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ABSTRACT

e Thls the31s deals w1th the 1nvest1gat10ns of mass transport and
~:5thermal conductlon in molten salts. ' B
In order to clarlfy the mass transport phenomena in molten salts,

'icatlonlc mobllltles 1n the molten (L1 Tl)NO and (Rb Tl)NO3 systems, high-
: ,dllutlon dlffu51on coeff1c1ents of K Rb+,‘Cs+,.and Tlv in the molten
(li—-K)NO3 system; and tracer diffusion coefficients of Rb+ and Cs+ in the
binary molten alkali nitrate systems are determined by means of a counter-
‘current electromigration technique, wave-front-shearing interferometry,
and a paper strip method, respectively.

The obtained characteristics are qualitatively interpreted with
the simple assumption that the size of moving ions compared with that of
the free space formed by the corresponding system and the interaction between
‘;ftne}moﬁlng_ionﬁanditne'snrrounding ions mainly govern the mass transport
process in molten salts.

In order to determine the thermal conductivity in molten salts,
the thermal diffusivities of NaNO3 and HTS are measured by means of wave-
front-shearing interferometry. The thermal conduction in molten salts
are discussed by relating the thermal conductivity with the sound velocity
and the mean vibrational frequency in the molten salts.ikWe confirmed that
the approach with adopting the Debye frequency of molten salts would
give an excellent approximation of the thermal conductivity of molten salts.

- A wave-front-shearing interferometer constructed as a part of the

present work offers reliable data ‘for diffusion coefficients and thermal

conductivities of molten salts up to 500°C.



. INTRODUCTION

';;ffThéi%ﬁégfééé i;xigﬁiétéeitévat”ﬁigh teﬁperature has'rapidly‘incréasedv
  §?8m the1§§ich£6£g éf'funaéﬁentéi éépectéyaﬁd of feéﬁnical”ébplicétibns.
:i Séméimélfg;'ééitsléfé épp1ied és heat treatment baths,yeléctrolyté
fuel cells, the solvent or the catalyst for the preparation of organo-
metallic compounds, and the fuel carfier and the cgolant for nuclear
reactors such as Molten Salt Breeder Reactor (MSBR)[1,2]; they have good
heat transfer properties and high electric conductivity compared with
organic liquids, and relative inertness and low vapour pressure compared
with liquid metals. Mblten salt mixtures are also being utilized in the
 ,§u¢l§étfindQs£ry where plutoniﬁmvand other products of nuclear fission are

Tgﬁécdﬁéiedﬂéﬁémiéal;y;by;meaps’of molten salts in the '"Molten Salt Transport

Process".
The scientific research activity‘for molten salts has been accelerated

by the fact that some of them constitute one of the simplest classes of

liquid electrolyte, and a relatively large number of investigations haQe'

been expended to make the mechanism of transport phenomena in molten salts

clear. Several.models on transport process in moiten salts have been

proposed with the assumption that the transport properties would be determined

by an approach from the "solid" staté, the "gaseous" staﬁe,’or the "inter-

mediate" contribution betweeﬁ both states; for example, the absolute reéction

rate theory[3] and the paired ion diffusion theory[4,5] are based on a quasi-



lattice model, and the hole theory[6] is based on a gas like approach,
while the significant structure theory[7] and the free yolume theory[8] are

--based on an.intermediate contribution between tbe solid state and the

: géseousvstete}f:As typical liquid models, the eooperative rearrangement

theory[9] and the mlcrOJump model[lo] have been proposed Howeﬁer,-moetbi

theorles are not able to 1nterpret all the propertles properly well a
ﬁééei ﬁlght be sueceesful in descrlblng some property of molten salts
but not another. |

Although it is obvious that an important part of the experimental data’
for moiten salts concerns the therﬁal conductivity or the diffusion coefficient,
the existing information on their properties is very limited because of
the experimental difficulties encquntered in dealing with a strongly corresive
liquid at high temperature. Although viscosities and electric conddctivities
have been measured in a number of pure molten salts and mixtures, only a few

data for the 1on1c mobllity and the diffusion coeff1c1ent are known, and ;

'imech ieeerfor the thermal conduct1v1ty.

The major purpose of this work is to etudy the transbort pfoperties
of molten salts, in particular, the mass transport and the conduction of heat.
Experimentally, we have determined the.interbal cation mobilities in the
molten (L:_'L--Tl)NO3 and (Rb-—Tl)NO3 systems by means of a countercurrent
electromigration technique(Klemm's method) (CHAPTER 1), the diffusion coef-
ficients of various'monovelent cations in binary molten alkali nitrate
systems by means of wave—front-shearlng interferometry and a paper strip
method (CHAPTERs 2 and 3, reSpectlvely), and the thermal conductivity of
HTS (Heat Transfer Salt) with wave—frontfshearing interferometry (CHAPTER

4). Very little work has been done in the latter field.



In PART I, the results ofvcationic mobility and diffusion coefficent
obtained in the present work are qualitatively interpreted with the 51mple
assumptlon that the size of the free space compared Wlth that of migrating
~ions and the pair eotential between catlon and anion would be the main |

“uhfaetors whlch rule“a maesrttansport process in molten salts such as diffusion
'_band electrohlgration._v g
t.Thgginngtigation>ehkthe eondﬁctiqn”of heat ihhﬁhlten salts are teported
in fART II;iﬁhieh eoneists of t&o chapters; the measurement of the thermal
diffusivity of HTS by the use of a wave-front-shearing interferometer, which
was constructed in the present work, is described in CHAPTER 4, and in
CHAPTER 5 some approaches to the mechanism of thermal conduction in molten

salts are tried out by relating the thermal conductivity with the sound

velocity in molten salts measured at our laboratory.
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PART I

MASS TRANSPORT IN MOLTEN SALTS.




' CHAPTER 1

*fiqternai Cation Mobilitieé'in‘the Mélten tLi-—Tl)NO3 and (Rb—Tl)NO3 Systems.

Thé relative differenées in internal cation mobilities are measured
for the molten systems LiNO3—TlNO3 and RbNO3--T1NO3 over a wide range of
temperature and concentration by means of countercurrent electromigration
technique (Klemm's method), and the internal mobilities are célculated
from the existing data on the electric conductivity for these systems.
For the system LiNO3—TlNO3, a marked dependence of the relative internal
mobility differences on temperature is found particularly in the Li+ rich_
region, and a conéiderable concentration dependence is found over the
'investigated temperature raﬁge. This is qualitatively expléined in terms
~of a model which takes into account mainly the differences of the cation-
anion pair potentials and of the sizes of the two cations. On the other
hand, for thé system RbN03-T1NO3, only a slight temperature dependence

is observed and no concentration dependence, if present, is detected

within the experimental error.



-1 Introduction .

:_Sinqé‘the féther surprisihg finding by Chemla and cowbrkers[l;ZJ
'that #ndér certain ﬁénditioné K% is m§re mobile than Li+ in the molten
‘ ﬁixtgfé’LiBr—KBr, thefstﬁdy‘on’thé?ﬁobiliﬁies of Binary molteﬁ syétéms
i:;;ﬁitﬁ'mbﬁOVaiént’éations énd'a common;éﬁion-has attracted much attention,
'éﬁd fdrisystemé Of;chrélides[3]; bromides[é;S]; nitrates[6]; and sulphates
”[7,8];.mobilitiés, mobility differences, or transport numbers have been
investigated systematically by means of zone electrophorésis, countercurrent
electromigration, Hittorf's method, and EMF measurement[9]. The investi-
gation of‘cation mobilities in binary miktures offers useful information
on what factors affect the electromigration process since the mobilities
of two different cations can be studied at the same time under various
conditions, -
,’IQ thé:préégnt’wqu the dependence of relative differences in the

' ;iﬁfét;éi%6éti6ﬁ¥ﬁobili£{eéion £émPéréturé and conéeﬁtration is étudiéd

for the systems LiNO,~TINO, and RbNo3-T1No3, the differences of the cation
radii being large in the former and very small in the latter. The
countercurrent electromigration method (Klemm's method) is adopted here;
with which even very small relative mobility differences of two cations
can be accurately measured, although the information on the external
mobilities cannot be obtéined. By using the salts only in a small-volume
separation tube, the countercurrent method is readily applicable to such

expensive salts as RbNO3 and T1N03.



2 Experimental

The arrangement of the electromlgratlon cell was similar to that
prev*ouéi;-eméloyed fo?lléﬁtoée effect measurements by Okada ét al.[10],
whlch is 1llustrated 1n F1g 1 A separatlon tube of Vycor (1nt diam. :

 4 mm) packed w1th quartz powder of 80-100 mesh was inserted into a
":fsmall~vessel‘conta;n1ngv§_mélten mixture of L1N03—T1NO3 or RbNO3—TlN03.
The chemgééié wére‘éf‘énal§£ical reagent grade and fully -dried before use
without further purification. When the salts permeated the diaphragm by
capillary action, the separation tube was transferred to a large vessel
containing a eutectic mixture of NaNO3-KNO3 or LiNO3—KNO3 which was to
serve as a cathode compartment, and immediately electrolysis was started.
After several hours' electromigration, the separation tube was taken out
of the large vessel, cooled and cut into several fractions for chemical
analysis. An aliquot of each fraction was subjected to the determination
of the cations by flame spectrpphotémgtry. On the other hand, the total
amount of cations in éach ffaction was checked by eluting another aliqﬁot
lthrough a column of H+-type ion exchanger and titrating the eluted solution
with a standard NaOH solution. Detailed results for a typical experiment

in the molten (Rb-T1)NO, system are shown in Table 1.

3

The lowest limit for the electromigration temperature was chosen in
the light of the phase diagrams of the system[11,12].

Radiocactive tracer 204'1‘1 (T = 4.1 y) was purchased from New England

1/2

" Nuclear Corp. in U. S. A. ' The radioactivity was measured with a GM counter.
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Fig.l Electromigration cell. A) Etectromigration cell.
o B) Vessel for filling moltenTINOyRbNOfor TINO-
LiNG) into the separation tube.

- 1,13. Mixture of NO,and Q,; 2,5,12. Silicone stopper; 3,15. Pyrex glass '
- tube ;4. Stainless steel tube; 6.Quartz vessel(Intdiam.:55¢m sHight:
30cm); 7. Aluminum tube(Int.diam.: 9mm); 8,23. Electric furnace;
9.Pyrex glass sheath for the thermocouple; 10. Thermocouple; 11.

MoltenKNO;-NaNO;(orKNOs-LiNOy); 4. Stainless steel wire; 16, Platinum

wire; 17, Quartz wool;18. Separation tube(Vycor glass);19. Molten
TING-RBNO; (or TINO;-LiNO); 20. Diaphragm (Quartz powder)s 21,
Pyrex glass vessel’ 22. Quartz frit(Thickness : ca.5mm) :



Table 1. Detailed results for a typical electromigration experiment in the system valﬂwvzow.
Temperature 303 (°C)

Transported charge 739.9 (mgCu)

Fraction - Length 1 Rb Tl + Rb Tl ratio. Na K Total HOﬂNH*

No. (mm) Nwo» (mol) xwo» (mol) xHOb (mol). ¢3) xHOp (mol) xHOb (mol) xHOb (mol)

1 15 1.14%0.05 9.95£0.05 11.09 10.3 11.09 10.72¢0.13
2 .Hm. 3.25t0.05 13.30+0.05 16.55 19.6 16.55 16.54%0.13
3 16 4.20£0.05 11.30£0.05 15.50 27.1 Hu.mo Hw.@mwo.Hw
4 15 4,90+0.05 13.05%£0.05 17.95 27.3 17.95 17.14+0.13
5 17 w.ooHorom ©13.30£0.05 18.30 27.3 Hm.wo Hw.waO.Hw
6 20 mmeHo.ou 15.80£0.05 21.75 27.4 0.03 0.05 21.83 21.24+0.13
7 25 7.45:0.05  18.05£0.05 25.50  29.2  0.30 0.05 25.85  26.40:0.13
8 ,MW b.mw%o.om 9.25:0.05 14.10 34.4 4.80 3.35 22,25 23.56+0,13
9 20 ,,H.,wﬁo.om 3.800.05 5.54  31.4 8.3 11.50 25.34  21.11#0.13

10 18 ;bwbmﬂo.om .H.mowo.om 1.92 21.9 9.50 9.28 20.70 18.59+0.13

Stock Solution Tl ratio = 27.6 (%)

"Total" SWW;AmWWﬂBHdmm by neutralization titration with NaOH.

- 10 -



3 Results

.The salts in the large cathode compartment diffused into the separation

tube during electromigrétion. 1f the duration of electromigration, t, was

- adJuSted, howch?r, So,'t?.‘lfat t<,£2/ 7 (/DS oEf +/fc eff)z}[l3,14], there

-ékiSﬁedﬁég&gxtended part around the middle of the separation tube where
“ {t$e ihit;alichemical éomposition remained unchanged. Here, {?is the length
of the'diépﬁfégm-bért,'énd D, g¢ and D, off thé effective diffusion‘
coefficients of the investigated salts and of the salts in the cathode
compartment into the diaphragm part, respectively. 1In this case the relative
vdifferencevin iﬁternal mobilities of two cations 1 and é can be calculated
by[7;l4]:

€= (b —b,)/b= (F/Q)-(Zi,'nZi/pz —;nli/pl), ..... (1

where Q is the transported charge in Coulomb, F the Faraday constant, nii
apd Ny the equivalent quantities of cation 1 and 2 in the i-th fraction,
- respectivély, and Py and Py the inifial equivalent fractions of the corre-
sponding cations. The summation is made from the fraction nearest to the
anode to the fraction where the initial composition rémainé unchanged.

. + . ' .
When cation 2, that is Tl in the present case, is of tracer scale, Eq. (1)

is modified as:

_ 0,0
€1, = F/Q- nZ/cz)‘ZCZi }ijnli), e (D)
where c,. is the radioactivity in cpm of cation 2 in the i-th fraction,

21
and (cg/ng) the specific activity of cation 2 in cpm/eq of the initial

sample.
Experimental conditions and the results are tabulated in Tables 2 and 3.
The relative internal mobility differences are plotted against temperature

in Figs. 2 and 3.

