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ABSTRACT

Heat balance studies have been made on & WLH-29 Ironclad cell to deter-
mine the magnitudes of =1l heating end cooling effects and to determine the
effect of these magnitudes on cell temperature both in the free electrolyte
above the elements and st various other locations in the cell. The studies
include a complete survey of the cooling effects associated with cell venti-

latione.

It has been found that the main sources of heat in the early stages of
the charge are the reversible heat effect of the charging rezction and the
irreversible heat due to the I®R drop in the cell. During the latter stages
of the charge when gassing is pronounced, the main source of heat is due to
the heat of formation of molecular hydrogen and oxygen from the atomic gas
produced from the current. Ventilating air is not an important factor in
reducing cell teumperatures, either from the standpoint of evaporation or
direct conductance. The reversible heat effect of the gassing reaction is
an important cooling effect during the gassing phase of the charge.

There is little temperature change from place to place in the cell
during charge. The small temperature difference found in the early stages
of the charge disappears when gassing sets in. This equalization in temp-
erature parallels the equalization of gravity. Highest temperatures foumd
are in the center of the cell. Maximum differences average about 8° Fahren-
heit.



SECTION 4 — INTRODUCTION

4~8.  AUTHORIZATION

1. This problem was authorized by Bureau of Engineering letter
$8/562 (2-20-D1) dated 21 February 1934.

4=b. STATEMENT OF PROBLEM

2, The purpose of the problem was to determine the heat balance
relationships in a lead-acid storage cell during charge. The complete solu-
tion of this problem should give the magnitudes of 21l heating and cooling
effects. It should therefore explain temperature phenomena encountered in
battery charging on shipboard in submarine installations. It should give
proper insight into temperature effects within the cell end should deter-
mine the value of temperature readings &s normally obtained from the cell
top during the charging cycle,

3. The work was carried on by the author at the Naval Research
Laboratory during the periods: June 1 to 10 and July 20 to September 20,
1934. Certain of the calculations were made between these periods and
after the completion of the experimental work.

4—c. EXPLANATION OF REPORT

4o In submitting this report, it is desired to point out certain
factors in connection with its generzl form. The Theory of the Lead-Acid
Cell, Section 5-a, was included only for the purpose of bringing out cer—
tain things directly bearing on this report rather than a discussion in full
of the theory of the cell reaction. A complete discussion was not thought
pertinent to the report. The same remarks apply to Sections 5-a and 5-c,
Theory of the Gassing Phase of Charge, and Practical Considerations in Cell
operation.

56 Table 1 gives the conversion units used in the calculations and
the mathematical formulas used for the calculations. Section 6-c discusses
the manner in which the calculations were made. These are included to enable
the reader to check certain of the data if he so wishes. Not all intermed-
iate data are included as these would make the report entirely too bulky.

6. Considerably repetition exists in certain sections of the re-
port, for example in Sections 8 and 9, Discussion of Results and Conclu-~
sions., While this adds to the length of the report, it was thought ad-
visable to follow the plan employed in order properly to clarify the sec-
tions,

e As far as possible, data were teken from the Chemical Engineer st
Handbook.,
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SECTION 5 — THEQRETICAL AND PRACTICAL CONSIDERATIONS

5-8, THEQRY OF THE LEAD-ACID STORAGE CELL.

8, While there is some question as to the actual mechanism of the
ionic changes in the lead-acid storage cell, the potential relationships
have been completely worked out by Harned and Hamer at Yele University
(N.R.L. Report No. P-1071 dated 14 September 1934). It does not seem nec~
essary in this report to discuss the cell reaction or the potentiel magni-
tudes. However, in the work underteken, the energy relationships are most
important. This discussion is included, therefore, to bring out the heat
changes accompanying cell charge and discharge.

9. A storage cell stores electrical energy by reason of the chem-
ical reactions taking place at the electrodes. On charge the electrical
energy is converted to chemical energy and on discharge the chemical energy
is changed back to electrical energy. However, the chemical energy is not
equal to the electrical energy in exact magnitude. This can be demonstrated
experimentally by charging and discharging a storage cell in a calorimeter
so that exact temperature and heat effects can be noted. It is found that
the cell cools on discharge and heats on charge. This means that the cell
delivers on discharge more electrical emergy than that furnished by the
heat of the reaction. This extra energy is absorbed from the surroundings.
Conversely on charge less chemical energy is stored than electrical energy
put in, and therefore energy is lost in the form of heat to the surroundings.
It is this last magnitude in which we are interested in this work, inasmuch
as it is a contributing factor to the increase in cell temperature during
charge. 7This heating effect is referred to as the reversible heat effect
as opposed to the irreversible heat effect due to the resistance drop in
the cell. WKith both charge and discharge, the irreversible heat effect is
positive, that is, the cell is heated because of it. On the other hand,
the reversible heat effect is positive on charge but negative on discharge.

10, The relationship between the various magnitudes discussed
above is given by the thermodynamic equation known as the Gibbs-Helmholtz
relationship, This is derived from the First Law of Thermodymamics which
may be written in one form as followss

Q=W+gq (1)

In this equation Q is the change in the total energy of the cell or the
heat of the reaction; it is usually expressed in calories. W is the avail-
able work produced. In the discharge it is the electrical energy produced.
g is the heat change; it may be either negative or positive. For cell
charge it is negative. That is to say, part of the electrical energy put
into the cell goes into chemical energy and part is evolved as heat. By
means of thermodynamic relationships which will not be discussed here,
there is derived the Gibbs-Helmholtz equation, which is very useful in con-
nection with considerations of the storage cell. One form of this relation

iss
-7
55070 & (2)
In this expression, Q is the heat of the reaction in calories, E is the
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electromotive force of the cell, T is the absolute tempersture, n = 2 for the
lead-acid cell, and dE/AT is the change of electromotive force per degree
tbsolute. The term 23,070 is a constant for all electrolytic cells.

11, Now either equation can be used to calculste the reversible
heat effect. In (1) it is necessary to know the heat of the reaction Q and
the electrical energy associated with the reaction:

Pb + Pb02 + ZH2S0; = 2PbS0y + ZH0

at the particular gravity of acid used in the cell. Such s calculation is
made by Vinal on page 166 of his textbook on Storage Batteries. A value of
55595 calories is obtained.

32, Or if (2) is employed, it is necessary only to evaluate the
last term and then to multiply by 23,070 x 2. This involves only & know-
ledge of dE/dT, the rate of change of the potential at the temperature T.
Vinal does not employ this method to caleulate q, but he does use the value
of g obtained above the calculate dE/dT. The value obtained is approximstely
equal to the average value of dE/dT given in the table on page 170 of his
book. However, it is pointed out that while the average agrees very well
with the calculated value, it does not agree with the average value obtained
for temperatures from 0-25°C. Nor does the calculated value agree with the
dE/dT values of Harned and Hamer which agree substentially with those of the
teble of Vinal, If,then, the dE/dT averzge value obtained from measurements
from -70 to +25°C be used, the value calculated would agree with the value
obtained from (1). But if values of dE/dT be used for the range 0-25°C, the
velue of q so obtained would be only about one-half the above magnitude.

13, It is impossible to say which is the more correct value. It
is to be remembered that thermodynamic calculations apply to systems oper-
ating reversibly, a condition never found in actual practice. This subject
might well be checked experimentally to throw further light on the calcu-
lations. In this work we have used the value of 5,595 calories. The use
of this value gave results which agree on the whole with the results of the
tests. It should be pointed out that this megnitude of heat is evolved on
charge when two mols (a mol being the molecular weight in grems) of lead
sulphate is changed to the active material. It is important only with large
charging currents and becomes small in value as the charging current is re—
duced in magnitude and the gassing current increases. ¥

5--b._ THEORY OF THE GASSING PHASE OF CELL CHARGE

1. While the theory of the fundamental cell reaction and the op-
eration of the cell while charging normally is fairly well understood and
fully discussed in books on storage battieries, the theory of the gassing
phase of cell charge is barely mentioned. It is, of course, recognized
that gassing takes place even on open circuit, but no explanations have
been advanced as to the evolution of the gas nor are eny thermodynamic dis-
cussions besring directly on the problem to be found.

15, It can be computed thermodynamically that at 25°C the elec-
trolysis of water should produce hydrogen and oxygen gas at 1.23 volts
when inert electrodes are used. By inert eleetrodes is meant electrodes
that do not react with the ions when they are discharged. We speak of
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this voltage of 1.23 as the reversible decomposition potentisl of water or
the equilibrium reaction potentizl.  Now, if more than one electrochemical
reaction is possible in an electrolysis, tke one with the lowest potential
should predominate over the others. If this be true, the charging of a
storage cell might be expected to result in the electrolysis of water with
the production of hydrbgen and oxygen ges rether than in the destruction of
the lead sulphate, This, of course, is because the potentisl of the lead
cell is approximately 2 volts (depending on acid gravity, temperature, etc.).
However, such does not prove to be the case at ordinary temperatures with
the usual gravities of acid in the absence of impurities. It will be well
to consider the reasons why the expected water electrolysis does not take
plece. Let us consider the lead plate and the reaction which may tske place
on its surface. If hydrogen be produced, the electrode reaction may be
vritten as follows:

H* % Eléctron = H
H+H=H2

The hydrogen gas as evolved has the formula Hp. It is to be noted that it
is not formed simultaneously with the discharge of the hydrogen ion. The
above sre written in two steps to emphasize the fact that monatomic hydro-
gen is first formed and then this form reacts to form moleculer hydrogen.
That these two steps are actuslly separasied in the case of a number of
electrode meterizals has been amply demonstrated by ehemical experiments.
Now the velocity of the second reaction is affected greatly by the nature
of the electrode material. In general, the softer the metal the slower is
the reaction, and with such metals there is an accumulation of monatomic
gas on the electrode. The accumulation of monatomic gas increases the po-
tentiel necessary to discharge the hydrogen ion. This increase of potential
is spoken of 25 the overvoltage. It must be added to the equilibrium re-
action potentisl in order to compute the actual potentiel necessary to
evolve the gas.

16. The same general considerations apply to the evolution of
oxygen from the peroxide plate. However, we do not know just what elec-
trode resction takes place to produce the oxygen. In fact, we do not know
whether the oxygen is produced from the lead grid or the peroxide plate.
Whatever takes place, the fact remains that there is an oxygen overvoltage
factor that must be added to the equilibrium reaction potential just as in
the case of the hydrogen gas st the lead electrode.

17, The addition of the oxygen hydrogen overvoliages, &s dis-
cussed above, to the 1.23 volts gives e potential sufficiently high to be
above the reaction potential for the normal or fundamentsl cell reaction.
In fact, the megnitudes as given in the texts give a potential above that
at which gessing actually takes place. The explanation, of course, is that
the values as given for hydrogen and oxygen overvocltages are for sheet
electrodes and not the finely-divided material found in cell pletes. With
the finely-divided material, the olvervoltege velues are undoubtedly much
below the values for sheet or plate electrodes.,

18, During the latter stages of the charge, the gassing process
supplants to a great extent the normel reaction. In fact, then, the cell
actually becomes a hydrogen oxygen cell. When the circuit is broke, the
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gas passes from the plates and the potentisl then falls back to that of the
lead and lead peroxide magnitudes. Of course, gassing takes place at ell
stages of the charge to some extent. In fact, gassing takes place on open
circuit. This is due partly to local action and partly to different poten—
tials from place to place on the plates. Undoubtedly other factors come
into play which are not at all understood,

19. If the mechanism of gas production as outlined above is true,
then any heat effect characteristic of the formetion of the molecular gas
from the monatomic gas (secoud stage of gas evolution) should, if large
- enough in magnitude, heve an effect on cell temperatures. The heat effect
is very large indeed, &s is shown in the section on the explanation of the
calculations, and this must be computed in the heat changes properly to ex-
plain the large heat evolution accompanying the gassing phase of the cell
charge.

20, It should, of course, be mentioned in this connection that
the amounts of hydrogen and oxygen do not necessarily have to be the same,
as the positive and negative plates may be in different states of charge.

21, Just as we have a reversible heat effect with the normal re-
action, as explained in Section 5-a, so we have a similar effect with the
gassing reaction (water electrolysis). Unfortunately we have only very
meager data for calculating this magnitude. The potential of the cell is,
of course, the sum of the potentials of the two electrodes, the hydrogen
on lead, and the oxygen on lead or lead peroxide. We bave sufficient date
to calculate the manner in which the hydrogen electrode changes with temp-
erature in solutions of various concentrations of hydrogen ions. However,
we have practically no data for the oxygen electrode. Lewis and Randall,
in their book on Thermodynamics (see bibliography),give free energy equa—
tions for calculating this magnitude. However, the calculstions are much
involved and the wrter would not care to put too much confidence in the
calculated value. In Section 5-d there is discussed a series of experi-
ments conducted at the New York Navy Yard which indicate that the poten-
tial decreases with increasing temperature. It willl be recalled that the
reverse is true of the normal reaction at ordinary concentrations and
temperatures. Consequentdy, the effect for the water electrolysis will
be a cooling one. The magnitudes,, as shown in the report from the New
York Navy Yard experiments, were used in the calculstions of this report,
as discussed more in detail in later sections.

220 Of course, pronounced gas evolution produces & rapid equal-
ization of gravity and also serves to equalize temperatures at various
parts of the cell.

23, One other point should be mentioned in this Sec¢tion. The
evolution of hydrogen and oxygen gas produces water loss in the electro-
lyte. Since we do not kmow just how the ionic action takes place, we do
not know just where the water loss takes plece. If this loss should be
more or less localized, it would produce gravity differences in the elec-
trolyte. Such differences would result in diffusion effects, which in
turn would produce heating effects. It is not thought that such effects
can be of very large magnitude, even if they exist,.
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5-co _PRACTICAL CONSIDERATIONS IN CELL OPERATION

240 Besides the theoretical considerations discussed in (a) and (b)
of this Section, it seems advisable to consider briefly certein matters of a
practical nature connected with cell operation which sre pertinent to the
proper interpretation of the resultis given in this report.

(a) Tempersture Effects. In charging operations, a certain maximm
temperature is permitted. As is seen from an inspection of charging data
from shipboard operation, there is & large rise in temperature at the begin-
ning of a charge. This rise falls off as the charging current is decreased,
but increases rapidly again when gas evolution becomes pronounced. This same
phenomenon was found in the work reported and an explanation of the effect
jig given. It should be noted thst this rise during the gassing phase has been
thought due to mixing of hot electrolyte from the interior of the cell with
the cocler electrolyte at the top. Later in this report this point is dis-
cussed and it is brought out that this explanation cannot be correct.

(b) Cooling Effects from Ventilation. It has been generally considered
in charging operations on submecrines that ventilation is a very effective
means of keeping cell temperatures from being excessive. Its effect is due,
of course, to evaporation of water from the electrolyte and to direct thermel
flow to the cooler ventilating air. This report shows that ventilation can
not be an important factor in cell cooling.

