Lead-Acid Battery:

Float Behavior of the Lead-Acid
Battery System

By PAUL C. MILNER
(Manuseript received April 30, 1970)

We discuss in this article the requirements for satisfactory float operation
of lead-acid batteries and analyze behavior during float in terms of the
kinetic paramelers which characlerize the electrochemical processes occurring
in the overcharge region. We show how knowledge of these parameters may
be used to estimale whether adequate battery maintenance can be expected
under specified float condilions. The results emphasize the need for cell
uniformily, and the treaiment provides a basis for determining what
variability 1s permissible.

I. INTRODUCTION

The design of any battery involves many factors, some to be dealt
with empirically and some by analysis in light of more fundamental
understanding. These factors combine to determine end behavior and,
consequently, utility; detailed considerations of them with regard to
the Bell System lead-acid battery appear elsewhere in this series of
papers. Here, we consider the more general topic of float operation of
lead-acid batteries with as much coneern for fundamentals as seems
appropriate, using the behavior of typical rectangular lead-calcium
grid cells to illustrate the treatment.

Although stationary lead-acid batteries, used for load-averaging and
reserve power in the Bell System, are commonly maintained by connec-
tion to a constant voltage bus, a procedure known as floating, there is
surprisingly little published information about the details of this
process and the effects of cell and electrode characteristics on its opera-
tion. The standard text on storage batteries' makes only brief mention
of float operation and, in fact, provides very little information even
about the overcharge behavior of cells.

The purpose of float is, of course, to maintain a battery in a full state
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of charge and to return it to that state after it has undergone discharge.
This is accomplished by selecting a bus voltage slightly greater than the
open-circuit voltage of the fully-charged battery. To minimize operating
voltage variations, it is desirable that the bus voltage be as low as
possible. This has the further advantage of avoiding excessive over-
charging which increases maintenance and reduces life. On the other
hand, if the bus voltage is too low, the rate of recharging may not be
adequate, the positive or negative plates may not be kept charged, and
the positive grids may start to corrode at a catastrophie rate.

Float operation is, therefore, a matter of a fairly delicate balance as
well as a mode of operation dependent on the overall electrical charac-
teristics of a battery rather than on some separate indication of its
condition. As a result, for satisfactory float operation, the individual
cells of a battery must be not only capable of being properly maintained
by such a regime but also compatible with one another. The first of
these requires a matching or balancing of positive and negative plate
behavior in the cells; the second, a matching of cells in the battery.
Design, uniformity in manufacture, and conditions of use determine
for the most part how well these requirements will be met. Since the
basic electrochemical phenomena involved are known (if not completely
understood), it is possible to examine in a useful fashion the effects of
some of the variables.

The following sections cover, in turn, plate behavior, cell behavior,
and battery behavior as they relate to steady-state float operation under
conditions relevant to Bell System usage.

II. PLATE BEHAVIOR

The electrochemical reactions of importance in the lead-acid battery
are the following, each listed with its calculated, thermodynamically
reversible potential in the standard 1.210 sp. gr. H,S0, at 25°C against
a mercury/mercurous sulfate reference electrode in the same solution.
PbSO, + 2H,0 = Pb0, + 4H" 4 80,” + 2¢7,

VPhSOdPhD. = 1.090 V; (1)

9H,0 = 0, + 4H* + 4¢”,  Vi,os0, = 0.620 V; (2

Pb + 2H,0 = PbO, + 4H* + 467,  Vpyrwo, = 0.059V;  (3)
(2Hg + SO,” = Hg,S0, + 2¢7, Vie/me.s0. = 0V);

2= 2HY + 267, Vgymr = —0.612V; (4)

Pb 4+ SO," = PbBO, + 2¢, Vevpbso, = —0.971V, (5)
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The first and last are the charge-discharge reactions of the positive and
negative active materials which provide the capacity of the cell and
give it a fully-charged open-cireuit potential of 1.000 — (—0.971) =
2,061 V. The temperature coefficient of the open-circuit potential is
about 0.25 mV/°C." At the positive plate, oxygen is evolved at a
kinetically controlled rate and the lead of the grid material is oxidized.
At the negative plate, hydrogen is evolved at a kinetically controlled
rate, and, if oxygen is present, it will be reduced at a diffusion-controlled
rate. The corresponding oxidation of hydrogen does not, for kinetic
reasons, oceur at an appreciable rate at the positive. The reactions of
other electroactive species, which may be present in practical systems,
are not considered here.

