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ABSTRACT

This work describes the design and construction
of an apparatus for measuring conductance and volume
changes up to 1000°C and 1000 atm, Using this
apparatus, the volumes and conductances of potassium
nitrate and sodium nitrate were measured up to
1000 atm, and 500°C,

To obtain correct compressibilitlies for these
salts, the solubility of argon has to be taken into
account and a reliable method of doing thils has
been developed, From the results the values of
the activation volume and the energies at constant
pressure and volume are derived,. The values of
Ey range from 1 to 1,5 Keal fof potassium nitrate
and from 1,8 to 2,2 Kecals for sodium nitrate,

The values of[ﬁs//gre 4 - 10ml for KNO; and

3 - 5 ml for NaNOg, These are described in relation
to theories of transport in fused salts and the
structure of the liquilds,

It 1s concluded that the critical void free
volume theory due to Cohen and Turnbull is the most
applicable of the contemporary thoories to conductance
in molten nitrates, It 1s found that the ratio
E,/Ep and the quantity AV “For molten nitrates are
similar to those for other liquide, and that hence,



the mechanism of transport is dependent only on
the short range attractive and repulsive forces

and not on the long range coulombic forces,
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CHAPTERI1

INTRODUCTION




1., GENERAL

Most measurements of the transport properties
of molten salts have been made at atmospheric
pressure, The interpretatiqn of the effect o f
temperature on the properties i=, therefore,
complicated by the fact that both the transport
rate and the density change simultaneously with
temperature at constant pressure. Fused salts
have more free volume than most other liquids,
but 1little is known of how this space is distributed,
nor how it affects transport properties, As the
transport‘properties of the liquid are undoubtedly
sensitive functions of the amount and the nature
of the unoccupied volume present, the results of
ﬁraﬁsport experiments at constant volume are
likely to be of great value in indicating the
direction which theoretical treatments could most
profitably be developed, |

To evaluate precise energies of activation
at constant volume, it is necessary to measure
the pressure dependence of a transport property
and the change in volume of the melt with pressure
at a series of temperatures. Although diffusion

may be considered the more fundamental property,



in that transport of an individual species 1is
studied, conductance has the practical advantage
in that measurements can be made more accurately
and also continuously. From oonduotanoe measurements,
the activation energy at constant pressure 1s
Tfound to vary with temperature, but so far none
of the diffusion measurements made have been of
sufficient accuracy to detect a similar dependence,
It is, therefore, proposed to study the effect
of pressure and temperature on the conductance and
volume of fused salts. In this initial work,
nitrates will be studied as they are non-corrosive
and have low melting points buﬁ, eventually, 1t is
intended to extend the measurements to the alkall

halides,

2. STRUCTURE OF FUSED SALTS

Compared to solids and gases, our understanding
of the structure of the liquld state is very
unadvanced, A s0lid may be regarded as an ordered
regular arrangement of atoms and a gas is usually
considered as a random distribution of atoms or
molecules, Liquids, however, have proved to be
more difficult to describe, especially fused salts
where long range coulombic forces as well as short

range forces are acting.



For molten salts, the change in volume on )
fusion is approximately 20% and Bockris and Richards (2
showed by velocity-of gound measurements that only
2% of this volume change comes from the positional
fluctuation of the ions, the rest is distributed
rendomly throughout the melt,

X-ray diffractidh technliques have proved
to be one of the most useful experimental methods
in elucidating the structure of liquids., Zarzycki
(2) and Levy et alv(a) have shown from radial
distribution functions that a high degree of short
range order exists in‘fused gsalts but no 1dng range
order, Comparison with the solid salt showed that
the internuclear distance aﬁd the co~ordination
number decreased on fusion by 5% and 20% respectively.,
In the second co-ordination shell, the'average riumber
of lons was apparently about half that found in solid
NaClg

The simpiest theory of the molten state consistent
with these observations is the vacancy model, originated
by Frenkel (+) and developed by Bresler . The
liquid is regarded as a disordered form of the solid
and 1t is assumed that the major part of the large
volume change on fusion ls due to the formation of

Schottky defects, These occur in every sixth position



in the interpenetrating lattices causing the
breakdown of long range order, It was thought
that this model should apply especially to fused
salts where there ls a strong coulombic force to
maintain close neighbour contact, This theory
has now been superseded by the hole model in which
the structure of the liquid is regarded as a
disordered form of the corresponding solid in=
corporating holes of varying size, Lumsden ()
however, has suggested that it is not necessary

to regard the liquid structure as being derived
from that of the same solid, For example, liquid
NaCl can be considered as a dlsordered form of the
zinc blende structure which already exhiblts fourfold
co;ordinatibn; The hole theory is discussed in
mofe detail In the following sectlon in connectlon
with theories of transport,

The 1liquid state can be considered from an
alternative point of view, Zernicke and Prins 7
suggested that a liquid resembles a compressed gas
in which the free volume 1s small compared with the
space occupied by the atoms and on meltlng, a uniform
expansion of the lattlee occurs. Swalin's (8]
and Cohen and Turnbull's ) theorles were derilved

from this model assuming that the free volume, instead



of being uniformly assoclated with each cell, 1s

rendomly distributed throughout the liquid,

These models will be diséussed more fully later,
It 1s not the purpoze of thls work to review

the statistical mechanlcal approach to the 1iquid

state but these theories will be briefly dlscussed

in the section concerned wlth transport in molten

salts,

3. THE STRUCTURE OF NITRATES

Theorles of fused salt structure are usually
applied to alkali halides which are consldered
typlcal ionic¢ liquidsa With nltrates some addlitlonal
aspects must be examined, Fdr instm ce, compared
to typlecal ionlc salts, the nitrates show low melting
polnts, small volume changes on fusion, high entroples
of fusion and a low ratio of the heats of actlvation
for viscous flow and conductance, It has been
supposed that the low meltlng points of the alkall
nitrates can be accounted for by anion-cation
association, This association was thought to be
due to the fact that 1In the crystal the three=-fold
axis of each nitrate ion 1s constrained in the crystal
but on melting, the restriction is removed and closer

packing of the lons becomes possible, Although the



change in volume of the nitrates is much less than
the alkall halides, the unoccupled wvolume in the
liquids is very similar, Cleaver (10) found that
just below the melting point of potassium chloride and
potassium nitrate, the concentration of defects 1s
approximately the same and that the low melting point
of the nitrate 1s related to the ease with which
defects can be formed in the solid salt and not to
the presence of complexes,
(11) (12)

Ubbelhode and Fdrland consider that
the high entropy of fusion 1is one of the major reasons
why nitrates have low melting points, The entropy
can be broken down into three parts due to position,
orientation and association, Fdrland suggests that
the orientatlion entropy predominates whilst Ubbelhode
regards the assocliation entropy as the largest part )
of the fusion entropy.

Although the activation energles for nitrates
and chlorides are very similar, the transport para-
meters of the nitrates are smaller than thése'of the
chlorides, Janz and James (28] using the data in
their paper, conclude that this is due to the small
value of the exponential term in the Arrhenius equation

and suggest that as the temperature is raised, the

exponential term for the nitrate approaches that of



the chloride, Moreover, the thermodynamic
properties of the halide and nitrate melts are
very similar (1) and it is, therefore, concluded
that except for the melting point phenomena the
nitrates resemble the chlorides,

b) MODEL OF THE NITRATE ION

There are two conflicting opiniong of the)
shape of the nitrate ion, Janz and James 13
considered that the nitrate lon consists of a
sigma bond framework formed by the overlap of
‘sp hybrid orbitals on the nitrogen with p orbitals
on the oxygen, and 47 bonds in which there is a
large measure of delocalisation, X-ray data shows
that the N-0 distance is 1.218 & and the 0-N-0 bond
angle 1200, and empirical calculatlons give the
radius of the nitrate lon between 1.78 & to 2.3 4,
Due to the presence ¥ bonds, a dlsk of 2,31 A
radius and 2.2 R thickness was suggested, A
spherical ion would involve rotation and for this
to occur an entropy of fusion of 25 e.u, would be
required, - This has not been observed experimentally
and it was thought that a spherical lon is only
likely to(§§§st at extremely high temperatures,

Furukawa calculated that completely freec rotation

of the nitrate ion requires a volume of at least 379



9

larger than the actual value.

Conversely, Rhodes (16) treated nitrate ions
aa hexagonal close~packed spheres of radius 2.32 Xa
In the case of potassium nitrate, the nitrate ions
occupy 42.6 ml per gram ion, leaving 12 ml for the
cations. However at 350°C, from the molar volumes
of mixed nitrate melts of potassium and calcium and
assuming that the calcium ions fit into the interstices
between the nitrate ions, the actual volume was less
than the calculated value, It was then sugéested
that the nitrate lons must have contracted together.

Angell ) agsumed that the nitrate ion
rotates freely and behaved as a gpherical ion of
radius 2.19 R. This radius was calculated by Kleppa
and Hersh (28] from the high temperature Cs Cl
structure of RbNO3 and T1NOgz.

It is concluded that although a disk model may
be favoured at low temperatures, treating the nitrate
ion aa an equivalent sphere will not be greatly in

error, However, this question is further examined

In the discussion section.

4, THEORIES OF TRANSPORT IN FUSED SALTS .

e) CONDUCTANCE
The majority of fused salt transport measurements

have been interpreted in terms of the rate theory or
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the theory of transition states; This principle
was applied by Bockris; Kitchener, Ignatowicz and
Tomlinson (29 assuming that in the absence of an
electric fleld the three dimeﬁsional jumps average
out, but in the presence of a potential gradient;

the activation energy is lowered in the direction

of the field, The conductance equation is given by

X
N =12z e. . F 2] L B ‘
_/\_L 0 "L exp;ﬁ({o (1.1)
6 h RT

where z is the valence of the ions, e, the electronic
charge, F the Faraday, h Planck's constant, L is the
jump distance andszGi the energy of activa?ion.
Bockrig, Crook, Bloom and Richards (20 derived
a gimilar equation but were in error, ag they combined
the one dimensional and three dlmensional jump schemes.(SV)
Théir model consisted of spherical lons amongst which
are randomly mixed a number of holes, equal to the
volume change upon fusion, Conduotance involved
the migration of lons by a series of jumps from one
eqr ilibrium position to another and that each jump
requires an energy of activation, In liqulds, the
activation energy for the mechanlsm of Jjumplng of an

ion into a hole may be regarded as consglsting of two

parts, Firstly, the energy redquired for the formation
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of the holes and secondly, the energy necessary for
the molecule to move into a hole, Results have
shown that plots of activation energies against
temperature where the volumes are allowed to change,
are of varilable slope showing that the factors
contributing to the activation energy are complex.

The rate theory has produced little advance in
explaining the energies in terms of measurable
properties of the salts and no clear account has
been given of the variation of activatlon energy
with temperature. As no other theory has been
deriﬁéd specifically for conductance, the relation
between conductance and diffusion will be examined.

The Nernst-Einstein equation which relates
diffusion, D,, and condudtance, ./\.was originally
derived for dilute electrolyte solutions and is
given by

D, = RT , Mf\.t (1.2)
z F

where z 1s the ionic charge and F 1s the Faraday.
This equation 1s only known to epply in very dilute
solutions 21), where the concentration of ions is
very low and 1n ionic solids where the concentration

(22)
of defects controls both conductance and diffusion
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For fused salts, conductivities have been
calculated from diffusion coefficients using the
Nernst-Einstein equation but it was found that the
experimental conductivity values were much smaller
than the calculated values, According to Sundheim
(25), the values for NaCGl are 40% low, for NaNO,

40% low and for CsCl 21% low; the deviation increases
with increasing temperature,

The deviations from the Nernst-Einstein
equation have been accounted for in several ways,
Bockris and Hooper (2e) suggested that movements
are possible which do not contribute to conductance
but by simultaneous movement of a cation and anion
contribute to diffusion, This was originally suggested
for solids but should be ﬁore applicable to molten
salts where the large free space would increase the
probability of paired vacancy formation, The
concentration of such holes would also, increase
with temperature.

(25, 26) (22, 27)

Klemm ; and Laity » have proposed
that interference between ions, moving in opposite
directions, under the influence of an applied field
is responsible for the deviation.

The use of the Nernst-Einstein equation does
not seem to be a frultful approach, although Angell

(28)
used the squation to obtain values of ED from EJ\.
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Howéver, although there may be no direct relation
betwesen diffusion and conductance it is useful to
examine theories.of diffusion since the fundamentél
physical models involved may be applicable to

conductance,

b) DIFFUSION

"1, The Hole Theory
(77)
Furth's hole the?rg has been applied by
1l
Boekrls and Richards to the calculation of

thermodynamic properties of fused salts and, in
conjunction with the activated state theory, by
Bockris and Hooper (2¢) to diffusion in alkali
halides,

The hole model differs from the vacancy model
in that the holes are not Schottky defects but are
randomly distributed and arise by means of denslty
fluctuations, These holes, which need not be
spherical, are assumed to vary in size from those
which are too small to accomodate an ion, to others
into which ions or ion palrs can migrate, Combinin
the hole theory with X-ray measurements, Bockris (29
suggests that the liquid may have a tighter interionic

packing and if 1t were not for the holes, there would

be a volume decrease on melting, Furth considered
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that the holes in the iiquid were analogous to

the mblecules and molecular clusters in dense

gases rather than to vacancies in the solld state,
but his calculations showed that the size of the |
average hole was smailer than that of a single gas
molecule, From the gize distribution propoged by
Furth, Bockris and Richards ) showed that the most

probable hole size is given by

¥T | 3/2 (1.3)
v, = 0.68( Y )

where 8 1s the liquid-ﬁapour interfacial tension.

To calculate the size of a hole in the melt, the
measured surface tension of the liquid was used,

The use of the macroscopic surface tension in
calculating the size of an ionic hole has been discussed
by Riess et al (20) who concluded that the effect of
curvature of the hole on the surface tension is not
large, At the same time, Stillinger (s1) considers
the use of macroscopic surface tension to be very
inaccurate. Blander et al (52) used a similar
assumption in calculating gas solubilities in melts
and found the result was only correct within an order
of magnitude, |

(24)
From this theory, Bockris and Hooper - derived
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the following formula for the heat of activation

at the melting points=~
( AH ), = 5,55 Ry (1.4)

where[klalis the work of hole formation per mole
of holes. ' They found that this could be applied

to molten salts within ¥50%, This work was

(33)
extended to other liquids by Nanils and Bockris
who used a slightly different equation,
AE = 3,74 RT (1.5)

where /\ E is the energy of activation of self=
diffusion, However from the graph in thelr paper,
it is seensthat the energies for Na In NaNOS, Na
in Nal and/§n SrClpare identical whereas the melting
points are 307, 659, and 873°¢c respectively, |
According to the hole theory the activation
energy is ldentified with the surface energy.of
formation of the hole, This view, as recognised
(34) (35)
by Frenkel and Nachtrieb also leads to
the expectation that the energy of diffusion be
proportional to the heat of vaporisation but
experiment shows no such correlation between the

(8)
two quantities .
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2« The Density Fluctuation Theory
(8)

Swalin devised this theory from the quasi~

random model and assumed that transport in liquid
metals results from local density changes by means
of which the atoms can move small and variable
distances., The self-diffusion coefficient was

found to be represented by
D= 1.29 x 107 12 /AHV/az cn® sec™t  (1.5)

where /\ H in the heat of vaporisation,ﬁis related
to the slope of the morse curve and may be evaluated
from the force constant data of Waser and Pauling (56).
A direct result of the theory is thaf there 1s no
activatlon energy and the slope of loglOD versus 1/T
should have a value of 2 RT and be Independent of
the properties of the diffusing specles, This
theory has been applied mainly to liquid metals where
1t is found that the activatlion energy 1s proportional
to the temperatufe and the diffusion coefficient 1is
approximately proportional to Tz.

For molten salts, E/RT has an average value of
3.6 which is considerably higher than that predicted

by Swalins's theory. Even if this theory was

recalcﬁlated using a more realistic distributlon



17

function and a coulomblc energy equation, it is
doubtful whether it wuld apply to fused salts,
due to the large amount of free volume, A theory
is, therefore, needed which considers the free
volume and ilon movements of approximately atomic

dimensions instead of micro jumps.

