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Analyzed is the effect  of var ious  fac to r s  on the width of the se l f - regu la t ion  zone during a 
change in the ra te  of wa te r  drain  and of wa te r  format ion .  The conditions a r e  es tabl ished 
under  which a fuel cel l  with a cap i l l a ry  d iaphragm should at tain the max imum poss ib le  se l f -  
regulat ion a f te r  a change in cu r ren t  density.  

In [1] we have analyzed the fundamental  cha r ac t e r i s t i c s  of w a t e r - d r a i n  se l f - regula t ion  during the 
opera t ion  of hydrogen/oxygen fuel cei ls  with cap i l l a ry  d iaphragms .  In the equi l ibr ium state  the ra te  of 
wa te r  format ion  by the e l ec t rochemica l  p r o c e s s  (charac te r ized  by the cu r ren t  density) mus t  be equal to the 
ra te  of water  drain by evaporat ion f rom the sur face  of one e lec t rode  and by vapor  t r anspor t  to the conden- 
ser :  

= k ( p -  ~). (1) 
2F 

When the balance  is dis turbed,  the volume of e lec t ro ly te  solution and, consequently,  its concentra t ion C 
as well  as the vapor  concentrat ion P change: this change pa r t i a l ly  compensa tes  the or iginal  per turba t ion .  
The s y s t e m  becomes  se l f - r egu la to ry ,  if these changes es tab l i sh  in it  a new equi l ibr ium s ta te  where  the 
volume of solution does not exceed definite l imi ts  dependent on the opera t ing capabi l i ty  of the cell:  V m i  n 
- V ~ Vma x. The vapor  concentrat ion and, consequently,  the se l f - regu la t ion  a re  s t rongly affected by the 
gradient  of e lec t ro ly te  concentrat ion,  which appea r s  in the d iaphragm during the pa s sage  of cur ren t .  

We will consider  in detail  the width of se l f - regu la t ion  zones when the va r i ab les  in Eq. (1) deviate 
f rom their  equi l ibr ium values .  The analys is  can p roceed  both graphical ly  and by s impl i f ied calculat ions.  
We will consider  here  a cell  with an alkali  e lec t ro ly te  (KOH). 

The mean  e lec t ro ly te  concentra t ion in the d iaphragm C 0 is de te rmined  by the initial concentra t ion C~ 
(when the volume of the solution in the cell  is min imum Vmi n) and by the depth of cell  i m m e r s i o n  x: 

C 0 = C~ Vmin 
Vmin "~- xQ (2) 

It has been shown in [2] that the KOH concentra t ion nea r  the anode (hydrogen electrode)  sur face  drops  a l -  
m o s t  l inear ly  with increas ing  cu r ren t  density;  the s ame  appl ies  to the r i s ing  concentra t ion nea r  the oxygen 
e lec t rode:  

C = Co • @i. (3) 

Coefficient/3 i n c r e a s e s  somewhat  with increas ing  mean  concentrat ion.  Within the p rac t i ca l  range of KOH 
concentra t ions ,  a change in the vapor  concentrat ion is accura te ly  enough propor t iona l  to the change in 
e lec t ro ly te  concentrat ion:  

AP = - -  yac.  (4) 
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Combining Eqs. (2)-(4), we find an approximate expression for the 
vapor  concentrat ion above an electrode,  as a function of the current  
density and of the dilution: 

(PF)A = Po ~ -§ V~ 

(PT)K = p0 + vc o 

Vmin -~- "~(~p~ i, (5) 
V, ' rain "-F xQ 

Vmin "~6~i. (6) 
Vmin -J- XQ 

The upper limit of (Px) A is PH20 (which corresponds  to C A down to 
zero). 

