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Thermoelectric generation of electrical energy from heat energy
has been reviewed, the history of the subject has been reassessed, and -
the materials used for thermoeleciric generation have been critically
examined. The suitability of a material for thermoelectric generation
is determined by the preduct of the figure of merit, Z, and the absolute
temperature, T. The figure of merit of a material depends upon the
thermoelectric potential, o(', and the ratio of the electrical conduct-
ivity, o, to the thermal conductivity, K '

ZT=x?T o/ K
The most suitabie semiconductor materials have (dimensionless) ZT values
between 0.5 and 1, and the most suitable molten salts developed in +this
work have ZT values of about 0.5. The advantages of molten salt thermo-
cells over semiconductor thermoelements are the absence of contact
Junction, doping and thermal expansion problems, and the low cost of the
naterials. The major disadvantage is the mass transfer between the
electrodes, and this caused the failure of many of the initial generation
thermocells designed by the author.

Pure molten salts are found to have ZT values ranging up to
0.3 and mixtures of salts have been examined in an attempt to increase
the ZT value., The AgCl - Agl system has been studied as an example of a
common~-cation mixture. The thermoelectric potential has been measured up
to a temperature of about 1200°C and the thermal conductivity has been
measured using a transient hot wire methed which was specially adapted
for measurements on molten salts at high temperatures. Thg maximum ZT
value is 0.4 for the AgCl - AgIl eutectic mixture, The AgCl - CuCl - IiGl
system has been studied as an example of a common anion'mixtufe. A theory
to the thermoelectric potential of common anion mixtures has been developed
and partially substantiated by experiment. Some salt mixtures are
expected to have ZT values in excess of unity, yielding actual conversion

efficiencies of 7 - 10%.

The thermoelectric effect in a molten salt thermocell is due %o
the flow of ions between the electrodes, and this flow of ions causes an
electrochemical mass transfer. In addition there is a mass transfer
between the electrodes caused by natural convection currents in the salt.

A cell has been developed in which the mass transfer problem has been



overcome by arranging for the mechanisms just described to transfer metal
from 2 molten metal alloy electrode to another electrode situated
verticaelly above it, and allowing gravity to return the metal to the lower
electrode. Convection currents have been decreased by inserting a

fibrous material in the salt. Theory to the thermoelectric potential of

a thermocell with alloy (rather than pure metal) elecirodes has been
developed and confirmed experimentally.

In order to demonstrate the feasibility of thermocell generation
a small generator consisting of up to L4 of these cells has been constructed
and has given an open circuit potentlal of 13 volts and a short clrcuit
current of 0.6 amps. This is believed to be the first thermoelectric
generator using a liquid thermoelectric material and also the first

utilising the thermoelectric effect of the flow of ions.
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Introduction and Notation

(The introduction to the subject matter is given as chapters 1 and 2.
The following notes are concerned with the general arrangement and

notation used in this thesis),

The object of the research described in this thesis was to
find a method of continuously generating electrical energy from heat energy
using the thermoelectric effect of the flow of ions in a molten salt.
During much of this pioneer work the author had no idea of the type of
thermocell which would be suitable for continuous generation, and many
of the earlier designs were rejected owing to unforeseen engineering
difficulties. Nevertheless knowledge gleaned from these unsuccessful
attempts was generally used in subsequent thermocell designs. Some
“details of these attempts are included in this thesis to show how the
final design emerged, and to prevent future researchers from covering

the same ground.

After much consideration it was decided to arrange the thesis
in a basically chronological manner. Not only are the contents more
readable, but the necessity for certain of the tests is more apparent
- when presented in this way. The contents, (as listed on page S ),
are sufficiently sectionalised to give rapid selection of topics. The
theory to the thermoelectric potential of molten salts and their mixtures,
for example, is given in sections 4.1, 6.2, and 9.2. Reference details

are arranged in an author index at the end of the thesis.

Conventional notation is used throughout the thesis and the
terms are defined when they are first introduced in the text. It is
felt that some apology is necessary for the use of ionic entropy terms
with up to five different indicies and sufficies as encountered in
chapters 4, 6 and 9. These terms may be clarified to some extent by
noting that it is common practice to denote a partial molal quantity
by a single bar and a molal transfer uantity by an asterisk. The
species to which the quantity relates (such as a metal, an ion or an
electron) is always given as a suffix. Hence the term 3;”z+ is the
partial molal entropy of a metal ion (with z charges) in a mixture,
and (R:- is the molal heat of transfer of a uni-valent anion in a

mixture., S, I. units are used except in the casesof the electrical



and thermal conductivities where the author has noticed no evidence

in recent literature of any departure from units of st =1 cm ~1 and

watt cn~1 x-1 respectively. (The centimetre is not strictly allow-

able in S. I. units as it is not a triplet power of a metre). A

summary of the frequently occuring notation follows.

o
~

= o

H H & & = o
(tl; !

AN e

m
f

Area of the electrode in contact with the electrolyte, or
‘cross-sectional area of a solid thermoelement.
Activity of species k.

Specific heat at constant pressure,

- Electrical potential,(also V).

Blectron,
Faraday,(96 490 coulomb equiv™
Molal Gibbs free energy.

1)'
Heat transfer coefficient. o N
Electrical current.

Short circuit current.

Thermal. conductivity.

Thermal equilibrium constant based on concentrations.
Thermal equilibrium constant based on activities, |
Length between electrodes in a thermocell,or length of a
thermoelement.

‘Mass.

Mass transfer rate.

Q or q Heat energy flow.

e Y VA
v

Molal heat of transfer of species k.
Universal gas constant,(8.314 J g-mole'lel).
Electrical resistance of cell.

Electrical resistance of external load.

Molal entropy of species k.

Excess molal entropy of species k.

Holal entropy of transfer of species k, (= Q;:/TT).
Partial molal entropy of species k.

Total transported molel entropy of species k, (= §_ +

g

Molal entropy of fusion of k.

Temperature.
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Liquidus temperature.

Time.

‘Pransference number of ion k.

Electrical potential, (also E ).

Open circuit potential.

Closed circuit potential.

Molal concentration of species k.

Figure of merit of a thermoelectric couple.
Figure of merit of a single material, (=ct%/K).
Figure of merit of a molten salt, (= o(%5 o3 /K.

Thermoelectric potential, (=dZ/aT-).
Electiical conductivity.
Peltier coefficient.

Thomson coefficient.
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d.l. The fNundemental princinles oi thermcelsctyic sensrotion.

Then one end of a mebtol wire iz hented ond tne other end is

so that o teaperaturce gradisnt i esteblished olong ite length o

electricel potential difiverence is found to exist bebween the ends,
Uhis potentvial cen be messured with respect to ancther wire of a
difierent meteriel soting over o similar temperature dii'ference as

'

shovm peliow. Whe neir of wires is then called o thermoelectric coupJ.e

[¢]

or more commonly 2 tnernocounle ond the voltaze
w0 cool ends is knovn cs thae tharvelectric wve 'J.tage. iy vol"c:zge

depends upon the temperaturs ddtrerence detwesn the hob and cool

junctiong,ond bthe rate of chanze of the onen circuit volioge B with

4 e
I'esLecy

phiy

ig called the Seebeck coefiicient,

the thermeoelectric pobtenticl for one degree temperature diiterence owr

less preciscly bul more commoniy just the {themwoelectric potentisl
Thus o = AB/dl,

o

A tner qor,g,upl is commonly used for measuring temmerature 4

1t mey also ne used Lor convarsion oi heat energy into wori in tne fomm
i alecirdcal energy and as zuch it ig g heat engine, Whe thermal

Ju
1

ne ratio off the electrical encrgy

1ale

efficicncy of +this enzine \7 (that is
A '

output IV and the heot enevgy impul §) is then some T'rection of the

elilciency of o reversible engine ‘7 mox opernting betweon the some

maximam end winiaun temperatures:

Galvo.

Temperature measurenent Thermoelectric engine

themocouple

H
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gfis termed the material efiiciency and by substituting certain

semiconductors for the metal wires a material efficiency of sbout

N
W

U% has been obtained ,

The converse etiect ic possible where electrical enersy is supplied
to the thermoelectric circuit to give cooling of one junction and

heating of the other and this ig called the FPeltier efrect. The

n

ratio oi the cuantity of neat transferred to or from ajunction and
tne current required to transfer this heat energy is termed the
Peltier coefiicient LI {= §/I). Uwhis cfrect hes veen used success—
Mutly for refrigerstion, agein using semlconductor naterials.

The Formula ror the theoreticel efilciency of a thermoelectric
genzrator 1z derived in most textbooks on direet energy conversion

(euch e= Spring 1965). Yor o generator of the following form:

Q

) Th . L -~ thermoelement length
AT ) .
1 A = thermoelement area
- electrical conductivit;
n-type | n~type 9 l W
(L +Ve) : (¢ =ve) K - thermel conductivity
a b . . .
a Iy & - themmoelectric potential
¥
T
e To
Ry
Load

it is found that the optimum geometrical coniiguration for meximum

efiliciency is given by:

(L/A), _ [on K ]2

(L/A ), o3 Kp Q



fhe optimum efiiciency is then tound

material efiiciency the Carnct

(0~

and

A
Z. T )R —|

to be the product of the

efilcilency:

T =T

o -

(1+

where:s

Z;T-
Z =

2
(O(a.* °<b)
c /l(_‘l L

Ca

C 1.2
K =

S b

ZCT')% +Te / T

mean vzlue of Z T over the renze rrom i

X ——

T —(i2)

to ¥

h

%(g;g)

Zcis the only paramever ot the eificiency equation which includes

properties oi the thermoelenent meterials end it is termed the figure

ol merit oi the couple. The positive and negative seniconductor

thermoclenent materials

emuel vodus of g- , K and |o(] in vinich cese:

2
p X0 =z
“—c K - m

This retio is used as the figure of merit of

v

The efficlency of the generator then depends

are usually selected

to have approximately

—-——~,—-——{L‘?)

& single matverial Z, ,

on the hot and cold

junction temperatures snd the dimensionless paremeter Z.T. The

Tollowing curves show the variction of' the optimum efiiciency ‘7

with.Z, T et a cold Junction temperature Tc of %00%K :
T, =900°K
o 7, =100°K
=500k

3

e L

( To=300°K )

The nest seniconductor meterials for thermoeleciric seneration have
8

& velue of Z.'T between £ and 1.

4



The voltage ovteinebie from a sinsle thermoelectric couple acting
over a rew hundred degrees temperature difverence iz of the order

of 10 &V in the case of a metzl and 100 n¥ in the case of some
semlconductors. 4s ecrly as 16823 Cumning  pointed out thet if useiul
volitages were to be obtained o number of douples must be connected

electrically in series and thernally in parellel:

Tc fTHeat out
[ .
_SL// § X €1—/°‘
+ O )
N 7 NN
N K N
N
d N K 5
AN Y Y
>, o N

T
Heat in ﬁ h

This srvenzement is called o themopile and is the basis on which

thermoelectiric generators are designed.



1.2, The historical background - a reassessment,

Popular text books on direct energy conversion generally give the
impression that although thermoelectricity was reported by Seebeck
in 1822 the effect was not used for practical generation until
semiconductor technology was established in the early nineteen-
fifties. In this section it is proposed to concentrate especially
on thermoelectric generators betwesen these two periods as an attempt
to correct this particular misconception,

1.2.1. Discovery of the thermoelectric effects..

On the 21st July, 1820 Professor Oersted communicated his discovery
of electromagnetic induction as a treatise to the leading natural
philosophers of the day in each European country. This discovery
and the subsequent research work it initiated rather overshadowed

the observation of thermoelectricity a couple of years later,

During 1821 Thomas Johann Seebeck (1770 - 1831) was studying the
results he had obtained using an apparatus consisting of a magnetic
needle situated in an electrical circuit made of two different

metals as shown below,

(From a wood engraving in
Deschanel's 'Natural
Philosophy! 1882),



He found that the needle deflected viien one of the juctions was heated

and he listed a number oi metals in ovrder according {o the det’lection
they nroduced, Bismath ond antinony were corvectly nlaced at the ends

of this list, Unforiunately he did not aprrecizte that Lhis effect
releted heat enersy and electricity but thou;ht that it related heot

eneryy and masnetiem (Seenecic 1822-3), 1z went on to glve a rather

novel explanation oif gravity by asseriing taat the temnersiure

difierence betweun the cquator and the poles produced o mopunetic field.,

About the scme time James Cumming (1777 - 3861) 2 professor at

Conbridge University also perfom come oxperiments ont the thermo-

alectric eifect (Cu

ing, W23). Althouzh he was aware of Dr. Ssecbecik's

cxplonction Frovessor Cwaming covreetly =titiiouted the offect to a

Tlow of clectricity inducsd by the ilow of heat. It would thus aouear

%

that this thermoelectric phenomenon which was loter named the Scebeck

givect saculd nore deservedly have besn attrivuted vo Cwaing. This

bly would have besn the case i& Cwandng hod not published his
finds in the Troanscctions off the Camoridse Philosopinical Soclety wich

vas nev and rataer obscure at that time. bub he woas inbtinsately connected

¥

witn this Journal being one oif the founder members and the first

prezident or the 3ociety. It 1s interesting Lo note +hat P. =, ol

v

o

(vito himsell mede some notable conbributions to thermosiectric theoxy)

in tne Rede Lecture at Cambridge on the 23vd by 1873 mentioned that

Cumming !seco in fact To have made an independent discovery of thermo-

electricity'. (Tait, 1873).
Daring the next two years the themoglectric notentiels oi metals ond

a Tew alloys were studicd in greater detveil by Seebecic and Cumming and
.ulsd Antoine Cfsar seccuerel (1788 - 1878) in Froace {Becgquerel 1826 and
1829). ‘whe work recorded is meainly concerned with he order of the
netals in the 'thermoelectric power series' and the theoretical
implications of the 'tThermoelsctiric neutral noind', Lhe former term

is a nisnomer as the power obtained irom a taermocousle depends on

Fal

the elsctrical resiztzace o the couple as well as the closed circuit
aotential, (i.e. V /R). In fz2ct it was the open circult thermoeleciric
potential which was measured alithough for the next ceuntury it was of'ten
colled thermoeleciric pover and e¢ven today the term lingers on in some
textbools. ‘he thermoelectric neutral point is the temperature ot which
some metals such as iron undersgo a reversal in the direction of their
themoelectric potentisls. Whis point will of course depend uvon the

metal with which the iron dis compared.



Tt st be borne in mind that there was no clear conceptlon of nest
. this time. ““He caloric tueory vwos still cceenied by o1l but the
nost enlishtensd. It was not until 1841 thet James Joule (1818-89)
recorded his measurements on the heating effect of 2 current ang

sore nine veors lover tant he published his accurate values ior the
meciharicel emuivelent oif heat encryy. It is therefore not surpricing
that when Jeen Charles Peltier (1735-1845) noticei that a.pnction of'
two nmetals could ve cecoled by the passage of 2 current he did not

a (Peltier 183.),

apureclate that heal enerygy was being transier
‘his etiect (which was later nemed ai'ter hiw) was certailnly made

clearer in 1838 py the izaous demounstravion of W, Lenz (18504-1865)

to the St Petewsburg Acad showing that woter could be frozen by

neszing a current tarcugh o submergcd bismuthuantimony.ﬁmction.
It 3 EfJLuL»JJLI apprecicted that the woter hed previously been cooled
to 13% or 2R (Clark 187%). Michoel Foradny (1791-1567) had not
heerd of Peltier's experiments in 18306 but he showed his understonding
o1 the theimcelectric efiect by & sentence wiritten in his Lapboratory
note book on 28th July of ohat-year:

'Sursly the converse oi thermoelectricity ouzht to be

obtained exnerimentally - Pass current throuszih a circult

of entimony and bimmith.' (Vhittoker 1951),

‘he mathemsbticnl relotionsnip between the Peltier and Seevecic efiects
was reporved by Sir Wiliiem Thomson(lzter Lord Xelvin) in 1851,

Bosically he cstablished that tae Pelfler neat coeiiidceant T is the
product of the Seepeck coefiiclent « and tne ansolute temperature
T. (i.e. 7T =« T). He also defined a 'speciiic heat of’ electricity!

2 in the form:

s =T gm(%) —{15)

It wvas nearly twenty yesrs later that P. G, W2it established that the
speciile neat of clectricity was proportional to the absolute temper-
ture, (s < T). The coefiicient '§ later became imown 25 the Thomson

coefficient, T.



1.2.2. Thernoelectric Generation beifore the second world war,

The possivility that the thenacelectric etfeect could be used for
generating electricity had certainly crossed the minds of a number of
scientists by the early eigntecn-tiirities. FProfessor Cuming himself
had mode o small therasopile (shovm in the previous section) and had
also obtained continuous robation by pivoting o closed thermoelectric
circuit about a rpermanent maznet in such a feshion that the rotation
caused the ends oi' the circuit to pass alternately over a2 spirit Lamp,
1ne potvential produced by a themionlle consisting of theraoelectiic
pairs zcting over about two hundred degrews centigrade is only of the
order oi e hundred millivolts. Iichasl Faredoy wrote in Januory 1333:

' veeees. the very conditions under whicn it (thermoelectricity)

15 excited are such as to give no ground tor expecting that

it can pe raised like common electricity to any degree of

tension'
During the eighteen-sixties Dove in Bnglend, Former in Anerics and
dareus in Germany were experimenting with trial generctors which
generally conslisted of series connected bismuth end ontimony couples.
ilarcus is reported to have devised ' g powerful form of battery' in
whica the positive element consisted of 10 parts conper, 6 parts zinc
end 6 parts nickel and the negative eleuent consisted of 12 parts
antimony, 5 parts zinc a2nd 5 parts bismuth', (Clark 1676). He was
obviously endeavouring to optimise‘the nroperties of the thermoelectric
maeterials even as we are =2 hunired-years later: “he use of semiconductor
meterials is not modern either, for in 1869 konseur Becouerel demonstrated.

s thermopile using couples of galena (or natural Po S) and iron.

Cne of the best of the early themoelectric generators was built by
}.C. Clamond. of Paris about 1870. He develeped his generators into a
saleable proposition and in 1875 set up the hermoelectric &enerator
Company with offices in Paris and 2 London menuiactory. The Clamond
gener?tors contained elements of a zinc antimony alloy on the negative
a
sidgz;inned iron on the positive side. Iach element was zbout two
inches lonz with a cross-sectional area of 2bout one inch squared., Gas
and coke generztors were menufactured with ocutouts ranging up to 34 volts
with 680 elements. They were msinly usad by the great electroplating
nouses of the day and by 1876 some 250 generators were peing used in

Britain, 300 in France and many in other couniries,



On 1lth May of that yeaer lir. Latimer Clark demonsirated one to the
Soclety of  Telegraph Bnginecers and Wectricians ( later L.E.E, ).
il. Clamond received the grend medzl of the Socidté 4' Zncoura
pour 1' Indusirie Internationale in recoznition of his inventions.
(Details of the generators are given by Clerk (1876) and the following
discussions. A rether well used specimen of a Clommond Generstor

survives in the Science Huseum,London).

Develeopment’ of the fundament:zl theory of thermcelectric generation
rather legned Dehnind the ingénuity of {he enginecrs, But Mr., Clark

°

(in the previocusly cited reference) elegantly summarised the qualdtabive

aspects of material selection:

'If we scek through the teble (of thermoelectzdic potenbiwlﬂ)

for useful thermo-electric combinations vie must remember that

our elements ouszht to be very good conducters oi electricity,

and very poor conductors of heat: they should also be cheap'.
Around the tumm of the century several attempts viere made to evaluate
the efficiency of a thermoelectric generator (Reyleizh 1q94, Johansen
1910, sltenkirch 16C9 ond 1911 and others). Various forms of the

efificiency formula continued to appeor in the literature Yo the nineteen-

forties ( sco Pelles '19#7). although the arrangement of material
properties in the form of the'product of the thermoclectiric potential
squared and the ratio of electrical and thermal conductivity ((X (774{)
vas very prominent in many of these formulae, it was nol singled oub as
the basgic material parameter For thermoelectric genera ation until the

nineteen-fifties.

The experimental werk from the end of the nineteonth century to the Second
“World VWar was orieanteted towerds producing cheap generators for specific
uses where efficiency was not of prime importence, hlectroplating has
becn mentioned and for many yecrs . thermoelectric generators provided
the cheapest method of obtaining the low voltage high current susoly
reguired for this purpose. Severzal sttempis were made to generate power
using solar heated themrmaopiles and the 3un Zleciric Generator Company

ves formed in America in 1910. Well (1927), Milne (1939) end others

rodunced generators for powering radio sets and charging batieries,

Metallic thermoelements were generally used and the efficiencies were less

than 1%.
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1.2.3, Taemoclsctric Zenerction in the Seniconductor Aze,

During the nineteen-forties ilarie Telkes et the Massacihmsetts

vorking in a systosatic way on the
certein sexniconiuctorsincluding
{(Yhe temn 'theimoelectric properties!
itle to include the thermnoclectric potential,
thermal conductivities). In 1947 she reported
PbS and Z4n Sk vhich nad o theorelical

iency of 105% at a temperature difrerence between the

Junctions of 400 C. rhe actucl observed efiilciency was 7, the difference
being attributed nmcinly to contect resistance. It is interssiing to note
toot dn golte of the vast amount of theoretical and experimental work on

semiconducivors and thermoelecirics performed during the Lfollowing twenty

yeors ondy morginael advance was mnde 1n the theoretical generat efficiency.

AL obhout the seme time Iofie ¢ and his co-vorkers in ussia were woirking on

=iy

csenlconductors on therneelsments for generation and re:

By oy

rigeration., They

develosed geonerstors for use in the remote aress of Hussia. The most

=

lizse ves a pareliin lamp which besides giving light also
few milli-amps of electiricity =t about nine volts suitable for
radio set. They were the first to supreciate the full

4

of' the combination of the thermoelectric properties which

arizos in the penerator (or 1eiv1 sera, *'“) efficiency formula (Toffe 1957).
This combination of the themocelectric potentisl squared multiplied by
the rotic of eleclrical to themaal conductiviiy becsme movm as the

fisure of nerit of & single material:

— 09

They Tound that certain semiconductors of hizh moleculer weight such as

Oi~ - &
'

Pb Te aud Pb Se when dooed to give eleciron concentrations of about

6 . . . s g . .
1&; gizctions / mm~ posscessed an oplimum figure of merit,
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The search for better themmoelectric semiconductor materials then began

in earnest in a number of countries. Fritts (1960), Heikes and Ure (1961)
and others in the United States worked on materials such as lead, tin and
germanium telluride, Goldsmid (1960) in Britain did much of the development
work on bismuth telluride and Fleischmann et al. (1959) in Germany studied
silver antimony telluride combinations. The present trend in material
research is outlined in chapter 2 and some of the more recently constructed

thermoelectric generators are mentioned in section l.4.

In summary it may be said that the thermoelectric effect was noticed in
1821 but for the next 130 years no hopes were entertained that it would
ever be an efficient method of generé.ting electricity. This is not to

say that it was not used for gemeration during this period. For some
purposes such as electroplating which required high direct currents and
low voltages it was adequately suited. With the increase in understanding
of semiconductor materials around 1950 spec_ulations were made regarding
the possiblity of semiconductor thermoelectric materials yielding high
conversion efficiencies and being used for major power gemeration. These
hopes proved to be unfounded and in 1962 Spring and Swift-Hook showed that
for major power generation materials were required having a figure of
merit some two to four times higher than the best known at that time.
Since then only marginally better materials have been developed but they
have found applications in small, quiet and reliable generators for
terrestial and space uses. The quest for greater conversion efficiency
has led to research on the possibility of increasing the temperature range
over which the material may be used, (thus increasing the Carnot efficiency),
and the feasibility of using materials other than solid semiconductors,
such as liquid semiconductors and icnically conducting materials.
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1.3, The engineering problems.

e “ound in wmost

nvLe 33
L1 s sectblior

volved in the Aszsizn and
. 3

Codain

- R ~ . L, 2 PR
and elecirical enerey trunsfer nroblems

& By

D

1.3.1. “hneras
In & thermosleciric enzine heat has to be transfeired 4o one side of a
nunber off smell thermoelements ani transferred aviey Trom the other side.

Lgh heat ©lux nzcessary on the hot side is usuclly supplied by

Cus -

in oil fived generators, oy the decay of

radioisotoses in nuclear pover jenerciors o vy concentrating mirors in

o
soler generators. On the cool side, heat is conwveniently tronsferved to
the zurroundings by natursl convection using fins in the atnosohere or

1

oy raclatlon in outer space. Consideration of the following  arvanze-
ment of a generator shows that heat energy mey he lost Ho the system due
to heat flow thirough the insulation betwecn the mstris of tnernoeloments

eng. the thermal resistance at the junctions.

conling fins

combustion
Chamber

electrical
insulation

thermal
insulation
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A zood insulstion material hes a thewnal conductivity of about 0.0005
, el . . . .