- 11 -



Table 2 Conditions and the results of electromigration in the system (Li-T1)NO

3°
Exp. Temp. Mole fraction Electromign. Transported (b.., - b.,.)/b
No. (°C) of TlNO3 (%) duration (hr) charge (C) R T1
1 . 288 0. 6.5 2211 0.821 * 0.009
“2 7 3700 0 5.0 1545 0.413 * 0.003
3 375 0 6.4 2054 0.351 * 0.011
4 397 ] 5.9 1999 '0.300 * 0.009
5 415 -0 5.9 2054 0.330 = 0.002
6 - 4400 0 6.8 2144 0.390 = 0,002
T 443 0 6.1 1929 : o-0.473 £ 0.006
8467 o 5.3 1849 0.650 * 0.003
=TT 9 - 2840 3,87 £ 0.01 4.5 1560 0.226 £ 0.020
10~ 285 3.87 % 0.01 5.2 1702 : 0.236 * 0.017
11 312 3.87 £ 0.01 5.0 1622 0.214 £ 0.019
12 367 3.87 * 0.01 4.6 1403 0.153 £ 0.018
13 396 3.87 + 0.01 4.3 1347 0.192 £ 0.023
14 416 3.87 * 0.01 4.5 1527 0.178 £ 0.020
15 224 25.6 * 0.1 6.9 2229 0.398 * 0.003
16 256 25.6 £ 0.1 7.2 2376 0.118 * 0.002
17 308 25.6 ¥ 0.1 7.1 2417 0.051 = 0.002
18 350 25.6 £ 0.1 8.7 3041 0.026 = 0.001
19 400 25.6 * 0.1 - 7.2 2658 0.036 * 0.002
20 245 50.9 £ 0.1 7.0 2410 0.011 £ 0.001
21 270 50.9 £ 0.1 7.1 2430 - 0.011 £ 0.001
22 310 50.9 * 0.1 6.8 2299 - 0.032 + 0.002
23 328 50.9 = 0.1 7.0 2293 - 0.026 £ 0.002
24 225 68.0 = 0.2 6.0 1679 - 0.001 = 0.001
25 274 68.0 £ 0.2 5.2 1654 - 0.003 £ 0.001
- 26 327 - 73.8 £ 0.1 6.8 2370 - 0.044 £ 0.001
227 377 73.8 £ 0.1 7.0 - 2239 - 0.064 £ 0.001-
28 380 83.6 £ 0.1 6.8 2290 - 0.084 £ 0.001
29 388 83.6 % 0.1 6.6 2254 - 0.095 = 0.002
30 230 88.8 % 0.4 5.8 1921 - 0.076 + 0.006
31 275 88.8 % 0.4 6.5 2236 - 0.071 £ 0.005
32 305 88.8 * 0.4 6.5 2169 - 0.064 * 0.006
33 334 88.8* 0.4 5.2 1733 - 0.087 £ 0.008
34 340 88.8 % 0.4 6.5 2130 - 0.082 = 0.006
35 372 88.8 0.4 5.8 1947 - 0.080 * 0.007

The temperature was controlled within £3°C in most of experiments. The
sign * in the column 4b/b represents the standard deviation resulting from
the errors of chemical analysis and radio-activity counting. That the mole

fraction of TlNO3 is 0 means that the radio—éctive‘tracer(ZOATl) is used.

- 12 -



Table 3 Conditions and the results of electromigration in the system (Rb—Tl)N03.

CExp. Temp.  Mole fraction Electromign. Transported 4]

L : ' rb ~ Pr)/P
. NQﬂ-‘fﬁ‘iC); - Qf'11N°3~(%) durat;on (ht) charge (C)

101325 0 71 2353 - 0.054 * 0.001
102 363 0 7.7 2553 - 0.058 £ 0.001
103 430 0 6.0 1981 - 0.040 * 0.001
104 269 27.6 * 0.4 7.0 2209 - 0.082 + 0.001
105 303 27.6 0.4 7.0 2247 -~ 0.070 * 0.001
106 330 27.6 % 0.4 7.0 2275 -~ 0.055 + 0.001
107 347 27.6 % 0.4 7.0 2376 - 0.055 * 0.001
108 395 27.6 + 0.4 7.1 2112 - 0.037 + 0,001
109 236 50.1 + 0.1 8.0 1012 - 0.092 % 0.002
110 272 50.1 + 0.1 9.5 2960 - 0.075 * 0.001
111 303 50.1 % 0.1 10.3 . 3683 ~ 0.070 % 0.001
112 247 74.4 £ 0.2 6.0 1618 ~ 0.085 + 0.002
113 294 74.4 % 0.2 7.0 2430 - 0.070 + 0.001
14 324 744 * 0.062 + 0.002

0.2 7.2 1784 : -

See the footnote to Table 2.

- 13 -
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Fig. 2 Relative difference in internal cation
mobilities (bLi; bpy)/b against temperature in
the system (Li—Tl)NO3. The numbers in the figure

represent the mole fraction of TINO; in 3.
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Fig. 3 Relative difference in internal cation
mobilities (bRb— bpy)/b against temperaﬁﬁré in

the system (Rb—Tl)NO3. '

('I‘lNO3 mole fraction: A0%, A27.6%, (O 50.1%, @ 74.4%)
The daté by Forcheri et al.[23] are also plotted for

comparison (F in the figure).



From the present data and the existing data on the electric conductivities
for the systems LiNOB—T1N03[15,16] and RbNO3—TlN03[15-l7], the internal
mobilities of these cations are calculated according to Egs. (3) and (4).
A1 +—Elz( 1-p,01 BN OF
e r1- £,(1-py01 e OF

ll’r‘

"';where,/tis the’ equlvalent conduct1v1ty of the mixture.

The 1sotherms of 1nternal mobilitles for the systems L1N03—T1NO3

and RbNOB—TlNO3 are shown in Flgs. 4 and 5, respectively.

4 Discussion

It is known that the trivalent Tl ions are unstable in molten nitrates
and, if present, are converted into the monovalent state. The fact that
radioactive Tl does not show any irregular behaviour in the system_RbNOB—
T1NO RbNO,,:

3 (Rb 3

that, because of its extremely low concentration, radiocactive Tl behaves

100%) as seen from Figs. 3 and 5, excludes the possibility

1rregularly The quite negligible radioactivity in the washed diaphragm
powder after electromigration also denies the possibility that Tl of
tracer concentration might be absorbed in the quartz diaphragm. A change
of the distribution of salts in a separation tube during solidification
was not observed for samples without electromigration in some preliminary
experiments'for the system LiNO3—TlNO3 (twice for 0 % TlNO3 and twice for
89 % TINO,). |

It is indicated by molecular dynamics simulations of some alkali

halides following the mehtod successfully applied to molten salts by

Woodcock and Singer[18] that the electric conductivity is correlated with

- 16 -
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Fig. 4 1Isotherms of internal mobilities in the system

(Li-Tl)NO3. The. data on the equivalent conduc-
tivity of LiNO3 are taken from Ref.[31] and of

TlNO3 from Ref.[32]}. Most of the values at 400°C

are estimatéd from the extrapolated conductivity

data.
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Fig. 5 Isbtherms of internal_mdbilities in the system

_ (Rb-Tl)N03. The data on the euivalent conduc-

tivity of pure RbNO, are taken from Ref.[31].
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a separating motion of the nearest neighbouring cations and anions[19].
Since the pair potential between the cations and anions is not known for
'moltgh_nitratesﬂ it is assumed in this discussion to be similar to tﬁat
:_in thé éofreépbndiﬁg solid haiideé, andkthe foiléwing deductions are
ﬁ?ié&ﬁ—gﬁt&iéw of»£hévfindings obtained with molecular dynamics studies
' ofmolten L__ici [20], TLC1[21], and LiC1-RbC1 equimolar mixture[21].
- iTﬁ;’éﬁaraéﬁérTQf:fﬁé’Li+ motion might be somewhat different at low
and hig£4témperétﬁres, while that of tﬁe Tl+ motion might not dépend on
temperature. At low temperatures, the pair distribution function between
Li+ and NOS would have a sharp maximum around the position where the pair
potential has its deep minimum, as speculated from the findings of molecular
dynamics simulation of molten LiCl (see Figure 6). This would show that

a Li+ ion moves along the surface of a NO3 ion rather than in the Li-—NO3

3

fiWill have a chance to move the surface of a neighbouring NO

. . : s . I
direction. While moving along the surface of ome NO, ion, a Li ion

3

the nearest neighbouring NO3 ions are nearly in contact with each other.

ion, since

The peak of the pair distribution function flattens with rising temperature.

This would suggest that at high temperatures a Li+ ion would move vigorously

not only along the surface of the nearest NQ3 ion but also in the Li—NO3
vdirection. As for the T1+ ions, on the other hand, the valley of the

pair potential curve would be shallow around the position where the pair
distribution function has its maximum. A Tl+ ion can readily withdraw
from its nearest No; ion, if only there is enough electrically negative
free space in the surroundings, while may not easilj circle along the
surface of a No; ion because of its large size. Thus, at low temperatures,

s . + I . ' . ;
Li is more mobile than Tl in Li rich mixtures where there is little

free space large enough for Tl+ motion. At high temperatures, it is
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Fig. 6

Schematic representation of the pair distribution
function g and of the assumed pair potential
between Lit .and NOS and between T1® and NOS.

The curves are sketched in view of the findings

with molecular dynamics studies of molten LiC1[19,20],

.and T1C1[21], ‘the pair potential-for the latter

being taken from Ref.[33], Q: low temp., b: high
temp. For TINO

temperatures.

30 g'is‘muCh the same at low and high
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anticipated that Li+ will be much more mobile than Tl+, because it is
able to move along the surface of the NOS ions and in the Li—NO3 direction
‘as ﬁellt This happens above say 400;C at tracer concentrations of T1+,
' *'{but itkcappéglpe.realisgd;expgrimentally at high-TlNO3 concentrations
c ;bebauSéj6f therﬁ;lvdecoﬁﬁoéiﬁion.‘ |

Aé,for the iéotherm;,>the Li+'mobiiity decreases with increasing
'cénteqtratioﬁ ofif1N03,.as seen in Figure.B. This may be so partly because
the mofion of a Li+ ion around a NO; ion is hindered by the presence of
Tl+ ions, particularly at low temperatures, and partly because the presence
of T1+ ions will increase the mean distance between nearest neighbouring
NOE ions, which is unfavourable for the transfer of the Li+ ions from
one Nogkion to another. On the other hand, in the region very rich in

LiNO3, the Tl+ mobility increases rapidly as the concentration of Tl+

increases. This may be so because, as the concentration of TINO. increases,

3
the volume of the free space increases to a kind of critical volume large
+ U . L
enough for a T1 motion. As the concentration increases further, the
isotherms slightly decrease, presumably because the volume of the negative
. + X
free space, which is favourable for Tl motion, decreases due to the
+ . . ' + .
presence of more Tl ions.  The maximum of the Tl mobility shifts toward
higher concentrations of TlNO3 with decreasing temperature. This is
accounted for by the assumption that at lower temperatures, the free space
being smaller, more TlNO3 is required for enlarging the free space enough
+ ) ’
for a T1 motion.
Incidentally, the phenomenon that for small concentrations of the
larger cation its mobility increases sharply with its concentration has
not been found in the systems NaNO

leNO3[22,23], NaNo —RbNO3[24],.and

3 3
NaNO3—CsNO3[25], probably because, the two cations being more equal in
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size than in the present system LiNOB—TlNO3, free space for the motion
~of the larger cation is more readily available.

‘if:;?' Th§Ménti¢ipation[26]vthat the diffusion éoefficient of Li+ would

Lgéiwéys be greater_than that of Tl+ in the mixture is not'éontradictory

onthe mbdel presented above. The motion of a Li-NO ’pair would not

3
‘contribute to the electrical mobility but to the diffusion coefficient.

;;7 'ICbgégfﬁiﬁg;tﬁé’system_RbNOB-TlNos, a concentration dependence of.the
‘reiétiﬁéwﬁobility:difference is not détected within the experimental accuracy,
as seen in Figure 3. Consequently, the mobilities of both Rb+ and Tl+
increase linearly with the concentration of Tl+ as shown in Figure 5.

A slight but obvious temperature dependencé of the relative mobility
difference is, however, observed as seen in Figure»3.

For this system, Forcheri and‘coworkers have previously mgasured the
-:internal mobilities at 325°C with mole fragtionS’of TlNO3

of about 0.25,
0.5, 0175 by means of zone’elethopHOresis[23].> The relafive differences
' iﬁvthekihternal mofiiifies estiﬁatéd‘from:the figufe they have drawn agree
" well with the present data (see Figﬁre 3). They have not paid attention,
however, to the temperature dependence of this quantity, and thus their
presumption that the (internal) "mobilities differ by not more than 6 7%
for this system" would be too hasty.

In this system, the ionic radii of the two cations are much the same,
while the masses are very different. The similar magnitude of the-ﬁobilities
of the two cations would suggest that the mass would play a minor role
compared with the size of the ions. An alternative possibility is that
the big difference of the masses would be compensated exactly by the

difference of the pair potentials. The former suggestion would bevsupported

by the following facts. Similar mobilities of two cations have also been .
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found for the system NaNO ngN03[27] in which the radii of the two cations

3

are much the same, In the present experiments, as the free space is
.enlarged with rising temperature, the relative mobility differences become
"smaller. Unfortunately, it is impossible on account of the thermal

- deécomposition to see whether the mobilities of Tl and Rb become reversed

‘f at_sti1l highef temperatufes.

In conclusion, in such binary systems as the ones studied here, the
volume of the free space in relation to that of the ions would be one of
the main factors that affect the mobilities of the ions. When one of the

: oot . . -+ . .
cations is Li , the pair potential between Li and the anion with the deep
P . .+ .
minimum as well as the very small size of Li would have a great influence
cqs .+
on the mobility of Li .

In the interpretation presented above for the system LiNO3~TlNO3,
the pair potential is assumed to be independent of the concentration of
the constituent cations, that is to say, the present model does not take
into account the assumption in the polarization model[3] that the pair
_potential between a large cation and an anion be very much affected by a
small cation present near the anion. Thus, even if the polarization is
ignored or the association model[28-30] is not adopted, the isotherms of
the mobilities of two cations in the present binary mixtures could be
qualitatively accounted for. Further experiments as well as molecular

dynamics studies on such systems as LiCl-CsCl are required to verify the

present model.
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- CHAPTER 2

SRR ' + o+ +
... High=Dilution Diffusion of K, Rb'y Cs , and Tl TIons in Molten

:(Li—K)NO3 Sysyem Studied by Wave-Front—Shearing Interferometry.