3. Critical Void Free Volume Theory

In this theory, the movement of the particles
does not depend on an activation energy but on the
distribution of free wvolume in the liquid, It has
an advantage over the rate theory that the temperature
dependence of transport is stated in terms of other
measurable properties,

Cohen and Turnbull'!s free volume theory (o) is
based on the concept that an ion can only move when
a void above a critical slze appears adjacent to it,
The critical void size is that which just allows a
neighbouring ion to jump into the original position
following the displacement, The voids are considered
to arise by the distribution of the free volume
existing in the liquid and not as a result of an
activation in the(%%%%nary sense, These ideas are
similar to Rice's theory of diffusion in crystals,

A velation was derived bestween the diffusion

coefficient, D, and the free volume, Voo
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D = gau exp(. =~ Y vyvf ) (1.6)

where g is a geometric factor, taken as 1/6, a

i1s the jump disﬁance or approximately the ion
diameter, u is the gas kinetic velocity, (3kt/m )%5X
1s a constant to correct for the overlap of free
volume which should lie between % and 1, and v~

is the critical void volume, The free volume is
agsumed to be equal to the thermal expansion above

a temperature To’ where the free volume starts to

appear, This 1s given by
Ve w V(T =Ty ) - v, Bp (1.7

where O{ is the mean value of the coefficient of
expansion in the range T to TO and Gh is the mean
molar volume, The second term gilves the pressure
dependence where /3 is the mean compressibility,

and §p the mean molecular volume for the pressure
increment P, The complete expression for diffusion

is then
(1.8)

D = ga(3kT/m)Fexp -YSJVQ/E“"’m (T - T,) '?’pf{PJ'

' T, 1s assumed to be equal to the glass transition
temperature but when TO is zero the equation 1is

similar in form to that obtained from the rate theory,
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Cohen and Turnbull applied their theory to
organic liguids and liquid metals and found that vX
was near to the van der Waals volume for organic
liquids and the ion core size corresponding to the
highest valence state of the metal, Values of

b v*/e for fused salts have been calculated by

Ta8) (39) -

Lunden and Angell taking v m as the
volume of the ion, The void size was approximately
that of the lon and, considering the similarity
of ED for cation and anion, Angell concluded that
the free volume in molten salts was distributed
between cations and anions in proportion to their
sizes,

A critical test of the theory 1s the temperature

dependence of transport, The diffusion coeffilclent

can be writtens-

1

D = AT® exp( -K/T - T ) (1,9)

and ¢ 1nD = -BEp = -5T - K (__ T )2 (1.10)
a(y/T) R T %

Plots of log,D against 1/T should be curved but as
measurements on molten salts have only been carried
out over small temperature ranges the curvature is

scarcely noticeable,
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(28)
This theory has been applied by Angell

who used glass forming melts in the system Ca (NO )2
3

and KNO5 and found an exponentlal dependence of
conductance on 1/(T - T ), where T, 1is the glass
transition point, He zpplled various values of

TO to his data and selected the one which gavé the
best fit, This corresponded very well w%tg)the
experimentally observed transition point ‘ .

A graph was constructed relating~T° and the mean
cationic strength of various molten salts and
mixtures, Howeﬁer, the ratio of the vold volume

to the ion volume was found to be in thé ran ge

0,5 to 0,25, which is about half that found by

Cohen and Turhbull for molecular liquids, Moreover,
the values of the pre-exponential constant calculated

t . ,
fromy%ohen and Turnbull formula were an order of

magnitude greatér than the measured values,

4, STATISTICAL MECHANICAL THEQRIES

(41) _
Rice and Allnatt have examined the

equilibrium properties of an idealised ionic melt
consisting of anions and catlons of the same size
and electronic configuration, except for the change

of sign, Transgport was defined in terms of rigid
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core collisions between two particles followed by
a Brownian type movement in the fluctuatin force
field of the neighbouring ions, Rice a2 examined
the relaxatlon behaviour of this simplified melt
and togéther with Allnatt er) concluded that only
short range forces affect the motion of ions and,
therefore, transport coefficients, excluding
conductance, should be similar to those 1n liquid
inert gases.

| (42)

With regard to conductance, Rlce considers
that there will be frictional forces arlsing from
the asymmetry of the local ionic sﬁructure. ‘This
agymetry will be greater for conductance than
diffusion due to the movement of the surrounding
ions under a potential gradient,

Calculations showed that the viscosity of liquiad
potasslum chlorlde, where rK*Q:rGl_Q’rA may be
compared with those of liquld argon with reasonable
agreement, If, however, coulombic forces were
considered the values were too large by a factor of 4,

Further evidence was glven by Angell and
TomlinsonMS)° If transport properties were

determined by the coulomb potential, the values of

Dy and D "for T1Cl should lie above those for RbCl,
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In fact, it was found that they fell beiow those
for CsCl which 1s to be expected for a salt with

a high van der Waals energy, a cation with a

Xe core and a higher polarisabllity than Cs.

The low values of the transport properties of lead
chloride compared to those of ecadmium chloride
were related to the high polarisibility of the
lead ion, The importance of short range forces
was stfzg§ed by Stillinger (a) and Relss and

Mayer in calculating compressibilitles and

gsurface tensions of molbten salts,

4, SOLUBILITY OF GASES

As the pressure 1s transmitted by a gas it 1s
essential to have some knowledge of the gas solubilityi

Measurements of inert gas solubilities in molten
(32, 46, 47)
fluorides have besn made by Grimes et al )

by equilibrating the salt with gas, removing the
salt, flushing oubt the gas and determining the

inert gas(co?tent with a mass spectroscope,
48
Copeland used an alternative method where the

golid nitrate w%s subjected to argon pressure, the
Trom

salt melted, and/ the pressure change, the solubility

of the gas was calculated, Depression of the(fr§ezing
‘ 49
point wasg used by Frame, Rhodes and Ubbelohde to
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caleulate the solubilities of various gases in
nitrate melts. For oxygen and nltrogen the
depression was less than 0,01°C which indicated
that the solubilities wére less than 10_5 mole/ cc
of salt.,

. (50)

Bockrisg, P1lla and Barton attempted to
determine the change in volume on fuslion by measuring
the pressure chénge of an inert gas over the system,
To obtain values of the volume changes which agreed
with previous measurements, they had to allow for
e gas solubility of 1078 mole/ cc of salt,

The solubllity of a gas depends uponfits partial

pressure and is given by Henry's law:=

P -~ kX (1,11)

g - 1
where Pg is the pressure of the gas, k 1s a
proportionality constant, known as Henry's law
constant, and X1 1s the amount of gas in the llquid,
Henry's law 1ls only strictly applicable at low |
pressures because at high pressures the law becomes
lesg exact and it is found that the proportlonality
constants exhibit considerable variation (51).
(32, 46, 47)

For fluorlde melts the law is

obeyed within the experimental precision of 35%,

but the pressures used did not exceed 2,07 atm,
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(48)
Copeland made no mention of the applicability

of the law to hls results, It is suggested by
Frchlich, Tauch, Hogan and Peer (s2) that solubllitles
may be considered as linear functions of pressure
provlided that corrections for the deviations from

the ideal gas law dre applied, |

The golubility of most gases in liquids decreases
with increasing temperature, However, Grimes et al
(32, 46, 47) .
found that the gas solubillties increased
with Increasing temperature to give position heats
of solution, This occurs for relatively insoluble
gases,

Blander, Grimes, Smith and Watson interpreted
their results uslng a similar model to Uhlig (53).
This model assumes that provided the dissolved gas
does not Interact with the liquid, the free energy
change on solution is related to the surface energy

of the hole created by the gas, The following

reaction was consldered

X(g, Cg) f=1 X(d, Cd) (1012)

where Cg 1s the concentration of the gas and Cq is
the concentration of the gas in the liquid, The
free energy change on solution was equated to the

surface energy of the hole by the following equation:-
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.o ’ (1.15)
RT 1n fg - kA\Am.
1
Cg c
2

where for a spherical atom kA is 18,08r (r is
the radius of the gas atom in R)pndﬁ i is the
microscopic surface tension, By assuming that
the microscopic surface tenslon 1s the same as
the macroscopic surface tension, 1t was found
that the calculated values of the solubllity were
within an order of magnitude of those found

experimentally.

5, PREVIQUS TRANSPORT MEASUREMENTS
AT HIGH PRESSURES

Much work Has been done on the effect of
pressure on the propefties of liqulds anhd solids
but it 1s only recently that the results have been
applied to transport theories, It was not until
1951 that transport properties were studied at
constant volume when Jobling and Lawrence (54)

examined the viscosities of benzene and carbon

tetrachloride,

a) DIFFUSION

Values of the pressure depend?nc? of self-
55
diffusion of carbon tetrachloride , diffusion
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of ilodine in carbon tetrachloride (56) and the
self«diffusion of 2,2 dimethylhexane (s7) were
used by Cohen and Turnbull to test their theorys
The experimental values were slightly less than
those given by the theory. However, when a
similar calculation was applied to liquid metals,
the theoretical values were greater by a factor
of ten than those found experimentally by Petit and
Nachtrieb (35:-58). Consequently, Cohen and
Turnbull modified the pressure dependent term in
their expression to 'x'r._/\..ﬁ A P, where AFis the
compressibility difference between /3T and ngQ.
This is described more fully in the discussion.
(35, 58)

Nachtrieb and Petit measured the
activation volume in liquid gallium and meréury
and found that the values were approximately 1/20
of those for the solid, This is consistent with
the view that in the solid a vacancy has to be
formed before diffusion can occur while in the
liquid, the activation volume merely represents
a dilation accompanying Jjumping,

Tricklebank, Nanis and Bockris (59) determined
the self diffusion coefficients of sodium 22 in
molten sodium nitrate at 350°C and up to 800 bar

and found the activation volume was 10.,7X¥ 1.4 cmsc
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The extension of this work by Nagarajan, Nanls
and Bockrisg (eo) showed that the activation energy
at constant pressure did not change with pressure
and the activation energy at constant volume was
0.72 £ 0,17 kcal mole ~.  These workers (or)
have also examined diffuéion in CsNO, and the
viscosities of these melts, However, not too much
religblility should be attached to these results as

will be shown in the discusslon,.

b) CONDUCTANCE

A number of workers have examined the effect

of pressure on the electrica% c§nductivity of ionic
62
crystals, Jost and Nehlep have measured the

conduction of AgCl and AgBr to 300 atm and 30000.

Similar measurements have been made by Shapiro and
Kolthoff (63, 5¢) on AgBr and thils work was extended
by Kurnick es) to AgBr doped with CdBrz.
Activation energies for both Frenkel and Schottky
defects, mobility energy for silver wvacancles and
interstitials, and the activation and mobility

volumes were calculated,
(10) |
Cleaver measured the pressure dependence
of the conductivity of pure potassium nitrate and

potassium nitrate doped with 0,015 mole% Ba(NO; ),
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and found that the volume of activation for the
migration of cation vacancies was 9 ml/mole at the
melting point,.

The first attempts to measure the efféect of
pressure on the conductances of ionic solutions
were made by Colladon and Sturn in 1827 (66), since
then there have been a large number of measurements
but very little application to transport theories,
In 1961, Brummer and Hills (e7) measured the
temperature and pressure dependence of conductance
of dilute electrolyte solutions in water, methanol
and hitrobenzene. It was found that energies of
activation at constant pressure and constant volume
are substantially different and that Ep was a function
of temperature, whereas, E_ was not. However, both
were sensitive functions of the volume of the system,
Their work will be discussed in detail in conjunction
with the present results,

Conductivity measurements have been carried out
on molten sodium nitrate by Copeland et al (48) at
369°C at atmospheric pressure and at 362 atm, where

it was found that the spscific conductance had

decreased by 5,7%.
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¢) DENSITY

(68)
Bridgeman has iInvestigated a wilde range

of organic liquids and some rare gases at several
temperatures and at pressure up to 80,000 atm,
It was found that most liquids contract by 20 - 30 %
of thelr initial volume when the pressure is ralsed
from 1 atm to 1200 atm, The compressibilities
decreaééd by about a half in the same pressure range.
The compressibilitles of molten salts at 1
atmosphere pressure have been defermined by Bockris
et al by the indirect method of measuring

ulbtrasonic veloclties and applying the equatlonss=

ng ) ~uBu (1.,14)
and G -1 LT | (1.15)
CP

where {37 is the lsothermal compressibility, 'X
1s the ratio of the specific heats, V is the volume,
uy 1s the ultrasonic velocity, M 1s the molecular

welght, T is the temperature and C_ is the specific

p

heat at constant pressure, The ultrasomic (69)
69

veloclties were redetermined by Higgs and Litovitz

who found slightly lower values than Bockris, dbut
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the experimental error obscures any effect these
regults would have on {%T' This method suffers

from the disadvantage that the compressibility

is obtained at atmospheric pressure and no indication
is given of 1ts pressure dependence, More recently,
Owens (70), has determined the density of molten

nitrates up to 10,000 atm using a direct piston

method but the results are not available,

7. ORIGINS OF PRESENT WCORK

Activation energies for conduction in fused
salts at constant pressure are not independent of
(71, 73, 74) (72)
temperature . Klemm differentiated

the Arrhenius equation,

/4&: JA\exp ( - E_ ) (1.18)
<0 RT
and obtained, (1,17)
| T gH
d 1n/\ = H = H - - d 1n/\es
3 (1/RT) &pp 3T & (I/RT)

Agsuming that J\Wpis independent of temperature,
it is seen from the differential that the temperature

dependences of H and Happ differ radically whenever

d H ﬁ;é; 0. For potassium nitrate Eo decreased
dT &P

(73)
by 20 % in the temperature range 520°C to 440°C

and in the case of sodium nitrate a decrease of 10 %



31

o (74)
occurred for an increase in temperature of 50 C .

Using the absolute rate theory equation for conductance,

XL,: é ZEF 12 exp( Jﬁg%o ) (1.18)
RT

and the following expressions for the energles at

constant pressure and volumeg=-

[av}

E = RT

Oln K
5 ( ?E—T— )P, (1,19)

E = R0 ( 21n K )
v O T Ve (1,20)

(67)
Brummer and Hills obtained

E -FE = (TT+P)AV 4+ 2 RT%(  (1.21)
P v )

where TT i1s the Internal pressure, ﬁ&V‘, the
activation volume and 2/3 RTeoL is derlved from

the temperature dependence of the jump dlstance,

It is obvious from thils equatlon that it is

unlikely that both Ev and Ep are Independent of
temperature since || ,LxV‘, and % RT%{ are functions
of temperature,

The slope of 1n \._versus 1/T is [xU*, at
constant volume, and AU+ (T 4+ P )AV 4+ 2/3 RT%(,
at constant pressure, Not only is the second
expression more complex but as L&VA depends on the

volume, a change in volume must alter Ep,
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If the 2/3 RT®< term can be neglected, the
internal pressure taken as Eﬁﬁ, and the activation

volume as - RT ( E%%%E ) the equation approximates

T.’
to

2 o
d lIn K (1,22)
E -E -~ RT =
P v - (‘cTP"")T

when P is small, This is the same as the expression
(75, 76)

used by Hiraoka, Osugl and Jono in the

Interpretation of their diffusion w rk,

The purpose of this work is to determine the
values of E, Ep and A V¥ for molten salts and to
examine them in relation to contempory theories of
transport in molten electrolytes,

Measurement of the activation energy at constant
volume affords a critical test of the hole theory,.
The total activation energy for the mechanism of ions
jumping into a hole or vacant site may be regarded
as ﬁhe sum of the jump energy and the energy of hole
formation, In the absence of any structural changes
over a limited temperature range and if the volume of
the liquld is kept constant, the number of holes may
be regarded as unchanged, The activation energy
obtained from measurements at constant volume 1s E ,

v

the energy of gumpingg From hole theory Bockris

(24
and Hooper suggest this should be very small
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compared to the activation energy at constant
pressure,

If it is assumed that conductivity can be
appiied to the Cohen and Turnbull equation, 1.8,
the egquation can be tested In tw ways, At
constant volume the conductance should vary as
T% and from the equation, the pressure dependence
of conductance can be estimated using values of
T, gilven by Angell (28), and by assuming that v
approximates to Vm‘

Measurements at high pressures on molten salts
should give some indicatlon of which theory is most
applicable as each theory suggests a completely
different pressure dependence of trahsport. Ag
measurements have been obtained on other systems
at constant volume, comparisons of the data should

exemplify the differences and similarities between

molten electrolytes and ordinary liquids,
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CHAPTER 2,

EXPERIMENTAL SECTION
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1, GENERAL

The design of high pressure equipment depends
on the pressure and temperature at which the
measurements are to he made. It was intended that
the apparatus should work up to 1OOOOC and 1000
atmospheres although in the present work the maximum
temperature was ohly 500°¢, As the eventual working
temperature of 1000°C exceeds the point where metals
start to lose their strength, the bomb must be
heated internally. |

The cost and ease of manufacture are related to
the size of the bomb, and this in turn, is controlled
by the dimensions of the furnace. To obtain accurate
conductance and volume measurements, vessels are
required which are approximately half an inch in
diameter, open at one end, and maintained within
iZOC over a lengbth of one and half inches, Although
there are considerable advantages in thermal behaviour
at high pressures in a horizontal furnace, only a
vertical furnace will accomodate the vessels with
economy of spacé.

