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1 and 

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 105 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. T H E O R Y  

This paper  is concerned with the calculat ion of the t ranspor t  properties of 
saturated and  superheated vapors of b inary  eutectics of alkali metals. In  
the range of temperatures T from 800 to 1500 K and pressures P from 10 a 
to 8 x 105 Pa, the vapors of these eutectics can be treated as ideal-gas 
mixtures consist ing of atoms of the types Y and  Z and of diatomic 

molecules of the types Y2, Z2, and  YZ in chemical equi l ibr ium through the 
dissociation reactions 

Y + Y = Y 2 ,  Z + Z = Z 2 ,  Y + Z = Y Z  (1) 

The thermophysical  properties of such vapor mixtures depend on the molar  

concentra t ions  YY2, Yz2, YYZ, YY, and  Yz of the species. The equi l ibr ium 
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composition of the vapor in turn is determined by the pressure and 
temperature and by the molar concentrations Xy and Xz of the metals in 
the liquid phase. 

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

YY P = exp (2) 
YY2 R T /  

Yz p = exp (3) 
Yz2 R T /  

YY Y Z p = exp (~by + ~bz - ~byz D~ '] 
yYz \ R ~ - /  (4) 

YY2 + Yz2 + YYZ + Yv + Yz = 1 (5) 

2YY2 + YYz + Yv xYP~ 1 + Y'v2) 
(6) - -  t 

2Yz2+YYz+Yz x z P ~  

Here ~b~ is the reduced chemical potential of species c~, D~ is the dissocia- 
O 0 tion energy of molecule/3, R is the gas constant, Py  and Pz  are the partial 

vapor pressures of the metals Y and Z, Xv and Xz are the molar concentra- 
tions of the metals Y and Z in the liquid phase, and Y~2 and Y~2 are the 
molar concentrations of the diatomic molecules Y2 and Z 2 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 ~b~ were taken from Ref. 4. The dissociation energies D ~ 
and D ~ of the homonuclear molecules were taken from Ref. 5, and the 
dissociation energies D~ of the heteronuclear molecules from Ref. 4. For  
the superheated vapor states pO, pO , z ,  YY2, and Yz2 were calculated not at 
the actual temperature T, but at the temperature T1 at saturation at the 
same pressure. 

The dynamic viscosity r/ and the thermal conductivity )v were 
calculated on the basis of the kinetic theory of chemically reacting ideal 
gases [6, 7]. The cross section of the a tom-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 II. Compos i t ions  of Vapors  of Binary Eutectics of Alkali  Metals:  Mole  Frac t ions  
of the M o n o a t o m i c  and  D ia tomic  Species at Var ious  T e m p e r a t u r e s  and  Pressures 

Li + N a  T (K)  YLi 2 YN~2 YLiNa YLi YYa 

P = 1 0 3 p a  850 3 1 4 x 1 0  11 2 4 4 x 1 0 - 4  5 8 1 x 1 0  8 3 1 7 x 1 0  7 9 7 5 . 5 x 1 0  3 
1150 6 4 5 x 1 0  13 1 6 1 x 1 0 - 5  3 0 0 x 1 0 - 9  3 6 4 x 1 0  7 9 9 8 . 4 x 1 0  3 
1500 4 0 8 x 1 0  14 2 5 1 x 1 0 - 6  3 7 8 x 1 0 - 1 o  3 6 6 x 1 0 - 7  9 9 9 . 7 x 1 0  3 

P = 3 x 1 0 4 p a  1050 8 4 4 x 1 0  -1~ 8 5 6 x 1 0  -4 7 2 2 x 1 0  7 1 3 7 x 1 0 - 6  9 1 4 . 2 x 1 0 - 3  
1250 1 7 6 x 1 0  1o 2 4 4 x 1 0 - 4  2 1 0 x 1 0 - 7  1 7 6 x 1 0  -6 9 7 5 . 3 x 1 0  3 
1500 3 2 4 x 1 0  11 7 4 2 x 1 0 - 5  5 8 0 x 1 0 - 8  1 8 8 x 1 0 - 6  9 9 2 . 4 x 1 0 - 3  

P = 4 x l 0 5 P a  1400 6 4 0 x 1 0  -9 1 2 0 x 1 0  -3 3 1 0 x 1 0  -6 5 2 3 x 1 0  -6  8 7 8 . 6 x 1 0  -3 
1450 517 • 10 -9 100 • 10 -3 262 x 10 -6 556 x 10 -6 898.7 x 10 3 
1500 4 1 7 x 1 0  -9 8 4 1 x 1 0  _4 2 2 1 x 1 0  6 5 8 5 x 1 0  6 9 1 5 x 1 0  3 

