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Abstract

A mathematical model for analysis and prediction of the performance of the aluminum–air cell has been developed. The model takes
into account the kinetics of the anode, cathode, and parasitic reactions. Ohmic losses in the electrolyte and mass transfer are also taken
into account. The model prediction of cell performance shows good agreement with experimental data. The mathematical model provides
detailed information about cell performance for a wide range of operating and design parameters. For better cell performance, our model
studies suggest the use of higher electrolyte flow rates, smaller cell gaps, higher conductivities, lower parasitic current densities and
operation at moderate current density. From our analysis, we have determined that, in an aluminum air cell, only the activation and ohmic
overpotential are important.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

An aluminum–air battery system has the potential to be
used to produce power to operate cars and other vehicles
[1,2]. There are many parameters involved in the design and
operation of the aluminum–air battery system. To optimize
design and operation of an aluminum–air battery system, it
is essential to develop a mathematical model that can predict
the aluminum–air cell performance. In our previous paper,
we briefly provided the cell performance model equations
[3]. In this paper, a mathematical model for analysis and
prediction of the performance of the unit cell has been de-
veloped in detail. The effects of mass transfer, migration,
gas evolution, kinetics of electrodes, parasitic reaction and
ohmic losses in the electrolyte are considered. By intro-
ducing selectivity, the algorithm for modeling calculations
is simpler. MATLAB software programs were used for
these calculations. This model will be used to predict cell
performance (current density–cell voltage curve), the ef-
fect of electrolyte flow rate on current density distribution,
the effect of cell gap on current density, and the effect of
electrolyte conductivity on current density. It also is used
to predict the effect of parasitic current on selectivity, ac-
tivation overpotential and ohmic loss at different cell gaps,
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gas fraction variation with cell height, and the effect of gas
fraction on electrolyte conductivity. The model also predicts
the anode surface concentrations of OH− and Al(OH)4−,
and mass transfer boundary layer thickness.

2. Problem definition, geometry and assumptions

The cell is made up of two plane electrodes with cell gap
(S) and height (H), where the height is much greater than
the cell gap (Fig. 1 shows the geometry). The electrolyte
enters from the bottom in laminar flow with developing
boundary layer (i.e. the boundary layer thickness increases
with height). The electrochemical reactions occur only on
the electrode surfaces. No crystallization reaction occurs in
the cell.

At the anode, the main reaction is

Al + 4OH− → Al (OH)4
− + 3e−.

The parasitic (undesired) reaction at the anode is

Al + 3H2O + OH− → 3
2H2 + Al (OH)4

−.

At the cathode, the reaction is

O2 + 2H2O + 4e− → 4OH−.

0378-7753/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
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Nomenclature

A, b empirical cathode kinetic constants
ci concentration of speciesi (mol/cm3)
ci0 surface concentration of speciesi

(mol/cm3)
cib bulk concentration of speciesi

(mol/cm3)
ci,ref reference concentration of speciesi,

in this article,ci,ref=cib (mol/cm3)
dbubble diameter of bubbles (cm)
Di diffusion coefficient of speciesi

(cm2/s)
DR diffusion coefficient of the limiting

reactant (cm2/s)
E empirical cathode kinetic constants
E01 equilibrium potential of electrode 1 V
Eeq cell equilibrium voltage (V)
F Faraday’s constant (96,500 C/eq.)
f(y) gas fraction as a function of height
G gravitational acceleration (cm/s2)
H electrode height (cm)
ia anode current density (mA/cm2)
iav average current density (mA/cm2)
ic cathode current density (mA/cm2)
im main anode reaction current

density (mA/cm2)
im0 exchange current density of the

main anode reaction (mA/cm2)
ip parasitic current density (mA/cm2)
ip0 exchange current density of the anode

parasitic reaction (mA/cm2)
nm electron transfer number in

anode main reaction
np electron transfer number in

anode parasitic reaction
N electron number per mol

hydrogen molecule
Ni flux of speciesi (mol/(cm2 s))
P pressure (dyn/cm2)
R ideal gas constant (J/(mol K))
R′ empirical cathode kinetic constant
Ri reaction rate of speciesi (mol/(cm3 s))
Rey Reynolds number as a function ofy
sim stoichiometric coefficient of anode

main reaction
sip stoichiometric coefficient of anode

parasitic reaction
S cell gap (cm)
Sm/p selectivity of main reaction over

parasitic reaction
Sc Schmidt number of speciesi

in the electrolyte
t time (s)

T temperature (K)
ui mobility of speciesi (cm2 mol/(J s))
v′

b bubble rising velocity (cm/s)
V fluid velocity (cm/s)
Vcell cell voltage (V)
x, y axial position (cm)
X cathode extension
zi charge valence of ionsi

