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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*? 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 Br,. At the cathode the principle reac-
tion is the reduction of Zn*? to Zn. An undesirable reaction
at the cathode during charge is the reduction of Br, to Br™.
A homogeneous phase bulk reaction occurs between Br,
and Br~ to yield Br;~. The two electrochemical reactions
can be written in anodic form as

1
Br-= E Br; + e Reactionl

1
Zn= 5 Zn*? + e~ Reaction 2

and the complexation reaction can be written as

Br~ + Br,= Br; Reaction 3
The equilibrium 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 in'an 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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then solved simultaneously to determine the various con-
centrations 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). Specifically, the algebraic
model results in far fewer dependent variables to be deter-
mined.

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 model are: (i) there is a diffusion region of
known thickness in the electrolyte near each electrode, (i)
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 séparator 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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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

B, By

Doy = —t <3—2—ﬁ-) [1]
Sa Sa
Ded 5

Pep = s (3 - z—f—) 2]
Se Sc

for each diffusion region (i.e., within the 8, and 3¢ regions
of Fig. 1) and

D, B4’ 3a°
Bua=——— (Sa - 3 + 2 [3]
SA bt SA SA SA2
D 3c? 858
Boo = et (sc ~3C 422 > [4]
S¢ — d¢ Sc Sc?

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
Ceai = E‘ (cai + Cbai) [5]

for the volume-averaged concentrations near the anode

1

Cec; = -2' (Cci + Cbci) (6]

& % Cey
64—-%
Se
o 7
7
0, O, %‘_‘—"
%2 r}
—
Ll
| 2‘__
> 5&/%9

£

c lag ‘-'e Clcl

for the volume-averaged concentrations near the cathode

i 1
ng = "é— (Cbai + Cbci) [7]

for the volume-averaged concentrations in the separator

. (2 - 38,/2S4)
C*y = Co + (o~ Co)o— (8]
) (3 - 25A/S A)
for the velocity-averaged concentrations near the anode,
and

. (2 — 35¢/28¢)

C%o = Co + (Co — Copm—o—m (9]
' (3 — 25:/S0)
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

dC'eai T — N 2 D,

= + —= (Cgo, = €*5) + Rea,
dt 5a L . )+ Res
(diffusion region near anode) [10]
dcbai N, aj N, saj Dpa
= + (Cfai - Cbaj) + Rbai

dt Sa—3a L

(bulk region near anode) [11]

dcsi N sa; N, s¢
= +R,
dt Ss '

(separator) [12]

dCbci _ Nsci - Nc; + ‘Dbc

dt Sc ~ 8¢

(Cfci - Cbci) + Rbci

(bulk region near cathode) [13]

Aoy Nyt 70 B Co &4 R
dt 3¢ Lo i i

(diffusion region near cathode) [14]
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Equations [10] and [11] are derived in the Appendixes A
and B. Equations [12], [13], and [14] are derived in Ap-
pendixes G-I of Ref. [14].

Equations [10]}{14] contain one or more variables repre-
senting molar flux. These quantities are defined as follows

C ai Ca- Di — Qa
N, = _Di__b_‘__‘_ - zF Cbai—dzl—i [15]
da RT da
Di C o C a; Di -
Ng =~ ——2 " _2F Con 2 116)
Ny Ss NuRT Ss
Di C e C ai Di -
Negy = = et — 2F Coo 2 a7
Ny Ss NuRT Ss
Cc- -C Cj Di c T
N, = Wt M B, Cbci—d';d)—‘1 (18]
S5c RT 8¢

Equations [10] and [14] contain one of two variables rep-
resenting reaction rate. These reaction rates are Butler-
Volmer kinetic expressions and are defined as follows

r=p Si,lim,ref [( Ca,Br- )ex (aa,lF )
' nF Cretpr- P RT et

( Ca‘Brz )0'5 ( _ac,lF
- exp
Cref,Brz RT

'ﬂa,l) ] {19]