Argon is most suitable as the coﬁpressive medium
as it does not react with metals, has a smaller
compressibility than either helium or nitrogen and

is readily available in a high degree of purity.
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Moreover, furnace windings appear to suffer less

embrittlement in argon,

o, PRESSURE CIRCUIT

The circuit diagram 1s shown on page 37,
The gas enters the pump through a filter from the
eylinder and, after compression, is glven a further
filtration to remove oil droplets before passing
into the bomb,

There are two pressure gauges, calibrated to
800 atm, and 1500 atm, respectively., Up to 500 atm,
the low pressure gauvge is used but at greater pressures,
valve 7 is closed and the pressure read on the 1500
atm, gauge, If valve 7 should leak, valve 8 can be
opened to relieve the pressure, The pressure ingide
the bomb is reduced by opening valve 4 to allow the
gas to flow into the storage vessel whers it can be

used for the initial compression in the next run,

3, DESICGN OF HIGHE PRESSURE EQUIPMENT

a) FACTORS AFFECTING DESIGN

All pressure vessels have to be designed in such
a way that no permanent deformation occurs during use,

The pressure is not the only factor controlling the
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onget of failures temperature, thermal stress,

fatigue and corrosion are just as important,

l. Internal Pressure

For safe design it is essentlal to have some
criterion of elastic fallure which gives the pressures
necessary to cause the material at the bore to vield
and for the vessel to burst.

Most experimental evidence shows that for

ductile materials the Octahedral Shear Stress

(78)
criterion is valid . This states that
o 2
y (¥ -1) (2,1)
o) = T
P73 k

where % is the yield pressure, c& is the 0.1% proof

stress and k 1s the ratio of the external dilameter
to the internal diameter, However, the true margin

of safety between the work%ng)and bursting pressures
78 '

is given by the formula:-

p = 2 d -

S ) - (2.2)
k+ 1

where Pb is the bursting pressure, P ls the working

pressure, o, 1ls the ultimate tensile strength of

the material, and k is the ratio of the dlameters,
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(79)
According to Dodge a thread will not

shear 1f the threaded length 1s equal to the thread
diameter, In calculating strésses in threads 1t
was necessary Eo make an allowance for the tightening
up stress which may be as high as 50% of the pressurse
stress. Where the thread diameter was greater than
its length, the total load was divided by the area
taking the strain to give the shearing force on the
thread, |

The accepted safety factor when working at
1000 atm. is 2,5 on the yileld point or the 0,1% proof
stress of the material, When the apparatus was at
1000 atm. all the stresses were less than a third of
the 0.1% proof stress of the materials and gave a

safety factor of at least seven on the bursting pressure,

2. Temperature

Temperature has two distinect effects on the
mechanical behaviour of pressure vessels, Firstly,
there is cresp which occurs in all ductile materials
under continuous load, but only becomes a serious
factor above a critical temperaturs which for medium
alloy steels is 350°C higher than the anticipated

internal wall temperature, The second effect 1s due
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to the thermal stresses, which are set up in the

wall by a temperature gradient causing each part

of the vessel to expand an amount which is dependent

on the temperature, The combined thermal and

pressure stresses in an internally‘heated bomb are

always lower than the largest stress acting independently,

The maximum temperature gradient a vessel can support

(78)
without yielding at the bore is given by .
; 1 2 ~1
T n(189) o= k” =2 (2.3)
vy TXE Y| k- 1 Zlnk

where Ty is the temperature gradient, v is Polissons
ratio, ol is the coefficient of linear expansion,

E is Young's modulus, and k is the ratio of the
diameters, For a medium sized pressure vessel the
maximum permissible temperature gradient is about
15000. An approximate calculation shows for a

bomb 4" in diameter with a wall thickness of 1" and

a furnace at 1000°C surrounded by refractory the
temperature gradient in the wall is 20°C, To find
the stress on the interngl wall the radial, tangential
and axial components of the thermal stress are
combined with those due to the internal pressure,

With an internal pressure of 1000 atm, and a temperature
gradient of 20°C in the wall, the stress acting on

the inner wall of the bomb described above is 7,800
PeSe.i, or 530 atm, which effectively doubles the
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safety factor, .

3, Fatigue

The majority of cases of fatigue fallure
occur in pumps and compressors where there are
continual fluctuating stresses, - There was no

failure in either the compressor or the pressure

vessels,

4, Gorrosion

Argon is inert and as the gas is dried there
. should be no corrosion, However, it was found
that, during use, a thin coating of rust appeared
on the inside walls presumably due to the water
absorbed in the refractories when the bomb was
left open to the air, This could be cleaned off
with emery paper leaving a perfectly smooth surface,

(80) (81)

Both nitrogen and helium attack
steel but only under more extreme conditlons than
those under consideration,

b) CONSTRUCTION OF BOMB AND STORAGE VESSEL.

The materials available for high pressure
construction are restricted to steels, nimonlcs and

beryllium copper. Plain cerbon steels are occaslionally
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used, but alloy steels are preferréd because of
the better physical properties that can be
developed by heat treating, The alié&asteel
éhosen for most parté of the bomb;’storage vessel
and filter was En 24; The device to measure the
volume changes was activated magnetically and the
high strength material selected was befyllium
.copper. The bomb and storage vessel were
essentlally cylinders in the annealed condition,
~which were purchased from Keetons Sons and Co, Ltd.,
Sheffield, already drilled out‘to size and only
required facing and threading, AZ2.,5% beryllium
copper rod was kindly donated by Telcon Metals Ltd,,
Crawley; in the solutlon treated condition, As
berylllum is.toxic, the rod was machined under oll
as recommended by Paul, Benedek and Warschauer (88)
and then heat treated for 3 hours at 315°C to give an
ultimate tensile gtrengbh of 70 - 75 t,s.1., and a
yield gtrength of 62 « 68 t,s,1, After heat
treatment it was almost impossible to machine,

There are several factors influencing the
cholce of closure including; slze of vessel, working
pregsure, number of electrical leads énﬁering the
bomb and the frequency with which the closure will

be removed, It was anticipated that during the
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preliminary experiments the closures would be
dismantled frequemtly and, therefore, it was
essentlal that the closures be easily removed and
that the sealling faces, which are pressed tight,
should not turn against one another, For medium
diameter vessels, such as the bomb, the most
suitable closure was the compression head and for
larger cylinders the cap ring closure, Both
closures incorporate a ring of bolts which bear on
closing plugs and provide the compression necessary
to effect the gasket seal onto the face of the
cylinger, These closures need not be removed
entirely, but only loosened, after whilch the
complete head can be removed, The compression
head was used for both ends of the bomb and is
shown on page 44, One plug was attached to the
hollow beryllium copper cylinder, whilst the furnace
leads and thermocouple wires were brought into the
bomb through the other, As the external diameter
of the storage vessel was larger than that of the
bomb, a cap ring closure was used in which the ring,
containing the bolts, was threaded inside the open
end of the cylinder, The material for the closures
was recelved as 7" diameter round En 24, This was

machined out roughly to size, heat treated to 60/65 t.s, 1.
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tensile strength to give a greater hardness than
the cylinder so as to resist the tendency for the
threads to seize when the bomb was under load,
All the bolts were B.S.F, "Unbrako" socket cap
screws of 95 t.,s.1. tensile strength which were
ground flat at the compression end,

By immersing the bomb in a coolant 1t was
hoped that the gaskets would not rise above 100°¢C,
For this temperature and 1000 atm, there was a
considerable cholce of gaskets but the most
convenient were P 90° shore '0! rings. These
have proved themselves perfectly satisfactory,
only requiring occasional renewal, To prevent
extrusion, the '0' rings were placed in grooves
in the plugs machined to the specifications
recommended by the manufacturers, The sealing
faces were lapped flat with dilamond paste and were
protected by aluminium caps when the bomb was
dismantled,

‘c) FURNACE LEADS

Methods of bringing insulated leads into high

pressure vessels have been described by many workers
(81, 82, 83, 84)

(85)
and Weale was the slmplest. This embodled a

but the method suggested by Bett
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small Nilex steel cone which has the same coefflclent
of expanslon as the hollow ceramic cone into which

it is inserted. This unit fitted into the high
pressure face of the plug, All the surfaces were
lapped with dlamond paste to a perfect fit and
sealed with "Durofix" to maintain a gas-tight seal
untill the pressure forced the components together,
Nickel wires, of sufficient length to protrude outside
the plug, were brazed on to the metal cone and
lhsulated with varnish Impregnated cotton, To
separate the Nllex from the ceramic required a sharp
tap with a hammer on the end of the nickel wire,
However, the only way the ceramic could be removed
was by breaking it, Electrlcal leaks occasionally
ocecurred when corrosion products linked the Nilex to
the bbmb but these were soon rectified by cleaning

the top of the ceramic,

d) THERMOCOUPLE LEADS

The‘eésiest'way of bringing a large number of
thin wires into a bomb 1s to use some form of resin
seal, Lazarre (86) cemented a bundle of eleven wires
into a hole with araldite for liquid pressures up to
4000 atm,, and Gugan (7) has used araldite to cement

individual wires into narrow, cylindrical holes for
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(88, 89)
uge at 5000 atm, Two sets of workers

have used Stycast 2850 GT resin, which has better
propertlies than araldite. However, 1t was found
that the shelf 1life of the stycast resin was only
six months,

Ten 0,0145" chromel-alumel wires were sealed
into two small plugs, which were held in the larger
plug by a hollow bolt which compressed an '0O!' ring
between the small plug and its seating.

The cofrect amount of low temperature catalyst
was carefully weighed out and stirred thoroughly
into the resin, After evacuation to remove air,
the resiﬁ was painted on to the thermocouple wires
and these pushed Into the hole through the small
plug. The hole tapersd from 2" to 2" over a i"
and was coated with a silicone mould release compound,
The rest of the hole was filled with resin by
applying a vacuum to the sealing face of the plug
with the otﬁer end immersed in resin, To prevent
the resin running out, small pieces of paper were
8lid over the wires and pushed on to the plug.
Before setting the resin was warmed to increase the
fluidity, As there was no adhesion to the stesl,
thevpressure forced the resin cone into the conilcal

socket to form a gas-tight seal,
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4, ANCILLARY EQUIPMENT

a) GOMPRESSOR

The gas was compressed by a single stage
Hofer 1000 HK3 compressor driven by a 3 phase
mobtor at 74 T'ePolle The suction pressure was
80-200 atm, at a suction capacity of 3 litre/hour
giving a discharge pressure of 1000 atm,
Compression was effected by a reciprocating.piston
which was sealed by stuffing boxes lubricated with
oil, The valves in the compressor were simple
plate~valves ahd, as these ieaked when dust adhered
to their polished surfaces, it was essential %o
pass the gas through a fllter before it raached the
cCompressor, For dissipating the heét generated by
compression, the cylinder and pressure pipes were
provided with water cooling, To ensure that the
compregsor could not be started without adequate
cooling, a pressure operated switch which cut out
if the water pressure fell below 10 p.,s.i, was
incorporated in the motor circuit,

The o0il separator feeding the stuffing boxes
was filled with oils this was renewed when gas could

be heard escaping past the piston,
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b) FILTER

As the digcharged gas became contaminated with
01l 1t was filtered after leaving the compressor,
The filter unit was made from 50/60 t.s.1l., tempered
En 24 steel to give avsafety factor exceeding three
and is shown on page 50, To remove most of the
oil, coarse copper gauze was placéd at the bottom
of the fllter. The gas then flowed upwards
through "0dox" filter pads dispérsed with fine
quartz wool and silica gel, Final filtration was
given by 10 pm millipore pads, The filter proved
very effective because only slight signs of
carburisation, indicative of burnt oil, were found

on the furnace refractories,

c) PRESSURE GAUGES

Two "Budenburg" test gauges, with 10 inch
diameter scales, and reading up to 800 and 1500
atmospheres respectively were used to measure the
pressure, To avoild permanently deforming the
Bourdon tube it is recommended (7] that this typse

of gauge 1s used only up to two-thlrds of its

maximum pressure, This recommendation was followed
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in the present work, The gauges were calibrated
against a "Budenburg" precision balance using
facilities kindly made available by Dr, K.E.Weale

of the Chemical Engineering Department of Imperial

College.,

d) TUBING AND CONNECTORS

The austenitic sbtainless steel tubing had an
external diameter of € inches and a bore of ¢ inch
and was purchased, together with the necessary
connectors, from the American Instrument Company.

Most of the valves were of the "Hofer" straight
through type, but a "Hofer" fine adjustment valve
was fitted to regulate the flow of gas into the bomb,

The 'T' pieces and elbows were manufactured in
the department's workshop of 2" round annealed En 24

steel,

e) COOLING SYSTEM

Because the removable closures prevented cooling
by the normal method of a water jacket, the bomb was
immersed up to the bottom of the beryllium copper top
in a small tank filled with transformer oil of low
‘viscosity and good thermal condﬁctivity. To cool

the o0ll, 1t was circulated by a small D.C. pump through
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a copper coil immersed in cold water, When the
furnace was at 500°C and the bomb at 1000 atm,
the temperature of the bath remained below 35°C and
the surface of the bomb never exceeded 50°C, -

The main disadvantage of this method of cooling
1s the penetration of the oil inside the closures,
A small positive pressure was always maintained in
the bomb during removal of the closures, ‘to prevent

ingress of oil and contamination of the refractory.