At sa tura t ion  curve  

800 5 3 5 x 1 0  ix 4 0 2 x 1 0  _4 9 0 1 x 1 0  - s  2 6 8 x 1 0  -v  9 5 9 . 8 x 1 0  3 
1150 2 4 0 x 1 0  9 1 1 8 x 1 0 - 3  1 5 7 x 1 0 - 6  2 2 8 x 1 0  -6 8 8 1 . 1 x 1 0  3 
1500 2 0 0 x 1 0  s 1 7 4 x 1 0 - 3  6 9 7 x 1 0 - 6  8 0 3 x 1 0  6 8 2 4 . 6 x 1 0 - 3  

N a  + K T (K)  YNa2 YK2 YN~K YN~ YI~ 

P = 5 x l 0 3 p a  850 4 7 8 x 1 0  -6 1 8 6 x i 0  -4  4 1 9 x 1 0  5 6 1 1 x 1 0 - 4  9 1 5 . 7 x 1 0 - 3  
1200 2 4 1 x 1 0  v 1 8 1 x 1 0  -5 3 2 5 x 1 0  .6  6 4 5 x 1 0  -4 9 3 3 . 3 x 1 0  3 
1500 5 2 6 x 1 0  8 5 4 9 x 1 0 - 6  8 8 2 x 1 0  -v  6 4 7 x 1 0  4 9 3 4 . 7 x 1 0  3 

P = S x 1 0 4 p a  1050 2 8 4 x 1 0  5 5 1 9 x 1 0 - 4  1 8 2 x 1 0 - 4  1 0 2 x 1 0  3 8 2 5 x 1 0 - 3  
1250 8 6 6 x 1 0  -6 1 9 4 x 1 0  -4 6 4 6 x 1 0  5 l 1 2 x 1 0  -3 8 6 0 . 8 x 1 0  3 
1500 2 6 9 x 1 0  -6 7 6 8 x 1 0  -5 2 3 6 x 1 0  -5 1 1 6 x 1 0  -3 8 7 3 . 9 x 1 0  3 

P = 8 x 105 Pa  1400 702 x 10 5 758 x 10 -4  373 x 10 -4 150 x 10 3 729.9 x 10 -3 
1450 592 • 10 5 655 • 10 -4 321 x 10 4 154 • 10 -3 742.1 • 10 -3 
1500 502 x 10 - s  569 x 10 _4 277 x 10 .4  158 x 10 3 752.3 x 10 3 

At sa tura t ion  curve  

800 759 x 10-6  275 x 10 _4 629 x 10 .5  579 )< 10 4 907.5 x 10 -3 
1150 5 0 0 x 1 0  5 7 0 4 x 1 0 - 4  2 8 9 x 1 0 - 4  1 1 9 x 1 0  3 7 7 6 . 5 x 1 0 - 3  
1500 105 x 10 4 978 • 10 ̀ 4 527 x 10 .4  158 x 10 3 681 x 10 3 

N a  + Rb T (K)  YNa2 Ygb2 YNaRb YNa YRb 

P = 1 0 2 P a  800 2 0 5 x 1 0  -1~ 3 9 2 x 1 0  -6  2 9 1 x 1 0  -8 2 0 3 x 1 0  5 9 9 7 . 5 x 1 0  3 
1150 6 6 9 x 1 0  -12 3 6 3 x 1 0  -7 2 0 6 x 1 0  -9 2 0 3 x 1 0  5 9 9 7 . 9 x 1 0 - 3  
1500 1 0 4 x 1 0  -12 9 5 3 x 1 0  -8 4 8 1 x 1 0  -1~ 2 0 4 x 1 0  5 9 9 7 . 9 x 1 0 - 3  

P = 2 x 1 0 5 P a  1100 4 0 2 x 1 0  -6 7 4 1 x 1 0  -4 7 0 3 x 1 0  5 2 9 5 x 1 0  -4  8 8 8 . 9 x 1 0  z 
1300 1 3 7 x 1 0  -6 3 3 0 x 1 0  -4 3 0 1 x 1 0  -5 3 2 5 x 1 0  4 9 3 1 . 4 x 1 0 - 3  
1500 566 x 10 7 172 x 10 -4 151 x 10 -5 336 x 10 -4 947.7 x 10-3 

P =  8 x 105 Pa  1300 103 x 10 .5  106 • 10 _3 148 x 10 -4 447 x 10 4 833.7 • 10 -3 
1400 704 x 10 6 785 • 10 -4 109 x 10 4 475 x 10 4 862.3 x 10 -3 
1500 4 9 1 x 1 0  4 5 9 6 x 1 0 - 4  8 2 6 x 1 0  5 4 9 4 x 1 0  -4 8 8 2 . 2 x 1 0  3 