Aeff
= 20
B n [20]
MNat = Ua - (ba - Uref.l [21]
Ti=7111+ e [22]

, si,liol,ref [ ( Cc,Br* ) ( 0La,lF )
Ti1 = ex’ MNe,
! mF Cretpr- o RT 1
Cc,Br 05 _ac,lF
(o) e n)] (23]
Cref,Brg RT
, Si2loz.ret [ (aa,ZF )
Tia = ex c,
2 noF P RT MNe,2

( Ceznt2 )05 (—ac‘zF ):l [24]
- ex c.
Cref»Zn'('Z p RT Tl

Ne,j = U.— b — Uref,j [25]

U.er; is the open-circuit potential for reaction j at reference
conditions (6). The variable B is included in Eq. [19] to ac-
count for reaction in the porous electrode. It is defined as
Eq. [20] because Evans and White (7) showed that the reac-
tion at the bromine electrode is kinetically limited. There-
fore, the concentration and potential profiles within the
porous electrode are flat. As a result, the porous electrode
simply increases the reaction rate at the bromine elec-
trode, and a simple way to model this phenomena is to
treat the electrode as though it had a larger surface area.

If Eq. [5] and [6] are substituted into Eq. [10] and [14], re-
spectively, the following equations can be obtained after
rearrangement

dc,,
dt

dcbai

T — Na; 'Dea —
=2 + (Cfa-, - C*ai) + Reai
3a L
{26]

2139
dC [ Ne+7:  De ] dCh,
=2 + (Cfci - C*c;) + Reci -
dt ¢ L dt
{27]

If Eq.[11] and [13] are then substituted into Eq: [26] and [27],
the following equations are obtained

dCai T — N, aj 'l.-Jea -
=2 + (cfai - C*a;) + Reai
dt da L

[N"i—N“‘ + 2 (C— Co) + R ] [28]
SA"— BA [ fa; ba;. ba;

dC, [Nq”'i o e (Ce, — C*) + R ]
dt ac L fej 41 ec;

[Nsci-'Nci n /bbc (C C )+R ] [29]
SC — SC L fey boc;. bey

The charge balance equations for the reactor are

1 F( — @a
Sz + —— [EZiDi(Cbai - Cai) + M2212Dicbai =
3a RT
[30]
for the diffusion region near the anode
F(d; —
S a7 an =0 [31]
RT(Ss ~ 84)

for the bulk region on the anode side

Sz + [EZiDi(Cbci = Cra)
MRS
F(ds — ¢2)
e 322DY(Cy, + C c)] =0 [32
SR T ba; T Che; [32]
for the separator
F(ds — d3)
2zt ———M'—EzizDiCch 0 [33]
RT(S¢c — 8¢)

for the bulk region on the cathode side

Tz + —81: [EziDi(Cci — Cye) + MEZiZDiCbCi] =0
(34]
for the diffusion region near the cathode, and finally
Sz(ri+ 1) =0 [35]

for the entire reactor. These charge balance relationships
can be better understood by referring to Appendixes C
and D. Equations [30]-[35] are derived in Appendixes J-O of
Ref. (14).

The current density is defined as (10)

1= FEzm = —FEziT’i [36]

The voltage drop through the electrolyte during charge is
defined as

Ad = ¢y — e [37]

