generated,  s o  t h a t  the gases  w i l l  n o t  mix. A cross s e c t i o n  of 
such a c e l l  i s  shown i n  F ig .  1. 

more b a s i c  engineer ing information concerning two-phase flow, e l ec -  
t r o l y t e s ,  e l e c t r o d e s ,  and c o n t r o l  than is  a v a i l a b l e  a t  p r e s e n t .  The 
purpose o f  t h i s  paper i s  t o  p resen t  an a n a l y t i c a l  b a s i s  developed by 
t h e  authors  f o r  i n v e s t i g a t i n g  t h e  two-phase flow occur r ing  i n  an 
e l e c t r o l y s i s  ce l l  along with a review of r e l a t e d  experimental  da t a .  

eous occurrence of coupled, non-l inear ,  t r a n s p o r t  of mass, momentum, 
energy,  and charge i n  t h e  presence of e l ec t rochemica l  r e a c t i o n s  i n  
t h e  e l e c t r o l y t e  and on the e l e c t r o d e s .  The p r e c i s e  d e f i n i t i o n  of 
t hese  processes  is  v i r t u a l l y  impossible and i n  t h i s  paper one dimen- 
s i o n a l  (or hydrau l i c )  equat ions w i l l  be used to  d e f i n e  t h e  flow i n  
an e l e c t r o l y s i s  c e l l  con f igu ra t ion  such a s  i s  shown i n  F ig .  1. 

c a n t  work on t h i s  problem. H e  assumed, however, t h a t  t h e r e  w a s  no 
membrane i n  t h e  c e l l ;  t h a t  t h e  i n l e t  v e l o c i t y  was zero; and t h a t  t h e  
gas v e l o c i t y  was independent of void f r a c t i o n .  
presented a more gene ra l  a n a l y s i s  of t h e  void f r a c t i o n  and c u r r e n t  
dens i ty  d i s t r i b u t i o n s  i n  an e l e c t r o l y s i s  c e l l  s u b j e c t  only t o  t h e  
assumption t h a t  t h e  gases  are incompressible .  Then l a t e r ,  Thorpe 
and Funk ( 4 )  p re sen ted  a t h e o r e t i c a l  and experimental  i n v e s t i g a t i o n  
of  t h e  p re s su re  drop occur r ing  i n  an e l e c t r o l y s i s  ce l l .  There a re  
a l s o  s e v e r a l  papers on Electrochemical  Machining (5,6) i n  which an 
a l l i e d  problem i s  d i scussed .  

Each ce l l  i s  made up of  a cathode (on which hydrogen i s  produced),  

To develop a modern e l e c t r o l y z e r  technology w i l l  r e q u i r e  much 

The e l e c t r o l y s i s  process  i s  complicated because of  t h e  simultan- 

Tobias ( 2 )  seems t o  have been t h e  f i r s t  t o  c o n t r i b u t e  s i g n i f i -  

Funk and Thorpe ( 3 )  



TRANSPORT EQUATIONS 

The equat ions t o  be de r ived  w i l l  be based on t h e  assumption t h a t  

The e l e c t r o l y t e  f low i s  from t h e  bottom toward the top i n  a ce l l  

t h e  flows can be cons ide red  a s  one-dimensional, two-phase, flows. 
There w i l l  be, t hen ,  only one independent space v a r i a b l e  s .  

of width H and l e n g t h  L. The c e l l  c o n s i s t s  of two p a r a l l e l  channels 
s e p a r a t e d  by a membrane. Flow i n  t h e  hydrogen s i d e  c o n s i s t s  of a two- 
phase mixture o f  hydrogen gas and e l e c t r o l y t e  i n  a t h i n  r ec t angu la r  
channel (H by y2) formed between t h e  membrane and t h e  cathode. Flow 
i n  t h e  oxygen s i d e  i s  s i m i l a r  i n  a channel ( H  by y 1 ) .  The membrane i s  
assumed t o  be porous to  OH- i ons  and poss ib ly  t o  l i q u i d  e l e c t r o l y t e .  
Subsc r ip t  1 denotes  t h e  flow p r o p e r t i e s  on t h e  oxygen s i d e  while sub- 
s c r i p t  2 denotes similar p r o p e r t i e s  on t h e  hydrogen s i d e .  Various 
spec ie s  wi th in  a channel  a r e  i d e n t i f i e d  by t h e  s u b s c r i p t s  g f o r  gas ,  
v f o r  mixture of gas and vapor,  f f o r  l i q u i d  e l e c t r o l y t e ,  and h f o r  
t h e  hydroxyl i o n .  S ince  only an a l k a l i n e  e l e c t r o l y t e  is  considered, 
t h e  hydrogen i o n  i s  neg lec t ed .  

f u n c t i o n  of p o s i t i o n  s .  I f  t h e  c e l l  i s  v e r t i c a l  t h e  coordinate  s i s  
i d e n t i c a l  with v e r t i c a l  coordinate  z .  The c u r r e n t  f l u x  i generates  
hydrogen gas on t h e  cathode a t  t h e  l o c a l  mass f l u x  r a t e  m g 2 .  Water 
may evaporate i n t o  t h e  hydrogen gas bubbles so t h a t  i n s t e a d  o f  a dry 
g a s ,  a mixture of w a t e r  vapor and hydrogen gas w i l l  f low upward with 
average v e l o c i t y  Vv2 i n  some equ iva len t  a r ea  p ropor t iona l  t o  t h e  d i -  
mension yv2. 
t r o l y t e  l a y e r  near  t h e  cathode s u r f a c e  which is  c a l l e d  t h e  hydrogen 
bubble l a y e r  of t h i c k n e s s  6 2 .  

