.
—
- - - i o e smr T . e e = e T =~ Tt A Il i — T A
LT T T Pl il - R e e AL el A, -
- - == p— = ity . oy . .o
o LT e e e ——— - L L= o . - -
ril— PSR - G oy r'-l'F'-'l_'F' o ——— - _ - . —
: = - - . - - —
e o L LT _ = L
T Ty : . T
* - rE r e e
L 3
'
.

o ey r . .. e - —— - . l-‘- - e — Tt
e b e e o o] I o A i e W N D e
o o

N _ \
%\Wﬁqc TECHNICAL REPORT 54-409 \J
5
o L)
T .. i '
b - © e
ol ..

UNCONVENTIONAL ELECTRICAL POWER SOURCES

ATTIE L. BETTS
PAUL A. McCOLLUM

oINS L IR L | N
" {1 LHRRE OKLAHOMA A. & M. COLLEGE

FEB 5 199

n:*

Cosv aMEN] PUBLICAHONS
0 POSITORY 0idb-A SEPTEMBER o

e o . .-'.-"“-,.1,‘-}

4 . ' . - . L

i : . .
O

WRIGHT AIR DEVELOPMENT CENTER

PROPERTY OF COOK RESEARCH LIBRARY




R '
. ’ .
-.‘ e . -
i oo - e - —_— — "
. —'—-l—ﬂ-.— Tl — el el
_—— o m- - T e BT maT gl SR RS REpR mEporeY T - - — - - — = e PR —— — —r
- : - =T = LT i T e - —_— - - — . . . s s lenacaedd _
._:-!_...... - mj=m T - _:_‘.____ ._..,.,..,'.__..._.___..... . .__._.,...:_.-r_.._‘ D orm—— m— '_-._:_-'.'----F-H—._-—‘_“__-- - - e - "".'—H;""‘_{'.: E- o :....—..- - _—r — o —— e R - ———r- . T — b Py L _-._:-‘__.-
. i s T DU, 1z - e T L= e s - -_——— - =
=i e o - e o -
- . - ! b : —-|#.. * e
_— .. e e a1 -, ' ;r_:-.-—l-—-r:;— -
we . .
S SEL L gt - - T = Lo o -
U iF ST - .2 S - i 5. o
. ot A R . ) — o e S e g
s o - ._._'\._..._ . ; '._._..;‘. - ,.-* s e —m o . - _ s P e mmw. L. . _ L = ‘IL r PR 4 LT e B, ... 1o " s -
- .- T T T RN SO TERPL LS Lt (NG ] ST WP T il e Y Lo - -, : . LM - e e Bu .- - ) .
_ = e T e - - £ P B E S AL o AT LTI i el e - e e s — —r 2.2 TR o o um = - Al R “‘:-.-ﬂ- -
. e : Ay — it . T AT R b T e s
F g iy H - . . L R i Ll P m —— A m . Tem v == mp | m—— —-
g il P - _ ~ “""""'-'-"_ ._‘:rhw..-ﬂl_ e e
Py F1 ok s ek ——— — . — .. - —_ . i -
.- .o ] - . -
I, . me

WADC TECHNICAL REPORT 54-400

UNCONVENTIONAL ELECTRICAL POWER SOURCES

ATTIE L. BETTS :
PAUL A. McCOLLUM
OKLAHOMA INSTITUTE OF TECHNOLOGY
OKLAHOMA A. & M. COLLEGE
]
} SEPTEMBER 1954
" EQUIPMENT LABORATORY
CONTRACT No. AF 33(616)-2237
| PROJECT No. 6058
| i TASK No. 60280
1[
i WRIGHT AIR DEVELOPMENT CENTER
i AIR RESEARCH AND DEVELOPMENT COMMAND
I UNITED STATES AIR FORCE
1 WRIGHT-PATTERSON AIR FORCE BASE, OHIO
T
. f Carpenter Litho & Prtg. Co., Sprinafield, 0.
3 100 - 8 June 1555




mmm
— . ! ™ 3 TR nﬂrl,-— .

--IF#.-..-..—,-.*-.-_..._ Lo .

FOREWORD

This report was prerarad by Attie L, Betts and Paul A'. McCollum

of the School of Electrical Engineering, Oklahoma Agricultural and
Mechanical College, Stillwater, Oklanoma, on Air Force Contract No, AF

33(616)-2237, Froject No. 6058, Electrical Generation Eguipment, Task
No. 60280, Study and Rgasearch Program on Unconveational Electrical

Power Sypplies., The work was sdministered under the direction of the
Cquipmsnt Laboratory, Wright Air Development Center, with Dr. E. Naurana

aa project engineer,

A list of principal persomnnel associaied with the project and

indiceting authorship of parts of the report is as follows:

Dr. Attie L., Batts, F. E, - Electrical Engineer - Project Co-leader
Thermomagnetic, Oscillating £lectromagnetic, Thermoelectric,

Pyro-electric,

Dr. Harold T, Fristoe, P, E. - Electrical Engineaer - Froject Go-
Leader - Fiszoslectric, Fhotovoltalc.

Prof. Joseph R. Norton, P, E, - General Engilneer - Electrosinstic
Transducer.

Frof. Charles E. Thompson, P, E. - Chemical Englneer - Fuel Cell,
Magnetostriction, Emisaion,

Dr. Sherman Esger - Physicist - Electrostatic.

Dr. Alvin ¥V, Perazhing - Physicist.

Dr. Thowas E, Moore - Chemist - Ion Mgmbréne.

Dye Paul Arthur - Chemist,

Dr. Earl Gilmore - Chemist - ’u'nrk:man-RaynnldE-

DI'- E. M- Hﬁﬂﬁtt - chmiﬂt.
Prof., Paul A, McCollum, P, E, - Elecirical Engineer - Editing and

goeneral sumnery.

The work performed in connectlion with this report represents the

first year of activity of a proposed four year program of research,
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ABSTRACT

The research ccvered by this report has bzen directed tuwar?
raining informaticn c2ncerning the theoretical and prastical lami- 1
tations and capabilities of generating elecirical power by mearns |
sother than rciating machinery. cconventicnal batterles, or radlo active |
devices. Data and theory iz presented on Workman-Reynolds Effect, 1
Emission, PyrnweieCITicity; Thermopiles. Thermomagneti: Generators,

Ion Exchange Merorane. Fuel Cells. Elecirokinetic ransducer. Elecfru-
static devices. Oscillat:ng Ele:ztromagnetls Induzitiiu, Piezzelec*ricity,
Magnetecstriction,. and Pacroveltair Generators. A major porticn of the
findings resulted from a library searcihe A limited amdount ol experi-
mental and thesretical werk was performed to verify and extend existing
information. The thermoelectric effect, ion exchange membrane,
osecillating electromagnetic imduction, and fuel cells show p{nmise ?f
becoming valuable sources cf elerirical energy. The succeeding activity
wiil be directed primarily toward extending available information on
these power SO0UrcesSe

=k e iy e
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Tre publication of this repcrt di23 not constitut2 appreval

by the Air Force of th2 {indings or the conclusions contained therein.
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FOR THE COMMANDER:

- ' ' f@?ﬁ%‘r

Colonel, USAF
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INTRODUCTION

Many applications of electrical power could make use of so-called
"unconventional sources." It would be advantageous to use these
Sources for various reasons, some of which are; waste products may be
made to accomplish a useful purpose; weight and bulk might be conserved;
or life and reliability might be increased for rugged enviromments, For
example, high potential power sources for modern cathode-ray tubes quite
frequently employ radio-freguency oscillators as intermediate generators
of high veltage, low current power, since botter personnel safety and a
saving in weight is gained. In the case of the newly developed trans-
latorg; their utility would be broader if power sources commensurate
with their size and weight were developed.

The intent of this project is nct to develop final facts or to
evelve a final design of a power supply. The intent is to determine
where emphasis should be placed in a possible general devalopment
program of unconventional powar sources. The method of approach utilized
during this first year of effort has been to examine all available
library sources for information on previous work and to acd to the data
thus obtained by laboratory tests and theoretical analysis insofar as
time would permit. The completion of this task will involve the exam-
ination of possible sources to determine the parameters of operation
through a literature search augmented by tests of laboratory models
whiere practical. This examination will include the influence of
modern engineering materials and processes on the design characteriatics

of the possible power supplies utilizing the various unconventional
methods of generating power.

For purposes of defining the study, conventional elactrical power
supplies were considered to be those types, the use of which is common
practice, and which consist either of primary and secondary batteries
or of rotating dynamo-electrie machinery (generators). Other types
of electrical power supplies were considered unconventional for the

purpose of the contracted study., Sources involving radiocactive principles
were excluded,

Insofar as possible and practical, it has been the aim to quantita-

‘tively evaluvate the data obtained and to establish paremeters, such as;

(a) efficiency of power conversion.

(b; required overall weight per power output and operating time.

(c) required overall size per power output and operating time,

(d) range of voltages and currents which can efficiently be
provided,

(e) 1life and reliability which can be expected,
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Other aspects to be investigated, if applicable, were: methods of
voltage control, means of paralleling, lubricants, zudio and radio noise,
effects of enviromment conditions, and any other spe=cial features of
interest from an application standpoint.

It should be definitely emphasized that at this point in the study
of uncenventional electrical power supplies the information introduced
on the preceding topics is by no means complete, but rather represents
the resuits of the work during the first year of the contracted study.
It is to be expected that much more investigation is necessary before
any conclusive data can be presented,
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PART I
CONVERSION FROM HEAT ENERGY TO ELECTRICAL ENERGTI
THE WORXMAN-REYNCLDS EFFECT

. There are a number of papers that report the_appearance of an
electrical potential during the freezing of waterl, Mors recently,
E, Je Workman and S. E. Eeynnldsz have investigated, in what appears to
be the most extensive work to date, charge separation effects that occur
during the freezing of aqueous sclutions containing small amounts of
inorganic impurities. They measured electrical potentials as great as
230 volts between the frozen and unfrozen portions of *he solution. The
polarities and magnitudes of the voltages sre related to the natures of
the solutes and to their concentrations, but they are independent of the
freezing rate except to extreme values. The available current does, how-
ever, depend upon the freezing rate. J. Costa’ has observed the effect
in liquid-solid transitions with naphthalene, and reports that the effect
exists during sublimation processes. The most complete study presentily
available is that of Workman and Reymolds, hence, the remaining discussion
will deal with the contents of that paper.

THEORY OF OPERATION The effect is ascribed to a process which selectively
separates, ions at the ice solution interface. It was suggested previously
by Errerah, that liquids whose molecules have permanent. electrical dipoles
pass through "colloidal"™ transition states upon freezing, and the combined
electric dipoles of the colloidal particle may exceed that of the molecules
comprising the particle. Workman and Reynolds have suggested that lons

in solution are selectively absorbed in the crystal lattice in crder to
decrease the free potential energy of the systems Negative ions are pre-
ferentially absorbed in the crrstal., However, the armonium cation, HHh’
appears to be strongly absorbed., It is suggested that this ammonium
cation absorpticn is due to its similiarity to the hydronium ion, Hjﬂ,
which is the active ion in the formation of ice. The greatest effects

wsere observed with dilute solutions of ammonium salts, and with dilute
ammonium hydroxide solutions. Chemical evidence is presented in supgnrt

of the charge-separation idea. The effect is alsc observed in sclol
solutionse. -

T Chalmers, v. A« Atmospheric Electricity. Clarendon Press, London, 1949
Chapter Xil.

2 Workman, E. J. and Reynolds, S. E. Electrical Phenomena Occuring Durin
the Freezing of Dilute Aqueous Solutions and Their rossible Helation=-
ship to Thunderstorm Electiricity. Physics Review. Vol. 70, 1950,
Ppe 254259,

3. Custa, J. On the Thermo-Dielectric Effects. An Acad. Brasil. Cienc.,
Vol. 22, No. 3, 1550,pp. 235-3LB. Via ocience Abstracts 54:1821. 1551.

L. Errera, Je. The Colloidal State and Cohesion at the Time of Solidifica-
tion. Trans. Faraday Soc. Vol. 2L. 1928, p. 168.

. Solel is the phenol ester of sglieylic acid.
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It shouid be said at the outsed
actical means of

CURRENT STATUS Apparently, no studies h

from which exact calculatio

but some rough estimates are posaible.
that no promise is seen for such a device as & FT

producing pOWers

s. Maximum Efficiency
T one sccumes that the energy effecting the jon separation
comes from the transfer of thermal energy {rom the liquid
phase at a temperature T. to the solid phase at a temperature

T,, one can then calculate a maximum theoretical efficiency
for the process even though a change of state occurs, by the

classical relation,

Ty -T2

T1
Selecting the maximum value possible for the aqueous solution,
HoU, for Ty as 283%k (10°C), and the minimum value possibla for

T, as 243°K (-309C), the maximum thermal efficiency is seen 10
be about 1.%. There is reason to believe that this figure can
be no greater, and that in practice it 1is usually smaller be-
cause high freezing rates reduce the potential produced by
effecting a random orientation of ice crystals.

b. Actual Efficiency

Again it is desirable to pick data that will indicate the
optimum experimental efficiency attained. The following data
is selected from the Workman-Reynolds papers

Efficiency =

Freezing rate = 1 c¢/min.
Current produced = 1 microamperec. |
Voitage produced = 230 volts, maximum.

The total energy transferred per second as heﬁt is given by
Q = 1/60 x 80 x L.18 = 5,6 jouls/second

The total electrical energy generated 1is given by
P =230 x 10-6 vatts = 23 x.l.U'h watts,

and the actual efficiency is given by

efficiency = 2.3 x 107B x 100/5.6 = 0,00L%

or 0.,00L/0.14 * 0,03% of that theoretically possible.

I-2
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c. Weight Per Unit Output
The weight of approximately %0 pounds of solution would be

required to produce a power output of one watt for a period of
one minute,

de Eﬂlume Pﬂr'uniL~QU$EU$

The device would have a volume of about 3 cubic feet per wati-
ninute of energy produced.

e. Range nf'ﬁg}tages

The voltage of the device can be varied by using different
solutions in the freezing chamber, or by the usual electrical
divider networks. |

feo Range of Currents

The reported current was one microampere. Presumably, one can
inerease the current by freezing over a large surface area.
Nothing can be deduced about the noise level and life of the
device. |

PROJECTED STATUS It seems unlikelT that a thermal process whose power
¢vcle involves a change of state can ever have a reasonably high
theoretical efficiency. It should be stated, however, that more research

will be required in order to prove absolutely, that the device cannot be
used used as a POWEr SOUrcCe.

