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bstract

Secondary current density distributions in a parallel two-plane Al/air cell and a wedge shaped Al/air cell were analyzed. The parameters studied
nclude the entrance effect, the activity of the cathode, the cell gap and the extension of the cathode. The entrance effect disappears at about a
ne to two cell gap from the entrance. The activity of the cathode has a large effect on the local current density. With increases in the cell gap,
he average current density decreases, but the peak current density over the average current density increases. By extending the cathode below the

node, the high local current density can be reduced. In a wedge shaped Al/air cell, the planar portion of the anode enters the cell. As the anode is
onsumed, the top portion of the anode is consumed faster because of the decreased cell gap and increased reaction rate. The anode adapts to be
arallel to the cathode in the cell. A FEMLAB (finite element method) package was used for all the calculations.

2006 Elsevier B.V. All rights reserved.
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. Introduction

An aluminum/air battery system has the potential to be used
o produce power to operate vehicles [1,2]. In our previous paper,
ell performance model equations were provided [3–5]. Of par-
icular interest in the design of the cell is the edge effect where
high local current density (“hot spot”) exists and can damage

he cathode [6].
The current density and potential distribution depend on the

eometry (the field equation), the conductivity of the solution,
he activation overpotential, the concentration overpotential and
pecial effects in and near the electrodes [7]. In many applica-
ions, not all of these factors are taken into account. This results
n a classification of current distributions: primary, secondary
nd tertiary distributions. When all kinds of overpotentials can
e neglected, we say that the current distribution is a primary
istribution. When only the activation overpotentials are impor-
ant, the obtained current distribution is called the secondary

istribution. When concentration effects become important, the
oncentration is taken into account together with the activation
verpotential, and the current distribution is said to be a tertiary
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istribution. Table 1 summarizes the classification of these cur-
ent distributions. Table 2 shows the relative values of different
verpotential losses for four cell gaps. Table 2 shows calcula-
ions at a cell voltage of 0.8 V and an electrolyte velocity of
cm s−1 [5].

From the analysis results in our previous paper, it can be con-
luded that, for an aluminum/air cell in a typical operating range
f current density, the concentration polarization effect can be
verlooked. Thus a study of the secondary current distributions
long the electrodes is important. In this paper, the secondary
urrent distributions in a parallel two plane and a wedge shaped
luminum/air cell were calculated using a FEMLAB (finite ele-
ent method) package [8]. The parameters studied included the

ntrance effect, the activity of the cathode, the cell gap and the
athode extension.

. Model

.1. Model equations
The potential field in the electrolyte can be expressed by the
ollowing equation (without concentration polarization):

(κ∇Φ) = 0, (1)

mailto:yangsh@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2006.04.143
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Nomenclature

a empirical cathode kinetic constants in Eq. (15)
(A m−2 V−1)

b empirical cathode kinetic constants in Eq. (15)
(A m−2)

a′ empirical cathode kinetic constants in Eq. (12)
(m2 V A−1)

b′ empirical cathode kinetic constants in Eq. (12)
(V)

Eeq cell equilibrium voltage (V)
F Faraday’s constant (96,500 C equiv.−1)
ia anode current density (A m−2)
ic cathode current density (A m−2)
ia0 exchange current density of the anode reaction

(A m−2)
R ideal gas constant (J mol−1 K−1)
S cell gap (m)
T temperature (K)
Vcell cell voltage (V)
x cathode extension below the anode (m)
X cathode extension in dimensionless form, X = x/S

Greek symbols
αm empirical anode kinetic constants
ηa activation overpotential of anode (V)
ηc activation overpotential of cathode (V)
η1, η2 overpotenial of electrodes 1 (anode) and 2 (cath-

ode) (V)
κ conductivity of electrolyte at certain gas fraction

in the electrolyte (S m−1)
κ0 conductivity of electrolyte at gas fraction = 0

(S m−1)
Φ solution potential (V)
Φ solution potential just outside the anode (V)
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(

Table 1
Current distribution classification

Current distribution Activation
overpotential
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overpotential
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Φc solution potential just outside the cathode (V)

here κ is the conductivity of the electrolyte (κ = κ0); Φ is the
lectrolyte potential.

