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I. INTRODUCTION &ND SUMMARY
1.1 Dbjsctives

The original objectives of the Phase I regearch seffort, as
stated in the proposal that was funded, are given Selow:

1. To determine the optimum materials and methods of
construction for single thermovoltaic cells:

a. What iz the best way of applying the oxide and
graphite coatings?

Bb. Can the present oxide coating materials ba
modified to achieve even lower resistivities?

c. Can 2ven thinner aluminum foil be used in the
construction process?

d. How thin can the oxide coating be made?

2. How thin can the graphite coating bs made?

f. What are the performance characteriszsitics of the
optimum single cell at elevated temperaturszs?

9. Can the single ce¢'l be rapidly charged and
discharged repeatedly without damage?

2. To determine the best method for constructing batteries

ot parallel stacked cells.

a. What is the best way to bind the cells together?
b. What is the best way to connect the cells in
parallel?

c. What is the best way to provide terminalz at ths
top and bottom of the stack?

d. What are the high temperature pesrformance
characteristics?

2. What are the losses due to stacking?

3. To determine the best method of stacking in seriss the
parallel stacked cells.

a. How should the parallel stacked batterisz bz bound
toge ther?

b. How should they be connectsd?

c. What are their high temperaturs performance
characteristics?

d. Can we build a 12 volt battery having 3 wolums

3" x 3" x 3! and deljvering more than 100 wattz or
mare and 107 wattz/m"?

2. LCan such a battery, when properly inzulated
maintain its own operating temperaturs?

1
exception that we were unable to build a cell +4at develops
100 watts within a volumse 3" x 2" % 2", Howsver, we now
Know that this is poz=ible based an experimentally verifisd
theory, and what we have learned about the zelection of
materials and methods of fabrication.

-
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1.2 A

roach

The report would be too tedious for the reader to Ffollow i+

we presented our worlk
order sunqgested by the
investigated such a

in chronalogical
lTist of objectives,
large number of combinations of

arder, or in the
because we

materialz and methods of fabrication before detzrmining
which cells have the most promise, and in which particular

applications. It

is convenient for us to consider our

research work divided into four dictinct categories zs

shown below:

HIGH TEMPERATURE DRY CELLS

LOW TEMPERATURE DAMP CELLS

2 1 3
CIMPINENT
fELLS
3. +(Graphite/S1ip/Aluminum)- 3. +(Graphite coated paper/magnesium oxide powders/Aluminum)-
b. +(Graphite coated paper/Aluminum oxide powder/Aluminum)-
¢, +(Graphite coated paper/Sodium Chloride in paper/Aluminum)-
d. +(Graphite coated paper/Sodium Chloride in papers/Aluminum)-
(weund)
e. +(Graphite coated Aluminum/Sodium Chlorice in Paper/Aiuminum)-
(wound)
Z 2
COMPONENT
CELLS

i, (Nickel paint/Slip/Mickel paint)

b. (Nickel Chromium wire/S1ip/Nickel Chromium wire)

a.

b.

C.

{Graphite Loated Paper/3odium Hydroxice in naper/
Graphite Coated Paper) {wound)
(Copper/Furnace Cement in Paper/Capper)

(Graphite coated paper/Sodium Chloride in paper/
Graphite coated paper) (wound)
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1.2 General Results

A. Underlrying Theory

The underlying theory is summarized in Section 2, where it
is generally corraborated by presenting experimental
evidence., The formulas presented there for specific powsr
and specific stored =nergy provide a basis for zelecting
materials and methods of construction that can rezult in
large cells and batteries with performances supericr to
existing cells and batteriess, as shown in Figure &, In
particular, there is the possibility for nxueptlnnﬂllv high
:per|¥|c stored energy because thermoveltaic cells and
batteries do not require a large dedication of weights
towards electrcde and containment structure; the thin
taminations of electrodes and separator material provids
all the structure that is necessary. The main conditions
for achieving high specific power are thinness of the
ltaminations and low resistivity of the separator, and this
can bz achieved by special fabrication techniquss and
careful selection of separator material.

B. Category 1

Aftenr many unsucessful attempts, we built one cell in this
category that lasted for several davs as it discharged and
oxidized aluminum foil at 1100%, However, whan twe

attempted to recharge the cell, we oxidized the oraphi te

znd formed COp, so this cell is not reversible, To make it
reversible, we would have to replace the graphite 5y a

noble metal, which would be too expensive. In its prasent
form, it could serve as an excellent primarv c2ll with

specific stored energy in excess of 1000 watt-hr/ib. If=

open circuit voltage was .87 volts, and its specific power

was 4,29 X 10 © watts/1b. THe oxide separator was a commercial
ceramic, slip, which had one of the lowest resgistivities
of any of the oxide combinations that we cons idered; plu
it was the easiest to apply. By using thinner Taminztion
in the future, the power density could be increxsed Hv a:
much as a factor of 40, (17.2 watts/15),

]

’
ns

=

C. Category 2

The cells in this category were built with only two
components. The third component, & metal film, was inducsd
by charging the cell and displacing oxygen acrozsz the D"'e
zeparator. During the discharge phase, oxygen icns frav
across the separator and oxidize thizs third uomunnnn+
cescribe in detail two celle in this cateqgory. e present
information about the variation of perfaormance with
temperature and the ability to be repesatedly charged and
discharged. The power denzity in c211 B at 12007,
watts/ib. With the possibility fer making thinner
laminations, we could achisve 100 x this walue (1.27
wattsA 1b). The discharge period was 12 hourz and *ke
gpecitic stored energy was 1.02 watt-hr/1b, which could have

Eim

'| -—
o

was 1,27
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been considerably greater i we Jischarge the cell jonger. I\
This tyvpe cell if properiy fabricated on a larger scale would '
oe ide2ally suited for making vehicle batteriss, oar “or ]aad

levelling batteries, that would be charqed and‘discharged on
& regular bazis.

e

Al though the small prototype cells described in category |
and 2 require furnaces to maintain their operating
temperatures, in sizes above 100 watts the joule he
maintain the operating temperature with only 2 =ma]
of thermal insulation. With lTarger batteries, the
would be to remove the heat in order to prewent the
temperature from qetting too high.

f could
amount
roblzm

1

2~

D. Category 3

Vifer, R WOV SR ot e |,

We found that we could operate close to rocm temperaturs,
and achieve reasonable specific power and specific storsd
energy if the separator was Kept damp by operating in a
humid environment. Cells A and B demonstrated &
disadvantage in that the voltage steadily decreased aduring
the discharge; however, cells C and D did not. Cell! C had
3 specific pgwer of 1.65 watt/1b, and a power denzity of
4.45 watts/m~, The discharge was for seversl days bDefore
we noticed holes in the aluminum foil, this cell waz rot
able to be recharged. The specific stored enerqy for this
period was 187 watt-hr/lb, but if the discharge were
allowed to continue,.it would have been much greater, Cell
D is a hand wound version of cell £, and performed gquitea
well, except that its resistance was somewhat higher than
expected. This is traced to the fact that the graphite
coated paper has a resistance much higher than the damp
sodium chloride paper used as the separator. Thic can be
corrected in future work and wound cellz appear to be the
easiest and least expensive to build.

-,

Cell E iz essentially the same as Cell D, except that the
graphite coated paper is replaced by graphite cozxted =ziuminum
to reduce the resistance in the graphite elecirode. &s a
result, the specific power is increased “rom 1.45 watts1b to
?.27 wagts/1b, and tha power dgnsity iz increased from 4.4£
watts/m~ to 4.32 X 10”7 watte m>. Although we did no+
actually build Cell F, previous experisnce with Cocoper
place of Graphite suggests that we would get a staxble =
with similar performance except for the increase

and cost of copper 25 indicated in Table 2

-
"'F'I- TS
Y a E7N -

We built a2 machine €or winding such cells and wound ams 1ilks 6t
Cell 20, 5" in diameter and 4" wide with open circuit weoltage :Q
of 720 velts, and specific power of S5.71 ¥ {0°¢ Wwatts Tk, &k o)
300 watt-hr/1b, batteries of this tvpe shouid “ind ues when i
fully developed az inexpenzive primarw, oF throw awsy
batteries. 0OFf course, the zpecific power and specific storac s,
energy would increase substantially if we renlace the graphiite R%
coated paper with copper, whick we learn 2t the snd of +hi=z %}
oroject, i3 available as thinm as 0007 at 222,00 1b. ‘ Sé
b
e
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E. Category 4

Cellz A and B in this category were dizsappointingly poor
performers; however, Cell C (Copper Furnace Cement in
Paper/Copper), the last few days of thes project, confirmed
theory, and showed promise for further development. It wasz
rechargeable, and has a bpecn+|- powen of 1.28 wattss/1b, and
a power density of 2.54 X 1094 watts/m>

1.4 Conclusions

Bazed on the research performed in Fhase I, we must
conclude that the cells and batteries of categories 2 and 2
are the most promising for future development. The c=2lls in
Category 1 have the least promise of all because thev uced
aluminum foil as the negative electrode, and aluminum has &
melting point of 1250 degrees F. We have not been abls to
find a high temperature separator with a resistivity 1ow
enough at this temperature to provide sufficient specific
power, There are other difficulties, but thiz one szems
insurmountable at this stage of research. The fircst cells
w2 built in category 4 were disappointing performers. For
one reason or another, these cells 2ither failed to take 2
charge or to hold a charge long enough to be of practical
value. We suspect that it is because we had not perfectad a
good technique for inducing the third component, or
negative electrode. During the last few days of this
project, we apparently solved this problem by building &1
C (Copper/Furnace Cement in Paper/Copper). It praved to be
rechargeable, and quite stable, comparing fauvaorably with
commercially available secondary cells,

Cells in category 2, high temperature dry cell with two
components, alzo took a charge and held it well, The
problems here are e2ngineering problsmzs associated with
operating at very high temperature, above 1400 degree F.
The development of large practical cell= and batteriac will
require great deal of work on material selection and
fabrication techniques. However, there iz much technology
that can be borrowed from development of high temperature
batteries and fuel cells, There iz ample reaszon to proceed
becausze Phase I rezults indicate that verw high specitic
power { over 100 watts/1b.) can be achieve with relatively
inexpensive materials, There was insufficient time Zuring
Phase I to demcnztrate how many charge-discharge crcles was

possible, but with proper conztructicon, there seemz to he
no theoretical limitation. Since this twpe battzry must
generate sufficient joule heat to maintzin itz high
operating temperature, only large cells and batterizs <
over 100 watts) are feasible.

