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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.

A Aubls

ERnEST AMBLER, Director
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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, using its 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.

Previous publications in the series ““Physical Proper-
‘ties Data Compilations Relevant to Energy Storage”:

Janz, George J., Allen, Carolyn B., Downey, Joseph R., Jr., and
Tomkins, R. P. T., Physical Properties Data Compilations Relevant
to Energy Storage. 1. Molten Salts Eutectic Data, Nat. Stand. Ref.
Data Ser., Nat. Bur. Stand. (U.S.}, 61, Part I, 244 pp. (March 1978).

Janz, G. J., Allen, C. B., Bansal, N. P., Murphy, R. M., and Tomkins,
R. P. T., Physical Properties Data Compilations Relevant to Energy
Storage. II. Molten Salts: Data on Single and Multi-Component Salt
Systems, Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (U.S.), 61,
Part 11, 442 pp. (Apr. 1979).

Miller, G. R., and Paquette, D. G., Physical Properties Data Compila-
tions Relevant to Energy Storage. IIl. Engineering Properties of
Single and Polyerystalline Sodium Beta and Beta” - Alumina, Nat.
Stand. Ref. Data. Ser., Nat. Bur. Stand. (U.S.), 61, Part III, 19 pp.
(June 1979).
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PHYs1cAL PROPERTIES DATA COMPILATIONS
RELEVANT To ENERGY STORAGE
IV. MoLTEN SALTS: DATA ON ADDITIONAL SINGLE AND MuLT1-COMPONENT SALT SYSTEMS

E]
G. J. Janz and R, P. T. Tomkins

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

The present work provides selected data with value
judgements for an additional set of 107 salt systems of
interest as candidate materials for thermal energy
storage sub-systems, for electrochemical energy storage
systems, and in electrochemical aluminum production,
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 con-
ductivity (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 compilations; electro-
chemical aluminum production; electrochemical energy
storage materials; molten salts; physical properties;
safety and hazards; thermal energy storage materials;
thermal properties; thermodynamic properties; trans-
port properties.

*Present affiliation: New Jersey Institute of
Technology, Newark, NJ 07102, and Visiting
Professor, RPI.
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INTRODUCTION

This communication reports critically
evaluated data for an additional list of
some 107 molten salt systems. This work
was undertaken for the NBS-LLL Data Banks
for Energy Research [1=3] and provides a
data base on molten salts that are candi-
date systems particularly for thermal
energy storage and for electrochemical
energy storage, For tle preceding publica-
tions see [4-6]. Critically evaluated
data were reported for some 49 single and
multi-component salt systems in Part II
[5]. This data base is extended from 49
to 157 candidate salt systems in the
present work.

The energy storage areas within the
scope of this task included:

(i) solar and thermal energy
storage subsystems util-
izing inorganic salts in
the PCM mode (phase-change-
materials)

(ii} high temperature (molten
carbonate) fuel cell
systems

high temperature (molten
carbonate) coal gasifica-
tion processes

(iidi)

(iv) super-batteries systems
(the sodium-sulfur and
the lithium-metal sul-
fide battery concepts)
(v) high temperature heat
transfer fluids (e.g.,
Hi-tec)

(vi) molten electrolytes

for high temperature
electroplating of
refractory metals (e.g.,
the Flinak electrolyte
for tantalum plating)

molten electrolytes for
electrowinning of light
metals (such as aluminum
production from molten
cryolite)

(vii)

Closely related research areas are
applications encountered in environmental
areas, viz:

disposition of sulfur (oxides)
in stack gases

disposal of hazardous wastes
without atmospheric pollution
{e.g., "aged" high explosive

and rocket propellants;
chemical warfare agents,...)

disposal of used photo-
graphic wastes (film) (with
silver recovery)

Consideration of these areas were included
in the selection of the candidate salt
systems.