The high~dilution diffusion coefficients of potassium, rubidium,
cesium, and thallous ions in molten lithium nitrate and potassium nitrate
mixtures are measured over a wide range of temperatures and concentrations
.by means of wave-front-shearing interferometry,

A slightly positive deviation fromba linear dependence on the concentra-
fion is found in the isotherms of the diffusion coefficients of potassium, |
.rubidium,band thalious ions, while no deviation is found in the case of
‘diffusion coefficients of cesium ion. This is qualitatively discussed
from the point of view of the ionic radii, the free space formed by the solvent

components, and the interaction between the solute ion and the surrounding ioms.
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1 Introduction

~Wave—front-shearing interferometry was first applied to the

measurement of diffusion coefficients of molten salts up to 500°C

l-;;%by-Gﬁstefsson[ll. In general, when the diffusion coefficients of molten

e -Salts are measured the errors in the measured dlffu31on coefficients

’f%tend to become large because of convectlon of llqulds, the dlfflculty
i;ln setting the well-difined initial end boundary condltlons, and so on.

: ?;The.measurement of dlffu51on coeff1c1ents in pure molten salts with
'wave;front—shear;ng interferometry was remarkably successful[2—4] with
the userf "light ports", the inside of which was properly :evacuateg
(~100 Pa), through the wall of the electric furnace. The lightvports
enabled the light to travel straight in spite of the temperature gradient’
between the inside and the outside of the furnace, and made it possible

to give reliable data as well as the measurement at room temperature.

. As the variation of the refractive index in the melt is basically a

direct pbject of the measurement, ﬁhe temperature dietribufidn in the
>£est paft can be controlled within variations less than O.BOC; if such
a teﬁperature disturbance occurs, a fringe is observed in the image -
of the sample conforming to the following equation (see CHAPTER 4)[5]
ne® = fORPOTIATIA  cevvnreennnnnnn(l)
wherergfis,the number of fringes, ] the waveiength of the light (632.8 nm),
4? the geometric length of the light path throughvthe liquid (20 mm in
this reeearch), G%pﬁaT)'the temperature gradient of the refractive index
(~1.5410 4K l)[6 71, andAT the temperature dlfference in the system.

Since the refractive index of lithium nitrate differs most from

that of potassium nitrate in the group of alkali nitrates[6,7], it




might be of interest to apply this optical method to the measurement of

diffusion coefficients in molten (Li—K)NO system, There are some investi-

3
- gations on the tracer diffusion coefficients of Li , Na ', and K in molten

: (Li—K)NO3‘éYStem with a "diffusion out of a capillary" method by Lantelme apd‘

’Cﬁemlé[8,9]."Wé haVe.measured the high-dilution diffusion coefficients of

- B Y _ . . ,
K+,‘Rb+,»Cs , and T1 ions in molten (Li—K)NO3 system by means of wave-front-
““ghearing interferometry. The influence of ionic radii, the free space, and the
interaction between the corresponding ion and the surrounding ions to the

diffusion coefficients in molten (Li--K)NO3 system is qualitatively discussed.

2 Experimental

The ﬁrinciple of wave—frbnt-shearing interferometry and its application
7;t04thé méaéurementtof diffusion coefficients of molten sélts have already
ibéén descfibed in detail[1,10]. . |
The optical system of the wave-front-shearing interferometer cOnstructgd
in our laboratory (see APPENDIX I) was similar to that employed for the-measure~
ment of diffusion coefficients of some molten nitrates by Gustafsson et al.[2].
A furnace design is illustrated in Fig. 1. A diffusion cell(d) with a
22 x 3 mm slot was closed tightly from each side by quartz window plates(D)
(flatness; less than A/5, parallelism; with in 2 seconds of aré) which were
pressed against the diffusion cell with aluminum holders and stainless
steel screws(F). Leakage bf a solvent salt in the slot was prevented;
The cell was placed in an electric furnace with a large heat capacity.
Evacuated light ports(B) were inserted through the wall of the electric furnace

in order to prevent an optical path difference produced by temperature gradients
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/(@05
o

Fig1” Furnace '“'de'sfignfff . o
A, diffusion cell; B, light ‘port; C
D, optical flat(quartz); E, optical flat (BK-7) 5 F,

,'Coo['in‘g flanges;
aluminum holder; G, cell 'container_ s H, glass tube with -

a filter; I, therrhocoup!e; J, electric furnace; K, water -
cooling; L, connection to vacuum pump.
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at the wall of the furnace. In order to keep the temperature of‘the testing
materials as constant as possible, the diffusion cell was covered by a small
stainléss container (G) filléd with dried argon, The variation of temperature
‘oﬁmthe:wh§lerdiffﬁsion cell during a measurement (20 ~30 min.) was not over
';a;ééc.JMAléééll Am$ﬁn£ of thébéolvenf salt(ﬁﬂg) was melted in a glass tﬁbe(H)
"Qith’arfiitér“;ﬁd iﬁéérféd in the slot. Aftgrvthe image of the slot became
clééf (aﬁtngVS ﬁouré), a small solute crystal was dropped into the slot from
a position about one meter higher than the top of the diffusion cell; This
ensured that the crystal quickly reached the bottom of the slot, resulting
in a clearly defined diffusion boundary. The measurement was considered to
start when the crystal reached the bottom of the slét. After the image of
the sheat became clearly detectable, the interferograms were recorded.

How to calculate the diffusion coefficients is described in APPENDIX IT1.

Crystals of solute were prepared by melting at a température about 50°C
higher than the melting point of that material in a nitrogen atmosphere and
allowing to cool. All chemicals were of analytical reagent grade. The
mixtures of lithium.nitrate and potassium nitrate solvent salts were dried at
120°C for several hours, once melted at 300°C, and stored in a desiccator.

The concentration of the solvent was checked by flame spectrophotometry.
3 Results and Discussion
In the measurement of diffusion coefficients with optical interferometry,
the high-dilution diffusion coefficients D are calculated from the refractive

index variation caused by the variation of the solute concentration. For this
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Table 1 Molar refractivitiés of molten alkali nitrates at 350°C.

( 2= 632.8 nm )

7 Molar t;re_i_ght [91 'Dénsity[g] Refractive Molar refractivity
oM/ gomol " 9/ geen™? index[8] A/ em mo1™t

LiN03 68.95 1.728 1.4547 10.82

NaNOs_ 85.01 1.875 - 1.4187 11,44

KN03 101.10 1.861 - 1.4093 13.44

RbNO3 S 147,49 ' 2.443 1.4165 15.97

o . R a *

CSNO3 ~194.92 2.894 1.4409 17.78

* extrapolated value.
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reaeon, the refractive index difference between the solute and the solvent
materials is needed. The refractive indices of alkali nitrates were

accurately measured with a modlfled thermooptic technlque by Karawacklfll],

o and the values of the refractlve 1nd1ces/u and the molar refract1v1t1es A

,licalculated from the Lorentz—Lorenz formula™ (Eq4. (2)) at 350°C (A=632.8 nm)

*ﬁ;are tabulated in Table 1 together with their molar weight M and the density

e 5’ [12]

A= M/g’ 911 ' /G 2) e (@)
Io;order'to check the influence of the refractive index on the measurement
we should know how the refractive index varies with the concentration
of the solvent. The concentration dependence of refractive index Qgﬁﬁac)
can be obtained from the following equation if we know the total amount
of substance S ddffusing through cross section of the bottom layer, and
the wavelength of the light A [1]:
@p/o0)-kAG@DE)? -(sl)‘l{exp(—<x.+b/z>2/4nt) - exp(-(X,-b/2)%/4Dt)

= e (= (Kt B/2)°/4DE) + exp(~(X; - B/2) /zmt)} T ®

‘where k is an arbitrary integer equal to the number of the fringes counted

from the frlnge of a level Xj’ and b is the shear produced by the beam
splitter of the interferometer. Applying Equation (2) tg the mixture,/u
is ‘expressed as follows[13]; ‘

(o - 1)/(}42 t2) = p)SAM (3 -p)P A M eeeen o (4)

O = % + 2,80/ - p;)

My = (oM, + pg) /(1 - p;)
where the subscripts 1, 2, and 3 denote the solute salt and the_components
of the solvent salts, p the mole fraction (pl+p2+p3ﬁl),vand Am the molar

refractivity of the solvent mixture[13], Differentiating the refractive -

index‘p with respect to the concentration of the solute C (=p191) in
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Equation (4), (9u/0C) is expressed as Equation .(5).
@ploC)=@pldx)/9,=(3/2) (A M =P A/ (P4 )) (1-p, §,A /11~ (1-p )P A /M) -3/2
(1+2919151/M1+2 (1—_pl) 9mAm/Mm)"l/ 2 ienen (5)

. ’Hﬁgglecting the cqncentration of the solute, X5 in Equation (5), the

.- - concentration dependence of the refractive index is expressed as

: CHESEICWERS FWERIES VWS Banpamy M2 L@,
'  in’Table 2 the calculated values_fdr G%pAQC) of KN03, RbNO3, and CSNO3
 'from Eqﬁation (6) ét 350°¢ ére shown. The value for @u/JC) of TlNO3 is
cal;ulated from”Equation (3) and also tabulated in Table 2., Considering the
relationship between the number of the fringes and the concentration of the
solute saltvwith using a similar equaﬁion to Equation (1), that is to say,
n.z=L@plac)-c/n , |
the limit value of G@p/@C) is estimated at the magnituée of 10—2 cm3/mol;
for obtaining thé suitable number of fringes in the measurement as long as
the length of the cell along the light ﬁath is'ﬁot‘extended. As can be
seen from $able 2,‘0@#A&C) is véry small for the ﬁeasurément of XK' in
ALiNO325m01%QKNO375molZ and of RB+ in LiN0351m01%~KN0349molZ; Since G%uﬁ?C)
of TlNO3 was very'large compared with that of alkali ions we could

x
obtain much more reliable results in this case. ( The refractive index

can be calculated to be approximately 1.67 from the results in Table 2, )

The high-dilution diffusion coefficients of K+ in pure LiNO3 and of'R.b+

+ . i
and Cs in pure L1NO3 and KNO3 were also remeasured at some different temper—
atures in order to assure that there is virtually no systematic difference
between the data obtained by the interferometer used by Gustafsson et al.[2]

and by ours. The present data are given in Table 3.

The logarithm of the present results in the mixtures of 75, 51, and
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Table 2  Concentration dependence of the refractive index (49}1/&C) in the
system (Li - 'K)NO3 at 350°cC.
The values of (9p/9C) are given in cm3/mol= ,- and those in parentheses
... 3 ' -
are given in cm /g.
dlfj;'usg_ng B kk concentration of LiNO, ( mol % )
ion w00 75 51 25 0
+
K -2.507 ~1.233 ~-0.475 -0.051
' (-0.0248)  (-0.0122)  (-0.0047)  (-0.0005)
Rb+ -2.330 —0.929 -0.088 0.383 0.442
(-0.0158) (-0.0063) (-0.0006) (0.0026) _(0.0030)
s’ -0.936 0.604 1.540 2.047 2.105
(-0.0048) (0.0031) (0.0079) (0.0105) (0.0108)
1t 11.455 12.521 13.054 13.586 © 13.586
(0.043) (0.047) (0.049) (0.051) (0.051)
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Table 3  High-dilution diffusion coefficients of K+ in molten LiNO3 and those

of Rb+ and Cs+ in molten LiNO. and KNO.

3 3
diffusing .
" ion - “dn LiNog o in KNO,
T & px10°® 1 @ px1d P
Q) (mol?) @S () (mol®) (P )
kY 332 0.48  1.85 % 0.03
. 346 0.52 2.01 * 0.05
349 0.60 1.95 + 0.06
353 0.55 2.00 * 0.03
364 0.63 2.15 * 0.08
370 0.64 2.49 *+ 0.08
RbT 332 0.55 1.36 * 0.06 338 - 1.77 1.22 + 0.11
349 0.78 1.52 + 0.08 340 1.50 1.22 * 0.08
364 0.64 1.68 = 0.08 348 1.66 1.25 + 0.08
348 1.74 1.38 * 0.04
349 1.95 1.29 * 0.07
est 332 1.81 1.40 + 0.11 338 0.77 1.15 + 0.02
349 1.34 1.50 + 0.14 348 0.85 1.17 * 0.03
364 2.01 1.79 + 0.11 350 0.73 1.16 * 0.04
356 0.89 1.30 * 0.06
360 0.93 1.29 *+ 0.09

a) This is the concentration at v2Dt, i.e. the inflexion point of the
concentration curve, t being set as the earliest time when the inter—
ferograms are read for the calculation of the diffusion coefficients.

b) The sign * represents the standard deviation of errors.
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25 moliz of LJ'_NO3 component, which are tabulated in Table 4, is plotted
against the reciprocal of the absolute temperature in Figs. (2), (3), and

o ' . . A+
(4), respectively. The results for the tracer diffusion of Li', Na , and

‘K ions by Lantelme and Chemla w1th a "diffusion out of a caplllary method[8]

‘Tare also shown in the flgure by dashed lines, Slnce the concentration of

ﬁgthe solute is- small the hlgh—dllutlon dlffu51on coeff1c1ents in the present

';f:4;work may be safely regarded as the thermodynamic mutual diffusion

' average distance between Rb+ or Tl+ ion and the nearest neighbouring NO,

‘coeff1c1ent[l4] ‘and 1dent1ca1 to the tracer diffusion coefficient. The

present results are in fair agreement with those by Lantelme and Chemla,
As can be seen from Figs. (2), (3), and (4), DK is larger than DRb’ DTl’
and DCs' DRb and DTl are larger than DCsf DTl seems to be lower than
DRb at relatively low temperatures. This has been clearly found in the
region rich in LiN03[3], in which the free space would be small and the

3
ion is rather short. In view of the fact that in the solid state the well

of the pair potential between Tl+ ion and C1  ion[15] is somewhat deeper at

the minimum than that between Rb+ ion and C1~ ion[16] ( as shown in Figure

-5), although these are quite the same at larger distance (>0.46 nm),

Tl+ ion is expected to be more attracted to Nog_ion than Rb+ ion when the
distance between T1+or Rb+ ion and NOS ion is short. This may be the
reason why le is lower than DRb at lower temperatures. At higher tempera-
tures, DTl is nearly the same as DRb’ DTl and DRb were also found equal

in the case of the diffusioh in pure NaNOB,,KNOB, and RbNO3 over a wide
range of temperatures[&},_aod in (Rb—Ti)NO3 system at'3%900[17]- This

may be explained by the assumption that under these conditions the pair
potential for Rb -—NO3 and Tl —-NO3 would be qulte the same and that the 1on1c

radii of Rb ion and Tl ion ke nearly the same. An Arrhenius type _
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Table 4 High-dilution diffusion coefficients of KT, BbT, Cs', and T1" in the

molten,(Li—K)NO3 system.

