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ABSTRACT
For seven molten salt mixtures:

four fuel mixtures, each containing LiF, BeF,, ThF,, UF,

‘one flush salt, LiF-BeF, (66-34 mole %)

two coolant salts, NaBF,-NaF (92-8 mole %) and single-
component NaBF, '

esfimates and/or experimental values are giveh for the follow-
ing properties:

viscosity,

thermal conductivity,
electrical conductivity,
phase transition behavior,
heat capacity,

heat of fusion,

density, '

expansivity,
compressibility,

vapor pressure,

surface tension,
solubility of the gases, He,Kr,Xe,BF, .

From the foregoing properties, the following have also been
calculated and appended:

isochoric heat capacity (Cv)
sonic velocity

thermal diffusivity
kinematic viscosity

Prandtl number.



' Fuel-
Breeder
Mixtures

Flush Salt

Composition of Salt Mixtures

Symbol

(present MSRE

coolant)

Coolants

Mol‘e' .%

 NaBF, NaF

92 8

. 100 -

LiF  BeF, ThF,  UF,.
73 16 107 0.3
72 21 6.7 vo;3
68 20 11.7 0.3
63 25 11.7 0.3
66 . 34 . -- -

'Liquidus
Temp. (°c)

o

I+
Y]
o

" 500

-
v
©

500°

- 480°

+
n
o]

1+
5]
©

500°

458° + 1°
(peritectic)

3850 + 1°

. (eutectic)

407° + 1°

(melting
point)



INTRODUCTION

In this document we have cdmpiled physical property infor-
mation, either measured or estimated, on seven salt mixtures
that are presently of importance in the design of advanced
molten salt reactors. The primary user of this compilation
will, no doubt, be the nuclear reactor engineer who requires
these data for the design and development of molten salt re-
actors. Specialists in the chemistry of molten salts may be
another audience interested in this report. We earnestly hope
that all who critically examine or otherwise use these data
will give us the benefit of their advice so that future ver-.
Sions«bfPthis'document can be greatly improved.

Basis for.SelectiEg the Salts

The choice of salt mixtures has been primarily governed
' by recent changes in the Molten Salt Reactor Program: (a)
the'combining of fissile and fertile material within the same
circuit (the '"single-region" concept), and (b) the testing of
coolant salts which are mainly NaBF,.

Four mixtgres have been selected for possible use as
single-region fuel melts. These are:

Composition (mole %)

Salt Mixture LiF BeF, ThF, UF,
F, - 73 16 10.7 0.3
F, 72 21 - 6.7 0.3
F, : 68 20 11.7 0.3

F, 63 25 11.7 0.3
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Salts F, and F; are fuel mixtures appropriate to a
prismatic configuration of the graphite moderator; the lesser
concentrations of BeF, and ThF, in F;, may be more favorable
with respect to rare-earth fission product removal by reduc=-
ti§e extraction.

Salt F,, containing a relatively low concentration of
thorium, might be used in a reactor (e.g., with random-packed
graphite spheres) where good breeding performance is not a
pfime consideration. Mixture F,, on the other hand, could
contribute to improved breeder'performance'ﬁainly because
'the higher the beryllium concentration, the greater the
opportunity to increase neutrons by'the (n, Zn)'feaction;

It is worthwhile noting that for the purposes of
estimating physical properties of salts F,-F,, the effects
of the small concentration of UF, was almost always assumed
'to be the same as for the corresponding increase in the ThF,
concentration.

Although no firm decision has been reached as to the
exact composition of the fuel salt for the next molten salt
.reactor, it is highly probablé that the concentrations of
LiF, BeF, and ThF, will be within the limits given for these
componentslby theAabove four mixtures.'

Physical property information is aiso provided for:

LiF-BeF, (66-34 mole %) symbolized as L;B.
‘This mixture has been used in the MSRE as theé coolant and as

the flush salt for the fuel circuit. The inclusion of L,B



5
in this report is justified by the good possibility that it
will be & flush salt (and perhaps a coolant)‘in future molten
salt reactors.

As intermediate coolant (in this . case the fluid which
tranqurté heat from the fuel salt to the steém generators)
~the salts which presently appear attractive contain mostly
NaBF,. Two such salts are considered: '

Composition (mole %)

Coolant NaBF, . NaF
C 92 8
C, - 100

The salt symbolized as C, is a eﬁtedtic:éomposition
which melts at 385°C (725°F). Although a lower melting
fluoroborate mixture would be desirable, it is not presently
clear how much. and which additive will substantially depress
the melting temperature. Moreover, it seems likely that
" lower melting fluoroborate mixtures will not be very differ-
ent from C, ; hence mixture Cg'seems, at present, the leading"
candidate for the next coolant to be tried in a molten salt
reactor.

Another salt for which estimates are tabulated in this
report is '"pure" NaBF,, symbolized as C,. Since stoichio-
metric NaBF, does not exist in the molten state without a
very high partial pressure of BF; gas, C, cannot be considered
"a practical coolant. However, estimations of the physical
properties of hypothetically pure molten NaBF4 are useful

for evaluating the contributions of NaBF, as a component in



a salt mixture. .In éolution, [BF, ] ion may be imagined to
behave like a halide ion, slightly larger and mofe polariiable
than iodide ion. By applying this analogy, several.propefties
ofCz were estimated from the measured properties of molten
Nal. | |

For convenience, a list of salt compositions and their
corresponding iiquidus temperatures afe given aftér the

abstract (page 2) and at the end of this report (page 46).