Candidate Salt Systems

The criteria for selection of Candi-
date materials, and the generalized list of
"likely" systems for the selection of
specific candidate systems are in ‘tables
I.1 and I.2, respectively. The present
candidate systems in this task have been
limited to (anhydrous) incrganic salts
(table I1.2-A,B); for the salt hydrates
(table I.2C), see Cantor [ref. 7]. The
sequence of systems in the data tables
follows an anion classification as used
for molten salts data elsewhere [5,8,8].
Within each anion family, the systems are
arranged by cations as in the periodic
chart of elements. There are some excep-
tions (e.g., sulfur, while not a salt, is
inciuded as a component of the alkali
metal polysulfides).

The cumulative list of candidate salt
systems summarized in table I.3, is
arranged alphabetically by metallic
element of the salt system to provide a
facile entry to the data compilations
reported in the preceding and the present
publications. An underscored entry indi-
cates that the data for that system are in
the preceding publication in this series
[5]. The alphabetical listing (by element)
has the feature of cross-indexing, so that
the data for multi-compcnent systems can
be readily accessed by reference to the
cumulative 1list in table I.3.

The following considerations were used
in the selection of the candidate salt
systems.

Molten carbonates - In working systems
(fuel cells, coal gasification, sulfur
emissions scrubbing, heat storage subsys-
tems,..) additional compounds are formed in
trace amounts, and increasing concentra-
tions. Knowledge of the properties of
carbonates with such additives is essential
in evaluating the paraineters contributing
to the overall process(es).

The list was extended from pure carbo-
nate systems to include a selection of
such systems, e.g., NapC03-NaOH, Na,COz-
NaC1l, Li,C03-K,80,, NapC0O3-NaCl-NaOH,...

Molten polysulfides - The lithium and
potassium series of volysulfides were added
to extend the coverage from sodium




polysulfides and sulfur to additional
systems of interest in "super-battery"
type R § D projects.

PCM candidate materials - The multi-
component systems included in the present
list extend the coverage to priority 1
and priority 2 type systems (see: table
2, A and B) with due consideration to the
factors .of economy and safety, and to the
desired thermal properties (see: table
1, A). The hydroxides and their mixtures,
nitrate-nitrite mixtures, the ternary
nitrite-nitrate system (Hi-tec), are
examples of systems thus added.

Cryolite and related systems -
In the industrial production of aluminum,
the molten electrolyte is a mixture of
NazAlFg and Al203 with smaller amounts of
CaF; and AlF; as additives, The candidate
list has thus been extended to include a
selection of such systems, e.g.,

AlF, CaF,, BaF,, MgF,, NagAlF,
and mixtures, e.g., LiF-NaF,
NaF-AlFs, NasAlF -A1203...

6
Additional systems - Various molten
salt systems, notably fluorides, and
nitrate-nitrite mixtures have seen appli-
cation in diverse areas, such as:
refractory metals plating; metal treat-
ment, heat transfer fluids,..., and the
candidate 1ist was extended accordingly.
The KNO3z-NaNO3-NaNOz and LiF-NaF-KF
systems, widely known as "Hi-tec" and
"Flinak" respectively are examples of
systems thus included in this work.

Fundamental Constants, Symbols, Units

The fundamental constants and glos-
sary of symbols and units are in Tables
I.4 and I.5, respectively.

Treatment of Data

Statistical Analysis of Data

The recommended data values were
selected based on the estimates of pre-
cision and uncertainty of the data survey-
ed in the literature. The Percent Depar-

ture also provided a guideline. The
Percent Departure is defined as:
Percent Departure =
1" " n "
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
"tabulated value'" were calculated from

statistical derived equations since the
results had to be interpolated to common
temperatures and common compositions.
Where the data sets from two or more stud-
ies were merged to provide the data base
for the recommended values (either to
extend the temperature range, or to fix the
confidence 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 under-
taken, In this way a physical property-
temperature-composition matrix was devel-
oped. A result of this analysis is that
it enables intercomparisons of property
values at either common temperatures or at
common compositions.