A t s a t u r a t i o n  curve  

800 7 8 9 •  -7 4 5 4 x 1 0  -4 1 9 4 x 1 0  5 l l l x l 0  -4  9 4 1 . 5 x 1 0  3 
1150 8 0 4 x 1 0  -6 105 'x10  -3 1 2 1 x 1 0  4 3 5 3 x 1 0 - 4  8 4 7 . 1 x 1 0 - 3  
1500 211 x l 0  -5 142x  10 -3 264 x 10 -4  580 x 10 -4 771.5 x 10 -3 
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Table II. (Continued) 

885 

Na + Cs T ( K )  YNa2 YCs2 YNaCs YNa YCs 

P = 5 x  103 Pa  800 931 x 10 - s  132x  10 -4 6 1 5 x  10 6 613 x 10-5  980 • 10-3 
1150 3 5 6 x 1 0  9 1 5 0 x l 0 - S  4 6 0 x 1 0 - 7  6 6 4 x 1 0  5 9 9 1 . 8 x 1 0  3 
1500 558 x 10 - l ~  431 x 10 6 106 x 10 7 667 • 10 .5  992.9 • 10 .3  

P = 2 x I 0 5 P a  1050 4 6 7 x 1 0  6 7 7 6 x 1 0  4 1 1 6 x 1 0 - 4  2 6 1 x 1 0  -4 8 8 4 . 1 x 1 0  3 
1250 171 x 10 6 345 x 10 .4  498 x 10 .5  316 • 10 -4  928.7 x 10 3 
t500 580 • 10 -7 157 x 10 . 4  207 x 10 5 340 x 10 4 948.2 x 10 .3  

P = 8 x l 0 5 P a  1300 l l 0 x l 0  -5 9 3 3 x 1 0  4 2 1 1 x 1 0 - 4  4 6 2 x 1 0  -4 8 3 8 . 3 x 1 0  3 
1400 790 x 10 -6 704 • 10 -4 158 • 10 -4 503 • 10 .4  862.7 • 10 .3  
t500 5 7 0 x 1 0  6 5 4 2 x 1 0  4 1 2 0 x 1 0 - 4  5 3 2 •  4 8 7 9 . 9 x 1 0  ~ 

At sa tura t ion  curve  

800 669 • 10 -7 407 x 10 4 289 x t0 .5  906 x 10 5 947.3 x 10 -3 
1150 8 2 3 x 1 0  -6  9 3 6 x 1 0  + 1 7 5 x 1 0 - 4  3 4 7 x 1 0  4 8 5 3 . 3 x 1 0 - 3  
1500 2 4 7 x 1 0  5 1 2 5 x 1 0 - 3  3 8 0 x 1 0  4 6 4 0 x 1 0  -4 7 7 0 . 7 x 1 0  3 

K + Rb T (K) YK2 YRb 2 YKRb YK YRb 

P = 1 0 3 P a  800 1 1 8 x 1 0  -6  2 9 7 x 1 0  -5 1 3 6 x 1 0  5 t 2 7 x 1 0 - 3  8 6 8 . 2 x 1 0 - 3  
1150 8 8 1 x 1 0  s 2 7 7 x 1 0 - 6  1 1 7 •  1 2 8 x l 0  3 8 7 1 . 3 x 1 0  3 
1500 2 0 7 x 1 0  8 7 2 7 x 1 0  7 3 0 6 x 1 0  .7  1 2 8 x 1 0  3 8 7 1 . 5 x 1 0  3 

P = 2 x 1 0 5 P a  1100 4 8 4 x 1 0  - s  4 9 2 x 1 0  4 3 6 9 x 1 0 - 4  1 8 5 x 1 0  -3 7 2 3 . 9 x 1 0  3 
1300 2 1 1 x 1 0  5 2 1 9 x 1 0  4 1 6 6 x 1 0 - 4  2 0 0 x 1 0  -3 7 5 9 . 1 x 1 0  3 
I500 1 0 7 x 1 0  -5  l 1 4 x 1 0  + 8 7 0 x 1 0 - 5  2 0 6 x 1 0 - 3  7 7 2 . 7 x 1 0 - 3  

P = 8 x 105 Pa  1300 804 x 10 .5  684 x 10 -4  573 x 10 4 195 • 10 _3 671 x 10 .3  
1400 6 0 0 x 1 0  - s  5 0 9 x 1 0  -4 4 3 2 x 1 0  4 2 0 5 x 1 0  3 6 9 4 . 4 x 1 0 - 3  
1500 4 5 5 x 1 0  5 3 8 7 x 1 0 - 4  3 3 1 x 1 0 - 4  2 1 3 x 1 0 - 3  7 1 0 x 1 0  3 

At sa tura t ion  curve  

800 2 1 0 x 1 0  s 3 1 4 x 1 0  4 1 8 7 x 1 0 - 4  1 5 1 x 1 0 - 3  7 9 6 . 5 x 1 0 _ 3  
1150 740 x 10 - s  688 x 10 -4 542 x 10 -4 185x  10 -3 684.4 x 10 -3 
1500 124 x 10 -4 9 1 7 x  10 -4  8 3 9 x  10 -4  197 x 10 -3 614.9 x 10 -3 