RECOMMENDATIONS On the basis of information presently available, it 1is
recommended that a device for generating electrical power whose operation
is based on the principle of a separaticn of charge during a change of.
phase, be regarded as impractical. This effect is secondary to the cool-

ing process and therefore is not considered an efficient method cf energy
; conversion. -
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A thermomagnetic generator is one that utilizes the change in
magnetic permeability with temperature to produce an electromotive force.
1f a megnetic material 1is heated to the Curie point, it loses its magnetic
properties. & magnetic circuit that contains an element that is alter-
nately heated to the point where its relative permeabilitj}félr ’
approaches unity, and then allowed to cool to such a point that the re-
lative permeability increases, wiil have a varying flux, ¢ , within the
magnetic circuit, and any coil placed around a portion of this magnetic
path will have an electromotive force induced in the coil that can
provide power to an external circuit. The thermomagnetic generator 1s,
Ly nature, a low-frequency alternating current source. The low- -
frequency is dictated by the heating and cooling cycle of the material
in the magnetic circuvit., The heating and cooling is controlled by
valves or vanes to regulate the heat being applied. The schematic
diagram of this type of generator is shown in Figure I-1

PERMANENT MAGNET

o2 | A vaxes oF

= — MAGNETIC
--- . MATERIAL '

EMF ‘-'_ iﬁ e HEAT FLOW

vt TP e 152 Ncontrot ™
} A |!§ VALVE

Figure I-1 . ZElementary Thermomagnetic Generator

CURRENT STATUS  Most of the work on this iype of generating device

was preformed in the period 1880-1890. The machines used were bulky
and inefficient. A more modern work was performed by Erich Schwarzkopf
in 1935 and is covered by U. S. Patent 2,016,000, There seems to be

no available information on the efficiency of the generators described
in the literature. The only indications concerning physical size |
indicates an active area of approximately 1/8 sq. ft/watt and a weighi
of 8 lh/ watt.

PROJECTED STATUS  The two obstacles to the development of this type

of generating device are both related with thermal problems. The
relatively slow heating and coCling cvele of the magnetic material

1imits the device to a low-{requency output of not more than a few

cycles per seconde The problem of thermal efficiency is the other

major factor limiting the efficiency of operation, The avallable data
is insufficient to establish any of the parameters with any degree of
reliability at the present time. It is evident, however, that such a
device would have a long life and low maintenance. The range of voltages
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urrents is controlled by circuit design. Noise, both audio and
;zgiz-frequency, would be low. It is felt that t@e recent ad:anc&:uiﬁ
engineering materials make ihe operation of a device of this yper t‘
more feasible as far as volume and weight are concerned, and the_ lac
that waste heat could be utilized would be a definite advantage.

RECOMMENDATIONS The limitation of the cutputﬁuf’the ther@nmagnetig
venerator o low frequencies is a decided disadvantage in its appli-
cation as a power source. 1t is felt thav the theoretical possibilities

. . | . . to any
of this device should be studied, paying part?cular attention _
material or method increasing the rate at which a magnetic material can

be heated or cooled through the Curie point.

1 Armour Research Foundation, Survey of Power Sources. Signal Corps
Engineering Laboratories, Fiﬁﬁ% fteport, Contract No., W-36-039-
\ ge-32132, May 1947, pp. 229-230. |
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PYRO~-ELECTRICITY

Pyrn-electricity is the name given the pctential generated betu&en
two faces of an oriented crystal when this oriented crystal is subjected

to heat either through a direct application of the heat or through
electronmarnetic radiation in the infrared spectrum. In order to evidence

this phenomena the crystsl must fall into one of the followling cata-
EDPi&5=1 polar, tripyramidal polar, tetartohedral, c¢linochidral, or
triclinic asymmetrice. Thesﬁ crrvstals must be oriented so that their axes

of polarization correspond. When properly oriented, these crystals are
reportedly capable of detecting tagperature variation of the order of

millionths of a degree centigrada,

The current flow given for this temperature mecsurement was in the
order of 5 x 1077 ampere. The c¢crystal was reported to be able to follow
frequency variation c¢f heat application up te 1000 cycles per second.

Most of the experimentation on pyro-elesctricity has been confined
to tourmaline. Other crystal substances such as tartic acid, have been
noted as haviag a stronger pyro-electric effect. Experimenters have
had considerable difficulty in separating the potentials generated by :
the prreelectric effect from those produced by crystal deformation and *
tne tnermoelectric effect present when the temperature gradient inside
the crystal is not zero and impurities are present. When present,
potentials caused by deformation and impurities are classed as "false

pyroc-electricity."®

Aﬂnng the patents utilizing the pyro-electric effect is one by
Sivian? covering the conversion from heat rays 1o electricity utilizing
a heat transparent window in a nhermetically sealedscuntainﬂr to apply
the heat waves to the crystal. A patent by Delano” claims the trans-
farmation of heat energy to electrical energy using this phenomena.

No data was found that established the physical dimensions or
weight of a generator ut§1121ng pyro-electricity. In view of the
limited current, 5 x 1077 amperes, and the fact that most experimenters
found that "false pyro-electricity” was usually stronger than pyro-
electricity, this phenomena is not expected to require serious consider-
ation as a source of electrical energy.

T Cady, W. G. Electroelastic and Pyro-electric Phenomena, Proc. I.R.E.
Vol. 18, Neo., 7 pp. 1247-1262, July, 1930.

2 Duhem, P. On a Theory of Fyroelectric Phenomena, Society Francaise
de Physique, Paris 1889, pp. 59-66.

3 Ta, Yeou. Academic des science, Paris Vol, 207 part 2, pp. 10&2-&3

s Sivian, L. J. U. S. Patent 2,299,260, October 20, 19Lk2.,

5 Delano, James K. U, S. Patent 2, 317 523, April 27, 19L3.
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RECOMMENDATIONS: The low power developed by pyro-electric crystals is
such that inis phenumena is not coi'sidered a desirable source of power
at this time. It is recommended th.:t no additional effort be expended
in experimentation.
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EMISSION

Emission phenomena by which a measurable amount of power is gener-
ated includes: |
I. Thermionic emission
II. Photoelectric emission
1. Photeemissive
2., Photoconductive
3« Photovoltaic

THERMIONIC EMISSION 1is s pure electron emission from solids which have

eén heated to incandescence by the application of an electrical or other
heat source. Ais Such, it can be considered the direct transmission of
thernal energy iaio electrical energy. Electron emission as a function
of temperature is expressed, according to Richardsnnl, by

1 = a.'r“e_%

where I = emission per unit area in amperes
= absolute temperature

and become negatively charged with respect Lo the emitting bedy. Thus,
connecting a load between the two will permit a current to flow and
electric power will be derived. Data on the energy radiated as s
function n£ the temperature have been Summarized in the review by Lax
and Piranic, which contains complete references to the literature.
Among the nure metals, the greatest emission is experienced with molyb-
denum and tungsten. At 2000°K, the values reported are in the ordepr

of 10 milliamperes/em® for molybdenum and 1 milliampem/em? for tungsten.
a The electron emissivity of tungsten ecan be greatly improved by the addi-
; tion of 1 or 2 percent of thorium. The atoms diffuse to the surface of
T the filament where they form a mono-atomic layer, and the emissinnBGf

such a filament at 2000°K is in the order of 3000 milliamperes/ﬁmz .
Further work with filaments coated with oxides of barium, calcium,

strontium and others, has resulted in electron emissivities of 10,000
to 20,000 milliamperﬂs/bmz al this temperature. However, their life
would be very short at this high temperature and are thus operated
commercially around 1100°K, The characteristics of such a filament
are listed in Table I-i1%and a comparison of cammercially'manufacygrad
| filaments with pure and thoriated tungsten is shoun in Figure I1-2-,

\ The emission in milliamperes/bm2 is plotted against the power input in
? watts/em?, Efficiencies are alsq indicated at some points in milli-

. Iiil:h.- L ﬂ._,,lﬂmﬂim._-. " 'h““‘“’- w i ..

. B R P | | t

r T sl e P g | - -

amperes/watt. Comparable emission currents have been obtained from

T Richardson, 0. W. » The Emission of Electricity from Hot Bodies,
Longmans, Green and Com any (1921),

Lax and Pirani, Handbuch der Physik, 21, 236-40.

Langm.uir’ I-, and Rﬂgﬂrﬂ, w., Ph}'ﬁl R‘E?- h,sllll (191-‘.‘)-

Davisson, C., I.C.T. 6,53 {1929).

Ki.ng, R, H-, Bell Sysiem Tech, Jn; 2’ no., I.l (1923);
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ﬁxide cathodes heated in a furnice, rather than electrically, and it 1is
indicated that such a generator might be practical in an application 1
where there is a large amount of high temperature waste heat available.

RECCMMENDATIONS: 1t is felt that this process shows insufficient promise E
to warrant further activity other than checking current literature. ¥
Future developmenis may change this outlook, but current data does not
predict this occurrence. | . '
| TABLE I-1
Characteristles of Western Electrie Filaments
- Temps = 900K | 950°K | 1000°K | 1050°K [1100°K | [

}In (milliampa/bm2) 20 | Ls 90 | 170 | 310

|

]

50 | 1| WE| 5 l
l

|

Pr (pﬁwer radiated, Hatts/bm?) 243

Pg (pawer absurged by emission.
ﬂatts/cm

0.04 c.0Ls| - 0.090 0.17] 0.31

Efficiency (milliamps/watt) | l
Io/(Pp+ Pe) 8.6 | 15.0 24 31 53

Life (in thousands of hours) [ 730)# rITO)*' [ 720 20 T4

I

%¥These figures are computed,

1 Kay, G. W. C., and Higgins, W, F., Proc. Roy. Soc. (London, Ser. A.
901 '-l30'3h-
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Filgure I-2, Emission from coated filaments as a function of power input.
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THERMOCOUYLES

The fact that a potential is produced when a junction of two dis-
similiar materials is heated has long been known. The exact magnitude
of this potential and the associated available current depends upon the
individual materials; the methods used in preparing the materials, and
the forming of the junction. The major portion of the work directed
toward the uss of thermcelectric generators as a source of electrical
energy was preformed shortly after the invention of the incindescent lamp
by Edison in 1879. The work was almost discontinued by about 1890 in
favor of developing rotating machinery. In recent years, a renewed
interest in thermoelectric generators has led to_the development of the
Marshall eneratcri, the research work of Telkasz, a survey by Armour
Institute’, and materials development work by Franklin Institute%,
Thermoelectric generators are characterized by low efficiency, small
power output, great weight and volume per watt output, absence of
comnutation and moving parts, simplicity and ease of operation, adapt-
ability to use of waste heat, and noiselessness. The efficiency of energy
conversion claimed for current thermoelectric generators varies from 0.2%
to 8.2», This figure is limited primarily by thermal losses in the design,

Most of the material found in the literature is btased on the effici-
ency of operation at maximum power output and net for maximum overall
efficlency. For this reason, it is desirable to derive the general
equations associated with overall efficiency.

The total electrical potential developed by a thermocouple is
= = AT

where E 1is expressed in volts, -
€ 1s thermoelectric power in volts per degree centigrade,
AT is the temperature difference between the hot and cold
junctions of the thermocouples,
The povwer output of the thermocouple is then

Power output = EIAT - 1° % + %_‘Tev) woatts,
Where I is the current in amperes
and (% z‘!,' is the internal resistance.

The heat input required to generate the @T AT electrical povwer would be

1 Electrical world.Vol. 6 pP. 385.

2 Telkes, Maria, U, S. Patent No. 2,229,482,

3 Armour Research Foundation,Survey of Power Sources. Signal Corps
Engineering Laboratories, Final Report, Cont. No. W3-039-se=32132,
May 1947.

L Franklin Institute, Development of Thermocouples for use on Thermo-

eleciric Gquratnrs._Signal Corps Engineering Lab. Final Report Cont.
No. w~36#039-5c-3§35hp Sept+ 1y50.
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Where T, is the temperature of the hot junction in degrees Kelvin.
The heat conduction losses, neglecting the Thompson Effect and essuming
the walls to be perfect insulators, are

*h: -l a’d
aT(Z + 1%—
! L4
where ,.é ,f’, are the coefficients of heat conduction

-

a’ a* are the areas of the two materials in =q. cm.
2' 2" sre the lengths of the two raterials in cm.

The general efficiency can then be calculated from

Pr P','l")

owtput  e1aT - P+
efficiency = put = - —rFa . FZ
| e1im +a-r(a%g-_ +7¢Q

Thiz shows the effect of the various parameters on the efficiency, in-
cluding tne fact that the eiectrical and thermal conductivities of the

elements themselves affect the overall efficiency of the thermoplle
genarator.

An important characteristic of such a device is the maximum
efficiency that can be expected under specific conditions. To determine
this maximum efficiency it is first necessary to differentiate the
equation for ef’ . iency with respect to ihe current output.

dr ~ [E‘ITh-l- AT -‘%?’- +7’ '

L J

| 4

Setting this equation equal to zero and solving for t.e current occurring
at maximum efficiency yields | -

("5*""%‘)( {+ 7
\Z

Ly = —es

!

1

1

! Substituting this value of current intc the general equaticn for
l efficiency gives an expression for maximum efficiency of
]

!

‘. R L I L T
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This is the general equation for maximum efficiency. It car be simpli-
fied by imposing the following definitions and conditions.

a=a = Q L'= 4 = £

Prl - p So 2P= F+ P

.féégfg- = 4 So JEJE.==46:+342#
&* Th

and A= _4-?’;{— . . Then the current for maximum efficiency
becomes — eat(%%) ”—— ]
]%ﬂi ZAP l: L +A .

and the maximum efficiency equation 1is

= &1+ % - (4|

In some applications the operation of thermocouples at maximum powsr out-
put is of primary interest, To determine the conditlons existing at
maximum power output equation is differentiated with respect to 1

43,

dR _ N AN
dr — AT + al(a, + a”

WADC TR ShL-LO9 1-13

[ . =l . =
. h "
0 ' -
- — —_— e wm e N r—— - — —————— e aL m e —— —_ - —_—
— — .- = L '.“' ——r—— . — — . - —_pr—y———pr—— — — —
. : . - - ) memme FEEE —fL e — - o U T T W L A g W z _.'__.. '._.__. — _
=i : e TR
—Y— =" o ., - - -
. - — - - .. L T ol — - B L - i
— 4t cL i LT T e - By T ' - ) : N T -
-_— —aar e - amT, s . . - T L 2 . . T . _ _
R i - e _m—wne s e mheluSITFERER L ' - L :‘ LT
- e - i - R : : - ¥ e - —-
.- e - ) - — -k - .
. - . - [
I -_-_...;.-_-'lﬂ"-'f‘i;__ . :-ﬁ . . . e i
gy b} i e — e e s e i VL Tiiain e — L. — B rr=re——1 —— — Ly v oL \ - .
' -~ - B e B L - e " L T - L oy - = — s e g™ 2 el e ey i, . il i
- (A L _EEr e ]" PP - 5 ] - Jr—w-‘:- [F R ST T—
i . : - 'ﬂ —Hr_..'l-_""__-t_. . o, T a I
. «
-



1 g ol & e

. -

quation equated 10 ZEro, the current

With this e
power output becomes

Inuﬂ - ( amperes,
which shows the maximum poWer uutput. tn be

2 arB -
E mard i’fAT 2 wvatts.
AN
4(F+ T

The efficiency at maximum power would then be

= SR SR
EHP X.eI-AT o 1_2(?:2;1. %‘Q-Xi—%’: N 5‘;)

or if expressed in terms of the parameter "A%.