Greek letters
αm, γim empirical anode kinetic constants
αp, γip empirical parasitic kinetic constants
δi diffusion layer thickness of speciesi (cm)
δic diffusion layer thickness of speciesi

due to convection (cm)
δib diffusion layer thickness of speciesi

due to bubble effect (cm)
Φ solution potential
Φ1, Φ2 electrode 1 (anode) potential and

electrode 2 (cathode) potential
Φa, Φb solution potential just outside the diffusion

layer at electrode 1 (anode) and solution
potential just outside the diffusion layer at
electrode 2 (cathode)

η1, η2 overpotenial of electrode 1 (anode)
and 2 (cathode)

ηa1 activation overpotential of electrode 1
(anode) (V)

ηc1 concentration over potential of electrode 1
(anode) (V)

ηm activation overpotential of anode (V)
ηp activation overpotential of parasitic

reaction (V)
κ conductivity of electrolyte at gas

fraction f (y) (S/cm)
κ0 conductivity of electrolyte at zero gas

fraction (S/cm)
µ viscosity of electrolyte (g/(cm s))
ρ density of electrolyte (g/cm3)
ρgas density of hydrogen gas (g/cm3)

3. Fundamental equations

3.1. Transport in electrolyte solutions

The laws of transport in dilute electrolyte solutions have
been known for many years and have been discussed in
detail elsewhere[4]. The flux of a species due to migration
in an electric field, diffusion in concentration gradient, and
convection with the fluid velocity is:

Ni = −ziuiFci∇Φ − Di∇ci + vci (1)
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Fig. 1. Schematic of the geometry of an aluminum–air cell:δi, the
boundary layer thickness of speciesi; H, cell height;S, cell gap;H � S;
v, electrolyte velocity;x is measured from the electrode surface andy is
measured from the cell entrance.

A material balance for a small volume element in the
electrolyte is:

∂ci

∂t
= −∇Ni + Ri (2)

In our model, there are no reactions in the electrolyte
(Ri = 0).

To a very good approximation, the solution is electrically
neutral,∑
i

zici = 0, (3)

except in the diffuse part of the double layer very close to
an interface. The current density in the electrolyte solution
is due to the motion of charged species:

i = F
∑
i

ziNi. (4)

These equations provide the basis for the analysis of
transport in the electrolyte. The flux relation (Eq. (1))
defines transport coefficients—the mobilityui and the dif-
fusion coefficientDi of an ion in a dilute solution. For flow
of the electrolyte, the fluid velocity is determined from the
Navier–Stokes equation:

ρ

(
∂v

∂t
+ v∇v

)
= ∇p − µ∇2v + ρg. (5)

Eqs. (1)–(5)can be combined to determine the concen-
tration of each species:

∂ci

∂t
+ v∇ci = Di∇2ci + ziuiFci∇2Φ + ziuiF(∇ci) · ∇Φ.

(6)

The current density can be expressed as

i = −κ∇Φ − F
∑
i

ziDi∇ci, (7)

where

κ = F2
∑
i

z2
i uici (8)

is the solution conductivity. Multiplication ofEq. (6)by ziF
and addition overi gives an equation for conservation of
charge:

−∇ · i = 0 = κ∇2Φ + (∇κ) · ∇Φ + F
∑
i

ziDi∇2ci. (9)

The Nernst–Einstein relation relates ionic diffusion coeffi-
cients and mobilities, at least approximately:

Di = RTui. (10)

We take all the diffusion coefficients to be of roughly the
same magnitude, but all of them to be small in the sense that
the Peclet numberPe is large:

Pe= UL

DR
(11)

where U is the characteristic velocity,L the characteris-
tic length, andDR is the characteristic diffusion coefficient
(usually taken to be that of the limiting reactant). Note that
whenDR goes to zero thePebecomes infinite.

3.2. Electrolyte bulk medium

The region of the electrolyte outside the boundary layer is
called the bulk region. It is widely known that when thePeis
large, mass transfer by convection dominates over diffusion
except in a thin region, known as the diffusion layer, near
the reaction surface (the electrode in this case). For largePe
(in the bulk medium),Eq. (6)reduces to

∂ci

∂t
+ v · ∇ci = 0. (12)

That is, the concentration of a fluid element is constant as
it moves through the solution. In most cases the appropriate
solution toEq. (12)in the bulk medium is

cI = cIB (13)

and all concentrations have their bulk values.
For the region outside the diffusion layer,Eq. (13) ex-

presses the solution for the concentrations. It is still neces-
sary to solve for the potential by means ofEq. (9), which
in the bulk solution reduces to

∇ · κ∇Φ = 0. (14)

3.3. Electrolyte diffusion layer

Diffusion cannot be neglected in the layer near the reac-
tion surface. But other simplifications are still possible. On
account of the thinness of the diffusion region, effects of
curvature can be neglected. We adopt the boundary layer
coordinates wherex is the normal distance from the surface
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and y is measured along the surface from the entrance. In
the diffusion layer,Eq. (6)simplifies to