L3 omK and tyoical semiconductor thcrmoelement asterials such as

s . . - e . e B |

31 Te. eud Pb Ye have taermal coanductivities of 0.02 watts cm K. Bven
<

1 i

izl is not more thon the total cross—

o+
o

vhen the areca of insulation ma

scetional ares of the themoeelements there is therefore a 2;3 heat loss
end in most generators the tolzl insulation area is much greater,

The fins conducting heatl away from the cool juncticns are usually

3

metallic and must therefore ve electrically insulated from-the {tnerio~
elements and <he connecting links, Since electrical insulation naterials
are elco good thermal insulators there would be o considerable temper-
ature drop betlwe:sn the cocl junctions end the fins., Fortunately nature

is not entirely opposed to the ddqi#qor in this case because the electrical

L

esistance of an inculator is up ©o lO times greater than a metal
whereas the thermal resistance is only LO times greater. A very thin
shcel of insulation such os mica mey therefore be used as this will

give almost complete electrical insulation with a minimum of theraal

[ A

§

The greater problem vhere electrical resistance is concerned occurs ab

[S N A

the juncitlons bhetween vhe thermoelements and the comnecting links. The

(97

case of 2 lead telluride thermoelement may be talen as an example. The
coimecting movericl and any solder used must not react with the lead
telluride or the doplng material. Copper TForms a eutectic with lead
telluride and common soldersleach out the depants, thus altering the
carrier concenvravion. It was eventually found thet a bismuth~tin
solder could ve used at low beJQeL tures but no successiul hot
Jjunction solder hsas becﬁ developed. Iron is usually used for the hot
junction comnecting strip and it is held ageinst the lead telluride
by spring pressure, Thls pressure together with the hish temperature
causes the telluride to {low plastically and afiter a short period to
become in intimate contact with the iton., Thermoclements with these
Junciions have opcreted for over ©ive years with no detriment to the
material., Nevertheless practical generalors usually lose about 10%

> 2 S .
of the power generated to 'I R losses' in the electrical contacts.

1.5.2. laterial property problems.

The best seamiconductor thermoelements are wealz and rather brittle.

(13526

Althousgh careful mounting can result in fairly robus generators they



carmotb withstand sudden shocks or vibration. Thermal expansion causes
a problem vhich is at least partially overcome in the case of lead

v

velluride by the cpring loading of the thermoclements.

-

The internal
stresses set up in the material by thermal shock can cause the
thernoelement to crack. This can be overcome by arranging for the
generetor to heat up slowly, but the lifetime ( in total operating
hours or years) of a cycled generziol is invariably shorter thean one
whnich i1s run centinuocusly.

itenlf must alszo be stable. Internally the structure
mist not change with time and the dopsnts must remain in the same
concentravion. uxternzlly the surroundings must be compatible, and

av hign temperatures this generally involves the aimosphere being

Q
|—)
}
C
o
[aed
E:

sing. It is nol possible to use o vacuwn as the sublimation

rates are quitle nlzn khence an inert gos is most suiteble. Encapsulation
of the themoelenents in incrt gas surroundings together with &1l the
other probleas mentloned ensure thel generator desizn is complicated

and involves much procislon enginecring.

1.5.%. Desisn and economnic probloms,

ihere ars still further provlems to harass the thermoelacitric generuior
G&sizner. The generstior should ideally designed to sult e particular
load and for either meinun efficiency or maximum power. This means that
the length / area ratio of the thermoelements is confined %o a prrticuiar
vedue. Shen the heat source 1s o radlolsotose or nuclear roactor the

by nuclear bombardment and the

sed Db
zenergtor must be adsouptely shielded., Vhen the heat 1s obtained frou

(¢

a fosgil-iueled burner the outlput will fluctuate dependingz on th

.
1y

ambient tempersture (and if in the ogon the wind velocity and. direction).
If & steady supply voliaze is reguiwed this will nsces:itate a control

system or the zeneretor outpub may be used to itrickle charge = batiery.

Finally there is the cost. If a thernoelectric s to be
comnercizlily successful it must eitnst vork under conditions or in places

there no other generator mey be used ol 1t must be cheaper tThan other
forns of generation. The foraer =woszbibllity has besn widely explored
during the last few years (as is shown in section 1.4),but the latter

possibility has not been explored and the capital cost of generators is
still very high.

24
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Lalts PThernoelectric menerction today
In this section a few detalls of some modern generators are given to

show the precent shoge of develonment. The future of thannoelectric

generation is also dicscusced, =

Lood,  Tossil « fuel fired generators.,

enerators with powrer ocutputs ug L otts nove besr goleibRelels
rener th 7er oubtputs up to 100 watts nave besn produced
comercially for some years, Yhe range of senerators monufactured by
the Mimnesoto lHning and lonuincturing (3iI) Co. Lid. may be taicen as

an excmnle, Uhe genercl loy-out is showm in figurel.l. These generator

in

I3
e

may be run on nroncne or natural gas and have pover outputs in the range
0¥ 15 to 50 watts. The 5O watte generator consumes 0,136 kg propane/th
giving an overall eificlency of 254, It can generate in reanote locotilons
Lo periods up. to ten years requiring only an annual visit to replenish
the 1uel supply and checx the operation. The relicbilitly orif-sets the
capital cost (of several bundred pounds stoerling for the 50 watts model)
and makes the generabor very competitive Tor ceriain applicotions. 4
golid-state DC/DC volinge converter and limiter is generslly supplied
with the generctor to increase the voltage vo 6, 12 or 24 volis and
Jimit 1t at the specified value. These generotors are now used to

nover remote weather end radio stations, onerate beacons for marine and
avigtion purposes and to give csthodic proieciion on pipe lines,
Substantinlly zreater power outputs way pe obioined for a few hours a

(=3

dey by using the generator to continuously tricicie charge a batiery,

L4

3

An excellent exemple of & thermoelectric yenerater disigned for a
particular purpose is provided by Bargen (1963). This gensrator was

built for the United States Cozst Suard to onerate a floshing novigetional

-
¢
h

1"

lemp on o buoy or snore location for a perind of ten years. <The general

<
[

lay-out ig shown in figure l.2.7The 102 thermnelements were ol segmented

lead telluride in the iorn of rods oi' b mm dizmeter and 20mm Jons Zach

u
element wos individuclly epring locded to 2ive zood eleciric contac
and to allow for thermal expansion. Althoush lezd tellurids mey be used

EX

2t Gemperatures over 600°C the hot junctiong weve xept in %the renge

>

,-.O.- . - — . . P
500 - 550°C to giwve & greater life expectoncy. Tor inital tests the
burner was replaced with zn electrical hester, When the compartment

containing the thermoelements was evgocusted an initel thermal to
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electricel efficiency of 8.5 wos obtained at o power outvut of 15.1watis.
th inert zas ond henneticallv seoled

a
v was found to be 7.5k, ¥When the speci ]Ly degigned propane

burner wns ©itted the generator was found to yiel jl"Jy’ of fuel
giving an overcll efiiciency of 5. .

.

Themoelectiic generation hos been considered cs o means of utilisinz

the wasted heat of inbemncl combusiion exboust gases. Pewper et al {1964.)

for exemple have considered the possibility of replocins the dynemo of
a famm troctor with a themoslectric generstor situated on the exhaust

-

»iping. The exheust temperziture of the gasolins engine thoy used vas

. -0 . - <

about 600°C ot B0 meximun engine power, They constructed a asmall model
ot . s y o)

senerator with bten lead telluride couples operating between .0 and 10

LY

These were avronged rodially around the exacust pine es shomm in fisurel.s.

-

he open circult potenticl was 2.3 volts and the short circult current

vas 6,25 anps.  In a full scale generator designed

5
about a 100 similer
oneration for ten hours on the tractor engine
cid four cold junciions were found vo be disconuected, If.was pointed out

S

that con roelecnents were c¢:quired and that

i

the cost of these thermoelements would have to be lovercd belore such

senerators became comnetitive.

Lodie.2. Tsotope end recchtor generators.

A review oi thermoelectric generators using the decay of isotopes as a

hest zource ig given by YFoole (1967). Space and terrestisl applications

and particular rogard is oald to the cost and cveilebility

of the fuel and the generator designe  Some of these generators hove now

operated unatiended ior over ilve years and probably represent the most

reliable generators obtainable. Isotope generators are being developed in Britai

Ve

)

s the RIPPLE (Rodio-Izotope Power Pulsed Lighting mqul»Mpnt) programie,
in the United States as part of the SNAP (Spece iuclear iuxiliary Power)
progremae snd slso in Russisa,

“Yhe ley-out of o typical RIPPLE generator developed at the Atomic Engine-
ering Resezrch Hsteblishaent, Harwell is shown in figurel.3. The fuel

is sbtrontium - 90 which isg a‘/3 emibtier with o half-Llife of 28 yeasrs and
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an ini®izl outout of sbout 1 vait/zm of Lcobope. Strontium - 90 is o

flscion nroduact formed in large cuauiities os o by-product of nucleal

pover generation., The limidtetion on cguentidtsy is entirely caused by the

[

eriraction process iron the spent thel elements =nd - one 30Urce

saplying 1t in coamercial cuentities is the Ok Hidge Helional Inborstory,

The theranl insulation is o microw silica having an

overall theimmal conductivity vhich 1s less thon the oondncﬁivity of the

gas in vivich it iz situsted., The rodietion shield is of concrete ox

4]
(\

ienleted uraniua, The power output denends on the nwwber of bisauth and
lead telluride thevmoelsctric modules and is gensrally of the order of

1 . M e - Lenast . R . - S . r ”

neraedl o electrical enersy conversion mey exce 5

“but is more tynlcszlly in the range 1-3%,

‘The #irst isotope generator oif ths SNAP sexriss was demonsirated to
Precident Elsenhover in January 1908 and o gimilar unit was used 2s
auxiliary wover for o satellite in June 1961, llost of tue incentive has

come frou the gpoce programme althoush terrestial zenerators have glso
been Geveloped, In SHAP senerators the lead telluride thermoelements

4

are arrvenged radlally around the radioactive source conbaining the isotone

ceprules.  The mower outruts range from 2.7 to 60 watts with efficiencies

.g

up to Bh. ‘ae soecificotions for the SHAP e

ac2 and terrestial ganerctbors

are given by lorse (1966).

On the 3rd April, 1965 SHAP 104, the firsh nuclear reactor nower plont
incorporated in o rocket, was blasted into spece, The heat from the
reactor vos converted ian to 500 wathts of eleclricel power usging 31 CGe
themoelectric modules. A4 liquid sodium - votassium alloy was used to
trensport the heat frow the reactor o semicircular tubes to vhich the
thermoelectric modules viere attocned os shovm in fisure l.4. The 2330
nodules produced an outoui potential o 30 volis and a convarsion

-

fificiency of l.6j. ‘This Llow efiiclency wes due to the sanll temverature

ditfcrence caused by the necessity of having the cool junciion at a high
enoughn temperature for radlation of the rejectzd heat into space, By
inereasing the tempzrature of the hot juncition from its design value of
500 ¢ to abou 700 (at wvhiech 81 Ge modules function suCCQSSFulLy) the

output could be imcressed to over 1 k W und e efficiency z2lso reised,

29
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11 RS s T 00 DO ! Feend T M
The Muture of thermoslsciric generators,

construction of o two stoge

bigruth and cntimony tellurides

ond, staze with coundes of germaniun - silicon
bestv noterloels availeble over the teunerature

Gieiency vas 14.8% between 1040

ol oz

C. Ths experimentel convercion efficierncy from heat to electricity
ves 13.%%. This discrenancy wos (due entirely to electricel contacth
racistance ond radistion losses. Using these materials in o fossil - fuel
“ilved generator and baldng account of the burner etfviciency and tne therual
and, electrical losses it should be ssible to construct o generator with
on overall eivlclency 8%., Sinee Thils represents the best thalt con be

acndeved citer wenty yeors o3 inbensive vessorch on semiconductor

pocerdels 1t vould ssom unlikely thot thermwoelectric seneration will
be weslly eiiilcient in the near future.

Lovrards

«
2y

rasearch hog been dirscetes

Althoush

erisils vi conversion eificienciss it is mosh
thind 4haer sleapi O T P 1-} AP VG N T a wnos
Llas ehery G senelaTlon Wi SAUVIVC L arels winel

R4 -3 P " oy L
This is thoe cose with

They could aleo find cnvlication in

e el 4t 1l wore

moruant than the siiiciency.

Anert from raplecing vendlcle Jdyneoasios there are

suchh as ¢ilent petrol lovm moviers, Desizn Lfor minimun metericl cost
and generator emgincering con lead to the uce of cheap sendconductor
mobterials such os Fe S5i,, cheap liquids such as molben salts or even

certain metels as the thernoelement matsrial,



e

Chapter 2




Content

w

Chanter 2,

Thermoelecuvric ihterials

-

Sclid metals and semilconductors.
swlectronically coanducting licuids,

Tonicelly condncting liquids,

[ T R I I N (O SR

32



N

A

This chapter is mainly concerned with liquid thermoelectric
generation materials as they é.re the topic of this thesis,and solid
thermoelectric materials are more extensively reviewed elsewhere. A
briéf summary of the state of development of solid thermoelectric

materials is given in the first section.

2ol ‘ Sclid metals and semiconductors.

It was mentioned in section 1.2. that metals and alloys were
‘used as thermoelectric materials during the nineteenth century in the
construction of generators to supply the power for electroplating.
Although the efficiencies were low the generators were cheap to build

a.ndfhey had a long life expectancy.

, In metals the electrical and thermal conductivities are
~determined by the motion of the electrons and are related by the

| Wiedemann - Franz law. At room temperatures this yields a conductivity
ratio of o /K = 0.13 x 106 K watts~) o =1, Since the themmoelectric
potential o is typically ebout 10 wV/K the ZyT value ( = o« o= T/K)
is 107 at T = 1000%K. Substitution of this velus in equation 1.2

(page 13.) shows the conversion efficiency of a metallic couple operating
over a few hundred degrees temperature difference to be about 0.1%.
Certain metals such as antimony and bismuth have a maximum thermoelectric

potential of over 50 IuV/K and could yield an efficiency of about 1%.

Although it is possible to increase the figure of merit by
alloying, the maximum efficiency obtainable using metallic couples is
still only about 2%. Constantan (60% Cu, 40% Ni) for example has a
thermoelectric potential of about Ll FV_/K between O and 1000°C and a
Z,T value of about 10~1 at T = 1000°%. In addition to being used for
temperature measurement metallic thermocouples have been designed for
operating control devices. The automatic gas shut - off valve for the
trial generator mentioned in section 10.2 was operated by a thermocouple
with a hot junction situated in the burner flame.

So0lid semiconductor materials have yielded the highest thermal
to electrical energy conversion efficiencies to date and have been
extensively studied for this application for the last fifteen years.



Rosi et al. (1961), Wright (1965), and Sutton (1966) give excellent reviews

of these materials.

It is not proposed to repeat here the information on the theory
and the details of particular semiconductors given in these reviews.
Fb Te and Bip Te3z vhich were developed in the nineteen - fifties are still
the most popular materials for practical thermoelectric generation. The
only important materials which have been developed since 1960 are compounds
of the type Ag Sb Tep studied by Fleischmann et al. (1961 and 1963) and
Ge Si developed by Abeles et al. (1962). The former owing to its very low
energy gap has a Zpl value of 1.3 at a temperaturs of 500°C, The latter
has ZpT value of less than unity but may be used at temperatures up to
1000°C. Sintered silver selenide (Epstein 1961) and compounds of the type
Ge Te - Tl Bi Te, (Iubell and Maselsky 1965) have also yielded reasonable

figures of merit.

It is becoming increasingly evident that very complex compounds
must be investigated if materials with higher figures of merit are to be
developed. Unfortunately these compounds are generally unsuitable from
an engineering viewpoint. Ware and Mc.Neil (1964) have considered the use
of Fe Si, as a cheap thermoelectric material. This material may be doped
as p or n type and gives a ZyT value of about 0.2 at 500°C, Takéng heat

losses into account this material would yield about 2% conversion efficiency

in an actual generator. More expensive materials seldom yield more than

about 3% in a practical thermoelectric generator.

Figures 2.1 and 2.2 show the Z;T values for various p type and
n type materials and are taken from Poole (1967),

2024 Electronically conducting liquids.

In a crystal there is an equilibrium state defined by a minimum
of potential energy in which the molecules arrange thenselves in a
symmetrical geometrical pattern. When this equilibrium state cannot be
obtained due to thermal motion or weak binding forces a liquid state occurs.
The average interatomic distances in liquids are slightly greater than

in solids owing to the occurrence of vacancies on melting.
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The formotion of Thece vaconcles requiles Lo be supylied at the

melting noint and this energy when supplied at constont pressure is the

enthalny of fusion.

For a long time it wes considered thoat there was no oxder in

* H i ¢ . - b ») s ol o)
licnids but more recent evidence has znom thel there is o degree of

=G <

orier

even comprecssed gases do not have o comnletely rondom
distribution. In the licquid state ot the meliing point licuid crystals
consisting of clusters of ordered clhoms or molecules exist. As these

custers are not orientated with resspect Lo eachh other the liquid iz snid

to exhibit snort ranze oxder, A corystal e

ihite long renge order wnich

ig mezcrozconic and does not change with tine, TUne short runge order af

tine melting point gradually disappears os the Lemversiture is raised due

1o the breskdown oi the clusters.

Long mler is notv a necessary condltion For elsciricel

Liculd semiconductors,

semicondunction. Hlazov et 2L.(1969) pive o review of 13
co

gamlconductiling in the solid stave bescome metallic
in the limild state Ge, In Sh). Some substances refain their

above the melting point but then

craduslly become metsliic os the temperzture is raissd and the short range

vier decresses {(ez. Po Se). On the other hand o few semiconducting
meberials loose their electronic conduction on melting =nd meoy become
ionic conductors (ez. Cu I). Finally some subsiances such as certain
sulphides and tellurides remein as semiconductors in the liquid state for
several hundred degrecs above the melting point., It is these materials

with which thi

u:

section js partlioularly coucermned,

11y (1962) and Johmson end Readal (1963%) report on the

themoelectric properties of liquid Cu2 S - Cu Te mixtures, The most

promising composition is 25k uu S, 15k uu,-e which melts at a2bout
and hes s.Z,T value of U.GL at 1100 b. As the temperature is
raised - aez T value arovs owing to the decrease in the themoelectric

notential 2nd the increzse in the thermal conductivity.

An other semlconductor gystem studied in detall with a

o =4

view to thermoelectric peneration is the Thellium-tellunriua systen by

Cutler and #¥ellon (1%65).  The thermoslectric potentisl at the meliting

noint varied from+d80 - t0-170pV/K depending on the composition, but in

2ll cases it gradunlly tended towerds zero os the temnerature was rTaised
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The enbectic mixbare T1, ’3:3,,) yielaed e,ZmT velue of 0,85 at the melting
B QY -
. _ O o P - . Y o " .
point oi spproginately 20070 bul dropned to 0.2 by LOOC, OQther mixtures

showed a similar dec:

i on the ZmT valus as the temperature vas reised,

L

It would thus 2 that 2s the Ueanpersture is raissd above

the melting point  ond short range order gradually disappears the
licuid oecemes Less useful for themaoelectric zeoneration. Neveriiieless

there are aany systens which heve nob been stuiled

§
m
ba
o3
=
e}
Q
—
.L_.'
ol
g
!.).
.:'.:,
s
o,
-
o
Q
€.
-

higher 2yl values,

he thoemoslectiric potentiel end electricel conifuctivity (but

!

ot the theimel conimctivity) of some othor semiconfuctor systess are
aveilsbhle in the literevurs and are slven in bhe following bable, The

o g~ T value is 2lso ziven zs this must pe hish 3% the acterial iz to

2

eniconductor o l £ , o L “6m T

(%) @E) (e ) (vatts o'k

o 43

e
2
o
o
953

X 10
Cu. Te - - 1100 110 550 9.1 seney 1965
Ae Te 700 110 900 10.6 "
Sn Te 700 10 1500 2.3h )

Ge.,, e, 840 ~100 150 1.67 lagov et al
7 1969
Po 8 1200 ~200 340 20.0 "
hg, S 8,5 90=170 - - Stonsburner
' 9lb 1959
Cu,. S 1130 70=-80 - - "
L205
Te S 1115~ 60=70 - - - "
1189
8 1.60 532 1.1 0,27 Stoneburner
1965
21 Se 465 305 k.2 0.29 "
21, Se 463 1537 Bk 9.3 "
Cu O ‘ 1231 250 2.0 0,19 Zuev 1960

Kelly (1962) discusses some of tire problems of thermoelectiric
generation using electronically conducting liguids., Suiteble containment
naterials must be found and the contacts must not corrode in the hot
licuid. Design nust be such that the heat transferrsd through the
material due to natural convection and radistion is low, But these
enginecring problems are considerably less than 4hose which hove been

solved f'or thermoelectric generstors using solid semiconduchors.
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. Toniczlly conducting liquids.

AN

T
.
ol

[
B
!

The theroelaciric eiiec she nreviously mentioned material

[$2]

is due to ithe ilow of electrons in the matsrial, There is also a
+i LJAOPLeCurlc eifect due Lo the movement oi ions in o substonce. The
involves 2 net

¢Lnu@t atel 4Air +he “low of ions s

4

2te the moollity of the ions in lonicolly

(or pmolar) bonded crystels is dependent upon the lattice

“ &

defects and is
generally very low. (A notzble exception is o - ohase Ag 1 which has
2 high conductivity YQ; his means that the electrical coniuctivity,
being dependent upcn the density and mobility of the ions is also very
low., Althoush the thermoelieciric potential iz hish, and very often in

Lhe

,..n

renze =10 nV/X the thermoelectric figure of merit is too low to be

sultable for generation.

On the other hand in the case ol an ionic licuid the nobility

(=B

s much hizher and a2s the density oi ions i1s about the same,the elscirical

-4 ~l

conductivity is also hisher and in the range 1-10 £ 7 cea . The thermo-

slectric potent tial ds rether lower than in solid ionic mwur”LTIS and

]

senerslly ftalls in the rangeup to 1l mV/K, iolten salis ( s 1onlc.l1qu*js

are usually tennel) are very suable Liqulds oiten meliing ot aboutl

NN _— . ; - _

5007C and remeining in the nodten state at simospheric pressure to well over
. 0 - . . gy L, . .

10007C, The nroperties vary only slightly with temperature and this fact

enavlees differentiation to pe made betvesn GLPFt”OHJC and loulc conduction

. - . , -1 - L
for materizls with conductivities in toe rengse 110 27 om . Yor

exannle Stoneou_ er (1965) gives pronerties for nolten T1 595 hich

2
o

mey initiclly sug:

KA

‘est an lonic compound, DBut ths variation of the proner-

o s . . -4 On
ties with tenperature over an increment of 165 C {say) os compared %

the variztion oi a typlecal molten salt over the same increment show

LAty

correctly that T1, Se, is an electronic conductor.

