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A SIMPLIFIED MODEL OF THE LEAD/ACID BATTERY

M. MAJA* and P. SPINELLI
Dip. Scienza dei Materiali e Ingegneria Chimica, Politecnico di Toriro, Turin (Italy)

Introduction

Modelling of the lead/acid battery has received increasing attention in
recent years. Various treatments have been proposed to predict the be-
haviour of both a single plate and the complete cell. Among the most
significant contributions are those of Newman and Tiedemann (1, 2], Simon-
sson [3, 4], Micka and Rousar [5-7], and Sunu and Burrows [8-10]. The
scope of these studies is to obtain useful information for improving the
performance of the battery, to predict its behaviour under particular condi-
tions, and to compare different types of lead/acid cell.

The present work, by continuing previous studies [11, 12], presents a
theoretical analysis of the electrical behaviour of the plates. Such an analy-
sis is carried out by considering separately the different contributions of the
grid and of the active material to the potential drop within the plate. A
simple model, consisting of a resistor network simulating the grid rods, the
active material, and the electrolyte, has been considered. The resistors that
correspond to the active material are taken as non-linear with an i(V)
characteristic derived from porous-electrode theory. This model corresponds
to a system in which the positive plate (i.e., where the major potential drop
occurs) is immersed in the electrolyte and faces the negative plate, which is
assumed to be equipotential.

Behaviour of the grid

The analysis of the electrical behaviour of the grid has been carried out
by determining the potential distribution of the grid nodes. The results
obtained by considering various geometries and different types of grids are in
good agreement with the findings by Tiedemann et al. [13]. This approach has
led to the definition of a quality coefficient ‘CQ’ for the grid which can be
useful for the evaluation of grid design [11]:

C

cQ = Pw 1)
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Fig. 1. Effect of the angle between the rods of an expanded grid on the quality coefficient CQ.

where: C is the capacity (in A h) of the plate; P is the weight (in g) of the
grid; w = V,_s/(V, + 8) is an electrical parameter that depends on both the
mean value V,, and the standard deviation s of the potential distribution at
the nodes. The calculation has been carried out by varying the geometric
parameters for three different types of grids: rectangular, radial, and ex-
panded. For grids commonly employed in automotive batteries, the follow-
ing values of the quality coefficient have been found for the standard
geometry:

Type Rectangular Radial Expanded

cQ 1.82 147 1.43

Figures 1 and 2 show some CQ values for expanded grids. The potential
distribution for a rectangular grid with the tab at one end of the frame is
given in Fig. 3.
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Fig. 2. Effect of the thickness, SL, of the expanded strip on the quality coefficient CQ. N, is the
number of slanting rods and P is the weight of the grid in grams.
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Fig. 3. Potential distribution due to ohmic drop in a rectangular grid.

Behaviour of active material

The behaviour of the active material has been studied by considering
the porous electrode theory, based on the macroscopic model along the lines
given by Newman and Tiedemann [1] and Simonsson [3]. This model takes
into account mass and energy conservation, transport equations, and electro-
chemical kinetics. The derived equations provide the values of the following
parameters as a function of time: the electric potential in both the solid phase
(®,) and the liquid phase (®,); the overpotential (n); the electronic (i,) and
ionic (i,) current densities; the faradaic current (I); the sulphuric acid
concentration (c); the porosity (g); the degree of discharge (X). The equations
are as follows.

Mass conservation for positive active material:

dc AV . dc 9 (_dc\, K 3-2,0di 9
8m'_2F%6x+0x( 6x) oF ox @
where: ¢ is the time: x is the space co-ordinate; ¢, is the transport number for
H*; D is the diffusivity. A similar equation can be written for the negative
active material.

Charge conservation:

k\. &k 0E oc on dc
<1+;>le—;I+k('&5“;+5;>—(D1—D2)Fé; 3)

where: k and o are the electrolyte and solid conductivities, respectively; E is
the reversible potential; D, and D, are the diffusivities for H* and HSO, .

Kinetic equation:

9 _ o (1- E ) explo ZEo) - expf o 2F @
ax—ao Xm lo| €X a,RTry exp dCRT']

where: a, is the electrochemically active area per unit volume; X is the
degree of discharge; «, and a, are the charge-transfer coefficients for the
anodic and cathodic reactions, respectively.
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Two additional equations refer to the definition of the ‘degree of
discharge’, namely,

ox_ _1a (5)
ot g, 0x
& =g — k(1 — )X (6)

where: k =(r — 1) and r is the ratio between molar volumes for PbSO, and
PbO,.

