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A Review of Mathematical Modeling of the Zinc/Bromine Flow Cell 

and Battery 

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

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

ABSTRACT 

Mathematical models which have been developed to study various aspects of the zinc/bromine cell and stack of cells 
are reviewed. Development of these macroscopic models begins with a material balance, a transport equation which in- 
cludes a migration term for charged species in an electric field, and an electrode kinetic expression. Various types of mod- 
els are discussed: partial differential equation models that can be used to predict current and potential distributions, an al- 
gebraic model that includes shunt  currents and associated energy losses and can be used to determine the op t imum 
resistivity of an electrolyte, and ordinary differential equation models that can be used to predict the energy efficiency of 
the cell as a function of the state of charge. These models have allowed researchers to better understand the physical phe- 
nomena occurring within parallel plate electrochemical flow reactors and have been instrumental  in the improvement  of 
the zinc/bromine cell design. Suggestions are made for future modeling work. 

The z inc /bromine  (Zn/Br2) flow bat tery has received 
much  interest  as a rechargeable power source because of 
its good energy density, high cell voltage, high degree of 
reversibi l i ty,  and a b u n d a n t  low cost reactants  (1-4). 
Problems with the Zn/Br2 battery include high cost elec- 
trodes, mater ia l  corrosion,  the format ion of dendr i tes  
dur ing  zinc deposi t ion  on charge, high self-discharge 
rates, unsatisfactory energy efficiency, and relatively low 
cycle life (400-600 cycles) (2, 4, 5). Experimental  and mod- 
el ing efforts have been conduc ted  to alleviate these 
problems. 

Several companies,  including Energy Research Corpo- 
ration (ERC), Gould, and Exxon have developed this bat- 
tery by bu i ld ing  and tes t ing various designs (1). The 
Exxon  design (3, 6-8), which uses a corrosion res is tant  
carbon-plas t ic  composi te  mater ial  for the electrodes,  a 
separator, and a second l iquid phase to complex the bro- 
mine  in the electrolyte to prevent  it from participating in 
the self-discharge reaction, effectively deals with most  of 
the problems men t ioned  earlier. The main  concerns  at 
p resen t  are to improve  bat tery efficiency and increase 
cycle life (1, 2) without  sacrificing the attractive low cost 
of the battery. The experimental  approach for obtaining 
the design variables and operating condit ions that yield 
acceptably  high efficiencies and cycle lives can be t ime 
c o n s u m i n g  and costly. Modeling the system can reduce 
the exper imentat ion required by point ing out to the ex- 
per imenter  the independen t  design parameters and how 
they can be changed to better the cell performance. 

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

Several  mathemat ica l  models  of the Zn/Br2 cell and a 
mathemat ica l  model  of a stack of cells have been  pre- 
sented (4, 9-14). These models have provided researchers 
with a means  to s tudy the various aspects of the Zn/Br2 
cell and gain a greater unde r s t a nd i ng  of the physical  
p h e n o m e n a  affecting the per formance  of this battery.  
The models by Lee and Selman (9), Evans and White (14), 
and Van Zee et al. (12) provide predictions for many as- 
pects of the Zn/Br2 cell and battery of interest  to design- 
ers. These predictions include the current  density distri- 
but ions  along the electrode surfaces, the overall battery 
efficiency, and round  trip cell efficiencies. The models  
reviewed here are all s teady-state models  and macro- 
scopic in nature.  Microscopic models  which focus on 
dendri te  ini t ia t ion and growth dur ing  electrodeposi t ion 
have also been presented (15-17) with one model by Lee 
(11) which combines  a macroscopic model  (9) of the 
Zn/Br2 flow reactor with a microscopic model describing 
dendri te  growth. These microscopic models, which have 
con t r ibu ted  much  to the u n d e r s t a n d i n g  of dendr i te  
growths and to the steps which can be taken to reduce 
their  adverse effects, are kept  separate from the macro- 
scopic models addressed here and have already been dis- 
cussed elsewhere (11). 

Models of the Zn/Br2 cell and a stack of cells are based 
on the reci rcula t ion system shown in Fig. 1 and on the 
parallel  plate geometry of an ind iv idua l  cell shown in 
Fig. 2. Aqueous electrolyte solutions containing reactive 
species (see Table I for a typical  feed composi t ion)  are 
stored in external  tanks and circulated through each cell 
in the stack. Each cell conta ins  two electrodes at which 
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Flow 

Fig. 1. Schematic of a Zn/Br2 flow battery 

r e v e r s i b l e  e l e c t r o c h e m i c a l  r eac t ions  occur .  S o m e t i m e s ,  
a po rous  layer  or f low- through  porous  reg ion  is used  for 
t he  b r o m i n e  e l ec t rode  (not s h o w n  in Fig. 2). The  e lec t ro-  
c h e m i c a l  reac t ions  tha t  are  a s s u m e d  to occu r  (2-4) are, at 
t he  b r o m i n e  e l ec t rode  

2Br-  ~- Br2 + 2 e- [1] 

and  at the  zinc e l ec t rode  

Zn  ~+ + 2e- ~ Zn [2] 

To cha rge  the  ba t te ry ,  e i the r  a cons t an t  vo l t age  or  a con- 
s tan t  cu r r en t  is app l i ed  to the  s tack  and ene rgy  is s to red  
as Zn and Br2. D u r i n g  charge ,  the  r e d u c t i o n  of  b r o m i n e  

Br2 + 2e-  ---> 2Br-  [3] 

at  t he  zinc e l ec t rode  is an u n d e s i r e d  s ide  reac t ion  wh ich  
c o m p e t e s  wi th  z inc  d e p o s i t i o n  and  is i m p o r t a n t  to in- 
c lude  in t he  m o d e l i n g  (13). The  gap b e t w e e n  the  pos i t ive  
and  n e g a t i v e  e l e c t r o d e s ,  in w h i c h  e l e c t r o l y t e  flows, is 
u s u a l l y  d i v i d e d  by  a p o r o u s  s e p a r a t o r  to p r e v e n t  Br2 
f rom r each ing  the  zinc e l ec t rode  whe re  it pa r t i c ipa tes  in 
t he  u n d e s i r a b l e  r e a c t i o n  [3]. A s e c o n d  l i q u i d  phase ,  or- 
gan ic  and  k n o w n  as the  " r ed  oi l"  phase  in the  E x x o n  de- 
s ign (3, 6-8), is c i rcu la ted  wi th  the  e l ec t ro ly te  to cap tu re  
b r o m i n e  and  f u r t h e r  p r e v e n t  it f rom r e a c h i n g  t h e  z inc  
e l e c t r o d e .  T h e  o rgan ic  p h a s e  c o n t a i n s  c o m p l e x i n g  
a g e n t s  l ike  q u a t e r n a r y  a m m o n i u m  sal ts  w i t h  w h i c h  the  
b r o m i n e  a s soc i a t e s  to f o r m  an e m u l s i o n  (2). Th is  emu l -  
sion, w h i c h  is inso lub le  in wate r  and has  a d i f fe ren t  den-  
s i ty  t h a n  wate r ,  t r ave l s  w i t h  t he  a q u e o u s  e l e c t r o l y t e  to 
t h e  s t o r a g e  t a n k  w h e r e  it is g r a v i t a t i o n a l l y  s epa ra t ed .  
Thus ,  the  b r o m i n e  is e f fec t ive ly  s tored.  In  t he  bu lk  aque-  
ous  e l ec t ro ly te  solut ion,  c o m p l e x a t i o n  of  Br -  and Br2 to 
fo rm t r i - b romide  ions  (Br3-) occurs  (18) a c c o r d i n g  to 

Br2 + Br -  ~ Br3- [4] 

In  addi t ion ,  z inc ions  can  reac t  wi th  b r o m i d e  in the  elec- 
t ro ly te  to fo rm severa l  d i f fe ren t  z inc -b romine  c o m p l e x e s  
(19-21) 

Etectrotyte 

Flow 

Separator 

Elec t ro ly t e  

Flow 

x 

Positive (Bromine) Electrode 

Br--------+Br z + 2 e -  
r 

. . . .  -> ) 

Negative (Zinc) Electrode 

Zn** -I- 2 e -  ~ ZI1 

Fig. 2. Schematic of the Zn/Br~ cell modeled by Putt (4), Lee and 
Selman (9, 10}, Lee (] 1), and Mader and White (|3). 

Table I. A typical initial electrolyte composition 
of a Zn/Br~ flow cell 

Cj. feed a 
Species (i) (mol/cm 3) • 103 

Na § 1.000 
Br- 2.949 
Br2 0.001 
Zn 2+ 1200 
Bra- 0.051 

a Feed to each channel is assumed equal (3, 13). Electrolyte con- 
centrations in the two channels will change differently as charging 
proceeds due to their separation. 