K + Cs T (K)  Yr<2 Ycs2 YKc~ YK Ycs 

P = 1 0 2 P a  800 9 5 3 x 1 0  s 2 1 6 x 1 0 - 6  7 1 1 x 1 0 _ 7  1 1 4 x 1 0 _ 3  8 8 5 . 4 x 1 0 _  3 
1150 7 0 0 x 1 0  -9 2 3 8 x 1 0  -7 7 4 9 x 1 0  -8 1 1 4 x 1 0  3 8 8 5 . 6 x 1 0 - 3  
1500 164 x 10 .9  687 x 10-8  209 x 10-8  114 x 10 .3  885.6 • 10 -3 

P = 2 x  10SPa  1100 128 x 10 -4 2 9 7 x  10 -4 347 x 10 -4 301 x 10 -3 6 2 1 . 4 •  
1300 5 4 2 x 1 0  - s  1 3 8 x 1 0  -4 1 6 3 •  -4  3 2 0 x 1 0  3 6 4 4 x 1 0  3 
1500 270 x 10 -5 747 x 10 .5  883 x 10 - s  328 x 10 3 653.1 x 10 3 

P = 8 x 105 Pa  1300 229 x 10 4 402 x 10 4 572 • 10 _4 329 x 10 .3  550.2 x 10 -3 
1400 168 • 10 -4  302 x 10-4  435 • 10 -4  344 • 10 -3 565.5 • 10-3  
1500 1 2 6 x 1 0  + 2 3 3 x 1 0  + 3 3 7 x 1 0  .4  3 5 4 x 1 0  3 5 7 6 . 4 x 1 0 - 3  

At sa tu ra t ion  curve  

800 495 x 10 5 197 x 10 4 155 • 10 _4 226 x 10 3 733.9 • 10 -3 
1150 1 9 9 x 1 0  -4  3 9 9 x 1 0  -4  5 1 0 x 1 0  -4  3 0 9 x 1 0  -3 5 8 0 . 3 x t 0  3 
1500 354 x 10 .4  491 • 10 .4  820 • I0 -4 345 x 10 3 487.9 • 10 -3 
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Table II .  (Continued) 

Rb + Cs T (K)  YRb2 Ycs2 YRbCs YRb YCs 

P = 102 Pa  800 426 x 10 -7 124 • 10 -7 144 x 10 -6 329 x 10 -3 670.9 • 10 -3 
1150 3 9 4 x  10 -8 1 3 7 •  -7 161 x 10 -7 3 2 9 •  -3 671.1 x 10 -3 
1500 1 0 3 •  8 3 9 4 •  8 4 6 9 •  -8 3 2 9 x 1 0  3 6 7 1 . 1 z 1 0  3 

P = 2 •  1050 1 8 9 •  -4 2 6 4 •  4 4 7 8 •  4 3 9 1 x 1 0  3 5 1 5 . 6 x 1 0  3 
1250 8 0 7 x 1 0  5 1 1 8 x 1 0 - 4  2 1 7 x 1 0 - 4  4 1 7 x 1 0 - 3  5 4 1 . 8 x 1 0 - 3  
1500 350 x 10 -5 536 • 10 5 101 x 10 -4 427 x 10 -3 553.6 x 10 -3 

P = 8 x 105 Pa  1250 282 • 10 -4 361 x 10 -4  712 x 10 -4 389 • 10 -3 474.9 x 10 -3 
1400 180 • 10 -4 235 • 10 -4  471 x 10 -4 413 x 10 3 498.8 x 10 3 
1500 1 3 7 x 1 0  4 1 8 1 x 1 0 - 4  3 6 6 x 1 0 - 4  4 2 2 •  5 0 9 . 4 x 1 0 - 3  

At sa tura t ion  curve  

800 103 • 10 -4 164 X 10 - 4  258 x 10 -4 377 x 10 -3 570.3 x 10 3 
1150 266 x 10 -4 351 x 10 -4 668 • 10 4 386 x 10 3 485.4 x 10 3 
1500 393 x 10 -4 455 x 10-4  983 x 10-4  384 x 10 -3 432.7 x 10 -3 

2. RESULTS 

The values obtained for the viscosity q and the thermal conductivity 
2 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 II. 
The calculations were performed for only one composition of the liquid 
phase. The concentrations Xv and Xz 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 
N a + 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 Kz in the vapor mixture, as can be seen from 
Table II. 

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 
[ I0]. 

~oo F ( 

W: zoo~5~ 004 

Q 0O 

tao 

500 1008 1500 

T,a 
Fig. 2. Thermal conductivity of the vapor 
of the eutectic N a + K  as a function of 

temperature at various pressures. 
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