One-Dimensional Analysis

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

This was defined by
3

T Oe - n?
s =l
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-Dimensional 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 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 coefficients,
intercept, and statistical parameters for
the new equation were computed and print-
ed. 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 gen-
eralized procedure, which generated 30
combinations of input variables using
powers, reciprocals, logarithmic and
exponential quantities. It was found
that the procedure cgnsistently selected
the equation (T + C)°, so that the work-
ing program used nine independent varia-
bles. 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 cogni-
zance is taken of the experimental range
of investigation and of the phase rela-
tionships 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 for 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 Sj/D where D is defined below; and
the cumulative sum of these variables,
Scum 8nd Peyn. These quantities give an
indication“8F the effect of each variable
in the final equation. The programmer's
limit on P was always in the range
0.0001 < Pcum < 0.001.

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

where D = J(y; - i)z, y; = experimental
values, y = avéerage of all experimental
values, and q = the number of independent
variables in the equations.

An F value znalysis of variance was

used to determine if a particular model
was acceptable. Tables of F values indi-
cate 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 = Scumﬁg
(- S/ -a-1)
where Scum’-q’ D, and n are defined above.

Value Judgements

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 anal-
ysis depends on various factors, such as
the number of the 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 three times the
value. Where the preceding approach was
not possible, we refer to the published
error estimates of the original authors.

Accuracy

Accuracy estimates were based on
assessments of experimental details
including method of measurements, techni-
ques, analytical characterization of
chemicals, and intercomparisons with
results from the same and/or different
laboratories. The accuracy estimates are
more subjective than the estimates of
precision.

For eutectic melting point data, the
values are reported without limits of
accuracy. This is largely because the
experimental details (i.e., cooling/heat-
ing curves) are insufficient for accuracy
estimates.

The various measurement techniques
encountered are summarized in Table I.6.
The range is considerable and shows some
aspects of the complexities and diffcul-
ties in this part of the task, i.e.,
firming up accuracy estimates. Descrip-
tions of experimental details, particular-
iy for molten salts studies, may be found
in recent surveys [8-13], 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), chronopoten-
tiometry (diffusion), drop calorimetry
(heat of fusion; heat capacity), dila-
tometric (volume change con fusion) mass
spectrometry-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,
it is now apparent that the quartz capil-
lary dipping cell technique may lead to
values as much as 3-5% too high at
temperatures greater than 900°C [13].

Relative to viscosity measurements,
extreme care must be given to features of
experimental design/technique if the
damped oscillation method (oscillating
sphere) is to be used with confidence. It
is apparent that the recommended viscosity
values for NaCl may be as much as 50% too
high at 900°C, even though the technique,
as conventionally used, should be capable
of an accuracy better than +5% [13],

Phyeical Properties Tables

Values are reported throughout on the
Kelvin temperature scale with the excep-
tion 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, the
information is reported simply as an
annotated bibliography so as to provide
ready access to the source literature.

The data status for the 157 salt
systems is summarized in table 1.7 in
bar-graph format. An open field indicates
no information found, i.e., a data gap.
Some exceptions te this generalization
are as follows.

The phase diagram field for one-
component systems has been left open in
general although the liquidus-solidus
transition is known, i.e., it is charac-
terized by a single temperature, namely
the melting point temperature. When
pressure - melting temperature is
variant (at nominal pressures) a phase
diagram has been included (e.g., sulfur).

For certain systems, such as the
cryolite multi-component systems, the in-
vestigations were directed only to the

properties of density, surface tension,
viscosity, and conductance, largely from
the viewpoints of the liquid state proper-
ties of this molten electrolyte and cur-
rent efficiencies. While the open fields
for the remaining properties do indicate
that no information was found in these
areas, the data gaps do not appear to be
significant relative to the physical
properties of cryclitic electrolytes for
aluminum electrolysis.

It should be noted also that heats
of fusion measurements for multi-component
systems are meaningful normally only at
points of fixed compositicn, such as
stoichiometric compounds and/or eutectic
compositions and/or minimum melting solid
solutions. An open field for this
property thus indicates a significant data
gap if it is apparent from the liquidus-
solidus equilibrium (i.e., the phase
diagram) that one or more of the preceding
features occur in this system.