_ AT |
éMP— £ T 1+_§_
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CURRENT STATUS: The library search for the thermoelectric powers and
associated characteristics of materials provoed to be unsatisfactory due

to lack of information concerning the conditions surrounding the expexri-
ments and the degree and type of impurities present in the samples tested,
The curves shown in Figure I-3 have been computed in order to more readily
determine the characteristics a material must have if it is to be a satis-
factory source of eleétrical encrgy. The ordinate of these curves 1s the
giffsrence in thermoelectric powers of the materials in microvolis per
degree centigrade. The abscissa is in theoretical overall maximum effic-
iency. The individual curves are for different values of PA . The

form factor assumes that the two materials have the samﬂag?ysical dimen=
sions. This curve can be used either to determine the P product re-
quired to produce a certain maximum efficiency for a given thermoelectric
power, or the thermoelectric power required to produce a certain maximum
efficiency if the 7 A product is krown, or-+o determine the maximum
efficiency if the thermoelectric power and P& product are lmown. Curves
of this nature can be plotted for a variety of temperatures. In using the
curves, it 1s necessary that the values for thermoelectric power, P ,

and correspond to the temperature used in plotting the curve since
each of these parameters is a function of temperature.

RECOMMENTATIONS: It is felt that the best advantage can be gained by
tabulating the rslated parameters of the various materials that might be
used a= elements in s thermopile generator, Particular emphasis should
be placed on finding materials with a low P4 product and a high thermo-
electric power. It 1s also felt that information on contact potentials
and Fermi energy levels should also be tabulated for possible correlatlon
with a view toward pradicting the effects of impurities on the thermo-
electric phenomenon. A laboratory test set-up for experimentation is
neaded to correlate data and theory and for verification purposes, It 1s
felt that the success of thermopiles as converters of energy from heat to
electricity i3 sirictly dependent upon finding materials having a favor-
able combination of physical properties.

" . ) |i“.‘l"iﬂ'
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Figure I-3 Relation between parameters of a thermocouple.
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TABLE I-2
INFORMATION SOURCES
Information Yatts 1 Cu ft. i Lbs. Page No.
Source Output Par watt | Per watt in Armour
J Report
Electrical Review |
Volume, 224 Hﬂrch 13361 120 Onlm 5.00 113
pe 332
- = I_ _—
Electronics |
Volume 19. May 19L6 g 0.065 2,25 127
PPe 1956=202

Electrical Engineer
Vol. 19. May 1895 275 0.0067 2.90 121

Elecirical World : T
Vol. 2. May 1897 - 10.4L 0.,0141 1,92 13
Pe 630 J
I ) —
Electrical World
vol, 6L. August 191L. 933 0.027 . Le28 136
p. 3685
‘Ui Se Patent
|1,615,7hh 5 G.200 3 00 153
U. S. Patent 8
1,667,112 | 18 0.055 2.8 | 15k
5-
: 117
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PART 11

CONVERSION FROM CIEMICAL ENERGY TO ELECTRICAT. ENERGY

I0N PERMEABLE MEMERANES
THEORY OF OPERATION

Even bsfore the turn of the century, it was known thal in viological
processes some membranes permit the passage of ions of only one sign.
The faet that such membranes would be useful in studying natural phenomena
and synthetic processes was recognized, and some investigators fabricated
artificial membranes which were selective to lons of one sign; aaieEal
different materials were used, including cellulese and collodion. ’
These membranes could be treated potentiometrically when separating
solutions of different activities, but they had the common character-
istic of offering high resistance to cuwrrent flovw. Continued research
with membranes coupied with the development of efficient granular icn
exchange resins and tough organic polymers supplied the information
needed to, fabricate very durable membranes of high electrical conduc-
tivity.>*H '

The membranes to be used in this project are commercially avallable
Ambdrplex C-1 cation permeable membrane and Amberplex A-l anion permeable
membrane manufactured by Rohm and Haas Company, Philadelphia. If other
commercially available membranes more suited to the purpose are found in
the future, they too will be employed. Amberplex membranes possess
excellent mechanical durability; below 95°C they are highly resistant
to concentrated solutions of acids, bases and salts and to most cormon
crganic soclvents; their conductivity 1s comparable to 0,01 —0,1 normal
aqueous solutiona of strong electrolyles, which psrmits passage of
enough electrons and ions to be of practical value, The membrangs are
aimilsr to granular lon exchange resins except that the former are in
sheet form. The structure oi the membranes is a three-dimensional
network of an insqluble organic polymer. Thelr reactlivity comes from
active groups bound into the polymwer. These groups are free to lonize
and take part in crdinary ion-exchange reactlions. Cation permeable
membranes have reactive acidic groups which ionize to leave negative
charges attached Yo the polymer; anion permeable membranes have basic
groups which ionize, leaving positive charges on the polymer. In the
interstices of the pulymer there is water; cation permeable membranes
are capable of exchanging any cations which may be in this interstitial
water. It is evident that the mechanism of electrical conductivity is
similiar to that in aguecus scluticns of electrolytes, i. e.; by mobile
jons. Random passsges exist through the membranes, and in the ideal
case the passages are just wide enough to permit ions to pass through

1 Meyer, K. H. and Sievers, J. F. Helv, Chim Acta. Vol. 19, 1936, pp.
643, 665, $#63.

2 Soliner, K. J. Electrochem Soc. Vol. 77, 1950 p. 139C.

3 Juda., We Hﬂsénberg, ﬂ- H., Hﬂl‘iﬂﬂk‘]’, Je Ao and K-aspar, A. A, J-A-C-S-
Vol. ?'.l- ]-952- PI 37%1

L. Winger, A. G., Bodamer, G. W., Xumin, R. J. Electrochem Soc.
Volume 100. 19531 Pe 1?8-
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)  Operafion turing Dischorge.

Firurc II-1. Battery operation using*gagl as electrolyte
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only by displacing some of the ions on the groups 1ining the pasSagese.
The selective permeabllity or permselect.iﬂ.ty of a membrane is the
preferential transfer by the membrane of ions of a given slgne The
permselectivity of the membrane approaches the ideal case in dilute
solutions, i.e., about 98% from approximately 0,03 molsr solutions. As
the concentrstions of the surrounding solutions jnerease, the perm-
selectivity decreases. This means that an inereaging fraction of the
current is carried by jons of the same sign &S the attached charges in
the membrans., 1l Seems necessary Lo use solutions of greater concentra-
tion that 0.03 molar in a battery in order for it to have the low
internal resistance which permits satisfactory current withdrawal. The
parmsalactivit.y of a merbrane separating 1 moliar and 2 molar solutions
ig apbout 65%. Thes 1 moiar and 2 wolar solutions have high conductance,
and the 65% permselectivity indicates theoretical ampere efficiency of
65%4. These values may be suitable for a batiery.
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The proposed battery is sssentially a series of concentration cells
with transference. A potential occurs across each membrane because of
difference in concentrations of the itwo solutions which the membrane
separates. Electrodes frum these cells need be reversible to only one
jon. After consideration of several reversible electrodes, the silver-
silver chloride electrode and the calomel electrode, which are reversible
to chloride ion, were chosen as suitable for this work. Therefore, the
electrolyte may be any which contains ehloride ion., The scdium lons
diffuse through the cation permeauble membranes from higher to lower
concentration. Chloride lons diffuse through the anion permeable mem-
branes causes the left sides of the cation permeable membranes to become
positive with respect to the right sides; and the right giddés of the
anion permeable membranes to become negative with respect to the left
sides. The total effect is, that the left sides of all the membranes
become positive with respect to the right sides. Of course, the solutions
in all cells must remain electrically neutral. Tnis neutrality is main-
tained by diffusion of equal numbers of sodium and chloride ions into
cells 2 and L from celle 1, 3 and 5; as sodium ions leave cell 1,
chloride ions are removed from solution by chloride ions from the cathode.
The operation continues until the solutions in all cells are ¢f equal
concentration. |

The battery can be recharged as in an ordinary storage batiery, or
it can be recharged by removing the spent solutions and replacing them
with new solutions. If the latter procedure ia followed, the more
concentrated solutions are put into the cells formerly occupled by less
concentrated solutions, and vice versa, 1. e, the more concentreted
solutions are put into cells 2 and L, and the less concentrated solutlions
ars put into cells 1, 3 and 5. This method is used because during the
previous discharge the anode in cell 1 gained chlorlide ions while the
alectrode in cell 5 lost the same number of chloride ions. So, when the
battery is discharged again, the polarity of the cell should be reversed
to prevent the electrode in cell & from becoming short of chloride ions.
The method just given should prevent alther electrode {rom becoming spent.
MEMBERANE POTENTIAL ,Expressions have peen derived for the potential
across a mgﬂbrﬂne.lizf For perfectly permselective membranes separating
dilute solutions, the potential is given by the Nernst Potential expres-

sion
RT , 1n(22
- e in
B2 (;i) | (1)
where

R = the gas constani

T = absolute temperature

¥ = Faraday

aj and ap = activities of the solutions.

eyer, Do e an ievers, J. Fe lOc.cite
2  Teorell, T. Proc. Nab'l Acad. Sei.U. -5, Vol. 21, 1935,p. 152.
3 Rohm and Haas Co. Amberplex Ion Permeable Membrames. Phil.1952,p. 32.
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Fiocure II-2. Dattery recharged by replacing Solutions

o o orh

cemr ot daw _,-.p-'L',r:I'9 II-h




——. U - -
P —_—— [P R S TR T VI ] ——w e w - b — - — I . N . _ . . e o e eem. = . —_ . x — T I = = m ap— —_ . - — v E— = e e i L P
o —— e A L - et U RRLC mam = T MR Tt ITTe e g i IR BT o= - == i "_"iL'."'?‘.F_.'M::"'"""_'" = - - T - T . . ™ - - . Lo :
R ALl R . ror : - R e N R - - =
- ' = " o ——u S LT - l' - e N e [ - . . b . . L loTT o=t — oS o -, .
. — - Sal Tl . el - i - - it . S e me - - ) - A
LTI - . \ H o H e e e e - A P e -] o e . Co Lo mA T o
LT I L etalalics i : et O R : e o _ _ ———
vt Sy b LT T St . s - ' ) gl i e - 1 S e e r— s
=7 _— . - - . - By Sy
R S - - —aT . . :
.-—--._—L_ . —- . - =, L—;[l_ . . _ . s .
oY T el e T o ; e . - . - =L - - . = . - :
C e ——— . NS o T N SR . Tt TS At kit e i — et o, et i ot i o AT o T ¢ o e b ot e B T T S L R T T s e -
IO I el ST P T S T b ittt 0 K T T M ST, T T R AR, T S T L el Dt i L L T R e = - . e - e
Nt L SELTSaOEr . TR T e, L W MR Wi S SRl - e e — L e i T i L -l . il e e . Sy e e, T e
r T b TNy e Ty <y BRLT - =1 g L 2 '- P -- - B T T ™ el K ar s a7 . .. e - - - - -
'_" -

For a membrane separating solutions which have large concentrations of
ions compared to the fixed ion concentration of the membrane {and at
present this seems to be the necessary condition to give a battery mini-
mum internal resistance), the potential is the diffusion potential
between two electrolytes;

Ea(th =¢)op . m(? (2)
1
where

£+ and t are the average transport numbers of
cation and anion, respectively, in the =zolutions.

The electrndes in contact with solution do not contribute to the
total E because vhey are both of the same type; the effect of each is
cancelled by the other. The resistance of the electrodes ares not known,
so it is impossible to approximate the internal resistance of the batterys;
the resistance must be obtained by experiment.

CURRENT STATUS Prapﬁratinns are being made for laboratory evaluation
of the battery.

PROJECTED STATUS By using equation (2) in the Theory of Operation, it
is possible tc¢ calculate the approximate voltage per membrane in a
battery. This is done for sodium chloride solution. It was impessible
to find in the available literature all the values for equation (2} at
the desired temperature; 25“3, sc the calculation was made by using some
approximations. The membrane separates solutions of 1 molar and 2 molar;
the average of these is 1.5 molar; therefore, values of t and ¢t at

1.5 molar should be used. These values were not found in the a?iilihle
literature, but they were found for 1.2 molar solutions at 25°C,

Since the change in transport numbers for a small change in concentration
is not critical to this casey the values of 1.2 molar solution were usad,
The molar activities al 259C were obtained by converting the correspond-

ing molal activities®) using the densities of 1 and 2 molal solutions.
These densities were interpolated from the values given for 20° and
30°c, At 25°C then, per cell,

E = (1) 5z In(z:)

= (0.383-0.617) %;2393) (3?30?9@ (g);fg:é:{))'

= 4-'4" “"“lh'\-fﬂih.

I Washburn and Millard, J.A.C.S. Volume 37. 1915 p. 69k.
2 Robinson and Harned. Chem. Rev. Volume 28. 19Ll, p. 419.
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ion permeable membranes may be useful as a source of power is worthy of
investigation. Voltage can be increased by, (a) increase in temperature,
Lb) use of an electrolyte with preater activity and/for greater difference

between transport numbers, and (c) using many membranes in the same

RECOMMENDATIONS The possibility that concentration cells which utilize
battery.