Zn  ~+ + Br -  ~ Z n B r  + [5] 

Zn  ~+ + 2Br-  ~ ZnBr2 [6] 

Zn 2+ + 3Br-  ~ ZnBr3- [7] 

Zn  -~+ + 4Br-  ~ ZnBr ,  2 [8] 

O t h e r  spec ies ,  in a d d i t i o n  to t h o s e  l i s t ed  in Tab l e  I and  
w h i c h  appea r  in reac t ions  [5]-[8], p robab ly  ex is t  as pos tu-  
la ted  by  Hsie  et at. (19, 20). The  ex t en t  to w h i c h  these  zinc 
spec ies  are  p re sen t  and  in f luence  cel l  p e r f o r m a n c e  is as- 
s u m e d  neg l ig ib le  in all of  the  mode l s  (4, 9-14) p e s e n t e d  so 
far. D i scha rge  occurs  w h e n  the  ba t t e ry  is c o n n e c t e d  to a 
load  and the  b a c k w a r d  d i rec t ions  of  reac t ions  [1] and [2] 
t a k e  p l ace  at t h e  p o s i t i v e  and  n e g a t i v e  e l e c t r o d e s ,  

r e spec t ive ly .  

Discussion 

T h e  m o d e l s  o f  t h e  Zn/Br~ e l e c t r o c h e m i c a l  r e a c t o r  (4, 
9-14) h a v e  b e e n  d e v e l o p e d  to u n d e r s t a n d  t h e  p h y s i c a l  
p h e n o m e n a  o c c u r r i n g  and  to d e t e r m i n e  h o w  cel l  per-  
f o r m a n c e  can  be  i m p r o v e d .  T h e s e  m o d e l s  h a v e  b e e n  
used  to i nves t iga t e  t he  re la t ive  i m p o r t a n c e  of  the  spec ies  
t r anspo r t ,  e l ec t rok ine t i c s ,  ce l l  g e o m e t r y ,  o p e r a t i n g  con-  
d i t ions ,  s e c o n d a r y  e l ec t rode  react ions ,  and c h e m i c a l  re- 
ac t ions  in the  e lec t ro ly te  bu lk  on cell  pe r fo rmance .  Key  
des ign  cons ide ra t ions  such  as the  t h i cknes s  of  t he  sepa- 
rator,  the  ini t ial  e l ec t ro ly te  concen t ra t ion ,  the  e l ec t ro ly te  
f low rate ,  t h e  a p p l i e d  cel l  p o t e n t i a l  or  cu r ren t ,  and  t h e  
t h i c k n e s s  of  the  porous  b r o m i n e  e l ec t rode  have  b e e n  ad- 
d r e s s e d  by  t h e  v a r i o u s  mode l s .  M o d e l  d e v e l o p m e n t s  
h a v e  s h o w n  w h i c h  q u a n t i t i e s  and  g r o u p s  o f  q u a n t i t i e s  
a re  t h e  i n d e p e n d e n t  a d j u s t a b l e  p a r a m e t e r s  o f  t he  cel l  
and  m o d e l  p r e d i c t i o n s  h a v e  s h o w n  h o w  t h e s e  p a r a m e -  
t e r s  can  be  a d j u s t e d  to i m p r o v e  cel l  p e r f o r m a n c e .  T h e  
m o d e l  by P u t t  (4) was d e v e l o p e d  to p r o v i d e  a ra t ional  ap- 
p r o a c h  for o p t i m i z i n g  the  G o u l d  d e s i g n  and  for  l a te r  
scale-up.  A s imi lar  model ,  d e v e l o p e d  by Lee  and  S e l m a n  
(9), is u s e d  to e x a m i n e  the  e f fec t s  of  c e r t a i n  d e s i g n  pa- 
r a m e t e r s  on the  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  a long  the  
e l e c t r o d e  sur faces .  Lee  (11) e x t e n d e d  L e e  and  S e l m a n ' s  
m o d e l  (9) to ob ta in  the  a p p r o x i m a t e  t i m e  d e p e n d e n t  be- 
hav io r  of  the  cu r ren t  dens i ty  d i s t r ibu t ion .  He  w e n t  on to 
l i nk  his m a c r o s c o p i c  m o d e l  w i t h  a m i c r o s c o p i c  m o d e l ,  
d e s c r i b i n g  t h e  g r o w t h  of  z inc  d e n d r i t e s ,  to d e t e r m i n e  
h o w  to r e d u c e  dend r i t e  g rowth  rates  in the  flow sys tem.  
Van  Zee  et al. (12) have  d e v e l o p e d  a s impl i f ied  m o d e l  of  
t h e  e n t i r e  Zn/Br2 b a t t e r y  to d e t e r m i n e  h o w  ove ra l l  
e f f i c i ency  can  be  i n c r e a s e d  by c h a n g i n g  ce r t a i n  d e s i g n  
c o n d i t i o n s .  T h e  m o d e l s  by M a d e r  and  Whi te  (13) and  
Evans  and White  (14) are  s imi la r  to the  m o d e l s  of  P u t t  (4) 
and  L e e  and  S e l m a n  (9) bu t  m a k e  d i f f e r e n t  s i m p l i f y i n g  
a s s u m p t i o n s .  T h e i r  m o d e l s  a t t e m p t  to i n c l u d e  as m a n y  
of  t he  cel l  f ea tu res  in t he  m o d e l  as is poss ib le  because  of  
t he  b e l i e f  tha t  a de ta i l ed  m o d e l  wi l l  y ie ld  t he  m o s t  realis-  
t ic  and  u s e f u l  p r e d i c t i o n s  for  use  by  ce l l  de s igne r s .  As  
t h e  Zn/Br2 b a t t e r y  t e c h n o l o g y  has  p r o g r e s s e d ,  t h e  n e e d  
to m o d e l  d i f fe ren t  aspec ts  of  th is  ba t te ry  has  ar isen.  F o r  
e x a m p l e ,  the  dend r i t e  p r o b l e m  has b e e n  one  of  t he  ma jo r  
obs tac les  in the  d e v e l o p m e n t  of  a v iab le  Zn/Br2 sys tem,  
t h e r e f o r e  p r o m p t i n g  the  w o r k  o f  P u t t  (4) and  L e e  (11). 
T h e s e  m o d e l s  (4, 9-14), w i t h  t h e i r  d i f f e r e n t  p r e d i c t i v e  
capab i l i t i e s ,  h a v e  b e e n  d e v e l o p e d  to m e e t  t h e  c h a n g i n g  
n e e d s  in t he  d e v e l o p m e n t  of  t h e  Zn/Br2 s y s t e m  and  to 
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p r o v i d e  a s o u n d  t h e o r e t i c a l  ba s i s  for  f u t u r e  d e v e l o p m e n t  

o f  t h i s  b a t t e r y .  
T h e  f o l l o w i n g  e q u a t i o n s  f o r m  t h e  b a s i s  for  t h e  m o d e l s  

to  b e  d i s c u s s e d .  T h e  m a t e r i a l  b a l a n c e  e q u a t i o n  fo r  spe-  
c ies  i is 

oci 
- V - N i  + R~ [9]  

Ot 

S i n c e  a l l  of  t h e  m o d e l s  d i s c u s s e d  h e r e  a re  s t e a d y - s t a t e  
m o d e l s ,  t h e  a c c u m u l a t i o n  t e r m  (Oc]Ot) is se t  e q u a l  to  zero. 

U s i n g  d i l u t e  s o l u t i o n  t h e o r y  (22), t h e  f lux of  s pec i e s  i (N~) 
m a y  b e  w r i t t e n  as 

D, 
Ni  = vci - DjVci - zi R T -  FciVq> [10] 

w h e r e  t h e  t h r e e  t e r m s  o n  t h e  r i g h t - h a n d  s ide  of  Eq.  [10] 
r e p r e s e n t  c o n v e c t i o n ,  d i f f u s i o n ,  a n d  m i g r a t i o n ,  r e s p e c -  
t ive ly .  T h e  t e r m  R ,  in  Eq .  [9], r e p r e s e n t s  p r o d u c t i o n  o f  
s p e c i e s  i d u e  to c h e m i c a l  r e a c t i o n  a n d  is used ,  for  e x a m -  
ple,  to  a c c o u n t  for  t h e  c o m p l e x i n g  of  t h e  b r o m i n e ,  reac-  
t i o n  [4]. T h e  p r o d u c t i o n  of  s p e c i e s  d u e  to e l e c t r o c h e m i -  
cal  r e a c t i o n s  t h a t  o c c u r  a t  t h e  f lat  e l e c t r o d e s  is 
i n c o r p o r a t e d  i n t o  t h e  b o u n d a r y  c o n d i t i o n s  of  t h e  m o d -  
els. T h e s e  e l e c t r o c h e m i c a l  r e a c t i o n s  are  u s u a l l y  a s s u m e d  
to fo l low a B u t l e r - V o l m e r  t y p e  r a t e  e x p r e s s i o n  (23) 

i, = i,,j.re, II(0i,,>),iJi e x P / R ~ % )  

l -<~<.~F \1 
- [11] 

w h e r e  ij is t h e  f a r a d a i c  c u r r e n t  d e n s i t y  d u e  to e l e c t r o -  
c h e m i c a l  r e a c t i o n  j ,  0i.o 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  of  spec i e s  i, a n d  ~lJ is t h e  loca l  o v e r p o t e n -  
t ia l  (i.e., t h e  p o t e n t i a l  d r i v i n g  force  for  t h e  e l e c t r o c h e m i -  
cal  r e a c t i o n  j) 

~j = V - r - Uj.ref [12] 

F o r  t h o s e  m o d e l s  c o n s i d e r i n g  o n l y  o n e  r e a c t i o n  a t  e a c h  
e l e c t r o d e ,  ij in  Eq .  [11] is s i m p l y  e q u a l  to  i, t h e  t o t a l  
f a r a d a i c  c u r r e n t  dens i t y .  

