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Page 175: The heading for the third column of table 17.10 should
be p02 (atm) .

Page 187: Replace table 19.4 with the following:

. a
Table 19.4. Paramcters of equation (19.4) and precisions

a x 10°3]-» x 10-2 c x 102 .‘l'_r-,-nge-(K) Precision
-14.9135 ~-0.3452 - 440-460 A11%

31.886g | 1.1359; | 10.121, 466-533 nt3.52

9.3124 0.3148 2,665, 544-589 ~e2.92

(a) for 330-420K, n = 3.54642 x 10~5 exp(6305.9/RT), precision ~+ 187

Page 396: The missing. tabular matter under the heading for
table 45.1 is as follows:

a b x 107 ¢ x 1010 Precision

2.06431 ~-4.76248 -5.60825 + 0.1%




Physical Properties Data Compilations
Relevant to Energy Storage.

Il. Molten Salts: Data on Single

and Multi-Component Salt Systems

G. J. Janz, C. B. Allen, N. P. Bansal,
R. M. Murphy, and R. P. T. Tomkins

Moilten Salts Data Center,
Cogswell Laboratory
Rensselaer Polytechnic Institute
Troy, New York 12181

U.S. DEPARTMENT OF COMMERCE, Juanita M. Kreps, Secretary'

Jordan J. Baruch, Assistant Secretary for Science and Technology

NATIONAL BUREAU OF STANDARDS, Ernest Ambler, Director

Issued April 1979



Library of Congress Cataleging in Publication Data (Revised)

Main entry under title:

Physical properties data compilations relevant to energy storage.
(Nat. stand. ref. data ser. : NSRDS-NBS 61, pt. 1,2-)
“National Standard Reference Data System.”

Bibliography: p. ’
CONTENTS: ). Molten salts: eutectic data--

2. Molten salts: data on single and multi-component salt systems.
Supt. of Docs. no.: (13.48:61
1. Energy storage. 2. Fused salts. 3. Eutectics. I. Janz, George J.

IL. Series: United States. National Bureau of Standards. National stand-

ard reference data series ; NSRDS-NBS 61, pt. 1-

QC100.U573 no. 61, pt. 1, etc. 602°.1s [621] 77-10824

NSRDS-NBS 61, Part 11

Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (U.S.),(61, Part 11, 442 pages (Apr. 1979)
CODEN: NSRDAP

© 1979 by the Secretary of Commerce on Behalf of the United States Government

U.S. GOVERNMENT PRINTING OFFICE
WASHINGTON: 1979

For sale by the Superintendent of Documents, U.8. Government Printing Office
Washington, D.C. 20402

Stock Number 003-003-02051-6


lpaek

lpaek

lpaek


Foreword

The National Standard Reference Data System provides access to the quantitative data of phys-
ical science, critically evaluated and compiled for convenience and readily accessible through a
variety of distribution channels. The System was established in 1963 by action of the President’s
Office of Science and Technology and the Federal Council for Science and :Technology, and
responsibility to administer it was assigned to the National Bureau of Standards.

NSRDS receives advice and planning assistance from a Review Committee of the National
Research Council of the National Academy of Sciences-National Academy of Engineering. A num-
ber of Advisory Panels, each concerned with a single technical area, meet regularly to examine
major portions of the program, assign relative priorities, and identify specific key problems in
need of further attention. For selected specific topics, the Advisory Panels sponsor subpanels
which make detailed studies of users’ needs, the present state of knowledge, and existing data re-
sources as a basis for recommending one or more data compilation activities. This assembly of
advisory services contributes greatly to the guidance of NSRDS activities.

The System now includes a complex of data centers and other activities in academic insti-
tutions and other laboratories. Components of the NSRDS produce compilations of critically
evaluated data, reviews of the state of quantitative knowledge in specialized areas, and computa-
tions of useful functions derived from standard reference data. The centers and projects also
establish criteria for evaluation and compilation of data and recommend improvements in ex-
perimental techniques. They are normally associated with research in the relevant field.

The technical scope of NSRDS is indicated by the categories of projects active or being
planned nuclear properties, atomic and molecular properties, solid state properties, thermody-
namic and transport properties, chemical kinetics, and colloid and surface properties.

Reliable data on the properties of matter and materials are a major foundation of scientific
and technical progress. Such important activities as basic scientific research, industrial quality con-
trol, development of new materials for building and other technologies, measuring and correcting
environmental pollution "depend on quality reference data. In NSRDS, the Bureau’s responsibility
to support American science, industry, and commerce is vitally fulfilled.

£ Al

ERNEST AMBLER, Director



Preface

This series of publications is aimed at providing physical properties data on materials used in energy
storage systems. It was inspired by a requirement in the Department of Energy’s Division of Energy
Storage Systems for materials property data needed by its contractors in the timely development of energy
storage devices. As prime contractor for this program, the Lawrence Livermore Laboratory (LLL) has
requested the Office of Standard Reference Data (OSRD) to manage the task of gathering the data, usingits
established network of data centers and other identified sources of expertise. The OSRD monitors the
progress of work, reviews the results, and conveys the numerical data to LLL where the data are converted
for entry into an automated data storage and retrieval system. Every effort is made to supply data which
have been critically examined in light of the latest knowledge concerning theory and experiment. However
it must be recognized that in a rapidly moving technology some of the data will be superseded rather quickly
as new materials and techniques are introduced. Thus access to the data via computer terminal as well as
publication in this series should help provide the practitioner with timely and useful data which he requires
to solve his problems in energy storage. Funding for this series of projects from the Department of Energy,
Division of Energy Storage, through the Lawrence Livermore Laboratory, is gratefully acknowledged.
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PHYs1CAL PROPERTIES DATA COMPILATIONS
RELEVANT To ENERGY STORAGE
II. MoLTen SALTS: DATA ON SINGLE AND MuLT1-COMPONENT SALT SYSTEMS

G. J. Janz, C. B. Allen, N. P. Bansal, R. M. Murphy, and R. P, T. Tomkins

Molten Salte Data Center, Cogswell Laboratory,
Rensselaer Polytechnic Institute, Troy, New York 12181

The present work provides selected data with
value judgements for a set of 49 salt systems of
interest as candidate materials for thermal energy
storage sub-systems and for electrochemical energy
storage systems. The physical properties assessed
are: melting points; phase diagrams; eutectic
compositions; density; surface tension; viscosity;
electrical conductivity; diffusion constants for
ions; heat of fusion; heat capacity; volume change
on fusion; vapor pressure; thermal conductivity
(liquid and solid); and cryoscopic constant. The
status of corrosion studies in the form of annotated
bibliographic summaries, and salient observations on
safety and hazards are also reported. A summarizing
series of tables is provided as index to the data-
gaps status for this set of candidate materials.

Key words: Corrosion; data compilation; electro-
chemical energy storage materials; molten salts;
physical properties; safety and hazards; thermal
energy storage materials; thermal properties;
thermodynamic properties; transport properties.



1. Introeduction

The present communication reports
“he results of some work undertaken, in
rart, to meet the need for an evaluated
cata file for salt systems to. be stored
in the LLL Data Banks _ for Energy Research
¢t Livermore. [1,2,3]! The situation
¢ncountered by thé user (research
¢cientist; design and development engi-
1eer) may be briefly illustrated by the
f'ollowing two examples.

The first point encountered is that
the store of information on molten salts
is considerable and is largely unevalu-
ated. It exists partly as primary
1esearch literature and partly compiled
‘n some of the emerging secondary
¢nd tertiary literature (numerical data
projects, handbooks, bibliographies).

«n analysis of the 1974 publications [4]
in this area of materials science may be
summarized as follows.

- A total of more than 1300
research papers were published
in 1974, in some 290 scientific
and technical journals of
some 16 different countries.

- Approximately 140 descriptors
(keywords) were required to
index these research papers
by physical properties and/or
subject matters.

Thus for an informed use of the accumu-
lated knowledge in this relatively
specialized area of materials science

the user needs guidance, not only as to
what is already established and how it
can be accessed but, equally important,
on the reliability, namely to what degree
are the data adequate for '"decision steps”
in design and development applications.

The second point encountered is the
diversified nature of the information
required. For example, in thermal
energy storage, the "data needs' that the
user encounters include:

melting point data; phase diagrams;
heats of fusion; heat capacities;
thermal conductivitiés; volume-
changes on melting; viscosities;
thermal diffusivity; expansion
coefficients; vapor pressures;
thermal stabilities; nucleation;
corrosion; safety and hazards;
interfacial properties; esti-
mation methods,...

The present compilation was undertaken,
thus, to provide a data base for the
informed use of the accumulated knowledge
on molten salts, particularly for appli-
cations to thermal energy storage and

lFigures in brackets indicate literature
references.

for energy storage electrochemically, as
in advanced batteries.

The recommendations advanced by the
Phase-Change Storage Systems Group [5]
provide some guidelines and criteria for
the selection of the candidate materials
(salt systems). These, together with,
the data requirements for electrochemical
applications, and two practical consider-
ations, from the viewpoint of economy,
are summarized in table I.1l, These
principles and recent assessments of
advanced batteries research, thermal and
solar energy storage applications (see
for example [5-10], for partial list)
may be used to reduce the very large
number of salt systems to a relatively
short list, as summarized in table I.2.
Specific examples of the systems thus
included are:

molten carbonates (LiyCO3,
NaC03, K2CO3) and their
mixtures; relevance: high
temperature fuel cells
technology; thermal energy
storage - electric utili-
ties load-levelling

* molten sodium polysulfides
(Na;84); relevance: sodium-
sul%ur advanced battery

technology; transportation;

load-levelling

+ molten chlorides, and
nitrates; for example: (a)
LiCl1-KCl eutectic; rele-
vance: supporting
electrolyte in ESB (advanced
battery technology); (b)
nitrate eutectics; relevance:
thermal energy storage

+ low melting mixtures; salt
hydrates; NaSO4-10H0, m.pt.
32°C; relevance: thermal
energy storage subsystems

The present communication reports
the results of critical evaluations for
some 26 single-salt systems and 23 mixtures
(binary and ternary systems; including
eutectics).

