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16.1 Introduction?

Previous chapters of this volume dealt with the transport properties of nonreacting mix.
tures. However, there are several systems of scientific and industrial interest that involve
chemical reactions between some of the atoms or molecules present. This fact mod;.
fies the values of the transport properties of these systems because there are additiong]
processes of heat and mass transfer caused by the existence of the chemical reactjon,

The simplest kind of system where chemical reaction is present is an alkalj metal
vapor, where dimerization of atoms takes place, with a temperature— and pressure-
dependent composition. This fact, allied to the high—temperature domain of the ap-
plication of these vapors, makes the determination of the transport properties of these
systems very challenging from a theoretical point of view.

The thermophysical properties of alkali-metal vapors are very important for several
technological processes, namely as working fluids for Rankine cycles, solar power
plants and magnetic hydrodynamic generation (Ohse 1985). Their measurement is,
however, very difficult to achieve with accuracies similar to those obtainable for other
fluids, because of the high temperatures and low pressures, and therefore low densities
involved (Wakeham ez al. 1991). The prediction of these properties is the recommended

alternative to the deficient quality and scarcity of the experimental data. In addition to
the difficulties associated with the formation of dimers, the alkali metal atoms interact
via either one of two intermolecular pair potential energy functions, namely, the ground
singlet [ty (R)] and the tripiet [3 U (R)] potential energy curves, belonging respectively
to the ! E;‘ and ° = diatomic molecular states.

The calculation of the transport properties of alkali metal vapors involves the use
of the kinetic theory of binary reacting mixtures and its application to a mixture of
monomers and dimers. The use of the theory requires the evaluation of the monomet
properties, the establishment of some approximations to calculate the viscosity and the

¢ This chapter is dedicated to the memory of Professor V. B. Vargaftik (1904—1994) for his outstanding coatrk-
butions in the field of thermophysical properties of alkali metal vapors.
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Fig. 16.1. Diagram for the calculation of the transport properties of alkali metal vapors.

contributions for the thermal conductivity and thermal diffusion ratio of dimers and
of the mixture, and the evaluation through thermodynamic calculations of the dimer
fraction at each temperature and pressure. This procedure 1s exemplified in Figure 16.1
and will be described in the following sections, with reference to the possible types of
approaches.

16.2 Monatomic Systems

A fundamental requirement for the theoretical calculation of the transport properties of a
system composed of alkali atoms is the knowledge of sound reliable pair potential energy
functions along which any two atoms interact. According to previous works (Davies
et al. 1965), if the atoms are assumed as neutral, in their ground electronic state, the
problem reduces to that of obtaining the ground singlet [1U(R)] and triplet PU(R)]
potential energy curves. Most of the previous calculations of the equilibrnium (second
vinial coefficients) and transport properties of these systems used the Lennard-Jones
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(L}), Morse or Rydberg functions to represent [LU(R)] (Davies et al. 1965; Polishchuk
et al. 1980; Sannigrahi er al. 1976; Sinanoglu & Pitzer 1959; Varg‘éfﬁk & Yargin 1985).
These functions have been shown to overestimate the attraction at large separations.
The 3 LT state is repulsive except for the long-range van der Waals attraction, and the
available information about it was very limited until recently. In their pioneer works
Sinanoglu & Pitzer (1959) used an LJ (9-6) potential, while Davies et al. (1965) adopted
an (exp-6) form calibrated from their own semiempirical calculation of [3U (R)].

With the development of computational techniques, more accurate approaches have
been used. Quantum-mechanical partition function evaluation of the second vinal coef-
ficitent Bpmm (7)) has been performed by Mies & Julienne (1982) for lithium and sodium,
using the singlet and triplet potentials of Konowalow and Olsen. Holland er al. (1986,
1987) calculated Bvm(T), nm, Am and Dy for lithium and sodium by accurately rep-
resenung quantum mechanically potential energy curves with the Hulburt-Hirschfelder
(HH) potenual. These authors used ab initio quantum—mechanical results to provide
information about the long—range part of the singlet potential to overcome the less ac-
curate representation of the attractive tail provided by that potential. The triplet state
was described by using a fitting of the HH potential to ab initio results.