E a c h  m o d e l  is p r e s e n t e d  b y  e x p l a i n i n g  i ts  o r ig in ,  pu r -  
pose ,  g o v e r n i n g  e q u a t i o n s ,  a n d  i m p o r t a n t  p r e d i c t i o n s  
a n d  t h e i r  r e l a t i o n  to t h e  d e s i g n  of  t h e  Zn/Br2 s y s t e m .  T h e  
t h i n  d i f f u s i o n  l a y e r  m o d e l s  [i.e., t h e  m o d e l s  of  P u t t  (4), 
Lee  a n d  S e l m a n  (9, 10), a n d  L ee  (11)] are  d i s c u s s e d  first. 
T h e  b a t t e r y  m o d e l  p r e s e n t e d  b y  V a n  Z ee  et al. (12) is re- 
v i e w e d  n e x t ,  f o l l o w e d  b y  a r e v i e w  of  t h e  r e c e n t  m o d e l s  
of  M a d e r  a n d  W h i t e  (13) a n d  E v a n s  a n d  Whi t e  (14). T a b l e  
II  g ives  a s u m m a r y  c o m p a r i s o n  of  t h e  f e a t u r e s  i n c l u d e d  
in  t h e s e  m o d e l s .  

T h i n  d i f f u s i o n  l a y e r  m o d e l s . - - T h e  m o d e l s  b y  P u t t  (4), 
L e e  a n d  S e l m a n  (9, 10), a n d  L e e  (11) a re  s o m e t i m e s  
r e f e r r e d  to as t h i n  d i f f u s i o n  l a y e r  m o d e l s  (24). T h e y  in-  
c l u d e  t h e  a s s u m p t i o n  t h a t  t h e  c o n c e n t r a t i o n s  of  t h e  spe-  
c ies  in  t h e  flow c h a n n e l s  r e m a i n  c o n s t a n t ,  ove r  t h e  c h a n -  
n e l  g a p s  a n d  e n t i r e  r e a c t o r  l e n g t h ,  e x c e p t  w i t h i n  t h i n  
d i f f u s i o n  l a y e r s  a d j a c e n t  to  t h e  e l e c t r o d e  s u r f a c e s .  T h i s  
s i m p l i f y i n g  a s s u m p t i o n  was  f i r s t  i n t r o d u c e d  in  a m o d e l  
of  a pa ra l l e l  p l a t e  e l e c t r o c h e m i c a l  r e a c t o r  b y  P a r r i s h  a n d  
N e w m a n  (25) a n d  s e e m s  r e a s o n a b l e  for  low c o n v e r s i o n s  
p e r  pass .  H o w e v e r ,  W h i t e  et al. (24) h a v e  p o i n t e d  o u t  t h e  
s h o r t c o m i n g s  of  t h i s  a s s u m p t i o n ,  e s p e c i a l l y  t h e  fac t  t h a t  
m o d e l s  w h i c h  i n c l u d e  t h i s  a s s u m p t i o n  c a n n o t  p r e d i c t  
t h e  c o n v e r s i o n  p e r  p a s s  of  a r e a c t a n t .  H e n c e ,  m a n y  cel l  
p e r f o r m a n c e  c r i t e r i a  i m p o r t a n t  to  cel l  d e s i g n e r s  s u c h  as 
ce l l  e f f i c ien ices ,  as  de f i ned  b y  M a d e r  a n d  W h i t e  (13), can-  
n o t  b e  d e t e r m i n e d  w i t h  t h e  t h i n  d i f f u s i o n  l aye r  m o d e l s .  

F o r  t h e s e  m o d e l s ,  Eq.  [9] a n d  [10] are  s impl i f idd  for  t h e  
e l e c t r o l y t e  b u l k  a n d  d i f f u s i o n  l a y e r s  as  fo l lows .  F o r  t h e  
e l e c t r o l y t e  b u l k ,  Eq .  [9] a n d  [10] r e d u c e  to t h e  two-  
d i m e n s i o n a l  L a p l a c e  e q u a t i o n  

Wqb(x, y) - 0 [13] 

s i n c e  u n i f o r m  c o m p o s i t i o n  is a s s u m e d .  F o r  t h e  t h i n  dif- 
f u s i o n  layers ,  t h e  m i g r a t i o n  of  spec i e s  is a s s u m e d  negl i -  
g ib le ,  r e l a t i ve  to c o n v e c t i o n  a n d  d i f fus ion .  T h i s  a s s u m p -  
t i o n  is b a s e d  o n  L e v i c h ' s  (26) w o r k  w h i c h  s h o w e d  t h a t  
t h e  m i g r a t i o n  t e r m  c a n  b e  n e g l e c t e d  w h e n  e x c e s s  sup -  
p o r t i n g  e l e c t r o l y t e  is p r e s e n t .  T h i s  a s s u m p t i o n  a n d  t h e  
a s s u m p t i o n  t h a t  n o  h o m o g e n e o u s  r e a c t i o n s  o c c u r  a r e  
u s e d  to r e d u c e  Eq.  [9] a n d  [10] to  t h e  wel l  k n o w n  c o n v e c -  
t i ve  d i f f u s i o n  e q u a t i o n  (22) 

OCi = D. 02el 

Vx Ox , OY 2 [14] 

To c a l c u l a t e  ~p w i t h i n  t h e  t h i n  d i f f u s i o n  l aye r s ,  Eq .  {13] 
m u s t  t h e n  b e  used .  As  Whi t e  et al. (24) h a v e  p o i n t e d  out ,  
t h i s  u s e  of  Eq.  [13] m a y  h a v e  l i t t le  e f fec t  on  t h e  p r e d i c t e d  
p o t e n t i a l  i n  t h e  d i f f u s i o n  l a y e r s  b u t  b e c a u s e  t h e  o v e r a l l  
e f f e c t  m a y  b e  s i g n i f i c a n t ,  t h e  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  d e p e n d s  e x p o n e n t i a l l y  on  t h e  s o l u t i o n  po t en t i a l .  

T h e  m o d e l s  of  P u t t  (4) a n d  L e e  a n d  S e l m a n  (9) h a v e  
b e e n  u s e d  to i n v e s t i g a t e  m e t h o d s  of  s m o o t h i n g  t h e  cur-  
r e n t  d e n s i t y  d i s t r i b u t i o n  a l o n g  t h e  n e g a t i v e  (z inc)  e lec -  
t r o d e  s u r f a c e .  D u r i n g  c h a r g e ,  a n d  u n d e r  c e r t a i n  o p e r a t -  
i ng  c o n d i t i o n s  s u c h  as a h i g h  c h a r g i n g  ra t e ,  t h e  
d e p o s i t e d  m e t a l  m a y  e x h i b i t  a r e a s  of  r o u g h n e s s  as w e l l  
as p r o t r u s i o n s .  T h e  w o r s t  case  of  s u c h  n o n u n i f o r m  d e p o -  
s i t i o n  is t h e  f o r m a t i o n  a n d  g r o w t h  o f  l o n g  n e e d l e - l i k e  
m e t a l l i c  p r o t r u s i o n s  c a l l e d  d e n d r i t e s .  D u e  to s p h e r i c a l  
d i f f u s i o n  to t h e  d e n d r i t e  t ip ,  a m o n g  o t h e r  f ac to r s ,  d e n -  
d r i t e s  c a n  r a p i d l y  p r o p a g a t e ,  r e a c h i n g  d e e p e r  i n t o  t h e  
e l ec t ro ly t e ,  a n d  m a y  e v e n  s p a n  t he  gap  b e t w e e n  t h e  elec-  

Table II. A comparison of the macroscopic models of the Zn/Br2 flow system 

("Yes" indicates inclusion and "No" indicates exclusion of feature) 

Entire Shunt 
recircu- current 

Model author(s) ]ation protec- Pumping Terminal 
(Ref.) system tion energy effect 

Porous Reac- Reac- No. of 
Sepa-- bromine tion tion Dis- dimen- 
rator electrode [3] [4] charge sions 

R. Putt  (4) No No Yes ~ Yes 
Lee and Selman No No No Yes 

(9) 
Lee and Selman No No No No 

(10) 
Lee (11) Yes No No Yes 
Van Zee et al. Yes Yes Yes No 

(12) 
Mader and White No No No No 

(13) 
Evans and White No No No No 

(14) 

Features not yet included in a model: 
1. Zinc complexation reactions in the bulk electrolyte. 
2. A bromine-rich second phase circulated with the electrolyte. 
3. Time dependence (i.e., the dynamic problem). 