Electrochemical processes under kinetic control generally follow a
current density-overpotential relation of the form

i = dolexp (a.F'n/RT) — exp (—a.Fn/RT)], (6)

where 7, , the exchange current density, depends on the coneentrations
of reacting species and the temperature; o, and «, , the anodic and
cathodic transfer coefficients, are usually relatively independent of such
factors as well as of the potential; and 7, the overpotential, represents
the departure of the electrode potential from its thermodynamically
reversible value, which depends, of course, on concentrations and
temperature. F, R, and 7' are the Faraday, the gas constant and the
absolute temperature.

At open circuit and on overcharge in the lead-acid system, the over-
potentials for oxygen and hydrogen evolution are large [70, = 1.090 —
0.620 = 0.470 V and ny, = —0.971 — (—0.612) = —0.359 V] and
only one of the exponential terms is important. This gives rise to Tafel
behavior or linear potential-log current relationships for these reactions,
and it is convenient for the following discussion to write these in terms of
the plate polarizations, that is, the departures of the plate potentials
(V. and V_) from those corresponding to the reversible potentials of the
charge-discharge reactions, rather than in terms of the overpotentials of
the oxygen and hydrogen evolution reactions themselves. Thus, instead
of

RT '
no, = V+ _ VI].O,‘O) = > F ]_ll i?‘O: »
4.0 0,0, (7)
RT . i "
7. = Vi — Vousourro, = &a.0,F ln:ﬁ‘ '
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and instead of
QRTF In %iﬂ‘ ,
¢, H 0. H
. ®)
RT In Ee.

ac,H,F (-

m, = Vo — V}J,/H+ = -

N~ = V. - Vrb/phso. = -

%o+ and 7, are thus the extrapolated oxygen and hydrogen evolution
current densities at the positive and negative plate open-cireuit poten-
tials, and (RT/a..0.F) In (10) and —(RT/a, . u,F) In (10) are the
corresponding Tafel slopes, b, and b_ .

For a given plate design with a particular thickness and method of
manufacture, the ratio of effective surface area to ampere-hour capacity
at a specified hourly rate is essentially constant, and it is therefore
possible, in the Tafel relationships, to use currents per ampere-hour
of capacity in place of current densities. Similarly, for a given cell design,
the ratio of positive plate ampere-hour capacity to negative plate
ampere-hour capacity is essentially constant, and both Tafel relation-
ships ean therefore be written, for a given family of cells, in terms of
currents per ampere-hour of positive plate capacity, which normally
determines cell capacity. Expressed in this fashion, the extrapolated
oxygen and hydrogen evolution currents at the positive and negative
plate open-circuit potentials at 25°C are, for typical rectangular lead-

caleium grid cells, I,, = 5-10 pA/Ah and I, = —(5-10)uA/Ah,
respectively.’ The corresponding Tafel slopes at 25°C are b, = 70 mV/
decade and b = —110 mV/decade’.

This behavior is reasonably well understood on the negative, for,
under slightly different conditions of measurement, a battery electrode
of 0.55 em thickness® and a planar lead surface* have been found to have
essentially the same hydrogen evolution characteristics per true (BET)
unit area, with 7, = —10"*uA/em?® and b. = —120 mV/decade for
both. The situation with the positive is more complex because of the
existence of two modifications of lead dioxide, @ and 8, and of an as yet
unresolved controversy over whether the characteristics of oxygen
evolution on the two are the same.®® According to Giner and others,’
the two forms differ only because of porosity under the conditions where
Riietschi and his coworkers® found Tafel slopes of 60 and 110 mV /decade
for the @ and B forms, respectively, and nearly the same values of
10+ , ~ 107°wA/em? for both, the true areas being estimated from
capacitance measurements. The original work on capacitance,® however,
included results which indicate 7,. =2 5 X 10™*4A/BET em® for a 0.60 em
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thick positive, suggesting that the total surface area of the porous plate
is not used in oxygen evolution.

The temperature coefficients of 5, and 5- for the previously men-
tioned typical lead-calcium cells are —2.88 mV/°C and +2.57, mV/°C,
respectively.” Taking 4o, and 7 (and likewise Io, and I,-) to follow
the general relation

1. = 1. exp [—E./RT], 9)
equations (7) and (8) give

an. _ n: b E:t .
ar T * In (10)RT?