(¢) Eydrogen Evolution. In operations in tropical waters, hydrogen
evolution is much more pronounced thsn in colder waters when & low gravity
acid is employed. Jhis is due to the effect of temperature on the decompo-
sition potential of water, as expleined in 5-b. This report does not throw
any light on the temperature-gassing-gravity-voltage reletionships, but one
of the major cooling effects in the later stages of the charge, when gassing
is pronownced, is due to the reversible heat of water decomposition. That
gassing is importent from the standpoint of temperature rise has been dis-
cussed in (&) above. -

(d) Heat Loss by Interchange with Surroundings. A4s far as the author

is aware, no information is available that throws light on the heat loss

from a cell by interchange with the cell surroundingss air space around cells,
loss through sides of ship, etec. It is thought that this loss cannot be very
great, although the question cannot be properly answered without experimental
work on shipboard. Heat loss to ventilating air has been mentioned in (c)
above,

(e) Gravity Consideretions. It is known that the gravity of the elec-
trolyte varies with its height within the cell. It is logical to assume that
the gravity within the active material is different from that in the main
body of the electrolyte. Certainly, then, the mixing of the electirolyte
from diffusion, convection, or by mixing from gas evolution must result in
some heat generation. Just what this magnitude would be is hard to estimate.
Until more is ¥nown &s to how the gravity varies within the cell, this prob-
lem cannot be solved. This is discussed further in a later section of the

report.
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5-d. PRIOR WORK ON PROBLEM

25, No prior work exists bearing directly on the problem of heat
balance studies in storage cells. Theoretical discussions are, of course,
found in all texts on storage batteries concerning the reversible and irre-
versible heat effects due to the normsl reaction (see bibliography). How-
ever, no work is available on the reversible heat effect due to the gas-
sing reaction. Vinal and Blum, in a paper before the Electrochemical So-
ciety in October, 1934, discussed the magnitudes of the polarization ef-
fects in lead-zcid cells, but, as stated by Mr. Vinal to the author, the-
purpose of the peper was to define terms and not to present data, Dr.
Vinal stated that the date given should be considered as only quelitative
in nature, This paper is recommended to anyone who wishes a detsiled dis-
cussion of the terms used in electrolysis phenomena associated with cells
and electrolytic baths. (For reference see bibliography.)

26, Submarine charging date, of course, furnish figures which
show in general how temperatures change during a charge. These dats show
that the gassing phase is characterized by rapidly increasing temperatures.,

274 There has been conducted at the New York Navy Yard a series
of tests to determine the best cherging volteges for Tudor Submarine cells.
The results of these tests were presented in a report entitled: Report of
Test on Charging Methods on Tudor Type 20-POR-820 Submarine Storage Cells,
Test No. 2527A, 2 July 1934, These tests have brought out certain points
which are of interest in comnection with heat balance studies. In that
work cell temperatures were maintained as near as possible to 60, 80, 100
and 120°F. This was done by immersing the cells in tanks of water heated
electrically. It was found that with both 1210 and 1280 acid the gassing
voltage decreased .05 volis per twenty degree Fahrenmheit interval, For
the two gravities, the gassing potentizls were the same and had the follow-
ing valuess 60°-2.40 volts, 80°-2.35 volts, 100°-2.30 volts, 120°-2.25 volts.
Of course, the current magnitude has some effect on these gassing voltages.
It is also to be observed that the temperature-current date show that when
gassing is pronounced, the temperature of the cell begins to rise rapidly.
Of course, it was impossible to keep the temperatures of the cells exactly
constant. Furthermore, the tests were not conducted specifically to deter-
mine temperature data. The values for the gassing voltages from these tests
were used in this report for calculating the reversible hezt effect for
water electrolysis.

28, No tests have been conducted heretofore to determine tempers-
tures at various parts of the charging cell. However, the Electric Storage
Battery Compeny has conducted tests to show the gravity relationships at
various parts of the electrolyte during charge and discharge. For refer-
ence see bibliography.

SECTION 6 — EXPERIMENTAL PROCEDURE

6-a, APPARATUS

: 29. The tests reported in this report were made on an Exide WLH-29
Ironcled cell furnished by the Electric Storage Battery Company. The speci-
fications are given in Table 2, together with the data and computations in~
volved with the calculation of the heat capacity of the cell. The cell was

At



enclosed in two Celotex boxes so construction that the first, or imner, box
fitted snugly eround the cell. The second, or outer, box was so constructed
as to give an air space epproximately 4~1/2 inches in depth between the inner
and outer box. The cell was placed on a platform epproximately 8 inches above
the floor of the laboratory. The inner box was painted with black paint and
the outer box was pzinted with aluminum paint in order to cut down radiation
heat losses. Within the air space were loceted four strip heaters so wired
that hezting currents equal to the expenditure of 125, 500, 750, and 1000
watts could be used. Equalization of temperature within the alr space was
effected by means of two small electric fans. These fans gave an energy ex—
penditure of /4 watts each. Tests proved that temperature equalization was
mainteined and regulated in the sir space with perfect efficiency. By mesns
of the heating system, temperatures within the air space could be maintained
st any desired vaelue, This permitted the charge to be carried out adia-
batically, that is, without heat loss due to radiation, or not, es desired.
Suiteble openings were pleced in the top of the boxes for the terminal leads,
air inlet, ventilation outlet, thermocouple openings, etc. On the side,at
the top and bottom were placed rubber stopcocks held in place by means of
Bakelite plztes which connected to similar stopcocks in the side of the cell.
These were used for the tubes for the NRL Battmeter. The stopcocks in the
cell jar and the Celotex outer box were connected by rubber tubing. The out-
side dimensions of the outer box were 60% x 36" x 36",

30. Ventilstion was by means of a motor-operated blewer connected
to the cell top by means of a duct averaging something over two inches in
inside dismeter. Most of this duct consisted of hard rubber tubing, but two
lengths of glass were included, in addition to a section of glass tubing
constructed for holding wet and dry bulb thermometers. Since readings were
not made with these, the details of this part of the apparztus will not be
included., One section of the gless tubing merely served as a connection with
the outlet on the gooseneck of the cell top and the remainder of the ventila-
tion duct. The other contained three sealed-in glass stopcocks which were
employed to draw off samples of the duct air for purposes of analysis for
moisture.

31, Air flow was measured by means of a differentisl pressure mem—
brane indicator operating from outlets on elther side of an orifice plate
in the ventiletion duct. The air flow meter was calibrated by means of a
Sargent et Test Meter.

32. The moisture content of the air at the induction and in the
ventilation duct after passage over the cell top was obtained by an absolute
method, namely by chemical analysis. Liter samples were used. Two-liter
Erlenmeyer flasks were connected at thelr tops to the U-tubes which held
the absorbent for the moisture. These U-tubes were in turn either left open
to the air or connected to the stopcocks mentioned in the preceding para-
graphs, depending, of course, upon whether it was desired to obtein the mois-
ture content of the air before or after passing over the electrolyte. The
Erlenmeyer flssk was filled with water and the desired volume of air was
drawn through the U-tube by allowing water to run by gravity from the bottom
of the flasks through glass stopcocks into graduated cylinders. Proper pre-
cautions were, of course, taken to prevent absorption in the tubes of water
from the Erlenmeyer flasks. The absorbeni used was magnesium perchlorate,
which is marketed under the trade name of Anhydrone. All weighings were
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made on an anelytical belance with properly calibrated weights. The alternate
method, thet of using wet and dry bulb thermometer readings for determining
moisture content in the duct, proved very unsatisfactory.

33. The current was measured on a Leeds znd Northrup Micromax Record-
ing Ammeter. Voltages were determined on z Leeds and Northrup Recording Volt-
meter. These instruments were supplemented by a properly calibrated precision
ammeter and voltmeter,

3o Gravities were obtained by means of an NRL Battmeter through
stopcocks in the cell jar, as discussed above. Hydrometer readings were also
taken on samples withdrawn from the top and bottom of the electrolyte through
the stopcocks used for the Battmeter conmnections. For this purpose, the tubes
to the Batimeter were temporarily discomnected.

35, Hydrogen percentage in the duct air was obtained from readings
with a properly calibrated NRL Hydrogen Detector,

36. Temperature readings of the sir at the induction and in the ven—
tilating duct were obtained by means of mercury thermometers. Thermometers
were also used for measuring the temperature of the acid semples withdrawn from
the stopcocks in the side of the cell. Thermocouples were used for temperature
measurements in the electrolyte and at various places in the air space between
the insulating Celotex boxes around the cell. These couples were constructed
of insulated constantan wire and bere copper wire. These wires were threaded
through small rubber tubing, and the ends connected for the couple were plated
with Vultex rubber cement to protect the wire from the corrosive sction of the
electrolyte. The other ends of the couple wires were connected to the distri-
butor ber of a rotary Leeds and Northrup Thermocouple Switch. An ice-water
mixture was used as the cold junction. The EMFs of the couples were measured
with a Leeds and Northrup Pyrometer Potentiometer and the temperature then
obtained from a potential-temperature chart. This chart was obteined by cal-
ibrating the couples at several temperatures.

3% The charging current was furnished by & motor generator set.
6-b.__METHODS OF TEST

38, Tests were conducted both acecording to the Bureau and the Manu-
factuer's charging procedure. Certain tests were conducted adiabatically,
some non-adiabatically, and some with partial heating of the air space between
the insulating boxes. In some of the charges data were collected at fifteen
ninute intervals, in others at 30 minute intervals. In this report, only
data for thirty-minute intervsls are given, except in certain cases where the
use of more frequency data was advisable. This condensing of data was done in
order to keep the report from becoming too bulky.

39. The anlytical data for moisture content of ventilating air are
given for thirty-minute intervals, although much more frequenct values were
determined, but again it was not thought their inclusion would add to the
value of the report.

40, In most tests, data were obtained for: current, voltage (both on
open circuit and closed circuit), hydrogen percentage, air flow, room temper-
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ature, moisture coatent of air both before and after passage aver electrolyte,
gravity readings both with NRL Battmeter and by hydrometer readings in acid
samples withdrasm from the Battmeter stopcocks in the side of the cell, temp-
erature resdings at various points in the elecirolyte, and temperature read-
ings at various phases in the insulating boxes. Potential readings at differ-
ent charging currents and on both open and closed circuit permitted the cal-
culation of the IR drop in the cell.

41. Tests were also coanducted on certain of the discharges. Certain
of these dats are included. Tests were also made to determine heat losses
due to radiation from the cell system to the surrounding air. This loss could
thus be corrected for in the non-adiabatic charges.

6-c. EXPLANATION OF CnLCULATIONS

42, In the presentation of the data and the calculation of the various
heat effects, it has been decided to compute heut effects om the basis of the
minute as the unit of time. The figures &sre given in calories per minute only,
except in the case of charges Nos. 9 and 10, in which the figures are given in
wattage as well as calories.

43. In all calculations involving gases the perfect gas law:
PV = KRT

is assumed to hold. In this formula P = pressure, V = volume, N = number
mols. (total grams divided by molecular weight), T = absolute temperature,
and R is a constant expressure in proper units depending on the units for P
and V. The methods used in meking the individual calculations follow.

(a) Irreversible Heat Effect (IR drop). This magnitude was obtained in
two ways. For certain ol the tests the current was broken and the difference
between the voltages on open and closed circuit was multiplied by the current.
For other tests, the two voltage values for two different values of current
were used to compute the resistance of the cell. The product of 1°R gave the
desired heat effect. Of course, this term so obtained would be in electrical
units and would have to be corrected to calories. Table 7 gives the values
used. The resistance of the cell would, of course, vary with the state of
the charge and from charge to charge, but the variation was not great and the
magnitude of the I°R effect is mot great enough for small currents to permit
the use of average values of R. Table 1 gives the conversion units used.

(b) Reversible Heat Effect for Normal Reaction. This magnitude was
obtained by determining the number of mols of lead sulphate destroyed per

minute and multiplying by 2,800 calories. This is half the magnitude of the
reversible heat effect for the complete reaction in which two mols of lead
sulphate are destroyed. The number of mols of lead sulphate destroyed is
determined by converting the ampere-seconds for one minute to Faradays and
subtracting the amount of this current which goes to gassing. This is cal-
culated from the air flow and the hydrogen percentage. As is seem in Teble
1, one Fsraday destroys half a mol of lead sulphate at each electrode.

(¢) Celculation of Moisture Content of Air. The formulas for this.cal-
culation are given in Table 1. It is to be noted that the moisture increase,
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that is, the amount of water eveporating from the electrolyte, cannot be de-
termined directly by subtraction of the water content for a given volume of
gir at induction &nd in the duct. This is because the volume undergoes ex-
pansion when it becomes heated in passing over the electrolyte. & correction
must be made for this expansion, as shown in the formula.

(4) Calculation of Heat Loss to Ventilation Air by Direct Interchange.

To compute this magnitude it is only necessary to multiply the cubic feet of
air in a given time by the heat capacity per cubic feet and by the temperature
rise. The heat capacity for air is given in Table 2. It is to be noted that
the moisture content of the air affects the heat capacity to only a negligible
amount. In the calculations it was therefore assumed to be constant and an
average value was used. It is also to be noted that it is little affected by
temperature change.

(e) Calculation of Heat Loss by Eveporation. This was calculated by
determining the loss per minute in grems from the electrolyte and multiply-

ing by 577 calories, the latent heat of evaporation of one gram of water.
See Table 6 for this magnitude. It is noted that its value changes slightly
with change in gravity of acid.

(f) Calculation of Heat of Formation of Molect drogen and Oxygen.
The heats of formation of molecular hydrogen and oxygen are spproximately
105,000 and 131,000 calories per mol. For the gas from the destruction of
1 mol of water this would give & combined value of 170,000 calories. This
is accurate to only about 5 per cent. The value for the heat from the heats
of formation was obtained by calculations the mols of hydrogen evolved per
minute, and multiplying by 170,000 calories. It is to be remembered that
there is one mol of water electrolyzed for every mol of hydrogen evolved.

(g) Reversible Heat Effect for Water Electrolysis. From the hydrogen

percentege was calculated the number of mols of water electrolyzed per min-
ute. The reversible heat for water electrolysis was obtained from the dE/4T
value from the New York Navy Yard experiments as discussed in 5-d. Table 1
gives the formmla for making the calculation. The calculation, of course,
involves the evaluation of the third term of the Gibbs-Helmholtz equaticn.
The value per mol of water was taken as 34,000 calories. Its sign is such as
to produce coeoling on charge,

(n) Calculation of Heat Capacity of Cell. This was made by taking the

total weights of each component making up the cell and multiplying these
weights by the heat capacities of the individusl substances. These computa-
tions are given in Iable 3. It should be noted that the heat capacity changes
with the state of charge, since lead sulphate has a different heat capacity
from lead and lead peroxide. This factor will make, the heat capacity of the
WL-29 cell used approximately 1200 calories greater at the beginning than at
the end of the charge. Moreover, the heat capacity of the electrolyte is dif-
ferent in the low gravity ascid at the beginning of the charge tham it is in
the 1280 acid at the end. This factor will make the heat capacity greater

at the beginning of the charge. Unlike the effect of the lead sulpbate, it

is not easy to calculate the amount of this difference. At the beginning, the
gravity varies from place to place in the cell and is probably quite differ-
ent in the active material. Rough calculations from thermodynamic data lead
to the conclusion that as much as 10,000 calories difference may exist. This
is based on considerations of the difference in heat capacity as calculated
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from thermodynamic magnitudes and the difference in weight of electrolyte at
the beginning and end of the charge due to gravity differences. In all cal-
culations in this report the value 52,110 calories per degree Fahrenheit cor-
responding to 93,800 calories per degree Centigrade was used as the heat cap-
acity. This is justified because the acid gravity within an hour of the start
of the charge takes a value which gives a heat capacity close to that used.
Klso, by the end of the second hour one-half the lead sulphate has been con-
verted to active materisl. Therefore, any error introduced is mainly in the
first and second hours. The error is about ten percent for this period.

