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Abstract 

While the electrical resistance of the electrodes in lead/acid batteries can be neglected 
on low-rate discharges in comparison with other resistive contributions, the minimization 
of electrode resistance is an important goal to optimize high-rate performance. High 
electrode resistance has two undesired effects: (i) reduced cell voltage, and (ii) inhomogeneous 
current distribution across the electrode plane. In addition, the current inhomogeneity 
reduces cell voltage even more, and the electrode capacity is diminished. Using finite 
element analysis (FEA), potential distribution and electrode resistance are calculated even 
at the time of planning a new electrode geometry that employs only the technical drawing 
of the grid design. Unnecessary manufacture of test electrodes, only for measurement of 
electrode resistance and evaluation of high-rate performance, can be avoided. Consequently, 
electrode development and grid optimization for high-rate discharges becomes more effective, 
faster and less expensive. 

Introduction 

On discharge, a battery is operating at a voltage below the equilibrium value. At 
low-rate discharge, this is mainly due to the polarization of  the active materials, i.e., 
to the overvoltages of  the charge-transfer reactions, and to a concentration overvoltage 
in the electrolyte. But, when the discharge rate is increased, ohmic voltage losses in 
the current-collecting system contribute more and more, and with high-rate discharges 
(e.g., with uninterruptible power system (UPS) batteries, or under the cold-cranking 
conditions of  automotive batteries), these ohmic losses may even dominate in comparison 
with the charge-transfer polarization. 

The individual contributions of  the cell components to voltage loss during discharge 
are depicted in Fig. 1. Top lead comprises end posts, intercell connectors, and straps 
of  both polarities. The resistive effect within the electrode plane is the topic of  this 
paper. The resistance of  the active materials means the electronic resistance along 
the pathway of  the current within the active material structure, i.e., from the current 
collector to the site of the charge-transfer reaction. The electrolyte resistance comprises 
the ionical resistivity and the diaphragm effect of  the separator. 

The path of two hypothetical units of  current shall be compared: one is travelling 
only a short distance down the anode before it crosses over to the cathode, while the 
other travels much further down to the bottom of the plate before crossing over. But, 
the overall potential drop (ohmic and polarization) has to be the same. As the ohmic 
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Fig, 1. Schematic of resistive contributions during discharge of a lead/acid battery; charge 
transfer* =non-ohmic polarization resistance. 
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Fig. 2. Relative contribution of top lead, grids, active material, electrolyte and charge-transfer 
reactions to voltage drop on discharge at different rates (commercial UPS battery, 100% state- 
of-charge). 
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voltage drop  in the grid is much smaller in the first path  than in the second, the 
potent ia l  drop  due to polar izat ion has to be higher. Consequently,  the current  density 
in the upper  par t  of  the bat tery must be higher than in the lower part.  This variation 
may be quite large, and may lead to a poorer  discharge potent ia l  and reduced capacity 
of the e lect rode at a certain discharge rate.  

While  the top lead exhibits perfect  ohmic behaviour, and the contribution of  grids, 
active materials ,  and electrolyte are also more or less ohmic (the consequences of 
inhomogeneous current  distr ibution over the electrode plane,  and its dependency on 
the net current  1, is discussed below), the resistive effect dU/di of the charge-transfer 
react ion is extremely non-ohmic. The lat ter  depends  on the current  density i, i.e., the 
current  pe r  unit of  active material .  According to the progressive current-vol tage 
behaviour,  the differential resistivity dUet /d/of  the charge-transfer  react ion has a rather  
high value at low current  densit ies i, but decreases at higher current  densities. 

Therefore,  the relative amounts  of  the different resistive contributions to the 
overall voltage drop depend  on the current  I drawn from the battery.  In Fig. 2, resistive 
values from one bat tery type, discharged at two different rates, are shown. While at 
low rates, the ohmic port ions are  small and optimization of  the current-collecting 
system will have little effect on reducing voltage losses, at high rates the relative 



105 

contribution of  these components is much increased. Therefore, optimization of the 
current-collecting system shows promise for high-rate batteries. 

Reduction of  the ohmic losses in the top lead is relatively simple: the conductivity 
has to be improved by increasing the cross section of  the current-bearing lead components,  
or by application of  low-resistance (e.g., copper or aluminium) inserts. Both measures 
will increase cost, but their consequences on the ohmic losses can be calculated very 
simply in advance; the electrode block itself and its electrical performance is not 
influenced at all and, therefore, optimization with respect to the intended application 
is easy. 