On the other hand, the cellg of categeory 2, low temperaturs
humid cells with 2 components, must be build in zmall
sizes, because joule heat must be removed to Keep the
temperature low enough to maintain the humidity neceszary

Rt T T e T T T T R T T T T T N T e T TR T T B T 5 P S LY WY

e |

R Tp———

E“
|

—»""-T.X'_‘r.lmg,;g‘ e o

MR



B e e e i g e g oo, o F 1 3D S SN B bt s

for low resistivity in the separator. Large batteriss would
consist of smaller units whose services must be
continuously cooled by water or air., Phase I ressarch has
demonstrated that such cells have a specific stored snergy
much larger than conventional cells (over 500 watt-
hrs/1b.at maximum power output),and , of course, they have
much larger specific stored charge over 300 ampere-hrs/lb.
The graphite coated aluminum/aluminum cell has also
demonstrated a specific power of 10 watts b,
Unfortunately, earlier tests were done with graphite coated
paper/aluminum, and the coated paper had much more
resistance along its length than the coated aluminum; we
think this contributed to the oxidation of the aluminum
from one end rather than uniformly across its surface.
There was insufficient time to determine whether the cell
with graphite coated aluminum eliminated this problem. If
it has, then the cell maybe rechargeable. W2 also
considered replacing the Graphite coated Aluminum with
Copper to get better stability, as shown in Table 2. &s
shown in the following summary tables, formed from
informations collected and presented in Appendix 49:
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TYPE OF CELL

Lead Acid

Nizkel/Cadnium

TYPICAL PERFORMANCE

480 watt-hrs,
at 12volts and

2 amps, 24 watts,

28.2 1bs,
400 inch cube
71.9 dollars

440 watt-hrs at

12 volts and 9.2
amps, 110 watts,
144 1bs.,3440.00,
440 cubic inches

Nichrome/slipMNichrome (1800 deq.F)

(Copper/Furnace Cement in Paper/Copper)

Vp = .45 volt
R; = 80.4 uagg

w=3.74 X 10 2lb,

4= 4,24 X 19

1 volt

IJO =
= 100 ohms_

L
W
Y

3

WATT-HR/LE,  WATT/LB. DOLLAR/MATT-HR  DOLLAR/WATT OOLLAR/LE. LE/IN® NATT/m3

17.0

3.2

300

300

(Secondary}

831 135

764 1.00

20

1,28 034

RECH=RGEAEBLE BATTERIES

3.0

4,18

1.40

21,9

100

2,53

2.48

28

047

313

2,45 % 103

1,46 % 10°

[
J882  7.35 X {07

1325

4
24X 10
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THROW-~lWAY BATTERIES

TYeE OF CELL TYPICAL PERFORMANCE WATT-HR/LS,
Zinc/carbon 9 watt-hrs at 1.5v 43
D cell 40 milliamps,%0mu,

l209]bl’
.90 dottars,3.44"

Aikaline Manganese 20w-hr at {.5v
D Ceill and laﬂma, 199
3.54*7, .291b.,
49 dollars

Lithium/Sulfur Dioxide 23.2u-hr at 2.8v 132
D Cetl and 1.75anp,4390u
.1741b,,3.22*
15.8 doitars

Lithium Thionyl Chioride
D Cell Jba-hr at 3.4v 143
i.1amp, ,3-96113
.2181b., 3.3%7,
1.04 dotiar

+(Graphite coated aluminum/ . 300
Scdium Chloride in paper/aiuminum)
Vo = .67 voit
Rj = 5 ohms
w=2.42X10,"1b
=6.6x102s
f“onper/Sodlum Chioride 251
in Paper/Aluminum) Vg = .67 voit
Ri = 5 ohms 3
w=4,84X 102 }
v=4.48X10

T R A T T N e s L L AN T LI A T A A A A AL ST AT 4 ML A A LRI S S L }\3‘“}

- 8-

<
= &

(Primarw)

WATT/LS,

43

I65

2.8

1.80

9.27

4.64

DOLLAR/WATT-HR

A0

025

.48

29

014

.087

DULLAR/MATT  DOLLAR/LS. LB/IN® wm‘r/m3

10 4.5 059 1,55 % 10°
32

2.5 17 914 5.57 X 10°
3.4 4,90 0546 9.28 X 10%
263 47 0461 7,28 X 10°
87 3 0367 2.08 % 10°
3.9 12 0724 2.08 % 10}
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Considering the fact that our low temperature humid cell
can op2rate from freszing temperature up to 212 Dp, and
much higher if pre2ssurized, and that commercial cells

degrade rapidly at temperatures over ISDDF, this provides

another distinct advantage, in addition to much lower co
For use as a primary, or throw-awa/, battery, the
(graphite coated atuminum/NACL in paper/alumlnum) cell
ready for commercial development, provided that an
impervious Graphite coating can be put on ths Aluminum;
otherwise, Copper could be substituted. Further ressarch
must be done to determine whether or not it is
rechargeable, or can be made rechargeable. In
form, cells can be conveniently stacKed in zeri
any de:ired voltage. Individual cells must be

'tl

11

low internal resistance.

For applications requiring large batteriesz and high
specific power, the cells of category 2 appear attractive
compare to commercial cells and batteries. It must be
large (over 100 watts) so that joule heat will maintain a
sufficiently high operating temperature. This type battery
i3 probably the best candidate for driving vehicles.

1.5 Recommendations

As a follow-on to Phase I research, it iz recommended that:

1. The +(Braphige coated aluminum/sodium chloride in
paper/aluminum} and/or (Copper/Sodium Chloride in
Paper/Alumium) cell be developed for commercial use as
small and medium sized primary cells that can be
conveniently stacked in series to form batteriss of
desired voltage. These cells can be wound in smal!
Ca,b,c,d), or custom wound in larger sizes for speci
applications.

2. The same cell should be studied to ses if the» are rechargeakle
or what has to be done to the aluminum foil to make it
sufficiently homogensous that it oxidizes uniformly across its
surface, rather than forming pinholss,

3.More research should be dones on the cells of category 4, 1ow
temperature damp cell with 2 compenents, in particularly, the
wound c211 (Copper/Furnace Cement in Paper/Copper)

4.The cells of category 2, high temperature dry celis witn 2

components, should be developed az large secondary ceils
necessary for vehicle batteries. The smphasics should be on
solving 2ngineering problems l1ike material selection and

fabrication techniques to achieve the most cost sffective
batteries.
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IT. UNDERLYING THEDPY

Figure 1 iz a schematlu of +(C/A1n 02/A10- cells stacked
and connscted in parallel. &4 qlnglﬁ “cell consists of
sheet of aluminum foil that is entirely coated with a3 thin
oxide material, except for its left edge. Then, on top of
ity is another sheet of aluminum foil that iz entirelv
coated with graphite and oxide, except for its right =dge.
The cell exists between the two sheets of aluminum ¥oal

and shorting between the aluminum and qraphite is avao dej
hecause it is unlikely that pin holes in two oxide

coatings would coincide. Also, the width of the araphite
coated foil is slightly less than that of the other <oil in
order that their edges do not coincide.

i

The left edges of the aluminum are connected together by
graphite paint and this is extended over the top of the
stack to form the negative electrode. The right eodges of
the aluminum foil that is coated with graphite are also
connected together by graphite paint and extended over the
insulation on the bottom of the stack and this forms the
positive electrode. These parallel stacked cells can then
be stacked in series to obtain batteriez of any desired
voltage.

The cells in all four categories obey the =same gEneral

theory which is derived in considerable detaxil in appendix 1.
For convenience, the most useful relationships for dezigning
thermovoltaic cells and batteries are summarized below.

The open circuit voltage or EMF, ic due to the difference in
oxidation potential, or free energy releaszd by oxidation, at
the dicsimilar metal interfaces with the oxide zeparator.
Figure 2 is a plot of 46G° ys, T for various metals, and for anw
dissimilar metals (1,2), then the open circuit valtage is

Ug = 1.06 x 1072 ¢a6°; - 46> (1)

TR @D 8 P Tl o i o D A e 50 A Mo B e Sl e SN S

Dl g

where 4G° = AHD - TAS0 2

and 4H® ie the difference in enthalpy associated with
oxidation, and 45~ is the change in entropy due to oxidation.
Using the first and second laws of thermodynamicsz, it can be
zhown that any electrochemical cell obeys the Gibbz-Helmo! tz
equation.

P e Bk i =

'\,-lo - 'vlg

where U
= 0% K,

is the voltage that would occcupr hwpothebical)
nd iz due to chemical eneraqy, and the temperaturs
on¥‘|rlﬁnt ie

B=dy,/dT (4
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and is due to conversion of thermal energy into slectricitv.The
thermouoltaic cells tested in all four categoriesz had & > 0
like that shown in Figure 4, This makee it feacible to szus

ir

2nergy b¥ recharging cellz at a lower temperature than thei
discharge temperature because the back EMF during charging
would be less, The extra energy would be coming from the
thermal =nerqy of the environment,

2.2 Current-Uoltage Relationzhip

When a resistance is connected across the celi hauving interna!
reziztance Ry, the voltage acrozs the cell {2 given by

V=4, -1 (R + Ry S

Thus, there is a linear relationship between Y and I, the
current, provided that R; is indepsndent of I. This iz
generally found to be the case, as svidenced by th=s twpical
straight load line for V ws. I as shown in Figqurs 3. This is
not generally true for conventional electrolytic cellz or high
temperature cells designed to have extremely high current
densities {(current/aread. In fact, it is high current density
that 1imits the useful life of conventional cealls, CaUsing
phrzical and chemical deterioration of the interfaces. 'In
thermovoltaic cells, the current density is ssveraly 1imited
by the internal resistance of the separator, so if desired,
large over woltages can be applied without damaging the cell,
To achieve high current, thermovoltaic cells require large
surface area, and this is achiesved by using thin films within
a given volume,

2.2 Short Circuit Current

The short circuit current is
le = Ug/R; (&)

which clearly indicates how the internal resistance limits the
current that can pass through the cells,

2.4 Internal Resistance

The internal resistance of the cell can be written in tapms of
the resistivity of the separator material, € i &.g.