During normal  operat ion of the system, the maximum and the 
minimum allowable concentrat ions of water  vapor  above an electrode 

are  respect ively P} at x 1 and p0 at x 0. The difference (AP)* , 0 = = = P i - P i  charac te r i zes  the width of the 
sel f - regulat ion zone with respec t  to changes in the vapor  concentration. According to (6), for the anode 
this zone is 

( ~ P ) [ ,  = vCo ~ Q v6 ( ~  - -  ~,) i. (7) 
Q + Vmin 

It follows f rom this equation that the self - regulat ion zone with respect  to P widens with an increasing buf- 
fer  volume Q or  initial concentration,  but narrows down with increas ing eurrent  density. The diaphragm 
thickness 5 affeets Vmi n. The 1)](5) curve passes  through a minimum at a definite diaphragm thiekness; 
meanwhile, the self - regulat ion zone (AP)~ always narrows down with inereas ing diaphragm thiekness. At 
some definite maximum thickness 

--~A)Q + (8) 6m~x= 1 q[(~?, ' ~ 4gCo ~ 
2g 2g (p~ - Pk) i 

the cell  completely loses its se l f - regulat ion with respec t  to P. 

Considering now an actual design of the fuel ceil under specific thermal  conditions and with a specific 
prec is ion  of the tempera ture  regulator ,  it is necessa ry  to charac te r ize  the sel f - regulat ion zone by the width 
of the allowable (from the point of view of cell performance)  interval  through which the tempera ture  of the 
evaporation surface (AT)* may change or  by the analogous width of the interval through which the condenser 
t empera ture  (AT)* may change. The relat ion between (AT)* and (AP)* depends on the absolute values of 
p0 and pl~ i t  can be determined only numerical ly .  Such an evaluation has shown that AT increases  with in- 
c reas ing  Q or  C~, and dec reases  with increas ing 5. As tempera ture  T r i ses ,  (AT)* var ies  little while 
(AP)* increases  appreciably.  This difference between the trends of {AT)* and (AP)* with r is ing T, as 
well as with a change in other  pa r am e te r s ,  is explained by the fact that the derivative dT/dP  decreases  
with an increase  in the absolute value of P. 

The general  case of wa te r -d ra in  sel f - regulat ion during excursions f rom the equilibrium level of T, 
T, and k is most  conveniently analyzed with the a i d o f  nomograms,  as those shown in Fig. 1. On the r ight-  
hand side we have curves  of vapor concentrat ions p0 and 1 ol vS tempera ture  T; on the left-hand side we 
have curves  of concentrat ion P_(P = PH2 O) and of the equilibrium vapor concentrat ion near the e lectrodes  
P* vs condenser  tempera ture  T, the vapor concentrat ion P* being necessary ,  according to Eq. (1), for 
water  drain at given values of i and k. On the d iagram is also indicated the procedure  for graphically de-  
termining the allowable fluctuations of the condenser  tempera ture  (AT0* at a given electrode tempera ture  
T 1 or ,  converse ly ,  for determining the allowable fluctuations of the electrode tempera ture  (AT2)* at a 
given condenser  tempera ture  T 2. Such calculations can be made for  any value of the cur rent  density. It 
is also possible,  with the aid of such graphs,  to find the allowable l imit of coefficient k fluctuations. Ac-  
cording to (1), 

(1/kmin)-- (1/kma x) - 2F (AP)~ (9) 
i 

where kma x and kmi n are  the maximum and the minimum allowable (from the point of view of cell p e r -  
formance)  values of k. In this way, all fac tors  contributing to an increase  in (AP)~ also cause an increase 
~n (AT)b (A~)~', and (A/(I/~)~. 
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Fig.  2. Curves Pl(i), P~ P*(i) for:  a) & y ~  < 1/2Fk; b) 6TB~ 
> 1/2Fk. Concentration P (kg/m3), cur ren t  density i (A/cm2). 

Let  us now deal with the width of the self - regulat ion zone where the formation of water  is concerned 
(i. e., during a change in current  density); we will assume here that the drain pa r ame te r s  P and k are  con- 
stant. 

The concentrat ions p0, p1, and P* above the surface of the hydrogen electrode a re  shown in Fig. 2 as 
functions of the current  density. The slopes of these curves  (straight lines, to the f i rs t  approximation) are  
respect ively equal to y 6 ~ ,  y6 /~ ,  and 1/2Fk.  The case where 

8~o< ! (i0) 
2Fk 

is shown in Fig. 2a. Since the electrode is operative only so long as the vapor concentration above it re- 
mains within the limits p0 and pl, hence the zone of allowable current densities (Ai)* is defined by the 
intersection of the P* curve with the p0 and pl curves (points A and B respectively); self-regulation will 
occur when the operating current density does not vary beyond the ima x and imi n limits. As i increases, 
the electrodes become more flooded: at a current density above ima x there occurs overflooding (x > 1). 
At a current density below imi n there occurs overdrying (x < 0). 