2. Systems and Properties Evaluated

A list of the salt systems for which
results are reported herewith is in table
1.3, The arrangement follows the Anion
Classification used elsewhere for molten
salts [see: 11,15]. Within an anion family
the salts are ordered by cations. There
are exceptions, e.g. the NapS-Sulfur systen
is listed as NajzSx since the concern is
with polysulfide mixtures, and Sulfur, it-
self not a salt, has been included to com-
plete this system, The physical properties
are listed in table I.4.



.Table 1.1. Criteria for the selection
of candidate materials

X K
A. (For thermal emergy storage systems (Pm.amd for

electrochemical emergy storage gnsn"
1. Thermodynamic properties 2. Chemical properties
1) suitable melting point (1) safety
(ii) high heat of fusion (ii) stability
.(ii1) congruent melting (iii) non-corrosive to
container materisls
(iv) small volume changs on
melting

(V) high thermal conductivity
(vi) heat capacity

(vii) density 3. Economy
(viii) surface tension (i)  inexpenmsive
(ii) availability
B. Additional coasiderations for electrochemical
h)
energy storage (ESB)
(1) electrical conductivity (iv) cryoscopic constant

(ii) diffusion constants for ions (v)
(iii)

enf series of metsls
transport numbers for ions (vi) reference electrodes

(vii) thermodynamic activity coefficients

-— -
- 8(PCM); phase-change materials;
L] (ESB); electrochemical storage batteries

Table I.2. Likely candidates list

(salt systems)

——

" A. _Systems utilizing single salts (1.IIs and 1.IIb)

1. Cations I

Table I.3. List of salt systems
stes eria | systom | versay
Single salts Salt mixtures
1 LiF . 27 LiC1-KC1
2 RaF 28 NaCl-KC1
3 KF 29 l.lcl-AlCl,
4 Lic1 30 NaCl-AlCls
5 NaCl 31 KCl-AlCls
6 KC1 32 NlCl-ClClz
? MgCl, 33 Na,S
8 Clclz 34 NaF-KF
9 AlCly 35 LiF-LiC1
10 uzoo, 36 NaCl-l(Zl-Alcl3
11 n.zoos 37 LlCl-KCl-C.Clz
12 xzoo, 38 LiC1-NaCl-KCl
13 l.tNOS 39 LiF-LiCl1-LiBr
14 mo, 40 l.iF-I.SCl-l.i’l
15 KNOs 41 Lizcos-n.zcos-xzms
16 uzso4 42 Lizcos-mzcos
17 u.zso‘ . 43 uzcos-xzcos
18 xzso 44 mzcos-xzco,
19 Sulfur 43 ﬂlNOJ-KNO
20 "‘25 46 uuos-n.uos-mos
21 n.zsz 47 uzso‘-xzso
22 n.233 43 Ltzso‘-uuzso‘-xzso‘
23 mzs‘ 49 NOCI-M:SO‘
24 luzss .
25 LiBr
26 Lil

Table I.4. List of physical properties

Anions
2 °
lithium chlorides bromides
sodium nitrates iodides
potassium carbonates sulfates
magnesium polysulfides phosphates
calcium fluorides thiocyanates
barium hydroxides vanadates
nitrites borates
sulfides tungstates
. chromates
formates
acetates

B. Systems utilizing mixtures of salts

(a) "Eutectics (2 or more salts from I,IIa)

Physical property Storage mode
PCH ESB__
1. melting temperatures x x
2. phase diagram (liquidus-selidus) x x
3. density of melt x x
4. surface tension (wetting) x x
§. viscosity x X
6. electrical conductivity x
7. hazards (safety) x X
8. containment (corrosion) . x x
9. diffusion constants for ioms x
10. heat of fusion X x
11. heat capacity x b
12. volume change on melting(%) X x
13, vapor pressure x X
14. therzal conductivity (melt) X x
15. thermal conductivity (solid) x x
16. cryoscopic constant x b3

(b) Eutectics (2 or more salts frem I.IIb)

(c) Butectics (2 or more salts from I.Ila, I.IIb)

C. Systems utilizing salt hydrates

Congruently melting salts with water of hydration

3. Fundamental Constants,
Symbols and Units

The fundamental constants and
glossary of symbols and units are in
tables I.5 and I.6, respectively.



Table I.5. Fundamental constants

§ymbol Nase Value

6.02252 ¢ 0.00028 x 1023 po1°?!

96,487.0 ¢ 1.6 Coulonby wo 17!
(23,060.9 = 0.4 cat V- .quu -1

Avogadro constant
Faraday constant

1.60210 x 10°1? Coulombs

8.5143 £ 0.0012 J K 'mo1’?
1.98716 £ 0.00029 cal K lmo1-l

e Electronic cherge
Gas constaxt

4. Treatment of Data
Statietical Analysis of Data

The recommended data values were
selected based on the estimates of
precision and uncertainty of the data
surveyed in the literature. The Percent

Departure also provided a guideline. The
Percent Departure is defined as:
Percent Departure =
- .
‘compared value' "tabulated value" x 100

"tabulated value”

Here ''compared value' and "tabulated
value" refer to the literature value and
the value recommended in the present work.
Both the '"compared value'" and the '"tabula-
ted value" were calculated from statisti-
cally derived equations since the results
had to be interpolated to common tempera-
tures and common compositions. Where the
data sets from two or more studies were
merged to provide the data base for the
recommended values (either to extend the
temperature range, or to fix the confi-
dence level) this has been noted in the
data tables. Unless otherwise noted, all
values were recalculated to the Kelvin
temperature scale and are thus reported
throughout.

All calculations were made on the
digital computer facilities at Rensselaer
Polytechnic Institute. The data set of
the recommended study were recalculated
by a one-dimensional analysis, using the
method of least squares, to establish
equations indicating the variations of
the physical quantities with temperature
at the experimental compositions. If the
data base was sufficient, calculations
using a two-dimensional analysis, with a
stepwise multiple regression routine were
undertaken. In this way a physical
property-temperature-composition matrix
was developed. A result of this analysis
is that it enables intercomparisions of
property values at either common tempera-
tures or at common compositions.

One-Dimensional Analyetis

The criterion for choosing the
equation of best fit in the one-dimen-
sional analysis was the standard error
of estimate.

Table I.6. Glossary of symbols and units
Symbol Physical quantity Units®
a Thermodynamically defined activity | dimensionless
A Pre-exponential factor as in text
C Concentration T:l ‘1
Cp Heat capacity cal K "mol”
D Diffusion coefficient cmlsec’)
E Energy of activation cal mol
sHg Heat of fusion xcal mo17!
ke Cryoscopic constant X mo1"l kg'l
xd Equilibrium dissociation constant atm,
My Apparent molecular weight g mo1~1
Pyap Vapor pressure mm Hg
t Temperature (Celsius) °c
T Temperature (Kelvin) K
'l'- Melting temperature °c
To Ideal glass transition temperature K
A Molar volume of solid catmo1”?
AV Change in molar volume on fusion en’mo1”!
(Avf/v,)s Percent molar volume change dimensijonless
X . Mol fraction dimensionless
Y Surface tension dyn cn!
n Viscosity cp or poiie
© Electrical conductance ohm " cm
A Thermal conductivity cal czlsec k7!
L] Density g em”

8 For conversion to the SI system of unmits:
1 ot den! = 1 x 107 %7 1m7?
1gecm -1;10'51:;::‘3
lep=1x10Nsa?
ldynemt «1x103% !
1 cal mo1™! = 4.184 J mo1”?
sec = s

& For conversion

U 4.184 x 10°
walg? 4.184 x 10
3 cnlsec Ikt 4.184

keal a lnrlk!  3.600 x 107
570 £¢- lnr el 2,419 x 102

This was defined by
IXl(ve-vl)z.!5

n-q

where yo = the experimental value at each
temperature, y = the value calculated from
the least squares equation at the same
temperature as y,, n = the number of
experimental data points, and q = the
number of coefficients in the least square
equation (2 for linear, 3 for quadratic).
The standard error of estimate was
computed from the residuals in the least-
squares routine.



Two-Dimengional Analysis

The computer programs consisted of
the four routines, STPRG, CORRE, LOC and
MSTR; the latter two are storage routines
which have no effect on the accuracy of
the results. In addition a subroutine
STOUT was used to print the results of
each regression step and the subroutine
MATRIX, for printing a matrix of numerical
values from the thus derived equation.

The abbreviated Doolittle method was
used to select the variables entering the
regression and for calculation of coeffi-
cients. The independent variable included
in each step of the analysis was selected
by computing the reduction of sums of
squares of each variable. The variable
causing the largest reduction was added
to the equation and deleted from the
table of sums of squares. The coeffici-
ents, intercept and statisti¢al parameters
for the new equation were computed and
printed. This procedure was repeated
until the maximum proportion of sums
of squares to the total reduced was less
than a limit set by the programmer.

The independent variables used in the
initial selection were chosen from a
generalized procedure, which generated 30
combinations of the input variables
using powers, reciprocals, logarithmic
and exponential quantities. It was
found that the procedure cons%stently
selected the equation (T + C)?, so that
the working program used nine independent
variablés. After the final equation was
produced, it was transferred to the
MATRIX routine, which recalculates values
at rounded compositions and temperatures,
within specified boundary conditions. In
the presentation of the matrix, due
cognizance is taken of the experimental
range of investigation and of the phase
relationships for the system so that
values are always "interpolated" rather
than "extrapolated". The final step in
the procedure involves the residual
analysis (giving the deviations of the .
original values from those computed from
the "best-fit" equations).

In the programs used (vide infra), a
summary of significant parameters is
printed by the computer at each step in
the regression analysis. These are: the
sum of the squares reduced, Sj; the ratio
Si/D where D is defined below; and the
cumulative sum of these variables, Scum
and P.yn. These quantities give  an
indication of the effect of each variable
in the final equation. The programmers
limit on P was always in the range
0.0001 < Peyp < 0.001.

