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Capacitys The crus cit.;r uI‘\L ata ttery = its ability to delivers
snersy = 13 usually ex: 1lﬁ smpere = hours, which is simoly the
aroduet of the disch: pares wm-\z number of hours, However,
a simple 7! ure of = ;}ﬂber& houra has very little aiynificance
unless it ic qualifie | factors which custemary usage of the
application in which it ‘ha prin~inal facters that effect
the capacity of lead = wary arg as follow @

= The a-ount of acpj;‘ met \.‘l w”ﬂn the cell,
= The concents Dl iy ~)alact.ro1:,rte.
- ’racticol ILW%
- The nrevious history ef the plal.es,
= The teooeraturoes

= Tha Hple of I1lscharge.

The 'meynt of fctivs Hsterdal within the Uelly

The ~laclriczl energy thet a battery delivers during discharge
is derive! from the clectrochemlcal reactlons taking place between the
electrolyte -ni the setive msterinl of lead dioxide and spongy lead,
The preater th=~ smounts of these matericls, the rreater will be the

capacity of the battery.

teeoriing Lo Feraday's law, 96500 coulombs transform 1 acuivalent
of lead, "ince the atomic weight of leid is 20742 and the valence 2,
tha eculvalent weisht of lead is 103.6 prams,



Frem this we may readily calculste the mumber of grams of lead,
on the negative plate, that are transformed into lead sulphate during
the passare of 1 ampere - hour,

As 96,500 coulombs ar: ecuivalent to 26,80 ampere = hours, we
have 3,866 grams of lezd correspending to 1 ampere = hour. Similerly,
L3 grams of the diexide, or active material of the pesitive plate,
take port in the reaction per ampere = hour,

Two molecules of sulphuric acid in the electrelyte are transfor-
mei for each molecule of lead or lead diexdde, in accordunce with the

equation

Pm2+Ph+23230h//}/2P‘b50 + 2]-!20

The molecular W”r sl.tlphuri:c is 98,076, and, since the va-
lence is 2, there are / grm of acid rescting fer each equivalent
of the lead, This mtyaﬁta Lo 36660 grams per arpere = hours The net
change in the weight o!f t.hef Qlcé‘GToHtu during charge or dlscharre dif=-
fers from 3.660 praus ue}- Mrp;a*.ar “‘hour because of the formation of 2
molecules of water during; g;,gfcm for each 2 molecules of the acid

_lj""!mn t.ha battery is en charpe the re-—
verse takes plru; : : 5!' water disappeasr for each 2

molecules of acid t.h@\n.rrhmd,/‘th/ﬁ inet change en discharge is,

Lthere fore,

.xn

-EHEG“JF 2H0 - = -25U3+ Other non - chemical
0}1 reanction elements

L Y

This e-uation shows that the actual change in weight is 160.12
grams for every 2 gram - molucules taking part in the reaction, This
less in weirht of the electrolyte is balanced by a corresponding gain

in welght of the plates.
The mass of the electrolyte reacting at the peositive plates dur-

ing discharpe is slightly grealer than at the nerative platess This
may be seen from the fermula for the chemical reactions taking place
at the positive and the negative plates as follows 3

A Pos; an2+ H2+szh = P‘b&ﬂh-l—zﬂzu

At “*ﬂj Pb + Eﬂ-ﬁ = Ph':'lﬂk
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The actual consumption eof sulphuri: acii al ths twe plates Jife
fers more thon the formula indicates, becaus: it is necessary to take
inte account alse the concentration changes caused by the mlscration of
the hydroren (H') and the sulshate (50;] iens,

