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U superficial velocity, cm s -~ 
Y volume, c m  3 

AV volume of bed element, cm~ 
w bed width, cm 
X concent ra t ion  of benzoqu inone  in organic phase, 

m.f. 
dependent  variable - -  predicted value 

y dependent  variable - -  measured value 
z number  of electrons 

Greek 

electrochemical charge transfer coefficient 
l iquid holdup 
Ks(1 - Ks/(KL + Ks)) 
KLKs[B]e(1 - X)/(KL + Ks) 
bed voidage 
overpotential,  V 

0 parameter value-posterior estimate 
0* parameter value-prior estimate 
Ks conductivi ty of anode bed, mho cm -1 
KL conductivi ty of electrolyte solution, mho cm -1 
Kf conduct ivi ty  of feeder electrode, mho cm -1 

viscosity, g cm s -1 
p density, g cm -3 
a s tandard deviation 

potential, V 
r objective funct ion 

Sk2 exp (r 6F 

Subscripts  

aq in aqueous phase 
org in organic phase 
e equi l ibr ium value 
L l iquid phase 
G gas phase 
S solid phase 
i reaction number  
j thickness increment  number  
k length increment  number  
m dependent  variable n u m b e r  
n parameter  n u m b e r  
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A Mathematical Model of a Zinc/Bromine Flow Cell 

T. I. Evans* and R. E. White**  

Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843 

ABSTRACT 

A mathematical model is presented for a zinc/bromine flow cell. The model includes a thin porous layer on the bro- 
mine electrode and a porous separator. The independent  parameters of the porous layer are defined, and their effect on 
cell performance during charge and discharge is investigated. The dependence of the round trip energy efficiency on the 
thickness  of the porous layer and mode of discharge is presented. The predictions of the model  show that  a max imum 
round trip energy efficiency of 70% should be possible under  the design conditions considered. 

The z inc /bromine  (Zn/Br2) flow bat tery has received 
cons iderable  interes t  in recent  years as a durable,  re- 
chargeable storage battery for applications such as vehi- 
cle p ropuls ion  and level ing of peak electrici ty usage. 
Several companies are developing this battery by build- 
ing and tes t ing various designs (1). A mathemat ica l  
model  of a single cell of one of these designs is pre- 
sented,  and it is hoped that  the model  will reduce the 
costs associated with developing the Zn/Br2 battery. 

The model is an extension of that presented by Mader 
and White (2) and can be used to predict  the round  trip 
energy efficiency of the cell. The extensions include a po- 
rous layer on the b romine  electrode and the abi l i ty  to 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

predict  the performance  of the cell dur ing  discharge. 
Predict ions for both charge and discharge modes can be 
made  for both cons tan t  cell potent ia l  and cons tan t  cur- 
rent  conditions. 

Other models  (3-6) of the Zn/Br~ fl0w cell have been  
presented but  are of l imited util i ty for one reason or an- 
other. For  example,  Lee and Se lman (3, 4) p resen ted  
models of the Zn/Br2 cell which were developed primar- 
ily to s tudy the effect of terminal  tab location on the cur- 
rent  d i s t r ibu t ion  along the electrodes a nd  to s tudy the 
growth of dendr i tes  due to t h e  u n e v e n  plat ing of zinc. 
Consequently,  their model cannot  be used to account  for 
a porous layer on the b romine  electrode nor  predict  
round  trip energy efficiencies. Van Zee et al. (5) pre- 
sen ted  a s imple  Zn/Br~ bat tery model,  bu t  their  model  
does not  have the capabi l i ty  of predic t ing  product  con- 
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versions,  which is a necessary feature to follow the state- 
of-charge of  the cell. Fedk iw  and Watts (6) deve loped  a 
c o m p r e h e n s i v e  ma themat i ca l  mode l  for the iron/chro- 
m i u m  (Fe/Cr) redox  cell  (7) which  is s imilar  to some 
Zn/Br2 cell designs (1) but  not the one presented here. 

Model  Development 
The model  presented here is an extension of the model  

of a single Zn/Br2 flow cell on charge publ ished earlier by 
Mader  and White (2). This ex tens ion  inc ludes  us ing a 
thin porous electrode as the bromine electrode, as shown 
schemat ica l ly  in Fig. 1. The assumpt ions  and equa t ions  
used by Mader and White (2) are the same as before. The 
addi t iona l  assumpt ions  and descr ip t ive  equa t ions  for 
the porous electrode are presented next. 

A s s u m p t i o n s . - - T h e  fol lowing addit ional  assumpt ions  
were  made  in the  d e v e l o p m e n t  of  the equa t ions  for the 
porous electrode region of the model.  It is assumed that 
species can only d i f fuse  and migrate into and out of the 
porous region (i.e., no convect ive t ransport  exists within 
the porous  electrode).  This a s sumpt ion  seems reasona- 
ble as long as the thickness of the porous electrode (S~E) 
is m u c h  less than the channel  gap (SA). Next ,  it is as- 
sumed  that  the h o m o g e n e o u s  complexa t ion  reac t ion  
p roduc ing  t r ib romide  occur r ing  in the e lec t ro ly te  bulk 
also occurs in the electrolyte contained within the pores 
of the porous electrode and is in equi l ibr ium throughout,  
as it is in the bulk. Also, it is assumed that  there is no po- 
tent ia l  drop in the solid phase  of  the porous  electrode.  
Lastly,  the e lec t rochemica l  react ion wi th in  the porous  
region is a ssumed to be represen ted  by a pseudo-  
h o m o g e n e o u s  react ion rate express ion  based on the 
Butler-Volmer equation. 

Governing equat ions . - -The  cell i l lustrated in Fig. 1 can 
be divided into four regions - -  two electrolyte flow chan- 
nels of wid th  SA, a separator  of wid th  Ss, and a porous  
e lec t rode  of wid th  SpE. The govern ing  equat ions  for the 
flow channels  and the separator are the electroneutral i ty 
condi t ion,  and the s teady-state  mater ia l  balance equa- 
t ions for each species, as presented earlier by Mader and 
White (2). The equa t ions  per ta in ing  only to the porous  
electrode region are the electroneutral i ty condit ion and a 
modif ied  mater ia l  ba lance  equa t ion  for each species,  as 
discussed next. 

The electroneutral i ty condit ion 

zic~ = 0 [1] 
i 

ensures that  posi t ive and negative charges balance at ev- 
ery point  in the electrolyte. The steady-state material  bal- 
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Fig. 1. Schematic of the Zn/Br2 flow cell on charge 
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ance equat ions for all of the species considered are 

- V  �9 N~ + Rl + R' l  = 0 (i  = B r - ,  Br~)  [2] 

- V -  Nl + Ri = 0 (i = Br3-) [3] 

V. NL = 0 (i = Na +, Zn ~+) [4] 

where  

N i = -Dl.e.PEVCi - Z i ~ FCiVCP [5] 

It should be ment ioned here that  Eq. [1]-[5] are presented 
in vector  notation for convenience.  The actual equat ions 
solved include gradients in the y direct ion only since the 
one-step model  approach (2, 8) is used here. The R~ term 
in Eq. [2] and [3] represents the rate of product ion of spe- 
cies i by homogeneous  react ion and R'i in Eq. [2] repre- 
sents  the rate of  p roduc t ion  of  species  i by pseudo-  
homogeneous  e lec t rochemica l  react ion in the porous  
e lect rode,  as d iscussed  fur ther  below. The diffusion co- 
eff icient  for species i in Eq. [5] is an ef fec t ive  di f fus ion 
coefficient and is defined here as 

D l  
Di,e,eE = [6]  

Nm,PE 

where  N~.pE is the MacMullin number  for the porous elec- 
trode.  This concep t  of  a MacMull in  n u m b e r  for the po- 
rous electrode is similar to that proposed earlier by Cald- 
well  et al. (9), as d iscussed  fur ther  by Poush  et al. (10) 
and Van Zee (11), for a nonconduct ive  porous media. The 
N~.pE concept  is appealing because of its definition 

T 
N~.pE - [7] 

E 

where  �9 and v are the porosi ty  and tor tuos i ty  of  the po- 
rous electrode, respectively. Unfortunately,  it is unlikely 
that  Nm.pE can be de te rmined  direct ly  by measur ing  the 
resist ivity of the porous electrode saturated with electro- 
lyte because of the electrochemical  reactions that  would 
O c c u r .  