In principle, the ohmic losses in the grids can be reduced in the same manner. 
When the cross section of  every top bar, every rib, etc., is increased by 20%, the 
grid's resistance will be reduced by the same percentage. But this will not only increase 
weight and cost, but  will even change the design of  the electrode block, because plate 
thickness and/or amount of  active material have to be changed. 

There is another degree of  freedom that can be optimized with the grid structure, 
namely, the grid design. This means the relative orientation and relative cross sections 
of  all the ribs and frame portions. In other words, the arrangement of  a certain amount 
of  current-conducting lead can be changed in such a way that the grid resistance is 
reduced. The following two principal qualitative rules have been established. 

(i) The conductivity of  the current-bearing elements in every location of  the 
electrode should be proportional to the current flowing towards the lug in the very 
same place. This is the idea of  tapering the frame, increasing the diameter and/or 
number or ribs near to the lug, etc. 

(ii) The pathway from the lug to the active material should be minimal. This can 
be achieved by positioning the lug in the middle of  the longer side of  a rectangular 
electrode, or by usage of  smaller-sized electrodes. Depending on the lug position, the 
electrode height-to-width ratio should not be excessive. 

Theory and historical summary 

The problem to be solved can be generalized as follows. Two finite (electrode) 
planes (extended in the x-y plane) are placed in parallel at z = 0  and z=d. The space 
between the plates is filled with electrolyte (and separator, etc.). Current is conducted 
to and from the conducting planes at one point on their periphery (lug), which may 
be situated differently for the two planes. The current (of electrons) is distributed 
more or less homogeneously in the input electrode, and enters the electrolyte by a 
charge-transfer reaction• It is carried by ions through the electrolyte to the counter 
electrode, where -- after another charge-transfer reaction -- it is concentrated as an 
electron current within the electrode plane at the lug. 

The goal of  optimization is a maximum of homogeneity for the current-density 
distribution over the electrode surface (m the x--y plane) at a certain overall current. 
Some boundary conditions may be fixed: e.g., the height and width of  the two plates 
and their distance apart, d; the ionic conductivity in the electrolyte/separator space; 
and the characteristics of the two charge-transfer reactions. On the other hand, the 
electronic-conducting properties in the electrode planes, and sometimes the position 
of  the lugs, are free to be varied. The distribution of  the discharge-current density 
in the electrode (x-y) plane, which is dealt with here, has to be clearly distinguished 
from the distribution in the electrode depth (in z direction), i.e., the penetration of 
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the current  into the interior  of the plate. The lat ter  is only indirectly influenced by 
the afore-ment ioned factors, and is not discussed here. 

In  principle,  the problem of  current-density distribution over the e lect rode surface 
can be solved by applicat ion of  the algorithms of  the classical theory of  potential ,  
which was developed in the 18th and early 19th centuries. As it is not only relevant 
for the design of  batteries,  but  also for the huge field of galvanizing and plating, it 
is not surprising that the first publications came up with this topic. Kasper  [1-5] 
published a series of  papers  on the theory of potent ial  and the technical practice of  
electrodeposi t ion.  Applying exact mathematics,  both to e lementary situations and to 
interesting special cases such as inclined planar  electrodes,  line electrodes,  etc., he 
introduced the term ' terminal  effect' to describe the nonequipotent ial  problem of  
resistive electrodes.  

The  work of  Wagner  [6] supplements  that  of Kasper  by concentrat ing on edge 
problems and triangular-wave profile electrodes.  The inhomogeneity of the current  
density was represented  by the rat io of  a characteristic length L to the product  of  
the electrolyte conductivity and the derivative of  electrode single potent ial  with respect  
to current  density. This mathematical  formulation, often denoted as the 'Wagner  
number ' ,  is very useful for obtaining a quantitative expression of  the special problem. 
Wagner  concentra ted  on the case of a l inear polarization curve, i.e., on a charge- 
transfer reaction, where the derivative of the single potent ial  with respect  to the 
current  density is a constant,  at least (as the polarization curve is a nonl inear  function) 
within the scope of  values of the distribution of current density at the actual  electrode.  