A ready insight into the data status/
data gaps for the salt systems is given
from table I.7. The use of table 1.3
{one-ccmponent, multi-component systems
1.D. # index) together with table I.7
(data status/data gaps - systems I.D. #
index) provides a useful and facile guide
to the data compilations of this series
li.e., ref. 4 and present work].
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Tables to Introduction

Table I.1. Criteria for the selection of candidate materials

A. (For thermal energy storage systems (pcM)® and for
electrochemical energy storage (ESB)b

1. Thermodynamic properties

2. Chemical properties

(1) suitable melting point
(ii) high heat of fusion
(iii} congruent melting

(iv) small volume change on
melting

(v) high thermal conductivity
(vi) heat capacity
{vii) density

(viii) surface tension

(1) safety
(ii) stability

(iii) non-corrosive to
container materials

3. Economy

(1) inexpensive

(i1} availability

B. Additional censiderations for electrochemical
energy storage (ESB)

(i) electrical conductivity

(ii) diffusion constants for ions

(iii) transport number for ions

(iv) cryoscopic constant
{(v) emf series of metals

(vi) reference electrodes

(vii) thermodynamic activity coefficients

a(PCM); phase-change materials; b(ESB); electrochemical storage batteries



Table I.2. Likely candidates list (salt systems)

A, Systems utilizing single salts (I.IIa and I.IIb)

I. Cations I1. Anions
a
lithium chloride 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)
{(b) Eutectics (2 or more salts from I.IIb)}

(c) Eutectics (2 or more salts from I.IIa, I.IIb)

C. Systems utilizing salt hydrates

Congruently melting salts with water of hydration

10



Table I.3.

[The underscored system numbers identify the systems
reff5]);

List of candidate salt systems

that were in the first list of candidates (see:
the system numbers not underscored identify the systems
in the second list cof candidates (i.e., this work)]

AlF3

A1203

Al

273

&

KC1

Lic1
NaCl
NaCl-KCl1

KF

LiF

NaSAlF6
N33A1F6~A1203
NaF

KsALF
LigAlF,
NagAlF

Na ALF ~AlF,
NasALF -CaF,
NasAlF-LiAlF,
NagALF -LiF
NagALF -NaCl
NagAlF,-$i0,

1=

BZOS-NaSAlF6

BaCl2

CaClZ

(2]
= o

[ 7SI (VIR [ X
o (O v

135
154
8s

140
141
138
134
153
156
152
153
157

84

54
100

]

6

BaF

BeF

CaClZ

CaF

Ca(NOy) ,

KC1
LiC1
MgCl2
Na3A1F6
NaCl

LiF
NasAlF
NaF

Na3A1F6

BaCl2
XC1
KCl«MgClZ
KC1-NaCl
LiC1l-XCl
MgCl2
NaCl

LiF

Na3A1F6
N33A1F6-A1203
NaF

NaNO

94
89
98
139
91

52
80
134
84

131

foo

100
93
99
95
37
a7

51
79
133
153
83

72
103

K3A1F

K,CO

KC1

KF

L]

H

§31

A1203

KC1
KCH
LiZCO3

Li S0,

2
NaZCO3
NaZCOS-LiCOS
NaCl

AlCl3
BaCl2
CaCl2
K2C03
KZSO4

LiCl
LiClaCaCIZ
MgCl2
MgClZ-CaCI2
NaZCO3

NaCl
NaC1~A1C13
NaCl-CaCl2
NaCl-LiC1

NaCl-MgC1,

AlF

Na3A1F6

67
140

147

fes

86
77
130




Table I.3.

List of candidate salt systems - Continued

KNO

KNO,

KOH

KZSO

;82
X283
K,S,
K,Sg

K286

Kst

4

NaF
NaF-LiF

KOH

LiNOg

Mg (NO5) ,
NaNO
NaNO;-LiNO,
NaNOS-NaNOZ
NaNo,

NaNO3
NaNO2

K,CO4
KNO
NaOH

LizCO3

Lizso4

KC1

NaCl
NaZSO4-LiZSO4

34
78

144
102
104

45

46
148
147

58
146
106

70
126
144
107

58
59
60
61
62
63
150

LifAlF,

Li,C04

LiCl

LiF

Li

Alzos
NasAlF6
NasAlFG'AlZOS

K,C05

K,S0,

Licl

LiOH

Li,50,

2C03
Na,C0;-K,C05

Na

A1C13
BaClz
KC1
KCI-CaCl2
KC1-NaCl
LiZCO5
LiF
LiF-LiBr
LiF-LiI
LiOH
LiNO3
MgClz
NaCl

