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AN EVALUATION OF SOME THERMODYNAMIC AND TRANSPORT PROPERTIES OF
SOLID AND LIQUID LITHIUM OVER THE TEMPERATURE RANGE 200-1700 K*

R. K. Williams, G. L. Coleman, and D. W. Yarbrough

ABSTRACT

Experimental data on the effects of temperature on the
density, thermal expansion coefficient, specific heat, enthalpy,
vapor pressure, compressibility, surface tension, viscosity,
electrical resistivity and thermal conductivity of lithium were
reviewed. Comparisons of original data with handbook values
revealed some cases in which the latter values should probably
be revised. Empirical equations describing the recommended
property values are included.

INTRODUCTION

The purpose of this report is to present and document a set of
reference thermophysical property values for solid and liquid lithium (Li).
The values are required for an analysis of the stresses generated in
starting or re-starting a lithium-cooled reactor from the frozen state,
and the results are therefore presented in analytical as well as graphical
form. The temperature range of interest, 200-1700 K, contains the melting
point of Li, 453.7 K; and because the Materials Handbook for Fusion Energy
Systems' contains information on the liquid phase, the primary need for
the results was for the solid phase. The first step in making the calcu-
lation was to search Chemical Abstracts for pertinent references. This
effort yielded about 40 titles, some of which were apparently not con-
sidered in previous surveys of the literature.?:’ Consequently, we
reexamined the values in the Materials Handbook for Fusion Energy Systems'

and have suggested some corrections.

W
e
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Whenever possible, the data from the original work are shown
graphically to give the reader some feel for the experimental uncertain-
ties involved. The recommended values are stated as empirical equations,
and the percent differences frequently quoted refer to the difference be-
tween values calculated from the equation and the best estimates of the
property. This is not the experimental uncertainty associated with the
property value. Finally, the authors want to emphasize that extrapolation
of the property-temperature equations contained in this report can lead to
serious errors. These empirical or semiempirical equations appear to be
adequate for the 200—-1700 K temperature range but should not be used out-
side the range. Extrapolating a power series containing a term propor-
tional to T-? to lower temperatures is no more justified than using
expressions with T? terms above 1700 K. Design equations are given in the

Appendix.

DATA EVALUATIONS
DENSITY AND THERMAL EXPANSION

The density-temperature relationship is based on the assumption that
the density of Li is 0.5332 Mg/m® at 293 K, as stated in the Marerials
Handbook for Fusion Energy Systems.' Using the atomic weight and lattice
parameter® yields a density of 0.5334 Mg/m®. For the solid phase, the
effect of temperature was included by using the volume change values
recommended by Touloukian et al.® The best values for solid Li are given,

with an average difference of 0.01% by

1.16 Mg
Dg = 0.5633 - 8.898 x 10~ °T - 'S —, K (1)
m

for 200 £ T £ 453.7 K .

This equation predicts that at the melting point; 453.7 K, the density of
solid Li is 0.5204 Mg/m”.



Experiment shows that the density of liquid Li is 1.5 % less than that
of the solid?; and, therefore, the density of liquid Li at the melting
point equals 0.5126 Mg/m®. The density-temperature data®-® are shown in
Fig. 1. For the temperature range of interest, the density of liquid Li
decreases linearly with increasing temperature as given in the Materials

Handbook for Fusion Energy Systems':
Dg, = 0.5584 - 1.01 x 10T Mg/m®, X , (2)
for 453.7 < T £ 1700 X .

The thermal expansion data for solid Li are shown in Fig. 2 illustrating
the experimental scatter. Volumetric thermal expansion coefficients
derived from these data by Touloukian et al.® fall within +2% of the

equation

dinVv 6.724 1.413 x 10%
= 1.968 x 10°% - + K-!
dT T? T

for 200 £ T £ 453.7 K .

