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Values calculated for the dynamic viscosity and thermal conductivity are presen-
ted for vapors of binary eutectics of the alkali metals at temperatures from 800
to 1500 K and at pressures from 100 to 8 x 10° Pa. Data are presented for the
vapors of the systems Li+ Na, Na+Rb, Na+Cs, K+Rb, K+ Cs, Na+K,
and Rb+ Cs. The values of the concentrations of the five components in the
vapor phase of each binary eutectic are also presented. The accuracy of the
calculated viscosities is estimated to be within 4-5% and the accuracy of the
calculated thermal conductivities is estimated to be within 8-10%.

KEY WORDS: alkali metals; cesium; eutectics; lithium; metal vapors;
potassium; rubidium; sodium; thermal conductivity; viscosity.

1. THEORY

This paper is concerned with the calculation of the transport properties of
saturated and superheated vapors of binary eutectics of alkali metals. In
the range of temperatures T from 800 to 1500 K and pressures P from 10?
to 8 x 10° Pa, the vapors of these ecutectics can be treated as ideal-gas
mixtures consisting of atoms of the types Y and Z and of diatomic
molecules of the types Y,, Z,, and YZ in chemical equilibrium through the
dissociation reactions

Y+Y=Y,, Z+Z=Z,, Y+Z=YZ (1)

The thermophysical properties of such vapor mixtures depend on the molar
concentrations yv,, ¥z,, ¥Yyz, Yy, and p, of the species. The equilibrium
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composition of the vapor in turn is determined by the pressure and
temperature and by the molar concentrations xy and x, of the metals in
the liquid phase.

We have calculated the equilibrium composition of the vapor by
solving the following system of equations:

2 2y — ¢y, DS
XX p_exp <¥— Y2> (2)
Yy, R RT
2 26, — ¢z, D3
Yz z Z Z;
2Z p_ - _ T2
v, exp( T ©)
yYyZP=eXp <¢Y+¢Z_¢YZ_D(§)(Z> (4)
Vyz R RT
Yy, T Yzt Yvz+ vyt yz=1 (5

2)’Y2 + Yyz+ yY_xYPQ[(l + lez)

= 5 ; (6)
2)’22+ Yvz+ Yz xz P (1+ yZ2)

Here ¢, is the reduced chemical potential of species «, D} is the dissocia-
tion energy of molecule 8, R is the gas constant, P}, and P) are the partial
vapor pressures of the metals Y and Z, xy and x, are the molar concentra-
tions of the metals Y and Z in the liquid phase, and yy, and y7, are the
molar concentrations of the diatomic molecules Y, and Z, in the saturated
vapors of the pure alkali metals Y and Z. Equations (2)-(4) represent
van’t Hoff’s law, Eq. (5) Dalton’s law, and Eq. (6) Raoult’s law.

In solving these equations the pressures were taken for lithium from
Ref. 1, for sodium from Ref. 2, and for the other metals from Ref. 3. The
chemical potentials ¢, were taken from Ref. 4. The dissociation energies DY,
and DY of the homonuclear molecules were taken from Ref. 5, and the
dissociation energies DY, of the heteronuclear molecules from Ref. 4. For
the superheated vapor states PS5, PY, y%,, and y%, were calculated not at
the actual temperature 7, but at the temperature T, at saturation at the
same pressure.

The dynamic viscosity n and the thermal conductivity A were
calculated on the basis of the kinetic theory of chemically reacting ideal
gases [6,7]. The cross section of the atom—atom and atom-molecule
collisions, needed for the calculation of the transport properties, were
determined from an analysis of the experimental data for the viscosity and
thermal conductivity of the vapors of the pure alkali metals [8]. The other
cross sections were determined by applying the combination rules of Ref. 6.
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Table Il.  Compositions of Vapors of Binary Eutectics of Alkali Metals: Mole Fractions
of the Monoatomic and Diatomic Species at Various Temperatures and Pressures

Li+Na T(K) Yii YNa JLiNa Yui YNa

P=10°Pa 850 314x 107 244x107% 581x107% 317x1077 9755x 103
1150 645x 1072 161x10~° 300x107° 364x1077 9984 x10~?
1500 408x 107 251x107° 378x107'% 366x1077 999.7x 1073
P=3x10*Pa 1050 844x107'% 856x10~* 722x1077 137x10~% 9142x10~?
1250 176 x1071° 244x10™% 210x1077 176x107% 9753x107?
1500 324x107' 742x107° 580x107%  188x107¢ 9924x10~?
P=4x10°Pa 1400 640x107° 120x1073 310x107% 523x10~% 878.6x10~?
1450 517x107°  100x107% 262x107° 556x10°° 898.7x10?
1500 417x107° 841 x107* 221x107° 585x10°° 915x10~*