I1-6 .
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For many years, investigators have been attracted to the problem
of converting the energy of fuels directly to electrical energy without
passing through the intermediate thirmal and mechanical stages. Interest
in the protlem has remained active.,” Much of the early work wae concern-
ed with the direct use of some solid fuel, usually carbon. In this case,
the chemical reaction and its accompanying free energy change can be
written thus:

C + 0, —= CO, aF, = ~ 94,260 cacRiEs)

To obtain the energy of this reaction by the electrochemical reaction

of carbon and oxygen, these elements must function as the elsctrodes in

a cell and each must acquire a charge, either by sending ions into the
electrolyte or by the dischargs cf lons from the electrolyte. In the
first case, positive carbon ions migrate into the electrolyte leaving

the carben electrode negatively charged, or anodic. The oxygen like-
wise must release negative ions to the electrolyte leaving the electrode
positive or cathodic. Unfortunately, however, carbon and oxygen ionize
in this manner only under special conditions, if at 2ll. The second :
process, the discharge of ions from the electrolyte does occur though ‘
slowly. This type of fuel cell had much appeal to the early investiga-
tors because of its direct approach. Thesze cells are evident 1n the
literature in many variations; operating either at ordinary temperatures
with aqusous electrolytes, or at eldvated temperatures using fused elec~
trolytes or aqueous electrolytes under pressure. Platinum, iron, nickel,
silver, copper, and oxldes were employed as cathode materials, but the
potentials of the electrodes were never studied independently to deter=-
mine whether low resctivity at the carbon or at the oxygsn electroda

was the limiting factor. Some early cells of this type were reported to
operate with over BOZ of the theoretical éfficigngy, and up to one ampere
per cubic inch of volume at one volt potential,®’< HNone of the other
papers report so great an output per unit volume as this, “hough another
cell reportedly delivered L70 watts per cubic meter.” Many report
voltages on the ordsr of 0.8 to 1.2,

Because of the sluggish kinetic behavior of carbon a3 a solid anode,

investigation of this "direct" type of cell has, in recent years, been
abandoned for the more promising "indirect"™ type. These "indirect® cells

1 E. Baur and J. Totler, Z. Elektrochem., 39, 169-80 (1933).

2 Anon, Z. Elektrochem., L, 129-136, 165-171 (1897).

3 Jacques, W. W,, Harpers Hagazine, 94, 1LL4=50 (1896-7).

I Baur, E, Treadwell, W. D., and Trumpler, G., Z. Elektrochem., 27
199-208 (19215.
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are those which operate by use of the gaseous reaction products of carbon
and oxygen. They offer three distinct advantages over the type previous-
1y discussed, namely; (1) improved kinetic behavior, {2) no accumulation
of inorganic impurities such as are present in the ash of solid commer-
cial fuels, and {3) by proper design they can be made continuously
regenerative and serve as a constant source of power withou! need of
renewing electrodes, recharging, or other shut-down. One consideration
must be kept in mingd vhen choosing the resction by which the reaction
product is made. It must be one in which a significant amount of free
energy change takes place in the gell for high efficiercy. I1f, for
instance, the csll were to operate cn carbon monoxide, thé reaction
would be, CO+ %0,-»00,, and free energy change at 269¢, would be
~51,750 calories. Thus, even at 100 percent operating sfficiency,

only 65,5% of the energy in the original carbon could be recovered,

Tn = cell which cperates on S0, in this mamner, SOp + 30 —» SO3

being reduced again to suifur ginxiﬁa by carbon to maintain the operation
only 3L.5% of the original energy in the carbon can bhe recovered as
elecirical energy. A more promising possibility, from the thermodymamic
standpoint, is a cell operating on “water gas" by the equation;

CO + Hp + 0300y + Hy0, for which the free energy change 1is -116,000
calories at room temperature. This is the fuel used by some of the more
recentiy patented cells, one of which willl be describsd later. The
earliest cells, onerating on gaseocus reaction products, used two ele¢-
trodes of spongy, porous, or perforated pletinum saturated with hydrogen
for the anode, and oxygen for {he cathode. _Many patents exist on the
early designs. The cell of Hond and Langarl used perforated platinum
sheets covered with platinum black to increase reactivity, produced

from 1.h4S to 1.82 watts per 700 sg. cesbimeters of active surface,
Currents of 2., to 2.5 emperes at 0.73 volts could be dravn from this cell.
Cthers studied showed ths effect of pressure on thg capacity of hydrogen
electrodes of spongy platinum, gold and palladium.< At 580 atmospheres,
the capacity of spongy platinum was estimated to be 56 ampere hours per
kilogram. Only this year, encouraging results have been reported from

a hydropgenoxygen cell using'gintaréd porous nickel electrodes operating
at 2,0° F and 800 1b./sq.in.” Open circuit voltage was 1.05, dropping
to 0.9 volt at a current density of 151 amp/sq.ft., and 0.6 volts at
1000 ampere per square foot output, ]

Attempts o utilize carbon monoxide in cells at room temperature

have all failed, sand a3 large number of cells have besn proposed to
operate in the 500 to 1,00C°C range to increase the electromotive

activation of not only carbon monoxide but hydrogen as well., Various

I F.iﬂna’ I:.,' E.na mger, nn, Proc. Rﬂ?. Soc. (Iﬂﬂdm}r 1‘6’ 296-303( 1339)
2 Cailletet, L., and Collardeau, E., Compt.Rend., 119,830-} (1894},
3 Bacon, ¥, T., BRAMA J. 61, 6-12 {195L); CR L:B:5678 {(195k).
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reports on the success of these cells run from 0.2 40 1.0 amp/eq
decimeter for the current density.

Since the time of the earliesi cells, it has been established that
at ordinary pressures, activation takes place only at dry solid surfaces
herause of the general tendency of liquids to displace absorbed gases
from the activation surface. Many devices have been proposed to avold
this difficulty with varying degrees of succesSS. Sclunidts Diffusiongas-
elektrode, where the gas 18 introduced from the inside of & porcus
clectrode with sufficient pressure to prevent entrance of the slectrolyte,
proved successful for a time with considerable improvement in current
output, but it would finally wet and become snactive. Electrode coatings
of gelatinous materials, paraffin, resins, and laquers, were all tried
in order to allow gas flow in one direction without return flow of the
electrolyte. One recent andzp omising solution to this dflemna comes
from Baur and his coworkers.™’ He proposed a cell operating at high
temperatures with a solid electrolyte. Une such cell 4s pictured in
Figure'II-g, the operating characteristics of five cells in series in
Figure iJ-i4. This Lyp® of cell and its electrolyte are the svibject of
several patenis, SOme of which claim efficiencies of 60 to 759« The
operating temperature is from 1200 to 1850°F, and the output was reporv-
=d to be as high as 10 watis per 1iter of volume on the original cell
but only 0.77 wati per Jiter on 2 large model.

The electrode tubes have a wall thickness of 1 ma and present &
resistance of 2 ohms per 20 square centimeters of conducting area at
the operating temperaturee This electrolyte is composed of a mixture
nf H{Ji, CeO,, plastic clay and oxides of heevy metals, such as Mn, Cr,
Fe, N1, and Cos.” The quantity of these metal oxides should be kept
low. The reactions Wwhich occur at the electrodes to produce current
can be representeds

Positive electrode {cathode).

FeO 4+ 2e —Fe + 0O

Negative electrode (anocde).

Fe + OO —>FeO + 2€

T—5chmid, A.s; J€lV. Chi. Acta. 7, 370-3 (19L2).

2 Baur, E-, and PrEiS’ H-’ Le Elﬁktrﬂc-hﬂmln’ hB’ ?2?"32 (1937)1
3 Baur, E-, and PTﬁiE,H- Thid, I.Lh, 695*8 (1938)-

L  Gorin; k., U. 5. Pat. 2,581,650 (1952).

5  Baur, E., Ger. Pat. 713,570 (15k1).
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And the regeneration reactions which go on at the same time ares

Positive eélecirode {cathode).

FE‘!‘ Ifl.ﬂt —» FeQ
Negative electrode (anode).

FeO + CO —» Fa 4 COy

The reaction at the cathode or air electrode, has always been a point
of concern to workers in this field, and it is generally thought that
the most serious difficulties in the achievement of a successful fuel
cell are encounteresd at the oxygen electrode. This is because gaseous
oxygen establishes its potential sluggishly at best on inert electrodes

at ordinary temperatures and polarizes at once if there is any appreci-
able current drain.

Fuel cells operating on dissolved reaction products and on solid
reaction products of carbon have many sxamples in ths litsraturs, Sub
they are usually quite involved and almost without exception of very
low efficiency. |

The cell described here differs Ivom the thermal vattery type
cell in that this cell can operate continuously and utilizes the ionized

gases of combustion reacting with a solid electrolyte instead of the
combustion of the electrolyte.

RECOMMENDATIONS It is felt that the data on this process indicates
sufficient promise to make a continued investigation practical, The
construction of a laboratory model should yisld some of the data
required to formulate better cong¢lusions pertaining to the capabilitises
of the process, It is recommended that further activity be directed

toward examining the capabilities of the fuel cell phenomena as a
possible source of electrical power,
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PART 111

CONVERSION FROM MECHANICAL ENERGY TO ELECTRICAL ENERGY
OSCILIATING ELECTROMAGNETIC INDUCTION

The fundamental principle of operation for the generaticn of power
by oscillating electromagretic induction is that of varying the magnetic
flux lines linking a coil. This variaticn in flux linkages may be
accomplished by either meving the coil in a magnetic field as shown
schematically in Figure III-1, or by varying the reluctance of a magnetic
circuit containing the coil as shown in Fiecure III-2, Two devices in
cormon usage that utilize oscillating electromagnetic induction for the
conversion from mechanical energy to electrical energy are the reluctance
phonograph pickup and the sound powered in Figure III-l.

—

SFRINGS FOR
MECHAMICAL RESONANCE

CRIVING FORCE

Figure III-1 Moving Coil Oscillating Electromagnetic
Induction

€ = Blvy

where € 1is expressed in volts

B is in Webers per square meter
2 is in meters

¥ 13 in meters per second,

If, for example, B is 0.5 Webers/sq. meter, .Z is 30 meters, and v
is isin wt then

€ = (0.5)(30)(1 sinwt) = 15 sinwt.

l’hus for a current of 1 ampgre the power could be about 10 watts/coil.
the elceirical 1cos5e5 are I°2 and Lhe mechanical losses would be the
friction and windage of the coll assembly. The amount of driving power
required can be reduced by using mechanical springs to resonzte with the
mas3 ¢f the coil assembly at the desired operating frequency. The
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t the frequency of

jnherent characteristics of such an assembly will limi
operation to low values.

The device shown in Figuwre 11I-2 will

PERMANENT HAGNET--- (?AHTIHG MRGAP

|4
-—
+-—-—-

QUTAUT

VOLTAGE DRIVING FORGE

Ficure III-2 Variable Reluctance Oscillating Electro-
magnetic Induction

have a voltage generated that is e = M - where € 1is in voltis,

Yt is the number of turns and s the rate of chanze of
flux linking the coil in webers pef second. Thus if N\ = 200 and is
7.5 x 10-2 webers/second,then € = (200)(7-5)(19'2) = 15 volts/coil, or
if obtained by simple harmonic motion, the power output for a current of
1 smpere would be of the order of 10 watts. The elactrical losses for
a generator of this type would include hysteresis and eddy current losses

due to changing flux densities a3 well as I<R lossaes in the coil itselfl.
The mechanical losses are again dependent upon the windage and friection

of the moving element. The load coupling is accomplished through the
variation in flux density and the resultant variation in pull on the
oseillating element., This element has an advantage over the oscillating
coil in that a greater number of turns may be used without adding mass to
the moving element. The disadvantage with respect to the moving coil,is
that the varying flux density introduces magnetic Josses and also results

in a larger harmonic content in the output voltage.

The mechsnical considerations make oscillating electromagneilc

induction inherently a low frequency device. The output per unit weight

and volume should conmpare faverably with rotating machinery of the same

frequency. GConversion efficiency should be in the order of 9C%.

RECOMMENDATIONS: The general theoretical characteristics on this type
of generating Jevice show a favorable outlook for power generation
capabilities. The lack of informaticn concerning performence indicates
a desirability of constructing a laboratory model for testing purposes.
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ELECTROSTATICS

In this investigation, the literature has been searched snd a follow-
up made of all sources of references in order to determine and to analyess
previous work done along this line., Although the statie generators have
been largely replaced by baiieries and magnetic generators as sources of
power, they still have a place in the production of high potentials whare
litiie power or current is needed. bspecially in the study of nuclear
phyzic2 2nd the disruption of the nuciesus of the atom they excell other
types.

In form, the static machines vary from the ordinary ebonite rod that
1z streked with fur or flannel., and the glass rod stroked with silk, ¢to
the ebonite plate with proof plane for remcving charges and the static
generaler used for simple demonstrations in the physices lectures, in
which the charge is carried from the rotating plates by points and stored
in Lerden jar condensers. In the last thirty years, considerable effort
and time have been spent in developing very high voltage generators for
useé 1n atomic nuclear work. The Coclkroft Walton penerator was the fore-
runner cf the Van de Graaff high voltage generator. |

Massachusetts Institute of Technology has developed four of the
Yan de Graaff generators ranging in potential from 80,000 volts to
10,000,000 volts, The limitation on the voltage that can be generated
is a function of the insulation of the surrounding materials, Much
study has been made and is still being made to improve the insulation and
raise its "breakdown®" potential.

The static generator has advantagss over other types of generators
in that it is possible?
(a) to obtain strictly homogenecus beams,
(bg to focus them accurately into tubes,
(¢} to eliminate stray rediation as from vacuum tubas,
(d) to use scurces to full capacity. |

The power delivered by static generators is usually in the order of
a few hundred milliwatts due to the low current which is in the range of

10~9 amperes,

Host electrostatic machines with sizeabie output are large and bulky
and cannct be moved from place to place easily,

As a summary, it can be stated that electrostatic generators

(a) have low efficiency of power conversion,

{b) have large weight per unit power output,

(c; are large and bulky,

(d} have a range of voltasn from a few'thagsand volts to ten million
velts. but currents from 10-12 1o 107/ asmperes,

(2) have long 1life and are fairly reliable if protected from weather
changes,

WADC TR 5L--409
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\f) are rather cheap in construction. y

In connestion with this investigation a method of measuring the
power output of static machines was +4orked out. This consisted of
measuring the potential output directly with a high resistance volti~
reter sush as a Hewlitt Packard L10A with a high voltage probe. The
load current was measured with a sensitive current galvancmeter. Fraom
these measurements the ioad resistance and power dissipated were computed.
Load resisiance was obtained by coauling a dielectric dowel with carbon.
Humidity. of course, had a preat effect on machine operation, and 1s
presumably the cause of scattered data points on the graphs of Figures
I11-3 and III-L.

RECOMMENDATION The cata obtained from literature and experiment does .
e much promise for the electirostatic devices as generators

of elentrical power. ror thls reason, it is recormended that the effort
directed toward electrostatic generators be 1imited to the study of
recent literature for possible new developments of interest.
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PIEZO-ELECTRICITY

The discovery of the piezo-electric effect in certain erystalline
substances was credited to Pierre Curie and his associates, though the
effect was first discovered by Haly in 1782. A number of dielectrie
crystalline materials, if subjected to properly oriented strain,
develop electric polarization. The magnitude of this peolarization
potential is roughly proportionzl to the applied straine The inverse
of this process is notably important in certain applications and is
known as electrostriction. The piezc-elestris effect is closely relatel
B0 the phenomena of pyro-electricity also, and is considered an indirect
effect of thermal expansion or contraction ¢f the erystal.

