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__on CONFIDENTIAL

Report No. 776

I. OBJECTIVES

A. The basic aim of the work performed under this contract has been
to investigate the feasibility of constructing continuous-feed primary batteries
with high power-to-weiiht and energy-to-weight ratios for use in submarine and
missile propulsion.

B. During the period covered by this report, the detailed objectives
were as follows:

1. Investigate the utilization of chlorine as a cathode with
metal anodes in primary cells with electrolyte based on sea water.

2. Determine dissolution rates of magnesium, aluminum, and
their alloys as a function of current density and electrolyte concentration.

3. Determ ne the operating characteristics of magnesium and
other electrochemically efficient metals and alloys as anodes under conditions
that simulate cells with oxygen cathodes and sea-water electrolyte.

4. Study performance of oxygen cathodes using porous carbon of
the air cell tvre, with electrolyte based on sea water, and attempt to develop
cathodes suitable for use with both pure oxygen and air.

5. Investigate the possibility of indirectly increasing the
voltcge of the oxVyen electrode by use of another appropriate oxidation-reduc-
tion couple as the working electrode.

II. INTRODUCTION

A. Work under this contract has been concerned with the study of the
feasibility of applying cintinuous-feed primary batteries to a submarine pro-
pulsion system. Such a system should provide a quiet, compact, efficient power
source that would not require the vessel to surface at frequent intervals.

B. During the past three years the studies have resulted in develop-
ment of the zinc-chlorine cell system in a form that is considered ready for
prototyr,,pe design. Other phases of the work have been concerned with feasibility
studies of other electrodes and cell systems that are in principle capable of
fulfilling the requirements of a submarine power source. The zinc-chlorine
system compares favorably in realizable efficiency with any of the other systems
investigated on a small scale. In addition, the other systems have severe
practical limitations that make their development on a large scale unlikely in
the near future. A large cell utilizing zinc and chlorine was constructed and
tested during the latter part of this re,.ort period. Its performance indicated
that development of the prototype power source would be straightforward.

Page I

CONFIDENTIAL



II Introduction (cont.) Re'ort No. 776

C. Notable features of the exploratory work on other cell systems and
electrodes are discussed briefly below. The major portion of this work was
reported in detail in the lrevious two annual re,:orts (References 1 and 2);
the remainder is included in the body of this re'•ort.

III. RESI•,iE

A. Zinc-chlorine cells of potentially unlimited operating life have
been developed in mnall laboratory size. Initial experiments with a large cell
of near-operational size indicate that the advantageous performance of smaller
cells can be duplicated readily.

B. A series of 4mprovements in the technique of cathode fabrication
has permitted the construction of zinc-chlorine cells with a service life under
tests of at least seven days. Durin7 this time the decline in load voltage at
a constant current drain of 0.25 ampsq in. was only approximately 10%. Further,
there are indicrtions that, under normal operating conditions, the service life
is many times greater than the arbitrarily chosen period of seven days. In
addition, the cell has demonstrated a remarkable ability to perform stably at
high current-drain rates (i.e., 2.5 amap/sq in.). Although convenience dictated
the termination of such tests after relatively short periods (5 hours), there
is every reason to believe that the cells could -erform well at high current
drains for extended periods.

C. Several experiments were performed on zinc-chlorine cells at pres-
sures higher than atmospheric. Without exception, an increase in pressure was
accompanied by an increase in the rower output of the cell. In every instance,
the magnitude of the voltage increase was larger than could be accounted for
by electrochemical theory (i.e., the Nernst equation). This fact supports the
belief that the rate-determining step in the mechanism of cathode depolariza-
tion is the dissolution of chlorine in the electrolyte within the mix-cake. It
is doubtful, however, that the increase in povwer output with pressure will
always be great enough to compensate for the increased weight of the system.

D. Exploratory experiments have been conducted on zinc-chlorine bat-
teries trith cells in series. Although these experiments revealed no loss in
individual cell performance, several special problems associated specifically
with details of battery construction were noted. Most important among these
problems is the development of a very strong and highly conductive bond be-
tween the zinc anode of one cell and the cathode of the cell stacked next to it.

Page 2



III Resume (cont.) Report No. 776

E. The majority of the tests vrere carried outwith cells containing
effective cathode surfoce areas of 8 sq 'n. In addition, a number of ex-
perimeints were conducted on cells with effective surface areos of about 32 sq
in. Toward the end of this annual re-ort lroriod, special equiPment wps designed
and constructed which permitted the fabrication of cathodes with effective sur-
face areas of 144 sq in. In the body of this report these three tyv'es of
cathode are referred to as small, intermediate, and large respectively. A 24-
hour discharge test of the first large cell indicated that performance equiva-
lent to that of the smaller laboratory models can be expected.

F. Further work on oxygen-depolarized cells using Carbocell and Air-
Cell carbon diffusers failed to eliminate the difficulties associated with high
oxygen polarization and, in the case of -:agnes~um anodes, metal hydroxide forma-
tion. The study of oxygen-depolarization cells as well as the study of cells
using oxygen indirectly with another oxidation-reduction couple, was terminated
early in the year in order to concentrate a full effort on the zinc-chlorine
system, which showed great ')romise of refzid and successful development.

IV. CO'CLUSIONS AND RECO',D'ATTONS

A. The conclusions presented in Reference 2 remain unchanged, except
that (1) the zinc-chlorine system hac now been demonstrcted to be capable of
the performance required, and (2) further studies and considerations of magne-
sium-oxvgen cells have reinforced the belief that neither •magnesium nor oxygen
is suitable for iimnediate use in cells for submarine power sources. It is
recommended that intensive develo-ment of zinc-chlorine batteries be undertaken
immediately, as these ajper to be capable of develoiment into operational units
in a shirt time. Detailed recommendations for the cell develoupment are presented
below. It is further recommended that labor~tory studies of an exploratory
nature be continued in an effort to develop cell systems better than the pro-
posed zinc-chlorine system.

B. It is recommended that the develo ment program for zinc-chlorine
batteries include substantially the subjects itemized below. Several of the
subjects listed for study are included as precautions, inasmuch as changes are
not expected to be necessary.

1. Design more effective means for maintaining cell clam~ping
pressure in series-cell batteries.

2. Make preliminary desifns of high-pressure containers and of
li<,ht-weight, low pressure containers for batteries, in order to facilitate a
choice between operation at low or high chlorine pressure.
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IV Conclusions and Recornendtitions, B (co.nt.) Reijort No. 776

3. Determine the limits and optimum values of electrolyte flow
rate end zinc chloride concentration in electrolyte, fro,.i the stand!ýoint of
heat removal from the battery.

h. Determine the effect of the following operating procedures

on battery, performance over extended periods:

a. Intermittent operation

b. Extended shut-down

c. Extended full-power operation

d. Fluctuations in chlorine pressure

e. Fluctuations in electrolyte flow

SDetermine whether o' timun values have been selected for
the following:

a. Composition of mix-cake

b. Thickness of mix-czke

c. Amount and tyIe )f nonding agents

d. Thickness of diffuser

e. Pore size of diffuser

f. Type and thickness of separ.tor

V. EXP 'RT~1T•NTJ.L RESULTS

A. SYSTEM CALCUIATITNS

1. Introduction

a. There 2re two 1r, ary considerations in the choice of
a chem4 cal couple:

(1) The system must have a high theoretical enerfy
output per unit wieiFht of reactents, incl~iding electrolyte.

Page h



V Expei:i.,.ental Results, A (cont.) Re ort No. 776

(2) A large percentage of this energy must be obtained
in practice; i.e., the operctin6 voltage rilust be large compared with the theore-
ticpl emf, and the battery itself must not be too large and must be capable of
delivering its power at a reasinably high current density.

b. It is possible to characterize the performance of a
batter! by two nara•,eters: the effective ei-.f and the effective internal
resistance of the cells. * The effective emf is a function of the chemical
system and, in the cese of a gas, the pressure. The internal resistance is a
function of the components of the cell. Both are somewhat dependent on tempera-
ture. For a chemical couple having a given emf, research is directed toward a
lower internal resistance and, of course, satisfactory voltage vs time cherac-
teristi.cs.

c. Figures 1 to 7 represent the results of celculations
of the vreifhts of reactrnts and electrode structures for a number of 1 ossible
battery systems. All ýre based u on an ,rbitrerv reqiirement of 209 kv for
seven deys at 440 volts. The weights of the battery compartment, reactant
container, and accessories have not been estimated, as it is considered that
at this stage the :resent com,.risons are sufficient to illustrate the relative
merits of various systems. Assumptions regard"Lng the effective emf as well as
cathode and anode a;.,ere efficiencies are given in the legends of the figures.
A representative calc lation for the curves -resented is given in Reference 2
for the zinc-cllorine battery.

2. The Zinc-Chlorine System (Figure 1)

a. For a gas electrode, the current efficiency is a
controlled variable. The cell voltage is usually a weak function of this
efficiency; 90% current efficiency has been found (Reference 2) to be practical
for chlorine.

b. The mnetal anode efficiency is a function of the electro-
lyte concentration and current density. Amalganated zinc evolves practically
no hydrogen from neutral or slightly acidic solutions. Because chlorine is
soluble in water, excess chlorine will react directly with the zinc, so that
in a zinc-chlorine cell the zinc efficiency is necessarily equea to the chlorine
efficiency. (Very little chlorine is found in cell effluent solutions regard-
less of the chlorine current efficiency.)