This equation approximates the Debye integral, J,, at high temperatures.?®
The expansion behavior of the liquid is derived from the density-
temperature data, Eq. (2):

V(T) = — . (W

d
Ay, = = — 1n(0.5584 - 1.01 x 10~* T)-? 5
vL 4T dT ( ) ’ ( )
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1. Comparison of several experimental studies of the
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the expansion coefficient is given by

1.01 x 10-%
0.5584 - 1.01 x 10-%* T

ayL = (5529-T)-! K-*, (6)

for 453.7 £ T £ 1700 K .

This analysis shows that the expansion coefficient of Li increases about

20% on melting.

ENTHALPY, SPECIFIC HEAT, AND LATENT HEAT OF FUSION

Enthalpy can be obtained either from a direct measurement of heat
content or by integration of the specific heat, Cp, curve. Specific heat
data for the solid are shown in Fig. 3,*° and a more extensive set is shown
in Fig. 4.''-'? TFigure 4 also shows the values recommended by Hultgren
et al.!* Except for a 0.4% discrepancy at 298.15 K, the latter values
appear to be the best available. From 200 to 453.7 K these Cp results fit

the equation

S  -6.999 x 10° 1.087 x 10" e s
Cp = = + pr + 3.039 + 5.605 x 10°° T? kJ/kgK , (7)

with an average difference of 0.07%. Enthalpy values for the solid can be
obtained by integrating this equation, which is based on the high
temperature series approximation to the Debye model.®

The heat of fusion, 0.4339 MJ/kg, is an average value, based on the
work of Douglas et al.!® and Novikov et al.!S The two experimental
results differ by 0.7%.

The thermal properties of liquid Li have been determined both by heat
content and specific heat measurements. Figure 5 shows the results of two

1514% Tt is clear that the values given in the Materials

compilations.
Handbook for Fusion Energy should be corrected. Hultgren et al.l* have
described the original data sources adequately; their enthalpy curve can

be generated from the equation
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L 1.044 x 10 135.1 ,
Cp = - - = 4.180 kJ/kg K , (8)

for 453.7 £ T £ 1608

% with an

This equation reproduces the tabulated specific heat values®
average difference of 0.14%. It should be noted that the normal boiling
point of Li is ~16b8 K. Thus, applying Eq. (8) above that temperature
requires additional correctiohs for the pressure changes required to

maintain the liquid state.
VAPOR PRESSURE AND HEAT OF VAPORIZATION

The vapor pressure curve shown in the Materiqls Handbook for Fusion
Energy Systems is evidently based on the work of Rigney et al.'® and
Bohdansky and Schins.!? Hultgren et al.'* provide a much more thorough
review of all of the data available in 1973, point out that Li vapor is

non-ideal above 800 K, and provide a table of vapor pressure values. The



heat of sublimation derived in this analysis, AHv’zg"ls = 22.97 MJ/kg, is
probably the best available estimate of this quantity. The temperature
dependence can be estimated by assuming that the vapor is ideal at lower
temperatures and by using Eq. (7) to evaluate the ACp terms. At higher
temperatures, the experimental specific heat data for the liquid probably
do not justify including the temperature variation of the heat of vapori-
zation, but calculations assuming ideal vapor indicate that the heat of
vaporization falls about 7% between the melting point and 1700 K.

Since publication of the Hultgren compilation, additional valuable
experimental work by Schins et al.'® and Rajagopalan and Bonilla!® has
appeared, and Alcock et al.?° have given vapor pressure equations for
both the solid and liquid states. Averaging data from seven experimental
16-19,21-23

studies yields a normal boiling point of 1607.9 K, and an

empirical fit of the Hultgren values

-7975.6
log,o P(Pa) = m“";"“” + 9.9624 , (9)

for 453.7 £ T £ 1700 K

3

gives a boiling point of 1609.0 K. This equation differs from the vapor
pressure values tabulated by Hultgren et al.!'" by a maximum of 10.2%; it
yields an average heat of vaporization from the liquid of 21.98 MJ/kg.

The temperature-dependent heats of vaporization from the liquid calculated
from the ACp corrections vary from 22.40 MJ/kg at the melting point to
20.93 MJ/Kg at 1700 K.