durins discherre sulphate icns are consumed at both the posltive
and the nerative olates, Sulphate lons miprate toward the negativa -lates
and away from thes positive plates, Hydregen ions, en ihe other hand,
migrate swey from the nerative plate toward the positive plate, where part
of them are consumed in the formation of water, The net change taking
place is therzfore a preater lose) oi‘ acld at the positive plate than at
the nepetive, If this is censi. ierf/ust»tnfether wi h the amount of water
formed at the -ositive QB%;, It is foun! that the pesitlve requires
about 1.6 times the a..am;t é' acid tha® the negative plate recuired
during the lischarre ‘H:-riod. "'H}.a fact 1= a reason for placing the
corruraled slde of w;:ﬁarfé ura mﬁ;b to the positive plate in order te
allow more = .ace for af-td. xt .tg somelimes notlcad, vhen ssparators
are renewed in old hnttc“iu;, hhat the capaeily of the battery iz con=
aiderably increased, T'riu‘is undoubtedly due in part to the additienal
acld spsee provided | ;; ' i_ ﬁlﬂ .2s by now senarators, since
the ribs of the old tors are worn down almost Lo the web

of the s=parator by the time that they r-rui,mi ronawal,

The foreroing fijures showin; the relatlon of lead, lead diexide,
and salohuric acil consumed per ampere = hour are based entirely upon
theoretical -~onslderationa. The practleal amounts of the octive mater-
ials requirel oro conslderably greater than these calculoted from theory.

Thers arc scversl resseons for the limite! used of the materials
in actual secrvice,

= The lead =ulphste thst is formed during the process of dis-
charpe 13 g non - conductor and increases the resistance of the active
materisl of the platese 'hen the active materi .l contazins 50 percent
of sulphate, the reslstance has risen to a very hirh values
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= /nother resscns is the stoppage of the pores of the plates by
the lesd sulnhste, which hinders the diffusion o. the elecirolytes

= 7 third rezson ia the increasing resistance of tho electro-
lyta itself, the minl um resistivity ef the slectrolyte occurs at a
specific rravity of approximitdy 1.225, As the specific pravit
decrease below this seint the resistivity increases, slowly at first,
and then more rapidly ss the concentration fall below 1,100

= ' fourth reason, whi:h invelves Lhe desimm of the plate it
self, Is tho 1lniled contsct between the active materisl of the plate
and its support,

The rstic of the w QUL - ﬂf’%ﬂ malerial taicdn: pert in the
reactions Yo lhe toi 1 Waf’ncm—ﬁtmﬂ presant in the plates
1= ealled " The ceeffici N

This coeffient 13

L mdla' with th- thicknass and poresity
of the plate, lhe rate .ﬂsﬂhw ey and the temperature, cell of
pood quality .11l have ¥ a bocfi'imt of 0.25 or more, lLower
valuez are Lu be attribut t'.fd Mdmt anount of electrolyte, lack of
porosity of the pletes, er w desirned separatorse

Regim of collé. Fer a “¢ell to riva fc,hn maximyn outbut fer a ;iven
weight of active neterlal &L ls essntial for the active matertal Lo be
readily accossible te t.‘i):q- elsctrolyte, iuis is achlievad by using a larre
mumber of thin plates, with a hiph weipht ratio of active material to
grid, compatible with maintaining the rrid sufficiently strong for rood
conductivity mnd retention eof paste, The same weolrht of active material
distributed in a few thick plates cont:inins a dense or hard paste would
recult in 2 2211 of much lower capacitye

4 plrte with porous active material 1s capable of uroducing a
ereater outyut, nasticularly at high raves of discharre, than a plate

th & dense, hard, sctlve materinls “erosity is proiuced by adiing

small ameunts of sarbon, barium sulphats or ethar orp nic or inorranie
expanders Jdurinc the mixing of the paste, Too hirh a peresity is avoie
ded rer plates w1l-h are tc be subjected rerularly te cycles of lisch=
arpe and charre, as thls iz conductive to short life by premzlure shed=
ding of the sctive materials