Uncertainties Listed with the Physical Property Values

Each contributor has stated what he believes is the
error associated with the experimeptal result or with the
estimatéd quantity. For most éases, the uncertainty repre-
sents considerably more than either ''goodness of fit" of an
interpolation or internal consistency available from thermo-

- dynamics. Instead, the uhéertainty may be considered as the
largest probable combination of systematic and random errors
associated with the value given for the property. Where the
listing is a property-temperature equation, the uncertainty

is for the property calculatedn.at the temperature substituted
in the equation. In properties where the number of signifi-
cant figures are not justified by the specified uncertainties,
the extra significant figures are given to aid the'neader in
Judging whether a particular salt is "less than' or "greater'
than'" another salt for the property in question.

Although the magnitudes of the uncertainties are highly

intuitive and often disappointingly large, they should be



taken seriously. Each contributor, while not necessarily
qualifying as "expert' in the physical property, either
péssesses long experience in measuring the property or has
carefully (and usually critically) reviewed the literature
for that property. In other.words, for each pfoperty the
person whose name is given is at least a very interested

observer and may also be an active participant.

For Further Information =--

It is best to contact the person (or persons) listed
under the property heading. The editor hopes to provide
addenda to this report as newer, more reliable, data become

available,



VISCOSITY

S, Cantor

Viscosity~-Temperature Equation

Salt n in Centipoise, T in °K - Uncertainty
F, m =‘0.084 exp (4340/T) | - 25% |
F, n = 0.072 exp (4370/T) 25%

F, n = 0.077 exp (4430/T) o 25%
F, f = 0.0444 exp (5030/T) - - 25%
L,B n = 0.116 exp (3755/T) R 15%

G |

C, n = 0.04 exp (3000/T) - 50%

Sources of Data and Methods of Estimation

. Salts F,-F,: Estimated empirically from viscosities in the
system LiF-BeF,~-UF, (ref. 1) and also from measurements of
LiF-BeF, -ThF, (71-16-13 mole %) .2 It was assumed that the
effect of ThF, concentration on viscosity was the same as
that observed for UF,.

L,B: Measured3

C, and C;: The equation was derived from (a) preliminary
measurements of NaBF4,4 and (b) assuming that the temperature
variation of viscosity for NaBF, is equal to that of NaI.5
Given the rather large uncertainty, the contribution of NaF

(in C,) to the viscosity may be considered negligible.
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Discussion

Viscosities of Reactor Fuel Mixtures

From the repofted viscosity.measurement_s1 §f the system
LiF-BeF,-UF,, two trends can be observed:

(#) for LiF concentrations of 60 mole % or greater, éubstitu—
tion of UF, fpr BeF, (at const. temp.) causeés an increase in
viscosity, | o |

(b) increasing LiF from 60 to 70 mole-%; at const..temp. and
- at cons?.“UF; concentration, decreases the viscosity by, at
 most,‘a factor of 1/2; for most coﬁpositions.the factbr is
closer to 3/4.

The data and trends observed for the system LiF-BeF,-UF,
can serve to predict reliably (i.e., to within 25%) the
viscosities in the slightly different system, LiF-BeF,-MF,

(M is Th and/or U). Assuming that all single-region fuel
mixfures will be restricted to the following ranges of component
composition:

62 - 73 mole % LiF

15 - 30 mole % BeF,

6 - 16 mole % MF, ,

then one may conclude that the predicted viscosities have a

rather narrow range of values, e.g.,

at 600°C, 9 - 16 Centipoise

at 700°C, 5 - 9 Centipoise
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THERMAL CONDUCTIVITY

J. W. Cooke
Thermal Conductivitya .
Salt in watt/(cm-°C) Uncertainty
Fy - 0.01,° >t 25%
F, 0.0, " > * 25%
F, Al o.oos,b >+ 25%
F, | 0.007,° >+ 25%
L.B 0.010 + 10%
C, N 0.005, t 50%
C, | 0.005, + 50%

As a first approximation, the temperature dependence of
thermal conductivity may be neglected. Although the
thermal conductivity of molten salts does vary somewhat
with temperature, uncertainties in measurements at a
given temperature are usually greater than the tempera-
ture dependence over the whole range of temperature -
(usually an interval of 200 °0).

bBefore assuming anything about the relative values of

the four fuel melts, please read the caveat in the
Discussion.

Sources of Data and Methods of Estimation

Salts F, - F,: Estimated by means of a theoretical

"expression derived by Raol and adapted to molten salts by

Turnbull.2 The expression is

T 1/2 2/3
k (in w cm™ ©C™') = 11.9 x 10™* m Pm

(M/n)7/6

where T = melting point °x), pp = liquid density in g cm™® at

T

m’ M = average molar weight and n = average number of discrete
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ions per molecule. Paft of the expression,

11.9 x 10 1,22 V3, u/m) 56,

is a good approximation to the average maximum Debye lattice
vfreqﬁency for single iohic salts.2 It was found for eleven
moiten mixtures (nitfates or chlorides) that the above

expression agreed with experimental results, on the average,

3 the other,

to within 15%. For two fluoride melts, one L;B,
LiF-BeF,-ThF,-UF, (71.2-23-5-.8 mole %9,3 the theoretical
expression yielded values approximately 25% less than ‘experi-
mental. Note that the latter is very similar in composition
to F,. '

In applying the theoretical expression the liquidus tem-
peraturevwés substitufed for Tm; iq.computihg n, the following
ions were assumed: Lit, F_, (BeF4)2~, (ThFs)~ !, (UFg) Y.
Assumption of the more plausible ions, (ThF;)~? and (UF,)~?
leads to a lower and less reliable estimated thermal conduc-
tivity. Alsd, 15% was added to the estimatéd vaiue because of
the previdusly.noted discrepancy for the cases of the two
similar fluoride'mixtureé. .

