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An Algebraic Model for a Zinc/Bromine Flow Cell 

G. D. Simpson* and R. E. White** 
Department of Chemical Engineering, Texas A&M University, ColLege Station, Texas 77843 

ABSTRACT 

An algebraic model  for a parallel plate, zinc/bromine flow cell is presented and used to predict various performance 
quantities, which are compared to those predicted by using previously published differential equation models. The results 
presented compare well with previous work. The model is based on the concept of using well-mixed zones and linear con- 
centration and potential profiles for the diffusion layers and the separator. The Butler-Volmer equation is used for the 
electrochemical reactions, and the homogeneous reaction between bromine and bromide is included. 

A zinc/bromine battery consists essentially of two elec- 
trodes, a porous separator, and a pair of storage tanks. The 
separator is placed between the electrodes in such a way 
that there is a thin gap between each of the electrodes and 
the separator. An electrolytic solution containing Zn +2 and 
Br- (among other things) is forced through the gaps be- 
tween the electrodes and the separator. After the solution 
from each gap exits the reactor, it enters the associated 
storage tank and is recycled later to the reactor. 

During charge, the principle reaction at the anode is the 
oxidation of Br- to Br2. At the cathode the principle reac- 
tion is the reduction of Zn +2 to Zn. An undesirable reaction 
at the cathode during charge is the reduction of Br2 to Br-. 
A homogeneous phase bulk reaction occurs between Br2 
and Br- to yield Br3-. The two electrochemical reactions 
can be written in anodic form as 

1 
Br- ~ - -  Br~ + e- 

2 
Reaction 1 

then solved simultaneously to determine the various con- 
centrat~ons and potentials. The fundamentals of this tech- 
nique are presented by Newman (10) and others (11, 12). 

The model  presented herein is an algebraic simplifi- 
cation of the second approach. In the model  development  
it is assumed that the concentration profiles within the re- 
actor can be approximated by  a series of constant and lin- 
ear regions and that the potential profiles can be approxi- 
mated by a series of linear regions are shown in Fig. 1. The 
regions of constant concentration correspond with per- 
fectly mixed regions in the bulk of the electrolyte. The re- 
gions where the concentration profiles are linear cor- 
respond with regions near the electrodes where both 
diffusion and migration are present. The potential profile 
is assumed to be linear through each region of the reactor. 
This algebraic approach to modeling a parallel plate flow 
cell results in a significant simplification over the more 
rigorous approach (11,12). S~}ecifically, the algebraic 
model  results in far fewer dependent  variables to be deter- 
mined. 

1 
Zn ~.~-- Zn +2 + e- 

2 
Reaction 2 

and the complexation reaction can be written as 

Br- + Br2 ~ Br~ Reaction 3 

The equil ibrium constant for this homogeneous reaction is 
17,000 (cm3/mol) (1). 

Previous authors have modeled the zinc/bromine flow 
cell (2-7). Lee and Selman (2, 3) developed a model  to deter- 
mine the current density distribution along the electrode 
surfaces. Lee (4) extended that work to include time varia- 
tions of the current density distribution i n a n  attempt to 
predict dendrite formation. Van Zee et al. (5) developed a 
simplified model  to describe overall cell performance. 
Mader and White (6) also developed a model that can be 
used  to predict the overall cell performance by introduc- 
ing a "one-step" approximation. Evans and White (7) ex- 
tended that work by including a porous electrode and the 
capability of predicting round-trip energy efficiencies. 
Evans and White (8) present a review of the work done on 
the zinc/bromine flow cell. 

Two basic approaches have dominated the modeling of 
parallel plate cells. The simpler of these approaches is to 
assume that the cell is operated under diffusion-limited 
conditions (9). This method can accurately predict the re- 
actor's limiting current density and maximum conver- 
sions when the electrodes are operated at high overpoten- 
tials and the effects of ionic migration are negligible. The 
more general of these approaches is to write a series of 
governing equations that describe the reactor's perfor- 
mance under  all conditions. The equations written are a 
set of  partial differential equations that represent conser- 
vation of mass and a single algebraic equation that repre- 
sents the electroneutrality condition. After the equations 
are written, they are solved numerically subject to applica- 
ble boundary conditions. The numerical solution requires 
that the partial differential equations be approximated by 
suitable finite-difference equations. These equations are 
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Model Development 
The model  presented here consists of a material balance 

for each component  in every region and a charge Balance 
for every region, as shown in Fig. 1. The major assump- 
tions of this mode l  are: (i) there is a diffusion region of 
known thickness in the electrolyte near each electrode, (ii) 
there is a perfectly mixed region a distance away from 
each electrode, and (iii) the electrolyte composition under- 
goes a step change from the inlet to the outlet composition 
within the reactor. This latter assumption is attributed to 
Mader and White (6) and is referred to by them as a "one- 
step" approximation. Other assumptions of this model  are: 
(i) the system is isothermal, (ii) dilute solution theory ap- 
plies, (iii) the flow is laminar in the reactor, and (iv) the 
Nernst-Einstein relationship (10) applies. The assumption 
of laminar flow within the reactor could be changed to tur- 
bulent flow, if desired. However, this would require that a 
turbulent velocity profile be used when determining the 
various average velocities throughout the reactor. It would 
also require that a turbulent velocity profile be used when 
determining the velocity-averaged concentrations. 