The Torm-tion of lesd sulj hale durin the normal Jdischar e of
a cell reluce the pseresity ef the nlste, because the lead sul/hate -
occuples more spzes then the orisinal active maverial, Normally this
expansion 1~ token up by the pores of the plate being comuressed, and
no harm results, 1If, however, the sul;/hation is excessive, owliny to
the cell belns nersistancely overdischarged and undercharrel or left
for a lens neriods in a discharped condition, the sulchate exnands
beyend the sboerbinr cpability of the pores, Lhe active materi 1 is

then subjected Lo pressur: which results eventually in fracture of the
lass

gridi frame or 4 .. of active m.w from the plate, and if thc cone
dition is not remedied *..hg‘cr.-ll /Jn;:acity and wlll not accent a
charre, == ( S

s 11.~ The capacity of a storage

¢ that the plates have sufficlent
»igkmch tha inner recosses, ihe effect of

’\f\/

because the fzzter t.hp :ﬂac harpe the more nearly is the total output of
the cell confined t.ub bhs leyara or @ g'mat,uri 1 that are in imme~
diste contact with uMmaﬂm i, sxcescively high rates of
discharre, the output of the cell becomes practically a surface pheno—
menon, This is becaus: there is insufficient time for the alectrolyte
to diffus- into the pores of the plates, anl the sulphate formin; at
the surfe-e clops the pores. /t low rates 27 discharge, on the other
hand, aluest any depth of the active material may bacome effactive.

The reactlons of discharre penetrate into the plate only 2 pore
tion of the ways For this reason, cells, that contaln thin plates are
found to hove reater capacity than cells of simil r size containing
thicker pletes, "This is particularly true at high dlscharpge rates, .hin
plates do not have a rreater capcity per plate than thick plates, ®8 a
matter of fret, the capacity per plate is some what less, but, owinr te
the larre number of plates that can be used 1n a cell of given size, ihe
capacity of the cell as a whole may be considerably greaters




The negative plates are more sensitive to chenges in thickness
than the positive plates, This mens that, if tke capacities of the
positive and nepative plates are ecual at any high rate of discharge,
the neg tive will exceed the capacity of the pcsitive et any lower rate
of discharpe.

t f i .

Specific rrovity renges The specific gravity of the electrolyte for
the main types of lecd - acid cell at 60%F ( 15,6°C.) varies as showni=

Stetion ry cells 1,210
Portable éells =
Temperate climate 1.270 - 1.285
Tropical climate 1,230 - 1.250

The specific pravity falls during discharge and increases during
charge, It is lesnst when the cell is fully discharred, and greatest
when the cell is fully charged.

The speeific gravity re ding therefore provides an excellent
indication of the state of discharge of a lend - acid battery, @ the
fall in specific pravity during discharpe is direetly proportional to
the number of aipere = hours supplies by the battery.

The difference between the values of specific grawity with the
cell fully charped and fully discharged varies according to the amount
of elactrolyte in the cell, The usual woridng renges of specific groe
vity for the main types of cell are approximately

Stationary ———= 1,210 to 1,30 = 1.180 (30 to 80 points)
at the 10 - hr rate.

atomotive ———— 1,280 to 1,110 (170 points)
at the 20 = hr rate.

Traction =—e—— 10280 to 1,210 = 1,150 (130 te 160 points)
at the 5 = hr rate.

It wlll be seen that the ronge of specific gravity eon vary from
30 peints (0.030), for the large stationery cells with heavy plates, to
170 peints (0.170) of more for portable cells.



Chence in cepecity with concentpation. The concentration of the
acld in the porec of the plates ig a vital factor in determining the

voltare and ecopacity of a cell, Unless a sufficient amount of sulphuric
acld ¢'n be maintained in the pores during discharge the voltage at the
terminals of the ccll will decrease rapidly and the cell will become
exhausted,
The concentrotion affects the cepacity because
= 4t determines the potential of the nlates,
= it affects the resistance of the electrolyte to Lhe possage
af the electric current,
= it affects the wviscosiiy of ihe electrolyte and thers by the
rate of diffusion,
- it affects Lho rate of diffusion because of differences in
the concentration of the slectrolyte in the pores of the plates
md outside,