The above system has been solved, after the introduction of the dimen-
sionless parameters ¢ = x/L and J = i /I, by the method of spatial separation.
The derivatives with regard to space can be changed to finite differences by
means of three-node relationships. A non-linear algebraic system composed of
4N equations is obtained, which is linearized and solved by the Newton
iteration algorithm.

The following boundary conditions were considered (the system is
assumed to be under galvanostatic conditions):

At time t =0

® ¢ =c¢,, initial acid concentration;

@ ¢ =g, initial porosity value;

® distribution of ionic current density (i,) and of overpotential (1)
along the pore depends only on ohmic effects in the solid and in the liquid,
and on the kinetics of electrochemical reactions.

At time t #0
dc dc
o — =0 — =0
0x |;_o o/ P

[ J ie|x=0=0 J|5=0=0
.ie|x=L=I J|€=1=1

Figures 4 and 5 show the change of acid concentration versus the
thickness of the porous electrode at different discharge times for two values
of the current density.

The computed value of the ratio V/I as a function of time for different
current density values is given in Fig. 6. From these values, the characteris-
tic V(I) is obtained, along with the corresponding n(I) values which are used
for the non-linear resistor network calculation. A set of equations of the type:

N N
Ik=< Z Gk,h)vk— Z (Gk,h Vi) @)
h=0 h=1

h#k h # k

for the N nodes of the network has been written, where: G,  is the conduc-
tance of the element between the nodes h and k; I, is the current-entering
node k; V, is the potential of node k with regard to node 0. If the nodes h and
k are not connected, the conductance G,  is 0.
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Fig. 4. Change of acid concentration with thickness of porous electrode at different discharge
times for positive active material at 1000 A m—2

The results of such calculations for two values of the plate current
intensity are presented in Figs. 7 and 8. One of the most interesting aspects
to emerge from these calculations is that, apart from a small region near the
plate tab, the current distribution through the plate can be considered as
uniform, in spite of the fact that the resistors simulating the active material
are a function of the electric current. This can be explained by concluding
that the ratio between the resistances of the elements that in the model
correspond to the electrolyte, and those corresponding to the active material,
is very high, thus rendering the electrolyte a very effective distributor of the
current through the plate. This observation also suggests that the potential
distribution along a vertical plane close to the positive plate is mainly
dependent on the ochmic drop in the grid bars.
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Fig. 5. Change of acid concentration with thickness of porous electrode at different discharge
times for positive active material at 100 Am—2,
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Fig. 6. Ratio V/I of the potential difference between the solid phase (a.m.) and the liquid, vs.
current density for different discharge times.

Fig. 8. Potential distribution for the resistor network model at 12 A.

References

1 J. Newman and W. Tiedemann, AIChE J., 21 (1975) 25.

2 W. Tiedemann and J. Newman, in S. Gross (ed.), Battery Design and Optimization, The
Electrochemical Society, 1979, p. 23.

3 D. Simonsson, J. Appl. Electrochem., 3 (1973) 261.

4 D. Simonsson, J. Appl. Electrochem., 4 (1974) 109.

5 K. Micka and 1. Rousar, Electrochim. Acta, 18 (1973) 629.



207

Micka and I. Rousar, Electrochim. Acta, 19 (1974) 499.

Micka and I. Rousar, Electrochim. Acta, 21 (1975) 599.

G. Sunu and B. W. Burrows, J. Electrochem. Soc., 128 (1981) 1405.

G. Sunu and B. W. Burrows, J. Electrochem. Soc., 129 (1982) 688.

1 G. Sunu and B. W. Burrows, J. Electrochem. Soc., 131 (1984) 1.

11 Maja, P. Spinelli and M. Lazzari, Energ. Elettr., 63 (1986).

12 M. Maja, G. Morello, N. Penazzi and P. Spinelli, Proc. Giornate della Elettrochimica Italiana
1986, Bologna, Italy, 28 - 30 Oct. 1986, p. 85.

13 W. Tiedemann, J. Newman and F. DeSua, in D. H. Collins (ed.) Power Sources 6, Academic
Press, New York, 1977, p. 15.

6 K.
7K.
8 W.
9W.
ow.
M.