In this model  it is assumed that a parallel plate flow cell 
with a separator can be represented by the five regions 
shown in Fig. 1. These regions are: the region near the elec- 
trode on the anode side, the bulk region on the anode side, 
the separator region, the bulk region on the cathode side, 
and the region near the electrode on the cathode side. Ad- 
ditional regions could be added to the model. For example, 
diffusion regions near the separator/bulk region interfaces 
could be added. This was not done here because the gradi- 
ents of the chemical species in these regions would be ex- 
pected to be small (6). Each region can transfer material to 
the regions next  to it through the processes of diffusion 
and migration, and each region except  the separator has 
material carried into and out of it by the process of convec- 
tion. For the purpose of simplicity, the velocity profile 
within each region is assumed to be uniform, and the aver- 
age velocity for each region is determined by an integral- 
averaging method. Also for simplicity, the outlet concen- 
tration profiles for each region are assumed to be uniform, 
although these values are also determined by an integral- 
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Fig. 1. Schematic of Zn/Brz flow 
cell under charge conditions. 
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averaging method. It is also assumed that the potential and 
concentration profiles within the regions near each elec- 
trode and within the separator are linear. Another assump- 
tion is that the bulk region of each flow channel  is per- 
fectly mixed, and as a result, the concentration profiles 
within each bulk region are flat. If the perfectly mixed as- 
sumption for the bulk region is correct, then it follows that 
the electrical resistivity in each bulk region is constant. 
Hence, it follows that the potential gradient within each 
bulk region must  be constant. 

Prior to developing the material balance equations for 
the reactor, it is necessary to determine the average fluid 
velocity in each of the regions of the reactor. This is done 
in a standard way in Appendix A (for each diffusion re- 
gion) and in Appendix B (for each perfectly mixed region) 
of Ref. (14). The results are as follows 

�9 = [1] 

0c c(,c) 
- = - -  3 - 2 [2] 
v~ Sc Sc 

for each diffusion region (i.e., within the 5A and 5c regions 
of Fig. 1) and 

(SA - 3 5A2 2 5A3 - + - -  [3] 
Vb, -- SA ---- 5, \ SA SA 2 / 

~)c ( 5c2 2 5c~ 
- + [4] 

% ~ -  Sc---Sc Sc 3 Sc S~-c2/ 

for each perfectly mixed region. It is also necessary to de- 
termine the average concentrations in each of the regions. 
These average concentrations are as follows 

1 
(::~., = ] -  (c., + cb.,) [5] 

for the volume-averaged concentrations near the anode 

1 
tec~ = ~-  (c~, + c~o,) [6] 

for the volume-averaged concentrations near the cathode 

1 
C~ = ~-  (Cb.~ + Cbc~) [7] 

for the volume-averaged concentrations in the separator 

C*ai = Cai -~ (Cba i -- Cai ) 
(2 - 35A/2SA) 

(3 - 28A/SA) 
[8] 

for the velocity-averaged concentrations near the anode, 
and 

CgCci ~- Cci -~- (Cbei -- Cci) 
(2 - 35c/2Sc) 

(3 - 2~c/Sc) 
[9] 

for the velocity-averaged concentrations near the cathode. 
Equations [5-9] are derived in Ref. (14). 

The material balance equations for the five regions be- 
tween the electrodes are  

dCeai ri - Na~ �9 
-- + (Cfai - C%) + Rea~ 

dt 5A L 

(diffusion region near anode) [10] 

dCba i Nai - -  Nsai Vba 

dt SA - 5A L 
(Cfai - Cbai) + Rbai 

(bulk region near anode) [11] 

dt Ss 
+ R,~ (separator) [12] 

dCbci Nsci - Nci %r 

dt Sc - 5c L 
(e re  i - Cbc i) -}- Rbci 

(bulk region near cathode) [13] 

d e e c  i _ Nc  i + ?"i + Oer 

dt 5c L 
(Cfci- (~%) + R~i 

(diffusion region near cathode) [14] 
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Equa t ions  [10] and [11] are der ived  in the  A p p e n d i x e s  A 
and  B. Equa t ions  [12], [13], and  [14] are de r ived  in Ap-  
p e n d i x e s  G-I of Ref. [14]. 