See A.pendix I for defin-Itions.
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V Experir.ment,'l Results, A (cont.) Reiort No. 776

3. The Magnesium-Oxygen System (Figures 2 to 5)

a. Oxygen efficiency is based on the reaction

02 + he- + 2H2 0o 40H-

although the actual mechanism involves the reaction

02 + 2e- + H + -- HO2-

In any practical cell, the H02- will decoaipose rapidly to 02 within the elect-
rode, so that the overall reaction corres onds closely to the first equation.
It has been found that almost all of the oxygen introduced can be utilized in
gas electrodes, although, as expected, the Ipotential attained is that of the
reduction to peroxide.

b. The magnesium efficiency was found by experiment to be
67% over a vwide range of electrolyte concentrations and current densities
(Reference 2). The weights given for the system of Figure 2 are an absolute
minimum for the magnesium-oxygen system, and it is likely that one of the
heavier systems must be used.

c. Mvgnesium-oxyf en systems are also penalized because of
the precipitation of cell reaction products in a sea water electrolyte. Ex-
cessive h'ydrogen evolution also occurs. In order to produce a soluble reac-
tion product, the see water can be acidified with HC1. The study of the
dissolution rate of ..aanesium as a function of current density and acid strength
shows thapt the -!aximum 67% anpere efficiency is possible even in acid electro-
lytes if high enough current densities are used. In practice, the bulk acid
concentration could be controlled as a function of current density so that a
given current efficiency could be maintained (Reference 2). The voltage of a
magnesium-oxygen cell is slightly higher in acid than in base owing primarily

to the removal by the acid of the oxide film on the magnesium.

4. The Manesiur;-Chlorine System (Figure 6)

a. Although little work has been done on magnesium-chlorine
cells, work with chlorine cathodes in zinc-chlorine cells and with magnesium
anodes in magnesium-oxygen cells in various electrolytes permits prediction of
an effective emf of 2%.6 volts for the system given in Figure 6.

b. As in zinc-chlorine cells, the chlorine current effi-

ciency is a controlled vari able. Because of the solubility of chlorine in the

electrolyte, there will probz'bly be greater local action on the :magnesium than

in neutral or hydrochloric acid electrolytes. A current efficiency of 50% for
magnesium is probably a fair estimate.
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V Experimentpl Results, A (cont.) Report No. 776

5. The Zinc-Alkali-Free-Air System (Figure 7)

The assumptions noted in the legend of Figure 7 represent
the absolute minimum weight requirements of a zinc-alkali-air cell. For any
submerged operation, this battery would operate on either pure oxygen or on
oxygen-enriched, recirculated air.

6. Summar~y

a. The system that offers most promise is zinc and chlorine.
Although the magnesium-oxygen system has a much higher theoretical energy-to-
weight ratio (2.61 kwh/lb) than the zinc-chlorine system (0.34 kwh/lb), this
acdvantage disappears in the comparisons Ziven for two reasons: (1) the zinc-
chlorine system is more nearly reversible, i.e., it delivers current at a volt-
age close to the theoreticpl emf of the cell; and (2) the current efficiency is
high, thus making the weight of reactants low.

b. For all the systems considered (Figures 1 to 7), fuel
economy is most important for operation for periods even as short as seven
days, so that low current densities, and hence high voltages, should be used.
For any one system, the total weight of fuel and battery is not strongly de-
pendent on the internal resistance of the cells; however, the weight of the
battery alone depends on internal resist'nce. Further, a low internal re-
sistance is imperative if the battery is to be capable of large emrgency power
output while the cruisin, power level re.Aains at or near the optimum current
density.

B. ZIFTC-CHLORINE CELLS

1. Introduction

a. At the end of the lpst annual report period (Reference
2) the zinc-chlorine cell had undergone sufficient development to give, at a
current density of 0.25 amp/sq in., an operating voltage which dropped from an
initial value of 1.60 volts to a final value of 1.52 volts after 5 hours. Be-
yond this point failure of the cell was rapid. The primary reason for this
improved performance was the use of the water-based mix-cake instead of plain
porous carbon, leading to the fabrication of the Type IV cat ode illustrated in
the cell assembly of Figure 8. The performance of this cathode is discussed in
detail in Section 2, below. As indicated in Figure 8, the general structural
features of the cell were as follows:
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V Experimontol Results, B (Cont.) Report No. 776

(1) A cathode consisting of a water-based carbon mix-
cake pres ed against one face of a 0.5-in.-thick Grade 40 or 60 porous carbon
diffuser element, into which gaseous chlorine is introduced.

(2) A sheet of zinc duplex whose carbon-coated side
is bonded to the untreated face of the diffuser element; this represents the
anode of the next cell in series.

(3) An anode consisting of a surface-amalgamated
zinc plate of any desired thickness and an area slightly larger than that of
the cathode.

(4) A fibrous, chemically inert material, generally
glass wool (Pyrex Catalog No. 800), which functions as the separator.

b. The electrolyte was a simulated sea-water solution (see
Table I) which was uniformly dripped on the separator of the vertically supported
cell asaembly during cell operation.

c. Althou h the genzral basic construction of the cathode
remained unchanged during the year, imnortent refinements in structural features
were largely resnonsible for the tremendous i m rovement in cell performance.

d. The ste dy progress during the ptast year is presented
in chronological order in the text of this re :ort. Consequently, no general
section on testing procedures and conditio:ns to cover the entire period is
included; however, information of th - kWnd will be given in the a-,f9ropriate
sections .,n the individual electrode ty._es.

2. Cells with Type IV Cathodes- Additional Experiments

a. Development

(1) Because of the poor and inconsistent results
obtained with Type III electrodes (Reference 2) which had been impregnated
with waterproofing agents, another ap::roach was made to the problem of obtaining
good output voltage and long operating life.

(2) It was postulated that a molded carbon-black
mix-cake pressed against the surface of the diffuser would allow any necessary
waterproofing treatment of the diffuser without impainnent of the electrical
performance obtained from the active carbon. It was at first believed that
such a mix would be washed out of the cell by the dripping electrolyte. How-
ever, when a cell incoroorating a mix cake was tested it was foand that no
such washout occurred.

Page 8
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(3) The mix cake was: made from Cabot No. 20h7 battery
carb Jn black, which has the desirable feftures of hiteh conductivity and large
specific surface ares. The mix cake was made according to the following
arbitrarily selected formula (basis 1 sq in. electrode area): 0.20 g Cabot
No. 2047 batte:.ry black and 1 cc distilled water.

(4) To make the mix cake, dry carbon black was spread
evenly in a hollow mold placed on the separator, and covered with a sheet of
moist Munising paper. One-half of the eequired distilled water was added, the
mold was removed, and the mix was Wressed at 70 to 200 lb/sq in. The resulting
mix cake was about 0.05 in. thick. The separator and cake were then removed
from the press, and the remainder of the distilled water was added to the
W-nisinj paper to facilitate its removal.

(5) The moldinE of the mix cake on the separator,
rather than on the porous carbon, prevented the possibility of premature wetting
of the diffuser. The separator w: s initially cut to a size larger than the
diffuser so that the molded mix cake could be trimmed to an appropriate size
after it was placed on the porous carbon. This resulted in a much neater elec-
trode and reduced the chance of an intiarnal short circuit.

b. Testing Procedure

The testing t:rocedure for ce ls at atmospheric pressure
included a prelim nary conditioning cycle which consisted of plscing the cell
in a vacuum desiccator and evacuating the system for 16 to 48 hours. At the
end of the evacuation, the desiccator was flooded with chlorine and then opened.
The chlorine feed line was attached to the chlorine electrode while it was
still surrounded by the chlorine atmosphere. The cell was then removed and
placed on test. Previously, the chlorine electrodes had been thoroughly purged
with chlorine immediately before testng. It was believed that this modified.
procedure reduced the posibility of gcs blocks ceused bv nitrogen from the air,
inasmuch as a large part of the adsorbed gas was removed from the porous carbon.

c. Results - Small Cells

(1) The output, particularl- the initial output, of
the cell was dependent to a great extent on the pressure at which the mix-cake
was molded. Previous electrodes had been constructed with mix-cakes molded
at 30 psig. In evaluating the effect of mix-cake molding pressure on cell
output, three 2 x 4-in. cells employing mix-cakes molded at 70 lb/sq in. were
constructed. Three electrodes were used as a basis of comi.arison for the
scaling-up tests. The curve for the small electrode in Figure 9 approximates
the mean perfornance of the three. The specific internal resistance ranged
from 0.90 to 1.10 ohm-sq in., with a common effective emf of 1.94 volts.

(2) A substantial increase in cell performance was
obtained by molding the mix-cake at a pres~ure of 130 t 10 lb/sq in. No
further incre,-se in cell performance was obtained when the mix-cake molding
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V Experimental Results, B (Cont.) Report No. 776

pres ure was incrersed to 200 lb/sq in. and above.

(3) The increose in mix-cake moldinrw 1res-ure from
30 ± 5 lb/in, to 130 - 10 lb/sq in. resulted in an incre3se of the initial
output voltage at atmosvheric pres~ure from between 1.50 and 1.60 volts, to
between 1.75 and 1.80 volts at a current density of 0.25 amp/sq in. The
effective emf was raised from 1.80 to 2.02 volts.

(4) Two cells were constructed, each with a chlorine
entry tube and a lattice of chlorine distribution channels drilled through the
porous carbon diffuser parallel to the face. Previous small cells customarily
had only the chlorine entry channel. The mix-cake was molded at 130 t 10 lb/sq
in. and the evacuation time was increased to two days. The initial output of
these cells was outstninding; at the end of the first 10 min of operation at
atmospheric pressure, the cells had an output voltage of 2.0 volts at a current
of 0.25 amp/sq in. The cells had a low specific internal resistance of 0.45
ohm-sq in. and an effective emf of 2.09 volts. As the cell was discharged,
there was a gradual decline in output voltage. After 5 hr of operation the
specific internal resistance had incre:sed to 0.79 ohm-sq in.

(5) One of these cells was continuously discharged
at 0.25 amp/sq in. at atmospht!ric pressure for 20 hr to a cutoff voltage of
1.73 volts. The voltage drop overthe 20-hr period was only 13.5%, despite
the relativel-r high power output.