£f) LIFTING PACKLE

A 5 cwt, "Felco" movable hoilst was employed to
1ift the bomb in and out of the cooling tank, The
holst straddled the safety cabinet above the bomb,

5. SAFETY

a) SAFETY PRECAUTIONS

Compressed gas contains a considerable gmount
of stored energy which 1s released in the form of
a shock wave and flying fragments if the vessel
should fail. The effects of shock waves were
studied by Loving (90) who set off charges of TNT

in a protective chamber, measured the pressure wave,

and derived the following formula:



- W
P2 Ky (2,4)

where P is the design pressure in DeSelege, W
is the welght of the explosive in pounds, V is
the volume of the chamber in cubic feet and K
is a constant depending on the type of explosive,
and equal to 20,000 for TNT, The TNT equivalent
of 100 ml of gas at 1000 atm, was calculéted from
the stored energy in B,t.u. agssuming that the
energy release of 25,000 B,t,u., 1s produced by
the explosion of 8~12 pounds of TNT (91). The
value was 0,0378 1lbs, of TNT giving a pressure
wave of 6,4 p.s,1,g, which the cabinet could easily
withstand,

No pfecise calculations can be done to
evaluate the missile hazard and, consequently,
the design waS~based upon other workers experience,
According to Comings (o) for small pressufe vessels
for which an ample safety factor can be provided,
barricades can be neglected, However, 1t is ugual
to have some form of proteetion, Porter, Lobo, and
Sliepcevich (o2) consider that 1" boiler plate alone
1s sufficient to stop most missiles which might be

produced in a laboratory scale explosion, With this

in mind, the safety cabinet was made from " mild
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steel sheet bolted on to three inch angle iron
at every ten inches with §" bolts. This framework
was secursly bolted to the floor. To reduce the
chance of rupturing the steel sheet, all high?
pressure vessels were mounted at least 8" from the
wall (94). Over the door opening, an admiralty
blast mat was hung which could arrest any flying
pleces of metal,

The valves were mounted on the front panel
with the valve stems protruding through the steel
sheet, The ends of the valves were covered With
a steel plate to prevent the valve stems blowing
out in case of fallure. When high pressure tubing
falls, 1t is 1llable to whip abouty 1t was therefore
securely anchored at frequent intervals, The
gauges were mounted on top of the safety cabinet
above eye level with ample space for the blow=off

back to operate,

b) TESTING

A thorough examination for flaws and eracks
was given to all the materials, A gspecimen of
beryllium copper was examined metallographically,
It showed 1little poroslty, and it was concluded

that it was safe to use, To ensure that catastrophic
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failure would not occur at high gas pressures,

all the fitbtings were hydraulically tested up to
1000 atm, Measurements of the dlameters of the
pressure vessels wére made before and after testing
and at 1000 atm, There was no change and to
ensure that no deformation occurred during use these
measurements were checked periodically, All the
Joints which had leaked at high pressure were
tightened, and the oll washed out of the circuit
with carbon tetrachloride. Many more leaks were
observed when testing with gas and these were
detected with soap solution and with a rubber tube
used as a stethoscops.

In case the preliminary calculatlons of the
inner wall temperature were inaccurate, a check
was made by painting a thermocolour on the 1nside
wall, When the furnace was at 500°C and 1000 atm,
the colour did not alter showing that the wall

temperature had not risen above 70°C,
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6. FURNACE DESIGN

a) FPFURNACE

The major difficulties of attalning consistent
high'temperatures at pressure are the loss of heat
through convection’a?d the movement of the hot zone
up the furnace tube 95). According to Johannin
and Vodar (06) increasing the pressure of nitrogen
from 1 atm, to 1000 atm, increases the heat transported
by laminar convection by 105 to 106. Smyth and
Adams (o5 found that a furnace which regquired
10 amps at 22 volts to attain a temperature of
1400°C at 1 atm, required 30 amps at 75 volts for
the same temperature at 1200 atm, To counteract

the movement of the hot zone at high pre?su§es, the
84

furnaces elther have auxiliary windings or
(83) lattrer
are centre tapped . The former method was

adopted because keeping‘the inner wall temperature
bélow 100°C requires at least %" of refractorys
this leaves insuffidient spaece for two sets of
windings,

The furnace was wound on a 1éthe with 0,022"
nichrome wire at 18 t,p.i. on an alumina tube 10"
long, 3" internal diameter, and 11/16" external

diameter, giving a resistance of 40 ohms, The
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wound furnace was coated with alumina paste and
fired to Ilnsulate the leads from the windings,
It was found that the best arrangement consisted
of two tapplngs dividing the winding into three
portlions,

To obtain the necessary power distribution at
high pressure, one variac supplied the power to the
bottom and middle windings with a set of varlable
resistances in parallel across the middle windings,
The top winding was controlled by another variac
fed from the same power source as the first, as
shown in the circuit diagram on page58 F To keep
the temperature of the constant zone at 400°C, the
power input at 1000 atm, was 8 amps at 150 volts in
the bottom winding, 2 amps at 150 volts in the
middle winding and none 1n the top compared with
3 amps at 35 volts In the top Winding and 2 amps
ét 40 volts in each of the bottom windings at
atmospherlic pressure,.

The temperature was controlled by a series ¥
Kelvin Highes proportional controller, The chromel-”
alumel control thermocouple was placed approximately
in the centre of the furnacé agalnst the alumina
insulation, Although the furnace control was within

$0,29C at 1000 atm, the temperature gradient was
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irregular as was shown by the thermocouples
positloned évery half inch, The maximum
difference over the even tempsrature zone was
always less than 400. However, the cell capillary
only occupied £ inch of the furnace tube over
which the temperature gradient was less than 1°c,

The furnace performance varled with the
compresslve gas, Argon and nitrogen were roughly
the same, while helium having better thermal
conductivity requlred less power difference between
the on;off positions of the mercury switch to

maintain the same temperature controly

b) REFRACTORIES

The main problem of using standard insulators
which are based on porous dead space 1s the
penetration of gas at‘high pressure, This can
elther be overcome by placing the furnace 1nsulaﬁion
agalnst the wall of the bomb (06) and water cooling
the ouftside of the bomb or using a dense réfractory
such as soapstone or pyrophyllite (97), Norweglan
goapstone was tried, but 1t was found to be too
inhomogenous to machine, and appeared to be a better

conductor than expected. It was found that

pyrophyllite purchased from Carters (Merchants) Ltd.,
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was easy to machine, a poor conductor and had
very little shrinkage on firing, The
pyrophyllite was roughly machinéd and heated up
to 75000 over three days, When cool, it was
finally machined and refired at 1050005 Whefe
possible, the whole of the free space inside the
bomb was filled with refractory to reduce |

convection currents and diminish the gas volumes

¢) THERMOCOUPLES

Twovnegative, and four positive thermocoupie
wireg were brought out of the bomb § One negative
and positive were for the control thefmocouple; while
the remainder fprmed three thermbcouples with a
common negative which were arranged at 3" intervals
aiongside the vessel in the furnacei Chromel«
Alumel thermocouples were used as they have a
greater thermal e.,m,f. and a lower pressure 0O,m,f.

- {98, 99) |

than platinum~rhodium e The e,m,f, was

read on a portable Cambridge potentiometer,

7. CELL DESIGN

The salts studied were the nitrates which are

low melting and c%n ?e used in Pyrex without
13
corrosive attack o The conductivities are
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of the order of 1 ohmf; em™ L

necessitating a
capillary cell with a cell constant of 500 cm";.

The deslgn, consisting of a 1 mm diameter caplllary,
2.5 cm long, with two 4mm diameter reservoirs, 1a
shown on pége 62, The platinum cylindrical
electrodes, 3 cm by 2 mm, were made from platinum
foil welded to thick platinﬁm wires, Before

being fixed in the cells, the electrodes were
platinised by passing a small curreﬁt through a
solution of platinic chloride and lead acetate,

The current wasg reversed every half minute for

about ten minutes, To remove the platinic solution
from the surface of the electrodes, dilute sulphuric
acid was electrolysed between them, When clean,
the platinium cylinders were heated to red heat 1In
a‘flame before the wires were sealéd into ﬁhe Wails
of the reservoirs, All glassware was annealed 1n

a gas flame as the compressibility of glass variles

(100)
with Internal strain

8. DILATOMETER AND PROBE,

With the exceptlon of dilatometry, very few
of the methods of measuring volume changes are
applicable at high temperatures and pressures, The

advantages of dilatometryAare, that many results can
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be obtained without renewing the cell, and that
high accuracy can be attained by using a large
bulb and narrow neck, This method was used and
the level of liquid in the capillary was determined
electrically by a probe consistingvof a steel rod
with one end threaded and a platinum~rhodium wire
brazed on the other, The adherence of the melt
to the wire and the meniscus effects depended on
the size and rotatioﬁ of the probe, The wire was
0.042 mm in diameter and could only move in a vertical
direction, The unit, shown on page 62, was made up
of a brass rod, containing two small magnets, which
could rotate freely on a single thrust ring around
the threaded end of the probe, Theré was a flat
on the steel rod which rested againét a small screw
to prevent the probe rotating, The Pt/Rh wilre
was bent slightly to ensure that its point was
always in the centre of the capilléry.' Rotation
of the brass rod caused the probe'either to rise or
fall depending on the direction of rotation,

| The magnets in the brass rod were actuated by
a magnet outside the beryllium copper housing which
was driven by remote control by two "Magslips",

The neck of the dilatometer was made out of

precision bore tubing,. At the bottom of the bulb,
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a piece of platinum foil was pinch-sealed into

the glass. A lead was taken from the foll via

the resin seal to the conductivity bridge;

The other lead from the bridge was connected to

the bomb as this was in electrical contact with

the probe. Contact of the probe with the liquid
surface caused the conductivity reading to decrease

suddenly,

9, HETHODS OF OPER.ATION

a) ASSEMBLY OF BOMB

With reference to the dlagram on page44 , the
bottom plug was supported on a tripod and the
lowest refractory fitted over the protruding
furnace leads and thermocouple wires, These wires
woere sheathed in silica, welded together, and
surrounded with pyrophyllite, The furnace tube was
placed in posltion and the leads attached to the
Nilex by a grudb screw connector, After fltting the
bottom collar of refractory, the maln pyrophyllite
wag slid round the furnace tube, This unlt was
checked for electrical leaks with an insulation
tester before being lowered into the bomb, The

end closure wag screwed down and the leads connected
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to the potentiometer, furnace and controller'.r’"w
After inverting, the bomb was ready for the cell
or dilatometer to be placed in position, the top
portions of refractory added, and the top closure

gcrewed down,.

b) FILLING

Two methods are suggested ln the llterature
for filling small vessels, Boardman et al(101)
poured the molten salt into the vessel and Shartsis
and Spinner (102) added powdered material and then
melted, Neither of these techniques worked, due
to the formation of bubbles in the capillaries,
The vessels were filled by completely immersing them
in the melt, which had been dried by bubbling dry
argon through 1t for 24 hours, and evacuating,. To
adjust the liquid level to & cm above the electrodes
in the cell; and to 3 cm in the capillary of the
dilotometer, the excess salt was removed plecemeal
by inserting fine glass capillaries into the vessels,

waiting until they were full of salt, and then

removing,
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&) ANALYSIS

The salts used Wefe of Aﬁﬁlar grade, purchased
from Hopkins and Willilams, but in éase dissoclation
of the nitrate had occurred during 2 run, a check
was made by dipping a potadsium iodide;starch paper
moistened with dilute acid into a solution of the
salt, The liberated lodine showed that nitrite
‘ions were present, An accurate spectrophotometric
method was used to determine the exact amount of
nitrite present (105); The weight of salt in the
cells was found by weighing the cells after a run,
dissolving out the salt and making up to 250 ml;
drying the cells,and reweigh' ingi It was essential
that the cells were not damaged as it was intended
to remeasure the cell constant; To 35 ml of salt
solution, 1 ml of 5«N Hydrochloric acid was added,
followed by 5 ml of 0,2% aqueous solution of
sulphanilamide, This was allowed to stand fof 2
minutes before adding 1 ml of
0.5% solution of ammonium sulphamate and after a
- further 2 minutes 1 ml of 0,1% solution of
N~ (1-Napthyl)- ethylenediamine dihydrochloride was
added. The mixture was diluted to 50 ml and
allowed to stand for 3 minubtes before being compared

with standards in a Unicém Spectrophotometer.'
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c) CONDUCTANCE

1. Determination Of The Cell Constant

The cell constent was determined before and
after each set of runs by measuring the cell
conductance with 0,1N potassium chloride solution
at a temperature known within tO.lOC; Comparlson
with the standard conductance for this solution
gave the cell constant,  According to Brummer (104),

the change of cell constant with temperature is

given by

s ] o (236 )

where St ig the cell constant at the temperature

and SO is the cell constant and K 1s the coefficient
of expansion, A change of 350°C reduces the cell
constant by 0:1% but as the cell constants were only
determined to within %0,2%, this can be neglecteds

The cell constant also changes with pressure:-

S,z 8y (1spl) (2,7)

where f? is the compressibility of glass, A pregsure
change of 1000 atm, only affects the cell constant

by 0.1%.
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2, Conduetanceé Bridge

The choice of bridge depends critically on
the accuracy with which the other variables oaﬁ be
measured, = The temperatﬁre is known with.t%db;

For alkall nitrates a change of 219G alters the
conductance by 0,2% and, theréfore; it is only
necessary to have a bridge reading to within fb.2%..

A Pye conductance bridge, incorporating an
oscilloscope detector was used to measure the
conductivity, The bridge was of the fixed
fréquency type ( 300 and 5,000 c¢/sec ) and the
scale was stated to be accurate to 0.2%., The
- meagurements were carried(out)on the 5,000 c/sec
range. - Ubbelohde et ai 105 and other workers
(208) showsd that polarisation effects can be
neglected and that any variation of conductances
of the melt is negligible over large frequency
changes, Values of conductance during cell constant
determinations and nitrate runs were ohecked with a
bridge made up of standard reslstance which could be
fed with a variable frequency. An earpiece was
used as a detector and no change in the valus of
conductance was noted with change of frequendy from

1000 ¢/s to 12,000 c/s.,
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3. MEASUREMENT

To prevent salt getting on to the reffacﬁ&ries'
in the pressure vessel and shbrting the conduaGhnée
leadé, the cell was transferred from the saltb bafh
to a furnace with a temperature gradient whefe ﬁhe
salt could be =solidified frém the bottom, This
prevented the formation of bubbles when the salb
was remelted. The adhering salt was washed off
and the cell dried,

The cell with its long platinum leads sheathed
in alumina was placed In the furhace on the pyrophyllite
Plug and 1ts leads welded to the cﬁromel conductivity
leads in the furnace, These ieads were connected
via the resin seal to the conductance bridge,

By shorting out the cell, the leads resistance
was measured, _

The salt was melted from the top of the cell and
the conductivity values aﬁ 1 atm, compared with those
found in the 1iterature;v If therg was any difference,
the cell was removed and the causge found, To melt
the salt from the bottom either caused the cell to
leak or large bubbles to form beneath the electrodes,
On completion of the measurements of conductivity

versus temperature at 1 atm,, the
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pressure was 8lowly increased to 200 atm, and the
power input varied continuously to keep the salt
molten, When an even temperature zone had been
obtained at the requisite pressure, the temperature
was varied by altering the control position on the
controller, Measurements with argon, niltrogen,
and helium at various temperatures were completed

at 200 atm, intervals up to and down from 1000 atm,

b) VOLUME MEASUREMENTS

le Calibration

A dilatometer was filled with mercury and
the variation of the volume with temperature
determined with the probe, The change of level
of'mercury In the capillary with a known temperature
change was compared with the value calculéted from
the dénsity values in the literature (12%) and
the kmown weight of mercury in the dilatometer.

There was very good agreement,
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2, . Measurement

The dilatometer was welghed before being
filled with salt, After filling the dilatoﬁeter)iV
was quickly transferred from a portable furnaée fo
the bomb furnace without solidifying the salt aé
remelting caused bubbles to accumulate at the base
of the capillary, To keep the vessel upright‘ahd
to prevent it moving, & hollow rod of pyrophyliite
was slid over the caplllary.