Model Solution

Eq.[28],[11],[13], and [29] govern the time dependence of
each of the n species concentrations in each of the four re-
gions (84, Sa, Sc, and 8¢) of the reactor. These 4n material
balance equations plus the six current balance equations
(i.e., Eq. [30)[35)) constitute a system of 4n + 6 indepen-
dent equations. These equations are in terms of 4n concen-
trations (Cy;, Cpa;, Cue;,, and C.) and six potentials (¢, b1, b2,
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Table [. Butler-Yolmer kinetic data (T = 298.15 K)
ioj.ref Uje Uref W
Reaction () (A-cm?) A ] 2] W)
1 +0.31E - 02 0.5 0.5 +1.087 +1.783
2 +0.10E+ 01 0.5 0.5 -0.763 +0.000
Table [l. Stoichiometry data
Reaction 1 Reaction 2
Species (i) Si, Sij
Na* +0.0 +0.0
Br~ -1.0 +0.0
Bry +0.5 +0.0
Zn'*? +0.0 +0.5
Bry~ +0.0 +0.0
Table 111, Physical property data and feed composition
Dy 5
Species (i) Z (em?s) (mol/cm?®)
Na- +1 +0.1334E — 04 +0.1000E — 02
Br~ -1 +0.2084E — 04 +0.2949E - 02
Br, +0 +0.1310FE ~ 04 +0.1015E — 05
Zn*? +2 +0.7540F - 05 +0.1000E — 02
Br;~ -1 +0.1310E — 04 +0.5100E — 04
Table IV. Compatison of predictions
i Ab
(mA/cm?) (mV) er
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, &y, and ¢,); therefore, there are a total of 4n + 6 depend-
ent variables. Hence, this system of equations completely
describes any such reactor’s performance for a constant
set of feed compositions. For the steady-state case re-
ported here, the 4n material balance equations (Eq. [28],
f11], [13], and {29]) are set equal to zero, and the complete
system of 4n + 6 equations is solved using a Newton-
Raphson procedure.

Prior to solving for the reactor’s performance at steady
state, all of the relevant operating conditions and reactor
dimensions must be specified. These parameters include
the following: Cp, and Cg, for each component, E.
(Ecell = Ua - UC), SA and Sc (SA = Sc =S here), NMSs, da and
8¢ (85 = 8¢ = dhere), L/D, and L/D, (L/D, = L/D. here), and the
physical properties for each of the components. Tables
I-II1 list values for the input parameters used in' this
model. Ny represents the Macmullin number (6), which is
defined as the resistivity of the separator soaked in electro-
lyte divided by the resistivity of that electrolyte.

The selection of values for the diffusion layer thick-
nesses is eritical to this model. It may be possible to esti-
mate values for these thicknesses by using boundary layer
theory. It may also be possible to determine these values
by experimental measurement. The authors estimated
values for these thicknesses by comparing predictions
from the model (using assumed values for the thicknesses)
with predictions from previous models.

Once the steady-state conditions within the reactor have
been predicted, the average outlet concentrations are
readily determined by a material balance at the exit of the
reactor. The resulting equations are

_ $40eaC%s + (Sa = 84) PbaClha
Cai'__ Al i (A_ A) Uba'-ba; [38]
SA’Ua

B} 3cDecCe + (S¢ — 8c) DpcChe;
c. = C i C C) Ubcrbe; [39]
Scbe

220 T T T T T T
aLo E., = 19V )
L/v = 15 sec
20.0 | S = 0.065cm ]
6 = 0.017 cm
KE 19.0 .
(3}
X
<
\E/ 18.0 one-step ~, algebraic E
. pd *
17.0 N
16.0 - .
15.0 1 1 L L 1l 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

N, S, (cm)

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

29.0 1 T T T T -
270 _
E,= 19V
25.0 | ) B
L/v = 15 sec
230F S = 0.065cm ]
6 = 0.017cm
210 e
E
~ 190 | B
S
<1
170 | , -1
algebraic /one-step
150 | / .
13.0 |- 4
11.0 | 1
9.0 il L L i L L

0.0 0. 0.2 0.3 04 0.5 0.6 0.7

NuSS (cm)

Fig. 3. Comparison of the voltage dfops predicted by the one-step
and algebraic models.