In a recent paper, Nieto de Castro er al. (1990) used a hybrid extension of the
Murrell-Sorbie (MS) analytic potential, which has the correct long-range behavior
at large internuclear distances, r, 1s continuous and has a continuous first derivative at
the boundary for the ground singlet state (Varandas 1980). For the triplet state, those
authors have used a model which expresses the interaction potential in terms of the
Hartree-Fock Interaction energy, and the interatomic correlation energy as approxi-
mated semiempirically from the second—order dispersion energy calculated, including
the eftect of charge overlap between the electron clouds of the two interacting species
(Varandas & Branddo 1982). The viscosity, thermal conductivity, self—diffusion co-
etficients and second vinal coefficients of lithium, sodium, potassium, rubidium and
cesium monatomic vapors, have been calculated between 600 and 5000 K, and the re-
sults were compared with previous work (Holland er al. 1986, 1987; Mies & Julienne
1982; Polishchuk er al. 1980; Stefanov 1980; Vargaftik & Yargin 1985). The results
have shown that, in general, there was a significant impfovement in the quality of the
predicuons.

Recently, Varandas & Dias da Silva (1992) have developed a new model poten-
tial for the ground molecular state of diatomic molecules, which is a development of
the so—called Extended Hartree-Fock Approximate Correlation Energy (EHFACE) po-
tential (Varandas & Dias da Silva 1986). These authors have pointed out the need to
include in the latter model °. . . a more realistic description of the potential energy curve
at the highly repulsive regions near the united-atom limit which results from the col-
lapsed diatomic for a vanishing internuclear separation (r — 0).” To accomplish this,
Varandas & Dias da Silva (1992) have developed a new model potential (whose acronym
158 EHFACE2U) tor the ground molecular state of diatomic molecules, including the
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alkali metals, which gives the correct description of the potential energy as r — 0
(Varandas & Dias da Silva 1992). This is based on the addition of an extended Hartree-
Fock-type energy to the dynamical correlation.

When analyzing the experimental data with the former models some inconsistencies
were found, namely for cesium, where the amount of dimers presentat high temperatures

is very small; therefore, a higher accuracy is required for the monatomic systems.
As the transport properties are particularly sensitive to the repulsive part of the inter-

molecular potential, especially at high temperatures, Fialho ez al. (1993) have repeated
their previous calculations of the transport properties of the atomic alkali metal vapors,
using for comparison the EHFACE2U model for the ground singlet intermoiecular po-
tential interaction. The calculations presented earlier (Nieto de Castro et al. 1990) were
repeated using the new potential functions for the ground singlet states of the alkal
metals, Iithium, sodium, potassium, rubidium and cesium. The excited state triplet po-
tential functions were the same as before. The precision of the calculations has been
improved, by the use of more sophisticated numerical procedures. Furthermore, because
of the utilization of the monomeric systems results for the purposes of comparison with
experimental data at the temperatures at which they have been obtained, a new 1interpo-
lation scheme for the collision integrals has been developed. Details of the potentials
can be found in the work of Varandas & Brandao (1982) and Varandas & Dias da Silva
(1992).

The first—order Chapman-Enskog solution of the Boltzmann equation for the viscosity
and thermal conductivity of monatomic species are given by the expressions 1n terms
of effective collision cross sections outlined in Chapter 4. However, 11 order to be

consistent with the original papers, here the equivalent expressions in terms of collision
integrals are adopted.

3 )2
25 /akgT\Y% ¢y
1/2
3 ;rrk%ﬂ‘ 1
[D]; = g}g( - ) QLT (16.3)

where m is the molecular mass, QU-9)(T) are weighted average collision integrals
defined as (Sinanoglu & Pitzer 1959)

- 1 - 3 -
QL) = 2ot QN (T + Jra3 Q5N (T (16.4)

52(1{‘5)*(']“ ) and S_Zg‘s)*(T;‘) are reduced collision integrals for the singlet (subscript
1) and for the triplet (subscript 3) interactions, and 7, are the corresponding reduced
temperatures, such that 7" = kg7 /¢;. The second—order Kihara correction factors to
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these solutions are given by Maitland et al. (1987) and Hirschielder et al. (1954). The
collision integrals S_ZEI‘S)*(TI*) and S-Zgl's)*(T3*) are related to the interatomic potential
functions through the usual expressions (Maitland et al. 1987).

Fialho ez al. (1993) calculated the viscosity and thermal conductivity of the monatomic
alkall systems using the above mentioned pair potentials. A description of the calcu-
lation of the collision integrals can be found therein. The calculation of the transport
properties of the monatomic alkali metal vapors at temperature T requires the deter-
mination of two reduced collision integrals at the corresponding reduced temperatures
I7" and 75'. This is conveniently carried out using adequate interpolation procedures

between tabulated values of the collision integrals for both the singlet and the triplet
potentials. For this purpose, polynomials of the form

4 .
In [N ] = 3o (16.5)
J=0

were fitted to the results obtained for 52?'5)*(1}*), where i = 1 or i = 3. The results

obtained for 52?‘5)*(7}*), I =1,2and s = 1, 2, 3, for the singlet (i = 1) and for the
triplet (i = 3) states in the range 500 < T < 2000 K are summarized in Tables 16.1
and 16.2 where the fitting parameters of equation (16.5), obtained for each of the alkali
metals, are presented together with the rms deviation, o, of the fittings. The precision
with which the values of the collision integrals can be estimated within that temperature
interval 1s better than 3-0.6% and 3-0.03% for the singlet and triplet states, respectively,
at a 95% confidence level. The overall precision of the estimates of the average collision
mtegrals of the monatomic alkali metals using expression (16.5) with the values of Table
16.1 1s estimated to be of the order of £0.6%.