Ri = & g5/ A (72
where 2, is the thickness of the separator and & is 4he arca.
It has been shown experimentally that for the dry cells, the
resistivity obevs the relationship
S /S s =Ri/Ry = EXP (2 Ug/k T =y ]
where the subscript infinity corresponds tc the hwpothetical
conditions at T = =, o iz the charge on an piectron, Mo iz tha
b

equivalent of the band gap voltage of 2 semiconductor, Tk
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is & tvpical plot of 1
17T. The fact that it is a straight line verifiez the
theoretical model. The intercept with the vertical
determines in this case that Re % 10, and the =zlape of the
line determines that Vg &% 0.7 volts, The oxide s2para
this particular examplé was slip, which is a mixt
approximately in the proportions chown below,

Eoltzman’s constant. Figure 5
tr
ce

S1ip (Ball Mud and Tale)

Ball Mud:

Silop 92
Alaly 27 X
Tila 1.5%
F9203 . 7

Cal A
Ma0 A
K20 1.5%
Nazo . 3
LOI 10.1%
Talc:

Sil» 81,3 %
A]203 . 45%

Fez03 2 A

Mg0 26.2 “
Cal 4,334
302 037
K20 . 33%
MNaCl 034
Lol 7.07

Acid Solid 4.8 ¥

Refearence to textbook on semiconductor properties would show

that these oxides in a regular lattice would have band gap

voltages in excess of 3 volts., Separators we constructed wer

not reqular lattices, but tiny particles of the oxide bound
together by small amounts of binding material 1iks nQlasz.
other words, there were an extremely large number of

In

diglocations rather than a regular lattice. This may account

for the substantially reduced band qap.

We also Know that electron thermally Kicked from the valence
band into the conduction band must attach themseluss to oxvgen
to form oxygen ione that are responsible for the
electrochemical action of the cell. Placing such =z cell in a
vacuum chamber, xnd removing the oxygen, thereby removes the
voltage. Details about how oxvgen ions move through zn oxide
separator are not Known. They could be moving through the

+
bulk material along the surfaces of the particle or through
voids between the particles, or 211 thres. Meverthsleoszsz, t
model i3 obeyed without exception,

Some oxide separator and mixture of oxide have lowsr
resistivity than other, but no clear pattern has wet beern

determined. Pure silicon dioxide powder az found in cab-o-=zi]

1

%m;! Y
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has a much higher resictivity than either a2lumina cr HEYoT-%
in powder form, but mixturss 1ike slip, or furnace cement
{alkaline silicates), tend to have the lowest resistivitw,
There i3 also the passibilty that doping these oxides with
donor impurities will further reduce ths band gap voltage just
a3 it does in semiconductors with regular lattices,

i

The mathematical model for the resistivity of the separators
in damp cells is not Known. We have determined that the
purpose of the dampness is primarily to reduce the
resistivity., When a cell is put in a dryer, its resiztance
increases but its voltage remains. Howsver, when ouyg i
removed by a vacuum, the voltage disappsars. The wolt
returns as oxygen is reabsorbed, and the resistance decresz
as dampness is restored. Sometimes, with a papesr separato :
the voltage also increases somewhat when the papsr iz
dampened. [f additional ions are added to the watsr by
dissolving acids, bases, or salts, the resistiuwity ig further
reduced, again without a large change in the open circuit

vol tage, but the the choice of additives to the water must be
such that the materials in the cell are not chemicallw
degraded. We found that acide and bases were too corrosive
with aluminum in the cell, but sodium chloride waz fine., W=
also found that if there was too much liguid in the separator,
the chemical reactants at the interfaces ares rediszolved or
precipitated or washed away, and the ce2l)l behaves more like an
ordinary electrolytic cell, However, if ths separator =
merely damp, and there is plenty of oxygen in this porous
media, the reactants at the interface remain in place, and the
cell behaves like simple oxidation and reduction is the
primary driving force, with all reactants remaining in placa
We found that resistivity decreases soms with ftempesrature, bu
the main factor is still dampness.

=
LY

2.9 Specific Power

The specific power of the cell iz its power output per unit
mass, and is given by the formula

- - - 2
P’ = P/pas = VE/Rpas = 0 /P8 5,8 R Ri/(R + R )2 (o3
This shows that as the load resistance R variesz from 0 tao
infinity, the power density goes from Q0 to O having & maximum
where R = R, It also shows that to design a 22l to have z
large power densnt,, the following should be done:

WS iy v I TR

h
a. Choose very dissimilar metals to increass U, = 5

b. Choose low density materiale to decrease mean Sensitw P.
c. Decrease resistivity of the separator by aperating drw '
at high temperature, or damp at low temperaturs :

d. decrease separator thickness Sa

e, decrease overall cell thickness £ ;
|
)
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2.8 Specific Stored Charae

D

Thermovoltaic cells can be built with the oxidizer and the
oxidant both hermetically sealed within the cell; howesuwsr,
since these cells will be opsrated in air, and it is difficult
and costly to build hermetic seals, all of the cells we
investigated could breaths in the oxygen it nesded., Mot
having to store oxygen greatly reduces the weight of the cz1]

as the following formula shows.

Q7 = stored charge (100
mass
= charge of an oxidant moleculs . mass of oxidant
mass of an oxidant molecuie ass of cxidant

of axidizer
of separator
of positive electrode
cf structure

333 3w
w W W

[T ]

TR T ()]

+ o+ + +

3
©
"
w

Unlike conventional electrochemical cell, thermovoltaic c2ll=z
have essentially no mass of structure. This iz the main
reason that it has larger specific power, spscific storsd
charge, and specific stored energy than conventional cells,

1f the cell is the type that breathes, then there iz no stored
oxidizer and the formula reduces to

Q7= charge of an 0> atom . molecular wt. of 0=
mass of an O, atom atomic wt, of oxTdant
¥ valence of Dz/ualence of oxidant

. mass of oxidant i
mass of oxidant + mass of electrode + mass of ssparaior

2
=10 . 14 v B S-
2 atomic wt., of oxidant x 2/valence of cxidant 2=

where P_ i3 the density of the oxidant glectrode, P i3 the mean
density of the material of the cell, and 5_ is the thicknecs of
the oxidant (or negative) slectrode while S iz the total

thickness of the cell. Hence, to achiave targe specific stored

charge we tried to do the following:

a. Choose an oxidant with a large valence; 2., Al+ss

b. Choose an oxidant with 25 low an atomic weight zas
possible,

€. MaKe the relative thicknesz of the negati
electrode, or oxidant, as large = passib
L2y € SueS | e

For example, if S_ / S = ,75, and the negatiye electrode is
Ale++ and with atomic wt., 27, @7 % 5.33 x 107 coulambs kg = 321
107 ampere hours / Kg 1.05 % 107 ampere hoursslh Bacause of

the large weight inwested in the structure of conuventi ik
cells, and the storags of ths oxidizer material,specific charge
ie more than 10 times lewsr than thiz value.
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2.7 Zpecific Stored Enerqyv

—_—

The specific stored energy of a cell is its
charge times the voltage at which it will be

E" =" V=0 U, R/AR + Ri» (113

Hence, if we discharge the cell at V¥ x 1 volt, EY & 1.05 x flo=
watt-hr/1b., which again is more than 10 timesz that of the
best commercial cells because of the large amount of weight
invested in structure and oxidizer storage.

This is shown clearly in Figure & which is the plot of specific
power vs. specific energy for various commercial and high
temperature cells now under development. It includes curves
representing the performance of air breathing thermovolta
cel1s with very thin positive electrodes (5,72 ¢ ¢ 1) 50 that
45 % = 4 S.. Each curve corresponds to a particular walue of
8o and S while R is varied from 0 to infinity, the peak
occurring where R = R,

I'i

ra

.2 Discharqge Time

The time required to fully discharge a cell through a given
resistance is given by

T % Q' /P (123

There is a formula derived in Appendix 2 that relates the
relative increacse in oxide thickness to thes time of discharg
it is shown in Figure &, a pair of discharge paths for the
thicker cell ( bottom two curves) and the thinner cell L Eop b
curves). The thicker cell discharges in 10 hours while the thinner
cell discharges in 7 hours. One discharge path is between peaks

of the curves where R = R; while the other discharge oath iz at a
constant power, requiring that R be reduced zt the appropriate

rate to maintain this condition.

and

N

II

2.7 Thermal Efferts

It is shown in Appendix 1 that large batterizs generate -
sufficient joule heat to maintain the desireq operating
temperature for dry operations. In fact, wery little thermal
insulation is required because heat is generated per unit
volume, while2 it iz removed per unit area. One advantage of
using high temperature batteries is that it can trarnsfer joule
heat to air or water with much less heat tramsfer zurface
required., Furthermores, the resulting temperaturs of the
cooling media could be high enough to achizus good thermal
efficiency in heat engines.