Equa t i ons  [10]-[14] conta in  one or more  var iab les  repre-  
sen t ing  mola r  flux. These  quant i t i es  are  def ined  as fol lows 

Nai - D i  Cbai -- Cai Di +1 -- +a = ziF [15] ~A - - ~ - -  Cbai ~A 

Di Cbc i -- Cba i Di +3 -- +2 
N~,~ = - ziF C b ~ i - -  [16] 

NM Ss  N M R T  Ss  

Di Cbci -- Cbai Di +3 - +2 
= - ziF - -  [17] N~c~ NM Ss  N M R T  Cbci Ss 

Cci - Cbc i Di +c -- +4 
Nci = - D i  ziF ~ Cbr i --  [18] 

5c gc 

Equa t ions  [10] and  [14] conta in  one of two var iables  rep- 
r e sen t ing  reac t ion  rate.  These  reac t ion  rates are But ler-  
Vo lmer  k ine t ic  express ions  and are def ined as fol lows 

Si,liol.ref [( Ca.Br- ) {Ota, lF  
ri = 13 nl-~-F---- u ~ Cref, Br- / exp  I---R- ~ Tla.1 ] 

__ ( Ca.Br2 /0"5 ( -~ ~] 
~ , ~ .  exp  ~ ' q ~ , , ]  j [19] 

Aeff 
[3 - [20] 

A 

na.l = Va -- +a -- Uref.l [21] 

r ' i  = r ' ia + r'i.2 [22] 

r'i, 1 - -  _ _  

Si,liol,ref 

n lF  \ Cref, Br- ] e x p  ~ - - R ~  ~,1] 

,'--O..." 
, , ~ .  exp \ ~  ~1~,,] j [23] 

�9 [ ( aa,2F '~ -- Si'2~~ exp  
r'i'2 n2F L ~k ---R~'qc'2] 

_ ( Cc'zn+2 / ~  -~c '~F  i I  
\ Cref.Zn+2 / ~ T ' q ~ ' 2 ]  j [24] 

"qc,j : Vc - +c - Vref, j [25] 

Ur~f.j is the  open-c i rcu i t  po ten t ia l  for reac t ion  j a t  re ference  
cond i t ions  (6). The  var iable  13 is i nc luded  in Eq .  [19] to ac- 
coun t  for reac t ion  ]n the  porous  e lect rode.  I t  is def ined  as 
Eq. [20] because  Evans  and  White  (7) showed  tha t  the  reac- 
t ion at  the  b rom ine  e lec t rode  is k ine t ica l ly  l imited.  There-  
fore, the  concen t ra t ion  and poten t ia l  profi les wi th in  the  
porous  e lec t rode  are flat. As a result ,  the  porous  e lec t rode  
s imply  increases  the  reac t ion  ra te  at  the  b ro min e  elec- 
t rode,  and  a s imple  way  to mode l  this  p h e n o m e n a  is to 
t rea t  the  e lec t rode  as t hough  it had  a larger  surface  area. 

I f  Eq. [5] and  [6] are subs t i tu t ed  into  Eq. [10] and  [14], re- 
spect ive ly ,  the  fol lowing equa t ions  can be  ob ta ined  after  
r e a r r angem en t  

ri - Nai 9~ 1 dCbai dC,~  = 2  - -  + (Cfa~ -- C*ai) + Real 
d t  ~A L d t  

[26] 

2139 

Nci + r ' i  Dec ] dCbci 
dCci _ 2 - - -  § (Cfci- C*~i) +Reci 

d t  8c L d t  
[27] 

I f E q .  [11] and [!3] are then  subs t i tu t ed  into  Eq: [26] and [27], 
the  fo l lowing  equa t ions  are ob ta ined  

I ri - -  Nal 7)ea ] 
dCai -- 2 - -  + (Cfa i - C*ai) + Reai 

d t  an L 

] Na+ - Nsai Vba 
" ~ - - ~ A  + L ( C f a i -  Cbai) "]" Rbai [28] 

Nci + r'i �9 dCci _ 2 - -  + 

d t  ~c L 
(Cfc i -- C*e i) ~- Re,,i] 

[ Nsc~ - Nci ?)bc ] 
-- + (Cf~i- Cbr + Rbci [29] 

Scc --~c L 

The charge  ba lance  equa t ions  for the  reac tor  are 

1 [ F(+ , -+ , : , )  ] 
Eziri + --~A ~ziDi(Cbai - Cai) + ~ '~ ~zi2DiCbal = 0 

[30] 

for the  diffusion region near  the  anode  

F(+2 - +1) 
]~ZiTi + ]~zi2DiCbai = 0 [31] 

RT(SA - aA) 

for the  bu lk  region on the anode  side 

1 F 
~ziri + - -  [~ziDi(Cbcl - Cba i) 

NMSs L 

4 

for the  separa to r  

ls + 

F(+3 -- +2) ~zi2Di(Cba i + Cbci)l = 0 [32] 
2 R T  J 

F(+4  - +3) 
~,zi2DiCbci = 0 [33] 

R T ( S c  - ~c) 

for the  bu lk  region on the ca thode  s ide  

1 [ F(+c - +4) ] 
~ z i r i  + - -  ~ziDi(Cci - Cbc i) ~- ]~zi2DiCbci = 0 

[34] 

for the  di f fus ion region near  the  ca thode,  and  finally 

~zi(ri + r'~) = 0 [35] 

for the  ent i re  reactor .  T h e s e  charge  ba lance  re la t ionsh ips  
Can b e  be t te r  unde r s tood  by  refer r ing  t o  A p p e n d i x e s  C 
and  D: EquatiOns [30]-[35] are de r ived  in A p p e n d i x e s  J-O of  
Ref. (14). 