The standard error in the estimated
y values adjusted for degrees of freedom,
is then given by:

- s %
D - S un

n-gq-1

where D = | (y - y)z, y = experimental
values, y = average of all experimental
values, and q = the number of independent
variables in the equations.

, An F value analysis of variance was
used to determine if a particular model
was acceptable. Tables of F values
indicate that values greater than 2.0 are
acceptable for the routine used here. In
all cases values of F were greater than

1000. The F value is defined as:
F = Scun/q
(O - Syp)/m-q-1)
where Scum’ q, D, and n are defined above.

5. Value Judgements

(a) Precision

Estimates of precision were based on
standard error of estimate analysis. The
standard error of estimate is the end
result of a statistical analysis of the
numerical data, and the statistical
analysis depends on various factors, such
as the number of data points, the nature
of the concentration dependence and the
temperature dependence of the particular
physical property. The precision is the
standard error expressed as a percent
value. As a general guide, about 60% of
the results lie within the estimate of
precision, 95% within twice this value and
approximately 99% within three times the
value. . Where the preceding approach was
not possible, we refer to the published
error estimates of the original authors.

(b) Accuracy

Accuracy estimates were based on
assessments of experimental details
including method of measurements, techni-
ques, analytical characterization of
chemicals, and intercomparisions with
results from the same and/or different
laboratories. The accuracy estimates
are more subjective than the estimates of
precision. The numerical values are
reported to more significant figures than
justified by the accuracy for internal
consistency (i.e., the values fall within
the limits of precision analysis).

For eutectic melting point data,
values are reported without limits of



accuracy. This is largely because

the experimental details (i.e., cooling/
heating curves) are insufficient

for accuracy estimates.

The various measurement techniques
encountered are summarized in table I.7.
The range is considerable and shows some
aspects of the complexities and difficul-
ties in this part of the task, i.e.
firming up accuracy estimates. Descrip-
tions of experimental details, particu-
larly for molten salts studies, may be
found in recent surveys [11-15], and
it is sufficient to note some particular
points encountered in the present task.
The most widely used techniques appear to
be: Archimedean (density), maximum
bubble pressure (surface tension),

capillary and oscillating sphere
(viscosity), ac bridge (electrical
conductance), chronopotentiometry
(diffusion), drop calorimetry (heat of
fusion; heat capacity), dilatometric
(volume change on fusion) mass spectrom-
etry-Knudsen cell (vapor pressure), hot
wire (thermal conductivity), and heats of
fusion (cryoscopic constants). The
accuracy estimates based on these appear
reasonably sound.

Concerning electrical conductivity,
however, it is now apparent that the
quartz capillary dipping cell technique
leads to values as much as 3-5% too high
at temperatures greater than 900°C [16].

Table I.7. High temperature experimental techniques

Density
Archimedean

dilatometric
flotation
maximum bubble

pycnometric

Cryoscopic comstants

£reezing point lowering
(dilute solution)

freezing point depression
(phase-rule)

from heats of fusion

Surface tension
maximum bubble
Wilhelmy slide plate
pin detachment
capillary rise
sessible bubble

‘pendant drop

Viscosity
capillary
oscillating sphere
oscillating cylinder

falling sphere

Vapor pressure

manometry
(sickle or spoon gauge)

dew point
boiling/reduced pressures
vapor transpiration
Knudsen effusion

Mass spectrometry and
Knudsen effusion

Thermal conductivity
(l1iquid, solid)

hot wire - absolute and
transient

modified hot wire

concentric cylinder - absolute
and transient

optical plane - absolute and
transient

radial heat flux

linear heat flux

flat plate - steady state
comparative method

others

Electrical conductance

dc bridge
ac bridge

transformer bridge

Heat of fusion
Heat capacity
isothermal calorimetry

drop calorimetry

differential-scanning
calorimetry (DSC)

phase-rule (freezing
point data)

solution calorimetry

Volume change on melting

gas manometry
dilatometric

pellet expansivity

Diffusion
chronopotentiometry
linear sweep voltammetry
dc polarography
oscillographic polarography
faradaic impedance
chronoamperometry
rotating disc electrode
porous frit
electrophoresis
wave-front interferometry

capillary




A further point of some concern relative
to conductance data is an error noted
[17] in a USSR 1970 textbook of physical
chemistry. In the English translation of
Ya. Gerasimov's "Physical Chemistry",
the composition of the conductance cell
calibration standard 1 demal solution is
specified as 74.1352 g KC1 rather than
the internationally accepted value,
71.1352 g KC1. This should not be over-
looked as a possible contributing factor
to discrepancies arising in published
conductance data.

An emerging aspect relative to
viscosity data is recognition [16] of the
extreme care that must be given to
features of experimental design/technique
if the damped oscillation method (oscil-
lating sphere) is to be used with
confidence. As noted in the data sheets,
it is apparent that the recommended
viscosity values for NaCl may be as much
as 25% too high at 900°C, even though the
technique, as conventionally used, should
be capable of an accuracy better than
+5%. An example selected from diffusion
studies may be used to illustrate the
situation encountered in analyzing the
results from independently completed
studies of the same systems. The results
for various metal ions in the molten
LiC1-KCl eutectic (500°) [18-23] are
summarized in table I.8. Our critical
evaluation places highest reliance to the
results of Heus and Egan in this example.
With reference to chronopotentiometry, it

Table I.8. Diffusion coefficients of
metal-ions in LiCl1-KCl at 500°C

D X 10° (cnzsec'l)
Metal
ions (a) () | () [ (@) (e)
po2* | 2.18 1.3, 2.7 | 1.75 |1.29
ca?* |z.08,1.68 1.7 | 1.8 | 1.6 |o0.98
Co?* | 2.42 0.9 |[1.02
NiZ* 1.8 |1.26

Chronopotentiometry at Pt electrodes
Chronopotentiometry at Pt electrodes
Polarography at dropping bismuth electrodes
Linear sweep voltammetry at Pt electrodes
Linear sweep voltammetry at glassy carbon
electrodes

[N -l

is of interest to note that applications
to complex systems, such as the electro-
lytes of the Li/S battery systems and
molten carbonate fuel cell systems now
appear possible. Meaningful values for
the derived diffusion coefficients should
follow directly from the analysis
advanced by Vallet and Braunstein [24]
for electrochemical flux equations in
binary mixtures of molten salts.

6.

Data Tables

Values are reported throughout on the
Kelvin temperature scale with the exception
of the melting point data. The Celsius
scale was retained for melting points for
ease of reference to source materials.
Information has been included relative to
two aspects that do not lend themselves
readily to critical assessments, namely
Corrosion and Containment, and Safety and
Hazards. For these two aspects the infor-
mation is reported simply in an annotated
bibliography format to provide ready
access to the relevant source literature

on a ''need" basis.

A summary of systems for which no
information is available has been prepared
using a physical properties classification.

This is in table I.9.

From the latter,

the data-gaps status is readily realized;
for example, inspection shows that for
the sodium polysulfides (Na/S battery;
sulfur electrode) there is no information
for heats of fusion, heat capacities, ’
diffusion, and volume changes on melting.

Table I.9. Data gaps status
Nelt oint Surface tension
No data gaps Na,S
n.zsz
Phase diagrams LiC1-A1C1y
No data gaps NaC1-AlC1y
KC1-A1Cly
Density lllCl~lCl-AlCl’
LiC1-KC1-CaCl. 2
N S LACL-N
-NaCl-KC1
Na,S.

252
LiC1-KC1-CaCl,
L1C1-NaC1-KC1
LiF-LiC1-Li1
LiNO-NaNOy-KNOy
11,50, -Na,S0,-K,80,
NaC1-L1,50,

LiF-LiC1-LiBr
LAF-L4C1-LiT
LiNOg-NaNO5 -KNOy
114,50, -K,50,

11,50, -Na,50,-K, S0,

Viscosity
11,50,

Na,S§
Na,S,

u.zs,

Ne,S,

Na,S¢

LiC1-AlC1 g
KC1-AIC1¢

NaF-KF

LiP-LiC1
NaC1-KC1-A1C1g
LiC1-KC1-CaCly
LiC1-N&Ci-KC1
LiF-LiCl-LiBr
LiF-L1C1-Li1
LiNOy-NeNOg-KNOg
Li,50,-K,80,
L1,50,-N8,50,-K,50,
NaCl-L1,50,

Electrical conductivity
Na,$
Na,S,
Na,S,
Na,S¢
Licl -KCl~C.Clz
LiF-LiCl-LiBr
LiF-LiCl-LiI
L1,80,-Na,50,-K,50,
NaC1 -uzso‘

Volume change on melting
Na,S

N,S,

K(:l.-AN:l3

Nazsx
N-CI-K(:I-AICI3
ucl-x:t-c.cxz
LiC1-NaCl-KCl
LiF-LiC1-LiBr
LiF-LiCl-LiX
LiNOg-NaNOg - KNOy
Li,50,-Na,50,-K,S0,
n-cl-uzso,

(table continued)



Table 1.9. --Continued
~Diffusion _Hest capacity
LiF Na,S;
MgCl, Na,Sy
AlC1g Na,§,
K,C0y Na,S¢
L125°4 NaCl-XCl
Na,S0, LiC1-ALCkg
K;50, X¥aC1-A1C1 g
Na,S§ KCI-ALClg
NaS, NaCl-CaCl,
NagSy NagSy
NoS, NaF-KF
LiF-LiC1
NagSy NaC1-KC1-A1€1
LiBr 3
it LIC1-KC1-CaCl,
Mal-Aicl MRLic M
:i;;:lCIS LiF-LiC1-Li1
NaF-KF ::ﬁgofuzagc?iuo
LiF-LiC1 3 3

NaC1-XC1-A1C1y
LiC1-KC1-CaCl,
LiC1-NaCl-KC1
LiF-LiC1-LiBr
LiPF-LiC1-LiX
NaCl-Li,50,