average v e l o c i t y  V f 2  i n  an equ iva len t  a r ea  p ropor t iona l  t o  y f 2  where 

The t r a n s v e r s e  c u r r e n t  d e n s i t y  ( c u r r e n t  f l u x )  i i n  t h e  cel l  i s  a 

The gas  bubbles ,  o r  v o i d s ,  a r e  contained w i t h i n  an e l ec -  

The l i q u i d  e l e c t r o l y t e  flow on t h e  hydrogen s i d e  occurs  with 

Y2 = Y V 2 + Y f 2 '  [ l l  

A s i m i l a r  flow c o n f i g u r a t i o n  e x i s t s  on t h e  oxygen side where oxy- 
gen gas i s  l i b e r a t e d  on t h e  anode a t  mass f l u x  r a t e  m g l .  Then 

Y 1  = Y V l + Y f l .  r21 

A hydroxyl i o n  f l u x  occurs  through t h e  membrane which has t h e  n e t  
e f f e c t  of t r a n s p o r t i n g  H 2 0  from the cathode s i d e  t o  t h e  anode s i d e  of 
t h e  cel l .  I n  a d d i t i o n  t o  t h e  i o n  f l u x ,  t h e  membrane may be porous t o  
l i q u i d  e l e c t r o l y t e .  These f luxes  through t h e  membrane are denoted by 

hydrogen o r  oxygen s i d e s  of t h e  cel l  s o  t h a t ,  i n  t h e  i n t e r e s t  of s i m -  
p l i f y i n g  t h e  n o t a t i o n ,  t h e  numerical s u b s c r i p t  w i l l  be omit ted.  

vapor , i s  de f ined  by t h e  equat ions 

mi-,, mf. 
The d e f i n i t i o n s  and d e r i v a t i o n s  which follow w i l l  apply t o  e i t h e r  

The vapor q u a l i t y  X,  c o n s i s t i n g  o f  t h e  mixture of  gas and water 

x = 5 ; ( 1 - X )  = F, 
W 

where 

[ 3 1  

[ 4 1  

[SI 
[61 



and p f  = . l i q u i d  d e n s i t y ,  p v  = vapor dens i ty ,  Af = H y f  i s  t h e  a rea  
occupied by l i q u i d ,  Av = HyV is  t h e  area occupied by vapor ,  Vf = ave r - .  
age l i q u i d  v e l o c i t y ,  Vv = average vapor ve loc i ty .  

and t h e  l i q u i d  holdup (1-a) are def ined  by 
The vapor volume f r a c t i o n  a, sometimes c a l l e d  the void f r a c t i o n ,  

where 

A = Av+Af = Hy. 81 

If  equat ions  [3] t o  [ 7 ]  are combined, t h e  fol lowing important  
equat ion  i s  obta ined  

1- 1-x P V  
x Pf 

-2 = u(-) (4, 

where o i s  t h e  s l i p  r a t i o  ( a l s o  c a l l e d  t h e  phase v e l o c i t y  r a t i o )  
def ined  by 

V c = 1. 
v f 
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I n  gene ra l  t he  s l i p  r a t i o  depends on pressure  p ,  void f r a c t i o n  3 ,  mass 
flow rate W, channel area A ,  dens i ty  r a t i o  pv/r . f  and channel o r i en ta -  
t i o n .  

Most of t h e  engineer ing  q u a n t i t i e s  of i n t e r e s t  i n  an e lec t ro l .ys i s  
cell ,  such as e l e c t r o l y t e  ohmic r e s i s t a n c e  o r  p re s su re  drop, are func- 
t i o n s  of  t h e  void f r a c t i o n  a ;  the void f r a c t i o n ,  i n  t u r n ,  depends on 
t h e  s l i p  r a t i o  u which i n  gene ra l  i s  unknown. There are s e v e r a l  models 
which express  t h e  void  f r a c t i o n ,  s l i p  r a t i o  r e l a t i o n s h i p .  The s i m d e s t  
model i s  t h e  homogeneous model i n  which cs is assumed un i ty .  

Cont inui ty  Equations(Mass Transport)  

A t  some p o s i t i o n  s along t h e  e l e c t r o l y s i s  cel l  shown i n  Fig.  1, 
cons ider  an elemental  c o n t r o l  volume f o r  t h e  gas phase.  G a s  i s  con- 
s i d e r e d  t o  b e  genera ted  a t  t h e  i n t e r f a c e  between l i q u i d  e l e c t r o l y t e  
and gas phases.  This gas e n t e r s  t h e  gas phase c o n t r o l  volume and i s  
represented  as a source of s t r e n g t h  9. The q u a n t i t y  9 i s  a t r ans -  
ve r se  f l u x  having u n i t s  of gm an-l  sec-l. 

c o n t r o l  volume i s  
The l a w  of conservat ion of  mass as  appl ied  to t h e  gas  phase 

d Wg = mg, 
ds 
- 

where Wg i s  t h e  mass flow rate o f  gas  i n  t h e  channel.  