The crpacity cen be related to any practicsl lumdt of voltage,
and the higher the findl voltage the lower will be the capncity availa=
ble., This can be deronstrated for a typlcal duty where a 24 - cell
battery supplies e load to a minirum working voltags of L6 Vey or 1492
Ve per cell, The current drown from the battery durin; peak loading
misht be the e uivalent of the 6 = hr rote te the standard final vole
tage of 1471 Ve per cell, but when related to the permissible working
voltage of 1492 V. per cell, the battery would supply the current for
only 4 hre

The final voliare i3 determined partly by the nature of the duty
which the battery performs and partly by the discharge veoltage charac-
teristic of the battery, ° lishting load requires a fairly high stable
voltape, hiilst a heavy engine starting load reculres a hipgh powsr oute
put from the battery, that ig high current at a lower working voltage
end to a lower finsl veltage.
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“hen final voltage is detemined by the discharpe voltase cha=
racteristic of the battery, it 1s usually fixed to allow a fall of 0.3
Ve per cell from the initial voltape, ‘he ccll voltage on discharge
falls sharply beyond this end peint, which is lmown as the knee of the
veltage curve, Centinuing the discharre beyend the knee doas nol pro-
duce any worth = while increass in avail-ble capucity, because of the
sudden collassa of cell veltape,

T p His of p -

Porogity of the "lates, The luportance of psoresity of Lhe pla-

tes in facilitatlon the acesss of elsctrolyte to Lhe active material
has been treated in connectien with oither factors jreviously discussed,
The poresity of the finished flate varies with the expansion of the =
material from which it-wae mode and with its state of charpe,

The sprrefa.e pomit,y ef :;"'Lha plate s a matter of 50 percant
of the entlre volume of the plﬁt-g, but the individual peres are :roba-
bly little more than melecular 'in size,

AMthourh the term poresity-is renerally understeed to indicate
the pessesion of abadrptiﬁn gualitiﬂﬁ..,,:li.’add.ar to thosa of a Bponges, it
is desirable to astatﬂ#?h a ?ﬁ%ﬂtlﬁm{oylb-

The porosity = 1 = %g resl densiiy of Lhe active mtﬁﬁ

from this definition the percentare of poresity of the plates may be
obtained in any ease Wy multiplying the facter 100,
Varia { & 8

The porosily of the plate varies with the state of charpge. Lead
sulphate, which is formed as a product of the discharpe of the cells,
is less densr than either lead or diaxide of lasad. It therefore occu=
pies more enace than the active materials, yet the apparent volune of
the plate doeanot charge, The reason for this iz that the expansion
is taken core of by the pores of the nlates,
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Effect of previous discharrge The capacity of the plates is affected
by the discharpes immedlately preceedins, TFor this roason it ls desi-

rable to run a few preliminary cycled at the same r.ie of discharge as
is to be used in a form 1 test,

The capnelty is lower if the discharge has be-n preceded by a
discharpe at a higher rate, and it is higher 1f preceded by z dischirge
at a lower raltee

Varl-tion of capacity Jurlns Jife. Most batteries arc desirned to flve
at least thelr nominal capacity in the first fow discharpes. Datteries

in the esrly part of life, particularly those which are gycled (given
rerular gyeles of discharye cnd charge), increase in capacity, and the
mwbaaamdiaulﬂ-mmmtmmmmmﬂmh This hig-
her capacity is mn:‘l.nt:ﬂ.nad (6r a considerable period, followed by a
gradual decline, ~ bettery is usually considered worthless when its
cepacity has fallen to shout 80 percent. of nominale Thin plates reach
thelr maodmm canscity dfter & sméller mmber of cycles than thlck ple-
tes, but beyond this point thelr decrease in capacity is more rapld,
Loen of eapacity durmg the life of poriable batteries largely
results {rao dabcrimtiﬂn of the nositive plate Ly shedding or softe
tening of the actlve Materisl and corrosion of the grid. The negstive
plates loss some canscity by hardening of the paste, usually coused
by the graducl formation of insoluble lead sulphate,

Lesperaturce

The tamperature plays an important part in determining the capae
citythntcanbadalivemdhﬁraatwmllmdﬂrwspodﬁadm
ditions of rate and fin-l wvoltage,.