3

(%) (@™ ™)  loth Gav/x)
i1, Se 305 1.59 0
470 5,90 0.355

Ag G1 130 2.9 0440
595 3.2 0.0




the later chapters it iz shown that ZpTror some mlxtures oi moliten
sults is of o similar ovder to solid semiconductors end further develop=-
o A ’ - LS Dkl ~lan e .
3 R R Yoy - o - BUAYT AT 5 ; Der
ment could yield considsradbly higner 2 T values. The..power output p
anit of cnsrmoslectric e2lenent maverial is wroicelly cbout five times
loss then thet for the best sealconiuetor moterial,

D3

A proplem with the use of molten 20]ts is the mass transier

agsocisted with the flow of lons,. i tpe commactionsto the molten salt

are boih of the cation metal a reversivle ¢ell of the form M/nh /T M

resulis ond electrolysis ocenrs on the passage of current, This
electrolysis would continue until the snode s completsly eaten avay

and an equivalent smount off metal wes denosited on the cathode. A

method of Teturming the metel from the catnode back to the zsnode must
tharetore be Pfound., The other mein proslem 1s that of corrosion. As
mentioned earlier an important advantage of molten salts as the large
temperaturs ranze over whlcn they mey . be used. 1T this is to be fully

> [} S A - e, 1 i O" b -
utilisaed the cells must operate to temperatures around 100U G, AL this

temperature ihe molten salt, clectrode material and refractory containar

et ot roact with each other or oxidise 1% in contact with the

atmosnnare,

Lne ides oi using wnolwen salts for thernoslectric geunesration
is not new, Olark (1876) knew thot the thernonleotric eiiect existed
in molien s2lts

Vinere 1s another sourcs oi' therMmo-~2iectTIie MOWwer - YLz,

tinat produced vhen two pieces ol nmetal are heated o
different temperatures and connected by a iused salt

capabdle o’ confueting electzicity.'
Sundhein (1960) was the {irst to consider their use for cdetﬁoeiectzmo
generation, As 2n exzmple ne measured the thermoeleciric potential of
Ag NOZ end discussed the other relevant »nropervies of molten s2lts.
He coﬁanded that these properivies were ratiner uniavourzble and sz no

vioy of overconing the wmass tronsfer problem. In 196l Wartenovwics

miblished o theoretical analysis of a2 motten solt menarstor. Ho account

was taken oi the mass transfer between the electrodss although this is
a consecuence ol alsh curvent density transier by ions. This mass
crensfer provides another neat transier mechaunisa which together with
rajietion and natural convectlon, ansires that tne heat ensrgy transw
forred is greater than that bransferred due to the conductivity oif the

S

salt. This analysis is therefore of limited nractical significonce,
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Besides using metal electrodes it is also possible to operate
a thermocell using gaseous electrodes such as Cl,/ Metal Cl/ClZ.
Heissner et al. (1965) has studied the possibility of using these cells
for thermoelectric generation. The electrodes wefe made of an inert
conductor such as porous graphite and the chlorine evolved at the anode
" as the result of the current flow was passed to the cathode - thus
overcoming the mass transfer problem. They studied the thermoelectric
potential and the effect of the chlorine pressure on this potential for
cells containing molten AgCl, NaCl, KOl and IiCl., Anionic thermoelectric
potentials in excess of . 0.7 mV/K were measured at low chlorine pressures.
The high melting temperatures of these salts ensured that the cold
junction temperature of the cell was high. They estimated the conversion
efficiency of a cell using AgCl as falling in the range of 2-4% and for a
F,/1iF/F5 cell as about 10%.

This work is confined to thermocells with ionic liquid electro-
Jytes and reversible metallic electrodes. Preiiminany considerations of
molten salts and their mixtures indicated that reasonable values of the
figure of merit are obtaihable and that the mass transfer problem is not
insuperable. In addition the performance is not sensitive to impurities
in the melt and the cells are simple to build. This is a definite advantage
over semiconductor thermoelectric generators where the material must be
doped to within fine limite and the construction of the generator requires

much precision engineering.
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Chapter 3

The Thermal and Electrical.Conductivity of
Molten Salts. .
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Introduction

It was pointed out in chapter 2 that it is advantageous for a
thermoelectric material to have a low thermal conductivity. Thermal
cdnductivity is the most difficult thermoelectric property to measure
experimentally. For this reason there are few thermal conductivity
values reported in the literature, and it is often estimated. This is
particularly so in the case of liquids where the prevention of natural -
convection currents adds to the experimental difficulties. This chapter
is mainly concerned with the thermal conductivity of molten salts at high

temperatures.

In section 3.1 the semi~empirical theories given in the literature
are described and the author has shown that there exists an empirical
corfelation between the condnctivity and the molecular weight of a pure
hmolten salt., In section 3.2 the thermal conductivities of some molten
salts are measured using the transient hot wire method. The criticism of
the transient hot wire apparatus made by some authors is discussed and it
is found that, although the accuracy initially claimed for the method was
possibly too high, it provides a very useful way of obtaining thermal
conductivity data for many applications.

In contrast, the electrical conductivity is easy to measure
experimentally and it has been extensively studied and reported in the
literature. The electrical conductivities of the molten salts encountered

in this work are given in section 3.3.
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3,1 Correlation between the measurements and the theory on the thermal

conductivity of molten szlts.

3+1.1 Theory to the thermal conductivity of molten salts.

Modern theories generally assume that the thermal conductivity
of molten salts is predominantly due to two mechanisms: the vibration
mechanism arising from short-range order of the molecules in the liquid
state and the translational or diffusion mechanism due to the motion of
the ions. It was originally postulated that ionic diffusion, (or the
electrical conduction mechanism) made a substantial contribution (Gambill
1959, Sundheim and Rosentreich 1959). But the high ratio of thermal
diffusivity to mass diffusivity and the high value of the Lorenz number
indicate a low contribution from diffusion. Turnbull (1961b) has shown
this to be the case and found the ratio of diffusion conduction to total
_conduction to be less than 5%. Any theory which is to lead to useful
results must therefore be based on the vibrational mechanism. It is for
this reason that molten salts have thermal conductivity values of a

similar order to solid dielectrics.

In 1949Bridgeman adapted his equation for the thermal conduct-
ivity of insulators to liquids. Basically he assumed that liquid molecules
were arranged in a cublic lattice with a spacing‘d and an energy of 3kT

per particle flowing from row to row at the speed of sound U, This led to:=-
2kU '
K = L ad ococo.oo(syl)

a2

Rao (1941) also assumed a liquid to be composed of a cubic arrangement
of particles vibrating at a certain frequency. By analysing the heat
flow mechanism and using the Lindemann theory relating the frequency to
the melting'point he predicted the thermal conductivity at the melting
point to be given by the following equation:

K = constant x Tn

Hvat+/'; 3.2)

vwhere T; is the melting point (K), M is the molecular weight and Vat is

the atomic volune,



Turnbull (1961b) applied both of these formulae to molten salts.
ﬁridgeman's expression could only be applied to three of the salts he
studied owing to lack of data on the velocity of sound. The predicted
thermal conductivity values were certainly of the correct order of
magnitude but deviated by up to 30% from the measured values, Rao's
expression was applied to ten salts and gave correlation within 22% for
eight of them. But data reported since the publication of this paper
show large deviations from this expression. White and Davis (1967)
attempted to apply a law of corresponding states for the transport
coefficients to alkali-nitrates by correlating the density, viscosity
end thermal conductivity changes with temperature., Only a limited

degree of correlation was established.

It would therefore appear that there is no satisfactory method
for predicting the thermal conductivity of molten salts. The experimental
results (given in detail in the following sub-section, 3.1.2) were then
studied in order to determine whether there was any empirical relationship
between the thermal conductivity and an other property. The author found
that some correlation existed between the thermal conductivity of a pure
salt and its molecular weight with the thermal conductivity decreasing as
the molecular weight increased, Re-examination of the theory in the light
of this discovery then showed that this relationship is implied (indirectly)
by Bao's expression, equation 3.2.If the substitution Vot = M/e is
made, (where p is the density), equation3.2becomes: S

K = constant x Tm%’- e%

7 cecseees(3.3)

The square root of the melting temperature (in’K) does not vary greatly
from salt to salt and the density is to some extent dependent upon the
molecular weight. This formula therefore implies that the conductivity
at the melting point is largely dependent upon the molecular weight and
decreases as the molecular weight increases. It also implies that, to a
first approximation, the relationship between the conductivity and the
molecular weight is of the exponential form KX = constant x ¥

where n is a negative power index.




Experimental data on the thermal conductivity of sixteen pure molten
salts is reported in the literature and summarised in table 3.l. A
graph of the thermal conductivity values given in table 3.1 as a
function of molecular weight is plotted in figure 3.l. The corrslation
between these two properties is very evident and the equation to the

curve drawn in figure 3.l. is given by:
K = 0.1y K072 ————————(374)

This simple relationship yields a better correlation with the reported
experimental data than any other more complex expression, and is there-
fore the best method of estimating the thermal conductivity of a pure
molten salt (at the melting point) at the present time.

3.1.2. A review of thermal conductivity data on molten salts.

The thermal conductivity values of molten salts available
in the literature up to 1959 were all obtained using apé}atus based on
a steady heat flow through a plane or cylindrical liquid film.
Turnbull (1961a) critically reviewed the data up to this date. The
useful results included measurements of the thermal conductivity of
NaOH by Iucks and Deem (1956), NaNOB and KNOB by Bloom (1959) and heat
trensfer salt (KNOz + NaNO, + NaNO3 ratio 4h : 49 : 7) by Vargaftik
(1952). The other results generally had an estimated possible error

of 254 or more and are not included in this survey.

The experimental results of Turnbull (196la and b) were
obtained using a transient hot wire method (described in section 4.2).
He estimated the accuraqy of his results as * 3%, In 1962 Ewing et al.
reported measurements on the thermal conductivity of B, O;and 'Flinak'
(NaF + KF + LiF'; ratio 11.5 : 42 : 46.5). He also ascertained
experimentally the effect of radiation in steady radial and axial heat
flow rigs and found it to be considerable. Bloom et al. (1965) measured
the conductivity of some nitrates and nitrate mixtures ucing a radial
steady heat flpw apparatus and estimated tgjir accueacy as ¥ 5%, The
results of White and Davis (1967) on solid;liquid alkali nitrates were
also obtained using a radial steady heat flow apparatus. They estimated

their accuracy as 3 = 5% and in the cases of Na NO3 and KN03 gave reasons
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" NaNO

Salt

LJ.NO3

KNO

bNO
RbNO;

sNO
Pei0s

E N
Ag 03

Ag Br
(Na C1)

Zn 012

KHSO4

N
aHSO4

NH4HSO4

NaNO2

KCNS

Na OH
(8, 03)

Molecular T

Weight (°c)
68.95 252
84.99 307
- 329
1011 334
- 343

- 343
147.5 311
194, 314
169.9 210
- 210
187.8 460
58,44 801
136.3 320
136.2 206
120.1 179
115,.1 145
69,00 209
97.18 175
40,00 319
69.62 500

K=x 103 .
(vatts cm'K.')
+ 5%

5.82

5.66

5.52
4.31

4,98
4.28
3077

2,85

3,7 extrap.

3,77
2.77 (+ 10%)
8.8 {4 29%
3,05
3439
4,60
3.94

6.0 extrap.
2.72

9.2 (+ 10%)
504

N’

Reference

White & Davis 1967

White & Davis 1967

Blcon et al. 1965
White & Davis 1967

Bloom et al, 1965
Turnbull 1961b
White & Davis 1967
White & Davis 1967
Blcom et &1 1965
Turnbull 1961b

See Section 4.2

Turnbull 1951Db
Turnbull 1961

Turnbull 1961b

—

Turnbull 1961Y
Turnbull 1961b
Bloom et al. 1965
Turnbull 1961b

Lucks & Deem 1955
Ewing et al.1962

TABLE 3.! showing the thermal conductivity of molten salts

near the melting pcint.
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The thermal conductivity
of pure molten salts.
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for the deviations of previous investigators. The foregoing data together
with the thermal conductivity value for AgBr measured by the author
(section 3.2.) are sumarised in table 3.1. A greph of the thermal
conductivity of molten salts at the melting point against the molecular
weight has been mentioned previously and is shown in figure 3.1. In cases
where more than one conductivity value was available in the literature for

a particular molten salt the most recent measurement was used.

Mixtures of molien salts have a thermal conductivity which is
less than the proportional mean of the constituent salts., This is to be
expected owing to the general increase in the disorder of the short-range
quasi~-crystalline lattice of the molten salt on the addition of another
salt, This in turn increases the resistance of the salt to the lattice
vibration modes which are transferring heat energy. Experimental thermal
conductivity values for salt mixtures are given in table 3.2; and the
-correlation with the proportional mean molecular weight is showm in figure
3.2. The curve shown in figure 3.1 for pure salts has been repeated in

figure 3.2, to illustrate the general negative deviation for salt mixtures.

It should be pointed out that most of the pure salt thermal
conductivity values available are for uni-valent compounds at temperatures
less than 500°C. As data on a wider range of salts becomes available it
is possible that the correlation with molecular weight will become less
pronounced. Fortunately most of the salts studied in this thesis fall
within this category and the curve showvn in figure 3.1. has been used for
approximate prediction of thermal conductivity where experimental data .is
- not available. Prediction in the case of mixtures is more difficult.
Generally a value equal to that given by the curve for pure molten salts,
(at the mean molecular weight of the mixture), less about 25% has been
" used in accordance with the trend towards negative deviation shovm in
figure 3.2, This estimation method is obviously only very approximate
but it is the best available at the present time.

The temperature coefficient of the thermal conductivity is
usually small and positive,with conductivity values increasing at the rate

- 0f 0.2 - 0.4 watts cm"lK."1 per 100°C. Exceptiéns are NH4 HSOI+ and Zn 012

which have . negative temperature coefficients.
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Mean T Kx10°

' Molecular( C) (watts'em K')
Salt Mixture Weight + 5% ~ Reference
4eNO, + Na NO; (49,51) 126.7 278  3.73 Bloom et al.1965
KeNO + KNO; (54,46)  138.2 - 150 ]i 3,6 extrap. Bloom et al,1965
.KNOB + Na_N03 (71,29) 96.3 3%0 | 3,60 Bloom et al. 1965
KNO, + NaNO, (40,60)  91.4 333 . 3.80 Bloom et al.1965

. 140 | 5028 Turnbull 1961a
NaHS0, + KHSO - '

4 130.8 125 : 4.27 Turnbull 1961a

(53.5, 46.5) | i
Ag C1 + Ag I (47,53)  192.1 300 . 1.82 (1 10%) Section 4,2

Na C1 + Fe C1, ('_46,54). 95.5 . 158 , 2,60 Turnbull 1961a
Na C1 + Zn C1, (42,58) 103%.6 . 270 | 3.68 Turnbull 1961a
LiC1 + K ¢1 (59,41) 55.7 353 | 6.90 Turnbull 1961a

% KNO; + NaNO, + NaNO;  84.4 142 498 | Turnbull 1961a
(44, 49, 7)

- 142 5.6 (+ 10%) Lane et al,1958
- 142 4.6 (+ 10%) Vargaftik 1952

+ NaF + KF + LiF 58,1 500 © 6.0 Ewing et al.1962
(51.5, 42, 6.5)

% heat transfer salt; + 'Flinak'

T4BLE 32 showing the thermal conductivity of molten salt mixtures near the
’ melting point. ‘
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3,2  Experimental results using the trensient hot wire method.

3+2.1 Introduction.

There has been much discussion in the literature during
recent years regarding the advaﬁtages and disadvantages of the class-
ical steady state methods of measuring thermal conductivity and the
transient hot wire method. This controversy has spread into the realm
of molten salts. Until 1960 all the experimental thermal conductivity
data on molten salts had been obtained using stéady state apparatuses.
Often there were problems of containment and4some of the values were
over 50% high owing to radiation. The basic advantages of the transient
hot wire method are that under suitable conditions the effects due to
radiation and natural convection are negligible and it is not necessary
to kmow the thermal conductivity of the containing material.

In this section it is not propdsed to discuss the various
methods of measuring liquid conductivities as this has been done many
times before (for example by Tait and Hills 1964); nor to include a
rigorous theoretical analysis of the transient hot wire method and the
errors involved as this also has been studied (and the pertinent results
summarised by Turnbull 196la). But rather to describe some experiments
using a transient hot wire rig with some modifications of previous
ngthods made in an attempt to adapt this technique to measurements on
molten salts. The precise cause of any inconsistencies in the results
have been ascertained and (not incidentally) a few thermal conductivity

" values of use in this project have been measured.

Basically the transient hot wire method involves passing a
current through a fine,wire submerged in the liquid to be measured and
measuring the rate at which heat is dissipated from the wire. This rate
of heat dissipation determines the rate of increase of the mean temper-
ature of the wire which in turn is related to the rate at which the
resistance of the wire increases. In its most primitive form therefors
the rig consists of a Wheatstone Bridge circuit with one of the amms
as a wire immersed in the liquid to be measured. If the bridge is
accuraﬁely balanced fhe rate of deflection of the galvonometer after
full current is switched on may be directly related to the thermal
conductivity of the liquid. Refinements used by Turnbull (1961a)



included the use of a potential probe, stabilising resistance
and a fast recorder or oscilloscope in place of the galvano-'

-lmeter. Further refinements used in this project include the
introduction of another potential probé and the use of a relay
switching circuit to enable tests to be conducted within a
period of a few seconds, thus ensuring that the effects of
natural convection and general fluid movement are negligible.

The complete circuit is shown in figure 3.3. It is
analysed in three parts which constitute the following three
sections; the bridge circuit, the cell and the switching
circuit,
3.2.2 The Bridge Circuit

A number of authors (including Turnbull 1961a) have
shown that for the ideal case where a wire (of length 1) is

considered as a line source in a liquid of ‘infinite extent:

c L 4 dln cvoren(3.5)
4+] dT,
where K = thermal conductivity of the liquid
q = rate of heat dissipation from the wire
t = time after t = o when the current was switched on.
T, = temperature (above T,) at time t.

- The relevant part of the bridge circuit shown in figure3.3may be
redravn in the form shown in figure3.4., It is then evident

that at the balance point when the potentiometer voltage V}(: Via

figure 3,4,

is zero :
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. 2
Hence qg = Ved = Vac2
R,, 4R, ‘ . eeeses(3.6)
where Vac = voltage across the bridge
R, = dis the initial resistance of the wire

at the temperature at which the test
is being conducted.

The term dln t/th may be subdivided into a number of measurable

quantities:
dint = dint 4%  dRw
ar avy dr, 4T, cevooel(3.7)

dlnt is the rate of change of the balance voltage of the
dVp
bridge and may be measured using a fast potentiometric recorder

or oscilloscope.

ave is the bridge sensitivity. At the balance point an

dRy

analysis of the circuit shows that this is equal to Vg, /4RW .
dRw  is the product of the temperature coefficient of resistance
aTe .

of the wire ok and the resistance of the wire Ry .

Hence from equation 3.7 :

dlnt = oV, dlnt
. th 4 dVP e s 20y (‘3.8’)
Substitution of equations 2.6and 38 into equation 3.5 shows that
K = Yoo dint

64wl R, dVp
For experimental purposes the change in length of the wire with
temperature change may be neglected and K may be expressed in
the following form ¢ 7
9 K = G Vasoo log, gt

Rw v, ceenne(3.9)

where the constant C may be found by calibrating the apparatus
with liguids of known conductivity.

‘An experimental check of this equation is shown by
figures3.5and 3.6. The former shows the lineality of the Vp -
logt curve during the first few seconds after switching on the
current. The latter. shows that for a particular liquid at one
temperature (wheno(, R\, and K are co nstant) the following
proportionality holds: |

1 5 o logt
Vae VP

5%
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TIME (SECONDS) ON LOG  SCALE

_Ligure 35 graph of poteniometer voltage () aganst log time (t)

v
2+ . . _figure 36
% g plot of the slopes of the
ac gbove curves for water
showing that :
Lr " 3
\a/c M = constaont
Lo} VP
as derived in equation 3.9.
o & ] 1 i 1 '
o I 2 3 4 5x10°

diocG ¢ / oV,
(THE INITIAL SLOPE FROM THE ABOVE FIGURE)
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302¢3 The cell.

The furnace, cell and probe arrangement in its final
form is shown in figures 3.7  to . 3.10 and with the accompanying
notes are largely self explanatory. This rig was in fact the
third to be built and the following are some of constructional
problems that wereencountered.

The platinum heating wire itself must bé fine enoﬁgh to
'have a resistance of at least two orders of magnitude greater
than the copper wire circuitry and yet bé strong enough (at the
operating temperature) to withstand reasonable tension. In
addition the resistance of this wire must at no time be sufficient
at a particular current flow to produce a potential difference
across the ends which is in excess of the decomposition potential
6f the salt. Theory and experimental investigations showed that
for this particuler cell an optimum wire size was 36 S.W.G.
Other current cafrying wires in the cell were of 22 S.V.G. platinum
and the potential probe wires were of 36 S.W.G. platinum. Effects
due to change of resistance with temperature change of the current
carrying wires in the cell were small and tended to cancel when
the cell ﬁas calibrated with liquids of known conductivity.

Initially no steel liner> was used in the furnace and a
temperature difference of up to 10°C was found between the top
and bottom of the cell. This difference was reduced to about
3°C at 300°C and 5°C at 500°C upon the introduction of the liner:
and the addition of more windings at the top of the furnace,
This was sufficiently accurate as the temperature coefficient of
the conductivity of the liquids measured was very low. The mean
ﬁtemperature of the cell was conveniently measured using the
platinum heating wire itself by effectively treating it as a
platinum resistance thermometer. The Chromel-Alumel thermocouple
was used to check this result.

In the final development a small loop was included in

the upper current carrying conductor as shown in figures-3.,7 and 3.8.

(This modification was suggested by Mr. D.T. Jamieson of the
Nationai Engineering Laboratory who kindly inspected the apparatus).
This loop increased the length of the submerged section of the con~
ductor thus decreasing the temperature difference between the top

current conductor and the iiquid.
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( to face page 57 )

8.

C.

4.

(-1

Nitrogen inlet tube.
)

Platinum leads to currént
carrying wires.

Loop in upper lead to
ensure the temperature
is the same as the
surrounding liquid.

36 S.W.G. platinum
current carrying wire..

Liquid under test.

f.

k.

1.

‘n.

O.

Notes on fisure 3.7.

Wire tensioning
device.

Rubber band.

Stainless -~ steel
sheathed Chromel-
Alumel thermocouple
wires.

Potential tapping
wires.

'Caposil HT' 25 mm
thick insulation

board used for
furnace construction.

tTriton' ceramic fibre
insulation.,

Nickel ~ chrome wire
wound heater,

Aluminous porcelain
tube,

Thick steel tube.

tVitreosil' fused
silica test tube.
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E}ggre 3.8

Showing the probes before

insertion in cell.

Figure 3.9 Showing the probe
assembly.Connections left to
right:

-stainless-steel sheathed
thermocouple wires

-upper current carrying wire
with tensioning device
-lower current carrying wire
-upper potential tapping wire
-lower potential tapping wire

-nitrogen inlet tube
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Nitrogen cylinder !

" Probe
assemblx\
Furnace
T suppLy
meters
Furmnace |
— I I .
Part of the Switching relay

bridge circuit

Figure 3.10. The furnace and probe assembly ready for use.

Boé.4 The switching circuit

The onset of free convection in the cell is very clearly
shown on a plot of VP versus log t as a departure from linealityo/
Figure 3,5shows that in the case of a viscos liquid such as olive
oil there is no indication of convective currents for over 20
seconds, But a less viscos and more thermally conductive liquid
such as water can exhibit non-lineality after less then 10 seconds.
Since molten salts often fall into the latter category the
possibility of measuring the conductivity of liquids witﬁin-a few
seconds was investigated. This was eventually achieved by
selecting two particular points on the time scale and measuring
the change in millivolts across the potentiometer during this
period. This has the additional advantage that log t becomes
a constant and equation39 is thus simplified.

The precise point at which the circuit was closed then

became:* rather critical and the relay switiching circuit shown in

figure 3,3 was incorporated, The Philipé PR3210 12-point automatic



potentiometric recorder was set to record the balance voltage
Vp every two seconds; hence a recorder channel cycle took 24
secondse. The switch B was fitted to a shaft in the recorder
and arranged to close the externsl relay circuit every time it
reached channel position '12°'. The procedure for commencing
a VP

1. Switch A (with two poles and three positions as shown

- time plot then consisted of the following steps:

in figure 3.3) was moved from the OFF position to position

1 at any time on the recorder channel cycle.

2. At channel position 12 switch B was closed by the recorder
mechanism.,. This completed the relay circuit which in
turn closed switch C and thus closed the bridge circuit.

3. After switch C was seen or heard to have closed switch
B was menually changed from position 1 to position 2,
This closed the relay via another circuit and thus
ensured that as the recorder moved from position 12 the
relay was not reopened.

‘The potential VF was taken as the millivolt difference on the
chart between -points 1 and 2 (at 2 and 4 seconds after closure

of the bridge circuit) and log t is & constant.

Before being connected to the bridge circuit the 12 volt
battery was allowed to pass current through a stabilising
resistance vhich was set equal to that of the bridge circuit.

As its name Would suggest this stabilised the output from thev

battery. Careful adjustment of the switches enabled results

to be obtained with good consistency.

30265 The test procedure.

In the case of tests on common liquids at room temperature
there were no problems regarding the setting up of the cell.

The cell and probes were cleaned and dried, the liquid to be

measured was added to the cell and the probes were placed in

position. A period of an hour or two was allowed before tests
were commenced to enable liquid motion to reach a minimum level.

About four runs each were made on Olive 0il, Toluene, Carbon

“tetrachloride and distilled water. The switching circuit

described previously was used for the tests although sometimes



the plotting was allowed 1o continue until there were obvious
signs of convection., The results were used to check the
functioning of the apparatus and for calibration to find the
constant C of equation 3.9.

Tests at high temperature on salts were more difficult.
The cell was heated to about the desired temperature and the

molten salt in powdered form was dried in an oven at 150°C‘and

poured in the cell.The probes were then inserted and nitrogen was

allowed to flow slowly into the volume above the salt, finding
its exit in the crevices between the insulation board joints.