l y t e  phase is  der ived  as 
I n  a s i m i l a r  way, t h e  con t inu i ty  equat ion  f o r  t h e  l i q u i d  e l e c t r o -  

d Wf = -m 9 +(?)mh+(?)mf,  
ds 

where t h e  mass f l u x  rate % i s  given by 

= igi, ag = !kt . 
mg % 

1121 



The atomic weight  of  t h e  gas  i s  Ng'while i t s  valence upon e l e c t r o l y t i c  
decomposition i s  €9. 
chemical equ iva len t .  

l i q u i d  e l e c t r o l y t e ;  i f  t h e  membrane does have t h i s  p rope r ty ,  then both 
t h e  magnitude and s i g n  o f  t h e  term mf depend on the p r e s s u r e  d i s t r i b u -  
t i o n s  along t h e  two s i d e s  of  t h e  membrane. 

equat ion of t h e  e l ec t rochemica l  r e a c t i o n  occur r ing  i n  t h e  channel. On 
t h e  cathode s i d e ,  f o r  example, t h e  equat ion i s  

The p r o p o r t i o n a l i t y  cons t an t  x g  i s  t h e  e l e c t r o -  

The mass f l u x  mf i s  non-zero only i f  t h e  membrane i s  porous t o  

The hydroxyl i o n  f l u x  mh can be r e l a t e d  t o  t h e  f l u x  mg from t h e  

cathode : mh = -17mg.  [151 

On t h e  anode s i d e ,  t h e  e l ec t rochemica l  r e a c t i o n  i s  1 

anode : 20H-+1/202+H20+2e-.  1161 

anode : mh = 2.215mg. 

The foregoing development has  n o t  considered t h e  mass t r a n s p o r t  
due t o  water  evaporat ion i n t o  t h e  hydrogen o r  oxygen bubbles .  
it can r e a d i l y  b e  shown t h a t  i f  t h e  gases  are assumed t o  be s a t u r a t e d  
with water  vapor,  t h e  mass f r a c t i o n  of t h e  hydrogen o r  oxygen gas i n  

However, , 

t h e  vapor mixture i s  

where pw i s  t h e  water vapor p re s su re  and p t  i s  t h e  t o t a l  bubble pres- 
su re ;  Mw, M9 are molecular  weights of water and gas r e s p e c t i v e l y .  

Rewriting equa t ions  [ l l ] ,  [12] t o  account f o r  water  vapor t r ans -  
f e r ,  along with d e f i n i t i o n s  made previously , t h e  c o n t i n u i t y  equations 
become 

where 

[201 

A g  = 0.228X10'7;y = -17 (cathode s i d e )  , 
A g  = 1.824X10-7;y = 2.125 (anode s i d e ) .  

[211  
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Energy Equation (Energy Transport)  

The energy t r a n s p o r t  of t h e  gas phase w i l l  be neg lec t ed  due .to 
t h e  low thermal conduct iv i ty  and h e a t  capac i ty  of  t h e  gas  compared t o  
that of  the e l e c t r o l y t e .  Then only the l i q u i d  phase needs t o  be con- 
s ide  red .  

r ep resen ta t ive  c o n t r o l  volume, it w i l l  be  assumed t h a t  t h e  t r a n s p o r t  
of k i n e t i c  and g r a v i t a t i o n a l  s p e c i f i c  ene rg ie s  are n e g l i g i b l e  compared 
t o  t h e  s p e c i f i c  thermal ene rg ie s .  Also, t h e  energy t r a n s p o r t  due t o  
l i q u i d  conversion to vapor i s  neglec ted .  

I n  applying t h e  f i r s t  law of Thermodynamics a s  it a p p l i e s  t o  a 

Then, an energy balance gives  

where hf i s  t h e  e l e c t r o l y t e  en tha lpy ,  q" i s  t h e  hea t  f l u x  t r a n s f e r r e d  
to  o r  from the  e l e c t r o l y t e ,  and E is t h e  ohmic vo l t age  drop across  t h e  
e l e c t r o l y t e .  N o t e  t h a t  

hf = CTf ; q" = h(Ts-Tf) , 1231 

where Tf i s  e l e c t r o l y t e  temperature  , TS i s  e l e c t r o d e  su r face  tempera- 
t u r e ,  h i s  the  h e a t  t r a n s f e r  c o e f f i c i e n t ,  and C is s p e c i f i c  h e a t .  ' 

Equations of Motion(Momentum Transport)  

I n  making t h e  momentum ba lance ,  both vapor and l i q u i d  phases are 
included a t  the  same t i m e .  Then upon applying t h e  momentum theorem 
t o  a r ep resen ta t ive  c o n t r o l  volume, it can b e  shown t h a t  

where T i s  t h e  average shea r  stress, p m  i s  t h e  d e n s i t y  of t h e  two phase 
mixture,  and p is  t h e  s t a t i c  p re s su re .  I n  de r iv ing  t h i s .  equa t ion ,  t he  
momentum t r a n s f e r  due t o  l i q u i d  conversion t o  vapor has  been neglected.  