1t
Temp. D x109(mzs—l)

Y]

Cs
Temp. D xlOg(mzs—l)
(°c)

LiNO,75mol% — KNO,25mol7

- Temp. D xlOg(mzs—l)
(°C)

9 28—1)

Temp. D x10° (m

(0

- 1.21 % 0.09
T 1.42 % 0.13
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The sign * represents the standard deviation of errors.
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equation D = Dgxexp(~E/RT) is assumed for D, and Dgwand E are calculated
with a non-linear least squares method. Tﬁe Tesults are tabulated in Table
5. In fable 5, ﬁa;and E of Ly, in pure LiNO3tand‘KN03 are taken from

7; Refs. [3] and [4], and those of DK in KNO3 are from Ref; [18]. Those of

Dy and Dy i1 pure LiNO, and KNO, and of D, in pure LiNO, were recalculated

3 3

’f.fbased on.tﬁé>data by Gustafssbh_et al.[2] and ours.

K 3

.~ The high values of DRb in LiNO351m01%;KNO349mol% comparéd.with Doy might
vBe caﬁsed byrthe high amount of the solute concentration (5~8 molZ),
which‘is inevitable if a suitable number of fringes has to be obtaiﬁed,
since QQuADC) of RbNO3 is small in LiN0351molZ—KN0349mol%.

The isotherms of DK’ DRb’ DCs’ and DTl are shown in Fig. ¢ at 350°C.»
The résults for DLi’ DNa’ and DK by Lantelme et al. are also shown in the
figure. Although the present results of DK are about 10% higher than
those by Lantelme and Chemla, the tendency of the concentration dependence
of them was almost similar in these region. As can be seen from Fig.g',
- the diffusidn coeficients of monovalent cations in (Li—-K)NO3 system at
350°C 1ie in the following order;

DLi> DNa > DK> D'Rb >~'D'I“l> Des _ o

The concentfation dependence:of DK; Dil’ and DRb deviateé positively
from the "ideality". Meanwhile, DLi’ DNa’ and DCS are almost linearly
dependent on the concentration of the solvent. In order to interpret
the concentration dependence of D of those monovalent cations, two effects
are taken into account. One is the effeét by the éolvent ions surrounding
the diffusing ion. This makes the mqtion of the diffusing ion more mobile
with increasing LiNO, concentration because the diffuéi;e motion of the solvent

ions becomes more active[19]. The other one is the effect of the free

space formed by the solvent ions, which acts on the diffusing ion itself
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Table 5 Parameters of Arrhenius type equation Deox exp(~E/RT).
Arrhenius coefficients Et10_4 are given in J/KQmol and pre-

. 7 . - s . 2
exponential constants Dg*l0° in parentheses are given in m"/s.

f”diffusinga v N ‘ ; concentratioﬁ of LiNO3 {(mol %)

dem 100 . 75 51 25 0

CgF 2,26+ 0.25 1.80 £ 0,10 2.36 + 0.18 1.52 * 0.20 2.30
©(1.67) ( 0.70 ) (2.11) = (0.38) ( 1.32)

+ 2.05 + 0.11 1.87 + 0.19 1.46 = 0.08 2.01 * 0.25 1.97 * 0.13
( 0.85) (0.69) (0.31) ( 0.78 ) ( 0.65)

{ 2.07 + 0.15 2.29 £ 0.40 1.77 # 0.13 2.00 + 0.18 2.18 * 0.15
(0.86 ) ( 1.12) ( 0.40 ) ( 0.54) (0.73)

+  2.84 % 0.14 2.34 % 0.17 1.97 * 0.13 2.00 £ 0.08 1.88 * 0.14
( 3.95) ( 1.66 ) (0.72) (0.70) ( 0.54 )
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to become less mobile with increasing LiNO3 concentration. The molar volume
of molten (Li—K)NO3 system is linearly dependent on the concentration[20].
Therefore, the free space of this system is supposed to be proportional
to the change of the molar volume and become small with increasing L1NO3
"concentratlon. Slnce the sizes of L:L+ ion and Na+ ion are small compared

" with the free space avallable in L:LNO3 and KNO3 mixtures, it is expected ,;d;

o that the effect of the free space would not 1nfluence the motion of‘Li+

+
and Na in these mixtures so much, Therefore, DLi and D a would become larger

“with LiNO3 concentration due to the effect of the solvent ions. To the motion

of the diffusing ion, which is somewhat larger than the solvent ions (cations
in this case) such as Kf, Rb+,.and Tl+iohs,.the effect of the free space

might pronouncedly contribute in a LiNO3 rich region because the motion

of the larger iomn than Li+ ion is strongly hindered in the high concentration
of LiNO3. In data for the internal mobility of 'I‘l+ or Rb+ ion in the system

of (Li"Tl)NO3 (see CHAPTER 1)[21] or (Li—Rb)NO3[22], respectively, the effect of

the free space can also be seen at high LiNO concentrations, where the mobility

3
bdecreases drastlcally. Thus, it is expected that D Rb’ and D T1 first
increase with adding'LiNO3 to KNO,, and in the region rich in L:‘LNO3 they

decrease mainly due to the influence of the free space, For Cs+ ion, the
free space formed by the mixture of LiN03>and KNO3 seems to be smail
compared withthe size ovas+ ion. Therefore, the effect of the free space
would not olay an important role ae it does for K+, Rb+, and Tl+ ions
in the region rich in LiNOB, and DCS would increase almost linearly with
increasing LiNO3 ooncentrat?on.

Thus, the diffusion coefficients of alkaliAions and-Tl+.ion in the
mixture of LiNO3--K}\IO3 can be qualitatively interpreted ﬁith rhe_simple

assumption that the size of the free space compared with that of diffusing



ions and the pair potential betweeh cation and anion would be thé main
factors which rule a diffusion hrocess as well as an electromigrationl
process (discussed in CHAPTER l)[21 22]

‘A p031t1ve dev1at10n of the dlffu31on coeff1c1ents from "1dea11ty"

‘,mhas been found also in the measurement of D in (Li—K)NO

Ag system

“at 350° C w1th chronopotentlometry[ZB] and in the measurement of DNa ahd

f‘DTi in (Na—Tl)NO system at 316°C by Forcheri and Wagner[24], although

‘this is in contract with the large negative deviation of D and D, found by U
Zuca and Constantinéscu[l?]. The latter observation can not be explained
: + + .
with the present model. Diffusion coefficients of Rb and Cs ions
have been measured in (Ll—Na)NO (Ll—K)NO (Li—Rb)NOB, and (Li—-Cs)NO3
systems with a paper strip method (see CHAPTER 3)[25]; the results can

also be explained with the present model.
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CHAPTER 3

Diffusion Coefficients of Rb' and Cs' Tons in the Binary

Molten Alkali Nitrate Systems at 350 °C.

The tracer diffusion coefficients of 86Rb and 137Cs ions have been

measured by a paper strip method in the molten (Li-Na)NO (Li—K)NOB,

3’
(LiéRb)NO3, and (Li—Cs)NO3 systems at 350 °C. ‘The isotherm of the diffu~

sion coefficents is foupd to be almost linearly dependent on the solvent

itk_concentrations except that of 86Rb ion in the molten (Li—K)N03. The
concentration dependence of the obtained diffusion coefficients is discussed
from standpoints of the free space formed by the solvent system and the

ionic interaction between the diffusing ion and the surrounding ions.

The Stokes-Einstein relation between viscosity and diffusion coefficient

is discussed.
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1 Introduction

Althoughbamtelatively large number of papers dealing with the
li;diffusion cQéfficient D in binéry molten nitrate syétems have been
.publishea in recentvyeérs, only a little progress has béen made towards
'v*éﬁélaining‘the diffusion coéfficient isotherms;"In Table l,‘all the
‘diffusiOn.éxperiments feportgd'éiﬁdé 1965 in the literaturé for the

binary molten nitrate systems[1-19] are listed, including thé type of

" the method employed and the substances investigated. In order to explain
the observed characteristics of the diffusion coefficient isotherms, the
anion polarization model[20,21] or the association model[3] has been adopted
by several authors with the assumption that thé ionic radius, the polari-
zability, and the mass of the diffusing ion are the main factors to
determine the rate of diffusion. However, considering the fact that DRb
and DTl in the pure nitrates[l9,22] and in thé nitrate mixtures[6,18] are
~-almost the same in spité of the.large difference in their masses and
polarizabilities, it is supposed that the size of the diffusing ion is
more significant for the explanation of the diffusion process than the
mass or the polarizability. |

In the present work, the tracer diffusion coefficients of 86Rb'and

137

Cs ions in the molten (Li-Na)NO (Li—K)NO3, (Li—Rb)NO3, and (Li—Cs)NO3

3’
systems at 350 °C have been measured by means of a paper strip method.

The obtained values of DR and DCS are qualitatively explained in terms

b
of the size difference of the diffusing ion from the free space formed

by the solvent system and the interaction between the diffusing ion and

the surrounding ions.
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“Table 1. Experiments performed to determine the diffusion coefficients

in the binary molten nitrate systems since 1965.

apmsm—

Author and (year)[Ref.] type of method solute ion solvent
" S8joblom(1965)[1] porous frit .Ag+ : (_Ag—K)NO3
:?Lantelme(l965)[2] diff,'outbof capillary Na+, K+ o (Na—K)NO3

'Laﬁteime & diff. out of capillary Li+,Na+,K+,NO; (Li—K)NO3
paper strip o Na+, gt (Na—K)NO3
Forcheri & . zone diffusion Na , T1 (Na—Tl)NO3
. Wagner(1967)[5] :
. . . + + +
- Forcheri & zone diffusion Na ,T1 ,Rb (Na--Rb)NO3,(Na—Tl)NO3
. Wagner(1968)[6]
: . + +
Ketelaar & paper strip Na , Cs (Na~Cs)NO3
- Kwak (1969) [7] ' '
Bowcott & ‘ linear diff. cell of Ag+ (Na—K)NO3
~ Plunkett(1969) [8] variable path length
. Sternberg & chronopotentiometry Ag+ ‘ (Li—K)NO3
Herdlicka(1969){9]
? Kawamura(l970)[10] . chronopotentiometry Ag+ ' (Li—-K)NO3
#‘Andreasson, Behn & - gravimetric porous interdiff. (Na-Ag)NOBQ(Na—Rb)NO3 :
Sjoblom(1970)[11] frit
f’Mazzocchin & chronopotentiometry Ag+,C1_,Br~,I~ (Li—K)N03, (Ca-K)NO3
- Schiavon(1972)[12]
; ' . . . . + .+
- Zuca & Constantinescu diff. into capillary Ag ,Na ,K (Ag—-Na)NO3,(Ag—K)NO3
- (1973)[13]
- Richter(1973)[14] diaphragm cell interdiff. (Na-—Ag)NOS,(Li--Ag)NO3
Zuca & Constantinescu  diff. into capillary Ag+,Li+,Na+, . (Ag- Li,Na,K,Rb,Cs)NO3
(1974)[15] K+’Rb+,Cs+ o
Kawamura(1974)[l6] chronopotentiometry Ag+ (Li-—Cs)NO3,(K—-Cs)NO3
Emons, Brautigam, & diff. into capillary Na+ (Na—Rb)NO3

- Winger(1976)[17]

Zuca & Constantinescu diff. into capillary Na+,T1+,Rb+ (Na-T1)NO,, (T1-Rb)NO

3 3
(1977)[18] . _
-Okada & Gustafsson optical interferometry Tl+ (Na—Tl)NO3

(1978) [19] :

————
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The paper strip method used in the present -work is an application

of a paper electrophoresis mehtod, which was originally developed by

};Arnikar[Zj] and imprqved by Honig[24] and Kwak[25] for the measurement of
!ibnic mobilitieé of molten salfs and for also the measureﬁent of diffusion
gééeffi;ignéé. :The meASurément with”the paper strip method is'ratber,sim?%gwa
«tﬁén'that with dthérvmefhodé[Zé;Sljf Since éeVefal series of experiment
éan‘be'perforﬁed at the same'time with fhe same éxpe;iﬁental atmosphere,
it is‘egpected that thié method is very useful to investigate the diffusion

coefficient isotherms.

2 Experimental

The principle of a paper strip method and its application to the
measurement of diffusion coefficients in molten salts have already been
described in detail elsewhere[24,25]ﬁ

A furnace design is shown in Fig. 1. A strip of glass fibre paper(A)
(120 x 5 X 0.2 mm) impregnated with the solvent salt was placed on a
supporting Pyrex glass plate(B), which was placed horizontally on an aluminum
tray in an electric furnace. The experiment was initiated by dropping a
small crystal of the tracer salt ( 1 mg) on the center of the strip through
a stainless tube(D). The tracers used in the present work were 86Rb (Tl/2=
137

19 days) and 172

Ltd. in England, which were prepared as a nitrate type ( about SO/uCi/g).

Cs (T, ,.= 33 years) purchased from The Radiochemical Center

After 18 ~20 hours diffusion, the paper strip was quickly removed from

the furnace and allowed to cool for solidifying the impregnated salts.
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_u_mi _uc_jmnm design.
"+ A:paper strip, B:glass plate(Pyrex),
 C:electric furnace, D:stainless tube,
i E: @Pmmm window, F: %2308%,?
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The distribution of the radioactivity' in the paper strip was measured
at 2 mm or 4 mm intervals by means of a GM counter, and D was calculated
from. the fpllowing equation with the obtained tracer distribution curve;
Colx,t) % S exp( ~x2/4DE Y /WADE  weeenn (1)

’”whefg C‘is’ﬁhe conééﬁfration of the solute“(EEthe raéioactiVity’) at the
'*'distanég k;.s ﬁhe>ﬁ6£éi:ambﬁn# of'fheksbiﬁte,:aﬁd tifhe‘diffusion time.
j;The yalue of D wasidetermined fromyfhébgfadient of 1nFC”againsﬁ xz.