For conventional diaphragms and electrodes, the time to reach the equilibrium flooding level T x (10- 
60 min) is longer than the time to reach a stable concentration gradient rAC (1-2 min). Consequently, 
while the current density increases from imi n to i m a  x within the time ~AC, for example, the vapor con- 

0 0 (point C), i.e., almost the initial flooding level (x = 0) is centration increases from Pi min to Pi max 
reached. Subsequently, as a result of unbalance, the volume of electrolyte in the cell (i. e., x) and the 
vapor concentration P will both increase until a new equilibrium state has been established with the vapor 
concentration at P[ max (point B). 

For anyP< P~ 

(AP)max (11) 
(Ai)* -- l ]2Fk__ .V6[ jo  , 

i . e . ,  

the width of the self-regulat ion zone with respec t  to vapor concentrat ion fluctuations. 

When 

2 F k  

(Fig. 2b), then an increase  in cur rent  density causes the celt charge to diminish. 

the width of the self-regulat ion zone with respec t  to cur rent  density fluctuations is proport ional  to 

(12)  

This has to do with the 
increase  in vapor concentration, following an increase  in cur rent  density, due to a l a rge r  increase  in the 
concentration gradient than necessa ry  for  maintaining equilibrium. At low current  densities (when pl < ~) 
the vapor is t ranspor ted to the electrode.  

In both cases  the position of the self - regulat ion zone depends on the selected value of P. In the f i rs t  
case the optimum value is P = Pg: then (Ai)* is maximum, imi n = 0, and the electrode cannot become over -  
dry.  In the second case the optimum value is P = Pl0: then (Ai)* is also maximum, imi n = 0, and the e lec-  
trode cannot become overflooded. 

Most interest ing is the case where 

8v~l < ~ < ~v~ (13) 
2Fk 
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Fig. 3. Change in current den- 
sities (Ai)~ and (Ai)~ as a 
function of the water transport 
coefficient k. 

at  P~ < P < PI 0. H e r e  o c c u r s  i dea l  w a t e r - f o r m a t i o n  s e l f - r e g u l a t i o n ,  
b e c a u s e  imi  n = 0 and the m a x i m u m  p o s s i b l e  c u r r e n t  d e n s i t y  i s  v e r y  
high (i. e . ,  i t  i s  l i m i t e d  by  o t h e r  f a c t o r s ,  not r e l a t e d  to s e l f - r e g u l a -  
t ion) .  Idea l  s e l f - r e g u l a t i o n  m e a n s  that  the v a p o r  c o n c e n t r a t i o n  l e v e l  
e s t a b l i s h e d  a s  a r e s u l t  of a change  in the c o n c e n t r a t i o n  g r a d i e n t  i s  
e x a c t l y  equa l  to the v a p o r  c o n c e n t r a t i o n  n e c e s s a r y  fo r  a b a l a n c e d  
w a t e r  d r a i n  a t  the new c u r r e n t  d e n s i t y .  The f lood ing  l e v e l  e i t h e r  
does  not  change  a t  a l l  o r  c ha nge s  v e r y  i n s i g n i f i c a n t l y .  Cond i t ions  fo r  
i d e a l  s e l f - r e g u l a t i o n  a r e  e a s i l y  r e a l i z e d  by  the p r o p e r  cho ice  of v a l u e s  
( e x p r e s s i o n  (13)) fo r  the p a r a m e t e r s  of the w a t e r  d r a i n  s y s t e m ,  i . e . ,  
f o r  the c o e f f i c i e n t  of w a t e r  t r a n s p o r t  k = k~ideal and the t e m p e r a t u r e  of 
the c o n d e n s e r  s u r f a c e  ~'. The  width  of the c u r r e n t - d e n s i t y  s e l f - r e g u -  
l a t i on  zone a s  a func t ion  of the w a t e r  t r a n s p o r t  c o e f f i c i e n t  k is  shown 
in F ig .  3. 