While  most of the previous work had assumed the electrode planes to be 
equipotential ,  Tobias and Wijsman [7] took into account the electrode resistance. They 
extended Wagner ' s  representa t ion of the current-density distribution as a function of 
dimensionless parameters .  While the exact solution was obtained in terms of  infinite 
series, in the simple case of paral lel  current  flow perpendicular  to the  electrodes,  a 
closed form was found. With  usual battery construction, this approximation is usable 
if the electrode distance, d., is less than 5-10% of their  lateral  dimension L.  

Being the basis of most of the more recent  publications, this work shows that 
the nonuniformity of  the current density distribution increases, if 
• the e lectrode resistivity increases ( thinner or  worse conducting electrodes at same 
current  density) 
• the electrolyte resistivity decreases (reduced electrode distance, d, highly porous 
separator,  higher tempera ture)  
• the slope of  the polarizat ion curve of  the charge-transfer reaction with respect  to 
the current  density, dUct/ck', decreases (as is usual at higher current  rates)  

These s tatements  are qualitatively true in the case of  both a perfect  conducting 
counter  e lectrode and a counter  electrode of finite resistance. 

In an electrolytic bath,  if the current feeders are located at opposi te  ends of  the 
facing electrodes,  instead of at the adjoining ends, then the potent ial  and current-  
density distr ibution is more uniform [8]. 

Recently,  a new mathemat ical  derivation of the whole three-dimensional  problem 
was given [9]. Among other  influences, relevant for electrodeposit ion on resistive 
substrates, the consequences of  Tafel kinetics and mass-transfer limitations are  discussed 
in ref. 10. 

In 1928, Crennel  and Lea [11] published measurements  and calculations on the 
current  distr ibution in lead/acid  batteries.  They perceived well the influence of  electrolyte 
stratification and especially electrode distance. They showed that a large distance (i.e., 
high electrolyte resistance) reduces the effect of electrode resistance, and may even 
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lead to a maximum of  current density at the bottom of the electrode, when an 
electrolyte reservoir is located there. These authors appear to be the first to have 
measured an electrode resistance, and to have dealt with the quasi one-dimensional 
electrode (i.e., width << height, in that special case 1"3) in order to simplify the situation 
to a two-dimensional problem in the x - z  plane. They calculated an initial ratio of  
1:2.7 of the current density at the bottom and the top of  the plate, when a plate of  
77.5 cm height was discharged at the 8-h rate (6 mA cm-2). 

The work of  Tobias and Wijsman [7] was later applied by Shepherd [12] to the 
situation of  a battery. In a subsequent publication [13], he stressed the important case 
o f  d / L  << 1 (i.e., electrode distance is small with respect to the electrode lateral 
extension), and described a battery analog consisting of  silver electrodes and mercury 
to model a cell without polarization overvoltage. Perfect agreement was obtained with 
the mathematical prediction. In the case of  d / L  << 1, there is virtually no influence of  
this ratio on the current distribution [14]. 

Besides many publications on the behaviour of porous electrodes, especially by 
Euler et al. [15], some work on the current distribution was performed in the 1960s 
and 1970s at VARTA's  central laboratory. From a calculation of  the current distribution 
over the height of  tubular electrodes [15], the limitation of  electrode height, especially 
at high rates, was clearly demonstrated. The consequence was the development of  the 
'Double-decker '  cell, i.e., the two-story construction for tall submarine cells. A series 
of  papers deals with an autoradiographical investigation of  the inhomogeneous active- 
mass utilization [16]. In ref. 17, a method for evaluation of the effective electric 
resistance of  the grids of  lead/acid batteries is described; it assumes a homogeneous 
current density over the electrode surface. Euler introduced a figure-of-merit to compare 
different grid designs, and discussed the influence of grid area. The mutua l  influence 
of  the two electrodes was pointed out. In ref. 18, the principles of grid optimization 
with respect to electric-vehicle batteries were described and quantified. The influence 
of  electrode size, lug position, and especially grid design (i.e., strengthening and 
tapering of top bar, orientation of  ribs towards the lug, distribution of conducting 
lead proportional to the local current, etc.) was examined, and an estimation was 
made of  the inhomogeneity of  the current distribution. 

The improvement of  voltage and capacity by increasing the electrode conductivity 
of  high plates was demonstrated by Bagshaw et al. [19]. 