The calcmlations of the heat capacity is rendered difficult because of
the cell jer. Rubber has &z high heat capacity, but the heat cupacity of the
hard rubber used in the jar is not known. soreover, the jar temperature on
the whole is below that of the cell, except when the charge is carried out
adiabatically. 1In that case, the jar is just as likely to heat from the out-
side-as from the inside. It was therefore decided to compute the heat capac-
ity at one third the value for pure para rubber. This introduces an element
of uncertainty of some magnitude.

The only accurate method of determining the heat capacity is to make cal-
orimetric tests with the cell. However, this would invelve considerable ex-
perimental detail and time was not aveilable for the determination.

7-8. DATA OBTAINED

bhe Data were obtained from ten charges. In addition, certain dis-
charge tests were made and certain other experiments were carried out to de-
termine radiation losses, to test efficiency of procedures, etc. The data
for these ten charges and for certain of the discharges are given in this
Section. In most cases complete gravity, temperature, and evaporation data
are included. However, in connection with temperature only group values are
reported, except for the last three charges, for the thermocouple values in
the cell. These group values are representative and accurcte. Charges 1, 2,
3, 4y 7, 7B and 8 are non-adiebatic. The remainder are adiabatic. However,
the heating current in the cell box was not sufficient to completely prevent
radiation from the cell through the box in charges 5 and 6. Charges 7, 8, 9
and 10 are considered superior to the others from the standpoint of the ac-
curacy of the data. It is to be noted that in all charges the ventilating
fans contribute 88 watts heating effect to the cell box.

45. A1l energy values &re given in calories per minute. In charge
No. 9 the values are also given in watts per second.

A Moisture data are given in terms of grams of water per liter
and in grams of water per 100 cubic feet. This last value enables one to
note the approximate humidity of the air by referring to Table 5.

47 Plate I gives the grouping of the thermocouples.

48. The actuel rise in the cell temperature is not always easy to
determine exactly. This is due to the fect that quite often the temperatures
at the start of the charge vary with the different locations of the couples.
The estimated rise can be exactly computed by plotting the heat effect per
nminute sgainst the time and graphically integrating the area under the curve.
In most of the charges an approximate estimate of the rise was made. Plate

1V gives the plotting method for charge 9. 5



49. Farther discussion of data obtsined is given in Section 8, "Dis-
cussion of Results",

7=b. STATEMENT OF ERRORS

50. (&) Temperatures. A4ll temperatures, whether expressed in degrees
Centigrade or Fehrenheit, are accurate to 1°. Readings were made with ther-
mometers and thermocouples to fractions of degrees, but in the dats submitted
in this report there are expressed in even figurés. All thermometers were
properly checked.

(b) Current and Voltage Readings. Ourrent and voltege readings were
made on the recording instruments and checked on precision instruments. An
accuracy of .02 volts was easily attsined. Current values are accurate to 10
amperes. The above make the calculstion of the irreversible heat very accur-
ale. Of course, average values for the cell resistance or the voltage drop
in the cell were used. These values change quite rapidly near the end of the
charge when the gassing becomes heavy, as can be seen from the open and closed
voltage values in charges 8 and 9, but the total value of the irreversible
heat is so small in comparison to other effects in the latter stages of the
charge that no apprecisble error is introduced by the use of aversage values.,

(c) Moisture Loss to Ventilsting #ir. The moisture analysis was
quite accurate. The water content of one liter of air in grams could be
checked to .0003 grams. This, combined with the accuracy in measuring temp-
eratures, makes the evaporation loss data almost exact. The rediation loss
to the ventilating air is accurate to 14 calories, the heat capacity of 1.92
cu.ft.3 in other words, the accuracy is that of the temperzture messurement,
nemely 10°F. The value of the heat capucity of air changes with moisture con—
tent, but the change is very small, as can be seen from Table 2. 4lso, the
heat of veporization changes with acid gravity, but, as is seen from Table 6,
the value changes by only .2% for a ten percent change in &cid concentration.

(d) Reversible Heat. Normal Reaction. The caleulation of the total

mols of lead sulphate from the current and the hydrogen percentage is limited
in accuracy to the hydrogen calculation. The total mumber of mols (lead sul-
phate changed and water electrolyzed) is as accurate as the measurement of the
current. However, the hydrogen percentage is not accurate as deternined by
the hydrogen detector in most cases. In the data submitted, the hydrogen per-
centage in the earlier charges is probably in error to & considerable extent.
This error is no doubt positive in value, the hydrogen evolution probably be-
ing less than recorded. This makes the reversible heat too low. But the total
amount of the reversible heat is small when hydrogen percentage is large, that
is, when charging currents are small near the end of the chsrge. It is there-
fore thought that the reversible heat due to the normel reaction is very sc-
curate. In the last four charges the hydrogen percentages recorded are quite
accurate., In these charges the reversible heat and heat of formetion of gas
are quite accurate.

(e) Reversible Heat. Electrolysis of Water. The statements above
in regard to hydrogen percentage apply here also. In addition, it is recalled
that the magnitude of the reversible heat for water electrolysis is not avail-
able. As discussed in Section 6-c, "Explanation of Calculations", the value
used was obtained from the data of the experiments at the New York Navy Yard.
The values given in the data are very much in question.
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(f) Heat of Formation of Gases. The stutements conceraing the hydrogen
percentage apply in this case. The value for the heat of formetion of molecu-
lar hydrogen and oxygen from the monatomic gases is thought to be accurate to
five percent. This value becomes guite lerge in megnitude towards the end of
the chsrge so that a considerable error may be introduced.

(g) Calculation of Heat Capscity of Cell. The calculation of this magni-
tude with possible errors was discussed fully in' Section 6-c, "Explanation of
Calculetions". The value of 52,110 calories per degree Fahrenheit is probzbly
quite accurate for adizbatic charges. However, as explained in 6-C, it is
probsbly in error when used for non-adiabatic procedures. This results in &
grecter estimated rise due to the smaller value of the heat capzcity.

(n) Gravity Readings. These are very accurate, but as they play no part
in the heat calculations, they will not be discussed.

8. DISCUSSION OF RESULTS

Genersal Temperature Charscteristics

51. An inspection of the data for the charges conducted brings out
certein general points. The calculated rise is from 30-35° Fahrenheit in
magnitude for & regular charge. There is little difference in the calculated
rise for the Buresu aznd memufactuer's charging procedures. The rise as actu-
ally found varies from approximately half this magnitude to the calculested
amount depending, of course, on how completely adiabatic the charge is made.
Chsrges 9 and 10 are completely adisbatic and the actusl increase is found to
be almost exsctly equal to the rise as culculated. It is to be noted that on
the whole the manufucturer's procedure gives an actusl rise nearer the esti-
mated rise than is the case with the Bureau procedure. This is probably due
to the fact that gassing is slightly more pronounced in the former type of
procedure and small positive errors in heet effects involved with gassing
would introduce a positive error.

52. hs can be seen from temperature data taken after the end of cer-
tain of the charges, a drop of approximstely 1° per hour is found in the cell
temperature when the temperature difference between the cell and the air is
approximetely 18°. It seems reasonable, therefore, to conclude that when such
a temperature gradient exists the cell will lose 52,110 calories, its heat
capacity, by radistion through the cell box per hour.

53. 1t is therefore to be expected that when & charge is started in
which the initizl cell temperature is above the room temperature by 15-20°,
immediste loss of heat through radiaticn tskes place, If the temperatures
of the cell, cell box, and air are approximately equal, heat loss from this
cause will not take plsce until a sufficient temperature gradient is estab-
lished. In such cases the estimated rice and actual rise should be of approx-
imately the same megnitude in the early stages of the charge. OSuch, in gen-
eral, proves to be the case if the data are inspected from the standpoint of
cell, cell box, and sir temperatures. Calculated rise is greater than actual
in the leter stages of the charge. This is due to the above in most cases.

Temperature Effects at Various Points in Cell

54 An inspection of the data shows that temperature values vary
from place to place in the cell. However, the greatest difference is usually
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about 8°F. The greatest differences exist in the early stages of the charge.
As the charge proceeds the temperatures equalize. This equalization is prob-
ably due to two causes. Gassing will serve to mix the electrolyte and hence
produce temperature equalization. This effect should accompany the equaliza-
tion of gravity as found from hydrometer readings on electrolyte samples drawn
from the stopcocks in the side of the cell. Such proves to be the case. also
when charging current is decreased, heating effect falls off rapidly. This
gives a chance for temperature equalization to take place by heat flow from
the hotter to the colder portions of the cell. It is to be noted that in the
middle stages of the charges, in some cuses, temperatures actually fell in the
central portion of the cell as they rose elsewhere. The maximum heating ef-
fects in the early stages of the charge are found in the center of the cell.
Smallest rises in the early stages are found on the outer portions of the elec-
trolyte. Cooling effects on the surface (radiation to air and evaporation)
serve to keep the surface cooler than the remainder of the electrolyte. Too
mch value should not be given to temperature readings taken by means of a
thermometer in the electrolyte samples drawn from stopcocks in the side of the
cell In the installation used these stopcocks were about seven inches from
the stopcocks on the outside of the cell box. Hence, the samples drawm would
tend to take the temperature of the tube connecting the two cocks. On the
whole, however, they follow fairly closely the temperatures within the cell

as determined with the thermocouples.

General Shape of Temperature-Time Curve

55. Plates 11, 111 and IV show in general how cell temperstures vary
with time and charging current. It is noted that the most rapid increase is
in the early stages of the charge. The latter stages, whem gassing is pro-
nounced, are also characterized by rapidly increasing temperatures. The mid-
dle stages are characterized by more or less constant temperatures. The early
heating effects are easily expleined from the standpoint of the irreversible
and reversible heat effects. The heating effects during the gassing phase must
be accounted for by other means.

Heating Effects

56. The various heating effects will be discussed under separate sub-
heads.

(a) Irreversible Heat. Litile need be ssid of this factor. Its value
can be calculated from open and closed circuit potentials or from resistance
measurements of the cell. Table 7 shows approximate values of voltage and
resistance for various charging currents. The heating value falls off rapidly
with decreasing current, for it must be remembered that this heat is given by
the I2R product, so that the resistance would have to change several fold to
meke up for decreasing current. As a heating factor it becomes insignificant
in the latter stages of the charge.

(v) Reversible Heat. Normal Reaction. This factor has been discussed
in full in Section 5-&, "Theory of the Lead-Acid Storage Cell". An examina-
tion of the data shows that it decreases almost in proportion to decreasing
current. Of course, hydrogen evolution affects its magnitude as less current
is used for the normel reaction when gassing is heavy.
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(c) Heat of Formation of Molecular Gas. 4s was found in this study and
as is shown in the report of the work at the New York Navy Yasrd (see biblio-
graphy), temperatures rise rapidly with gassing. This is shown in data for
charges 7B and 10 on Plates V, VI and VII. This rise was originally thought
to be due to the hot electrolyte from the center of the cell being brought to
the surface by ges evolution in the gassing phase. Iwo arguments may be used
to disprove this. In the first place, our temperature values in the center
of the cell differ but little from those elsewhere. In the second place, if
such be the cause, it should disappear as soon as the electrolyte is thoroughly
mixed, As seen in charges 7B and 10, it continues even after gravity equaliza-
tion and long after the start of heavy gassing.

The heat of formation of molecular gases is therefore proposed as a
theory to explain this heat effect. This theory is discussed in 5~b, "Theory
of the Gassing Phase of Cell Charge", snd the arguments in its favor need not
be repeated. It is seen from an inspection of the data thst this effect is
the largest of 211 the heating effects and, of course, is most pronounced during
the latter stages of the charge. Errors in the reading of the hydrogen percent-
age would therefore introduce large errors in the estimated heat rise. It is
thought that in certain of the early charges the hydrogen percentage data are
high and this no doubt has something to do with the greater differences found
in estimated snd actual heat changes in the earlier charges. This effect would
be most evident with the higher percenteges at the end of the charge in some
of the first fests.

(d) Heat of Mixing Electrolyte. This effect is not considered of appre-
ciable magnitude. This mixing can be due to severzl csuses. (onvection cur-
rents can be produced due to temperature differences in the electrolyte. If
such is the cause, it should disappsar with the equalization of temperatures.
Mixing may be produced by gas evolution and if the ecld gravity varies from
plece to place in the cell, heat of mixing will be produced. However, as is
seen from hydrometer readings from the side of the cell and from the data of
the report of the gravity tests made by the Electric Storage Battery Campany
(see bibliography), gravity equalization is reached before gassing takes place
to eny extent. Gravity differences may exist between the free electrolyte
between the plates and the electrolyte within the active material on the grids.
1f such differences exist, continuous mixing may take place throughout the
charge, even during the gassing phase. In both the normsl charge and the gas-
sing phase, water is removed from the electrolyte. Therefore, if a heat ef-
fect is produced from the mixing from this cause, it should be distributed
more or less evenly throughout the charge. Thus it is thought that heat of
mixing cannot be the cause of any appreciable heat effect end most certeinly
it can hardly be the cause of the rapid rise at the end of the charge if our
present ideas of the charge mechanism are correct.

Cooling Effects
57. These will be discussed seperately.

(a) Reversible Heat. Water Electrolysis. The cause and magnitude of
this effect have been discussed in Section 5-b, "Theory of the Gassing Phase",
and 6-p, "Explanation of Calculations™. 1t is found to be one-fifth the
value of the heat effect due to the formation of moleculer ges from the elec-
trolysis of water. It is the principal cooling effect. As seen from the
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dats and Plates V, V1 and VII, its magnitude is smzll in the early stzges of
the charge and increases with gas evoluticn.

(b) Radistion (end Convection) to Ventilsting Air. The effect due to the

direct passage of heat from the cell to the ventilating air is seen to be guite
small in magnitude. An examination of Tabe 2 shows that the heat capscity of
air is approximately 7.5 calories per cu.ft. At a rate of 2 cu.ft. of &ir per
minute, only 15 calories of heat would be removed when the ventilating air
temperature increased by one degree. If 100 cu.ft. of air pass over the cell
top and if the temperature increases 20°C, only 7,500 calories will be removed.
This would lower the cell temperature but 1/7°. This is on the basis of &
heet capscity of the cell of 52,110 calories. ¥ith cells larger than the WLH-29
a smeller temperature effect would of course result. It is thus seen that in
the normal rate of ventiletion little cooling can result from this effect. How-
ever, one point must be recognized; whutever cooling takes place is at the sur-
face of the electrolyte. Therefore, if this surface tewperzture is used as a
measure of the entire cell temperature, erroneous conclusions may be drawm.
In certain of the charges in these tests surface temperatures lower than other
portions of the cell were found. It can readily be seen that if large radia-
tion tekes plsce, temperatures at the top may fall one or more degrees. This
last discussion applies equelly well to the loss due to evaporation.

(c) Evaporation Losses. Evaporation losses are much more important than
convection and radiation losses to the ventilating air, as discussed above.
Table 6 shows that the heat of vaporization per gram of water is approximately
576 calories. Hence, to lower the cell temperature 1°F would require the evap-
oration of approximstely 100 grams of water. Table 5 shows how many cubic feet
of air would be required for this evaporation under varicus conditions of temp-
erature und moisture content. Approximately 100 cu.ft. of perfectly dry air
would be needed at 90°F to effect this evaporation, assuming the air became sat-
urcted over pure water. Or twice this much would be needed if the air is half
saturated before leaving the electrolyte.

