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Discharge behaviour of tubular lead dioxide electrodes
Part II1: Two-dimensional current density distribution
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The initial current density distribution in lead acid batteries with tubular lead dioxide electrodes and
flat lead electrodes has been studied by means of a two-dimensional model and experimental verifi-
cation by polarization curves and potential transients during galvanostatic discharge. The cell
geometry was modelled with and without separators and a tubular electrode envelope. The governing
equations were solved with a finite element method. It was found that the tube envelope has a large
impact on the current density distribution and had to be incorporated into the model to fit the experi-
mental results. Although the envelope increases the ohmic losses, it has the positive effect of giving a
more uniform current distribution around the electrode tube. A lead acid cell with tubular positive
electrodes and flat negative electrodes can therefore be approximated by a one-dimensional model
consisting of a positive electrode tube placed concentrically in a cylindrical lead electrode. The two-
dimensional model was further used to study the effects of different design factors, for example, cell
width and kinetic parameters of the lead dioxide electrode.

List of symbols s thickness of the microporous separator (m)
T absolute temperature (K)
d half thickness of the lead electrode (m) AU  difference between open circuit voltage and
E electrode potential (V) cell voltage during discharge (V)
ER®"  equilibrium potential of the lead electrode vs
NHE (V) Greek symbols N
ERe equilibrium potential of the lead dioxide J tlgckniss of the positive electrode envelope, (m)
electrode vs NHE (V) € P romlyt
F Faraday constant (96487 Asmol ™) 1 overvoltage W)_l -
. o . ) K conductivity (27 m™)
ip current density in the solution phase (Am™) ffecti ductivity (@' m-"!
I total cell current (A m) fefr  ClleClve conductivity @ m)
. . . 1) potential (V)
j local current true current density per unit . :
3 w width of unit cell (m)
volume of electrode (Am™) 0 le in th H £ th ..
Jo apparent exchange current density (A m™2) aln £ te 11(; tebc ross section of the positive
j normalized local current density electrode tube
L length of the unit cell (m) Subscripts
To radius of current collector in the positive 1 solid phase
electrode (m) 2 solution phase
R outer radius of active material of the positive = I-VI regions in the unit cell (see Fig. 2)
electrode (m) a anode
R universal gas constant (8.3143 Jmol ! K1) c cathode
S specific surface area (m™!) av average
1. Introduction an important feature for tractionary applications.

However, the comparably low energy density often
Lead-acid batteries with tubular lead dioxide electrodes  limits the use to electrical trucks and other heavy-
are primarily used in applications with high require-  weight vehicles. It is, therefore, of interest to increase
ments on service life and reliability. High cycle life is  the understanding of how electrochemical engineering
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can be used to improve the behaviour of tubular lead
dioxide electrodes with a focus on increasing the
energy density while retaining long cycle life.

The understanding of lead—acid batteries with flat
pasted electrodes has been greatly increased over the
last two decades by application of theories for porous
electrodes. Models for prediction of the discharge
behaviour have been developed for separate elec-
trodes [1-6] as well as for complete cells [7, 8].
Although a large number of scientific papers have
been presented over the years, there are relatively
few publications related to models for the special
geometry in cells with tubular electrodes. Most inves-
tigations are empirical and very few use theories for
current density distribution and mass transport in
porous electrodes. A -one-dimensional discharge
model has been presented by Lin er al [9]. It was
based on a pseudo steady-state approach with an
infinitely thin current collector in the centre of the
electrode. Their resuits, valid in the low current
density range, indicated that the formation of lead
sulphate during discharge starts from the interior
part of the positive electrode.

However, their results have later been contradicted
by experimental [10] and theoretical [11] results. A
time dependent discharge model was developed in
order to take into consideration the radius of the
current collector rod, the tube envelope, and an
extended current density range. It was found that
the electrode behaviour during discharge could be
fairly well described by a one-dimensional model
and that the formation of lead sulphate starts from
the exterior part of the electrode tubes. The results
were also experimentally verified by polarization
measurements, discharge capacity tests, and sulphur
distributions over the cross sections of the electrodes.
It was also concluded that the tube envelope, which
was not considered in the model by Lin et al., has a
very large impact on the migration and diffusion
properties of the electrode and has to be considered
as time dependent in the model to fit experimental data.