Assuming, as typical values at 25°C, n, = 55 mV with b, = 70
mV/decade and n_ = —55 mV with b. = —110 mV/decade, equation
(10) gives E, = 17.8 keal/mole and E_ = 10.2 keal/mole. (Neglect of
the term 7. /T gives 16.7 keal/mole and 9.5 keal/mole.) Although these
lie in the normal range of activation energies for kinetically-controlled
processes, they should not be considered as such since », and - are
related to the open-circuit plate potentials corresponding to reactions
(1) and (5) and are therefore not true overpotentials.

At the positive plate, in addition to oxygen evolution, grid corrosion,
reaction (3), occurs, with the slow oxidation of lead through a passivating
film of PbO, . This is, currently, the process which determines the life
of properly designed and manufactured lead-calcium cells. As a result,
this process has received a good deal of attention but, unfortunately,
not much fundamental understanding. With regard to its effect on float
operation and the effect of float conditions on it, the following appears
to be a reasonable estimate of the pertinent features.

The rate of grid corrosion is, in the short run, relatively independent
of potential.” It does, however, increase with temperature and, ulti-
mately, with time in processes associated with the end of cell life. As
might be expected, increased temperatures reduce the time to the final,
irreversible increase, but, equally important, corrosion studies indicate
that extended periods (months to years) of positive plate polarizations
which are significantly less than about 25 mV have a similar effect.
This, then, is an important factor in float operation, and it is generally
considered that adequate maintenance under float conditions requires
7. > 25 mV. At 25°C, normal rates of lead-calcium grid corrosion
correspond to current densities of the order of 0.2 pA/cm® of grid surface
or penetration rates of about 3 X 107* em/yr (1.2 X 107" in/yr).”
Typical rectangular positive plates for stationary batteries have about

(10)
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20 em” of grid surface per ampere-hour of positive capacity. The con-
tribution of corrosion current to float can therefore be expressed in the
same units as I,, and I,_ , giving I, = 4 pA/Ah at 25°C®. While the
potential dependence of I, can, as a first approximation, be neglected,
the temperature dependence is important. Assuming, as for I,, and
I,_, that I, follows a relation of the form

I, = I exp [ E./RT), (11)

the available data’ indicate a value for £, for lead-calcium grids of the
order of 10.5 keal/mole. This is a purely empirical quantity and cannot
be given any physically meaningful interpretation.

At the negative plate, in addition to hydrogen evolution, the reduction
of any oxygen present in solution takes place at a rate controlled by
diffusion and thus independent of potential. In 1.210 sp. gr. H,SO,
at 25°C, the solubility of oxygen is about 7 X 10™* moles/liter,® and if
its diffusion coefficient is taken to be about 107° em?/sec, the diffusion-
limited current due to oxygen reduction from a saturated solution can
be calculated from Fieck’s first law to be about —3(A4/6)uA/em, where
A is the effective cross-sectional area through which diffusion to the
plate surface can oceur and 5 is the effective thickness of the diffusion
layer. In practice, 4 may be expected to be largely determined by the
area and characteristics (porosity, and so on) of the separator and & by
its thickness, since it is the separator that really defines the paths by
which oxygen generated at the positive has access to the negative. For
a given cell design (plate thickness), the separator area is proportional
to the positive eapacity, and thus, like Iy, , I,- , and I, , the oxygen
reduction current can be expressed on an ampere-hour basis. For the
previously mentioned typical cell at 25°C, thisis I, = —(20-35) uA/Ah,*
giving, with the Fick’s law estimate, a/8 =2 7-12 em/Ah, where a is the
effective cross-sectional area per ampere-hour. These same factors
control the electrolyte resistance, typically 0.14 ohm Ah.” With the elec-
trolyte resistivity equal to about 1.2 ohm-cm, this gives a/§ = 9 em/Ah,
in good agreement with the previous estimate. The temperature de-
pendence of [, is given by the relation

1, = I exp [—E4/RT) (12)

with E;, = 13.5 keal/mole.” In cells, as discussed later, there is one
further important restriction on the magnitude of —I; : it cannot, in
the long run, exceed the oxygen evolution current at the positives.