58. Now, as & matter of faet, the vapor pressures of sulphuric zacid
solutions are much less than the vapor pressures of pure water at the same
tenperatures. This is brought out in Table 6. On the whole, it may be con-
cluded that air over 1280 acid is saturcted st 2 value roughly of 70% moisture
content of the air over pure water. Therefore, the estimated volume of air to
effect & degree change in tempersture zs estimated above must be correspondingly

increased.

59. A cell must therefore be highly ventilated to produce any appre-
cizble cooling effect as regards the whole cell. As noted in the concluding
paragraph under (b) immediately above, excess cooling may be produced on the
surfcee due to rapid evaporation. But the effect may be entirely locsl in
nature. Moreover, to effect any appreciesble cooling over a long pericd of time,
much water would have to be evaporated, which, of course, is not desirable from
the standpoint of the watering of cells.

60. An examination of the actual moisture data secured in the charges
mede supplements nicely the speculetions given above. It is seen from an in-
spection of the data and by reference to Table 5 that on the whole the moisture
pickup represents an increase of about 15% in the relative humidity. If the
relative humidity is around 50 percent, the increase produces & humidity of 65
percent. This is nearly a state of saturation for air over 1280 scid. If the
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percentage is less than 50 percent in the air at the intake, the value in the
duet will probably be less than 65 percent. In other words, complete satura-
tion does not always result. Of course, this is to a certain extent desirable,
for if the air became saturated at the higher temperatures over the cell top,
condensation might take place when the air is cooled in the duct. This would
result in moisture zccumulation.

61. The state of the weather affects to some extent the amount of the
moisture pickup in the air as it passes over the electrolyte. This is shown
in the tabulated data of charge 3 which was mede with varieble atmospheric con-
ditions prevailing. The day was marked by alternste periods of rein end semi-
clearing. 1t is seen that the moisture date are erratic.

62. The moisture pickup tends to increase as the charge progresses.
This is to be expected, for as gassing increases better contact is made be-
tween the air and the electrolyte due to the splashing of the acid as the gas
bubbles leave the surface.

- (@) Radiation znd Other Heat Losses to Surroundings. In the non-adisbatic
and semi-adiabatic charges heat loss took place by reascn of heat loss from the
outside of the linsulating box. As stated in Section 8, "General Temperature
Characteristics", this loss seemed to amount to about 1° per hour with a temp-
erature gradient of around 18°. This loss is hardly sufficient to account for
the difference between the estimated temperature rise amd the rise found. The
explanation for this is given later in this Section. Tests with the heating
elements in the insulsting box served to substantiate the magnitude of this
loss. It is therefore & major cooling effect in certain of the charges con-
ducted. Vhether it is & factor on shipboard can only be determined by actual
tests on the submarine installations. It would certainly indicate that arti-
ficial cooling around the cell jars would be an effective way of keeping cell
temperatures from ‘becoring excessive.

63. It was stated above that the 1° leak per hour was not sufficient
to account for the difference between the calculated rise and the rise as found
in the non-adiabatic procedures. It will be reczalled that the heat capacity of
the cell wus estimated on the basis of one-third of the actual heat capacity
of the rubber jar. #s is seen from Plate I, the heat capacity of this jar is
quite high. If the charge is not carried out adiabatically, the cell jer temp-
erature rise must come entirely from the heat generated within the cell. This
would meke the heat capacity much higher. In an adiabatic charge the heat for
the cell jar moy come equally well from within the cell or from the air around
the jar. The rate of heat absorption by the jar will be determined by the temp-
erature within the cell and ocutside the jar, and by the rate of heat transfer
in the jar itself.

Comperative Value of Data from Various Charges

64 . In general, it may be concluded that the data for charges 7 to
10 are most accurate and it is thought that they give an accurate picture of
the heat effects in cell charge. It is therefore recommended that these
charges be used for study of the various effects involved. Various data for
these cherges have been plotted on Plates II to VIII.

Discharge Data

65. The discharge data on the whole is self-explanatory. It is noted
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taat the naximum heating is near the upper part of the elements in the early
stages of the discharge and that temperatures do not become uniforna, as is the
case with the charge.

9. _CONCLUSIONS

Heating Effects

66. The heating effects in a normal cherging procedure are as fol-
lows:

(a) Irreversible Heat. This is large at the start of the cherge, but
diminishes as the charginz current is reduced. It is one of the two main
heating effects in the early stages of the charge.

(b) Beversible Heet. Normal Reaction. This is the second of the two
wain heating effects in the early stages of the charge. Like the irrevers—
ible heat, it diminishes in value as the charging current is reduced.

(c) Heat of Formation of Gases. This source of heat is small in the
early stages of the charge, but increases as hydrogen percentage increases.
It 1s the main source of heat in the latter stages of the charge. It must
be remenbered that this explanation of the source of the heat near the end
of the charge may not be correct.

Cooling Effects

67. The cooling effects in & normal charging procedure are as fol-
lowss

(a) Badiation (und Comvection) to Venmtilating Air. This effect is
quite small in mcgnitude, as is seen from an inspection of the data. It
is never a major factor in the reduction of cell temperaturss.

(b) Evaporation Losses. The cooling due to water evaporation from the
electrolyte is, in & normal charging procedure, not a msjor factor in the
control of cell tewmperstures. See Section 8, "Discussion of Results".

(c) Revsrsible Heat. iater Electrolysis. This seewms to be the chief
cocling effect. Its magnitude is one [ifth the mugnitude of the heat of

formation of the gases.

Teuperature Characteristics of Cell Charge.

68. (&) The principal risec in tempersture takes place during the early
stages of the charge when the reversible heat and irreversible heat effects
are at a maximm,. The temperature again rises rapidly near the end of the
chaerge when gassing becomes pronounced. Very little rise is found in the
intermediate stages of the charge, that is, after the initial high charging
rate has been reduced and before the start of the gassing phase.

(v) The temperatures within the cell are somewhat higher than those
at the top and on the sides of the cell during the early stages of the
charge. As gassing sets in the temperatures equalize. This equalization
of temperature parallels the equalization of gravity and is no doubt due
-, - 5



to the effect of the gas in mixing the electrolyte. However, the temperature
difference is never over 8°F.

(c) According to calculations made, the temperature of a [LH-29 Ironclad
cell should rise about 30° if no cooling eftects other then those listed above
come into play. This is based on & heal capacity of 52,110 czlories for tais
cell. The cooling effects mentioned are not sufficiently large to carry off
more than a minor part of the heat generated. Consequently, if radiation to
the surroundings is restricted, the heat generated to z larze extent is used
in ralsing the cell temperature.

Control of Gell Temperatures

69. It can be concluded that cell teaperatures con be preveanted from
becoming excessive by either preventing excess zassing or by artificial cool-
ing. This artificial cooling can be effected by circulating cold air or water
around the cells. 4#s stated above, evaporatiaon cannot become a msjor factor
in cell coolinz unless excess ventilstion is employed.

10. _ RECONHMENDATIONS

e ]

70. In view of the results obtained in the tests conducied in the
study reported in this commmication, the following recommendutions &are made
for further study on projects connected with the generzl subject mztter under
investigation.

Studies Conecerninz the Gassinz Phase of the Charse

T1. Practically nothing is known of the phenomsna ussociated with
the gassing phese of the charge. It is therefore recommended that & series
of invectigaztions be undertaken in an attempt to throw further light on gas-
sing phenomsna. These investigations mey be furtier divided as follows:

(a) Origin of Gas. It is not known just where the gas originates. That
hydrogen evolves from the lead is of course certainj but does it come from
the grid, from the surface of the active materisl, or from the interior of
the active muss? This is perhaps importasnt; for if our conclusions as to the
heat of formation of molecular hydrogen arc correcet, the Xnowledge of the
exact location of the combiaation may be of value in the construction of grids
and plates and in the proper understending of the phenomenz of cell charge.
This question may be answered by visual observation or perhaps by the proper
placiny of thermocouples for the cobservation of possible centers of high locazl
heating. What applies to hydrogen evolution at the lead plate applies ecually
well to oxyzea evolution at the peroxide plate. At present the exact mechan«
ism of oxygen evolution is not known; study of whether the gas &arises from
the lead grid or the lead peroxide would help decide this.

(b) Sinsls Electrode Potential Studies. Measurements of the single
electpode potentials should be made at all stages of the charge, with various
scid gravities, and at various temperatures. This would throw lizht on the
point at which hydrogen and oxygen evolution supplants the normal electrode
reactions; it would enable one to calculate the decomposition potentials of
water in various ccid concentrations at various temperatures with lead and
lead peroxzide electrodes; and would furaish the data necessary properly to

D0




calculate the reversible heat effect associated with water electrolysis. It
will be reczlled that these data were lacking for the proper culculution of
this effect in this report. These studies would also give the overvoltage
values of hydrogen on lead and oxygen on lead or leed peroxide, zs the case
may be. The sclution of this particuler phase of the problem would umdoubt-
edly clear up entirely the voltage-temperature-gravity—gossing relationshipg
so important in the operation of a storage cell, particularly in tropical
waters.

Gravity Equalization Studies

T2e It is thought thet it would be well worth while to study fur-
ther the gravity equalization phenomenu associated with cell charge. This
study would probably have to be done on & cell constructed especially for
the purpose with the electrodes much farther apart then in the regulsr cell.
By the proper location of thermocouples one shonld be able to tell by temp-
crature effects the heating phenomena due to diffusion or to mixing due to
gas evalution. It might be advisable to effect for purposes of study what
might be termed artificial diffusion phenomens. 4t present we do not know
the gravity of acid within the active material and without this Xmowledge
we camot properly calculate the theorctical voltage for comparison with
the actual. Experiments might be devised for checking up on diffusion from
within the active material. Morse (sec bibliography) discusses this matter
to some extent in his text on storage cells.

Further Practical Tests of General Nature

73. It seems advisable with the data as secured from the work of
this report to carry the studies to shipboard installations, particulsrly
under operating conditions. Without these studies it will be impossible to
calculate heat losses due to radiation from the cells in the battery space.
Temperaturc phenowsna may prove different from those encountered in the ex-
perimental set-up employed in this problem. The further checking of the
hkigh heut evolution characteristic of the gassing phase should be made on &
regular installation. If possible, tests should be mnde on u bul cell, one
which staerts gassing at the start of the charge, during which period the
charging currents are high. If our theory of the source of this heat is
correct, the cell should heat very rapidly unless radiation losses are high.
It would be well to check thoroughly temperztures in eells in various parts
of the battery. The results of the studies muje under paregraph 71 of this
Section should also be checked on & practical scale.

Study of Temperature Resulation

T4 e fiith the results of the tests given in this report and with
deta secured from the above recommendations, an experimentzl set-up should
be constructed that would admit study of the possibility of temperature
control. For this purpose & cell or cells should be enclosed in 2 box ecap-
able of holding either air or water, the temperature of which could be ac-
curately regulated. This would enable one easily to determine whether or
not the cooling of cells on shipboard is desirable from the standpoing of
temperature control. 1t is thought that with properly constructed equip-
ment cell temperatures could be prevented from becoming excessive. This is
an especially important item from the standpoint of charging procedure dur-

.



ing meneuvers in tropicsl waters. With nightly charging bettery temperatures
become excessuve due to the accumulation of the heat in the cells. &rii-
ficizl cooling beyond the means now employed would probably help keep these
temperatures within proper range and thus greatly increase the military ef-
ficiency of the submarine.

75, Of the sbove recommendations, thoue- listed under "Studies Con-
cerning the Gossing Phase of the Charge could best be carried out on a semi-
practical basis. The results could then be checked on & large cell. "Grav-
ity Bqualizztion Studies®™ would likewise probdably be a semi-practical study.
Of course "Further Practical Tests of Generzl Nature™ and "Study of Tewpers-—
ture Regulation®™ would be practical studies. All the recommendations could
easily be carried out with the possible exception of parugraph 72. Consider-
sble difficulty mizht be encountered in that particular phuse of the probleam.
liith the completion of the studies recommended, it is thought that & complete
knowledge would be obtained of all temperature phenomena in battery charging
end a complete solution of the temperature guestion could be arrived at.

This solution would probzbly enable a charging procedure involving & much
shortened period of time to be developed.

76. Of the recommendations above, "Studies Concerning the Gessing
Phase of the Charge" and "Gravity Equalization Studies™ are now underwsy at
the University of North Carclina, under authority of Bureau of Engineering
letter $62-4/L5 (9-13-Ds) of 4 October 1934.

P2~



B1BLIOGRAPHY

Books =nd Texts

1. Storage Batteries - Vinal.

Zs Storage Batteries - Arendt.

¥ Storage Battefies Morse.

be Storage Batteries - Dolezalek.

5. Applied Electrochemistry - Allmand.
6. Heat Transmission -~ iMcAdanms.

7e Thermodynamics - Lewis and Randall.

Miscellaneous

8. Report of Test of Charging Methods, Etc. on Tudor Type 20-POR-820
Submarine Storage Cells - New York Nzvy Yard, 2 July 1934.

9. Collected Reports on Electrode Potentials in Lead-Acid Cells -
Harned and Hazmer, Yale University.

10. The Definition of Polarization, Overvoltage and Decomposition
Potentizl - Blum and Vinal. Preprint 66-3, The Electrochemical
Society,October 1, 1334.

11. OSpecific Gravity of Jubmarine Cells - Bulletin of Engineering
Information No. 90.

12, Chemical Engineers! Handbook.

~23=



TABLE 1.

Conversion Units and Formulas Used in Calculstions

1 Feraday = 96,540 coulombs = 95,500 zmpere-seconds
4.186 joules = 4.186 watt-seconds = 1 calorie

1 BTU = 1060.4 joules at 40°F

1000 calories = 3.9685 BTU

1 BTU per minute = 17.580 watts

1 cu.ft. = .02832 cu. meters = 28.32 liters

35.314 cu.ft. = 1,000 liters

1°¢ = 1.8°F = 1° ibsolute

1 gram = 15,432 grains

1 pound = 453 grams

Formulss

Temperature (Absolute) = Temperature (Centigrade) + 273°

Current (in amperes) x Time (in seconds) = po. Faradays
96,540 i

1 Faraday produces 1/2 mol (103.6 grams) of lead, 1/2 mol (119.6 grams) of
lead peroxide, 1/2 mol (1 gram) hydrogen gas, 1// mol (8 grams) oxygen gas.

1 Faradsy converts 1/2 mol (151.6 grams) lead sulphate to active material.

Czlculation of hydrogen evolution.
Lir flowx % Hydrogen = No. cu.ft. of hydrogen at temperature of duct air.

1.92 cu.ft. x $H2 x 28.32 liters x 273/T = no. mols of hydrogen evolved
22.4 liters

per minute when air flow is 1.92 cu.ft.




Table 1 continued

Calculations of moisture content of air,

Grams H20 per liter of air x 1.92 cu.ft. x 28.32 liters = no. grams of
water in eir passing through duct in one minute.

28,32 liters x grams of water per liter = grams of water per cu.ft.

Caleulations of increase of moisture content of air when passing over
electrolyte. (Water loss by evaporation from electrolyte per minute.)

Moisture content of 1.92 cu.ft. of duct air - moisture content of 1.92 cu.ft.
of air before passing over electirolyte g;%{;_%%. = water loss by evaporas-
tion per minute.