Mao, White and Jay [7] studied the initial two-
dimensional current distribution in a lead—acid cell
with tubular current collectors but with flat electro-
des. Their results indicated that there were no large
differences in the local current density over the other
surface of the electrodes.

A schematic of a lead—acid cell with tubular lead
dioxide electrodes is shown in Fig. 1. It can be seen

Lead electrode

Electrolyte

Lead dioxide
electrode

Current collector

Separator

Fig. 1. Electrode assembly with tubular lead dioxide electrodes, view
from above.

that the geometry, if neglecting the cell height, has
to be regarded as two-dimensional to describe the
current and potential distribution. The two-
dimensional current distribution in this system has
previously been studied by Euler and Horn [12].
They used an analogue electric circuit as a model
and concluded that the current density distribution
was fairly uniform at low current densities. How-
ever, at higher current densities, the polarization
does not increase linearly with the current density
and the discharge reaction is governed by Tafel
kinetics. Consequently, it can be assumed that the
current distribution is more nonuniform at high
current densities than what could be predicted by
the model of Euler and Horn.

Therefore, the aim of this paper is to present the
derivation and application of a model for the initial
current density distribution in a lead—acid cell with
tubular lead dioxide electrodes comprising two-
dimensional geometry, experimentally verified
kinetic parameters, a separator region, and a tube
envelope. The aim is also to determine if the one-
dimensional time dependent model derived earlier
[11] has to be extended to two dimensions to improve
the possibility to predict and optimize the cell.

2. Experimental details

The experimental procedures have been described
elsewhere [10]. This paper deals only with the plane-
cylindrical geometry comprising tubular lead dioxide
electrodes and flat pasted lead electrodes with a cell
height of 135mm. The experimental cell consisted of
three positive electrode tubes symmetrically placed
between two flat pasted lead electrodes. The polariz-
ation of the lead dioxide electrodes was measured
relative to a Hg/Hg,SO, reference electrode in satu-
rated solution of K,SO,. The measuring points were
located at the middle of the cell height at two differ-
ent positions (x =0, y=R+6) and (x=w, y=0)

Fig. 2. Unit cell.
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as shown in Fig. 2. (x =0, y = 0) is located in the
centre of the current collector in the tubular
electrode. The overpotentials are given relative to
the rest potential of the electrodes in the electrolyte.

3. Mathematical model
3.1. Basic assumptions

The unit celi, Fig. 2, consists of six different regions
referred to by the Roman numerals 1 to VI and with
the following definitions:

(I) Porous lead electrode with half the thickness of a
full size plate.

(II) Microporous separator.

(I1T) Free electrolyte.

(IV) Tube envelope zone.

(V) One quarter of the cross section of a porous lead
dioxide tube electrode.

(VI) One quarter of the cross section of the current
collector spine in the positive electrode.

Fig. 2 also gives the definitions of the geometrical
parameters of the cell. The problem is further sim-
plified by introduction of the following assumptions:

(1) The conductivities of the lead current collectors in
both the lead and the lead dioxide electrodes are high
enough not to cause any significant effect on the
vertical potential drop in the cell [13]. The model
can thus be restricted to two dimensions.

(ii) The electrical conductivities of the porous lead and
lead dioxide, region I and V, respectively, are high
compared with the pore solution conductivity.

(iii) The lead dioxide enclosed in the pores of the
envelope, region III, has been fully discharged to
lead sulphate. It has been experimentally verified
[10] that this takes place during the initial period of
the discharge. Region IIT can therefore be regarded
as a porous inactive separator.

(iv) The lead grid in region V1is a macrohomogeneous
part of the porous lead electrode.

(v) All porous regions, I to V, are isotropic and filled
with sulphuric acid of uniform concentration.