All chemicals were of analytical reagent grade and fully dried before
.use without further purification. The mixtures were prepared by directly

weighing each component.

3 Results and Discussion

In Table 2, D, in pure LiNO,, NaNO,, and KNO, are given with the

3’ 3’ 3

~experimental conditions. The mean concentration shown in Table 2 is

Cs

the concentration of the solute at the inflexion point of Eq. (l),\/EBE;,
where te is the duration of diffusion. In Fig. 2, 3, and 4 the logarithm
of the present results is plotted against the reciprocal of the absolute
temperature with the data previously measured with a paper strip method

[24,32]. There are no available data for D, in these solvent by other

Cs
methods except those by optical interferometry[33], which are also plotted
in the figures for comparison. Since D by optical interferometry is
regarded as the thermodynamic mutual diffusion coefficient[34] because

of the quite low concentration of the solute (<1 mol % in most cases),

D obtained by the_present method (i.e., tracer diffusion coefficient)

may be identical with that by optical interferometry. The reproducibility
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Table 2 Conditions and the results of D in the molten LiNO

Cs 3 NaNOB, and KNO

3"

Temp.(°C) Diffusion Weight of Mean concen- Deg x109(m2s-1)
duration(s) solvent(gcm_l)v tration(mol 2%)
. ;L1N03_
62100 0.0343 0.26 ©1.21 +0.09 :
62100 © 0.0328 0.27 1.14 % 0.06 -
65220 0.0325 0.23 1.60 + 0.03
65220 0.0314 0.24 1.55 + 0.06
65200 0.0304 0.25 1.57 + 0.03
72400 0.0278 0.25 1.67 + 0.05
63360 0.0393 0.18 1.72 + 0.02
63360 0.0373 0.20 1.66 + 0.06
58980 0.0306 0.25 1.68 + 0.08
61020 0.0307 0.22 1.99 + 0.07
61020 0.0350 0.19 2.09 + 0.10
NaNO}_
311 68400 0.0374 0.25 1.47 + 0.08
346 64800 0.0324 0.27 1.78 + 0.05
346 64800 0.0367 0.24 1.78 + 0.08
373 55020 0.0351 0.24 2.22 + 0.01
399 63300 0.0329 0.22 2.62 + 0,06
400 57600 0.0378 0.21 2.42 + 0.11
- 408 64980 0.0420 0.18 2.40 + 0.18
427 54000 0.0285 0.27 2.72 + 0.12
427 54000 0.0339 0.22 2.89 # 0.13
_KNO,
339 65220 0.0283 0.42 1.33 = 0.06
339 65220 0.0305 0.38 1.40 £ 0.08
346 70200 0.0339 0.33 1.45 + 0.01
346 70200 0.0311 0.35 1.50 + 0.02
346 70200 0.0339 0.32 1.54 + 0.02
350 63360 0.0329 0.35 1.44 * 0.04
350 63600 0.0297 0.39 1.48 + 0.04
350 63600 0.0300 0.39 1.44 * 0.03
350 70200 0.0303 0.36 1.45 £ 0.06
350 70200 10.0347 0.32 1.44 + 0,02
350 67200 0.0327 0.35 1.44 *+ 0,01
376 64740 0.0381 0.27 1.85  0.01
376 59520 0.0389 0.27 1.83 + 0.01
376 59520 0.0405 0.25 1.96 + 0.12
380 62400 0.0298 0.36 1.73 + 0.02
380 62400 0.0303 0.33 1.93 £ 0.02
427 52500 0.0393 0.25 2.39 £ 0.15
427 52500 0.0369 0.28 2.28 + 0.02
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. seen from the figures,

of the present method is reasonably good as lomg as the experimental

conditions are properly controlled; the amount of the solvent salt

impregnated into the glass fibre paper and thevradioactivity of the

solute should be carefully chosen inorder to’prevent the unwanted influ-

_ ence sucﬁ'és‘eddy flow, surface diffusion, statistical counting error,

‘etc. In the present work, the amount of the solvent is about 0.03 g/cm

which oéCupies about 95 % of the impregnated paper strip, and the radio-
activigy of the tracer salt is about SO‘PCi/g ( 1000 cpm/mg with the GM
counter used in this work).

Considering the large difference of the experimental conditions between
the measurement by the paper strip method and that by optical interferometry
as shown in Table 3, The results in the present work are in fair agree-
ment with those by optical interferometry.

D and D

b s Im the molten (L1-Na)NO3, (Ll—K)N03, (L1—Rb)NO3, and--;.

’(Li-Cs)NO3 systems at 350 °C are tabulated in Table 4. The results of

“D and‘DCS’éréfalso shown in Figs. 5 and 6, respectively. As can be

Rb

DRb and DCS slightly decrease in (Ll-—Na)NO3 system

and almost monotonously increase in (Li-K)NO (Li-Rb)NO,, and (Li-—Cs)NO3

3° 3’
concentration except that D

systems with increasing LiNO in (Li-K)NO

3 3

system shows a positive deviation from a linear dependence on the concen-

Rb

tration. The positive deviation of D , and D, in molten (Li—K)NO3

Rb?® DTl K

system has been also found in the previous work with optical interferometry
(see CHAPTER 2)[35], where the positive deviation was explained with the
assumption that the size of the diffusing ion compared with that of the
free space formed by the solvent and the interaction between the diffusing.

ion and the surrounding ions play predominant role in the diffusion process;
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Table 3

Comparison of the experimental conditions between

a paper strip method and optical interferometry.

Paper stfip method

Optical interferometry

‘direct object for

determine D" . .

The value of D is

determined from

duration of a

experiment

concentration of

solute
'Temp. control

error included in
the statistical

treatment
direction of

diffusion

experimental tech-

nique

tracer

the tracer distribution

curve at the end of the

experiment.

18~20 hours

~0.3 mol 7 at the end

of a experiment

L£1°C

~X5 7

horizontal

easy

refractive index

differencéj

the fringe pattern caused by

the concentration difference

at every time checked. .

~ 0.5 hours

~1 mol %

<*0.5 °C

vertical (from the bottom)

a little difficult
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Table 4 Tracer diffusion coefficients of Rb+ and Cs+ ions in the

molten (Li-Alk, Alk=Na,K,Rb,and Cs)NO, systems at 350°C.

Rb

LiNO, mol %

A1k-NO 0o 25 50 ;75 .0 100

NaNO3 1.90 £ 0,06 1.88 * 0.05 1.90 + 0.05 1.87 + 0.05 1.77 * 0.02
KNO3 1.56 £ 0.02 1.60 = 0.05 1.81 * 0.04 1.86 * 0.04 1.77 * 0.02
RbNO3 1.22 £ 0.03 1.30 £ 0.03 1.45 * 0.05 1.67 + 0.05 1.77 * 0.02
CsNO, ——————— 1.27 + 0.04 1.36 £ 0.05 1.52 + 0.05 1.77 * 0.02

9 , 2 -1

DCS x 107 (m"s 7)

LiNO3 mol 7
Alk—NO3 0 25 50 75 100
NaNO3 1.81 +# 0.05 1.80 * 0.03 1.74 £ 0.07 1.73 = 0.05 1.69 * 0.03
'KN03 1.45 £ 0.02 1.47 + 0.04 1.62 + 0.03 1.67 £ 0.06 1.69 = 0.03
RbNO3 1.18 * 0.04 1.31 # 0.05 1.45 * 0.04 1.58 + 0.03 1.69 + 0.03
CSNO3 —_—— 1,21 .+ 0.06 1.34 % 0.05 1.52 + 0.03 1.69 % 0.03
; - 61 -
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since the solvent ions of the system become more mobile with increasing

*
concentration , D in the region rich in KNO3 increases with LiNO3

D of Rb+, Tl+, and Kf

L1NQ3

concentration, and with further increasing LiNO3

- ions decreases because the size of the free space becomes small compared
S + + e iy +
<+ with that of Rb , Tl , and K ions. . Considering the size of Cs dion is

vrather larger than that of free space formed by (Li-K)NO, mixtures,

3

concentration was explained.

“a linear increase of D, with increasing LiNO

Cs 3

In the molten (Li—Rb)NO3 and (Li-—Cs)NO3 systems no positive deviation

of DRb or DCs is found like that of DRb in the molten (L1—K)NO3 system

- within experimental error. Provided that the effect of the interaction
between the diffusing ion and the surrounding ions acts on D much larger

in the molten (Li—Rb)NO3 or (Li-—Cs)NO3 system than in the molten (Li:_K)NO3

system, the monotonous increases of DRb and DCS are clearly explained

with the assumption that the latter effect becomes more predominant than

the effect of the free space formed by the solvent system even in the

region rich in LiNO3 where the diffusing ion would be incommodious to move.
According to the data for the ultrasonic velocity in pure LiNOB, NaNOB,

and KNO, are almost the

and KNO,[37-39], the sound velocities in LiNo3 3

* According to the molecular dynamics simulation study in (Li-Rb)Cl equi-

molar mixture[36], the separating velocity between an Rb' ion and a C1_
ion in the mixture is faster than that in the pure RbCl, and the self-
diffusion coefficients of Rb+ and C1  ioms in the mixture are larger than
those in the pure RbCl. These results will explain that the motion of the

solvent becomes more mobile with increasing LiNO3 concentration..
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same and somewhat lower than that in NaNO3 (see 'CHAPTER 5). Besides, from
the data for the hypersonic velocity in pure alkali nitrates[40] the

sound Velocities in RbNO, and CSNO are‘considered to be rather low

3 3

compéred with that in LiNO Therefore, combinig the above aspects and

3°

‘the kinetic velocity of the ions themselves, it is expected that the effect

of the interaction by adding LiNO3 to RbND3 or CsNO3 will be quite large

for /the motion of the system, and would increase more steeply in the region

rich in LiNO, with increasing LiNO, concentration, which causes DR and DCS

3 3 b

increasing monotonously with the concentration of LiNOB. The decrease of

D_, and D, with increasing LiNO

Rb Cs concentration in the molten (L1—Na)NO3

3
system'would be also explained by considering the effect of the solvent
motion described above. In the molten (Li—Na)NO3 system the size of the
free space must be rather small for the movement of Rb+ or Cs+ ion.
Thus, the diffusion coefficient isotherms of relatively large iomns

in size such as Rb+ and CS+ in the binary molten LiNO_- other nitrate

3

systems can be interprefed by introdﬁcing the simple’model that the inter-
action between the diffusing ion and the surrounding ions and the size
difference of the diffusing ion from the free épace formed by the solvent
mainly rule the diffusion process.

It would be thus worthwhile to examine the validity of the Stokes-
Einstein equation that relates diffusion coefficients with the radius of
the diffusing ion and also the visdosoty of the solvent. Accordingbto the
equation the diffusion coefficients are expressed as

D = kBT/n'/tr7 S ¢/
where kB is the Boltzmann constant, r the ionic radius of the diffusing

ion, and’?lthe viscosity of the solvent system. Here, n is the "shape"
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parameter, and the values of n tabulated in Table 5 aré calculated from

Eq. (2) with the present results, the data for the ionic radius of the
diffuéing ion[41], and éhe interpolated values of the viscosity in tﬁe
:Esolvent sysfemsvat 350°C[421. As can be éeen from Table-S, the values of n

" are somewhat small in the fegion'rich in LiNO, and become large with

3

- increasing the size of the component constituting the system with.LiNos.

Comparing the viscosity and diffusion coefficient isotherms in the corre-

sponding systems, it is considered that the movement of the Li—NO3 direction
would be also important in viscous flow and that be hindered in the region

rich in LiNO, because of the relatively small free space for its movement.

3
Therefore, the term of the viscosity which directly plays a role of the
opposing force in the Stokes-Einstein relation might be less than the
value obtained experimentally, and the "shape'" parameter n would be

meaningfully constant. Although it is a little difficult to make clear

the validity of the Stokes-Einstein equation in the binary mixtures with

the present results, it is considered that the Stokes-Einstein equation
will be useful for the explicit relation between the viscosity and the
diffusion coefficient, for both processes must be explained by adopting
the present model which takes into account only the size of the diffusing
ion, that of the free space formed by the solvent, and the interaction
between the corresponding ion and the surrounding ions, and which may be

a similar spirit to that in the Stokes-Einstein equation.
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o Table 5 "Shape" parameters n of the Stokes—Eiﬁstein

equation.'

) (Li—Na)NO3 (Li—K)NO3 ‘(Li~Rb)NO3 (Li—-Cs)NO3
LiNO5 mol 7 b Tes b s " Tcs "mp “cs
100 3.38 3.10 3.38 3.10 3.38 3.10 3.38 3.10

75 3.60 3.40 3.75 3.66 4.10 3.80 4.68 4.10

50 _ 3.85 3.68 4.19 4.10 4.94 4.33 5.55 4.93

25 - " 4.08 3.73 4.68 4.46 5.17 4.49 5.52 5.07

0 ) 4.04 3.71 4.36 4.11 4.75 4.49 —_—
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PART II

CONDUCTION OF HEAT IN MOLTEN SALTS.
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CHAPTER 4

Measurement of the Thermal Diffusivity of HTS (a Mixture of

Molten NaNO3-KN03—NaN02; 7-44-49 mol%) by Optical Interferometry.