The boundary conditions for Eq. (1) are:

−∇(κ∇Φ)n) = ia at the anode (2)
nd

−∇(κ∇Φ)n) = −ic at the cathode, (3)

I

η

able 2
ell overpotential and ohmic losses at 0.8 V and 8 cm s−1 velocity [5]

ell gap (cm) Current density (A m−2) Activation loss anode (V)

.2 5280 1.32 (68.4%)

.4 4370 1.25 (64.7%)

.6 3810 1.20 (62.2%)

.8 3380 1.16 (60.1%)
rimary No No
econdary Yes No
ertiary Yes Yes

(−∇(κ∇Φ)n) = 0

at other boundaries (i = 0 is an insulating condition) (4)

here ia and ic are the current density into the bulk electrolyte,
nd can be expressed in terms of the potential relationships at
oth electrodes.

The current density distributions were obtained by solving
q. (1) with the boundary conditions using the finite element
ackage FEMLAB.

.2. Development of the current density boundary
onditions

From our previous work [4,5], we know that at the anode:

a = Eeq − Vcell − η1 (5)

r

1 = Eeq − Vcell − Φa (6)

f there is no concentration polarization:

1 = ηA. (7)

nd the anode kinetics can be written as:

a = ia0 exp

[(
αmF

RT

)
ηa

]
(8)

ombining Eqs. (6)–(8), we get

a = ia0 exp

[(
αmF

RT

)
(Veq − Vcell − Φa)

]
at the anode. (9)

imilarly, at the cathode

= −η . (10)
f there is no concentration polarization at the cathode:

2 = ηc; (11)

Activation loss cathode (V) Ohmic loss (V) Total loss (V)

0.47 (24.4%) 0.14 (7.2%) 1.93 (100%)
0.45 (23.7%) 0.23 (11.6%) 1.93 (100%)
0.43 (22.2%) 0.30 (15.6%) 1.93 (100%)
0.42 (21.8%) 0.35 (18.1%) 1.93 (100%)
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Table 3
Constants used for FEMLAB modeling [5,9]

Anode kinetic parameters Cathode kinetic parameters Operating conditions Other constants

α = 333
i cell =

a

η

w

t

i

C

i

o

i

w

2

d

(

(
(
(

(
(
(

i

T
C

C

A
A
A
C

3
t

p
d
s
g
e
w
a
c
i

3

i
T
d

i
r
d
w
c
e
l

F
dependence on position. From Fig. 4, it can be seen that at
about a 1 cell gap, the potential lines (example: at Φ = 0.5378 V)
become vertical. They no longer depend on the horizontal posi-
tion. Curvature of the equal potential lines disappears at about
m = 0.07956 a = 3.898 × 104 A m−2 V−1 T

a0 = 137.1 A m−2 b = −1.3094 × 104 A m−2 V

nd assume linear profile, the cathode kinetics can be written as:

c = a′ic + b′, (12)

here a′ and b′ can be obtained by fitting experimental data.
Alternatively, the experimental data can be fitted to determine

hese coefficients by:

c =
(

1

a′

)
ηc − b′

a′ . (13)

ombining Eqs. (10), (11) and (13), gets

c =
(−1

a′

)
Φc − b′

a′ (14)

r

c = aΦc + b (linear profile) at the cathode, (15)

here a = −1/a′ and b = −b′/a′.

.3. Modeling calculation procedures

The modeling calculation procedures for secondary current
istributions using FEMLAB are:

1) Choose the “PDE” (Eq. (1)) in Model Navigator, select
“2D”, and select “Conductive media DC” from the Mul-
tiphysics menu;

2) Draw the geometry;
3) Set the boundary conditions (Eqs. (2) and (3));
4) Add constants (see Tables 3 and 4) and expressions (Eqs.

(9) and (15));
5) Initialize the mesh;
6) Solve the problem;

7) If necessary, resize the mesh and solve again.

The parameters used in these modeling calculations are given
n Tables 3 and 4.

able 4
athode kinetic parameters for Eq. (6) [5,9,10]

athode Kinetic parameters

a/104 A m−2 V−1 b/104 A m−2

C65 Yardney (Ag) 1.3106 −0.4409
C75 Yardney (CoTMPP) 1.1806 −0.2832
C78 Yardney (Pt) 1.3210 −0.3342
han and Savinell 3.898 −1.3094 F

c

K R = 8.314 J mol−1 K−1)
0.9–1.3 V F = 96,500 C equiv.−1, κ0 = 80 S m−1, Eeq = 2.726 V

. Secondary current distribution in a parallel
wo-plane cell

In this section, the potential distribution in a parallel two-
lane cell for three different voltages is calculated. The current
ensity distribution was also calculated for three cathode exten-
ions, three cell voltages, five cathode activities and four cell
aps. The cathode extensions were chosen to minimize the
ntrance effects due to high current density. The cell voltages
ere chosen in the normal operating range of interest. The

ctivities of the cathode cover the ranges available in industrial
athodes. Cell gaps were chosen to cover the possible range of
nterest in a practical Al–air cell.

