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The m e c h a n i s m  of mass  t r a n s f e r  is analyzed by which wa te r  vapor  dra ins  convect ively  f r o m  
an e l e c t r o d e - c o n d e n s e r  s y s t e m  in a fuel cell with a cap i l l a ry  m e m b r a n e .  The p rob l em of 
opt imiz ing the m a s s - t r a n s f e r  p a r a m e t e r s  in the water  d ra inage  s y s t e m  is also analyzed.  

A spec ia l  fea ture  of a fuel cell  with a cap i l l a ry  m e m b r a n e  was mentioned in [1], namely  the i n t e r -  
re la t ion  between its p e r f o r m a n c e  c h a r a c t e r i s t i c s  and the conditions of external  mass  t r a n s f e r  during the 
d ra inage  of reac t ion  products  (water) by evaporat ion f rom the ac t ive  e lec t rode .  Under s teady equi l ibr ium,  
the e l ec t ro ly te  concentra t ion c on the e v a p o r a t o r  e lec t rode  is de te rmined  by the wa te r  m a s s  balance in the 
cell 

le = S Pe[Pe(C' re) --P] df (1) 
f 

and it is a function of the e lec t r i ca l  load (current)  I as well  as of the conditions of external  mass  t r an s f e r  
( m a s s - t r a n s f e r  coeff ic ient  a t  the e lec t rode  fie, wa te r  vapor  p r e s s u r e  p above the e lec t rode ,  etc.) ,  which 
may  va ry  during the opera t ion  of the fuel cell over  wide ranges  depending on the mode and the p a r a m e t e r s  
of m a s s - t r a n s f e r  (water  drainage)  sys t em.  

Concentra t ion (and, t he re fo re ,  volume) fluctuations of the e lec t ro ly te  in the fuel cell  cause  a v a r i a -  
t ion of the mo i s tu re  content in porous  act ive  e l ec t rodes ,  which affects  d i rec t ly  the v o l t - a m p e r e  c h a r a c -  
t e r i s t i c ,  and the i r  quite definite al lowable range  is l imi ted  by the drop  in t e rmina l  vol tage.  The design 
of a fuel cell with a cap i l l a ry  m e m b r a n e  and capable  of opera t ing over  a suff icient ly wide range  of load 
cu r r en t  r equ i res  ve ry  speci f ic  m e a s u r e s  concerning the external  m a s s  t r ans f e r ;  opt imizat ion of the m a s s -  
t r a n s f e r  p a r a m e t e r s ,  in turn ,  r equ i r e s  a specia l  analys is  of the moi s tu re  t r a n s p o r t  mechan i sms  in the 
e l e c t r o d e - c o n d e n s e r  s y s t e m ,  these  mechan i sms  being tied in with the conditions under which porous  
e l ec t rodes  opera te .  

The  subjec t  of this s tudy is the t r a n s p o r t  of wa te r  vapor  by forced  convection, when the external  
m a s s - t r a n s f e r  s y s t e m  includes a sou rce  of wa te r  vapor  (a ba t t e ry  of fuel cel ls) ,  a wa te r  drain  (vapor 
condenser) ,  and an impe l l e r  for  dr iv ing the v a p o r - g a s  mixture .  For  a convenient  ana lys is  of the m a s s -  
t r a n s f e r  p a r a m e t e r s ,  we consider  ideal ly t he rmos t a t i zed  e lec t rodes  and condenser  at  fixed su r f ace  t e m -  
p e r a t u r e s ;  we a lso  consider  the following fea tu res  of the sys t em:  

1. The weight  of e lec t ro ly te  in the cell  i nc reases  only on account  of added wa te r ,  and the weight 
concentrat ion is a function of the r e f e r r e d  mois tu re  content in the e lec t rodes  $ = ( v - v  ~176 

c = c ~ (1+ , ~o ~ /~-" (e) 

where  the min imum vo l t age - l imi t ed  volume of e lec t ro ly te  in the fuel cell v ~ is usual ly  c lose  
enough to the initial volume poured into the m e m b r a n e  space  (v ~ = VM). The range  of al lowable 
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2. 

3. 

e lectrode concentrations corresponding to the range of' moisture  content levels 0 -< r -< r Is 

= = ( ' 1 '  * *  Ow ) (3) 
z~lC* C ~ - -  C* C o 1 9o ' --I 

and will be called the concentration capacity of a cell. 

The plateau-l ike shape of the V('r charac ter i s t ic  [1] suggests that, within the range of  allowable 
mois ture  levels in a cell with an equipotential surface,  the current  density distribution i is also 
a lmost  uniform regard less  of the different moisture  levels in various electrode segments :  [ 
=inv(r  = inv(c )  at 0 < r  <r or c ~  c < c *  

The p r e s s u r e  of Saturated water  vapor above the surface of an alkali e lectrolyte  (KOII) used 
in fuel cells is accura te ly  enough a l inear  function of the weight concentration, within the p rac t i -  
cal r angeof  the lat ter  (0.2 < c < 0.5), 

p~ = ~ (l~) (a~ - -  c), (4) 

where 

4. 

5. 

(re) = \ Oc ]re = al + a: exp (aje); (5) 

and a c represents  the node point of the Pe(e) lines on the x-axis ;  a t ,  a2, and a 3 a re  constants.  