On two occasions some compénent of the probe assembly broke at
this stage,presumably owing to thermal shock,although it was
inserted very slowly. A period of about six hours was

required for the furnace and cell to settle at the desired
temperature. An anomaly occured in some of the Vp - log t
curves and this is discussed later. - Nevertheless some
meaningful reéults were obtained although inevitably the accuracy
suffered.

Hot wire methods are seldom applied to solids owing to
the difficulty of getting the fine wire into the solid. Some
solids such as salts may of course be melted and allowed to
Solidify around the wire as was done in this case with ZnCl2
and the Agll -~ Ag I eutectic mixture. The conductivity of
the eutectic was measured at four temperatures between the
melting point and room temperature. Thié test was arranged
to be the last performed on the rig as reheating after solid-
ification caused the solid salt mixture to expand and shatter
the cell and probes.

3.2.6 Results. '
3024601 Results for common liquids at room temperature,
.The.thermal conductivity of four common liquids
whose conductivities are known accurately from the
literature were measured at a temperature of 20°C,i
0.1°C in order to calibrate and check the apparatus.

The results are shown in table 3.3, V. —4-(=VP) represents

the millivolt difference between the recofded points at

2 and 4 seconds. Differentiation of the equation

giving the variation of the resistance of a platinum

vire with temperature over the required range (Turnbull

6!



Liquid

Olive
0il

Toluene

C Cl

Water

A Vac

24
(millivolts) (volts)

¢

Rw Vp

(Va030< Y(log t) K (rer) Error

(Watts7cﬁ’Kﬂ) (%)

0.346 0.665

0.440)
00448;
0.445
0.443)
0.448)
- 0.445)

0.445 0.666

0.5453
0.555
0.567§ 0,557 0,664

0.559
0.0963)

(distilled) 0.0943)0.0956 0.663

0.0963)

0.338)

0.338)
0.355) 0+338 1.018

0.338)

TABLE 3.3 showing results for

1.67 x 107

1.3505 x 107

1,02 x 102

5.99 x 107

6,09 x 1077

1.68 x 1072 = 0.6

1,35 x 1070 = 3.3

1,035 x 1070 1.5

.00 x 107> - 0.2

6.00 x 1070 4 1.5

common liquids at 20°¢c.
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1961a) yields o =3.959 x 1072 k™' at 20°C." The wire
resistance between the probes was measured as 0,450 a
and the potential across the bridge V,. was ascertained
for each set of curves. The values of conductivity
used for calibration have been taken from the review by
Jamieson and Tudhope (1964).
Substitution of this information into equation 3.9

enébled the constant C to be calculated. A graphical
representation (using the zero intersection as an
additional point and ignoring Toluene) yielded the best
value of C as 0,742 x 107> in S.I.,units. The right
hand three columns of table 3.3show thé value of condué-
tivity obtained using this constant in equation 3.9, the
conductivity from the reference quoted and the percentage
error assuming the reference value to be correct.

Toluene was ignored because it persistently yielded a
value about 3% low. It is necessa:y'for the calibration
at room temperature to be as accurate as possible if a

reasonable accﬁracy at higher temperatures is to be
obtained. The other liquids are seen to deviate from the
reference value by no more than 1.5%

3.2.6.2 Results for salts

The thermal conductivity of ZnCl2 was measured
at 3000C which is about 1800 below its melting point.
(This was found not to break the cell and probe assembly
on remelting). The conductivity of the AgCl - Ag I
eutectic mixture (m.p. 25900) was measured at 300°C and
pure Ag Br (m.p. 430°C) was measured at 460°C. Initially
the results were obtained by measuring VP over thé period
from 2 to 4 seconds as in the previous section. The
results for ZnClz were reasonable but those for the
molten eutectic were rather inconsistent and those for
Ag Br were virtually meaningless. Some plots were there-
fore made showing the variation of VP with log t over a
veriod of about 12 seconds and a typical curve is shown

in figure 3.11l. It can be seen that after an initial
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3.2.6.3

anomaly the curve has g short linear section before
convection sets in at about 10 seconds. Sonetimes

this linear section commenced at the 2 second point.

-The results shown in table 34 for the molten salts

are based on the linear portion of each curve.
Tests were conducted at several values of Vg,
in an attempt to increase this linear part. Unly
two curves were cbtained for Ag Br and no meaningtul
curves could be obtained for the eutectic mixture at
460%.,

The standard deviation of the results for
Zn Cl2 and the AgCl - Agl euﬁéctic mixture are about
5% but the accumulation of errors in measurement and

calibration could lead to a further inaccuracy of 4%.

‘The absolute values of thermal conductivity for these

salts could therefore be in error by about 10%.

Although only two results were obtained for Ag Br

- they were at least consistent and the maximum possible

error may rather arbitarily also be given as about 10%.

The VP - log t curves for the solid AgCl - Agl
eutectic are shown in figure 3.12. The curves at temper-
atures of 20, 123 and 19400 exhibit excellent lineality
as is to be expected when there are no convection
currents and the electrical conductivity of the salt
is low. But the curves at 25800 show an initial
anomaly which is rather similar to that shown by the
liquid AgCl - Agl eutectic mixture. The results for
the solid eutectic are élso tabulated in table 3.k.
Summary of results,

A graphical summary of these results together
with the measurements of Turnbull (1961b) on two salts
are shown in figure 3.13. The decrease in thermal
conductivity on melting would appear to be greater in
the case of the eutectic than in the case of a pure
salt (such as Ag NO3)° Turnbull's value for Zn C|
at 300°C is about 12% lower than that obtained in

2

-this work.



Salt

Zn Cl2
(s01id)

Ag Cl-Ag I

eutectic
(so1ia)

Ag Cl-Ag I
eutectic
(1iquig)

Ag Br
(1iquiq)

i

log -3V et -6 K x 10
(80) Vp x 10 . ec x 10 (watts cﬁ'Kf‘)
300 5.68 0,60 2,922  3,58)
(£ 2). 5.20 0.60 3.29)
2,37 0,80 3.55) 5.51
b 247 0.80 :3.7og :
2.23 ' 0.80 3.34
2.40 0,80 13.59)
20 0.994 0,80 6.39 3.25) 5,29
1,015 0.80 3.32) 7°
123 1. 43 0,80 4.48 3,28) 5,98
1. 43 0,80 ©3,28) 7°°
194 1,70 - 0.80 3.74 3426) 5,27
1.71 0.80 3.28) °°
258 2.21 ' 0.80 3,18 3,60) 68
2.31 0,80 3,77) O°
300 4.96 0,50 2;922 1081;
(£ 2) 4.71 0.50 1.72
2.79 0,60 1.76) 6
1,28 0.80 1.96) °
0.684 1,00 2,00
0.338 1,20 1,71)
460 1.72 0,50 2.20 2.76) 2,77
(+ 3) 0.73 1.20 2.78) °*

TABIE}3F}showihg results for molten and solid salts.
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3267 The cause of the initial anomaly in the VP - log t
curve for salts. '

: White and Davis (1967)have
criticised the transient hot wire method of measuring thermal
conductivity. The main point of their criticism was that in
electrically conducting liquids a sizeable currént flows through
the liquid itself rather than the wire. Turnbull (1961&) vas
aware of this but claimed that polarization of the salt around
the wire rendered the proportion of current flowing through
the liquid as negligible. Examination of the equipment
used in this project showed that in the absence of any polari-
zatioh about one fifth of the current could flow through the
salt in the case of the molten AgCl - Agl eutectic for example.
It is therefore pertinent to examine the results with this in
mind. |

- The Vp - log t curves for‘common liquids of low
electrical conductivity at room temperature show excellent
lineality up to the point where convection commences, The
samé curve for molten salt at 300°C shows an initial non-
lineality. This could have been caused by an initial surge
of current through the salt before chemical polarization or
overpotential was established. Once established the propor-
tion of current flowing through the salt would be negligible
and the curve would tend to become linear until convection
occured.

In the case of the solid Ag Cl -~ Agl eutectic, as
mentionedearlier, the Vp - log t curves at temperatures of
20; 123 and 194°C show:. no initial anomaly whereas the curve
at 258°C shows a millivolt build up similar to that of the
liquid eutectic. ' Examination of the variation of electrical
conductivity with temperature for this eutectic shown in
figure 3.14shows that the conductivity at 258°C is almost as
high as it is in the liquid state while at the other tempera-
tures it is considerably lower. It is also apparent that the
overpotential build up takes longer in the case of the solid

than in the liguid.



The evidence therefore suggests that under certain
conditions a sizeable proportion of the current can flow through
the salt during the first few seconds after switching on the
bridge circuit. Nevertheless careful anslysis of the part of
the curve which is linear can yield reasdnable results
although the accuracy is reduced.- . This sccuracy for
the molten salts measured cannot reasonably be given as bettef
than + 10%. Turnbull used a less refined apparatus and it

is felt that his quoted tolerance of i_B% is rather optimistic.

To
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The electrical conductivity of molten salts.

At high temperatures the electrical conductivity of
solid ionic materisls depends upon the number and mobility of
the lattice defects. In the molten state the density of the
lattice defects and the mobile ions is at its maxinum. Hence
conductivity in molten salts is predominantly dependent on the
mobility of the cations and srnions. The mobility varies
exponentially with temperature leading to the following expre—

ssion for electrical conductivity
o = 4, exp (—C1/RT) + A, exp (—-C2/RT)

It is generally found that C ,

energies of the cation and anion respectively are either

‘and 02 the activation

approximately equal or that one is negligible compared to the other
(Bloom and Heymann 1947). . In either case the above equation

may be simplified to the form @

o~=hexp (-c/RD) ———50)

Data is available on the electrical conductivity of
most pure icnic molten salts and it is often presented as the
value of constants in the above expression (Janz 1967).  The
variation of conductivity with temperature of some salts of .
interest in this investigation is shown in figure 3,15, The
conductivity of mixtures of molten salts generally exhibit
a slight negative deviation from lineality (Klemm 1964).

» Most molten salts have a conductivity in the range
0.5 to 52" em™'. Salts which have a partially molecular
'structure' in the melt (such as Zn C| > just above the melting
point) have a conductivity about two orders of magnitude below
this range and electronic conduction in the melt(gs in AgZS and
Cu2 Tg)usually leads to conductivities about two orders of

magnitude higher.
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4,1, Theory to the thermoelectric potential of pure ‘molten salts.,

The thermoelectric potential of a molten salt only becomes & meaningful
and measurable quantity when the electrodes are stipulated. This is
because the ionic processes giving a thermoelectric potential in a molten
salt are largly dependent on the electrode material in contact with the
salt, and the electrode itself has a small thermoelectric potential,

The following three cells containing a pure molten salt may be defined,
The first two are 'Thermocells' and the last is an isothermal formation
cell, (in which the thermoelectic potential is given by the variation of
potential, E, with temperature Tig, ).

| - ' - T 7
To : o) T, (o) ) E , o]
CH ()
¢ C 4
connecticns ( ) C %onneotions Cu
of metal L 3 Jof X (gas) wvires
C Cy
(s2l%) D AR
uf o ju | x| |x | i K | %
Ty T, T T, T (isothermal)
1 2 ' 3

There is no term in the literature to distinguish between the two basic
types of thermocell., The author has therasfore in this work whenever

confusion may arise, called the thermoelectric potential of cell 1 the

cationic thermoelectic potential and of cell 2 the anionic thermoelectric

potential. The cationic, anionic and isothermal thermoelectric potentials
are properties of a particular salt. It is shown in section 4.4. that

the isothermal is approximately the addition of the catlonic and anionic
thermoelectric potentials., The rest of this section is only concerned

with the catlonic thermoelectric potential.

Consider the galvanic molten halide thermocell shown in figure 4.1. By
convention the sign of the thermoelectric potential is taken as the sign
of the hot electrode and the cell is therefore arranged for the case of

a positive thermoelectric potential. On closing the external circuit the

cell generates a current owing to this thermoelectric potential and cations

flow to the cathode while the anions flow to the anode. The net effect is

7
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FisurekJd A pure salt thermocell (arranged for +ve X ).

an electrolysis in which metal is transferred

(Barly worizers in the field assumed that when

galt all the current

part in the transier.

current between the clzctrodes while still maintaining the stoichiometry

of the pure salt).

The following thermodynamic expressions may be applied to the cell

AG
AS = -

-

where AG is the molal Gibbs free energy chenge for the process, Z is the
charge on the ion, E is the open circuit electrical potential difference

between the electrodes and AS is the molal entropy chanze of the process.

L)

Vel

s carried by the metal

v nmay easily be showm

i

.-zE.F-

oT

ING

P

the electrolyte was a pure
ions and the anion took no

that the anion can transfer
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These may be combined to givé:

zF« = AS —(4.1)

where of is the thermoelectric potential dE/dT of the cell at constant

pressure.

Now consider the process occuring at the hot electrode as ‘electronsl flow
from the electrode to the electrolyte. The positively charged metal ions
in the electrolyte adjacent to the electrode combine with the negatively
charged electrons in the metal to give metal atoms at the electrode surface.

The equation for this process may be written:
Z+ -
M + ze —> ™M

and the entropy change may be written:

where SM is the molal entropy of tne metal, gm’-* is the partial molal entropy
of the metal ion in the salt and S, is the partia.i molal entropy of the
electron in the metal. The thermoelectric potential due to this entropy
change ‘is termed the heterogeneous part by many authors (for example

Mezur 1954, and Kvist 1967). Hence: )

g

zF«,, = G, — S — =5, —(4.2)

There is also anentropy change at the junction due to the energy contained
by the ions in the salt and the electrons in the metal as they.transfer
to or from the junction through the surrounding temperature gradient. This

energy or 'heat of transfer' is usuelly denmoted @ and is taken as positive

for energy flow dovn a temperature szradient., The net heat of transfer

is therefore given by: :
, t:
* —ton #* *
AQ = Z Zion Q'lon “ Qe
-ion

* see comment on notation page 7 .
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vhere t is the transference number (the proportion of total current carried
* &

by the particular ion). The entropy of transfer S (= 2 /%) associzted

with this heat of trensier leads to a thermoelectric potential which is .

termed the homogeneous part by the authors mentioned previously. Thus:

tfon »* S »

Fo(hom = e . '(IG--B)

1 Zion (%]
Lon

The total thermoelectric potential is:
4 = o(hel: + o(hom ‘—————-‘(ll--}-l-)

From ecouations4.24.3 &4 4 the total cationic thermoelectric power of a

nmetal halide salt of the form MK as showm in figure 4.1 is :

FO( = 5 SMZ" ""_S_e "th+ S:lf + t;\‘S:‘ - S:
z — = .

=4 , Z

ifelvy QHZ* Q and QMX refers to the g*‘oso transfer of the
szlt which is obvn.ousil\y zero in a pure salt. Hence S 2+ — ZS* =0.

In addition th, + tx‘ =1 hence:

Fa - (SMZr + S (S + S*)

S
z =z

This may be further simplified by noting that the total transported
molal entropy of a species is defined as the sum of the pertizl molal

entropy and the molal entropy transfer of that species:

= ey #*
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This yields:

zF« = S5y — S “z?e (1.5)

which is essentially the expression derived by Holtan (1953), lazur (1954),
Kvist (1967) and others., In this work the eguation will generally be
used in the form:

"zF« = SM-—:‘%—

M2+ -

S:zf-v - Zé——e. "_'_—"'"(lhs)

The total molal transported entropy of the electron in the metal has been
shown by Temkin and KXhoroshin (1952) and others to be at least two orders

of mognitude less than the other terms.

In most molten salt thermocells the hot electrode is found to be the negative
electrode (or anode in a galvanic cell ) and the thermoelectric potential |
is therefore generally negative. This means that metal is transferred

from the hot to the cool electrode when the external circuit is closed.

All purely ionic molten salts'appear to have a practicallyAzero tenperature
coefficient of thermoelectric potential indicating that SM and ?M,_,,,

increase with temperature at about the same rate,



4.2, Litergture review of cationic thermoelectric potential measurements

Tablellshows the available date on the thenncclectric potentials off

-

therncells oi the type M/ME,/M vhewe I 1s o metel and I, ig ‘a molten

1

salt. ‘The thermoelectric potentiols measured in the following section

-,

are elso included. The tempersiure coefficient of the thermmoelectric
sotential is vractically zero except for 4n JWZ 2nd. possibly Aghio .
)o
Viiere more than one velue is avellsbls tor 2 perticular molten ssli

the {irst measurenens lisied is considered to be the most accurate

J..

cand this value is used thiroughout the subseguent work,

Lt iz appoarent that the touermoeleciric potentizls of cur

plumbous. and codmium nelides decrease in the order chlorine, bromine,

5]

iodine., Ivist et al.(1966) nove shown thet this implies that the

{

entropy oi trensier ol the uetal ion, S inerecseos with the ratio

of radius oi whe anion to the radiuas of the cation.

)

Although it is not theovotically impossibls for the tnermoeleciric
Dotential 6r an lonic molien qelt to pe positive 21l the measured
potenticls are in fact unegaltive. Ihis means that in the M/MXZ/M
thermocell the nmeitel ions ilow to the ecool electrode which teereiove
becomes vhe cathode. LelLow a teaperature of about 500°C Zn Cl, is

not a purely ionic salt as the licuid has a largeiy molecular 'lattice!

( ‘Bockris et dl. 1960.).. But the proportion of ions in the melt

increases rapidly with tempﬁrature until the salt is largely ilonic

e
and the thermoelectric potentisl is then nezative,
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Heference

Holten  Tnewaocleciy Accuracy  Te 0g rature
Saly Potentisl (m (_C)
Gu G1 -0.4.36 shd.dev, 006 1462-588 Hichols & Langford
1940
=0 .42 from gravnh 500 Mogilevski & Umnanov
1967
Cu Br ~0.462 std.dev. JOLl3 U482-657 see sectlon L4e3
-0 170 'rough value' 625 Kvist et al, 1966
-0,.480 from grsph 500 iogilevsiid & Usmanov
1967
Gu I ~0 507k +0,0064 610-710 Kvist et al.1966
0,52 {from graph 610 Hogilevsiki ¢ Usmanov
1967
_ ~0.53 20,02 620-510 see section l,3.
Ag ¥ U, 36 trom graph 500 Hogilevski & Usmanov
1967
Ag CL ~0.375 std.dev. 010 5UO-900 Senderoff & Bretz
1962
-0 o0 from graovh LOO=6G50 Holten 1953
0442 not given LBT-59 Maricov 1956
-Gl trom graph 500 Mogilevskl & Ugnanov
. 1467
-0.53 from graph 1H0=550 Reinhotld 1923
Az Br ~0 o140 30,01 L =599 Ruch ¢ Dupuy 1965
-0 .56 not given Ui B=509 Herikov 1956
-0 olih from graph 500 logilevski & Usmanov
1967
~0.52 from grepi 4.30-500 Reinhold 1928
ig I ~0.1898 +0,0028 560-650  Kvi.st et al.1966
~0.505 not given B0k 7?)-624 Markov 1956
-0.50 from graph 60C Mogilevski & Usnonov
1967
-0 e 51 irom greph 560~600 Reinhold 1923
Po CL, -(2.006 error L-3% 565 Detig & Archer 1963
<
-0,009 20,003 500-625 see section 4.3
Po Br2 -0.0%8 error L=8% 500 Detig & Archer 1963
Pb 12 -0 .09 +),003 400=525 see section 4.%,
ca C1l 5 -0.,146 not given 584.-7 30 tarkov & Kugyakin
; 1967
Ca Br2 ~0.13%5 not given 580-7@0 Harkov & Kugyakin
1968b
ca I 5 ~0.118 not given LG0~-600 Mzrkov & Kuzyaldn
1968b
Sn C1 5 -0.031 not given 263 larkov & Kuzyakin
‘ 1967
-0.028 approximate about 350 Poincaré 1890

Poble kel shoving the thernoelectric potentials of Hetal/Holten Salt/

ietal ’I‘herm'ocells;

continiedeesecnssos .



continuedaceceseas

Heterence

Holten  hermoslzciric  Accuracy Tempgrature

Solt Potential (mV/K) (70)

Zn CL, varies from +0.06 to =0.04 3:6=600
o

Ag NO

Ag S0

+0.,1%
-0,325%
-0, 306
=0, %
=)o 3LY

—0::27
~0.31

approximate
%0,002
gtd.dsv. 005

srvor 4-85%

- 95%cont: #,007

approximcte

0,01

about 250

657=750

Poincaré 1890

Harkov ¢ Kugyakin

1968a

Sinistry 1965

Bunuy 196l

Detig & Archer 1963

Schneebsun & Sundhein
198%

Poincaré 1890

Kvist & fendsalu

1966

8l



L.3. Methods of measaring tha cotionic thneraoelcctiic potentisl,

Mes surenent oi the thermoeleciric potentizl of a molten salt in a
celr of the type M/MX /¥ involves simulioneously measuring the
electrical and thermel gradienté betwecn the two metal elecirode
Lioct wmoiten saliz hove no measursble variation of the thermoclecuric
potential with teaperature hence the temperature ditierence between
tne clactrodes is not importont. The proporvionzl ervor of both
the slectriecal and themiel measurcments is obviously reduced by

o~

using a fwl”'jkﬁemperature dgifierence (szy 100-C) and some authors

L1

the therio-

1

hove done this. Four basic arrengements Lor messuring
electric potenticl sre shown in iigure 4.2.Arrengements a, 0 and ¢
were tried during the initial steges of’ this project and are
dizcussed in the following poragrashs,

Jrangesent o is perhaps the crudest amethod, but if cervein

precautionz are toxen it can yicld recsonsble results. kvist (1567)

-

meations the use of this arrvangement to measure the gystem Pt/LiSC/Pt .

$13

this work wes 150 ma long and oXf

=

‘Phe guartz glass test tube used L

10 @mm tore, The furmeace consisted of a contoiner fillled with mineral

wool in which the test tube could be inserted. A 'lhewmocoax!
stainle«s steel sheathed nickel-chrome reslstance wire was wound
around the test vtube near the ton of the iurnzce. The bottom of the
test tube protruded from the raised base of the furnace by about

10 mm and was thus cooled by natural convectlon and redistion to the
surroundings, ‘The electodes were of TUYe copoer wir situabed in
closed-end quarty glass'tuoes. The temueratures vere nezsured using
'Therascoax! stoinless steel sneathed Chromel-slumel therocouples
fitted in the .- glass probes, The hot and ooldjunctiontemperatures
vere not very sensitive to the exact positioaof the probes. This
cell was used to make spproximzte measurements ol the thermoelectric
potentials of cuprous halides. ‘“he theroslectric notential of

Cu Cl was tound to be-0.44 nV/K at zbout 6C0°C in accordance with

the literature value,
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No litercture volues were knowa to the suthor at the time of these
exzperiments Tor the themoelectric pofentials of Cu Br and Cu T and
these were measured anorozimately using this method as-0.46 and
0.5% mV/K pbetween 600 and 800°C. The chemicals used in these tests
znd a2lso in the rollowing work were general purpose Teagent grade
(from British Drug Houses or Hopikins and Villiams) and they were

dlied betfore use..

ihe most common arrangement f'or measuring molten salt thermoelectric
potentials is an 'H' cell or 'U' cell in which a temperature dirference
gxlsts between the legs ( as used oy llarkov 1956 and Senderorf and
Bretz 1962 for example). The arrangement shown in figure 2b is a
rather special case as the electrode metal is molten. ( & cell of
this type would be ildeal for thermoclectric generstion as the mass
tfansrer petwecn the electrodes could go no further than tilling up

one ot tne wockets to the level or the comnecting am). Thewmoelectiric
potential data are availabie on Fb Cls and Pb Brp but not on Po L.

Tnis cell was used to measure the system:

Cu (wire) /Po (Lliguid) /Pb Xo /Pb (Licquid) /Cu{wire)
Te L th T

where K2 was Clp or Ip, The cell:

- Cu(vire)

Cu (wire) chb (liquid) /
was also measured by filling the cell to the arm with molten lead.
Hence on subtraction the cationic themoelectric potential of the
‘cell:

Po (liquid) /4, Po X3 / n Fo (liquid)

gy

‘23 detined earlier was found and the results were as follows:

4
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To (96)  Th (9C) AT (XK) V {(aV) «(a?/X) |

Pb Clsp 500 590 90 -0.9 -0.C10
502 620 118 -1.0 ~0.003 -0.C09
502 625 123 1.0 -0.0081

Po Io 402 -505 103 -5.0 -0.,0485
), 0 5.0 =0 5
-+J2 510 108 JeU ..J.Ol*-OZ —0.02-1-8
400 525 121 =5.5 ~0.0455
L10 537 97 =h.9 -0.0506

For these tests the legs of the 'H' cellwers fitted with thick copver
tubes whicn were heated by Bunsen burncrs. The error was estimated
25 4+ 0.003 wV/K.