The vapor pressure over solid Li can be calculated??:

-8310

log,y P = + 10.673 Pa . (10)

The enthalpy of sublimation derived from this equation is 0.2% smaller than

the Hultgren et al.'® value cited above.



COMPRESSIBILITY

One set of experimental data’®" was located by the computer search of
chemical abstracts, and the isothermal compressibility data are shown in
Fig. 6. The dashed curve was predicted by Pasternak,?5 who used a
corresponding states model that cannot be extended to higher temperatures.
The two results differ by about 15% at 600 K and tend to approach each
other‘more closely at high temperatures. The Novikov et al.?* experimen-

tal data can be described by

1 3V
; ;; T = §.366 x 10-'! + 2.0706 x 10°** T + 4.665 x 10~-*7 T2 Pa-',(11)

for 453.7 £ T £ 1700 K .

This equation reproduces the only set of experimental results with an
average error of 0.1%; the T? term is included because data for the

25

other alkali metals show similar positive curvature.

SURFACE TENSION

Figure 7 shows that the experimental results of Taylor,?® Achener,?’
and Bohdansky and Schins®? are in good agreement, while the data reported
by Hoffman and Keyes®® are 5-10% higher. The experiments all show that
the surface tension, ¢, decreases linearly with increasing temperature,
and the various parameters derived from the data are shown in Table 1.
The values given in the Materials Handbook for Fusion Energy Systems'
rely completely on the work of Bohdansky and Schins;?® but as shown in

Fig. 7, the agreement is good enough that this is acceptable.

VISCOSITY

Six sets of experimental data?',?%-3%

are available, and the results
are shown in Fig. 8. The values given in the Marterials Handbook for
Fusion Energy Systems' follow the low edge of the data envelope as defined

by the results of Andrade and Dobbs?? and Rigney et al.?? Because the
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Table 1. Parameters derived from
experimental data

(o0 = A + BT)
Slope (B)
Investigator {N/m-K Intefgjﬁg (4)
(x 10%)]
Taylor?® -1.477 0.4652
Achener?’ -1.539 0.4709
Bohdansky and Schins?® -1.627 0.4738
Hoffman and Keyes?® -1.280 0.4695
ORMNL-DWG 87--11845
07 T j -~ T T \ T ‘ T i T
® RIGNEY et al (30)
O ACHENER and FISHER (31) o
A SHPIL'RAIN et al. (24,
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FUSION ENERGY SYSTEMS (1)
8 KALAKUTSKAYA (32)
0O ANDRADE and DOBBS (33)
¥ NOVIKOV et al. {34)
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Fig. 8. The effect of temperature on the
viscosity of lithium as found by six investigators.
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high temperature data of Kalakutskaya®!' were apparently not comsidered in
earlier evaluations, these experimental values are shown in Fig. 9. The
scatter is ~ *10%. This considerable body of data, falling at the upper
edge of the envelope of experimental points, is consistent with the results
of Novikov.?® At present, there is no way to decide which experimental
result is most nearly correct, and therefore it seems that some weight
should be given to all of the results and that the best estimate curve

should fall in approximately the middle of the experimental results. The

empirical equation

243.7

w = 0.1157 - 1.418 x 10°* T + 4.229 x 10-% T? + (mPa - s, K) , (12)

for 453.7 £ T £ 1700 K,

shown in Fig. 8 and falls in about the required position. At 1300 K the

range of experimental values is ~ 315%.
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Temp. 6(3), 45560 (1968),
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The isotope effect has been studied by Ban et al.,®® who found that at
the melting point the viscosity of "Li is 1.44 times larger than the
viscosity of ®Li. Their results also show that this difference diminishes