The most commenly used crystals displsying this effect are quartz,
tourmaline and Rochelle Salt. The crystal structure must not possess a
center of symmetry if it is to display piezoelectric effects. The con-
ventional piezoelectric devics consists of one or more plates cut from a
crystal with electrodes attached to the plate faces. Quartsz is esrcelal-

i1y suitable at rather high frequencies and displays a marked natural
resonance characteristic in this range,

Quartz has a tendency to fracture at pressuwres in the neighborhood

of 1000 atmospheres, and the potential dif.erence developed by applied
stresses is relatively low.

o !
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Rochelle salt crystals,; on the oiher hand, develop considerably
higher plezo-electric potentials under streéss, and have a Jower natural
resonance. This makes their application ‘in low frequency ems desire
able., While the piezo-electric potential of Rochelle salt {Sodium
Potassium Tartrate) are roughly proportional to the applied stress, the
potential is dependent ti some éxtent on ambient conditlions and individual
crystal characteristics,~ Thus, such factors as temperature, humidity,
o pelarization, specimen variations, hysteresis aha saturation must be

considered when calculating crystal sensitivity,

Y] -at-pﬂp-a.....q..—,..‘__: e .;_

Most Rochelle Salt transducers utilize a "bi-morph® principla3’h.
This method consists of cementing together two crystal plates arranged
in cpposition, and having electrodes cemented to the exterior oppcsite
faces of the plates. A4s a direct result of this construction, the unit
displays a very high equivalent internal impedance which limits the

1 Physical Review 17:L75, 1721; 19:478, 19225 20:639, 1922; 21:3h8,
1923; 2L1560, 1$2h; 35:269, 1930.

2 Design of Crwstal Vibrating Srystems, William Fry, I. Taylor, B.
ﬁenvis fRaVEI fesearcn Lab) pover Publishers,

3 Institute of Radio Engineers 19:2022, 1931,

L Electronics p. 115, May 1932,
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application of the dEYice to load circuits of correspondingly high
jmpedance if advantage is taken of the full value of the piezo-electric
potential over a band of frequencies.

Some improvement has been made in this respect, however, gsince it
has been found that an extremely thin gold foil electrodet will bond it-
self o the erystal surface. Using this technique, the plate may e cut
much thinner than conventional construction requircs and a very high
capacitance results. The capacity may be evaluated according to

'||1 1.

¢ = 0.0088 %"_'

where K is dielectric constant

A is area in SQ. CM,
d is thickness in cm.

Bv mounting this erystal in a "monobar" mechanical system,further
advantage may be taken of the actuating force, thus developing a higher
piezo-electric potential under load conditlons and raising the natural
resonant freguency to the extreme supersonic range.

L] L wtt “F
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211 crystals display resonance at some froquency. Thus the equiv-
alent elecirical network rzpresenting the crystal impedance may be
shown as inductance, capacitance, and resistance, interconnected. The
equivalent electro-mechanical resistance component dissipates very
1ittle energy at the frequency of resonance, hemnce the electrical equiva-
lent circuit displays a very high Q (¥ for a series connection) and
rather high mechanical to electricaJ Eﬁnversinn efficiency. As an
electrostriction device, the conversion efficiency of the tweeter type

of loud speaker is approximately 68%.

As a generator, if the crystal is operated at its resonant freanency
and the equivalent electrical capacity is tuned out with a suitable
inductance, the efficiency of conversion may be raised to 90%, and the
amount of power developed per square centimeter of area may approach as
much as 10 watts., .Such generating devices require a vibrating drive
mechanism and operate in the range from 10,000 t- 100,000 cycles per

seconde

Obviously, with the erystal operating at its natural series resonant
frequency, the internal impedance of the device will be quite low so that
the piezo-electric potential will remainreasonably constant under vary-
ing load conditions.

e e wwer S S ——
, .
i
- L

Certain of the Barium Titanate crystals recently introduced will
display extremely high dieleciric characteristics, and since they are
much more stable that Rochelle Salt with respect to high temperature and

T~ Electronics, Voli. 16, Xpril 1943, p. 88.
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huwidity effects, they may prove advantageous as a plezo-electric
source of power.

i{ndicate 2 need to continue the investigation of the piezo-electric

" r RECOMMENDATIONS It i2 felt that the implications of new materials
phenomens as a possible source of electric power.
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MAGNETOSTRICTIOR

in two forms; the conversiocn
gnatustrinti#e materlal

The magnetosztrictive effect is apparend
cf electrical energy to rechanical erergy wnen 2 ma
elongates or contracis upon being placed in a magnetic field, or mechan-
jcal energy is converted 1o electrical energy in the opposite manner by
compressing or stretching magnetized material te produce an emf in an
adjacent coil. Up to the present, neither of these forms have been in-
vestigated for the purpcse of generating electrical pover,
former has had considerao.e application 1n producing acoustlic powWers

ich magnetostriction transducers T?
arranged are pictured.hy'OSbarn .
in some manner, &

Some of the various ways in wh
generators can have their components

All of thess consist of driving coils surrounding,
magnetostrictive zore. To produce ascoustic power, an alternating current
This produces an alternating flux

is passed through the driving coils.

h changes its dimensions, SO that if the whole transducer

in the core whic
were immersed in some £luid, it would send out acoustic wavesSe On the
-+ is transformed into electrical energy by

other hand. mechanical energj
strain of the core due to pressSure waves. This produces a change of core
flux whizh in turn induces a voltage in the driving coil.

easurenents show that

Calculations made on the basis of laboratory m
exhibits well over 90k

a carefully mounted transducer W
efficiency of conversion from elestrical tc mechanical energye However,

in practice; when mounted into an actual housing and mechanically lcaded,
its efficiency falls off to approximately 70%. No figures are available

for the reverse phenomena.
extensively used for transducer cores are

nickel and permalloy (LS% nickel - ccg iron). A compariscn of their
magnetostrictive ef fects is shown in Figure III 52,’ which the solid
lines show measurements of the changes in length divided by length

as a function of the magnetic flux density B in gausSe The dotted lines

show the strain plotted as a function of field strength He.

The twWo materials mos?

-y

perfurm.experimﬂntatiﬂn

RECOMMENDATIONS It is not deemed advisable to
cal analysis of the cper<

A e

on_{his device without a more adequate theoretl
ow more promise, it is

hould be deferred at this

ating characteristicS. Since other processes Sh
felt that extensive effort on magnetostriction s
be examined for new developmenis,

time but that literature sources should

1 OSDOXTis Je Ao =Tecs FnETes 21+ NOe« 1, s71~-8 (1548). -
d Wave Filters, 2nd

2 Mzsony; We Fes Electromechanical Transducers an
ew lor

1,106 (19L6) .
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3 HCKEEhan, L. w-, and Cioffi, P.P. Phys. Revay 28 No.
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MAGNETIC FIELD STRENGTH,H o
o 4 8 12 16 20 24 28 37 36

CHANGE IN LENGTH PER UNIT LENGTH
A o

0o 2 4 6 8 10 12 4 5 18 2::)3
VALUE OF FLUX DENSITY, B X 10

Figure 11I-5 iapnetostrictive Iffect in Nickel and 45 ;'E Pormalloy.
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ELECTROKINETIC TRANSDUCERS

Work with electrokinetic transducers started at Okizhoma A & M
article in "The

College in November, 1948, fcllowing the appearance of an
Tnotruments," Volume 17, Number 10. This article

Review of Scientific «
hy'ﬁiltun'ﬂilliams,‘ﬁumbla 0il and Refining Company; Houston, Texas, can
A description is given of a transducer which

pe condenseé as follows:
electric energy, the electro-

utilizes, for the transformation of sonic to
kinetic potential developed by the movement of a fluid through a porcus

sc1id, The construction and calibration of the transducer are discussed,

and resulits of measurements of the pressure
1ine are presented. several experimantal.mndels, a design

After making
suitable for use as & Pres e was perfected.

sure measuring devic

A similar device built at Oklahoma A & M College was found to operate
very weli in some respect, but discrepancies were noted between Mre
Williams's proposed method of operation and what was cbtserved under work-
ing conditions. In the first place, the transducers are not capable of

determining static pressure,; i. €es it is necessary to have a change in
pressure in order to have power outpute This led to the insertion of a
SF.-ly strain gage pickup and an electrokinetic transducer at the same point

Observation of the traces on the same time axis from
EK transducer wWas recording a flow

oseillograph records showed that the

jndication and not static pressure. This was further verified by observ-

ing that when a pressure wave varying ginusoidally was generated in the
recording the sine wave

pipe line, the traces from the EK transducer WaS
as a cosine wave., This fact, together with difficulties of calibratlon,
led to the discontinuance of this instrument as a pressure pickup.

el B i1 Ol il Y vy e, :
e e o T |
Tt e it * 8 ol I it gy e teurbininy o b k| H"“"'"'Hllu--i.p"'lp"'

geveral observations made while using the EK transducer as a pres-
sure pickup, and since that time, led the project personnel 1o suggest
further investigation as a power producing device. As 3 pickup, having a
diaphragm.l/lﬁ ineh thick, it was found that pressure variations in the

order of 1/2 pound per square inch were detectable, and that a pressure
variation of 20 pounds per sgquare ineh would give an output of 160 to
200 m.v. potentiale. A commercially available EK transducer manufactured
by the Beta Corporation, Richmond 26, Virginia, using a diaphragm L %o S
an output of 325 m.v. per pound per

times as large, gives data showing
square inch. If this instrument were subjected Lo a 00 psi pressure vari-
ation, one could expect sone 16.250 volts output at the {requency of the

pressure variation.

ra—

My, Claude E. Cooke, graduate student at the University of Texas,
lugs and observing the veltages due to sinu-

while working with porous p
goidal pressure variations, pgave a reépory 2t the 195h Austin meeting of
The American Physical Sociely. Mr. Cocke, using a plug 1* in diameter
and 1" long, obtained outpuis a3 high as 300 valts (r.m.s.) from pressuge
variations in the order of 10,000 dynes per Cm (rom.s.) (0.1hh8 1bs/in<)

111-12
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& M Collegel and by Mr. Williams has been

The work done at Oklahoma A
1 impedance of the

concerned only with potential generation. The interna

%; EK transducer, using pyrex glass and distiiled water, was seemingly

f vetween 90 and 100 thousand ohms. Impedances necessary to give maximum
-3 potential output would not be the proper match for maximum power output.
4 Mr. Cnakez arrived at the following equations relating E, I, ¥, and P

al
LRl

I

i Ry | - - i

E‘:;.. . - '_‘Mﬂlwwimlﬂ-m““w | 'iﬂ-lﬂ'“ . N -Iiwh- -t
: . . ' S, ' . . d

I = CHE < C].EP
V= 0215 . sz?

ent and volume flow rate, and E and P are

the electric potential difference and the pressure é¢ifference across a
porous mediume The constants C13, G » Coy, and Cpp, are constants from
electrokinetic phenomena. C]1 = I/%E Coo = v/P, Cio = C21 = 0,056 to
0,060 at 20 cps for pyrex glass and Waler. Mr. Cooke, while adhering to
the streaming potentisl theory, found thait the output in volis from the
cells decreased at scme high frequency. However, the finer the porosity
of the plugs, the higher the frequency before the potential approached

ZETI'0D«e

where I and V are electric curr

At Oklahoma A & M CullegEB, using fine porosity discs, these trans-
ducers have been driven to as high as 100 K.C.3 in fact, a solid thin )
pyrex diaphragm has been substituted for the porous disc and appreciable :
output still cbserved. This has prompted the questioning of the validity
of the assumption that flow is actually taking place through the porous
medium when the frequency becomes high, Without final verification, it
is proposed that the output is some function of a pressurz wave as it
traverses the combination of electrcdes and porous disc. In fact, a
statement of the proposed method aciion can pe summed up as follows:

From Creighton and Koehlers Electrn—Chemistqz;h it is found that
when two heterogeneous substances are brought into contact, the one hav-
ing the higher dielectric constant will, in general, assume a positive
charge with respect L0 the other, this being accounted for by the shape
of the potential boxes between the electrodes, diaphragm and elecirolyte.
Tn ithe case of the transducer, there are lwo metalliec electrodes inside
a glass tube with a fritted disc between them. When filled with water,
the higher dielectric constant of the water with respect t2 the pyrex
glass, causes the water to assume a positive charge. The potential boxes

1 Norton, J. R. A frheoretical Study of the Electrokinetic Transducer,

| A Master's Thesis, Okiahoma A & M College, 1751.
J 2 Cooke, Claude E. Electrokinetic Transducer, A doctorial dissertation

Toe University of ilexas, 1Y5l.
3 Norten, J. R. "Test Data on Electrokinetic Transducer™ unpublished

data from experimental tests, Uklahoma A & ¥ College, 1952.
: Creighton, H. Germain, "Principle and Application of Electrochemistry®

i
] Volume 1, McGraw-Hill, p. ke
%
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between the electrodes and water, and the water and the fritted disc,
cause an abundance of positive jons whose mobilities are in exzess of
the ordinary positive jon mopility because of the influence of the
potential system.
The theory of transducer operation as proposed by Professor Hnrtuﬂ;
ig as follows:
"Tn a system consisting of metallic electrodes cantained
in a.glass tube £111sd with water,; the electrodes and the water
present to the positive ions from the metal and glass overlapp-
ing potential boxes whose effect is the lowering of the potential
barrier allowing mutual transition of ions until a condition
by mechanical agitation, or variable pressure, results in an
excess of positive ions in one potential box which gives rise
to a potential difference between the electrode and the water.
The superposition of tne fritted disc between the electrodes
is somewhat similar to the heating of the filament of a vacuum
tube. This disc becomes a sSource of a concentration of positive
jons which presents a field to the water electrode potential
boxes such zs to cause a further lowering of the potential
boundary and hence a greater mobility for jonic transmission.’
It has been found that by the use of this potential box theory, all of
the observed phenomena can be explained. It has not been attempted toO
determine the size and shape of the potential boxes, without which it is
impossible to determine quantitatively what the output should be. -

DESCRIPTION OF APPARATUS

—#—#—#

The transducer used in these tests was constructed in the Research
Apparatus Development Laboratory and consisted of a 50 mm course porosity
fritted disc inseried jn a 55 mm glass tube. Two tungsten electrodes
were welded into the glass tube and brazed to two copper screens in con-
tact with each side of the fpsitted discs The 50 mm tube was fitted with
a rubber stopper having a short length of approximately 6 mm glass tubing
inserted therein. DBy use of a short hose connection, this apparatus was
subjected to variable pressure obtained from a cylinder and piston as
chown in the accompanying photograph of Figure 111-6. There are no valves
in the cylinder and piston combination, so the pressure Wave is fres to
travel from the piston face into the transducer, being affected only be

the impedances of the various materials and changing cross sections. (See
sketch of Figure III-7).