3.2. Model equations

3.2.1. The lead electrode, region I. The current density
distribution in region I is governed by the current
balance

v'i;,I:jI (1)

The expression for the electrode kinetics [6] is

. 2F
- Stio1 [1 - eXp(%na):l
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where

m=¢11— ¢ — EX¥ (3)

and Ohm’s law in the electrolyte phase

ir = —ketr 1V 2 (4)
Equations 1 to 4 are then subject to the following
boundary conditions:

Vg, =0
%-—-0 atx=0for L-d<y<L (7
Ox
_68%:0 atx=wforL—-d<y<L (8)

and
Keff,1 VP21 = Ketr, 1 V 92,11 9)

3.2.2. The lead dioxide electrode, region V. The current
density distribution in the positive electrode is
governed by the same general equations as the
negative electrode in the following way:

Current balance
V- i;,V =jv
The electrode kinetics 1]

. . (2 - O‘c,V)F ac,VF
v = SVJ07V [CXP (Tnc — €Xp AT Ne

(11)
with
=Ly — ¢ — E; (12)
and Ohms’ law in the electrolyte phase
v = —kett,yVe, (13)
The boundary conditions for region V become
v =0
Véry=0p atx’+)y*=r} (14,15,16)
orv=0
0
jﬁ—2=0 aty=0forry<x<R (17)
dy
d
%:O atx=0Fforry <x <R (18)

and
Keff, V02, v = ke ivVeha 1y at X +y =R (19)

3.2.3. Separator, free electrolyte and tube envelope,
regions I, I1I, and IV. The regions between the anode
and the cathode are governed by the Laplace equation

Vig, =0 (20)
with the boundary conditions
3]
%:O atx=0for R<y<L-d (21)
i/
js—2=0 atx=wfor0<y<L-d (22)
Oy
o
-8%2—:0 aty=0forR<x<w (23)
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Fig. 3. Final triangulation of a unit cell without envelope and
separator.

and
(24)
(25)

Keft, 1V 2,11 = Kegr, 111 V 2, 111

Kefr, i1 V 92,111 = Ketr, 1v V P2,1v

for the interface between region III and IV.
3.3. Numerical solution

The system of equations was solved with a finite
element technique provided in the PDE/PROTRAN
program package by IMSL, Incorporated [14]. The
domain was initially divided into a few triangles
defined by the positions of their corners. The
triangular network was then automatically refined
during the computation to obtain sufficient accuracy
over the unit cell region.

Curved outer boundaries (i.e., the current collec-
tor), can be relatively easily treated with the PDE/
PROTRAN package by defining an analytical expres-
sion. However, a curved internal boundary cannot be
defined by an equation. Therefore, the interface
between region IV and V was approximated by 10
straight lines of equal length. The interface between
region III and IV was treated in a similar way. The
final triangulation for a simplified case without
separator and tube envelope is shown in Fig. 3.

4. Results

The current density distribution in a cell with tubular
lead dioxide electrodes and flat pasted negative elec-
trodes was analysed with respect to geometrical
dimensions, separators and kinetic parameters. Two
different cases were studied: (i) a cell without

Table 1. Values of parameters used in the model in the standard case

Parameter  Value Ref.
d 2.00 x 107> m
L 9.00 x 10 m
R 4.45 x 1073 m with envelope
4.65 x 1073 m without envelope
Yo 1.50 x 1073 m
s 1.50 x 1073 m
w 500 x 10 m
8 0.25 x 10~ m
(314 0.65
€1v 009
K 7880 m™! 8

Lead electrode, region I

Foefi. 1 2307 !m™! 6
Stjor 1.9 x 10°Am™® 6
i —“1x10°Am™3 6
ac’I 09 6
Lead dioxide electrode, region V

Fefi v 20 'm! 10
Svjov 1862Am™ 10
aC,V 2 10

separator and tube envelope around the positive
tube and (ii) a cell with tube envelope and a micro-
porous separator closest to the lead electrode. Some
calculations were also done on a cell with tube
envelope but without the separator. The numerical
values used in the calculations are given in Table 1,
unless otherwise stated. The calculations were
performed at a given deviation, AU, from the open
circuit voltage, V., defined as

AU =Voey — (Ey — E;) (26)