The average collision integrals Q¢-5)(T) given by equation (16.4) and the fitting
polynonuals (16.5) for each of the metals were compared with the results obtained
by Nieto de Castro ef al. (1990). The agreement is very good for lithium, sodium
and cesium, where the maximum deviation 1s less than £:1% in the temperature range
700 < T < 2000 K, and also for rubidium where it amounts to +1.5%. Therefore, the
comparisons made by Nieto de Castro ef al. (1990), in their previous paper for lithium
and sodium, with those published by other authors remain essentially unchanged. For
potassium, a systematic negative deviation of the previous calculations from this work
was found, which amounts to —3.5% at 700 K decreasing with increasing temperature
to less than —0.5% at 2000 K, probably due to the fact that the new singlet potential
function 1s slightly less steeply repulsive than the previous one.

The calculated viscosity, thermal conductivity and self-diffusion coefficients (the
latter at .10 MPa) of nonionized monatomic lithium, sodium, potassium, rubidium and

cesium vapors can be consulted for temperatures between 700 and 2000 K in Tables
VIII to XII of the work of Fialho et al. (1993).
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Table 16.1. Singlet potential parameters for equation (16.5) ( Fialho et al. 1993).

10* - Co 10° . Cy C2 Cs Cy z
a) QU (1)
Li  -0.5516051  7.729600 2.558459 -2.008881 1.770730  0.11
Na  0.3513133  3.852063 2.331874 -2.374357 0.1364867 0.16
K 5.985651 7206078 2.080676  -2.450936 0.8512206 0.11
Ru  3.931187 5.047879 2.149760  -2.590676 1.011096  0.12
Cs  5.293546 7.041881  1.930501 -2.196644 0.6830733  0.12
b) Q" 2*(T)
Li 02042988  2.577080 2.611257 -3.092686 2.339541 Q.18
Na  2.518076 7700390 2.473208  -3.938448 1272143 0.23
K 12.23200 3029785  2.309786  -4.086829 2311473 0.13
Ru 7494228  -21.40654 2327975 -4.158040 2371899  0.15
Cs  10.09811 2526335  2.109774  -3.601405 { 846914  0.17
c) Q(11'3)1‘:(7?) -
Li 1.828337 0.054357 2.840996  -5.701037 0.8521955 (.22
Na 57224332  -23.14067  2.725702  -6.367950 4284772 027
K 9513925  -31.21800  2.391396 -5.477656 3871515  0.14
Ru  3.654676  -19.00137  2.380106 -5.550351 31921720  0.18
Cs  7.474690  -25.70764  2.187178  -4.889873 3234587  0.22
d) Q52 (T)
(i 2650538  23.80728  2.100460  0.4879992  -3.929917  0.20
Na  -3.454700  26.63395  1.850960  0.2934780  -3.124283  0.13
K 0.6798244  15.25509  1.744732 -0.7737833  -0.7625710  0.15
Ru 13.55447 17.31024  2.048434  -1.495705 -0.1425657  0.28
Cs  2.427715 738779 1.681272 -0.8506149  -0.5733677  0.18
i 3088718  27.79483  1.910291  2.093833  -10.01412 0.19
Na  -0.9001423  15.53608  1.919113 -0.0193895  -4.046381  0.21
K  20.16255 40.61396  2.202697  -2.561157 0.0673081  0.20
Ru 33.41984 74.01689  2.520579  -3.347017 1.317932  0.30
Cs  20.20223 41.97838  2.094257  -2.443705 0.6469965  0.25

16.3 The vapor mixture

To a first approximation, the vapor phase of an alkali metal may be considered as a
binary mixture of monomer and dimer species, whose molar fractions are dependent
on both temperature and pressure. The viscosity of such a binary mixture with mole
fractions yym and yp (subscripts M and D refer to monomer and dimer respectively) 1S
well described by the first-order Chapman—Enskog theory (Hirschfelder et al. 1954;
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Table 16.2. Triplet potential parameters for equation (16.5) (Fialho et al. 1993).