E l e c t r i c a l  Rela t ions  (Charge Transpor t )  

Cons is ten t  with t h e  one dimensional t r a n s p o r t  equat ions  of continu- 
i t y ,  energy,  and momentum is  a one dimensional t r a n s p o r t  equat ion of 
charge wi th in  the e l e c t r o d e  gap. However, such an equat ion  w i l l  i n -  
volve ion  m o b i l i t i e s ,  e lec t rochemica l  r e a c t i o n s ,  and other complicated 
processes  which w i l l  no t  be  presented  here .  I n s t e a d ,  t h e  e l e c t r i c a l  
phenomena w i l l  be  represented  by a simple form of Ohm's l a w .  

t i a l s  be denoted by BE while the app l i ed  vo l t age  is  Ea. Then t h e  
vo l tage  E a v a i l a b l e  for overcoming ohmic r e s i s t a n c e  of t h e  two-phase 
e l e c t r o l y t e  i s  given by 

L e t  t h e  sum of t h e  e l e c t r o d e  p o l a r i z a t i o n  and decomposition poten- 

E = Ea-AE, r251 

and 

E = iq, 1261 

where Rc i s  the ohmic resistance of t h e  cel l .  
of a membrane r e s i s t a n c e  R,,, i n  series with resistances Rl, R2 of the 

T h i s  r e s i s t a n c e  cons i s t s  
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e lec t ro ly te -bubble  mix tu res  i n  t h e  oxygen and hydrogen channels o f  t h e  
c e l l .  That is 

R c  = Rl+F$,-,+R2. 1271 

The r e s i s t a n c e s  Rl, R2 a r e  func t ions  of  t h e  p r o p e r t i e s  of pure 

The cross  s e c t i o n  of t h e  channel occupied by vapor a t  pos i t i on  s 
This  void  i s  d i s t r i b u t e d  wi th in  some bubble 

l i q u i d  e l e c t r o l y t e ,  t h e  void  f r a c t i o n  a ,  and t h e  temperature  T f .  

is p ropor t iona l  t o  Yg. 
l aye r  of th ickness  6 .  The void f r a c t i o n  a'  based on bubble l a y e r  
th ickness  ( t h a t  i s ,  t h e  vo id  f r a c t i o n  wi th in  t h e  bubble l aye r )  is de- 
f ined  by 

The r e s i s t a n c e  w i t h i n  t h e  bubble l a y e r  i s  some func t ion  of a' r a t h e r  
than a .  

perpendicular  t o  y i s  
The t o t a l  t r a n s v e r s e  r e s i s t a n c e  , p e r  u n i t  c r o s s  s e c t i o n a l  a rea  

R = rtp6+rf (y-6) , 
where rtp i s  t h e  two-phase r e s i s t i v i t y  i n  t h e  bubble l a y e r  and rf i s  
t h e  l i q u i d  e l e c t r o l y t e  r e s i s t i v i t y .  The q u a n t i t y  rf is ,  i n  general ,  
temperature dependent,  s a y  

[ 2 9 1  
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where B represents  a temperature  c o e f f i c i e n t  and s u b s c r i p t  o denotes 
condi t ions  a t  the  ce l l  en t rance .  

a' assumed t o  be  of t h e  form 
The two-phase r e s i s t i v i t y ,  i n  the bubble l a y e r ,  i s  a func t ion  of 

r311 

The func t ion  f is determined from some void f r a c t i o n - r e s i s t i v i t y  model 
which assumes a homogeneous d i s t r i b u t i o n  of bubbles wi th in  an e l e c t r o -  
l y t e  matr ix .  A g e n e r a l i z a t i o n  of such heterogeneous condi t ion  mechan- 
i s m s  is  

f ( a ' )  = (1-a '1-n.  t321  

Tobias ( 2 )  proposed t h a t  n = 1.5  whi le  Thorpe and Z e r k l e  ( 5 )  found 
t h a t  n = 2 gave b e t t e r  r e s u l t s  i n  t h e  a l l i e d  problem of electrochem- 
i c a l  machining. 

I t  can be  noted t h a t  

so t h a t  equat ion [291 can be w r i t t e n  as  

The e l e c t r o d e  p o l a r i z a t i o n  over vo l t ages  a r e  gene ra l ly  assumed 
t o  obey Tafe l  eaua t ions  of the form , -  
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AEp = a+b ln i ,  1351 

where a ,  b a r e  cons t an t s  depending on e l e c t r o d e  material, e l e c t r o l y t e ,  
temperature ,  and pressure .  Denoting the decomposition p o t e n t i a l  by 
AEd, then 

Equations (251,  [26], [27] ,  [ 3 4 1 ,  [351, [361 can be combined t o  g ive  
an i m p l i c i t  r e l a t i o n  between t h e  appl ied  vol tage  Ea ,  c u r r e n t  d e n s i t y  i, 
vapor void f r a c t i o n s  a l , a 2 ,  bubble l a y e r s  6 1 ,  6 2 ,  and temperatures 
T l ,  T2. That i s  

As a f i r s t  approximation, t h e  q u a n t i t y  E could be regarded as known 
independent of i which g r e a t l y  s i m p l i f i e s  t h e  problem. 