The  cur ren t  dens i ty  is def ined as (10) 

i = F'Lziri = - F E z i r ' i  [36] 

The  vol tage  d rop  th rough  the  e lec t ro ly te  dur ing  charge  is 
def ined  as 

A+ = +a - +c [37] 

M o d e l  S o l u t i o n  

Eq. [28], [11], [13], and  [29] govern  the  t ime  d e p e n d e n c e  of 
each  of the  n spec ies  concen t ra t ions  in each of the  four re- 
g ions  (~h, SA, Sc, and  ~c) of  the  reactor .  These  4n mate r ia l  
ba lance  equa t ions  p lus  the  s ix  cur ren t  ba lance  equa t ions  
(i.e., Eq. [30]-[35]) cons t i tu te  a sys t em of  4n + 6 indepen-  
den t  equat ions .  These  equa t ions  are  in t e rms  of  4n concen-  
t ra t ions  (Ca~, Cba~, Cbc~, and  Cr and  six poten t ia l s  (+a, +l, +2, 
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Table I. Butler-Volmer kinetic data (T = 298.15 K) 

ioj,~f Uj ~ U~of.j 
Reaction (j) (A-cm 2) ~ ~j nj (V) (V) 

1 +0.31E - 02 0.5 0.5 1 +1.087 +1.783 
2 +0.10E+ 01 0.5 0.5 1 -0.763 +0.000 

Table [I. Stoichiometry data 

Reaction 1 Reaction 2 
Species (i) si, j si,j 

Na + +O.0 +O.O 
Br- -1.0 +O.0 
Br2 +0.5 +O.0 
Zn +2 +0.0 +0.5 
Br~ +0.0 +0.0 

Table III. Physical property data and feed composition 

Di Cf i 
Species (i) zi (cm2/s) (mol/cm 3) 

Na +1 +0.1334E- 04 +0.1000E - 02 
Br- -1 +0.2084E - 04 +0.2949E - 02 
Br2 +0 +0.1310E - 04 +0.1015E - 05 
Zn § +2 +0.7540E - 05 +0.1000E - 02 
Br3- -1 +0.131OE - 04 +0.5100E - 04 

Table IV. Comparison of predictions 

i Ad~ 
(mA/cm 2) (mV) •T 

Continuous model 20.02 15.35 0.586 
"One-step" model 19.69 15.15 0.619 
Algebraic model 20.12 15.45 0.491 

~b3, ~b4, a n d  ~bc); the re fore ,  t h e r e  are  a to ta l  o f 4 n  + 6 d e p e n d -  
e n t  var iab les .  Hence ,  th i s  s y s t e m  of  e q u a t i o n s  c o m p l e t e l y  
d e s c r i b e s  any  s u c h  reac to r ' s  p e r f o r m a n c e  for a c o n s t a n t  
se t  of  feed  compos i t i ons .  Fo r  t he  s t eady- s t a t e  case  re- 
p o r t e d  here ,  t h e  4n  ma te r i a l  b a l a n c e  e q u a t i o n s  (Eq. [28], 
[11], [13], a n d  [29]) a re  se t  e q u a l  to  zero, a n d  t h e  c o m p l e t e  
s y s t e m  of  4n  + 6 e q u a t i o n s  is so lved  u s i n g  a N e w t o n -  
R a p h s o n  p rocedure .  

P r io r  to so lv ing  for  t he  reac to r ' s  p e r f o r m a n c e  at  s t e a d y  
state,  all of  t he  r e l e v a n t  o p e r a t i n g  c o n d i t i o n s  a n d  r eac to r  
d i m e n s i o n s  m u s t  be  specif ied.  T h e s e  p a r a m e t e r s  i n c l u d e  
t h e  fol lowing:  Cfa~ a n d  Cfc~ for e ach  c o m p 0 n e n t ,  Ecell 
(Ecell = Ua - Uc), SA a n d  Sc (SA = Sc = S here) ,  NMSs, 3A a n d  
gc (SA = gc = 5 here),  L/% a n d  L/9c (L / f )  a = L / �9  here) ,  a n d  the  
phys i ca l  p r o p e r t i e s  for  e ach  of  t he  c o m p o n e n t s .  Tab le s  
I-III  l ist  va lues  for  t he  i n p u t  p a r a m e t e r s  u s e d  in" th i s  
m o d e l .  NM r e p r e s e n t s  t he  M a c m u l l i n  n u m b e r  (6), w h i c h  is 
de f ined  as t he  res i s t iv i ty  of  t h e  s epa ra to r  soaked  in  e lectro-  
ly te  d iv ided  b y  t h e  res i s t iv i ty  of  t h a t  e lec t rolyte .  