At saturation curve

800 535x 107! 402x107* 901x10"% 268x1077 959.8x10~°
1150 240x107° 118x107% 157x107¢ 228x107° 881.1x10~°
1500 200x107% 174x107% 697x107° 803x10°¢ 824.6x 1073

Na+K T (K) YNay Yk, YNak YNa Yk

P=5x10°Pa 850 478x10~° 186x107* 419x107° 611x10~* 9157x10~?
1200 241x1077 181x107° 325x107% 645x10~% 9333x10°3
1500 526x107% 549x107% 882x10~7 647x10°* 9347x10°3
P=8x10*Pa 1050 284x10~° 519x10™% 182x10~*% 102x107% 825x10-?
1250 866x107° 194x10~* 646x10~° 112x10~% 8608x10~3
1500 269%x10~% 768x10~° 236x10-° 116x107* 8739x103
P=8x10°Pa 1400 702x10~° 758x10~% 373x10"*% 150x10~% 7299x10~3
1450 592x107°  655x 1074 321x10~* 154x10~? 7421x10°3
1500 502x107° 569x10~% 277x107*% 158x10~° 7523x10°3

At saturation curve

800 759x107% 275x107% 629x10~° 579x10~* 907.5x1073
1150  500x10°° 704x10~* 289x10~* 119x107% 7765x1073
1500 105x107* 978 x10~% 527x107* 158x107> 681x10-3

Na+Rb T(K) YNa, YRy, YNaRb YNa YRb

P=10%Pa 800 205x107'° 392x107° 291x10~% 203x107° 997.5x 103
1150  669x107%2 363x1077 206x107° 203x107° 997.9x10-°
1500 104x107'2 953x107% 481x1071° 204x10~° 997.9x 1073
P=2x10°Pa 1100 402x107% 741x10"* 703x10~° 295x10~% 888.9x10~?
1300 137x107%  330x107* 301x10~° 325x107* 931.4x1073
1500 566x1077  172x107% 151x107° 336x107* 947.7x107?
P=8x10°Pa 1300 103x107° 106x107> 148x107*% 447x10~* 8337x10°?
1400 704x10°% 785x10~* 109x10~* 475x10~* 8623x1073
1500 491x10~*  596x107* 826x10~° 494x10~* 8822x10°3

At saturation curve

800 789x 1077 454x107* 194x10°° 111x10~* 941.5x10°?
1150 804x107% 105x107% 121x10~* 353x107* 847.1x10-?
1500 211x107° 142x107% 264x10~* 580x107* 771.5x103
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Table 1I.  (Continued)
Na + CS T(K) yNaz stz yNaCs yNa Yes
P=3x10%Pa 800 931x10~% 132x10~* 615x10°° 613x10-5 980x 10~3
1150 356x10° 150x10~> 460x10~7 664x10~°> 991.8x 103
1500 558x1071 431x10°°% 106x10~7 667x107° 9929x 1073
P=2x10°Pa 1050 467x10°% 776x10~* 116x10™% 261x10~% 884.1x1073
1250 171x10°% 345x10~* 498x10~° 316x10~* 928.7x 1073
1500 580x 1077  157x10~* 207x107° 340x10~* 9482x1073
P=8x10°Pa 1300 110x10~° 933x10~* 211x10"* 462x10~* 838.3x1073
1400 790% 1075  704x10~* 158x10°* 503x107* 862.7x 1073
1500 570x107% 542x10~* 120x107% 532x10~* 8799x10~7?
At saturation curve
800 669x10°7 407x107% 289x10° 906x10° 9473x10°3
1150 823x107¢  936x10°% 175x10~% 347x10°% 8533x1073
1500 247x10° 125x10~% 380x10~% 640x10~* 770.7x 103
K+Rb T(K) YK, Yrb, Jxrb Yk YRb
P=10°Pa 800 118x107% 297x107° 136x10~° 127x1073 8682x1073
1150 881 x107% 277x10~% 117x107¢ 128x10~3 871.3x10°3
1500 207x107% 727x1077 306x10~7 128x10~° 871.5x1073
P=2x10°Pa 1100 484x10~° 492x10~* 369x10~* 185x10~° 723.9x10°3
1300 211x107° 219x10~* 166x10~* 200x107° 759.1x10°3
1500 107x107° 114x10~% 870x10™° 206x1073 7727x1073
P=8x10°Pa 1300 804x10~° 684x107*% 573x10"* 195x10~% 671x10~?
1400 600x10~° 509x10~* 432x10°* 205x10°% 6944x10°3
1500 455x107°  387x10* 331 x10~* 213x107% 710x10°3
At saturation curve
800 210x107° 314x10~* 187x10~* 151x1073 7965x10~3
1150 740x107° 688x10~* 542x10~* 185x10~% 684.4x103
1500 124x10~% 917x10~* 839x10™* 197x10™3 6149x1073
K+Cs T({K) YK, Ve Ykes Yr Yes
P=10’Pa 800 953x107% 216x10°% 711x1077 114x10~> 8854x10~?
1150 700x107° 238x10-7 749x10~® 114x10-3 8856 10~?
1500 164x107° 687x10"% 209x10"% 114x10-% 885.6x10~°
P=2x10°Pa 1100 128x107% 297x10~% 347x10~* 301x10~° 621.4x10-3
1300 542x107° 138x107* 163x107* 320x10~% 644x103
1500 270x107° 747x10~° 883x10~° 328x10~3 653.1x10°3
P=8x10°Pa 1300 229x10~* 402x10~% 572x10~* 329x10~3 5502x10-3
1400 168x107* 302x107% 435x10~* 344x10~3 5655x10~°
1500 126x107% 233x107% 337x10"% 354x10~3 5764x10°3
At saturation curve
800 495x107% 197x10~* 155x10* 226x10~3 733.9x 103
1150 199%x107% 399x10-% 510x10-% 309x10-? 5803x10-2
1500  354x107% 491x10-* 820x10-* 2345x10-% 487.9x10-3
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Table II.  ( Continued)