Recapi tu la t ion  

The equat ions above represent  a one-dimensional approximation of 
t h e  processes  occurr ing  wi th in  t h e  e l e c t r o l y s i s  cel l .  As they s t and ,  
they involve more unknowns than t h e r e  are equat ions  so t h a t  a d d i t i o n a l  
r e l a t i o n s  are requi red .  Addit ional  equat ions  w i l l  be the  equat ions  of  
state of oxygen and hydrogen gases ,  empi r i ca l  r e l a t i o n s  f o r  t h e  shea r  
stresses, and e i t h e r  empir ica l  or t h e o r e t i c a l  express ions  f o r  t h e  s l i p  
r a t i o s .  Furthermore, t hese  equat ions are s t r o n g l y  coupled toge ther  
through pressure  and temperature.  Although t h i s  is a complicated s y s -  
tem o f  non-l inear ,  coupled, d i f f e r e n t i a l  equat ions  t h e  programming of 
them f o r  computer s o l u t i o n  i s  n o t  an insurmountable t a sk .  

ANALYTICAI, STUDIES 

It is  s u r p r i s i n g l y  simple t o  ob ta in  a lgeb ra i c  equat ions  f o r  t h e  
vapor q u a l i t y  X and void f r a c t i o n  a i n  terms of  t h e  s l i p  r a t i o  IJ and 
i n t e g r a l s  of the  c u r r e n t  dens i ty  i. This i s  done by i n t e g r a t i n g  
equat ions  [19] ,  [20] from t h e  i n l e t  ( s  = 0) t o  some po in t  s i n  t h e  
c e l l  and s u b s t i t u t i n g  i n t o  equat ions [31,  [61 t o  o b t a i n  

x =  

S u b s t i t u t i o n  of equat ion [381 i n t o  [91 t hen  g ives  t h e  void f r a c t i o n  a 
as a funct ion  of s l i p  r a t i o  a ,  the vapor dens i ty  p V ,  and i n t e g r a l  of 
t h e  c u r r e n t  dens i ty  i. 

but ions  i n  e l e c t r o l y s i s  cells, Funk and Thorpe ( 3 )  used t h e  r e s u l t i n g  
equat ion [ 9 ] ,  as descr ibed  above, along with t h e  fol lowing f u r t h e r  
assumptions : 

(1) 

I n  car ry ing  o u t  paramet r ic .  s t u d i e s  of t h e  c u r r e n t  dens i ty  d i s t r i -  

Both gas and l i q u i d  flows are assumed incompressible  and i s o t h e r -  
mal. This permits  a g r e a t  a n a l y t i c a l  s i m p l i f i c a t i o n  i n  #at it 
decouples t h e  con t inu i ty  and r e s i s t i v i t y  equat ions  from t h e  momen- 
tum and energy equat ions .  

( 2 )  The bubble l a y e r s  are assumed t o  extend completely across the  
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channels .  This assumption seems t o  b e  j u s t i f i e d  from v i s u a l  obser- 
v a t i o n s  which show t h e  bubble l a y e r  t o  fill t h e  channel except  i n  
a s h o r t  en t r ance  r eg ion .  
The membrane i s  assumed t o  be permeable only t o  t h e  hydroxyl f l u x  
and n o t  t o  l i q u i d  e l e c t r o l y t e .  

(3 )  

( 4 )  Water vapor i n  t h e  gas i s  assumed n e g l i g i b l e .  

With t h e s e  assumptions,  the system 3f equat ions reduces t o  a set  
i n  which t h e r e  a r e  on ly  t h r e e  more unknowns than  equat ions;  t h e s e  un- 
knowns are t h e  a p p l i e d  v o l t a g e  Ea and t h e  s l i p  r a t i o s  u l ,  u2. I f  Ea ,  
u l ,  u2 a r e  regarded as parameters then t h e  system can b e  solved simul- 
taneously f o r  t h e  v o i d  f r a c t i o n  CY and c u r r e n t  dens i ty  i .  Since i n t e -  
g r a t i o n  of t h e  equa t ions  b r ings  t h e  c e l l  i n l e t  v e l o c i t y  i n t o  t h e  prob- 
l e m  a s  a boundary c o n d i t i o n ,  i t  i s  a l s o  a parameter.  

I251 , 1261 , [271, [341, [351 I [363 t o  o b t a i n  
The e l e c t r i c a l  requirement i s  expressed by combining equat ions 

Equation [39] along wi th  t h e  two equat ions [9] f o r  t h e  void f r a c t i o n s  
al, a2 a r e  a s e t  of t h r e e  equat ions i n  t h r e e  unknowns 0.1, 1x2, i and 
f o u r  parameters E a ,  u 1 ,  u 2 ,  Vo. These equa t ions  w e r e  programmed f o r  
numerical  s o l u t i o n  and so lved  f o r  a s p e c i f i c  cel l  geometry as def ined 
i n  r e fe rence  ( 3 ) .  By examining t h e  r e s u l t i n g  c u r r e n t  d e n s i t y  d i s t r i -  
b u t i o n s  i t  was concluded t h a t :  

(1) The e f f e c t  of s l i p  r a t i o  i s  pronounced p a r t i c u l a r l y  a t  t h e  higher  

( 2 )  The e f f e c t  of c e l l  i n l e t  v e l o c i t y  i s  very important  and pa r t i cu -  

( 3 )  The void f r a c t i o n  d i s t r i b u t i o n s  w i l l  b e  p r a c t i c a l l y  i d e n t i c a l  i n  

c e l l  vo l t ages .  

l a r l y  so a t  t h e  h i g h e r  ce l l  vo l t ages .  

the two s i d e s  o f  t h e  c e l l  i f  t h e  hydrogen s i d e  c ros s  s e c t i o n  i s  
twice t h a t  of t h e  oxygen s ide and both a r e  s u b j e c t  t o  t h e  same 
i n l e t  v e l o c i t y .  