10 - Co Ci 10 - C; 10% - C3 10° - C4 z
a) Q" V(T
Li  -2.590547 1.212185  -4.138669 -6.654710 2.191451 0.05
Na -2.615505 1.153324  -4.081251 -4.666220 1.135139 Q.12
K -2.304266 1.080582  -3.733486 -4.534369 1.313487  0.03
Ru -2.350945 1.084547  -3.758147 -4.233029 1.151050  0.02
Cs -2.551676 1.120338  -3.980115 -3.541296 0.7348892 0.04
Li  -1.080536  0.8241279 -4.579437 -7.685941 2.444255 Q.02
Na -1.081520  0.7723458 -4.296703 -5.777638 1.521760  0.10
K -0.8040780 0.7206854 -3.970009 -5.405562 1.574559  0.03
Ru -0.8876363 0.7148743 -3.914575 -5.234619 1.515485  0.03
Cs -0.8959670 0.7137547 -3.913260 -4.954174 1.404486  0.02
[ 05811200 0.6083763  -4.603172 -9.596871 3.576178 0.003
Na -0.7662706 0.6038852 -4.492843 -6.839778 1.977117 0.012
K -0.5344234 0.5437907 -4.052455 -6.574065 2.169167 0.006
Ru  -0.5201589 0.5370695 -3.978914 -6.404623 2.119163 (0.005
Cs  -0.5047070 0.5310475 -3.937206 -6.159051 2.045112 0.005
2.2)% ;g
d) Q3" (13)
1 -2 796898 1.269097 -3.320011  -3.717834  (3.3520759 0.004
Na -2.426747 1.146071 -2.949714 -3.053893  0.3819975 (0.031
K -2.385169 1.123730 -2.939140 - -2.428154 0.1376324 (0.015
Ru -2.341062 1.111948 -2.884526  -2.360277 0.1359558 0.014
Cs -2.281250 1.100439 -2.855358  -2.288036 0.1495502 0.011
&) QY% (1)
Li  -1.199342  0.8934929 -3.101604 -5.165962 0.9138658 0.018
Na -(0.9349136 (0.7934329 -2.684982 -4.358730 09132173 0.024
K  -0.8964713 0.7722816 -2.624224 -3.735935 0.7181930 0.026
Ru -0.8768487 0.7648212 -2.579292 -3.621804 0.6904539 0.026
Cs -0.8500697 0.7582051 -2.567246 -3.477965 0.6626365 0.025
Maitland er al. 1987; Chapter 4 of this volume)
1+ Z,
]y = - 16.6
[Umlx]l Xn _{_ Yr} ( )
with
2 ) 2
— M : YMJVD | YD (16.7)
" Inmm);  [mmply  [nphy




Reacting Mixtures at Low Density — Alkali Metal Vapors 407

o 3. | vk 9wplmol 25
n — <MD + 4
5 2 [nmly inml; Inply  [mply

3 . [y 9 ([UMDh [UMD]1) ] 2
s MD[ 2 ML\ Iom), T Do)y - 1o

()
AMD (Q(l D(T))

and [nm]1, [7p]1 and {nmp]; are the first—order solutions for the viscosity coetficients
of the monomer, the dimer and monomer-dimer interaction, given by the expressions

(16.10)

5 ]
(M) = — (JI'IHM!CBT)UZ = 2.2 (16.11)
16 Oy ()
> 1/2 i
5 zﬁmMkaBT)l/z ]
= — 16.13
[”MD]I 16 ( mm 4 1D ( (2 2)(7")) ( )

The quantity Q(M) (T) is the average collision integral for the monomer systems (equa-

tion (16.4)). The quantities (Q( )(T)) and (Q(z 2)(7")) appearing in equations (16.12)
and (16.13) are angle—averaged collision integrals for the polyatomic teractions be-
tween monomer—dimer and dimer—dimer, respectively (Maitland et al. 1987). Accord-

ing to an approximate scheme originally proposed by Stogryn & Hirschfelder (1959),
the thermal conductivity of a mixture of this kind can be assumed to be the sum of two

contributions: a ‘frozen’ (nonreacting) coefficient, A¢, and a chemical reaction coeffi-
cient, A., associated with the transport of the energy involved in the formation of the
dimers. The ‘frozen’ thermal conductivity is itself composed of a translational part, Ay,

and an internal part, A, due to the contribution of the internal degrees of freedom of
the dimers. Therefore,

Amix = A + Aint + Ar (16.14)

The translational contribution is assumed to be the same as that for a monatomic gas and
thus can be obtained from the Chapman-Enskog theory of binary mixtures of monatomic

species (Chapter 4)