Consideration of increasing the m a s s - t r a n s f e r  rate at a minimum loss of energy on convection 
of the v a p o r - g a s  mixture has made laminar  flow (Re < 100) through channels of small  c ross  
section (Re. PrD5 l -t < 10) a typical mode in fuel cells; moreover ,  conditions of hydrodynamic 
and m a s s - t r a n s f e r  stability prevail  over most of the channel lengths and the m a s s - t r a n s f e r  coef-  
ficients remain constant throughout the flow path. 

During dehydration of the electrode (usually the hydrogen electrode where water  is generated 
and the diffusivities a re  higher than in the oxygen electrode),  the process  is charac te r ized  by an 
exchange of equal mola r  quantities of H 2 and II20; the molar  flow rate  of the mixture remains 
constant,  unlike the weight flow rate  of the mixture and its components,  and it is appropriate  to 
specify the water  flow ra te  in molar  f ract ions:  G w = J/~w(p/P) = Jp. 

In order  to analyze the electrode per formance ,  it is n e c e s s a r y  to consider  the equations of s teady-  
state water  mass balance: 

]e n = ] (Ps - -  Pa), (6) 

for the bat tery  of cells 

for  the vapor condenser  

(P, - -  Pa) = .f Pc [POP,, F) - -  Pc] dE, (7) 
% 

wi th  the e lec t ro l y te  concen t ra t ion  in an e lec t rode  de te rm ined  by the cond i t ions  of e lec t rode  dehydra t ion  
(1) as a funct ion of the fo l l ow ing  va r i ab les :  

c = c( i ,  J]e P, Ie)- (8) 

We will consider the dehydration of the hydrogen electrode,  assuming f i rs t  that the e lectrolyte  con- 
centrat ion is uniform ac ross  its surface .  For a disk electrode with a center inlet and radial  passages  
for the v a p o r - g a s  mixture,  the t ranspor t  of water  vapor through the vent above the electrode {with 
negligible lengthwise diffusion) is descr ibed by the equation 

d ~e -~  [p(x)] - -Pc[Re-  p(x)] 2 ~  = o (9) 

with the initial condition p = Pd at x = 0 and with the coefficient fie = [1 /5su r  + (5e/Dpe)• -i of mass t r a n s -  
fer  from the e lectrolyte  sur face  to the mixture s t r eam depending on the m a s s - t r a n s f e r  coefficient in the 
channel flsur = NUDDp/26 and on the res i s tance  of the porous e lectrolyte  to diffusion. This res i s t ance  is 
usually much lower than 1//3su r ,  since,  according to our p resen t  knowledge of these phenomena, the 
distribution of e lectrolyte  ac ross  the thickness of a porous electrode does not depend on the mois ture  
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content n e a r  equi l ibr ium and since X << 1; f u r t h e r m o r e ,  the re la t ive  e lec t rode  thickness  is a lso  ve ry  smal l :  

6 e / 5  < I .  

An ana lys i s  of the solution to Eq. (9) shows that the dehydrat ion ra te  

g~(0) = -~-e~PPa~ = exp " -  \ re / J (I0) 

d e c r e a s e s  sha rp ly  along the flow path and, under conditions usual ly preva i l ing  in the m a s s - t r a n s f e r  s y s t e m  
( ~ e / f =  20-100), the vapor  p r e s s u r e s  tend to equalize within the ent rance  segment  of the e lec t rode  (X/re)2 
< 10%, i .e. ,  mos t  of the e lec t rode  su r face  does not pa r t i c ipa te  in the mass  t r ans f e r .  This resu l t  has a 
physical  s ignif icance  in the case  of a cell where  the e lec t ro iy te  concentrat ion at the su r f ace  is a r t i f ic ia I ly  
maintained constant  (by e lec t ro ly te  c i rcula t ion,  for  example) .  In our  case  the drop in the dehydrat ion ra te  
below the ra te  of wa te r  genera t ion ia has the effect  of diluting the e lec t ro ly te  and increas ing  the p r e s s u r e  
Pc(C) until m a s s - t r a n s f e r  equi l ibr ium has been r e s t o r e d .  Obviously,  a lengthwise concentrat ion gradient  
appea r s  at that t ime  and function c(x) will be a decreas ing  one along the flow path. 

In the genera l  case ,  the appea rance  of a longitudinal mois tu re  and concentrat ion grad ien t  will give 
r i s e  to s econda ry  mass  t r a n s f e r  p r o c e s s e s  along the e lec t rode  and the membrane .  If we t r e a t  the e lec t rode  
as a s l ight ly hydrophobic s t r u c t u r e  pa r t l y  filled with liquid in pores  which a r e ,  on the whole, l a r g e r  than 
the po res  in the hydrophil ic  membrane ,  then the secondary  m a s s - t r a n s f e r  p r o c e s s e s  can be viewed as 
follows. 

a) The ra te  of e lec t ro ly te  t r a n s f e r  through the e lec t rode  by cap i l l a ry  mois tu re  conduction, due to 
the grad ien t  of r e l a t ive  voIume concentra t ion,  is G% =-~OFe(X)(D~0/Ox). Taking into account (2), we have 
the re la t ion  qo = r (v M/Ve) = (6MVMP ~ / 6eVeOw) [(c o/c)  - 1] and f rom the re  

G• = a• O c , (11) 
Ox 

where  a = 4~6MTrM0~176 w)-t is constant  for a given sys t em.  