Puzey and Orriel [20] were the first to treat battery electrodes as two-dimensional 
structures. They measured equipotential lines on positive and negative pasted electrodes 
on discharge and charge. By design improvements, the influence of  the grid design 
and the position of  the lug was demonstrated. With discharge, the equipotential curves 
moved towards the lug in the case of  the negative electro, de, which showed a contribution 
of  the negative active rhaterial to the electrode conductivity. No such effect was found 
with the positive electrode. The distance of the two electrodes seems to have been 
quite large (no data were given in the paper), as the counter electrode was found to 
exert very little effect on the potential distribution. 

In the last two decades, several mathematical n~odels to simulate potential -- 
and even c u r r e n t -  distribution have been developed. The calculated results have 
been compared with experimental data by several authors. Sometimes only the behaviour 
of  the pure grid is determined [21], but in other cases the conductivity of the active 
material on the potential distribution is also taken into account [22-24]. 

Frequently, the complexity of the three-dimensional problem is reduced to a two- 
dimensional model. In one approach, only the situation in the electrode plane is 
examined, influences of  polarization, electrolyte resistance, and counter electrode are 
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neglected, and the approximation of  homogeneous current distribution is used; while 
in an alternative approach, the width of  the electrode is ignored, i.e., only electrode 
height h, the distance d of  the two electrodes, and the inhomogeneity of  the current 
density are considered. 

Several papers deal with the approach of homogeneous current density [21, 24, 
25]. Experimental data obtained by immersing grids in electrolyte and evolving oxygen 
or  hydrogen at these surfaces at considerable rates (i.e., at high polarization) correspond 
to this condition. This is not  always equivalent to the situation in a battery, where 
the distribution of active material, and not of the grid surface, is relevant for current 
distribution, v.i. 

Usually, classical regular orthogonal grids have been simulated [21, 24, 26] or a 
homogeneous isotropic-conducting electrode has been analyzed [25]. The influence of 
the height-to-width ratio of  the plates has been investigated [24, 25]. The effect of 
optimization was presented by two types of  changes: (i) shift of the position of  the 
lug [21, 24, 25], or the introduction of several tabs [24, 27]; (ii) redistribution of  the 
conducting material at constant overall weight of the grid, i.e., increase of the cross 
section of  ribs near to the lug, while others were reduced [21]. 

The second two-dimensional approach, that ignores the electrode width but considers 
inhomogeneous current density [28, 29], already reveals some consequences of  the 
restricting boundary condition of homogeneous current-density distribution, which 
becomes clear in a full three-dimensional model. According to Le Chatelier's principle 
of  least restraint, for the same total electrode current, the potential distribution is 
found to be more uniform when the current density is inhomogeneous as opposed to 
uniform [18, 22, 23]. If  the current feeders are located at opposite ends of the facing 
electrodes, instead of  at the adjoining ends, the potential- and current-density distribution 
is more uniform [8, 18], but the cell resistance (in the fully-charged state) is increased 
[18, 27]. The initial voltage of  such a cell would be somewhat lower, but the discharge 
curve would be less steep, and the available capacity would be increased because of  
the more homogeneous utilization of the positive active material. 

When the time dependence of polarization of the electrodes, changes of  electrolyte 
concentration, temperature, etc., are also taken into account, the changes of potential- 
and current-distribution during discharge, and the inhomogeneity of  the active material 
utilization, can be calculated [23]. The current-density distribution becomes more and 
more homogeneous during discharge, as the change of acid concentration has an 
equilibrating effect [23, 28]. This reduction of inhomogeneity with proceeding discharge, 
and sometimes even a reversal (i.e., higher current density at the bottom than at the 
top of  the electrodes at the end of  discharge), has also been found experimentally 
[24, 26, 30, 31]. Altogether, from sophisticated models, the discharge-voltage curve 
can be calculated [23, 31-35]. In some models, even the effect of acid stratification 
is considered [35]. 

Vaaler and Brooman [30] applied their three-dimensional model for electrolysis 
[36] to batteries with orthogonal grids. The conductivity of the active material was 
taken into account, but the polarization was not. In a more recent paper, all these 
contributions were considered [26], and several proposals were made to shift the 
position of the lug and to improve the rib conductivity near to the lug, similar to 
ref. 18. 