∂ci

∂t
+ vx

∂ci

∂x
+ vy

∂ci

∂y

= Di

∂2ci

∂x2
+ ziuiF

(
ci
∂2Φ

∂x2
+ ∂ci

∂x

∂Φ

∂x

)
. (15)

We can ignore the derivatives with respect toy compared
to the derivatives with respect tox. One more simplification
is possible. We assume that the Schmidt numberSc is

Sc= ν

DR
� 1, (16)

where ν is the kinematical viscosity of the fluid. TheSc
is on the order of 1000 for the electrolytic systems of in-
terest here. With the assumption that theSc is large, the
diffusion layer is thin even when compared with any hydro-
dynamic boundary layer, which may be present, and within
a two-dimensional diffusion layer the velocity components
can be represented as

vx = −1
2x

2β′(y) and vy = xβ(y), (17)

where β(y) is the velocity derivative at the solid wall,
β = ∂vy/∂x at x = 0, and the prime denotes the derivative
with respect toy. These are the first terms in expansions of
the velocity inx and satisfy the continuity equation:

∂vx

∂x
+ ∂vy

∂y
= 0. (18)

With this approximation, the diffusion layer equation for
the concentrations is

∂ci

∂t
− 1

2
x2β′vy

∂ci

∂x
+ xβ

∂ci

∂y

= Di

∂2ci

∂x2
+ ziuiF

(
ci
∂2Φ

∂x2
+ ∂ci

∂x

∂Φ

∂x

)
. (19)

These equations (one for each species, OH−, Al(OH)4
−)

are to be solved along with the equation of electro-neutrality
(Eq. (3)) and certain boundary conditions that are yet to be
discussed.

4. Boundary conditions

4.1. Flux and concentration on the boundaries

The differential equations describing the electrolyte
solution require boundary conditions. The most complex of
theses concerns the kinetics of electrode reactions. A single
electrode reaction can be written in symbolic form as∑
i

simMi
zi → nme−, (20)

wheresim is the stoichiometric coefficient of speciesi and
Mi is a symbol for the chemical formula of speciesi. Then

the boundary conditions for the concentrations in the diffu-
sion layer are

ci → cib, asx → δi, (21)

Nim = − simim

nmF
at x = 0, (22)

The parasitic reaction at the anode is expressed as∑
i

sipMi → 0. (23)

We obtain the stoichiometric coefficient from the reaction
Eq. (23)which represents the net parasitic corrosion reac-
tion and we obtain the electron transfer numbernp from
the oxidation corrosion reaction. Then the parasitic flux of
speciesi is

Nip = − sipip

npF
at x = 0, (24)

So, the total flux of speciesi is

Niy = Nim + Nip = − simim

nmF
− sipip

npF
at x = 0. (25)

If we define selectivity ofim over ip asSm/p,

Sm/p = im

ip
(26)

ThenEq. (25)can be changed into

Niy = Nim + Nip = −
(

sim

nmF
+ sip

npFSm/p

)
im at x = 0.

(27)

4.2. Boundary conditions for potentials in the bulk medium

The potentials on the electrode are shown inFig. 2. Φ1
is the potential at the anode andΦ2 is the potential at the
cathode. The cell voltage is the difference between these two
potentials

Vcell = Φ2 − Φ1, (28)

e
-

Φ 2Φ1 

Fig. 2. Potential on the electrodes.
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Fig. 3. Visualization of a simplified model for anodic oxidation.Φa is
the boundary condition for the potential equation:∇ · κ∇Φ = 0 in the
bulk medium (adapted from[5]).

The equilibrium cell voltage (Nernst voltage) is

Eeq = E02 − E01. (29)

The boundary conditions are affected by the sum of both
the activation and the concentration overpotential. At the
anode:

η = ηa[ix (x = 0), ci0, . . . ] + ηc[ix (x = 0), ci0, ci, . . . ].

(30)

This equation can also be written for the cathode at
x = S.

The boundary condition depends on the local current den-
sity flowing through the diffusion layer and the double layer.
Fig. 3 visualizes a simplified model for anodic oxidation
used to develop the boundary conditions for the potential
Eq. (14).

The potential just outside the diffusion layer at the anode
side is

Φa = Φ1 − E01 − η1, (31)

whereE01 is equilibrium potential of the anode,η1 is the
overpotential just outside the diffusion layer. The boundary
layer includes both double layer and the diffusion layer. In
an electrochemical system, there at least two electrodes, the
boundary conditions for the bulk solutions at the cathode
side is

Φc = Φ2 − E02 − η2. (32)

Written under this form the boundary conditions are not
practical for use because only voltage differences are of
importance.