.1. Potential distribution

In the entrance region, there is a sharp current density change
n the 1–2 times cell gap range below and above the entrance.
he mesh size used in FEMLAB is refined to make the current
istribution curve smoother.

The potential distribution for a parallel two-plane cell design
s shown in Figs. 1–3 at cell voltages of 0.9, 1.1 and 1.3 V,
espectively. The maximum value of the potential at the anode
ecreases with increasing cell voltage. The ohmic loss decreases
ith increasing cell voltage from 0.114 to 0.053 V. The figures

learly show the existence of a potential variation below the cell
ntrance. These figures also show that the potential becomes
inear at about 0.0015–0.002 m above the entrance.

The potential contour at each cell voltage is shown in
igs. 4–6, respectively. Figs. 4–6 visualize the cell potential
ig. 1. The potential distribution in the electrolyte of a parallel two-plane Al/air
ell with anode and cathode equal size at a cell voltage of 0.9 V.
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Fig. 2. The potential distribution in the electrolyte of a parallel two-plane Al/air
cell with anode and cathode equal size at a cell voltage of 1.1 V.
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Fig. 5. The potential contour in the electrolyte of a parallel two-plane Al/air cell
with anode and cathode equal size at a cell voltage of 1.1 V.

F
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b

ig. 3. The potential distribution in the electrolyte of a parallel two-plane Al/air
ell with anode and cathode equal size at a cell voltage of 1.3 V.

.002 m from the entrance. The constant potential lines below the
ntrance clearly show curvature and the current density below
he entrance is not zero. From Figs. 5 and 6, similar results can
e obtained.
Potential distributions at cell heights of 0.002, 0.003, 0.004 m
n Figs. 7–9 were obtained by analysis of the potential contour at
cell voltage of 0.9 V (see Fig. 4). From Figs. 7–9, it can be seen

hat the potential distributions at cell heights of 0.003–0.004 m

ig. 4. The potential contour in the electrolyte of a parallel two-plane Al/air cell
ith anode and cathode equal size at a cell voltage of 0.9 V.

3

t

F
c

ig. 6. The potential contour in the electrolyte of a parallel two-plane Al/air cell
ith anode and cathode equal size at a cell voltage of 1.3 V.

1.5–2 cell gap) are linearly dependent on the distance from
he anode, i.e. as the entrance effect disappears, the problem
ecomes one-dimensional.
.2. Effect of the cathode extension on current distribution

At the entrance, the local current density is much higher than
he average current density. The high local current density (“hot

ig. 7. Electrolyte potential distribution with anode and cathode equal size at a
ell voltage of 0.9 V and a cell height of 0.002 m.
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Fig. 8. Electrolyte potential distribution with anode and cathode equal size at a
cell voltage of 0.9 V and a cell height of 0.003 m.
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is bigger, the overpotential of the cathode is smaller at a fixed
ig. 9. Electrolyte potential distribution with anode and cathode equal size at a
ell voltage of 0.9 V and a cell height of 0.004 m.

pot”) is harmful and might damage the cathode. To avoid the
igh local current density, geometrical factors were studied. The
athode extension was defined in dimensionless form as: X = x/S;

is the extension of the cathode below the anode and S is the

ell gap. From Fig. 10, it can be seen that, when the anode and
athode are of equal size, there is very high local current density

Fig. 10. Effect of cathode extension on the current distribution.

c
t
t

F

Fig. 11. Current density distribution at different cell voltages. X = 0.5.

t the entrance (peak current density/average current density is
bout 1.8); At X = 0.5 and 1.5, the high local current density is
educed, and at X = 1.5, the local current density is smaller than
he current density away from the entrance.

.3. Current density distribution at different cell voltages

Fig. 11 shows the current density distribution at different
ell voltages at X = 0.5. At higher cell voltages (1.1–1.3 V), the
igh local current density is reduced at X = 0.5, but at lower
ell voltage (0.9 V), the local current density is reduced but still
igher than the current density away from the entrance. So at a
ower cell voltage (0.9 V) a further extension is needed to reduce
he high local current density.