In a series of  papers, Meiwes [37-41] measured the current-density distribution 
in different batteries, and developed semi-empirical models. His elementary statement, 
that one point on the electrode surface exists which is representative for the whole 
electrode, i.e., which shows average behaviour [38], is of fundamental importance: to 
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know the current  behaviour  at this point  means  to know the overall behaviour  of  the 
electrode.  

Figures-of-meri t  to compare  experimental ly different grid designs, similar to Euler  
[17], were defined by Valer iote  [42]. H e  described different experimental  methods to 
evaluate grid designs. Unfortunately,  the more significant methods  are quite expensive 
with respect  to time and apparatus.  Moreover,  an electrode has to be  physically 
realized,  before  its performance can be investigated according to the proposed  methods;  
quick analysis of  in tended changes of  design, without making a grid or  even an electrode,  
a re  not possible.  

Therefore ,  grid-design optimizat ion is an ideal field for mathematical  simulations. 
In  contrast  to any exper imental  method,  an actual e lectrode is not needed  to evaluate 
the  electrical  performance.  These methods have been proven to be a powerful  means 
for analysing the potent ial-  and current-densi ty distribution, and to compare  different 
grid designs (v.~.). Nevertheless,  all these models  use 'unit  cells' for the discretisation 
of  the e lec t rode  plane,  which depend  on the geometry of  the grid network, and seem 
to be  very cumbersome with respect  to adapt ion to other,  especially nonorthogonal  
and nonuniform, grid designs. In ref. 43, for example, diagonal grid e lements  are  
approximated  by a ' s ta i rcase '  of  vertical and horizontal  elements.  

I t  was the goal  of our  studies to develop a tool that  gives a figure-of-merit  to 
compare  all different grid designs, and that  is easy to use, not only by the specialist, 
but  also by the common product  designer. The  information contained in the computer-  
a ided design (CAD)  should be sufficient to obtain the consequences of  a special design 
change within minutes; no hardware  for product ion means like moulds,  etc., and no 
experiments  should be necessary. 

Method 

A computer  program package was developed,  which directly fits to the C A D  
system, where  new grids are developed.  When  the grid is designed as usual, the C A D  
drawing al ready contains all information about  the resistance of  this projected grid 
--  it has just  to be used! 

A specially designed M A C R O  program extracts the data that  are relevant for 
the computa t ion  of the grid 's  resistance (e.g., grid size, lug position, coordinates  of  
ribs, thickness of  frames, cross sections, etc.) directly from the CAD database  and 
stores them on file. These  da ta  are used by another  program to create  a B A T C H  file 
to control  a commercial  finite e lement  analysis ( F E A )  program. The finite e lement  
method  considers a solid continuous structure as an assemblage of discrete pieces, 
called elements,  that  are  connected together  at a finite number  of points or  nodes.  
Whi le  in the real  structure,  the number  of  interconnecting nodes is infinite and the 
size of  the e lements  is infinitely small, in the model,  the structure is decomposed into 
macroscopical  two- or  three-dimensional  elements.  This is analysed in a procedure  
similar to that  used in structural  analysis beam theory. The  problem is solved exactly 
at the nodes,  while the stresses within the elements  are obtained by interpolat ion of  
the node values. I f  the decomposi t ion is suitably performed,  mathematics  will approximate 
the  reality quite well and within reasonable  computat ion time. Therefore,  decomposi t ion 
is one of  the most important  steps of F E A  to find a compromise of  exactness and 
expense. 

Today, F E A  is a common and powerful  tool in many technical and scientific 
areas. Commercia l  program packages are available for mechanical,  electrical, magnetical  
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and thermal  problems,  and their  superposit ions,  as well for stationary or  dynamic 
problems.  Special  skilled and experienced staff are necessary to make use of  these 
programs. As the potent ia l  distr ibution on the e lect rode surface is quite a simple two- 
dimensional  s tat ionary problem,  the analysis may run in BATCH mode without any 
need for human intervention. 

The  B A T C H  file to control  the F E A  program comprises all commands for the 
F E A  program to set up the model  of the grid, to define mater ial  parameters  and 
boundary condit ions (preprocessing),  to run the solution rout ine to compute the 
potent ial  distr ibution in the e lect rode plane, and to give the calculated potent ial  data 
to file, terminal  and plot ter  (postprocessing).  Therefore ,  the designer has not to deal  
with the FEA,  which is completely running in the background. 