T h e  se lec t ion  of va lues  for t he  d i f fus ion  layer  th ick-  
n e s s e s  is cr i t ica l  to  th i s  mode l .  I t  m a y  b e  pos s ib l e  to  esti-  
m a t e  va lues  for  t h e s e  t h i c k n e s s e s  b y  u s i n g  b o u n d a r y  layer  
theory .  I t  m a y  also be  poss ib l e  to d e t e r m i n e  t h e s e  va lues  
b y  e x p e r i m e n t a l  m e a s u r e m e n t .  T he  a u t h o r s  e s t i m a t e d  
va lues  for  t h e s e  t h i c k n e s s e s  b y  c o m p a r i n g  p r e d i c t i o n s  
f rom the  m o d e l  (us ing  a s s u m e d  va lues  for t he  t h i c k n e s s e s )  
w i t h  p r e d i c t i o n s  f rom p rev ious  models .  

Once  t he  s t eady-s ta te  c o n d i t i o n s  w i t h i n  t he  r eac to r  h a v e  
b e e n  p red ic t ed ,  t he  ave rage  ou t l e t  c o n c e n t r a t i o n s  are 
read i ly  d e t e r m i n e d  b y  a ma te r i a l  b a l a n c e  at  t he  ex i t  of  t he  
reac tor .  T h e  r e su l t i ng  e q u a t i o n s  are 

C a  i __ ~A~)eaCSai ~- ( S A  - -  ~A) VbaCbai  [ 3 8 ]  

S A G a  

Cc i _ ~CVecC*ci -[- (Sc  - ~c)VbcCbci [39] 

Sc~% 

22,0  . . . .  , . . . .  , . . . .  , . . . .  , . . . .  , . . . . . . . . .  

21.0 ', Er n = 1.9 V 

~ ',, L/v = 15 sec 

20.0 ~ " ,  S = 0 .065  c m  
\ 

19.0 ~ \ \  6 = 0.017 c m  

] 
�9 ~ 18.0 o n e - s t e p  ~ , ,  a l g e b r a i c  

17.0 

16 .0  

15.0 . . . .  ' . . . .  ' . . . .  ' . . . .  ' . . . .  ' . . . .  ' . . . .  
0.0  0.1 0 .2  O.fl 0 .4  0 .5  0 .6  0 ,7  

N . S  s (era) 

Fig. 2. Comparison of the current densities predicted by the one-step 
and algebraic models. 

29.0 . . . .  , ~ . . . .  L . . . .  i . . . .  i �9 �9 ' 

27.0 . /  

E n = 1.9 V 

25.0 L/v  = 15 s e c  , , , ' ~ /  

23.0 S = 0 . 0 6 5  c m  , ,~2 ,  

21.0 6 = 0 . 0 1 7 c m  / 

/ 19.0 

<1 
17.0 

13.015.0 U.O al~, one-step 

9.0 . . . .  ' . . . .  ' . . . .  ' . . . .  i . . . .  , . . . .  , . . . .  
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Fig. 3. Comparison of the voltage drops predicted by the one-step 
and algebraic models. 

Once  t he  ou t l e t  c o n c e n t r a t i o n s  are d e t e r m i n e d ,  t he  con-  
v e r s i o n s  for  e ach  of  t he  c o m p o n e n t s  c an  easi ly  b e  de ter -  
m i n e d  f rom the  fo l lowing  def in i t ions  

C f a  i - C a i  
x~, - [40] 

C f a  i 

C f c  i - C c i  
xci - [41] 

Cfci 

Discussion and Results 
Figu re s  2 a n d  3 are  c o m p a r i s o n s  of  p r e d i c t i o n s  o b t a i n e d  

f rom M a d e r  and  Whi te  (6) a n d  t he  m o d e l  p r e s e n t e d  here .  In  
b o t h  of  t h e s e  figures,  t he  sol id l ine  r e p r e s e n t s  t he  pre-  
d i c t i ons  o b t a i n e d  f rom M a d e r ' s  " o n e - s t e p "  mode l ,  a n d  the  
d a s h e d  l ine  r e p r e s e n t  va lues  o b t a i n e d  f rom the  a lgebra ic  
mode l .  T h e  c o m p a r i s o n  b e t w e e n  "the two m o d e l s  is good  
(wi th in  a b o u t  2%) t h r o u g h o u t  t h e  e n t i r e  r a n g e  of  e f fec t ive  
s e p a r a t o r  t h i c k n e s s e s  inves t iga ted .  Tab le  IV p r e s e n t s  a di- 
r ec t  c o m p a r i s o n  of p r ed i c t i ons  m a d e  u s i n g  t he  a lgebra ic  
mode l ,  M a d e r ' s  " o n e - s t e p "  mode l ,  a n d  Made r ' s  c o n t i n u o u s  
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Fig. 4. Predicted current density vs. diffusion layer thickness for the 
algebraic model. 
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model. Surprisingly, the algebraic model  predicts values 
for i and h~ that are closer to those predicted by the con- 
t inuous model  than does the "one-step" model. However, 
the value for the total efficiency (see Eq. [41] of Ref. (6)) 
predicted by the algebraic model  differs significantly from 
the values predicted by both of Mader's models. This dis- 
crepancy is most  likely due to the tremendous difference 
in the values of the exchange current densities for the zinc 
and bromine reactions at the zinc electrode (see Table I). 