For a float current I, = Iy, + I, = —Iy, — I, expressed like the
others on an ampere-hour basis, the foregoing results can be combined



FLOAT OPERATION 1327

to give
7. = b, log L1 (13)
0+
for the positive and
»- = b log Lt L (14)
—I,.

for the negative. To include the temperature dependences of the various
parameters more explicitly, it is useful to re-write equations (13) and (14)
in terms of their values at 25°C, which are here denoted with a super-

seript zero. Then,

_ (T/°K) [ I, —rdt ggi}
1 = 50815 b.| log iR log 0 (15)
and
oK 1 -
0 = S bf[log Ll 1o %] (16)

where r, = I./I° and r, = I,/13 . For the typical cell discussed above,
b2 = 70 mV/decade,
b = —110 mV/decade,
I°. = 5-10 wA/Ah,
Ii- = —(5-10)uA/Ah,
I? =~ 4 uA/Ah,
10 — —(20-35)uA/Ah,

Lo _ ( 10° Jﬁ_) o :
log .= 3.89 20805 (1/°1) (for B, = 17.8 keal/mole);
Lo _ 5, ( 100 10° ) _— _
log o= 2.23 50805 (1/°K)) (for E_ = 10.2 kcal/mole);

I 10° 10° )
— ZE s ) O [, S o~ .f' 1 1 .
log r. = log = "'"9(298.15 1/°K) , (for E, 22 10.5 keal/mole);

— é —_ 9 (_E.:— _ _E{_—-) 1 i =
log ry = log 7= 2.94 815 (1/°K)) (for £, = 13.5 keal/mole).

These data are used in the following sections as a basis for the con-
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sideration of float operation. They refer, of course, only to a “typical”’
lead-calcium cell design, the characteristics of which are representative
of one type of cell suitable for this kind of service.

III. CELL BEHAVIOR, PARAMETERS FOR TYPICAL LEAD-CALCIUM CELLS

When a constant float voltage, V, , is maintained across a cell, it is
the cell polarization which is controlled. This is given by 5.1, = V, —
Vali = n. — n- and is related to the float current I, which flows
through both positives and negatives by equations (15) and (16). Thus,
specification of V¥, and the plate parameters determines the condition
of the cell during float operation. While the discussion here deals only
with the steady-state, it is clear that a cell inadequately maintained in
these circumstances will be no better maintained in actual use. From
the previous section, adequate maintenance of positive plates is con-
sidered to require 5, > 25 mV so that grid corrosion is not accelerated.
Adequate maintenance of the negatives requires only that - < 0, but
in both cases, some margin is obviously desirable.

The quantities of prineipal interest, then, are I, , 5. , and - . In the
light of the previous discussion, these are taken to be determined by the
parameters Iy, , I5_ , I3, T, and V, . In all of the calculations, b?, b°,
and I, are assumed invariant and, together with the temperature
dependent factors, are assigned the values given earlier. I3, , IJ_ , and
I3 depend on design and method of manufacture and ean vary con-
siderably. Cells with values lying within the limits given for the “typical”’
cell of the previous section are described in the following as “normal
range’’ cells. As a point of reference, a cell with mid-range values of these
parameters is hereafter described as a “median’’ cell. Temperature and
float voltage depend, of course, on conditions of use and can also vary.
Standard conditions, as in the Bell System, are taken here to be 25°C
and 2.170 V/cell.

For a given set of parameters, I; and then 7, and »_ can be calculated
from equations (15) and (16), taking into account two restrictions:

() n. must be positive or zero and - must be negative or zero.
Solutions giving negative 5. or positive - are physically inadmissible,
for in reality the charge-discharge reactions poise the plate potentials
at zero polarization and the plates then discharge. At . = 0, the net
discharge rate of the positive is I, — I,, — I. ; at . = 0, that of the
negativeis I, 4+ I,- + I, .

(7z) The rate of oxygen reduction at the negative cannot exceed the
rate of oxygen evolution at the positive; that is, —I, can be no greater
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than I, — I, or, when 5, = 0, I,, . Solutions for which this is not so
are also physically inadmissible; instead, I; can be assumed to become
approximately equal to I, — I, or I,, . In the case of the former, from
equation (14), the negative polarization becomes independent of I, .

The following results are by no means all-inclusive but indicate,
instead, some of the effects to be expected.