Equat ions [2] and [3] (the three governing equat ions for 
Car-, CBr~, and CBr~-) can be simplified by recognizing that  
RBr- = Rat2 = --RBr3- when  the homogeneous  complexa-  
t ion reaction between Br-, Br2, and Br~- is assumed to be 
at equil ibrium. Adding Eq. [2] and [3] to el iminate Ri 

(-V �9 Nt + R~ + R'i) + (-V �9 NBr3- + Rm,3 ) = 0 
(i = Br-,Br2) ]8] 

yields 

V "  N B r -  + V �9 Narz- - R'Br- = 0 [9] 

V " Ns~ + V. N B r 3 -  - -  R'Brz = 0 [10] 

The third equat ion needed is the equi l ibr ium expression 

K~q - CBr3 -- 17M -1 = 17,000 (mol/cm3) -1 [11] 
CBr--CBr 2 

where  the equ i l ib r ium cons tant  is g iven by Eigen and 
Kust in (12). Equat ions [1], [4], [9], [10], and [11] are the six 
govern ing  equa t ions  for the six unknowns ,  c~ and r in 
the porous electrode: 

By convert ing to dimensionless  variables 

= y/S [12] 

Ol = ci/ci.ref [13] 

the divergence of the flux of species i, V- Ni, in Eq. [4], [9], 
and [10] can be rewri t ten approximate ly  as 

S2Nm,PE 020i 
- -  (V �9 N 0  ~ - - -  

Ci.refDi 01q 2 

ziF 02-~ + - -  [14] 
- R T  Oi O~q2 O'q O'q 
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T h e  g r a d i e n t s  of  0, a n d  ~ in  t h e  a x i a l  (or  flow) d i r e c t i o n  
o n  t h e  r i g h t - h a n d  s ide  of  Eq.  [14] h a v e  b e e n  o m i t t e d  be-  
c a u s e  w h e n  t h e  a s p e c t  r a t io  (a = S/L) is sma l l  as i t  is  he re ,  
t h e  d i f f u s i o n  a n d  m i g r a t i o n  t e r m s  of  t h e  f lux e x p r e s s i o n  
in  t h e  ax ia l  d i r e c t i o n  a re  n e g l i g i b l e  r e l a t i ve  to t h e  r ad i a l  
(or  n o r m a l  to  flow) d i f f u s i o n  a n d  m i g r a t i o n  t e r m s  as  
d e m o n s t r a t e d  b y  N g u y e n  et al. (13). 

T h e  p r o d u c t i o n  r a t e  of  s p e c i e s  i d u e  to  al l  o f  t h e  e lec-  
t r o c h e m i c a l  r e a c t i o n s  t h a t  i t  m a y  b e  i n v o l v e d  i n  w i t h i n  
t h e  p o r o u s  e l e c t r o d e  (R'0 is g i v e n  b y  

asij  j j  
R'i = - . n~F [15] 

w h e r e  a is t h e  spec i f i c  e l e c t r o a c t i v e  s u r f a c e  a r e a  o f  t h e  
p o r o u s  m a t e r i a l  a n d  jj  is  t h e  c u r r e n t  d e n s i t y  d u e  to  e lec-  
t r o c h e m i c a l  r e a c t i o n  j b a s e d  on  t h e  e l e c t r o a c t i v e  s u r f a c e  
a r e a  w i t h i n  t h e  p o r o u s  e l e c t r o d e .  T h e  B u t l e r - V o l m e r  
e q u a t i o n  is u s e d  to  d e t e r m i n e  jj  

J i :  ioj,ref { H  (0~)aJexp ( ~ajF ~qj) 
~ i  \ R T  

f - % F  ~] 
- 17[ (0i)qi~ e x p  ~ ~); [16 ]  

i 

w h e r e  0~ is t h e  d i m e n s i o n l e s s  loca l  s u r f ace  c o n c e n t r a t i o n  
a n d  ~ is t h e  t o t a l  loca l  o v e r p o t e n t i a l  w h i c h  is d e f i n e d  as  

lqj = VpE -- (I) -- Uj,re f [17] 

The open-circuit potential, U~,ra, in Eq..[17] is given by 

Uj'ref : UJ~ -- UREO n j F  i Sij 

in  \ do / + naeF S~,a~ln [18] 
: \ d o /  

I t  s h o u l d  b e  n o t e d  t h a t  b o t h  0~ a n d  ap in  Eq.  [16] a n d  [17] 
d e p e n d  o n  y w i t h i n  t h e  p o r o u s  layer .  I n  a d d i t i o n ,  i t  is  as- 
s u m e d  t h a t  0~ a n d  4p a re  e o u a l  to  t h e i r  loca l  b u l k  s o l u t i o n  
v a l u e s  w i t h i n  t h e  s o l u t i o n  in  a p o r e  (i.e., n o  m a s s  t r a n s f e r  
l i m i t a t i o n s  ex i s t  w i t h i n  a pore) .  

B o u n d a r y  cond i t i o n s . - -To  c o m p l e t e  t h e  s y s t e m  of  
e q u a t i o n s  for  t h e  p o r o u s  e l e c t r o d e  reg ion ,  t h e  b o u n d a r y  
c o n d i t i o n s  m u s t  b e  spec i f i ed .  T h e  p o r o u s  e l e c t r o d e  is 
b o u n d e d  b y  a c o n d u c t i v e  b a c k i n g  p l a t e  (i.e., c u r r e n t  col- 
l ec to r )  o n  one  face  (y = 0) a n d  b y  t h e  e l e c t r o l y t e  f lowing  
in  t h e  c h a n n e l  o n  t h e  o t h e r  (y = Se~). A t  b o t h  b o u n d a r i e s  
t h e  e l e c t r o n e u t r a l i t y  c o n d i t i o n ,  Eq.  [1], h o l d s .  A t  t h e  
b a c k i n g  p l a t e  t h e  f lux of  e a c h  spec i e s  is zero  

a t  y = 0 Nn~ = 0 [19] 

a n d  a t  t h e  p o r o u s  e l e c t r o d e / e l e c t r o l y t e  i n t e r f a c e  t h e  f lux  
o f  e a c h  spec i e s  is c o n t i n u o u s  

a t  y = Sps Nni,PE = N.i.~ [20] 

E x p a n d i n g  Eq.  [20] w i t h  t h e  f lux  t e r m s  in  Eq.  [5] a n d  
u s i n g  d i m e n s i o n l e s s  q u a n t i t i e s  y ie lds  

at  y = S ~  

1 1 z~F ( O a p )  ( ~  + O~ 
Nm,r. E \ c~q /rE Nrn,PE R T  ~ PE 

= + Oi [21] 

w h e r e  00i/0~ a n d  0q~/0~ a re  d e t e r m i n e d  a t  t h e  i n t e r f a c e  
b u t  e v a l u a t e d  w h o l l y  w i t h i n  t h e  r e g i o n  of  t h e i r  r e s p e c -  
t i v e  s u b s c r i p t .  

T h e  d i m e n s i o n l e s s  g o v e r n i n g  e q u a t i o n s  a n d  b o u n d a r y  
c o n d i t i o n s  for  a l l  r e g i o n s  of  t h e  ce l l  a re  s u m m a r i z e d  in  
T a b l e  I (2, 14). 

P a r a m e t e r s . - - T h e  m o d e l  r e q u i r e s  v a l u e s  for  f ixed  pa-  
r a m e t e r s  of  t h e  cel l  a n d  for  t h e  i n d e p e n d e n t l y  a d j u s t a b l e  

Table I. Equations describing the Zn/Br2 cell 

L--Governing equations 
a.--Flow channels and separator 

- V . N j + R i = 0  ( i = B r , B r 2 ,  Br3) 

V.N~=0 ( i = N a  +,Zn 2+) 

~zjc~ = 0 

For the flow channels ~.b 

S ~ 02% z~F [ ~2ap 00~ 0ap ] 
Ci,refDl (V" N~) 0~ + / J O~ 2 RT 0~] 2 O'q O~ 

[A] 

[B] 

[1] 

DR 
+ 3 Pea(~' - ~'2)(0~ - 1) [C] 

Di 

and for the separator a 

S 2 ~28~ z~F [ O~gP ~0~ O~ 
ec~,~aDi,-- (V" Ni) L 0~ + J O~ 2 RT O~] 2 O~ O~] 

where 

[D] 

= x/L [E] 

f y O<_y<Sn SA .i] r = 
y - (SA + Ss) 

S~ (SA + Ss) <- Y -< S 

2Svav, 
Pe- 

DR 

[F] 

[G] 

b.--Porous electrode a 

Eq. [1], [2], [3], [4] 