The probe was screwed into the plug WiﬁhOut
the topvoh the beryllium copper and the unit lowereds
When the probe was in position, the electrical
circuilt and the sase of rotation were checked before
putting the bomb in the oil bath; |

The technigue of measurement was to locate the
liquid surface and assign to this position an
arbltary number of turns, ‘The change in liquid
level with temperature and pressure was determined
relative to this value. The pressure was altered
very slowly to prevent movement of the dilatometer
by the gas, Measurements in argon and nitrogen at
various temperatures were carried out at 200 atm,
intervals to and from 1000 atm, Corrections had

to be appllied to the readings as the “\remlbr expanded
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longitudinally with pressure. ‘The effect of
temperature was neglected as a change of 10000
ovér 3 iInches of the probe only increases the
length of the probe by 0,002" which is negligible
compared with the accuracy of measurement,

On completion of a run the dllatometer was
rewelighed, ' The experimentally observed volume
change with temperature was compared with that
calculated from the weight of salt and the density

equations found in the literature,
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‘1. GENERAL

The results for the change of volume and
conductance with pressure at various temperatures
are shown as graphs, The original results are

tabulated In the appendix,

5i  CONDUCTANCE

a) CELL CONSTANTS

The cell constants were determined with Oj1l N
KCl before and after use and are shown in table
3.1, A different solution was used for each

determination,

TABLE 3,1

Cell Constants

Cell Number - Cell Constant
Before After
1 424 425
2 547 -
3 492 494
4 596 597
5 499 - 502

X ’ 5
Cell broke during use
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The reason for the determinations not being
the same was due to the use of different solutions,
As the difference was within the experimental error
of the determination, it was ignored and an average
of the two wvalues taken as the cell constant,

The experimentally determined wvalues of the
conductance were corrected for the resistance of
the leads, which was about 5 ohms, aﬁd then 4
multipiied by the cell constant to give the specific
conductance, |

Both pressuré and temperature change the cell
constant, but the magnitude of the dorfection35 which
are of opposite sign, is 0,1% and, therefore,

negligible,

b) CONDUGTANOE MEASUREMENTS

An empty cell was placed in the bomb and taken
up to 500°C and 1000 atm; The conductance remained
constant at 0,6 x 10~° mhos throughout the run,

The graphs on pages 76to 80 show temperature
versus specific conductance at varlous pressure of
argon, hell um or nitrogen for pure potassium and
sodium nitrates, The results show that the conductance

appears to be independent of the pressurising gas,



TEMPERATURE °C

430+

41 OT

3907

3707

3501—

330

KNO: TEMPERATURE versus SPECIFIC

3 300 ATM
440 CONDUCTANCE 10>
3 // _~200ATM
440 204/ .»‘/2
v
e
v / o~ _~ 100ATM
440 o7 / S
4 : A4
T T // P A 1ATM
| .D/V /./ 1‘> // O/
| L2 4 il g O 2
11 P
| s
S 5
T7T T e ~
| /U 2‘{‘7 o " Cell 1 O A ®N,
il el 4 Cell 2 Vv A
330 T e Cell 3 0 A HHe
| C;'Q/ 05 SUBSCRIPT: number of readings
3& | e / represented by point.
3
O2
330 / | ] N | i | L L

0-58 062 066 070 074 078 082 086 0-90
SPECIFIC CONDUCTANCE mhos cm™]

9L



TEMPERATURE®C

KN03= TEMPERATURE versus SPECIFIC

430 - CONDUCTANCE _~1000ATM
440 o 800 ATM
| v i
410q.- + : /
| 440 e d
| 9 »
l e e 700ATM
390+ T 1 ~ /
|| -~ o ©
I 711 2
| 1| V2 e 1
370;’ | Vv 7~
\% v
| o ®©
350t T 17 P
| © & Cell1 O A ®N,
l /1 1 1 2
1l 1 Cell2 v A
330 |
| «V . .
| 1 Subscript: number of readings
1l 1 e represented by point,
330
330 1 l I ] ] 1 1 ]

LL

058 062 066 070 O74 078 082 086 090
SPECIFIC CONDUCTANCE mhos cm™1



4307

4107

)
©O
Q

W
~
Q

(#%)

)

Q
1

TEMPERATURE®C

KN03! TEMPERATURE versus SPECIFIC

CONDUCTANCE
"600ATM
440 - e
T | e _ S00ATM
| 440 / 1 7
| 02 /005 -
i e 2" 400ATM
| 02/ 1 7 /
: # o
e
+ T / P /
I . e
' ° 23 %
1] e d
l P v
Cell 1 ©C A ON
I i % c z
} s Cell 2 V A
I
O2 _

I e
330 T Subscript : number of readings

represented by point .
330 L | L L L | | !

058 062 066 070 074 078 082 08 090
SPECIFIC CONDUCTANCE mhos cm™1

8L



L

340

1320

_A400 ATM

NQN032 TEMPERATURE versus SPECIFIC o -
CONDUCTANCE
| 9/8/ 200 ATM
Ve
100 A
| e
4104 0 1ATM
1 | TEMPERATURE
380 T ,°C
| ' g
' ~
_|360 T /O/ ©
| AD
I ~
B4 T |
O
| | , A,A/@ Cell 4 A
| -
To T Bx | Cell 5 A A
| A He
1300 2 ‘AO
T /O X SUBSCRIPT: number of readings
represented by point .
300 ] 1 | | | | | L 1

0

905 100 1105 1110 1.15 1-20 1-25 .30 135 1-40

SPECIFIC CONDUCTANCE mhos c¢cm™—1



4001

380

360

340

320+

hiienas §

'L

r

T

300-

f—

w
O

300
0895

A
o

O —— — e e ey

TEMPERATURE /' o~

NaNO_: TEMPERATURE versus SPECIFIC ~ 1000ATM
CONDUCTANCE 7

C .///' ‘//ﬁo

4 7~ ,
- 7~
7 /Q/ Cell 4 O A
o -
7~

/ SUBSCRIPT: number of

o readings represented by point

] ] ] ] ] | ] l 1

.00 10% 110 115 120 125 130 1-35 1.40
SPECIFIC CONDUCTANCE mhos cm—!

o8



81

35  VOLUME

a) CALIBRATION

The technique was calibrated by comparing the
experiméntally determined number of turns of the
probe for a change in temperature from 20°C to 60°C
with the calculated vd ues for mercury, The

values for the densities of mercury were taken from

(123)
the rubber book o The results are shown in
table 3,2

TABLE 3,2

Calibration of Dilatometers with Mercury

Dilatometer Weight Hg Number of Turns
Number gm Observed Calculated
7 9.6031 16.1 16,0266
8 8,4728 14,1 14,1446

9 9,2153 15,4 15,3490

The values do not correspond exactly due to the
fact that the level of the mercury could only be
detected within 0,1 turn. Therefore, the observed
and calculated values agree within the 1imits of

experimental error,
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b) CORRECTION

The bomb extended longitudinally with pressure.

The corrections for this are shown’ in table 3.3,
TABLE 3,3

Extension of Bomb under Pressurs

Pregsure Probe Pogition in Number of Turns

atm, - Run 1 Run 2
1 0 0

100 _ 0,1
200 o | 0.2
300 0,35 | 0,25
500 0,45 044
700 0.75 : 10,7

1000 0.9 o 0.8

The runs were separated by a period of 6 months
end as the results corresponded wilthin the limits of
detection 1t was concluded that the extension did not
alter with use., These correctlons represent about
4% of the actual decrease in the volume of the salt

for the same pressure increment,
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¢) VOLUME READINGS

The weights of salt in the dilatometers are
shown in table 3.3
TABLE 3,3

Weights of salt in the dilatometers

Salt Dilatometer Weight
Number gm,
. 1 1.9390
KNO#
2 0,9712
3 1,4101
4 1,7690
5 1,3196
Nalo,. .
6 1.5037

After correcting the probe positions, the
values‘of’lﬁ\/ were calculated knowing that one
rotation of the "Magslip" altered the position
of the prcbe by 1/80" and the capillary was 1,5mm
precision bore,

" were completely in phase and

The"Magslips
there was no slack in the 2,1 reduction gear,
The thread on the probe was accurately machined to
40 t,p,1, in the depértménf‘s workshop, The thread

and the bore were correct within the 1imits of
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experimental error as was shown by the mercury
calibration, The bore of the capillary was

further checked by measuring‘the length of a boad
of mercury in the tubing with a travelling microscope
and then weighing the bead, The bore was 1,5mm

% 0,002 mm which would result in an error of L 0.05%
on the volume reading, From the mass of salt,

the volume at bthe melting point was calculated from
the equation which gave the best fit to the data.
The selection of this equation is examined fully in
the discussion of the results; The temperature was
plotted againsthV/Vm.ps for all the dilatometers and
the graphs are shown on pages 85 to 88i It should
be observed that there was a larger vo;ume change

with pressure with helium than with argon,

4. ANALYSIS

The method used for analysing the salt was
described on page 66 Iin the experimental section.

The sections are shown in table 3.4,
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- TABLE 3,4
Analysls of Melts

Salt . % Nitrite
KNO,, Salt from bottle -
Salt from filling bath -
Cell 1 0,48
Cell 3 - 0,86
Dil, 4 - 0,30
NaNO3 Salt from bottle -
Salt from filling bath -
Cell 4 1,8
Cell 5 1,6
Dil, 6 1.9

From the table i1t is seen that sodium nitrate
decomposes more than potassium nitrate, but in
neither case does the percentage exceed 2%,

This i1s discussed more fully in the next section,
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5. CALIBRATION OF PRESSURE GAUGE

The 1500 atm. gauge calibration is shown in table 3.5,

TABLE 3,5.

Pressure Gauge Calibration

True Pressure Gauge Readings in Atm,

Atm, Run 1 Run 2 Run 3 Average
100 98 99 99 99
200 200 199 199 199
300 300 299 299 299
400 400 398 399 399
500 499 498 498 498
600 599 598 598 598
700 798 697 698 698
800 798 797 797 797
900 897 875 897 897

1000 997 995 oo 997

Although the manufacturers give the error as
£ 0.,1% scale deflection it is seen that acecuracy
1s better than this and the reproducibility is

within * 1 atm,
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(. EXPERIMENTAL. ERRORS

a) _ CONDUCTIVITY

The cell constant was peasured to within

¥ 0,2%, Chromel-alumel thermocouples were used
which were frequently tested by comparing them with
a gstandard thermocouple, The potentiometer could
be read within 0,002mm or 0,04°C and the temperature
was controlled within 1%00,‘ A change of %°C alters
the conductance by 0.2%., The conductance was
measured on a Pye bridge, which was calibrated with
standard resistances, and could be read to within
0.2%. The preséure gauges were calibrated against

. a precision balance and could be read to within
5 atm, which alters the conductance by 0,05%, The
Sotal error for each conductance reading is %0.5%,
The reproducibility was found to be within £1%
Iindicating that the calculated reproducibility agrees

with that experimentally observed;

b) VOLUME

The ligquid level could be detected to within
£0.25 turn, Each dilatometer was calib rated by
comparing the coefficients of expansion of the salt
in the dilatometer with that in the 1iteraturé.

Agreement was within fhe experimental error of 3%
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on AV, The temperature control was as beforse
and a change of *1°C alters the probe by %£0,3 turn
and, therefore, esach reading 1s accurate to 20,5 turns,
The effect of the error due to the pressure is
negligible, This gives a = 0,3% error on the volume
and £ 1 turn of the volume changes, This results
in an error of Z1 x lO"5 for,ﬁhy«/ which 1s the

ref
experimentally observed reproducibility,



03

CHAPTER 4

DISCUSSION OF RESULTS,




94

1, CONDUCTIVITIES

a) COMPARISON WITH OTHER WORK

The graphs on pages®5 and 96 show the values
of specific conductance determined in this investligation
compared to other work at 1 atm, For potassium
nitrate the results found in this work agree with the

%o In the case of sodium

Wi

other determinations with
nitrate the results again agree within 3% with most
of the other determinations, The results of Bloom,
Knaggs, Molloy and Welch appear to be in error;

In the case of sodium nitrate; Copeland and
Zybko ‘48) have determined the specific conductance
at 362 atm; of argon and 369°C; A change in
eonductance of 5,7% was obtained which is 2% more
than the change observed in this work, As no
detailed description of their apparatus is available,
the experimental method cannot be criticlsed, .
However, not much reliabilibty can be attached to a
sing1e determination.

It should be noted that the conductance of the
galt 1s independent of the pressurlsing gas within
the 1limits of experimental error, This is important

ag it chows that conduction is not affected by the

amount of dissolved gag as helium dissolves much
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more than argon, The volume of dissolved argon

at 1000 atm is 1% of the total volume of salt and
of helium at 400 atm., it is about 2% of the volume
of the salt, However, as will be shown later, the
argon forms its own hoies in the melt and therefore,
does not decrease the available free gpace in the
molten salt, In the case of helium; the atoms are
extremely small and are unlikely to affect the

motion of the ions,

b) ACTIVATION ENERGIES AT CONSTANT PRESSURE

The values of eqguilvalent conductance were
obtained by multiplying the specific conductance
by the molar volumes,

The activation energy is given by

- din A
fp = = REE/m) (4,1)

and plots of log ., M versus ( 1/T ) at various
pressures are shown on pages 99 and 1005 The
actlvation energies obtained from these plots are

shown in table 4.1.
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TABLE 4,1

Activation Energies at Constant Pressure for

KNO, and NalNO

3 3
Temperature KNO, (E,A)P Kcals NaNO,
°c This Work Cowen et al(vg) This Work Byrne(74)
: et al
325 - - - 3,3
330 - - 3.2
345 - - - 362
350 4,1 3.9 3.1
365 - - - 3.1
370 3.9 3.8 3,0
390 3.7 3.7 2.9
410 3.6 3.6 2.8

4:50 5.5 5g6 -
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These values show the same trends as those of

(73)
Cowen and Axon for KNO_, and Byrne, Fleming and

(74) 5
Wetmore for NaNOg, As can be seen the values
are in agreement within 0,2 Koals, The change with
temperature of (E./L)P is more marked for KNO3 than

NalNo
3

¢) ACTIVATION VOLUMES

The activation volume is given by

ANFEF =R (D1 ) (4.2)
2 F
It is assumed that the jump distance does not
alter with pressure as this distance is usually
related to the interionic separation or the lattice
parameter and there is no evidence that this alters

with temperature or pressure,

Plots of 1oglO-K-versus pressure are shown on
pagesl03 andl04 and values of the activation volumes

are given in tables 4.2 and 4.3,



Activation Volumes of KNO
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TABLE 4,2

Pressure

Activation volumes in ML

Atm, 3700C 3900C 410°¢ 430°¢

100 9.5 9.5 9.3 9.7

300 9,2 9.3 8.8 8.8

500 8.1 8.4 7.7 7.8

700 7,0 5,8 5.7 6.6

900 - 3‘9 4'1 R 5.1
TABLE 4.3

Activation Volumes of NalNO

Pressure Activation volumes in M1,
Atm, 350°¢C 37000 390°¢C
100 4,4 4,7 4,5
300 4,1 4,3 4,3
500 4,0 3.8 3.6
700 3.7 3.4 343
900 3.2 3,0 3,0
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It is found that the activation volumes are
positive which means that the system expands when
the ion moves into the transition state. At one
atmosphere, ;ﬁ;\/ifor KNO,, is about 17% of the

molar volume and for NaNO, it is 11%. .

3
The plots show that for both salts the

activation volume tends to decrease with increasing
temperature and pressure, The change with pressure
is considerably less for sodium nitrate than

potassium nitrate and at high pressures the wvalues

P : R
of ZSK/KNO5 approach those of Zﬁ\/ NaNO5

2. VOLUMES

a) COMPARISON WITH OTHER WORK

The results obtained from the measurements are
the mass of salt and the change‘of volume with
temperature.dsing the mass of salt, the volume
change : for a known temperature increment was
calculated from the data in the lilterature and
compared with the experimental value, The calculated
and experimental values are shown 1n tables 4.4

and 4,5,
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TABLE 4,4

Comparison of volumeg change for KNO5 between

340°C ana 230°%c,

- {og)y—{TIZ)__{TI5)
Dilatometer Weight AV N Y N & exp,
Number KNO )
gm.5 ML x 10

1 1.9390 3.661 3.98 4,13 3.92 3,86

2 0.9712 1,83 1,99 2,07 2,04 2,02

3 1,4101 2,66 2,89 3,0 2,88 2.89

4 1.7690 3,29 3,61 3478 34.58 3.58

TABLE 4,5

Comparison of volume change for NaNO5

between 320°C and 410°0

Dilatometer Weight

(116) (113)
Y Y} by,

Number NaNO3 2 8XxP,
gme ML x 10
5 1,3196 2,28 2,34 2.34 2.35
6 1.5037 2.60 2,66 2.69 2.70
Referencess-

(109) Smith and Van Arts.dalen,

(110) Bloom, Knaggs, Molloy and Welch,

(113) Byrne, Fleming and Wetmore,

(114) Datuma,

(115) Papsioannou and Harrington,

(116) Lorenz and Frei,
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Within the experimentsl error, the present

result for KNO3qag§ee with the data of Smith and
: 09 ‘
Vaa Artsdalend and for.?aNOP with the data of
113
Byrne, Fl?ming and Wetmore and Lorenz and
6

Frel .