From the potent ia l  da ta  writ ten to file, a fur ther  program calculates the value 
of the effective grid resistance Rely. The result  is writ ten both to file and to terminal.  
This value and the potent ia l  distr ibution pa t te rn  (shown on terminal  and plot ter)  are 
the only quanti t ies with which the designer has to deal. By variat ion of design and 
comparison of  the calculated results, the sensitive design details  are t raced and optimized. 
Superfluous port ions of the structure can be  reduced  easily. 

In Fig. 3, a schematic flow chart  of the design optimizat ion process is visualized. 
Iteratively, the designer modifies the grid, guided by the calculated Refr value and the 
p lot ted  potent ia l  distr ibution with respect  to electric propert ies,  and his/her  own 
personal  experience with respect  to manufacturing criteria. 

In Fig. 4, an example of the modell ing of a s tandard  automotive battery diagonal 
grid within the preprocessing step of  the F E A  program is shown. Frame and lug are 
simulated as an assemblage of two-dimensional,  four-node isoparametr ic  solids. The 
suitable dissection is done automatically by the program that defines the BATCH file. 
The  ribs are simulated as two-node conducting bars, connecting intersections and 
junctions of  ribs. This was found to be an adequate  compromise between, on the one 
hand, exactness of  the model  and of  the results, and of computat ion time on the 
other  hand. 

As a boundary  condit ion of the model, the current  is introduced homogeneously 
over the active-material  surface, i.e., every pel let  has to bear  a current  proport ional  
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Fig. 3. Flow chart of grid-optimization process. 
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Fig. 4. Model of standard diagonal automotive battery electrode from finite elemental analysis 
(FEA) preprocessing. 

to its surface in the e lec t rode  plane.  No current  is in t roduced to the frame and the 
lug surface. The sink for the current  is the upper  edge of the lug, where the potent ia l  
value is fixed to zero as a fur ther  boundary condition. 

The  assumption of  homogeneous  current  density perpendicular  to the  e lect rode 
plane is an approximat ion (v.s.) that is true to within about  10% for modern  automotive 
electrodes,  even under  cold-cranking conditions (est imated according to ref. 18). With  
this approximation,  the influence of  electrode resistance on cell voltage at the very 
beginning of high-rate discharge is somewhat overest imated.  On the other  hand, as 
low e lec t rode  resistance leads to a less steep discharge-vol tage curve, the results within 
this approximat ion give suitable information for the  cell voltage after  30 s of  cold- 
cranking discharge according to the D I N  standard.  

The  above approximation of homogeneous current  density in the pellets is much 
bet ter  than the simple experimental  methods,  where the whole current  is d i rected 
from the lug to the opposi te  corner  or  the lower edge of  the frame [17, 42]. I t  is 
similar to experiments,  where  hydrogen is evolved at a polar ized grid that is suspended 
in an electrolytic bath.  But in this case, the current  density is not propor t ional  to the 
amount  of  active mater ia l  ( that  is relevant for the e lec t rode  performance) ,  but  to the 
free surface of  the grid structure. Much hydrogen is evolved at the frame surface. 
Only with grids having uniform pellet  size and litt le frame surface (e.g., expanded 
metal  [42]) will hydrogen evolution give a current  distr ibution that is approximately 
propor t ional  to the amount  of active mass. 

The  conductivity of  the grid elements  depends  on the lead alloy used. This 
dependency  [44, 45] has to be taken into account if an exact predict ion of  the grid 
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resistivity is required.  Arbi t rary  conductivity values can be used, when only relative 
resistance changes as consequence of changes in design are  to be compared.  

Optionally,  the conductivity of the active masses in the pellets can be taken into 
account. Triangular  or  quadri la teral  shaped pellets  are simulated as two-dimensional,  
three-  or  four-node isoparametr ic  solids, bordered  by the ribs. Pellets with 5 or more 
corners are model led  as an assemblage of  such elements  (el., Fig. 4). A suitable 
dissection is again per formed automatically by the program. The conductivity of these 
mass e lements  is chosen in accordance with the thickness of the pellets (which may 
be different from the grid) and the polari ty of the mass. Positive active-material  
conductivity is about  135 12-1 cm-1 [46, 47]. The  conductivity depends  on the deviation 
c5 from stoichiometry of  PbO2-8 [48]. According to the poor  conductivity of the positive 
mass with respect  to the lead grid (pure lead is ~48000 ~ - 1  cm-1),  the positive 
active mater ia l  contr ibutes  little to the e lectrode conductivity, i.e., pas ted  electrode 
and pure  grid show nearly the same potent ia l  distr ibution [20]. 