When w a t e r  i s  d r a i n e d  f r o m  the oxygen  e l e c t r o d e  cond i t ion  (10) 
i s  a l w a y s  s a t i s f i e d  by  v i r t u e  of  the nega t ive  d e r i v a t i v e  of  v a p o r  con -  
c e n t r a t i o n  (above the e l e c t r o d e  s u r f a c e )  wi th  r e s p e c t  to c u r r e n t  d e n -  
s i ty  (6). In th i s  c a s e  i d e a l  s e l f - r e g u l a t i o n  i s  i m p o s s i b l e  (F ig .  3). A 
m o r e  thorough  a n a l y s i s  w i l l  show tha t  u n d e r  c o m p a r a b l e  cond i t ions  
( A i ) ~  < ( A i ) ~ ,  i . e . ,  tha t  the cond i t ions  of s e l f - r e g u l a t i o n  d u r i n g  w a t e r  
d r a i n  f r o m  the oxygen  e l e c t r o d e  a r e  w o r s e  than d u r i n g  w a t e r  d r a i n  
f r o m  the h y d r o g e n  e l e c t r o d e .  

We wi l l  c o n s i d e r  the t r a n s i e n t  p r o c e s s  which  l e a d s  to the e s t a b l i s h m e n t  of a new e q u i l i b r i u m  ( s t eady  
s t a t e )  a f t e r  the  c u r r e n t  d e n s i t y  has  changed  f r o m  i 1 to i 2. The  g e n e r a l  equa t ion  of  w a t e r  b a l a n c e  is  

- - k P  + kP-~ Q9~2 o ~dx (14) 
2F dr 

If an  u n b a l a n c e  has  o c c u r r e d  a s  a r e s u l t  of  a il  ~ i 2 t r a n s i t i o n ,  then i = i 2 in th i s  equa t ion .  D i s r e g a r d i n g  
the i n s i g n i f i c a n t l y  weak  d e p e n d e n c e  of ~ on x and ~- d u r i n g  the t i m e  ~'AC << Tx, we ob ta in  fo r  the e x t r e m e  
cond i t ion  x = x 1 a t  z = 0 the fo l lowing  s o l u t i o n  to Eq.  (14): 

QPH~o [ N , , ( L - -  tV) ~Ix - -  L ] 
"~= L - - ~  ( x - - x , ) - -  ~l(L--N) ml (L - -N)~ lx l . - } -L  " (14') 

The  X(T) c u r v e  has  b e e n  p lo t t ed  in F i g .  4 ( curve  1). 

F r o m  (14') we have  a t  x = x I 

dx i~ - -  i 1 
d'c 2FQPH% 

(15) 

whi le  dx /dT = 0 a t  x = x 2. 

Thus ,  the r a t e  of e l e c t r o d e  f lood ing  o r  d r y i n g  v a r i e s  in p r o p o r t i o n  to the m a g n i t u d e  of  the unba l ance .  
I n a s m u c h  a s  x a p p r o a c h e s  x 2 a s y m p t o t i c a l l y ,  so i n s t e a d  of the e x a c t  t r a n s i e n t  t i m e  z 1-2 we p r e f e r  to u s e  
the  c h a r a c t e r i s t i c  t i m e  ~'ch: 

X~----~ x-"-L 1 2QPH~oF. (16) 
"~ch = [  i2__ii  

A s  the d i f f e r e n c e  ( i2 - i  l) i n c r e a s e s ,  the r a t i o  TX/7-A C d e c r e a s e s  b e c a u s e ,  to the f i r s t  a p p r o x i m a t i o n ,  
I-AC does  not  depend  on ~- whi le  ~'x d e c r e a s e s  a p p r e c i a b l y  wi th  i n c r e a s i n g  ( i2 - i l ) .  A t  s o m e  v e r y  l a r g e  
change  in c u r r e n t  d e n s i t y  A l m a  x ~ 2QPH2OF/7-AC the s e l f - r e g u l a t i o n  l i m i t  wi l l  be  r e a c h e d  even  when k 
= k i d e a  l ,  b e c a u s e  d u r i n g  the t i m e  TAC the fuel  c e l l  w i l l  be  e i t h e r  f looded  o r  d r i e d  beyond  n o r m a l .  At  TAC 
= 200 s e c  and Q = 0.024 cm,  fo r  e x a m p l e ,  A l m a  x = 2.3 A / c m  2. 