as the temperature is increased.
ELECTRICAL RESISTIVITY

The transport properties of the alkali metals have been extensively
studied by the scientific community because they are thought to be the
simplest metals, offer the most direct tests of the theory of the conduc-
tivity of metals. Chi®® reviewed the literature existing in 1974 and
concluded that there were 21 sets of data for solid Li in the temperature
range 30~453.7 K and that the range of values is ~5%. The experimental
data are shown in Fig. 10. The recommended values derived by Chi differ
slightly from those of Meaden,®’ but the maximum difference is only 0.5%.
It should be noted that impurities may have a large influence on the
resistivity of Li at low temperatures. Typically, 1 at. % of impurities
might increase the resistivity at 200 K by as much as 20%. The isotope
effect has also been studied,®’:%® and the resistivity of ®Li was found to
be about 3% lower than that of natural Li at 200 K. The resistivity

values recommended for solid Li’f can be calculated from the equation

-2.508 x 10° 1.225 x 10°

pg = - + > - 4.330 + .04271T (10-%Qm, K) , (13)

for 200 £ T £ 453.7

The average difference between the calculated and Chi recommended value is
0.09%. This approximates the Bloch-Griineisen Equation.?®

Melting increases the resistivity of Li by about 60%.°% The data for
liquid Li are also shown in Fig. 10. Calaway®® has also reviewed the data
for liquid Li, including his own results and data from several studies%®-%3
that have been published since 1974. These results do little to change
the experimental picture because values calculated from Calaway's recom-

mendéd equation differ from those of Chi by a maximum of only 1.1%, and
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this difference occurs at the melting point. Ag seen from Fig. 10, the
main experimental uncertainty is at very high temperatures. At 1700 K
the Chi’® and Calaway®’ values differ by only 0.3%. The Chi values for
the liquid fit the equatiom

pr, = 5.819 + 0.05282T - 2.843 x 10°5 T? + 9.474 x 10~ T? (10" %*Qm,K) ,(14)

for 453.7 £ T £ 1700 K

b ]

with an average error of 0.08% (the experimental uncertainty is
demonstrated in Fig. 10). This is the function chosen by Calaway. It
should be noted that the resistivity values for liquid Li were not
corrected for the thermal expansion of the container. At 1300 K this

correétion is about 2%.
THERMAIL. CONDUCTIVITY

The experimental situation is shown in Fig. 11.%** For the tem-
perature range of interest there is apparently only one set of data for
solid Li, and the results for the liquid scatter by ~ %10%. For the
solid, the thermal conductivity, X\, values given by Touloukian et al,"**
should be used. These values disregard the experimental data in the
300~450 K range (Fig. 11), which is probably justified because the
electrical resistivity results do not show any unusual behavior in this

3¢ Klemens and Williams®® have analyzed the electrical and thermal

region.
conductivity data for solid Li and have concluded that the data can be

satisfactorily accounted for by the standard theory. The equation

8037
Ag = 44.00 + 0.02019 T +

W/m-K, K, (15)
T

for 200 < T < 453.7 ,

reproduces the thermal conductivity values tabulated by Touloukian et al.**

with an average difference of only 0.3%. TFigure 11 demonstrates that this
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average difference is far less than the experimental uncertainty. It
should also be noted that at lower temperatures the thermal conductivity,
like the electrical resistivity, becomes increasingly sensitive to
impurity content.

According to Touloukian et al.,®®

melting decreases the thermal
conductivity of Li by ~50%. This decrease is 10% less than the
corresponding change in electrical resistivity and cannot be explained by
the lower vibrational contribution to the thermal conductivity of the
liquid. This also applies to the values in the Materials Handbook for
Fusion Energy Systems.! At higher temperatures, the Touloukian and
Materials Handbook values generally agree. When combined with the
electrical resistivity data, they vield a Lorenz ratio close to the
Sommerfeld value, L, (ref. 46). This is gratifying, but at least two
observations cast doubt on the thermal conductivity values. First,
Shpil'rain and Krainova®"’ have producéd data that are less temperature
dependent (lower Lorenz function). One set of data might be discounted

because Cooke's data“®,"®

are closer to the Touloukian values (Fig. 12).
However, the Russian observations are also consistent with the data of
Cook et al.®® and Cook,®! who showed that the Lorenz functions of Rb and Cs
were affected by electron-electron scattering and were about 10% lower
than the Sommerfeld value at 600 K. Because these concerns will probably
remain unresolved for the foreseeable future, the best currently available
values are calculated by fitting the Touloukian values"" to an empirical

equation,
A\, = 21.42 + 0.05230T - 1.371 % 10°° T®* W/m-K, K , (16)

for 453.7 £ T £ 1700 K .