3.1 Median Cell, Standard Float Conditions
19, = 7.5 uA/Ah, I)_ = —7.5 pA/Ah, I} = —27.5 uA/Ah, V, =
2.170 V/eell at 25°C. In this case,

feer/mV = 2170 — 2061 = 109,
= 70 log [(I, — 4)/7.5] + 110 log [(I, — 27.5)/7.5],

and I, = 50.5 pA/Ah, 9, = 55 mV, n- = —54 mV. This represents,
more or less, the average behavior of a “typical” or, perhaps more accu-
rately, a desirable cell. Both plate polarizations are good and float
operation should be most satisfactory under these conditions.

3.2 Normal Range Cells, Standard Float Conditions

I%, = 5-10 pA/Ah, I}_ = —(5-10)pA/Ah, I} = —(20-35)uA/Ab,
V, = 2.170 V/cell at 25°C. The ranges in the following tables corre-
spond to the range in f,, , 5-10 uA/Ah.

I,/(uA/Ah) 10 = —20 pA/Ah 19 = —35 uA/Ah
I5- = —5pA/Ah 35.3-41.2 47.4-52.8
Ii_ = —10 pA/Ah 45.5-54.8 56.8-65.7
n./mV I = —20gA/Ah 1% = —35 uA/Ah
I3 = =5 uA/Ah 56-40 66-48
I- = —10 pA/Ah 6449 72-55
n_/mV I9 = —20 uA/Ah I = —35 uA/Ah
I5- = —5uA/Ah —(53-69) — (43-61)
Ii- = —10 gA/Ah — (45-60) —(37-54)

In all cases the plate polarizations are adequate and float operation
should be satisfactory under the standard conditions.

3.3 Median Cell, Standard Floal Voltage, Varied Temperature

I, = 7.5 pA/AN, I)_ = —7.5 pA/Ah, I} = —27.5 yA/Ah, V, =
2.170 V/cell at 5, 15, 25, 35, and 45°C.
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5°C 15°C 25°C 35°C 45°C
I,/(uA/AR)  11.3 24 4 50.5 100.0  190.3
n./mV 70 63 55 48 41
n-/mV —44 —49 —54 —58 —63

Although there is some reduction in cell polarization with inecreased
temperature because of the rise in the open-circuit cell potential, the
median cell still has what would be considered an adequate positive
polarization even at the extreme of 45°C (113°F) and should be capable
of float at this temperature. However, this would hardly be recom-
mended, for the higher temperature would bring about an increase in
the positive grid corrosion current and a consequent decrease in life.

3.4 Median Cell and Cells at Extremes of Normal Range Behavior,
Low (2.150 V /cell) Float Voltage at 25°C

The lowest positive polarization in the normal range cells oceurs for

I, = 10 uA/Ah, I0_ = —5 uA/Ah, I = —20 uA/Ah, while the highest
oceurs for Iy, = 5 uA/Ah, If_ = —10 pA/Ah, I} = —35 uA/Ah. The
median cell has Iy, = 7.5 uA/Ah, I} = —7.5 uA/Ah, and I§ = —27.5
uA/Ah.
Lowest 7. Median Cell Highest 7.

1,/(xA/Ah) 35.5 4.1 50.6

7./mV 35 51 68

n-/mV —h4 —38 —21

In each case, the plate polarizations are adequate and float operation
at this slightly lowered voltage should be satisfactory.

3.5 Varied Iy, in Otherwise Median Cell, Standard Float Conditions

With I°_ = —7.5 uA/Ah, I® = —27.5 uA/Ah, and V, = 2.170 V/cell
at 25°C, an increase in Iy, from 7.5 pA/Ah results in a lowering of 7,
and a corresponding increase in the negative polarization. 5. drops to
25 mV as Iy, increases to 29.4 uA/Ah, and here the float current is
71.0 pA/Ah and 7. = —84 mV. (5. goes to zero when I;, = 96.9
wA/Ah, at which point I, = 100.9 gA/Ah and n_ = —109 mV.) A
decrease in Iy, increases 7, and decreases n- , and 7. goes to zero when
I3, reaches 0.859 uA/Ah. Here I, = 35.0 uA/Ah and 5, = 109 mV.
In an otherwise median cell, then, the maximum range of Iy, for ade-
quate plate polarizations at 2.170 V/cell and 25°C is only 0.859 to
29.4 pA/Ah, and this could be considerably reduced at lower float
voltages and other temperatures.
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3.6 Varied Iy in Otherwise Median Cell, Standard Float Conditions