L,B: Measured3

C,, C;: Very preliminary measurement3 on C, agrees with

the theoretical expression.

Discussion

The relative conductivities’of,thé four fuel mixtures,

F,-F,, are not more reliable than the absolute values. The

tabulated conductivities were obtained from a theoretical
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equation that was greatly extended to apply to these mixtures.
The dearth of accurate experimental data prevents adequate
tésfing of the extended theoretical expression either absolutely

or relatively.

References

1. M. Rama Rao, Indian Journal of Physics 16, 30 (1942).

2. A. G. Turnbull, Australiaﬁ Journai of Applied Science }E;
324 (1961).

3. J. W.kCooke, Oak Ridge National Laboratory, unpublished

experimental results. The method oﬁ measurement is given
on p. 15 in Proceedings of the Sixth Conference on Thermal
Conductivity, Dayton, Ohio, Oct. 19-21, 1966.
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ELECTRICAL CONDUCTIVITY
G D Robbins

Salt Specific Conductivity - Temperature Equation ﬁncertainty

kx in (ohm-cm)™', t in °C
F k = 1.72 + 8.0 x 10-3 (t-500) C+ 20%
F, = 1.63 + 7.3 x 10~ (t-500) + 20%
F, = 1.66 + 6.4 x 10-3 (t-500) & 20%
F, = 1.94 + 7.1 x 10™* (t-500) & 20%
L, B = 1.54 + 6.0 x 103 (t-500) & 10%
G Y = 2.7 413 % 1073 -(t-500) + 50%
C, = 1.92 + 2.6 x 10~3 (t-500) g 20%

Sources of Data and Method of Estimation

For 6 salts x was estimated empirically from data on.related
‘or analogous salt meiﬁs; 'bften’the'aSSumpficns-emploﬁed were not
those which seemed'bhysically;host‘reésbnaﬁlé,;bﬁt.thcse:which;
resulted in.the most self_consistent correlationof the data..
Therefore,; estimated «'s are helieved. to. have relatively large:
uncertainties. The number of significant iigureSyinuthe“equations
for .k vs. t:are not meant to. contradict the listed uncertainties,
but rather are.intended. to.show' differences between salt mixtures
whose: -conductivities are predicted to be very similar.

Salts F, - F,: The following equations were employed in

these estimates:

M
Ae = Ke._g
Po
T. (°K)
o - [

o
Tliquidus (*K)

= L '
e XpiFLiF + 9 %Xmnr, MhF,

e

+ 2Xper, ¥per,
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"Ae = equivalent conductivity at a corresponding temperature ©
K = specific conductivity at G

= density at ©

M = equivalent weight of a mixture

M = formula weight of a component

X = mole fraction
X' = equivalent fraction
?
o At several Yalues of © smoothed curves °f.Ae vs xThF; were
obtained from conductivities of the system LiF-ThF, measured by

1 Liquidus temperatures reported in references

Brown and Porter.
2 and 3 were used in calculating ©. Similar curves for LiF-BeF,
were derived by plotting the experimental results for a single
composition (66 mole % LiF)4 and assuming that theLvariafionrgf Ag
with X' in the LiF-BeF, system was equal to that in LiF-ThF, .

(For these estimates UF, was treated as indistinguishable from
ThF,.) The equations of g« vs. t given above were then derived

by assuming that AG is additive in X! and X! for a given

ThF4 BeF,
concentration of LiF.

L,B: Preliminary measurements.4

C,: The ratio A aI/AGKI appeared relatively constant in

the range © = 1.05 - 1.20 (data for Nal and KI from ref. 5).

Assuming that : = A ifi nductance -
ssuming AGNaBF4/AGKBF4 AGNaI/AGKI’ specific conduc _
data of Winterhager and Werner6 for KBF, were combined with

density estimates for KBF, and NaBF47 to obtain values of

AGNaBF4 vs. ©. (1iquidus temperatures, from reference 8).
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C, : Specific éénductivity'data in the range 47 to 77 mole
% NaBF, in the NaF-NaBF, sysfem9 were combined with those calcu-
lated for pure NaBF, (see C,) to interpolate x for the composi-
“tion NaBF, -NaF (92-8 mole %). The large uncertainty listed
reflects a lack of confidence in the data reported in reference

9.