4.1. Cell without envelope and separator

The results from the simplified model with only free

Fig. 4. Predicted potential distribution in a cell without envelope
and separator at AU = 0.2V,
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Fig. 5. Normalized current density distribution along the outer sur-
face of (a) the lead and (b) the lead dioxide electrode. Both Figures a
and b, respectively, have AU equal to (a) 0.2, (b) 0.175, (c) 0.15,
(d) 0.125, (e) 0.1, (f) 0.075, (g) 0.05 and (h) 0.025V. Cell without
envelope or separator.

sulphuric acid between the electrodes are shown in
Figs 4 to 6. The three dimensional plot of the poten-
tial distribution at AU = 0.2V, Fig. 4, shows that
the potential in the lead electrode varies mainly in the
y-direction, while there are no significant variations
along the outer surface of the electrode. The
behaviour is very similar for what is seen in the cells
with plane parallel plates and consequently it can be
concluded that the negative electrode in cells with
tubular positives could be fairly well described by a
one-dimensional approach. It is further reasonable
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Fig. 6. Normalized current density along different cross sections of a
tubular electrode without envelope (a) at AU =0.1V and (b) at
AU =02V.

to assume that the lead electrode will behave as a
one-dimensional flat pasted electrode, for which
there are well-developed time-dependent models,
also during discharge.

The tubular electrode, on the other hand, shows
large variation in the potential distribution both in
the x and y-directions. The overpotential varies
significantly over the outer surface of the electrode
tube with a maximum at the point closest to the nega-
tive electrode and a minimum at y = 0. It can there-
fore be concluded that the tubular electrode in this
case has to be treated as truly two-dimensional and
has to be so also for time-dependent discharge models.
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To compare the relative utilization over the cross
sections of the electrodes, a normalized local current
density for the negative electrode was defined as

K J 1
J1=73 (27)
J Iav

and for the positive electrode
Jv
j V,av

Jv= (28)

The average true local current densities, jy,, and
Jv,avs Were calculated by dividing the total cell
current, I, with the cross sectional area of the anode
and the cathode, respectively. The total cell current
was calculated by integrating the local current
density over the cross section of the lead electrode
according to the equation

L w

ae (29)

Normalized current densities along the outer surface
of the lead and the lead dioxide electrode are shown
in Fig. 5(a) and (b), respectively, for different values
of AU. As can be seen in Fig. 5(a), the current distri-
bution does not vary significantly over the outer sur-
face of the lead electrode. It is only at very high
current densities, 1219Am™2 (AU =0.2V), that
there is a slightly higher discharge rate of about
10% in the parts of the electrodes closest to the
positive tube. The relatively low values of the
normalized current densities also indicate that the
utilization of the lead electrode in the thickness of
the lead electrode is fairly uniform. However, in the
tubular positive electrode, the normalized current
densities show large variations over the tube surface,
see Fig. 5(b). This confirms the results discussed in
connection with the potential distribution. At
1219 Am ™2, the normalized current density exceeds
10 in the parts closest to the lead electrode while it is
lower than 1 at 6 = 90°. It is also clear that there is
a large variation in the discharge rate over the cross
section of the electrode and that the effect of
increasing current density is highest in the parts
closest to the lead electrode, which could be expected
from the fundamental rules of current distribution.
Also, there seems to be a point in the positive elec-
trode at about 6 = 75° where the normalized current
density is equal to unity, irrespective of the value of
AU.

The current density distribution inside the tubular
lead dioxide electrode is illustrated in another way
in Fig. 6(a) and (b), which show the normalized
current density as a function of the radius, r,
along different angular directions at two different
values of AU, 0.1 and 0.2V. Also in this case
it is clearly seen that the outer parts of the
electrode tube are exposed to an extremely high
current density during the initial period of the
discharge.