11,50, -K,80,
L1i,50,-Na,50,-K,50,

Heat of fusion

Na,S,

NaCl-KC1

Na S,
LiF-LiC)l-LiBr
LiF-LiCl-LiI
LiNOs-NINos-KNO5
LXZSO‘-KZSO4
LizSOA-leSO‘-KzSO‘

Yapor pressure
L12504
Na,$
LiCE-KC1
LiC1-AlClg
NaF-KF
LiF-LiC1
NaCl-KCl-AlCls
LlCl-KClACIClz
LiC1-NaCl-KC1
LiF-LiCl-LiBr
LiF-LiC1-LiI
NlNOs-KNOS
Li,80,-K,50,
LiZSO‘-NIZSO"K2504
NlCl~LizSO‘

ermal conductivit
Liguid

KC!-AICXs
NaC1-CaCl,

Na,S,

NaF-KF

LiF-LiCl
NaCl-KC1-A1C14
LiC1-KCl-CaCl,
LiCk-NaCl-KC1
LiF-LiCl-LiBr
LiF-LiCl-Lil
LizCOS-leCOS-KZCO3
Lszcos-xzcos
NIZCOS-KZCO3
LiNOS-NlNDS-KNO3
LSZSOA-KZSO4
Lizsﬂa-NAzSOQ-KZSO‘
HaC1-L1,50,

Cryoscopic cynstant
Na,S,

Na, Sy

Na,S,

NaCl-KC1

Na S,

LiF-LiCl-LiBr
LiF-LiCl-Lil
NlNOs-KNOS
LiNOS-NINDS—KNOS
LizSO‘-lZSO‘
Li1504-Nt250‘~KZSO‘

Thermal conductivity
' solid
KF

CaCl,

A1C1g

KZCOS

L1,80,

Na, 50,

K2504

Na,$

Na,S,

Na,Sq

Na,S,

Na 8¢

LiBr

LiI

NaCl-XCi
LiC1-Al1C1y
NnCl—AlCl3
KC1<A1C1§
NaC1-CsCl,

Na S,

NaF-KF

LiF-LiCY
NaC1-KC1-AlCly .
LiC1-KC1-CaCl,
LiCl-NaCl-KC1
LiF-LiCl-LiBr
LiF-LiC1-LiI
L12C03-N32C03<K2C03
Lizcos-xzcos
Na,C04-K,C05
NnNO_‘-KNO3
LiNOs-NIND!-KNO3
Li,50,-K,5C,
Li2504~Nl2504~K250‘
N&Cl-Li,S0,
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I, Lithium Fluoride: LiF
1. Melting Temperature (Tm)

Melting point:
848° + 2°C [1]

References [1-16].
2. Density {p)
Measurement method: Archimedean technique [17]

p = 2.3581 -~ 4,902 x 107%T  (1.1)
precision: + 0.11% uncertainty: ~ + 0,5%

Table 1.1. Densities from equation (1.1)

T P T P
(K) (g cm™?) (X) (g em™?)
1140 (1.7993) 1230 -1.7552
1150 1.7944 1240 1.7502
1160 1.7895 1250 1.7454
1170 1.7846 1260 1.7404
1180 1.7797 1270 1.7355
1190 1.7748 12380 1.7306
1200 1.7699 ‘1290 1.7257

1210 1.7650 1300 1.7208
1220 1.7601 1310 1.7159

Value in parenthesis extrapolated beyond experimental temperature range.
References [17-20].

3. Surface Tenston (y)
Measurement method: maximum bubble pressure [21]
y = 346.49 - 9.88 x 10°2T (1.2)
precision: + 0.3% uncertainty: ~ + 3%
For numerical values: see table 1.2
References [21-22].
4. Vieeosity (n)
Measurement method: oscillating sphere [20]

n = 18.549 x 10°% exp (5610/RT) (1.3)
precision: + 0.9% uncertainty: ~ + 20%

For numerical values: see table 1.3
References [20,23].
5. Electrical Conductance (x)

Measurement method: ac; Kelvin bridge [24]

2 5.2

k = -15.0389 + 3.53546 x 10 “T - 1.28145 x 10 °T° (1.4)
precision: + 0.3% uncertainty: ~ + 5%

For numerical values: see table 1.4

References [17, 24-27].

10



LiF

Table 1.2. Surface tension from equation (1.2)

T Y _ T Y .
(K) (dyn cm 1y (X) (dyn cm 1)
1160 231.9 1350 213.1
1170 230.9 1360 212.1
1180 229.9 1370 211.1
1190 228.9 1380 210.1
1200 227.9 1390 209.2
1210 226.9 1400 208.2
1220 226.0 1410 207.2
1230 225.0 I 1420 206.2
1240 224.0 1430 205.2
1250 223.0 1440 204.2
1260 222.0 1450 203,2
1270 221.0 1460 202.2
1280 220.0 1470 201.3
1290 219.0 1480 200.3
1300 218.1 1490 199.3
1310 217.1 1500 198.3
1320 216.1 1510 197.3
1330 215.1 1520 196.3
134¢C 214.1 1530 195.3

Table 1.3. Viscosity from equation (1.3)

T n T n
(K) (cp) (K) (cp)
1140 2.21 1240 1.81
1160 2.11 1260 1.74
1180 2.03 1280 1.68
1200 1.95 1300 1.63
1220 1.88 1320 1.57

1340 1.53

Table 1.4. Electrical conductance from equation (1.4)

T K _ T K
(K) (ohm lem™ 1) (K) {ohm™ lem™ 1)
1140 8.612 1230 9.060
1150 8.672 1240 9.097
1160 8.729 1250 9.132
1170 8.784 1260 . 9.164
1180 8.837 1270 9.193
1190 8.886 1280 9.220
1200 8.934 1290 9,244
1210 9.978 1300 9.266
1220 9.021 1310 9.285

11



LiF
6. Safety and Hazards

A. Hazard rating [28-30]

(i) Toxicity - severe

(ii) Vapor pressure: at m.pt. (848 °C), ~ 8.8 x 10'3 mm;
at 1080 °C, ~ 1 mm

(iii) U.S. occupational standards: 3.4 mg n3 air

B. Disaster hazards [31-33]

(i) Molten salt bath "explosion": i.e., explosive generating of
steam due to bulk water "carry-over" and/or equipment
failure; i.e., explosive expansion of 'trapped" air.

(iij Fluorides, when heated to decomposition, or contacted
with acids, emit highly toxic fumes.

References [28-33].

7. Corrosgion

Table 1.5, Corrosion studies from primary research literature

Studies References
Cr 34
Ni-Cr-Fe alloys (INOR-8;

~ Hastelloys N, B, W,...) 36-41
Al 42
Cb-Zr (99-1) 43=44
Ta-W-Zr-Cb (28-10.5-0.9-60.6) 44

Ta-W~Cb (10-10-80)

Electrochemical behavior of
oxide ions and related species in 45-47
molten fluorides

Electro-analytical studies in
molten fluorides 48

Annotated corrosion biblio. 49

Corrosion: molten fluorides
(survey) 50

References |s4-o1).
8. Diffusion

No diffusion studies reported.

9. Heat of Fusion (AH})

Measurement method: drop calorimetry [16,53]

Table 1.6, Heat of fusion

AHE 1 Uncertaint
(kcal mol ) ne y
6.43 v o+ 0.8%

References [16, 52-55].
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10. Heat Capacity (Cp)

Measurement method: drop calorimetry [53]

Cp = 8.351 + 6.134 x 10737 - 1.4694 x 104T"2 (1.5)
precision: ~ + 0.2% uncertainty: ~ + 1.5%
Table 1.7. Heat capacity from equation (1.5)

T P T CP

(K) (cal K lmo17l) (K) (cal K lmo1™1)
1120 15.21 1280 16.19
1130 15.27 1290 16.26
1140 15.33 1300 16.32
1150 15.39 1310 16.38
1160 15.46 1320 16.44
1170 15.52 1330 16.50
1180 15.58 1340 16.56
1190 15.64 1350 16.62
1200 15.70 1400 16.93
1210 15.76 1500 17.55
1220 15,82 1600 18.16
1230 15.89 1700 18.77
1240 15,95 1800 19.39
1250 16.01 1900 20,00
1260 16.07 2000 20.62
1270 16.13

References [1,16,53,54,56].

11. Volume Change on Melting (AVf)
Measurement method: capillary [57]

Table 1.8. Volume change on melting

(AVf/Vs) Uncertainty

29.42% LY

I+

27

References [57].
12. Vapor Pressure (puaé)

Measurement method: effusion [60,61]; boiling point [58,62];
estimated from data base [63]

log p = A+ B/T (1.6)

Table 1.9. Coefficients of equation (1.6), precisions, and uncertainties

T iapge A -B Precision Uncertainty
K)

1121-1160 8.4768 11793 vt0.6% ~vE5%

1170-1620 9.7633 13250 3,17 v%107%

1630~-1930 2.0006 11896 v:0,8% vi57
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Table 1.10. Vapor pressure from equations in table 1.9

T P T P
(K) (mm) (K) " (mm)
1120 0.0089 1630 50.4
1125 0.0099 1640 55.8
1130 0.0110 1650 61.8
1135 0.0122 1660 68.3
1140 0.0136 1670 75.4
1145 0.0150 1680 83.1
1150 0.0167 1690 91.5
1155 0.0185 1700 100.7
1160 0.0204 1710 110.6
1180 0.034 1720 121.4
1200 0.053 1730 133.1
1220 0.080 1740 145.8
1240 0.12 1750 159.5
1260 0.18 1760 174.4
1280 0.26 1770 190.4
1300 0.37 1780 207.7
1320 0.53 1790 226.4

1340 0.75 1800 246.4
1360 1.05 1810 268.1
1380 1.45 1820 291.3
1400 1.99 1830 316.3
1420° 2.71 . 1840 343.1
1440 3.65 1850 371.8
1460 4.87 1860 402.6
1480 6.47 1870 435.6
1500 . 8.51 1880 470.9.
1520 11.12 1890 508.7
1540 14.43 1900 549.0
1560 18.61 1910 592.0
1580 23.84 1920 637.9
1600 30.34 1930 686.9
1620 38.40

References [58-63].