1 4+ Zx

A = 16.15
[Awr]] X 171, ( )
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with
2 2
™M 2yMyD YD
X3 = + + — (16.16)
AMli,e [AMDhie [ADliw
2
MW ) 2PMID oy YD @
Yy = — U 4 = O 4 U (16.17
[)‘-M]I,tr [)*-MD]LII [AD]I tr )
Zx = yqU + 2ymypU@ + ,3UD (16.18)
4 1 /12 1
U = 75 4Mp o (-S—B;m + 1) + 2 (16.19)
o 4, L /12 1
3 [AmD]S 1 /12
UY = — 4} ' ( Byp + 1)
10"’ AMmli g Apl e 12\ 5 MD
. (123 5) (16.21)
644%, \ 5 ™MD |

L 4 9 ([Ampli¢  [AMpl]; 1 1 (12 )
() = = 4% |7 L LN N By 1 16.22
v 15 MDP [8 ( [AM]1, i [AD]1,ur 1 I2X\5 MD ¥ ( )

5(Qup (1) - 4 (24 (7))
(2 (7))

and [Aml1, [Ap)i and [AMmp]; are the first order solutions of the Chapman-Enskog

theory for the monomer, dimer and monomer-dimer interaction thermal conductivity
coetficients respectively

Bip = (16.23)

25 (mkgT\V? ¢
(AMl1e = = ( = ) — (zgsu (16.24)
32 Qe (T)
25 (wkgT\?2 ¢
[}»D]l,u — 3"5 ( 8 ) (zl;,)tr (16.25)
)
IAMD]1 ¢ = (16.26)

25 (J’rkBT (mMm +mr>))1/2 CV ar
2Zmymp (

32 02 2)(]*))

where ¢y « = 3kg/2 is the translational contribution to the molecular heat capacity.
The dimer is a diatomic molecule and therefore has internal degrees of freedom
that contribute to energy transfer, as explained in Chapter 4. In addition, it creates
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anisotropy in the intermolecular interaction with the monomer. Lacking information on
the details of the internal molecular energy transfer in the dimers in order to employ more
accurate theoretical expressions, one may use the approximate Eucken expression for
Aine (Stogryn & Hirschfelder 1959), which, for sumple molecules, does not overestimate
the value of this contribution by more than 3%

Aint = PDZJ’DCVDmt (16.27)
with
~1
YD M
= 16.28
22 ([DD]l [DMD]I) ( )

Dyy and Dyp are the dimer self-diffusion cocfficient and the binary diffusion cocflicicnt
of the gascous nuxture, respectively, given by

Do) 3 (rrk‘;’;T?’) & ] (16.29)
D = :
1 8P mp ( (1 l)(T))

(16.30)
2mypmp

3 (w3 T ey
[DMph = —= (n 2 (mMerD)) o(LD
- )

16 P
Here, p is the molar density of the mixture, G VD int 1S the internal heat capacity at
constant volume of the dimer, which for dilute gases is given by

CV D,int CV D,rot CV D.vib (1631)

cid v D.rot and cl v D.vib are the contributions of rotational and vibrational degrees of
freedom, reSpectwely to the molar heat capacity at constant volume. The rotational
contribution to the heat capacity can be considered classical, because T > 601, Where
6.0 is the characteristic rotational temperature, and the dimer 1s assumed to be a rigid
rotor — a hypothesis commensurate with the use of the Eucken approximation. Hence,

Cdy =R (16.32)

The vibrational contribution can be calculated assuming that the vibration is that of a
linear harmonic oscillator

2 .
9v1b) [ exp (Bvib/ 1) (16.33)

cid R(
VDV BN T ) Jexp Byin/ T) — 117

where 8y, is a characteristic vibrational temperature, given in Table 16.3 for each of
the alkali metal dimers.

The vapor of the alkali metal is considered to be a chemical reacting mixture of
monomers and dimers, in equilibrium |

M + M = D
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Table 106.3. Spectroscopic values for the wavenumber and the characteristic
vibrational temperature for the dimers of the alkali metals.

cm—! K
Lithium 351.39 505.58
Sodium [59.11 228.93
Potassium  92.021 132.40
Rubidium 57.747 83.086

Cesium 42.0194 60.4571

[t 1s well known that these vapors cannot be considered as ideal gases, as the second
virial coefficients are different from zero, except in the case of cesium at high tempera-
tures (Nieto de Castro er al. 1990). However, the quasi—chemical equilibrium hypothesis
can be used that states that the imperfection has its origin in the atom association, and
therefore the mixture of monomers and dimers can be considered a perfect gas mixture
(Ewing et al. 1967). Assuming also local chemical equilibrium, Stogryn & Hirschfelder
(1959) considered that the heat of reaction could affect the ‘reactive’ contribution and
tound that the chemical reaction component is given by