4.2. Cell with tube envelope and separator

The separator was included in the model by adding a
domain, region II in Fig. 2, with a decreased conduc-
tivity in direct contact with the lead electrode. The
effective conductivity of the separator was assumed
to depend on the porosity according to the equation

(30)

In earlier work [1, 2] it was found that the lead dioxide
enclosed in the envelope region plays an important
role for the discharge behaviour of tubular electro-
des. The formation of lead sulphate in the pores of
the envelope affects migration and diffusion and
thus increases the potential losses and decreases the
rate of diffusion of sulphuric acid from the free elec-
trolyte into the porous structure. However, the total
amount of lead dioxide in the envelope is small and
does not contribute significantly to the total dis-
charge capacity. It was also found that lead dioxide
in the envelope zone is reduced in the very beginning
of the discharge and forms a more or less time
independent porous layer. The tube envelope was
therefore assumed to be macrohomogeneous and the
lead dioxide in the pores of the envelope was fully dis-
charged and converted to PbSO,. Thus, the region
could be implemented into the model as an inactive
separator around the tube and the effective conduc-
tivity over the zone calculated by Equation 30.
Comparison of Figs 4 and 7 shows that the potential
distribution is strongly affected by the introduction of
the envelope. A distinct voltage drop appears around
the positive electrode. The effect of the separator is
small compared to the envelope and can be seen as
a slight discontinuity in the electrolyte region in Fig. 7.
It is also notable that the potential differences over the
cross section of the lead dioxide electrode are smaller
when compared to the case without a tube envelope,

_ 015
Keff,)1 = K €11

Fig. 7. Predicted potential distribution in a cell with envelope and
separator at AU =0.2V.
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Fig. 8. Normalized current densities as functions of the geometrical
current density at (x = R, y = 0), lower lines, and (x=0, y = R),
upper lines, for three different cases: (i) cell without envelope and
separator (solid lines); (ii) cell with envelope but without separator
(dashed lines) and (jii) cell with envelope and separator (dotted
lines).

Fig. 4. In the lead electrode there does not seem to be
very large differences compared with the first case.

To compare the discharge rate in different regions
of the lead dioxide electrodes, the normalized current
densities in two positions, {x = R, y = 0} lower lines
and (x =0, y = R) upper lines, have been plotted
against the geometrical current density for three dif-
ferent cases, Fig. 8:

(1) without envelope and separator (solid lines)
(i1) with envelope but without separator (dashed lines)
(i) with envelope and separator (dotted lines).

For case (i) it can be seen that the normalized current
density increases with increasing geometrical current
density at (x =0, y=R) while it decreases at
(x=R, y=20). This is also the worst case with
respect to current distribution. A cell with a tubular
electrode envelope, case (ii), has a more uniform dis-
tribution in the positive electrode. The normalized
current density increases with increasing geometrical
current density at both (x=0, y=R) and (x =R,
y = 0). Fig. 8 also shows the behaviour of a cell with
both an envelope and a separator. It can once again
be clearly seen that the microporous separator has a
negligible effect on the current distribution compared
with the tube envelope.

Although the tube envelope has a positive effect on
the current density distribution and acts as an equali-
zer of the current around the electrode tube, it gives a
significant increase in the overall cell resistance. This
can be clearly seen in Fig. 9 that shows polarization
curves for cases (i) (solid line), (ii) (dashed line) and
(iti) (dotted line). At a geometrical current density of

104 ' ' ' "
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¥
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0 0.1 0.2 0.3

Vocv—{Ec—Ea)/V

Fig. 9. Polarization curves for three different cell configurations:
(i) cell without envelope and separator (solid lines); (ii) cell with
envelope but without separator (dashed lines) and (iii) cell with
envelope and separator (dotted lines).

1000 Am™, the increase in the potential drop is
about 80mV due to the envelope and about 15—
20mV due fo the separator.

5. Model validation

In the following Section, the qualitative and quantita-
tive validity of the model will be discussed. For this
purpose, experimentally obtained polarization curves
and galvanostatic discharge curves will be compared
with the model output. The measurements were per-
formed in a cell without microporous separator but
with an envelope around the positive electrode tube.
Luggin capillaries were placed at (x = w, y = 0) and
at (x =0, y = 0.47cm).

104 o T S A R T
103 |
o
£
<
102 ¢
101 i I | IS RS
0 50.0 100.0 150.0 200.0
—ﬂc!mv

Fig. 10. Calculated polarization curves and experimental data
(symbols) at (x = 0, y = 0.47cm) (solid line) and at (x = w, y = 0)
(dotted line).
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Fig. 11. Overpotentials at (x = 0, y = 0.47 cm) (solid line) and at (x = w, y = 0) (dotted line) as a function of time during galvanostatic dis-

charge at a geometrical current density of 200 Am™2.