These r e s u l t s  a r e  n o t  e n t i r e l y  unexpected based on an i n t u i t i v e  
understanding of what i s  occurr ing i n  t h e  e l e c t r o l y s i s  c e l l .  They 
d i d  I however , p o i n t  o u t  t h e  importance o f  making experimental  s t u d i e s  
to  determine what t h e  a c t u a l  s l i p  r a t i o s  w i l l  be  i n  a r e a l  e l e c t r o l y -  
s is  cell .  

Before d e s c r i b i n g  t h e s e  experiments , it is  appropr i a t e  t o  mention 
some of t h e  a n a l y t i c a l  r e s u l t s  ob ta ined  by Thorpe and Z e r k l e  (5,6) f o r  
e l ec t rochemica l  machining. There a r e  two major conclusions which may 
b e  p e r t i n e n t  t o  e l e c t r o l y z e r  design: 

(1) If t h e  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  is assumed t o  be constant  
along t h e  c e l l  a s  a f i r s t  approximation, it i s  p o s s i b l e  t o  i n t e -  
g r a t e  both t h e  c o n t i n u i t y  and energy equat ions t o  o b t a i n  a re- 
markably simple s e t  of a l g e b r a i c  equat ions.  This makes possible  
the i d e a  of f i t t i n g  t h e o r e t i c a l  curves t o  experimental  d a t a  i n  
o rde r  t o  determine t h e  heterogeneous conduction exponent n i n  a 
very simple and convenient manner. 

( 2 )  Under c e r t a i n  cond i t ions  ( s a y ,  of high e l e c t r o l y z e r  output)  it 
i s  poss ib l e  t o  experience a choking phenomenon s i m i l a r  t o  t h a t  
which i s  w e l l  known i n  t h e  f i e l d  of compressible flow. 
due t o  t h e  presence of gas i n  t h e  e l e c t r o l y z e r  and t h i s  e f f e c t  
should be considered i n  t h e  design of  e l e c t r o l y z e r s .  

T h i s  i s  

F o r  f u r t h e r  i n fo rma t ion ,  r e fe rences  (5,6)  should be s t u d i e d .  
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EXPERIMENTAL -STUDIES 

Severa l  experimental  i n v e s t i g a t i o n s  o f  vo id  f r a c t i o n  and p res su re  
drop occurr ing i n  water  e l e c t r o l y s i s  cells have been conducted a t  t h e  
Universi ty  of Kentucky. I n s t e a d  of d i scuss ing  t h e  experimental  appara- 
t u s  and procedures i n  d e t a i l ,  only a summary w i l l  b e  presented  here.  
References (3 ,  4 ,  7)  can be  consul ted f o r  d e t a i l e d  information.  

The experimental  apparatus  cons i s t ed  b a s i c a l l y  of  a flow loop,  
p o s i t i v e  displacement pump, a cu r ren t  source ,  ins t rumenta t ion ,  and a 
gamma ray a t t enua t ion  system f o r  measuring void f r a c t i o n s .  The e l e c -  
t r o l y t e  used was one normal KOH while t h e  e l e c t r o d e s  w e r e  s t a i n l e s s  

with oxygen s i d e  c ros s  s e c t i o n  1" by 0.18" and hydrogen s i d e  c ros s  
s e c t i o n  1" by 0.18". This tes t  s e c t i o n  w a s  36" i n  l eng th  preceded 
by an ent rance  length  of 21". The membrane cons i s t ed  of a polysty-  

> rene coated nylon c l o t h  sandwiched between two s l o t t e d  P lex ig l a s  hold- 
ers. 

S tudies  of the flow p a t t e r n  ind ica t ed  t h a t  a bubble boundary lay-  
er  ex i s t ed  a t  t h e  t e s t  s e c t i o n  i n l e t  b u t  t h a t  a f t e r  a s h o r t  d i s t ance  
(6"-8") downstream, bubbles occupied t h e  complete c ros s  s e c t i o n s  d i s -  
persed as s m a l l  s p h e r i c a l  bubbles i n  e s s e n t i a l l y  a f r o t h  flow. The 
flow v e l o c i t i e s  were of  o rde r  of magnitude 0.5 f t  s e c - l  and t h e  cu r ren t  
dens i ty  was of order  of  magnitude 250 amp f t -2 .  
gen bubbles having an average diameter  of  about 4.5X10-3 inches and hy- 
drogen bubbles having an average diameter  of 3.5 X 10-3 inches.  
such small  bubbles,  t h e  assumption t h a t  t h e  gas  i s  s a t u r a t e d  with water  

' vapor i s  j u s t i f i e d  and t h i s  w a s  assumed i n  c a l c u l a t i n g  t h e  vapor densi-  
ties. 