2
(AHT)) yyp
RTZ (1 + yp)?

where R is the universal gas constant and A HY(T') is the standard enthalpy of reaction
at temperature 7. The viscosity coefficient can be calculated from equations (16.6)—
(16.10). It 1s convenient to write it in a dimensionless form by dividing by {nml, In
which case equations (16.7)—(16.9) are rewritten in terms of the ratios

Ar = P [DMD]I

(16.34)

. (2D (1)) o (240 (1) o B .
C{egPa) TR g A |

Correspondingly, the thermal conductivity of the mixture can be rewritten in the dimen-
sionless form

Amix * * *
A, T) = [[lmllll = A D) + A OO0, T) + A  Op, T) (16.36)

The various contributions can be rearranged into the forms:

a) Translational:

The translational contribution is given by equation (16.15), reduced by [Am]:. Ex-

pressions (16.16)—(16.22) apply, and where ratios of thermal conductivities for different
species occur, these are rewritten in terms of the ratios given by equation (16.35).
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b} Internal:
) 27243 (CV p.rot + C¥p, wb)
)\.lnl 2 "/_ADJ"M ﬁ (1637)
2ok (1 + 220t )
)82 ‘/EAMD}’D
¢) Chemical Reaction:
2
; 25 Ao \ ~ R 1+ yp)? |

The prediction of the viscosity and thermal conductivity coefficients of the mixtures on
purely theoretical grounds is not possible at present, as the interaction viscosity, ™MD,
thermal conductivity, Amp, and the ratios of collision integrals, Ay and BYyp, cannot
be theoretically evaluated in the absence of reliable pair potentials tor the monomer-
dimer interactions. Similarly, the ‘pure’ dimer viscosity, np, and thermal conductivity,
Ap, cannot be determined either experimentally or theoretically, without resort to an
accurate pair potential for the dimer-dimer interaction.

However, a data assessment procedure based on the above model 1s dewsable whichis
endowed with a fairly sound theoretical basis. Testing the comphancc of the data and the
mutual consistency of viscosity and thermal conductivity to the outlined model needs
the establishment of a practical procedure. Namely, the collision integrals, or rather
their ratios, involving the dimer species will have to be calculated by fitting the mode]

expressions to the experimental data. For this purpose, some further simplifications of
the model were necessary:

(i) the ratios Ay, Byyp are taken as independent of the type of interaction, and
calculated by replacing the ratio of collision integrals in (16.10) and (16.23)
by the corresponding monomer-monoimer collision integrals, such that Ayp =

y = Af and Byp = By = Bp. This approximation is supported by the
well-known result that these ratios are weakly dependent on the intermolecular
pair potential for spherical models.

(11) the parameters ﬁf’ (where | = 1, 2, 12) were assumed to be temperature--
independent, as proposed by Vargaftik & Yargin (1985). This is probably the
most questionable approximation at the moment, but the unavailability of infor-
mation about the interaction M-D makes 1t necessary.

In spite of these assumptions, one cannot proceed without the use of some experimen-
tal information. Most of the published data on the viscosity and thermal conductivity
of the alkali metal vapors are collected in the works of Vargaftik & Yargin (1985) and
Fialho er al. (1993). It has been shown that the viscosity and the thermal conductivity
data must be treated on different grounds, because of the much higher theoretical com-
plexity and measurement difficulty of the latter. In particular, a poorer precision and,
especially, a much higher level of corrections to the raw data, affecting the accuracy
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of the results, are found for the thermal conductivity, when compared to the VISCOSity
measurements. In order to make the best use of the minimum necessary experimental

information on the collision integral ratios, Fialho et al. (1993) applied the following
procedure to each viscosity data set:

(1) for each datum at a certain temperature and pressure, the monatomic viscosity,
(7m]1, has been calculated, using the equations described in Section 16.2.
(1) the respective dimer mole fractions have been calculated using the values pub-

lished by Vargaftik & Yargin (1985). Interpolation between those values was
performed using the fitting equation

2 0
‘P AH A
In (K)}) = ln('}M U) = K Y+ T n(T)
yp P RT K

+ - - (16.39)

where P is the pressure, PY is the standard state reference pressure (PY =
0.1 MPa), ym = 1 — yp is the monomer mole fraction, and the coefficients
A, B, C and E are fitting coefficients (Table 16.4): AH(? 1s the standard enthalpy
of formation of the dimer at 0 K (Vargaftik & Voljak 1985), whose values are

tabulated in Table 16.5. The calculated values for yp and yy are dependent on

Table 16.4. Parameters necessary for the use of equation (16.39). Limits of validity of
the parameters in the temperature range. Pressures should be less than 1.0 MPa.