Yes Yes No No No 2 
Yes No No No No 2 

Yes No No No No 2 

Yes No No No No 2 
Yes No No No Yes 1 

Yes No Yes Yes No 2 

Yes Yes Yes Yes Yes 2 

"Calculation is separate from model. 
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t rodes and short the cell. Also dendri tes may cause sepa- 
ra tor  damage  and may resul t  in decreased  cell  capaci ty  
due to loss of  act ive mater ia l  (17). It has been repor ted  
that  the dendr i t e  p rob lem is more  severe  at h igher  cur- 
rent  densities (4). Hence, it is desirable to have a uniform 
current  densi ty distr ibution so that there are no localized 
areas having current  densities substantial ly higher  than 
the average. The models by Put t  (4) and Lee and Selman 
(9) can be used to provide  the design cri ter ia  for 
achieving the op t imum current  density distribution. 

Put t ' s  model,  which is l imited to the charge half  cycle, 
can be used to predict  the current  and potential  distribu- 
t ions along the e lec t rodes  g iven the total  cur ren t  to the 
cell, e lectrode dimensions,  electrode and electrolyte con- 
duct iv i t ies ,  and the  e lec t rode  kinet ic  parameters .  The 
model  consists of a set of algebraic, integral, and partial 
d i f ferent ia l  equat ions  which  are solved i terat ively.  The 
cell geomet ry  cons idered  is the same as that  shown in 
Fig. 2. Put t  used this geometry even though his posit ive 
electrode was a flow-through porous electrode (4). 

Put t ' s  model  is based on Eq. [9] and [10] and on conser- 
va t ion  of charge. The separator  is t rea ted as a region of 
e lec t ro ly te  whose  d imens ions  are such that  its ionic re- 
s is t ivi ty  is that  of the separa tor  (i.e., the  concep t  of an 
"e f fec t ive  separator  th i ckness"  is used). The te rmina l  
connect ions are located on the electrodes at the electro- 
lyte exits (i.e., trailing ends). The kinetics of the zinc elec- 
t rode and the porous  b romine  e lec t rode  are assumed to 
obey the l inear  form of the But le r -Volmer  equa t ion  for 
flat plate electrodes 

i = ~ [15] 

The  i tera t ive  solut ion p rocedure  begins  by us ing 
guesses  of  the faradaic current  densi t ies  i2(x) and i3(x), 
where  is(x) is the current  density in the electrolyte adja- 
cent to the negative electrode and i3(x) is the current  den- 
sity in the electrolyte adjacent  to the posit ive electrode. 
Conserva t ion  of charge is appl ied at the negat ive  and 
posit ive electrodes to obtain the electronic current  den- 
sities il(x) and i4(x), respectively. For example,  conserva- 
tion of charge for the negative electrode is writ ten as 

i2(x)dx 
- - I  I 

i(x) - - -  [16] 
S~EW SNE 

The e lec t rode  potent ials ,  apl(X) and aPt(x), are ca lcula ted  
f rom i](x) and i4(x) using Ohm's  law for the e lec t rodes  
g iven the ionic res is t iv i ty  of the e lec t rode  mater ia l  and 
the porosi ty of the porous posit ive electrode. That is, to 
accoun t  for the porous  nature  of  the posi t ive  e lectrode,  
Put t  divided the electronic current  density, i4(x), by the 
poros i ty  to calcula te  ap4(x). Laplace ' s  equat ion,  Eq. [13], 
is used to calculate the solution potential,  aP. Once aPl, aP4, 
and aP have  been  calculated,  the overpo ten t ia l  at each 
e lec t rode  is ca lcula ted  according  to Eq. [12]. A concen-  
tration overpotent ia l  term (22) is included in the calcula- 
t ion of the overpotent ial  for the negative electrode to ac- 
count  for the effect  of the l imi ted  mass t ransfer  of  the 
Zn ~+ ions to the electrode surface where they undergo re- 
duct ion to zinc. An analytical solution to Eq. [14] is used 
to obtain  the concen t ra t ion  of the zinc ions at the elec- 
t rode surface and this concentrat ion is then used to cal- 
culate  the concen t ra t ion  overpotent ia l .  Next ,  Eq. [15] is 
used to obtain new est imates of the faradaic current  den- 
sity distributions,  i2(x) and i3(x). The calculation process 
is r epea ted  unt i l  success ive  es t imates  of is(x) and ia(x) 
differ by less than some prescr ibed tolerance. 

Put t  used his model  to determine the important  design 
cr i ter ia  for smooth ing  the cur ren t  dens i ty  d is t r ibu t ion  
along the negative electrode surface. Lowering zinc bro- 
mide  concent ra t ion ,  increas ing the channel  gaps, using 
th icker  e lect rodes ,  and imped ing  the e lec t rode  kinet ics  
(by lowering the value of [3 in Eq. [15]) and mass transfer 
(by decreas ing  the zinc ion dif fus ion coefficient) are 
methods  which were shown to achieve relatively smooth 
cu r ren t  dens i ty  dis t r ibut ions .  A cur ren t  dens i ty  of  40 
mA/cm 2 and an e lec t rode  length  of 30.48 cm were  input  

into the model  to obtain the results reported. Minimums 
in the current  density distr ibutions were detected at dis- 
tances approximately  13% from the leading edge (where 
the e lec t ro ly te  enters) to the t rai l ing edge (where the 
e lec t ro ly te  exits) of the electrode.  It is at this posi t ion 
where  the combined  effects of concen t ra t ion  polariza- 
t ion and e lec t rode  res is tance seem to have  the most  

influence. 
S o m e  s impl i fy ing assumpt ions  made in the develop-  

men t  of  Put t ' s  mode l  should be ques t ioned.  The l inear  
form of the Butler-Volmer equat ion used by Put t  applies 
only at small  values of the overpotent ia l .  This assump- 
t ion becomes  inval id  when  overpotent ia l s  are necessar-  
ily large during high rate charging. The porous bromine 
e lec t rode  should  not  be t reated as a fiat plate e lec t rode  
because  the e lec t rokine t ics  and mass t ranspor t  in both 
cases will  be substant ia l ly  different.  Evans  and White 
(14), for example ,  have shown that  it is impor tan t  to in- 
clude the electrokinetic and mass-transfer effects within 
the  porous  layer in the model ing.  Concern ing  the solu- 
t ion t echn ique ,  Put t  notes that  his i terat ive scheme be- 
comes erratic at t imes and thus convergence to the solu- 
t ion may be difficult  for some cases. To handle  this 
conve rgence  problem,  Pu t t  used  a we igh ted  average  of 
the previous  i terate,  i2(x)k-1, and the current  i terate,  
i'2(x)k, to obtain a new guess for i2(x) 

i'2(x)k = (0.98) i2(x)k-~ + (0.02) i2(x)k [17] 

Thus,  only small  changes  in success ive  i terates resul t  
and it is resonable  to assume that  the convergence  is 
quite  slow in some in.stances. 

S imi lar  to Pu t t ' s  model ,  Lee and Se lman ' s  (9) model  
was deve loped  to predic t  current  densi ty  d is t r ibut ions  
and, in particular, to determine the effects of the separa- 
tor  and te rmina l  res is tances  on these  dis t r ibut ions .  The 
geomet ry  cons idered  is the parallel  plate design shown 
in Fig. 2. The cur ren t  densi t ies  and reac tant  concentra-  
t ions along the posi t ive  and negat ive  e lec t rodes  as well  
as the cur ren t  dens i ty  in the separator  as a funct ion  of 
the dimensionless  axial (x-direction) distance are calcu- 
lated given the cell dimensions,  operat ing conditions, ki- 
net ic  parameters ,  and physical  constants .  The mode l  
consis ts  of integral  and algebraic  equat ions  which  are 
solved using orthogonal  collocation. 