13. Thermal Conductivity (liquid) (Az)

Measurement method: quasi-steady state [64]

precision: not estimated uncertainty: ~ + 25%

The results were reported in graphical form only.
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Table 1.11. Thermal conductivity of melt

T A x 10°
(K) (cal cm_lsec-lk_l)
1143 41.3

‘A values at other temperatures in the range 1200-1450 K are reported in
graphical form in [64].

References [51,64] .,

14. Thermal Conductivity (eolid) (As)
Measurement method: absolute stationary [65]

precision: not estimated uncertainty: ~ + 10%

The results were reported in graphical form only,

Table 1.12, Thermal conductivity of solid

T , A x.103
(K) (cal emtgec k1)
300 34.9
400 25,1
500 19.3
600 15.8
700 14.7
800 13.4
900 13,6
1000 14,3

Values interpolated from the graphical presentation in [65].

References [64-69].

15. Cryoscopic Constant (kf)
Measurement method: calculated from AHE [70]

Table 1.13. Cryoscopic constant

k
€
(K mol-lkg-1) Uncertainty
10.4 no%0.8%

References [16,52-54,70-78].
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IT. Sodium Fluoride: NaF

1. Melting Temperature (Tm)

Melting point:
995° + 3°C [1,11].

References [1-15].

2. Density (p)
Measurement method: Archimedean technique [16]
p = 2.7550-6.36 x 1074T (2.1)

precision: + 0.15% uncertainty: ~ + 0,5%

Table 2.1. Densities from equation (2.1)

T(K) p(g em=3) T (K) p(g emn~3)
1280 1.941 1330 1.909
1290 1.935 1340 1.903
1300 1.928 1350 1.896
1310 1.922 1360 1.890
1320 1.915 1370 1.884%

References [12,16-29]., -

3. Surface Tension (y)
Measurement method: maximum bubble pressure [30]
y = 289.60 - 8.20 x 10"2T (2.2)

precision: ~ + 0,5% uncertainty: ~ + 8%

Table 2.2. Surface tension from equation (2.2)

T Y o T Y o
(K) (dyn cm 1) (K) (dyn cu 1)
1270 185.5 1320 181.4
1280 184.6 1330 180.5
1290 183.8 1340 179.7
1300 183.0 1350 178.9
1310 182,2 1360 178.1

References [30-32].

4. Viscosity (n)
Measurement method: oscillating sphere [12]

n= 3,970 x 102 exp (9831/RT) (2.3)

precision: ~ + 1,3% uncertainty: ~ % 15%

For numerical values: see table 2.3.

20



NaF

Table 2.3. Viscosity from equation (2.3)

T n T n
(X) (cp) (K) (cp)
1290 1.84 1390 1.40
1300 1.78 1400 1.36
1310 1.73 1410 1.33
1320 1.68 1420 1.29
1330 1.64 1430 1.26
1340 1.59 1440 1.23
1350 1.55 1450 1.20
1360 1.51 1460 1.18
1370 1.47 1470 1.15
1380 1.43

References [12].

5. Electrical Conductance (k)
Measurement method: ac; Kelvin bridge [33]
k = 1.4633 + 2,7354 x 1073T (2,4)

precision: + 0.2% uncertainty: N o+ 45

Table 2.4, Electrical conductance from equation (2.4)

T ko T K

(K) (ohm™ lem™1) (K) (ohm ™ lem™ 1)
1270 4,937 1350 5.156
1280 4,965 1360 5.183
1290 4.992 1370 5.211
1300 5.019 1380 5.238
1310 5.047 1390 5.265
1320 5.074 1400 5.293
1330 5.101 1410 5.320
1340 5.129 1420 5.348

References [33-37].
6. Safety and Hazards
A. Hazard rating [38-40]
(i) Toxicity - severe
(ii) Vapor pressure: at m.pt. (995°C), ~ 0.5 mm;at 1050°C, ~ 1lmm

(iii) U. S. dccupational standards: 5.5 mg m”3 (air)

B. Disaster hazards [38,41-43]

(i) Molten salt bath "explosions": 1i.e,, explosive generation of

steam due to bulk water "carry-over" and/or equipment
failute; i.e., explosive expansion of "trapped" air.

(ii) Fluorides, when heated to decomposition, or contacted with
acids, emit highly toxic fumes,

References [38-43].,

7. Corrosion

see table 2.5.
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Table 2.5. Corrosion studies from primary research literature

Studies References
Cr 44
Ni-Cr-Mo alloys (INOR-83

Hastelloys B, W, and N) 45,46
SSNi~-12P 47

Quartz ' 48

Al 49

Various metals 50

Corrosion studies in molten salts
with NaF as one component (e.g.,

Cl, COg3,..s) 51-67,74,75
Electro-chemical behavior of
oxide ions and related species 68-~70

in molten fluorides
Electroanalytical studies in molten

fluorides 71
Annotated corrosion biblio. 72
Corrosion: molten fluorides (survey) 73

References [44-75],

8. Diffusion

Measurement method: capillary [76-77]
List of diffusing species investigated in NaF as solvent
Na®
Sodium, Na* (self-diffusion)

Dyat* = 3.08 x 10°% exp [-8700/RT] (2.5)

precision: + 3% uncertainty: ~ + 20%

Table 2.6. Self-diffusion coefficients from equation (2.5)

. D+ X 10° . Do+ x_lF’

(K) (cmzsec—l) (K) (em?sec” 1)
1290 10.34 1360 12.31
1300 10.61 1370 12.61
1310 10.89 1380 12.90
1320 11,17 1390 13.20
1330 11.45 1400 13,50
1340 11.74 1410 13.80
1350 12,02

References [76-77].

;)

Measurement method: drop calorimetry [79]

9. Heat of Fusion (AH
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Table 2.7. Heat of fusion

AH;
(kcal m01'1) Uncertainty
8.03 v+ 0.5%

References [15,78-81].

10. Heat Capacity (Cp)
Measurement method: drop calorimetry [79]
C. = 10.91 + 4.654 x 1073T - 9.3836 x 104T"2 (2.6)

P
precision: ~ + 0.2% uncertainty: ~ * 1%

Table 2.8. Heat capacity (liquid) from equation (2.6)

c c
T P T P
(K) (cal Klmo17l) (K) (cal K™lmo171)
1270 © 16.76 1420 17.47
1280 16.81 1430 17.52
1290 16.86 1440 17.57
1300 16.90 1450 17.61
1310 16.95 1460 17.66
1320 17.00 1470 17.71
1330 17.05 1480 17.76
1340 17.09 1490 17.80
1350 17.14 1500 17.85
1360 17.19 1600 18.32
1370 17.24 1700 18.79
1380 17.28 1800 19.25
1390 17.33 1900 19.73
1400 17.38 2000 20.19
1410 17.42

References [78-80, 82-84].
11. Volume Change on Melting (AVf)

Measurement method: crystallization pycnometry [86]

~Table 2.9. Volume change on melting

(AVf/Vs) Uncertainty

24.0% ~ ot 2%

References [85-86].

?2. Vapor Pressure (pvap.)
Measurement method: boiling point [87,88]1; transpiration [89]
log p = 8.5954 - 11331/T (2.7)
precision: ~ x 1.3% uncertainty: ~ + 5%

For numerical values: see table 2.10
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Table 2.10. Vapor pressures from equation (2.,7)

. (K) (mm) (K) (mm)
1280 0.55 1640 48.56
1300 0.76 1660 58.82
1320 1.03 1680 70.92
1340 1.38 1700 85.14
1360 1.84 1720 101.8
1380 2.42 1740 121.2
1400 3.18 1760 143.7
1420 4.13 1780 169.7
1440 5.33 1800 199.7
1460 6.83 1820 234.2
1480 8.70 1840 273.7
1500 11.00 1860 318.8
1520 13.83 1880 370.1
1540 17.28 1900 428.3
1560 21.48 1920 494.1
1580 26.54 1940 568.4
1600 32.62 1960 652.1
1620 39.90

References [87-90].

13. Thermal Conductivity (liquid) (Az)
Measurement method: coaxial cylinder [91]

A = -14,85 x 1073 + 14,071 x 1078T (2.8)
precision: not estimated uncertainty: N+ 25%

Results were reported in graphical form only,

Table 2.11. Thermal conductivity of melt from equation (2,8)

T A ox 10% T A x 10% _
(K) (cal cm~lsec~1k™!) (x) (cal cm~lgec~1g~1)
1270 30.2 1310 35.8
1280 31.6 1320 37.2
1290 33.0 1330 38.6
1300 34.4

"Eq. obtained by fitting the interpolated data from the graphical
presentation in [91].

References [91].

14. Thermal Conductivity (solid) (AB)
Measurement method: absolute stationary state [92]
precision: not estimated uncertainty: ~ + 10%
Results were reported in graphical form only.

For numerical values: see table 2,12,
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Table 2.12. Thermal conductivity of solid

T A x 103 T A x 103
(K) (cal cm~lsac~1g~1) (K) (cal em~lgec—! g™1)
300 36.1 700 14,1
400 25.8 800 12.6
500 20.1 900 11.5
600 16.2 1000 11.2

Sole investigation in this temperature range; values interpolated
from the graphical presentation in [92].

References [92-93].

15. (Cryoscopic Constant (kf)

Measurement method: calculated from AHE [94]

Table 2.13, Cryoscopié constant
m

kf Uncertainty
(K mol-lkg'l)
16.7 Nt 0.5%

References [78-81,94-105].

16. References
[1] Rossini, F. D., Wagman, D. D., Evans, W. H., Levine, S., and
Jaffe, I., Selected Values of Chemical Thermodynamic Properties,
NBS Cire. 500; U. S. Gov't Printing Office, Washington, D. C. (1952).

{2} Xuvakin, M. A, and Kusakin, P. S., Zh. Neorg. Khim., 4(11),
2577 (1959).

[3] Mal'tsev, V. T., and Bukalova, G. A., Zh. Neorg. Khim., 10(6),
1464 (1965).