4 B 106.C

T 'y
Metal K J mol~'K-! J mol~'K-2 J mol~ K3 10 £
Lithium 1200 — 2000 9.945835 -6.634476 1.804750 1.355096
Sodium 800 — 1300 7.711819 -5.631470 1.652149 1.492893

Potassium 800 — 1900  3.939518 -1.732501 1.804059 1.686225
Rubidium 700 — 1200 6.502770 -6.845959 4.091932 1.504084
Cestum 800 — 1200  5.557522 -J.990512 4.135396 1.545305

Table 16.5. Ionization energy and dissociation enthalpy for the alkali metals
(Vargaftik & Voljak 1985).

10~4.7/ kg A Hy
Metal K K mol™!
Lithium 6.256 107.8
Sodium 5.964 71.38
Potassium  5.036 53.8
Rubidium 4.847 48.57

Cesium 4514 44.38
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the validity of the assumptions made by Vargaftik & Voljak (1983), namely,
that the systems behave as a perfect gas mixture, and that the 10nization of the
atomic species 1s comparatively of no practical consequence in the temperature
ranges covered by the data. This can be shown by using the result of Vargaftik
& Voljak (1985) for the equilibrium constant K, for the 1onization process

Ke=333-10""7?exp(=1/kpT) (16.40)

where / is the ionization energy (see Table 16.5). For the present calculations,
the maximum error due to ionization is of the order of 0.15% of yp.

(i11) The ‘best values’ of ﬁlz and ﬁlzz were calculated by a nonlinear multiparametric
fitting proccdure to the wholce sct of data, using the Marquard method (Press ef
al. 1980). For the purpose of calculating ﬁf and ﬁfz, the experimental data are
expressed as the relative deviation from the corresponding monomer property

An - nexp(yp, T) = [m]
(M1, [nm 1y

(16.41)

which is a function of ﬁf’ and ﬁlzz. These parameters have been determined {or
each data set.

This model, which is a modification of the procedure adopted by Vargaftuik & Yargin
(1985), 1n order to apply the kinetic theory for binary reacting mixtures of gases to
the study of alkali metal vapors, will herewith be referred to as Modified Vargaftik and
Yargin Approximation (MVYA). The viscosity data were analyzed and used to calculate

those parameters, which were 1mpossible to evaluate theoretically. The procedure 1s
illustrated here with sodium vapor.

The available data for the viscosity coefficients of sodium vapor are plotted in the
form of deviations from the monomer viscosities versus the corresponding dimer mole
fractions 1n Figure 16.2. Data giving rise to positive deviations greater than the nom-
inal precision of the experimental method have been discarded from the analysis, as
the presence of dimers decreases the viscosity of the mixture in comparison with the
monomer. The quality of the data was primarily assessed by testing their compliance to
the model. Subseqguently the highest—quality data sets for each were selected accord-
ing to that criterion. The best parameters selected are shown in Table 16.6. In case of
doubt, the data obtained with the more precise experumental method have been selected.
- Details of the discussion can be found in the work of Fialho ez al. (1994a,b). It was
not possible to optimize the fits for cesium, because both sets of data available are in
mutual disagreement, deviating from the MV YA approximation; therefore this metal 1s
excluded from the present analysis.

The deviations between the experimental data for the viscosity of sodium vapor and
values calculated using the MV YA model as a function of the dimer mole fraction are

presented in Figure 16.3. In this figure, Stefanov ef al. (1966) data are tn good agreement
at low dimer fractions and deviate by almost —15% at a dimer mole fraction of O.1.
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Fig. 16.2. Deviations from the monomeric behavior for the viscosity of the vapor of sodium.
The symbols represent the experimental data and the lines correspond to the fitting of the
MVYA model. O, - - - annular gap, Vargafuk ez al. (1992). +, - - - falling body, Vargaftik &
Yargin (1985). o, — oscillating disc, Timrot & Varava (1977).

Table 16.6. Parameters obtained by the best fit to the viscosity data, of the alkali
metal vapors available in the literature, to the model MVYA (Fialho et al. 1994a).

Metal Ref. ﬁlz 5122
Lithium Stepanenko et al. (1986) 1.19+0.04 1.421+£0.02
Sodium Timrot & Varava (1977) 0.871+0.02 1.0924+0.008
Potassium Stefanov et al. (1966),

Vargaftik et al. (1975) 1.18+0.05 1.641+0.02
Rubidium Sidorov et al. (1975) 1.34+0.2 1.481+0.06

The data obtained with higher—precision techniques, namely, oscillating disc (Timrot
& Varava 1977) and concentric cylinders (Vargaftik et al. 1992) used to determine B 12
and ﬁlzz, agree well with the prediction, within the claimed uncertainties.