The s l i p  r a t i o  w a s  determined i n  t h e  fol lowing way. F i r s t ,  t h e  
void f r a c t i o n  was determined experimental ly  us ing  a 20 m c  Cesium-137 
gamma source,  a s c i n t i l l a t i o n  probe as d e t e c t o r ,  co l l ima to r ,  and asso- 
c i a t e d  e l e c t r o n i c  equipment as  d i scussed  i n  re ference  ( 8 )  . Next, t h e  
vapor q u a l i t y  X was determined by measuring t h e  c u r r e n t  dens i ty  d i s -  
t r i b u t i o n  i ,  the i n l e t  flow rate Wf(o) , and s u b s t i t u t i n g  i n t o  equa- 
t i o n  [38] . 

With a and X known, t h e  only remaining unknown i n  equat ion 191 
i s  the  s l i p  r a t i o  a. I f  t h e  ra t io  (1-a)/a i s  p l o t t e d  a g a i n s t  t h e  
r a t i o  p v ( l - X ) / p f X ,  t h e  s lope  of  a l i n e  through t h e  d a t a  is  the s l i p  
r a t i o  a. Such p l o t s  i nd ica t ed  t h a t  t h e  s l i p  r a t i o  i s  e s s e n t i a l l y  
uni ty .  

aga ins t  the vapor volumetr ic  flow f r a c t i o n  d def ined  by 

I\ 

I s t e e l .  The test s e c t i o n  w a s  made from P lex ig l a s  and s t a i n l e s s  s t e e l  

This r e s u l t e d  i n  oxy- 

For 

1 

1 

Another way of p l o t t i n g  t h e  d a t a  i s  t o  p l o t  t h e  vo id  f r a c t i o n  a 

The da ta  is p l o t t e d  i n  this manner i n  Fig.  2. A l s o  p l o t t e d  i n  
Fig. 2 a re  the  homogeneous model (u = 1) and Bankoff's model ( 9 )  
which g ives  e s s e n t i a l l y  t h e  s a m e  r e s u l t s  as those  of M a r t i n e l l i  and 
Nelson (10). The f i g u r e  i n d i c a t e s  t h a t  t h e  s l i p  r a t i o  i s  c lose  t o  
un i ty  f o r  both oxygen and hydrogen s i d e s  of t h e  e l e c t r o l y s i s  cell .  

\ I t  should be remembered, though, that  t h i s  conclusion is drawn f o r  
a s i n g l e  cell geometry and r a t h e r  low throughput cond i t ions .  

mination of pressure  drop c o r r e l a t i o n s  because t h e  p re s su re  drop 

\\ 

\ 
The determinat ion of t h e  s l i p  r a t i o  i s  p r e r e q u i s i t e  t o  a de t e r -  

\ 
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depends on the vo id  f r a c t i o n .  I n  o t h e r  words, t h e  conclusion t h a t  
t h e  s l i p  r a t i o  i s  u n i t y  permits  t h e  p r e s s u r e  d rop  equa t ions  t o  be 
w r i t t e n  i n  terms o f  t h e  vapor  q u a l i t y  X through equa t ion  [SI which, 
i n  t u r n ,  depends o n l y  on the (measured) c u r r e n t  d e n s i t y  d i s t r i b u -  
t i o n  i and (measured) i n l e t  flow rate Wf(o).  

and e l e v a t i o n  p r e s s u r e  d rop  components o f  equa t ion  [ 2 4 ]  and sub- 
t r a c t i n g  t h e m  from the (measured) t o t a l  p r e s s u r e  drop. In  t h i s  way 

r educ t ion  was programmed f o r  d i g i t a l  computation and involved a de t e r -  
mination of t h e  vo id  f r a c t i o n  CL a t  t h e  same t i m e .  

Each tes t  run involved a determinat ion of both t h e  s i n g l e  phase 
p r e s s u r e  drop i n  t h e  absence of e l e c t r o l y s i s  (which is e n t i r e l y  f r i c -  
t i o n a l )  and the two phase p re s su re  drop wi th  e l e c t r o l y s i s  occurr ing.  
I n  this way, it i s  p o s s i b l e  t o  compute a f r i c t i o n a l  p re s su re  drop mul- 
t i p l i e r  Y def ined  by 

Data reduct ion was c a r r i e d  o u t  by e v a l u a t i n g  t h e  acce le ra t ion  

t h e  f r i c t i o n a l  p r e s s u r e  drop component i s  i s o l a t e d .  The a c t u a l  d a t a  I 

I 

A t t e m p t s  were made t o  c o r r e l a t e  I a g a i n s t  s e v e r a l  parameters i n -  
c luding t h e  vo id  f r a c t i o n  a. These at tempts  l e d  t o  t h e  formulation 
of a v a r i a b l e  n def ined  by 

The f a c t o r  X g i  which has  u n i t s  and dimensions of a mass v e l o c i t y  is  
a measure of t h e  l a t e r a l  vapor mass f l u x  away from t h e  w a l l .  Super- 
f i c i a l l y ,  t h i s  f a c t o r  can be viewed a s  an i n c r e a s e d  roughness of t h e  
e l e c t r o d e  su r face .  When it i s  d iv ided  by t h e  gas dens i ty  p v ,  a super- 
f i c i a l  t r a n s v e r s e  v e l o c i t y  i s  obtained.  The r a t i o  of  t h i s  t r ansve r se  
v e l o c i t y  t o  t h e  a x i a l  v e l o c i t y  a t  i n l e t  Vo i s  a dimensionless s imi l a r -  
i t y  v a r i a b l e  and a measure o f  d i s s i p a t i o n  i n  t h e  flow. Attempts t o  
c o r r e l a t e  Y i n  t e r m s  of t h i s  r a t i o  and a l s o  i n  terms of void f r a c t i o n  a 
i n d i c a t e  t h a t  Y shou ld  be c o r r e l a t e d  i n  terms of  t h e  product of t h e  
two. However, two d i s t i n c t  c o r r e l a t i o n s  w e r e  ob ta ined  i n  t h i s  way f o r  
t h e  oxygen and hydrogen s i d e s .  