CombiningEqs. (28) and (29)with Eqs. (31) and (32)
gives the potential at the anode:

Φa = Eeq − Vcell − η1 (33)

and the potential at the cathode:

Φc = −η2. (34)

5. Additional conditions

5.1. The concentration and activation overpotentials

For a solution with an excess of supporting electrolyte,
the concentration overpotential in the electrolyte diffusion
layer is[4]

ηc =
∑
i

[
siDi

nFui
ln

(
ci0

cib

)
+ ziFDi

κ0
(cib − ci0)

]
. (35)

The surface or activation overpotential as defined above
should depend only on the reaction rate and the concentra-
tions at the electrode surface:

ηa = f [ix (x = 0), ci0, . . . ]. (36)

This can be obtained by the modified Butler–Volmer or
modified Tafel equations (seeSection 5.4).

5.2. Concentration profile

The concentration profile is linearized and the whole
problem is divided into two parts:

• a thin layer, called the stagnant diffusion layer with a
thicknessδi;

• the bulk of the solution where no concentration gradients
exist (seeFig. 4).

5.3. Surface concentration on the anode

In the diffusion layer, the flux of OH− and Al(OH)4−
due to the migration and diffusion, can be simplified to one
dimension in they direction for each component. Assuming

δi 

Ni 

ix(x=0) 

ci0  cib 

δi 

ci0 

c 

cib 

Bulk solution 

Distance from electrode 

Fig. 4. The concentration profile near the electrode. The Nernst
diffusion-layer is obtained by extrapolating the linear part of the concen-
tration change to the concentration of the bulk solution.
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a one dimension linear concentration profile and Ohm’s law
holds:

ci = ci0 + (cib − ci0)x

δ
,

and

−∇Φ = im

κ0
.

Eq. (1)becomes:

Ni = ziuiFci
im

κ0
− Di(cib − ci0)

δi
. (37)

and let ci = (cib + ci0)/2, and combiningEq. (37) with
Eq. (27), yields the concentration at the surface as a function
of y as

ci0

cib
= 1 + [δi(im/κ0)(F/2RT)]

1 − [δi(im/κ0)(F/2RT)]

− [(sim/nmF) + (sip/npFSm/p)]im
Di(cib/δi)[1 − δi(im/κ0)(F/2RT)]

, (38)

whereδi is the diffusion layer thickness for speciesi and is
estimated by the convective electrolyte flow and the micro
convection of gas evolution (seeSection 5.5). δi is defined as
the distance from the electrode whereci = cib, by assuming
a linear concentration profile of speciesi.

Eq. (38)can be written in terms of the corrosion current
density,ip, and the selectivitySm/p:

ci0

cib
= 1 + [δi(ipSm/p/κ0)(F/2RT)]

1 − [δi(ipSm/p/κ0)(F/2RT)]

− [(simSm/p/nmF) + (sip/npF)]ip
Di(cib/δi)[1 − δi(ipSm/p/κ0)(F/2RT)]

. (39)

Our equations to predict surface concentrations of OH−
and Al(OH)4− are different from Chan and Savinell[6]. The
difference is in the coefficients of these equations. We use
Eq. (20)(main reaction) andEq. (23)to accurately determine
these coefficients.si/n is the stoichiometric coefficient over
the electronic transfer number.

The main reaction inEq. (20)form is

Al + 4OH− − Al (OH)4
− = 3e−.

Therefore,sim/nm = 4/3 for OH− andsim/nm = −1/3 for
Al(OH)4

−.
The parasitic reaction inEq. (23)form is

Al + 3H2O + OH− − 3
2H2 − Al (OH)4

− → 0.

Therefore,sip/np = 1/3 for OH− and sip/np = −1/3 for
Al(OH)4

− wheresip comes from the net parasitic (corro-
sion) reaction andnp comes from the oxidation corrosion
reaction.

5.4. Electrode kinetics

5.4.1. Main anode reaction kinetics
Polarization data for aluminum anodes have been reported

by Rudd[7]. A simple modified Butler–Volmer form was
used in this modeling work. The data of Rudd was fitted to
parameters of the following expression:

im = im0

∏
i

(
ci0

ci,ref

)γim
[
exp

(
αmF

RT
ηm

)]
(40)

whereηm = Φ1 − Φa − ηc1 − E01. The subscript m stands
for the main reaction.

5.4.2. Parasitic anode reaction kinetics
The parasitic reaction on aluminum can be written as

ip = ip0

∏
i

(
ci0

ci,ref

)γpi
[
exp

(
αpF

RT
ηp

)]
, (41)

where

ηp = η1a + E01 − E0p. (42)

5.4.3. Cathode kinetics
For the porous air cathode, a modified Tafel equation was

used:

ηc = a + blog(|ic|) + e|ic|. (43)

5.5. Diffusion layer thickness

The diffusion layer thickness is estimated by taking into
account convection from electrolyte flow and microconvec-
tion effects from gas evolution (see also[6]).