The thermal diffusivity of HTS (Heat Transfer Salt; NaNOB—KNOB—NaNOZ;

7-44-49 mol%) is measured over a wide range of temperatures by means of
wave-front-shearing interferometry. The thermal conductivity K is calculated
from this result and the existing data on the density and the specific

heat and found to be expressed by K = 0.519 =~ 4.7 x lO_5

(T - 142), (160 -
420°C). ‘The temperature dependence of K in the present study is smaller-
than that in previous studies (~ -5 x lO_4 W m_ldeg—z). In order to check
the reliability of the present method at high temperatures the thermal

is also measured; molten. NaNO

diffusivity of molten NaNO is one of the

3 3
salts whose data on the thermal diffusivity and the relating properties

are widely available.
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1 Introduction

,,Thermal céﬁdﬁctiﬁity of liquids is one 6f the most difficult ones
of all thefmophysicalbproberfiéé to be determined eﬁperimentally. The
1?5di%ficuifiéélaréfpriméfilﬁ due to the unreliaﬁility-of>temperature measure-
ﬁﬁlﬁeﬁts; £ﬁé>iﬁa&eduédé§ 6f £hermal“insuiation, and fhe simulténeous transfer
ébf heatlby’mééﬁéﬁisﬁ bthér thaﬁ condﬁcﬁion. In addition te conduction,
rédiatidn alsovmay'be preéeﬁt with tranéparent substances, and the experimental
technique must be capable of identifying and separating these two mechanisms.
In the case of the fluids, convection may also be present. Then only a
limited number of experimental techniques are available for the determination
of the thermal conductivity of the fluids.

Thermal conductivity can be measured by steady-state, quasi-steady-
state, or transient—étate heat flow methods. Experimental determinations
:Qf;thermal cqnductivity using the steady-state methods depend on the
 étféinmen£:of éﬁitaﬁlé Boundary cdnditions that will allow the Laplace
equation to be solved for the temperature distribution. Thermal conductivity
is then calculated from the Fourier heat-transfer equation. The transient
method requires the solution of the diffusion equation with suitable initial
and boundary conditions for the thermal diffusivity: the density and the
specific heat must be known to calculate the conductivity. The quasi-
steady-state methods are based on the solution of the diffusion equaﬁion
for the unique initial and boundary conditions that the thermal conductivity
can be directiy determined.

In Table 1, we have listed all thermal conductivity experiments
reported since 1960 in the literaturekfor molten salts, including the

substances studied and the type of apparatus used.
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... type of . ,
“Adthor T e year substances studied
ST . apparatus
" Turnbull[1l] Hot-wire 1961 NaHSO,, KHSO,, KNO,, KCNS, NH,HSO,,
AgNO,, ZnCl,, HIS.
McLaughlin[l7] Hot-wire 1964 NaNO3, (Pb) (liquid metal).
Bloom et al.[2] Concentric 1965 NaNOB, KNOB, AgNO3, NaNOz,
cylinder (Na-K)NO,, (Ag-K)NO,, (Ag-Na)NO,.
White & Davis[3] Concentric 1967  LiNO,, NaNO,, KNO,, RbNO_., CsNO.,.
. 3 3 3 3 3
cylinder
Gustafsson et al.[4] Optical in- 1967 LiNO3, NaNO3, KNO3, RbN03, CsNO3.
: terferometry
" Cornwell & Dyson[5] Hot-wire 1969 - ZnClz, AgCl-Agl eutectic.
McDonald & Davis[6] Concentric 1970 LiNO3, NaNO3, KNO3, RbNOB, CsNOB,
cylinder (L1i-Cs)NO,, (Na-K)NO,, (Na-Cs)NO,,
(K—Rb)NO3, (Rb—Cs)N03.
%
Schriempf[7] Laser-flash 1972  (Hg) (liquid metal).
Cooke[8] Variable-gap 1973 = HTS, (Hg)(liquid metal).
% : '
Kato et al.[9] Stepwise 1975 NaNOz, NaNOB.
' heating

Table 1

of molten salts.

Experiments performed to determine the-thermal conductivity

BT S T T F T Y L T T e T A 5 R Y < TR

* Data for the thermal diffusivity.
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In this work we used a method similar to the optical method used by
Gustafsson[10]. This technique is similar to the transient hot wire techniqué
1?i»{l;5] éxcepf in two respects: (l) a thin foil is substituted for the fine
wire to prévidé‘a plané>heaf-sburce; with the hot‘wire'methéd'thebelectrical

¥¥;conductioﬁ,of sﬁch fluids as molten salts would lead to a lérge power leékage

W' §nd subsequent inaccurate results, and (2) the temperature is measured with

.é wa&e—front—sheariﬁg4interferométer,fﬁhiéh means that this temperafureb
measuring techhique is extremely sensitive; and the heat flux frdm the foil

can be greatly reduced, and the temperature increase in the liquid becomes

very small (say, 0.2°C). This small temperature increase is very favourable,
in the first place because no temperature correction of the measured properties
is needed, and‘in the second place because the start of the convective motion
in the liquid is greatly delayed.

The heat transfer material HTS is useful since it is stable 6ver a

reiatively wide range of temperatﬁre (200 ~ 600°C) and its heat transfer
bcoefficient is large(ll]; Reliable thermal data for this material are therefofe;
indispensable for practical purposes. In the present study the thermal
diffusivity of HTS is measured over a wide range of températures and the
thermal conductivity is calculated from the existing data on the density

and the specific heat. In order to check this method with a interferometer

set up in our laboratory, the thermal diffusivities of distilled water and
molten NaNO, were first measured; data on the thermal diffusivity of distilled
water and molten NaNO, measured with various methods by various investigétors

3

are available.
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2 EXperimeﬁtal

"VThgtgppi;alisystem of the wave?fropt~shearing interferometer used
iﬁ“bfééehf wdrkvié thékéémé‘éérthat empioyed for the measurement of the
”Lhigh—dilution diffusion cbefficients described in CHAPTER 2. A 15 mW He-Ne
. _§88 iééef wééEﬁ;ed:gslg_light source. The cell was a stainless steel
 :Lé§1indef wiéﬁ aﬁ intefﬁalrdiameter of 90 mm and a height of 150 mm. Two
slits of 20 mm in width and 10 mm in height, through which the light was
to pass, weré made at both sides of the cell wall. Two quartz windows, each
with a diameter of 35 mm and a thickness of 10 mm, were attached tightly to
the wall of the cell by aluminum holders to cover the slits from the outside
and to keep a liquid inside the cell. The flatness of the windows was
less than. A/5 and the parallelism of both surfaces was less than 2 seconds
of arc. 1In experiments at elevated temperatures thecell was placed inside
ég,eléé£fic’furnacé with.a large heat capécity and arsalt was melted in the
“7é;il;f55ﬁéﬁ; ;ﬂAéﬁpéf;£ﬁs (séevfigufé 1)»§upporting a heat‘ééﬁrce Waé’
inserted into the liquid in tﬁe cell, and placed in such a way that ﬁhe
~ plane of heat source should be in parallel to the direction of the light.
The heat source was made of a silver foil whose approximate dimension was
85 mm in length, 20 mm in width, and 0.006 mm in thickness. Both the upper
and lower ends of the foil were rolled round small silver rods, which were
in turn connected to the copper support by screws. Two Pyrex~glass cylinders
were pressed to the foil, the position of these being adjusted with stainless
steel wires so that the foil was parallel to the copper support. The copper
support had been electroplated with a thick layer (~a20zpm) of silver in

order to be free from corrosion. The upper silver plate was strained upward
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= AT Pyrophyilite

“glasscylinders - -

" Figl Arrangement for the Support of the foil.




by a force of a spring. An alkaline storage baFtéry 2.4 V with a very
small internal resistance was used as a power supply for the heating foil.
The switch which started the supply of elctric current to the foil was
synchronized witﬁ the sﬁutter fér the first exposure of the fiim. Inter-
 ferograms>were taken‘at intervals of 0.5 séc,'ovér fhékpériod of about 15
'fi éecénds.’ Thé electric curreﬁtvand the voltage drob across the foil were

recorded with an X-Y recorder.

Fitst, distilled water was ﬁsed as a testing material. Then, thermal
diffusivities of molten NaNO3 and HTS were measured.

HTS was prepared by weighing accurately and mixing the three salts
(NaNOB, KNO3, NaNOz), which had been fully dried. The ratio of the
constituent cations, Na+; and K+ was checked by flame spectrophotometry

and that of NO2 by iodometric titration.
The volume of the liquids needed for an experiment of the measurement

of thermal diffusivity was about 700 ml.

3 Results

In the interferograms, a pair of dark fringes successively appeared
at both sides of the foil images and spread outward with the elapse of time.
If we designate the distances between a pair of fringes as Xl, X2, X3, . e
in ascending order of magnitude, it follows theoretically that (Xi//B;E)
kshould be constant before the onset of convéction[lO](sée'Appendix III) and that
erfe(X,/4fDt) - erfe(X,/4/D ) = erfe(X,/4/DE) - erfe(X,/4/D0) = ...
| ceeeseasanss (1)
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00
where erfc(s) = (2Aﬁi§}; exp(-jz)ds = 1 - erf(s). Thus, from successive
interferograms, DT can be calculated on the basis of at least three

consecutive pairs of fringes using Equation (1). For a typical experiment

of HTS, Xi is plotted against t in Fig. 2. As seen from Fig. 2, Xi varies

~linearly with t until the convection occurs.

With a least squares fit for the linear part of the line, Xi/t was

J qa1culated and the value of DT was determined.

The thermal diffusivity of distilled water determined in the present
work is compared with the recommended value in Table 2, This indicates
that the present method is reliable at least at room temperature.

Since the refractive index of liquids u can be determined independently
by means of wave-front-shearing interferometry[13,14], the thermal conductivity
is calculated from the temperature dependence of the refractive index @QuADT)

K = bQd@p/dT) { erfe(X,/4/D ) ~ erfe(X /4D E) F /A --nr (2)
Alternatively, K can be calculated from the density and the specific heat by
K=DT-CP~JO } S i (3)
For molten NaNOB, the thermal diffusivity énd the thermal conductivity
calculated by Equation (2) [14] and (3) [15] are tabulated in Table 3.
The thermal conductivity is compared with those previously determined in
Fig. 3.

The thermal diffusivity of HTS is given in Table 4. Since  (Ju/dT)

has not been determined for HTS, the thermal conductivity is calculated

from the thermal diffusivity with the aid of Equation (3)[16]. This is

tabulated in Table 4 and compared those so far determined in Fig. 4.
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* Fig2 Plots of X2 as a function of time fora
typical experiment in HTS (168°C).‘ |
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Table 2 Experimental results obtained from measurement on distilled water.

Temperature Thermal diffusivity Onset of convection (s) Recommended values®
o) X HON ( Ewmle exptl. caled. X How ( Bmmlwv
18.0 1,409 12 13

. : . HQN_.H.N
Hm.o o 1.407 12 14
18.5 1.411 15 15

o . H.be
18.5 - 1.417 16 . 17
22,5 . , - 1.432 12 14 H.bwm
23.3 : . 1.442 14 15
23.3 1.447 14 . 16 H.bbo
23.3 2 1.444 15 16
27.2 . - 1.469 15 16
H.bmb

27.2 | 1.479 15 17

mﬁwnmﬁmncﬂm.<mwﬁmmwanmn from TPRC Data. [12]
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Table 3 Experimental data for molten NaNo,.

Temperature Power Qd Thermal diffusivity Thermal conductivity (W Elemmlwv
Coy  @ah x 107 (s~ | from Eq. AZ from Eq. B
308 | 36.59 1.65 0.568 0.567
_upow - 38.31 1.69 _ 0.588 © 0.580
343  36.38 1.70 0.552 0.576
351 36.51 1.70 0.565 0.575
371 24.70 1.70 | 0.567 0.570
380 . 38.07 1.69 | 0.572 0.565
390  20.77 1.67 . 0.562 0.555
417  40.94 1.68 0.580 0.553
418 43,53 1.68 0.582 0.553

®Calculated with (u/dT)= -1.4232 x 107 [14].

vomwntwmnmm with C_= 0.429 cal mlwmmmlH mdmﬁuu 2.32 = u.meHOIpAH+Nqu g cm - [15].

p
vomo&t>wevHmﬁwnﬁxw\b\mmmv - mﬂmoANH\b\Uan_\vr N -9

ﬁe.nw.\uw : I ¢:))

d

~
[

~
It
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Table 4 Experimental data for HTS.

Temperature Thermal diffusivity . Thermal conductivitya
(°C) X 107 ( mzs—l) (W m_ldeg—l)
67 1,69 o | 0.517
168 B 1.68 | 0.514
208 . 1.69 vrv;"' | S 0.509
208 w3 o521
212 1.71 0.514
231 1.67 0.499
232 1.72 0.514
257 ' 1.73 0.512
263 1.76 0.519
286 1.80 0.526
293 | 1.82 0.531
294 1.72 0.501
302 ' 1.77 ' 0.514
304 1.76 . 0.511
305 1.80 0.523
324 ‘ 1.76 0.507
336 1.84 0.528
360 1.75 0.497
391 1.84 0.516
403 1.75 ' 0.488
419 1.81 . - 0.502

‘alculated with C=0.373 cal g Tdeg™L andf>=l.98—7.29X10_4(T—142) g cm 3.[16]
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4 Discussion

‘Since the thermal diffusivity of distilled water measured in the
~ present study is consistent with the recommended value within experimental
error, the optical system of this interferometer is considered reliable.

A rise in the temperature at the heating foil during experiments is

éstimated roughly frém the number of pairs of fringes m, using Equation (4):
AT =p/@pdT) = AR/ L OpRT) = -m)/L OpT)  ...... (&)

For example, in the case of molten NaNO3, substituting m = 4, = 632.8 nm,

£= 90 mn, and QuPAT) = -1.4 x 107% into Equation (4) yields 4T%20.2°C;

thus, the rise in temperature is very small as compared with that.of other

methods, such as a concentric cylinder method and a hot wire method.

The time of onset of convective motion tc is expressed by

t, =,/ia'a7ch/7zgaq ettt (5)

When convection starts to take place, a plot of.Xi versus t deviates from o

a straight line. From the énalysis’of a plot of Xi versus t in the experiments
of distilled water, the value of'Ra is estimated for this apparatus from
Equation ((5) to be about 900. With this value and Q (~0.3 W cm_z), tC

3

seconds longer than the experimental finding. At about 400°C, the calculated

at 350°C for NaNO, is calculated to be about 10.5 sec., which is about 2

tc is even longer than the experimentally determined value (4.5 sec.).

As the temperature of the bulk liquid rises, the linear part of a plot
Xi against t becomes shorter and therefore the value XiA/E.calculated
from the linear part is expected to become less reliable.

In the case of NaNOB, however, this is not a serious problem at least

at 400°C, where the standard deviations of the slopes of the linear parts
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are less than 0.5 % in the least squares fits.