On the o ther  hand,  as the conductivity of the charged negative active mass is 
much bet ter  ( ~ 5 0 0 0  12-1 cm-X [46]), its contribution to the electrode conductivity 
cannot  be  neglected.  

With  this model  (cf., Fig. 4) and the boundary conditions ment ioned above, the 
F E A  program calculates the potent ial  distribution in the electrode plane. This is plot ted 
in Fig. 5. Near  to the  lug, the current  of the whole e lect rode becomes concentrated 
and the equipotent ia l  curves are close together  according to the high current density 

A =0 

:t:1 

Fig. 5. Potential distribution over the surface of the diagonal grid automotive electrode according 
to Fig. 4, when a current I =  1 A is assumed to flow uniformly across the active-mass areas. 
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within the electrode plane. Far away from the lug, the current density within the 
plane is much lower, and the distance of  the equipotential curves is greater. 

The maximum of the potential distribution is usually not in the grid corner opposite 
to the lug, but within the mesh of  the ribs because the cross section of  the frame is 
usually greater than that of  the ribs, i.e., the corner itself is in relatively good electronic 
connection with the lug. From this potential distribution, the effective electrode resistance 
R~r is calculated as the average of the potential values within the pellets (i.e., the 
active material, not the frame and lug), divided by the overall current. According to 
the statement of  Meiwes [38], v,~., this is just the resistance from the lug to the 
representative point on the electrode surface. If  all the current I travels via this point, 
instead of spreading over the electrode plane, then the voltage drop in the electrode 
is: 8U=IReft. 

Instead of  a complex electrical network of  resistors in the electrode plane, and 
perpendicular to it in the electrolyte to the counter electrode in accordance with the 
many different pathways of  the current spreading over the electrode plane, this simple 
equivalent circuit diagram consists only of R~n in the electrode plane, and Re~yt that 
represents the electrolyte resistance. 

As the potential at the upper  edge of  the lug is set to zero as a boundary condition 
of  the problem, the resistivity of  the lug is included in R~fr. In this manner, not only 
the position of  the lug but also its width and thickness are taken into account. The 
value of  R~er=0.99 ml~, calculated from the potential distribution shown in Fig. 5, 
means that at a cold-cranking current of  50 A per plate, the voltage drop at this grid 
will be about 50 mV. 

Figure-of-merit and examples 
The most important advantage of  this approach to calculate electrode resistivity 

is its flexibility. There are no restrictions to a special type of  grid pattern. Any grid 
design can be studied, when it is sketched with the CAD system. 

Figure 6 shows the potential distribution at a conventional orthogonal grid with 
the lug placed right in the corner. When the calculated Ren values are compared, the 
grid weight has to be taken into account: the goal is not to minimize Ren alone, but 
to do this with low grid weight G. Therefore, the figure: Q = (GR,n) -1 can be used 
as a figure-of-merit for a grid of  a special size to be pasted with a special amount 
of  active material. Q has to be brought to a maximum, while the grid designer has 
to observe the manufactural criteria. These criteria usually represent the practical 
limits for optimization of  the design of  cast grids. Electrodes with a different size or 
a different amount  of  active material should not be compared using this figure-of- 
merit, as smaller electrodes of  same design have principly higher Q values than larger 
ones (cf., [18]). 

With expanded grids, there are less degrees of  freedom that can be optimized 
with respect to cast grids. Nevertheless, the size and orientation of the diamonds, 
together with the rib diameter, can be chosen according to the special application. 
As an example of easy 'what, where, if...'-analysis, Figs. 7 to 9 show the influence of  
the lug position with the same expanded grid. The shift of  the lug with the CAD 
system takes the designer only seconds, and the computer several minutes, to calculate 
the new potential distribution and the Peer value. 