5.1. Polarization curves

Figure 10 shows calculated polarization curves at the
measuring points, solid line (x = 0, y = 0.47cm) and
dotted line (x = w, y =0). The geometrical current
density in the cell is plotted as a function of the
cathodic overpotential during discharge. Experimen-
tal data are from measurements on two separate elec-
trodes with unfilled symbols at (x =0, y = 0.47cm)
and the other symbols at (x =w, y =0). It can be
seen that the model can be used to predict the
polarization behaviour with an accuracy of about
5mV in a current density range from about 60 to
1000 Am™2. However, it must be stressed that the
polarization is governed to a large extent by the
envelope resistance. Since the amount of lead
dioxide in the envelope zone can vary from one
electrode tube to the other, there can be large
variations in the polarization behaviour and conse-
quently also in the accuracy of the model prediction.
Nevertheless, the polarization measurements verify
the assumptions made in the model and support the
conclusion that the iR-drop over the envelope zone
is significant and that it has a positive effect on
the current density distribution in the positive
electrode.

Table 2. Comparison of measured and predicted potential differences
between two measuring poinis in a cell during galvanostatic discharge

Current density Measured potential Calculated potential
JAm™2 difference/mV difference/mV

200 15 14
1000 56 65

5.2. Galvanostatic discharge

Cells were galvanostatically discharged at 200 and
1000 Am™2, see Figs 11 and 12, respectively. The
potentials were measured at the same positions as
for the polarization measurements. It can be seen
that the discharge starts with the characteristic
voltage dip in both measuring points. Fairly soon, a
difference in the polarization between the measuring
points is established and maintained during the
major part of the discharge. A comparison of
Figs 11 and 12 with Fig. 10 shows that the polariz-
ation differences in different parts of the cell during
galvanostatic discharge can be fairly well estimated
by the model. A comparison between experimentally
obtained and the calculated potential difference
between the capillaries is given in Table 2. It can be
seen that the accuracy is about 20%. It must however
be emphasised that a direct comparison between the
measured potential differences during galvanostatic
discharge and the calculated values is not fully accu-
rate since the polarization curves in Fig. 10 were
made by intermittent discharge of electrodes that
initially had been discharged to about 7% of the
rated discharge capacity to avoid the effects of the
initial potential dip. The galvanostatic discharge
can, therefore, give a different behaviour of the
envelope zone than what was expected from the
model. Also, the model gives the values at a constant
initial concentration while large concentration gradi-
ents are developed during the discharge process.

6. Discussion

The model has also been used to study the effects of
some design parameters that could be of relevance
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Fig. 12. Overpotentials at (x = 0, y = 0.47 cm) (solid line) and at (x = w, y = 0) (dotted line) as a function of time during galvanostatic dis-

charge at a geometrical current density of 1000Am™>.

to the cell performance. Figure 13 shows how the
normalized local current densities at the outer surface
of the positive electrode at (x =0,y = R)and (x = R,
y = 0) vary with the geometric current density at dif-
ferent values of the cell width, w. It can be seen that
it is possible to improve the current distribution by
increasing the width of the unit cell and maintaining
the radius of the electrode tube, that is, by increasing
the gap between each individual tube. However, the
effect is fairly small even at w = 7mm, which

10.0

—

Jelic,av

0 500.0
IfAm-2

1000.0

Fig. 13. Normalized local current densities as functions of geometri-
cal current density in a cell without envelope and separator at
(x = R, y=0), lower lines, and (x =0, y = R), upper lines, at
w=0485cm (dotted lines), w=0.5cm (solid lines), and
w = 0.7cm (dashed lines).

corresponds to gap of 2.18mm for tubes with
envelope. It is doubtful if such an improvement is
justified in comparison to the increased battery
volume.