D

=]

4

Large low temperature damp ce'ls have to be maintained at this
temperature by cooling with air or water and thie hest can ke
used for providing hot water op space heax ting.
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It is zhown in Appendix 2 that we can take advantage of the
imcrease in open circuit voltage with temperaturs to increzse
the efficiency of ocperating rechargeable thermoval taic celiszs,

&y discharging at & higher temperaturs and recharging at a
lower temperature and EMF, less energy input is required than
that sxtracted, the difference coming from the tharmal anerqgy
in the environment. This is reflected in the following formui
for efficiency:

1)

n = electrieal energy out = VMo (1 - 4y ALY
2lactrical energy in Mo” 1 + A7 U 1

where the 7 denotes charging conditions, and i+ V. > U
becauze T > T/, thiz increasss M, for given walue
A Mg and AV, A7, which ars the relative dischae
under-vol tage and the relative charginng ouer—uoltage
respectively,

l.i‘l ]
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ITI. ZSINGLE CELL EXPERIMENTS

-

2.1 High Temperaturs Drv Cells With 2 Components

3. +(graphite/slip/aluminum)_

This cell was constructed by painting a high temperature
resistant microscope slide (1" x 3") with graphite in water
having a K-sil binder. A sheet of aluminum was Qlusd to
another glass slide using the K-sil binder. & laver of slip
approximately | mil thick was painted on the aluminum and
cured and the two were sandwiched together overlapping af
end approximately 1/4". Brass wires were mechaniczlly zecured
to these tabs while electrical connections were mads with
araphite paint and the entire assembly was encapsulates with
2lip. For additional strength, some furnace cement was uzed
as bands arocund each end. The cell was hung in & small
furnace and operated at a temperature approximately 1100%,
The cell was allowed to discharge through a resistance of
10,000 ohms, and the voltage was recorded by our computer,
Initially we measured the open circuit voltage Wa: and the

vol tage V across a load resistance R, and determined the
internal resistance of the cell from the formula

Ri = R (Vg/V = 1). Experience allowed us to assume that R
remained constant during the test, so the computer used the
same formula to calculate Vg as it decreased with tims. The
computer printouts for Vo and V in this test are given in
figqures 7 and 8.

The test lasted 138 hours, or approximately & dars, and ended
abruptly when the brass wires broke after Being oxidized
through. after the cell cooled, inspection showed that most of
the graphite had disappeared, having been oxidized and turned
into COp. The graphite in the electrical connection was =til]
intact, suggesting that graphite in the cell mav have been
forced to oxidize when we tried to recharge the cell by driving
the current in the opposite direction with an external power
supply. Graphite will oxidize in air at temperatures above
S00°F. very rapidly, but as lony as the cell iz discharging,
whatever oxygen is breathed into the cell would hbe charged on
the graphite, diffuse across and oxidize the aluminum. When
we reverse this process the fiesld can push the oxwgen ion infto
the graphite and form CO0» gaz at this high temperaturs.

The aluminum foil was also oxidized and there was =z white
powder remaining that was probably aluminum oxide.

e conclude that this type cell can only be used a
primary cell because the graphite wil) disappear during
recharge, The weight of the active ingredients in thisz
c2ll was approximately 2 x 1077 kg = 4,4 x 10 “1hs,
Trpical ¥ the open circuit Ya 3 47 wolts and.Y = 435w
across R = 10N g0 Power = U<¢ 1.3% x IQ_,.,‘l watts,
therefore, the specific power was 4,29 = 10 < watte 1o,

The typical internal resistance re ded was R; = S.4Kk0,

(LTI

£

0 e
DL ||

R

J -

]

R N T R R Rl R R R N G R T S Y IS TN TS DT RO C N OW O NEw

P ———

SRER IR ). o i ats aIP SEh G OB D7 gl - i e R e e 3 T ol e o

L T T ]
I

~

0 Yo P

i T e R R T T T R T T e e M I T I T T T N e T P TS T TS T K T T M 7 R TS A T 7 AT R A TR UM e RN AR TV T T St



e A N Ay S

-18 -
and the area of the cell iz & 1" x 2" = 2,29 x 1077, \
~ssuming that the thickness of the slip iz % 4 mils = 10"
m,sthe resistivity of the slip is 4 % Ry A/S4 = 1.17 x
102 = m. The energy released by the cell iz E & 2,14
10 watts x 133 hrs = 2.92 x 10 © watt-hr., The specific
iy stored energy that is released by the c2ll is E = 47,7
% watt=hr/1b,

-

This cell should have demonstrated a specific stored =nergy much
closer to the theoretically predicted value of 1,000 watt-hr/1b;
but, we tried to recharge the c2l1l and destroved the araphite
electrode in the process, Also, the specific powser iz low
Decause the melting point of aluminum limits tne operating
temperature below IEqDOF., where the_resistivity of the slip is
still quite high; 10 compared to 10“N-m at 1800°F.

We may conclude that this type cel!l has limited uze unless 3
separator is found that has a much lower resiztiuvity at 1100%:=,
Furnace cement (AlKaline Silicates) have 3 resistivity at this
temperature much lower than this (S & 10 i-m>.

3.2 High Temperature Dry Cells With 2 Components

A. (Nickel/Slip/Nickel)

This cell was built on a flat ceramic tile around 23" X 3" %
172" thick., We drilled 1/4" diameter holes through 2ach of
the four corners so that we could mechanically attach wire
betwesn fairs of holes on sach side xnd then cement them in
for strength and rigidity. We used nickel Chromium wires
which is Known to resist oxidation up _to the temperatures
we can reach with our furnaces (2,DOD°F.). We placed this
tile on a hot plate at a temperature of around 300°F, ==
that the sprays were immediatsly cured and we spraved on a
layver of nickel paint using a mask to Keep paint off of 3
edges including one of the wires. Nickel paint iz from
Acheson Colloid., It is electrodag # 401, It has a K-zil
binder and it is water based. Mext, using a mask, we
shielded both wires and covered the nickel with a laver of
slip. Then, we used the mask again to shield 2 edges and
2xposed the other wire while we sprayed on = Tarer of
nickel paint, Then, we covered the electrical conrec
with furnace cemsnt for additional strenqth, While t
materials where curing at room temperature, we applis
voltage and drove current through the cell in an atte
start inducing a layer of metal in the slip where oww
has been displaced and pushed across the 21ip and into t
nickel. Some dampness remaining in the ceil helped it take fthe
charge. We continued to charge the cell while it cured, ;
Then, we put the cell in the furnace znd gradually heated :
it up to 12009F, wWhile we continusd to charge the cell,
This took 10 hourz. Finally, we recorded the czl]
performances as a 4unctionﬁe+ temperagure as the cel! was
heated and cooled from SO0°F, to 1200°F. While we wer
cooling it Ffrom 12005F,, we began to notice the dsuiatiaon
from the previous performance. When the cell was coo!
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2nough to inspect, we found that the nicke) coating on top

had turned to & bright green, it was fully oxidized, and it=

surtace resistivity was extremely high. Forfunately,
before this happened, we have very good data on the
temperature dependence of op=n circuit voltage and internal
rezistance. Thece are given in Figures 4 and 5. MWe coulad
not run this cell through many charge-discharge cycles
simply because it did not last long enough. We $ound that
the nickel paint turned from gray to bright green and had a
very high resistivity due to oxidation of all the nickel.
Perhaps, if we had covered the top laver of nickel paint
with slip of furnace cement, this might not hawve happerncsd,

We had built a cell like this before and we used zfainless
steel wires instead of nickel chromium wires. Theze wires
oxidized in the electrical connections and added a
resistance too large for the cell to be effective. This is
on? Of the difficulties of this type of cell. We
considered using gold instead of nickel, but did not have
the facilities available to make a cell l1ike thiz.

B. <(Mickel Chromium wire/Slip/Nicke! Chromium wirs)

To avoid the problems mentioned above, we built a c2ll with
nickel chromium wire .015" in diameter wound around zn
alumina tube 1/8" diameter and 2.5" long. We then fused an
a laver of slip .030" thick average, allowing for the
grooves along the wire surface. Then, we wound on anothepr
layer of wire, and extanded the wire from the ather end.

We also weighed each layer as it was appliesd and meazured
ite diameter as summarized below:

Weight of the Spindle 1.95g (.12%" diameter)
Weight of the Active Nickel Wire 1.13g (.155" diameter)
Weight of the Active Slip 273 C.195" diameter:’
Total Weight of Active Single Cell: 1.70¢g

Molume of Active Single Cell: -
4.24 X 107203 = 2 55 v 10 ‘m”

Mean Density of a Single Cell: 2.45 x 10% Kg/m~
Thickness of Wire Layer: 015"
Thickness of Slip Layer: .0z0"
Thickness of a Single Cell: 045

Then we coated it with slip and cured it in the air whils
wWe were inducing a voltage in the cell by an external gowsr
supplr¥. The charge took; so, we gradually heated the cell
up to 1800°F. to fuszs the slip. The zell had the following
history,
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Hiztory of Mickel

Chromium WiresS1ip/NMicks]

Chromium Wirs C211

E
a
i

Date Time Duration Temperature Voc W R R, ke Remarks
= *
3-23-87 18 hrs  16-1800%F, 3 J-9.2M  Charged at 14 -1800%. overnite
3-24-97 1000 0 1800 7 4 10 1886.7 0
. 1300 3 5 .49 47 ' 42,6 N
2 1700 7 ' 44 42 ' 47.6 1 67 - 2.1 M Charged overnite idhrs at 25vdC
a :-25-37 930 0.3 1750 1.00 )| ' 1.4k 2
' 1200 3 1830 .87 .83 ' 48.2 0
d 1700 8 1800 59 .54 ' 33.6 0 46 - 5.2MA  Charged overnite idhrs at 2500C
2-24-97 900 0 ' 87 .43 ' 1,02k
1200 3 1830 .43 98 . 84.2 N
: 1700 8 1800 34 33 2 90.9 0 45 -4.2M4  Charged overnite 1dhrs at 2590C
, 3-27-88 900 0 ' 40 25 : 1.4k 0
: 1200 3 1825 31 24 ' 192.3
1400 7 1800 22 J9 ' 160.0 0 65 -7.21 M4 Charged over weekend é2hrs at 25vDC
2-20-87 1030 0 1850 34 41 ' 320.0 0
4 1330 3 ' .29 W26 ' 1200 0
i 1730 7 ' 18 J7 ' 60.0 N &6 - B.5MA  Charged overnite 14hrs at 25vDC
d 3-21-87 900 0 1750 37 A1 ' 2,38k}
1200 3 1850 25 23 ' 90.0 0
1500 3 1900 038 055 . 0.0 0
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Trpical Performance Characteriztics at 18009

ar e
Qpen circuit wvoltage 45
Loaded wvoltage A2
Load resistance 1000 N
Internal resistance 280.& -
Power 4,77 » 10 ~
Weight of active ingredients 1.70g
Specific Power 1.27 watt=/1b
The resistivity 4 = R; A/Sy = 80,8 % 2.5 K ® 120w ‘
0234-.020 = P0.40 - m. This iz the resistivity at 1Z00°F.,
Al though the specific power for this prototype cell iz rather
1ow, 1.27 watts/1b, we were forced to use exceptionally thick

layers of Nickel Chromium wire (.015"), and slip (.020");
however, Nickel Chromium wire is available at one-tenth o+ thi
thickness (.0015"), and slip lavers can alseo be reduced by a
factor of 10 or more (.002" or lesz). The result, according to
equation ?, would be an increase in specific power by a facteor of
100, or 127 watts/1b. Referring to figure & for zpecific paowsr
versus specific stored energy, we see this to be supericor to that
of the most advanced cells,

m

We discharged this prototype for 12 hours at (.27 watte/1b, or
10.2 watt-hrs/1b. Obviously, we could have continued the
discharge for many more hours if desired.