The govern ing  equat ions  for Lee and Se lman ' s  mode l  
are developed from Eq. [9] and [10]. Transport  of species 
in the separator  is a ssumed to occur  by migra t ion  only 
and Ohm's  law is used to descr ibe  the cur ren t -poten t ia l  
relat ionship in the separator. Equat ions [13] and [14] are 
used to obtain  the solut ion potent ia l  and the reac tant  
concen t ra t ion  profiles in the thin diffusion layers, re- 
spect ively.  As in Put t ' s  model,  the te rmina l  effect  is ac- 
counted  for by using the cur ren t  balance,  Eq. [16], and 
subsequen t ly  using Ohm's  law for the e lec t rodes  to re- 
late the electronic current  density to the electrode poten- 
tial. Lee and Se lman  incorpora ted  Ohm's  law for the 
electrode directly into the derivative of Eq. [16] to obtain 
the following equat ion 

d2V(x) i(x) 
- [ 1 8 ]  

d x  2 KeS E 

Using boundary condit ions consistent  with the common 
assumpt ions  of th in  diffusion layer models ,  analyt ical  
solut ions  have been obta ined for Eq- [13], [14], and [18]. 
Lee and Se lman  used these analyt ical  solutions,  which  
are integral  equat ions  involv ing  the cur ren t  densi ty,  in 
their  model  to calculate the two-dimensional  (x, y) elec- 
trolyte potential  profile, the one-dimensional  (x) reactant  
concen t ra t ion  profile, and the one-d imens iona l  (x) elec- 
t rode potent ia l  profile. Ohm's  law for the separator  is 
used to relate the solut ion potent ia l  on e i ther  border  of 
the separator to the current  density in the separator 

Ss  . 
apsep,c(X) - r zsep(x) [19] 

Ksep 

Equa t ion  [11] is used to calculate  e l ec t rochemica l  reac- 
tion rates at the electrode surfaces. A concentra t ion over- 
potent ia l  te rm is inc luded  in Eq. [12] as in Pu t t ' s  work. 
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An overal l  cur ren t  balance,  which  states that  the total  
cur ren t  passing th rough  the anode mus t  also pass 
th rough  the separator  and then  th rough  the cathode,  is 
used to comple te  the equa t ion  set. The d imens ion less  
equat ions  are solved using orthogonal  collocation. 

The d imens ion less  parameters  in Lee and Se lman ' s  
mode l  which  were  found to govern  the cur ren t  dens i ty  
distr ibut ions are T, io*, and Rt, for each flow channel,  and 
the quant i t ies  0, Re, Rs, and <i*>,  for the cell. T and io* 
represen t  the ratio of e lectr ical  res is tance  to mass- 
t ransfer  res is tance  in the e lec t ro ly te  and the ratio of 
mass- t ransfer  res is tance  to kinet ic  resis tance,  respec-  
tively. Re represents  the mass-transfer effect in one chan- 
nel relative to the other  channel, and 0 is a dimensionless  
ratio of cell length to channel  gap. The parameters  Rt and 
R~ charac ter ize  the te rmina l  and separator  effects,  re- 
spectively.  Lee and Selman (9) describe Rt as a measure  
of the electrical resistance of an electrode relative to the 
mass- t ransfer  res is tance  in the par t icular  flow channel .  
Similarly,  R~ can be thought  of as a measure  of the elec- 
t r ical  res is tance  of the separator,  re lat ive to the mass- 
transfer resistance. Lee and Selman show that there ex- 
ists an op t imum value for Rt for a given average current  

density. High and low values of Rt result  in very nonuni- 
form cur ren t  dens i ty  dis t r ibut ions.  High values  of R~ 
were  shown to smooth  the cur ren t  dens i ty  d is t r ibu t ion  
but  at the expense  of the cell potential. The ratio of aver- 
age current  density to the smallest  average l imiting cur- 
ren t  densi ty,  <i*>,  was found to be the mos t  impor tan t  
pa rame te r  affect ing the current  densi ty  dis t r ibut ion.  In 
general, smoother  current  densi ty distr ibutions were ob- 
tained from the model  for lower values of <i*>. 

By changing  these  d imens ion less  parameters  in thei r  
model ,  Lee  and Se lman d iscovered  several  s ignif icant  
features  about  the cur ren t  dens i ty  a long the electrodes.  
When te rmina l  effects  are apprec iable  and the cur ren t  
collector tab is mounted  on the electrodes at the electro- 
lyte entrance, the current  density is highest  at this point 
and continually decreases away from the terminals as ex- 
pected. However,  if  the current  collector tab is mounted  
at the t ra i l ing end of the e lec t rode  and te rmina l  resist- 
ance is appreciable ,  the cur ren t  d i s t r ibu t ion  along the 
e lec t rode  surface becomes  more  level  with a m i n i m u m  
cur ren t  dens i ty  occur r ing  be tween  the en t rance  and 
t~ailing ends  of the electrode.  This observa t ion  agrees 
with Put t ' s  findings. In addition, when both terminal  ef- 
fects and separator  res is tance  are considered,  the cur- 
rent  dis tr ibut ion is further  smoothed almost  to the point  
where  a plot  of cur ren t  dens i ty  vs. axial  d is tance  is a 
s t ra ight  hor izontal  l ine [see Fig. 2 in (9)]. The mode l  is 
used to show that, if the current  collector tabs are prop- 
erly located, then cells operating at high rates (i.e., at rel- 
at ively large current  densities) do not necessari ly display 
current  maldis t r ibut ion along the electrodes,  as is often 
thought  to be the case. Also, the model  predict ions also 
show that  there  exists  a flow ve loc i ty  and reac tant  con- 
cen t ra t ion  in each channel  which  opt imizes  the cur ren t  
dis t r ibut ion for the characterist ics of the given electrode 
react ion.  Lastly,  cell  d imens ions  and appl ied potent ia l  
were  found to inf luence s t rongly the average cur ren t  
density, as confirmed and studied in detail by Mader and 
White (13). 

Lee  and Se lman ' s  (9) mode l  is more  comple te  than 
Pu t t ' s  mode l  in the sense that  fewer  s impl i fy ing  as- 
sumpt ions  are made. For example,  the terminal  tabs are 
not  assumed to be located at the cell exit  ends, the sepa- 
rator is t reated as a separate cell region and not as an "ef- 
f ec t ive"  span of e lectrolyte ,  and Eq. [11] as opposed  to 
Eq. [15] is used. However ,  in Lee and Se lman ' s  model ,  
the a s sumpt ion  that  t ranspor t  occurs  by migra t ion  only 
in the separator may lead to large errors when significant 
concentra t ion differences exist between the anolyte and 
catholyte, giving rise to a large diffusion contr ibut ion to 
the flux there.  The models  of Put t  (4) and Lee and 
Se lman  (9) may be used to test  the a s sumpt ion  of  con- 
stant current  densi ty  along the e lec t rode  surfaces made  
in the deve lopment  of other parallel plate electrochemi-  
cal zeactor  models  (10-14, 27-29). 

Lee and Selman 's  (9) model  has been extended by Lee 
(11) to obtain  es t imates  of the t ime dependen t  behav ior  
of the Zn/Br2 cell. Such predict ions are useful because it 
is impor tant  to know how the cell performance changes 
over  time. For example,  it is desirable to keep the energy 
efficiency of the system near its op t imum value through- 
out  the discharge,  and have it drop off only at the very  
end of the discharge. Lee (11) considered an entire half- 
cell system, ei ther the posit ive flow channel  and its cor- 
r e spond ing  anolyte  s torage tank or the nega t ive  flow 
channe l  and its co r respond ing  ca tholyte  s torage tank. 
T ime  propagat ion  is s imula ted  by runn ing  consecu t ive  
steady-state cases, as was done by Lee et al. (30) in earlier 
work. 

Lee modified the steady-state model  (9) to include con- 
ditions which govern the changes occurring over succes- 
sive t ime intervals .  Two overall  mater ia l  balances,  one 
on the cell channel  and one on the corresponding storage 
tank, are combined to yield the following expression for 
the concentrat ion change with t ime 

L W  [ <i>tl ] 
% = % + ~ ( t 2  -"tl) [ nF + <Nsep>tl [20] 

In Eq. [20], < i>  is the average current  densi ty calculated 
from the current  density distr ibution obtained from the 
steady-state model  (9) at the condit ions of t ime t ,  <N~e~> 
is the flux of  the species en te r ing  the channel  from the 
separator.  This quant i ty  is es t imated  Using the average 
t ransfe rence  n u m b e r  of  the species  and the separa tor  
current  density obtained from the steady-state model  (9) 
at t ime t,. For the catholyte channel,  Lee also accounted 
for the changing  th ickness  of the zinc depos i t  as t ime 
progresses, its influence on the electrolyte veloci ty in the 
channel ,  and its subsequen t  effect on the concent ra t ion  
profile in the thin diffusion layer. 