Once the outlet concentrations are determined, the con-
versions for each of the components can easily be deter-
mined from the following definitions

et B [40]

s RS [41]

Discussion and Results

Figures 2 and 3 are comparisons of predictions obtained
from Mader and White (6) and the model presented here. In
both of these figures, the solid line represents the pre-
dictions obtained from Mader’s “one-step” model, and the
dashed line represent values obtained from the algebraic
model, The comparison between the two models is good
(within about 2%) throughout the entire range of effective
separator thicknesses investigated. Table IV presents a di-
rect comparison of predictions made using the algebraic
model, Mader’s “one-step” model, and Mader’s continuous
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22.0 T T T T 0.85 T T T T
‘-“ E, =19v | S e
Y L/v = 15sec
215 F 075 1
S = 0.065cm one-step / algebraic
NS = 0.18cm
&
g
{ 21.0 - B = 0.65
E ©o ]
: L/v = 15sec
S = 0.065 em
| S, = 0.
205 [ ] 055 b N5 18 cm |
* é = 0.017 em
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0.000 0.005 0010 0015 0020  0.025 0.45 o 1o 20 21 22 23
(cm) . . E W . . .
cell

Fig. 4. Predicted current density vs. diffusion layer thickness for the
algebraic model.

model. Surprisingly, the algebraic model predicts values
for i and Ad that-are closer to those predicted by the con-
tinuous 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 fit
model predictions by adjusting the value of 8.

Figure 5 shows the effect of E. 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.q. These

Fig. 6. Comparison of the total efficiencies predicted by the one-step
and algebraic models.

two findings are attributed to the tremendous difference
between the values of the exchange current densities for
the two reactions at the cathode. Figure 6 shows the effect
of E..q upon the total energy efficiency of the cell. It is ap-
parent from Fig. 6 that there is an optimum value for the
cell potential at which the battery should be operated so
that the maximum amount of energy can be stored. This
maximum 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 E., the voltaic efficiency decreases mono-
tonically with respect to E.y. 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 maximum value.
Figures 7 and 8 show the effect of varying 8 (i.e., the area
ratio) for the porous bromine electrode. It seems reasona-

1.0 T T T T
0.9 | : 4
one-step algebraic
038 |- B
a4
W
L/v = 1bsec
07 | / -
S = 0.065 cm
NS, = 0.18em
06 F [ = 0.017 cm
0‘5 ] 1 1 i
1.8 1.9 2.0 21 22 23
Ecell (V)

Fig. 5. Comparison of the current efficiencies predicted by the one-

step and algebraic models.
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0.85 T T T 1
075 -1
g=30
g=20
(A)l- 0.85 :,' :,' -
8=15 .' { L/v = 15sec
S = 0.065cm
: NuSs =-0.18 cm
0.55 [ . -4
/ [ = 0.017 cm
B=10 |
0'45 1 L i1 Il
1.8 1.9 2.0 21 2.2 23

Ecell (V)

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

ble that higher efficiencies would be obtained by reactors
with porous electrodes, because the increased surface area
results in a higher production rate of Br; 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 optimum 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 optimum value of E.q would
also change with time. The occurrence of an optimum E.,
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 optimum value of E..; may
exist for a zine/bromine battery. For the feed composition
studied, the optimum cell potential is about 2.10V. Such an
optimum 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 E.; would have to be
constantly varied for the battery to be operated in the most
efficient manner.
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LIST OF SYMBOLS

(em? projected area of porous electrode

(em?) effective area of porous electrode

(mol/ecm?®) bulk region concentration on anode side
(mol/cm?®) bulk region concentration on cathode
side

(mol/em?) feed concentration on anode side
(mol/em?) feed concentration on cathode side
(mol/em?®) average outlet concentration on anode
side

(mol/cm?®) average outlet concentration on cathode
side

(mol/cm?®) average concentration is separator
(mol/em?) average concentration near electrode on
anode side