With I3, = 7.5 pA/Ah, I§ = —27.5 pA/Ah, and V, = 2.170 V/cell
at 25°C, as I)_ becomes more negative than the median —7.5 uA/Ah,
n. increases and n_ approaches zero, reaching that point at Ij_ =
—247.0 pA/Ah, where I, = 2745 pA/Ah and 7, = 109 mV. As I
becomes less negative, the reverse takes place, but before 7. reaches
25 mV, I, — I, becomes equal to —I, . This takes place at Iy =
—0.934 pA/Ah, with I, = 31.5 uA/Ah, 3, = 39mV and - = —69 mV.
Beyond this point, assuming I, = I. — I, which makes 5- independent
of I, , the positive polarization decreases, reaching 25 mV at Ij_ =
0.689 pA/Ah, with I, = 21.1 uA/Ah and n_ = —84 mV. (5, goes to
zero at IS_ = —0.408 pA/Ah, with I, = 11.5 yA/Ah and »- = —109
mV.) In an otherwise median cell, then, the maximum range of I3- for
adequate plate polarizations at 2.170 V/cell and 25°C is —0.689 to
—247.0 uA/Ah, a range which could be considerably reduced under
other float conditions.

IV. BATTERY BEHAVIOR; FLOAT CHARACTERISTICS OF BATTERIES OF
TYPICAL LEAD-CALCIUM CELLS

The previous discussion of cells is obviously applicable to batteries
provided they consist of identical cells at the same temperature. This
is not usually the case because of normal variations in the manufacturing
process, as indicated by the range of parameters given for the “typical”’
cell, and because of non-uniform temperatures under some conditions
of use. The requirements for adequate plate maintenance remain the
same (7. > 25 mV, n_ < 0), but the behavior of the cells in the battery
during float now depends on the distribution of the battery polarization
among the cells as well as on the distribution of the resulting cell
polarizations between the plates. For an n cell battery,

nV, — 2 Visi = 20 (ne — 22, (17)

where V, is the float voltage per cell and 5. and 5_ are given for the
different cells by the appropriate versions of equations (15) and (16).
The following results illustrate some situations of interest.

4.1 12 Cell Battery, Cells from Exiremes of Normal Range Behavior,
Standard (2.170 V /eell at 25°C) Float Conditions

The lowest positive polarization in single cell float oceurs for Iy, =
10 pA/Ah, I)_ = —5 pA/Ah, IT = —20 pA/Ah and the highest for
I, = 5 uA/Ah, I)_ = —10 pA/Ah, I3 = —35 pA/Ah.
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(7) With 1 cell from the low 7, group and 11 from the high 5. group,
I, = 55.7 pA/Ah, the low 7, cell has n, = 50 mV, n_ = —94 mV
and the high 5. cells have 5. = 71 mV, ». = —35 mV. All the
plate polarizations are adequate and float operation should be
satisfactory, with cell voltages of 2.205 V and 2.167 V.

(72) With 6 cells from each group, I, = 49.9 uA/Ah, the low 75, cells
have n, = 46 mV, n_ = —85 mV, and the high . cells have
7y = 67 mV, 5. = —19 mV. As before, the polarizations are
adequate, with cell voltages of 2.192 V and 2.147 V.

(727) With 11 cells from the low 7. group and 1 from the high 7, group,
the standard float conditions do not provide proper maintenance
of the negative in the high 5, cell, and its polarization goes to zero.
The float current, I, , is 42.7 pA/Ah and in the low 7, cells,
7. = 41 mV and n_ = —72 mV, which are adequate and give cell
voltages of 2.174 V. The high 5. cell has 5, = 62 mV and, with
n. = 0, the net negative discharge rate is42.7 — 35 — 10 = —2.3
pA/Ah at a cell voltage of 2.123 V. Tor satisfactory operation at
25°C, the float voltage must be increased to more than 2,176V /cell,
at which point the float current is 45.0 uA/Ah and the negative in
the high 5. cell is no longer discharging though its polarization
is still zero.

4.2 12-Cell Battery, Median Cells, 2.170 V /cell with One Cell Hot

The median cells have Iy, = 7.5 uA/Ah, IJ_ = —7.5 uA/Ah, and
I3 = 27.5 pA/Ah.