The position dependent boundary layer thickness due to
convection effects is expressed as[8]

δic = 1.08Sc−1/3Re−1/2
y y0.95S0.05. (44)

In a stagnant fluid, the diffusion layer thickness can be
correlated to the bubble generation rate by the equation[9]:

δib = 0.0103i−0.36
p . (45)

The combined effect of convection and microconvection
on the diffusion layer thickness can be estimated as[10]

δi = δicδib

(δ2
ic + δ2

ib)
1/2

. (46)

A calculated value ofδi(OH−) at a cell voltage of 1.3 V,
height of 17 cm and a cell gap of 0.2 cm is about 6.5 ×
10−3 cm, 3.2% of the cell gap.

5.6. Electrolyte conductivity

The presence of the gas bubbles in the cell gap decreases
the electrolyte conductivity, and this effect can be estimated
by the Bruggemann equation (see also[6]):

κ(y) = κ0
[
1 − f(y)

]1.5
, (47)
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wheref(y) is the axial positionydependent gas fraction of the
electrolyte.f(y) can be estimated by the following equation
[11]:

f(y) = ρ−1
gas

HnFv′
b

∫ h

0
ip(y)dy, (48)

where v′
b is bubble rise velocity,n is electrons trans-

ferred/mol gas, andρgas is gas density.

5.7. Bubble rise velocity

In a stagnant solution, after formation, a bubble rapidly
accelerates to its terminal velocity,vb. The value ofvb is
determined by the balance between the buoyant raising force
and the drag force. While it is easy to calculate the buoyancy
force for a bubble, the drag force varies with bubble size. For
small, spherical bubbles, the drag force can be calculated,
and when combined with the buoyancy force, yields Stoke’s
law:

vb = ρgd2
bubble

18µ
, (49)

whereρ is the density of the fluid,dbubble the diameter of
the bubbles, andµ is the viscosity of the fluid.

If the velocity of the fluid isv, the rise velocity of the
small bubble will be:

v′
b = vb + v (50)

6. Cell performance model

6.1. Cell performance model: summary

Eqs. (26), (33), (34), (38) and (40)–(46)form the set of
equations for our cell performance model.

The model includes the effects of mass transfer, migra-
tion, gas evolution, and the kinetics of the electrodes. The
mathematical model provides detailed information about
cell performance for a wide range of operating and design
parameters. In summary, the electrolyte has been broken
into two regions: bulk medium and diffusion layer. If we
combine the diffusion layer and double layer as one bound-
ary layer, the cell performance of the aluminum–air cell can
be modeled by the potential equation:

∇ · κ∇Φ = 0.

boundary conditions:

Φa = Eeq − Vcell − η1,

Φc = −η2,

and additionalEqs. (38) and (40)–(46)which are used to cal-
culateη1 andη2 (seeSection 5). The calculation procedures
are outlined inSection 6.3. We determine current density at
positionx and average current density of the cell at a fixed
cell voltage.

6.2. Model assumptions

1. Two electrodes are in parallel.
2. The cell is sufficiently long (H � S) so that entrance

effects on the cell performance curve are neglected.
3. Simple Ohm’s law is used in the bulk layer to predict the

potential:−∇Φ = (Φa−Φc)/S = im/κ (one dimension).

With these assumptions, the cell performance modeling is
turned into a one-dimensional problem.

6.3. Model computational algorithm

For a fixed cell voltage, the following procedures are used
to calculate current density at positionx and average current
density of the cell:

1. Assuming a current densityim, ci0 = cib (no concentra-
tion polarization) andκ = κ0 (no gas effect).

2. Calculateηa1 by Eq. (40), ηa2 by Eq. (43), ηp by Eq. (42)
and ip by Eq. (41).

3. Calculateδi by Eqs. (44)–(46), f(y) by Eq. (48), κ(y) by
Eq. (47).

4. Calculateci0/cib by Eq. (38)and by estimating∇Φ(=
(Φa − Φc)/S = im/κ).

5. Recalculateηa1 by Eq. (40), ηa2 by Eq. (43), ηp by
Eq. (42) and ip by Eq. (41), and calculateSm/p by
Eq. (26).

6. Calculate voltage of the cell,V.

CalculateV by Eqs. (33) and (34)and(Φa −Φc)/S = im/κ

(Ohm’s law):

Case 1: V > Vcell, increaseim, go back to step 2.
Case 2: V < Vcell, decreaseim, go back to step 2.
Case 3: V = Vcell, the resultedim is the current density

at positiony.

7. Calculate average current density

iav =
∑ δyim

H

The parameters used to calculate cell performance are
tabulated inTable 1.

If we determine the cathode parameters from the Yardney
(AC series) cathode[12] for oxygen reduction, the coeffi-
cients inEq. (43)listed inTable 2.