(mol/em®) average concentration near electrode on
cathode side

(mol/em?) velocity-averaged concentration near the
anode

(mol/em?) velocity-averaged concentration near the
cathode

(mol/em?®) reference concentration

(cm?s) diffusion coefficient

(V) operating potential of reactor

(C/mol) Faraday’s constant (96,487 C/M)

(mA/cm?) total current density

(mA/cm? exchange current density for j’'th reac-
tion at referenced concentration

(em) reactor length

number of components

number of electrons in the j’th electrochemical re-
action

Macmullin number

(moVem? s) mole flux from anode region into anode
bulk region

(mol/em?) mole flux from cathode bulk region into
cathode region

(moVlem?) mole flux from anode bulk region into
separator

(mol/em? s) mole flux from separator into cathode
bulk region

(cm?¥/s) volumetric flow rate through anode side
(cm?¥/s) volumetric flow rate through cathode side
(J/mol K) gas constant (i.e., 8.314 J/mol K)
(mol/cm? s) reaction rate at anode surface (from
Butler-Volmer equation)

(mol/em? s) reaction rate at cathode surface (from
Butler-Volmer equation)

(mol/em? s) homogeneous reaction rate in diffusion
region near anode

(mol/em? s) homogeneous reaction rate in diffusion
region near anode

(mol/em® s) homogeneous reaction rate in bulk
near anode

(mol/em; s) homogeneous reaction rate in bulk
near cathode

(mol/cm? s) homogeneous reaction rate in separator
stoichiometric coefficient

(cm) distance from anode surface to separator
(cm) distance from cathode surface to separator
(cm) distance across separator

(K) reactor temperature

(V) reference potential for reaction j

(V) half-cell potential for reaction j

(V) potential at anode

(V) potential at cathode

(cm®) volume of storage bulk tank on anode side
(cm®) volume of storage tank on cathode side
(cm/s) average velocity through anode side

(cm/s) average velocity through cathode side
(c:in/s) average velocity in bulk region on anode
side

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

(em/s) average velocity near electrode on anode
side

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

(cm) reactor width
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Oy apparent anodic transfer coefficient for reaction j

Ogj apparent cathodic transfer coefficient for reaction j

z ionic charge

B area ratio for porous electrode (A.«/A)

da (cm) diffusion layer thickness near anode

d¢ (cm) diffusion layer thickness near cathode

Ma (V) overpotential at the anode

Me (V) overpotential at the cathode

ba (V) electrolyte potential at anode surface

be (V) electrolyte potential at cathode surface

& (V) electrolyte potential at interface between diffu-
s@gn region and perfectly mixed region on anode
side

b2 (V) electrolyte potential at separator on anode side

b3 (Vg electrolyte potential at separator on cathode
side

by (V) electrolyte potential at interface between diffu-
sion region and perfectly mixed region on cathode
side

Ad (V) voltage drop through electrolyte and separator

€c current efficiency (6)

€r total efficiency (6)

APPENDIX A

Figure A-1 is a schematic of the mole fluxes that enter
and leave the diffusion region near the anode

C a Ca» Di T Qa
N, = -D—= "% _,F ,‘bl ¢
B4 RT da

A verbal statement of the material balance is

(moles in) — (moles out)
+ (moles generated) = (moles accumulated)

where

(moles in) = [1,LW + Cp, D34 W] At

(moles out) = [N, LW + C*, 0,8, W) At

(moles generated) = R, L3, WAt

(moles accumulated) = [Cey(t + A1) — Cop ()] L8W

Substitution of these definitions into the verbal material
balance yields

[TiLW + Cfai@eaSAW - (N aiLW + C*aii’eaSAW) + Rea;LSAW] At
= [Cea(t + AL) — Coy (D] L3aW  [A-1.1]
Rearangement of Eq. [A-1.1] yields the following

Ve E‘l;

(/L A L e A

Vea Coy

Fig. A-1. Material balance schematic of the diffusion region near the
anode.