When k = k i d e a  l ,  then x 2 = x l ,  bu t  even  in th i s  c a s e  x c ha nge s  d u r i n g  the t i m e  ~-AC (F ig .  4, c u r v e  2). 
I n i t i a l l y  x i n c r e a s e s  wi th  t i m e ,  a s  a r e s u l t  of a p o s i t i v e  u n b a l a n c e ,  but  a r i s i n g  c o n c e n t r a t i o n  P due to the 
c o n c e n t r a t i o n  g r a d i e n t  w i l l  i n c r e a s e  the r a t e  of w a t e r  d r a i n  and,  t h e r e f o r e ,  x wi l l  i n c r e a s e  s l o w e r  a l l  the 
t i m e  b e c a u s e  of s e l f - r e g u l a t i o n ,  and  f ina l ly ,  a f t e r  p a s s i n g  th rough  i t s  m a x i m u m ,  wi l l  d e c r e a s e  t o w a r d  
x = x 2. O t h e r  t y p i c a l  t r e n d s  of the x(~-) c u r v e  a r e  a l s o  shown s c h e m a t i c a l l y  in F ig .  4. 
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Fig. 4. Curves of x vs T for i 2 > i1: 1) ~'AC << TX and 6 " y ~  < 1/2Fk; 2) ~'AC 
T x and 5"y~ k < 1/2Fk < 6 ~ / ~ ;  3) ~'AC << TX and 5"yflk > 1/2Fk; 4) TAC ~ T x 

and 6"y~k > 1/2Fk. 

Fig. 5. Curves of p 0  pl ,  p . ,  and T vs i for a fuel celt with a single heat-  
t ransfer  circuit .  Concentration P (kg/m3), temperature  T (~ current  den- 
sity i (A/cm2). 

Sometimes several  pa r ame te r s  affecting the rate of water  formation and drain change simultaneously 
during the operation of a fuel cell. Most often the cell temperature  r i ses  following an increase  in cur rent  
density, which in turn causes both the vapor concentrat ion above the electrode and the rate of water  drain 
to increase.  In the preceding analysis  of cur ren t -dens i ty  self - regulat ion we assumed that all other p a r a m -  
e ters ,  including the electrode temperature ,  remain  constant. This was equivalent to assuming the exist-  
ence of two thermal  c i rcui ts  in the fuel cell: one for thermosta t iz ing the ceil and one for thermostat iz ing 
the condenser.  In the case of a s ingle-c i rcui t  scheme (thermostat iziug the condenser  only), the celt t em-  
pera ture  is a function of the cur rent  density, which depends on the design charac te r i s t i cs ,  on the ohmic 
and the polar izat ion losses  in the cell, and on other factors .  The T - i  relation can be established by test  
or  by calculation. The serf-regulat ion zones in this case are  determined f rom graphs analogous to those 
in Fig. 2, but it is necessa ry  to account for the simultaneous changes in the electrode tempera ture  when 
p0 and p1 as functions of the cur rent  density are  calculated. Evidently, a tempera ture  change makes the 

0 1 
slopes of the P~ and p1 (i) curves  much grea te r  than slopes "y6flA and "YS~A of the respect ive i sothermal  
curves.  An exampte of such calculations is shown in Fig. 5. Obviously, ~ > P~ without the second circui t  
(the etectrode temperature  and the condenser tempera ture  are  the same when i = 0); the s ingle-c i rcui t  
sys tem is not suitable at very  low cur ren t  densit ies,  therefore ,  because of cell flooding which then occurs .  