7. Model calculations

7.1. Model verification

Fig. 5 shows the model predicted cell performance curve
(curve 1) compared to experimental data. The solid curves
is plotted using the Algorithm inSection 6.3. The circles
are experimental data at temperature of 333 K (see[6]) with
electrolyte velocity of 1.7 cm/s and a cell gap of 0.14 cm. In
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Table 1
Parameters used in the cell performance modeling[6]

Parameters

Anode kinetic parameters
Main im0 = 13.71 mA/cm2, αm = 0.07956,γm = 0.5, E01 = −2.4403 V (from Eq. (40))

Parasitic ip0 = 11 mA/cm2, αp = −0.0591,γp = 1, E0p = 0.9058 V (from Eqs. (41) and (42))

Cathode kinetic parameters SeeTable 2(from Eq. (43))

Substance physical properties cOH−,b = 5× 10−3 mol/cm3, DOH−,b = 5.26× 10−5 cm2/s, cAlOH−,b = 5× 10−4 mol/cm3,
DAlOH−,b = 10−5 cm2/s, ρ = 1.15 g/cm3, µ = 0.008 g/(cm s),ρgas= 7.32× 10−8 g/cm3,
dbubble

a = 2.6 × 10−3 cm, κ0 = 0.8 s/cm

Operating conditions Temperature= 333 K

Constants F = 96,500 C/eq.,R = 8.314 J/(mol K),g = 980 cm/s2

a From [9].

Table 2
Cathode kinetic parameters for the modified Tafel equation (Eq. (43))

Cathode Kinetic parameters

a b e

AC65 Yardney (Ag) −0.2856 −0.0316336 −6.631× 10−4

AC75 Yardney (CoTMPP)−0.1945 −0.02901276−7.402× 10−4

AC78 Yardney (Pt) −0.2118 −0.0255886 −6.706× 10−4

Chan and Savinell −0.29289 −0.025096 −2.03429× 10−4

curve 1, the cathode kinetic parameters are from Chan and
Savinell. The agreement between the model and the data is
good at current densities from 180 to 500 mA/cm2.

In curve 2, the cathode kinetic parameters are from Yard-
ney AC78. From the kinetic parameters of Yardney cathode
AC78, we can see that the ohmic resistance terme (absolute
value) is bigger than the one given by Chan and Savinell,
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Fig. 5. Cell performance of an aluminum air cell with pure aluminum anode. Curve 1: the cathode kinetic parameters are from Chan and Savinell; curve
2: the cathode kinetic parameters are from Yardney AC78.

so at higher current density, the Yardney AC78 cathode has
higher polarization thus the cell voltage is lower at the same
current density.

7.2. Effect of electrolyte flow rate on current density
distribution

Fig. 6 shows the effect of electrolyte flow rate (velocity)
on current density distribution along the cell. Because of the
evolution of hydrogen gas in the electrolyte, the ohmic re-
sistance will increase along the cell (resulting in a decrease
of current density along the cell) if the electrolyte flow rate
is not high enough to remove the bubbles. With increase
in the electrolyte flow rate, the current distributions along
the cell become closer to uniform, which suggests that
operating at a high flow rate (8 cm/s), the gas effect will be
alleviated.
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Table 3
Velocity and Reynolds number relationship

Velocity (cm/s) Re

1 56
3 167
5 279
8 446

14 780
18 1003

Cell gap= 0.2 cm.

The Reynolds number (Re) increases with flow rate.
The relationship of Re and velocity is tabulated in
Table 3. The Re number indicates laminar flow over a
wide range of velocities because of the narrow channel
used.
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Fig. 7. Effect of cell gap on current density at different constant voltages and a electrolyte flow rate of 8 cm/s.

7.3. Effect of cell gap on current density

The effect of cell gap on the current density at different
constant voltages is shown inFig. 7. To alleviate the effect
of gas bubbles in the electrolyte, a flow rate of 8 cm/s (see
Section 5.4.2) is used in our calculation. In a two plane, par-
allel electrodes design, with the consumption of the anode,
the cell gap will increase, and thus the ohmic resistance will
increase. Larger cell gap means larger ohmic resistance. At
lower cell voltage, the current density is higher, and the cell
gap has a greater effect on the current density.

7.4. Effect of parasitic current on selectivity–corrosion
inhibitor

One of the objectives in the optimization of the cell per-
formance is to increase the selectivity of the main current
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Fig. 8. Effect of corrosion current on selectivity at a flow rate of 8 cm/s and cell gap of 0.2 cm using sodium stannate as a corrosion inhibitor.

density over parasitic current density. FromFig. 8, one can
see that if we can decrease parasitic current by a factor of 10,
the selectivity will be much higher. In using pure aluminum,
and no corrosion inhibitor addition in the electrolyte, the
selectivity will be very low at low current density (main
reaction) (curve 2). In the case of using aluminum alloy
(Al 1199) and the additive sodium stannate (Na2SnO3), a
corrosion inhibitor, in the electrolyte, the parasitic current
will decrease by a factor of ten as we have shown in our
experimental studies.