AlFq

Ban

CaFZ

KF

LiCl
LiCl-LiBr

o |9
© |V |&

LT T N £ )
[T s B s ]

[
LE I
v N

£ s
o {0

foy
Fy
(=]

LiNO,

LiNo,

LiOH

LiZSO4

Li,S
Li,S,
Li,S,
Li,S,

LiBr

- LiCl-Lil

- LiOH

- NajAlF¢

- NasAlF6-A1203
- NaF

- NaF-KF

- KNO3
~ LiCl
- LiOH
NaNO3
NaNOS-KNO3

- NaNOz

- LiZCO3
- LiCl

- LiF

- LiNO4

- K,C0y
- K,50,

- K,50,-Na,S0,
- Li,C0,

- NaCl

- LiF-LiCl

40
109
128
152

76

78

73
108

68
122
110
109
142

w i~
o |»n

12



Table I.3. List of candidate salt systems - Continued
LigAlFg 108 | NaF 2
LiI 26
LiF 128 AlFq 85
- LiF-LiCl 40
Mng 132 Ban g4
NaCl 136 CaFZ 83
Mg
NaF 129 KF 63
MgCl, 7 KF-LiF 78
- BaCl, 98 | Na,COq 1 MgF, 82
- CaCl, 99 K,COg 44 LiF 76
- KC1 92 KZCOS-LiZCOS 41 Na3A1F6 129
- KCl-CaClz 99 KC1 119
- KC1-NaCl 96 :
Li,COo4 iz NaNe, 14
- LicCl 88 -
NaCl 113 ca(nog), 103
- NaCl 90
NaCl-NaOH 151 LiNog 101
NaOH 125 KNO 45
MgF, 50 5 -
KNO;-LiNO4 46
- NagAlF, 13z { NaCl 5
KNOS-NaNO3 148
- NaF 82 AC1g 30
KNOZ 146
BaCl2 91
NaCl 116
Mg (NO 71 CaCl 32
8(N03); 2 = NaOH 143
- KNOg 104 K,C04 114
NaNO2 145
Xc1 28
Na KC1-A1C1, 36
- NaNo, 74
KCl-CaCl2 9s
NaSAlFﬁ 66 LiNOZ 105
KC1-LicCl 38
- AlFs 135 KNO3 147
KC1-MgCl, 147
- A1203 139 KNOZ 106
KZSO4 118
- Al1,0.-AlF 154 NaNO 145
273 7S Lic1 87 3
- A1203-CaF2 1583 . NaNOS-KNO3 148
L12504 4
- AIZOS-LiSAlF6 156
MgC1, 90
- AL,05-LiF 152 NaOH 69
Na3A1F6 136
- A1203-NaC1 185§ KOH 107
NasAlFG-AIZO3 155§
- A1203-Si.02 157 Nazcos 125
NaZCOS 113
- B,0; 138 , NaCl 115
NaOH 115
- Ba.Cl2 137 N3C1‘N82003 151
NaOH-NazCO3 151
- BaFZ 134 NaNO3 143
NaNO3 116
- Ber 131
NaZSO4 117
- Can 133 Nazs 20
- XF 130

13



Table I1.3. List of candidate salt systems - Continued

S Si
Na,s, 21 2 =
Sulfur 19 | §io,
Na,$S 22
273 = - - -
KySy 150 NazAlF,-Al,0, 157
Na,S, 23 - LipSye 149
- Nazsx 33
NazSS 24
Nazsx [NazS-Sulfur] 33
NaZSO4 17
- KZSO4-LiZSO4 48
- NaCl 117