Discussion

Speqific conducfivity is'detefmined from resistance measure-

ments according to the relation
, . 1
k = —(2/a)
R,

where (z/a) is the cell constant. For a given apparafus and

set of experimental conditiéns, the‘measured §alqe of resistance
can vary with the frequency of the applied‘potential wave form.10
The values of k listed above are valid for resistance extra-
polated to infinite frequency (denoted_as F&). Thus pred;cting
the resistance of the melt which will be measured in a part;cu-
lar experimental arrangement not only requires a value for

conductivity x, but also presupposes a knowledge of the

frequency dispersion characteristics of the measuring device.
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PHASE TRANSITION BEHAVIOR

R. E. Thoma
Salt Type of Temp. Crystallization Sequence
Transition (°C):: at Equilibrium
‘Liquidus 5005 Liq = LiF + L;T® + Liq
)Y ‘ B#wn 500-444: LiF+LsT+Liq
Solidus , 4445 LiF+L;T+Liq = LiF+L3;T+Li,BeF,
Liquidus 5005 Liq = LiF + Liq "
F, Btwn 500-495: LiF + Liq
. S Btwn 495-444: LiF+L;T+Liq
Solidus 4445 Same as for F, :
( Liquidus 480%5 Liq =L,T + LT® + Liq
F; _ Btwn 480-448: L3T+LT+Liq
: c Btwn 448-440: LT + Liq
Solidus 440 LyT + Liq ¥ LyT + L,B
Liquidus 5005 Lig = LT,9 + Lig
Btwn 500-495: LT, + Ligq
Btwn 495-490: LT, +LT+Liq
F, 490: LT, +LT+Liq = L;T+Liq
_ Btwn 490-448: L,T + Liq
Solidus 448+5 Ligq + L,T == Li,BeF, + L;T
| Peritectic 458+1 Liq = Li,BeF, + Lig _
L,B T Btwn 458-360: Li,BeF, +Liq
SO].id“S ‘ 3603 Liz BeF4 +Liq = Liz BeF4 +BEFZ
G Eutectic 385+1 Liq == NaBF4 (cubic) + NaF
Solid-Solid 245%1 NaBF, (cubic) +NaF=# NaBF, (or-
: thorhombic): + NaF '
C, Melting:Point 4071 Liq = NaBF, (cubic)
Solid-Solid 245+1 NaBF4 (cubic) = NaBF4(ortho-
rhombic)

a. L,T is an abbreviation for the solid solution, Li,(Th,Be)F,,
shown as the peppered triangle in the accompanying phase
diagram of LiF-BeF,-~-ThF, system.

b. LT is the abbreviation for LiThF;.

c. No precision has been assigned because this temperature
: has not been experimentally established.

d. LT, is ‘the abpreviation for LiTh,F,.
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‘Sources of Data

Phase equilibria in the system, LiF-BeF,-~ThF, - see next
page.

Phase equilibria in the system, LiF-BeF, - R.. E. Thoma,
H. Insley, H. A, Friedman, and G. M. Hebert, Journal of
Nuclear Materials 27, in press 1968.

Phase equilibria in the'system, NaBF,-NaF - C. J. Barton,
L. O. Gilpatrick, et al., MSRP Semiann. Progr. Rept. Feb. 29,
1968, USAEC Report ORNL-4254. The phase diagram is given

6n‘page 21,
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HEAT CAPACITY (at constant pressure)

A. S. Dworkin

Salt ~ Cp in cal. g7} °c-1; t in OC. Uncertainty
F, liquid 0.34 + 4%
solid , 0.22 + 12.7 x 105 t + 10
F, liquid 0.39 | + 4
solid = . 0.27 + 12.7 x 1075 t + 10
'F, liquid 0.33 x4
"~ solid 0.21 + 12.7 x 1075 t £+ 10
F, liquid ©0.33 . + 4
solid 0.21 + 12.7 x 1075 t + 10
L,B liquid 0.57 - + 3
- solid . 0.317 + 3.61 x 107* t + 3
¢, liquid = 0.360 + 2
solid (243-381°C) 0.34 ' + 3
solid (25-243°C) 0.23 + 5.8 x 10™* ¢t + 6
C, liquid : ~0.36 £ 2
solid (243-406°C) 0.33 + 3
solid (25-2439C) 0.23 + 6.0 x 10™¢ t + 6

Sources of Data and Methods of Estimation

Salts F, - F,: Liquid heat capacities were estimated by

assuming mole-fraétion additivity and assigning 16, 24, and 44
cal mole™ ©C-! for the respective contributions of LiF, BeF;,
and ThF,. The heat capacities for the solids were estimated by
assuming that (a) temperature coefficiént~and (b) difference in
Cp between liquid and solid are the same as that measured.for
LiF-BeF, -ThF, (72-16-12 mole %) .

L;B: Liquid Qp is the‘average,of two independent sets of
measurements. Hoffman® obtéined 0.577 cal. g~! °C-!'; Douglas

and Payne3 obtained 0.56 cal g-! °C~!'. The solid heat capacity
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is that of Douglas and Payne.

G Measuredl_

Cp: .MeaSured}z'AgrEes within'éxperimeﬁial.errorfwith"
that derived from C, by suﬁtracting'énthalpy‘COntribdtion'Gﬁ NaF+
éSsuming-negligible heaf of mixing between NaBF, and NaF.