The third term is included because Touloukian values shown in Fig. 12 are
negatively curved, and extrapolation of the linear Material Handbook'
equation would lead to values about 5% too large at 1700 K. If the Lorenz
numbers are as indicated by Shpil'rain and Krainova,”? the values calcu-

lated from Eq. (16) would be ~20% too large.
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Fig. 12. Comparison of some compiled and experimental values for
the thermal conductivity of lithium.
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APPENDIX

SUMMARY OF SELECTED PROPERTIES OF LITHIUM






25

Heat of fusion: 0.4339 MJ/kg
Average heat of vaporization from the liquid -~ 21.98 MJ/kg
DENSITY |

1.16

Dg = 0.5633 - 8.898 x 10°% T - ———
T

L]
for temperatures between 200 and 453.7 K; density expressed in Mg/m®.

Dy, = 0.5584 - 1.01 x 10°% T ,

for temperatures between 453.7 and 1700 K; density expressed in Mg/m?.

VOLUMETRIC THERMAL EXPANSION

d1nV 6.724 1.413 x 10°%
tyg = = 1.968 x 10-* - + s
4T T2 T*

for temperatures between 200 and 453.7; volumetric thermal expansion
expressed in 1/K.

1.01 x 10-* .
ayp, = = (5529-T)" ! ,
0.5584 - 1.01 x 10°* T

for temperatures between 453.7 and 1700 K; volumetric thermal expansion
expressed in 1/K. '

SPECIFIC HEAT
S -6.999 x 10°% 1.087 x 10"

Cp = + + 3,039 + 5.605 x 10-¢ T? |
T T?

for temperatures between 200 and 453.7; specific heat expressed in kJ/kg-K.
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L 1.044 x 10° 135.1
C, = - + 4,180 ,
T2 T

for temperatures between 453.7 and 1700; specific heat expressed in kJ/kg-K.

VAPOR PRESSURE

-8310

log,o P = + 10.673 ,

T
for temperatures between 200 and 453.7 K; vapor pressure expressed in Pa.

-7975.6
1Og10 P = -

+ 9.9624
T

for temperatures between 453.7 and 1700 K; vapor pressure expressed in Pa.

COMPRESSIBILITY
1 3V

X == — = 8.366 x 10~*'! + 2.0706 x 10°'* T + 4.665 x 10°7 T? |
V 3P T

for temperatures between 453.7 and 1700 K; compressibility expressed in 1/Pa.

SURFACE TENSION

o = 0.4738 - 1.627 x 10°* T ,

for temperatures between 453.7 and 1700 K; surface tension expressed in N/m.

VISCOSITY

243.7
w=0.1157 - 1.418 x 10°* T + 4.229 x 10°% T2 +

T

for temperatures between 453.7 and 1700 K; viscosity expressed in wPa-s.
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ELECTRICAL RESISTIVITY

~2.508 x 10° ~ 1.225 x 10°

ps = + - 4.330 + 0.04271 T ,
T T?

for temperatures between 200 and 453.7; electrical resistivity expressed
in 107%Qm.

P, = 5.819 + 0.05282 T - 2.843 x 107> T? + 9.474 x 107% T?

>

for temperatures between 453.7 and 1700 K; electrical resistivity
expressed in 107%Qm.

THERMAL CONDUCTIVITY
8037

XS = 44.00 + 0.02019 T + ,
T

for temperatures between 200 and 453.7; thermal conductivity expressed in
W/m-K.

xL = 21.42 + 0.05230T ~ 1.371 x 10~% T2

bl

for temperatures between 453.7 and 1700 K; thermal conductivity expressed
in W/m-K.
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