RESULTS OF TEST

Setting the piston travel for 0.25", the data represented by the
curves on Figure 1IT-8 was obtained by varying the load resistance with
the valve between the cylinder and auxiliary supply being closede.

—TYoel it

TIT-1h )
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In order to determine the pressure vVar
ducer; a pressure pickup ¥as jinserted between the cylinder and the tr

ducer. The voltage applied to ihe pickup was sufficient tc produceé 0.1"
deflecticn of the oscilloscope beam for C4 /sq.in. pressure variation. The
curves of Figure ITI-9 represent the data obtained from this setup. From
the graphs, it is evident that the omissicn of the separating diaphragm,
used in the pressure pickups, allows considerable rescnant conditions to
exist. At 10 and 30 cps, identical power outpuls were obtained with a
pressure ratio of 10 to 1. pcoustical resonance existed in the 212 to 22
cps range as is evident from the pressure increase of 2 to 1. it 1s
interesting to notes that the internal impedance of this unit was approxi-
metely 40,000 onms which corresponds very closely with the measured D. Ce.

resistance. Previocus cells have usually had a D. C. resistance in the
range from 80,000 to 100,000 ohms. An attempt to deoxidize the copper

screen electrodes is believed to have contarfinated the porous disc since
a reading no higher than 45,000 chms oI D. G, resistance was ever obtained.

Efficiency - at resonant conditions of 21% cps_and 8 psi pressure

sy iy Sevaifin sl
s Tl me PRy 3 BT o mmm““mL L
. L .

variation.
W= 2‘!! W = Power ft 1bs/sec
P = Pressure variation
A= Area
¥ = Velocity of Fluid

o e E——

Since the piston producing +the pressure variation was 1/2" in

diameter, and the fritted disc was appraximately 2 inches in diameter, i
the velocity must be corrected as follows™s |

11'71 = .I.zvz
then with a stroke of 0.25 inches
w= A

® &) GEHEFD

= 2,21 ft lbs/sec

= 2.99 watis

The electrical power ouiput was 0.00532 x 10~3 watts, then the efficiency

i

Efficiency = Fag x107% = L.78x 10-lg

—WalTer, B. J. A Theoretical Study of Impedance Matching as Applied
on_Insiruments in Hydraulic Systems, A

10 Sm"%e Sumssi : y
, ster's 1lhesls, College, .
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charanteristicaz

Additional propertlses and

at. given efficiency,

anlimited,
/Per watt output = 2482 x 10° 1bs

watt = 188 cue ft.

Voltage range 0 to 1 volt = at lowver frequency and higher pressure,
can obiain 5 to 6 volis output,

Current range O 0 0,013 x 16-3 amPe;

Life unlimited 39 long as alectrolyte 18 uncontaminated.

Duty cycle
Estimatad'waight
Egtimated volume

-
— -y .
= _Tr

F 1=
i m a)

§;§CUSSIGH OF RESULTS - .
It is evident that ihe cell used in thése tests was of poor qualitye
the corrosion diffiﬂulty'wnuld have
ance and hence

ed the jnternal imped
It is known that higher

markedly'affected the
frequency response can use of a finer porosity disce
¢ disc has not been canducted,'hut
ained by the

Experimantatian with varied tnickness O
the work of Cooke sndicates thab higher pntentials'may'ba

use of a thicker discCe |
intended as 2

ed as a part of the pre
an electrical power generating

By the use of platinum electrodes,
been eliminated = this

The work complet
future exploration a8

guide for possible
device. Although the tests were not perfurmed.unde
ditions, ihey do indicate that some marked changes jn performance are
prereqpisite to the construction of any efficient energy'cunversiﬂn de-
vice utilizing tnis principle.
REGGHHEHDATIGHS

ould be meds to deter-

area variations

a more thorough study ¢
e, materials given

At some later date, (
f such parametler s as thickooss and
£ the manbran

mine the effects O
of the pnrnuS'mgmhranﬂ. the porosity ©
composition and concentration of
memhrane, volume and shape

he bounduly with the
g of thne alactrndaa.*muthnds

of coupling vie =
trical foxrce, OF potantial, is ap
available load currant a

Since the elec

total flod, OF pressure, and the motion OF

function of velocity of the £10W,; 1e Ges the derivative of the pressurc.
data and meterials of this

§¢ would appear sdvantageous VO coi'relaise
device with knnun.dialactrin thedl'ye
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CONVERSTON FROM SOLAR ENERGY TO ELECTRICAL ENERGY
PHOTOVOLTAIC |

When radiant light energy strikes certaln light-sensitive surfaces
or materiazls, a potential disturbance occurs which can be utillzed to

deliver electric power to an external circuit.

- This self generating characteristic occurs in several metallic fiiﬂa
and in certain electrolytes. The effect was deseribed by 2. Becquerel

and msy be applied o several types of cells.

When using pure metal electrodes in the cell, the self-generating
characteristic is rather insignificant, but if the illuminated electrode
is coated with a semiconductor (which also has rﬂctirying'grapertias)
such as copper oxide, silver bolide; thalliwm, oxysulphide™, Or

selenium, the cell will have an opepn circuit voltage of the order of
0.1 volt and a current sensitivity {short circuit) of 150 micro amps/lumen.

Certain electrolytes such as solutions of urancus acild also display
this self generating characteristice. No commercial applications of this

type of cell have yet been found.

These cells show decidedeffects of fatigue at the electrode surface.
There are two explanations of this effect, both of which seem to beé in-

adequates
i. The primary process is the photoelectiric emission of electrons

from the electrode into the electrolyle.
2., Light initiates a photo chemical reaction changing the surface
character of the illuminated electrode.

The iron selenium cell is one of the more cormon barrier layer
cells. An iron base is coated with a layer of iron gelenide which is
in turn covered with a ¢ransparent film of conducting lacquer. The cell
operates due to the difference between the forward and reverse flow

characteristics.

The voltage generated is of the order of 0.2 volt iz bright light,
but is non-linear with respect to light intensity. Current of a few
milliamperes may flow from large cells. ¥hen the exterhal circuit is

properly designed, current flow may be made directly proportional to
light intensity siriking the cell. The cel]l has a low internal impedance

{nigh intzrmal capacity) ond faile 4o follow andden changes due to light
modulation.

These cells are gquite sensitive to temperature, losing all sensitivity
sbove 55 C, While the generated voltage and internal resistance of the

1 ¥. Hecquerel TOn Electric Effects Under the influence of Solar

Radiation" Compt. Rend. vol. 9, p. 561, 1839.
2 GEEE; Phy&- Rav. 15’ PPe 239, 1920-
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cells are temperature functions below 55°C, short circuit current 1s
essentially independent of temperature.

These cells may be connected in series or in parallel for multiply-
ing voltage or current capacity.

Other tvpes of cells which display csell generating sheracteristics
wvhen light impinges are: -
1. Cells using fluorescent eléctrolytes which produce opén circuit
voltages of the order of G.25 volt and have a linear current

recponse.
2, Illuminated cr?ifals of molybdenite produce potentials of a

few lidcrovolts.

BELL SOLAR BATTERY This cell has just recently been announced by the
£-TT Laboratories and while avzilable snformation is quite limited,
several pertinent characteristics of the cell have been made available.
This cell which converts 1light energy into electrical energy consists
of 2 silicon block having controlled impurities introduced at the light
sensitive surface. Fower 1s taken from the cell through connections to
the block and from the surface layer. The cell has a theoretical con-
version efficiency of 223, but the present practical efficiency is 6%.

Full sunlipght exposure gives a current f1ow of approximately 2k
mil1iamps/square centimster of suriace at 0.5 volt or a power sensitivity
of shout 50 watis/square yvard of exposed surface. To avold any confusion
that might arise due to nomenclature, it is deemed dusirable to distin-

guish between the "Solar Battery" and phototransistors. The "Solar
Battery”is a photovoltaic device that converts radiant energy into

electrical energy. Ihe phototransistor is not a source of power but 1is
a device utilizing the radiant energy to control the connected powers

RECOMMENDATIONS The new developments in the field of photovoltale
levices show favorabie promise as sources of electrical powers It 1s

felt that prugress of present activities should be closely followed
to determine possible future work in this fileld.

i
i
i
E
i

1 Coblentz anE_HﬁEEes, Phys. Rev. 29, 305 (&), 1527
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PART V g
SUMMARY AND CONCLUSIONS
I

The activities of the first year of research were not sufficient to
exhaust any of the phenomena but does indicate that some areas show 1
mare promise than dao others. Some of the engineering parameters could
not be established with any degree of precisicn. The values that could
be determined are tabulated in Table V-1. It should be pointed out that :
the values shown are subject to modification as the research progressesS. t

The data indicates that primary emphasis should be placed on deter- *
mining the capabilities of the ion selective membrane, the fuel cell,
thermopiles, and cscillating electrcomagnetic incduction and secondary
emphasis on the thermomagnetic generator, the piezo~electric, and photo-
voltaic effects. It is recommended, also, that a continuous reevaluation
be undertaken to establish ihe influence of modern materials on the per-
formance of all unconventional power generating phienomena.
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Gonsrel

i -

ATRE, Jourmal of, p. 77, Conference on Enorgy Sources
1. Xlectromagnetic 2. Thermoalectric 3. Electrostatic
k. Plezoslectric 5. Contact Elsciricity 6. Pmission FPhenomena
T. Pyrosleciric 8. Magnetastrictive 9. Barth Potential
10. Elsctrochsmical

Rorkenn-RBs Bffeact

Qumn; R. apd Devin, 0. "Raindrop Charge &nd Electrlc Field in Actlve
Thonderstorus® . Jour, Met, Vol. 10, pp. 279-28%; Aug. 1953
Moapuraements on over 7000 drops are reported; and the averege
charge was 0,022 eou for positively charged drops and 0,031 eaum
for nsgatively charged drops.

Schaofer, V. J. ®A Confirmation of the Workman-Reynolds Effect”™. SA
k94T Vol. 53, 1950 Letters in FPhys. Rev. T7, T21{Mar. 1, 1950}
The clectrical potential acquired by dilute of salis in ibs
process of freezing was studied in an apperatus similar to that

used by Workman-Reynolds.

Schaefer, Yincent J. “A Confirmation of Workmn-Reynolds Effect” Phys. Rev.
77. 721 (1950) Sea water snd seversl irorganic salts used.

JTon Hemhiane

Boutnsr, R. and Barnes, T, C. “Ivo Schoole of Thought in Electrophysio-
logicel Theory*® Buclides 10, 293-301 (1950) (in English)
The well-establiished thsory besing biloelectricity upcon selecilve
ion permability of mombranes is considsred invalid., Instead,
bicelectric phenomena are explained on the basis of static e.m.f.'s
induced in cell membranes by selective absorption or icns in the

mambrane surfaces,

Crane, E. E. "Bioelectric Potentials, their Malntenance and Function”
Progress in Biophyeics and Biophyeic Chem, I, 85-136 (1950)

Grundfest, H. “"Mechanism and Properties of Bioelectric Potentlals”
¥odern Frends Fhymsiol. end Biochem. 1952, 1953-228.

Gausral Theory.

Iorenz, Philiip B, “The FPhenomsnology of Electroosmosis and Streaming
Fotentials® J. Phys. Chem. 56, T75-8 (1552) Chem. Abs. Vol. k6,
1952, A mathematical treatment of electrokinetlic processes.

VPR Y SR il e e, i, N S, . b gt g bt %Mmmw iy

!
o

Fagasave, M. "Theory of the Membrans Potential Across Films ¢ Organie
PolymersIX.” J. Chem. Soc. Japan, Pure Chem. Sect. TO, 45-T

(1559) CA k5, 4115 c(1951)

Hagssava, Miteuv. "Thecry of the Membrene Fotentlel Acrose Films of Organie
Folysers. I." Criticism of the theory of Keyer-Teorell,
J. Chom. Boc, Japan, Pure Chem. Sect. O, 4-7 (1949) CA k5,2Thk(1951)

Mogasawa, M, "Theoretical Equation of Membrene Potential” J, Chem, Soc.
Japan Pure Chem. T0, 160-3 (1949) CA T3, »115.
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Keihof, R. and Sollner, K. J. Fhye. and Colloid Chem. 5k, 1957-T6 {(1650)
CA 44, 8802 g (1950) A gquantitative electrochemical theary of the
electrolyte permeability of mosalc membrenes compceed of s3lsstively
anion-pormsable and pelectively cation-pervaebls paric aud 1ts experi-
mantal verification. I. An outline of the theory and its guantitative
tegt 1n podel systems with auxiliary electrodes.

Tuel Cell

Gariss, Bverett (to Pittsburg Consclidetion Coml Co.) "Converting Carbon to
Electrical Energy” CA 46:2934e (1952) U, S, Fatent 2,581,650 Jan.B, 1952.

Znmard, H C. "Chemistry of Coal Application® CA39:31h35, pp. 1568-85, 1955
N. Y. J. Wiley & Sons Inc., [Kevlew with extenslve refersoecs on the
direct generation of electricity from coal to gne.

Sclmabe, K, Papier Fabr. 39, pp. 129-32, {1941) Electromotive combustion cell
oridizing suifite waste llquor to produuu eleciric esnargy.

Therzopile

Bridgman, 'Thamc-macﬁric Force Under Fressure™ Proc. An, Acad, Arts.Sci. vol.
53 (1918) p., 269, ZPressure exsrted upon & thoreo junction causes an
i1ncrezce in exf from two to fivoe timse the orlginal value,

Rust, A, "Thermo-Electricity Theoretically and Practically Conztdered” Rleo,
World Vol. 1k (1889) pp. 52, 69 and 90. An illustreted series of
srticles discussed the theory of tharmoelectric couples and descrides
meny experimsntal thermocouples. A thermoelectiric gemerator {Magnopile)

comprising 6000 elcments generatss §6 volis, -

Eohler, "Thermojunctions™ Philips Tsch, Rev. Yol. 3, (1938) p. 165. The con-
struction and action of Jjunctions are discussed, Various design

formlae are clissified,

Gore, G. "On the Peltler reffect at Different Temperaturea® FPhil, Mag, Ser, 5,
Yol, 21, (1886) p. 359 The magnitude of the Paltier offect is a function

of & temperature of such combinations of metais a3 antimony and silver,

Asher, *Inprovemsnta of Thermo-Electric Batteries® Elec, World vol, 28 {1S96)
Pp. 229 and 535. losses occtrring in thermocouples are discussed,
Blstoricel data is glven aud several heat-saving isprovemsnts ere sugrested,

|

!
!

!
[
4
!