(6) The incorporation of the mix-cake resulted in an
electrode which is much lesc susce ýtible to v,'riations in chlorine flow rate.
With the older t'ire of electrode, a negative pres"ure, caused by a drop in
chlorine flow rate below that required by the current drain, resulted in the
prompt failure of the electrode. The mix-cake elim'nated this difficulty so
that, if negative pressures of short duration were developed, a simple adjust-
ment of the flow rate returned the cell to its orev ous output level.

d. Results - Intermediate Cells

(1) In an attempt to duplicate the results obtained
with the small cells in which the mix cake molding press-ure was 70 lb/sq in.,
several tests were conducted on intermediate cells. These cells were as nearly
as possible identical with the small cells in structural details, except that
in some instances holes parallel with the face were drilled in the cathodes to
ascertain whether better chlorine distribution would result in a significant
increcse in output.

(2) Figures 10 and 11 are representative of the results
obtained with cells employing cathodes of the intermediate size. At the end
of one hour of operation the effective emf and the specific internal resistance
were calculated to be 2.02 volts and 1.50 ohm-sq in. respectively. In this
cell it was necessary to replace the zinc anode at the end of 45 hours. After
62 hours of operation, the bond betwen the z'nc duplex and the carbon electrode
had failed at several points, and the test was terminated.
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(3) A new mnx-cvke and piece of zinc duplex were
bonded to the diffuser element salvaged from the experiment described in para-
graph b. The performance of the cell fabricated from this reconstructed cathode
is jiven in Figure 10. After 1 hr of operation the effective emf and specific
internal resistance were 2.09 volts and 2.20 ohm-sq in. respectively; the latter
value represents an increase of 47%. Furthermore, for the same chlorine flow
the chlorine Tvressure differential had increased from approximately 1/2 in. of
H2SOh during the rrevious test to 3 in. of H2SOh during this test.

(4) Another intermediate-size cell was continuously
discharged for 87 hours. In this instance the mix-cake molding pressure was
130 psig. Between the first and eighty-seventh hour the specific internal re-
sistance increased from 1.34 ohm-sq in. to 2.40 ohi-sq in. The terminal voltage
decreased from 1.73 volts to a final vwlue of 1.33 volts at a current density
of 0.25 amp/sq in. Again the anode was changed once at 28 hours and again at
60 hours. During the changing of the zinc anode, cracks in the mix-cake and
bare spots at the edges of the carbon diffuser were noted. Furthermore, the mix-
cake had lost its original firm texture.

(5) Figure 9 contains three curves which show the
average operating characteristics of one of the small cells described in Sec-
tion c above, compared with two of the intermediate-size cells, all after opera-
tion for one hour. The tests were con('ucted under the same conditions, except
that four holes had been drilled in one of the larger cells. The lowest specific
internal resistnce was obtained in the small electrode (1.04 ohm-sq in.) Curve
B however, for current densities up to about 0.5 amp/sq in., higher operating
voltages were obtained from the larger electrode containing the four chlorine
channels (Curve A), although the specific internal resistance in this instance
was 1.hl ohm-sq in. The effective voltages for these cells were 1.88 and 2.08,
respectively. The other large cell exhibited poorer operating characteristics
than either of the above cells (Curve C). In this instance, a specific internal
resistance of 1.96 ohm-sq in. and an effective emf of 2.05 volts were obtained.

(6) Several other tests were made on intermediate
cells with one or four chlorine chanmels. Better operating characteristics were
obtained with the large number of channels. In the latter instance, the oler-
ating voltages at a current density of 0.25 amp/sq in. ranged from 1.61 to 1.73
volts after 1 hour of cell operation, compared with 1.5h to 1.56 volts when only
one chlorine channel was used. The chlorine inlet pressure ranged from 4 to 12
mm of sulfuric acid for the forrer cells to 100 to 150 mm of sulfuric acid for
the latter.

(7) For both the large and small cells, it appeared
that one of the limiting factors in the performance of the Type IV electrode
was the rate at which the chlorine diffuses to and through the mix-cake. This
was evidenced by the fact that while the cell was being discharged, a large
increase in chlorine gas flow resulted in a sharp rise in the power output of
the cell. After the chlorine flow rate was reduced to the usual value,
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corress.onding to 90% material efficiency, the output of the cell returned to
its former level. As indiceted by the experiments with intermediate cells,
the magnitude of this response to changes in gas flow decreased with an in-
crease in the number of chlorine distribution channels.

3. Cells with Type V Cathodes

a. Development of the Resin-Bonded Yix-Cake

(1) Cells in operation for long periods with a water-
based mix-cake failed because of deterioration of the chlorine cathode. It was
thought that the primary reason for I'is fai laro was the gradulil -v7lling of the
mix-cake, which caused a loss of electrical contact between the carbon particles
in the mix-cake and resulted in an increase -n the internal resist,:nce of the
cell.

(2) Another adverse effect that resulted from the use
of a ,rater-based mix-cake soon became ap arent in the cells on which shelf-life
tests had been conducted. As the m• x-cke dried it shrank and cracked (see
Figure 12).

(3) To prevent the swelling of the mix-cake during
cell operation, and to reduce the .. stibility .,f cracking on dry storv e, a
mix-cake was made as described in Section 2,a except that a solution of Glypt: 1
and thinner was substituted for the water. The mix-cake formula, on the basis
of 1 sq in. electrode aria, was as follows:

0.18 g Cabot No. 2047 battery carbon black

0.8 cc Glyptal bonding solution (1 volume
G.E. No. 1202 Glyptal to 3 volumes G.E. No.
1500 thinner)

The mix-cake was molded at a pressure of 130 lb/sq in., assembled to the difn-
f-isrr,clamped, and then baked for 24 hr at 70 0 C.

b. Flushing-Type Electrode with Resin-Bonded Mix-Cake
(Type V)

(1) It had been determined that gases which were
insoluble or only slightly soluble, in the electrolyte, and not utilized at the
electrode, became entrapped in the porous carbon diffuser and seriously in-
terfered with the diffusion of the chlorine to the interface. Previously these
inert gases were removed from the diffuser element by evacuating the cell just
crior to testing. While evacuation of the cell effectively prevented gas blocks,
the method appeared to be impractical for the final application of the battery.
As a result, the electrode was redesigned so that the entrapped air could be
removed by flushing.
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(2) The porous carbon diffuser was provided with .an
exit channel at tne bottom of the electrode and parallel vith the chlorine
entry tabe (see Figure 13). By first adcing the electrolyte to the nsserabled
cell so that the separator and mix-cake surface were wet, air could be removed
from the entire electrode by flushing with chlorine, because the capillary
action of the electrolyte at the wet face effectively prevented the escape of
gas through the porous face.

c. Testing Procedure and Conditions

The electrolyte was first added to the cell until the
entire separator area was wet. The exit tube wes opened and the electrode was
flushed with chlorine for 5 minutes. At the end of this time the exit tube
was closed, and the chlorine flow was reduced to that corresponding to 90%
efficiency. In some tests the exit tube was left open and an excess of chlorine
was permitted to flow through the electrode.

d. Results and Discussion - Small Cells

(1) A very significant advance in cell performance
was obtained by the use of the resin-bonded mix-cake. The anticipated gain
in voltage vs time performance was realized. Several cells were operated for
periods of 78 hr with only moderate cathode deterioration. At a current drain
of 0.25 aip/sq in., the voltage drop caused by cathode deterioration over the
operating life was 0.12 volt, or 0.0015 volt/hr.

(2) During the long tests, the zinc anode was re-

placed at approximately 30-hr intervals. The zinc anode efficiency was found
to be 92 ± 5%.

(3) Another cause of voltage drop with time, in
addition to that caused by the deterioration of the catiiode, was evident in
cells which were in operation for extended periods. This additional voltage
drop was found to be associated with a black deposit, initially thought to be
zinc particles, which had flaked off the anode and accumulated on the glass
wool separator; however, an analysis of a sample of this deposit revealed that

it was primarily lead, which constituted the major impurity in the zinc used

as anodes (see Table II). Further reference to this problem will be found in

later sections of the text.

(4) Figures 14 to 16 show the voltage vs time
characteristics at 0.25 amp/sq in., as well as the voltage vs current character-

istics at various times during the discharge at 0.25 amp/sq in. The data of

Figure 17, calculated from Figures i4s, 15, and 16, summarize the changes in
internal resistance with time.
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(5) The frequent changes of the anode were necessitated
by a combination of slight local action and non-uniform usage. The unevenness
of use resulted in an uneven corrosion pattern on the anode, leading to an
apparent increase in internal resistance. Of equal importance in the progres-
sive increase in internal resistance was the formation of the black decosit on
the separator heretofore mentioned. Thus, a change in both the separator and
anode resulted in a substantial recovery in operating voltage. The irreversible
deterioration of the cathode accounted for the remainder of the internal-re-
sistance rise. The test was terminated after 78 hr because chlorine had corroded
through the zinc duplex backing on the cathode.

(6) The test described above also showed that an
additional advantage was gained by the use of the resin-bonded mix-cake, i.e.,
a decrease in the cell polprizption at high current drains. Figure 18 shows a
comparison of performance of the best cell made with a water-based mix-cake
with that of a cell made with a resin-bonded mix-cake. After 5 hr the internal
resistance of the cell with the water-based mix-cake was 0.78 ohm-sq in., while
that of the cell employing the resin-bonded mix-cake was 0.h6 ohm-sq in. After
15 hr the difference in internal resistance was even greater (1.08 ohm-sq in.
for the water-based mix-cake, 0.66 ohm-sq in. for the resin-bonded mix-cake).
The polarization of cells utilizing the resin-bonded mix-cake was so low that
the electrolyte resistance constituted one of the principal iR drops in the
cell. The use of recirculated electrolyte of high zinc chloride concentration
resulted in cells with an internal resistance low enough to make possible current
densities of nearrly 2.00 amp/sq in. rit a cill voltnge_ in exces!- of 1.00 volt,
Power densities of 1.80 watts/sq in. were obtained after 31 hr of operation.
The fact that this power is available from the cell does not alter the optimum
operating conditions of approximately 0.25 amp/sq in. (Reference 2). However,
the extra power is important in th;at the cell cnn be called upon -in emergencies
to deliver high power.