[4] Ginsberg, H,, and Wefers, K., Erzmetall., 20(4), 156 (1967).

[5] Rolin, M., and Rey, M., Bull. Soc. Chim. Fr., (9), 2785 (1965).

[6] Barton, C. J., Bratcher, L. M., and Grimes, W. R., Unpublished,
cited ref. in Phase Diagrams of Nuclear Reactor Materials"”,

R. E. Thoma, ed; USAEC-ORNL-2548 (1959).

[7] Grjotheim, K., “Contribution to the Theory of Aluminum Electrolysis”,
Kgl. Norske. Videns. Selsk. Skrifter No. 5, Trondheim, Norway (1956).

[8] Phillips, N. W. F., Singleton, R. H., and Hollingshead, E. A., J.
Electrochem. Soc., 102(12), 690 (1955).

[9] Fuseya, G., Sugihara, C., Nagao, N., and Teraoka, B., J. Electrochem.
Soc., Japan, 18, 65 (1950).

[10] Dergunov, E. P., Doklad. Akad. Nauk. SSSR, 60(7), 1185 (1948).

[11] Stull, D. R,,and Prophet, H., (eds.), "JANAF Thermochemical Tables,
2nd Ed.", NSRDS-NBS 37, U.S, Gov't Printing Officé, Washington,
D. C. (1971).

[12] Abramov, G. A., Vetyukov, M. M., Gupalova, I. P., Kostyukov,

A, A., and Lozhkin. L. N., "Theoretical Principles of Electro-
metallurgy of Aluminum?, (in Russ.) Metallurgizdat, Moscow (1953).

25



NaF

[13] Holm, J.L., Ph.D. Thesis, Univ. Trondheim, NTH, Norway (1963).
[14] Yoshioka, T,, and Kuroda, T., Denki. Kagaku, 36,(10), 727 (1968).
[15] Dworkin, A.S., and Bredig, M. A., J. Phys, Chem., 64, 269 (1960).

[16] Paucirova, M., Matiasovsky, K., and Malinovsky, M., Rev. Chinm.
(Roumaine) 15, 33 (1970).

[17] Vayna, A., Alluminio, 19, 541 (1950).

[18] Pearson, T. G,, and Waddington, J., Discuss. Faraday Soc., 1,
307 (1947).

[19] Edwards, J. D., Taylor, C. S., Cosgrove, L. A., and Russell, A. S.,
J. Electrochem. Soc., 100, 508 (1953).

[20] Abramov, G. A., and Kozunov, P. T., Trans. Leningrad Ind. Inst.,
1, 60 (1939).

[21] Bukhalova, G. A., and Yagub'yan, E. S., Trans. from Izv. Akad.
Nauk SSSR, Neorgan. Mat., 3, 1096 (1967).

[22] Matiasovsky, K., Private communication, (1968).

[23] Brown, E. A., and Porter, B., U. S. Department of the Interior,
Bureau of Mines, Report of Investigations 6500 (1964).

{24] Sheiko, I. N., Perks, O. F., and Pozdnyokov, G. D., Ukr. Khim.
Zhur., 31, 1055 (1965).

[25] Jaeger, F. M., and Kahn, J., Koninkl, Ned. Akad. VN. Wetenschapen,
Proc. Ser. B., 19, 381 (1916). ’

[26] Fontana, A., and Winand, R., J. Nucl. Mater., 35, 82 (1970).

[27] Meaker, R. E., Porter, B., and Kesterke, D. G., United States
Department of the Interior, Report of Investigations 7528, (1971).

[28] Porter, B., and Meaker, R. E., United States Department of the
Interior, Report of Investigations 6838 (1966).

[29] Rolin, M., Rev. Int. Hautes Temper. et Refract., 8, 127 (1971).

[30] Bloom, H.,and Burrows, B. W., Proc. First Austral. Electrochem.
Conf., 882 (1963).

[31] Ellis, R. B., Prog. Rep. USAEC, Contract No. AT-(40-1)-2073 (1961).
[32] Jaeger, F. M., 2. anorg. allgm. Chem., 101, 1 (1917).

(33] Winterhager, H., and Werner, L., Forschungsber. Wirtsch.
Verkehrsministeriums Nordrhein-Westfalen, No. 438 (1957).

[34] Batashev, K. P., Legkie Metal, 5, 48 (1936).

[35] vide infra ref. [19].

[36] Arndt, K. and Kalass, W., Z. Elektrochem., 30, 12 (1924).
{37] Yim, E. W. and Feinleib, M., J. Electrochem. Soc., 104, 622, 662 (1957).

[38] "Dangerous Propertieg of Materials", Sax, N. I., Van Nostrand
Reinhold Co., N. Y. (1969).

[39] T"Registry of Toxic Effects of Chemical Substances"”, Christensen,

H. E., and Lubinbyhl, T. T., eds., U. S. Dept. H. E. W.,
U. S. Gov't Printing Office, Washington, D. C. (1975).

26



[40]
[41]
[42]
[43]
[44]

[45]
[46]

[47]
[48]
[49]

[50]
[51)
[52]

[53]

[54]

[55]
[56]
[57]

[58]

[59]

[60]

NaF

Vapor pressure, calculated (see p., 24, this work).

"Potential Hazards in Molten Salt Baths for Heat Treatment of
Metale”, National Board Fire Underwriters Research Report No,
2 (1954).

"Handbook of Reactive Chemical Hasards", Bretherwick, L.,
Butterworths Co,, London (1975),

Janz, G. J., Tomkins, R, P. T., Downey, J, R., Jr,, and Allen, C. B,,
"Safety and Hazards, Chapter in "Eutectic Data', ERDA TID=27163-Pl;
NTIS, U. S. Dept. Commerce, Springfield, Va. (1977),

ﬁrasunas, A., Metal Prog.,, 62, 88 (1952);
Bettes, E. S., Nucl. Sci. Eng., 2, 804 (1957),

Hoffman, E., E,, Patriarca, P., Leitten, C, F,, Jr., and Slaughter,
G. M., ORNL-1934, Oak Ridge Natl, Lab,, (1956),

Oak Ridge National Laboratory, "The Development Status of Molten .
Salt Breeder Reactors", Rpt, ORNL-4812-UC-80; NTIS, U, S, DEPT,
Commerce, Springfield, Va., (Aug. 1972),

Heimann, R,, Glastech, Ber., 43, 83 (1970).

Lukashenko, E, E,, and Reutova, G. A,, Nov, Teor, Tekhnol,
Metall. Protsessov,, 119 (1973),

Koger, J. W., Corrosion, 30, 125 (1974},
Khan, I, A., Ber, Kernforschungsanlage Juelich, Juel-~608-RW, (1969),

Khan, I. A,, Inst, Reaktorwerkst., Kernforschungsanlage, Juel~
718~RW (1970),

Bowles, P, J., and Newdick, P, C,, Electroplating and Metal
Finishing, 24, 6 (1971), -

DeVan,'J. H., "Examinations of Pump Impellers from Sodium and
Puged Salt Pump Endurance Tests', ORNL CF~61-4-77, Oak Ridge
National Lab., (1961).

Adamson, G, M., Manly, W, D,, and Crouse, S, R,, "Corroston by
Molten Fluorides'", ANP Materials Meeting ORNL-2685, (1958),

Huntley, W, R,, and Gnadt, P. A,, Oak Ridge Nat'l Lab,, Report
ORNL~TM-3863, (1973); Nucl. Sci. Abstr., 27, 12446 (1973),

Gili, C. B,, Straumanis, M, E,, and Schlechten, W. B., J,
Electrochem. Soc,, 102, 42 (1955),

Litman, A. P., "Corrosion of Volatility Pilot Plant Mark T
INOR~S Hydrofluorinator and Mark III . Nickel Fluoringtor
after Fourteen Digsolution Runs®, ORNL-3253, Oak Ridge
Natt'l Lab,, (1962),

Litman, A, P., and Goldman, A. E,, "Corrosion Assoctated with
Fluoridation in the Oak Ridge Nat'l Lab. Fluoride .
Volatility Process", ORNL-2832, Oak Ridge Nat'l Lab, (1961},

Manly, W. D,, Coobs, J, H., DeVan, J, H., Douglas D. A,,
Inouye, H., Patriarca, P., Roche, T, K., and Scott, J, L,,
"Metallurgical Probleme in Molten Fluoride Systems", Proc.
2nd U. N. Inter. Conf. Peaceful Uses of At. Energy, 7,

223 (1958).

27



[61]

[62]
[63]
[64]
[65]

[66]

[67]

[68]
[69]

[70]
[71]
[72]

[73]

[74]
[75]
[76]

[77]
(78]

[79]
(80]
[81]

(821

[83]

NaF

Oak Ridge Nat'l Lab., Molten Salt Reactor Program Semiannual
?rggz§ss Report for Period Ending July 31, 1964, ORNL-3708,
1 .

Vreeland, D. C., Hoffman, E. E., and Manly, W, D., Nucleonics,
11, 36 (1953).

Boser, 0., "Study of Safety Aspects of High Temperature Thermal
Energy Storage Systems"”, NSF No, AER 75-20605, (Dec, 1975).

Grimes, W. R., and Cuneo, D, R,, "Molten Salts ae Reactor Fuelst,
Reactor Handbook, 2nd ed., 1, 425 (1955),

Shimotake, H., and Hesson, J, C., Adv. Chem., Series, No, 64,
149 (1967).

Boser, 0., Study of Safety Aspects of High Temperature Thermal
Energy Storage Systeme, ERDA Thermal Energy Storage Info.
Exchange Mtg., Cleveland, NSP-AER 75-20605 (Sept. 1976).

Venkatasetty, H. V., "Thermodynamic Properties and Corrosion
Characterietice of Thermal Energy Storage Eutectic Mixtures”,
paper presented at 152nd Meeting of the Electrochemical Soceity,
Atlanta, Ga., (October, 1977),

Mathews, A. L., and Baes, C. F., Inorg. Chem., 7, 373 (1968).