T) = Centigrade temperature of entering air, T, = Centigrade temperature

of &ir in duct.

Calculation of reversible heat of water electrolysis.

96,540 coulombs x T (Absolute) x dE/dT = q (per mol of water electrolyzed)

Heat of formation of molecular gas.

Heat of formstion of Hy + 1/2 heat of formation of 02 = heat of formation

of molecular gas per mol of water electrolyzed.

Irreversible heat effect.

I°R = irreversible heat effect per second.

IE x T (seconds) = irreversible heat for time T.



TABLE 2.

at £ Air
Volume 1 mol grams gas Heat Capacity
Temperature gas (liters) per per cubic foot
F c liter cu.ft. Calories Fstt—sec. BTU
60 16 23.7 1215 34.40 g.11 1.945 .00184
it 21 24..0 1.200 34.00 8.01 1.910 00181
20 27 24.6 1.170 33.15 7.83 1.875 00178
S0 32 25.0 1.150 32,60 770 1.839 00174
100 38 25.5 1.127 32.00 7.56 1.805 L0011 71
110 A3 26.0 1.106 31.40 Ted2 702 001568
12C 49 26.5 1.085 30.75 7.28 1.740 00165
Molar Heat Capacity for Moist Air
Czlories per degree C)
Relative Humidity Tempercture
60 70 80 20 100 110 120
0 6079 6079 6.80 6‘80 6.81 6.81 6.82
50 6.78 6.78 6.79 6.79 6.80 6.80 6.81
100 6.77 6,77 6.78 6.78 6.79 6.7 6.80

The following were used in the calculations of the above values.
Molar heat capacity (Cp)

Nitrogen 6.5 + .001T

Oyxgen 6.5 + .001T

Rater 8.81 - .0019T : .00000222T%2

Dry a2irs 79 mol per cent nitrogen, 21 mol per cent oxygen

Avove formulas from Chemical Engineers' Handbook, Page 549.



IABLE 3.

Specifications for WLH-29 Cell and Dats for Calculation of
Heat Capacity of Same.

Jer. Outside height, exclusive of poles, not to exceed 45-9/16%;
outside width. not to exceed 17-11/16", length not to exceed 1/-11/16".
Inside depth not less thsn 44", width not less than 13-3/16%,

Positive Plate, Ironclad. Height not less than 35", width not less
then 15-5/16", thickness not less then .52°.

Negative Plate, Exide Type. Height not less than 33-7/8%, width not
less then 15-1/8%, thickness not less than .22M,

Separators, Treated fiood Veneer. Thickness not less thsn .05%

Sediment Space. 3-3/8" meximum, 3" minimum,

Wieight complete, cell charged: 1210 electrolyte not to exceed 1205 lbs.
1250 " L " 1210 ®
1280 * r ® B 105 =

feight of electrolyte. HNominal weight for £illing cell containing
dry plates and wel separators, fully charged,

SG 1210 use 175 lbs. 1240 electrolyte

8G 1250 use 180 1lbs. 1280 electrolyte
SG 1280 wuse 185 1bs. 1310 electrolyte

Hedght of One Positive Plate, dry, not less thsn 29 lbs.

Reight of One Negastive Plate, dry, not less than 24 lbs,

Permissible Temperatures. For regular service charging, 110°F. For
charging as part of continuous cycle as war conditions, boat trials, ete.,
130°F,

Percent by weight, plate active materisl (weight of plate included lugs),
positive 48%, negative 58%.

Calculation of Heat Capacity of Cell

Estimsted Weights of Various Materials Total Heat Capacity
Jar, top, etc. 90 1bs. 65523 celories
Separators 0] e}
Electrolyte, 1280 gravity 225 lbs. 71,340 calorles
Lead 631 lbs. 9,717 calories
Lead Peroxide 21/ 1bs. 6,200 calories
Total 1’160 1bs. 93 3 780 calories

per degree C.

Heat capucity per degree Fahrenheit = 52,110 calories.



Table 3 continued.

Heat Capacity Values used:

Lead .034 calories per gram
Lezd Peroxide .064 celories per gram
Lead Sulphate .08 calories per gram
Rubber .48 calories per gram

Sulphurie 4cid solution .70 calories per gram



TABLE 4.

Temperature Conversion Table
(Centigrade-Fahrenheit)

Centigrade Fahrenheit Centigrade Fahrenheit
20 68.0 39. 102.2
2 69.8 40 104.0
22 71.6 4 105.8
23 T34 42 107.6
A 7542 43 109.4
25 770 44 111,2
26 78.8 45 113.0
27 80.6 46 11/.8
28 82.4 47 116.6
29 84.2 48 118.4
30 86,0 49 120.2
31 87.8 50 122.0
32 89.6 51 123,.8
33 914 52 125.6
34 93.2 - 53 127.4
a5 95.0 54 129.2
36 96,8 55 131.0
37 98.6 1° Fahrenbeit = ,0528°C
38 100.4 1° Centigrade = 1.8°F



TempoF

60
70

100
110

60
70
80
90
100
110

TAELE 5.
Moisture Content of Air.

Weight of water vapor per 100 cubic feet of air.

Grams

3.745
5.180
7.080
9.580
12.80
16.93

60

Grams

22,32
31.04
42.52
5750
76.90
101.50

kB NQ o 235 L]

10

1bs,

ﬂ00828
-0148
0156
.0212
-0286
0374

1bs.

<0493
.0685
0938
<1270
+1700
0”240

Per Cent Saturation.
30

Grams

746
10.36
1.16
19.16
25.60
33.86

70
Grams

26.05
36.23
£3.65
67.10
89-60
118.50

20

1bs,

0164
.0228
0313
<0424,
0572
0748

1lbs.

<0575
00800
1095
1484

Grams

11.16
15.50
21.28
28,78
38.85
51.00

Granms

29.82
«4—1 .40
56.85
76,60

1990 102.60
#2613 135.30

1bs,.

-02&6
+0342
<0469
-0633
0849
<1126

1bs.

«0658
<0914
1252
«1690

«2265 115,30
«2983 152.20

40
Grams lba.

16.6«6, .0367
21.18 .0456
28.3, 0626
38-30 00844
51.10 .1130
67.70 1443

90
Grams 1lbs.

33.50 <0740
46,58 .1028
64.00 1415
86.16 .1906

50
Grams

18.60
25 -80
3550
47.90
64.10
84.60

1bs.

«0411
<0572
0774
«1057
<1415
'1867

100

Grams

37.52
51.65
70.30
96,00

02548 128,20
+3355 169.30

Above values calculated from data on Page 84, Psychrometric Tables, C.F.

lbs,

.0828
o1l42
21563
.2117
«2828
<3740

Mervin,



TABLE 6.

Vapor Pressure of Acid Solutions and Heat of
Vaporization of Water from Same.

Vapor Pressure (mm mercury)

fleight percent, acid 0 10 20 25
Gravity 1.000 1.0661 1,1394 1.1783

Temperature - C

10 902 mm 8 .80 8.05 7.4-6
15 12.79 12.3 11.3 10.5
20 17.54 16.6 15.4 1.3
25 23.76 22.4, 20.8 19.4
30 31.83 30.0 27.8 26.0
35 42,18 40.1 37.2 35.0
40 55.32 52.9 48.6 45.6
45 71.88 68.1 63.3 59.0

Heats of Vaporization
(Calories per Gram)

Percent Acid 10 20 30
A 8,925 B8.922 8.864
B 2259 2268 2271

Heat of Vaporization 574 576 571

Vapor Pressure Equation: LogioPp; = A - B/T

Data from Chemical Engineers'! Handbook, Pages 346 and 338.



TABLE 7,

Resistance of Cell and Voltage
Drop for Various Currents,

Current Voltage Resistance
1300 e 4000112
1050 B .000123

800 10 .000125
550 .08 -000145
330 .05 .000150
250 .05 .000200
190 04 .000211
165 (small gassing) .035 .000217

165 {large gassing) .06 .000370
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Between
Between
Between
Between
Between
Between

Between

PLATE 1.

Location of Thermocouples and Explanation

separator
separator
separator
separator
separator
separator

separator

of Grouping of Same.

and positive 14, 3 in. from side, 5 in. from botton.

und positive 3, center of plate, 11 in. from bottom.

and negative 6, 12 in. from side, 9 in. from bottom.

and positive 10, center of top of cell.

and negative 3, 10 in. from side, 2/ in. from bottonm.
and pogitive 8, center of plate, 15 in. from bottom,

and negzative 12, center of plate, 24 in. froam bottom.

Under pin, by negative 7, 15 in. from side.

hgalast cell jar, 1 in. below top of elements, left center.

In electrolyte at top of cell, 1 in. from left side of cell.

In electrolyte at top of cell, center.

Between separator and positive 8, 10 in. from side of cell, 1l in. from

botton.

Between seperator and negative 6, 12 in. from side, 16 in. from bottom.
Groups

Top electrolyte, direct ventilation. Nos. 10, 11, 4

Top electrolyte, unventilated. Nos. 9, 8
Bottom part of elements. Nos. 1, 2, 12
Middle center of elements. Nos. 6, 7
Middle side of elements. Nos. 3, 5, 13

See diagram for approximate location.




SECTION 13,

Tabulated Data for Charges and Discharges.



CHARGE NO. 1

Air Flow Constant at 1.92 cu.ft./minute
Non-adiubstic Procedure

Time Current Voltage #H, Gravity Alr  Temperature
NRL Battmeter Cell Box

1000 0-1050 1.,96-2.12 (o} 112 82.5 37
1030 1050 2.16 .06 1131 84 39
1100 1050 2,18 .10 1149 85 89
1130 1050 2.19 a2 1165. 86 89
1200 1050 2,20 WDF 1184 87 91
1230 1050 2.21 o27 1198 88 95
1300 1050 2.23 33 1210 88 95
1330 1050 2.25 &l 1220. as 97
1400 1050 2.26 52 1238 88 o8
1415 1050-800 2.28-2.24 «65-455 - — —
1430 800 2.25 58 1247 89 99
1500 800-550 Re27~2.23 ST 1256 89 99
1530 550 2.25 .83 1260 89 100
1600 550-330 2.27-2.22 «91-.83 1268 89 100

1630 330 2.23 91 1272 88 100
1700 330 2.26 97 1276 89 100
175 330-250 2.27-2.25 1.23-1,06 1276 g9 100
1730 250 2.25 1.12 1276 89 100
1800 250-130 2e27-2.25 1e36~1.02 1280 89 100
1815 190-0 2.27 1.26 1280 88 100
Buresu Charge



Charpge No. 1, Sheet No. 2.

Moisture Analysis
Temperatures Air Duct
Time ¥ 2 3 & Temp, gHy0/liter Temp. gHoO/liter

1000 105 105 107 102 82.5  .0160 90 .0330
1030 105 107 107 102 84 <0174 91 .0206
1100 106 109 109 104 85 0174 92 0222
1130 108 111 112 107 87 .0168 93 .0226
1200 109 113 112 108 87 0170 93 L0214
1230 109 113 112 108 87 0170 a3 0212
1300 111 109 113 108 88 0170 7A .0206
1330 111 114 112 109 88 .0150 95 0234,
1400 113 118 116 112 88 L0155 96 .0236
1430 114 136 114 312 89 .0163 97 .0234
1500 115 117 116 111 89 .0160 97 .0252
1530 115 116 116 112 89 0156 97 0245
1600 117 117 117 112 89 0152 97 .0218
1620 117 118 116 116 88 0156 a7 «0260
1700 17 IXY 13573223 89 0160 28 Q274
1730 316 1X7 1P 33 89 0162 98 .0264,
13800 117 117 121 118 89 0162 98 0240

Temperstures~-Thermocouvples

) Below, and under lead bus bar

2 Between plates near side of cell, one inch below surface of acid
3 On top of elements, center of cell

4 On top of elements, side of cell

Grams water/100 cu.ft.air Evaporation per
Time Induction Duct minute
1000 45.31 93.45 365
1030 49.28 58.33 192
1100 49.28 6344 .288
1130 47.58 64,00 «332
1200 4814 60,60 «255
1230 48,11 60.03 024,
1300 48,14 58.33 0212
1330 4248 66.27 «470
1400 4390 66,83 AT
1430 46,16 66.27 402
1500 45,31 T1:37 «518
1530 Ld 17 69,38 «498
1500 43,05 61.7L 372
1620 4417 73.63 «578
1700 45.31 77.60 634
1730 45.88 74.76 »568

1800 45.88 67.97 438



Charge No. 1, Sheet No. 3

Cooling Total Rise
Heating Effects Effects Effect Predicted Found
Time 1l 2 3 4 5 6
1000 1955 1825 0 66 210 0O 3504
1030 1955 1825 221 =8 d31 4 3790
1100 1955 1800 340 58 166 63 3800 4oi® 2.25°
1130 1955 1800 816 42 192 163 4176
1200 1955 1800 816 50 147 163 4214 LTS 3:5°
1230 1955 1800 968 50 140 194 4340
1300 1955 1790 1200 50 122 240 4535 5.0° 2.0°
1330 1955 1775 1730 58 271 346 4785
10O  1955-1146 1775 1920 66 261 385 4940-4130 5.5° 4.0°
1430 1146 1750-1320 2140 66 231 428 £310-3910
1500 1146-636 1300-872 2750- 66 299 550-516 4290-3200 L.8° 1.0°
2580
1530 636 856 3060 66 287 612 3587
1600 636-236 840-465 3380&- 66 215 676-612 3900-2868 4.0° 1.5°
3
1630 236 465 3380 T 333 &R 3000
1700 236 448 3625 73 365 725 3146 P 20
1730 236-179 420-313 4556~ 73 327 911-780 4100-3200
3890
1800 179-109  269-207 4588 73 252 918 3793 4:0° 2.0°
1815 109-0 4588
Totel 34-80 14-00

1. Irreversible Heat

2. Reversible Heat — Normel Resction

3. Heat of Formation of Molecular Gas
4o Conductance to Air

5. Evsporation

6. Reversible Heat - Water Electrolysis



CHARGE NG, 2

Gravity Temperature
Time Current Voltage p 408 NRL Battmeter  Air  Cell Box
" 0800 0-1050 1.96-2.16 00 1112 82 79
0830 1050 2:17 04 1118 83 8¢
0200 1050 2.18 «10 1139 83 g1
100 1050 2.21 22 1174 83 94
1030 1050 o”3 Q2 1180 83 9L
1100 1050 2.24 «27 out 85 94
1130 1050 2.26 e33 of 85 94
1200 1050 2.29 o3 order 85 94
1300 330 2.20 39 _— 86 96
1330 330 2.20 o3 - 86 96
100 330 2.21 &7 — 86 96
1430 330 2,22 o 47 - 86 95
1500 330 2.2/ o &7 -_ 86 96
1530 330 2.26 A -— 85 96
1600 330 Re27 50 - 85 97
1630 330 2.30 .65 — 86 o7
1700 330 2,32 o7 — 85 %
1730 330-0 2:34 .96 1274 85 96

Manufzcturerts Charge
Air Flow Constant &t 1.92 cu.ft./minute
Non-zdisbatic Procedure

Moisture Analysis

Temperatures Eir Duct
Time 1 2 3 4 Temp. gHpO/liter  Temp, gHpO/liter
0800 93 93 93 93 7 +0130 87 . <0167
0830 9% 9% % 9% 84 .0133 88 0157
0900 97 9% 95 95 85 0132 o1 0170
0930 99 97 97 100 83 <0134 90 »0170
1000 101 101 99 99 83 o= 90 »0182
1030 105 102 101 101 83 «0138 90 «0200
1100 104 103 102 102 85 0123 91 20202
1130 105 105 103 103 85 20130 92 »0200
1200 107 106 103 105 85 .0122 93 «0226
1230 105 105 103 105 86 »0130 93 0200
1300 103 105 103 105 86 <0122 93 »0208
1330 103 103 102 102 86 0123 93 +0200
/00 102 102 101 101 8 0122 93 +0200
1430 103 103 102 102 86 — 93 .0208
1500 103 104 102 103 8 <0130 93 .0187
1530 106 106 105 106 85 .0118 93 «0220
1600 106 113 107 105 85 .0132 93 «0200
1630 107 108 108 107 85 0128 93 .0206
1700 106 106 108 109 85 00122 93 0212
1730 108 109 109 109 85 = 93 «0215

Location of Couples the same a8 in Charge No. 1.