7.5. Effect of electrolyte conductivity on current density

Fig. 9 shows the effect of electrolyte conductivity on
current density at different constant cell voltages. Small
changes in electrolyte conductivity have significant effect
on the current density. With an increase in conductivity, the
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Fig. 9. Effect of conductivity on current density at different constant cell voltages at a flow rate of 8 cm/s and cell gap of 0.2 cm.

current density will significantly increase in all three cases.
So in the choice of the electrolyte, the conductivity will be
an important factor. The specific electrolyte, its concentra-
tion and temperature all affect the conductivity of the elec-
trolyte. A KOH aqueous solution has higher conductivity
than a NaOH aqueous solution when their concentrations
are equal. That is why many people choose KOH aqueous
as the electrolyte. Of course, other factors should also be
taken into account such as the effect of different electrolyte
on the crystallization of the products and the regeneration
of aluminum by the industrial Hall–Herout process.

7.6. Activation overpotential and ohmic loss at
different cell gaps

Activation overpotential and ohmic loss at different cell
gaps are listed inTable 4. The concentration overpotential
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Table 4
Cell Overpotential and ohmic losses at 0.8 V and 8 cm/s velocity

Cell gap (cm) Current density (mA/cm2) Activation loss (V) Ohmic loss (V) Total loss (V)

Anode Cathode

0.2 528 1.32 (68.4%) 0.47 (24.4%) 0.14 (7.2%) 1.93 (100%)
0.4 437 1.25 (64.7%) 0.45 (23.7%) 0.23 (11.6%) 1.93 (100%)
0.6 381 1.20 (62.2%) 0.43 (22.2%) 0.30 (15.6%) 1.93 (100%)
0.8 338 1.16 (60.1%) 0.42 (21.8%%) 0.35 (18.1%) 1.93 (100%)

is not included in this table for it is very small compared
with the activation overpotential and ohmic loss. At a flow
rate of 8 cm/s, the effect of gas bubbles on ohmic resistance
is small, the ohmic resistance is considered to be constant
along the cell channel. When the cell gap increases from
0.2 to 0.8 cm, the anode overpotential decreasing from 68.4
to 60.1% (8.3% net decrease); the cathode overpotential is
relatively stable, it decreases from 24.4 to 21.8% (2.6%
net decrease); the ohmic loss increases from 7.2 to 18.1%
(10.9% net decrease). The current density decreases from
528 to 338 mA/cm2 (190 mA/cm2 or 36.0% net decrease).
Although at a fixed cell voltage of 0.8 V, the ohmic loss only
increases 7.2–18.1%, the effect on current density is signif-
icant, 36% current density will be lost due to the increase
of ohmic loss (or cell gap).

Table 5shows overpotential and ohmic losses at two cell
gaps, different cell voltages. We can see that the ohmic
loss become important at higher current density (lead to the
decrease of current density at the same cell voltage), and
selectivity is higher at higher current density.

7.7. Gas fraction variation with cell height

Fig. 10indicates the gas fraction variation with height in
the aluminum–air cell. Calculations represented inFig. 10
have been made when there is no additive in the electrolyte

Table 5
Overpotential and ohmic losses at different cell gaps, different cell voltages and a flow rate of 8 cm/s.

Cell gap= 0.2 cm
Voltage,V 0.4 0.6 0.8 1 1.2 1.4
im 932.4 715.9366 529.05 375 254.53 166
Sm/p 85.85 53.2843 31.06 16.8942 8.5507 4.0446

Anode loss 1.5289 1.4314 1.3206 1.195 1.054 0.8999
Cathode loss 0.5566 0.5098 0.4685 0.4335 0.4048 0.3822
Ohmic loss 0.2405 0.1848 0.1369 0.0975 0.0672 0.0439

Total loss 2.326 2.126 1.926 1.726 1.526 1.326

Cell gap= 0.4 cm
Voltage,V 0.4 0.6 0.8 1 1.2 1.4
im 732.9783 577.7783 440.075 322.37 226.408 152.39
Sm/p 55.5849 36.3326 22.4186 12.9513 6.964 3.483

Anode loss 1.4402 1.3529 1.2535 1.1404 1.0122 0.869
Cathode loss 0.5136 0.4794 0.4485 0.4212 0.3978 0.3785
Ohmic loss 0.3722 0.2937 0.224 0.1644 0.116 0.0785

Total loss 2.326 2.126 1.926 1.726 1.526 1.326

to suppress the corrosion reaction. It is clear that the volume
fraction takes up a significant percentage of the channel at
the exit rising from 20% forCase 1to as high as 40% for
Case 3. These volume fractions cause large reductions in the
cell conductivity and indicate the importance of additives
under these conditions.Fig. 11 clearly depicts the impor-
tance of increasing the electrolyte velocity to sweep out the
bubbles generated from the corrosion reaction. The higher
velocities markedly reduce the gas volume fraction yielding
higher electrolyte conductivity.