An unexpected and unexplained observation iz that the internsl
resistance of the cell at a fixed temperaturs decrezszes
tvpizally from around 3000 to around 400 aver the first few
hours of its discharge, and during the first few hours of
recharge its resistance increazes a similar amount! Perhaps
while charging, we are displacing oxygen from the slip into
the Mickel Chromium, and perhaps, the resistivity of Micks!
Chromium Oxide is greater than that of slip. During
dizcharge, oxvgen is displaced from the Mickel Chromium oxide
back into the slip, and resistance may decreasze. Thiz iz Jjust
speculation, but it seems reasonable,

We built 2 similar cell, but with furnace cement (&lkzlirne
Silicates) replacing the 3lip. Performance was dxnllar.
except that we reached R, approximately 1000 at a0 . inztead
of 1800°F. Hence, we rJnc]ude that furnace cement has a lower
resistivity than slipj however, it zsems that zcme materiaz
evaporates from the furnace cement, and it gradually becom
transparent and the induced voltage decreases. FPerhaps .y SO
and potassium in the induced electrode evaporates. There
B2 2 lower temperature at which furnace cement could be
az & stable separator.
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3.2 Low Temperature Damp Cells With 2 Components

A +(Graphitef4 aanesium Oxide, Aluminum)
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This cell was built between glass =lides 1" x 2" long.
Construction technique was similar to that used in cateqopy |1
{High Temperature Dry Cells With 3 Componentz), except that
the separator was applied by electrogasdrnamicaliy coating Mg
powder on both slides, to a thickness slightlv less than |
mil, then carefully placing these two halfe together.
Attaching and cementing the wires ne2ar their =nds, they wers
mounted inside a plastic container with & wet paper towsl to
maintain humidity. A computer recorded the voltage acrozs
load resistance as a function of time. The main result is
that voltage always decreased during the discharge, reaching
an unacceptably low level after only a few hoursz. The waltage
could be restored by recharging the cell, but the decreass
wauld repeat itself. This is shown in the computer printout,
Figure 9,

=3

B. *(Graphites/Aluminum Oxide/Aluminum)

“;‘l’ L e

This cell was identical to the one above except that
aluminum oxide powder was deposited instead of magnesium
oxide. The test results were essentially the same except
that this cell lost voltage during discharge even faster
than the magnesium oxide cell. Results are given in Figure
10. A possible explanation is that the powder gets
slightly wet and metal ions are moving towards the
graphite. These ions after losing their charge to the
graphite, coat the graphite and begin to change itz szurface
towards that of the coating metal. This, of course, would
reduce the voltage. Recharging removes thesse ions and
restores the voltage. It is possible that the aluminum i=
less reactive with water and will not go back into
solution, and come off the surface as readily az Mmagnesium
will, This idea is given more credibilit» whan we use
godium chloride in the separator, because the zodium ion=
are more reactive with water and air, o they do not remain
on the graphite, and the voltage doss not =sag.
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4! c. (Graphite/Sodium Chloride in Paper/Aluminum)
This cell was constructed similar to those above, but a piece
-~ of hair wave paper approximately | mil thick seruvesz az the

L, ol

separator. After building the cell, a small voltage was

sbserved, but with very large resistance, liks lﬂdﬁ, then o
adding several drops of concentrated sodium chlorids approximately
D.é6 volt was obtained, and the resistance dropped to

approximately 1,0000. After 4 dars, we saw through the glass

that a small section of the aluminum was beginning to

disappear. We tried to bring the aluminum back by recharqing,

-

e R STyt

.

' tut without success. The characteristic performance befors
§ stopping the test were:

;

A Vo 2 .4

- Vx .41

: R 2 1000

) R % 4420

3 P % 2.43 x 107 watts

N
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The weight of the active ingredients in thiz cell iz = 10 4;;.
20 the specific power is P’ & 2,435 watts kg = 1.85 wattss1h

The cell ran for approximately 4 daV- or 120 hours befors we
started noticing missing aluminum, £0 the specific stored

enerqy was B = 147 watt-hrs/lk, and the specific stored

charge R’ & E‘/V = 407 ampere-hrz-/1b. &lthough the specific
power is small compared to conventional primary cells, the
specific stored energy and specific stored charge are larqQer,
Furthermore, the cost of materials and the cost of fabrication of
wound cells of these materials would be much less,

+ . . , . X — 0 )
o. (GraphitesSodium Chloride in PapersAaluminum) Cound )

Thizs c2ll has a strip of aluminum and a strip of graphite

coated paper separated by 2 strips of paper all wound on a
«plndle approximately 172" in diameter with the active area of
the cell approximately 2" x 10". The edges of the aluminum on
one side and graphite on the other side are connected by
graphite paint to wires. During test, the cell was suszpended
in a plastic container with a wet sponge secured to the top of
the container. The container was heated from the bottom b
placing on a warm surface and this way we avoided condensation
forming on the cell. A thermometer was installed in the
container and the following data was collected,

+(Braphite/Sodium Chloride in Paper/Aluminum)
Rolled Cell #312
The cell was Kept under a 10000 1oad.

Time Temperature Vo Uy R L Ry

1100 40°c. .75 47 107 119 0
1200 50 56 .57 " 157 0
1300 40 .74 .45 " 138 0
1400 70 .71 C5E " 75. &0
1500 20 47 . &0 " 114,70
1400 20 .57 .52 " 20,40
1700 100 .58 .53 u 4 0

Discharge was started on 3-13-87. The cell was placed in a
container with a small amount of humidity., A 11,0000 lToad was put
on the cell. At room tempzraturs the cell has an average U,
37, VW oof .47 and 212 O internal recsicstance. &s of the da
this weiting it has been discharging for 42 dax
temperature haz been 2&4°¢C,

|.|'| |,|’ 1

It should be noted that when the container waszs placed in a pan of
water, and the water Was heated up to boiling, the container was
heated az high as 100°c.  The open cCircyit woltage increased
steadily az the temperature roze, but the interpnal resistance Jdid
not zteadily decrease., It seems to vary =lightly, but
unpredictably, It is difficult to repeat thiz experimen

(&)
n
(]
a
[l
[1]]
24

+-
there are 20 many variables, and the container wias leaking =o
there is pressure variation, temperature variation, dampness
variation; nevertheless, at the best cperating point T = Eﬂac.,
the open circuit voltage was 702, the loaded wo! tage was 540,
tha load recistance 1,000 0ty the internal resistance was 2£44 0,
the power was 1.1% % 10 ~ watts, weaight of the active componerts
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in the cell was approximately 11 x ID‘QHQ= therefore, the E
specific power was approximately 1.08 watts Kg., = ,4992 watt b, )
{

This cell was left discharqging at approximatsly room :
temperature with R/R; = 1,0000/30400 for 40 days. (&t the 5
writing of this report, this cell was =til] discharging.? The i
voltage remained fairly copgstant over this_period and the powsr i
output was steady at P & US/R % 1,04 x 10~ wattz, and the 3
enerqy extracted was E = P T & 1.00 watt-hr, The zpecific 5
power and the specific energy was P’ & ,74% wattsKg = .430 E
watts/1b, and E* & 910 watt-hr/Kg = 414 watt-hre/1b. The 5
theoretically predicted value from section 2.7 was &
approximately 1,000 watt-hr/1b, which the coll might achisve az :
it continues to discharge. It has already sxceeded the specific E
stored ensrgy of most commercial batteries. E
It should be noted that the power density of ce=l]1 C ¢ cell B, 5

This is due to the increased distance from the wires on the
positive terminx]l to the active part of the cell. There i=s an
unusually high resistance along the graphite couzted paper causing
both cells to have additional internal resistance. This

problem is discussed in greater detail in Section 4.