Ti -

N.. Dea R
N N (Cra — C*2) + Res,
Sa L
Coalt + A1) — Tl
== A [A-1.2]
At
Taking the limit of Eq. [A-1.2] as At approaches zero
yields
T~ N, aj Dea - C ea:
—_—0t (Cfai - C*ai) + Reai = I
da L dt
APPENDIX B

Figure A-2 is a schematic of the mole fluxes that enter

and leave the bulk region on the anode side

C ay Ca- Di = Pa
N, = -D—2 "% _ ziF—““‘CbaiM
o RT o
Di C c: C aj Di -
Ny = - —L be; ba oF Coa, bz — b2
NM Ss NmRT Ss

A verbal statement of the material balance is

(moles in) — (moles out)

+ (moles generated) = (moles accumulated)

where

(moles in) = [N,LW + Cp,D0a(Sa — 84) W] At

(moles out) = [Ny LW + CaDpalSa — 8a) W At

(moles generated) = Ry, L(Sa — 34) WAL

(moles accumulated) = [Cy,f(t + At) — Cpo(1)] L(Ss — 30 W
Let S = Si — 84. Substitution of these definitions into the

verbal material balance yields
[N LW + CeoDaSW ~ (N LW + CpoDaSW) + Ry, LSW] AL

= [Chat + At) — Cro ()] LSW [A-2.1]
Rearrangement of Eq. [A-2.1] yields the following

No = Ny | P (Cra. — Cba) + R
_ST_—g;“" L fa; ba; baj
Cpat + At) — Cpa(t
_ bail ) ba(t) (A-2.9]
At
\-Vb. Chl
) %
__,( I
] .
| Coa
Nq l Nll(
____'] —_—
— s -4 —

‘-’hq Clq

Fig. A-2. Material balance schematic of the bulk region on the anode

side.
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Fig. A-3. Charge balance schematic of the diffusion region near the
anode.

Taking the limit of Eq. [A-2.2] as At approaches zero
yields the following
N a; N, saj
Sa — 84

’Dba =~ d(:b;,\i
L (Cfaiv— C*bai) + Rbai =

+

APPENDIX C

Figure A-3 is a schematic of the charge fluxes that enter
and leave the diffusion region near the anode

N, = -D, Coa — Cy ziFiCba. 1 — s
' 8a RT B
A verbal statement of the charge balance is
(charge in) — (charge out) = 0
where
(charge in) = FLWZXz7;
(charge out) = FLWZzN,,

Substitution of these definitions into the verbal charge
balance yields

FLW3zr; ~ FLWSzN, = 0 [A-3.1]

Simplification and substitution of the flux expression
into Eq.[A-3.1] yield
Cbai - Ca' Di

i ZiF——-—cbai dr)l - ¢a

— " )=0
Sa RT da

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

F(¢ — d2)
T

EZiTi - 22’;(—Di

1
Sz + v I:EZiDi(Cbai —Cyt zziZDiCbai] =0

A

APPENDIX D

Figure A-4 is a schematic of the charge fluxes that enter
and leave the bulk region on the anode side

Di -
Ny, = ~2F — Cpy, Rl
RT Sa— 84
A verbal statement of the charge balance is

(charge in) — (charge out) = 0

J. Electrochem. Soc., Vol. 136, No. 8, August 1989 © The Elecirochemical Society, Inc.
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Fig. A-4. Charge balance schematic of the bulk region on the anode
side.
where

{charge in) = FLWZzn;

(charge out) = FLWZz;Nyp,,

Substitution of these definitions into the verbal charge
balance yields

FLWEZ{)"‘[ - FLWEZijai =0 [A-41]

Substituting the flux expression into Eq. [A-4.1] yields

D, -
ZZiTi — 22i<_ZiF Cbaj M) =0
RT Sa — da

[A-4.2]
Rearrangement of Eq [A-4.2] yields the following

F(d; — $1)

7+ ———
RT(S, ~ 8

EzizDiCbai =0
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