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The principal operating charac te r i s t i cs  of a fuel cell with a capi l lary membrane  are  con- 
sidered. Mechanisms for the self - regulat ion of water  elimination are  discussed.  

In H2-O 2 fuel cells  with an aqueous solution of the e lectrolyte  the react ion product (water) is or ig i -  
nally formed in the liquid phase, f rom which it is then eliminated, general ly by evaporation (excess water  
can also be removed from aqueous solutions in other ways, for example, by electrodiatysis) .  In s teady- 
state conditions the rate of elimination should be equal to the rate at which water  is formed as a resul t  of 
the e lec t rochemical  reaction. If the balance is t emporar i ly  disturbed, the total volume of electrolyte solu- 
tion in the fuel cell changes and the concentration of the solution is correspondingly affected. In fuel cells 
with a liquid solution of the electrolyte there is usually quite a large e lectrolyte  volume and~ accordingly,  
if the disturbance does not last  too long, the changes in concentration are  only slight and have almost  no 
effect on the efficiency of the cell. 

In cells  with a capi l lary membrane  [1, 2] the total amount of electrolyte solution is usually small;  
moreover ,  the electrolyte  is localized in a confined space - in the pore volume of the membrane  and in 
par t  of the pore space of the electrodes.  Since the membrane  is more  hydrophilic than the usual t reated 
electrodes,  when the water balance is disturbed, the degree of flooding of the electrodes X changes: if the 
imbalance is positive, it increases ;  if it is negative, it dec reases .  The operation of the gas-diffusion 
water- repel lent  electrodes in the variable flooding mode is the principal charac te r i s t ic  of fuel cells with a 
capi l lary membrane,  whereas gas-diffusion electrodes  in contact With free electrolyte always have an 
electrolyte content X = Xeq corresponding to capi l lary  equilibrium for a given p res su re  drop. 

The equation for the water balance can be written in the following general  form: 

~i =~(P [C, TI - -P  [TI). (i) 

Here the left side is equal to the rate of formation of water, and the right side to the rate of elimination of 
water in vapor form. In most cases the right side of this expression may be fairly accurately assumed to 
be linear in character: 

e,i = k (P IC, TI - -  P [TI). (2) 

The water balance may be disturbed for var ious reasons:  a) by a change in cur ren t  load; b) by a deviation 
of P or  P from the balance value owing to instability of the tempera ture  T or  T; c) by a deviation of k f rom 
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Fig.  1. F u e l - c e l l v o l t a g e  as  a func- 
t ion of the volume of e l e c t r o l y t e  in 
the e l e c t r o d e s  m e a s u r e d  in the ab-  
sence of wa te r  e l iminat ion .  

the ba lance  value.  A d i s tu rbance  of the wa te r  ba lance  can be c o r -  
r e c t ed  by ex te rna l  means ,  but the p o s s i b i l i t i e s  a r e  l imi ted:  such 

means  a r e  appl icab le  only in the ease  of an imbalance  due to a 
change of cu r ren t ,  and not when the r a t e  of e l iminat ion  of wa te r  
is  d i s tu rbed  by random fluctuat ions of the quant i t ies  T, T, and k. 
Ex te rna l  means  of regula t ion  a r e  usua l ly  c h a r a c t e r i z e d  by ine r t i a  
and do not ensure  the r ap id  e s t ab l i shmen t  of a new ba lance .  
Moreover ,  they a re  not a lways  capable  of c o r r e c t i n g  cons ide rab le  
devia t ions  of the p a r a m e t e r s  f rom the in i t ia l  va lues .  

The l imi t a t ions  of ex te rna l  regu la t ing  s y s t e m s  a re  not an 
obs tac le  to t he i r  use  in connect ion with fuel ce l l s  with a l iquid 
e l ec t r o l y t e ,  the buffer  capac i ty  of which is such that  they a r e  
r e l a t i v e l y  insens i t ive  to t e m p o r a r y  d i s tu rbances  of the water  
ba lance  in one d i r ec t ion  o r  the other .  However,  in the case  of 
ce l l s  with a c a p i l l a r y  m e m b r a n e  such dev ices  a r e  inadequate to 
ensure  s tab le  opera t ion  under  ac tual  condit ions of cu r r en t  and 
t e m p e r a t u r e  f luctuat ion.  

The efficiency of such cells is chiefly determined by the fact that they are to Some extent self-regu- 

lating as far as the elimination of water is concerned [2]. 