Figure 4 shows how the predicted current density for the 
cell depends on various assumed values of the diffusion 
layer thickness. It  is apparent from Fig. 4 that the calcu- 
lated value of the current density depends on the assumed 
value of the diffusion layer thickness; however, this de- 
pendence is weak (about 8% maximum change). This de- 
pendence could be used to the experimental  data to f i t  
model predictions by adjusting the value of ~. 

Figure 5 shows the effect of E~n upon the current effi- 
ciency at the cathode. The current efficiency at the cathode 
is strongly influenced by the operating potential, and it 
should approach unity for very high values of E~n. These 

0 . 4 5  , , , l i , , , I , , , , [ . . . .  I . . . .  

1 .8  1 .9  "2.0 2 .1  2 . 2  2 . 3  

Eoo. (v) 
Fig. 6. Comparison of the total efficiencies predicted by the one-step 

and algebraic models. 

two findings are attributed to the t remendous difference 
between the values of the exchange current densities for 
the two reactions at the cathode. Figure 6 shows the effect 
of EceH upon the total energy efficiency of the cell. It is ap- 
parent from Fig. 6 that there is an opt imum value for the 
cell potential at which the battery should be operated so 
that the maximum amount of energy can be stored. This 
max imum occurs because the total efficiency is the prod- 
uct of the current efficiency and the voltaic efficiency. Al- 
though the current efficiency increases monotonically 
with respect to Ece~, the voltaic efficiency decreases mono- 
tonically with respect to E~]t. For this system there is a 
point beyond which any increase in the current efficiency 
is more than offset by the associated decrease in the vol- 
taic efficiency. For the feed composition studied, the maxi: 
mum energy efficiency occurs at about 2.10V. Mader (13) 
presents figures similar to Fig. 5 and 6. Unfortunately, he 
does not present data beyond 2.03V. As a result, he did not 
report that the total efficiency has a max imum value. 

Figures 7 and 8 show the effect of varying ~ (i.e., the area 
ratio) for the porous bromine electrode. It seems reasona- 
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Fig. 5. Comparison of the current efficiencies predicted by the one- 
step and algebraic models. 
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Fig. 7. Predicted current efficiency vs. cell potential for several 

values of 13. 
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Fig. 8. Predicted total efficiency vs .  cell potential for several values 
of 13. 

ble that higher efficiencies would be obtained by reactors 
with porous electrodes, because the increased surface area 
results in a higher production rate of Br2 during charge, 
and this higher production rate results in a higher current 
density at the anode. Since the current density at the 
anode is higher, it follows that the current density at the 
cathode must  also be higher, and the only way for that to 
occur is for the overpotential at the cathode to increase. 
Such an increase of overpotential greatly favors the zinc 
reaction (because of the values of the exchange current 
densities); therefore, the current efficiency increases. 

It is likely that the opt imum value of E~, at which the 
maximum total efficiency occurs is influenced by the feed 
composition. If this is true, then it follows that for a system 
where the feed composition changes with time (such as the 
zinc/bromine battery), the opt imum value of Ecen would 
also change with time. The occurrence of an opt imum E~n 
is a very practical result that may be applicable to all paral- 
lel plate cells with multiple reactions at one or more of the 
electrodes. 

Conclusions 
This paper demonstrates that a parallel plate flow cell 

can be approximated by a combination of perfectly mixed 
regions and diffusion regions. For a reactor that incorpo- 
rates a porous separator and has a low conversion (such as 
the zinc/bromine battery), the reactor can be approxi- 
mated at steady state by 4n + 6 variables. If the porous 
separator were not present in the system, the reactor could 
be approximated at steady state by 3n + 4 variables. Also, 
this paper presents a set of ordinary differential equations 
that describe the performance of a parallel flow cell at un- 
steady state. These equations should be solvable by a 
Runge-Kutta technique, and such a solution may be the 
subject of a future paper. 

This paper also shows that an opt imum value of E~en may 
exist for a zinc/bromine battery. For the feed composition 
studied, the opt imum cell potential is about 2.10V. Such an 
op t imum may also exist for other systems with multiple 
electrode reactions. For the zinc/bromine system, the opti- 
mum cell potential may be influenced by the feed compo- 
sition. If this is true, then the value of Er would have to be 
constantly varied for the battery to be operated in the most 
efficient manner.  
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LIST OF SYMBOLS 
A (cm 2) projected area of porous electrode 
A ~  (cm ~) effective area of porous electrode 
Cb~ (mol/cm 3) bulk region concentration on anode side 
Cb~i (mol/cm 3) bulk region concentration on cathode 

side 
Cfal (mol/cm 3) feed concentration on anode side 
_Cfc~ (mol/cm 3) feed concentration on cathode side 
C~ (mol/cm ~) average outlet concentration on anode 