Inasmuch  as the wa te r  component  of the s t r e a m  Gx(w) = ( 1 - c ) G x  evapora tes  along the flow path in 
the e lec t rode ,  the mass  t r a n s f e r  by cap i l l a ry  mois tu re  conduction should c a r r y  the e lec t ro ly te  KOH f rom 
more  moi s t  to l e s s  moi s t  regions  of the e lec t rode .  

b) The diffusive mass  t r a n s f e r  occurs  essen t i a l ly  through the cap i l l a ry  m e m b r a n e  filled contin-  
uously with liquid. The diffusion flow of KOH through the membrane  will oppose the cap i l l a ry  flow of Gn 
through the e lec t rode:  

ON,oH Dd;~ (x) 0 GD(KOm = - -  DeF:~ (x) ~tKOH OX ~ (Cp), (12) 

while the diffusion flow of water  will be in the s a m e  direct ion as G~<: 

GD(~)=--DeF-"(:c)g~ 0~- -- ' ~ x  [ (1 - -c )p] ,  (13) 

where  FM(x) = 2v6Mx; De = Dee. 

c) Cons ider ing  that  the net  s t e a d y - s t a t e  flow of KOH is equal to zero ,  there  must~ occur  a convective 
flow of e lec t ro ly te  which compensa tes  for  the d i f ference  between the opposing cap i l l a ry  and diffusive KOH 
flows: 

Gu = 2ztx~@U. (14) 

The equations of mass  ba lance  within an e l emen ta ry  segment  dx (x is the radia l  coordinate) will be 
wri t ten as:  

for  wa te r  in the e lec t rode  and in the m e m b r a n e  

0 OGD(~) 0 } 
-~-x [(1--c)6• Ox + O--x [ ( I - -c )Gu]  dx - -2nx iedx+~e[Pe(X) - -p (x ) ]2z~xdx=O ' (is) 
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fo r  w a t e r  in the  v a p o r - g a s  s t r e a m  above  the e l e c t r o d e  

Op dx - -  Be [Pe (x) - -  p (x)] 2z~xdx = 0, (16) 

and fo r  KOH in t he  m e m b r a n e  and in the  e l e c t r o d e  

cG• + GD(KOHI .."- CGU = O. (17) 

This  s y s t e m  of  equa t ions  inc ludes  a l s o  Eq.  (4) Pe = p(c) wi th  the  b o u n d a r y  cond i t ions  p = Pd at  x = 0 

a n d p = p s  a t x = r  e . 

Hav ing  d e t e r m i n e d  the  convec t i ve  flow r a t e  of e l e c t r o l y t e  G U = - ( G ~ ,  4 GD(KOtI ) / c )  f r o m  (17) and 
i n s e r t e d  th i s  quan t i t y  into (15), we obta in  wi th  t h e a i d  of (12), (13), and (4): 

6,, -~;- c a x  " 

An eva lua t i on  of the r e l a t i v e  s i g n i f i c a n c e  of  ds in the  e l e c t r o l y t e ,  which  is r e a l l y  a c o m p a r a -  
t i ve  o r d e r - o f - m a g n i t u d e  e s t i m a t e  of  the  t e r m s  wi th  c and  a2c/Ox 2 in Eq.  (18), shows  tha t  in ou r  c a s e  of  
a monoton ic  change  in c o n c e n t r a t i o n  (of the  o r d e r  of magn i tude  /Xe /Ax 2 ~ 100/0.12 = 1 0 0 / m  2) the e f fec t  
of  d i f fus ion  on the  s h a p e  of  the  c o n c e n t r a t i o n  f ie ld  is n e g l i g i b l e  b e c a u s e  of  the  s m a l l  r e l a t i v e  m e m b r a n e  
t h i c k n e s s  b M / r  e << 1 and the low coe f f i c i en t  of  w a t e r  d i f fus ion  in the  e l e c t r o l y t e  De ~ 10-6 m 2 / h  (of the 
o r d e r  of  

- -  12"12 
10-3m "10 s kg .10- 6 _ _  

6,~pD e Ac ~ m s h ,0 ~ 1..-=_ 10_ s k g , 
c ,~.o 10- l m 2 mL h 

and the  o r d e r  of  m a g n i t u d e  

NUD Dp I0. I0 -6 h kg 
~e = 26 10 -a m -- 10-s h.------~ ; 

kg �9 10~N/m 2 �9 10 -l  = 101kg/m 2~ h). 

W i t h  a l l  th i s  t a k e n  into accoun t ,  t he  so lu t i on  of Eqs .  (16), (18) y i e l d s  a p a r a b o l i c  d i s t r i b u t i o n  of  
v a p o r  p r e s s u r e  a b o v e  the  e l e c t r o d e  

i e ") 
P = Pd ~- iel.__ x2 for x =  1, P = P~ = Pd-k 7 , (19a) 

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

ie ie - 
Pe = Pd ~- "--~- ~ X2, (19b) 

7 P e  

and d i s t r i b u t i o n  of  e l e c t r o l y t e  c o n c e n t r a t i o n  a long  the  flow pa th  

1 ( ' ie  ' ie x * )  ( 19c )  
c = ac - -  ~ (te---~ ,PaT  - - - r - f ie  ':1 , " 

The  d i f f e r e n c e  be tween  c o n c e n t r a t i o n s  a t  the  in le t  and a t  the  ou t l e t  (x --- 0 and x = 1, r e s p e c t i v e l y )  is  

ie 
Ac = c d -  c, = 7 ~  (te~ (20) 