E-+(Graphite Coated Aluminum/Sodium Chlorides in . ;
Paper/Aluminum) (Wound) 3

e
Ty LR O

£ s

This cell is the same as Cell D, except that the graphits
coated paper was replaced by graphite coated aluminum in
order to reduce the recistance along the positive .
electrode. The results were U= ,4éu, U= .40v acrosz R= 10°
ohms, so Rj= 10 ohms, compared to R;= 244 chms for celi D.
The weight of the cell was w= 2,42 % 10 “1b., and the
volume was w=&4.5x% 10 ‘in“; 20, itz specific power Was,
P"=9.27 watts/1b.,and its power density waz 4.32 x 10
watts/m~. Its specific stored ensrgy was 500 watts—hp-slh,
at maximum power., Also, the cost of the cell was primarily
due to the cost of aluminum foil which is $2.00.1h. retai!
price,
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Unfortunately, the resistance of the cell gradual ly
increased as the aluminum under the graphite coating
gradually oxidized, because there were pinholes in tha
coating through which humid air could attack the ajluminum
which is part of a short-circuited CSraphitesAluminum
oxidesAluminum) cell.
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In the future, we will get essentially the zame performance
by replacing the graphite coated aluminum with copper
Q007" thick which i now commercially auvailable =zt
$28.0071b. Since the copper is reusable, the actual cost of
this tvpe primary cell can be reduced comsiderably.,

Al though we learned of the commercial availabiiity of this
thin form of copper teoo late in the program teo build s
cell, we have had snough experisnce with copper in other
cells %o =2stimate the nerformance and cost of =uch = cell,
and this is shawn in Table Z.
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2.4 Low Temperature Damp Cellz With 2 Comoorents

A. (Graphite Coated Paper.Sodium Hydroxide in
Paper/Graphite Coated Paper) (wound)

The cell consists of 2 sheets of graphite coated paper 11"
1ong and 3" wide and 2 uncoated paper sheets 11" long and
4" wide, and wound on a spindle approximately 174" in
diameter, the edges are displaced zo wires can be attached
to the ends. After winding, the cell is spaksd again in
concentrated sodium hydroxide and dried and soaked again in
concentrated sodium hydroxide and then it iz charged with a
24 volt power supply until it dries out and cresatez an
electrode of sodium. The charging is continued in a humid
container for 48 hours. The performance was dissappointing
because Vg never exceeded .3 wolt, as if the induced
negative electrode was discontinuous. Furthermore, we
could not take this cell through many charge-dizcharge
cycles because after operating at elevated temperatures in
a humid 2nvironment the sodium hydroxide embrittled *the
graphite coated paper, and the cell began to crumble,

B. (Graphite Coated Paper/Sodium Chlaride in
Paper/Graphite Coated Paper) <(wound)

To avoid embrittlement by sodium hydroxide, we r2built the
cel]l and used sodium chloride instead. Unfortunately, we
were never successful in developing more than .02 wolt
open-circuit, despite long periods of charQing. We suspect
that the cell remained wet at variouszs locations deznite
vain attempts to dry out the cell and humidify it
uniformly. These localized wet spots partialiy short-
circuit the cell and prevent it from growing a uni<orm
layer of sodium as the third component, or negative
electrode.,

C. (Copper/Furnace Cement in Paper/Copper?

This cell consisted of 2 shesets of copper " x 3" zeparated
by Ecusta hair wave paper saturated with wet, furnace ceo t

(Alkaline Silicates). @&fter drying the cell until =1 ight]
damp, and charging with 24 volts for 4 hourz, YU, = 1,00
volt and R; = 100 ohms. Al though we uzed thick copper

electrodes, copper sheet is availabie at .0007" thicknezss
and such a cell would have a total thickness of 002",
volume 4 X 10 ™"7 and weight_L.?%5 X 10 “1t. The maximum

power output is P = 2.5 X 10 “watt; zo, the zpecific p oiyR
is P’ =_1.2%8 watts/1b, znd 2 powsr denzity of 2.53 ¥ 10
watts/m~., Again, the thsoretical specific eansrgy At maxium
power is E’ & 500 watt-hrs/1b. With Phaze I coaming to an
end, we could not determine ths number of zossible chargs-
discharQe cycles, but experience suggests a large number,
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2.5 Batteri

s of Calls

[} ]

=1 In Parallel

In each of the four categories we were successful in
stacking cells in parallel; i.e. a thin laver of the
positive electrode material, then a thin layer of zeparator
material, It covers all except the 1zft edge of the
positive electrode material, then a thin laver of negative
2lectrode material that extends beyond the right edge of
the zeparator material, then a laver of separator material,
then a lsarer of the positive =lectrode material, =tc.,

Then, all of the exposed =2dges on the left side of the
stack are joined by a conductive paint to form the positiwve
terminal while all of the exposed edges on the rignt =ide
are joined by conductive paint to form the negative
terminal as shown in Figure 2. Of course, in case of 2
component cells in which the negative and positive
electrode material are the same, thiz stack has to be
charged to form layers of metal on the negative 2lectraodes.

This technique has proven effective in all categorizss a

long as the materials and methods of +abricat|on are

compatible with the environment,. ;

.2 L sn % e et ;'.’.“mm‘@fffg
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Towards the end of the Phase I research, we learnsd that k
the parallel stacked cells like that shown in Figurs 1, <
with Graphite coated paper instead of Graphite coated
Aluminum, has an inherent defect that causzes a large
internal resistance thereby limiting specific power. To
get from the positive terminal to the negative terminal
through the cell, the current must flow full length L of
the electrode, through their very narrow crosz zectional
area, 5S4 W, where W is the width of the cell, which
introduces a resistance R" = & * L/§.W. In series with
what we have been assuming is the interrnal resistarnce of

thﬂ cell; i.e. the resistance of the separator P = &
o’tW. The ratio of the two resistances is thepefaors
R'/Rg = (§ 7/ & (L5, 5,0,
In the glass slide gell we builty, and fthe wound cells ws= '
have been building L°/5, 5, = 2.5%/.0012 % 5.25 % 10°, 2
Thus, the only time we can *ucflfy neglecting B’ comparsd
to R iz when O /8 ¢ 1077, 1+ the paper separator is
very wet with salt water, & 2 10m. The resistivity of
Aluminum i= S 7 = 10 -7 ohm-m. Howesver, the resistivity of
the grahlzg coated paper we have been using iz much higher,

around 10 “0-m, Hence, it i= now apparsnt that imternal
resistance of the cells in category 3 and 4 is primarily
due to the resistance in the graphite coated cEper.,
Acheson Colloid claims to have 2 conductive graphite naper
with some silver in it that has a much 1ower resistivity,
and might greatly alleviate this problem.

To check on this analysis, we directly meazured the resistance
across 2 1/2" of graphite coated paper 1" wide and & mil thick to
get R’ = 400 Q3 then, we measursed the resistancs across &

ﬁWﬂﬂWm&H‘ﬂqHﬁmﬂﬁﬂ@ﬁNﬁﬂﬁNﬁﬁﬁﬂNxﬁNW&T%MWWRGWWKHBNMKVMNVAWWVHh“;XW@U&DJ&WRAVMWH\JnPM’



E%5 7 e Al T

:
l:‘l

Al il

3
5
y

ot

i

-

piece of paper damp with concentrated 221t water, 1" ¥ 2" znd i
mil thick, sandwiched between 2 piesces of aluminum foil, and
got Ry =5 0. Thus, R'/Rg & 20.

In category 2, c2ll A developed this problem because the nicksl
#lectrode oxidized and developed a very high resiztivity., e
avoided this problem when cell 2B by using nichrome wire that
did not oxidize, and using a value of 3, and 3, ten times
thicker thanm usual,.

The cell in category 1 probably did not have this oroblem
because it was operated only at 1100°F, where the =eparator

2till had a very high resistivity,

Call C in category 3, low temperaturs damp cel! with 2
components, showed the aluminum foil oxidizing aleng the
edge cloger to the positive terminal of the cell az i+f
electrons would rather not travel full length of the high
resistance graphite coated paper, but it jumped across ths
separator to the edge of the aluminum. The aluminum in the
wound cell may also be consumed in this fashion, but there
is no way to observe this., While in the discharge mode,
the electrons would prefer to run down the aluminum to this
edge and then jump across close to the poszitive terminzl on
the graphite; however, we did not observe reduction of
aluminum oxide even in the long periods of charging. When
we did build a cell with copper foil replacing the graphite
coated paper, the aluminum was consumed more uniformly». &
random array of pin holes appearsd, the numbsr increased
until they coalesced and the aluminum disappeared.
Recently, Copper .0007" thick has been available b» Somers
Corp. of Waltham, Mass. Unfortunately, it coste £22.00/1b,
but thiz may prove to be acceptable in high performance
zells, especially if the copper is not consumed. @nocther
chance for improvement seems to be ths graphite ccated
paper of much lower resistivity, which &cheson Collaoid
thinks it can provide at reasonable cost. Still ancther
solution is the one shown in Figure 1| in which the positive
2lectrode is graphite coated aluminum foil which iz mors
expensive than paper possibly, but it will avocid %this
problem. However, another problem is introduced i¥ an¥ of
the aluminum is exposed, because it is part of a short
circuited cell "(graphite/aluminum oxides/aluminum? .
Exposed aluminum will surely be oxidized and =xidaticn may
continue gradually and consume much of the aluminum,
especially if the environment is humid.

B. In Seriess

To avwoid the problem of running current tengthwisze through
relatively high resistivity araphite and binder, we built z
battery consisting of seriesz =ztacked cells, that were made of
3" X 3" square of ! mil thick aluminum fo0il, painted on cne
side with graphite paint, and zeparated bv | mil thick Ecuszta
hair wave zet paper having the same cross section amd scaked
with saturated sodium chloride in water, After drring this
stack of 2 panels slowly in an oven 2t 200% ., itk =
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lightweiaght on if, the esdges were scaled with gilicone sexlant
and wires were attached to gach end. In a humid environment,
the battery absorbs water vapor and air moleculss but doss not
pass liquid. Unfortunately, after two attempts, we Ffailed

to satisfactorily insulate the edges of the cells from one
another. Special attention will have to be given to this
problem. The solution will probably require thzt the edges
of =2ach panel muet be coated with thin films of insulaticn.

Although it is tedious to build large batteries this way
without automation, with it, it is feasible to make 249 volt=s or
100 volts DC batteries that are approximatelwy .048" and_.2"
thick, respectively., This could be made zz much as 1 m< in
ares and to be a structural part of the wallz in komes or
vehicles, stc,

In the category, low temperature damp cells with 2 components,
we tried in vain to produce a battary consicsting of alternative
larers of graphite coated paper and paper. After charging, we
induced an EMF equal to that of a single cell, regardless of
the number of layers in a stack! Apparently, the axyrgen ions
can find their way through the intermediate lavers of araphite
as if thery were not there. This doez nat accur in the =
component stacks because the aluminum foil prevents the cHFOen
ions from moving through. Graphite coated paper will probably
take the electron from the oxygen ion, but it still lets oxySen
diffuse right through its pores. 0On the other zide, whers wa
are trying to induce a layer of metal, the oxrgen that diffusszs
through simply reoxidizes that metal. The only place where arn
2lectrode is induced on the surface of the graphite iz at the
bottom of the stack where electrons are pushed in without
oxvgen by the external power supply. Hence, we get in =ffect,
Just a single cell,

Replacing the graphite laver with copper foil avoide this
problem, and allows the voltage to multiply, but copper is =0
heavy and expensive that this maybe an impractical apgroach. In
any event, these stacked cells reguire too much handling and it
is easier to make wound cells, and stack them end to end to get
any desired voltage.