The effects of changing the electrochemically active
surface area of the positive electrode in a cell without
envelope or separator are shown in Figs 14 and 15.
For three different values of Sjvy, 5000, 1862,
and 500Am~, it can be seen that the current

100 ———————————

O L . . Il
0 500.0
I{Am-2

1000.0

Fig. 14. Normalized local current densities as functions of geometri-
cal current density in a cell without envelope and separator at
(x = R, y = 0), lower lines, and (x =0, y = R), upper lines, with
Sio,v =15 x 107 (dashed lines), 1.862 x 1073 (solid lines) and
5% 107 Acm™ (dotted lines).
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Fig. 15. Geometrical current densities as functions of AU for a cell
without envelope and separator with Sjov =5 x 1073 (dashed
line), 1.862 x 10> (solid line) and 5 x 10~* Acm ™ (dotted line).

distribution, Fig. 14, is almost unchanged while there
is a relatively large effect on the polarization beha-
viour, Fig. 15. The cell voltage during discharge can
thus be improved by increasing the active surface
area. It is also possible to increase the apparent
exchange current density of the lead dioxide electrode
by decreasing the acid concentration. In that case, the
effects must be compared with changes in discharge
capacity due to more rapid acid depletion during dis-
charge. However, changing the kinetic parameters is
not an alternative for improving the current distri-
bution in the cell.

It has been shown that the model can be used to
predict the polarization behaviour and the initial
local rate of discharge of the active material in both
the negative and the positive electrodes of lead—acid
cells with tubular lead dioxide electrodes. It has also
been shown that the separator has a minor effect on
the potential and current density distribution, while
the tube envelope influences the discharge behaviour
to a large extent. This is in accordance with earlier
results obtained with the one-dimensional discharge
model [10, 11]. The two-dimensional analysis of the
current density distribution shows that there can be
large variations in the rate of discharge in different
parts of the positive electrode and that it to a large
extent depends on the properties of the tube enve-
lope. The presence of an envelope makes the current
distribution around the outer parts of the electrode
tube more uniform and the envelope acts as a current
leveller due to its additional and relatively high effec-
tive resistivity. The limit of this effect would be when
the current is uniformly distributed over the electrode
tube. It would then be equal to the one-dimensional
case studied in [10] and [11]. This means that it is
more accurate to regard the cell as one-dimensional
if the positive tubes have envelopes compared with
tubes without envelope. The assumptions previously

made can therefore be understood and to some extent
justified. In addition, it has also been experimentally
shown [10] that the effect of cell geometry on dis-
charge capacity is very small compared with the
effects of the envelope. It is also reasonable to assume
that any nonuniform current loads on the outer
surface of the electrode tube would tend to counter-
balance themselves by formation of more lead
sulphate that subsequently will give a more uniform
utilization around the electrode.

This discussion, together with the model output, is
in contradiction to the results presented by Lin,
Wang and Wan [9], who stated that the inner parts
of a tubular lead dioxide electrode are discharged
before the outer parts. This fact has also been dis-
cussed earlier in [10] and [11].

The results from the work on an electrical analogue
circuit as a model for the tubular lead dioxide elec-
trode, presented by Euler and Horn {12], showed
that the initial current density distribution would be
fairly uniform. Their measurements indicated a
maximum deviation from the mean local current
density of 2.1%. They also stated that the potential
drop along the height of the cell is much more signifi-
cant and could result in deviations from the mean
current density of about 10%. From what has been
found in this investigation, it can be stated that the
current density distribution over the cross section of
the electrode tubes is more nonuniform than what
Euler and Horn calculated. It has been shown that
the local current densities can be about five times
larger than the average local current density, some-
times even larger. This effect would therefore be
larger than the effect of the vertical potential drop in
the cell. However, it is probable that the tube
envelope also has a positive effect on the vertical
non uniformity of the current distribution. That is
however beyond the scope of this paper.

7. Conclusions

The following conclusions can be extracted:

(a) The presented mathematical model can be used to
analyse the initial current density and potential distri-
bution in a lead—acid cell with tubular lead dioxide
electrodes and can be used as a tool for studying the
effects of different design parameters. The model
was validated by experimental data.

(b) The envelope around the positive electrode has a
large impact on the current density distribution and
acts as a current leveller. This means that a tubular
lead dioxide electrode with envelope can be treated
in a one-dimensional concentric geometry with fairly
good accuracy.
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