Disdussion

. The values of 16 and 24 cal mole~! ©C-! were chosen for
the respective Qb contributions of LiF and BeF, because 8 cal
(g-atom)~! °C-1 is the average observed for alkali and alkaline

5

earth halides. The G, of 44 cal mole~! ©°C~! for the contribu-

tion of ThF, was assumed from fhe average value of 8;8 cal
(g--ai:om)"’“c'C‘l for lanthanide héiidés;6

The validity of using the indicated additive contributions
for estimating liquid heat capacities was checked by comparing

with measured values of three related salts:

Salt Mixture Estimated G Measured Cp References
L,B 0.57 cal g~!°c™! 0.57 2,3
LiF-BeF,; -ThF,

72 - 16 - 12 m % 0.32, 0.324 1
LiF~-ThF,

75 - 25 m % 0.24 0.25 7
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HEAT OF FUSION

A. S. Dworkin

Salt | Mo cion (caltg—l) | n Uncertainty
F, 62 + 10%
F, 67 + 15
F, ‘ 58 + 15
Fy 63 + 15
L,B 107 + 3
o} 31 +
C: | | 29 +
AH of solid transition (cal g-!)
C 14.5 (at 243°C) ' + 2%
C; 14.7 (at 243°C) £+ 2

Sources of Data and Methods of Estimation

Salts F; - F,: Although there is no isothermal heat of

fusion, estimations were made as if all the melting (or .
freezing) occurred at 500°C. The salts were treated as
additive mixtures of the components, Li,BeF;, Li;ThF,, and
Lif or ThF,. LizBeF4 was considered to be '"formed" first
from the Ber present and the appropriate quantity of LiF.

The remainder of the mixture was then considered to consist
of Li; ThF; and either LiF or ThF,, whichever was "in excess."
For example, for 1 mole of salt F,, .16 moles of Ber and .32
moles of LiF form .16 moles of Li,BeF, while..1ll moles of'ThF4
and the remaining .41 moles of LiF give .11 moles of Li, ThF,
and .08 moles of LiF. The estimation is then made on the basis

of .16 moles Li,BeF;, .ll1 moles ThF, and .08 moles LiF.
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The following heats of fusion were used in making the

estimations:
Li, BeF, 10,600 cal mole~! (ref. 1)
Li, ThF, 13,960 cal mole! . - (ref. 2)
LiF 6,470 cal mole-! | (ref. 3)
ThF, 11,000 cal mole™! estimated by

assuming the entropy of fusion
is the same as that of UF, (ref. 4)

L,B: Measured.1

C,_and C;: Méasured':5 -Cz agreeshwithin-experimental<

error with that. calculated by subtracting the contribution

of the heat of fusion of NaF6 from Cl.
Discussion

Although the assumptions used in estimating AHfusion
for salts Fl - F, are highly intuitive, it is encouraging to

note that the estimated and measured7 AH ‘are respec-

fusion
tively 57 5 and 59 cal g~! for the salt mixture LiF—BersThF4
(72 16-12 mole %9 " DR | R
For salts Fl - F;,to obtain the heat necessary to convert
the solid at the solidus temperature to the melt at the
liquidus temperature, an additional 10 to 15 cal g"1 should
‘be added to the above listed heats of fusion For convenience
'in calculating the quantity of heat necessary to raise the
lsalt from room temperature to any desired temperature, the
| following heat content equations (based on measurements) are

Fincluded
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LiF-BeF, -ThF, (72-16-12 mole %) - ref. 5

Solid: H,-H,s (cal g=') = -5.28 + .207t + 6.33 x 10-5t2;

t
(25 - 440°C)

Liquid: H

¢Hzs (cal g™') = 11.34 + .324t (500 - 750°0)

LiF-BeF, (66-34 mole %)

Solid: H -Hyo. (cal g7') = 0.3179t -,1.806 x 1034 t2;:. . .,
(0 - 472°C) - ref. 1
Liquid: Ht—HOOC (cal g~') = 32.632 +.0.561t; (472 - 6000C—) T

ref. 1

H -Hy, (cal g7!) = 33.62 + 0.577 (t-30); ref. 7

t
NaBF, -NaF (92-8 mole %) - vref. 5 '
Solid: H -Hy5 (cal g™') = -5.90 + .230t + 2.90 x 1074 t?;
_ (25 - 243°0)
H,-H,5 (cal g™') = 0.40 + .337t; (243 - 381°C)

Liquid: H_-H,; (cal g~!') = 22.1 + .360t; (381 - 600°C)

t
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DENSITY OF LIQUID
(S. Cantor)

‘Densify—Temperature Equation
p (in g/cm?)

salt N t (in ©¢) S ﬁncertaihty
Fy e =3.628-6.6x 107t 3%
F, . =3.153 -5.8x 10 t 3

F, ' = 3,687 - 6.5 x 107 t 3

F, = 3.644 - 6.3 x 10 t 3

L,B = 2.214 - 4.2 x 107* t 2

¢ C=2.27 - T.4x 10™* t 5

C, - 2.26 - 7.4 x 107 ¢t | 5

Sources of Data and Méthods'of:Estimétion

Salts F, - F, - Estimated by additivity of molar volumes

(see Ref. 1). The following molar volumes were used:

600°C '800°C " Ref.
LiF 13.411 cm®  14.142 cm? 2
BeF, O 23.6 244 L,3

ThF, and UF, - 46.43 47.59 2

Salt L,B - Three experimental‘determinations.have been
"repo;ted; refs. 5 and 6Uwepe over a wide temperafure fange
with the densitiés of ref; 6 averaging 3% higher than ref. 5.
Reference 4 reports densities at 649°C which vary from 1.87

to 2.02 g cm~3. The density-temperature equation given above
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was derived from additive molar volumes; this equation yields
densities that are approximately the average of the densities
of refs. 5 and 6.