2.4 Large Wound Czlls

l
l
We built a laroe version of the wound cells described under |
the category, low temperature damp cellz with 3 componsents, |
The machine shown in Figure 11 under category 2, was
capable of simultaneously winding a =trip of aluminum and =
strip of graphite coated paper from Ecuszsta with 2 strips of
Ecusta paper insulating them. The resulting c211 on 3 1" i
spindle has an outside digmeter of 5", and a tota] length a
of 265 £t, or 1.27 X 10%2 {5431 active area. The ends of |
this coi! where painted with radial spokes of conductive |
paint and tied to the spindle to form the opposite poles of |
the cell. The cell was soaked in concentrated zodium 1
I

chloride, then drisd before installing it in & humid
snclaosure, The performance characteristics of thiz cel)
are;s
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Ve = 720 volts
[ = .75 amp
B = Vsl = .98 0
R = .2 0
F = .135 watts,
The volume of the cell_ is 3.98 X 10—4m3, €0 its power
denzity is 240 watts/m~, the weight of the c211 is 2,34 1D,
€0 its specific power is P’ = 5.?% X 10 T wmatts/1b. The
temperture in the enclosure is 78°F. The contract will be
gver before we can fully discharge this c=11 and oxidize
211 the aluminum in it. But the theoretically predicted
stored energy is E/ & S00 watt- =hr/1h, at maximum pxmwr =
with 2.3¢6 1bs, we expect 2.94 X 10 -~ hours, or 372 daw =

discharge at .135 watts s, which is superior to most zto raun
zelis. Certainly, this type cell in mass production would
be much cheaper. OFf course, if the resistivity of the
Qraphlte paper can be reduced, specific power can be
increased substantially.
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AFPENDIX I

OPERATING CHARACTERISTICS 0OF THERMOVOLTAIC CELLS

Operating characteristics of these thermowvoltaic cells
and batteries can be described as follows:

AL DPEN‘CIRCUIT UOLTAGE Vo
The first and second laws of thermodynamics can be yzed
to predict that the open circuit voltage of such 3 cell

L=

Vg = V% 4 TedugrdD = u® v 7 (1
This is the Gibbs-Helmholtz relationship, and it is
verified experimentally by the plot of Vo vs. T in Figure
I1l, which is a straight line.

B. SHORT CIRCUIT CURRENT Ig

When the cell is shorted by a wire, the current that
flows is limited only by the internal resistance Ri.
i-e-, .

I = Vo Ry - ¢2)

Plots of V vs. I are alwars found to be straight lines,
indicating that ¥V =V, - I Ry. This is because current
densities are low and are not limited by the rate of chemirca]
reactions.

H
!

C. INTERNAL RESISTANCE R; If the thickness of ths zeparator
3, its area A, and its resistivity & , then,

Ry = O sra (23

Using the sclid state physics mode! in which the semiconductor
has electrons in its conduction band tha*t attach to axX¥oen
atoms to form oxygen ions and leave positive hales in the
tattice, it is predicted tha% the resistivity would densnd
upon temperature accerding to the relationcship,

S = & *exptasm (4

This has been verified by measuring R1 at various tempsratures
and plotting log Ry vs. 1/T to get a straight lins as shown in
Figure 2. Note that R; decreases several ordsrs o< magnitude

as temperature increases from room tempsraturs to 1200-F.
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0. SPECIFIC POWER P

With an external resistance squal to the intesrna! rezistance,
maximum power ig drawn from thez cell or battery, and i< the
powsr iz P, and the mean density of ths materialz = F; then,

powers/mass =,

Pr=pP =u2= y2

- - - E
PAS’  4PRIAS’ (4P S°(S + 5, + 3_ +5TH/5) (S

and 3_ are the thicknes
e

S+ 3 of the plus and minus
des and S is the thickn t

s
3¢ of the structurse,

Based on experiments to date, and using commercially available
material with impraued me thods of construction, we can expect
to achieve at 1200° F, operating temperature,

Vs = 2 volts

2x1,0° Kg/m"~
lﬂ_sohms-m

10 mo .

Sy ¢+ S+ 8THYy/8 =1

~ 03 0o

Therefore, a specific powsr of P = 253 watts/ kg = 114
watts/1b., This assumes that we use commercially zvailable
«0004" aluminum foil coated with an oxide 0002", which can b
applied with commercially available electrogazdyrnamic CEGD)
spray equipmant., It would be difficult to increase *he
specific power much berond this walue with this fabrication
technique; however, it is competitive with other advanced
batteries now in development (Figure 1>, OQther methods of
fabrication such as vacuum deposition would rezult in much
higher specific powers, but coating rates are zo slow that the
Datteries would be extremsly expensive,

We used an experimentally determinsd value for resistivity of
the oxide coating, and there is reason to belisve with furths
research this value can be reduced considerably. Our e de
zoating material is propristary and we already Mnow certain
additives decrease its resictivity. Also, certain neat
treatments reduce its resistivity. Many researchers ars
working on improving the conductivity of sclid state icnic
conductors, and we expect that some of theose findings will be
applicable to this problem (Rsf. 20,

r

€. SPECIFIC EMERBY E

The specific 2nergy of the cell may be written 22 £o) Towsg
ztored electrical energy/mass = €4
Ef = Vot X mol. wt, 0
Ma 272 A mol., wt. &l
N, s [ 3
X Lpsia
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(PSYAT + (,pS)i:.']EDE: + (PS)D + (PShg

where g/m is the charge to mass ratio of oxrgen and PS is

= t
product of density and thickness of the materizles indicated by

the subscripts.
In particular example, energy/m:ss =

(2) x €10%,3) x (16/€(2/8) x 270 x (171> + 1 + .5 + i =
8.89 x 10_; joulesr kg =
2.47 x 107 watt-hr/kg
1.12 x 10Y watt-hr/lb

This iz about five times larger than that predicted +or
advanced batteries now under development, and thisz iz bescauzez
there iz almost no additional weight devoted to structurzl
members in and around the batteries.

F. CHARGE-DISCHARGE CYCLES

The time required to fully discharge a cell is t = 1120 watt-
hr/114 watts = 10 hours. During this time, the internal
resistance of the cell would increase by approximately =
factor of 2, becauze the thickness of the oxide larer would &
doubled as the aluminum oxidizes. However, the czll can be
recharged and its internal resistance lowsred as the record o
Mo and Ry at 900~ F. shows while the cell iz dizcharged and
charged several times (Figure 4).

G. THERMAL CHARACTERISTICS

When the external resistance esquals the internal reciztance of
a battery it delivers maximum power/uolume, but its s<ficiency
is only S0, i.e., half of the chemicxl energy released iz

as

delivered as electricity and the other half iz deliversd
heat within the battery. Because the heating effect |
proportional to the wolume and the cooling =2¥fect is
proportional to the area of the battery, the thickness of
insulation required to maintain the operating temperatures
decreases as the size of the battery increxses. To be
precise, 12t the surface area of the batterv be & an
thickness of the insulation be S, and its thermal
conductivity K. Then, the thermal power that must be
conducted through the insulation 12,

=P =AKT-Tgo/5" {7
where T, is the ambient air temperature.

MNow, introducing— the power density P, and z mean battsry
2ize defined by 3 = U/A’; then, it can bs shown that,

S5 = K(T-Tg)/(PA) (2

Aszume, for example, that this battery is 0o
fibepr insulation hawing K = 03244 watts;mim‘- [ nd T
400 “C._amd P/ = 250 watts/Kg x 2 x_&D; ¥ g/m {
wattz/m~; therefore, S5 = 1.04 % 10 'm° When S <,

volume of insulation = wolume aof the battery, and adding tha

e
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insulation cuts the specific powsr and specificz snergy in
half. For cubically chaped ba‘ter:wa having the zize of
1ﬁn9*Q Xy volume X< apd area Sx“; & = ¥Z&., Therszfore, S92° =
(X/8)° = 1,04 x 10" 'm“, and X = s * 10‘*m._A bdttnrg of this
size would have power output of P = S x 10 watts/m”~ I R

10 =3 m° = 108 watts, In a2 battery

r
weight of the insulation would be less than that of the
battery, and by the time we reach sizes larger than 1,000
watts the weight of the insulation would be an1|Q|b1= In
fact, for batteries of 1,000 watts of more it would probably
be necessary to provide specual cooling to prevent the battery
from over heating,

er than this size the

(1]

Thermal nnclosure: +or modern high temperaturs batteriez Mauve
beern built and investigated by szeveral researchers (Ref. 3.
Because the thermovoltatic battery described hers is so simple
in construction, and electrical connections to it are al=o
simple, providing it with a thermal enclosure iz relatiuvely
ctraight forward.