3, COMPRESSIBILITIES

Graphs were drawn of A\/ wversus pressure at
V ref
constant temperature and these are shown on pages
108 and 109, Tangents drawm to the isotherms

give the compressibility in the form,

Tl (9
o , o Vref
These vdlues must be multiplied by —y= , where

Vo 1s the volume of the salt in question at the
temperature and atmospheric pressure, to obtaln the

compressibilities in their more normal form:-

Foe W (59 ) (4.4)
The values of the compressibility are tabulated‘
in tables 4,6 and 4.7 and are plotted against
presSure on pages 111 ahd 112, The value of the
compressibility derived from the helium run was not
included in the tabulation but 1s discussed later

in this section,
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TABLE 4,6

Compressibility of Potassium Nitrate,

Pressure  f2370 Bﬁ%991~,- ﬁ%107: fPaz0

BARS ARS-1 x 10
101 1.78 1,86 1,88 2,08
203 1,75 1,76 1,87  2.06
304 1,71 1,75 1,85  1.95
405 1.68 1,77 1,88 1,93
507 1.64 1,73 1,75 1,82
608 1,66 1,73 177 1,74
709 1,63 1,68 1,68 1.63
810 - 1,65 1,68  1.75
011 - 1.62 1,68  1.63

TABLE 4,7

Compressibility of Sodium Nitrate

Pre_ssu‘x;e pSEO ﬂC’;VO /2590 /3410

BARS BARS-1 x 105
203 0,97 0.94 0.99 0,99
304 0,93 0.89 0,96 0,96
405 0,88 0.93 0,94 0,96
507 0.83 0,87 'o.és 0.94
608 0,88 0.91: 0.91 0.94
709 0,86 0,89 0,89 0,90
810 0.86 0.87 0,86 0,89
911 0.84 0,87 0.82 0,92
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Lt is seen that the compressibility increases
with temperature and decreases with pressure,
Hawever, when the compressibilities are extrapolated
back to atmospheric pressure, it 1is seen that the
valves are considerably lower than those found
by the ultrasonic method. The values shown in
table 4,8 are slightl¥1?ifferent from those of
Bockris and Richards  because the compressibilities
have been recalculated using the volumes found in
this work and the ultrasonic velocitles of Higgs
and Litovitsz (69)6 However, both sets of values
are the same 1f the experimental errors are
congidered.

TABLE 4,8
Values of the compréssibility determined by the

ultrasonic method.

Salt Temperature Compregsibility
oC Bars ~1 x 1079
ENO 370 2.28
390 2,36
410 2041
430 2,03
NaNo, - 350 1,96
370 2,03
390 2,10

410 2.17
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The reason why the data obtained in this
work are so much lower than expected could be
due to a rapid decrease of the compressibility
with pressure in the first hundred atmospheres,
The change of volume of both associated and
non-assoclated liquids, with pressure can be

represented by the Tait equations-

Vo B +Po

where C and B are constants, P is the pressure,

and Po is the pressure at volume Vo,

AV . ¢ 1log (B4 P) - log (B+ Po) (4,60

(VA
' 1 dv,y . - |
.. ,3 7 2% = Bc* . (4.7)

From the discussion in chapter 5 it is to be
expected that the Tailt equation will apply to
molten salts, in vwthich case a large compressibility
change in the first hundred atmosphere 1s unlikely.,
The compressibility will certainly deérease smoothly
with increase of pressure. As the pressure
dependence of the experimental compressibility appears
to be as expected, the method of calculation used by
Bockris and Richards (1) will be examined, The

equatlion used to obtain the comprsssibility was derived
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from equations (1.,14) and (1,15) and is given by:=-

2
ng [ +—°L5P] (4.8)
p

where V is the molar volume, Up 1s the ultrasonic
veloclty, -{ 1s the coefficient of expansion and

C 1s the specific ?ea? at consvcant pressure,
69
Hlggs and Litovitz redetermined the ultrasonic

velocities, and found close agreement, All the

other terms are accurately known except for C,.
P*

Although this has been determined twice for NaNO5

(117)
3 » the data are not

recent and are somewhat in doubt so that CP is

and three times for KNO

probably only accurate to within %10%. However,
the second term in the bracket is about 1/5th of the
first term so that any error in the CP has a reduced
effect on the compressibility and it, therefore,
appears that the values of the compressibililty
deduced from the ultrasonic veloclitles are essentially
correct, As there are no other alternatives, it is
concluded that the difference between the two sets of
data must be due to gas solubllity.

It was mentioned in the introduction that

(32, 46, 47)

Grimes found positive heats of solution
for the solubllity of inert gases in molten salts

(48)
and Copeland et al suggested chat this indicated
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that the gas forms 1ts own holes 1n the melt,
Therefore, when the gas goes into solution the
volume . of the melt increases and, although this
effect 1ls very small, 1t wilill be a significant
proportion when measuring very small volume changes,
If it 1s assumed that the gas f~rms 1ts own holes,
the volumes will be additive leading to the folléwing
expression,

Vg = Vg 4 v.g (4.,9)

where Ve, 1s the experimentally observed volume,
Vo 1s the true volume of the salt and Vg is the
volume of the gas dissolved in the salt,

1f Vg % KV4P where K is a pressure independent

Henry's law constant, expressed in atm -1 and P
1s the pressure, then
Ve = Vg (1 + KP) (4.10)
Differentiating and dividing by V,
- (4,11)
AN P ' S+
R A e
’ = /@ - KVS
R - I B KP(ZS (4.12)
A

o]
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where F B 1s the experimentally determined
compressibllity and fg 5 is the true compressibility
of the salt. | |

However, since in the Talt equation B 1s large
we may write ¢ @ = F' - X P (4.,13)
where @'is the compressibility at 1 atm, pressure
and.‘ﬁ is the pressure independent constant, This

relation corresponds to that found experimentally,

(o)

—%, (5— (53 ..----65’ (4.24)

integrating =Vg = Vy ( F‘SP - U2 +C  (4,18)
2

where P = 0, Vg4 V and C =" =V,

Vy = Vg (1 = [31: *75?2) (4,16)

Assuming that BS = 6‘6 gnd substituting into (4,12)
one obtgins

Fje:‘: (%ls-K(l- [é’ P+?§P2 ) + KP (F -¥r )

f [

fos |

s =K +2P(>’ K- P2,5‘K:Y§
8
2 (4.18)
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For potassium nitrate at 59000, K= 0,5 x 10~5
2

Bars“l, Fg % 2,4 x 107° Bars™! and ]{ 1s 10”2 Bars™®,

The wvalue of ﬁg'was taken from the experimental plot,
At 1000 atm,, ﬁ'e = ﬁ's - 0.5 x 1079 % 2,10-7

- 1079,  As the values of the last tw terms are

small even at 1000 atm,, 1t can be expected that

the relation f%’e = ﬁs ~ K should apply up to

1000 atm, The true compressibility 1s, therefore,

represented by a line drawn parallel to the experimental

values through the ultrasonically determined value.

The value of K is the difference between the

ultiragonic compressibility and the experimental

value obtained in this work at 1 atm, The values

° ° bar‘2 for

df‘ég are 1,2 x 107" bar 2 and 2,1 x 10~
sodium nitrate and potassium nitratei These values
are gomparable bo those obtained for other liquids,
Because the values of'ﬂ are low, Nagarajan, Nanls
and Bockris (60) would not be greatly in error in
agsuming that the compressibility is independent of

pressure,

The fact that the compressibility of sodium
nitrate 1s less than that of potassium nitrate 1s
thought to be cue to double repulsion, Pauling (118)
shows that if the ratio n,./r of the radil of the

cation and anion falls below 0.414'anion>4 anion contacht



118

will occur rather than cation - anion contact,
Consequently; the repulsive forces are larger thaﬁn
they would be for elther anlon = cation or anion-
anion contact alone, For sodium nitrate and
potasgsium nitrate .1.‘..%_ 1s 0,41 and 0,57 respectively
and, therefore, it is much harder to compress the
nitrate ions in a sodium nitrate melt than 1n
potassium nitrate, The amount of free volume has
little effect on the compressibility of molten salts:

the important factor is the ion - lon interactions,

4, GAS SOLUBILITY

If the diffusivity of dissolved gas is

comparable with the ion diffusivities, it might

be expected that a gas dissolving in the melt would
not reach saturation throughout the dilatometer due
to the gas having to diffuse down the melt in the
capillary, However, all the experimental evidence
indicates that the saturation was achieved rapidly,
thus, no matter how quickly a volume reading was
taken after increasing or decreasing the pressure
there was no detectéble change in the volume with
time, Also, the presence of gas was indicated by

the occurrence of bubbles in certain cases,
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All the evidence 1s consistent with the assumption
that the melts were gaturated with gas at all times,
It must, therefore, be concluded either that the
rate of dissolution 1s not diffuslon controlled or
that the diffusivity of the dissolved gas‘is high
compared to the lons diffusivities, Very little is
known about the diffusion of gases in liquids, A
recent review by Himmelblau (122) shows that the
value of %he diffusion coefficient can vary from
2 = 1072 tm”® sec”t for argon in liquid nitrogen
to 40 x 1067° em® sec™l ror hydrocarbon gases in
hydrocarbons, However, the effects of concentration,
temperature and pressure on the diffusion coefficient
are not kanown,

The wvalues of the Henry's law constantsg derived
from the two sets of compressibility data are shown

in the 4.9 and 4,10,
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TABLE 4,9.

Values of Henry's law constant for Argon in KNO5

Tempggature gar‘i - 105
370 0,46
390 0,52
410 0,53
430 0,57

TABLE 4,10,

Values of Henry's law constant for Argon in NaNO3

Temperature K
O¢ par~l x 10°
350 1,06
370 1,11
390 1,16
410 1,21

Argon 1is twice as soluble In sodium nitrate
than potassium nitrate, This could be due to the
sodium ions belng able. to fit interstitially
between the argon atoms dissolved 1n the @elt.

For potassium nitrate, the potassium ions are unable

to fit interstitiglly and, therefore, the negative
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contribution to the heat of solutlon arising from
ibn - gas interactions may not be so high,

The values of the Henry's law constants
are plotted 1ogarithmically versug 1/T as shown
oh page 122, The heats of solution derived from
this plot are 5,9 K cals._for potassium nitrate
and 4,0 K cals for sodium nitrate, These heats
are consistent with the explanation of the solubility
difference advanced above and the values are of the
game order of magnitude as the values of aboutb

: (32, 46, 47)
10 K cal obtained by Grimes et al _ for
the solubility of argon in fluoride melts,

The Henry's law constants in this work ars
expressed as par~t, To obtain the congtant in the
more usual form of molesg/cec of melt atm, 1t must
be divided by the volume of 1 mole of liquid argon
at the temperature ofthelnelt; :Thié was calculated
from the molar volume at ;187°C5V8353nd the
coefficient of expanslon,X ; by applying the equation,

Ve = Vg (1 +olt) | (4.20)

The coefficient of ‘expansion for liquid argon
1s 4,65 x 1072 and it was assumed that 1t would
apply up to 400°¢, The value of K was found to
be 4,8 x 1078 mole/ce melt atm. for KNO, and 11,0 x 10~8

mole/cc melt atm for NaNO;,  These values are

comparable with the value of 6 x :LO"'8 mﬁle/cc melt
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atm, for argon in NaF - ZrF, at 700°¢. Copeland -
Zybko (48) found the solubility for argon in Na!!'o5
at 350°C to be 1,86 x 10”° mole/cc melt atm.

This value is thirty times those obtgined in
thls work and 1s probably too high as they appear
to have neglected to take into account the expansion
of the vessel on heating, Any slight leaks would
also give rise to positive errors,

In the helium run at 200 atm, with potassium
nitrate 1t was found that the compressibility obtained
was the same as the ultrasonic vglue, - Thls 1s
surprising és it was expected that the solubility of
helium shoﬁld be'approximately ten times that of
argon, However, the helium atom 1s considerably
smaller than the argon atom and; therefore, helium
wlll be able t6 dissolve interstitially, This is
confirmed by the work of’Reynolds (119 who found
that the solubility of argon at 500°C in glass 1is
less by the factor of 10% than the solubllity of
hellum, It, therefore, appears that the helium
atom is able to accomodate itself iIn close packed

structures whereas argon can only do this to a

small degree,
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5, MEASUREMENTS AT CONSTANT VOLUME

By using the expression :-

Vy, = Va +KPV, (4,21)

the true volume of the salt was calculated and this
1s plotted against pressure on pages 125 and 126.
The correctlon was about 1/3rd of the volume change
due to the pressuré and was about 0,04cc/100 atm,
To obtain values of the activation energy at constant
volume, values of the temperature and pressure were
read from the volume versus pressure plots at
constant volume, Loglo¢huwas obtained at these
temperatures and pressures from the loglo JN_
versus pressure plots,

Graphs of LoglOJk.versus 1/T at constant volume
were constructed and are shown on pages 127 and 128,
The values of the activation energies were obtalned
by drawing tangents to theée plots and are shown in
tables 4,11 and 4,12, - The activation energy at
constant volume for NaNQ5 l1s independent of temperature

but for KNO the activation energy increases wilth

5’
Increasing temperature, mainly due to the curvature
of the loglo.ﬂ.versus pressure plot, Tangents

" were drawn at the ﬁigh and low temperature ends of

the potassium plot and both values are shown in table 4,11,
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1.78 | \
< 1.-76 -
o
3
2 1.74F
1.72}
1.70}
44-92
o
168 | N ml
| | | I |

146  1.50 1-54 58 162 1-66
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TABLE 4,11

Activation Energies at Constant Volume for KNOB,

Molar Volume Ey Kcals,

M1 Low temp. High Temp,
54,23 1.4 1.6
54,67 1, 1.5
55,11 1.2 1.5
55,55 1.0 -

TABLE 4,12

Activation Energles at Constant Volume for NaNO

S

Molar Volume Ev
ML Kcals
44,92 2.2
45,25 2ed
45,59 2,2
45,91 1,8
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In both salts, the value of the activation energy
at constant volume decreases with increasing
volume,

The results for Ep and Ev can be tested to
see whether they are self conslistent by applying
the equation (1.22)

E_~ E, = RTZ ok "Olnk (1.22)
oY — (5% ) .
1, T

¥

Values of B - Ev calculated from the activation
p

volume and { and fi at 1 atm., are compared with
those observed experimentally in table 4,13,

TABLE 4,13

Comparison of calculated and experimental Ep - Eg.

Salt Molaﬁ1Volume (Ep‘- Ey) 01 o (Fp = Eylexp,
KNO 54,23 2,78 2.5

54,67 2,77 2.4

55,11 2,77 2.4

55,55 2,74 2,5
NaNo, 44,92 1.1 1.0

45,25 1.1 0.7

45,59 T 1.l 0.7

45,91 1,1 1.0




131

Although the experimental and calculated
values are not in complete agreement, they agree
within the experimental error of the results, )
Using the values of Nagarajan, Nanls and Bockris(ﬁo »
there 1s a difference of 1,6 Kcais between the right
and left hand sides of the equation, If 1t is
assumed that their value of the activation volume
is correct,‘the value of B given by the equation
would be 2.5 Keals resulting in an Ey/Ep ratio of
O.é which cbfrespOnas to the values obtaihed'in this
work of 0,7, This value of E_ could have been
obtained from the experimental results as it is
possible to draw another line througﬁ the points;

Another disérepancy shown by the results
obtained by Nagarajan et al (e0) is that on the
application of the Nernst-Einstein equation, a
negative activation energy for conductance is obtained,
As the Nernst-Einstein equation invariably gives
values of E y which are too high, a more negative
value would have been expected experimentally,

This has proved not ﬁo be the case,

Not much reliability can be attached to the work

of Nagarajan et al (60) as thelr experimental method

i1s very inaccurate, The power distribution to the

furnace covldnot be altered when the pressure is
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increased and .. only one thermocouple was used so that
any temperature gradient that exisbed could not be
detected, From experienbe with the apparatus used

in this work, where there 1ls considerably less free
gpace available for corrective currents than in
Bockris! apparatus, a temperature gradient of 100°¢
could easily exist over the melt, Moreover, the
diffusion technique used has been criticised by

(120}
Angell and Tomlinson o

6. DISCUSSION OF ACTIVATION VOLUME

IN CONJUNCTION WITH E_

The activation volume is defined as the volume -
of one mole of lons in the transition state. Howéver;
1t is difficult to ascribe a physical model to this
definition, In the article by Bloom and Bockris(lzl),
the activation volume is redefined as the volume of &
vacanéy plus the volume of an ion on the surface minus
the Voiume ﬁf an ion in the'liquid; “ These descriptioné
indicate thaﬁ the volume required for the movement of
an lon should remain approximately constant, Héwever;
Brummer and Hills to7) showed that, for dilube
electrolyte solution in the methaﬁbl and nitrobenzﬁne,'

Zﬁ\/*varies congiderably with both temperature and

volume.
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A plot of the actlvation volume against
molar volume is found on page 134, . The wvaluses
of the molar volume were interpolated from the
corrected volume versus pressure pléts found on
pages 125 and 126, It 1s seen that decreasing
the temperature increases the actlivation volume
at eonstant volume, Whereas decreasing the
volume at constant temperature decreases the
activation volume, This suggests that the
activation volume 1s dependent both on the volume
and the thermal energy of the melt, From similar
results for dilute electrolyte solutions in
‘me thanol and nitrobenzene, Brummer and Hillq (e7)
concluded that_ﬁx\/ should be regarded as &a
composite quantity consisting of [&\/ 3 and
[3\/*5. It was thought that the variation of
ANVY with temperature was due to the increase in
volume, [l_\/i, for the ion to move to a vacant
gite and the wvariation with volume was due to the
change in the volume of the system for the accomodation
of the migrating ion, .