(7) One test wos made on a cell in which the mix-cake
was molded on the diffuser. The performance of this cell was, within experi-
mental error, the same as that of cells in which the mix was molded on the
separator. The test was discontinued after (' hr. This molding technique was
avoided when water-based mixes were used, because of the probability that the
excess water from the mix would penetrate the diffuser and cause early failure
of the electrode. With the present mix formulation this difficulty would not
arise, and the contact resistance between mix-cake and diffuser should be
uniformly low.

e. Results - Intermediate Cells

Several tests were conducted in which both water-bonded
and resin-bonded mix-cakvs were used. 'Figure 19 shows the best results obtained
using the two mix-cakes. It may be noted that the best res,,lts obtained thus
far using a water-based mix-cake were realized; however, even better results
were obtained using the resin-bonded mix-cake. At a current density of 0.25
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amp/sq in. the operatin, voltages were 1.73 and 1.82 volts, respectively, after

1 hr of cell operation. The correspondinf. specific internal resistances were

1612 and 0.7h ohm-sq in., respectively. In addition, for the resin-based mix-

cake an output voltage of 1.90 volts and a specific internal resistance of o.45

ohm-sq in. were obtained after 15 mi.n of cell operation at 0.25 amp/sq in.

f. Series Cells

(1) Description of Battery and Testing Procedure

(a) A number of three-, four-, and five-cell

batteries were made using small cells in which the cathodes were fed chlorine

from a common manifold. An excess of chlorine was kept flowing through the

cells and a common exhaust manifold was used. Carbon taps were built into each

cathode so that the voltage of each cell could be determined. The order of

chlorine feed from the manifold was staggered, so that if any variation occurred

because of prespure drop in the manifold, this variation could be distinguished

from that due to a position in the cell stack, i.e., due to heat effects or

short circuiting. The entire unit was spring-loaded in a clamping device. The

series connections were made by cementing a i/8-in.-thick piece of zinc to the

zinc face of a sheet of zinc duplex, and by cementing the back side of a diffuser

element to the carbon fece of the duplex. The cement was a mixture of Glyptal

resin and the same carbon used for the mix-cake, except that the resin-carbon

ratio was very much higher,

(b) The first test wz's performed on a five-cell

battery in which electrolyte was dripped over the separator of each cell. No

edge insulation was used. In succeeding tests, the edge of each duplex elec-

trode was covered with asphalt and 1/2-in, polystyrene inselatinn fins were

added. The electrolyte was then simply sprayed over the entire battery from a

showerhead device.

(2) Results and Discussion

(a) All of the five cells of the first battery

had initial output voltages, vithin experimental error, equal to the average

output voltage of a single small cell. The rate of failure, or drop in volt-

age, was very much greater than for single cells. This was found to be due

to short circuiting of cells through electrolyte paths that formed on the sides

and edges of the battery.

(b) The asphalt and polystyrene insulation

eliminated the short circuiting in the succeeding: tests. In the No. 3 cell

of the second five-cell battery, asphalt penetrated the separator and restricted

the electrolyte entry. The output of this cell was definitely lower than the

other four of the battery (see Figure 20). This one defective cell did not

affect the performance of the other cells. The test was discontinued after 8

hr.

Page 15



V Exp(rimentel Results, B (cont.) Report No. 776

(c) Failure of one four-cell unit was caused
by preiatnure f.ilure of the carbon-zinc bond. Another four-cell unit using
recirculated electrolyte was discharged at a constant current drain of 0.12
aip/sq in. for 23 hr. This battery had initial and final output voltages of
Y.7 and 7.5, respectively. After 5 hr, the internal resisttnce of the battery
was 0.48 ohm-sq in; the internal resistance of the individual cells ranged from
0.46 to 0.51 ohm sq in. After 23 hr, the internal resistance of the battery
had incrersed to 0.70 ohm-sq in., and the variat~on of the internal resistance
between the individual cells was qaite large (0.50 to 0.90 ohm-sq in.). In-
spection of the various cells disclosed that in Cell No. 1, which had the
highest internal resistance (0.90 ohm-sq in.), small amounts of electrolyte
had penetrated at various spots in the cathode and led to uneven corrosion of
the zinc anode. -Cell No.. 4 (internal resistance of 0.63 ohm-eq in.) also
shored uneven corrosion of the anode. Cells No. 2 and 3 (internal resistances
of 0.50 and 0.55 ohm-sq in.) exhibited fairly even corrosion of the anodes.

(d) A three-cell unit which operated for u hr
failed because a high spot, resultinr from uneven corrosib)n of the zinc, punc-
tured the separator and shorted the center cell.

4. Cells with Toype VI (Diffusion-Feed) Cathodes

a. Introduction

Experiments w're . rde with diffusion-feed electrodes
in the hope that they would prove prectical• their use would have resulted in
a simplified cell construction. It wns demonstrated, however, that there was
a limitation to the maximum current as a result of the inability to remove air
from the diffuser by flushing. In ad ition, wet ing of the ex-osed diffuser
edges by electrolyte was a major difficulty in long-term operation.

b. Description

(1) The Type VI diffusion-feed cathode is shown in
Figure 21. There wrre no entry tubes or exit tubes in the diffuser element.
Chlorine entered by diffusion through the open _edges and bottom. The top of the
electrode was covered with Carboline, and fins were provided to protect the
sideF of the electrode from wetting by the dripping electrolyte.

(2) Because the assembled cell was placed in a vessel
filled with gaseous chlorine, the back of the zinc anode was coated with Glyptal
in order to prevent chlorine attack duringr cell operation.

c. Preparation of the Mix-Cake -- Small Cells

(1) The substitution of a resin in place of water as
the mix-cake binder eliminated the dinger of premature wetting of the diffuser
element. Thus, techniques involving the molding of the mix-cake directly on
the diffuser element became acceptable. With this in mind, attention was turned
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to the development of a mix-cake fabrication technique which would result in
a uniform and firmly bonded mix-cake. The initial procedure evolved is as
follows:

(a) A stainless stef-l mold was placed around
the diffuser element; the height of the mold was such that the resulti.ng cavity
contained 0.18 gram of Cabot No. 2047 battery carbon black per sq in. of dif-
fuser surface.

(b) The carbon black was added in excess by
means of a flour sifter.

(c) A straight-edge leveling bar was then
moved across the mold surface to remove the excess c&xtcn.

(d) The carbon black in the mold was then
covered with a piece of Munising paper (or Whatman No. 1 filter paper) to
facilitate the removal of a porous carbon block which was saturated with
bonding solution (see Section 3,a,(3)) and placed on the paper.

(e) The whole assembly was then pressed at 190
,:si; and transfer of the bonding solution from the carbon block into the mix-
cake occurred readily.

(f) The electrode assembly was then pressure-
clamped and baked for 24 hr at 700C.

(g) After bonding was completed, the paper was
removed from the top of the mix-cake and the diffuser element was cemented to
the zinc duplex.

(2) In order to minimize any edge effects, the
dimrnsions of the carbon diffus.r aid its associated mix-cake were increased
to 2 1/4 x h 1/4 in. Henceforth, all references to "s-mall" cells involve
cathodes of these revised dimensions.

d. Preparation of Mix-Cake - Intermediate Cells

Because molds of the t~pe described in Section h,f
were unavailable, the mix-cakes used in the intermediate-size cells were molded
directly on the separator as described previously.

e. Results - Small Cells

Figure 22 illustrates the effect of prior evacuation
on cell performance. At low chlorine rresures (15 psig), the cells tested
without pr- or evacuation operated. satisfactorily at current drains below
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0.5 amp/sq in. However, as shown in Figure 22, at higher current drains there
was a marked incr ase in cell polarization. vithout prior evacuation, at low
chlorine pressure, the residual air in the vessel contributes appreciably to the
total gas concentration (50 mole% at 15 psig), and the rate of diffusion of
chlorine through the diffuser to the interface is reduced. This results in in-
creased polarization at higher current drains. As expected, at higher chlorine
oressures (80 psig) where the residual air becomes a small portion of the total
amount of gas, the cell operated satisfactorily even at higher current drains.

f. Results end Discussion - Intermediate Cells

(1) Tests employing these cells were conducted to
determine the effect of chlorine pressure on cell performance. Both Type V
and Type VI electrodes were used at the desired pressures. It should be noted
that a positive chlorine flow was maintained durinv tests with the TyPe V
electrode. The effect of Prior evacuation on Type VI electrodes was also studied.

(2) Typical res ilts of the tests employing Type V
electrodes may be found in Figure 23. The cell was initially operated at
atmospheric pressure for 1 hr, after which the effective emf and specific in-
ternal resistance were determ'ned. The cell was then sealed in the test
vessel, the chlorine pressure wes increased to 80 psig, and another set of
i:olarization characteristics was determined. An effective emf of 2.02 volts
and a specific internal resistance of 0.52 ohm-sq in. were obtained at at-
mospheric oressure, as compared with 2.10 volts and 0.50 ohm-sq in. at 80 psig.
It may be noted from Figure 23 that although the internal resistance of the
cell was relatively unaffected by the increased chlorine pressure, the cell
operating voltages were increlsed by about 0.09 volt for comparable current
drains. For instance, at a current density of 0.26 amp/sq in., operating
voltages of 1.87 and 1.95 volts, respectively, were obtained.