14



Table I.4. Fundamental constants

Symbol Name Values
23 -1
Ny Avogadro constant 6.022045 (31) x 10"“mol
F Faraday constant 9.648456 (27) x 10% ¢ mo17?L
e Electron charge 1.6021892 (46) x 10719 ¢
R Gas constant 8.31441 (26) J K-%Tol_%l
1.98719 (6) cal K "mol

Fundamental constants from: CODATA Bulletin No. 11 (Dec. 1973)

In each case the digits in parentheses following a numerical value
represent the standard deviation of that value in the decimal places
indicated for its final digits
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Table I.5. Symbols and units

Physical quantity Units
Thermodynamically defined activity dimensionless
A Pre-exponential factor as in text
C Concentration mol %
C Heat capacity cal K lmo1™?t
D Diffusion coefficient em?s Tt
E Energy of activation cal mol™*
Heat of fusion kcal mol ™t
Cryoscopic constant K mo1™! kg_l
Ky Equilibrium dissociation constant atm
M1 Apparent molecular weight g rnol—1
pvap Vapor pressure mm Hg
t Temperature (Celsius} °C
T Temperature (Kelvin) K
Tm Melting temperature °C
To Ideal glass transition temperature K
v, Molar volume of solid em®mo1™t
AVf Change in molar volume on fusion cmsmol'1
(AVf/Vs)% Percent molar volume change dimensionless
X Mol fraction dimensicnless
v Surface tension dyn cm_l
n Viscosity cp or poise
K Electrical conductance ohm™ 1 cn?
A Thermal conductivity cal em Y571kt
I Density g Cm—S

For conversion between SI and cother units: For conversion of thermal conductivity:

1mNsmn?=1cp=1nPas to: multiply by:
1mNm =1 dyn en”? mw m™ ikt 4.184 x 10°
4.184 J mo1™! = 1 cal mo1t wn ikt 4.184 x 102
133.3 Pa = 1 torr = 1 mm Hg J oem Ykt 4,184
kcal m Thr-lx 1 3.600 x 10°
BTU £t thr lEL 2.419 x 102

16



High temperature experimental techniques

Table I.6.
Density Cryoscopic constants
Archimedean freezing point lowering
(dilute solution)
dilatometric
freezing point depression
flotation {phase-rule)

maximum bubble

pycnometric

from heats of fusion

Thermal conductivity
(liquid, solid)

Vapor pressure

Surface tension

maximum bubble
Wilhelmy slide plate
pin detachment
capillary rise
sessile bubble

pendant drop

manometry
(sickle or spoon gauge)

dew point
boiling/reduced pressure
vapor transpiration
Knudsen effusion

Mass spectrometry and
Knudsen effusion

hot wire - absolute and
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

Diffusion

Viscosity

capillary
oscillating sphere
oscillating cylinder

falling sphere

Heat of fusion
Heat capacity

Electrical conductance

dc bridge
ac bridge

transformer bridge

isothermal calorimetry
drop calorimetry

differential-scanning
calorimetry (DSC)

phase-rule (freezing
point data)

solution calorimetry

Volume change on melting

gas manometry
dilatometric

pellet expansivity

chronopotentiometry
linear sweep voltammetry

dc polarography

oscillographic polarography

faradaic impedance
chronoamperometry
rotating disc electrode
porous frit
electrophoresis
wave-front interferometry

capillary

17
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Phkysical Properties Data Tables
System 50 MgF2

1. Melting Temperature (Tm)

Melting point:
1263° + 5°C

References {1-8].

2. Density (p)
Measurement method: Archimedean technique (9]
o = 3.235 - 5.24 x 10741 (50.1)

precision: not estimated uncertainty: ~ % 1 .0%

Table 50.1. Density from equation {50.1)

T P_g T 03

(K) (g em 7) (K) (g em 7)
1650 2.370 1900 2,239
1700 2.344 1950 2.213
1750 2,318 2000 2.187
1800 2.292 2050 2.161
1850 2.266 2100 2.135

References [9]

3. Surface Tension (vy)
No Data
4. Viscosity (n)
No Data
5. Electrical Conductance (k)

No Data

25



6.

7.

(50) Mng

Safety and Hazards

(1)
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