Manning, D. L. and Mamantov, G., J. Electrochem. Soc., 124,
480 (1977).

Ting, G., Baes, C. F,, Bamberger, C. E., and Mamantov, G.,
J. Inorg, Nucl. Chem., 39, 1803 (1977).

Manning, D, L., and Mamantov, G., J. Electroanal, Chenm,,
(in press) (1978).

Janz, G. J., and Tomkins, R. P. T., Corrosion, 34 (in press)
(1978).

Eichelberger, J, L., (Pennwalt Corp.) "Investigations of Metal
Pluoride Thermal Energy Storage Materiale: Availability,
Cost, Chemistry" ERDA Rpt C002990-6; NTIS, U, S, Dept. Commerce,
Springfield, Va., (Dec. 1976).

Kochergen, V. P., and Ignat'eva, N. I., Russ. J. Inorg. Chem.,
6(9), 1086 (1961).

Ozeryanaya, I. N., Volodin, V., P., and Smirnov, M. V., Zashchita
Metalov (USSR}, 2, 230 (1969).

Grjotheim, K., Malinovsky, M., Matiasovsky, K., Zuca, S., and
#ye, H. A., J. Chim. Phys., 145 (1969).

Grjotheim, K., and Zuca, S., Acta Chem. Scand., 22, 531 (1968).

O0'Brien, C. J., and Kelley, X. K., J. Amer. Chem. Soc., 79,
5616 (1957).

Macleod, A. C., J. Chem. Soc.-Faraday Trans. I, 69, 2026 (1973).
Frank, W. B., J., Phys. Chem., 65, 2081 (1961).

Kelley, K. K., U, S, Bur. Mines, Bulletin 476 (1949).

Vide infra ref. [11]

Lyashenko, V, S.,vMetallurg., 0, 85 (1935).

——r—



[84]
[85]
[86]
[87]

[88]

[89]
[90]

[91]
(921

[93]

[94]
[95]

[96]
[97]
[98]

[99]
[100]
[101]

[102]
[103]
[104]

[105]

NaF

Krestonikov, A. N., and Karetnikov, G. A., Legie Metal., 3,
29 (1934).

Schinke, H., and Sauerwald, F., Z. anorg, allgm, Chem,, 287,
313 (1956); ibid., 284, 131 (1956); ibid., 304, 25 (IQEﬁT

Landon, G. J., and Ubbelohde, A, R., Trans, Faraday Soc,,
52, 647 (1956).

von Wartenberg, H., and Schulz, H., Z. Elektrochem., 27, 568
(1921).

Sense, K. A,, Alexander, C. A., Bowman, R, E., and Filbert,
R. B., Jr., J. Phys. Chem., 61, 337 (1957); Sense, K, A.,
Alexander, C, A., Bowman, R."E., Stone, R. W,, and Filbert,
R. B., Jr., J. Phys. Chem., 61, 384 (1957),

Ruff, 0., Schmidt, G., and Mugdan, S., Z, anorg. allgm, Chem,,
123 82 (1922).

Janz, G.J., et al., (MSDC-RPI) - calculations merging V.P,
data base of ref. 87-89 (unpublished work, 1978).

Polyakov, P. V., and Mozhaev, V. M., High Temp., 13, 600 (1975),

Petrov, A{ V., Tsypkina, N, S., and Logachev, Yu, A., Sov,
Phys. Solid State, 16, 65 (1974).

Ioffe, A. V., and Ioffe, A. F., Dokl. Akad, Nauk SSSR, 97,
821 (1954).

Janz, G. J., et al., (MSDC-RPI) unpublished work (1977).

Petit, G., and Bourlange, C., Compt. Rend. Acad. Sci. (Paris),
240, 457 (1953),

Hoenen, P. H. J., Z. physik. Chem., 83, 513 (1913).
Zarzycki, G., Compt.Rend., 234, 1370 (1952).

Doucet, Y., Bizouard, M., and Netzer, C., Compt. Rend., 242,
492 (1956). —

Rolin, M., J. Four. Elec., 61, 157 (1952).
Rolin, M., J. Four. Elec., 62, 11 (1953).

Cantor, S., and Ward. W. T., J. Phys. Chenm., 91,.1868, 2766 (1963);
ibid., 65, 2208 (1961).

Thoma, R. E., Hebert, G. M., Insley, H., and Weaver, C. F., Inorg.
Chem., 2, 1005 (1963)

Bergman, A. G., and Dergunov, E. P., Dokl. Akad. Nauk SSSR, 31,
753 (1941).

Schmitz-Dumont, 0., Bergerhoff, G., and Hartert, E., Z. anorg.
alligm. Chem., 283, 314 (1956)

«

Amadori, M., Atti Accad. Nazl, Lincei. Rc., 22II, 366 (1913).

29



III. Potassium Fluoride: KF

1. Melting Temperature (T, J}

Melting point:
856° + 3°C [3,4]

References {1-8].

2. Density (p)

Measurement method: Archimedean technique [9]

p = 2.6464 - 6.515 x 107%T (3.1)

precision: + 0.16% uncertainty: ~ + 0.6%

Table 3.1. Densities from equation (3.1)

T (K) o(g cm~3) T (K) p(g cm—3)
1130 1.9102 1210 1.8581
1140 1.9037 1220 1.8516
1150 1.8972 1230 1.8451
1160 1.8907 1240 1.8385
1170 1.8841 1250 1.8320
1180 1.8776 1260 1.8255
1190 1.8711 1270 1.8190
1200 1.8646 1280 1.8125

: ' 1290 1.8060

References [9-12].

3. Surface Tension (vy)
Measurement method: maximum bubble pressure [13]

y = 176.666 + 7.392 x 10T - 3.330 x 10°°T% (3.2)

precision: + 0.2% uncertainty: ~ + 5%

Table 3.2. Surface tension from equation (3.2)

T Y T Y
(xX) (dyn em 1) (K) (dyn cm 1y
1200 137.6 1400 121.7
1210 136.9 1410 120.9
1220 136.1 1420 120,90
1230 135.4 1430 119.1
1240 134.6 1440 118.3
1250 133.9 1450 117.4
1260 133.1 1460 116.5
1270 132.3 1470 115.6
1280 131.6 1480 114.7
1290 130.8 1490 113.8
1300 130.0 1500 112.8
1310 129.2 1510 111.9
1320 128.4 1520 111.0
1330 127.6 1530 110.0
1340 126.8 1540 109.1
1350 126.0 1550 108.1
1360 125.1 1560 107.2
1370 124.3 1570 106.2
1380 123.5
1390 122.6
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References [13].

4, Vigeosgity (n)

Measurement method: oscillating sphere [14]; uncertainty * 20%

Table 3.3. Viscosity

T n
(K) (ep)

1246.2 1.59

References [14].

5. Electrical Conductance (k)

Measurement method: ac technique [15]

¢ = 9.2728 x 1072 + 3.0628 x 1075T (3.3)
precision: + 0.5% uncertainty: ~ + 5%

Table 3.4. Electrical conductance from equation (3.3)

T K - T K
(K) (obm lem™ 1) (K) (ohm lem™ 1)
1130 3.554 1220 3.829
1140 3.584 1230 3.860
1150 3.615 1240 3.891
1160 3.646 1250 3.921
1170 3.676 1260 3.952
1180 3.707 1270 3.982
1190 3.737 1280 4.013
1200 3.768 1290 4.044
1210 3.799

References [11,15-21].
6. Safety and Hazards
A. Hazard rating [22-24]

(i) Toxicity - severe

(ii) Vapor pressure: at m.pt. (856°C), ~ 0,5 mm;
at 900°C, ~ 1 mm

(iii) U. S. occupational standards: 7.6 mg m"s {atr)

B. Disaster hazards [22,25-27]

(i) Molten salt bath "explosioms": i.e., explosive gen-
eration of steam due to bulk water "carry-over and/or
equipment failure; i.e., explosive expansion of
"trapped'" air

(ii) Fluorides, when heated to decomposition, or
contacted with acids, emit highly toxic fumes

References [22-27].
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7. Corrosion

Table 3.5. Corrosion studies from primary research literature

Studies References
Cr 28
Ni-Cr-Fe 29,30
INOR-8 30-33
Al 34,35
Ni-Mo-Cr-Fe (Hastelloy) 36
Inconel 33,37
Electro-chemical behavior of

oxide lons and related speciles 38-40
in molten fluorides

Electro-analytical studies in

molten fluorides 41 -
Annotated corrosion biblio. 42
Corrosion: molten fluorides (survey) 43

References {28-43}.

8. Diffusion
Measurement method: capillary [44]
List of diffusing species investigated in KF as solvent
K+
Potassium, K+ (self—diifusion)

D+ = 2.46 x 107% exp[-7500/RT]  (3.4)

precision: + 2,5% uncertainty: -~ + 20%

Table 3.6. Self-diffusion coefficients from equation (3.4)

5 5
(g) Dp+ x_lO (g) Dpy X EO
(em2gec™ 1) (cm2sec 1)
1140 8.97 1220 11.15
1150 9.24 1230 11.43
1160 9.50 1240 11.72
1170 9,77 1250 12.01
1180 10.04 1260 12,30
1190 10.31 1270 12.59
1200 10.59 1290 13.19
1210 10.87

References [44].
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9. Heat of Fusion (AHF)

Measurement method: drop calorimetry [45]
Table 3.7. Heat of fusion

o
AHg -1 ‘Uncertainty
(kcal mol 7)

7.05 \ v *+0.5%

References [45-49].

10. Heat Capacity (Cp)
" Measurement method: drop calorimetry [45]
' C, = 11.845 + 2.762 x 10737 - 9.11157 x 10*1"2  (3.5)

precision: ~ + 0,2% uncertainty: ~ + 1%

Table 3.8. Heat capacity from equation (3.5)

C Cc
T P T P
(K) (cal XK lmo1™l)y (x) (cal K™ lmo1™1)
1130 14.89 137Q 15.58
1150 14.95 1390Q 15.64
1170 15.01 1400 15.66
1190 15.07 1410 15.69
1200 15.09 1430 15.75
1210 15.12 1450 15.81
1230 15.18 1470 15.86
1250 15,24 1490 15.92
1270 15,30 1500 15.95
1290 15.35 1600 16.23
1300 15,38 1700 16.51
1310 15.41 1800 16.79
1330 15.47 1900 17.07
1350 15.52 2000 17.35

References [45,50-53].