Lee  (11) used his mode l  to show several  t ime depen- 
dent  effects  of the design cri ter ia  on cell per formance .  
He showed that  the average cell cur ren t  will  degrade  
faster  when the cell is opera ted  at h igher  appl ied  volt- 
ages. Near the end of charge, as reactant concentrat ions 
dwind le  and polar izat ion becomes  severe,  increas ing  
flow velocity was shown to prolong cell life (i.e., by sus- 
taining the average current  density at a fairly high level) 
because  it improves  the mass t ransfer  of the reactants .  
Also, the unevenness  of the zinc deposit  was found to be- 
come qui te  cons iderable  (e.g., 40 tLm differences)  after 
long periods of charging (e.g., 6h). 

A thin diffusion layer mode l  for p red ic t ing  corrosion 
rates in compar tmented  flow cells, as shown in Fig. 2, has 
also been presented by Lee and Selman (-10). The model  
is used to study the corrosion rate of zinc during charge 
by the react ion p roduc t  of the pos i t ive  electrode,  bro- 
mine. The model  consists of a set of algebraic and partial 
d i f ferent ia l  equa t ions  which  are solved analyt ica l ly  to 
yield a set of  in tegral  equat ions .  Equa t ions  [9] and [10] 
are used to de t e rmine  the concen t ra t ion  d i s t r ibu t ion  of  
the corros ive  species (Br2 in the Zn/Brz flow cell), thus 
the corros ion rate. Concent ra t ion  changes  are assumed 
to vary l inear ly  in the separa tor  f rom the anolyte  bulk  
concentrat ion to the catholyte bulk concentration.  In the 
sepa}'ator, t ranspor t  is assumed to occur  by dif fus ion 
only. The govern ing  equat ions  in the flow channels  are 
s imply 

Cb.A = a constant  (specified) [211 

Cb.c = a constant  (calculated) [22] 

where  C represents  the concen t ra t ion  of the corros ive  
species and subscripts b, A, and C, indicate the bulk, an- 
olyte, and catholyte,  respect ively .  In the separator,  the 
flux of the corrosive species is 

Cb.A -- Cb,C 
Nsep = Ds~p [23] 

Ss 

Equat ion [14] applies in the thin diffusion layer adjacent  
to the zinc electrode surface. The kinetics for the corro- 
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sion reaction are assumed to be given by a pseudo first- 
order rate expression 

R'i = kCo [24] 

where Co is the concentrat ion of the corrosive species at 
the electrode surface. This reaction is assumed to be rela- 
t ively insensi t ive to changes in potential  because it is as- 
sumed that the corrosion potential  would be much  closer 
to the zinc react ion (reaction [2]) equ i l ib r ium potent ia l  
than  to the b romine  react ion (reaction [1] )equi l ib r ium 
potent ia l  due to the re la t ively  high exchange  cur ren t  
dens i ty  of react ion [2] and because  of  the mass- t ransfer  
resistance of bromine toward the zinc electrode. The al- 
gebraic and partial differential equat ions result ing from 
these  assumpt ions  are solved analyt ical ly  using bound-  
ary condi t ions  cons i s ten t  with the assumpt ions  stated 
above and using the superposi t ion principle (31). The in- 
tegral  equa t ions  which  resul t  are solved to obtain the 
concen t ra t ion  profile of the corrosive species and thus 
the corrosion rate. 

Lee and Selman (10) found that two dimensionless  pa- 
rameters,  Ki and K2, govern the corrosion rate and its dis- 
t r ibut ion along the cathode in their model. K, represents  
the ratio of mass- t ransfer  res is tance in the catholyte  
channel  to kinetic resistance of the corrosion process at 
the zinc electrode. K2 represents the ratio of diffusion re- 
sistance in the separator to kinetic resistance of the cor- 
rosion process at the zinc electrode. The concentrat ion of 
the  corros ive  species is plot ted vs. K ,  and Ks, and it is 
shown that corrosion is at a min imum for large values of 
K~ and small  values  of  K,. Us ing  an expe r imen ta l ly  de- 
t e rmined  diffusion coeff icient  for b romine  and an esti- 
ma ted  value  for k in Eq. [24], an average zinc corros ion 
rate in a typical  Zn/Br2 flow cell was de t e rmined  to be 
about  1 mA/cm 2. 

This corrosion current  density value seems reasonable 
for open-c i rcui t  condi t ions,  but  it is unl ike ly  that  zinc 
corrodes on charge because zinc is being deposited. That 
is, the corrosion reaction of zinc 

Zn(s) + Br2(aq) --* Zn 2+ (aq) + -Br - (aq )  [25] 

requi res  that  zinc metal  enter  the solut ion which  does 
not  happen on charge. This is i l lustrated in Fig. 3 where 

it is shown that  the di f ference be tween  the potent ia l  of 
the  zinc e lec t rode  and the adjacent  solut ion (V~ r is 
less than the open-circuit  potential  for the zinc electrode 
(Uz,,rr This must  be true, o therwise  zinc would  not be 
deposi ted .  Thus, on charge, zinc is depos i ted  and bro- 
mine  is reduced, as shown in Fig. 3 by points A and B, re- 
spect ively .  These  a rguments  assume that  V~ - r is the 
same eve rywhere  over  the zinc surface,  whereas  there  
may  exis t  regions of differ ing potential ,  perhaps  below 
Uz,,~f. The authors believe that these regions do not con- 
t r ibu te  s ignif icant ly to the overal l  k inet ics  and that  the 
foregoing  a rguments  hold true. However ,  it should be 
po in ted  out that  this mat te r  is still under  inves t iga t ion  
(32, 33). 

Finally, significant disagreement  between the concen- 
t ra t ion profile of  the corrosive species  p roposed  by Lee 
and Selman (10) in Fig. 2 of their paper and the concen- 
tration profile of Br2 in Fig. 8 of Evans and White (14) sug- 
gests that the bulk electrolyte concentrat ions should not 
be treated as constants. This suggestion applies to all the 
thin di f fus ion layer models.  Also, the anolyte  bulk con- 
cen t ra t ion  is a set quant i ty  in Lee and Se lman ' s  mode l  
(10). The feed concen t ra t ion  is more appropr ia te ly  used 
as a known quant i ty  and the s teady-sta te  concen t ra t ion  
profile is a quant i ty  to be calculated. 

A n  a l g e b r a i c  Zn/Br2 ba t t e r y  m o d e h - - V a n  Zee et al. (12) 
presented a simple algebraic model  of Exxon ' s  design (3, 
6-8) of the Zn/Br2 bat tery which  can be used to predic t  
the energy eff iciency of the bat tery for var ious electro- 
lyte resistivit ies and cell dimensions.  This model  is used 
to help select design parameters  to minimize the energy 
losses in the battery due to pumping the electrolyte and 
due to the pro tec t ive  energy requi red  to reduce  shunt  
currents .  The model  includes  the rec i rcula t ion  system, 
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Fig. 3. Polarization plot showing cathodic protection of zinc elec- 
trode during charge. (Not to scale, potentials given are relative to H2 
electrode.) 

as shown schematical ly in Fig. 1, and is based on the cell 
geometry  shown in Fig. 2. 

Van Zee et al. (12) calculate the energy efficiency of the 
Zn/Br~ battery as 

Ec -- (EsD + EpD) 
[26] 

!qE= E , + E s c + E p c  

where  Er is the energy capacity of the battery, E, is the in- 
put  energy  to the battery,  ESD and Esc are the pro tec t ive  
energies required to minimize shunt current  losses dur- 
ing d ischarge  and charge, respect ively ,  and E,D and E,c 
are the p u m p i n g  energies  dur ing d ischarge  and charge,  
respect ive ly .  Ohm's  law is used to calcula te  Ec and El, 
g iven the appropr ia te  cur ren t  densi t ies  and es t imated  
cell resistance. The cell resistance is calculated by multi- 
plying the electrolyte resistance by the sum of the effec- 
tive electrolyte thicknesses of the anolyte channel,  sepa- 
rator, and catholyte channel.  This "effect ive  th ickness"  
concep t  was used earl ier  by Pu t t  (4) to account  for the 
higher  resistance offered by the separator relative to the 
surrounding electrolyte. Van Zee et ah  (12) used effective 
th icknesses  for three  regions of  the cell to account  for 
the " tor tuosi ty"  and "porosi ty"  of each region. The equa- 
t ions for Eso and Esc are der ived  for the sys tem using 
Ki rchof f s  loop and node rules and are given by Grimes 
et al. (7). EeD and Epc are determined based on calculated 
pressure drops and an assumed pump efficiency. The al- 
gebraic  set of equa t ions  which resul t  f rom the analysis 
are solved in sequence given the cell dimensions,  physi- 
cal properties,  and operating conditions. 