Arrangement.c consisted of two small quarts glass bpeakers connected
oy & small bore tube. The cell was placed in a2 muffle furnace in
vhich the insulation at one end had been removed so thnat a tenperature
cradient existed along the length of the furnzce. ichols and Langford(1960)
have used a similar arrangement Yo make precision mezsurenerts of the
theimoelcetric UOLCHtL .1 of Cu Cl, Kr, B. Hewes used this method to
measure the thermoeleciric potential of Cu Br in an undergraduste
project superviced by the zuthor. The beakers of the cell were of
25 mm internal diameter and were about 100 m m apart. The electrodes
vere pure copper wire and the temperatures were meazsured using
'Thermocoax' stainless steel sheathed Chromel - Alunel thermocourles
vidlch had been previously paired to give exazctly the same potential
at the same temperature difference. Ho inert gas atnosphere was used
but the beakers were covered throughout. (It was found that small
quantities of impurities made neglisible difference to the thermo-
electric potentizl of molten salts)., The resulis obiained were as
follows:
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T,(%C) r1.‘h(°c) AT X)  v(mV) (mV/K)
CuBr 482 598 116 -55.8  =0.481
508 609 101 ~47.9 =047
522 620 98 46,2 =0.471
530 628 98 “44 8 =0.457 ~0.462
539 638 ] o2 =046
557 653 96 ~42.7 =044
566 657 91 -42.2 -0.463

The potential between the ends of the copper electrode wires was measured
(as it was in all these tests) using a Philips PR 3210 potentiometric
recorder. The standard deviation of the set is 0,013 wV/K.

For completeness arrangement d is included in figure 4.2. This was similar

to arrangement b but the connecting arm was of smaller bore and wire

electrodes were used.

Arrangements ¢ and d were used for measuring the

thermoelectric potentials of salt mixtures end quartz wool was usually

inserted in the connecting arm to reduce thermal diffusion effects.
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Lol Methods ¢f estimeting the cotionle thermoelociric potential,

In secvion 4.1l. the follovwing expression was derived for the
cationic thermoelectric potential &, (equation 4.6):

—

zFete =5, = S

* =
- SMZ+ - ZSe

it vias mentioned eavlier that the ftotal transported partial molal

antrepy of the elesciron ?% was two orders of magnitude less than

the other terms. ©The molel endropy of the metal SM is generally
2ilabls directly from the literature or it mey bLe calculated

from specific hest data. The paritial molzl entropy of the lon

3 in 2 uni-velent salt is approximetcly helf the molal entropy

the salt., (4 more exact expression is giveu by Pitser 1961).

Yhere is no method of caleulating the molel entropy of transfer
s * .- - o o -

of the ilon SMz+ and velues of this guentivy are found. to be of a

similar order to fore not possible to

ey
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of the anlonic and isoihemanl cells (ags defined earller) ars knowmn,
Caleculation of the anionic thermacelectric potential of the molten
nalide ML, along similar lines to that of the cationic theimoelectiic

povential leads to :

ZFO(& - z (2. SXZ \)x‘ X~ ZSQ (4'7)
The %wo partial molal Transporicd entroplies of The eleciron are

not sirictly cqual since oneg applies to the cothode metal and the
other to the anode gas, but they are both very much less than the
ionic entropies. ‘The isothemnzl cell is & formation cell for the

sall and the thermoelectric potentizl is ziven by:

(&.8)

< Fo(isoz SM;(Z - SM - Z é—sxz

¥rom these equations by negleciing the entropy of the electrons:

°<c = KLy — olico

(4.9)
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the veristion ol potential oif the formation

cell with temperature or indirectil 7 Prom entropy vilues.

E I : - £ ‘e ) . . b"lb . : ~ .
Unfortuncuely taere are few dnta in litersture on the anlonic
thermoeleciric -potentinl, Yhe following table shows come values

of &, estimated from this expression. oo, values have peen calculated

from the voriation of the potentisls of Toraaition cells listed by
Hamer et al.(1956). ALl “hernoelectric values sre in units oi niV/K.

(%),
500
H00
550

Salt

[P

e

~0.667
"‘O ° 6611-
-0.537

Lip

Pb

Ii Cl -0.53 750
e CI -0.483 850
=0 .05 860
K CL  ~0.50k 800
~0.40 830

Ro €1
Cs C1

02 By
-0, 533

750
700

e

fhe indications o that
tnermoelaciric potentials.
thermoclecitric gene

nmetal electrode in the
It is possinle to ce
generally found that
the case for the ch
. The totel transported pa
not vary greatly from sa
certain salits will not 't
potentvicl using this inf
~0.577mV/X at

is ‘CE:'{ for K  this lea

mV/¥ which is at least

4

ration owing

tculate

(o] - 1.
8007°C (iemer et

of; I'rrom

;g table 4.1,

120

0426
1662

Refersnce for of, ole

FThehor 1966

Senderoff & Bretu

=0l 0,38

Fisher 1966 ~0.56  =0,03 =0,01
" -0.52  =0,01
" =110 +0,62

Detip & Archer 1963

Fisher 1966 wLolt3 +0.93

Jdetig & Archer 1963
Fisher 1966 ~L.5¢ +1,03
n =1.42 +0.89
some alkali-halides have high positive cationic
However these soliis are nol suiteble for

to the considerable

the high vapour pres suse of

solubility oi the

Lt and the metal.

oL, from knovm dats on o, and ofiy, end it is
ues f2ll in the renge 0.4 to -U.7 mV/K (as is
lorides in the avbove table)., <This implies that
rtial molal entropy of the holide ion ?x‘ does
t to salt, It is pos;zible to predict that

ave a particularly nigh cationic thermoelectric
oragtion, For example Mg €L, has an oljq, value
(=9
al, L9s ,6) if 2 velue of -0.55%0,2nV/K

2

és to value of °<c in

factor of two less

the range -0.18 to + 0,22

Shon o(c for silver salis.
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5.3.

Chapter 5

The Conversion Efficiency and Engineering Problems of

Thermocell Generation

The conversion efficiency of a thermocell and the figure
of merit of the salt.

The ZgT values of some pure molten salts.

Configurational and Electrochemical problems of thermocell
generation. ‘

 5.3,1. Cells with solid electrodes.

5¢3.2. ©Cells with liquid electrodes.
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5.1, The conversion efficiency of a thermocell and the figure of
i merit of the salt

The conversion efficiency of a molten salt —= metalvcouple
cannot be analysed theoretically in a simple manner. The dependence of
the thermoelectric potential on the electrodes as well as the salt has
already been pointed out. The heat transfer between the electrodes is
not only dependent upon the electrode temperatures and the thermal
conductivity of the salt but also on the natural convection currents
set up in the cell and the electrical current flowing. Natural convection
besides contributing to the heat transfer is also found to cause
convective mass transfer between the electrodes (especially when these
are molten metals) and this mass transfer itself has an associated heat
transfer. The electrical current flowing through the salt causes a mass
transfer due to the Faraday electrolysis effect and again this mass
transfer has an associated heat transfer. In addition the thermal
conductivity itself has a small ionic component (as was mentioned in
section 3.1.1,) which may be affected by the current direction and flow,
Thus, even in the case of a pure molten salt thermocell where there can
be no concentration gradiént, a number of inter-related heat transfer
mechanisms are found and these are shown diagramatically in figure 5.1, -
The coefficients of the equatioﬁs are not independent constants as they
_vary with temperature and also with each other. The electrical energy
transfer is less complicated and when there are no polarization effects
it is given by:

a1 g— 4av

ar ¢

where dI/dA is the electrical flux, 0~ is the electrical conductivity,
/ is the length between the electrodes and V is the voltage.

The optimum efficiency of a thermoelectric device inborporating

semiconductor thermoelements is given by equation i.2’( pagé:;;)- This
efficiency is seen to depend upon a figure of merit Z; defined as:

Z

( olb) |
Ky b  (51)

e @7
CF‘Q o b ’
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Heat trensfer mechanism

0 I | [ l

Turbulence Radiztion Current flow Conductivity
Convective aradeyic mass Fourier heat
heat transfer trenster conduction
4
Convective Ionic
mass transfer component of
conductivity
%‘% = h, aT %1‘1 = hy 4T (less than 5%)
daq _ . , dq _ . dq _ K
dA- mcc C.T K—medT '(L-_:'-'i"dT

= heat transter fiux
= heat transfer coefficient for 21l convective effects

= mass transfer rate due to convection per unit area

[

g

fie

¢ = specific heat of electrode material

hy = rediation heat trensfer coefficient (proportional to‘Tu)
my = mass transfer raote due to the Faraday effect per unit area
K = thermal conductivity of molten salt

1

= length between electrodes

JFicureb.1 Heat transfor mechanisms in e pure molien salt thermocell.

Hot Cu electrode Cold Cu glectrode .
at ~S00 °c ot ~500 °c . Cu wires [~02V

\r ”
T 727 R 75555 '
- ;__g H&gnszV

Position when other Molten CuBr (containing fibrous  Solid CuBr Ceramic
electrode heated material to lessen convection) (prevents sheath
evaporetion)

L

firure 5.2 Generation thermocsll arringzaznt with c0lid electrodes.



hernoelectric potential of the cougle arms
o(a and o, are emual and of opposite sign and the <tera KAT’is the same

for each zrm. The figure of merit then simplifies to Z_= x<? 0‘7/K

and this ratio of properties is given as the figure of merit for a single

material.

For 2 couple consisting of a molten salt thermocell a2s one ara end

a metel &5 the other amm as shown pelow the figure of merit cannot be

simplified in this way.

- - m ]
i en order of
trensferred throuvgh {the

pending upon the thermel conductivity
r necnoiisms s discussed previously. Sone

.

ssible however if the combined heat

iechanisns (per unit area and time)
is represented by U, The total heat trensferred aey then be represented
by the folloving couation:
el =[K r Ul
A total
Combingstion of the Lforamalne given in fisure 5.1 yilelds :
? [ dq .
1) = K+£(mc +7) dT
dA‘totuf
decs broasivr rate bovuwesn the elecirodes, ¢ Ls the
1221 s.eciiic hent of tae slectrslic metel and h is thz combined heat

£

trensier c;e‘.1CLvnt.. U aegy taereiore be estimated from:

U = Jf(n'ﬁc + H)
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For a metal the Wiedemann - Franz law yields K/o— = LT whers L denotes
the Lorenz number. Thus the figure of merit (at a temperature T) for
a thermocell-metal couple becomes from equation5.1l :

2
(°<s - °<m)

Ze = Fauva e
[(KGT_U) +(LT)m]

{5.3)

S

where suffix s denotes the molten salt and m the Ametal electrode,:

The term ]o(m‘ is usuail,y about fifty times less than lo(sl H (LT)::Z
is about ten times less than [(K*rU)/G‘ i/l -3 and in a suitably designed
thermocell U is less than K. Under these conditions the figure of merit
of the molten salt-metal couple is predominantly determined by the ratio
°(32 S / K¢ which is by definiticn the figure of merit of a single material,

(in this case the molten salt). Thus:

o2 -  ; - | | .
Z =( v )s = 7 4 (5.4)

The ratio Zg should more precisely be named the 'cationic figure of merit
of the salt'. But since this work is not directly concerned with cells
of the form:

X, (gas) / M X / X, (gas)

the term 'figure of merit of the salt'! will suffice,and it will be assumed

to refer to the cationic thermoelectric potential as defined in section 4.l.
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5.2. The Z.T values of some pure molten salts.

The Z T value(ZsT.—-o(Zo—T/K)'may now be evaluated using the thermal
and electrical data of chapter 3 and the themoelectric potentials given
in chapter 4. Only in the case of AgBr and Ag’NOB have the relevant
properties been measured experimentally. Estimation of K is however
possible using the curve in figure 3.1 and this enables the figure of merit
of a number of other salts to be predicted. Silver and cuprous salts have
the highest ZsT values of the salts studied and some values are given in
~ table 5.1. The Z.T value at the high temperature is liable to be over-
estimated as the thermal conductivity increases slightly with temperaturs

increase,

Some idea of the conversion efficiency obtained using a pure
molfen salt thermocell-metal couple may be gained by considering the
case of AgBr operating between 460 and 960°C. Substitution of reasonable
values for the unknown quantities shows that Z, is of the order of
0.8 Zg and, making use of the Z.T values for AgBr - given in table 5.1,this
yields 2,7 (mean) = 0.2. The conversion efficiency (that is the proportion
of heat energy flowing through the salt and the metal which is converted
into electrical energy) is found to be 23%.

In following chapters these salts are taken as the basic
constituents in the search for molten salt mixtures capable of efficient
conversion of heat energy into electrical energy. In the semiconductor
field suitable alloying has led to materials having a figure of merit
many orders of magnitude higher than the pure constituents of the alloy.



liolten T

salt (%)
Ag T 500
900

Ag G 500
900

hig Br 460
S00

Ag I 600
' 900

Ag N03 250
Cu C1 450
900

Cu Br 5C0
900

Table 5.1

oL g X Z 2.7
@/K) (™ (wats on'RY) _(x°L) ®
x103
"0056 }4-.10 )-I-QO estg 0.13 O,ll
" 7.2 extrap. " 0.23% 0.27
"‘(Jn375 3‘090 506 est. 0.15 0.12
" " 5.2 extrap. " 0.20 0.23
"Ool 2093 2.8 0020 0016
" L0 extrap. " 0.28 0.33
—0.49 2017 206 esto 0'20 0019
" 2.y extrap. " 0.22 0.26
-0.323 0.85 bl 0.02 0.01
-0.1-}36 5.32 l{-o? eS‘t. 0.]1’- 0.10
" Ly estrep.- n 0.18 0.21
-0.:62 2.52 3.6 est 0.15 0.12
" 345 ectrap. " 0.21 0.25

argentous and cuprous salts.

The figure of merit and the Z T value of pure molten

95 .



¥o such drastic increase 1s expected by mixing ionically conducting
liquids as the properties are reletively insensitive to mixing
Nevortnelsss pure nolten salts,with thelr figures -

: . - 1 . |
of merit: in excess of 0.2 x 1077 X 7, have a reasonably advantageous

’
starting point and an increase off a few times in thelr efficiency
ould elevote them to the ranks of good thermoslectric noterialse.

It was enviscged that the optimum conversion efiiciency of a
tric device as given by equetion 1.2 (page 13). would often
have Lo be calculated in the svbscguent worit. The dnfield College

Yhonzywell 2000' computer was therefore programmed using Fortran IV to

- e 0 4 TS 3 - - .m 2 J. - J4.ne - 3~ - DO T
eveluate Uids icisncy and to reoresent whe results grephdcally., Soas

o0 curves were drawn by the sutonztic plotier to show ©

the efiicicney, 4, Tﬁ and T over the ronges
i
)

wers used Tor estincti

ncy throughout the rest of

this project. At this stage 1v was decidsd to construct some thernocells
end observe their operntion in order to hijhlisht the major problems to

.
- o
pe sclved,

5e3, Confiomurational and clecitirochemicel nreblems of themmocell sonerciion

tnee the
M cavses olactredse mehel to b2 esten awsy @ at

the coatiode., 1In nost thermocells the cooler

Jo e, Il

This mess tronsfer problen must bz overcone LT

a meltzn salt thermocsll is to conbinvovely zoncerats slactrical encroy

In the dindtial stages of the project thres nsthels of

R S P . e A
SToRAC LeTe DOTSEEn, il loally

----- 9

in figerceb.2crs naio. Tarse consisted essentizlly ¢

tost tube of 12 mm internsl dionmeter containing - cosper
cloctuoies lmwersed in cuprous bromide. In some cells a small guantity

of 'Triton' mineral wool was inserted b=t in sun otbtemnt

to lsesen natursl convection. These placing the

. . N —
she varbical position, hoating to abdcut 500°C and partially

%26
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f£illing vith cuprous bromide. The complets elsctrode essemcly wes then
inserted and the surfece of the molten szlt was allowesd to ccol and
solidify 4ims sealing the contents, The iest lube was turncd into the
norizontal position and arranged as snown in figure54250 that either
elescirods could be heated by positioning it above the sas aend forced air

flame,

Iritially the cell opereted successfully and generated about
0.2 volts on open circuilt. But aiter avout five ninutes this voliage
began to drop and within forty minutes 1t had decreased to zero and the
cell was found to have short-circuited. >On subsequent withdrawal of the
clectrode aszenbly it was seen that & spongy mass of covver had grom

n the electrodes and also on the outer eads of %he slecirodesz a

UA
(¢}
€r
(D
[0

shhovm in figure 5.3.This spongy mass formed irrespective of whether or

not a current was flowing in the cell,

Then the cells wore allowed to cool and then reheated the test
tubes broke oving to tie thermal expansion of the coppsr slectrodes and

1

the solid salt entrapped petve:n the electrodes and the glass. This was
overcome by Terming the clectrodes of coiled copper wirc. The cell shorm
in figurcbdyvas operated om closed circuilv uatil it short circuited vhen
rode was withdrawn. The usjor part of the growth can be se:n to

be onn Uhe cool slectrode due to the clectrocnemical mass Lransfer irom

the hot anode to the csol catucde., The sacller growin on the hot elecirode
£10ws The nresence 0i s0.ae olner mass transier mechanism acting in

opposition to the electrolysis. ©The macs trensfer pronlen is studied in

sreater detail in chepter 8 but {these tests cire dﬂflClJﬁu to show that
thers is 1ittle possibility of ouulna 2 continuously generating theirmcell

5¢342+ Cells with liquid electrodes.

It vas mentionaed in section L.3. that one method of overcoming
the mass transfer problem would be to arrange an. .'H' cell so that the
legs contained liquidelectrodes. The passage of current would then result
in one of the legs being filled until the metal overflowed back into the
otier leg. Unfortunately the metals of salts with high thermoelectric
potentials such as silver do not melt at lov temperatures. Nevertneless
it is possible to alloy silver vitn a iow melting point metal in such a
wvay that it still acts as a silver electrode (This is equivalent to a

metal as wl pecul electroie in aqueous electrochemical ce;ls) The cell is



FigureS.3
The electrode assembly of the cell shown in figureS.Zafter

operation.

Figure 5.4
Thermocell with coiled copper electrodes after operation.
(Left hand electrode heated).



then of the form &g (if) /,1,' Ag hzlide /T Az (m)' vhere M is the low
h c

m P

nelting point wmetal. This metal must be selected so that the above cell

is in: thernal eaquilibrium.

ol L

If = closed system contains e metal alloy (of Ag 2nd Y) and
a silver salt (such as AgBr) a thermal ecuilibriun of the following type

is approached:

zAg + HBr =2z AgBr + I
4l

Application of the mass action law yields the equilibrium constent Kc in

terms of the molal concentrations (denoted by brackets):

w o [AsBr] Zorul
c - : - ’
(8] " [use, ] ——{5,5)

If the cell is to pe meintained with a high proportion of Ag Br in the
salt phase the equilibrium must lie to the right hand side and K.c must

therefore be greater fhan unity.

One method of estimating Kc is by using the relationship:

. FN
20 - In K o , 5¢
T ¥ a (5e)
e . o .
where @ is the stondard potential of thse electrechemical cell
Ag/AgBr// M Br /H end X, the equilibrium constant based on activities,
& <

is zssumed ecual to Ké. I may be considered as the diff'erence of the

potentials of two formetion cells:”

20 0 L0 oy
iy = .ul - u2 ) ———(5:’)

QO

oy

is the potenticl of the cell M/H qu/Brz

bR

ek

M O

is the potential of the cell Az/AsBr/3r,
. " - o ;-

Consideration of equations 56 &.5.7 show that if K is greater
than unity Eg ig greater than Eg and I is more noble than silver,
Fotentials of metals in their fused chlorides af various temperatures
are given by Delimarskii and liarkov (1961) and Hamer et al. (1965).

The only suitable low melting point alloy which is more noble than
silver is bismuth; and for this reason bismuth wes used as the metal i,
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Trom the stondard electrode potentials the equilibrium constant was

. . ' e} . ;
estimeted as epproximately 30 at 4507C. Bouation 55then shows that an
equinolal' alloy of silver and bismuth is in thermal equilibrium vith a
salt mixture of about 90 mole b AgBr and 10 mole § BiBrE.

A convenient method o nroximately checking the composition
X 4n ] 'y

rh
©
T

of the salt uixture is to measure the electrical conductivity. It was
mentioned in sszction 3.3. that the specific conductivity of molten salt.
mixtures is approximately linear. In the case of AgBr and BiBr3 the
conductivities are very different snd the composition of the mixture may

therefore be estimated from the following relationship:
0 mix T 0 BiBry__

o—f-\.Br - O‘B_ZB

xl\sBr -

b

3

vhere X ié the molar concentration. The variation of the conductivity
of the equilibrium salt mixture with the compositioﬁ of the silver -
bismuth alloy was measured at 45000 using the cell showm in figure 5.5.
(It is ellowsble to use direct current for conductivity measurement in
this oéll as it is shown in chepter 8 that there is no polavization,

One result was checked using a 3000 Hz supply end no discrepancy was
found). The vesults are showm greshically in figure5;6. This method can
be seen to indicate that an equimolal silver - bismuth alloy is in. thermal
equilibrium with a salt mixture containing about 15 mole % BiBrB._ The
discrepancy between this voalue aul the previous estimation of about

10 mole % BiBI‘3 may be due to the presence of Lismuth bromide (BiBr)
vhich has been identified in some fused salt systems 2nd metallic bismuth
vhich is soluble Lo a certzin extent in BiBrB. It cah be shom .

that as the temperature is raised above 45000 the proportion of bismuth

selt in the mixture mey be expected to increase slightly.

t has been ascertained then thet the.thermocell Ag(Bi)/T AgBré
Ag{Bi) con be arranged so that when thermal equilibrium is attained the
salt is still predominantly silver bromide. If a cell of this type is to
be used for generation it will be necessary to measure the cffect of the
bismuth on the thermoelectric potential and also to stuay the electrcchemical
equilibriuz.In the meantime however 1t was decided to construct and test
a thermocell wita licuid ollcy electrodes (as shown in figure 5.7)%o

determine the general feasibility of this arrvangenent.

A silver chloride - silver iodide mixture rather than pure
3 § . . . . . p ot . e
silver bromide was used in this cell. It is shovm in the folloving chapter

i i ior t i ic 3 and lower
that this mixbture has suverior thermoelectric properties and a much
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Lrgure 5.5 rig for determining the conductivity of @ solt phase in equilibrium -

with an alloy.
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figure 5.6 composition of the salt phase in thermal equilibrium
electrical conouctivity mmeasurernents.
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QUARTZ GLASS CELL

LOW RESISTANCE

SWITCH
o

TUNGSTEN WIRES

-

o

ASBESTOS
SHEET
MOLTEN
SALT
CELL RE;I:TANCE the circuit
MOLTEN ALLOY SO
DR (50""'9“%‘3)

_fiqure 5.8 section through the above cell after 2% ‘
hours aperation on logd,

Photograph shows celly and right hond pocket
after sectioning. o




melting point than the pure constituents. The open circuit potential,

'Vbé,was neasursd as 0.25 volts. The cell was allowsd to operate on a
leecd of 1o for 2z hours and during this périod the closed - circuit
potential across the cell,Vec,dropped from C,125 to 0.06 volts. Analysis
of the circuit shown in {igure 5.7shows that the resistence of the cell

(plus leads) mey be celculated from Voc end Vee:

RO = ."{2

( Voo / Vee -1)

wiere R 1s the cell resistance and Pf is the losd resistence. The
ence of the cell was founld to increzse from 1.0 tec 1.6 during
The cell vas finally cuenched, the glass was broken awey and

a%.
the solid contents were sectioned os showm in fizure5.8.

The increase in cell resisbtance vas due to the decrease in the

= 1.

licuid metel in the hot left-hond pocket

=N

caentity o of the cell and the

conaeruvat decrease in surface area. This ionic trensfer of material

by

!rom the hot pocket did not result in the ccol pocket being filled as

(8]

xpectei. It can be seen that the metal was dilspersed partly as globules

rithin the molten salt and partly as a growth adhering to tihe cooler

suriaces of the cell, This test wes repeated with similar resulis end
it vas evident that sustzined operation of moie than a few hours was not

possible using this configuration,

It thus appeered at this stoge that, although the answer to
the mass transfer problem lzy in the use of licuid alloy slectrol
there were meny development problems to be ovsrcoue befors o continuously
1

generating cell could be produced. In the following two chapters the

4501 = Az I salt mixture ondé the eifect of alloy electrodes on the
L] fo (v

%

chormoelectiric potentlial are studisd in greater detsil and in chapter 8
the attack on the mass transfer problem is resumed.
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Chapter 6

Common - Cation Salt Mixtures =- the AzCl - AgI System

6.1, The equilibrium disgram.