In connection with experiments using the hot wire method, White[3]
pointed out the possibility of electric current leaking through the testing
'Aiiquid. This phenomena should bé’negligible in the present case, since the
“thripggs a?ébparallei'to the heating‘foil before the pnéet of convection;v

~and the calculated diffusivity or conductivity is not high in comparison

”Nwith those measured'By others, as seen from Fig. 3. Figure 3 indicates that
the thefmal conductivities calculated from our thermal diffusivity data by
Equations (2) and (3) are in good agreement in the case of molten NaNOB.
Thus, for the calculation of thermal conductivity from thermal diffusivity,

it is more convenient and probably more reliable to employ the relation

of Equation (3) than of Equation (2), since Cp and can be measured accurately
to at least three significant digits, whereas the measurement of G%pAQT)

is rather troublesome.

A method of directly measuring the thermal diffusivity of molten salts
has beenvproposed by Kato et al.[9], and our results on the thermal diffusivity
of NéNO3 are in good agreement with theirs, although the precision of their
results is not so good as that of the results reported in this paper.

As seen from Fig. 3, the thermal conductivity determined for molten
NaNO3 in the present experiment is consistent with those determined by
others; however, in the.present experiment and in the hot wire experiment
by McLaughlin{17] it is almost independent of temperature, while in other
experiments it increases slightly with temperature.

In the case of experiments using mixtures such.as HTS, the present

method has the advantage that a check on the uniformity of interferograms

before charging the foil with electric current can confirm complete mixing
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of the salts. Table 4 shows that in the present study the thermal diffusivity
of HiS increases slightly with temperature. Applying the least squares .
method td the values for the thermal,conductivity calcuiated from Equafibn

-(3) combined with Equation (1), we‘have found that‘the thermal conductiQity
vis expressed as a function of température by

5T - 142 ).

K =0.519 - 4.7 x 10°

This equation shows that the thermal éonductivity of HTS is practically‘
independent of temperature, which is in contrast with the findings by
Tufnbull[l] and Cooke[8], that the thermal conductivity decreases with
increasing temperature, the temperature coefficient being about -5 x lO—4
W m—ldeg_z.

According to Bloom[2] and McDonald[19], the temperature dependence of
the thermal conductivity of a molten mixture NaNO_-KNO. is much the same

3 3
as that of the single salts. The thermal conductivity of NaNO2 has been
reported by Bloom[2] to increase slightly with inéreasing temperature.
Therefore, it would seem reasonable that the thermal conductivity of HTS

is almost independent of temperature, as the present obsevation shows.
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Glossary

thermal conductivity, W mfldeg-l
' 1

thermal diffusivity, mzs*

temperature, °C

distance between a pair of fringes
time,s
shear produced by the beam splitter of the interferometer
heat liberated at the foil, W m_2
half width of the heating foil
wave length of the light, nm
refractive index

‘e -1, -1
specific heat, W g " deg

. -3
density, g m
Rayleigh number
viscosity
acceleration of gravity
thermal expansivity

optical path difference

geometric length of the light path through the liquid
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CHAPTER 5

Thermal Conductivity of Molten Salts Evaluated by the Velocity of Sound.

Thermal conductivity of molten alkali nitrates and HTS is examined
by adop;ing some theories of conduction of heat in liquids which relate '
the thermal conductivity with the velocity of sound and thé mean vibra-
tional frequency. The data for the velocity of sound in molten LiNO3,
NaNO3, KNO3, and HTS are previously obtained in our 1aborétory by means

of an ultrasonic pulse echo method, which are available in the present

work.
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1 Introduction

 As ﬁrevibusly described in CHAPTER 4, it is very difficult to measure
the thermal conductivity of molten salts accufately and the errors in‘the
thaihéd results alwéys tend to be lafgevcompared with those included in
the éo;respgndingvmeasurement at room.temperéture. In recent years,
yéonsiderable effort has been expended in the experimental determination
of the thermal conductivity of mélten salts. There are, however, few
available data for the thermal conductivity of molten salts except for
molten nitrates. In CHAPTER 4, wave-front-—shearing interferometry is
recomﬁended as one of the useful methods for determining the thermal con-—
ductivity of transparent liquids, which offers rather reliable results with
its high sensitivity for the difference of temperature in the system.b
Although it was confirmed that this optical method is useful for the measure-
ment in molfen nitrates up to 500 °C, it is still difficult to apply this
method to the measurement at further higher temperature and measure the‘
thermal conductivity of molten halides, with which the mechanism of the
conduction of heat in iomnic melts must be interpreted rather clearly.

Since'a number of equations, almost empirical equations, have been
proposed to determine the thermal conductivity of liquids, it is of interest
to apply some of them to the investigation on molten salts and confirm
the validity of the equations. Because of the lack of data, we are forced
to investigate with the data for molten nitrates which have been studied
comparatively at large and the data of which are available.

In the present work some approaches to the mechanism of conduction

of heat in molten salts are performed with several theoretical equations
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relating the thermal conductivity with the velocity of sound or the mean

vibrational frequency. The values of sound velocity in LiNO,, NaNO

3,

: KNOé, NaNOz, and HTS were previously measured in our laboratory.

3’

2 Measurement of the sound velocity

In our laboratory, an ultrasonic pulse echo method was applied to
the measurement of the sound velocity in molten nitrates. The principle
of this method is described in detail elsewhere[l,2].
- The advantage of this method is that only one quartz rod is in need
‘as a conductor of sound wave, which allows the sample at constant temper-
ature (% 1°C ). The value of the sound velocity is determined by dividing
the propagating distance of the sound wave in the sampie (~10 mm ) by
~the time interval between two adjacent echos (AIS/us ). The'meésure~

ment was performed in molten LiNO,, NaNO and HTS. The

3° 3°

results are tabulated in Table 1 as a function of temperature with the

KNO, s NalNo,,

data in the literature[3,4]. There exist no data for the sound velocity

in molte RbNO3 and CsNO3 except hypersonic velocity studied by Brillouin

spectroscopy[5], the results of which are also shown in Table 1 for

comparison., Since the hyperSonic velocities in RbNO3 and CSNO3 measured

in Ref. [5] may be taken as the velocities at infinite frequency, the

sound velocities in RbNO3 and CSNO3 are rather small compared with those
in LiNO3, NaNOB, and KNOB.
The results in pure LiNOB, NaNO3, and KNO3

are in good agreement with other results within experimental error.

measured in our laboratory
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Table 1 Results of the sound velocities in the molten alkali nitrates and HTS.

ultrasonic velocity
Bockris & Richards[3]

Present work

U
—S

-1

(ms )

Higgs & Litovitz[4]

Hypersonic velocity
Knappe & Torell[5]

LiNO
NaNo

KNO
RbNO
CsNO
NaNO

HTS

1800-0.794(T-254)
1789-0.968(T-310)

1756-1.187(T-337)

1853-1.259(T-254)

1807-1.150(T-310)

1755-1.194(T-337)

1799-0.84(T-254)
1817-1.16(T-310)

1767-1.12(T-337)

1906-1.47(T-271)

2040~1.323(T~142)

1805-0.94 (T~254)
1825-1.10(T-310)
1853-1.45(T-337)
1569-1.10(T-316)

1260-0.93(T-414)
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The discrepancy between the ultrasonic and hypersonic velocities in KNO3

may be caused by the measurement of the hypersonic velocity close to the

infinite frequency of KNO The additivity of the sound velocity in HTS

3¢

~ is confirmed.

3 Theory and Discussion

In general, the vibrational (''collide") and translational ("diffusion')
contributions are considered as the main factors to determine the rate of
conduction of heat in molten salts. However, the latter contribution must

be small, cosidering high value of the thermal diffusivity (NlO—7 mzs-l)'

compared with those of the self-diffusion coefficient (NlO—9 mzs—l), and
it might be also evidegced from the Lorenz number LN which is constant for
solid and liquid metals becausé electron drift is responsible for both
thermal and electrical conducﬁion:

LN = K /67T == ceeennennns ¢D)
where K is the thermal conductivity, § the electric conductivity, and Tk
the absolute temperature. The calculated Lorenz number for molten alkali
nitrates at the melting point are shown in Table 2, where O~ is takenv
from Ref. [6] and K is the mean value of the presént_result (CHAPTER 4)
and Refs. [7—12]. The experimental results of thermal conductivity of
molten pure alkali nitrates are tabulated in Table 3. For comparison,
‘the self-diffusion coefficients [13] are also shown in Table 2. Since

the translational ion motion is the carrier for electrical conduction, it

‘must be a minor carrier for thermal conduction in molten salts.
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Table 2 ﬁowmﬁm_m number of molten alkali nitrates at the melting point.
.HB mﬂ mmmw . |HW IH .bw ﬁwwmw ratio of Hoammu.w number 5
(°C) x10 “(ohm m 7) (Wm “deg ) x10"°(m"s 7) Amkuﬁsv\auﬁww\mv.\mv*x 10
LiNO, 254 . 0.804 0.610 1.31 1.29
.zmzow. 310 o.wmb 0.548 1.77 0.86
Nzow 337 o.muo 0.465 1.38 1.08
RbNO, 316 0.431 0.364 ©1.06 1.29
omzow 414 ,ohmbo 0.327 1.89 0.79

* AN>HHBV is constant ‘for Bmﬂmwm..u 3 Awm\mvw\m.
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Table 3 Thermal conductivities

_LiNO,
0.638 - 0.1 x 10~
0.610 + 2.1 x 10~
0.583 + 6.1 x 107°(T -

| _NaNo;
0.513 + 4.4
©.0.559 + 2.7
0.567 + 4.8
0.541 + 6.4
0.568 + 4.2

0.542 + 7.8

E IR B
i
o

+ o+ 4 i

KNO3_
0.482 + 0.9 x 10 (T -
0.460 + 3.6 x 10 (T -
0.431 + 5.0 x 10 (T -
0.455 + 8.0 x 10

(T -
0.495 + 6.0 x 10 (T -

o

B S B~ R

RbNO, _
0.361 - 1.1 x 10 (T -
0.352 + 2.8 x 10“4(T -~
0.379 + 3.7 x 10 (T -

CsNOa_
0.337 + 1.0 x 10 (T -
0.308 + 0.8 x 10"4(T -
0.337 + 0.1 x 10 (T -

of molten alkali nitrates.

254)
254)
254)

310)
310)

310)

310)
310)
310)

337)
337)
337)
337)
337)

316)
316)
316)

414)
414)
414)

(w n L deg ! )

Reference

17]
18]
(9]

(7]

[8]

(91

[10]
present work

(121

{71
[8]
(9]
[10]
-[11]

[71
(8]
{91

71
(8l
[9]

- T is’in °C.T 7
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Therefore, considering the vibrational contribution is predominant
for determining the thermal conductivity of these molten nitrates, we
can apply some theories proposed for predicting the thermal conductivity

of liquids in relation to the sound velocity or the mean vibrational

_frequency to evaluate the thermal conductivity in molten salts.

One such equation was déVeloped in 1923 by P. W,VBridgeman[lé], who
assumed thatrthe liquid ions were arranged in acubical lattice at a

distance d apart, vibrating>around centers,

a = (v, /Nn)?t?
where VM is the molar volume, N the Avogadro number, and n the number of
discrete ions of the dissociated molten salt. fhe total energy of a
particle is taken as 3kBT and assumed to be propagated with the velocity
of sound US in the liquid. Thus, Bridgeman obtained the equation

K = 3 kB US / d2 veeeees (2)

Kardos in 1934 tlS] modified the Bridgeman equation to avoid specif&ing
the amount of the particle energy. He considered an énergy drop between
adjacenf particle surfaces and substituted the distance L between the
surfaces of adjacent particles, instead of the distance d of their centers.
He arrived by a reasoning similar to that of Bridgeman at the following
relation;
| K = LU89 c, R <)

Considering the relationshiﬁ between the thermal conductivity and the
thermal diffﬁsivity DT ( K = DTS>CP ), LUS should be equal to DT when
Eq. (3) is used. The difficulty in using the above equation lies in the

finding of suitable values for the variables included, especially the

distance L.
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Besides, in 1938 an improved'equation of the Bridgeman equation has

been proposed by Kinkaid and Eyring{16I, who applied the kinetic theory of

gases directly and introduced the Eucken factor to account for internal

~degrees of freedom, so.that the constant 3 in Eq. (2) is replaced by 2.79/}}/2,

- where ¥ is. the ratio of specific heat;

1/2

K = 2.79 /( .chus'/ az . (4)

With the mean vibrational frequency ), a different approach to
determine the thermal conductivity has been proposed by several authors;v
R = 2Vc, /d ... e veeee (5)
where CV is the specific heat at constant volume ( = Cp/v“) taken here as
3kB aésuming six vibrational degrees of freedom.
As an estimation of the mean vibrational frequency the Lindemann model
[17] may be valid because of no requiry of unknown parameters for these
nitrates, which is based on the assumption that the ions behave as harmonic
oscillators;
Y= @™ g mt? e (8)
where Tm is the melting point and m is the weight of the ion. Combining
Eqs. (5) and (6), K is expressed as follows:
K o= 6k, (LD - T m o |
Adopting the available values of Debye frequency of AgBr, AgCl, Can, KBr,

KCl, and NaCl, Turnbull[11l] derived a similar equation as Eq. (7) for molten

salts as

kK = 5.29x 1022 (1 /ma Y2 L (®)
where m is the weight of the molecule divided by the number of the descrete
ions. Using the effective value m of the cation and anion ( = (mé mc)l/z),

Gustafsson et al.[7] expressed as follows;
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1/2)1/2-_’ (9)

-1
= e L 1 .
K 6 kB (701.d) (ZkBTm / (ma mc)
It is also possible to get a proper approximation of the frequency and
derive an improved equation similar to Egqs. (8) and (9) from Eq. (5),
if we could know the optimum pair potential of these molten nitrates.

The :ésults calculated from Eqs. (2), (3), (4), (8), and (9) in

~for molten alkali nitrates and HTS at their melting ﬁoint are shown in Table 4.