(3) Figure 24 illustrates typical results obtained
employing the Type VI electrode,, In this test the cell was initially sealed
in the test vessel and, after evacuation, chlorine was admitted until a pres-
sure of 10 psig was attained. The cell was operated for 1 hr at a current
density of approxiirately 0.25 amp/sq in., after which the polarization char-
acteristics were determined. The chlorine pressure was then increased to
25 psig, and changes in the polarization characteristics were noted. At 10
psig the effective enif and specific internal resistance of the cell were 2.02
volts and 0.52 ohm-sq in., respectively, as compared with 2.06 volts and 0.53
ohm-sq in. at 25 psig. Althou h the internal resistance of the cell was not
affected by the increased pressure, the operating voltages at comparable
current drains were raised by about 0.025 volt. At a current density of about
0.25 amp/sq in. the cell voltages were 1.88 and 1.90, respectively.
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(4) Figure 25 Eives the results of a tert utilizing
a Type VI electrode without initial evacuation of the :•resvure vessel. Chlorine
pressures were 10, 30, and 80 prig. The mole fractions of chlorine in the test
vessel under these conditions were 0.4405, 0.670, and 0.845, respectively. At
10 psig pressure, good cell performance was obtained up to current densities
of about 0.5 amp/sq in. (i.e., 1.88 volts at 0.25 amp/sq in.); however, at
higher current draIns there was a narked increrse in cell polarization. At
current densities of 0.5 atip/sq in. and less, the effective cell emf was 2.03
volts and the specific internal resistance was 0.54 ohm-sq in. At 30 and 80
psig pressure, the voltage vs current density plots were linear up to the
maximum current density utilized (apr~roximately 1.0 amp/sq in.). At a current
density of 0.25 an0/sq in., an operating volt fe of 1.95 volts was obtained at
30 psig, as compared with 1.99 volts at 80 psig. The effective emf's were
2.07 and 2.11 at these pressures, and the specific internal resistances re-
mained relatively constant at 0.43 and 0.41 ohm-sq in.

g. Althou-h the Type VI cathoder ar e-red to perform aswefll
or bettir than the flushinq tvpe of cat,:ode :rev ously described at miderate
current densities, a major difciculty in the long-term operation of the cathodes
was soon apparent. Cells of this t, :e showed wetting around the edges as a
result of the Poist atmosrh re to which they were exposed. It is conceivable
that this wetting could bec.,me sufficiently serious to prevent or hinder
adequate chlorine entr? into the diffuser element. In addition, for operation
at low -,ressures and relrtivelv high current densities, this type of electrode
requi.res evacuation before ave. These observations led to the termination of
expertments employing thp Type VI electrodes in favor of Type VII, described
in the following section.

5. Cells with Type VII Cathodes

a. Description

The structural features of the Type VII cat ,ode are
identical vYith those of Type V, illustrated in Figure 13. The fundamental
difference lies in the fabrication of the mix-cake. The Type VII electrode
(2-1/4 in. x 4-1/4 in. x 0.5 in.) employed a resin-bonded mix-cake molded
directly onto the diffuser element by the technique described for the Type VI
electrode.

b. Results and Discussion

The Type VII catlode as we I as the Type VI cathode
was emplo-ed -n experiments especially designed to ascertain the cause or
causes of non-uniform utilization of the zinc anodes. These results are given
in Section 7, below.
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6. Improved Diffuser to Zinc Durlex Bond

a. Introduction

Prior to this Doint -n the program, the agent used to
bond the diffuser elepient to the z4.nc dul lex (i.e., to the anode of the next
cell in a series battery) consisted of a thick paste of Glyptal and Cabot
carbon black. After setting, this i ;xture formed a hi;hly conductive but
structurally weak bond.

b. Development

(1) In order to obtain a highly conductive, yet
strong bond, Carbo-Fix liquid and Carbo-Fix powder (Carboline Co., St. Louis,
Mo.) were substituted for Glyptal. The optimum proportions of Carbo-Fix liquid,
Carbo-Fix powder, and Cabot No. 20h7 carbon black were determined by preparing
a mixture of 20 g of Cabot No. 2047 carbon black and 110 ml of Carbo-Fix liquid
and adding various amounts of Carbo-Fix powder. Bonds of zinc duplex to dif-
fuser element and zinc metal to diffuser element were then made.

(2) The samples mere baked 4 hr at 1400C under a
clai:ing pressure of 190 psi.

c. Rexsllts

Tpble ITI shiol-s the reslstivities of the resultant
bonds. The bond strengths between zinc netal and diffuser elements were poor.
On the other hand, the bond strengths betwe:?n zinc du.lex and diffuser elements
were e:cellent. As anticipated, the higher the -oroportV .n of Cerbo-Fix powder,
the stronger was the bond. In the case of 20 and 30 wt.% Carbo-Fix powder,
the resulting bond strengths were such that structural failure of the diffuser
element occurred before that of the bond wahen the bonded pair was subjected
to mechanical shock. Furthermore, attempts to strip the zinc duplex from
the diffuser element resulted in the removal of the carbon backing of the
zinc d'aclex.

7. Uneven Zinc Corrosion

a. Introduction

(1) At this st>:je in the program the - roblem of
uneven zinc corrosi)n a ,e~red to be the remaining obstacle in obtaining long
service life. This uneven corrosion resulted in unused or little-used high
s:ots on the zinc anode which haU the effect of increasing the electrode
spacing and hence the internal resistance of the cells. Furthers, iore, there
were instances in wuich the unused portions of the zinc were sufficiently sharp
to puncture the separtor and short-circuit the cell.
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(2) The experiments described in the followin.
paragraphs were c~rried out to detenrmne the cause of uneven zinc corrosion.

b. Results and D; scussion

(1) Experiment No. 1

(a) A series of three ex-erimaents, -erformed
under widely var-,,"nj conditions, (,ve rise to zinc corrosion patterns of
striking similarity. In each case there were wrinkle patterns on the mix-
cake which were mir or images of the z-.nc corrosion pattern. The zinc corro-
sion pattern in all three instances consi-ted of a well-used center portion
bounded by a slightly used border. The only feature common to the three cells
was the fabrication of the mix-cakes at the same time, using the technique
described for Type VI electrodes.

(b) The experimental conditions for the three
tests were as follows:

Cell 1 - Tyqpe VII cathode, immersed, spacer
(no separator), atmospheric pressure

Cell 2 - Type VII cathode, non-immersed, glass
wool separotor, atmospheric pressure

Cell 3 - Type VI cathode, non-immersed, Dynel
sei>vrator, 15 psiiu chlorine pressure

All cells were discharged at high droin rates (1.0 to 2.0 amp/sq in.). After
the first 10 to 15 rdinutes, all-cells exhibited a fr•adual drop in load voltage.
When the cathodes were sectioned, a d~rkened area. was observed around the

perimeter of the diffuser element of erch of the threeý electrodes. The darlBned
area comprised a---roxhiately 1/2-in. lateral penetration. This closely matched
the unused border of the zinc anodes. At that time it was believed that the
darkened areas were due to excess Glv~tal which had entered the diffusers
during the mix-cake fabrication, in which case it was conceivable that the
Glyptal-impregnated portion of the diffusers acted as a block to chlorine
diffusion. In order to determine whether this was actually the c2se, Experi-
ment No. 2 was performed.

(2) Experiment No. 2

Several Type VII electrodes were made in which
2 to 10 drops of pare Glyptal were rllaced on the center of the diffuser face
prior to mix-cake fabrication. The cells utilizing these electrodes were
discharged for 15 minutes at hih currents and then disassembled. The tests
made with the center-impregnated electrodes failed to disclose any corresponding
non-uniformity at the zinc anode. However, the mix-cake surface continued
to develop wrinkles at random spotr which, as in --revious cases, showed
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corres onding irregulýrities on the zinc surface. C].)se inspection of the
wrinkled aress indicated that these were regions in which the inix-cake and
diffuser were out of contact, causing hiý;h inte nal resistance at these points
and resulting in decreased utilization of the corres onding zinc area.

(3) Experiment No. 3

This experiment showed conclusively that poor
bondin2 between the mix-cake and the diffuser element was res,-onsible for
irregulorities in the zinc corrosion pattern. A Type VII cathode was construc-
ted using a clampin7 device in which the clamping -ulate next to the mix-cake
contained a small hole in its center. The cell was discharged under the
same conditions as .reviously noted and, on disassembly of the cell, the anode
exhibited a reproduction of this hole as an upraised portion on its surface.

(4) Conclusions

The above expe iiients proved that good bonding
between the mix-cake and diffusar wras of vrimory importance in obtaining
uniform utilization of the zinc anode. As a result, a revised method of mix-
cake fabrication was developed.

8. Cells with Tyne VIII Cathodes

a. Develo :went

(1) In order to insure good bonding between the mix-
cake and diffuser element over the entire electrode surface, the method of
preparation of the mix-cake, as described previously for Type VI and VII
cathodes, was modified.

(2) Since the tests with center-Lipregnated elec-
trfdos sho",ed no dotpct.cble intorfoi',-nce by the Glyptal snot to chlorine diffu-
sion, there seemed no valid objection to impregnathon of the entire diffuser
with Glyptal during the preparation of the mix-cake.

(3) The new r:rocedure for 1 aeking the resin-bonded
mix-cake is as follows: A piece of Whatman No. 1 filter pape: is -.laced on
a surface-Iround steel plate. On t-,'y of the filter ,'apr is placed a flat
steel wold 2-1/h x h-1/h in. in intern, 1 are:. and 3/32 in. deep. The depth
of the mold: is s c;i thmt the resuitl, nV cavity will contain 0.18 g of Cabot
No. 2047 battery carbon black i•er square inch of diffuser surface. The
carbon black is adced in excess by m':xns of a flour sifter. A straight-edge
leveling bar is then moved across the mold surface to remove the excess carbon.
Another steel fraee, 2-1/h x h-1/h in. in internal area and 1/h in. deep, is
positioned over the ;,:old bý ileans of a series of r-uide pins. This frame serves
as a Euide when the diffuser elerent is ;-lcced on the car on black. The
diffuser element (Grade hO or 60 as sp•ecified in each exfperiment), Prior to
being placed on the cirbon black, is satarted with the bonding agent, a
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mixture of Glyptal and thinner in the volume ratio, unless othe:'nise specified,
of 1:3. After the dif.user is -ositioned in the guide, another surface-ground
steel plate is i'laced on the diffuser element and the entire assembly is
pressed at 190 psi for several rainutes, the higher pressure ensuring better
contact b,,tween the faces. The mold and guide are then removed, and the
electrode is clamped at a pressure of 190 psi and baked for 24 hours at 700C.
After bonding is completed, any filter paper adhering to the mix-cake surface
is removed by means of fine emery paper.

b. Testing Procedure and Conditions

(1) The physical assembly of the cells was identical
with that used for cells employing the Type VII electrode.