The thermodvnamics of these batteriec, once understood, <3
provide some special benefits, e.g., the battery can be ma
to heat itself by decreasing the external resistance 3o th
most of the chemical energy is deposited in the battery as

t

heat., Also, when the load resistance is larger ¢ omopared to
the .internal resistance, the battery can cool itsel$ and
convert some of its thermal enerqgy directly into elactric itw,

bacause the open circuit voltage consists of *fweo parts; that
dus to chemical energy released plus that dus to heat
extracted from the battery environments; i.e.,

Vg = V' + Tedugr/dT) =y, + BT (

-~
oo

The second term is identified with entropy fﬂsngeﬁ Referring
to Figure 2 this cell has d UB/dT = 7.4 % 10 veoK o and Mg o=
.12 vitherefore, at T = 1200 F. = 9?22 Ky TCaW/dTr =701
V. Thus, the cooling effect is an appreciabls portion of the
total voltage; i.e.,

201/¢.7001 + ,12) = 853 (102

In conclusion, the thermovoltaic battery is an attractiuve
alternative to conventional liquid electralwte batterices and
advanced high temperature batteries now under develcpment,
because they have the potential to achieve much hicher

specific energy and power, Other advantages are their
simplicity of construction, safety, reliability, and ability
to rapidly charged and discharged without dﬁf=r|ur=+|nn. Thiwe
latter is possible because there zre no sscondary reactions in
these battzries and the current dencity, or current per unit
area i3 30 small that there are lezs physical changess to the

electrode surfaces tham in conventionsz) batterisg,

n
WD

The thermovoltaic battery reliss on having i werw lar
surface arezx rather than very large current denzitr.
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APPEMDIX 11

SPECIFIC POWER VS, SPECIFIC STORED EMERGY

Consider a thermovoltaic cell of total thickness L = 24 o+ S_ +
S, where S, is the thickness of the positive electrode, and S_
is the thickness of the negative electrode and S is the
thickness of the oxide separator betws=en them. MNote that the
thickness of the positive electrode remains constant as doss
the overall thickness; hence, during discharge axs the
thickness of the negative electrode decreases due to
oxidation, the thickness of the oxide zeparator increazes DY
an equal amount, and vice-versa during charge.

I¥ the area of the cell iz A, and its resistivity is=
its internal resistance is R; = 5/A.

Also, let the external resistance be R, through which =
current I flows generating a voltage V = IR and delivers
electrical power,

e T " "t A A AR Tt o TN B e v et XK BN N XN N VR

P=1V=1%R=u?nR (1)
Also, if the open circuit voltage is Vg, then the current iz,
I = U /(R + Ry €2

\ The specific stored energy of the cell is the chemircal BRer gy
] stored in the cell per unit mass of the cell less that which
, would be converted into heat as current passes throuch the
‘ internal resistance of the cell, i.e.,

£ = Vglg/mdg . mol. wt. O . P_-5_ (3%
i 273 mol. wt., Al P_S_ + P,S, + PS - (R;/RIE’
X -
E Now, introducing the mean density P = (p_5_ + P,8)/L, and for
| simplicity, assume that P_/P x 1, then,
)
| E’ = R/R; (1 -8, -8 )
5 — -
|
E €5 R/R; + 1 L L
' where,
: €0 - Yyla/mig x mol. wt. O =
J mol. wt, Al
' Qbwiously, thizs analysis can be generalized %o includs

oxidants other than aluminum, and oxidizers othar than cxwoen:

but, the result shows that for any given cell, the speci$i
stored electrical energyr depends on two param =

+
me ters, S0 an

R/Rj, which indirect!y also depends upon S-L.

It can be shown using egs. 1, 2, and 3 that specitic stored
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| -1350=
G power i3 also reltated to theszs two carameters; i.2.,
)]
. 4 5
P/Po=d4 x RR; x L/S _ w L (&)
(R/R;, + 10° S
wnere,
5') p 2.,.5 2
) Prlo = W74ps L (7)

We can =liminate R/R; from relationship betwsen E° and 27 with
zome algebraic manipulating, and the result is,

P E’7¢1-E**) (2

lq =
'y
% where, P*' = P//P(L/S) {50
E77 = E/'o/(Eq¢l - S4/L = S-L)) (103
' The plot below shows qualitatively how P’ znd E are related,
, and how this relationship depends on the paramster 4L, or the
| fraction of the cell that is discharged. In this plot, we
assume that S,/L is much less than 1, which is gensrally ths
case,
‘-,
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It shoul2 be noted that as the parameter S70 increases Ccell
discharging? the parabolas becomes smallsr and shi<ts to the
h

left. For any given value of S/L, ¢
corresponds to R/R; = 1; and, R‘R; »
peak.

To determine the relationship betwesen discharge time + and

relative increase in thicknsss of the oxide layer, S7L, or the

relative decrease in the thickness of the neqative =lectrode,
J8-/L, consider the following relationship betwezen specific
power and the rate of decrease of specific stored snergy;
ilEl,

P = - dE’/dt

-+

Then, introducing the characteristic dischargs time
E’9/P"q and, using egqs. 4 and é,

4 L/SY/(R/R; + 1) = = d(l - S/Ly/d(t/t) EED
After integrating and introducing the initial comditiaon,
t (0) =0 and S(0) = S, wes get,

t/ty = (R/R; + 1)((S/L)2 = (SD/LBQ)/S BR=D)

MNow, consider a typical case in whizh,

E'g =V (q/g) x 0 mow,. (273 %1 m.w, = 20107 /?)\1:/18%
= 2.L2 X Jou1es/kg =766 xgﬁ wakt-hr/Kg = 2.20 = 107
watt-hr/1b and5 E = VU, “/APS LS = (F/4) x 2 % 107 w4
#x10° (25 x 10 = 20 watt/kg .09 wattsb,

Aleo, the characteristic discharge time is tj; = E' /P, = 208
hrs,

Plus, to fully discharge a cell, that was initially fully
charged (8/L & 0), with R/R; & 1, the discharge time will b=

S/L &% !, specific power i3 very low. The trick is to operate
these cells close to their fully charged condition, whers

1
epecific power and specific stored energy are <tiil hiogh. For L

2xample, consider operating with S/L increaszing from .1 to .4
which is equivalent to S_/L decreasing srom % to .43 then,
the discharge pericd is t = tO(.4‘ - J15)/4 = 202 (.15)-4 =
=11.33 hours. Hence, according to the plot in Figure 1| from
Ref. 1, recharging such a c2!l daily would Keep it ogerat! wg
in a range suitable for =lectric vehicle, i.e., 25 72 P/ ¢ 100
watts1b,

lIl

In order to achisve even highzr power density, the best
procedure is to decrease the oversll! thicknsss of th

a factor of .32. This would increase this range by
of 10 which would be far superior than any modern baf
shown in Figure 1. Furthermore, it should be noted ¢t
decresge L =1 mil to L = .2 mil iz well within the
2Ff current technology; so, this is 3 reasonable next

+.d
[}
=

'
i |
[ (R

_|,|
tr
~ 0w

D1

l‘[l

[} R T
e
—

2
e

m

t
F oz
a
=

o+

Do
“IZ.'IU'

Bl e e ) R Ty N T T R T T B R o T g T Y et I T S A S R S R A

FS

“

= ty/4 = 77 hours. However, negar the ond of the discharged as

PR S . o oie R S 3

-

T N I T W YT T Ee WY Y f v w

2

v
-l

X MEEY P

e g

e
i el

T

B

o k- L

O R

Lt S
- g

AL e



- 37 -

It should be noted that if the extern

so that R/Rj = 1, then the discharge
specific power (dash lines in Figure
efficiency is S0¥; i.e., half of the

T

iz converted into heat., The efficiency
2.Q., cOnstant specific power {(snlid ]
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APPENDIXY 111

CONVERSION EFFICIENCY OF THERMOUVOLTA&IC CELLS

Consider a cell that is charged at temperature T. with current

I. for a period of time te 5 at voltage V- and having an
internal resistance R; (T2

Also, conzider the same cell being discharged at temperaturs T
with current I for a period of time t , at voltage VW oand with
internal resistance R; (T

Assuming that there are no mechanismes for losing charge =
in the cell, then Ie te =1 t , and the e2fficiency of tha
is

tored
cell

M =glectrica] energy output during discharae
electrical energy input during charge

(VU  + BT - 1R (T
SOV BT IR, (TOD (1)

I+ the discharging and charging are done and the same
temperature (T = T_), then the only way to increase the
conversion efficiency is to reduce Joule-heating during both
processes, i.e., reduce I R; and I- Rj. '

Thiz suggests that the charging process and discharging
process should be as slow as practical,

When the temperature coefficient 8 iz reazonably large, thers
is= another interesting way of increasing the energy conuverzion
efliiciency of thermo-voltaic cellz, i.e. charge at a Tow
temperaturs and discharge at a high temperaturs (T. < 4 T 3,

Howeuer, it should be remembered thxt generally Ry ¢ Toy » 3
Ry (T), so it would be necessary to have I- £ 1.

Fortunately, there is a way around this restriction. MNezpr
room temperature, it ic possible to reduce the internal
resistance of the cell by expozing it to a humid enuvircrment,
and then Ry (Tt ) < or = R; (T).

This simplified analysis neglects the initial part of the
el

charge and the final part of the discharge whsre tha cel
vwoltage varies with time because the interim pericd is much
longer than these tranzient periods.

Mogting that during charging, the open circuit voltage iz V_ =
Us + 8 T and the current iz I =V, / (R + Ri» where B i3 the
external resistance, and also noting that the charging vol tage

i3 M- (TC) = UQ ?Tc) + 1. Ry (T;); thgn y the erepgy
conversion efficiency may be writtern in the +orm
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M=V, (T) xR =% 4+ 5T (2
Ve (T R+ RiCTY U % BT+ I R{(TO
xR
R + R{<T)

If we wish to discharge with maximum power density, then R -
Ri, and the only way to Kesep the conversion efficiency high is
to charge at room temperature while discharging at hingh
temperature,

On the other hand, if we charge and discharge at the =same
temperature, the only way to achieve high conversicn
efficiency is to have R >> R.
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SPECIFIC POWER ( Watts/1b )

?l

R T T AR TR T RETTI.GCITET TR I S SRy TRty G L LI e e

- 46 -

AR N RARAEANGTROCVRA PSR OV ARV TR

SILVER

L
-

1" a1 ¥

I |

[E

-
LiTwin T 7

E’ SPECIFIC ENERGY ( watt Hours/1b )

Fig.1 A comparison between practical specific energy characteristics
of the lead-acid storage battery and other systems. (Batteries:
Vol. 2 (1977) by Karl V. Kordesch )

FIGURE 6

HORSEPOWER PER LB.
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> ¥ FIGURE 11 BATTERY WINDING MACHINE
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