F r o m  h e r e  one can d r a w  the p r e l i m i n a r y  c o n c l u s i o n  tha t  d u r i n g  c o n v e c t i v e  d e h y d r a t i o n  of  an e l e c -  
t r o d e  in a s t r e a m  of  v a p o r - g a s  m i x t u r e  t h e r e  a p p e a r s  a g r a d i e n t  of  e l e c t r o l y t e  c o n c e n t r a t i o n  and of m o i s -  
t u r e  con ten t  a t  t he  ce l l  s u r f a c e  whose  magn i tude  is p r o p o r t i o n a l  to the  r a t i o  of l oad  c u r r e n t  to  v a p o r - g a s  
f low r a t e  and which  d e c r e a s e s  wi th  r i s i n g  ce l l  t e m p e r a t u r e .  

The  unknown quan t i t y  Pd in E q s .  (19) is d e t e r m i n e d  b y  the  e f f i c i e n c y  of  v a p o r - g a s  d e h y d r a t i o n  in 
t h e  c o n d e n s e r  ~ and by the  v a p o r  p r e s s u r e  above  the  c o n d e n s a t i o n  s u r f a c e ,  a c c o r d i n g  to the  r e l a t i o n  

P, - -  P,~ = ~ (P, - -Pc) .  (21) 
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q O  ~ 1 

0 ! g ~c Fc 

Fig. 1. Dehydration efficiency as a function of the ratio 
of vapor-gas flow rate to condenser power: longitudinal 
flow o v e r  the  s u r f a c e  (at, flow with t r a n s v e r s e  inject ion 
(b). 

The dehydra t ion  e f f i c i ency  V depends on the condense r  des ign and its p a r a m e t e r s .  F o r  convent ional  
c o n d e n s e r s  with a longi tudinal  flow th rough  the channel  above the cold s u r f a c e  (Fig.  l a ) ,  when the vapor  
p r e s s u r e  in the s t r e a m  is n e a r l y  equipotent ia l ,  the  dehydra t ion  e f f ic iency  is defined as  the ra t io  of c o n -  
d e n s e r  power  t3cF c to  v a p o r - g a s  flow r a t e  J = JFe:  

P~ - -  Pd ~.= 1 " 13cFc 
~tref= - -  - -exp I - - - ~ c ' t  , , ,  (22) 

Ps - -  P c  

with fie denot ing the m e a n - o v e r - t h e - s u r f a c e  Fc  m a s s - t r a n s f e r  coeff ic ient .  

A condensa t ion  mode  is feas ib le  w h e r e  the v a p o r - g a s  s t r e a m  leav ing  the b a t t e r y  of  ce l l s  flows 
d i r e c t l y  and n o r m a l l y  on a c o n d e n s e r  s u r f a c e  and then longi tud ina l ly  in a channel  with t r a n s v e r s e  inject ion 
(Fig.  lb) .  The h y d r o d y n a m i c s  o f  this s c h e m e  is unconvent ional  and the dehydra t ion  e f f ic iency  h e r e  m u s t  
be e s t i m a t e d  as  in a spec ia l  case .  

C o n s i d e r i n g  the  t r a n s v e r s e  in ject ion to be un i fo rm o v e r  the l eng th  l c of  the  condense r  channel  (Jc 
= J / / c )  and d i s r e g a r d i n g  the d i s c r e t e n e s s  of  in ject ion,  we can wr i t e  the equat ions  of m a s s  ba lance  for  an 
e l emen t  dx of the channel  of  width h: 

with r e s p e c t  to w a t e r  

I a [j  (x) p] dx q- gc [p (x4-- Pc] hdx-- ]c p~ dx = 0, (23a) 
P #x ~t~ ' P 

with r e s p e c t  to the gas  

1 0 [j  (x) (P __ p)] __ ]c P - ~ p  = 0  (23b) 
P Ox P 

with the bounda ry  condi t ions  p = Ps at  x = x 0 and p = Pd at x = lc ,  w h e r e  x 0 denotes  s o m e  smal l  initial 
ad iaba t ic  s u r f a c e  s e g m e n t .  

F r o m  (23b) we d e t e r m i n e  the flow r a t e  at  a given sec t ion  J(x) = j c X [ ( 1 3 - P s ) / ( P - p ) ] ,  w h e r e  the f ac to r  
( P - P s ) / ( P - P ) ,  which r e p r e s e n t s  the d e c r e a s e  in the v a p o r - g a s  vo lume flow r a t e  due to condensa t ion ,  is 
a l m o s t  equal to  unity when p / P  << 1 and w h e r e  the v a p o r - g a s  flow r a t e  is a l i nea r  function of  x. In o r d e r  
to so lve  Eq.  (23a), one mus t  know the function/3c(X). 