When E_ 1is plotted against molar volume, as 1s
shown on page 135, and the graph extrapolated to
ZEeTro Ev, a value of the molar volume is obtained
which is equal to the molar volume at the melting

plus Phe achiation volowme ab Pa meltme powl,

point/(see page 136), This infers that when there

ig sufficient volume available for movement of
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the lons, the energy requirement 1s zero,

From this graph and the plot on page 134, it is

seen that as the molar volume of the system increases,
the energy required for the movement of the ions
decreases and the activation volume increases.
Therefore, the activation energy at constant volume
depends on the amount of free volume avallable for
transport, It 18 extremely unlikely that the
volume needed by a moving ion is going to alter
with molar volume or temperature and therefore, 1t
1s tentatively suggested that the actlvation volume
1s the volume required by the moving lon minus the
volume that the neighbouring lons sweep out to
accomodate the movemént. The latter would increase
Vwith temperature.due to the greater thermal
vibration of the ions and decrease with an increase

of molar volume,

7o ANATLYSIS

The values of the percentage nitrite present
are shown in table 8.4 on page 89 , The values
appear to be high but a thermodynamic analysis
indicates that they are of the right order of

magnitude,
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To calculate the dissociatlion of nitrate
to nitrite a knowledge of the free energy for the

reaction

[N
NaNo, = NaNo2 + 1/2 0, (4,22)

is required, The heat of dissociation can be
calculated from the heats of formatlon of the
nitrite and nitrate, Values of thé entroples are
not known for the nitrite and nitrate and, therefore,
1t was assumed that they were approximately equaly
The entfopy change for the production of 3 mole of
oxygen ls 20 e,u, and the heats of formation of
sodium nitrate and nitrite are =111,54 Kecals and
;fg;s Kecals and for potagsium nitrate and nitrite
are =117,76 Keals end -88.5 Kcals,

The free energy changes were calculated and

substltuted into

AG ‘= —RTIn K, (4,25)
a | 14
where K 18 Me N02 Fé 2
Q.Me NO

The values of KNaNO5 and KKNO5 were 2 x 1072 and

1 x 10798 respectively, The percentages of nitrite
were found to be 2% and 0,1% which were in accordance
with the experimental wvalues. The differences between
the calculated and observed values are probably due

to the approximations made in the caleulatlons,
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8., ERROR IN DERIVED QUANTITIES

a) ACTIVATION ENERGY AT CONSTANT PRESSURE

The error in the equlvalent conductance 1s
¥0.7% and the error in the temperature 1s %0,5°¢C,

The activation energy at constant pressure 1is

given by '
B = - R( DY (4.24)
3(.1)
- T P
The derived error in Ep is £ 0.1 Keals but

to this must be added the error in drawing a
tangent to the curve, It is estimated that the

total error in Ep is ¥ 0.2 Kecals,

b) ACTIVATION VOLUME

The error in the equivalenfconductance ig

0.7% which gives an error - in =RT (JdWMA) ¢
>F p

2 0,3cm2/mole. To this must be added the error
in drawing a tangent to the curve and, therefore,

"
the total error in AV is ¥ 0,6 cm®/mole,
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c) COMPRESSIBILITY AND GAS SOLUBILITY

It is extremely difficult to estimate the
error in these two quantities due to the extrapolation
and corrections involved, HOWever; fhe séatter
of the results indicates that the error on the
compressibilities is ¥ 5% and the gas solubilities

are certainly within half an order of magnitude,

d) ACTIVATION ENERGY AT CONSTANT-VOLﬁME

The error in the equivalent conductance is
i'O.V% and it i1s assumed that the error on the
corrected volume 1s the same as that on the determined
volume,

To obtain values of the pressure and temperatures
. at the same volume required two volume measurements,
An error of 043% on the volume causes an error of
% 70 atm, on the pressure Beale, This error is
transferred to the loghjkversus P plots resulting
in an error of 2% on the 1og16fL scale, The error
due to the equivalent conductance 1s, therefore,
negligible, The error on the logldJL-versus 1/T

plot at constant volume is, therefore, 2% resulting

in an error in EV of ¥ 0.3 Keals,
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CHAPTER &

GENERAL DISCUSSION
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1. GENERAL

The pressure and temperature dependence of
conductance and volume of molten salts has been
measured, and from the results have been dorived
the values of the activation volume, compressibility,
and the energy of activation at constant volume,

In this section the theories of transport and the
strueture of molten salts wilill be discussed in terms

of these results,

2. TRANSPORT THEORIES

a) HOLE THEORY

This theory has been extensively applied by
Bockris to molten salts and the results obtained by
Nagarajan et al (e0) substantiate this theory,
However, it has been discussed previously that these
results are probably in error,

One of the basic concepts of the hole theory is
that the energy of hole formation should be much
larger than the energy for jumping, even though
fused salts have 20% free volume, The results
found show that the ratio energy of jumping to the
total energy of activation is approximately 1/3rd

for KNO, and 2/3rds for NaNOs and, thersfore, transport
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In these molten salts 1s not entirely controlled

by the energy for the formation of a hole,

(60)
Nagarajan et al showed a graph relating
the pressure coefficlent of compressibility ﬁ ’
to the ratio Ey . For a value of Né of 1 x 1079,
EP
the ratio of [\Hj should be about 0,07, which
N H tot
has not been found,
(60)
If the work of Nagarajan et al is

considered correct, the mechanisms of diffusion
end conductance must be different which is not

in accordance with the hole theory,

b) DENSITY FLUCTUATION THEORY

The results do not substantiate Swalin's

theory for although EJ is a considerable proportion

of Ei,t, the theory suggests that Ej ~ Egote
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The activation energy should be equal to'
2RT, but this has ndt been found with constant
pressure actlvatlion energies.‘ From these results,
1t can be seen that the theory applles even less at
constant volume as E(NaNO5) ig twiece E(KNOg) for
approximately the same temperature,

According to Swalin, transport coefficient should
be proportional to T2, From table 5.1. it is seen
that conductance at constant volume depends closely
on T& and therefore Swalin's free volume theory does

not appear to be applicable to fused salts,

¢) CRITICAL VOID FREE VOLUME THEORY

This theory has been applied to molten salts by
Angell (28) who showed that the 1/(T~TO) temperature
dependence fitted for glass formiﬂg melts but that
the values of the pre-exponential and y‘i%aM dld not
correspond to those found by Cohen and Turnbull (9)
for molecular liquids,

The theory indicates that a constant volume
transport coefficient should depend on T%. Values

of 'Aml, T1 and (T1)z are presented in table 5,1
TE T, To |

and 1t is geen that the conductivity is more dependent
1

on T2 than T, The pre=exponential in the Cohen and

Turnbull equation, therefore, seems to give the correct

temperature dependence for molten salts,
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TABLE 5.1

Ny, T Ty, %

Values of /M , -1 and ( 1y ® at constant volume,
Ne Tz - Tg

Salt Vi AN Ty J1y3
M1 Ks T To

KNO, 54,23 0,987 0,970 0,985
54,67 0.989 0,973 0,987
55,11 0,987 0,971 0.986
55,55 0.984 0,971 0.986

NaNO4 44,92 0,983 0,970 0.984
45,25 0,98Y 0.971 0,986
45,59 0.985 0,970 0,985
45,91 0,989 0,972 0,986

This theory can be further tested by using the
value of T, given by Angell and by assuming that
\é = %, and V* @ Vme If 1t 1s assumed that conductance
can be applied to the Cohen and Turnbull thebry, the
pressure dependence of the conductivity at constant
temperature can be calculated from :=-
N -

“ .
= LAV — - 1 )
/\1:00 = 4 ;Rﬁt?‘vaup N (5.1)
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The free volume 1s calculated from Vmc((T -T.),

where o{ 18 the mean coefficlent of expansion, T

1s taken as the glass transition point, In the

pressure dependent term; fg i1s the compresslbllity

at 1 atm, and Vp 1s the mean molar volume of the

salt, The values of the mean coefflcient of
expansion for KNO'3 and NaNOS'are'3;52 X 10'4%0 and

(28)
3.33 x 107%;C respectivoly .

TABLE 5,2

Valueg of J\IOOO/‘A_I at the melting poilnt,

N
- 1OOO/—”‘-l calculated

Salt observed Ve = V(T = T) V.=V =7V

KNOg 0.88 - 0,48 0,93
NaNO 0.92 = 0.34 0.92

From table 5.2 it 1s seen that the calculated values
agsuming V§= Vmﬁi(T - T,) are far lower than those
observed experlimentally, Moreover, 1f the free
volume 1s considered as the volume of the salt minus
the volume of the ions, the ratio is of the correct
order, Another way of obtalning the experimentally
observed dependence from the Cohen and Turnbull theory

1s to agssume that XV'&

Vin
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is much smaller than 1, However, even 1f Angell's

(28) & : -A’l
value of 0,25 for V  wag used, the 000

Vm ]

only increases to 0,6 for NaNOz and 0,69 for KNO,
However, it is thought that it is better to assume
that the free volume ig the total empty space 1n

the salt rather than congidering a very small critical
voild size,

The Cohen and Turnbull theory also gave the
wrong pressure dependence for liquid metals, As
the compressibility of liquid metals is insensiltive
to temperature, it was suggested that the expansion
of a llquid mefal 1s due to the introduction of free
volume and that the contraction on the application
of the pressure is due to the shrinkage of the electron
gasa. This idea obviously cannot be applled to
molten salts,

It is not surprising that the calculated pressure
dependence for molten salts is wrong as the pressurs
only reduces thelfree volume by about 10%, and, as
was shown 1in the previous sectlon, the amount of free
volume controls the csase of movement of ions, For
molecular liquids there is considerably less free
volume at atmospheric pressure and, as the compressibilw
ities are similar, the fractional decrease of free

volume with pressure is greater,
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The Cohen and Turnbull model 1s based on the
simple concept that for transport to occur, a void
above a critical size must be available for an ion
to move into, It can be seen from these results
and those of Angell's (28) that there ig reasonable
agreement with Cohen and Turnbull although the
theory does not appear to apply entirely to
conductance in molten salts, The temperature pre-
exponential appears to be right, but the Cohen
and Turnbull formulation of the free volume seems
to be incorrect, This is to be expected as in
conduction all the ions move, and, therefore, it

1s possible for all the free volume to be involved

in transport,
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S COMPARISON OF THE PROPERTIES OF MOLTEN
SALTS WITH OTHER SOLVENTS

‘ ¥
In table 5,4 are gshown the values of Z&X/ -

Ep, Ey and E,/Ep for many liguids and solid salts.

p’
It may at once be seen that there 1s nothing
unusual about the transport properties of molten
salts, Thus the transpor% properties of sodium
nitrate resemble those of the methanol solutlons
while potassium nitrate appears to resemble the
non-asgssociated llquids, It 1s difficult to find

a satisfactory explanation for these remarkable
similarities but certainly it appears that the long
range coulombic forces can have little influence on
transport, This view was filrst put forward by

Rice (42) who advanced theoretlcal arguments to
show that the relaxatlon time of these forces was
too long for them to have any influence on transport
and drew attention to the similarity of sedf
diffusion In molten alkall halides and‘liquid rare
gases, A possible explanation of the difference
between sodium and potassium nitrates may lie in

the anion -~ anion contact and double repulsion
which oceurs in sodium nitrate and, therefore, the

ratlo Ey/Ep in the case of this salt may be

influenced by the greater repulsive and short range
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TABLE 5.4

Comparison of data

Mechanism System A VH By E, Ev/Ep
ml Kecals Kcals |
Conductanw KNO, g%g 5=10 3.5=4,1 1=1,5 0,3
NaNoa&ﬁ) 3=5 2.8-3.2 1,8=2,2 0,7
0,01168N N KN03(§%0> BA0D - - )
. aI\IO'3
in Methanol (67) 3.5-4,5 2,27 1,59 0.7
O.OOéBlNihBu NP : |
o ethenos t67) 7210 2,41 1,78 0,74
0,00855N n~Pr NP1
in Nitrobenzene 67) 13:15 2,94 1,13 0,38
0.0014N n~Bu, NP1 |
in Nitrobenzene(67) 13-15 2,98 1,097 0,37
Diffusion Methanol(76)  — 3.8 2,7 0.7
Benzene (75) 22 2,78 0,78 0.3
Sulphur in Benzene(79) g-20  3.32 1,0 0.4
Iodine in Benzene (75) 15 2.78 1,23 0.44

References:~

(1) This work
(67) Brummer and Hills

(76) Hiraoka, Izui, Osugl and Jono,
(75) Hiraoka, Osugil, Jono,

(10) Cleaver
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attractive forces between the ions, This

difference may be paralleled by the difference
between agsociated an& non-agsoclated liquids
since short range forces are structurally more

important in the former class,

TABLE 5.5

Values for 17 B/{7S for molten salts,

associated and non associated 1iquids,

MOLTEN SALTS ASSOCIATED LIQUIDS NON ASSOCIATED
RIQUIDS
f\B/QS' NeAls /b

KNO5 9.5 Diphenyl 3,03 Carbon 800
pentachloride disulfide

AgNo, 5,5 Water 2,66 Benzene 140

NaNO, 3,9 Methyl 2,19 Chloroform 63
alcohol

LiNO, 2.0 Butanediol 1,60 Carbon 35

‘ 2469 tetrachlorlde

'CdClz 1,7 Ethyl alcohol 1.44 Toluene 13

Glycerol 0,80 Acetonse 3.8
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Further evidence for the similarity between
the nitrates and organic liquids is shown by the
work of Higgs and Litovitz 59) who measured the
absorption of sound in molten nitrates.,  In liquids,
the ultrasonic absorption is larger than the shear |
viscosglty and is accounted for by assuming the
existance of a bulk viscosity term (7B in addition
to the shear velooity /]S, Tne ratio of(B//|s
is shown in table 5,5 for molten salts and other
llquids., It is seen that there is a similarity
between the nitrates and other solvents as was
found with the EV/Ep ratio, As before, potassium
nitrate tends to behave 1like & non-associated liquid
while sodium nitrate behaves lilke an assoclated
liquigd, It is also interesting to note that the
value of Z&\/%for molten potassium nitrate at the
melting point 1s almost the same as that of the
solid, at the melting point which indicates that
there is some similarity between the process of
transport in both the liquid and the solid state,
This could be due to the low volume change on fusilon,
On the other hand, the activation volume in the solid
increaseg with temperature while in the ligquid it
decreases, However, in view of the large difference

between the actlvation energies it is not péssible to

take this comparlson any further,
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4 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

From the pressure dependence of the conductancs
and the ratio Ev/Ep’ it appears that of the three
theories of transport discussed in this work the
Cohen and Turnbull critlcal void free volume theory
applles best to nitrates,  However, this theory
willl need some modification 1f it is to be applied
with complete success to the conductance of molten
salts, These results have shown that the
bre~-exponentlal term shows the correct temperature
dependence and thét the whole of the free volume 1n
the salt must be considered to obtain a correct
pressure dependence of conductance,

Provided that the solubllity &f argon is
considered, the compressibilities of the salts
correspond to the values found by Bockris, Higgs
and Litovitz, Further confirmatlon of the
correctness of the assumptions involved in evaluating
the true dependence of volume on pressure and
temperature ls desirable,

There is & growing amount of evidence that
molten salts are very similar to other liquids,
This was shown by the similarity of i&\/)ahd the
ratio, Ey/Ep for nitrates and simple organic

liquids and solutions, It would be interesting to
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measure Ev for the other group I, nitrates to
observe whether, & consistent dependence on
r./r~ occurs, Thus E_ should approaéh E, in
the case of lithium nitrate due to double
repulsion,

There wag a remarkable agreement between
Cleawer's value of the activatlon volume of the
sclid av the melting point and the result obtained
in this worl:, It would be useful to examine the
pressure dependence of the conductance of other
golid nitrates and to compare the activatlon
volumes to see if Tthe agreement was purely
fortuitous in this case due to the low volume of
fusibn at the melting point,

Eventually 1t i1s hoped to éxtend the use of
this apparatus to higher temperatures to enable the
alkali halides,which are structurely much simpler

than the hitrates&to‘be studled,
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CONDUCTANCE RESULTS

a) POTASSIUM NITRATE

SPECIFIC CONDUCTANCE OF KNO.