(2) The tests were conducted at an Accelerated rate,
i.e., the cells were externally short-circuited in order to maintain the
maximum current drain possible for a period of 5 hours.

c. Resilts nnd Discussion

(1) The results )f the first test (using a Grade 60
porous carbon block are s own in Figure 26. The cell was discharged at a
constant current density of 2.25 amp/sq in. for 5 hours. The specific internal
resistance at the end of this .eriod was 0.33 ohm-sq in. The load voltage at
the drain of 2.25 amp/sq in. was 1.03 volts and remained relatively constant
over the entire 5-hour period. At the conclusion of the test the cell was
disassembled. The surface un.formity of the zinc was excellent. The surface
of the mix-cake was free of wrinkles or any other indication of change.

(2) A test was conducted using a thinner-to-Glyptal
ratio of 2 to 1 rather than 3 ti) 1. This cell was dischaxged at an average
current drain of 1.5 amp/sq in. for 5 hr. The specific internal resistance
of the cell was 0.50 ohm-sq in., and the load voltage dropped from 1.18 to
0.95 volts during the test. The zinc anode used in this test was only 1/8 in.
thick4 and substantial portions around the perimeter of the zinc had been
completely used, resulting in a progressive voltage drop near the end of the
test (see Figure 27). Once a'-ain the surface uniformity of the zinc was good,
and the mix-cake was free of any visible, phlirsical chanre. However, because
of the lower power output of this cell, compared with that discussed in the
previous paragraph, all subsequent mix-cakes were made using a thinner to
Glyptal ratio of 5 to 1.

9. Additional Experirments

a. Effect of Temperature

(1) To measure the effect of temperature on cell
performance, a cell employing a Type V catiode was discharged at a chlorine
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pressure of one atmosphere inside a heoted cnambcr. The electrolyte feed line
was passed through the heating bath to :.reheat the electrolyte. The tempera-
ture recorded as that of the system was the temperature of the effluent
electrolyte at the bottom of the chamber.

(2) The cell was dischprged for one hour at room
temperature (220C) and then heated to 760C in 20 minutes. The voltage rose
from 1.92 to 1.95 at a drain of 2.00 a&p (0.25 amp/sq in). The voltage re-
turned to 1.92 when the system was cooled. This gain was approximately that
expected on the basis of increased conductivity of the electrolyte. The
opposite effect,caused by the decreasing solubility of chlorine with increasing
temperature, was ap.arentlv negligible.

b. Silicone-Bonded ]1ix-Cake

(1) A Type VIII cathode was fabricated in which Dow-
Corning XR-807 silicone resin wa: used as the bonding. agent. The XR-807 is &n
alkyd-silicone resin containing 25% silicone. The bonding mixture used was one
part resin to four perts thinner. Th' cell employing this cathode was dis-
charged for 3 hours at 2.0 amp/sq in. (see Figure 28). The specific internal
resistance of the cell was 0.29 ohm-sq in. The corrosion of the zinc was very
unifonr, and the mix-coke surface showed no detectzble change.

(2) As the above experiennt indicftes, there are
other resins v.'hich can be used in place of Glyptcl. The choice of Glyptal
was dictated by convenience, and it is qite conceivable that an active search
could reveal a bonding ap~.nt whose chemicýl inertness is equivalent to that
of Glyptal but whose aise !Aiht res It -n a cell idth a lower internal resistance,
Furthe;,'n.:ro, the curing of Glyptol 1202 (a thermosetting resin) involves an
oxidation process as well as heat conversion. It would be a distinct advant-
age to substitute a non-oxidizing, heat-convertible thermosetting resin.

c. Effect of Increcsed Electrolyte Path

(1) A cell employing a Type V electrode whose
dimensions were 2 in. x 8 in. x 0.5 in. was constructed. The method of elect-
rolvte feed (i. e., with the electrolyte added at the to.: of the cell through
a multiple dropper) was the same a in the normal-sized cells. Thus, the
electrolyte path throuvh the cell was effectively doubled.

(2) After 2 hours discharge at 1.5 amp/sq in., which
is sufficient to ;ive an interpretable anode corrosion pattern, the cell was
disassevbled and inspected. Mo detectzble difference in corrosion occurred
between the upper and lower portions of the electrode. This indiccted that
the present method of electrolyte entry wa. adequate for long cell configura-
tions.
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d. Studies on Separator Materials

(1) The poor mechanical strength, as well as the
difficulties in handling of glass wool, led to the search for a new separator
material. The following materials were investigated:

(a) Webril, impregnated with Polyblend (Kendall
Mills)

(b) Webril, impregnated with GRS latex (Kendall

Mills)

(c) Glass-fiber naper (Hurl'ut Paper Company)

(d) Non-woven Dynel mats (Kendall Mills)

(2) The impregnated Webril materials suffered pro-
gressive chemical deterioration during cell operation. No such failure occurred
with Dvnel or glas -fiber paper. However, after initial saturation of these
two separators by electrolyte, there was little, if any, evidence of free
passage of fresh electrolyte through the separators. As a result, concentra-
tion polarization caused rapid cell failure.

(3) The search for a new separator mate'ial is still

in progress.

e. Self-Leveling Ability of Anodes

(1) The anode in a cell systEn such as that under
consideration is in principle self-leveling. Any raised portions of the anode
surface would have a higher-than-average local current density and utiliza-
tion rpte because of the smaller electrode spacing and consequently smaller iR
drop through the electrolyte. However, in practice, self-leveling of the anode
does not occur if the cathode exhibits gros variations in properties. Cathodes
embodying the improvements in mix-cake molrming discussed in this report and so
uniform that even relatively large vnriations in the anode surface are self-
leveling, as the following experiment shows.

(2) A cell was discharged at high drain for 18.2
ampere-hours, usinf a smooth zinc anode, and then disassembled. Examination
of the anode revealed a uniform corrosion pattern, indicating that the cathode
had been properly fabricated.

(3) The same cathode was assembled into a cell with
an anode which had an irregilar corrosion pattern as the result of a previous
cell failure. This cell was discharged at high drd n for 1.4 ampere-hours
and then disassembled. Examination of the zinc revealed that the corrosion
pattern had become almost completely uniform, thus confirming the anticipated
esif-leveling capability of the present zinc-chlorine cells.
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10. Cells with Type IX Cathodes

a. Development

(1) As described, the mix-cake for Type VIII cathode
was made on the surface of a piece of Whatman No. 1 filter paper. Presumably,
almost any grade of filter paper would have been equally acceptable. After
the Glyptal-bonded mix-cake was baked, the filter -aper was removed from the
mix-cake surface by means of fine emery paper. Generally, the latter opera-
tion resulted in variations in thickness and uniformity in any one mix-cake
and between different mix-cakes.

(2) This andesirable variable was eliminated by
substitution of O.OU2-in.-thick aluminum foil for the filter paper. After
baking, the foil was easily stripped off, leaving a clean, uniform mix-cake
surface which required no further trertment.

(3) In many instances, at the conclusion of a test,
a projection of unused zinc was found on a lower corner of the anode (Figure
29A). The projection appeared on the corner of the zinc directly opposite the
sealed end of the chlorine exit hole. In such cases, the projection caused
increasing separation betwe -n anode and cathode during operation, with a
resultant increase in internal resistance. Frequently, this projection punc-
tured the separator and short-circuited the cell, causi ng failure.

(la) In an attei-opt to eliminate this difficulty, the
sealed end of the chlorine exit hole was opened and an exit tube was provided
from each side of the cathode. This procedure resulted in the appearance of
smaller projections, one on each lowcr corner of the anode (Figure 29B).

(5) It became app-arent that the preliminary flushing
of the porous cathode with chlorine did not remove residual air from the pores
of the diffuser in the region immediately above the chlorine exit hole. Uni-
form utilization of zinc at the lower corners was ac ieved (Figure 29C) by
extending the lower cathode at least 1/4 in. below the zinc anode, so that
the region of the diffuser opposite the exit holes need not be cathodically
active. In large cells it will be possible to effect this arrangement without
significantly increasing the waste volume of the cell, althoufh in the labora-
tory cells it results in a rather large ratio of total volume to active volume.

(6) Figure 30 is a sketch of the cathode currently
used and represents what is considered the final design.

b. Testing Procedure and Conditions

(1) All tests were conducted at atmospheric pressure
using glass wool (Pyrex Catalogue No. 800) as the separator.
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(2) The Glyptal-to-thinner ratio used for mix-cake
fabrication was 1:3 in every inst,?nce.

(3) The general procedure for extended discharge
tests was to subject the cell to a short (0.5 to 1.0 hr), high-drain (2.0 to
3.0 amp/sq in.) discharge. At the end of this period, if the cell showed no
signs of failure (i.e., voltage droll), the circuit load was decreased to
maintain a discharge rate of 0.25 amp.sq in. for the remainder of the test
period.

c. Results and Discussion - Extended Discharge Test No. 1

(1) This cell operated for a total of 170 hr, the
last two-thirds of the period with a cracked diffuser. This successful opera-
tion with a broken cathode demonstrated the ability of the present design to
perform under adverse conditions.