Rb+Cs T(K) YRo, Yes, YRbCs Yrb Yes

P=10’Pa 800 426x1077 124x1077 144x10~¢ 329x 10~ 6709x 103
1150 394x107% 137x1077 161x1077 329x107% 671.1x107°
1500 103x107% 394x107% 469x107% 329x1073 671.1x1073
P=2x10°Pa 1050 189x107* 264x107* 478x107* 391x107% 5156x1073
1250 807x107% 118x107* 217x107* 417x107* 541.8x1073
1500  350x107° 536x1075 101x10~* 427x1073 553.6x 1073
P=8x10°Pa 1250 282x107* 361x10™* 712x107* 389x107° 4749x1073
1400 180x107* 235x107* 471x10~* 413x107° 498.8x10~°
1500  137x107*  181x107% 366x107* 422x107% 509.4x103

At saturation curve

800 103x107% 164x107* 258x107% 377x1073 5703x 1073
1150 266x107*  351x107* 668x10~* 386x107° 4854x103
1500 393x107* 455x10~* 983x10-*% 384x107% 432.7x10-3

2. RESULTS

The values obtained for the viscosity # and the thermal conductivity
A of the vapors of the binary eutectics Li + Na, Na + K, Na + Rb, Na + Cs,
K +Rb, K +CS, and Rb+ Cs as a function of temperature and pressure
are presented in Table I. The values obtained for the composition of these
vapors as a function of temperature and pressure are presented in Table I1.
The calculations were performed for only one composition of the liquid
phase. The concentrations xy and x, of the eutectic solutions were taken
from Ref. 9. Experimental data for the composition of binary solutions with
lithium are not available in the literature except for the system Li+ Na.
Hence, we did not calculate the transport coefficients of the vapors of the
eutectics Li+ K, Li+ Rb, and Li + Cs.

In Figs. 1 and 2 we show the viscosity and the thermal conductivity
of the vapor of the eutectic Na + K at various pressures as a function of
temperature. It turns out that the dependence of the transport properties of
the vapor of the binary eutectics on temperature and pressure is similar to
that of the transport properties of the vapors of the pure alkali metals [8].
The viscosity decreases and the thermal conductivity increases with increas-
ing pressure. This is the case not only for the vapor of Na + K but also for
the vapors of the other eutectics.

The values of the viscosity and thermal conductivity of the vapors of
Na + K differ little from the value of the viscosity and thermal conductivity
of potassium vapors. For example, the viscosity of the vapor of the eutec-
tics Na + K on the saturation line is only 2-3% larger than the viscosity
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Fig. 1. Viscosity of the vapor of the eutectic
Na+K as a function of temperature at
various pressures.

of the vapor of pure potassium in the entire temperature range, while the
thermal conductivity of Na + K and pure K are equal to within 10-13%.
These small differences in the transport properties of the vapor of the eutec-
tic Na + K and of the vapor of pure potassium is related to a predominant
concentration of K and K, in the vapor mixture, as can be seen from
Table I1.

The values obtained for the viscosity have an estimated accuracy of
4-5% and those obtained for the thermal conductivity have an estimated
accuracy of 8-10%. '

Comprehensive tables for the viscosity and thermal conductivity of
vapors of binary solutions of alkali metals have been published elsewhere
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Fig. 2. Thermal conductivity of the vapor
of the eutectic Na+ K as a function of
temperature at various pressures.
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