The interionic distance L used here is obtained by subtracting the distance
of the third peak of the radial distribution function in the X-ray diffraction

data[18] corresponding to the distance between cation-NO, ion fram the inter-

3
ionic distance between the centers of adjacent ions d. For the ionic radius
between Li—NOB, we selected 0.222 nm as the closest value although it is
in contrast with the experimentally obtained value from the X-ray diffraction
(0.27 nm ). The value of L for HTS was estimated from the assumption
USL = DT’ where US and DT are measured in the present work.  The inter-
ionic distance d of HTS was determined with the éame treatment in the case
éf pure nitrates, i.e., d ='(VM/Nn)l/3.

Comparing the calculated thermal conductivity with the experimental
results in Table 3, we find that the results from Egs. (4) and (8) are
in good agreement with the experimentally obtained ones. Equation (8) was
derived by equating to the Debye frequency, while Eq. (4) is based on the
comparison of the velocity of sound in liquids with the kinetic theory
velocity of the ions,  Since the errors included in the measured sound
velocity in molten salts are expected to be smaller than those in the
thermal conductivity, it is very meaningful that it would be possible to
estimate the thermal conductivity from the sound velocity.

As an application of the estimation by these equations, the thermal
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Table 4 Thermal conductivities of alkali nitrates and HTS estimated by several models.

w.ww Emu , 4&,0 , Hm+ﬂ %Hm: mHo Wo Thermal conductivity Azaln_.ammlwv

x10 “(kgm ~) x10 (m”) x107 (m) x107 (m) %10 (m) Eq.(2) Eq.(3) Eq.(4) Eq.(8) Eq.(9)
FHZOw 1.785 um.mm 2,22 3.18 0.96 0.742 0.507 0.658 0.647 0.561
ZmZOW 1.909 44,53 2.65 3.33 0.68 .O.muw 0.422 0.565 0.558 0.580
Nzow 1.875 53.92 3.00 3.55 0.55 1 0.560 0.254 0.475 0.461 0.603
Wdzow M.mﬂm 58.94 3.05 3.66 0.61 0.470 0.353 0.427
Omzow 2,810 mw.wm_ 3.25 3.86 0.61 0.348 0.298 0.396
HTS H.wmw 42,55 3.29 0.82 0.785 0.518 0.651 0.485 0.404

* 9= 1.98x1073 31211

- N.NoxponqhequNv (kgm
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conductivity of HTS is also calculated and tabulated in Table 4. The
agreement between the calculated.value by Eq. (4) and the experimental ome
is not very gdod, while Eq. (8) seems fo‘relate them in good correspondence.
‘Since the melting point of ﬁTS is very low (142°C) compared with that of
each comp&ﬁenf and then it is considered that tﬁé.space of ‘each component
’fmay bevvery small at such a témﬁerature, the approach from the solid sfate
might show better approximation than that from the gas state. This might
be the reason why Eq. (4) does not fit to HTS at its melting point.

As can be seen in Table 3, thé temperature dependence of the thermal
conductivity in molten alkali nitrates is not clearly detected to be positive
or negative, although it is clear that the magnitude of ‘it is much less
than that of viscosity of diffusion coefficient.

According to the equations described above, the thermal conductivity_
of molten salts might decrease wiph increasing température because the
velocity of sound decreases with increasing temperature. However,
considering the increase of the ﬁranslational contribution to the thermal
conductivity ( 2DCV/d3 )[19] with increasing temperature, it is also considered
that the thermal conductivify increases with increasing temperature.

Therefore, in conclusion, although the temperature dependence of the
thermal conductivity of molten salts is still in question, the thermal"
conductivity may be evaluated reasonably by relating it with the sound
velocity and the mean vibrational frequency at least at the melting point.
A similar equation to that derived by Turnbull with using the Debye
frequency would give an excellent approximation to the experimentally

obtained thermal conductivity of molten salts.
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In order to estimate the thermal conductivity of molten salts from
the expressions derived by using equilibrium statistical mechanics{22-26],
_we have examined the average time correlation of fluctuations of energy
‘ fiux in the equilibrium systém by means of molecular dynamics simulatiqn.
Since fhe wérk of WOodcock and Singer[27], a number of investigations

~have been performed to calculate the transport properties of molten salts

by molecular dynamics simulation and those fér self-diffusion coefficient
are reaéonably successful (reviewed in Ref.[28]). However, our trial for
calculating the thermal conductivity of molten NaCl with the pair potential
proposed by Michielsen et al.[29] did not succeed, for the fluctuation of
the correlation function at each time step was unexpectedly large and any
decay of it could not be detected. Although it may be caused by the poor
averaging of the correlation functions, further improvement in this type
calculation for thermal conductivity seems to be hopeless because it will

expend much longer calculation time to get some reasonable figure.
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APPENDIX I

Optical Arrangement of a Wave-Front-Shearing Interferometer

The'SFhematicléutline of fhe optical arrangement of a wave~front— -
'shéaring iﬁterferométer used in this workbis illustrated in fig. I.
The lightvsource (1) was a HefNe gas iaser (A= 632;8 nm)—CR—SO made
“by RCA. The coherent raysvfrom it were polarizedvby a polarizer (2)
so that the vibration pléne of the passed rays was horizontal, and then
collimated with a Tropel-280 laser collimater (3). The slit of the
cell (7) was illuminated by the rays which passed through a light port (3):
The slit was covered with quartz window plates (6) pressed from the
both sides with screws. A pair of lenses (9) and (10), the focal lengths
of which were 100 and 10 cm, respectively, produced a miniature inverse
image of the slit on the polariscope (11). The Savart plate was employed
as the polariscope. |

The double-refrécting principle of the Savart plate is shown in
Fig. II. The Savart plate consists of two identical uniaxial plates, cut
at‘45° and crossed, In the first plate the incident ray are sheared
in two, namely, the ordinary ray o and the extraordinary ray e. Because
the second plate is oriented at 90° With‘respect to the first, the ordinary
ray o in the first plate becomes the extraoriinary ray e in the second
and vice versa. Accordingly, the rays are split in two by the Savart
plate. The two rays are polarized at right aqgles with each other; are
of equal intensity, and are in the same phase. - They are displaCed by

a distance b, where b is

b LGty 1 Gl
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W_QH Scheme of the optical arrangement of Interferometer

1. He-Ne gas laser = 6. Quartz plate . 11 Savart plate..
2. Polarizer 7. Cell 12 Analyzer
3. Collimator 8. Electric furnace  13. Objective lens
4, Glass plate 9. Lens(f=100cm ) 14 Camera

5. Light port 10. Lens(f= 10cm)
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Here, Fo and}1e denote the refractive indices for the ordinary and
extraordinary rays, respectively, and { is the thickness of each half

: par;*of the Savart plate.

| Since the analyzef (12) was placéd perpendicularly to the polarizer,
1 the 1ight was extinguished when the thical difference waévintegral

“multiples of the wave length; dark fringes were obtained on the film (14).

Fig.II Savart plate
| o:ordinary ray
e:extraordinary ray
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APPENDIX 1II

Calculation of High~Dilution Diffusion Coeff1c1ents with

Wave-Front-Shearing Interferometry.

In.the measureﬁent of high;diletienediffusien ceefficients a bottom
“ layer diffusion teeﬁnique was used, an& the diffusion coefficient ﬁae
calculated as follows. |

The optical path of a ray traversing the celi at an arbitrary level x
is calculated as follows by integrating the refractive index u over the

length L of the cell in the direction z of the optical axis;
L
R(x,t) =‘j” dz cevneaaes (I)
0/ |

u is related with the concentration of the solute as
P }10+C(8}1/ac) ...... .. (ID)
where/poiis the refractive index of the solvent.
In the case of bottom layer diffusion, the concentration at distance x
from the bottom at time t can be exﬁressed by using the simple plahe source
solution of Fick's second law. It follows
C(x,t) = M-exp( -x? / 4Dt ) WRDE,  vvv.. . (IID)
where M is the total amount of the solute divided by the cross section
of tﬁe bottom layer, and D is the high-dilution diffusion coefficient.
Substituting Eqs. (II) and (III) into Eq. ((I), we get
R(x%,t) =/pOL + ML Si%éQEl exp(—xz/éDt) ceeneenss (IV)
The optical path difference AR is expressed from Eq. (IV) by

R(x+b/2) - R(x-b/2)

xp (= (x+b/2)
It

where b is the shear of the wave-fronts in the cell plane. From the

R

( (x- b/2)
4Dt

L]

@ji/&C) -—--[ 5) =5 1, .. (V)

fact that 4R has the same value for a paif of fringes at the places
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x. and x., it follows
1 J
4Dt [1n sinh(bx,/4Dt)-1n sinh(, /4DE)] - (x - xj?) -0 ... (VD)
If the shear b is small and the early interferogram can be disregarded
VWhen the gradient is comparatively high, it follows that
dR/dx = AR/b R T ... (VID)
From Eqgs. (IV)kand (VII), we get
D = ‘Xi - xj)/4t-ln(xi/xj)_ ..... ERRI (VIII)
In this experiment, we determined high-~dilution diffusion coefficients
by measuring the fringe length and calculating with Eq. (VI) by

iteration technique.
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APPENDIX III1

Calculation of Thermal Properties‘with Wave—Front—Shéaring Interferometry

In.ﬁhénmeasurement of thermal pfoperfies we used a thin foil insteaa‘
of a "hot-ﬁire" as a heat source which was heated by a COnstant'elect¥ic;1
power., ’Accbrdingiy,'we must solve the differenﬁial equation of conductibn'
of heat (I) in three dimentions under the condition of a continuous
plane source.

T/at = Do (3 T/x" + 0%T/av? + 3°T/328) verivvnin. (D)

DT=K/C‘p-P e nteereeeaeeaaa, N ¢4 5)
If we assume that the y- and z— axes in a system of orthogonal coordinates
define the plane which contains the foil ( as shown in Fig. 3) tand
a constant heat per unit area per unit time Q is liberated at a point

(x', y', z', t'), we get the solution for a continuous plane source by

integratiﬁg throughout the region ”’,l%””’q
-h£z<h, -dSy<&d, and the time t’ .
| z __&BEAM

the equation derived by Eq. (1) x:>£ ’/_/’d

o . L-y<0
under the condition of an instantaneous —d |

% .

point source. F]g,I
T(x,5,2,t) - T(0) N Hot foil

exP(—x /4D, (t—t ))d
. ~-(y-y o (z-2 )
e 7£,D ‘S- ae” — )3/2[_ dy'- exP{‘*D (t-t’ )}f dz"-ex BD_(e-t")

Ceeeeneneress (ITID)

* H.S. Carslaw and J.C. Jaeger, "Conduction of Heat", Univ. Press, Oxford

p 256 (1959)
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2JD_¢t
__Q : T 2,2 y+d y~d z+d z—-d
= e d (-x"/ ){ £ (Fm) — £( }{ rf - f(=——)
8KLEJ; P‘exp X p er er ( ) erf( }

. -~ S
where erf(s) - 2 dk exp(—kz) =1 - erfe(s),

i,

and ﬁ 2/1)_—1':_:_&_)

At the x-y plane in the middle of'the foil (z=0), Eq. (IV) becomes,
-d
R
2

As h is about 40 mm, 8 is about 20 s, and DT is about 0.15 mm s_l in

ITx,y,z t) - T(0) _ zKﬁ?rf(_7ﬁ-g)j d@ exp (- ﬁ32){erf(

this work, erf(h/ZJDTG) is equal to unity. Consequently, the temperature

distribution we need is descrlbed as follows:

T(x,y,t) - T(0) = —Kﬁf d/B exp(—x /P ) erf(——@—-) - erf( ) .

As shown in Fig. II1(c)-(d), the optical path difference is
directly connected with the observed fringe pattern. The refractive
index in a‘solution is described with temperature as follows:

Bopg = (Ou/IT)H(T-Ty) R TR (VII)
wherelpo is the refractive index of the liquid at the temperature TO.
G%uﬁaT) can be considered constant over the limited temperature range
of an experiment. The optical path R in the solution whose width is
2r is shown as follows;

=Irr)1dy .................. (VIII)

From (VI), (VIL), and (VIII), we get

p

.............. (IX)

s ZJD t '
R(x,t) = lTK—QfE (5’}4/&T)j dyS d@ exp(-x /f3 {e rf (L) - erf(l-—)}
-r

Rearranging Eq. (IX) by using the first mean value theorem, we get
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2./
R(x,t) = Kﬁz(a).l/aT)[l+G(t)]S dp exp (-x /13 ) (X)

G(t) = 2d‘,..[e xp (- ( ) ) - ex p( (r —d 2) +/~2r d)erfc(r+d V"Yr+d)erfc(-*

where T= 2/D 8 and 0<9<t
) is relatlvely large value, Eq. (XI) can be shown as

o] < 5 & =52 exo(- <f—§->2>,

.~ In Egq. (XI), 1f (

1

when méking an approximation with an equation erf(s) =£%exp(~sz) (é-w -—3)

by using an asymptotic expansion of the error function for large values
of s. In this work we used r=45 mm, d=15 mm, and (r-d)=30 mm.
Consequently, G(t) can be neglected in Eq. (X), and the optical path is

shown as follows:

R(x,t) = ZdQ Gp/am [ t/* exp(-x2/4DTt) - (x/Derfe(x/2{D D1, .. (XID)
and
dR/dx = - 9%‘- @pfaT) erfe(x/2fo )  ....i........ (XIII)

In the present interferometry, the bptical paﬁh difference 4R can be
described as R(x+b/2) - R(x-b/2). Thus, at the place where Eq. (XIV)
holds the dark fringes can be observed (see Fig. II);

AR = R(x+b/2) - R(x-b/2) = n} (n=0,1,2,...... ) ... (XIV)
Expanding the respective terms of AR, that is R(x+b/2) aﬁd R(x-b/2),
in series, we get

AR = b(dR/dx) +(b3/4.3!)(d3R/dx3) + o, e (xV)

In this relation the terms other than the first differential on the right
hand are negligible, since b is a small value. Thus, since Eq. (XV)
can be described as ; |

AR = b+(dR/AX), +revevvecocorennnnnnss Cereeeeaaon, (XVI)
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we get

AR = - }3—%}- (9}1/&’1‘) erfc(xlz./DTt). ......... (XVII)

When deriving the thermal diffusivity, we use the fact that
for one particular fringe AR is always constant--as shown in Fig. II(c);,
that is,

(4R)y = comst. i ideaes ceee.. (RVIII) -
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