Charge No. 2, Sheet No. 2.

Air at Intake Air in Duct Evaporstion
Time gH20/100 cu.ft.  Temp, g850/100 cu.ft. Temp. per minute
0800 36,81 26 47.29 31 »2052
0830 37.66 28 44,64, 32 1440
0900 37.38 30 48,14, 33 2063
0930 37.95 29 48.14 32 »1960
1000 39.08 29 51453 32 <2390
1030 34.83 29 56,64 33 4200
1100 34.83 29 57.20 33 4300
1130 36.81 30 56.64 34 »3810
1200 34e54 30 64,00 34 « 5660
1230 36.81 30 56.64 34 .3810
1300 34e54 30 £8,90 34 4680
1330 34.83 30 56,64 34 <4190
1400 34054 - (o 56.64 34 04230
1430 37.66 30 58.90 34 4,080
1500 36.81 30 53.00 34 «3135
1530 33.42 30 62.34 34 «5560
1600 37.38 30 56.64 34 <3700
1630 36.25 30 58.33 34 04230
1700 31.72 30 60.03 34 #5480
1730 34.26 30 60.90 34 »5120
Heat Effects Cooling Effects Total Temp. Rise
Time 1 2 3 4 5 6 = Effect Cal. Found
0800 1955 1831 0 118 70 0 3598
0830 1955 1825 126 83 56 25 3742
0900 1955 1820 340 119 42 68 3886 P
0930 1955 1820 340 113 L2 68 3892
1000 1955 1808 816 138 42 162 4236 255 0P
1030 1955 1808 816 242 56 163 413
1100 1955 1797 959 248 56 194 4223 4.8° 3°
1130 1955 1792 1205 220 56 241 44,34
1200 1955 1780 1580 327 56 316 4616 5= 2@
1230 1955-236 1774~ 1733~ 220 56 347-241 4839-
531 1205 1455
1300 236 527 1433 270 56 287 1583 3.6° 1°
1330 236 521 1580 242 56 316 1723
1400 236 515 1733 24 56 347 1837 2% g0
1430 236 515 1733 235 56 347 1846
1500 236 515 1733 181 56 347 1900 202 -3°0
1530 236 515 1733 321 56 347 1760
1600 236 510 1870 214 56 374 1972 2 30
1630 236 493 2405 2L, 56 481 2353
1700 236 387 2581 316 56 516 2416 L® I
1730  236-0 554-0 3580 295 56 716 3203
Totel change 32 16°
1, Irreversible Heat 4+ Radiation Loss to Air

2. Reversible Heat, Normal Reaction 5. Evezporation Loss
3. Heat of Formation of Gas 6. Reversible Heat, Water Electrolysis



CHARGE NO._ 3

_ Temp.—-Cravity Gravity
Time Current Voltage %Ho Top Bottom NRL Buttmeter
0800 0-1050 1.99-2.18 0 1137 88 1148 88 1145
0830 1050 2.19 Jd0 1137 91 1159 &9 1146
0900 1050 2.20 20 1127 93 1168 90 1172
0930 1050 2.22 20 1140 95 1186 92 1184
1000 1050 2.2L 22 1143 96 1201 93 1204
1030 1050 2.25 27 IH49 By 1215 93 1214
1100 1050 5.9 32 1158 98 1224 95 1226
1130 1050 2.30 A1 1168 99 1238 96 1234
1147 1050-330 2.31-2.20 .48-.41 1180 99 1248 96 1244
1200 330 2,20 41 1190 100 1253 97 1252
1230 330 2.21 Al 1198 99 1257 98 1256
1300 330 2.21 45 1207 100 1260 98 1260
1330 330 2,22 A48 1213 99 1268 98 1262
1400 330 2:24 A8 1220 99 1267 99 1262
130 330 2.25 A48 1229 98 1270 99 1266
1500 330 2.26 A8 1237 99 1274 99 1264
1530 330 2.28 «58 1247 99 127, 99 1268
1600 330 2.31 06 1257 101 1269 103 1264
1630 330 2,35 .98 1265 101 1265 105 1274
1700 330 2.39 1,58 1269 102 1269 105 1275
1730 330-0 2.41 2,75 1269 102 1269 105 1275
Manufacturer's Charge
Air Flow Constant at 1.92 cu.ft./min,

Non-adiabatic Procedure
Time Temperatures Cell
1 2 3 4 5 Box
0800 83 84 84 85 84 82
0830 88 a8 86 90 a8 83
0900 90 91 89 92 90 90
0930 92 93 89 23 9l 92
1000 94 95 S0 %% 93 92
1030 95 97 91 98 95 92
1100 98 98 93 100 9% 92
1130 100 100 95 102 98 92 Group 1. Top Electrolyte,
1200 101 101 97 104 100 93 direct ventilation,
1230 100 101 g8 104 100 94 2. Top Blectrolyte, wnventil-
1300 101 101 98 103 100 94 ated,
1330 100 100 98 103 101 95 3, Bottom of Elements.
1400 10l 101 99 103 102 95 4. Middle Center of Elements.
1430 101 102 99 104 102 95 5, Middle Side of Elements,
1500 101 102 101 104 103 96
1530 100 101 101 104 102 92
1600 102 102 101 104 102 94
1630 103 103 102 105 103 95
1700 105 105 103 105 103 95
1730 107 107 104 106 105 95

1800 108 108 105 107 106 95



Charge HOO 3’ Shee't NO. 20

Air at Intzke Air in Duect Evaporation
Time 1 2 3 ok 1 2 3 4 Grams per minute

0800 .0200 56,64 28 82 .0203 57.30 30 86 .0234
0830 L0186 52,70 30 86 0216 61,17 31 88 1726
0900 0164 Lb.d4t 30 86 0208 58.90 32 90 02465
0930 .0205 57.95 31 88 L2532 657 33 9 <1592
1000 .0182 51,53 32 90 0212 60.03 33 91 <1726
1030 .0l74 49.28 31 88 0219 62,04 33 9 e 2540
1100 .0162 45.88 31 88 .0218 61.74 33 91 «3130
1130 .0198 56.10 32 89 022, 63.50 34 93 01527
1200 L0154 43.61 32 89 00222 62.90 34 93 »3780
1230 0172 48.71 31 88 0210 59.47 34 93 »2160
1300 ,0128 36.25 32 9 0220 62.34 34 9 +5263
1330 0168 47.58 32 9 0196 55.50 34 94 «1610
1400 L0198 56.10 33 91 0197 55.80 34 9. -0050
1430 0154 43.61 33 91 0215 60.90 35 95 03400
1500 L0140 39.65 28 83 00223 63,20 33 91 «4600
1530 0134 37.95 30 86 0180 53.81 34 93 «3105
1600 0190 53.81 31 87 0200 56,64 34 93 «6440
1630 0154 43,61 31 87 0230 65,13 34 93 o420
1700 0158 44.75 29 84 00240 67.97 34 93 <4530
1730 L0140 39.65 29 83 «0200 56,64 33 92 3335
1800 .0138 44.75 29 83 0214 60,60 33 92 «3240

l. Grams Hz0 per liter of air, 3. Temperatwre, Centigrade.
20 Grams Ho0 per 100 cu.ft. air. 4. Tempersture, Fahrenheit.

Time Heating Effects Cooling Effects Total Evaporation
2 1 2 3 5 6 Effect Grams per min.
0800 1955 1831 00 13 366 3380
0830 1955 1820 340 99 364 3924
0900 1955 1809 747 Up 362 LA87  4.2° €°
0930 1955 1809 747 92 362 4241
1000 1955 1804 @ 816 99 163 4300  £3° 3°
1030 1955 1798 969 147 194 4353
1100 1955 1792 1170 28 180 234 475 5° 4°
1130 1955 1781 1506 28 87 300 4827
1200 1955- 1775- 1765- 28 218 353- 4696~ 4.5° 3°

BEBBER™

236 521. 1506 300 1610
1230 236 521 1506 28 124 300 1811
1300 236 515 1655 28 303 331 1744, 2° o°

93 353 2056
2 353 2133 28 .2°
196 353 1900

K

1330 236 515 1765
1400 236 915 X765 28

1430 236 515 1765 70

1500 236 515 1765 56 265 353 1844  2° 6°

1530 236 499 2140 42 178 428 1897

1600 236 492 2430 A2 371 486 1842 2° <20

1630 236 448 3670 70 242 734 3308

1700 236 375 5880 56 261 1176 5000 3° . 22
235 10,198 188 2040 838 o2

1730 236 235 10,198 56 rotal 220 3da o8

1. Irreversible Heat Effect. L. Radiation Loss.

2. Reversible Heat, Normal Reaction. 5. Evaporation Loss.
3. Heat of Formation of Gases. 6. Reversible BHeat, Water Electrolysis.



CHARGE NO. 4.

Time Current  Voltage  %Hj Temp.-Grsvity Gravity
Top Bottom NRL Battmeter
0700 0-1300 2.,0-2,21 O 1142 88 1155 90 1150
0730 1300 2.22 el5 1142 91 1167 92 1154
0800 1300 2024 «20 1144 93 1178 93 1175
0830 1300 2.26 27 1149 94 1203 95 1199
0900 1300 2.29 «33 1157 95 2191 95 1218
0940 1300-1050 2.,32-2.29 <35 1162 98 1231 97 1225
1000 1050 2,31 <50 1182 98 1245 97 1240
1015 1050-800 2.32-2.29 .58-.50 -- — —— —_—
1030 800 2.30 58 1201 100 1255 99 1251
1050 800-550 2.32-2.28 .70-.58 1216 99 1263 99 1261
1130 550 2.30 «70 1232 99 1267 101 1262
1145 550-330 2.32-2.28 .83 T e Tak s —_
1200 330 R:29 o 70 1244 100 1272 102 1266
1230 330-250 2.32-2.30 .95-.83 1257 101 1273 105 1266
1300 250-130 2.32-2.29 .95 1264 102 1267 105 1275
1320 190-165 2.31-2.30 .95 1267 104 1266 104 1278
1400 165 2032 1.12 1270 104 1269 105 1278
1430 165 .34 1.36 1272 104 1270 105 1278
1500 165-330 2.34~2.41 1.6-4.50 1272 103 1271 107 1278
1530 330-0 2:42 4050 1273 104 1272 108 1278
1600 0 2018 058 e — m—— T aSE
1615 0 - - — - - —— —
Bureau Procedure
Air Flow Constant at 1.92 cu.ft./min.
Non-adiabatic Procedure
Time Air at Intake Air in Duct Evaporation
1 2 3 & 1 2 3 4 Grams per min.
0700 .0 40,78 23 7 0177 50,00 28 82 «1920
0730 o015 43.22 25 .0180 50,98 29 83 1650
0800 OL40 39.65 25 78 0200 56,64 29 83 «33%90
0830 OL40 39.65 25 78 0193 54.70 30 85 «3040
0900 0146 41.40 25 77 0217 61.47 30 85 «4000
0930 0Nl32 37,38 25 78 0213 60,31 30 85 4550
1000 L0140 39.65 25 78 0222 8290 31 &8 4610
1015 0150 42.48 25 77 .0222 62,90 31 88 4080
1030 .0L40 39.65 25 78 0222 62,90 31 88 4620
1050 L0152 43.05 25 78 0222 62,90 31 88 +3980
1130 0132 37.38 25 78 0227 64.30 31 88 «5305
1145 0140 39.65 26 79 0200 56,64 32 90 3420
1200 .0138 39.08 26 79 0200 56.64 32 90 «3530
1230 0128 36.25 26 79 0195 55.22 32 90 3790
1300 0152 43.05 27 80 0195 55.22 32 90 «2500
1330 0156 44.17 27 80 .0203 57.30 32 90 +2690
1400 .01l44 40,78 27 80 0200 65.64 32 90 3200
1430 .0L46  41.40 27 B0 40220 5413 33 91 <4710
1500 L0134 37.95 27 80 0193 54.70 33 91 +3360
1530 L0150 42,48 27 80 0247 69.95° 33 91 « 5440



Cherge No. 4, Sheet No. 2.

Temperatures
Couple Groups Cell
Time ; 2 3 4 5 Box
0700 92 92 95 95 95 86
0730 9% 94 98 100 97 86
0800 97 98 100 103 101 89
0830 101 101 102 105 103 90
0900 102 102 103 106 105 91
0930 103 104 105 108 106 92
1000 105 106 106 111 108 92
1015 106 106 106 112 109 92
1030 106 106 107 112 110 92
1100 106 107 108 11 111 92
1130 106 108 110 114 111 93
1145 107 108 111 113 110 94
1200 108 108 111 113 111 9
1230 109 109 111 113 111 95
1300 110 209 110 112 110 95 1. Top Electrolyte, direct
1339 110 109 109 111 110 95 ventilation.
1400 110 110 108 111 109 9% 2. Top Electrolyte, un-
1430 111 110 108 110 109 96 ventilated,
1500 111 110 109 110 109 9% 3. Bottom Pert of Elementse.
1530 112 112 110 112 110 97 4. Middle Center of Elements.
1600 111 111 1o m1 110 97 5, Hiddle Side of Elements.
Heating Effects Cooling Effects Total Temp. Rise
Time 1 2 3 L 5 6 Effect Est.. Found
0700 2794 2250 00 70 11 00 4863
0730 2794 2250 545 84 95 109 5300
0800 2794 2250 747 56 196 149 5390 &° 6°
0830 2794 2250 973 70 175 194 5578
0900 2794 2220 1270 70 231 25 5730 &° 4°
0930 2794~ 1850~ 1270 70 262 254 5328-
1955 1440 4070
1000 1955 1770 1870 84 266 374 4871 5 P
1015 1955- 1760- 2140- 84 235  428- 5508
1146 1327 1870 374 4,000
1030 1146 1315 2140 84 266 428 3823
1100 1146~ 1305- 2548~ 84 229 510- 4176~ LT° 1.8°
636 885 2140 428 2920
1130 636 875 2548 84 306 510 3159
1145-¢"636-" ~856~ ~3060 8/ 197 612 3660~
236 470 2873
1200 236 487 3548 8, 203 510 347, 3.5° 1°
1230 236- 448~ 3548~ 84 219 710~ 3220~
179 336 3060 612 2662
1300 179~ 319- 3548 70 145 710 3121- 3.2° 2
109 213 2945
1330 109-82 2;3- 3548 70 155 710 2835
1
1400 82 148 4180 70 185 836 3319 3° o®
1430 82 112 5046 84 272 1009 3875
1500  82-  33- 5046~ 84 194 1009- 3874~ 4:5° 22
109 16 1683 31650 13510 o
1530 109-0 16-0 1683-0 84 314 31650 13510° 7@ 1.3

Total (exclusive of last 30 minutes)36.,62 18°



Charge No. 4, Sheet No. 3.