With this example, the R,n value is markedly reduced from 2.44 m~,  through 
1.89 mf~, to 1.65 m~,  when the lug position is shifted towards the centre of  the plate. 

In the same quick manner,  the consequences of positive grid corrosion on electrode 
performance can be estimated, if some assumptions about the corrosion mechanism 
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A =0 
BC =O.J. =0 .2  
D =0 .3  
F =0 .4  

= 0 . 5  
G =0 .6  
H =0 .7  
I =0 .B 
d =0 .9  
K =~ 
L =1.1  
M =~ .2 
N =~ .3 

Fig. 6. Potential distribution over the surface of an orthogonal grid automotive electrode. 

is made. If corrosion is assumed to attack each lead surface in the same manner,  thin 
structures will be attacked relatively more than thicker ones. This will lead to a change 
of the potential pattern, if the grid consists of elements of different thickness. Therefore, 
a forecast of some aspects of the performance after a period of duty of the battery 
is possible. 

Conclusions 

Optimization of grid design, i.e., efficient arrangement of grid ribs and economic 
choice of cross sections of ribs and frame, is a promising goal to improve energy and 
power density, especially for batteries discharged at high rates. Reduction of the grid 
resistance has two favourable consequences: 

(i) the ohmic voltage drop on the grid structure is reduced, and thus causes higher 
discharge voltage, less heat evolution, and even higher capacity, when the battery is 
discharged to the same end-of-discharge voltage; 

(ii) the discharge current is distributed more homogeneously over the electrode 
plane, which leads to a more flat discharge curve and even increases -- according to 
Peukert 's  law -- in the beneficial effects ment ioned above; beyond this, more uniform 
current density leads to more uniform active-material utilization, which improves cycle 
life. 

Optimization means an arrangement  where the grid resistance is minimized by 
intelligent rearrangement of a certain amount  of current-conducting lead, or, vice 
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Fig. 7. Potent ia l  distribution over the surface o f  an expanded grid with  lug near  to the  corner.  
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Fig. 8. Potent ia l  distribution over the  surface of  an expanded grid as in Fig. 7, but wi th  the  
lug shifted towards  the centre  o f  the  plate.  
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B =0 .2  
C =0 .4  
D =0 .6  
E =0 .8  
F =:1 
G =:1.2 
H =:t .4 
I =1 .6  
J =~ .8 
K =2 
L =2 ,2  
i'4 =2 .4  
N =2 .6  
0 =2 .8  
P =3 

Fig. 9. Potential distribution over the surface of an expanded grid as in Figs. 7 and 8, but with 
the lug shifted even more towards the centre of the plate. 

versa, the amount  of  lead, which is necessary to achieve a certain grid resistance, 
is minimized.  Whi le  in the first case, a bat tery of  same weight and improved perfor-  
mance is obta ined,  in the latter, the performance is unchanged but  the weight is 
reduced.  

Besides the electrical conductivity, grid-design optimizat ion has to take into account 
several technical  criteria.  The grid design has to be suited for production.  The mechanical  
strength and the mass-pellet  size are both important  for the handling of grids and 
pas ted  plates.  And  in case of positive grids, long-term changes in the design through 
grid corrosion have to be considered: grid design should not be very sensitive 
with respect  to early corrosion, and a faultless manufacturing practice should be 
possible in order  to provide against local corrosion at tack at defects of  the cast 
structure.  

While  these technical aspects have to be considered by the grid designer, and to 
be tested in practice,  the electrical behaviour of a grid under  development  can be 
calculated in advance from the CAD drawing alone. F E A  and the computer  programs 
designed for this special purpose are a useful tool for improving the design of  new 
grids. The  program package enables the designer to test many variants in advance by 
simulation, before  any hardware has to be built. As the program package opera tes  
completely as a 'black box' tool, the designer does not need to know the details of 
this package and especially of the F E A  program. Several hypothetical designs can be 
tested within one hour. The designer successively gains a feeling for advantageous 
and disadvantageous constructive details. Exotic designs can be tested quickly. Analysis 
of  'what,  where,  if...', e.g., 'what will be the performance after a certain degree of 
corrosion' ,  can be performed easily. 

As more  variants can be tested by the simulation than by the conventional method,  
usually more  beneficial solutions are found. Fur thermore ,  as only the most promising 
designs are tested in practice, this approach saves both cost and time. 
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