If the two-ci rcui t  sys tem is used, but with inadequate electrode thermostat izat ion,  then the electrode 
tempera ture  will r i se  during operation, although less  than without the second circuit .  In this case,  one 
may select  a condenser  tempera ture  at which p0 < ~ < p~. By modifying the trend of the T(i) curve with 
appropriately matched heat t ransmiss ion  pa rame te r s ,  it is possible to obtain a situation where the slopes 
of the P~ and Pl(i) curves  approach the slope of the P*(i) curve.  The cur ren t -dens i ty  self - regulat ion 
zone can then become very  wide, i .e . ,  the sys tem can approach the conditions of ideal self-regulat ion.  In 
compar ison with the ea r l i e r  scheme for ideat self-regulat ion under isothermal  conditions, a small  control-  
lable temperature  gradient can lower the value of kidea 1 at which ideal se l f - regulat ion occurs .  This may 
be the value, for example, when water  vapor is removed f rom the electrode surface by gas (e. g., hydro-  
geu) circulat ion and when a too fast circulat ion for the purpose of attaining kidea l under isothermal  condi- 
tions requi res  too much energy.  

Self-regulation may be important  also under a nonuniform process  distribution ac ross  the electrode 
surface as,  for example, during a nonuniform water  formation because of a nonuniform distribution of 
catalyst  ac ros s  the electrode surface,  or  during a nonuniform water  drain because of different effective 
values of coefficient k at different surface segments.  If X s denotes the distribution factor  (ratio of cur ren t  
density at a given surface segment s to the mean- in tegra l  cur rent  density) in the case of a nonuniform cu r -  
rent  density distribution ac ross  the electrode,  then the maximum change in cur rent  density Ai s due to a 
change in the mean- in tegra l  current  density f rom i 1 to i 2 is 

Ai 8 = ~maxi~ w ~ min/1. (17) 
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When condition (10) applies, then the more  active surface s e g m e n t s a r e  more  flooded than the less active 
ones; when condition (12) applies, then the pat tern r eve r ses ;  when condition (13) applies, then x is the 
same ac ros s  the entire surface.  The general  condition for remaining operative {without overdrying or  
overflooding the cell) is 

1/2Fk - -  ~ o  �9 (18) 

F r o m  this equation we derive an expression for the maximum allowable, under these conditions, change in 
the mean- in tegra l  cur ren t  density: 

(hi)* -- 1 [ (AP)~max __ imax@ max__ )t min)] . ~max 1/2Fk-- 76~ ~ (19) 

It is necessa ry  to r emember ,  however,  that under a nonuniform process  distribution ac ross  the e lec-  
trode surface the operating conditions are  somewhat better  than according to Eq. (19), owing to the equaliz- 
ing effect of e lectrolyte  f i l trat ion inside the cell and of vapor flow over  the electrode surface.  

This analysis  of mass  and heat t ransfer  in a hydrogen/oxygen fuel cell with a capi l lary diaphragm 
indicates that this type of fuel cell will, under specific conditions, be very  suitable for self-regulat ion,  
which is neces sa ry  for a stable and reliable per formance .  

PH20 
i 
F 

k 

c 
Q 

Co 

NOTATION 

are the concentrations of water vapor above the evaporation surface and above the condenser 

surface, respectively; 

is the concentration of water vapor above the water surface; 

as the current density; 

is the Faraday number; 

Is the water transport coefficient; 

is the e lectrolyte  concentrat ion in an electrode;  
is the buffer volume; 
is the mean electrolyte  concentrat ion in the cell; 

C g = C  O a t x = 0 ;  
C x, pX are  the electrolyte  concentration and the vapor concentration at cer tain values of x and i; 

is the tempera ture  of the outside electrode surface at certain values of x and i; 
P* -= P - i / 2 F k ;  

g 
E 
3 

is the thickness of the diaphragm; 
is the poros i ty  of the diaphragm; 
is the coefficient of the diffusion attenuation inside the porous space of the diaphragm; 
is the condenser  tempera ture ;  

(AT)* = T~ 
(z~3)* = 3 ~  
ima x, imi n are  the limiting maximum and minimum current  density at which the fuel cell is still 

operative;  

(Ai)* = imax- imin ;  

T is the time; 
L = i/2F-kP~-k'yS/3i; 
N = k'y C~ 

p ,  1 0 
( A ) i  = P i - P i ;  
PH20 is the weight of water per  1 cm 3 of solution; 
X s is the coefficient of the cur rent  density distribution in a microregion;  
Xmax, Xmin are  the values of X s for the most  active and least  active segments  on the electrode surface.  

S u b s c r i p t s  

A denotes the hydrogen electrode {anode); 
K denotes the oxygen electrode {cathode); 
Other symbols are  as in [1]. 
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