.4. Effect of the cathode activity on the current distribution

From Eq. (4), i = aΦ + b, one can see that “a” is related to the
ctivity (reaction rate) of the cathode, i.e., at a given Φ, when “a”
s bigger, the current density is higher. In other words, when “a”
urrent density. The results shown in Fig. 12 are obtained when
he value of “a” was changed from 1/5a to 5a while keeping
he “b” value unchanged. It can be seen that, with increases in

ig. 12. Effect of cathode activity on current density distribution at X = 0.
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voltages of 0.9, 1.1 and 1.3 V. These values of cell voltages were
chosen as representative of the operating conditions of the cell.
For a fixed cell voltage, the current density decreases when the
cell gap increases. At a fixed cell gap, when the cell voltage

Table 5
Average current density in the electrolyte at different cell gap at various operating
cell voltages

Cell gap (×10−3 m) Current density (A m−2)

0.9 V 1.1 V 1.3 V
Fig. 13. Effect of cell gap on current density distribution at X = 0.

athode activity (increasing “a”), the local current density and
lso the current density away from the entrance, will increase
nd the local current density is very high. The peak current den-
ity/average current density is as high as 1.8.

.5. Effect of the cell gap on the current density distribution

Fig. 13 shows that with increases in the cell gap, the average
urrent density decreases but the peak current density over the
verage current density increases. The peak current density over
he average current density for cases 1 to 4 is: 1.21, 1.37, 1.53,
nd 1.69, respectively. Thus, reducing the cell gap will increase
he cell performance, i.e. increase the average current density
nd decrease the peak current density over the average current
ensity value at a fixed cell voltage.

.6. Summary

In Section 3.1, the potential distributions in the electrolyte
ere analyzed. We found that the potential distributions at cell
eights of about 1–2 cell gaps are linearly dependent on the
istance from the anode, i.e. the entrance effect disappears, and
he problem becomes one-dimensional.

In Sections 3.2–3.5, the secondary current density distribu-
ion in a parallel two-plane Al/air cell was analyzed. The activity
f the cathode has a large effect on the local current density. With
ncreases in the cell gap, the local current density increases, but
he increase is not as significant as the increase in the current den-
ity away from the entrance. By extending the cathode (0.5–1.5
ell gap), the local high current density can be reduced. With a
ower cell voltage (high current density), a greater extension is
eeded to reduce the local current density to below the current
ensity above the entrance.

. Secondary current distribution in a wedge shape cell

An aluminum/air battery system can provide cars with range

nd acceleration characteristics similar to those of internal com-
ustion engines [1,11]. One important requirement of this sys-
em for electric vehicle applications is rapid refueling of the
l anode fuel. A wedge shaped cell configuration has been

2
4
6
8

ig. 14. The electrolyte potential distribution in a wedge-type Al/air cell with
o cathode extension (X = 0).

esigned. The aluminum anode is fed into the battery and adapts
wedge shape and is completely consumed [12]. We calcu-

ated the secondary current distribution along the anode and the
athode in a wedge-type design at different cell gaps, cathode
xtension and cathode activity.

.1. Potential distribution

For a wedge-type cell design, there is a sharp current density
hange near the entrance, at about 1–2 cell gap range below and
bove the entrance. The geometry mesh size used in FEMLAB
as refined to make the current distribution curve smoother. The

ngle in the apex of the anode was kept at 5◦.
The potential distribution for the wedge-type cell design is

hown in Fig. 14 from which we can see that at a distance
long the height of the electrodes of 1–2 cell gaps above the
ntrance, the potential distribution becomes more uniform. Thus
he entrance effect is only important in that range.

.2. Effect of the cell gap on cell performance

If we ignore the entrance effect, a wedge shaped cell is essen-
ially the same as a parallel two plane, aluminum/air cell. Table 5
hows the effect of the cell gap on the cell current density at cell
4550 3150 2120
3750 2750 1890
3300 2470 1740
2980 2250 1610
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Table 6
Effect of cathode activity on peak current density over average current density

a values Peak current density/average current density

0.2a 1.0
0.5a 1.1
a 1.17
2a 1.21
5

a

s
d
d
c
p
t

4
g

w
a
e
t
i
t
t

4

w
a
t

ig. 15. Current density distribution along the cathode at different cathode exten-
ions.

ncreases, the current density decreases as expected. For exam-
le, at a cell voltage of 0.9 V, when the cell gap increases from
.002 to 0.008 m, about 33.3% of the current density is lost.
educing the cell gap increases the cell performance. A mini-
um cell gap is required for laminar flow of the electrolyte. The

esults in Table 3 are consistent with our previous results [5].