Salt C; - Preliminary pyknometric measu'rements.7

Salt C, - The relatively small concentration of NaF in
C; would be expected to increase the density slightly over
that for "pure" NaBF,. The density-temperature equation was
calculated by subtracting the contribution of NaF (ref. 1)

from the molar volume of C;.
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EXPANSIVITY (VOLUME COEFFICIENT OF THERMAL EXPANSION)

S. Cantor

Salt Estimated Value at 600°C2 Uncertainty
F ‘ | 2.0, x 107%/9C 25%

F, 2.0, : o 25

F, 1.9, 1 25

F, 1.9, 25

L,B 2.1, 20

C 4,0 40

C; 4.9 40

aFor estimating the expansivity at other temperatures,
. Please substitute in the appropriate density-temperature
equation. (see discussion below).

Sources of Data and Methods of Estimation

The expansivity is defined as

1 (BV

7 G

a = —
0T p
where V, T and P are volume, temperature and pressure. Since
density is inversely proportional to volume, the expansivity

is usually derived from density-temperature data:

a = -:%' %% (P ordinarily one atm.)

Most density data for liquids are linear with and decrease:
with temperature, i.e.,
P = po- a:t (1)

po and a are constants; t 1s'usua11y in degrees [Celsims. Thus,
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expansivity is very simply

_ a

The tabulated expansivities are consistent with the
correspondiﬁg density-temperature equations in the "Density
of Liquid"® secEion of this report. To calculate the expansivity
for any temperature substitute in equations (1) and (2). As a
rough approximation, the expansivity is one half fo one third
of the temperature coefficient of density as given by the

constant a in eqn. (1).

References

Same as for the "Density of Liquid" section, page 29.
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COMPRESSIBILITY (ISOTHERMAL)?
S. Cantor

Compressibility-Temperature Equation
' Bp in cm*dyne™!, T in °K

F, Bp = 2.3 x 10712 exp (1.0 x 107 T)

o : Bp = 9.0 x 10712 exp (1.6 x 107> )

The compressibilities pertain to the liquid and are all

estimated; the uncertainty is a factor of 3.

21sothermal compressibility is a function of pressure
as well as temperature. The tabulated equations are
less reliable at higher pressures (>50 atm). '

Methods of Estimation

Salts F,-F,, L,B: Estimated empirically from the com-
pressibility-temp. equations of LiF and Li, SO, (see ref. 1).

C; and C,: Assumed to be slightly more compressible
than Nal (see ref. 1).

Reasonable values derived for Cp/Cv and for sonic veloc-
ities (see Appendix A of this report) lend support to these

estimated compressibilities.
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VAPOR PRESSURE

~S§. Cantor
Salt? Pressure-Temperature Equation Uncertainty
(P in torr, T in °K) in Pressure
F, .
A factor of
F, N log P = 8.0 - 29,000
T fifty from
F, | " 500-700°C
Fy
L,B -~ log P = 9.04 - 10,500 A factor of
e
: ten from 500-
700°C
G . log P (of BF, vapor)b = - * 10% from
‘ 5,920 (o}
9.024 - 1 400-700°C
C. . Pressure of BF, depends on

amount of salt and on vapor
volume (see Discussion below)

aIn no case is the compositionbof the vapor congruent
with the composition of the melt.

bThe pressures given by the equation are those in

equilibrium with a melt whose composition is fixed
at NaBF4-NaF (92-8 mole %9

.Sources of Data and Methods of Estimation

Salts F,-F;: Estimated empirically from vapor pressure
data of the LiF-BeF, systém1 and of LiF-UF, (73-27 mole %ﬂ?
Although the uncertainty is relatively large, please note that
the vapor pressures for the 500 - 700°C_temperature range are
quite low (between 10”2 and 1075 torr).

L,B: Estimated from data in the LiF-BeF, system.’
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C Experimentally'det_ermined.3

Discussion - The Dissoclation Pressure of NaBF,

When NaBF;‘is-thermally equilibrated at a temperature

aBoVé'its melting point the foliowing dissociation occurs:

NaBF, () = NaF(g) + BF;(g) | . (1)
The dissociation product, NéF, dissolves in the NaBF,. The
- system described by the ébove equation is bivariant; thus;
a constant partial pressure of BF,; above the melt requires
that the temperature and the melt composition both be
constant. For reaction (1) the BF; pressure is related to
the composition of the melt by the equation:

. . : :

K NaBF,

p =
BFy aNaF

(2)

where K is the equilibrium constant and a; is activity. The
temperature dependence of K has been derived fromtexperimental

data3 and is given by - .
-29,800 + 26.41

= - (3)
"RT (in °K) R

1n K (in atm) =

[29,800 cal and 26.41 cal (AQK)'l are the enthélpy and entropy
of the reaction; R, the gas constant, is 1.98717 cal (°x) -1
‘(g-mole)!].