6.2. The thermoelectric potential of the AgCl - AgIl eutectic
mixture to high temperatures.

6.3. The 2_T Value of the AgCl - AgI eutectic mixture.
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If reasonable conversion efficiencies of heat energy to
electrical energy are to be obtained using ilonic liquids the possibility
of using salt mixtures must be considered. There are three advantageocus
effects of mixing pure salts. Firstly most pure salts melt at a high
temperature and mixing can greatly reduce the melting point. Secondly
it has already been shown that the thermal conductivity of salt nixtures
is less than the pure constituents and finally there is the possibility
that the thermoelectric potential of the mixture may be greater than the
pure constituents. After an initial consideration of a number of common -
cation fused salt systems . - silver chloride - silver iodide was selected
for more detailed study as the electrical condnctivity had already been
measured, (Tubandt and Lorenz 1914b),and data on most of the properties

of the pure constituents were available,

6.1. The equilibrium diagram.

Pure molten silver iodide freezes at 556°C into an o{—form
structure consisting essentially of a body-centred cubic lattice of iodine
ions with randomly-placed silver ions. At 146°C there is a solid-solid
transition to a /3-—-form hexagonal structure. Mixing of silver chloride
with silver iodide was found to form a eutectic system with considerable
‘s0lid solubility of the silver chloride in the of—form silver iodide,
and some solid solubility of the o= form silver iodide in the silver

chloride.

The equlibrium diagram showm in figure 6.1 was obtained
independently by Dr. R. W. Dyson using a Perkin - Elmer UGS 1b differential
scanning calorimeter and the author using cooling curves. The silver.
chloride and silver iodide were not less than 99% and 98% pure respectively.
Our results matched very well, but disagreed with those of previous workers,
Monkemeyer (1906) recorded a eutectic temperature of 211°C while '
Rosstkowski (1929) measured a eutectic temperature of 264°C but found very
limited mutual solid solubility of the salts. The discontinuities in the
variation of electrical conductivity with temperature at various compositions
recorded by Tubandt and Lorenz (1914b) may be successfully accounted for
usging our diagramn. (It is worthy of note their results also fit the
completely different diagram of Mnkemyer (1906). This would suggest that
they assumed Monkeyer's diagram was correct, and disregarded any of their
results which were not consistent with his diagram).



Temperature (°c)

500
400 -
300 -
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fiqure 6./ the equilibrium dagram for the AgC/-AgI system,

X  points obtained from cooling curves.
0  points obtained using the differential scanning calorimeter.

A ' points caolcultted from phase change  enthajpies.

® points from discontinuities in the efectrical conauctivity curves

of Tubandt and Lorenz (19/%b),
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Gl The thersozlectiric potenticl of the Ag C1l - Ags I zutoectic mixture

to high temperatures,

Initial measurements by the author of the steady - state
thermoelectric potentiel of the 4z 01 - Ag T eutectic selt mixture
between 260 and 956°C yielded a mean value of-0.498 m V/K, In the
following experiment this value was checked and the temperature range

was increassd to about 120000.

The experimental rig was arranged as showm in fizure6.2. The
upper electroje consisted of a fine bore quartz tube terminating in-a
U bend in wnich the silver netal was situated. Ihis arrangenent enabled
the-electrode to be used szbove the melting point of silver at 96100°
Connections to both electrodes were of tungsten and . . corvection to the
thermoelectric potential ( in the order of a few microvo fs).was nade for
these viires. The thermcoupleé, vhich consisted of 'Thermocoax' stainlesse
steel sheathed Chromel-Alumel wires, were connccted bacic to back so that
the temperature difiercnce via.s measured, and the cool electrode was main-
tained at 300 * 300 throughout the test. The hot electrode was heztoad
to 1200°C and the nower to the furnace was reduced in a series'of steps
during which the temperature was alloved to stabilise and the readings
were talen. The Potential measurements were made using a Fhillips PR3210

automatic measuring bridge.

_ The results are showm graphically in figure 6.3. The estinated
maximum possible error is about 2% up to about 1000% and rather more
above this temperature where Chromel-ilumel thermocouples are less reliable.
Up to a temperature of 850°C the thermoelectric potential ( o = dE/aT) is
constant at-0.50 mV/K but above this temperature o« rises rapidly and
undergoes a chnange of sign at 1200°C. This result was entirely unexpected

and warrants.a further look at the theory to the thermoelectric potential.

In section 4.1. the following expression was derived (equationk.S):

M

zFo = § “'§—2+"Z.S_=e

==

wnere 9, and O yz+denote the molal entropy of the metal and the total

transported molal entropy of the metal ion in the salt respectively and

==

Sé is the total transported entropy of the electron in the external
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_figure 6.3 showing  the varigtion  of potential of the cell
ASVAgC/— AngAg with temperature.
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_figure 6.4 showing the variation of the terms of equation :
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circuit (which is negligible compared to = the other terms). The
variation of Sy with temperature may be calculated from the specific
heat data of Kubaschewski et al. (1967). Just above the melting point

of the metal T2 the thermoelectric potential ‘is given by:

P—— St
— —_

| 5 g
+ AS, — S —2S, (1)

M (solid)

zf"'(o<)_r>12 = S

5 : ‘ ‘
where ZXEL is the molal entropy of fusion of the metal. Thus at the

metal melting point there is a change in the thermoelectric potential

Z&cﬁ of: - :
(Ad = AS: zF ' (6:2)

4

In the case of silver AS: is 9.7 Jmole-lK—.land (AOL)-Q is
therefore 0,100 aV/K. In figureb.3there is an increasein the slope of
the curve of sboutl this magnitude at the melting point of silver, but
unfortunately this change is mesked to a'certain extent by the overall
increase in the slope at temperatures above 85000. This overall increase

cannot be explained theoretically and is due %o & decrease in the value

h——1

of Sszzat high temperatures. The variation of terns zFx , S and Syz+

M
with temperature are shown in figurebdr. o. measursments of the thermo-
electric potential of purely ionic melten salts at tenperatures around
the electrode melting point are reccordied in the literature, but some
values for the cell Zn (solid-liquid) /T in 01, /T Zn (solid liquid) are

\ 2
given by larkov and Kuzyakin (1363 a). ﬁlthough Za 012 vias partly covalent
in the temverature renge studied the o — temwerature characteristic was of
a similar form to that obtained for the eutectic in this vork,with a sharp

e . . s - . . .
inilection ecuivalent to A Sy /7F 2t the nelting point of zinc.

it is possible that the thermoelectric potential (and also the
electrical and thermal conductivity) are effected by thermal diffusivity
in the silver salt mixture. Attempts to measure any thermal diffusion
effect by stirring the salt nixture and 2llowing it +to stabilise over s
period of hours did not yield any consistent quantitative results but did
show that the thermal diffusion potential was only a few microvolts

per degree,

In summary then it would appear that the ig C1 - Ag I eutectic

salt mixture is of limiled use at temperatures above the melting point




e

i

of silver owing to the change in the themmoelectric potential. This
change is due to a decrease in the transported molal entropy of the
silver ion in the salt at high temperatures and the molal entropy of

fusion of the silwver metal.

6.3. The Z T Value of the AgCl - AgI eutectic mixture.

The ZsT value (2T = «>0~T/K) may now be calculated for the
AgCl - AgI eutectic mixture. The thermoelectric potential was measured
in the previous section and the thermal conductivity was given in sectiocn
3.2.6.2 as 1.82 x 10°3 watts eca™> K "1 at 300°C. The electrical conduct-
ivity has been studied by Tubandt and Lorenz (1914 a and b) and values
for the eutectic at 47 mole % silver chloride were interpolated using
these data up to 600°C. Above this temperature values were extrapolated
using a plot of logo— against the reciprocal temperature as suggested by
Delimarskii and Markov (1961). The variation of the ZgT value  with .
terperature (assuming a constant thermal conductivity) is shown in figure
6.5 together with the estimate@ ZsT value of the constituents taken from

. table 5.1.

Some idea of the conversion efficiency between 260 and 850°C
may be obtained if Zy is teken as 0.8Z25 (as in section 5.2 on pure salts).
Z.T (mean) between these two temperaturss is approximately 0.26 and the
overall efficiency from equation 1.3 :ﬂjanx .. is then 4}%. The increase
in the 2T value and the expanded temperature range of the molten phase
demonstrate the advantageous effect of mixing argentous halides for use
in generation thermocells. Other common-anion salt systems such as the
CuCl - Cul mixture exhibit similar eutectics and are expected to have
considerably higher ZgT values.
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Figure 6.5. The ZT value of the AgCl-AgIl eutectic mixture.

(The estimated maximum possible error is about 20% owing

to the accumulation of errors in the property measurements).
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The Thermoeleciric Polentiel of Colls with Alloy Hlsctrodes =

tne Ag (31) /. £401 - agl / 4z (Bi) systen
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The thermoslecyr
witich both electrodes ars icentical alioys of silver with anothsr netel

is affected by the increass in molal entropy of the silver due to the

alloying. Ia particular the term Ssﬂg in the eguationsof the previous
&r must pe replaced by Sﬁgﬁw . GClassical thermodynanics yields

an exmpression for the molel entropy of a component in an ideal mixture :

S (&) SAS—'an aH5 | (1)

Ay
where cgﬁ is the activity of the silver in the alloy.

The silver - bismuth equilibriun disgram given by Hensen (1958)
is showm in figure 7.1.At temperatures just above the liculdus of the

alloy, T, ,all the silver present is liculd. Hence:

; . .
ST = S, fen) TOS, —Rba,
( Hj (B") >"Q HJ (5\2[&1) Hj | n da RS

f
where ZXES is the molal entropy charge due to fusion of the silver,
che fact that the alloy is not an ideal mixture may be made by

rewriting the cquation in the following form:
. — -+ S g
SHS (QCUd) + Asns R é)n xﬁj SH3 _——(72)

where JCRS is the molel concentretion of silver in the alloy. The molal
gxcess entropy S:S is effectively a2 corresction factor betiween the ideal
entropy change due to alloying of the silver (-R Iln a.Hs ) and the entropy
change indicated by the concentration (-R In X ). In the silver - bismuth
system it is small compared to the olicr ontropy terms. At tempsratures
below the liguidus (and to the silver side of the eutectic composition)

there are {wo phases in the alloy - a liquid phase, and a solid phase

consisting of alnost pure silver:




1S

WEIGHT PLR CENT BISMUTH'
50 60 0075

80 85 90 95 -

10y 20 30 .40
1 1 1. 1 _J i ! q _'i i 1

1000

900

P

S
<3
iy Je

“ N

271540 \

o
=3
L=d

TEMPERATURE , °C
wn
o
(=]
T

400}~ : e

300

0|
262° 278

0.8311.6) 95.3
(97.5)
200

0.33
(0.6) -

100 v
10 20 30 40 50 60 70 80 90 - 100
Ag . ATOMIC PER CENT BISMUTH . Bi

Firpurs [l The Ag-3i equilibrium diagram (Hansen 1958).



f;§7@?1%r7@‘ Silver {with side
& é%,%?, P ’Eg§%9@@ @*”’//”//— solution of Bi )
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Ligquid Ag-Bi alloy

In this situation the activity of silver in the alicy as a whole is
Wagner (1952), chanter 1). Hence:

( Snﬂ(aa))

= S
T(TE Iqs (SOLIJ)

Getermined by the actlvity of silver in the solid phase (see for example

—{(73)
In summery then it would zppear that the thermoelectric potential
up to the liquidus at any particular composition is. approximately the same

as that obtained using pure silver electrodes., Thus from equationk.5b
page 78, (vith S, negligible)

(O()Td'e -

.
.

L S

At temperatures just above the liguidus the te

Kitres

e i} S“S is modified to tzke
account of the bigmuth as in emation 7.2

1 5 E __‘= ‘
<O< >.r>.IE - F ( Sﬁs(sdid) + Agﬁj - Rén DCHS + Snj Sﬂj+ )
| (7.4)

Pfous at the liguidus there is o change in the thermoslectidc potential
(A‘X)Te siven by:

(8e) = (),

: n ey

A  AE .
F (AS:S — R/ xﬁj + Snj) —7.5)
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Tela Experinental results and discussion

An experiment was set up to measure the thermoelectric potential

of the cel i"(ul)/T 4201 - 43 L/T Ag(3i) . &% various alloy
h c

concentrationse The cell was similar to that showm in figure 4.2 ¢ -

and consisted of two cuartz glass bealkers of 24 mm dismeter commnected

.

by a ouartz glass tube of 5 mm bore. The Ag - Bi alloy was situcted at
the base of each beaker and electrical connection wes made using ftungsten
wires enclosed in small bore cuartz glass tubes. Temperztures were measured
ugln" Chromel - Alumel thermocouples situated in probes within the alloy

of each besker., The electrical potenilzl was measursd using a Philips

ER 3210 automatic mezsuring bridge and correction was made to the
thermoelectric potentizl of the salt for the smell effect of the tungsten
vires. The beakers were thermally insulated and situated on copover blocits
vhich mere heated externsally by Bunsen burners, Onms beaker was maintalned

N o) -C = 1 il 5 . L5 p ~0 Ayt (.43
at 300 °C 2= 3°C and the other was varied from 280 to over 600°C. 4ny effect

W

due to thermal diffusion was nininissd by periodicelly inclining the cell

so that most of the selt flowed {o one end.

The potential - temperature difference characteristics at alloy
compositions of 28.4, 39.0 and 60.4 mcle ¥ silver are shown in figure 7.2,
(after correction for sny smell zero temperaturs difference errors).

The (steady - state) potential - temperature difference curve for puve
silver elccirodes taken fron the previous chepter is also included for

comparison. It is noticezble that a2t temperatures around the liquidus

Q}

for gach composition there is ‘range whers tne potenticl does not increase
steadily, but above and belew this range the curve is linear within experi-

mental,error,(slope = 3/a7 = « = constant). Iritinlly it is

-
proposzd to consider the two linesr ssctlons and conpere thelr thermoglec-
tric potentialy with those predicied by the theory of ths previous sgaction,

i
and ig also siniler to that cbieined using pure silver slectroies., This
is consistent with equation?3 to 2 first degree of spproximetion. It is
2lso apparent thet as the pregortion of silver in the =lloy JCHS decreaces

H T E N SRS N Lot JPE S s TS TR I S Jopm s S SR
he dzviziticn of ths thsrasslaciric ;JO‘GGJI(,J.L;J. vrom thot obioined with
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The first tem on thevright hand side has already been showm in section
6.2. to be 0,100 mV/K and the second term mey be calculated from the
concentration of the alloy. TForvunately the excess entropy of silver in
a silver - bismuth alloy may be calculated at the licuidus temperature
from deta available in a report by Gregorczyk (1960). The theorstical
valuess of (Z&O()r at the same concentrations as the experimental results

are calculaied in the following table, (in units of mI/K):

120

_giﬂi_(mole %) Rén x,,j/F ‘ 5; /F ' AS;/F (AO()T (theoretical)
284 -0.109 0,00k 0.100 0.205
39.0 , -0.081 -0.007 " 0,174
60 ot ‘ -0.044 -0,008 " 0.136

100 0 0 " , 0.100

The agreément between the experimental and theoretical values of (Z&d)T@
is good when it is considered that the experimental value is determined
by the difference of two slopes each with an accompanying possible error
of about 0.01 mV/Ky(i.e. a few %);

Consideration must now be ziven to the unsteady part of the
potential - temperature difference curve around the liquidus temperature,
To a certain extent this can be explained theoreticelly. One aspect of
the cell under study which has not been mentioned is the isothermal
potential difference between the electrodes owing to the different
activities of silver in each electrode. Thus in addition to thermoelectric

effects an isothermal cell .of the following form is established:

sg(Bi) /Molten Salt /ag (isothermal)
The potential of the cell is given by E{“, = =BT In d“s/F (where Cp
is the activity of the silver in the alloy) and it has been measured
experimentally by Gregorezyk (1960). Below the liquidus temperature both
electrodes are effectively pure silver as dlscussed earlier and the
isothermal potential difference is practicelly zero. But as one electrode
i1s raised above the licuidus temperature while the cool electrode is still
below it,a cell of the above form is set up and there is theoretically a

sharp positive chénge in potential at the licuidus,
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redrawn in fijure7 onl L9 o be osain That continuvavion of ths linaser

sortions t0 the licullus temposrature Indlicates a change in potontial of

L s mmaded AT e - (21 ST g mae
15wV, Theorticall; Eia: = -R x 673 x In 0.39 /F = 55 mV. Ths inzccurcer
Lipotno icoddas bonzorotir: wnd that couzcd by extrapolaticn of the lineoy

sectlons of the curves cennot account for 2 difference of this order and
the icothermal potenticl drop connot therefore be completely determined

by the potenticl of the isothermal cell Ag(Bi) / lolten Salt /iag

8

In addition the experimentcl curve in figure7.31:z seen to change

gradually from one slope to the other. This may be partially sxplained

by ceonsidering a point just below the licuidus temperaturz. At this

& i
point the proportion of the so0lid =silver phase in. the liquid alloy is -

vel

ed
~i
}.J
Q
3
3
3
(o7
car.
ot
b
3
Q
ct
(0]
=3
ct
t"" .
3}
ol
o
b
<t
o
(v}

e T ig " the cell moy fluctuzte depending on the

exact composition of the surface:

e S0lid silver (with
Bi side solution)

Fluchuations due to this cause should ceass o

o]

soon 25 the temperature
rigses ocbove the 11~u11us. The unstecdyness in the experimentcl curve
cbove the liguidus would suzgest that either the liguidus temperature
is not 400°C or thot there is some other completely different couse of
this effect. Precise mecsurements of the thermoelectric potential at |
temperatures around the liguidus on o number of differsnt sgystems would
be reguired to o scertzin in detail the reason for the cnomclous changes

in this region., Unfortunztely no study o

-

2 similar system haos been

b

found in the literature ond the vheory ond postulations of this section

must therefore, to = certain degree, remain tentative.

In summary 1t mey be s2id that at temperatures well below the

licuidus the thermoelectric potential of the cell Ag(Bi) /'1‘ Ag Halide/,l, Ag(B1)
: h c

is similar to that of a cell with pure silver electrodes (with the

deviation betmeen the two decreasing as the cusntity of bismuth in the.
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alloy decreases). Around the liquidus temperature there is a positive
potential step of the order of 20 mV and the thermoelectric potential
is unsteady. Above this range it is constant at a value considerably
Jower than that below the liquidus temperature, The difference in these
two thermoelectric potentials is dependent on the fusion process and the
activity of the silver in the electrodes. Figure 7.4 has been included:
in order that the potential of a thermocell with silver - bismuth alloy
electrodes of any particular composition may be balculated. (The bfoken
line at high precentages of silver indicates the change in o as the
liquidns temperature rises above that temperature at which the thermoelectric
potential of the cell with pure silver electrodes begins to change, as
showm in figure 6.3).

7.3, Trial of the H'cell configuration for thermoelectric generation.

N

. //
From the forgoing work it would ay jear that an'H\Aell with

silver - bismuth alloy electrodes would be/éultable for thernaglectrlc
generation. The alloy has a eutectic temperature of 262°C whmgh is
conveniently near the eutectic of the AgCl - Agl system at 2599, At a
hot electrode temperature of 850°C with an alloy composition of\gv mole %
figure 7.4 shows that a potential of about 0.26 volts is generateq (a11-
owing for a decrease of 20 mV due to the potential step).

Tests on a cell with two pockets containing the alloy electrodes
. have already been described in section 5.3. The' H'cell shown in figure
7.5 was designed to overcome the convective mass transfer problem
encountered in this cell. It was milled out of & =mall block of 'Alsil!
pyrophyllite. (This material is a hydrous aluminium silicate

(Al 81, 0y, (OH) ) occurring in certain crystalline schists. It is
easy to machine but on firing at 1000°C for a few hours it changes colour
from grey to pink and becomes brittle and reputedly non-porcus). The

cell was charged with the alloy, salt and quartz fibre and was set up in

a temperature gradient as shom.

Once the contents had melted the cell generated 0.2 volts on
open circuit for ten minutes and then practically short-circuited. It
was suspected that the metal was distributed along the base of the cell
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rather than in the pockets, thus shorting the electrodes. Quenching end
sectioning of the cell showed that this was the case,and that the pockets |
contained a mass of salt and alloy rather than a homogeneous layer of
alloy. Other tests on similar cells with minor modifications yielded
similar results and further attempts to use the'H'cell configuration were

abandoned.

Following the failure in this and earlier tests to operate a
thermocell continuously for . long periods it was decided to study the
problem of mass transfer in thermocells in greater detail.



Chapter 8
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8.1. Electrochenical iMass Transfer.

8.1.1. The decomposition potential.

When the closed - circult potential across the electrodes of
a pure molten salt thermocell exceeds the decomposition potential ,the
salt will decompose yielding the metal at the cathode and bubbles of gas
at the anode. Thus in a thermocell suitable for electrical generation it
must be insured that the closed - circuit potential across thé electrodes
is less than the decomposition potential of the selt. In addition -
information on the decomposition potential and its variation with temper-
ature can yield thermodynamic and thermoslectric data.

The voltage - current characteristic at selected temperatures
was measured using the cell and circuit shown in figure8.land the results
are shown in figure 8.2.The decomposition potential decreases as the
temperature increases and extrapolation yields a value of about 0.47
volts at 900°C. Since a thermocell containing AgCl - AgIl eutectic salt
mixture operating over a temperature difference of 600°C with a thermo-
electric potential of 0.5 nV/K has an open - circuit potential of 0.3 volts,
the salt is not in danger of decomposition. This may not be the case with
certain other salt systems.

The theoretical decomposition potential, Ed,'of a pure salt

may be calculated from AG = = 2FE; or simply equated to the formation
potential. In the case of AgGl E, is 0.90 volts at 500°C and for

Agl E is 0.57 volts at the melting point of 552 % , (Hamer et al. 1965).
The decomposition potential of the mixture at 500 % is 0.59 volts (from
figure8.2) and it would appear to be reasonable that the decomposition
potential of a simple mixture should be about the same as the lowsst

decomposition potential of the constituents. (Literature values (Delimarskii
and Markov, 1961) show that this is not always the case and it may depend
upon the particular !structure'of the melt).

The variation of the theoretical decomposition potential with
temperature, d/dT is equivalent to the isothermal thermoslectric
potential of the cell Ag/salt/Cl which is the term o«;, defined in
in section 4.4. From the data of Hamer et al. (1956 and 1965) the value
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of ; for AgCl at 5000C was calculated as - 0.26 mV/K and for Agl at the
melting point of 552°C as = 0.19 mV/K. It is not possible to give a
precise value for dB83/dT from figure8.2as considerable error is inevitable
in the extrapolation of the curves to the zero current axis. -Nevertheless
it can be seen that the variation of Ey with temperature for the mixture
is of a similar order to o«(;,, for the mixture, (assuming this is similar
to oljee for the constituents).

If the decomposition curves had been cbtained under ideal
conditions with perfectly pure salt constituents and electrodes, and with
no dissolution of impurities from the container or the gas above the salt
surface, no current would have flowed until the decomposition potential
was reached. In practice these conditions are never attained and a small
current flows at voltages below the decomposition potential owing to the
impurities supporting ionic or electronic conduction mechanisms. From
figure8.2it is evident that the effect of these impurities on electrical

conduction increases as the temperature increases.

When the polarities of the electrodes of the cell shown in figure 8.
1 are interchanged a simple electrolysis occurs on the passage of a current,
with silver leaving the lower electrode and depositing on the upper
tungsten electrode. This is the process which occurs in a generation
thermocell and in the following two sub-sections the V - I charateristic
during electrolysis and the details of the electrolysis itself are examined.

8.1.2. The voltage - current characteristic during electrolysis.

In the initial stages of this work a simple experiment was
conducted. A cell similar to that shown in figure8.l,(but with the
polarities interchanged), was set up and the voltage - direct current
characteristic was measured. This characteristic was linear and showed
that the d. c. resistance of the cell was constant. The resistance was also
measured using a 3000 Hz a.c. supply and found to be the same as the 4. c.
resistance. This showed that under these conditions there was no polariz-
ation or overpotential of any form at the electrodes and a literature
search confirmed this conclusion. (Murgulescu et al. (1963) measured the
"activation overpotential at silver electrodes immersed in molten silver

halides and found it to be virtually zero).
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The electrochemical information yielded by this type of
experiment is rather limited as it does not indicate whether the current
‘transfer is purely ionic or due partly to other effects. In molten salts
these other effects include electronic conduction and conduction due to
the breakdown of salt molecules or the formation of complexes in the melt.
If it is known that the salt under test is purely ionic there is still the
possibility that the deposited metal is dissolved back into the salt at
a high rate so that no more than a micro-layer of the deposited metal is
present on the cathode at any particular time.