side 
Cc~ (mol/cm 3) average outlet concentration on cathode 

side 
Cs~ (mol/cm 3) average concentration is separator 
C~a~ (mol/cm 3) average concentration near electrode on 

anode side 
Cec~ (mol/cm 3) average concentration near electrode on 

cathode side 
C*a~ (mol/cm ~) velocity-averaged concentration near the 

anode 
C*c~ (mol/cm ~) velocity-averaged concentration near the 

cathode 
Cref.i (mol/cm 3) reference concentration 
Di (cm2/s) diffusion coefficient 
E~el~ (V) operating potential of reactor 
F (C/mol) Faraday's constant (96,487 C/M) 
i (mA/cm '~) total current density 
ioj,r~r (mA/cm 2) exchange current density for j ' th  reac- 

tion at referenced concentration 
L (cm) reactor length 
n number  of components 
nj number  of electrons in the j ' th electrochemical re- 

action 
NM Macmullin number  
N~ (mol/cm 2 s) mole flux from anode region into anode 

bulk region 
No~ (mol/cm 2) mole flux from cathode bulk region into 

cathode region 
N~ (moYcm 2) mole flux from anode bulk region into 

separator 
Ns~ (mol/cm 2 s) mole flux from separator into cathode 

bulk region 
qA (cm3/s) volumetric flow rate through anode side 
qc (cmS/s) volumetric flow rate through cathode side 
R (J/mol K) gas constant (i.e., 8.314 J/mol K) 
r~ (mol/cm 2 s) reaction rate at anode surface (from 

Butler-Volmer equation) 
r'i (mol/cm 2 s) reaction rate at cathode surface (from 

Butler-Volmer equation) 
R~a~ (mol/cm 3 s) homogeneous reaction rate in diffusion 

region near anode 
Reci (mol/cm 3 s) homogeneous reaction rate in diffusion 

region near anode 
Rb~ (mol/cm ~ s) homogeneous reaction rate in bulk 

near anode 
Rbr (mol/cm3 s) homogeneous reaction rate in bulk 

near cathode 
R~ (mol/cm 3 s) homogeneous reaction rate in separator 
s i , j  stoichiometric coefficient 
SA (cm) distance from anode surface to separator 
Sc (cm) distance from cathode surface to separator 
Ss (cm) distance across separator 
T (K) reactor temperature 
U~f.j (V) reference potential for reaction j 
Uj ~ (V) half-cell potential for reaction j 
U~ (V) potential at anode 
U~ (V) potential at cathode 
VTA (cm 3) volume of storage bulk tank on anode side 
Vwc (cm 3) volume of storage tank on cathode side 
/~ (cm/s) average velocity through anode side 
/~ (cm/s) average velocity through cathode side 
~b~ (cm/s) average velocity in bulk region on anode 

side 
�9 (cm/s) average velocity in bulk region on cathode 

side 
~)ea ( e r a / S )  average velocity near electrode on anode 

side 
~c (cm/s) average velocity near electrode on cathode 

side 
W (cm) reactor width 
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ald 
acj 
Zi 

~c 
"qa 
Tic 
*a 

~2 
r 

r 

At 
~C 
~T 

apparen t  anodic  t ransfer  coefficient for react ion j 
apparen t  cathodic t ransfer  coefficient for react ion j 
ionic charge 
area ratio for porous  electrode (A~f?A) 
(cm) diffusion layer th ickness  near  anode  
(cm) diffusion layer th ickness  nea r  cathode 
(V) overpotent ia l  at the  anode  
(V) overpotent ia l  at the cathode 
(V) electrolyte potent ia l  at anode  surface 
(V) electrolyte potent ia l  a t  cathode surface 
(V) electrolyte potent ia l  at interface be tween  diffu- 
s ion region and  perfectly mixed  region on anode  
side 
(V) electrolyte potent ia l  at separator  on anode  side 
(V) electrolyte potent ia l  at separator  on cathode 
side 
(V) electrolyte potent ia l  at interface be tween  diffu- 
s ion region and  perfectly mixed  region on cathode 
side 
(V) voltage drop th rough  electrolyte and  separator  
cur ren t  efficiency (6) 
total  efficiency (6) 

A P P E N D I X  A 
Figure  A-1 is a schemat ic  of the  mole fluxes that  enter  

and  leave the  diffusion region near  the anode  

Na i = -Di  Cbai -- Cai ziF ~-Di Cbai ~1 -- ~a 
BA 5A 

A verbal  s ta tement  of the mater ia l  ba lance  is 

(moles in) - (moles out) 

+ (moles generated) = (moles accumula ted)  

where  

(moles in) = [riLW + C%9~,~AW] i t  

(moles out) = [Na,LW + (~*~i~BAW) At 

(moles generated) = R~aILgA WAt 

(moles accumula ted)  = [C~ai(t + i t )  - C~i(t)] LBAW 

Subs t i tu t ion  of these defini t ions into the  verbal  mater ia l  
ba lance  yields 