A consequence of the bivariance of the NaBF,-NaF system
- is that the equilibrium BF; vapor pressure is difficult to .
predict for'melts'in7ﬁhich-the'concentration.of*NaBF4 is. very
large (>98 mole %). For' these concentrations,

2NaBF, 1S

virtually unity,-'but‘aNa’F is very small (<0.1);.hence, by
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equation (2), PBF.
3

experiment in which crystalline NaBF, is encapsulated, the

tends to be quite high. Thus for any
temperature of the éample should be kept as low as necessary

or else sufficient vapor space should be included so as to

permit the dissociation reaction (1) to occur.
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SURFACE TENSION
J. W. Cookg, S. Cantor

‘Surf ension-’ ture Equation . .. _
Surface Tension-Temperature Equatio Uncertainty

v in dynes/cm, t in °C

v = 260 - 0.12 t ¢ +30,-10%
c vy = 130 - 0.075t + 30%
C. oy = 120 - 0.075 t 25%

1+

Sources of Data and Methods of Estimation

Salts F,-F,, L;B: Estimated primarily from maximum bubble
pressure measurements on NaF-Ber,1 LiF—Ber—ThF4-UF;,Z LiF,3
and ThF,,3 melts. Measurements at one temp. (480°C) of LiF-BeF,
(63-37 mole %94 by the ring method tends to support bubble pres-
sure values. Sessile drop ineasurements5 on L,B, on LiF-

BeF, -ZrF, -ThF, -UF, (70-23-5-1-1), and on other fluoride melts
would have led to Higher predicted values. The higher
uncertainty in the positive direction expresses the possibility
that the sessile drop investigations might have yielded more
accurate surface tensions.

Salt C, and C,: Assumed that NaBF, (C,) and NaI6

exhibit (a) equal surface tensions at their melting points,

(b) equal temperature coefficients of surface tension. Then
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it was assumed that NaF in C; increased the surface tension

over that of C, by 10%.
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- SOLUBILITY OF HELIUM, KRYPTON, AND XENON

G. M. Watson

~Unit of solubility - 10-8 moles of inert gas per (cm3 melt-atm).
" Salt Temperature (°C) .. He. .. 'Kr ...  Xe
1  -\ - 500 6.6 .- 0.13 . 0.03
600 A 10-6 . O. 55 [P }Oo 17
F, ?
: . 700 . .. - 15.1 . 1.7 0.67

800 20.1 4.4 2.0

LZB J ‘ o : ~

, .- 500 e - 44 20 .

c. , . . 600 - - . b2 40 . -28
1 , 700 60 .- 69 - 54
800 - 66 106 91

500 52 32 21

c 600 61 61 46
2 700 69 100 84
800 75 148 136

All solubilities are estimated; the uncertainty
is a factor of ten or greater.
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‘Sources of Data and Methods of Estimation

Solubilities of noble gases were estimated by a method
originally proposed by Blander et al.1 The'expression used

in estimating fﬁe values given above is:

1,  [-18.08 ry
K, = 77 (polarization correction) exp < RT _>
where

Kp = moles of gas/(cm3 melt-atm)
r is the radius of the noblevgas in Angstroms
v is the surface tension of the liquid in dyne e L

3-atm ("‘)K)—1

R in fhe‘pré-éxponential term = 82.0561 cm
(g-mole)-l; in the exponential term R = 1,98717 cal
)7 (g-mo1e)”! |
T is the absolute temperature in %k .
The numericéi.values for the radii and for‘the "polarization

corrections'" are:

He Kr Xe
Radius (Angstroms) 1.22 2.0 2.18
Polarization correction 0.14 1.0 1.34

The pblarization corrections were determined empirically by
comparison of experimental and calculated noble gas solu-
bilities in NaF-ZrF, (53-47 mole % ,% NaF-KF-LiF eutectic,l’3
and LiF-BeF, (64-36 mole %9.3 The surface tensions used
appear in this report on page 36.

The rather large uncertainty in the gas solubilities can

be rationalized from the following considerations:
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a. _Experimenta1¥f3

and calculated (using the equation
given in the previous paragraph) solubilities agreed
to within a. factor of three,

b. VCalculated solubilities depend exponentially on the
assumed value of the surface tension; for the salts

of ‘this'report the surface tension, in each case

estimated, has a large uncertainty.

References

1. M Blander, W R Grimes, N. V Smith, and G. M Watson,
' J. Phys. Chem. 63, 1164 (1959). -
2. W. R. Grimes, N V Smith, and G. M Watson, J Phys.
Chem. 62, 862 (1958).
3, G. M. Watson, R. B. Evans III W R. Grimes, and

N. V. Smith, J. Chem. Eng. Data 7, 285 (19@2).



41

SOLUBILITY OF BF; GAS

S. Cantor, G. M, Watson

Unit of Solubility - 10_° moles BF, per (cm> melt-atm)

Temperature.(oc)

Salt: 500 600 700 800

Fy - 07 3.4 1.1 0.44 0.19
'FZ 3.4 1.1 0.44 - 0.19
'F3 2.8 ; 0.95 0.39 0.20
F4 2.4 0.83 '0.35 0.18
L,B 3.2 1.0 0.38 0.18
¢y

c See section on Vapor Pressures, page 33.

All solubilities are estimated; the uncertainty
is a factor of ten or greater.