.3. Effect of the cathode extension on the current density
istribution

Fig. 15 shows the entrance effects on the current distribution
long the cathode when the cathode is extended below the anode.
t X = 0 (equal size of anode and cathode), high local current
ensity occurs in the range of about 1 cell gap (0.002 m) from the
ntrance (peak current density/average current density is about
.20). At X > 0.5 (an extension of half a cell gap), the locally high
urrent density is reduced and is lower than the current density
way from the entrance.
.4. Effect of the cathode activity on the current distribution

It can be seen from Fig. 16 that with increases in cathode
ctivity, the local current density and also the current den-

ig. 16. Effect of cathode activity on current density distribution. a changes
rom 0.2a to 5a.

w
t
s

F
c

a 1.44

changes from 0.2a to 5a.

ity away from the entrance will increase and the local current
ensity is very high. The peak current density/average current
ensity is about 1.44, 1.21, 1.17, 1.1, and 1.0, respectively for
ases 1–5 (see Table 6). The results are similar to that of a two
lane, parallel Al/cell, but the peak local current density is lower
han that of a parallel two-plane Al/cell (see Fig. 5).

.5. Current distribution along the anode with varying cell
aps

Fig. 17 shows the current density distribution along the anode
ith the cell gap decreasing with the cell height (see Fig. 18 for
schematic of a wedge-type aluminum/air cell). In this case, the
ntrance effect is not taken into account. If the anode becomes
hicker, the cell gap becomes smaller and the current density
ncreases. Thus, the anode is consumed faster when the anode is
hicker (i.e. at smaller cell gaps). With time the anode will adapt
o the wedge-type shape.

.6. Summary

In this section, the secondary current density distribution in a
edge shape cell was analyzed. The effects of cell gap, activity

nd cathode extensions on the current density distribution along
he cathode are similar to those of the parallel two-plane design,

ith the peak local current density lower. It was also shown that

he anode is consumed faster when the anode is thicker (i.e. at a
maller cell gap) causing the anode to adapt to the wedge shape.

ig. 17. Current density distribution along the anode (from B to A) with varying
ell gaps. BA is the anode height and CD is the cathode height.
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[

[11] H. Knickle, X. Zhang, Analysis and design of a novel control method for
Fig. 18. Schematic of a wedge-type aluminum/air cell.

. Conclusions

Potential distributions in the electrolyte of a parallel two-
lane Al/air cell were calculated. It was found that the potential
istributions at cell heights above 0.003–0.004 m (1.5–2 cell
ap height range) are linearly dependent on the distance from
he anode. At those heights, the entrance effect disappears and
he problem becomes one-dimensional.

Current density distributions in a parallel two-plane Al/air
ell were also analyzed. The activity of the cathode was found
o have a large effect on the local current density near the cathode.
his activity depends upon the reaction rate and the overpoten-

ial. With increases in the cell gap, the average current density
ecreases, but the peak current density over the average current
ensity increases. By extending the cathode below the anode by
.5–1.5 cell gaps, the local high current density can be reduced.

The current density distribution in a wedge shape cell was also

nalyzed. The results showed that the effects of the cell gap, the
ctivity and cathode extension on the current density distribution
long the cathode are similar to those of the parallel two-plane
esign. The peak local current density is lower than that in the

[

urces 161 (2006) 1412–1419 1419

arallel two-plane case. The anode is consumed faster where
he anode is thicker (at a smaller cell gap) because of the higher
eaction rate at fixed cell voltages. The reaction rate difference
auses the anode to adapt to the wedge shape.

High local current at the cathode edge which is detrimental
o cathode life is affected both by geometric and kinetic factors.
o protect the cathode and ensure a long lifetime, the cathode
hould be slightly oversized compared to the anode by 1.5–2
ell gaps height range in a practical design for an Al/air cell and
attery. Modeling equations and a FEMLAB package using the
nite element method were presented here and are useful tools
or analysis of the secondary current distribution and a prediction
f the cell performance of the Al/air cell and battery.
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