II.--Boundary conditions 

at ~ = 0 % : Oi,feed; ZZiCi,refOi,feed =0 [H] 
i 

Si2 in2 Sia in3 
at n = 1 (cathode) - -  + =N.~ [I] 

n2F n3F 

at y = SA (electrolyte/separator) 

Nn~,~ = N,~,s [J] 

at y = Sc (separator/electrolyte) 

N~.s  = N.i,E [K] 

at y = 0 (backing/porous electrode) 

N., = 0 [19] 

at y = SeE (porous electrode/electrolyte) 

Nni.pE = Nni,E [20] 

aSiraplified by assuming a << 1 [see Ref. (13)]. 
b One step model 

~01 O~- 1 

p a r a m e t e r s .  F i x e d  p a r a m e t e r  v a l u e s  u s e d  for  t h e  Zn/Br2 
ce l l  m o d e l  h e r e  a p p e a r  in  T a b l e  II .  As  in  M a d e r ' s  w o r k  
(14) t h e  d e s i g n  p a r a m e t e r s  are  se t  to  t h e  E x x o n  d e s i g n  
(5, 15, 16). T h e  r e f e r e n c e  c o n c e n t r a t i o n s ,  l i s t e d  in  T a b l e  
II ,  w e r e  c h o s e n  b a s e d  o n  50% Z n  2+ d e p o s i t i o n  so as to  
p r o m o t e  t h e i r  u s e  for  b o t h  c h a r g e  a n d  d i s c h a r g e  ca lcu la -  
t i o n s .  N o t e  t h a t  t h e  r e f e r e n c e  c o n c e n t r a t i o n s  a n d  f e e d  
c o n c e n t r a t i o n s  (c,,,~f a n d  C~,feed) a r e  e l e c t r i c a l l y  n e u t r a l  
a n d  t h a t  t h e  spec i e s  Br - ,  Br~, a n d  B r s  a re  in  e q u i l i b r i u m  
a c c o r d i n g  to  Eq .  [1I].  T h e  e x c h a n g e  c u r r e n t  d e n s i t i e s ,  
ioj,ra, a n d  loca l  o p e n - c i r c u i t  p o t e n t i a l s ,  Uj,,-ef, a re  t h e  
v a l u e s  f r o m  Ref.  (2) a n d  ( 1 4 ) m o d i f i e d  to a c c o u n t  for  t he  
d i f f e r e n t  r e f e r e n c e  c o n c e n t r a t i o n s  u s e d  he re .  T h e  
r e l a t i n g  e x p r e s s i o n s  are  

R T ~  ( (Ci ref)Mader ) 
Uj ref = (Uj,ra)Mader + - -  In ' [22] 

" n j r  . Ci,re f 

a n d  
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Table II. Fixed parameter values for the Zn/Br2 cell 

Kinetic and thermodynamic (T = 298.15 K) 

Reaction ioj.r~" Uj ~ Uj.~f ~ 
(j) (A/cm 2) ~ j  ~j n, (V) (V) 

1 0.001861 0.5 0.5 1 1.087 1.80928 
2 0.0018bl 0.5 0.5 1 1.087 1.80928 
3 0.8409 0.5 0.5 1 -0.763 -0.008904 

Reaction [4] (Homogeneous, bulk) K~q d = 17,000 (mol/cm 3) ~. 
a, specific surface area of electrode = 25.0 cm -1. 

Stoichiometry and electrochemical reaction orders 

Reactions [1] and [2] Reaction [3] 
( j=  1,2) (j =3) 

Species (i) su PiJ qu sij pij q~j 

Na + 0 0 0 0 0 0 
Br ~ 1 1 0 0 0 0 
Br2 - 1/2 0 1/2 0 0 0 
Zn 2+ ~ 0 0 0 -1/2 0 1/2 
Bra- 0 0 0 0 0 0 

Transport and reference concentrations 

Di g Ci,ref 
Species (i) z~ (cruZ/s) x 105 (mol/cm 3) x 10 a 0i,~d h 

Na + 1 1.334 1.00 1.000 
Br- - 1 2.084 1.08 2.7306 
Br~ 0 1.310 0.05 0.0203 
Zn 2§ 2 0.754 0.50 2.000 
Bra- - 1 1.310 0.92 0.0554 

Chosen to duplicate current densities reported in Ref. (15). 
b See Ref. (21). 

The reference electrode is reaction [3] at Maders' reference con- 
ditions. 

d See Ref. (12). 
Limiting reactant at Br2 electrode. 

r Limiting reactant at Zn electrode. 
See Ref. (18, 22, 23); D8~37 assumed equal to DB~2. 

h At initial charging conditions, the feed to each channel  is as- 
sumed to be the same, for convenience. For initial discharge the 
feed to each channel is the outlet composition after reaching about 
60% zinc plated on charge. 

i~176 (C~,ref)Mader Ci'ref )~*ij [23] 

w h e r e  

C{ajSij 
- - -  ( anodic )  PiJ nj 

~/~j = [24] 
qiJ + ~r ( ca thod ic )  

nj 

E q u a t i o n s  [22] a n d  [23] fo l low f r o m  Eq.  [18] a n d  [16], re- 
s p e c t i v e l y .  N o t e  t h a t  in  T a b l e  I I  t h e  v a l u e s  fo r  Uj,~f a re  
r e l a t i v e  to t h e  Z n  e l e c t r o d e  at  M a d e r  a n d  W h i t e ' s  (2) ref-  
e r e n c e  c o n d i t i o n s .  I n  o r d e r  to  c o n f i r m  t h e  l a ck  of  d e p e n -  
d e n c e  o n  t h e  c h o i c e  o f  t h e  r e f e r e n c e  e l e c t r o d e  t h e  Uj.~ef 
w e r e  a lso  c a l c u l a t e d  r e l a t i ve  to  a h y p o t h e t i c a l  h y d r o g e n  
e l e c t r o d e  (no t  s h o w n  in  T a b l e  II)  a n d  u s e d  in  t h e  mode l .  
T h e  r e s u l t s  u s i n g  e i t h e r  se t  o f  U~.~f w e r e  i den t i ca l .  

T h e  i n p u t  v a r i a b l e s  to  t h e  m o d e l  i n c l u d e  t h e  l e n g t h  of  
t h e  e l e c t r o d e  (L), t h e  a v e r a g e  v e l o c i t y  o f  t h e  e l e c t r o l y t e  
(v~g), t h e  f low c h a n n e l  w i d t h  (SA), t h e  M a c M u l l i n  n u m b e r  
of  t h e  s e p a r a t o r  m a t e r i a l  (Nm), t h e  t h i c k n e s s  of  t h e  sepa-  
r a t o r  (Ss), t h e  M a c M u l l i n  n u m b e r  of  t h e  p o r o u s  e l e c t r o d e  
(N~.pE), t h e  t h i c k n e s s  o f  t h e  p o r o u s  e l e c t r o d e  (SpE), t h e  
s p e c i f i c  a c t i v e  s u r f a c e  a r e a  (a) o f  t h e  p o r o u s  e l e c t r o d e ,  
a n d  e i t h e r  t h e  a p p l i e d  ce l l  p o t e n t i a l  (Ecell = VpE -- Vc o n  
c h a r g e  a n d  Er = VpE - Va on  d i s c h a r g e )  or  t h e  ce l l  cur-  
r e n t  d e n s i t y  (i~). T h e  ce l l  c u r r e n t  d e n s i t y  is g i v e n  a t  t h e  
p o r o u s  e l e c t r o d e / e l e c t r o l y t e  i n t e r f a c e  (i.e., at  y = SpE) b y  

in = F ~ ziNi [25] 
i 

I t  was  d e t e r m i n e d  in  M a d e r ' s  w o r k  t h a t  on ly  fou r  p a r a m -  
e t e r s  a re  i n d e p e n d e n t l y  a d j u s t a b l e  in  h i s  m o d e l :  t h e  resi-  
d e n c e  t i m e  of  e l e c t r o l y t e  in  t h e  ce l l  (L/vavg), t h e  f low 
c h a n n e l  w i d t h  (SA), t h e  e f f e c t i v e  s e p a r a t o r  t h i c k n e s s  
(NmSs), a n d  t h e  ce l l  p o t e n t i a l  (ECe~). We f o u n d  i n ' t h i s  w o r k  
t h a t  t h e r e  e x i s t s  s e v e n  i n d e p e n d e n t l y  a d j u s t a b l e  p a r a m -  
e t e r s :  L/vavg, SA, NmSs, t h e  ce l l  p o t e n t i a l  o r  c u r r e n t  d e n -  
s i t y  (EceH or  in), t h e  p o r o u s  e l e c t r o d e  t h i c k n e s s  (SpE), t h e  
M a c M u l l i n  n u m b e r  of  t h e  p o r o u s  e l e c t r o d e  (Nm.pE), a n d  
t h e  spec i f ic  s u r f a c e  a rea  (a). 