Van Zee et al. (12) used their  model  to show that the en- 
ergy eff iciency of the Zn/Br~ bat tery  is a compl ica ted  
func t ion  of the e lec t ro lyte  res is t iv i ty  and e lec t ro ly te  
channel  width when all other geometr ic  parameters  and 
physical  proper t ies  are specified. They showed that  a 
m a x i m u m  energy  eff iciency (79.6%) exis ts  at a cer ta in  
e lec t ro ly te  res is t iv i ty  (5.5 ~-cm) for a g iven channel  
width (0.062 in.). Also, the the model  is used to show that 
an optimal  separator thickness exits for a given set of de- 
sign criteria. 

The model  presented by Van Zee et al. (12) is useful for 
obta in ing  rough es t imates  of energy eff iciencies for an 
entire Zn/Br2 battery, but  it is of l imited utili ty for the de- 
sign of an individual  Zn/Br2 flow cell. The model  is based 
on the assumpt ion  of cons tant  e lec t ro ly te  res is t iv i ty  
throughout  charge and discharge, whereas this property 
would  change as the concent ra t ions  of the species  
change.  The t ranspor t  taking place inside the cell  is 
t reated in an approximate  manner;  for example,  the tor- 
tuosi ty  and porosi ty are arbitrari ly specified. The kinet-  
ics of  the e lec t rochemica l  react ions  are not  inc luded  in 
the model.  

O t h e r  Zn/Br2  cell  m o d e l s . - - M a d e r  and White (13) and 
Evans  and White (14) present  ma themat ica l  models  for 
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the Zn/Br~ flow cell which predict  the performance  of  the 
cell  as a func t ion  of  the cell d imens ions  and opera t ing  
conditions.  The model  by Evans and White (14) is an ex- 
tension of the model  by Mader and White (13). Both mod- 
els follow the model ing approach outl ined by White et al. 
(24). Pe r fo rmance  cri ter ia  of  in teres t  to cell  designers ,  
such as conversions per pass and total cell efficiency on 
charge,  are defined by Mader  and White and are calcu- 
la ted based on pred ic ted  concen t ra t ion  and potent ia l  
d is t r ibut ions .  Like the prev ious ly  d iscussed  models ,  
these  two models  were  deve loped  to aid in unders tand-  
ing the physical phenomena  occurr ing within the Zn/Br2 
cell  and to de t e rmine  ways of improv ing  cell efficiency. 
The models  a t t empt  to account  for as many  of the cell 
fea tures  as is poss ible  because  of  the bel ief  that  "de- 
tai led" models  offer the most  realistic and, hence, useful 
p red ic t ions  for bat tery  deve lopment .  Also such mode ls  
can be used to study the many aspects of the system and 
how they interact  to affect overall performance.  

The governing equat ions are the mass balance for each 
species,  Eq. [9], in two d imens ions  and the electro- 
neutral i ty condit ion 

Z cizi = 0 [27] 
i 

Equat ion [10] is used to describe the flux of each species 
in the flow channels .  In the separator,  the convec t ion  
t e rm in Eq. [10] is neg lec ted  and ef fec t ive  diffusivi t ies  
are used. In the channels,  the species mass balances are 
simplified by delet ing certain partial derivat ive terms be- 
cause they can be shown to be small relative to the other 
terms in the equation. Specifically, when the aspect ratio 
(c~ = S/L) is small,  the diffusion and migra t ion  terms of 
the flux express ion in the x (axial) direction are negligi- 
ble relative to the diffusion and migrat ion terms in the y 
(radial) direction as demonstra ted by Nguyen et al. (27). 
Equa t ion  [11] is used to descr ibe  the e lec t rode  kinetics.  
The homogeneous ,  chemica l  react ion [4] is inc luded  in 
both models  and is assumed to be at equi l ibr ium accord- 
ing to the equ i l ib r ium cons tant  g iven by Eigen and 
Kustin (18) 

Keq - CBr~- -- 17M-' [28] 
eR r - -  e r r 2  

The parasitic reduct ion of bromine  at the zinc electrode, 
react ion [3], is also accounted for in both models.  The re- 
sult ing dimensionless  equat ions are solved by using the 
finite d i f fe rence  t echn ique  and N e w m a n ' s  BAND(J)  
subrout ine  (22, 34). The solution technique  is an iterative 
one and requi res  reasonable  init ial  guesses  of the un- 
knowns  (the d imens ion less  concen t ra t ion  of each spe- 
cies, 0i, and the solution potential,  ~P). The kinetic param- 
eters  used  in both  models  were  obta ined  by Mader  (35) 
by fi t t ing mode l  predic t ions  to the cur ren t  dens i ty  data 
in the l i terature (3). 

Mader and White used their  model  to show the effects 
of the design criteria on.cell performance.  The indepen- 
dent  adjustable design parameters  in Mader and White's 
mode l  were found to be the residence t ime of  the electro- 
lyte in the cell (L/vavg), the flow channel  width (SA), the ef- 
fec t ive  separa tor  th ickness  (NmSs), a n d  the appl ied cell 
potential  (Ece,~). These independent  parameters  are used 
as input  to the model ,  the equa t ion  set is solved for the 
u n k n o w n s  (01, r and pe r fo rmance  cri ter ia  (e.g., 
cou]ombic  efficiency, voltaic efficiency, total efficiency, 
and convers ion  per pass) are calculated.  Coulombic  
eff ic iency is a measure  of the fract ion of  cur ren t  which  
passes th rough  the zinc e lec t rode  and produces  the de- 
sired zinc deposition, reaction [2], as opposed to the para- 
sitic bromine  reduction, reaction [3]. Voltaic efficiency is 
the ratio of the theore t ica l  potent ia l  necessary  for 
charg ing  the cell to the actual  appl ied potential .  The 
p roduc t  of  the cou lombic  and vol ta ic  eff ic iencies  is the 
total efficiency. Not only are performance criteria deter- 
mined  at the ini t ial  state of charge,  but  they  are calcu- 
la ted at states of  charge ranging f rom 0% Zn 2+ pla ted to 
about  35% Zn 2+ plated. The percent  Zn 2+ plated is a quan- 

tity used to follow the state of charge (3) and is calculated 
us ing the convers ion  per  pass of  Zn ~§ as descr ibed  by 
Mader  (35). The state of charge is changed  by runn ing  
consecu t ive  s teady-state  cases and using the average 
output  concentrat ions from one run as the feed concen- 
trations for the next  run. A similar approach (i.e., consec- 
u t ive  s teady states) was used earl ier  by Lee (11) to ap- 
p rox ima te  the t ime dependen t  behav ior  of the cell. 
Mader and White found that cell efficiency decreases as 
the ef fec t ive  separator  th ickness  increases  at the init ial  
state of charge. However ,  larger ef fec t ive  separator  
th icknesses  yield high cell eff iciencies at later  states of  
charge.  Also, res idence  t ime was shown to have a small  
effect on cell efficiency. 

Their  model  is useful because it can be used to predict  
p roduc t  convers ions  and energy  eff iciencies for a sepa- 
rated cell having mult iple electrode reactions. However,  
the mode l  neglects  several  features  of the physical  SYS- 
tem as shown in Table II. It should be noted that Mader 
and White (13) did not  cons ider  the t e rmina l  effect  in 
thei r  model ,  but  that  this feature  could  be added  by 
using the current  balance of Lee and Selman (9), Eq. [18], 
as a boundary  condi t ion,  and t rea t ing the e lec t rode  po- 
tential  as an unknown. 

Evans and White (14) augmented the model  presented 
by Mader and White to include a thin porous layer on the 
bromine  electrode (see Fig. 4), the capabili ty to generate 
predict ions for the discharge half  cycle, and the ability to 
make  predic t ions  for cons tant  cur ren t  opera t ing  condi- 
tions. The model  can be used to calculate design criteria, 
as defined by Mader and White, for both the charge and 
d ischarge  half  cycles. Evans  and White define a round 
trip energy  efficiency which  can be ca lcula ted  from the 
predict ions for any given charge/discharge cycle. 

The govern ing  equa t ions  of  this mode l  inc lude  those  
used in the work of Mader and White and the equat ions 
used to describe the porous bromine  electrode. The ma- 
terial balance equat ion for species i in the porous layer is 
Eq. [9] where the product ion term, R~, is replaced by 

Ri = R~ + R'i [29] 

R~ is the p roduc t ion  of species i due to reac t ion  in the 
electrolyte within the pores (homogeneous reaction) and 
R'~ is the rate of product ion of species i due to the electro- 
chemica l  react ions  that  the species may be involved  in 
on the pore surfaces (heterogenous reaction) and is given 
by 

a Sij ij 
R '  i ~ - ~ _ j  j nj F [30] 

In Eq. [30], a is the specific electroact ive surface area of 
the porous  mater ia l  and i~ is the cur ren t  densi ty,  due to 
e lectrochemical  reaction j based on the electroact ive sur- 
face area wi th in  the porous  electrode,  ij is ca lcula ted 
using Eq. [11]. Since convect ive  t ransport  is assumed to 
be negl ig ib le  in the porous  region, Eq. [10] wi thou t  the 
convect ion term is used to calculate the flux of each spe- 
cies within the porous layer. 

x& 

Y ~  Posit ive (Bromine)  E lec t rode  

2 B r - - - - - ~ B r  2 + 2 e -  

E lec t ro ly t e  
Flow - - - - - - 9  Br-  + Br  2 ~ Br~ . . . . . .  - - ~  

Separator . . . .  \ " " . , .. 