(2) Details of the constrction and operation of the
cell are given in Table IV and F-gure 31. The diffuser was made of Grade 60
porous carbon. The zinc anodes, with an effective area of 7.3 sq in., were
1/4 in. thick (equivalent to 25 amp-hr/Eq in.). The cell was operated at
0.275 amp/sq in., and each anode therefore had a theoretical operating life
of 91 hr. New anodes and separators were installed approximately every 50 hr.
The glass-wool separator was 0.045 in. thick and there was no initial high-
drain discharge.

(3) Ihen the first anode was changed after 49.3% of
the theoretical life, examination showed that the zinz surface was rough, but
uniformly used. However, there wis evidence that the roughness of the zinc
surface caused mechanical abrasion of the glass -wool separator, vith the result
that some of the sharper portions of the zinc surface penetrated the separator.
This resulted in short-circuiting of the cell and, of course, declining cellvoltage. Identical results -iere obtained with each anode used in the test;
i.e., uniform zinc surface usage accompanied by roa hening of the surface.

(4) Examination of the separators during each cell
disassembly revealed the presence of the black, flaky deposit (principally
lead) mentioned erlier in the report. Although surface amal'amation of the
anodes had not entirely prevented formation of the deposit, it was eliminated
in succeeding tests by the addition of a small amount of mercuric chloride to
the electrolyte. It is believed that in the future, utilization of zinc of
high purity (99.96 wt %) will eliminate the necessity of adding mercuric
chloride to the electrolyte.

(5) It is of interest to note that each change of
the anode resulted in an initial opernting voltage which was higher than the
initial operating voltage of the preceding electrode pair. Table IV shows that
no significant decrease in initial internal resistance occurred with each
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zinc change. No complntely satisfactory explanation of this phenomenon has
yet be--n advanced.

(6) At some time between 70 and 85 hours, the cathode
was cracked across the center as a result of momentcry excessive clamping
pressure, but no immediate change in performance resulted. During succeeding
cell disassemblies, electrolyte was prevented from penetrzting through the
crack by cprefal manipulation. There wes, however, some evidence of local
action on the anode, thus leading to a decrease in zinc utilization efficiency.
However, the test was carried to conclusion.

(7) At the end of seven days of continuous operation
the anode and separator were chanfed again, and the cell was oper:ted at the
high average current of 1.96 a-,p/sq in. for 3 hours. Cell performance is
illustrated in Figure 32. The specific internal resistances at the beginning
and end of the high-drqin period were 0.39 ohm-sq in. and 0.54 ohm-sq in.,
respectively. This performance indicated that des;-ite the crack, the cathode
had not become substantiall, wet during the seven-day period.

(8) The effect on cell performance of electrolyte
penetration through the crack was illustrated by the following ,oxpprimpnt:
Immediately after the high-drain operation of the cell (Paragraph 7, above),
the current drain wps re-establshed at 0.275 amp/sq in. and maintained for
11 hours. The cell voltage after 11 hours was 1.73 volts. At this point,
chlorine fend was interrupted for 3.5 hours. VWhen the chlorine feed was
resumed, the initial cell voltage was down to 1.56 volts at 0.275 amp/sq in.
Within 5 hours, the cell voltage had droi'ed to 0.82 volt, although the open-
circuit voltage was still 2.11 volts. At this ,oint, a new zinc anode was
substituted, writh no improvement in cell rerformance. After 1.3 amp hr,
disassembly of the cell revealed almost no atilization of the lower half of
the z~nc anode., Large quantities of electrolite could be blown from the exit
tubes of the cathode. This experii.ent showed that deliberate interruption of
chlorine supply to a defective c't!iode could cause failure, although by proper
handling the cathode could be made to perform satisfactorily for an extended
time.

(9) The completion of this test represented the

first successful use of a single cathode for an extended period. The need

for a separator vith greater mechanical strength as well as the need for the
elimination of the seperator surface deposit was emphasized by this extended
dischcrge test. Des,:ite these defects, the test showed co(ýclusively that a
cathode constructed by the technique described herein is capable of operating
for at least seven dayrs without change or degeneration. Furthermore, utiliza-
tion of the zinc surface has been shown to be uniform over extended neriods
of low-drain operation as well as over short periods of high-drain operation.

d. Results and Discussion - Extended Discharge Test No. 2

(1) The cell used in this test was similar to that
used in the first test except that the diffuser was of Grade 40 instead of
Grade 60 porous carbon, and the sep~rator was only 0.030 in. thick.
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(2) An initial high-drain discharge of 8.8 amp-hr
at 2.6 ar•p/sq in. established that the cathode was serviceable. During the
test a current density of 0.25 amp/sq in. was maintained. The electrolyte
used in this test contained 5g HgC12 (in 100 ml 12N HC1) in 5 gal of simulated
sea water. Further details of the construction and operation are given with
the results in Table V and Figure 33.

(3) Operating voltafes of this cell were higher than
those of the previous cell. Furthermore, during the f 1 5r) hcuY., The
voltage dropped far less. The first anode was replaced after 55% of its
theoretical operý,ting life. A small leak developed in the cathode surface
after approximately 80 hoars, resulting in diminished cell efficiency (both
chlorine and zinc) and nece-sitating incre,'si.ngly frequent anode changes.
These changes are indicated in Figure 33. Attemrpts to repair the ]eak per-
manently did not prove successful.

(4) Several points may be noted regarding the be-
havior of the cell after each anode change. First, the initial operating
voltage became lower after the leak had developed. Second, the decline in
cell voltage became increasingly rapid with each zinc change. Furthermore,
each succeeding anode revealed a poorer corrosion pattern. Obvi.ously, in
this c~se, the leak not only permitted chlorine to escape through the mix-cake
but also permitted electrolyte to penetrate into the cathode. This led to
improper chlorine distribati~n within the diffuser and, as a result, to poorer
and poorer corrosion patterns.

(5) At the conclusion of the seven-day period, the
cathode surface aprpeared unchanged. It was apparent that Grade 40 carbon
could be successfully used as a diffuser. The sudden decline in performance
of the cell after 80 hours was due to the development of a chlorine leak near
the edge of the cathode, rather than to an inherent inability of the cathode
to perform for the required period.

e. Results and Discussion - Extended Discharge Test No. 3

(1) In this test, the cell, w:.ich contained a Grade
40 porous-carbon diffuser, was assembled vwth a single zinc anode 3/4-in.
thick, sufficient for cell operation during the entire test period. The anode
was made by clamping together six 1/8-in.-thick surface-amalfaml'ted zinc
pieces. for 1 hr.

(2) Separator thicknesses of 0.030 in. during the
first 96 hr and 0.045 in. for the last 72 hr were used. The electrolyte
contained HgC1 2 as in Test No. 2. The preliminary high-drain discharge at 2.5
amp/sq in. was for 9.0 amp-hr; the rote during the test was 0.25 amp/sq in.
Further details of the test are given in Table VI and Figure 34.
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(3) Figure 34 indicates a remarkable improvement
in extended operation. The initial drop from 1.07 volts to 1.65 volts
represents normal cell performance when cell operation is chanted to low-drain
discharge after a period of high-drain discharge. Visual observation showed
that the second drop, from 1.65 volts to 1.61 volts, occurred as the first
interface wps reached. At and beyond th-is coint, the cell maintained rem• rk-
able stability at 1.61 volts for a continuous period up to 136 hours (96 hours
at 1.61 volts). At 136 ho'rs, a 2- our interrupti.n in chlorine feed effected
a sufficient increase in internal resistance to cause a volt' ge drop to
approxi ately 1.51 volts, whpre it remained until the end of the seven-day
period.

(M) At 96 hours, a decre::se in the oren-circuit
volt, e indicated that cell disassembly was advisable. It was discovered that
c-%ditions at, the anode and cathode surface were excellent, but that Mechan-_cZol

abrasion hed caused enough t ar4ng of the seoarator to produce some contact
between anode and cathode. Fi-gure 35 is a picture of the secprator. A new
O.045-in. thick separator was nstalled, and the test was resumed vwth no
change in operating voltage. The mechanical abrasion was probably caused by
relative movement of anode and cathode as the cell clap is ti,::htened; a more
efficient clampinf device now being designed will eliminate this trouble.

(5) The interruption of chlorine flow resulted in
some electrolyte penetr,.tion into the cathode, with a subsequent increase in
internal resistance. The operating voltage o. the cell remained at approxi-
mately 1.50 volts from 168 hours until about 175 hours, after which a steady
decline began. At 190 hours, the cell voltage wa• down to 1.15. Disassembly
of the cell at this roint revealed that nuch less of the upper half of the
zinc hc6 been utilized than the lower half, indicating that the upper -ortion
cf the cathode had become wet with electrolyte during chlorine interruption.
The cathode surface conditinn appeared excellent after 190 hours, and the
corrosion pattern of the zinc surface, although higher in the upper portion,
was free from grosr surface irregularities. Judgi.ng from the performance of
the cell during the first 136 hours, and the condition of the anode and cathode
at the conclusion of the test, it appears highly probable that stable cell
operation can be obtained for extended periods.

f. Conclusions

The successful completi-n of extended discharge test

No. 3 indicated that the final design of the cathode was intrinsically sound.
Its ability to opertte for extended periods has been demonstroted. Consequentl•
it was believed that the time had arrived to attempt a scaling up of the
small cell to a size which might be considered as a small operational unit.
The results of such efforts are described in the following section.
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li. Large Cells - Type IX Cathodes

a. Introduction

(1) One-foot-square cells were constructed using
as neerly as possible the preparative technique developed for the small cells.
A cell th: s size is large enough to be considered a small operational unit,
i:nasmuch as a.440-v battery of such cells would deliver approximately 15,000
watts at the most economical dra~n of 0.25 amp/sq in. At maximum power, such
a battery would deliver close to 50,O0O watts, at approximately 240 v.

(2) The first of these large cells <ested Oave out-
standing performance during the initial 24 hr. Performance thereafter was
impaired by wetting of the electrode, a result cf an imperfection in the elec-
trode surface that v6uld not be nreseht in a production cell.