H e r e ,  t h e  e f f e c t  of  t h e  p o r o u s  e l e c t r o d e  o n  ce l l  pe r -  
f o r m a n c e  a n d  t h e  r o u n d  t r i p  e n e r g y  e f f i c i ency  is of  m a j o r  
i n t e r e s t .  T h e  p a r a m e t e r s  L, vavg, SA, Ss, a n d  Nm a re  h e l d  
f ixed  a t  v a l u e s  u s e d  e x t e n s i v e l y  in  M a d e r ' s  w o r k  a n d  are  
v a l u e s  to  b e  e x p e c t e d  in  a t y p i c a l  Zn /Br2  f low cell .  T h e  
spec i f i c  s u r f a c e  a rea  of  t h e  p o r o u s  e l e c t r o d e  m a t e r i a l  (a) 
is a lso  h e l d  f ixed  at  25.0 c m  -1. N o t e  t h a t  a is l u m p e d  w i t h  
t h e  e x c h a n g e  c u r r e n t  d e n s i t y  in  t h e  e l e c t r o c h e m i c a l  re- 
a c t i o n  r a t e  e x p r e s s i o n  for  t h e  p o r o u s  e l e c t r o d e  (see  Eq.  
[15] a n d  [16]), a n d  i t  is r ea l ly  t h e i r  p r o d u c t  (aioj.ref) w h i c h  
is h e l d  f ixed  here .  T h e  e l e c t r o d e  t h i c k n e s s ,  SpE, is v a r i e d  
f r o m  0.005 to  0.05 c m  a n d  Nm.pE is v a r i e d  f r o m  2.0 to 10.0. 
T h e s e  r a n g e s  s e e m  to e n c o m p a s s  v a l u e s  u s e d  in  i n d u s t r y  
(17). H o w e v e r ,  i t  s h o u l d  b e  n o t e d  t h a t  l a rge  v a l u e s  of  SpE, 
for  e x a m p l e  SpE = 0.05 cm,  m a y  b e  t o o  l a r g e  r e l a t i v e  to  
t h e  f low c h a n n e l  gap,  SA = 0.065 cm,  for  t h e  a s s u m p t i o n  
of  n e g l i g i b l e  c o n v e c t i o n  in  t h e  p o r o u s  l aye r  to  app ly .  

I m p l e m e n t a t i o n  o f  d ischarge  ca lcu la t ions . - -The  m o d e l  
is u s e d  to g e n e r a t e  p r e d i c t i o n s  for  d i s c h a r g e  at  c o n s t a n t  
cel l  p o t e n t i a l  a n d  for  d i s c h a r g e  a t  c o n s t a n t  c u r r e n t  d e n -  
s i ty .  T h e s e  t w o  c a s e s  a re  c o m m o n l y  i n v e s t i g a t e d  in  t h e  
l i t e r a t u r e  a n d  r e p r e s e n t  t h e  t w o  e x t r e m e s  b e t w e e n  
w h i c h  d i s c h a r g e  o c c u r s  in  p rac t i ce .  P e r h a p s  d i s c h a r g e  a t  
c o n s t a n t  e x t e r n a l  r e s i s t a n c e  ( load)  is m o r e  a p p r o p r i a t e ,  
b u t  t h i s  i n t r o d u c e s  a n o t h e r  e q u a t i o n  a n d  u n k n o w n  i n t o  
t h e  m o d e l .  

P r e d i c t i o n s  for  d i s c h a r g e  a t  c o n s t a n t  cel l  p o t e n t i a l  a re  
o b t a i n e d  b y  c h a n g i n g  t h e  cel l  p o t e n t i a l  a n d  f eed  c o n c e n -  
t r a t i o n  i n p u t s  to  t h e  mode l .  T h e  cel l  p o t e n t i a l  m u s t  b e  se t  
to  a v a l u e  l e s s  t h a n  t h e  o p e n - c i r c u i t  p o t e n t i a l .  T h e  f e e d  
c o n c e n t r a t i o n s  a r e  s e t  to  t h o s e  c o n c e n t r a t i o n s  e x i s t i n g  
a f t e r  r e a c h i n g  a fu l l  s t a t e - o f - c h a r g e .  H e r e ,  t h e  f e e d  con -  
c e n t r a t i o n s  for  d i s c h a r g e  a r e  t h e  d i f f e r i n g  e x i t  c o n c e n -  
t r a t i o n s  in  e a c h  c h a n n e l  of  t h e  ce l l  a f t e r  r e a c h i n g  a b o u t  
60% Z n  2+ p l a t e d  o n  c h a r g e .  F o r  t h e  c a s e  w i t h  n o  p o r o u s  
l aye r ,  t h e  m o d e l  b y  M a d e r  a n d  W h i t e  (2) c o u l d  a l so  b e  
u s e d  to  g e n e r a t e  p r e d i c t i o n s  for  d i s c h a r g e  a t  c o n s t a n t  
cel l  p o t e n t i a l  g i v e n  t h e  a p p r o p r i a t e  i n p u t s .  

P r e d i c t i o n s  for  d i s c h a r g e  a t  c o n s t a n t  c u r r e n t  d e n s i t y  
a re  m o r e  d i f f icu l t  to  ob ta in .  Cell  p o t e n t i a l  (Ecen) is  n o t  a n  
e x p l i c i t  f u n c t i o n  of  c u r r e n t  d e n s i t y  (in) as  e v i d e n c e d  b y  
t h e  B u t l e r - V o l m e r  e q u a t i o n .  H e n c e ,  a n  i t e r a t i v e  p r o c e -  
d u r e  m u s t  b e  u s e d  to d e t e r m i n e  Eeen g i v e n  in. H e r e  Ecell is 
t r e a t e d  as  a n  a d d i t i o n a l  u n k n o w n ,  a n d  Eq.  [25] is a d d e d  
to  t h e  se t  of  e q u a t i o n s .  T h e  i t e r a t i v e  s o l u t i o n  p r o c e d u r e  
u s e d ,  d e s c r i b e d  n e x t ,  t h e n  s o l v e s  fo r  Ecru a l o n g  w i t h  c~ 
a n d  r 

Method of Solution 
T h e  e q u a t i o n s  d e s c r i b i n g  e a c h  r e g i o n  of  t h e  Zn/Br2 cel l  

a n d  t h e  a p p r o p r i a t e  b o u n d a r y  c o n d i t i o n s  w e r e  s o l v e d  
u s i n g  N e w m a n ' s  m e t h o d  (18) fo r  t h e  c o n c e n t r a t i o n  a n d  
p o t e n t i a l  d i s t r i b u t i o n s .  T h e  o n e - s t e p  m o d e l  w a s  u s e d  
h e r e  s i n c e  M a d e r  a n d  W h i t e  (2) s h o w e d  t h a t  p r e d i c t i o n s  
u s i n g  t h e  t w o - d i m e n s i o n a l  m o d e l  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  f r o m  t h o s e  of  t h e  o n e - d i m e n s i o n a l  m o d e l  for  
l ow  c o n v e r s i o n s  p e r  pass .  T h e  o n e - d i m e n s i o n a l  m o d e l  is 
a p p e a l i n g  b e c a u s e  t h e  c o m p u t a t i o n  t i m e  r e q u i r e d  is 
m u c h  l e s s  t h a n  t h a t  r e q u i r e d  fo r  t h e  t w o - d i m e n s i o n a l  
m o d e l  ( w h i c h  c a n  b e  u p  to 100 t i m e s  g r ea t e r ) .  T h e  so lu-  
t i o n  p r o c e d u r e  is d e s c r i b e d  b y  W h i t e  et al. (19) a n d  
M a d e r  et al. (8). A m a t e r i a l  b a l a n c e  c l o s u r e  for  e a c h  spe-  
c ies ,  as  g i v e n  b y  M a d e r  (14), is  d o n e  to e n s u r e  t h a t  t h e  
c u r r e n t  d e n s i t i e s  p r e d i c t e d  b y  t h e  m o d e l  a r e  c o n s i s t e n t  
w i t h  t h e  p r e d i c t e d  a v e r a g e  e x i t  c o n c e n t r a t i o n s .  M a t e r i a l  
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balance  closure was obta ined for all cases p resen ted  
here. 