Me Y okants Thermo-Battery” Xlec, World vol, 15 (1890) p. 92. Fifty thermocouples of

- - e C o MW RYS muntﬁd on & -"'I-ta -‘I-:b - &E ﬂﬁma nﬂd
cooling PAns maintein the tempersture gradient, The device delivers 8.58
vatts at 4 volts while consuming 9 cubic feel of gas par hour.

T
S
]

:!!l'mﬂﬂﬂmﬂmiﬂmhn
B Mo e '

"The Coamparative Efficiencies of Dynsmos and Thermoplles™ Elsc. ¥orld vol. 17 (1891)
p, 100. For s given amount of electrical output a good thermoplle re-

: quirsathreatimnnammhgaauudmmdﬂmh:nmwgim.

*International Critical Tebles of Numsricel Data, Physles, Chomlstry, end Tecknology™
Yol. 6, pp. 21h £f; (1926-1933) Rew York: HeGrew-Hill Book Co. The
Tebles include thermosiectric data om various substances,
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*Pamverature: Its Hsasuremsat and Control in Scleucs and Industry”
op. 1227 £2; Eow York; Reirzhold Puxl, Corp. fi9%4l)
The refersmds bock givee various quantitative Gzta om the LhoTwD-
electric proporsiss of pure msials and alloys usaed ian te=perature

mecpsuring tharmocouplos.

Abelss, F, *“Increased Electrical Haslsiance and Therzselectric Power Due To
Tacutas in Matals® Campt. Rend., Ac=3, Sci, (Paris) vol. 237, pp. T96-
798, Octobder,13, 1953. The changes of recistances and thormealaciric
power dune to lattico defects ure evaluzted in terms of slectron momants
and impurity concentrations, using a simple model according to which
the matsl consicis of an electron gns obeying Fermi-Direc statistics,

Asher, "Zlectriclty and Pover Direct from Baat®™ Sci., Amer. Yol. 86 (1002)
Tha advizability of ersciing large Solar tharmocelectric battories

i dacussed,

Athearn, "Thermo Piles for Telegraph Iurposes™ Teoleg, ags. (1897).
A thermoelectric gensrator comprising elements vhich are poured in a
mold cen charge two etorags tatteries at a rete of two amperes,

Bate, J. A. "Electric and Mstallic Propertles of Matals and Alloys" Ref.
Austrialisian Fngr. 45, Jan. 1952, 79-89, Factors affecting thormo-
electric eifort, '

Betz, G. "E. Raud'e Eew Thermn-Electric Battery” Elec. Rev, Vol, 22, (1888)
p. 332. Three different models of the Raudb genorator are dAscribed,
Their outovut renges from 25 watts for the szallest o about 68 watts
for the largest. ZEach modsl has an emf of 3 velis, Exch gensretor
comprises & vertical cylinder wiih a gas burner at the bottom.

oy gl l'.. o U= e L e T

Bidwell, "Thermal Eisctromotlve Forces in Cxides® Fhys. Rev, Ber. 2, vol, 3
(151%) p. 20k, Thsrmocouples of tin, iron, chromium, tungeten,
cadmiuz, zinc, lead and thelr oxides yisld eloctrorotive forces as
high a8 1.5 volts with a texporature éiflersnce of 8cC.

Burns, G. Preston. “Efficiency of the Thermoelectirie Proceas™ Phys, Rev,
18, 327 (1951) CA k5, 6053a (1951) |

Coblentz, W, W. *"Various Modificstions of Thermopiles Eaving & Centinuous
Absorbing Surfece® Bull, Bur. Standards, vol. 11 (1915) pp. 131-181.
The construction and efficiency of theimoplles 1a discussed in detail,
The mavirim efficiecncy of & tharmopile is calculated to be 12 per ceunt,

\

MY "

on, E. H. “Apparatus for Heating Tnermoplles” U. S. Zab., v 262, o35 7,
1596. The genarator campriess a georles of thermocouples each of which
is shaped into bhs inverted "U" with the borizontal portlon protradirg
throvgh the baating compartment which ls ritted with a gas burmer. IFuel
g5 and are 24 to ths burpsr throngh inbes which ere epirally around
thy ohi=nay, S3nc the fusl is prehexted rafore conou=mgptiaa.

Plckers

I 'I.'"

TS L I

Eaton Nfg., Cozpany Catalog. "Thermoelstiric Semexatcr™ Jaly, 1946, A portabls,
kerosens burninz maparstcr 1s described, IV is dealgned to replace
batteries in the opersticn of radic ssts whare centrsl station power
s not ayailshle, The fusl burns at the rate of one guart iam 6 to 8
hours,
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Findley, E J. “Heating Apparatus®™ Nov. T, 15k, A prossure-fed urning space
heater incorporates & thermoelectric gemnerator supply the blower motor

¢ and fusl pvap. Uniform hezting of Juncticns 1e claimed, An impeller is
used to provide a large temmsratnre 4iffersntisl between hot and cold
Junctions,

Flock, E., Oleen, L, 0., Freeze, P. D. “Tir Use of Thermocouples ia Streaming
Exhaust Gae" Third Symposium on Combustion and Flames and Explosion
Phenomena. J. 0, Beruckfcldsr and Bernard Lewis,pp. 655-662.

Factors invelved in mesapurement of temperature,

Getling, L. "Use of Thermoelements in Space™ Weltreumfehrt No, 3, 59-60 (1951)
CA 45, 7874 o (1951) With slemonts of 50 Bi-10 Sb and 75 Sb-25Cd under
the influancg of solar rediation in spece it is possible to gomerate

2.5 watts/m.© of exvosed materisl. This corresponds to 140 kg, of
elemsnt material per k. w.

Gottscho, L., "Thermo-Electric Pile™ U. S. Pat. 650,062, May 22, 1900. The
elements of the generator are bismuth and antimony. A star shaped
arrangemsnt of wires Joln the hot and cold Junctions.

Morgan, ¥F. Bay&n, Danforth, W, E. “Thermocouples of Refracicry Metals, W-Ta
"hermoelectric Power to 3000° W-Mo to 2600° ect.™ J. Appl. FPhye. 21,
112 {1950).

Hermenn, Otto, "Thermoelectrio Elemsnt® U. S, Pat. 1,572,117, Feb. 9, 1926
A nsgative elsmant of HiL (81%)-Mo (17%) -V (2¢) and a positive elsment of
! E1 (k0%)-Cu (60%) gonerate & high exf, The resistivity of the thermo-
couple 1e low,

Zutohins, C. C, "Thermo-Electric Haights of Antimony and Bismuth Alloys”
Aa, J. Sci, Vol, 148 (18%%) p. 225. ZExperimenis are made to determine
vhich combination of these alloys produce the highest emf.

Jackmon, R, "Hew Mothods of Gas Tomperaturs Measuremsnt™ Bul. Brit, Coal
Utilization Ressarch Sce. 15, 245-56 (1951) ref, CA hh:5566d
A revievw covering thermocouplss at high temperatures etc.,T70
references.

Jackeon, R. "The Msasurczent of Gas Temperature by Thermocouples”
Bul, Brit, Cosl Ttilization Ressarch Asepoc. 1k, 33-9 (1950)
A review of covering plein thermocouples, sto. 30 refererces,

Ksinath, G. “Thermoeslem»nts® Arch. Tech. Messen, Vol, 2, (1933) p. T10-T11,
Yarious thermocouples are discussed, A bibliography 1s appended,

Koinath, G. "Thermoelemsnta™ Axrch, Tech, Mossen, VYol. 2, (1932) p. T156.
Ths ther-salsctromotive force of various thermocouples ies tabulated,

A dibliography is appendsq,

¥arsten, H, and Schaffert, R. “Construction of Thermo-Elements by Electrode-
Fosition” Rerv. Sci, Inetruments vol. 3 (1932) pp. 189-195.
Mathods =of constructing elsctroplated thermocouples are discuased.

larddes, J. J. FPhys., Rev. Tk, 175-88 (Aug. 15, 1948) Measure of Thompson
Coefficients for metals at high texperature and of the Peltier co-
efficients for g0lid llgquid interfaces of metals, - -

WADC TR 54-409 Vi-b




= e —

. - ———
- - - —_ e e .. R .

-
—

= Melw L :_.-._: = e ::-":.'h :_L-TE."E'.";-_‘EIH; :.:-‘-'“_'— _..I‘E E‘l -_E_-:r’._-_.a,;r_-;_.:_-- e —

rF-— —_= e Lmmads s crm——ler
- . . L - - e e - .. - —- . . _ . _.__ _ _“__:_ .1 = = - : - I. :
- F | N 4 --.'-'"‘---..-—‘-"‘—'—'r‘":-:-"\_'_ _'-'M|-'-|-F;.i—— " TR e e - - ™= .—-‘_—u'-- - -
A e e e, B T L ww T A, R TTE B _____ﬂ:_____.:-__EL._-.__.:.-__ VTN - TRt L T
e 7 T N ' . Tl e T o e Tm= =, . - T LT —_— R Lk ; ”. : . ] R 2
AT IRERA e ozEea ""4:"‘:"‘*":“*“."_P_‘f""—‘*u‘i:—'_"ﬁfh.'-'_"ﬂ'jv.,*...._.3,_72._.-__' ) T LS S i T P VL LA b S —
—a The oo . e T T ==+ m=m - - - e -5 Pl s st B . T
:'_‘.TI- = ’ ’ ) WO Fl__l- .- ) o . ':' . . e T - . - -, T _.-—l.__'.. u"‘—__ - 1 -"_-'_' - e -.‘T-.i-"' ) T . e
‘\—""L“:’—H-—H—ﬂﬂ;-:‘_ : 1_5#& L—_._HE—-'_‘:; ' ' - A Ty =L T cp L T mE e TF e — R : ST Y
-— . - . r L " — . . an . o e B -.= - —_— - —_ —_ — -'..f___ - - - -  — - i} .- . -
e w e e il st . i i i — R o e T A i e g TR T e -Ay . -peslci . A '.'_.'?-._a.r'-,-z__ _"'-"'i"—,.____:.__;'i_;_.__ A et h-'"‘-'l-li-_].,,u.,;_;__—; & et _:" s -;‘F“ '-‘I"'r e
= o = Twn . e P - e s _— = I- Py . Lk T
- - IR = R - e +— TR, - ——t— — e i e AR
M
- "
o3
"
N
i E
- e
Y ulpmsny Electronics,
" t=is Ganerator for Portanis Eq
1se J. M : -y

168
" ¥ 4&), Ho., p. 156-202, The generator comprising
:Eiplig Et}ghﬂirémal P? :.E.nd Conatantan was &evalopedcgy ::aﬁﬁnme
Corps Eagineering iaboratories. It burne 80- or 151;:“' ot |
and produces 5 watts when operating at 2 Eamp. gra o wolaht
600C. The efficlency is approximately O0.cper Gen‘bt:n e ore
18 2.25 pounds per wvatt output. Ten-anda twenby-watli 6

bullt.

- T 85,159, Hay 18, 1926
"Thermal-Gensrator™ U. 8. Tet. 1,007,177,
mgwmd'rﬁc;:;{indrical thermcplls hes elemsnts of copel &uddc:ro?iéntn is
designed for use with radio recelverse and is heated DY rally

located induction coil.

4" U. S. Pat, 2,215,332,
*Thermal Gemsration of Electric Curren
Mines, gnj 17 ;91;0. A novel thermocoupls and a gensyator Em;;lngiggé;)
az-::aeac;'ibed. The positive element 18 cu{70%), Ag (2 %), CuO |

ts are cylindrical
tive (67%) Cu(33%). Both a}aman
zzk:h;fgﬂﬁzh t-hggk hald’vithin a cersmic tube and separated by &

aickel rod, Oper=tling temperatures are 300-400 C at the hot Junction
and 100 C at the cold,

s e e o ——— A n

Lo Same” TU. S.
Milnes, H. R. "Trormo-EBisctric Elsments and Method nf Maling t
Pat. 2,232,960, Feb. 23, 194l.

" ¢ World Vol. 29 (2897) p. 565 . ,
Reod . C. . "Tharmo-Electric Batteries™ Ele e & 2 red .
’ Verious types of thermoelectric generator e |

' 1. ¥ol. 11 (19%0) pp. 388-

Rossers "mﬁﬁtrtiﬁﬂzgr{hﬂiﬁigpuf zllg:'moalmtriﬁ phenomsna end
en i )

IIEI:-" historical development and application to t.emperatur;e maau?
;;;? are considered in detail. Fractical thermoelectric thermome ry

18 d4iacusued.

Tablea for
2 _1.. Jr., Corruscini, R. J., Reference
e ormoooupion. I L., ot Bur. Stendards, Circ 508, p. 7%, (1551)
A3 * e Nk » . »

CA 45, €476 h. (1951)

S £ Motala™ Froc,
. theory of the Thermdslectric Power O ;
Sondhﬂimgziblf'gil g:l: 53 grt B, 57T1-5 (1647). Formula reduces at high |

end lov temps Yo the correct lst. order expression for thermo-electiric
pover.

C
2378 804, June 19,
g. M, Thermocouple, U. S. Pat y » »
Sparrov, 151: -:T' nﬂff;%iﬁzié ipeyronsive method ;f congtructing theraocouples

;; “described. i
- ~ T 2 EE-B 09-5 ! h 1-1-,. i
: meaver O. "Fhermoccuple® U, §. Fatenad z2,00-,755, Mara
oy, ¥ 1355 miiném {ridivm thermocouple ussd up to 210060 .

3

Rrperi B . Y. 70 |
“ monts with Feltler Erract? Klec, Baar. . ,

FmLte, H'Bc' 1 Sm‘]:!l;a possibilitvy of using peltier affect in & thmmelactzihcl
AR nerator. A couple of Bi-S)h and a Bi-Sa slloy was uBT;: wi B i
ﬂgnf effect ér 300C. Efficiency was jow, Concluslon: re ¥

20 chance of developing &Ly gort of generalor or rofrigerator,
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Whlig, Berdert H,

Wilson,

*volts Potentials of Copper - Hickel Alloy and Several Hetals

tn Alr® J. of Applied Phys. Vol, 22, Fo. 12, (Doc., 1951)
Yolta potentiais of various metala approximatsly parsllel the enf, series.
the trunsition

Metals abraded w~t ere zore noble then when abraded dry,
metals changs an average of .28 volt compared with .07 volt for non-

transition metals. Comaercial nickol-copper 50% nickel age
rore Tapidly than labvorstory alloys.

Ref. S. Langmuir, Phys. Rev. 2, hC2-h
3, 367 {1932) W. A, Zismann and H. G.

50 (1913) WA Ziszan, Rev, Sci. Inat.
Yemin, Phy. &, 7 {1933).