If one a s s u m e s  that  a b o u n d a r y  l a y e r  ex i s t s ,  then this ca se  a p p r o a c h e s  a converg ing  type  flow [2] 
with a l i n e a r l y  i n c r e a s i n g  ve loc i ty  of the ou te r  s t r e a m  U = kx m (m = 17, with a cons tan t  th ickness  of  the 
h y d r o d y n a m i c  bo tmdary  l a y e r  6bl = 2 .4@/ k )  1/~, with the loca l  N u s s e l t  n u m b e r  Nu x p r o p o r t i o n a l  to x (Nu x 
= cex/X = a ( P r ,  m ) ( k / ~ ) i / 2 x ) , a n d w i t h b o t h  h e a t -  and m a s s - t r a n s f e r  coef f ic ien t s  r e m a i n i n g  cons tan t  a long 
t h e  s t r e a m :  a = X a ( P r ,  1 ) (k /v)  1/2 = inv(x) ( a (Pr ,  17, k = J c / 6 c h  cons tan ts ) .  When the Reynolds  n u m b e r  is 
low and the b o u n d a r y  l a y e r  of  nomina l  t h i ckness  cove r s  the en t i r e  channel  height ,  then condi t ions  of  h y -  
d r o d y n a m i c  and m a s s - t r a n s f e r  s tab i l i ty  p r e v a i l  in the s t r e a m ,  with the m a s s - t r a n s f e r  coef f ic ien t s  b e -  
coming  cons tan t :  ce = inv (x) and/3 c = inv (x). 
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An ana lys i s  of the solution to Eq. (23a) for  this case  

~c.~c 

Ps - -  Pc 
(24) 

r evea l s  a pa r t i cu l a r  fea ture  of this condensation mode, namely  a rapid  drop of vapor p r e s s u r e  p(x) along 
shor t  initial s egmen t s ,  to an a l m os t  constant  value a longthe  r e s t o f t h e  channel. During contract ion of this 
nominal ly  adiabat ic  segment  (x ~ 0), the vapor  p r e s s u r e  r e m a i n s  constant  ove r  the en t i re  channel length. 
The dehydration eff ic iency is calculated f rom Eq. (24) a t  x = l c and f rom p(x) =Pd:  

( P,  - -  Pd 1 + . (25) 
~1 pop-- p,~ __ PC -- 

It is in teres t ing to note that,  with equal values of J / /3cF c, the dehydrat ion eff iciency in the con-  
dense r  with conventional lengthwise flow is somewhat  higher  (Fig. lb) .  The essent ia l  conclusion f r o m  (22) 
and (25) is that the dehydrat ion eff ic iency does not depend on the condenser  load: ~/ = inv (i). 

Closing the s y s t e m  of wa te r  ba lance  equations for the ba t t e ry  of cel ls  (6) and the condenser  (7), we 
obtain the vapor  p r e s s u r e  in the s t r e a m  a f te r  condensation 

and f rom (19b) the e lec t ro ly te  concentrat ion dis t r ibut ion over  the cell  su r f ace  

c = a~ g (te~ c + Be le nc . 

shown graphica l ly  in Fig. 2a. At a zero e lec t r i ca l  load (current)  the e lec t ro ly te  concentrat ion is constant  
ove r  the en t i re  cell su r f ace ,  de te rmined  by both the e lec t rode  and the condenser  t e m p e r a t u r e s  only: 

Pc 
Co = ao ~ (re) (28) 

As the load cu r r en t  is increased ,  the e lec t ro ly te  begins to dilute nonuniformly ove r  the sur face :  
the concentrat ion is m ax i m um  c d where  the v a p o r - g a s  mixture  en ters  the cell  (x = 0) and min imum c s ,  
where  the v a p o r - g a s  mix ture  l eaves  the cell (x = 1). In (c, i) coordinates  the c o n c e n t r a t i o n - c u r r e n t  curves  
Cs(i) and Cd(i) a r e  s t r a igh t  l ines  or iginat ing at the point c o (dc /d i  < 0); the d i f fe rences  Ae c h a r a c t e r i z e  
the concentrat ion field of the e lec t rode  su r f ace  (Fig. 2b). 

If we m a r k  on the c -ax i s  the e x t r e m e  allowable values of concentra t ion c o and c* ,  then obviously 
the fac tor  which l imi t s  the m a x i m u m  allowable cu r ren t  i* will appea r  to be the overf looding of the e l e c -  
t rode  regions  at the exit  of the v a p o r - g a s  mix tu re  f rom the cell ,  i .e . ,  

i*e [ 1 + 1 ] c* (29) 
C s ~--- C 0 

~(~) L~-~ ~ - J - -  " 
It is a lso  evident that  the max imum allowable cu r r en t  i* will be attained in a cell  with a given concen t ra -  
tion capaci ty  Ac*, if the min imum allowable concentrat ion c o (usually close to the initial e lec t ro ly te  charge  
insta l led in the membrane )  is made equal to the z e r o - c u r r e n t  concentrat ion 

c~ = Co.q~, t O. (3o) 

With such a setup,  the design t e m p e r a t u r e s  te ,  t c and the initial (installed) e lec t ro ly te  concentrat ion a r e  
interdependent  accord ing  to re la t ion  (28). An inco r rec t  choice of t e m p e r a t u r e s  may  resu l t  e i ther  in a 
lower  m a x i m u m  cu r ren t  (c0(te, t c) < c c) because  of some  loss  of concentrat ion capaci ty ,  or  in an i m p e r -  
mis s ib l e  overdry ing  of the cell  (c0(te, t c) > ee l  