Results and Discussion 
Concentrat ion and potential  distr ibutions as functions 

of s tate-of-charge are used to analyze the Zn/Br2 cell 
model .  Pe r fo rmance  cri ter ia  of in teres t  in the design of 
this cell have been specified by Mader and White (2) and 
are used here. Firs t  the per fo rmance  of the cell  dur ing 
charge as a function of  the porous electrode parameters  
is invest igated.  Second,  cell pe r fo rmance  dur ing  dis- 
charge as a function of porous electrode thickness is pre- 
sented  for two cases, one at cons tant  cell  potent ia l  and 
the  other  at cons tant  cur ren t  density.  Third, concentra-  
t ion and potential  distr ibutions for charge and discharge 
are p resen ted  and discussed.  Lastly, p red ic ted  round  
trip energy efficiencies for charge/discharge cycles of the 
Zn/Br~ cell are presented. 

Following states-of-charge.--The assumpt ion  of a 
pseudo s teady state is used in the mode l  because  the 
concen t ra t ion  and potent ia l  d i s t r ibu t ions  in the cell 
change  over  re la t ively long t i m e  periods.  To follow 
changes  in state-of,  charge and cell pe r fo rmance  over  
t ime,  Bel lows of  E x x o n  (15) suggests  that  a conven ien t  
parameter  to track is the amount  of Zn 2+ which has been 
c o n s u m e d  and pla ted on the zinc electrode.  The % Zn 2§ 
pla ted  is ca lcula ted according  to Mader  and White 's  (2) 
definit ion.  Due to the large amount  of  compu te r  t ime 
needed to run consecutive steady-state cases, most  stud- 
ies in the charge mode  were  l imi ted  to 35% Zn 2+ pla ted 
al though Bellows (15) reports t h e s y s t e m  is fully charged 
when  approximate ly  70% of the Zn 2~ ions are plated. 

In order  to propagate  the state-of-charge, consecut ive  
steady-state cases are used. That is, the average exit  con- 
centrat ions of the species in both channels for a particu- 
lar run  (state-of-charge) are used as the  feed concentra-  
t ions for the next  run. We assume here that  the 
compos i t ion  ex i t ing  the cell at any state-of-charge will  
eventual ly be duplicated in the storage tanks and thus in 
the feed to the anolyte and catholyte channels since the 
compos i t ion  of  e lec t ro ly te  is a ssumed to change slowly 
under  pseudo steady-state conditions. The feed composi- 
t ion of each channel  will change independent ly  because  
the anolyte and catholyte are stored in separate tanks. It 
should be men t ioned  that  only the feed concentra t ions l  
(CL.~d) are changed  to fol low state-of-charge.  The refer-  
ence concent ra t ions  (C~.~ef) are held fixed t h roughou t  all 
s tates-of-charge,  and thus the exchange  current  densi~ 
ties (ioj,~f) and reference potentials (Uj.r~f) are fixed at the 
values reported in Table II. Al though the assumptions of 
pseudo steady-state operation and that  the exit  composi :  
t ion at one state-of-charge is the feed composi t ion to a fu- 
ture state-of-charge are valid only for low conversion per 
pass, these assumptions at least provide a rough est imate 
of  cell  pe r fo rmance  as a funct ion of state-of-charge.  A 
t i m e - d e p e n d e n t  mode l  could be prepared  to de t e rmine  
the validity of this pseudo steady-state assumption.  

Model predictions at various states-of-charge.- 
Figures  2 and 3 show the effect  of porous  e lec t rode  pa- 
rameters  on total  cell  energy eff ic iency (eT) dur ing  
charge.  The cases s tudied for the charge mode  inc lude  
three porous electrode thicknesses and three MacMullin 
numbers  for the porous electrode. The parameters  L/v~, 
SA, and NmSs are held fixed in this work since only the ef- 
fects  of  porous  e lec t rode  parameters  are of pr imary  in- 
terest .  The  res idence  t ime of the e lec t ro ly te  in the cell  
(L/v~g) is 15s, the flow channel  width (SA) is 0.065 cm, and 
the effective separator thickness  (NmSs) is 0.18 cm. These 
values are used extensively in Mader 's  work (14) and are 
values  to be expec ted  in a typical  Zn/Br2 flow battery.  
The  cell  potent ial ,  E ~ ,  is held fixed at 1.9V to paral le l  
Mader 's  work (14). 

F igure  2 i l lustrates  the pred ic ted  effect  of  the thick- 
ness of the porous electrode (SpE) on total cell energy effi- 
c iency (er) dur ing charge. The curves in Fig. 2 slope up- 
ward,  reach a m a x i m u m ,  then  slope downward.  This 
shape is seen in similar plots in Mader and White's work 
(2) and is at t r ibuted to the changing reactant concentra- 
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Fig. 2. Effect of porous electrode thickness (SpE) on cell efficiency 
during charge. 
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Fig. 3. Effect of porous electrode MacMullin number (Nm,PE) o n  cell 
efficiency during charge. 

t ions as the s tate-of-charge changes.  Note  that  as SpE is 
increased the efficiency increases as well. This result  was 
expec ted  because  the g r ea t e r  the  th ickness  of  the elec- 
t rode the greater  amount  o f  surface area is avai lable  for 
e lect rochemical  reaction when condit ions are kinetically 
controlled as is the case here. This finding that the elec- 
t rochemica l  react ion rate is l imi ted  by the e lec t rode  ki- 
netics rather than by the transport  of species to the reac- 
t ive  surfaces is d iscussed later. The th ickness  used for 
the  porous  e lec t rode  in the model  mus t  be l imi ted  be- 
cause  as Sp~ approaches  SA, convec t ion  th rough  the  po- 
rous electrode and hence pressure differentials would 
become important  and the assumption that  these contri- 
but ions to transport  are negligible would be invalid. Fig- 
ure  2 demons t ra tes  a much  improved  pred ic ted  effi- 
ciency when using a porous electrode as opposed to a flat 
plate e l ec t rodeused  in earlier work (2). Comparing Fig. 2 
with Fig. 6 of Mader and White (2) an improvement  in ef- 
f iciency of at least  10% is real ized at any given state-of- 
charge.  Also note that  '.the m a x i m u m  eff iciency is 
r eached  at a later  state-of-d~arge with  the porous  elec- 
trode. This shift of the m ax im um  toward the midpoint  of 
the charge/discharge cycle may be considered as an im- 
p rovement  in the efficiency distr ibution during charge. 

Figure  3 shows the predicted effect of  Nm.pE on cell effi- 
ciency. The shapes of the curves  are s imilar  to those  in 
Fig. 2 and for the same reasons. Nm.pE exhibits  relatively 
l i t t le  effect  on eff iciency e v e n  at a re la t ively  large value  
of Sp~ where its effect becomes more pronounced.  As will 
be d iscussed  later, concen t ra t ion  gradients  wi th in  the 
porous  e lec t rode  are small. Diffusion and migra t ion  of 
species into the porous electrode play a minor  role in the 
cell operat ion under  the conditions considered here and 
hence  the  ef fec t ive  d i f fus ivi ty  (Di/Nm.PE) and thus  the  
MacMullin number  does not have a significant effect on 
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Fig. 4. Cell efficiency during discharge at constant cell potential 
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Fig. 6. Cell efficiency during discharge at constant current density 

the predictions.  Consequently,  Nm.e~ will be held fixed at 
a value of 2.0 for the remainder  of this work. 

Model predictions at various states-of-discharge.--Cell 
pe r fo rmance  is inves t iga ted  here  for d ischarge  at con- 
s tant  cell  potent ia l  and discharge  at cons tant  cur ren t  
density. Note that only the charge mode at constant  cell 
potent ia l  was cons idered  in the previous  sect ion even 
though the model  could be used to generate predict ions 
for a cons tan t  cur ren t  densi ty  charge.  For  discharge,  
changes  in the s tate-of-charge are fol lowed by t racking  
the percent  Zn 2+ ions in solution (= 100%-% Zn 2+ plated). 

Consider first discharge at constant  cell potential.  Fig- 
ure 4 is analogous to Fig. 2 and presents cell efficiency as 
a funct ion of the state-of-charge. The curves reach max- 
ima and minima due to the changing electrolyte compo- 
s i t ions as the s tate-of-charge changes  and due to the 
compe t ing  e l ec t rochemica l  react ions  at the  zinc elec- 
trode.  Also, lower  efficiencies are obta ined  for th inner  
porous  electrodes,  as is expected .  F igure  5 i l lustrates  
how the cur ren t  dens i ty  changes  th roughou t  the dis- 
charge.  The cur ren t  densi ty  decreases  as the cell is dis- 
charged  due to deple t ion  of  reactants .  Note  that  the 
model  predicts this decrease to be almost  linear. 