Cherdcal reactions do not take place readlly at extremely low
temperature, mnd mich below 0%, it becomes Lmpossible to charge the
batteries,

Low temperstures increase the viscosity of the electrolyte, ioe
palring ito circulstion in the pores of the plates, The increasc in
viscosity becomes very rapid at temperatures below 0°Ce



- w

Normal temperature for storage batteries is penerally accepted
as falling within the range from 60° to 80°F. (15.6 to 27°C.) Low bate
tery temperatures temporarily reduce the available ampere = hour capacity
and discharye voltage, Capacliiy and voltaje are restored with a return
to normal temperature, even without a charpe. An increase in battery
temeraturs recults in an incresse inmpacity, p rticularly at high
rates of discharge.

Both these effects of temperature on capacity are muinly a result
of the chanre in the viscosity and resistance of the electrolyte. it
low temperature the viscosity and resistance are increased, especially
below 32°i' ( 0% )e The increased viscosity reduces the rate of diffu-
sion or circulation of slectrolyte intoc the pores of the active mater-
ials, /s high temeratures the viscosily and resistance are reduced
and the bettery caprcity 1s increased.

The effect on battery eapacity of changes in the viseosity and
resistance of the electrolyte are most noticeable »t high rates of dise
charpe, where electrolyte diffusion is the main factor in limiting the
available capacity.

Athourh a high concentr:tion of the electrolyte is faverable
for the Positive plates, it may be detriment:l to the negative platea,
The capecity of the megative plates in an electrolyte of 1.315 sp.gr.
is less than in an electrolyte of 1,140 sp.gr., particularly at high
rotes of discharpe and low temperatures. The negative plates may thus
become the limitings factor,

The reduced concentration may reduce slirhtly the capaclity at
normal retes and temperatures when the positives limit the capacity,
but this is more than offset by the gain in cepacity under more severe
conditions thet result in limitations imposed by the negatives,

Ihe Rate of Digcharge.
The higher the discharge rate in amperes, the less total ampere
hours a2 battery will deliver under other wise similar conditionas.



This relationship will vary somewhat with dif.erent types of plate and
cell ronstruciion,

This 15 due to two causes, The primary one 1s the lack of imnme=
diate diffusion of the slsctrelyte, During discharge, the enly pertlion
of the eleclrolyte which 4s " useful " is that in the pores of the sliw
tes in actual contact with the sctive materinl. As the aclid in this
pertien becomes depletel or exhausted, the ¢clectrolyte must diffus- or
circulate in order to bring more acid to the active material vhers it
12 needed, The hipgher the rate of discharpe, Lhe mere racid this
circulation mst be to meintain no cell voltage, As the rate
increases, however, this Gih:ul»pf e nor diffusion does not increase in
the same nroportiion, with. mam ﬂ'iat. the electrolyte in the peres
of the plater 4= haaﬁaﬂd the CPH wltare decreases more rapldly,
thus limiting the tub%;parit?f‘

Anether resull n:’ Hiﬂnr rrurtt ratas is to increase the volt=
ape drop within the r:t*].]/.a. mw}.&ﬂ have a certain intsrnal chmic reaise
tance, The hirher the ﬂurpellt" thqﬁ Teater the voltape drop or loss in
t!nm«reducin its external or useful

thle resistance within Lhn; 2071,
voltage which eup; *11""

The ro.c nost W lﬁtnnd'lr: is the 10 hour rate
which can be expresscd, for-example, either as " 100 'h at tha 10 hour
rate " or as " 10 amperes for 10 hours ". _ihere are exceptlons, howee
ver, the princinle ones beinp automotive batterias »i:l-h are customarily
rated at ths 20 hour r:te and Metive i'ewer (Industrial Truck) types
rated on a 6 hour basls, 'ny correct rating 1s quite oreper Lo usc as
long as it is nroperly specified er understood, lMamfacturers usually
1list several hourly retings, nearly always, including the 10 heur, for
the conmvenien~s of users in making comparisens and conducting tests,
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