The max im um  cur ren t  l imi t  is de te rmined  by the p a r a m e t e r s  of the m a s s - t r a n s f e r  s y s t e m  and by 
the concentrat ion capaci ty  Lxe* = c ~  *, with (29), (30), (2), and (5) taken into considerat ion:  

i , =  d i  -]~1 ( 1 pc .~-1 (31) A c * = ( a , + a  2expa~te. ) -  c o 1 +  ** Po,/ ' 
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Fig. 2. Var ia t ion in the equi l ibr ium concentrat ion of 
e lec t ro ly te  at the su r f ace  of the mass  emit t ing e lec t rode:  
a) s u r f ace  dis t r ibut ion with increas ing  current ;  b) total  
concentra t ion drop as a f ~ c t i o n  of the cu r r en t  densi ty  
(conditions: t e = 85~C, t c = +55~ j-= 0.005 k g / h  .N, 
= 0.5) i (mA/cm2) .  

where  ~ = ~ - F e / f l c F c ) ,  c o = c o = c(te,  te) , and p0 = P(C0 ) (for s impl ic i ty ,  the quantity 1/ f i  e << 1 / j - h a s  been 
omit ted  here) .  

An ana lys i s  of express ion  (31) shows that  the t e m p e r a t u r e  level  of the fuel cell te ,  the v a p o r - g a s  
flow ra t e - j  through the s y s t em ,  and the dehydrat ion eff iciency ~ de t e rmine  the s lope of the cha r ac t e r i s t i c  
(Cs) } and d i r ec t ly  affect  the c u r r e n t  l imi t  i* .  

The concentra t ion capaci ty  Ac* of a cell  is a function of the r e f e r r e d  mois tu re  content r * in the 
e lec t rodes  and it i nc r ea se s  app rec i ab ly  with higher  initial e lec t ro ly te  concentrat ion c ~ thus ensur ing  a 
p ropor t iona l  i nc rea se  of the cu r r en t  l imi t  (Fig. 3a). 

The cu r r en t  l i m i t  is a p r o g r e s s i v e  function of the cell t e m p e r a t u r e :  ( i*)[e ~ exp (a3t e) > 0; as t e m -  

p e r a t u r e  t e r i s e s ,  the slope of the Cs(i) c h a r a c t e r i s t i c  d e c r e a s e s  mad the curve  shifts  toward  higher con-  
cent ra t ions .  The condensat ion t e m p e r a t u r e  does not appear  in the express ion  fo r  (Cs) ~ and a var ia t ion  in 
this  t e m p e r a t u r e  (with condition (30) maintained) will cause  the c(i) curve  to shift  para l le l  only, affecting 
the c u r r e n t  l im i t  indi rec t ly  only: through a change in the initial concentra t ion c~ t c) and in the concen-  
t ra t ion  capac i ty  Ac* (c~ 

In Fig. 3b is shown the cu r r en t  l imi t  as a function of the t e m p e r a t u r e  drop f r o m  e lec t rode  to con-  
d e n s e r  Atee = t e - t  c,  for  poss ib le  var ia t ions  in t e m p e r a t u r e  t e o r  t c while the initial concentra t ion e~ 
t c) p a s s e s  through the range  f r o m  0.28 to 0.52 - p r ac t i c a l l y  acceptab le  in t e r m s  of op t imum e lec t ro ly te  
conductivity.  It is evident he re  that  a r e l a t ive  inc rease  in the t e m p e r a t u r e  d rop  L~tec/&tec(0 ) by a fac tor  
of 3.5 (&tec(0) = 10~ due to the r i s e  in the cell t e m p e r a t u r e  r a i s e s  the c u r r e n t  l imi t  by a fac tor  of ~4.0,  
while a s i m i l a r  i n c r e a s e  in Atec  due to a drop in the condensation t e m p e r a t u r e  will r a i s e  the cu r r en t  l im i t  
only by a f ac to r  of ~1.5.  

Cons ider ing  that  the upper  t e m p e r a t u r e  l imi t  for  a cell is defined by the boiling point of wa te r  under 
a given v a p o r - g a s  p r e s s u r e  te ,  max < tsa t (P)  and that  the initial concentrat ion is de t e rmined  by the con- 
dition of opt imum e lec t r i ca l  conductivi ty 0.3 < c o < 0.45, the choice of p a r a m e t e r  values becomes  r a t h e r  
specif ic;  the condensation t e m p e r a t u r e  t c = t(te,  c ~ follows f r o m  conditions (28) and (30). 

The cu r r en t  l imi t  i* is an a sympto t i c  function of the v a p o r - g a s  flow ra te  (Fig. 3c), because  the 
dehydrat ion eff iciency d e c r e a s e s  with increas ing  j F e / ~  e Fc; thus ,  (i*)~ ~ - ( c l  + c2 /~ )  < 0. With a s~f-  

fic iently s mal l  r e l a t ive  value of the f i r s t  der iva t  ive s = (t*)j = Jmax / (~ *)J =J0 (J0 denoting the initial flow 

r a t e  of the mixture  at which ~ - -  1), we find that  increas ing  the v a p o r - g a s  flow r a t e  is worthwhile  only up 
to a ce r ta in  level  l imi ted  by the condenser  power :  