. of Phyuics Rice Inst, *Thermoelectricity”

If a circuit is made by Joining the ends of 2 vires
it is found that if ons of the Junctions 18 kept

at a hemperature higher then the other, & current flows round the
ciycult. The currents so obtained are called thermoelectric currents.

A gocd thermodynamical theory, by lord Keivin is glven.

Earold A., PhD, Prof

VYol. 8, page 207a,
of different metsale,

Electrokinetic and Streaming Potential

Schmid,

Schmid,

"Electrochemistry of Fine-Fore Capillary Systems

G. and Schwarg, H.
2. Elektrochem. 55, 684-9 (1951)

Iv. Dieiysis Potentlals”
Apparatus aad theory.

G. "Rlectrochamistry of Fine-Fore Capillery Syetems II. Blsctiroosmosis”
Z_ Elektrochem. 55, 229-37 (1951).

"g1actrochemlatry of Fine-Pore Capillary Systems. T,

Schmmid, G. and Schwarg, E.
Stresaming Pstontiels; Donan - Tindrance of Electrolyte Trensfer by
Streeaming” Z. Blektrochem. 56, 35-Uh (1952).
Apparatus and theory.
Scimid, 8. "Electrochemistry of Find-Pore Capillary Systems I {(Sunmary)”
7 Elektrochem. 54, 424-30 (1950). -
Grakams, D, C. "Blectrical Double Iayer & the Theory of Elsctrocapillarity”

Eruyt,

Everaole,

Chem. Reviews 41, 441-50 (Dec., 1947) A review with bibliography.

H R. "Streaming Potentials" Kolloid - Z 22, 81 (1918).

W. G. and Boardman, W. W,, “A measurement of the Magnitude of the
e Capillary., 4

in l1iquid Flov Thru a Singl
33k (19%2)

el®' kinetic Current
Proc. Iowa 2c=d4. Sci, k9,

Pormula is developed”

Ptoms T T  and Feldvikhaberz. D. A. "Ths Electroiinetlc Potential. 0.001, H.

Neal, S. M. Trans. Faraday

Seppriser,

WADGC TR 54-409
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fCL thru Colloldion Membranss and Ceramic Membrenes.” Kolloid Zhur,
1225 (1950) Electroxinetic characteristics of capillary systems III.

Soc. b2, 473-8 (19%6) Developmont of 8 theory of
Yactuis curvent from stresming potentiels through porous plugs - an

G i L

ejuation 1s dsveloped.
rstreaming Potentials in Fine-Pore

A. G. and Oatrowmev, V. V.
Quarty Membranes" Kolloid Zhur, 12, 336-145 (1950) CA 4k, 5679 1,
\1950) . ~
vI-6
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r Blectrokiamtic
10576 h (1951)

3 y 1d Thei
Palitzoch. 8. "Boundary Surfaces ol Cllutose Fihers and
Pltontiala® Tas. Textiltek, 9, 165-1T7 (1951) CA 43,

A rovlew with 99 references.

. . 2) Xlectric
Fscher.C. and Maller, F. E. Naluwissen Schafien 30, 6ob (29%
' ourront from diffusion of B0 through organic folls cx membranos.
¥arimz current is of the order 107" SNDpS.

frox M ffusion
Author Unknown, CA 3B8: 5962 101, 43 (1982} Flectric current
of B0 tlru & ﬂialeatric’mtarial on tbe ordsr of 10 b emp. Mechanism

is unesplained,
"The Electrokinstic

Yorutskii, S. S. and Panich, B. N. and Kal'Yanova, K, A,
& I'Etentia.l of Hslﬂ.ﬁi;l Resin Particles ia Agueous Solutions”
Kolloid Zhur, 13, 242-8 (1551) CA &5, 999T © (1551)

trokinstie Potential in Pins-Porous Membranes”
(1951} Streaming potentials.

. Soc. Jepan Pure Chem.
Nesasave ., M. "Theary of Streaming Potentials” J. Chen.
T Abs. vol. 46, 1952.

Sect. T2, S47-50 (1952) Chem.
m{tanate rransducera®™ Jour. Atoua,

- pal Bariom - ~
"Broad-Band Directio 16053, Transducere psuitadble

Soc, Aper., vOl, . -301 March
for unﬁari;t&r u;—?rét}jgm ,2?9.'.!:-.& hariog ﬁgﬂirﬂd directional characteriatlcs,

are constructed from arresys of sbort thimralled 3aT102 tubes in &

luid madlum,

ex, J. Th, G, YFaatroosmosic and Streaming Potertials in

“"‘I!i]!' 1]’5
? ?ﬂm II, Quantitatlive Ralaticn betweon slasctrokinatic Effecta”
Rec. Zrev. Chim, 70, 83-91 (1951} (Ia English) CA 45, 4997 b (1951)

Sel'tser. G. I. "Theory of Strecmlng Potential in Rarrow Capillaries”
- Foliotd Zhur 13, 273-82 (1551) CA k5, 9997 » (1951).

b i g i g _,...4%.. R

Catromov, V. ¥. "Elec Xolloid

Camp, L.

.I ." L
Y

. ra-q..i [T e:p;gwﬁm-pfn.“hmﬂhm- SR | w“mwr%wm
b
W
&)

Electrostatis
Ty ' tic X-Ray
and Yan ds Graff glated Rlectrosta
Comerator® Prys. Rey., Yol. 55, 1160-5 (June, 1939) At alx pronguias
° of 11 atmoephores absoiute 1250 Ty L. Bagys are aht.?.i.md wvith cux;en’;a
of oyer ons milliemperes supplied by the aingle 14 inch bﬂl‘E. 1% ol
gas the voltage and current can be shtained at 1/3 the pressure requl
by air. Cemstruction sczplicatsA,

M mTetattnn Cansrator” U. 8. Pat. 2,577,542, Decexder b, 1651,

sasure Elsotrcstatioc Goenpretor

AUuuSile, wikdl  saas-oos =
. . and Winkler,K X, "Eigh-Fre -
2. Staud, ¥ wf Rely. Thys. Acta. 24, 632-3 {1551)
at 10 atmos,

2 ths University of Zuric 5
Jeuritsen type 450 kv at atumos. prosswrs, 1.8 mr,

ands K. T. Compton & Van Celta, "The Plectrostatic Froduction of High
¥ m'gitnga furt?ill:ulm Imaatiga‘;.im' Phye. Rev. Vol. 43, (Peb., 1, 1953)
The dleruption of atomic nuclel =AY be achleved by generation of curreat
of very high voltage, Tlsctroata%ic gensratora arse free from ripling
effoct of high voltage or the {nherent defect of A, C, voltage and
aleo have the simplicity of conatruction,

vi-y

"A Compact Pressurd-ins

Bommel ,

TR L LTI A
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Ccolidge, John E., and <chuiz, George "Static BElecirificetion of Dust Particles.
on Dispersicr. into a ~leug" Je Appiied Physe 22, 103 (1951).

Gross, B. ("Stagic Chorges on Dielectrics” Brite. J. Applied Physe 1, 159-67,
- {1950).

Harper, W. Re nThe Volta Effect as a Cause of Static Electrification® Proce
Roye Soce A, 205, 83-103 (1951) Apparentiy good source of material
on Tribo-Electrification (rubbing). Theorstical. -

Van Rossem, A. 'light Pheromena on Elongating Vulcanized Rubberz! Proc. Znd

Hubber Technol. Congr. (Lordon) 1948, 245-58. The apparen’ relation
between luminescence and ceinforcemens leads to the cenclusien that
during stretching anc adhesicn between rubbar and the filler particles
ir, broken eleciriz charges are cev up cn tne extremely large surfaces,
anid these result in discharges into the surrounding vacuole becaus®
~here iz sush a tremendous number of these discharges there is a visible
1ight phenomena.

Wilmhurst-Beama. "Power From Hot Water Springs" Elec. Engr. Abs. 60, 42-Te.

Kleaxtric pever in Belgian Cenge tin mine 1s obtained bty utilizing

the difference in temperature belween waler at z009F obtained from
a spring and cold water Irom natural drainage.

Teurnier, Me "The Physical Properties cf Crystals and Tneir Symmetry" Cahe
Physe. Nce hLii: pps LLh-73; July 1953, Certain properties of crystals can
be predicted from the elements of symme'ry in the cause and effect
relations of the phencmena associated with them. Tensor ard Matrix
methods are used (0 expresas the pyreelectric?dielaﬁuriﬂg piezoalectrie
and elastlc processes, Various erystalline systems are explained.,
and an indication is given of the properties to be expected f them
according to ihis analysis.

Downirg, Hs L. "Some Noics cn t+he Properties and Manufacture of Piezvelectric

Quartz crystals" Proc, IRE (Australia) Vol. L. PPe 21148 Oct. 1953
The frequency stability, remper ature coeflicient and activity of quarte

resonantors are discussed: and the relation betweel these properties

and the oscillating freguency of 3 pircuit inzluding ths crystal is=
examined. The performan? ~f some typizal w.its 13 showr: graphically.

Cady., W. Ge "Nature and Use of Piezoelectricity” AIEL Journal Fagea 758-762,

Dunn, S. C. "Voltage Measurements on Rochelle Salt Undss Compression Fioed®
Arch. Tech. Messen issua.2DOT 197-8 Septa 1952 in German phys. Abs,

Cady. W. Go "Nature and VUse of Piszoelectrizity® ATEE Journal F. 758.-762.
1f SLress <. Pr;d;: =5 pol Aamizatiomn in artain directions then elecirie
field will give rise to same effect. It differs from electrostriction,
See Voigt "Lehrbuch der kristallphysie" page 761.

Spivastova, Ke Go " A Now and Quick Metnod for Detestion of Piz2zo-electricity
and Measurement of the Peizo--electric Constants® Indian J. Phys. 25nm

33 (1953).

Parscns, Pe L. Bechmann, R. Upiezoelectric Behavior of Partially Plated Squars
Plates Vibrating in Contour Mades" Fros. Phys. Soc. Londe Be 6L, 706

12 (1951).
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Bardsan, J. and Shocklay, W. "Poformtion Poteos

Bechmanre, R, "The Linear Plezoelsciric Eguations of State”

Durn, S.

Parthagarathy, S., Penchely,

Buckingham, M, J. and ¥akinson, R. E. B.

Becker, M. and Fan, H. 1.

Lohovic, K,

Tavin and ¥hite. "Inhe Fhotovoltaic

Iiandrat, G.

Phillips, Mayor C. B. 8.,

jals and Molojlilkles 1n Noae-
polar Crysteis” FPhys. Rev. B0, 72.-80 {1950) It appears theoreticel,
Brit. Jour. Appl.
Pnys. vol. &, pp. 210-212 Julyligs3. The different forms of the equation

of state cbtained from various combimations of stress, strain, electric
tabular fora.

field, elsctric displacement and polarization are givan in

C. "Voltege Hezsurements on Roche
Tech. Moaser Issus 200 1G7-8 Sept. 1952 in Gerumn.

M, , and Chhapgar, A. F., han. Physe. Ipz. Yol. 12,

pp. 1-7; April 16, 1553 1in english., Tke resalts reported in Jour. Sci.
Industr. Res. 1 were confirmed by observing the diffraction patterns

of the nﬂcﬂ.lating_ quartz.

Wooster, W, A, "Fhysical Properties and Atomic Arrangcments In Crystals®

Fep. Frogr. Ihgs. Vol. 1§, pp. 62-82; 1953, A gurvey ls made of the
reistion between ths siructure of crystals and their mgnetic, optical,

piezoeleciric and elastic properties. Recent work on peramagnetic
regcnsscs shasorption at high frequencies l1e discusged in connection with

the spinels. The spontaneous slectric polarization of Rochelle selt and
Ezl’oh 19 attributed to co-cparative movemenis of hydrogen 1ions,

" Photovoltaic

“mhe Second Order Photoelectric Effect
et & Metal Surface” Proc. Frys, Soc. Lord. A &, 135-9 (1951) A 18

(600) 478,
"Photeoltaic Effect of P-R Junctions 1n Germanium”
Iattera in Phys.Fev. 78, 3-1-2 (May 1, 1950).

Rlocher and Carret:, dJemes Chem. Soc. 69, 1594%-8 {Faly, 194%7). The photo-

vonltaic effect, the special semsitivities of Cadmivm, Zinc,
electyodes; the effect of ph and oxygen.

Copeland, et al, "The Fhotovoltalc Effect® Chem. Reviev 31, 177-227 (Aug, 52

A review with bidliography.

»The Funto-Voltals Effect™ Phys, Rev, Th ,A463-T1 (Aug. 15, 1548)
Ths Schotiky-Mott Thaory of the barren layer sactification 18 extended

L

+to tha light absorped in the barrier layer.

Renavior of Organic Sybstances in Solution”
J. Chem. Phys. 18, bh17-26. Comparison or photovoitaic beksvior and
fluoriscent propertles.

"4 Eew Conti-ibution to the Thaory of Fhoto-Blsctric Cells of the

11f Salts Under Compression Toad® Arch,

2 .. Inver Type® Istesbdul Undv, Fen. Fak. Mec, 12, 127-50 (Apr. 1947}

i Freach, In SE and Copper Oxide photovoltaic cells the electronic
emiseion originated in the semi-conduciion,

Lascturer ir Padiology at University College, London

"Selenium Cells™ Vol. 20, p. 303a. Three pages On congtruction,
theorv of operation, and yractical applications of gelenivm cells,
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Chezpolx, Robert, "Fransformation of
Ro ] s Heat into Electric Fnergy in Shermi
phencmena® lIe Vids §, 936-%0 (1951) CA 4 y 551 £, (gfvl) e

electric

Brawn, Aktiengesellschaft, Beveri &
' , ri and Cic " Heat Eagins Generating S
of High Caypacity Operated with Fuel Cas from Solid cmhu:fihgzzon

Germ. Zat, 804,625, April .26, 195i (Ci. hor, 370).

B Y
Wilaon, ﬁivlg. A, Phgﬁahwf. of Fhys, Rice Inst., "Pyroelectricity”

i ’a-fé d2 » The charge occuring on crystals such as tourmaline

voen e ucedi': ahea With water, ete, Canton showed that the charges

prcaamnt od Jt dmparaturu changes. lord Kelvin (1860) worked out the

oy £ccopled theury. From his work Volgt found that the pclarization
: der owTAline at 24°C 1s - 33.4 £,5.C, and changes 1.2 B.8.U

.:Ee e m temperature rige. Found enother reference to Bﬂm; phenum;m

Sgi angu B;rikiﬁag- EE ;njb-gahsgq én Memolres de 1'Acadomic Royale Dec.

’ . d2- y 125 and abhgtractsa "
Fhysics, Williem Francis ¥egillo-Firet Edition m&uinﬂiif:r;;B?Ok -
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