E lec t ro ly t e  Br-  + Br~ ~ - - ~  Br~ 
Flow - - -  > > 

Negat ive  (Zinc) Electrode 

Zn ~+ + 2 e-  - - - ~  Zn 

Bre + 2 e- - - - - - -~  2 Br- 

Fig. 4. Schematic of the Zn/Br2 cell modeled by Evans and White 
(14). 
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Evans and White used their  model  to de termine  the ef- 
fects  of the  mass t ransfer  and e lec t rok ine t ics  in the po- 
rous bromine electrode on the round trip performance of  
the cell. They found that increasing the porous bromine  
e lec t rode  th ickness  increased  the cell efficiency. The 
mode l  predic t ions ,  for the kinet ic  parameters  used, 
showed that  react ion contro l led  condi t ions  ex is ted  
where  diffusion of reactive species into and out of the po- 
rous e lec t rode  was v i r tua l ly  uninhib i ted .  The indepen-  
dent  adjustable parameters  in Evans and White's model  
were  de t e rmined  to be the res idence  t ime of e lec t ro ly te  
in the cell (L/vavg), the  flow channel  wid th  (SA), the 
MacMull in  n u m b e r  of the separator  mater ia l  (N,,), the 
th ickness  of the separator  (Ss), the th ickness  of the po- 
rous electrode (SpE), the MacMullin number  of the porous 
e lec t rode  (N~,pE), the specific surface area of the porous  
electrode material  (a), and, ei ther the applied cell poten- 
tial (Er or the applied current  density (in). For  the po- 
rous e lect rode th icknesses  invest igated,  the predic t ions  
showed that greater round trip energy efficiencies result  
for th icker  porous  electrodes.  Evans  and White show 
that  round  trip energy  efficiencies of  about  70% should  
be possible for the Zn/Br2 cell. 

Evans and White's model  is perhaps the most  complete  
of all the  cell mode ls  d iscussed in that  it accounts  for 
many  features  of  the cell and does not  requ i re  many  of 
the simplifying assumptions made in the deve lopment  of 
the other models  (4, 9-12). For example,  the assumptions  
of constant  bulk concentrat ions,  no homogeneous  chem- 
ical react ions,  and no diffusion con t r ibu t ion  to the flux 
in the separator. The model  can be used to determine  the 
effects  of  the des ign cr i ter ia  on cell  pe r fo rmance  for a 
full charge/discharge cycle. The kinetic parameters  used, 
as ment ioned  earlier, were taken from the work of Mader 
and White (13) and are l is ted in Table  II of that  paper.  
Other  k ine t ic  parameters  may produce  a diffusion lim- 
i ted condi t ion,  which  may also be of  interest .  Given ex- 
per imental  results from a working cell, the model  should 
provide  an exce l len t  means  of de te rmin ing  cer ta in  sys- 
t em parameters  such as diffusivi t ies ,  D~, and electroki-  
netic constants,  ioj.~f, a~j, and acj. The model  would have 
to be e m b e d d e d  wi th in  a pa ramete r  es t imat ion  scheme,  
such as ZXSSQ in the IMSL software library (36), so that 
mode l  predic t ions  could be fitted to the expe r imen ta l  
data by finding the "bes t"  values for these system param- 
eters. Unfortunately,  very little exper imenta l  data for the 
Zn/Br2 sYstem is current ly available. 

Summary and Recommendations 
Models of the Zn/Br2 flow cell have been used to show 

the important  design criteria for improving cell perform- 
ance. The models  of Put t  (4), Lee and Selman (9, 10), and 
Lee (11) have  p rov ided  impor tan t  in format ion  for im- 
proving current  density distributions.  The model  by Van 
Zee et al. (12) has been used to show how certain design 
parameters  can be changed to achieve an opt imum over- 
all pe r fo rmance  for the ent i re  Zn/Br2 bat tery  system. 
Mader and White (13) and Evans and White (14) have es- 
t ab l i shed  many  of the i ndependen t  des ign parameters  
for an ind iv idua l  cell  and have shown how to improve  
cell efficiency, via changes in these design criteria. 

Future  model ing work of the Zn/B:}2 battery should in- 
clude features not yet  accounted for by exist ing models. 
For example,  the model  by Evans and White (14) should 
be e x t e n d e d  to inc lude  zinc complex ing  (reactions 
[5]-[8]), a second bromine- r ich  phase,  t ime d e p e n d e n c e  
(i.e., the  dynamic  problem),  and a se l f -conta ined 
recirculat ion system consisting of a cell, the two electro- 
lyte storage tanks, and the connect ing piping. 
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specific e lee t roac t ive  surface area of the po- 
rous electrode, cm -1 
concentrat ion of species i, mol/cm 3 
reference concentrat ion of species i, mol/cm '~ 
concentrat ion of corrosive species in the ano- 
lyte bulk, kmol/m ~ 
concen t ra t ion  of corrosive species in the 
catholyte bulk, kmol/m 3 
concen t ra t ion  of corros ive  species at the 
electrode surface, kmol/m 3 
diffusion coefficient of species i, cm2/s 
effect ive  di f fus ivi ty  of the corros ive  species  
in the separator, m2/s 
applied cell potential  (= Va -- Vc), V 
energy  capaci ty  of the bat tery  not  inc lud ing  
auxiliaries, J 
energy input  to battery not  including auxilia- 
ries, J 
energy requi red  for pum ping  e lec t ro ly te  on 
charge, J 
energy  requ i red  for p u m p i n g  e lec t ro lyte  on 
discharge, J 
energy required for shunt  current  protect ion 
on charge, J 
energy required for shunt  current  protect ion 
on discharge, J 
Faraday's  constant, 96,487 C/mol 
total cell current,  A 
current  density, A/m ~ 
current  density vector, A/m 2 
current  density in separator, A/m s 
current  densi ty  due to e lec t rochemica l  reac- 
t ion j 
total  cur ren t  dens i ty  at zinc e lec t rode  
(= I/LW), A/cm 2 
exchange current  density of e lect rochemical  
reaction j, A/cm 2 
e lec t ronic  current  dens i ty  in nega t ive  elec- 
trode, A/cm 2 
e lec t ronic  current  dens i ty  in posi t ive  elec- 
trode, A/cm 2 
faradaic current  density at the surface of the 
negative electrode, A/cm ~ 
faradaic current  density at the surface of the 
posit ive electrode, A/cm 2 
average current  density, A/cm 2 
average dimensionless current  density 
first-order e lectrochemical  reaction rate con- 
stant, m/s 
equ i l ib r ium cons tan t  for t r i -bromide  reac- 
tion, cm3/mol 
electrode length, cm 
residence t ime of the reactor, s 
flux vector  of species i, mol (cm 2 x s) 
flux of corros ive  species  th rough  separator,  
mol/(m2s) 
flux of species entering the channel  from the 
separator, mol/(m2s) 
MacMullin number  in the separator 
MacMullin number  in the porous electrode 
effective separator thickness,  cm 
anodic reaction order of  species i in reaction j 
ca thodic  react ion order  of  species i in reac- 
tion j 
gas law constant, 8.314 J/(mol • K) 
p roduc t ion  rate of species  i due  to react ion,  
mol/(cm 3 x s) 
p roduc t ion  rate of species  i due to homoge-  
neous reaction, mol/(cm 3 • s) 
p roduc t ion  rate of  species i due to electro- 
chemical  reaction, mol/(cm 3 • s) 
total electrode gap, cm 
anolyte channel width, cm 
thickness of the electrode, m 
thickness of the negative electrode, cm 
thickness of the porous electrode, cm 
thickness of the separator, cm 
temperature,  K 
time, s 
open-c i rcui t  potent ia l  of react ion j based on 
the reference concentrat ions,  V 
velocity vector, cm/s 
average velocity of the electrolyte,  cm/s 
flow velocity, cm/s 
electrode potential,  V 
anode potential,  V 
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anodic transfer coefficient for reaction j 
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electrokinetic parameter  in the linear Butler- 
Volmer equation, A/(cm 2 V) 
porosity of porous electrode material 
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overpotent ia l  for react ion at the electrode 
surface, V 
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face (Ve - q)oe - Uj.ref), V 
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strate, (~ cm) 
solution potential  at electrode surface, V 
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potential  in the negative electrode, V 
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