' 1  ox= ( w - i )  +21 
L e t  us cons ider  the feas ib i l i ty  of  improving  the c(i) c h a r a c t e r i s t i c s  by regula t ing  the m a s s - t r a n s f e r  

p a r a m e t e r s .  One ea sy  method is regula t ing  the v a p o r - g a s  flow ra t e ,  which is propor t iona l  to the e l ec -  
t r i ca l  load (current)  of the cell j-= Ki (where K = inv (i) is the mult ipl ic i ty  of circulat ion) .  It follows f rom 
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Fig. 3. Maximum allowable cu r ren t  i* as a function of the 
fuel cell  p a r a m e t e r s  and of the m a s s - t r a n s f e r  p a r a m e t e r s :  
a) as a ftmction of the initial e lec t ro ly te  concentrat ion and of 
the moi s tu re  content in the e lec t rodes  (cur ren t  i* c o r r e -  
sponds to c o = 20?0); b) as a flmction of the t e m p e r a t u r e  drop  
f rom cell to condenser ,  at  a vary ing  cell  t e m p e r a t u r e  t e (t e 
= var)  and condensation t e m p e r a t u r e  (t o = var)  (conditions: 
j-= 0.005 k g / h  .N, ~? = 1.0, r = 0.6, Atec(0 ) = 10~ c) as a 
function of the flow ra te  (cur ren t  i~ co r re sponds  to the flow 
r a t e ] -  0 for  which J 0Fe /~cF  c = 0.5). Concentrat ion c (%), 
t e m p e r a t u r e  t (~ 
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Fig. 4. C u r r e n t -  concentrat ion 
c h a r a c t e r i s t i c s ,  with the vapor  
- g a s  flow r a t e  regu la ted  (c d 
- es ( r eg  )) and unregulated (c d 
-Cs(unr) ) :  i~.eg-i~m r is the in- 
c r e a s e  in the cu r r en t  l i m i t  at  
an equalized concentrat ion in the 
e lec t rode .  Cur ren t  (density) i, 
m A / c m  2. 

an analys is  of express ions  (20) and (27) that  in this case  the con-  
centra t ion drop a c r o s s  the e lec t rode  su r f ace  r e m a i n s  constant  AC 
= Cd-C s = e/~(te)K at a value de te rmined  only by the e lec t rode  
t e m p e r a t u r e  and the mult ipl ic i ty  of c i rcula t ion,  while the upper 
and the lower  branches  of the Cd(i) and the es(i) c h a r a c t e r i s t i c s  
become  para l le l  s t ra igh t  l ines  with the slopes (Cd) ~ = (Cs) ~ = e~(te) - t  
�9 {f~e t + K-t[~(i)-l]~}. For  a condenser  with t r a n s v e r s e  injection 
(Eq. (25)), where  [~(i)-t]~ = KFe( f l cFc) - '  = inv (i), the s lope r e -  
mains  constant ,  the upper b ranch  of the cd(i) cha r ac t e r i s t i c  is 
comple te ly  analogous to that  cor responding to an unregulated flow 
r a t e  c d = a c - ~ ( t e ) - t ( p c  + ie[flet + Fe(f lcFc)- l ]  }, and the lower  
b ranch  of the Cs(i) cha r ac t e r i s t i c  is a s t ra igh t  line c s = c d + Ac 
pa ra l l e l  to the Cd(i) cha rac t e r i s t i c .  By compar ing  the c(i) c h a r a c -  
t e r i s t i c s  obtained with an unregulated flow r a t e  Junr (Fig. 4) and 
those  obtained with propor t iona l  regulat ion for  the s a m e  flow r a t e  
at  some  max imum load "" Ktunr = Junr ,  one can a sce r t a in  that  r e g u l a -  
t ion of the flow r a t e  alone does not ensure  an improvemen t  of the 
cell  p e r f o r m a n c e .  In o rde r  to r educe  the longitudinal concentrat ion 
grad ien t  and to r a i s e  the cu r r en t  l imi t ,  it is n e c e s s a r y  to i n c r e a s e  
the absolute flow ra t e ,  just  as in the case  of Junr  = inv (i). 

Le t  us cons ider  the feas ib i l i ty  of improving the conditions for 
e lec t rode  dehydrat ion by means  of t r a n s v e r s e  injection into the 

channel above the e lec t rode ,  with a d is t r ibuted  v a p o r - g a s  s t r e a m  flowing at  a r a t e  which inc reases  along 
the radius  as follows: J(x) = J e ( X / r e  )n. In this case  the s imul taneous  solution to the wa te r  ba lance  equa-  
tions for  the e lec t rode  and for  an e lement  dx of the channel above the e lec t rode :  

O [~(~)~r P ~)] dx --Jen) (n-') PddX-- Pe [Pe(x) -- P (;)] 2nxr; dx = O, (33a) 
o) 

with the initial condition p = Pd at x = 0 yields for  the vapor  p r e s s u r e  in the s t r e a m  p = Pd + te j - ix (2-n) -  
When the exponent n = 2, then the vapor  p r e s s u r e  is p and, consequently,  the e lec t ro ly te  concentrat ion 
will r ema in  constant  along the flow path,  equal to Ps and Cs, r e spec t ive ly ,  a t  the exit  of the v a p o r - g a s  
mix tu re  f rom the cell  with concent ra ted  injection (Eqs. (19a) and (29)). (It is evident h e r e  that  equalization 
will gene ra l ly  occur  when the exponent in the power  functions J(x) (flow rate)  and f(x) (e lec t rode surface)  
is the s a m e ,  for a r ec t angu la r  e lec t rode  n = 1.) The concentrat ion field AC(i) shr inks  to a Cs(i) l ine,  i .e . ,  
the concentrat ion equal izes  as  a r e s u l t  of an apprec iab le  e lec t ro ly te  dilution within the initial e lec t rode  
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segments  and, in the case of a constant v a p o r - g a s  flow ra te ,  the cu r ren t  l imi t  will not r i s e  (Cs, unr in 
Fig. 4). 