8.1.3. The Faradayic mass transfer.

Faraday's laws yield an expression for the mass of electrode
metal deposited during electrolysis, m :
ItA

B & —— —{8.1)
z ¥

where z is the number of charges on‘the ion , F is the Faraday,

7. A is the atomic weight of the metal and t is the time of electrolysis.
In practice cells with aqueous electrolytes are generally found to follow
this law but cells containing molten salt often have a mass transfer which
is considerably less than that predicted by this expression owing to the
offects mentioned in the previous section,(8.1.2).

Initially a cell similar to that shown in figure8.1l,(but with the
polar:l.fies interchanged), was assembled and a known current was passed for
. & specified time. The tungsten electrod;agemoved and a silver growth was
found on it. (A dendritic growth rather than an even coat i$s usually formed
when silver is deposited from a molten halide, as discussed by Reddy, 1966).
Visual inspection showed that the gquantity of silver on the tungsten was
much less than that predicted by Faraday's laws. On the assumption that
some of the loosly attached silver dendrites may have fallen off during
electrolysis a small Pyrex glass cup was fitted below the tungsten electrode.
After electrolysis a very small quantity of silver was found at the bottom
of the cup in addition to that on the tungsten,but visual inspection showed
that the total quantity of silver was still less than that transferred
according to Faraday's laws. This indicated that some of the silver
‘deposited was dissolved in the melt or that some proportion of the current
was transferred by another mechanism. It thus appeared that if an

experimental rig is to be suitable for quantitatively measuring the ionic
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mass transfer during electrolysis in this salt mixture, it must be designec
to prevent dendrites of silver leaving the electrode and dissolution of
‘the silver in the salt. Attempts to measure the increase in weight of

a tungsten electrode suspended in the melt during electrolysis were
unsuccessful and were abandoned when the following method occurred to the
writer,

Besidesibeing applicable to the cathode equation8.lis also
applicable to the anode, when m is the decrease in weight of the electrode.
With this in mind the cell shown in figureB8.3was set up with a knowm
quaﬁtity of silver, m, situated at the anode on the tungsten wire screen.
When a voltage was applied across the cell current flowed until no silver
remained at the anode at which point the voltage dropped to a small
residual value. The current during electrolysis was not constant,as the
effective area of the anode decreased during electrolysis,but the current
was measured using an automatic potentiometric recorder in such a way that
the area under the recording represented the product'It: The results of
five runs with various quantities of silver are shown graphically in figurs

8.4 together with the characteristic yielded by equation8.l. To a first
approximation it can be seen that the silver transferred from the anode
is correctly given by equation8.l and that the current flow through the
salt is therefcre entlrely ionic. The scatter of the experimental results
showm in figure8.4is probably due to a limited amount of dissolutiocn of
silver in the salt during electrolysis and the presence of impurities in
the salt which supported current flow mechanisms other than that of the
univalent ion transfer.

Having ascertained that the current transfer in the Agll - Agl
mixture is basically ionic and the mass transfers are therefore given by
Faraday'!s laws, consideration must now be given to the apparent deviation
from these laws when the cathode is an unenclosed tungsten electrode.

The cell was again set up as in figure8.land a current was passed through
the cell for a known time (of 2 or 5 minutes) and then suddenly reversed

so that any silver deposited on the tungsten was transferred back to the
lower electrode. When all the silver had been transferred from the tungsten
electrode the current dropped to a very low value, thus indicating the
electrolysis time t. (Ideally when the current efficiency is 100% the It'
product for the flow in each direction should be the same; but when sonme
of the silver dissolves back into the salt or is transferred by any other
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mechanism the .It'product for the material removed from the tungsten will
be considerably less than that for the material deposited). Experiments

of this type were conducted using an unenclosed tungsten electrode and
also for the case when a quantity of quartz wool was submerged in the
salt to lessen convection currents, and the results are . shown in the

following tables

Deposition Deposition Removal Removal It

time t It product It product Deposition It
Tungsten electrode in 2 min. 0.220 amp min. O.O46amp min, 21%
pure salt mixture 5 » 0.475 " 0.054 11%
Tungsten electrode in 2 " 0.164 " 0.080 L9%

salt mixture containing 5 " 0.450 u 0.258 " 51%
.quartz fibre to lessen ‘

convection.

Diffusion of the silver in the salt melt and any other mechanism
trahsfem‘:‘ng silver to or from the tungsten electrode other than electrolysis
may be classed under the general heéding of convective mass transfer., It
is apparent from the table that for the simple case of a tungsten electrode
in the eutectic AgCl - AgI melt, silver is removed from the electrode
elmost as quickly as it is deposited by electrolysis. When convection in
the cell is reduced by introducing a fibrous material the convective mass
transfer of silver from the electrode is also reduced.
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8.2. Convective Mass Transfer.

The mass transfer due to conveotion in a thermocell containing
molten salt and molten metal may be considered as being caused by two
mechanisms, One of these is described by Cubicciotti (1964) in an article
on the corrosion of metals in fused salts. It involves the molten salt
at a high temperature dissolving the metal and then flowing to a cool
region where the solubility of the metal in the salt is less and the ‘
metal is precipitated out. This effect causes a net transfer of metal
from the hot to the cool region. The second mechanism is due to the
thermal convection currents causing a stirring action in the salt which
encourages globules of licquid metal to leave the surface and float about
within the salt.

The solubility of silver in molten silver halides is very low.
.Corbett and Winbush (1955) measured the solubility of silver in silver
chloride at 490°% as 0.03 mole % and at 700°C as < 0.06 mole %.
Although the solubility of silver in a mixture of silver halides (such as
the AgCl - Agl -ehtectic) » may be considerably higher than in the pure
halides it is nevertheless unlikely that the silver transferred by the
first mechanism will be very great. The silver transferred by the
physical acticn of the convection currents was experimentally demonstrated
by heating a quantity of silver immersed in the Agll - AgI eutectic salt
mixture (in a transparent quartz glass test tuhe) to above the melting
point of the silver, Small flecks of silver were clearly visible floating
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about in the salt. On quenching one of these test tubes in water, removing . -

the broken glass and sectioning the solid salt, the silver was found to
have frozen in the salt as shown in figure 8.5. hﬂ.droscopic examination of
the interface between the metal and the salt showed the general turbulence
in this area prior to quenching, (figure 8.6).

It has been shown that there are advantages to using a silver-
bismith alloy as the electrode metal. The above test was therefore repeated
with the silver replaced by an alloy of 30 weight %silver and 70 weight %
bismuth. In this case considerably less metal was noticed in the salt
melt and, on quenching and sectioning, it was found that this metal was
in the form of small globules rather than flecks (figure8.7). No
explanation of this can be offered except that the addition of bismth to
the silver affected the surface tension between the metal and the salt.
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Figure 8.5

Silver flecks in silver halide salt mixture
( quenched from ~1000°C).

x50

Fizure8.6 The metal-salt interface from the above section.
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Figure8.7 Globules of alloy in the salt mixture
(quenched from 1000°C).



Referring back to the generation thermocell discussed in
section 5.3.2 it was noticed that a mass of salt and metal was present
This was probably caused by a mass transfer mechanism

A part of a section through the cell
The

in the cool pocket.

similar to that just described.
(shovm encircled in figure 5.8) was examined under the microscops.

photograph shown in figure 8.8 shows crowded globules of the alloy in the
molten salt (and also an air hole on the right hand side with the centre-
out of focus owing to the depth, caused by the contraction on solidification).
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8.3, Trials of various vertical tube configurations for thermocell
‘ generation,

This section is confined to descriptions of practical trials of
thermocells arranged with one electrode vertically above the other. The
lower electrode in each case was a molten alloy of silver and bismuth as
4discussed in chapter 7. The thermocells are divided into two subsections
acoording to whether the lower or the upper electrode is heated. |

8.3.1. Trials of thermocells with the lower electrode heated.
8.3.1.1. The cell operation.

-Consider the cell shown in figure8.9. When the extermal circuit
‘is closed through a resistance the current which flows causes electrolysis
" within the cell,with silver passing from the hot lower electrode to the
cool upper tungsten electrecde. In addition there is convective mass
transfer within the cell which also transfers alloy between the electrodes.
From the tests described in ssctions 8.1 and 8.2 it may be predicted that
some of this meté.l will remain at the tungsten electrode but the majority
will fall back into the surrounding salt and eventually to the lower
electrode reservoir. After an initial period a steady state will be

reached with continuous mass circulation of the metal.

A pumber of trials of this cell were conducted with the lower
alloy electrode heated to about 900°C and the upper electrode coolsed to
about 300°C. The open circuit voltage (using the AgGl - AgI eutectic salt
mixture) was typically 0.27 volts and the cell resistance was between
land 2.0 o During one of these trials the tungsten wire electrode was
withdrawn after the cell had been generating for one hour and some alloyg
was found on the tungsten wire as shown in figure 8.10.

8.3.1.2 Pyrophyllite Cells.

. The use of pyrophyllite, as a ceramic material which may be
machined and subsequently hardened, has already been mentioned in section
7+.3. A small generator designed to have an open circuit potential of
about two volts was constructed by arranging seven cells in a single block .
of pyrophyllite as showm in figures8.11and 8.12. The bases of the cells
were heated by resting the :block on a platinum furnace winding,and the

NP T L s ety
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Figure 8.9 Generation thermocell.

Figgreﬁggl The upper electrode of the above cell after
operation. '
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Figure8.114A molten salt—metal thermopile.

Profimad & Mool oo

Fizure8.12 The thermocell partizlly assembled.




upper electrodes were cooled by an air blast from a blower directed onto
the copper fins. The upper and the maximum lower temperatures were about
300°C and 850°C respectively.

The generator was assembled by placing the pyrophyllite block
in position on the hot platinum winding and filling the seven holes with
the pre-weighed amounts of alloy and salt. When the contents had melted
the tungsten wire electrode and fin assemblies were fitted as showm in -
figures8.11and 8.12. The initial open circuit voltage was l.6 volts and
this was maintained for five minutes. The voltage then dropped to below
1 volt and gradually decreased to practically zero during the next hour
after which the test was terminated. Some salt had evaporated from the
tops of the cells and condensed on the cooler portion of the block and
on the copper fins as shown in figure 8.13. Three of the tungsten wire
electrodes and fin assemblies were withdrawn before the salt solidified,

end alloy was found surrounding the tungsten wire as oxpected (figure8.lh).

the

As no obvious reason for the voltagé drop was apparent,one of the holes
(complete with solid salt and alloy) was sectioned, and it was found that
the pyrophyllite was porous to the salt at high temperature. Figure8.15
shows the infiltration of the salt into the pyrophllite in the lower part
of the cell, It was +this that shorted out the cells and eventually caused
voltage to drop to practically zero.

This porosity at high temperatures virtually ruled out the
possibility of using pyrophyllite for thermocells, unless some fom of
lining for the cells could be found. In order to ascertain the feasibility

. of this general arrangement of thermocell for generation, a single cell

as shown in figure 8.16was tested. The open circuit potential was 0.23
volts, the cell resistance was 0.65.2 and the short circuit current was
0.35 amps. The cell generated on a load of 1.2 for five hours and then
failed owing to salt seeping through the.pyrophyllite, and evaporating
from the top of the cell. On being allowed to cool the cell cracked
demonstrating that when containing this particular salt mixture it would
be unsuitable for thermal recycling. The following cell arrangement was
studied in an attempt to reduce the intermal resistance and allow thermal
recycling without craciking the container.

144
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Figure 8.14 Part of the cool electrode and fin assembly after use.
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Figure 8.15 Section through a cell showing the infiltration of
salt into the pyrophyllite.



Figure 8,16The single
pyrophyllite cell

after use.

Prm dia.
tungsten rods

Az-Bi alloy N

(80trt %)

Tizure8.17The crucible cell.

Steel disec

Recrystallised
alumina crucible

(1 mm I/D at top)

AgCl-Agl eutectic mixture
(+quartz wool)

Zmm 0/D porcelain tube
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8.3.1.3. Crucible cells.

The cell shown in figure 8.17was constructed using a commercial
'Thermal Syndicate' recrystallised alumina crucible, The mild steel cap
was fitted flush with the top of the crucible thus enclosing the contents
while allowing for differential thermal expansion. The upper electrode
consisted of two 5 mm diemeter tangsten rods dipping into the molten salt.
For feasibility trials the crucible base was heated by a gas and air burner
and the top assembly was cooled by forced air flow. No temperatures were

neasured.

Initially the open circuit potential wes measured as 0.26 volts,
the cell resistance as 0.30 ... and the short cifcuit current as 0.87 amps;
but during the next hour the voltage gradually drapped to a low value.
Subsequent examination showed that a mass of alloy had formed around the
tﬁhgsten rods as expected, but had also extended practicelly down to the
hot electrode,thus. reducing the temperature difference and electrical
potential between the electrodes. Five cells of this type were tested

and each yielded a similar result.

It was found that the cells could not be thermally recycled
between the operating temperature and room temperature more than two or
three times without cracking the crucible. (FigureS8.18 shows one of these
cells after cracking open and exposing the contents). Closer examinatiqn
showed that the cells fractured while cooling in the range between 200°C
and 100°C, The equilibruim diagram of the AgCl - AgI mixture, (figure6.l,
page 106 ), shows that there is a solid - solid transition at a

" temperature of 124.°%C. It was probably the volume decrease at this
transition which caused the cells to fracture., Ths crucibles were filled
with other salts and mixtures and,(except in the case of Agl),the container
did not fracture on themmal recycling. This effect must therefore be
considered as a disadvantage of using the AgCl = Agl salt mixture.

8e.3.1le4. Low resistance cells.

If a thermocell is to generate large currents the electrode area
mist be large and the distance between the electrodes must be a minimum.
The logical extension of this concept is a thermocell in the form of a
sandwich with a hot lower electrode, a molten salt containing a fibrous
material and a cool upper electrode. The current flowing once steady

conditions are attained will be directly proportional to the electrode



{49

x5

Figure 8.18 The crucible cell after use.
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area but will not be directly proportional to the electrode spacing owing
to the convective mass transfer. The object of the following experiment
was to determine the effect of electrode spacing on cell performance.

Figures8.19 and 8.20 show the experimental rig. The upper electrode
and cooling fin assembly was suspended from pulleys in order that the
height could be easily adjusted and the assembly could be quickly withdrawn
from the cell for visual examination of the upper electrode. After some
experimentation it was found that the tungsten could be brazed to the
copper stem once the surface of the tungsten had been thoroughly roughened
by grinding grooves in it. The temperzture of the tungsten block was
estimated from the measured temperatures at two-positionsnalong the copper

stem.

At an electrode spacing, L ,of more than 10 mm the cell was found
to operate on load successfully for the period of the test (a few hours),
The following table shows the open circuit potential V.., cell resistance [
Re and short circuit current Ig, after steady conditions had been attained: F

|
|

L Th To Voo Re Ise (=V,/R)

(um) (%) (°) (volts) (= ) (amps)

21 810 270 0.255 0.5 0.51

16 800 275 0.250 . 0.39 0.6

10 815 280 0.250(max.) 0.31 (min.,)  0.81(fluctuating)

It would therefore appear that there is a lower limit to the
electrode spacing which can be tolerated in a cell of this type owing to
the quantity of metal adhering to the upper electrode. As far as thermo-
cell generation is concerned this is rather diseppointing, and emphasises
the necessity of using a molten salt with a high electrical conductivity
if a low cell resistance per unit electrode area is to be obtained.

8.3.2. Trials of cells with the upper electrode heated.

8.3.2.1. The cell operation.

" On first consideration it appeared improbable that a cell of
the type showm in figure8.9 would operate at all when the upper tungsten
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¢ electrode (rather than the lower alloy electrode) was heated. Electrolysis
which would occur on closing the 6ircuit would cause silver ions to flow
o towards the lower electrode and a cell of the type Ag/Ag halide/Ag would

‘ not be established. The voltage - current characteristic of the cell
. Inert Metal/Ag halide/Ag has been examined in section 8.l1.l. and it was
g established that only a small residual current flowed at voltages bélow

the decomposition potential.

By accident it was found that, in practice, a sizeable current

\ ', could flow when the upper electrode was heated. .Investigation showed that

i small globules of the molten lower electrode metal flocating about in the
salt due to the convective mass transfer,(as shown in section 8.2),could
adhere to the upper electrode, thus causing it to act as a silver electrode.
Under suitable conditions it was found that an upper silver electrode
could be maintained by this mechanism. In figure8.2lan ordinary mild steel
wood screw is shown after it has been used as the hot upper electrode in
& silver halide thermocell. The (originally molten) mass of alloy cen be
seen together with some corrosion of the steel by the molten silver salt
as is to be expected. Heating of the upper (rather than the lower)
electrode reduces the heat transfer between the electrodes as the natﬁral
convection currents are reduced, but at the same time there must be -
sufficient convection to maintain the transfer of metal to the upper

. electrode.
8.3.2.2. Trials using various arrangements of the upper electrode

An experimental rig was constructed as shown in figures8.22and

- 8.23.The top assembly was hinged so that it could be turned back to
enable the ceramic test tube to be inserted and filled. The upper electrode
could be maintained continucusly at a temperature of 850°C and at higher
temperatures for short periods. The heater element consisted of nickel -
chrome wire in an insulated stainless steel sheath and the power input
was controlled by a variable transformer. Cooling at the lower electrode
metal reservoir was by forced air from a variable blower and the molten
alloy was maintained at about 300°C. Temperatures within the cell were
measured by a 'Thermocoax' stainless steel sheathed Chromel - Alumel

| thermocouple fitted in a quartz glass tube so that its height could be,
edjusted. The salt used was either the AgCl - Agl eutectic mixture or an
equal - weight mixture of AgCl and CuCl. The latter mixture of salts is
studied in the following chapter, (9).
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Figure 8.23 General view of therocell testing rig.
(May be arranged for upper or lower electrode

heating).
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Generation trials of this cell using tungsten wire as the upper
electrode were unsuccessful. If the cell was stirred and a tungsten wire
electrode was inserted, metal would adhere to it and a silver electrode
would be established. Unfortunately this situation would only be maintained

for about 15 minutes owing to the viclent convection currents subsiding so

that the quantity of metal floating in the salt around the tungsten wire

decreased. The draﬁings of figure3.24 illustrate four other electrode
arrangements,with larger upper electrode areas,which were tried. The
first consisted of a steel rod (and later a nickel rod) fitted in a quarts
glass tube (with sufficient tolerance to prevent fracture of the glass on
expansion of the steel). This glass tube prevented corrosion of the sides
of the rod in the molten salt, and the bottom of the rod ideally had a
layer of molten alloy adhering to it after an initial period of operation.
(Silver and iron do not form an alloy in the temperature range used).

The second was modified by introducing a quartz wool insert at the base of
the electrode to reduce the loss of silver(by convective mass transfer)
from the electrode. An unenclosed sarbon (graphite) rod was used in the
third case, and in the final arrangement this carbon was powdered and

allowed to float on the salt.

The results of the tests using these electrode arrangements are
given in table 8.1. In general, as the conditions steadied, convective mass
transfer (upon which the operation of the cells relied) eventually decreased
to a point where the rate of removal of silver from the upper electrode

exceeded the rate of transfer of metal to that electrode. The operation

_of a cell similar to that described in figured.2i(part 1) and table8.l
(celd 1a) is shown in the left hand chart of figure8.25. The upper electrode

temperature was maintained in the range 900°C to 1000°C in this case and
the open circuit potential is seen to reach 0.35 volts at one point. After.
23 hours from the commencement of the test, (at point 6 on the chart),

the cell circuit was closed through a load of >R and the potential fell
to 0,12 volts from which the cell resistance can be calculated as aprox-
imately 1 . After 6% hours the upper electrode was withdrawn, the glass
was broken away and the electrode was sectioned as shown on the right hand
side of figureB8.2l. Some alloy was found on the base and some corrosion

of the sides of the rod was evident notwithstanding the presence of the
glass sheath. The recording (of'thé closed circuit potential) of the trial
using the carbon rod (test 3, table 8.1)is also shown in figure 8.25.
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) Upper electrode Voc(max.) Load Vee to Reason for failure
. (Salt .mixture) (volts) () (volts) (hours)
’ la Steel in sheath 0.28 0.5 0.5 8 No silver on upper
) (AgCl + CuCl) _ electrode. Corrosion
, : of steel
¢ 1b Nickel in sheath 0.25 0.5 0.135 9 No silver on upper
: (AsCl + Agl) electrode. Corrosion
¢ of nickel.
.,
« 2 Nickel in sheath 0.265- 1.0 0.40 ~1 Corrosién of nickel
v with wool insert and contamination of
(AgCl + AgI) salt around upper
electrode.
3 Carbon rod
(AgCl AsI) 0422 1.0 0.105 3.5 No silver on upper
electrode.

4 Powdered carbon
(AgCl - CuCl) 0.32 2.0 0.210 3.5 No silver around
' carbon layer.

Table 8.1 Results of tests on thermocells with the upper electrode heated.

Notes: electrode numbers refer to figure .8.2.
Voec = open circuit potential.
Vee = potential across cell when connected to the
. given load.
t, =~ time for V s to drop to & Ve, when operating
continuously on the given load.
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In general it may be said that heating of the upper electrode
in this type of thermocell arrangement can result in generation of

RN, iats o JR R

S,

‘electricity but the operation is extremely sensitive to the electrode

design and the convective mass transfer within the cell. For continuous
generation of electricity this cell is therefore inherently unreliable.

‘ (As a laboratory demonstration of thermocell generation of electrical

i o energy from heat energy this cell is excellent. It can be easily constructed
from common laboratory equipment, (a silver wire may be used as the upper
electrode for the purposes of the demonstration), and the ocutput is
sufficient to run a small electric motor., A similar demonstration is
illustrated in figure 3.26)..

8.3.3. Conclusion.

Looking back over the thermocell configurations studied in this
and in previous chapters it appears that a vertical cell arrangement with
a hot lower électrode of silver alloy and a cool upper electrode of an
inert metal gives the most reliable arrangement for generstion of elect-
ricity, under certain conditions. These conditions involve chemical .
stability within the cell and a limiting clearance between the molten
metal electrode surface and the upper electrode. In chapter 10 tests of
a longer duration are conducted on this type of cell, Meanwhile in the
following chapter common anion salt mixtures are studied and found to
open the possibility of producing salt mixtures with greater figures of
merit than those studied to date. '
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Figure 8.26 Thermocell demonstratiocn.
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9.1. Introduction

Common cation salt mixtures were studied in chapter 6 with the
object of determining whether the figure of merit of the pure constituents
could be increased. The AgCl - AgIl eutectic was found to have a figure of
merit which was approximately double that of the pure constituents owing
mainly to the decrease in thermal conductivity. The thermoelectric
potential was about the same magnitude as that of the constituents and
this is to be expected in common cation mixtures because it is predominantly
the cation which determines the cationic thermoelectric potential. Xvist
(1967) has reported thermoelectric data on the AgIl —AgBrsystem and Sinistri
and Pezzati (1967) have studied mixtures of silver halides with silver
nitrate. In each case the thermoelectric values for the mixtures were found
to fall between the values for the pure constituents of the mixture. If
higher thermoelectric potentials are to be achieved it is therefore evident
that mixtures with different cations must be examined and this chapter is -

devoted to mixtures with a common anion.

The univalent metal chloride system AgCl + CuCl + IiCl was selscted
for study as equilibrium disgrams are available in the literature for each
pair of constituents and LiCl has a high electrical conductivity. In
addition ionic entropy values are available for pure AgCl and CuCl and the
theory to the themocelectric potential developed by the author. can be tested
for this system. The equilibrium diagrams given in figure 9.1 are reproduced
from the work of Sandonnini (1914). |
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S.24 The theorsticol thermoelectric potential

In section L.l. it was showm that the inital thermoelectric
poténtia.l of a tnermocell was composed of a heterogencous and a homogeneous
part; the former arising due to the energy transfer between the elecirode
and the salt, the latter from the hests of transfer of the ions as they

move through.the salt:

Z Fo(het = SM - SMzr“'zSe
ti'an

— * — *
3 z-?on Swn Se

ton

‘n
X
:

!