TEMP K T X T K
°c  mHOS cm~l

1 atm 340,1 0.645 340,1 0.644 860  0.704
360 0,704 560 0.709 360.1 0.709
360,7 0,714 380 0,770 380 - 0,767
380.1 0,769 380,4 0,766 386,7 04802
3099.8 0,826 599.9 0.826 400 0,826
200 0,826 200.2 0,826 419,9 0,888
420 0.88% 420.1 0,887

100 339.7 0.526 340 0,626 340  0.625

540 0.626 340 0,634 34041 0,622
340.1 0,626 540.3 0.626 357 0,680
359.9 0,686 359.9 0,686 359.9 0,696
360 0,685 360.1 0,696 B360.1 0.686
360.1 0,686 360,2 0,695 365,1 0,706
378.5 0,758 380  0.756 380 0,754
380 0,755 380 0,749 380.1 0,751
380.1 0,756 380.2 0,750 388,6 0,769
387.4 0,774 390,5 0.789 400 0,809
400 0,815 400  0.813 400 0,814
400,2 0,818 200,3 0,809 401,1 0,818
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3
T g T K T K
100 413,2 0,851 419.6 0,879 419.9 0,872
atm ’ ‘
(cont!ad)
420 0,880 420 0.870 420 0,879
420 0.869
200 345,1 0.654 346,1 0,636 355,5 0,666
atm 357 0,676 368,8 0,702 374,9 0,726
384.4 0,747 391,35 0,780 392,4 0,781
394.8 0,784 399,7 0,806 408,4 0,831
415 0.848 423,5 0,870 425,6 0,885
250 339,4 0.627 340 0,626 380 0.686
U se0 0,687 380  0.746 380.1 0735
380,1 0,741 399.9 0,809 400 0,814
1 400,2 0,781 400.2 0,781 420,1 0,852
420,2 0.870
300  359.9 0,670 360 0,670 360 0,664
atm 360,1 0,672 360,1 0;671 360.2 0,670
564,9 0,690 580 0,731 380 0,731
380 0,731 380,1 0,731 396,8 0,780
399.9 0,789 590,9 0,789 400 0,789
400 0,790 400 0.790 400,1 0,789
420  0.843 420 0,844 420 0,852
420 0,850 420 0,854 420 0,846
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SPECIFIC CONDUCTANCE OF KNO5

i K K T K

400  359,9 0,659 360,1 0,659 380 0,721

N 1 400 . 0,780 400,2 0,780
400,2 0,781 420 0.835

500 360 0,649 360 0,649 360 0,652

atm : _

| 360 0,654 360 0,653 360 0,654
367 0,676 379,5 0,709 380 0,711
380 0,711 380 0,712 380.1 0,714
399.9 0,771 399.9 0,766 400 0,770
400 0,770 400 0,770 400 0,771
400 0,770 402,4 0,775 420 0.826.
420  0.826 420 0,830 420 0,830
420,1 0,830 420,1 0,826 420,2 0,826
420,4 0,829

6800 360 0,842 380 0,700 380 0,700

aem 400 0,760 400.2 0,760 420 0,816

700  359.9 0,829 560 0,631 3G0.1 0,631

aom 363,65 0,644 374 0,665 379,9 0,696
380 0,684 380 0.694 391 0.716
395,3 0.727 400 0,756 400 0,756
400,2 0,756 400,2 0,746 420 0,805
420 0.809 420,1 0,814
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SPECIFIC CONDUCTANCE OF KNOS

T K T K T K
800 360 0,618 360,1 0,622 379,9 0,686
aum 380 0.681 399.9 0,739 400 0,744
419,89 0,801
1000  360,1 0.602 365.2 0,634 367 0,649
aum 369 0,645 377,5 0,671 378,6 0,674
397,1 0,729 400,2 0,731 409 0.750
417 0,786 419,6 0,789
SPECIFIC CONDUCTANCE OF NeNo,
TEMP K T K T K
oc  MHOS cm™1
1 atm 318 1,018 318,4 1,034 320,4 1,040
320,9 1,041 321 1,045 324.7 1.050
525.4 1,061 334,7 1,100 5336,4 1,119
337 1,116 338 1:130 339.4 1,133
340.5 1,120 343.1 0,1148 343,8 1,162
346,2 1,168 346.7 1,169 353,1 1,201
354,5 1,202 355.8 1,209 363,6 1,249
366.2 1,261 372,9 1.288 373,9 1,282
375,1 1,300 376,6 1,318 376,7 1,292
385 1,531 387,4 1,351 393,5 1,372
400,7 1,403
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SPECIFIC CONDUCTANCE OF NaNO

3
T K T K T K
200  319,2 1,031 320,5 1,020 320,9 1,024
" a1.3 1.022 326.8 1,042 B527.,5 1,051
329.6 1,071 530,4 1,072 835 1,100
337,8 1,101 341,4 1,132 342,7 1,119
343 - 1,131 345 1,138 346.3 1,142
546,8 1,153 348,9 1,162 55132 1.162
351,21 1,182 555.7 1,191 356.1 1,191
356,5 1,200 358 1,204 360.,4 1,219
363,8 1.240 367.8 1,253 371.8 1,270
371.9 1.269 375,53 1.201 B375.6 1,293
376 1;28& 376,6 1.285 377.2 1.284
57708 1,500 378.5 1,300 379,8 1,310
5§é;5 11306 383.,4 1,319 388,1 1,340
593 1,358 394,7 1;369 397,1 1,398
397.7 1,398
400 22,5 1,010 327,7 1,042 327.,7 1,043
aem 328,3 1,051 550,8 1,060 332,2 1,059
552,8 1,079 555.5 1,072 334.9 1.077
558,1 1,091 343.2 1,112 343.5 1.111
345,2 1,136 345,35 1,118 345.6 1,111
347.8 1,140 '350,7 1,160 358,3 1,182
359,9 1,169 360.3 1,200 363,7 1,218
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SPECIFIC CONDUCTANCE OF NalNO

3
T K 7 K T K

400  363.8 1,221 363,9 1,199 B564.8 1,221

ggﬁt'd 368 1,229 369,6 1,238 369,7 1,242
370,2 1l.841 3T9.,8 1,850 3875,9 1,878
576.1 1.259 377.6 1,270 387 1,304
380,2 1,318 391.5 1.341 595.8 1.330
394,2 1,540 397,6 1,351

600 332,35 1,041 334,2 1,059 343,4 1,102

= 345.2 1,111 345,7 1,111 357,8 1,152
550.5 1.161 360 1,178 362,5 1,190
363,7 1,199 373.5 1,246 375.2 1.252
381,6 1,279 389,1 1,302 391,8 1,308
395,8 1,308

800 330 1,001 343,53 1,092 344,8 1,080

o 546,6 1,110 355.2 1,149 355,5 1,142
558,4 1,157 373.4 1,238 377,65 1,240
380,6 1.250  583.1 1,270 387 1,201
392 1,303 400 1,358 -

1000  336,4 1,035 323,6 1,070 344 1,053

" ser 1173 570.6 1.901 374  1.218
588.5 1.280 388.6 1,270 393,7 1.302
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2 VOLUME RESULTS

a) POTASSIUM NITRATE

él%ﬁsé FOR KNO,
TEMP %554 x 10° TEHP A_gsalz x 10" Té‘Trssfg x 10"
c c

1 atm 342,8 3,77 545,4 5,06 546.4 5,99
347.0 5,01 348,6 6.91 549,9 666
350.8 6,80 5556 8.20 356,4 10,09
358 8,22 359,7 10,10 363,9 11,79
566,41 15,89 366,5 13.73 367 10,36
569 13,65 569,5 14,10 37212 14,48
37341 17,20 37345 15.21 ,37412 16.38
374.8 16,42 - 376,5 18,08 37647 17,22
582.4 20,08 584.5 21,68 586.5 21,62
587.4 21,38 588,9 22,74 389.3 25,35
390,3 23,19 591,6 24,44 391.8 25,3
591,9 23,95 592,5 24,61 392,9 25,02
593,3 25,44 596,7 26,52 396,71 25,82
598.6 £6.25 400,5 28,02 403,2 29,05
404.4 29,3 404,6 29,3 404,61 B .5
408,7 31,0 409,35 29.8 412,1 52,98
412,9 51,6 416,2 33,82 416.8 54,2
419.8 54,0 422,8 37,12 424,7 38,21
424.7 42,9 425,4 37,75 427,7 38.4

428,5 37,7
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AV
¥ 334 FOR KNO,
i Ysse x 165 T Ysse x 10° r Ms5e x 10°
200  344,3 0,00 348,2 2.14 352.6 5.06
B ses.4 5.69 358.1 5.96 361.4 6.4
367.1 12.3 368.4 10.98 368.6 8,99
372.1 14,11 374.9 11.8 375.4 12,01
375.6 13,48 378,7 14.38 38l.5 16,12
384.2 15,51 387.4 18.9 388,53 18,8
391.5 18,61 391,09 18,11 B395.2 22,75
397.4 21,10 401,2 23.41. 402 26,61
404,4 27.62  405.5 260  406.1 24,60
407.8 26.4 411,9 25.8 415 29,4
415.8 30,21 421,1 32,21 422  33.6

436.7 36,25

- 200 atm under Helium

351.4 3,17 359,5 4,55 36l.4 6,22
363 7.08 369.4 7,76 373 12,0
379.4 13,27 381,.8 14.42 382.7 13,7
395.3 19.2 396,6 20,42 398,7 19.6
398,8 18,82 400 21,25 402.,5 22,1
409.,7 25.1 . 416,35 27,39 416,5 26,39
417,2 - 28.4 417,21 28 417.8 25,65

418.8 28.9 428.3 30.4
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N
V 334 FOR KNO,
PR s & 3
T V334 x 10° T ~V334 x 16° T ~V334 x 10
400 355,53 1,49 360.8 4.56 366,1 6,16
aom 367.,0 9,31 375.4 9,6 376%3 10481
378.2 11,93 384,5 11,0 385.4 13,18
393,0 18,25 393.01 16,9 393.4 16.89
398.2 16.91 399.4 18,61 399.9 20,15
400,8 22,12 402,35 19,6 402.8 16.54
404,1 21,20 405,0 21,21 405,7 23,39
414,7 26,62 416,2 24,62 416,6 27,08
419,6 25,5 419,7 27.2  422,0 29,95
425,1 29,55 427.,5 28,82
800  357,5 1,911 361.9 2,44 3744 6,75
xom 375.7 5:58 375;2 6143  380.5 9.25
385,6 8193 385,8 0,75 388.4 10.54
388,6 9.0 391.3 9.86 391.7 13,21
392,7 13,2 394 12,62 395.7 15,09
396,6 14,18 398,9 15.55 599,35 15,22
400.7 15,04 403.9 15,59 405 18405
408 19,09 418,77 19,71 414,7 20,18
420,4 24,21 421.4 24,01 422.7 26,19

426 24,65 432 28,39 433,686 28,2
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Av

V 334 FOR KN05

ay = Aav av
T TV334 x 105 T VU334 x 108 T V334 x 10°

800 367 0,59 376.1 4,58 376,2 4,41

aom 376.8 4,05 377.5 3.83 391.3 10.61
391.6 9.3 393,2 10,49 399,8 12,71
401,8 11,49 402,9 13,2 403.8 11,49
404.6 12,91 405 13,51 417.3 18,61
417.4 19,28 427.1 24,07 427,53 21,85

430 22,41

1000 38l,2 5,32 383 1,06 385,2 5,0

2o 3907 4,89 391 5,16 395 8,11
397.9 8.16 400.6 10§29 412,1 15,19
415,2 12.6 417,4 16,89 422:5 18,27

431,1 20,93
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b) SODIUM NITRATE

Av
"V306 FOR NaNOgz

av 3 N 3 . =
ngp V306 x 10° T V306 x 100 T V306 x 1
1 atm 361 4,0 319 5,55 323,1 6,94°
327.7 7,25 328.9 8.75 331.5  10.1
333,5 9,85 334,2 10,52 337,4 13,66
338,7 11.81 339.5 12,32 342,4 13.59
344.0 13,52 351.4 17.5 353 17,69
353,3 18,16 357.4 19,11 359,1 20,5
360,6 21,05 362.4 21.8 363,7 20,25
364,6 22,3 368,7 23,88 372 25,55
372,7 24,99 374,28 26,55 379,3 28.6
380,5 £7,68 382.1 28.78 382.8 29
386,3 31,12 387.6 29,75 388,9 30,3
392,8 32,19 395.1 33,65 395,4 35,01
200  333,7 7,13 336.2 8,36 348,6 15.3
aem 349,35 11,6 351.4 15.61 352.6 13,07
355.8 16,81 356,2 16.48 357,5 16,98
357,9 15,30 361.4 18.0 363,2 17.42
364,7 19,7 366,3 19,48 366.6 20,25
369,6 23,72 370.9 20,92 373,4 23,21
375.8 24,45 378,3 24,0 379,8 25,61

05
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AV
V306 FOR NaNO, o -
TV 506 x 10° T V306 x 10° T‘%iggg x 10
200  380.8 24,40 381.4 27,18 383.4 26,10
iggt'd 389.2 28,05 392,5 30,85 396,2 31.25
401,5 35.2 -
400  324,8 3.6 320.4 3,4 339,5 9,28
atm 349.6 9.9 350,1 12,04 357.5 12,19
358,4 13,8 360,6 17,03 363 16.62
367.8 18,8 369.5 18.9 370,2 18,9
3716 2144 © 373,8 20,0 5#8.5 24,2
384 23,81 B87.7 27,1  593.4 2645
395.5 29,28
600  335,9 5,56 342,53 4,79 346.8 9,23
" s 9wl '351,7 10,5 356.8 13,25.
362,1 12,32 366.8 18,18 367.2 17,72 .
371,53 19,21 - 371.9 19.61 376 = 22,18
377.5 20,92 500.1 24.8 393  28.62
397,5 29,82 598.6 29,15 30,99

405,1

3
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<

A
“V306 FOR NaliOs

AV T AV < T AV

H

=306 x 10° “V306 x 10% V306 x 10°
800 347.6 9.35 351.4 7.64 B351.,5 9,8
atm
361,6 13,18 362.5 12,42 365.1 13,38
374,3 18.55 . 375,33 18.5 383,1 20,41
398 26,4 408,1 31.6
1000 353 9,28 365,4 12.59 371.6 15,29
atm
381.,8 18,31 382,9 18.5 394,7 24.82

397.2 23,41 406,8 30.42
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