If we used a corrosion inhibitor in the calculations for
Fig. 10 to reduce the exchange current density of the cor-
rosion reaction toip0 = 1.1 mA/cm2 the volume fraction at
a cell height of 17 cm, flow velocity of 1 cm/s, 1.3 V and
200 mA/cm2 reduces to 0.02 from about 0.2. The additive
causes a reduction by a factor of 10 in the volume fraction.
Other parameters are unchanged in the corrosion kinetic
equation.

7.8. Effect of gas fraction on electrolyte conductivity

Electrical conductivity calculations using the values of
Fig. 10 demonstrate the reduction in electrical conducti-
vity in the bulk electrolyte flow. The reference value for
the electrolyte conductivity is 0.8 S/cm. As the gas frac-
tion builds up with height in the three cases illustrated,
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the electrical conductivity is significantly reduced (Figs. 12
and 13).

7.9. Anode surface concentrations

Table 6shows the surface concentrations on the anode at a
cell height of 17 cm andip0 = 11 mA/cm2. The surface con-
centrations of OH− and Al(OH)4− are similar at electrolyte
velocities of 1 and 8 cm/s. At current densities between 520
and 530 mA/cm2, the surface concentration of OH− is 2%
less than the concentration in the bulk electrolyte and the
surface concentration of Al(OH)4

− is 8% larger than the
concentration in the bulk electrolyte.

Table 7shows the surface concentrations on the anode
at a cell height of 17 cm andip0 = 1.1 mA/cm2. The sur-
face concentrations of OH− and Al(OH)4− are also similar
at electrolyte velocity of 1 and 8 cm/s. At current density
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Table 6
The surface concentrations on the anode at cell height of 17 cm andip0 = 11 mA/cm2

v = 1 cm/s
Cell voltage,V 0.4 0.6 0.8 1 1.2 1.4
im 920 705 521 368 250 163
Sm/p 84.0154 52.0133 30.2559 16.42 8.2969 3.9179
cOH,0/cOH,b 0.9606 0.9727 0.9815 0.9879 0.99 0.995
cAlOH,0/cAlOH,b 1.1893 1.1296 1.0859 1.0543 1.033 1.019

v = 8 cm/s
Cell voltage,V 0.4 0.6 0.8 1 1.2 1.4
im 932 716 529 374.9092 254.03 165.9951
Sm/p 85.849 53.2843 31.06 16.8942 8.5507 4.0446
cOH,0/cOH,b 0.9606 0.9723 0.9812 0.9876 0.99 0.995
cAlOH,0/cAlOH,b 1.1893 1.1317 1.0878 1.0559 1.033 1.0197

Table 7
Surface concentration at cell height of 17 cm andip0 = 1.1 mA/cm2

V = 1 cm/s
Cell voltage,V 0.4 0.6 0.8 1 1.2 1.4
im 911 703 522 371.8 253.2285 165.53
Sm/p 905.41 548.13 315.137 170.083 85.7438 40.4854
cOH,0/cOH,b 0.897 0.9318 0.9559 0.9725 0.9834 0.9903
cAlOH,0/cAlOH,b 1.502 1.3324 1.2143 1.133 1.0797 1.0457

V = 8 cm/s
Cell voltage,V 0.4 0.6 0.8 1 1.2 1.4
im 917 707.55 524.556 372.86 253.7788 165.844
Sm/p 894.07 545.58 315.029 170.33 85.9372 40.5864
cOH,0/cOH,b 0.911 0.9393 0.9599 0.9745 0.9844 0.9908
cAlOH,0/cAlOH,b 1.4326 1.2951 1.1948 1.1236 1.075 1.0435

520–530 mA/cm2, the surface concentration of OH− is 4%
less than the concentration in the bulk electrolyte and the
surface concentration of Al(OH)4

− is 20% larger than the
concentration in the bulk electrolyte. Comparing the results
of Tables 6 and 7, we can see that, at high corrosion rate,
the surface concentration polarization can be relieved.

8. Conclusions

We have modeled the aluminum–air cell performance
using the equations we have developed in this study. The
model prediction of cell performance shows good agree-
ment with experimental data. For better cell performance,
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our model studies suggest the use of higher electrolyte flow
rates, smaller cell gaps, higher conductivities, lower par-
asitic current densities, and operation at moderate current
densities. From our analysis, we have determined for rela-
tively high flow rates high (>8 cm/s) in an aluminum air cell,
the gas effect on current density distribution is small. We
can also conclude that only the activation and ohmic over-
potentials are important in the model calculations. Further
the proper additive can increase the selectivity by a factor
of 10.
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