Cons ider  nex t  d ischarge  at cons tant  cur ren t  density.  
F igure  6, analogous to Fig. 2 and 4, shows that  efficiency 
decreases as the porous electrode thickness is decreased. 
Again,  the shape of the curves  is a t t r ibu ted  to the 
changing concentrat ions and compet ing reactions at the 
zinc electrode.  Figure 7 il lustrates the drop in cell poten- 
tial dur ing  d ischarge  at cons tant  cur ren t  densi ty.  The 
model  predicts the =cell potential  to drop almost  linearly 
for some t ime until  approaching full discharge at which 
point  the cell potential  drops off dramatically. This end- 
ing behavior  is due to the deplet ion of bromine in the po- 
rous e lec t rode  which  gives rise to a concen t ra t ion  over- 
potential  thus decreasing the cell potential. 

0 . 0 3 5  ' m . . . .  ~ . . . .  m . . . .  , . . . .  j . . . .  m . . . .  

NmpE = 2.0 

0 . 0 3 0  Ee=ll = 1.7364 Y 
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Fig. 5. Current density during discharge at constant cell potential 
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Fig. 7. Cell potential during discharge at constant current density 

The reader  is caut ioned not to compare  the cons tant  
cell  potent ia l  and cons tant  current  dens i ty  d ischarge  
cases. These  are two Separate cases, c o m m o n l y  s tudied  
because of ease and because they represent  two ex t reme 
cases, wi th  no c o m m o n  basis for compar ison.  As men- 
t ioned earlier, discharge at constant  external  load is per- 
haps more  appropr ia te  to consider.  It  should be men- 
t ioned that the initial current  densities from the runs a t  
constant  cell potential  were used as the current  densities 
for the runs a t  cons tant  current  density.  Note  that  the 
curves for each SpE value in  Fig. 6 begin at the same effi- 
ciencies as the two curves in Fig. 4. 

In addit ion,  it is wor th  no t ing  that  some researchers  
have suggested that the corrosion of zinc by bromine  

Zn(s) + Br2(aq)---, Zn2§ + 2Br-(aq) [26] 

occurs at the zinc electrode and that  this reaction is inde-  
penden t  of potential .  This react ion does not  take place 
during charge because the zinc is cathodically protected;  
the b romine  reduc t ion  reac t ion  depends  on potent ia l  
and competes  with the zinc deposi t ion reaction as illus- 
t ra ted  in Fig. 1. Dur ing  discharge,  the b romine  react ion 
is a reduct ion reaction, whereas zinc is oxidized, and the 
rates of  both reactions depend upon potential.  

Concentration and potential profiles.--Concentration 
and potent ia l  ~rofi les  for both charge and d ischarge  
modes  of  the Zn/Br2 cell  are shown in Fig. 8-10. These  
profiles are those predicted at a state-of-charge of about  
35% Zn 2+ pla ted which  is approx imate ly  the hal fway 
mark  be tween  the init ial  charge and discharge  condi-  
t ions used here. 

Note  in Fig. 8 and 9 the por t ions  of  the concen t ra t ion  
profiles wi th in  the porous e lec t rode  region. These  
por t ions  are a lmos t  s t raight  hor izonta l  l ines indica t ing  
no s ignif icant  res is tance to diffusion and migra t ion  of  
species  into and out of  the porous  e lectrode.  Thus,  
wi th in  the  porous  e lec t rode  the  reac t ion  rate is kineti-  
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ca l ly  c o n t r o l l e d  r a t h e r  t h a n  d i f f u s i o n  c o n t r o l l e d .  U n d e r  
t h e s e  c o n d i t i o n s  t h e  o p t i m a l  t h i c k n e s s  of  t h e  p o r o u s  
e l e c t r o d e  is t h e  t h i c k e s t  poss ib l e .  S i n c e  t h e  r e a c t i o n  r a t e  
is k i n e t i c a l l y  c o n t r o l l e d  a t h i c k e r  p o r o u s  e l e c t r o d e  offers  
g r e a t e r  s u r f a c e  a r e a  h e n c e  m o r e  r e a c t i o n .  T h e  g r e a t e r  
a m o u n t  of  r e a c t i o n  a t  t h e  p o r o u s  b r o m i n e  e l e c t r o d e  re-  
q u i r e s  a g r e a t e r  a m o u n t  o f  r e a c t i o n  at  t h e  z inc  e l ec t rode .  
T h e  z inc  r e a c t i o n  a c c o m m o d a t e s  t h i s  i n c r e a s e  to  a 
g r e a t e r  e x t e n t  t h a n  d o e s  t h e  p a r a s i t i c  b r o m i n e  r e a c t i o n  
( b e c a u s e  t h e  e x c h a n g e  c u r r e n t  d e n s i t y  for  t h e  z inc  reac-  
t i o n  is s e v e r a l  o r d e r s  of  m a g n i t u d e  l a r g e r  t h a n  t h a t  for  
t h e  b r o m i n e  r e a c t i o n ) ,  a n d  h e n c e  a n  i n c r e a s e  in  
c o u l o m b i c  e f f i c i e n c y  is r e a l i z ed .  T h e s e  r e s u l t s  w e r e  
s h o w n  e a r l i e r  in  Fig.  2. H o w e v e r ,  a t r a d e  o f f  e x i s t s  be-  
t w e e n  i n c r e a s i n g  c o u l o m b i c  e f f i c i e n c y  a n d  d e c r e a s i n g  
vo l t a i c  e f f i c i ency  as t h e  p o r o u s  e l e c t r o d e  t h i c k n e s s  is in-  
c r e a s e d .  As  t h e  p o r o u s  e l e c t r o d e  t h i c k n e s s  is i n c r e a s e d  
t h e  v o l u m e  o f  e l e c t r o l y t e  i n  t h e  p o r e s  i n c r e a s e s ,  h e n c e  
t h e r e  is a n  i n c r e a s e  in  r e s i s t a n c e  to  c u r r e n t  f low a n d  a 
c o r r e s p o n d i n g  d e c r e a s e  in vo l t a i c  ef f ic iency.  

T h e  t r a n s p o r t  c o n t r o l l e d  p r o b l e m  in  t h e  p o r o u s  e lec-  
t r o d e  m a y  b e  i n v e s t i g a t e d  b y  c h a n g i n g  t h e  k i n e t i c  pa-  
r a m e t e r s  or  t h e  spec i f ic  s u r f a c e  a rea  (a). T h e  k i n e t i c  pa-  
r a m e t e r  v a l u e s  u s e d  h e r e ,  l i s t e d  in  T a b l e  II ,  a r e  t h o s e  
o b t a i n e d  f r o m  M a d e r ' s  w o r k  (14). T h e s e  v a l u e s  w e r e  de-  
t e r m i n e d  b y  t r ia l  a n d  e r r o r  so as to  g ive  p r e d i c t i o n s  com-  
p a r a b l e  to  e x p e r i m e n t a l  d a t a  r e p o r t e d  in  t h e  l i t e r a t u r e .  
N o t e  t h a t  t h e s e  e x c h a n g e  c u r r e n t  d e n s i t i e s  a re  a n  o r d e r  
of  m a g n i t u d e  s m a l l e r  t h a n  t h o s e  r e p o r t e d  e a r l i e r  (20). 
S m a l l  e x c h a n g e  c u r r e n t  d e n s i t i e s  l e ad  to s m a l l  e l e c t r o -  
c h e m i c a l  r e a c t i o n  r a t e s  a n d  h e n c e  a k i n e t i c a l l y  
c o n t r o l l e d  r e a c t i o n  ra te .  C h a n g i n g  t h e  k i n e t i c  p a r a m e -  
t e r s  or t h e  spec i f ic  su r f ace  a rea  so as to  o b t a i n  a t r a n s p o r t  
l i m i t e d  d e s i g n  a n d  st i l l  o b t a i n  p r e d i c t i o n s  c o m p a r a b l e  to  

t~ 
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Fig. 10. Ohmic drop in cell at o state-of-charge of 35% Zn 2+ plated 

e x p e r i m e n t a l  v a l u e s  r e p o r t e d  in  t h e  l i t e r a t u r e  is b e y o n d  
t h e  s c o p e  of  t h i s  work .  