Lo
20
39
L
56
69

Irreversible Heat

Reversible Heat, Normal Reaction
Heet of Formation of Gases
Radiation Loss to 4ir

Evepcration Loss to Air

Reversible Heat, Wiater Electrolysis



Time

0700
0730
- 0800
0830
0900
0930
1000
1030
1100
1130
1200
1230
1300
1330
1400
1,30
1500
1530
1600
1630

Current

0-1300
1300
1300
1300
1300

13003

330
330
330
330
330
330
330
330
330
330
330
330
330
330-0

30

2.19

CHARGE NO. 5

#Ho

0
.08
ol5
025
027
#39-.30
030
-30
38
38
039
«39
39
48
o48
+50
70

1.12
1.80

Re41-2.30 2.75

334 Watts Heating Current in Box
Air Flow Constant at 1.92 cu.ft./min
Manufacturer's Procedure

Time

0700
0730
0800
0830
0930
0930
1000

Temperatures
1 2 3
B3 .8 &5
85 85 86
89 &8 89
90 90 90
92 92 91
95 95 9%
97 98 9
o 98 98
97 98 99
% .27 B
98 99 29
%8 99 100
98 99 100
99 99 1ol
160 100 102
101 101 103
103 103 103
104 104 104
106 106 106
107 1107 107

4

87
89
92
92
95
100

102
103
103
103
103
103
103
104
105
105
104
104
106
107

5

100
101
102
102
102
102
103
103
104
104,
106
107

Temp.-Gravity Gravity
Top Botton NRL Battmeter

1143 85 1155 86 1153
1142 87 1171 &8 1168
1144 90 1184 90 1182
1147 92 1203 90 1200
1155 94 1219 92 1213
1165 97 1232 94 1232
1178 98 124, 95 1243
1188 97 1249 98 1248
1198 97 125, 97 1253
1204 97 1256 98 1255
1213 97 1260 97 1258
1219 96 1259 98 1262
1228 96 1267 98 1264
1233 96 1270 99 1266
1242 97 1273 99 1268
1253 97 1274 100 1270
1263 100 1262 103 1272
1268 101 1266 105 1274
1271 103 1270 105 1274,
1272 104 1271 107 1275
Cell
Box
74
il
79
80
82
82
82
83
82
82 Group
82 1. Top Electrolyte, direct
82 ventilation,
82 2. Top Electrolyte, unventi-
82 lated.
82 3. Bottom of Elements,
82 4. Middle Center of Elements.
83 5. Middle Side of Elements.
83
83
83



Charge No. 5, Sheet No. 2.

Air at Intake &ir in Duct Evaporation
Time 1 2 3 4 1 2 3 4 Granms per minute

0700 0117 33.13 24 75 0148 41,91 26 78 1780
0730 0120 33.98 26 77 0160 45.31 28 82 02242
0800 0100 28,32 26 78 0177 50,00 29 84 04230
0830 0126 35.68 27 80 0200 56.64 30 87 <4100
0900 0137 38,80 27 &0 0185 52,39 32 90 «2770
0930 0133 37.66 27 79 0211 59.77 32 90 +4230
1000 0142 40.21 27 79 20226 64,90 33 91 04720
1030 0146 41.91 26 78 0230 65.13 32 90 4620
1100 0154 43.61 26 78 20228 64.60 32 90 +4190
1130 0166 47.01 27 79 0203 57.95 32 90 «3450
1200 0150 42.48 27 79 0216 61.17 32 90 «3770
1230 0144 41,91 26 78 0213 60.31L 32 90 »3690

1300 0154 43.61 27 79 0212 60.03 32 90 «3300

1330 046 4140 27 79 0203 57.30 32 90 3210

1400 D156 4417 27 19 00203 57.30 32 90 «2690

1430 0136 38,52 27 79 0216 61.17 33 91 «4500

1500 0150 42.48 27 80 0234 66,27 33 91 4740

1530 0150 42.48 27 80 00232 65,70 33 91 420

1600 0130 36,81 27 &0 0210 59.47 34 92 4300

1630 L0163 46.16 27 80 0230 65.13 34 93 4850
Heating Effects Cooling Effects Total Temp. Rise

Time i 2 3 L ) 6 Effect Est. Actual

0700 2794 2253 0 29 102 0 4915

0730 279, 2253 289 2 129 58 5119

0800 2794 2244 543 44 244 109 5184

0830 2794 2232 900 44 237 180 5465

0900 2794 2230 969 7L 160 194 5564, 120 8°

0330 2794 2216 1390 74 2LL 278 5804

1000 2794- 2215- 1433~ 7L 24L 287- 5837~ 6.5° 6°
236 535 1105 221 1337

1020 236 535 1105 80 266 221 1300 1.5°

1100 236 525 1390 89 242 278 1542 1.5° 1°

1130 236 525 1390 74 199 278 1600
1200 236 524 1433 ok an o8y 1615 387 1°
1230 236 524, 1433 89 213 287 1604

1300 236 524, 1433 7, 191 287 1641 1,8° a°

1330 236 513 1765 7, 185 353 1902

1400 236 513 1765 7. 135 353 1932 2.0° 20

1430 236 510 1870 89 260 374 1893

1500 236 437 2548 89 273 510 2399 2° 1.5°

1530 236 433 4182 89 266 836 3660

1600 236 351 6695 103 248 1339 5593 4° 30

1630 236 235 10198 103 280 2040 8246 3.5° 1°
Total 35° 23,5°

1. Irreversible Heat

2. Reversible Heat, Normal Reaction

3. Heat of Formation of Gases

4. Conductence to Air

5. Evaporation Loss

6. Reversible Hezt, Water Electrolysis



CHARGE NO, 6

Temp~Gravity Gravity

Time Current Voltage %H, Top ttom NRL Battmeter
0600 0-1300 1.99-2.20 0 1141 91 1150 93 1148
0630 1300 2.22 0 1139 93 1165 9, 1160
0700 1300 2.2 .10 144 96 1174 9% 1174
0730 1300 2.26 «20 1146 98 1198 97 1201
0800 1300-1050 2.29 .20 1155 99 1215 98 1215
0830 1050 2.29 o5 1167 100 1229 99 1230
0900 1050-800 2,31-2.29 045 1185 102 1243 10Q 1242
0930 800 2.30 . «58 1200 104 1251 103 1253
0945 800“'550 2031“2.27 .63 ey T . — T
1000 550 2,28 63 1217 105 1261 103 1260
1030 550-330 2.31-2.27 »80-.70 1229 103 1265 104 1262
1100 330 2.28 »70 1243 102 1270 104 1266
1130 330-250 2,30-2.29 .80 1252 107 1270 107 1270
1200 250-190 2.30-2.29 +80 1260 107 1271 109 1271
1230 190-165 2.30-2,29 +80 1263 107 1263 110 1276
1300 165 2.30 «80 1266 107 1266 110 1276
1330 165 2.31 +95 1269 107 1268 111 1276
1400 165-330 2031-2.40 1.30-2.75 1270 109 1268 111 1276

1430 330-0 2:40-2.29  3,12-,70 1270 109 1269 113 1276
1500 O 2.18 .68 — e
1530 0 2.16 .68 -— SUSE — . -

Bureau Procedure Adiabatic Procedure
Air Flow Constant at 1.92 cu.ft./minute

Temperature Couple Groups Cell
Time 1 2 3 4 5 Box

0600 92 92 95 9% 95 82
0630 93 93 9% 98 96 92

0700 9% 9% 98 100 98 96

0730 99 99 100 103 1M 99

0800 101 103 101 106 102 100

0830 103 104 103 109 104 103

0900 105 105 105 109 105 103

0930 105 106 106 110 107 105

1000 105 107 107 112 108 105

1030 108 108 109 112 109 105 Group
1100 108 109 109 112 109 105 1. Top Electrolyte, direct

1130 109 109 110 113 110 106 ventilation.
1200 110 110 110 112 110 106 2. Top Electrolyte, unventi-
1230 111 IIrT 119 1t2 111 106 lated.

1306 - 131 A1E 36 W1 116 107 3. Bottom Part of Elements.
1330 111 191 111 116 110 107 4. Middle Center of Elements.
1400 112 112 110 110 111 107 5. Middle Side of Elements.
1436 112 1313 @ 1120 113 112 108

1500 112 112 112 113 113 108

1530 112 112 112 113 113 108



Charge No. 6, Sheet No. 2.

Air at Intake Air in Duct Evaporation
Time i 2 3 4 1 2 3 4  Grams per minute

0600 0155 43.90 26 79 .0215 60.90 30 85 « 2650
0630 .0180 50.98 27 &1 0220 62.34 30 86 .2280
0700 ,0183 51,83 27 81 L0240 67.97 32 90 <3300
0730 .0172 48.71 27 & 0252 71.37 33 90 <4540
0800 0192 54.40 26 80 0290 82.12 33 91 « 5565
0830 L0183 51.83 29 83 0240 67.97 34 93 . 3290
0900 0195 55.22 29 83 .0300 84.96 35 95 « 5920
0930 0152 43.05 28 83 L0270 76.46 35 95 +6840
1000 .0190 53.81 82 0270 76.46 35 95 4650
1030 .0198 56.10 83 0278 78.72 35 95 <4660
1100 .0198 56,10 83 0286 81.00 36 9% « 5060
1130 .0182 51.53 84 0254 71.94 36 96 + 4220
1230 0206 58.13 84 «0250 70.80 36 96 « 2730
1230 L0206 58,33 84 0238 67.40 36 97 <2075
1300 .0182 51.53 0238 67.40 36 97 «3350
1330 .0182 51,53 85 0233 65.99 36 97 3070
1400  .0188 53.30 86 0286 81.00 37 ©8 5620
1430 0180 50.98 86 0290 82,13 37 98 6280
1500 0180 50.98 86 00252 T1.37 36 97 «2120
1530 .0180 50,98 86 0252 .37 36 97 o120

BBBEBBBBBYRE

1. Grams of water per liter of ailr, 3. Temperature, Centigrade.

2. Grams of water per 100 cu.ft. of air. 4. Temperature, Fahrenheit.
Beating’ Effects Cooling Effects Total Temp.Rise

Time 1 2 3 4 5 6 Effect  Est. Found

0600 2794 2262 00 56 198 00 4802

0630 2794 2262 00 42 130 00 4884

0700 2794 2252 340 70 190 68 5058 5  3,5°

0730 279 2240 747 85 262 149 5285

0800 2794-1955 2240-1808 747 99 324 149 5210-3940 5.5° 4.5°

0830 1955 1775 1700 70 130 340 4830

0900 1955-1146 1775-1332 1700 85 342 340 4663-3410 5°  3.5°

0930 1l146-636 1316 2140 99 395 428 3679-3169

1000 636 879 2345 99 268 470 3023 3.82 2,50

1030 636 874 2548 99 268 509 3182

1100 636~236 487 2548 99 292 510 2770-2370 3° 2°

1130 236-179 476 2950 99 244 590 2729-2672

1200 179-109 342235 2950 99 157 590 2625-2448 2.8° 1°
1230 109-82 235-190 2950 99 119 590 2486-2414

1300 82 190 2950 99 194 590 2340 257 5P

1330 82 168 35,0 99 177 708 2806

1400 82-236 123-202 10180 99 325 2036 7925-8158 3° 1°

1430 236-0 185 11220 99 364 2224 895 457 22
Total 35° 18°

1le Irreversible Heat 4es Radiation Loss

2. Reversible Heat, Normal Reaction 5. Evaporatiocn Loss
3. Heat of Formation of Gases 6. Reversible Heat, Water Electrolysis



Charge No. 7,
Sheet No. 1

is missing from original.



Charge No. 7, Sheet No. 2.

Air at Intake Air in Duct Evaporation
Time 1 2 3 4 1 2 3 4 Grams per minute

0600 0153 43.33 76 24 0170 48.14 80 27 .1085
0630 0136 38,52 78 26 0178 50.30 84 28 <2400
0700 0138 39,08 79 26 .0178 50.30 85 29 2110
0730 .0120 33,98 80 27 0200 56.64 8 30 4470
0800 0144 40.78 8L 27 0220 62.34 83 31 «4290
0830 0123 34.83 82 28 .0220 62.3L 89 32 .5400
0900 0140 39.65 84 29 .0208 58.90 91 33 «3840
0930 0147 41.66 8, 29 -0208 58.90 91 33 <3460
1000 .0137 38.80 83 28 0217 61.47 91 33 «4320
1030 0124 35.11 83 28 0185 52.39 91 33 <3460
1100 .0130 36.81 83 28 0193 54.70 90 32 «3570
1130 0130 36.81 83 28 L0184 52.10 90 32 .3080
1200 0130 36.81 82 28 0195 55,22 90 32 «3680
1230 .0132 37.38 82 28 0200 56.64 91 33 -3840
1300 .0137 38.80 83 28 0200 56.64 90 32 +3570
1330 ,0137 38.80 83 28 .0200 56.64 90 32 <3570
1400 0127 35.96 83 28 0192 54.40 91 33 3620
1420 0130 36.81 82 28 0200 56.64 91 33 «3950
1500 0150 44.48 83 28 0203 S57.20 91 33 2630
1530 .0110 31.15 82 28 0196 55.50 91 33 «£800
1600 0110 31,15 82 28 0164 46.44 91 33 «3000
1630 .0108 30,58 .-82 28 L0150 42.48 91 33 +2385

1. Grams Ho0 per liter of air 3. Temperature Fahrenheit
2, Grams of Ho0 per 100 cu.ft. air 4. Temperature Centigrade

Heating Effects Cooling Effects Total Temp. Rise
Time 1 2 3 4 5 6 Effect Est. Actual
0600 3930 2260 0o 42 61, 00 5534

0630 2050 2250 170 28 369 34 4040

0700 2610 2240 662 42 123 133 5014 5¢ 5°
0730 2420 2240 747 42 284 149 4932

0800 2610 2240 747 56 246 149 5146 4e2® 5°
0830 2980 2240 900 56 255 180 5629

0845 2980-189 2230-540 900 56 222 180 5652-1171

0900 189 540 900 56 222 180 1171 59 4°
0930 189 540 200 56 198 180 1195
1000 237 518 1660 70 159 332 1854 1,52 o°
1030 237 518 1660 70 198 332 1817
1100 189 518 1660 56 208 332 1771 0 22
1130 189 518 1660 56 178 332 1801
1200 237 518 1660 56 198 332 1829 = o°
1230 286 518 1660 70 222 332 1840
1300 189 518 1660 56 318 332 1660 1.89 @2°
1330 189 504, 2015 56 318 404 1931

1400 237 494, 2345 70 2L 469 2323 242 J3°
1430 332 476 2955 70 225 591 2877
1500 142 yAVA 4845 70 277 969 4085 3,2°  1.5°
1530 332 370 6120 70 178 1224 5350

1600 426 325 7480 70 27, 1496 6391 562 20
Total 32.7° 19.2°
1. Irreversible Heat /. Radiation Loss