O( = dhet + o(hom

For a thermocell of the type /L1 + NCL/¥ where X and N are univalent
.metals these expressions lead to the following equation for the initial

thermoelectric potential:

Fo( = SM - §M+ + Ziot;on S.':: h §€. —(9.1)

The partial molal entropy of an ion in a mixture is ziven by,(c.f. ecuetion

7.1 )

|

wn
-’-
It

°§+ - R{n xw + SE<

M M M*

0=

vhere SM* is the partial molal entropy of the ion in the pure salt

(mc1), X #is the molal concentration of the ionof metal i in the melt
E

(note 2. =3Cpy ) 20 Sm,is the molal excess entropy of the ion of U

t
in the melt. By substituting this expression into ecuationdd and

-

exponding the summation (remembering that entropies of trensfer are

2]

Fal
J
positive when transferred down a temperature gradient) the following

equation is oblained:

it

F o

e

SM - 5?1* + R éﬂ xl"‘l* - S:., '—tNA- S:f - tM* S:r +t‘a— SC:' - S

—2)

.



166

In the case of a pure molten salt thsrmocell i/, Z.;Cl/ll, i the

1
following simplifications mey be made: =2 ©

Moo = Xy o= |

Nf

£ - O | .

Mf

o ™ R
|
O

In eddition it wes shown in section 4.1. that for the pure salt

*
SHf + S = \,M(_Q“O end th + L‘CQ- | Irom which:

»*
tM*‘ SM*‘ — tg- S:Z— = S:+ (9;3)

Thus for a pure salt (denoted by ' o ' preceeding the funciion) equation

9.2 becomes :

M
X
I
wn
X
[
wnl
X
+
|
%)
3
l
Al

. (9.4)

This is effectively the same expression as that derived in equation .6,

(page 78). ...

The change in the thermoelectric potentisl of tha thermocell
as NC1 is added to the L1l mey be evalusted by subtracting equation 9.4

from eqliation 9.2:
F.(O("OO() = RQ"I JCM"'_ SME.. + S th SMP th +t&’s‘ ———_,-(9'5)

Algebraic rearrangement ol the entroo terms of this ecuation (using
1

tn* t Eyr the = | c2y) does not lead to sny he pi’ul simplification,

mixturs and a number of entropy teras. AL low concen

(A~ % ) depends predominantly on Rén x,+ and this leads to a nunerical

s

alue of the thermoslectric potential vwhich is considerably nizher than

that of the pure salt (as is shorm experimentally in the following ssction),
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Some sluplification of equation9.5is possible for the spvecial
case when the concentration of 1UL1 in the solt mixture is lo*-.';, that is

“vthen Xy+ > 0O . Under these conditions the salt is almnost 1

.
-~

wre WOl and

.

the following apply:

tye> 0

ty+ = b+ = trensference number of I*in pure HC1
tcp_""*> Ot(z- = {ranzference nuaber of C17in vure 101
S:;—*' ::,_ = molal entropy of transfer of i in pure NC1

Ser &- = molal entropy of tranmsfer of Cl in pure NC1

For pure IC1l e similar expression to that given in equation9.3mey be derived:

o O ue 0 o H °
ti\l"’ S - t(p_" S@:‘ = S'Nf-

Nt

Substitution into equation9.b then yields:

F (= e) = Rénx,e —SE, +°6% —°S™  —— (9.6)

M* Nt
Xy~ 0

’

If a graph is constructed of the tem F(oé~%i)— R % X p+ against

concentration, extrapola‘cion can yield & value at Xyee = O vwhich is
is equivalent to — S - S . The molal excess entropy

term is usually =mall in simple halide salt mixtures and therefore, if
the molel heat of transfer of the metal ion in its pure salt is kmown
for one of the constituents, it is possible {to estimate the same Lor the

other constituent.

Sone theoretical and experimental work on the thermoeleciric
potential of molten nitrate mixtures has been reported by Sinistri (1966)

for cells of the type:

Ag/., AgHO. + XuO, /
o3 5%,
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His theoretical erxpressions sre derived ucing transfersnce numbers of the
metal ion relative to the nitrate ion ratvher than to the electrode or
containcr, This mey be satisfuctory for the case of mclten nitrztzs where
most of the current 1s carvied by the metal ions but in other systems a
large proportion of the current i1s carried by the anion and this proportion
may depend upon the composition. 1In the general case it is therefore

-

necessary to take into account the transfer of current by the anion, But
equation 9.6is indevendent of trensference numbers and a similexr equetion
is derived by Sinistri, (but in a slightly difierent form). Harkov (1956)
and Kvist (1967) veport exéerimental values on the thermoslectiric potentisl

of molten szlt mixtures and their results zre included in figure 9.5,

Finally a rather interesting situation occurs vhen the thermo
electric potential of a certain mixture of IU1l and IIC1l is measured,firstly
betwveen electrodes of metal Il end then between electrcdes of metal i,

The increase in thermoelectric potentiol of the nixture sbove that of ID1
vhen mesasursd between elactrﬂd s of i 1s given by ecuation 9,5, Anazlogously
the increase in Lnerﬂoelectrlc potentlal of the same mixture above that

~

of WC1 when measured betwesn electrodes of M is:

o _ ' E Py :
F(o(—OL)N = R I Xy T SN,,‘ + SN* —t.+ S;,» “tms,:; + ta“sc:—
—{9.7)

‘Subtroction of equation9.7 from ecuationS.b, bearing in mlnd that

ocN+ = l—— o, A , yields:

F(a—f’i}f F («_&)N = Ribn (_xw +(°S§*—°S:+)—('Sj,-8f,)
1= e —(9.8)

Since the exXcess entropy teras are generally smell for simple mixtures

. e . - . . oc. ® ¥
end the other temms are experimentally nmeasurcble the term ( E)M¢ - N+ }
may be estimated. This method of estimating the entropy of transier term
is preferrable to The previous method as it only recuires messurenents atl
one salt mixture composition and does not need a grephical extrapolaticn

to zero concentretion for one of the constituents.



9;3. The experimental results.

A pyrex glass cell was sel up as arranged in figure L.2d
(page 83 ). 4s iﬁ the previous cells the temperatures were measured using
'*Thernocoax' stainless steel sheathed Chromel-Alumel thermocouples and
voltages were recorded using a Philips PR 3210 automatic potentiometric

recorder., Figure 9.2 shows the cell and heater partially assembled,

A typical experiment involved heating up the cell as early as .
possible in the morning and adding (evenly to each side) the dried and
preweighed quantities of constituents. Once the salt had melted the voltage
and temperature probes were added and the nitrogen flow (to prevent
oxidation at the salt surface) was started. A suitable temperature was
then selected for one of the legs of the cell and it was maintained at
approximately this temperature throughout the test. The temperature of
the other leg was varied both above and below this temperature and readings
of the temperatures and the terminal voltage were taken during the heating
and cooling process., A typical graph of voltage versus the temperature
differenée is shown in figure 9.3. The curve was alweys linear but aid
not generally pass accurately through the origin owing to errors in temper-
ature measurement and small composition differences between the mixtures in
the cell legs. As this section is only concerned with the slope of the
characteristic, (i.e. dBE/AT), this error at the origin sas ignored unless

" it exceeded a few millivolts, when the test was repeated.

The reéults for metal halide mixtures are represented graphically
in figures 9.4 and 9.5 and the data of Markov (1956) and Kvist (1967) are
also shown in figure 9.5. ZEach point represents the slope of a potential
— temperature difference curve (similar to that shown in figure 9.3) in
the temperature range of 300°C to 600°C. The tolerance limits were
determined by the maximum and minimum slope which could reasonably be drawn

_through the points on the potential -— temperature difference curve,

The results may be compared qualitatively with equation 9.5. It
was suggested that,atlow concentrations of MC1 in the mixture (i.e.X,.>0),
the term R 1n x,was predominant. As this term has a negative value the

_expression F (o -%) must also be negative and in particular (at low
concentrations of }C1l) the themmoelectric power of the mixture, & , may
be expected to decrease as the concentration of M1 decreases. This was

confirmed experimentally in the case of the AgCl - CuCl mixture between
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Figure 92 The H-cell and heater during assembly.
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. ST =y

econcentrations of HMCL in the mixture the tem R4n x

asT - T nivibure betweon silver elzetirodes (f‘igu"e 9.5). At higher
M

ordar to the entropy vterms (of equation 9.5) and &« mzy ineraase or dzcrease

devending on the euzct value of thesz terms.

mas oL B T Ry, e, Bty L s Y
This is a very fevourcble situction os far as

gy i
n c
example is increcsed by 5%6 when 30 mole % (73.4 weizht 5) of cuprous
chloride is added to the sgilver chloride, Since the figure of merit
of the s=alt mixture is dependent upon the squere of the thermoelectric

v e

potential this gives on effectiv

(0]

inerease in the figure of merit
of 13:5%. This of course does not take into account the changes in the
/

4.9

electrical conductivity, the thermal conductivity and the teupercture
9 y 38
ronge over which the mixture can be used, A nmore detailed study of this

aspect is given in the next section, (9.4).

Returming To the theimcelectric potenticl theory of-these mxmrw,

two methods of estimoting the term (S M* SN,) from experimental
data were outlined in section . 9.2 , . . and the latter method using

equation 98 was showm %o be preferranls, From fizure9.l.it cen pe seen
that for mixtures of 20 mole % AgCl‘vr.i.th 80 mole 4% CuCl, and 40 mols %
AgCl writh 60 nole 5% CuCl, the thermoelectric potential hes been measured
between both silver and copper elecirodes. Hence at these compositions
equation 98may be applied in the following form (nezlecting the small

excess entropy terms):

F(d—&)ns— F(b(“?i) = RY, %&__ (S c,:*)
—9.9)

The term ‘o for silver is the cationic thermoelsctric cotentizl of pure
=0,375 ml/li}, Tor copper is the cotionic thermoelectric potential

of Cull (-0.436 mV/K), an d pe+ is equel to the molal concentration of

AgCl in the melt. The experimental values of the terms of equation 9.9 in

Ly

. -1 -1 ! . ,
units of J g-mole K "are given :Ln the following toble:



e Flaw), Flam), Rén(Z2)  ("Sap =Sk

(mole %) (@) (L) (€) (from a—b=c)
20 -19.3% 0.5  =l.y *1,0 =11,50 -G % 1,5

This method can only yield differences in values of’ the entropy
of tronsfer of ions in their pure sclts. In order to #ind the absolute
values at least one salt must be studied using a dlfferent method and an
absoluve value determined for vhat salt, Whis is not possible experiment-
ally but Pitzer(1961) hos studied the stricture and the entropies ol

V)

. . a o ¥
vibration ond zroe rototion and has estimated the volue of Sn+ as about

k3
Cu.+

. : - A .

is therefore zbout 2. J gm-—mole X assuming the excess entropy terms are

. .- . o - i . ©
17 J gnemole X u.'L dOO in pure silver chloride. By subtraction S

snall, It was shorm in section X4.l. that the cotionie thexrmoelectric
potential of a pure salt is given by the folloving expression (negleqting

i
the electron entropy term):
(

ZFO( =SM-§M¢_S:+ °

’

1 v ] A ] 5l o - 3 ’ 2 . -
Yor the case of CuCl at 500°C for example o is given in table L.1
o E)

5,,, may be calculgted from thermodynamic deata for copper and,now that

the value of the entropy of tronster is knowm, SM+ =y be approximately

hads

determined:
. i
¥or CuCl : . zF«t = n2 g g"-“lolP X
SM = 58 "
*
Sie = 24 "
S = "

No more satistactory method of finding these ionic entropy terms for

molten salts ig recorded in the litercature,
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9.4 The ZgT values:

Although the thermoelectric potenticl is the most importent
property determining the figure of merit , the effect of miving on
the other properties must be taken into zocount. The thermal conduct-
ivity moy be expected to be rather less than the proportiéne.l nean of
the constituents (as was discussed in section 3.1.2.) and the electrical
conductivity (et lOOOOK) i1l to a first anproximetion be the same as the
proportional mean of the constituents, (at the same temperature). In the
following table the thernocelectric properties znd the 2ZgT values -
are estimated for the salt mixtures studied in the previous section, Some
indication of the temperature range over whch these selt mixtures could
be used is shown by giving the nmelting point or licuidus temperature of

tne salt mixture Tl and the lowest boiling point Tg ot the constituents,

Salt — o x s zT(EED o o

(&g electrodes) (uV/K)  (zzuis ern ¥7) (o ""enm Lj (at1000°%k)  (%CY) (%)

Pure AgCl 0.375 3.6 4.6 0.18 455 1557
40 molels AgCl :
0,130 Lol - 5.6 -0.25 530 1382
60 moles 1401
(O ,;;:‘ 3 ’
L}._) HOlP/O I&Q C1 0.535 3‘4 2;.,3 ' 0036 290 1367

60 nolef CuCl
32 molssl AgCl
L8 moledh CuCl 0.565 3.6 L7 0.42 ~ 300 1367

20 molei} LiCl

Bxaminetion of the theory to the thermoelectric potential of
common enion salt mixtures shows that the s2lt mixtures studied in this
chapter are not the most suitcble tor whermocell generation., It would.ﬂ
be more profitable in the fivst ploace to select a solvent salt mixture
“of low tnermal conductivity and high electrical conductivity dnd to add
.

to this a tew mole % of 2 solute consisting of 2 s2lt of the metal of the

clectrode. Yor example a mixture of 71 mole % LiCl and 29 mole % LiF melts



176

at 485% (Janz 1967) and values of ¢~ and k for this mixture may be estimated
as 70 -1 cm =1 (at 10009K) and 6.4 watts cm~t X-1 respectively. When the
mixture contains a few mole % of CuCl the thermoelectric potential between
copper electrodes may be estimated from the theory given in this chapter

as 0.75 wV/K. These values yield a 2T value (at 1000°K) of 0.62, and for
operation between the salt melting point and the melting point of copper,
(with Z; = 0.8Zg), a conversion efficiency of 7% is obtained. While this
is still low compared to dynamic methods of converting heat energy to
electrical energy it compares favourably with solid - state thermoelectric
materizls, The maximum power output per unit area (of this particuiar salt)
would be 3kW/m2 (0.3 watts/cm2).
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10.1. Tests on a continuously operating vertical tube thermocell.

In the conclusion to chapter 8 it was pointed out that a
vertical tube thermocell configuration with the lower electrode heated
gave the most satisfactory arrangement for generation of electricity at
the present stage of development. In order to determine the reliability
of this arrangement a cell was set up as shown in figurel0.l(in an
experimental rig similar to that illustrated in figures 8.22 and 8.23,pages
154 & 155, but with the heating coil and forced air flow interchanged).

The alloy reservoir consisted of 8gm of silver and Lgm of bismuth,
( ~ 80 mole % Ag), and the salt was the AgCLl - Agl eutectic mixture
containing a quantity of quartz wool to limit natural convection. It was
obviously advantageous to select metals for the wires to the electrodes with
thermoelectric potentials which would increase the cell voltage. Chromel P
(10% Cr 4+ Ni) wire was used between room temperature and the upper
electrode at about 300°C and pure nickel wes initially used between room
temperature and the lower electrode at about 850°C. Nickel wire was found
to dissolve in the silver - bismuth alloy at this temperature and so
tungsten wire was used to connect the nickel to the alloy as shown in
figure 10.1.The gain in the open circuit potential of the cell owing to
the use of these metal wires at the quoted electrode temperatures was
0.01 volts.

When steady conditions had been attained the thermocell was
found to have an open circuit potential of 0.24 volts which dropped to

0.16 volts when a load of 2 2 was connected across the terminals. It

was allowed to generate on this load overnight and the voltage remained
constant for 221 hours after which it drobped to a low value. Investigation
showed that during the early hours of the morning the ambient temperature,
(and hence the cooling air flow), had dropped sufficiently for the salt
to become solid around the upper electrode. The test was repeated with
higher upper and lower electrode temperatures and the cell operated
successfully on a load of 1.2 and a closed circuit potential of 0.13 to
0.16 volts for 2 days. The cell was then open circuited and the heating
of the lower electrode was gradually increased in an attempt to increass
the cell voltage. After 56 hours (from the commencement of the test) the
heater wire broke and the trial was terminated. At a period during this
test the upper cool electrode temperature was intentionally decreased and
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it was found that the terminal voltage on load fluctuated between the
previous steady value and a low value as shown on the chart in figure 10.2.
This effect may have been due to solid salt, (with a much lower slectrical.
conductivity than the molten salt), forming and later remelting on the
upper electrode. The fluctuation ceased completely when the upper electrods
temperature was slightly increased.

After this test the cell was broken open and the majority of
alloy was found to have collected around the upper electrode in an
unhomogeneous mass of metal and salt, (4 similar cell, with a Chromel P
wire upper electrode, is shown after operation in figure10.2).A piece of
the silver - bismuth alloy at the upper electrode was analysed by melting
it down in a small crucible, obtaining a cooling curve and determining its
composition from the liquidus temperature. The alloy was found to contain
78 mole % Ag and a similar procedure conducted on a piece of alloy from
the lower electrode yielded 92% of silver. ( This difference in alloy
composition may be explained by noting that, at the upper electrode temper-

ature, the alloy consisted of two phases; aiiquidsilver - bismuth esutectic

and a silver rich "solid, The effect of gravity and convective mass

transfer may be expected to transfer the solid " phase to the lower part of '
the cell more easily than the liquid phase ).

10.2, Test of a small generator.

In order to conclude this stage in the dévelopment of thermocell
generation of electricity a small generator consisting of a number of

cells was manufactured. Basically the generator consisted of a matrix of

"vertical tube thermocells connacted electrically in series and thermally

in parallel., The bottoms of the tubes were heated by gas and forced air
combustion and the upper electrode was cooled by forced air. No attempt
was made to design for maximum conversion efficiency and only a fraction

of the total combustion heat actually passed through the cells. In addition
the current,(and hence the power output),produced was low as the electrode
areas were small, The object was rather to produce a maximum voltage per
cell and to show that a laboratory thermocell generator msy be cheaply

and easily made from commonly available components. The details of the

generator design and the test arrangement are shown in figures 10.3 to -

10.6.
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The salt mixture used in the cells was an equal weight mixture
of AgCl and CuCl (41 mole % AsCl). This is considerably cheaper than the
Agll - AgI eutectic mixture and has a high thermoelectric potential,
(=0.53 mV/K). A typical temperature distribution across the generator as

measured at the internal base of each cell by a thermocouple probe was as
follows, (in %):

Front

Back, .
1000 740 - - 505
1000 750 520
1010 755 525
1020 (760)* 530
1030 965 860  (--=)* 705 65 600 545
1050 o~ , 775 - , 565
1070 785 ' 570
1030 770 545

* cell not used for generation

The upper electrode temperature varied from 30096 at the front to about
270°C at the back. Hence the voltage per cell obtained from a cell
situated in the middle of the second row (from the front) would be about
0.53 x 10=2 x (965 - 200) volts plus 0.0l volts for the metal wires
yielding a total of 0.36 volts. A similar cell in the seventh row would
produce 0.18 volts.

The test procedure involved f£illing the cells with the pre =
weighed constituents in powder form, firing the gas and air burmer and
allowing the constituents to melt. The upper electrode wire could then
be inserted and electrically connected to the next cell by pinching the
copper coil (shown in figure 104)kround the wires. In practice an unforseen
difficulty was found which prevented all the cells being filled. At the
froﬁt of the generator,where the temperature was very high,the salt
mixture melted quickly; but at the rear melting was much slower, and the
solid salt powder was found to bake into a hard cake about half wey up
the cell. This cake could not generally'be forced down the cell to the

186
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high temperature region and it prevented further salt being added.
Although 18 of the cells, (mainly situated in the 7th and 8th rows), were
inoperative owing to this effect the reduction in the generator voltage
was not as great as this number would imply because these cells, being at
the cooler end of the generator, were only expected to yield a small
voltage per cell. '

The results of this test are shown in the following table:

no, of Voo Voo/cell I,  Duration Power

cells max. mean maxX. max of test total per cell
22 7.6 6.5 0.355 0.78 5 1.48 67
L 13,2 13,0 0.30 0.615 2 2.03 L6

(volts) (volts) (volts) (amps) (hours) (watts) (nW/cell)

In the case of the test with 22 cells, (situated at the front of the
generator), the mean open circuit potential over the period of the test,
(column 3 in the table), was rather less than the maximum potential owing
to experimentation with the burner during the test. The open circuit
potential per cell compared favourably with the expscted value of about
0.36 volts. ¥hen 44 cells were used the potential per cell dropped as
the mean hot electrode temperature had decreased. The generator was
restarted on two subsequent occasions and the potential was allowed to
reach 5 volts before the heater was turned off. The final examination
ghowed that one of the cells in the 4th row had fractured.
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10.3. The prospects for thermocell generation.

10.3.1. The possibilities.

The molten salts used in this work have been silver halides or
mixtures involving silver halides. It has been indicated in section 4.4
and 9.4 that certain alkali halides and common anion salt mixtures may
have thermoslectric potentials in the order of 1 mV/K. With an electrical
condunctivity of about 55 ‘lcm'l and a themal conductivity of 4 x 10~3
watts cm K the 2T value (at1000°K) would be about 1.25 .. Operating
between temperatures of 1000°C and 300°C this would yield a theoretical
conversion efficiency (at Zo= 0.8Zg)of 11%. It would therefore appear to
be unlikely that after further development a themocell generator will -

have a practical conversion efficiency in excess of 10%.

The power per unit electrode area of the Qbove salt operating
between the same temperatures and with an electrode spacing of 10 mm would
be 0,625 watts/cm? (61 kW/m?). If the salt was predominantly a mixture
of reasonably common alkali halides and the electrodes were of copper
(rather than silveri), the capital cost of a 10 - 100 kW generator. would
be in the order of £10 stirling per kW,

10.3.2. Proposals for future work.

Suggestions for future work have been made in appropriate places
in the previous chapters. There are three main areas in which future work

on thermocell generation must concentrate:

1) The cationic thermoelectric potential of alkali halides and their
mixtures. (No values have been reported in the literature to date).

2) The cationic themmoelectric potential of common anion mixtures
in cells of the type:
Wep M (+ small % MX)/p M
h c

where M and N are metals and X is a halide, (see chapter 9).

3) - Engineering development of cell containers which will allow the
contents to be thermally recycled from below to ebove the melting
point of the contents without cracking, for many hundreds of times,

It is worthy of note that each of these proposals may be studied

experimentally without requiring specialised or expensive research equipment,
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and would therefore provide admirable research topics for those employed
in colleges of technology or other establishments where research is not

the primary function.

. It is unlikely that thermocell generation will ever be suitable
for lafge scale power generation. A similar conclusion was reached for
semiconductor thermoelectric power generation by Spring and Swift-Hook in
1962. It is also unlikely that thermocell generation will. find application
in the space>exploration field owing to the part played by the force of
gravity in the cell operation. But there is an atea of application which

may become of importance during the next few decades.

In July 1969 a contract was signed between Johh Player and Sons
Ltd. and the East Midland Gas Board for the Board to supply the entire
fuel and power needs for a new £6 million factory, (Anon, 1969). This
ttotal energy' scheme involved the use of eight gaé turbine generator sets
to meet the electrical power requireﬁents of the factory. Gas turbines are
notably inefficient but this was not important in this case as the heat
" energy rejected by the turbines was used to heat steam boilers for space
heating. As 'North Sea Gas' becomes more widely available it is likely
that an increasing number of industrial concerns may find it economical
to utilise 'total energy' schemes. The capital cost of providing gas
turbine generating sets for the electrical power and lighting requirements
is high and this effectively limits the scheme to large firms. If a
reasonably cheap (but low efficiency) device converting heat energy directly
into electrical energy could be developed this could cause the'total energy!
scheme to become economical for smaller factories and even office blocks

where the conversion device need only supply the lighting load.
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10.4. Conclusion

The major achievement of this work has been to show that it is
possible to generate electrical energy from heat energy using the thermo-
electric effect of the flow of ions in a material. This method of generating
electricity could find application in situations where the thermal efficiency
is not the most important factor. Among minor achievements may be included
the first complete review of the thermal conductivity and thermoelectric
potential measurements made on molten salts, the measurements of these .
properties for certain halide salts and further development of the transient
hot-wire thermal conductivity measurement technique. In addition, theory to
the thermoelectric potential of thermocells with metal alloy electrodes and
thermocells containing mixtures of ionic molten salts has been developed,

and partially substantiated by experiment.

It has become evident that the techniques involved in thermoelectric
generation using molten salts are very different from those used in solid-
state electronic thermoelectric generation. In the former case the thermo-
electric effect is predominantly dependent upon the electrodes and the main
problems are concerned with these electrodes and the mass transfer between
them. In the latter case the thermoelectric potential is dependent on the
material itself and some of the problems are concerned with the brittleness
and cost of the semiconductor material required. During this work the term
'thermocell generation' has sometimes been used as an abbreviation of !thermo-
electric generation using molten salts'. It is here suggested formally that,
in: future, generation of electrical energy from heat energy using the thermo-
electric effect of the passage of ions in a material (solid or liquid) be
termed 'thermocell generation! to distinguish it from solid-state thermo-

electric generation due to the flow of electrons,
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