When the v a p o r - g a s  flow ra te  is regulated at the same t ime,  however ,  with the Ac(i) field shrinking 
to a Cs, reg(i) l ine not a s  s teep as the Cs, unr(i) l ine,  then the cur ren t  l imi t  will become (Fig. 4) 

�9 ~r �9 
ireg= ~(/e) ~ e  Acreg' (34) 

where  

(31) 

6C~g_ = % g - ~  %g,'. c o~g = a - ~ (t~)-~ ( p ~ - -  ~/(-~); 

* _ _  0 Creg--CregQ 1 + * *  Pw)-l'9o / 

By compar ing the cu r r en t  l imi t  for an unregulated v a p o r - g a s  flow ra te  Junr = Ki~nr according to 

/~nr = ~ (te) I3cFc- hc* [3cFc 
r F, KF~ 

one can ascer ta in  that regulat ing the flow ra te  during the concentrat ion equalization will ensure  a r i s e  
of the cu r r en t  l imi t  approximate ly  proport ional  (AC~n r -~ AC~eg) to the ra t io  of condenser  power to mult i -  
pl ici ty of c i rcula t ion.  

In an actual the rmos ta t i zed  fuel cell ,  where  the e lec t rode  t empera tu re  may r i se  with increasing 
cur ren t ,  the equil ibr ium concentrat ion of e lec t ro ly te  will appreciably exceed the concentrat ion levels  at 
t e = inv (i) cons idered  in the foregoing analysis .  Significant may also be the t r a n s v e r s e  (e lectrochemical)  
gradient  of e lec t ro ly te  concentrat ion in the capi l la ry  membrane  which is due to the t r an s f e r  of 50% of the 
water  genera ted  at the hydrogen e lec t rode  f rom that e lec t rode to the oxygen e lec t rode and, at given allow- 
able mean (over the cell  thickness) e lec t ro ly te  concentra t ions ,  resul t ing in a shift of the respec t ive  bound- 
a ry  conditions toward lower  concentra t ions  c~t = c ~  ~ te)i and cI~ = c * - B ( c * ,  te)i as the cu r r en t  in- 
c r ea ses .  These  e f fec t s ,  while ra is ing  the cu r ren t  l imi t  i* by a definite amount due to overflooding, can 
also l imit  the attainable cu r r en t  due to overdry ing  (c > c ~ and they have to be analyzed separa te ly .  
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N O T A T I O N  

a re  the cu r r en t  and cu r r en t  densi ty  in the fuel cell; 
is the voltage; 
is the number  of cells in a bat tery;  
is the e lec t rochemica l  equivalent of the react ion,  in t e rm s  of water;  
is the a rea  of e lec t rode  surface;  

a r e  the weight and molar  concentrat ion of e lec t ro ly te ;  
is the volume content of e lec t ro ly te  pe r  unit e lec t rode  surface;  
iS the r e f e r r e d  mois tu re  content in the e lec t rodes ;  
is the re la t ive  mois ture  content in the e lec t rodes ;  
is the par t ia l  p r e s s u r e  of water  vapor; 
is the total p r e s s u r e  of v a p o r - g a s  mixture;  
is the t empera tu re ;  
is the density; 
is the molecu la r  weight; 
is the diffusion coefficient;  
is the diffusion damping in a porous medium; 
is the r e f e r r e d  coefficient  of diffusion in the v a p o r - g a s  mixture;  
is the h e a t - t r a n s f e r  coefficient;  
is the m a s s - t r a n s f e r  coefficient;  
is the cap i l l a ry  mo i s tu re  conductivity; 
is the Nusse l t  number  of heat  t r ans fe r ;  
is the diffusion analog of the Nussel t  number;  
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Re 
P r  
J, Je 

-3 = j ~ w / p  
j = J / F e ;  
G, g 

l, 5 
= x / r  e 

r e  
TF 

is the Reynolds number;  
is the Prandt l  number;  
a re  the molar  flow ra te  of v a p o r - g a s  mixture  in the c i rcui t  and in one cell; 
is the r e f e r r e d  flow ra te ;  

a re  the mass flow ra te  and mass flow intensity; 
is the dehydrat ien efficiency; 
a re  the longitudinal and t r a n s v e r s e  channel dimensions; 
is the dimensionless  radial  coordinate;  
is the radius of disk electrode;  
is the re la t ive  poros i ty  of s t ruc ture ;  
is the mean-effec t ive  penetrat ion of e lec t ro ly te  into e lec t rode  pores .  

S u b s c r i p t s  

e denotes the 
M denotes the 
c denotes the 
w denotes the 
H denotes the 
s denotes the 
d denotes the 
r eg  denotes the 
unr denotes the 

e lec t rode  (e lect rolyte  in the electrode);  
membrane;  
condenser;  
water ;  
hydrogen; 
ent rance  of v a p o r - g a s  mixture  to condenser;  
exit  of v a p o r - g a s  mixture  f rom condenser;  
regulated flow rate;  
unregulated flow ra te .  

S u p e r s c r i p t s  

0 denotes the 
* denotes the 

overdry ing- l imi ted  maximum values; 
overf loodlng- l imited maximum values. 
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