T h e  r e m a i n i n g  p o r t i o n s  of  t h e  c o n c e n t r a t i o n  prof i les  in  
Fig.  8 a n d  9 e x h i b i t  s eve r a l  f ea tu re s .  F i rs t ,  t h e  c o n c e n t r a -  
t i o n  g r a d i e n t s  a re  s e e n  to b e  r a t h e r  l a rge  in  t h e  f low c h a n -  
ne l s .  T h i s  r e s u l t  i n d i c a t e s  t h a t  t h e  a s s u m p t i o n  of  c o n -  
s t a n t  e l e c t r o l y t e  c o m p o s i t i o n  in  t h e  f low c h a n n e l s  u s e d  
in  s o m e  m o d e l s  (3-5) m a y  b e  i n a p p r o p r i a t e .  Also,  t h e  pro-  
files a re  fa i r ly  l i n e a r  in  t h e  s e p a r a t o r  reg ion .  S u c h  l i n e a r  
p r o f i l e s  a re  o f t e n  a s s u m e d  to  b e  v a l i d  a n d  u s e d  in  t h e  
s e p a r a t o r  r e g i o n s  o f  ce l l  m o d e l s .  F i n a l l y ,  t h e  r e a c t i o n  
r a t e  at  t h e  z inc  e l e c t r o d e  a p p e a r s  to  b e  t r a n s p o r t  l i m i t e d  
o n  c h a r g e  as e v i d e n c e d  b y  t h e  r a t h e r  s t eep  c o n c e n t r a t i o n  
g r a d i e n t  for  Z n  2+ in  t h e  v i c i n i t y  of  t h e  e l e c t r o d e  s u r f a c e  
in  Fig. 8. 

I n  Fig.  10 t h e  p o t e n t i a l  p ro f i l e s  for  c h a r g e  a n d  dis-  
c h a r g e  a r e  s e e n  to m i r r o r  e a c h  o t h e r ,  as e x p e c t e d .  T h e  
I R - d r o p  in  t h e  cel l  for  a g i v e n  s t a t e -o f - cha rge  a n d  m o d e  
of  o p e r a t i o n  is e q u a l  to  t h e  d r o p  in  dp f r o m  t h e  c u r r e n t  
c o l l e c t o r / p o r o u s  e l e c t r o d e  i n t e r f a c e  to t h e  flat p l a t e  z inc  
e l e c t r o d e .  

R o u n d  t r i p  e n e r g y  e f f i c i e n c y . - - A n  e f f ec t i ve  m e a s u r e  o f  
b a t t e r y  p e r f o r m a n c e  is i t s  r o u n d  t r i p  e n e r g y  e f f i c i e n c y  
(RTEE) .  T h i s  q u a n t i t y  is s i m p l y  t h e  r a t i o  o f  e n e r g y  
d r a i n e d  f r o m  t h e  b a t t e r y  ( d i s c h a r g e  m o d e )  to  e n e r g y  in-  
p u t  to  t h e  b a t t e r y  ( c h a r g e  m o d e )  for  a g i v e n  c y c l e  o n  a 
p e r c e n t a g e  bas i s .  R T E E  is o b t a i n e d  f r o m  t h e  m o d e l  pre-  
d i c t i o n s  h e r e  u s i n g  t h e  f o l l o w i n g  e q u a t i o n  

fi t ( I Eceil)di~ch . . . .  ds  

R T E E  = ~ x 100% [27] 

Is sa(IEc~ll)eha~e ds 
1 

T h e  s y m b o l s  Sl a n d  s2 r e p r e s e n t  d i f f e r e n t  s t a t e s - o f - c h a r g e  
(% Z n  2§ p l a t ed ) .  T h e  p r o d u c t  IEr is  a p o w e r  t e r m  (en-  
e r g y  p e r  u n i t  t i m e )  a n d  c h a n g e s  as t h e  s t a t e - o f - c h a r g e  
c h a n g e s .  I t  is a s s u m e d  in  w r i t i n g  Eq.  [27] t h a t  t h e  res i -  
d e n c e  t i m e  fo r  c h a r g e  is e q u a l  to  t h e  r e s i d e n c e  t i m e  fo r  
d i s c h a r g e  so t h a t  t h e  r e s u l t  is a ra t io  of  ene rg i e s .  Th i s  as- 
s u m p t i o n  s e e m s  r e a s o n a b l e  a n d  a t  l e a s t  p r o v i d e s  a n  est i-  
m a t e  o f  RTEE.  

R o u n d  t r i p  e n e r g y  e f f i c i e n c i e s  for  f o u r  c a s e s  i n v e s t i -  
g a t e d  h e r e  are  s h o w n  in  T a b l e  III .  T h e s e  v a l u e s  w e r e  cal- 
c u l a t e d  b y  a r b i t r a r i l y  c h o o s i n g  a w i n d o w  in  t h e  c h a r g e /  

Table Itl. Round trip energy efficiencies 

Values listed are round trip energy efficiencies for constant E~ll 
charge and either constant Eee u o r  constant i. discharge 

Constant Eel. Constant i, 
discharge (%) discharge (%) 

SpE = 0.02 cm 41.86 69.16 
SpE = 0.005 cm 36.46 64.44 
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d ischarge  cycle of  20-40% Zn 2+ plated�9 It  seems N,~.vE 
reasonable to assume that a midrange port ion of the en- 
t i re  charge /d ischarge  cycle should be indica t ive  of the Nn~,s 
entire cycle when  est imating cycle quantities.  Note that  
h igher  RTEE's are obta ined for the th icker  porous  elec- P~ 

Pe 
trode indicat ing that  the optimal  porous electrode thick- 
ness would be the thickest  possible. The thickness of the q~J 
porous electrode is l imited due to decreasing voltaic effi- R 
c iency and because  the assumpt ion  of  negl ig ib le  trans- R~ 
port  due to convect ion in the porous electrode becomes R'i 
inval id  as d i scussed  earlier.  Also, for the arbi t rar i ly  RTEE 
chosen values of in and E~el, used here, the results for dis- s 
charge  at cons tant  cur ren t  dens i ty  yield h igher  effi- sl 
ciencies than those for discharge at constant cell poten- s2 
tial. Higher  eff iciencies are obta ined for the cons tan t  sij 
cur ren t  dens i ty  case because  the unwan ted  b romine  re- S 
duct ion reaction at the zinc electrode is less impor tant  in SA 
this  case than it is for cons tan t  cell  potent ia l  discharge.  Sc 
However ,  it is difficult  to compare  these  two cases, as See 
d i scussed  earlier, but  they do provide  a feel for the Ss 
RTEE's which are possible. Perhaps by choosing a differ- T 
ent  value for EceH (further away from the open-circuit  po- U~~ 
tential),  the  resul ts  for discharge at cons tant  cell  poten-  U~.~ 
tial would  compare  more  favorably with those obta ined  Va 
for the constant  current  density discharge. Based on the V~vg 
results in Table I I I a  RTEE of 70% should be attainable. Vc 

YpE 
W 
X 
y 
Zi 

Conclusions 
The Zn/Br2 cell model  presented here could be a useful  

tool for the des ign of the Zn/Br2 flow bat tery  and could 
save time, money,  and effort if used in place of building Greek 
and test ing many different designs. The model  is used to 
show that an optimal porous electrode thickness should 
exist  for a given set of design criteria. For the kinetically ~aJ 
control led reaction rate in the porous bromine electrode e ~r 
here the largest  electrode thickness of those studied was ec 
the op t imum thickness .  The mode l  can pred ic t  both ~T 
charge  and discharge  condi t ions  and provides  an esti- ~v 
mate of the round trip energy efficiency (RTEE). The pre- 
d ic t ions  sugges t  that  a RTEE of 70% or more  should  be 
possible. The model  could be extended to include addi- ~J 
t ional complexi t ies  such as a second bromine-r ich phase ~, 
somet imes  called the "red oil" phase. 