Operating the electrodes of a fuel cell with a capillary membrane (henceforth referred to as the 
electrochemical group (ECGr) of the ceil) over a broad range of electrode electrolyte contents leads to a 

series of effects, the more important of which are considered below. 

i. In the absence of water elimination the dependence of electrode polarization and, moreover, cell 
voltage on the volume of electrolyte in the electrodes at a given current has a dome-like form [i, 2]. Such 
dependences can easily be measured in cells without water elimination, where the increase in electrolyte 
volume is uniquely related to the amount of electricity transmitted. A flooding curve of this kind is shown 
in Fig. 1 in U(v x) coordinates. At small v X the effective electrical conductivity nef f is small, and the 
porous electrodes operate in the internal activation-resistance mode, which explains the left branch of the 
flooding curve. At large values of v x the reaction rate at the electrodes is limited by the diffusion of hy- 
drogen and oxygen to the reaction surface, which explains the right branch of the curve. The minimum 

permissible cell voltage Umi n determines the values Vmi n and Vma x. The voltage buffer capacity (or more 
precisely the capacity with respect to the fall of the electrical characteristics of the cell) Qvolt is equal to 
the maximum possible change of electrolyte volume in the fuel cell Vmax-Vmi n at U -> Umi n. It should be 
noted that the voltage buffer capacity may be determined not only by the degree of flooding X (electrolyte 
content buffer capacity) but also by the electrolyte concentration field in the ECGr (electrolyte concentra- 
tion buffer capacity), since the reaction kinetics at both electrodes and the electrical conductivity of the 

electrolyte depend on its concentration C. 

2. At X < Xeq, as X increases, ever larger hydrophilie pores and subcritical hydrophobic pores are 
filled with electrolyte. Once a state of capillary equilibrium is reached (X = Xeq), with further increase 
in the amount of electrolyte in the ECGr, electrolyte begins to force its way into ever more hydrophobie 
pores. However, starting with a certain v x = v d, when only the highly hydrophobic pores remain unfilled, 
electrolyte begins to be discharged from the hydrophilic pores into the gas chamber. Escape of the elec- 
trolyte solution from the ECGr cannot be allowed, since this would result in the irreversible loss of elec- 
trolyte (but not water), might interfere with the normal supply of gas to the electrodes, cause a leakage of 
current, etc. Consequently, it is possible to speak of an electrolyte discharge buffer capacity Q = v d 
-Vmi n. The actual buffer capacity of the ECGr is the least of the above three forms of buffer capacity. 
This may be one buffer capacity or the other, depending on the circumstances. For example, for a highly 

water-repellent electrode, Q -- Qd. 

3. To a considerable extent H2-O 2 fuel cells with a capillary membrane are self-regulating as far as 
the elimination of water is concerned. The basic principle of self-regulation consists in that, when an im- 
balance develops, under the influence of that imbalance there is a change in the electrolyte content X, and 
hence in the mean electrolyte concentration C O in the ECGr [2]. The change of C o causes a change in the 
electrolyte concentration C at the evaporation surface and hence a change in the water vapor concentration 
P above the evaporation surface. In the event of a positive imbalance the electrolyte is gradually diluted 
and P and the rate of elimination of water increase [2]. If, as a result of this change, the rate of elimination 
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of water increases  after  a cer tain t ime to the point at which it is equal to the rate of water formation, i . e . ,  
if a new state of balance is established, then the sys tem is self-regulat ing.  If, however, in o rder  to estab-  
lish a new state of balance the quantity v x would have to be grea te r  than Vmax or  v d, then the sys tem ceases  
to be self-regulat ing.  In the event of a negative imbalance the electrolyte concentrat ion increases ,  P de- 
c reases ,  and the rate of elimination of water correspondingly decreases  (Eq. (2)). If in order  to establish 
a new state of balance it is not neces sa ry  for Vx to fall below Vmi n, then self-regulat ion could take care  of 
the imbalance, and conversely.  

Another, more  complex self-regulat ion mechanism is also possible.  This is the case when a change 
in X leads to a cer tain change in the operating pa ramete r s  of the electrodes,  for example, the cur rent  den- 
sity at a given voltage. Thus, for example, in the presence  of a positive imbalance and an increase  in the 
volume of liquid in the pores ,  the local current  density, i . e . ,  the rate of formation of water,  may be r e -  
duced; this p rocess  also could eventually lead to a new state of balance. This means of sel f - regulat ion is 
of only l imited applicability, but it could be used, for example, to compensate for the nonuniform removal  
of water  over the surface of the electrode.  In this case,  when the current  is kept constant, it is possible 
to observe a certain redistr ibution of current  density along the ECGr that ensures  the preserva t ion  of a 
state of balance in all par ts .  