With 11 eells at 25°C (77°F) and 1 at 35°C (95°F), the polarization
on the hot negative goes to zero. I, is 53.3 pA/Ah and the 25°C cells
have n, = 57 mV and - = —59 mV. In the 35°C cell, n, = 26 mV,
which is marginal at best, and really neither set of plates is adequately
maintained. The net negative discharge rate in the hot cell is —6.0
wA/Ah, here given by I, + I,_ because the rate of oxygen reduction at
the negative is limited by the rate of oxygen generation at the positive
under these conditions. This is, of course, a somewhat unlikely situation
with regard to temperature but is of interest because individual median
cells can be floated adequately even at 45°C.

V. DISCUSSION

While a good deal yet remains to be understood about the processes
occurring in the lead-acid system, its behavior during overcharge can at
least be formally described in terms of a limited number of experi-
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mentally accessible parameters, some of which can be varied by design.
These parameters determine the float characteristics and whether or not
a cell or battery is capable of being satisfactorily maintained by a
particular float condition, as has been discussed. It should be empha-
sized, perhaps, that in the present state of knowledge, these parameters
must be determined experimentally in the assembled cell, modification
of them by design is still largely an empirical business, and calculations
of float capability must ultimately be verified by float tests.

Nevertheless, it is useful to consider the effects of variations in the
parameters, for this gives some estimate of the permissible latitude in
design, manufacture and use. For both cells and batteries consisting of
identical cells maintained under identical conditions, it has been shown
in the foregoing that satisfactory float operation can be expected for
quite a range of characteristic parameters and float conditions.

On the other hand, for batteries which do not consist of identical
cells which are identically maintained, there is far less latitude. Even
certain combinations of what have here been termed “‘normal range”
cells cannot be satisfactorily floated under standard conditions. Varia-
tions in temperature among otherwise identical cells can also lead to
difficulty. While both these problems have long been recognized, it
requires a quantitative treatment to specify the variability that can be
tolerated. In general, satisfactory float operation is unlikely to be
achieved without good uniformity among cells and their operating
conditions.

Finally, there are quantities besides 7. and n. which may be of
interest in characterizing cell conditions during float. One is the amount
of float current being passed in excess of that required to keep the net
negative discharge current equal to zero. This is given by I, + Ia + Io- .
Another is what might be called the effective de impedance of the
negative, an_/al, , which is given by b_log e/(I, + I.). These and others
are easily calculated.

VI. ACKNOWLEDGMENTS

The author wishes to thank U. B. Thomas and E. Willihnganz for
their helpful comments and discussion and for the latter’s kind per-
mission to refer to unpublished data.

REFERENCES

1. Vinal, G. W., Storage Balteries, 4th ed., New York City: John Wiley and Sons,
1955.
2. Willihnganz, E., unpublished work.



1

3

334 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1970

. Riietschi, P., Ockerman, J. B., and Amlie, R., “Surface Coverage during Hydro-
gen and Oxygen Evolution,” J. Electrochem, Soec., 107, No.4 (April 1960),
pp. 325-332,

4. Rietschi, P., and Cahan, B. D., “Anodic Corrosion and Hydrogen and Oxygen

o

=1

Overvoltage on Lead and Lead Antimony Alloys,” J. Electrochem. Soc., 104,
No. 7 (July 1957), pp. 406-413.

. Riietschi, P., Sklarchuk, J., and Angstadt, R. T., “Stability and Reactivity of
Lead Oxides,” Batteries: Proceedings of the 3rd International Symposium, Collins,
D. H., editor, London: Pergamon, 1963, pp. 89-103.

. Giner, J., Gancy, A. B., and Makrides, A. C., “Preparation and Characterization
of Lead Dioxide Electrodes for Reserve Batteries,”” Final Report to Harry
{)ig;nond Laboratories under Contract No. DA-49-186-AMC-265(X), April

967.

. Baker, R. A., “The Anodic Oxidation Rate of Pure Lead in Sulfuric Acid,”
Extended Abstracts, Battery Division, Electrochem. Soc. Houston Meeting,
October 10-12, 1960, pp. 53-55, and unpublished results.

. Gubbins, K. E., and Walker, R. D., Jr.,, “The Solubility and Diffusivity of
Oxygen in Electrolytic Solutions,’”’ J. Electrochem. Soc., 112, No. 5 (May 1965),
pp. 469-471.

. Willihnganz, E., and Rohner, P., “Battery Impedance: Farads, Milliohms,
%/Iﬁcroyl’lenlxi'ies,” paper presented at A.LLE.E. 1959 Winter General Meeting,

ew York.