Sources of Data and Methods of Estimation

Solubilities of BF; were assumed to be analogous to
solubilities of HF. For LiF-BeF,~ZrF,-ThF,-UF, (65-28-5-1-1
mole %) the measured BF3l and HF2 solubilities both exhibited
negative temperature dependence (inert-gas solubilities in
fluoride melts are much smaller and.show positive temperature

-dependence)., The ratio of BF; to HF solubility in the range

500-800°C for this melt was the multiple used to estimate the
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BF; solubility in LzB from the measured values of HF solu-
bility.> |
Solubility of ﬂF in F, -F, was estimated by assuming the
same ''free fluoride" concentration dependence as had been
observed for LiF--BeFz ixtures.4 (For Fl-F4, free fluoride
is deffned as XLiF minos (ZXBeFz + 3XMF4)’ where X_isdmole
percenti for LijSerrnixtures, free flnoride__equallsbxLiF
minus szer)' The BF; solubilities were then calculated
by multiplying the estimated HF solubilities by the same
ratios that were derived from the melt where both gas solu-

bilities had been measured.
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APPENDIX A
- ISOCHORIC HEAT CAPACITY (C,), cp/cv, AND SONIC VELOCITY
a
C :

Vi
: b
Salt Temp. gcal cal v cal T
ng %K (g-mole)®k (g-atom) K c /CV (m sec Ly
w0 W Tm mw o
1 1282 6 6.90 1.18 218G
700 0.288 17.5 .97 -1g
500 0.33 16. 6.9 1. 2850
F,' 600 0.332 16.2 6.82 1.i$ 2760
700 0.32g5 ,16.u 6.79 _1.19 2670
‘ 500 0.289 '18. 7.22 1.1, 2610
Fy 600 0.287 18.2 7.15 1.1 2520
700 0.285 18.l 7.0g _1.17 2440
- 500 0.29, 18.9 7.23 1.1, 2620
F), 600 0.227 12.7 7.15 1.15 2228
700 0.28) 1 5 7.03 1.1z 2
500 o.h89 16.2 6.9l 1.17 3420
LEB 600 o.u82 15.9 6.8l l.1g 3310
700 . o.l+75 15.7 6.72 1.25 3200
: 500 0.31, 32.¢ 5.y 1.1 1400
C; 600 0.30g 32,5 5.27 1. 1320
700 0.30 31. 5. 1.1 1260
V5 8 0 8
Theoretical C ¢
cal mole (%)t
500  0.31, ‘ k., 30.47 ' 1;16 1400
Cy 600 0.30g 33.g 30,92 1. 1330
700 o.3ou 33.3 31.46 1.19 1260

a. Calculated from the equation,

CV =C_ - 9%2 where ¢« 1s expansivity; p, density; BT isothermal
P PP compressibility.

b. Calculated from the equation,

¢ y
§o= (%TJE;ﬁ)l/E where p is sonic velocity.
WP
c. Calculated by essuming

Cy = 6.R (harmonic oscillation of 2 ioms) + 1.5R (free rotation of

BFL ion) + Vibrational*heat capacity of BFL*.

* Vibrational frequencies obtained from K. Nakamoto, Infrared Spectra of
Inorganic and Coordination Compounds, John Wiley and Sons, N. Y., 1963, p. 106.
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APPENDIX B

THERMAL DIFFUSIVITY,® KINEMATIC VISCOSITY,? AND PRANDTL NUMBER®

Salt Temp. Therm. Diffy. Kin. Vise. Prandtl
(°c) (em? sec™l) (cm? sec™1) Number
: 500 - - 2.13x 1073 - 6,93 x 1072 - 32.g
¥y 600 - 2.1y 3.7 , - 17.,
- 700 2.2 2.29 ‘ 1043
500 2.35 x 1073 7.1y x 1072 304,
Fa 600 2.4¢ 3.8, 15.¢
500 "1.7¢ x 10°2 7.05 x 1072 9.,
Fj 600 1.8; 3.73 20.5
700 1.8¢ 2.2¢ 12.,
500 1.5, x 1073 8.9, x 107 58.¢
F, 600 1.55 4.3 27.8
500 2.09 x 1073 7.4, x 1072 35.¢
L,B 600 2.1, 4.3¢ \ 20.,
500 1.8, x 10-3 1.0, x 1072 5.6
700 1.99 0.5 | 2.5
500 " 1.7¢ x 1073 1.0, x 1072 5.9

Calculated from the equations:

where k is thermal conductivity; p, density; Cp, specific

a. X = X :
pap heat.
b, V= _3- where n is viscosity in poise (g cm™! sec®l).
C
c Pr = —=— = ip



Viscosity

Thermal Conductivity

Heat Capacityl'
Heat of Fusion
Density
Compressibility
Pressure

Surface Tension
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APPENDIX C

‘CONVERSION FACTORS

Multiply By To Obtain
centipoise 2.419 1b /hr-ft
.watts/°C°cm '57.8 Btu/hr*ft:°F
cal/gm*°C 1.0 Btu/lby- °F
cal/gm 1.8 Btu/lbp
gm/cm3 6ﬁ.43 lbm/ft3
cm?/dyne 6.894}&104 | in 2/15f
torr 0.019337 1b¢/10? (psia)
dyme/cm  6.85 x 1070 Ing/ft
dyne/cm 2.203 x 1073 1bm/sec2
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Composition of Salt Mixtures

Mole % Liquidus
Symbol LiF BeF, ThF, UF, Temp. (°C)
_ F, 73 16 10.7 0.3 5000 + 50
Fuel- F, 72 21 6.7 0.3 5000 + 5°
Breeder o o
. +
Mixtures F, 68 20 11.7 0.3. 480° + 5
F, 63 25 11.7 0.3 5000 + 5°
Flush Salt L,B 66 34 —_ -— 458° + 1°
(present MSRE : (peritectic)
coolant)
NaBF, NaF
Coolants G 92 8 385° + 1°
(eutectic)
C, 100 - 407° + 1°
: (melting

point)
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