(3) A special set of molds and an associated clamping
device wi-re designed and fabricoted in order to prepare the mix-cake by the
technique developed for the Type IX cathode. An additional refinement in the
clamping device rrovi.ed for the removal of thinner vapors fromj and the drawing
of air through)the diffuser element during the baking heriod.

b. Testing Procedures and Conditions

The diffuser element was of Grade hO Carbocell and
the separator thicknes• was 0.030 i.. The electrolyte, which contained HgCI2
as described in the previous section, was re-circulated during the test. No
preliminary high-drain di-charge was ,tede, the current being adjusted inmedi-
ately to 0.25 amp/sq i-., where it was maintained throughout the test period.

c. Results and Discussion

(1) Results

(a) Figure 36 illustrates the results of the
initial test of a large cell. The performance of the cell during the first
24 hr operating period was very goocl, being compor ble with that of small cells.
The terminal voltage varied from an initial value of 1.68 volts to a final
value of 1.72 volts. The specific internal resistance at 1 and 5 hr was found
to be 0.65 ohm-sq .in.

(b) Figure 36 compares the 2h-hr performance
of the large cell and the small cell in extended discharge test No. 3. It is
apparent that the scaling-up proces was aacoi•plished with no loss in "er-
formance at moderate current dra ns, demonstrating the feasibility of fabricat-
ing operational-unit size cells.
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(c) Shortly after the 24-hr period, a 3-hr
interruption of chlorine flow during the night resulted in sufficient wetting
of the cathode to cause gradual cell failure. However, in order to develop a
definite corrosion pattern, the discharge of the cell was continued at 0.25
amp/sq in. until a total of 56 hr had passed, at which time the voltage was
still 1.28. The test was then terminated.

(2) Discussion

It has been demonstrated that large cells can be
made that almost duplicate the performance of small cells. It is important
that such good performance was obtained with the first large cell tested, after
a 20-fold scale-up from the small size. The experience gained in the fabrica-
tion of this cell will enable succeeding cells to give performance equal to or
better than that of small cells.

C. MAGNESIUM-OXYGEI" CELLS

1. Introduction

Early in the year efforts were made to develop a magnesium-
oxygen cell in which the difficulties associated with basic deposits on the
anode could be overcome. An investigation was made of the feasibility of using
a recirculating, chlorine-free electrolyte in the cell in addition to the
adaptability of Air-Cell carbon cathodes to the magnesium-oxygen system. Be-
cause the result,- obtained contrasted so unfavorably with the then known
characteristics of the zinc-chlorine system, further work on magnesium-oxygen
cells did not appear warranted.

2. Results and Discussion

a. Magnesium-Oxygen Cells with Air-Cell Carbon Cathodes

(1) When an Air-Cell carbon cathode with forced air
flow (Section A,3,(b),(5)) was used with a magnesium anode in a saturated
ammonium chloride electrolyte, an initial performance of 1.18 volts at 0o15
amp/sq in. was obtai.ned, but the voltage fell rapidly. Examination revealed
that the electrolyte had penetrated approximately 0.25 in. into the carbon in
an hour.

(2) Acid electrolyte (O.5N hydrochloric acid) pene-
trated the Air-Cell carbon even more rapidly, and within an hour a steady 0.89
volt at 0.15 amp/sq in. was reached, owing entirely to hydrogen evolution on
the cathode; i.e., the output of the cell remained constant long after the air
supply was cut off.
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(3) It must be assumed, therefore, that the Air-
Cell carbon developed for use in an alkaline cell is probably unsuitable for
long-term use in neutral or acid electrolytes.

b. Magnesium Hydroxide Precipitate

(1) In orc'er to determine the feasibility of using
a recirculating, chloride-free electrolyte in the cell, with magnesium hvdr-
oxide removed from the cell effluent by filtration, the following test was
made. The object was to find the amount of electrolyte that would be removed
from the circulating system with the magnesium hydroxide and hence would have
to be supplied as makeup.

(2) A piece of magnesium w2s completely anodized in
sodium sulfate solution and the precipitate was filtered and -.eighed. The
cathode was pure silver sheet. An external emf was applled. The current
density varied from 0 to 0.4 amp/sq in. for 24 hr; the magnesium current
efficiency was found to be 59%.

(3) It was found that, for 38.4 g of magnesium used,
452.3 g of precipitate was formed as a wet filter cake. This corresponds to

20 moles of water per mole of maagnesium hydroxide. Thus, the use of magnesium
anodes appearF to be ruled out, as it is not feasible to carry or produce
enough chloride-free wate'- to miake up for that lost in the filter cake.
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TABLE I

COMPOSITION OF SIIUIATED SEA ATER*

Salt gkg

NaCI 26.518

MgC. 2  2.447

11S04 3.305

CaC2 1o,141

KC1 0.725

NaHCO 3  0.202

NaBr 0.083

34.421

water to 1000.00

Sverdrup et al., The Oceans, Prentice-Hall, Inc., New York, 1942, p. 186.
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TABLE II

AHAL'SIS UF SEPaRkTOR DEJObIT AND ZT~jC

% Composition

Element Zinc Anode Separator De. osit

Aluminum 0.0063

Bismuth 0.023

Boron 0.028

Cadmium 0.05 0.Ii

Calcium 0.18

Chromium O.00068

Copper 0.15

Gallium 0.067

Iron 0.03 0.27

Lead 0.30 80.00

Magnesium 0.21

-langanese 0.0015

Me rcur, 5.00"

Silicon 0.059

Silver 0.0o46

Tin o.042

Zinc 99.62 2.4o

Chloride 6.10•

* Most, if not all, the mercury comes from the amalgamation of the anode.

k*Chloride comes from the electrolyte.
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TABLE III

RESISTIVITIES OF C. RBO-FIX BONDS

Basic Mixture: 20 g Cabot No. 2047 battery carbon black
110 ml Carbo-Fix liquid

Wt% Carbo-Fix Type of Resistance

Powder Bonded Element ohm-sq in.

0 Zinc duplex-diffuser 0.725

10 0.712

20{ 0.029

30 0.016

0 Zinc metal-diffuser Bond failure

10 0.336

20 0.322

30 0.420

Table III
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TABLE IV

EXTENDED DISCHARGE TEST NO. 1

Cell Behavior With Time (see Figure 31)

Effective specific internal resistance, Ri
TLme (hr) Cell voltage (ohm - sq in.)

0.5 1.71 ---
2 0.39
8 1.67

16 1.65
22 ---- 0.66
24 1.58 ---
32 1.48
40 1.29
45 1.31 0.85

45* 1.74 o. 4o
48 1.75
56 1.74
64 1.65
68 .070
72 1.55
80 1.47-
88 1. 4o --

90 1.34 0.87

90o" 1.73 0.42
92 ---- 0.39
96 1.75 0.39
100 ---- o. 4o

ok4 1.76
112 1.69
117 o.85
120 1.56
124 ---- 1.27
128 1.42
136 1.42
141 1.28 1 .4o

141k* 1.76 0.39
143 ---- 0.41
144 1.82
147 0.41
149 o.41
152 1.80
160 1.71 0.52
170 1.68 0.65

Zinc anode and separator were changed. Table IV
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TABLC V

EXTENDED DISCHA-7GE TEST NO. 2

Cell Behavior With Time (see Figure 33)

Effective specific internal resistance, R
Time (hr) Cell voltage (ohm - sq in.) 1

0.5 1.78 0.30
8 1.77

16 1.80 0. 42
24 1.80
32 1.75
40 1.71 0.57
48 1.72 ----
52 1.62 0.84

52* 1.86 0 .33
56 1.83
64 i.84
72 1.82 o.43
80 1.83
88 1.75
92 1.53 0.85

92* 1.73 o. 48
96 1.70

lO4 1.59
112 1.32 0.99

112* 1.72 0 ,50
120 1.68 ---
128 1.58
136 1.50
139 1.19144 1.46 --
152 1.44
160 1.32
166 1.38
170 1.20 1. 45

. Zinc anode and separator were changed.

Table V
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TABLE VI

EXTENDED DISCIOIRGE TE& T NO- 3

Cell Behavior With Time (see Figure 34)

Effective specific internal resistance, Ri
Ti-ie (hr) Cell voltage (ohm- sq in.)

0.5 1.77 0.30
8 1.75

16 1.65
24 1.66 o.4o
32 1.66
4o 1.61
48 1.61 0.43
56 1.62
64 1.61
72 1.62 o.43
80 1.61
88 1.59
96* 1.58 0.50

lO4 1.62
112 1.59
118 o.66
120 1.61
128 1.59
136 1.6o
144 1.52 1 .39
152 1.53
16o 1.50
168 1.48 1. 49

Separptor replaced.

Table VI
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APPENDIX

ELECTRUCHEVICAL DEFINITIONS

In general, for a galvanic cell

V W E-IRi

where

E - emf of cell, volts

V - termh.nal volt;ge

I current, amperes

Ri = internal resistance, ohms

When E and Ri are constant

d V = -Ri
TI

That is, the ncgative slope of the linear portion :f the curve of output
volt:?ge vs current is the internal resistance of the cell. Although E and Ri
are not always constant because of vwrious t'.mes of •olarization, heat effects,
changes in electrolyte composition, etc., the plot of V vs I often remains
linear over a large range of I. It is therefore convenient to define, for
the linear portion of the curve, the effective internal resistance of the
cell as

Ri =-

and to define the voltage at the zero-current intercent of the straight line
as the effective emf of the cell. The effective voltage is in general lower
than the observed open-circuit voltage of the cell; i.e., the V vs I curve
exhibits positive curvature at low currents. The o,'en-circuit voltage is
frequently much lower than the reversible emf of the cell (e.g., in cells
with magnesium anodes). The open-circuit voltage is of little interest in
cells intended for high-drain applications. The standard emf of the cell may
be used for determini.ng power efficiency based on the theoretical input
to the cell, but the effective voltage must be used in colculations of
operating characteristics at different power levels.
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