2. Reversible Heat, Normal Reaction 5. Evaporation Loss
3. Heat of Formation of Gas 6. Reversible Heet, Fater Electrolysis



Time

0-600
0630
Q700
0730
0800
0830
0845

0930
1000
1030
1100
1130
1200
1230
1300
1330
1400
1430
1500
1530
1600
1630
1700

Voltage
Current Closed Open  &H,
0~1300 2.20 1.9 00
1300 2,22 2.11 «05
1300 2 -24 2 ] 10 018
1300 2.26 2,13 .20
1300 2.28 2.1 .20
1300 2.31 2.15 .25
330 2.19 2,15 .25
330 2.19 2.15 25
330 2.20 2.15 45
330 2,20 2,15 A5
330 2.21 2.16 W45
330 222 2:,18 W45
330 2624 2,19 45
330 2.26 2:20 W45
330 227 223 45
330 2.30 2:26 .55
330 2433 2.28 .63
330 2.36 2.29 .80
330 2.38 2.30 1,30
330 2+39 2.30 1.65
330-0 240 2.30 2,90
0 - 2.20 .65
0 — 2.15 40
Temperatures
Couple Groups
Time h 2 3 4
0600 86 86 91 92
0630 89 91 92 94
0700 92 92 94 %6
0730 9L 95 96 100
0800 97 97 97 101
0830 9% 100 100 103
0900 100 101 101 106
0930 100 102 102 106
1000 100 101 122 106
1030 99 101 102 106
1100 99 101 104 106
1130 99 100 103 106
1200 98 99 103 106
1230 99 100 104 106
1300 99 100 103 106
1330 101 101 104 105
100 102 102 104 103
1430 104 104 104 104
1500 104 105 104 105
1530 105 105 105 105
1600 107 107 107 107
1630 106 106 107 107
1700 106 106 107 107

CHARGE ND. 4

Temp.-Gravity
Top Bottom
1135 87 1148 89
‘1134 90 1164 90
1138 92 1178 92
1140 94 1192 92
1150 96 1213 93
1159 97 1225 9%
1175 98 12,0 96
1184 97 1249 96
1197 98 1249 98
1024 97 1253 97
1213 97 1257 97
1220 96 1260 98
1227 96 1263 98
1234 97 1266 98
1240 96 1270 98
1250 99 1271 100
1257 99 1265 102
1266 102 1265 104
1269 1303 1268 105
1270 103 1269 105
1271 103 1270 195
2 Cell Box
90 84
92 84
94 86
98 87
29 88
101 o1
103 91
102 92
103 9%
103 93
104 9R
104 92
104 92
104 92
103 R
103 92
103 92
104 93
104 9%
105 93
107 93
107 2
107 93

Gravity
NRL-Battmeter

1146
1158
1174
1191
1208
1225

1237
1242
1246
1243
1254
1253
1261
1263
1265
1265
1266
1269
1272
1275
1276

——



CHARGE NO. 7B
(Continuation of Charge 74)

Temperztures x
Time Current Voltage #Hp Air Cell Top Mein Cell Insulsting Box
0800 0-330 2:.11-2.35 0.00 75.6 89 89 78
0830 330 2.4k 2.40 79 92 92 82
0900 330 2.45 2.70 84 %%, 96 86
0930 330 2.45 2,70 83 oF 97 89
1030 330 2.45 2,70 82 101 101 39
1130 330 2.45 3.15 &2 103 103 90
1200 330-0 Z2o45~2.25 3.65 81 104 104 91
1300 © 2.17 A8 79 103 104 89
1330 © 2,16 48 719 102 14 89
1400 0O 2.15 48 0 102 103 89
1500 O 2.14 48 79 101 102 89
1600 O 2.13 48 19 100 101 89
Non—-adiabatic procedure.

Heating Effects Cooling Effects Total Temp. Rise

Time 1 £ 3 4 5 6 Effect Est. Found
0800 236 280 00 125 300 00 191
0830 236 235 8956 125 300 1800 7200
0900 236 235 10,028 125 300 2005 8050 g° 7°
0930 236 235 10,028 125 300 2005 8050
1000 236 235 10,028 125 300 2005 8050
1030 236 235 10,028 125 300 2005 8050
1100 236 168 10,028 125 300 2005 7980
1130 236 112 11,763 125 300 2353 9333
1200 236 112 13,620 125 300 2724 10818 10.5° 8°
1230 000 000 1765 125 300 - e
1300 — - 1765 125 300 — —
1330 -—  — 1765 125 300 - —
1400 — - 1765 125 300 = -
1430 —  — 1765 125 300 — —
1500 -— — 1765 125 300 — —

1600 1765 125 300

Total Effect 18.5° 15°

1. Irreversible Heatl

2, Reversible Hezt, Normsl Reaction

3. Hest of Formation of Gases

4. Conductance to Air, Estimated

5, Radistion to Air, Estimated

6. Reversible Heat, Water Electrolysis



Gravity

Voltage Temp.~Gravity NRL Batt-
Time Current Closed Open %Hy Top Bottom meter
0600 0-1300 2,20 2.00 .00 1147 84 1162 85 1156
0630 1300 Re23 2,10 .00 1147 85 1175 86 1166
0700 1300 224 2,10 .10 1150 90 1188 88 1186
0730 1300 2.26 2.11 .20 1156 91 1211 89 1203
0830 1300 2.31 2.15 .32 1180 95 1238 93 1235
0842 1300-1050 20:33=2.30 - e — e s s -
0300 1050 2032 2,19 .50 1200 97 1252 94 128
0910 1050-800 2.33-2,30 - — _— - —_ - sy
0930 800 2532 2,22 .50 1220 98 1264 94 1256
0940 800—550 29 3'-2 029 - 056_0 50 — — = e ———
1000 550 2.30 2,22 .55 1236 95 1270 96 1268
1030 550-330 2.33-2,28 2:23 o T0-.60 1254 95 1274 97 1272
1100 330 2,30 2.26 P 1261 97 1277 98 1276
1130 330-250 2.33-2.31 2:27  o75-.70 1270 98 1273 101 1280
ll!.O 2 50—190 2 o 32—2 ° 31 s o 83"“ o 75 SrE Tk — — e
1200 190 2,31 227 W15 1274 98 1273 101 1282
1230 190-165 232 2,28 ,95-.83 1277 98 1276 102 1284
1300 165-0 2.32 2.29 .95 1279 98 1278 102 1285
1320 o —— - - _— - —_ - —-—
Non-adiabztic Procedure
Air Flow Constant &t 1.92 cu.ft./min,

Temperatures
Couple No.

Time 1 2 3 4 5 6 7 8 9 10 Cell Box
0600 84 86 & 85 88 20 89 85 86 88 75
0630 87 21 %0 a8 91 92 92 87 87 a8 78
0700 87 91 30 90 93 9, 9% 91 90 as 8l

2 91 95 95 96 92 92 90 81
. 9 95 97 97 9, 92 91 82
3 93 98 99 100 95 96 95 85

0730 89 93
0800 = 87 93
0830 89 95 9

A0 WO

0900 92 98 96 98 101 103 104 98 99 29 86
0930 93 100 99 92 193 104 1065 99° 100 100 89
1000 9% 103 101 100 103 107 106 100 102 100 39
1030 9t 103 163 100 103 108 104 100 102 100 89
1100 98 103 103 101 103 107 104 101 102 101 89
1130 100 103 103 103 103 106 104 102 103 101 89
1200 101 103 103 103 103 104 103 103 103 101 289
1230 101 103 103 104 104 104 103 103 103 101 89
1300 103 103 103 104 103 103 103 103 103 103 89

For location of couples, see Plate No. I.



Charge No. 8, Sheet No. 2.

Air st Intske Air in Duct Evaporation

Time 1 2 3 4 1 2 3 4 in grams
0600 0094 26,60 21 70 0106 30,01 25 77 .0768
0630 0075 21.34 21 71 -0120 33.98 "25 77 -2500
0700 0090 25.49 23 74 0156 44.17 27 &1L 3800
0730 0082 23,22 25 T7 0176 49.84, 29 84 25200
0800 .0095 26.90 26 79 018/ 52,10 31 87 <4940
0830 0100 28,32 26 78 0200 56.64 32 90 «5550
0842 0084 23.79 26 78 0200 54.4C 31 89 <5970
0300 008, 23.79 26 78 0192 54.40 31 89 =5970
0910 0084 23.73 26 80 0186 54.40 31 89 «5650
0930 0084 23.79 26 80 0186 52,70 31 89 <5700
0840 s0083 23.51 25 76 .0188 52.70 31 &9 «5700
1000 0083 23.51 24 75 0190 53.81 31 &9 «6504,
1030 00075 21.34 24 75 0171 48.42 31 89 <5720
1100 00075 21.34 26 78 0176 49.8, 31 88 .6130
1120 0070 19.82 26 78 0163 46,16 31 88 «5680
1140 .0070 19.82 26 78 0163 45.00 31 88 « 5680
1230 20078 22.09 25 77 0157 4ho46 31 88 «£390
1300 0074 20,96 25 78 0174 49.28 31 88 «5520

1. Grsms of water per liter of air. 3. Temperature, Centigrade.

2, Grems of water per 100 cu.ft. of air. 4. Temperature, Fuhremheit.

Heating Effects Cooling Effects Totel Temp. Rise
Time 1 2 3 4 5 6 Effect Est. Found
0600 3857 2240 00 43 56 O 5998
0630 2890 2240 00 144 56 O 4930 5.6° 2
0700 2890 2240 340 219 56 68 5127 5.6° 4°
0730 2890 2240 750 300 56 150 5374,
0300 2890 2240 750 285 70 150 5375 &° z20
0830 2890 2240 1170 320 84 240 5656
0900 2890-1950 2240-1760 1870 345 70 400 6185-4765 6° 6°
0910 1950-1150 1760-1325 1870 326 70 400 4783-3549
0930 1150 1325 1870 328 80 400 3537
0940 1150-630 1325-924 1870 340 80 400 3525-2604
1000 630 924 2000 304 98 500 2652 2 3°
1030 230 024-505  2548-2225 319 98 510-445 2775-2098
1100 230 505 2548 296 70 510 2407 2.7° 1°
1120 143 505-336 2690 283 70 540 R445-2276
1140 140 336-241 2690 283 70 540 2273-2178 2,7° .5°
1230 99 213-180 3125 253 84 625 R4 75-2042
1300 66 180 3540 318 84 710 2674 3 ,5°
1. Irreverasible Heat Total 300 17°

2. Reversihle Heat, Normel Reaction

3. Heat of Formation of Gases

4. Evaporatiocn Loss

5. Radiation Loss to Air

6. Reversible Heat, Electrolysis of Water



CHARGE NO, 9

Voltage Temp.-Gravity Gravity
Time Current  Closed Open #Hp Top Bottom NRL Battmeter
0700 0-1200 2.20 2,00 0.00 1167 81 1181 g1 1175
0730 1300 2.25 2,12 .00 1163 85 1195 82 1185
0800 1200 2.27 2.13 02 115 89 1206 83 1203
0830 1300 2.31 2.15 07 1153 91 1225 g6 1219
0900 1300-1050 2.34 2,17 .10 1159 95 1237 g8 1237

0930 1050-800 2.34-2.30 2.18 .15 1172 95 1252 g8 1248
1000 880-550 2:34-2.30 2.24 .18 1190 97 1261 91 1256
1030 550-330 2:33-2.27 2.25 .19 1208 97 1268 92 1261
1100 330 2.30 2,28 .19 1220 9% 1272 92 1264
1130 330-250 2.34-2.28 2,28 40 12/3 98 127, 9, 1265
1200 250-190 2.34-2.31 2.28 40 1254 99 1271 97 1265
1230 190 2,32 2.28 0 1261 99 1260 101 1270
1300 190-165 Re35-2.32 2.28 40 126, 99 1263 101 1272
2,28

1330 165 2.33 28 W40 1266 100 1265 101 127
1400 165 2.33 2.28 .50 1268 100 1267 102 1275
1430 165 2.33 2,28 .55 1269 100 1268 102 1276
1500 165 2.33 2,28 .60 1269 101 1268 104 1278
1530 165 2.34 2,28 .90 1270 102 1269 105 = 1278
1600 165 2.36 2.28 1,00 1270 103 1269 107 1278
1630 165 2.36 2,28 1,00 1270 104 1269 107 1278
1700 165-0 2.36 DB B0 D<oy o sy, e il

Adiebatic Procedure
Air Flow Constant at 1.92 cu.ft./min.

Tempersatures
Time Adr 1 2 3 4 5 6 7 8 9 10
0700 75 79 79 80 79 80 g1 81 80 80 80
0730 77 80 81 81 81 83 83 a3 81 81 80
0800 79 82 83 83 84 85 84 86 84 83 83
0830 79 82 84 84 87 88 86 88 88 84 84
0900 78 84 86 86 21 91 g0 92 92 91 91
0930 78 86 88 88 93 93 92 94 9% 92 9%
1000 78 88 8 90 9% 95 95 9% 9% 96 96
1030 78 S0 91 93 96 98 97 9 96 97 97
1100 79 91 94 94 97 98 98 99 97 97 97
1130 79 e 96 96 97 99 99 99 97 98 9t
1200 78 94 9% 95 98 99 93 99 98 9% 99
1230 80 96 29 98 99 99 99 9 99 29 29
1300 78 98 99 99 99 99 93 99 92 93 99
1330 79 100 100 100 100. 10 100 100 100 100 100
1400 80 101 101 101 101 101 101 101 101 101 101
1,30 80 102 102 103 103 101 102 101 102 102 103
1500 80 103 103 103 103 102 103 102 103 103 103
1530 80 104 104 104 104 103 104 103 104 104 104
1600 80 104 105 104 104 104 104 104 104 104 104
1630 80 105 105 105 105 105 105 105 105 105 105
80

1700 106 106 106 106 106 106 106 106 106 106



Time
0830
0930
1000
1030

1100
1300

Current

0-2000
2000
2000
2000
2000-0
0

0
0
0
(0]

Current

0--2000
2000
2000
2000
2000
2000~0
0

DISCHARGE TESTS
No. 1

Temperatures
Lotz 3 R0 CHL BN R 9 3 4L 32

96 96 98 95 100 100 99 95 95 95 95 96

97 .97 99 106 102 101 102 106 105 106 106 99
98 97 100 107 103 102 102 108 108 108 108 101
101 103 103 113 102 106 106 115 115 115 115 104
102 103 106 116 112 111 110 118 118 118 118 105
103 103 106 114 110 108 109 114 114 114 114 106
103 103 106 108 110 107 109 103 109 109 109 104
103 103 106 108 108 105 108 108 108 108 108 104
102 122 106 106 106 106 106 104 104 104 104 103
101 102 104 10Z 105 106 106 104 104 104 104 103

‘No. 2

Temperatures
1 2 4°5 6 7 & 9 10 11 12

93 93 93 94 94 94 92 93 93 93 9%
9% 94 100 97 95 96 100 100 100 100 95
94 94 104 101 98 100 105 105 105 105 98
9 9% 105 104 102 103 109 109 109 109 100
97 97 108 106 104 104 111 111 111 111 102
101 101 110 112 106 107 114 114 114 114 105
103 103 106 106 104 107 106 106 106 106 103

Air ranges 79-85°

Cell Box

84
85
85
87
90
90
89
87
86
86

Cell Box

9L
21
93
9%
97
89
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