[riLW + CfaiVeaBAW - (NaiLW + C*aiVeaBA W) -I- ReaLBAW] At 

= [C~,~(t + At) - (~,i(t)] LSAW [A-I.1] 

R e a r a n g e m e n t  of Eq. [A-1.1] yields the fol lowing 

r!  

tTITI 
~k ~ 

Ca I 

T 
v~a 

1 

Cfat 

2143 

/'i -- Nai 

BA 

Vea 
- -  + ' ( C f a i -  C*ai) + R e a i  

L 

Ceai(t + At) - (~eai(t) 

At 
[A-1.2] 

Taking  the  l imit  of  Eq. [A-1.2] as h t  approaches  zero 
yields 

ri -- Nai Yea deeai  
- -  ~.- (Cfa i -- C$.i  ) "~ Reai -- 

BA L dt  

A P P E N D I X  B 
Figure  A-2 is a schemat ic  of the  mole  fluxes tha t  enter  

and  leave the  b u l k  region on the anode side 

N. i -D i  Cbai -- Cai Di ~1 -- ~a 
= z iF  ~ Cbai - -  

BA BA 

Di Cbc i -- Cbai Di r - r 
Nsal = ZiF Cba i 

NM Ss  NMRT Ss 

A verbal  s ta tement  of the mater ia l  ba lance  is 

(moles in) - (moles out) 

+ (moles generated) = (moles accumula ted)  

where  

(moles in) = [NaiLW + Cfai~ba(SA -- B~ ~ ht 

(moles out) = [N~.~LW + Cbai~ba(Sa -- BD W h t  

(moles generated) = RbaiL(SA - BA) Wht  

(moles accumula ted)  = [Cbai(t + At) - Cbai(t)] L(SA - ~A) W 

Let S = SA - ~A. Subs t i tu t ion  of these  defini t ions into the  
verbal  mater ia l  ba lance  yields 

[NaiLW + Cr./Jb,SW - (NsahLW + Cbaii)baSW) + Rba iL~W]  ht  

= [Cba~(t + At) -- Cba~(t)] L S W  [A-2.1] 

Rea r r angemen t  of Eq. [A-2.1] yields the fol lowing 

Na i - N~., Oh. 
§ (Cfai -- Cbai) + Rbai 

SA - 5^ L 

Cb~i(t + ht) -- Cbai(t) 
-- [A-2.2] 

At 

~ C ~  I 

l 

_1 
Na I [ 

"I 

9 

J 

C,,. l 

T lI 

N u  I 

b 

Fig. A-1. Material balance schematic of the diffusion region near the Fig. A-2. Material balance schematic of the bulk region on the anode 
anode, side. 
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Fig. A-3. Charge balance schematic of the diffusion region near the 
anode. 
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r |  

Fig. A-4. Charge balance schematic of the bulk region on the anode 
side. 

Taking the limit of Eq. [A-2.2] as i t  approaches zero 
yields the following 

Nai -- Nsai "/)ha dCbai 
Jr (Cfa i - (~*ba i) q- Rbai -- 

SA -- ~A L d t  

APPENDIX C 
Figure A-3 is a schematic of the charge fluxes that  enter  

and leave the diffusion region near the anode 

Nai = - D i  Cbal - Cai zi F Di qbl _- ~a 
~A RT- Cbai ~A 

A verbal  s tatement of the charge balance is 

(charge in) - (charge out) = 0 

where 

(charge in) = FLWEziri 

(charge out) = FLWZziNa~ 

Subst i tut ion of these definitions into the verbal  charge 
balance yields 

FLWZziri - FLW~ziNai = 0 [A-3.1] 

Simplification and substi tution of the flux expression 
into Eq. [A-3.1] yield 

ziF - - a T  Cba i 0 Zziri - Zzi -Di  ~ ~A ] 

[A-3.2] 

Rearrangement  of Eq. [A-3.2] yields the following 

1 E ] Zziri - -  ~ziDi(Cba! - Ca)+ F(qbl d~a) Zzi2Diebai  = 0 
+ 8A ' R T  

APPENDIX D 
Figure A-4 is a schematic of the charge fluxes that  enter  

and leave the bulk region on the anode side 

Di ~2 - qbl 
Nba~ = -z~F ~ Cba~ ~ _-- ~A 

A verbal  s ta tement  of the charge balance is 

(charge in) - (charge out) = 0 

where 

(charge in) = FLWEzirj 

(charge out) = FLWZziNba~ 

Subst i tut ion of these definitions into the verbal  charge 
balance yields 

FLWZziri - F L W ~ z i N b a i  = 0 [A-4.1] 

Subst i tut ing the flux expression into Eq. [A-4.1] yields 

( Di 4)2-~bl)  0 
~Ziri - ~zi - z i F ~ -  Cbal SA ---- gA 

Rearrangement  of Eq [A-4.2] yields the following 

F(~b2 - ~bl) 
Zz i r i  4- Zzi2DiCbai ~- 0 

RT(SA - ~A) 

[A-4.2] 
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