11. Volume Change on Melting (AVf)
Measurement method: capillary technique [54]

Table 3.9. Volume change on melting

(AVf/Vs) Uncertainty

17.2% n ot 3%

References [54].

12. Vapor Pressure (puap)
Measurement method: boiling point [55-56]

log p = 8.4262 - 9820/T (3.6)
precision: ~ + 0.01% uncertainty: ~ + 5%

For numerical values: see table 3.10.
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Table 3.10. Vapor pressure from equation (3.6)

T P T P
(K) (mm) (K) (mm)
1550 123.2 1670 351.5
1560 135.3 1680 381.0
1570 148.4 1690 412.6
1580 162.6 1700 446.4
1590 177.9 1710 482.5
1600 194.4 1720 521.1
1610 212.2 1730 562.2
1620 231.5 1740 606.1
1630 252.2 1750 652.8
1640 274 .4 1760 702.5
1650 298.3 1770 755.4
1660 324.0

References [55-57].

13. Thermal Conductivity (liquid) ()

No thermal conductivity studies reported.

14. Thermal Conductivity (solid) (Af)
No thermal conductivity studies reported,
15. Cryoscopic Constant (kf)
Measurement method: calculated from AH% [58]

Table 3.11. Cryoscopic constant

_?f -1 Uncertainty
(K mol “kg ™)
20.9 Nt 0.5%

References [45,46,48,53,58-65].
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IV, Lithium Chloride: LiCl

1. Melting Temperature (Tm)

Melting point:
610° x 2°C [2,6]

References [1-15].

2. Density (p)
Measurement method: Archimedean technique [3]

4

p = 1.8842 - 4.328 x 10°°T (4.1)

precision: = 0.34% uncertainty: o £ 0.5%

Table 4.1. Densities from equation (4.1)

T P T p

(K) (g em~?) (K) (g cm~?)
910 1.4904 990 1.4557
920 1.4860 1000 1.4514
930 1.4817 1010 1.4471
940 1.4774 1020 1.4427
950 1.4730 1030 1.4384
960 1.4687 1040 1.4341
970 1.4644 1050 1.4298
980 1.4601

References [1,3,9,11-14,16-28].

3. Surface Tension ()
Measurement method: maximum bubble pressure [29]
y =-180.42 - 5.83 x 10°%T (4.2)

precision: ¢ 0.3% uncertainty: ~ + 0.5%

Table 4.2. Surface tension from equation (4.2)

T Y T Y
(K) (dyn cm™ 1) (K) (dyn em™ 1)
890 128.5 1030 120.4
900 128.0 1040 119,.8
910 127.4 1050 119.2
920 126.8 1060 118.6
930 126.2 1070 118.0
940 125.6 1080 117.5
950 125.0 1090 116,.9
960 124,5 1100 116.3
970 123.9 1110 115.7
980 123.3 1120 115.1
990 122,7 1130 114.5
1000 122.1 1140 114,0
1010 121.5 1150 113.4
1020 121,0

References [18,24,29-33].
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4. Visgcosity (n)

Measurement method: oscillating sphere [106]
n = 11.038 x 10 % exp [4563.9/RT]  (4.3)

precision: ~ + 0.6% uncertainty: ~ + 10%

Tabie 4.3. Viscosity from equation "(4.3)

T n T n
(K) (cp) (K) (cp)
900 1.417 1010 1.073
910 1.377 1020 - 1.049
920 1.340 1030 1.027
930 1.305 1040 1.005
940 1.271 1050 0.984
950 1.239 1060 0.964
960 1.208 1070 0.944
970 1.178 1080 0.926
980 1.150 1090 0.908
990 1.123 1100 0.891

1000 1.098 1110 0.874

References [13,34-40,106].

5. Electrical Conductance (k)

Measurement method: ac technique [3,19]

6.2

kK = -2.0647 + 12.1271 x 10_3T - 3.7641 x 10°°T (4.4)

precision: ~ * 0.05% uncertainty: ~ * 2.5%

Table 4.4, Electrical conductance ‘from équation 4.4)

T K _ ﬂ T K

(K) (ohm lem™ 1) (xX) (ohm™lem™1)
910 5.854 990 6.252
920 5.906 1000 6.298
930 5.958 1010 6.344
940 6.009 1020 6.389
950 6.059 1030 6.433
960 6.108 1040 6.476
970 6.157 1050 6.519
980 6.205

References [3,12,15,17,19,20,24,25,27,35,37,41-51].
6. Safety and Hazards

A. Hazard rating [52-54]
(1) Toxicity - slight
(ii) Vapor pressure: at m.pt. (610°C), ~ 25 x 10-2mm;
at 780°€, ~ 1 mm

B. Disaster hazards [52,55-57]

(1) Molten salt bath "explosions': i.e., explosive .generation of
steam due to bulk water "carry-over" and/or equipment failure;
i.e., explosive expansion of 'trapped" air.
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(ii) Chlorides evolve highly toxic chloride fumes when heated to
decomposition, or contacted with acids.
References [52-57].

7. Corrosion

"Table 4.5. Corrosion studies from primary research literature

Studies References
Mg, Ni, Zr, Ti ' 59

Ti, Zr, Hf, ThCl, 60

Armco Fe 58,61
Solubility of metal oxides (Ni,

Ca, Zn, Mg) 59,62
Thermodynamics 6f corrosion 59,63,64
Corrosion -~ annotated biblio. 65
Electrochemical aspects 66
Reviews: corrosion - molten salts 67-69

References [58-69].

8. Diffusion
Measurement method: cited in tabulations
List of diffusing species investigated in LiCl as solvent
2+ 3+

1, c1”, Na*, rb, cs”, PpPt, Agh, 2rt, Mot c1,

precision: in table 4.6.2 uncertainty: in table 4.6.1

Table 4.6.1. Diffusion techniques, uncertainties, and species

Diffusion technique Uncertainty (in
of recommended study values of D) Speciles
' - + + +
capillary vE207 Li+, cl , Na , Rb , Cs
- + + + +
chronopotentiometry NE10% pPb2", Ag", zZr2", Mo3
Faradaic impedance vE50% Clo
Equation:

D = A exp[-E/RT] (4.5)

For values of eq. parameters and precisions: see table 4.6.2.
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Table 4.6.2.. Parameters.of diffusion equation (4.5), precisions,

LiCl

and recommended study

Species A x 103 E . Temnp, rln-ge Precision Recommended study
. (cm2sec” 1) . (cal _-ol-l) . ) -
11t linear equation 883-1033 72
c1” ©  linear eqlultion 883-1033 72
Nt 2.10 5850 928-1085 ~l,5% 75
rot 2.06 6740 . 928-1091 . n23,5% 75
cst 0.93 6440 925-1089 nt4% 75
pp2t 2.74 7479 903-1150 ~t3% 76
agt 2.46 5516 911-1089 nt2% 71
ze2t 2.95 7596 973-1105 ~t5% 70°
Mo3* " 1.89 7194 935-1083 "+ 6% 74, 78
€1, | 1.05 x 1077 . -32,211 935-1100 w26 77

No entry in precision column indicates estimates not possible since results were

reported as equations only

For Li*, Dy 4

Table 4.6.3. Self-diffusion coefficients from equations in table 4.6.2

=[10.6 + 0.0307 (T-883)]1x10"

5

; for C1°,

Dey-

= [5.8+0.0117(T-8831x10°

® Py % oy 210
(em‘sec ') (cm?sgec ')
880 9.91 5.76
900 11.12 6.00
920 11.74 6.23
940 12.35 6.47
960 12.96 6.70
980 13.58 6.93
1000 14.19 7.17
1020 14.81 7.40
1040 15.42 7.64

For numerical values of other diffusing species:

References: Li‘, 72; €17, 72; Na', 75; Rb', 75; Cs*, 75; Pb2*, 76, 79;

Agh, 715 zr%t, 70; Mo3*, 74, 78; c1,, 77.
9. Heat of Fueion fAH})
Measurement method: drop calorimetry [80]
Table 4.7. Heat of Fusion
-]
AHf -1 Uncertainty
(kcal mol 7)

4.76 ~ %1%
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LicC1
References [2,10,80-82].

Table 4.6.4. Diffusion coefficients, D x 105 (cm2 sec_l), from equations

in table 4.6.2

T
(K) Nat* | met | cet | Ep2t | agt | ze2t | Mot | c1,
900 4.18

910 : 4.38 | 11.64

930 | 8.86 | 5.37 | 2.85 | 4.79 | 12.43 3.85

950 | 9.47 | 5.80 | 3.07 | 5.21 | 13.24 4,18 | 280.5

970 | 10.09 6.24 3.29 5.66 14.06 5.73 4,52 197.3
980 | 10.73 6.70 3.52 6.12 14.90 6.21 4,88 140.8
1010 | 11.38 7.17 3.76 6.60 15.75 6.70 5.24 101.8

1030 [ 12,05 | 7.65 | 4.00 7.09 | 16.61 | 7.21 | 5.62 74.5
1050 | 12,72 | 8,15 | 4.25 7.60 | 17.49 | 7.74 | 6.01 55,2
1070 | 13.40 | 8,65 | 4,50 8.13 | 18.37 | 8.28 | 6.41 41.4
1090 | 14.10 | 9.17 | 4.76 8.67 | 19.27 | 8.84 | 6.82

1110 9.23 9.42

1130 |. 9.80

1150 10.38

10. Heat Capacity (Cp)
Measurement method: drop calorimetry + averaged [10,83,84]

€, = 17.535 - 2.26 x 10737 (4.6)

* precision: * 0.1% uncertainty: ~ = 2%

Table 4.8 . Heat capacity from equation (4.6)

T Cp <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>