Manuscript  received June  13, 1986; revised manuscr ip t  0~ 
received Oct. 17, 1986. 
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LIST OF SYMBOLS 

Ci 
Ci,feed 
Ci,ref 
Di 
Di,e 

Di,e,PE 

do 
DR 
Cecil 
F 
I 
in 

~oLref 

J~ 

Keq 

L 
L/Vavg 
N1 
nj 
Nm 
NnI,PE 
NmSs 
Nni 

Nni,E 

specific e lec t roac t ive  surface area of  the po- 
rous electrode, cm -1 
concentra t ion of species i, mol/cm 3 
feed concentrat ion of species i, mol/cm 3 
reference concentrat ion of species i, mol/cm 3 
diffusion coefficient of species i, cm2/s 
effect ive  diffusion coefficient  of  species  i in 
the separator, cm2/s 
ef fec t ive  di f fus ion coeff icient  of  species i in 
the porous electrode, cm2/s 
densi ty of pure solvent, kg/cm 3 
diffusion coefficient of l imiting reactant, cm2/s 
applied cell potential  (=Va -- Vr V 
Faraday's  constant, 96,487 C/mol 
total cell current, A 
total  cur ren t  dens i ty  at an e lec t rode  (=I/LW), 
A/cm 2 
exchange  cur ren t  dens i ty  of e l ec t rochemica l  
react ion j, A/cm 2 
cur ren t  dens i ty  due to e l ec t rochemica l  reac- 
t ion j, A/cm 2 
equi l ibr ium constant  for t r i -bromide reaction, 
cm3/mol 
electrode length, cm 
residence t ime of the reactor, s 
flux vector  of species i, mol/cm2-s 
number  of electrons passed in react ion j 
MacMullin number  in the separator 
MacMullin number  in the porous e lec t rode  
effective separator thickness,  cm 
normal  c o m p o n e n t  of  the ftux (y- or 
~-direction) of species i, mol/cm2-s 
normal  c o m p o n e n t  of  the flux of  species  i in 
the electrolyte, mol/cm2-s 

normal  c o m p o n e n t  of the flux of  species i in 
the porous electrode, mol/cm2-s 
normal  c o m p o n e n t  of the flux of species  i in 
the separator, mol/cm2-s 
anodic reaction order of species i in reaction j 
Peclet  number  (=2 Svav~/DR) 
cathodic reaction order of species i in react ion 
J 
gas law constant,  8.314 J /mol-K 
homogeneous  reaction rate, mol/cm3-s 
electrochemical  reaction rate, mol/cm3-s 
round trip energy efficiency 
state-of-charge (% Zn 2+ plated) 
state-of-charge 1 
state-of-charge 2 
s to ich iomet r ic  coeff icient  of species i in reac- 
tion j 
total electrode gap, cm 
anolyte channel width, cm 
catholyte channel  width, cm 
thickness of the porous electrode, cm 
thickness of the separator, cm 
temperature,  K 
standard half-cell potential,  V 
open-c i rcui t  potent ia l  of  reac t ion  j based on 
the reference concentrations,  V 
anode potential, V 
average velocity of the electrolyte, cm/s 
cathode potential, V 
potential  of porous electrode, V 
width of the electrode, cm 
axial coordinate, cm 
normal  coordinate,  cm 
charge number  of species i 

aspect ratio, S/L 
anodic transfer coefficient for react ion j 
cathodic transfer coefficient for reaction j 
porosity of porous electrode material  
coulombic efficiency 
total cell energy efficiency 
voltaic efficiency 
dimensionless  axial coordinate (x/L) 
dimensionless  normal  coordinate (y/S) 
overpoten t ia l  at e lec t rode  surface (Ve - ~Po, - 
Uj,rer), V 
dimensionless normal  eoordinate,  specific to a 
flow channel  
d imens ion less  concen t ra t ion  of  species  i 
(Ci/Ci.ref) 
dimensionless  feed concentrat ion of species i 
tortuosity of porous electrode material  
solution potential, V 

Subscripts  

A anolyte 
a anode 
C catholyte 
c cathode 
E electroly, te 
i specms 1 
j reaction j 
n normal  component  
PE porous electrode 
RE reference electrode 
S separator 
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The Influence of Organic Solvents on 
Aromatic Adsorption at Platinum 

Acetic Acid, Acetone, Acetonitrile, Dimethylacetamide, Dimethylsulfoxide, 
Sulfolane, and Tetrahydrofuran 

Dian Song, Manuel P. Soriaga, 1 and Arthur T. Hubbard 2 

Department of Chemistry, University of California, Santa Barbara, California 93106 

ABSTRACT 

The influence of nonaqueous  solvents on the packing density and electrochemical reactivity of 
2,2',5,5',-tetrahydroxybiphenyl (THBP) chemisorbed at smooth polycrystalline Pt electrodes has been studied using thin 
layer electrochemical techniques. THBP was chosen as the model polyphenolic compound because its surface coverage:is 
readily measured, and it displays electrochemical reactivity in the adsorbed state which is a function of its orientation. The  
nonaqueous solvents employed were: acetonitrile, ethyl acetate, acetone, acetic acid, dimethylacetamide, tetrahydrofu- 
ran, dimethylsulfoxide, and sulfolane. Adsorption of THBP from its aqueous solutions led to three different orientation 
states (flat, edge-edge, and edge-pendant) which depended upon the THBP concentration. The edge-pendant state show:ed 
reversible quinone/diphenol  reactivity similar to that in the unadsorbed state. Changes in the adsorption behavior a~d 
electrochemical reactivity of THBP was noted when 10 mM of organic solvent was added. The extent of change depended 
upon the adsorbability of the added solvent, being least noticeable with ethyl acetate (which is not chemisorbed on Pt) and 
most dramatic with dimethylsulfoxide (which is very strongly chemisorbed on Pt). The more strongly adsorbing of these 
solvents virtually eliminated adsorption of THBP in the flat orientation. The electrochemical reactivity of THBP adsorbed 
in the edge-pendant  orientation was sensitive to the nature of the nonaqueous  solvent, probably because' of solventad-  
sorbate interactions. These results provide revealing glimpses of the role played by oriented adsorbed intermediates.~and 
nonaqueous solvents in the stereospecificity of organic electrochemical reactions. In  particular, the data appear'to invali- 
date pre~ious assumptions that the orientation of adsorbed aromatic intermediates is flat, regardless of solute concentra~ 
tion or nature of the solvent. 

Systematic studies (1-5) with atomically smooth poly- 
crystal l ine Pt  th in  layer electrodes have demons t ra ted  
that a wide variety of organic reagents are spontaneously 
and i r revers ibly adsorbed from aqueous solut ions onto 
the electrode surface to form a stable monolayer  consist- 
ing of close-packed molecules  at tached in specific, 
identifiable orientations. For example, chemisorption of 
s ingle aromatics  at low concent ra t ions  (-<0.1 raM) from 
aqueous solutions not  containing other adsorbates led to 
flat oriented intermediates,  while adsorption of the same 
compounds  at higher concent ra t ions  (-> 1 raM) yielded 
vertically oriented species; these adsorbed molecule ori- 
entat ions have been verified by reflection-adsorption in- 
frared spectroscopy. It has also been found that orienta- 
t ional  phase t rans i t ions  wi thin  the organic layer can be 
triggered by changes in solute (adsorbate) concentration,  
pH, temperature ,  and coadsorpt ion of other surface ac- 
tive species; flat-to-vertical orientational transit ions dis- 
played by aromatic and qu inono id  compounds  are sup- 
pressed at roughened  surfaces. Adsorbed molecule 
or ienta t ion  has been shown to exert  a strong inf luence 
on the surface chemist ry  of the adsorbate  itself and on 

2Present address: Department of Chemistry, University of 
Cincinnati, Cincinnati, Ohio 45221. 

the electrochemical reactivity of unadsorbed  redox~ cou~ 
ples (1-5). In particular, the extent  of irreversible oxida- 
t ion or hydrogena t ion  was much  greater for in termedi-  
ates adsorbed in flat than in vertical orientations. 

It is impor tan t  to extend the above studies  to in.clude 
the inf luences of nonaqueous  solvents  since, in  n,umer- 
ous organic electrochemical  reactions,  the product  dis- 
t r ibut ions are often characterized by features not readily 
unders tood  in terms of concepts  derived from homoge- 
neous solution chemistry (6). In such cases, the heteroge- 
ne i ty  of the electrode react ion is often invoked,  and the 
electrode surface is thought  to exert  steric inf luence on 
chemical reactions which occur following electrorl trans- 
fer. Concepts  such  as "steric shielding by the electrode 
from attack on one side of the substrate/ intermediate" (6) 
are not  uncommon,  and have been offered to account  for 
the s tereochemistry of electrode processes. The partici- 
pation of the electrode in this manner ,  of course, implies 
the exis tence of react ion in termedia tes  adsorbed in sta- 
ble or ienta t ional  states. That is, adsorbed molecule  ori- 
entat ion plays an important  role in many organic electro- 
chemical reactions (7). 

It  is expected that the results obtained in aqueous so- 
lu t ions  will differ from those in nonaqueous  solvents 
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