It  w a s  found t h a t  the two c o r r e l a t i o n s  f o r  oxygen and hydrogen 
could be brought t o g e t h e r  by in t roduc ing  t h e  d e n s i t y  r a t i o  (pv!pf) l / 3 .  
Thus t h e  c o r r e l a t i o n  parameter  n was syn thes i zed  and t h e  f r i c t i o n a l  
p r e s s u r e  drop m u l t i p l i e r  Y w a s  c o r r e l a t e d  f o r  both oxygen and hydrogen 
as shown i n  Fig.  3.  Except f o r  p o i n t s  n e a r  Y = 1 where t h e  experi-  
mental  e r r o r s  can be r a t h e r  l a r g e ,  this c o r r e l a t i o n  i s  accurate  t o  
w i t h i n  ?r 20 p e r  c e n t .  

I 

SUMMARY 

. I n  t h i s  paper ,  a summary of some of  t h e  f l u i d  flow aspec t s  of 
wa te r  e l e c t r o l y z e r s  has  been p fes  ented along w i t h  research which has 
been already pub l i shed  i n  the l i t e r a t u r e .  Admittedly, t h e  approach 
has  been r e s t r i c t e d  t o  a s i n g l e  t y p e  of  e l e c t r o l y z e r  and t o  d a t a  ap- 
p ly ing  only t o  a ve ry  r e s t r i c t e d  range o f  geometries and flow v a r i -  
ables. This shou ld ,  however, provide a convenient b a s i s  o r  po in t  Of 
depa r tu re  f o r  f u t u r e  work i n  t h e  event  wa te r  e l e c t r o l y s i s  becomes an 
important  mechanism f o r  producing f u e l .  

Much work remains t o  be done i n  o r d e r  t o  advance t h e  s t a t e  of 
e l e c t r o l y z e r  technology. For example , f u r t h e r  s t u d i e s  should be con- 
ducted over a wider r ange  of  ambient o p e r a t i n g  p r e s s u r e s ,  tempera- 

I 



105 
t u r e s ,  f lows,  and c u r r e n t  d e n s i t i e s .  A l s o ,  complete system s t u d i e s  
should  be conducted which inc lude  the problems of op t imiza t ion  and 
c o n t r o l .  
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NOMENCLATURE (Cons i s  t e n t  Units)  

a r b  i 

A 
C 

E 
Ea 

AEP 
AEd 

BE 
H 
i 
L 
m 
M 
N 
P 
r€  
r t P  

RC 
Rm 

R 

T 
V 
W 
X 

Y 
2 

a 
a' 
B 
Y 
6 

€9 
Ag  
P 
U 

T 
@ 
Y 
s2 

0 
1 
2 
9 
f 
h 
V 

cons t an t s  i n  t h e  equat ion d e s c r i b i n g  p o l a r i z a t i o n  over vo l t age  
(Eq. [351) 
channel flow area 
s p e c i f i c  h e a t  of t h e  e l e c t r o l y t e  
vo l t age  a p p l i e d  t o  t h e  cell 
vo l t age  d rop  i n  t h e  two phase e l e c t r o l y t e  
water  decomposition p o t e n t i a l  
ele c t rode  p o l  a r i  z a t  i on  overvol tage 
sum o f  AEd and AEp 
channel width 
c u r r e n t  d e n s i t y  
e l e c t r o l y z e r  c e l l  l eng th  
l o c a l  mass f l u x  
molecular weight 
atomic weight  
pres s u r e  
l i q u i d  e l e c t r o l y t e  r e s i s t i v i t y  
r e s i s t i v i t y  o f  t h e  two-phase bubble l a y e r  
t o t a l  ce l l  t r a n s v e r s e  resistance 
ohmic r e s i s t a n c e  of  t h e  c e l l  
membrane r e s i s t a n c e  
temperature 
f l u i d  v e l o c i t y  
mass flow rate 
gas q u a l i t y  o r  gas  mass f r a c t i o n  
channel t h i c k n e s s  
v e r t i c a l  coord ina te  

Greek  Letters 

void t r a c t i o n  based on channel t h i ckness  
void f r a c t i o n  based on bubble l a y e r  t h i ckness  
temperature c o e f f i c i e n t  
def ined by equa t ion  [ 2 1 1  
bubble l a y e r  t h i ckness  
valence upon e l e c t r o l y t i c  de composition 
cons t an t  de f ined  by equat ion 1131 
dens i ty  
s l i p  r a t i o  o r  phase v e l o c i t y  r a t i o  
w a l l  s h e a r  stress 
gas volume f low f r a c t i o n  
two-phase f low f r i c t i o n a l  m u l t i p l i e r  
c o r r e l a t i o n  parameter 

Subsc r ip t s  

channel i n l e t  cond i t ions  
anode s i d e  
cathode s i d e  
gas 
l i q u i d  
hydroxyl i o n  
vapor 
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