A third possibil i ty of self-regulat ion is associated with the increase  in the tempera ture  of the evap- 
oration surface with increase  in current  density, i .e . ,  with increase  in the rate of formation of water.  

As noted above, self-regulat ion is effective only within the l imits set by the quantities Vmin and 
Vma x (or Vd), i .e . ,  the width of the region of self-regulat ion is related with Q. 

The width of the region of sel f - reguiat ion can also be charac te r ized  by the ratio: 

1' = urn+ v ~  (3) 
Om-~ Umt n 

(in the case of discharge v d is always substituted for Vmax), which expresses  the relat ive change in mean 
concentration corresponding to the maximum permiss ib le  change of e lectrolyte  content in the ECGr. For  
most  real  ECGr V m i  n << Vma x and Vmi n << v m. Then 

~m§ Q 1'=  ~m - -1  +1]. (3a) 

Depending on what pa ramete r s  vary  relat ive to their  balance values it is neces sa ry  to consider 
separately  the possibil i t ies of self-regulat ion with respec t  to the elimination of water  (when the quantities 
P, P, and k vary) and the possibil i t ies of self-regulat ion with respec t  to the formation of water (when i 
var ies) .  Cases of joint variation of the ra tes  of formation and elimination of water  are  possible.  

4. In calculating the regions of self-regulat ion,  in addition to the change in the mean electrolyte  con- 
centrat ion C o in the ECGr due to the change in electrolyte content associated with imbalance it is also 
neces sa ry  to take into account the electrolyte  concentration gradient in the ECGr when current  flows [2-4], 
since the rate of elimination of water is determined not by the mean concentrat ion C o but by the concent ra-  
tion C at the evaporation surface.  The presence  of this concentrat ion gradient is determined by the slow- 
ness  of the t ranspor t  p rocesses  in the electrolyte  over the thickness of the ECGr. The concentration 
gradient over  the thickness of the membrane,  which consti tutes a considerable par t  of the total gradient 
over the thickness of the ECGr, is determined by the thickness of the membrane,  the degree to which the 
membrane  in ter feres  with t ranspor t  (i. e., the s t ructure  of the membrane) ,  the cur rent  density, the mean 
electrolyte concentration in the membrane,  tempera ture ,  and the anion t ranspor t  number.  Thus all these 
factors  affect the width of the region of self-regulat ion of the elimination of water,  

Vmax, Vmin 

VX 

Vd 

V m 
X 

N O T A T I O N  

are  the maximum and minimum permiss ib le  (from the standpoint of fuel cell efficiency) 
volumes of electrolyte in the electrode pores ;  
is the variable volume of electrolyte  in the electrode pores ;  
is the volume of electrolyte in the e lectrodes  at which electrolyte begins to be discharged 
into the gas chamber;  
is the volume of electrolyte  in the membrane  pore space; 
is the degree of flooding of the e lectrodes  by electrolyte ,  X =- Vx-Vmin/Vmax-Vmin; 
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is the degree  of flooding of the e lec t rodes  by e lec t ro ly te  in the state of cap i l l a ry  equi l ibr ium; 
~s the cell  voltage;  
is the min imum p e r m i s s i b l e  cel l  vol tage;  
is the voltage buffer  capaci ty  of the e lec t rodes ;  
is the d ischarge  buffer  capaci ty  of the e lec t rodes ;  
is the actual  buffer  capaci ty;  
1s the e lec t ro ly te  concentra t ion at the evapora t ion  sur face ;  
is the mean  e lec t ro ly te  concentra t ion in the e l ec t rochemica l  group; 
is the effect ive e l ec t r i ca l  conductivity of e lec t ro ly te  in the porous  e lec t rode;  
is the cu r ren t  density; 
is the e l ec t rochemica l  equivalent of water ;  
a re  the wa te r  vapor  concentra t ions  over  the evapora t ion  and condensation su r faces ;  
a r e  the e lec t rode  and condenser  t e m p e r a t u r e s ;  
is the w a t e r - t r a n s f e r  coefficient  (given by Eq. (2)); 
is the re la t ive  buffer  capaci ty  of ECGr.  
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