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bstract

In the present work, it is considered a simplified model of the lead-acid battery discharge, based on simulation of electrolyte diffusion process
n space between a positive and negative electrode. The correctness of model and influence of various boundary conditions are investigated.

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

The research of lead-acid cell discharge process is a very dif-
cult problem, both from the point of view of calculations and
wing to a plenty of factors that are necessary taking into account
or the correct description of electrochemical reaction: hetero-
eneity of the porous environment during discharge, plugging
lectrode pores with discharge product, etc.

In [1] an attempt was made to construct the discharge model
ased on consideration of electrolyte diffusion process in space
etween a positive and negative electrode. Within the framework
f the given model necessity to take into account electrochemical
eaction in researched volume disappears, except for an elec-
rode/electrolyte solution boundary. In [1] presented model was
ot investigated numerically and only qualitative conclusions
bout discharge process were made. Thus, dimensional densi-
ies of an overall discharge current were conditionally divided
n “big” (the fast discharge) and “small” (the slow discharge),
nd electrolyte concentration distribution function in interelec-
rode space for the fast discharge a priori was considered as a
roken line consisting of two pieces of various straight lines.

In the present work, detailed numerical researches above

entioned model with various boundary conditions at elec-

rode/electrolyte solution are executed.
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. The model description

The reaction–diffusion equations arise frequently at the
escription of the various physical and chemical processes. The
athematical formulation of such problems usually includes

he partial derivatives equation of parabolic type and initial and
oundary conditions. For example, a problem with the homoge-
eous diffusion equation and non-uniform boundary conditions
as the form:

t(x, t) = Duxx(x, t), 0 ≤ x ≤ a, 0 < t < tmax, (1)

(x, 0) = f (x), 0 ≤ x ≤ l, t = 0,

Ч(0, t) = q1, x = 0, 0 ≤ t ≤ tmax, (1a)

Ч(a, t) = q2, x = l, 0 ≤ t ≤ tmax, (1b)

r

t(x, t) = Duxx(x, t), 0 ≤ x ≤ a, 0 < t < tmax,

(x, 0) = f (x), 0 ≤ x ≤ l, t = 0,

Ч(0, t) = u1, x = 0, 0 ≤ t ≤ tmax, (1c)
Ч(a, t) = u2, x = l, 0 ≤ t ≤ tmax. (1d)

actors q1 and q2 are generally functions of time. Boundary con-
itions (1a) and (1b) mean that concentration flows as functions
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sidered model appreciably.

To achieve good conformity between theoretical and experi-
mental time of the discharge the constants q1 and q2 (or, simi-
larly, j1 and j2) considered as some fit parameters which change
82 M.G. Semenenko / Journal of P

f time are given and boundary conditions (1c) and (1d) mean
hat concentration as functions of time are given on boundary.

In [1] the depletion of an electrolyte solution (a sulfuric acid)
wing to diffusion in space between a positive and negative
lectrode and electrochemical reaction on electrode/electrolyte
olution is considered. Such process is described by the diffusion
quation

∂c

∂t
= D

∂2c

∂x2 (2)

ith boundary conditions [1]

∂c

∂x
(0) = q1 = |I| G+

2DF
(3)

n a surface of a positive electrode, and

∂c

∂x
(L) = −q2, q2 = |I| G−

2DF
(4)

n a surface of a negative electrode. Here, D is binary dif-
usion coefficient in electrolyte (m2 s−1), I the overall current
ensity (A m−2), F the Faraday constant (A s kg equiv−1), and
+ = 3 − 2t1 and G− = 2t1 − 1, where t1 = 0.7 is the transference
umber of hydrogen ion.

In [1] the equations for electrolyte concentration change at
he boundary also were received:

(t) = c0(t) − 2j

√
t

π
, (5)

here

= GI

2F
√

D
,

nd G = G+ for a positive electrode and G = G− for a negative
lectrode. With boundary conditions (4) we receive a problem
ith the homogeneous diffusion equation (2) and boundary con-
itions (4).

We solved a problem (3)–(5) using Crank–Nicolson scheme
2]. The fall of electrolyte concentration up to zero near to a
urface for any electrode was considered as criterion discharge
nding.

. Results and discussion

Model researching was carried out for boundary condition
3)–(4) or (5).

Our calculations have shown qualitative conformity of the
eceived results with the ones carried out within the framework
f other models, for example, macrohomogenious discharge
odel for porous electrode [3]. As in [4] faster falling electrolyte

oncentration near to a positive electrode surface in comparison
ith a negative one was observed.
Also it was established that it is possible to achieve

ood conformity between experimental and calculated time

f the discharge, for example, at values I = 500 A m−2,
1 = 1.1 × 10−2 mol m−4 and q2 = −2.72 × 10−3 mol m−4

or boundary conditions (3)–(4) (theoretical time of the
ischarge—0.5 h, it is practically equal experimental [4]) and F
ig. 1. The concentration distribution in space between electrodes with current
f time.

1 = 107.7 mol m−3 s−1/2, j2 = 0 for boundary conditions (5)
theoretical time of discharge 30 min practically coincides
ith experimental [4]). However, boundary conditions (5) are

epresented to be more preferable for using because in this case
nal distribution of concentration in interelectrode space is
etter be in agreement with calculations [3,5]. With boundary
onditions (3)–(4) practically homogeneous distribution of
oncentration decreasing eventually is observed. The concen-
ration distribution in space between electrodes for boundary
onditions (5) is shown in Fig. 1.

However, it is necessary to notice that the specified values
f parameters are not be in accord with the values calculated
ith (3) and (4) as they correspond to values of diffusion coef-
cients up by some orders exceeding ones in [4] and similar
orks. We assume that this discrepancy is connected with pores
lugging at the electrode/electrolyte solution interface. In [1]
uring the boundary conditions derivation the structural changes
f electrodes near to boundary were not taken into account. The
ccount of these conditions should to improve quality of con-
ig. 2. The dependence of discharge time on overall discharge current density.
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s overall discharge current density changes. The discharge time
ependence on overall discharge current density is shown in
ig. 2.

. Conclusions

In the given work the simplified model of the lead-acid battery
ischarge [1] based on consideration of electrolyte diffusion in
nterelectrode space was analysed. The Crank–Nicolson scheme
pplication was analysed for a case of the fixed electrolyte flows
ear the electrode surfaces and when time dependence of acid
oncentration at electrode/electrolyte solution was given.

It is shown that within the framework of the given model it
s possible to receive good conformity between theoretical and

xperimental discharge capacity if values of electrolyte flows
ear electrode surface consider as phenomenological parame-
ers that change as overall discharge current density changes.
o improve the model structural changes of electrodes near
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he electrode/electrolyte solution boundary should be taken into
ccount.
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