The assessment of the thermal conductivity data was performed, comparing the ex-
perimental values with the results calculated through the model equations using the
values of ﬁf and ﬁlzz, obtained from the selected viscosity data, and the spectroscopic
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Fig. 16.3. Deviations between the experimental data and the model for the viscosity of sodium.
'The parameters used in the model were taken from the viscosity data of Timrot & Varava (1977).
The dotted lines (+1.1 and -1.1 %) represent the claimed experimental accuracy. O - oscillating
disc, Timrot & Varava (1977). A - falling body, Vargaftik & Yargin (1985). x - capillary tube,
Stefanov er al. (1966). ® - annular gap, Vargaftik er al. (1992).

information collected 1n Tables 16.3 and 16.5. As for viscosity the thermal conductivity
results are expressed as deviations from the monomer properties, in the form

AA Aexp( VD, ) — [Amly
= 16.42
[Am]} [AMl ( )

A comparnison of the thermal conductivity data with the model predictions, using the
selected ,6122 and 512 parameters for sodium, is presented in Figure 16.4.

This figure shows that the deviations from the data obtained by Vargaftik & Vosh-
chinin (1967) agree well with the predictions within the mutual uncertainties involved
in the comparison. Higher positive deviations are found for the data published with
the steady-state hot-wire technique by Timrot ez al. (1976), especially for low yp. The
results obtained by Timrot & Totsku1 (1967) show large systematic discrepancies with
the present model. However, it should be noted that, despite the systematic deviations
found for the latter data, and its large scatter (4-10%), the variation with the dimer con-
centration does not differ substantially from the one predicted by this model. Applying
the model previously described (MVYA) with the parameters defined in Tables 16.3 to

16.6, the transport property surfaces for lithium, sodium and potassium can be generated
(Fialho er al. 1994a,b).
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Fig. 16.4. Deviations between the experimental data and the model for the thermal conductivity
of sodium. The parameters used in the model were taken from the viscosity data of Timrot &
Varava (1977). The dotted lines (+6% and —6%) represent the claimed experimental accuracy.
B - steady-state concentric cylinders, Timrot & Totski1 (1967). A - steady—state hot wire, Timrot
et al. (1976). ® - steady-state concentric cylinders, Vargaftik & Voshchinin (1967).

16.4 Conclusions

The preceding sections have shown how it is possible to use the available kinetic the-
ory of low-density reacting binary mixtures to calculate the viscosity and thermal
conductivity of the alkali metal vapors. The model can also be applied to the binary
diffusion coefficient in the mixture. It can be easily shown that, for this model, the ratio

[Dmp); / [DM]); = V38 ;'22 /2. This result says that the density and temperature depen-
dence of both diffusion coefficients is the same. From the results of the self-diffusion

coefficient of the monomer reported by Fialho ez al. (1993) and the value of ﬁl'zz from
Table 16.6, the binary diffusion coefficient can be obtained. It is also possible on the
basis of this model to verify the internal consistency of all the experimental informa-
tion available on the transport properties of these vapors and to select precise data and
propose accuracy classes (Fialho er al. 1994). The results obtained suggest that there
1s still a lot to be done on the experimental measurement of thermal conductivity of
these vapors, where radiation effects at high temperatures play a significant role, most

of the time difficult to estimate (Wakeham ez al. 1991). The data selected can be used to

produce a consistent set of transport property tables for the alkali metal vapors, lithium,
sodium and potassium, with a confidence level commensurate with the uncertainty of

the selected data. This work was performed by the authors and will be the subject of a
future publication. For the case of rubidium it is still possible to produce such tables,
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but with a decrease 1n the confidence level. For cesium it was not possible to construct
such tables (Fialho er al. 1994a,b). In order to illustrate the applications presented in
this chapter, a small sample of the tables is shown in the Appendix below (Table 16.7).

Appendix

Table 16.7. Calculated values for the viscosity and thermal conductivfty for sodium
vapor using the MVYA model (Fialho 1993).

A v P=1kPa P=10kPa P =100kPa P = 1000kPa
900 18.18 18.00 '
1000 19.80 19.72 19.18
1200 2291 22.89 22.73 21.64
1500 27.39 27.38 27.34 26.91 25.07
¥ —wM—— P=1kPa P=10kPa P =100kPa P = 1000 kPa
900 24.66 28.93
1000 26.86 28.31 38.57
1200 31.08 31.35 33.60 47.50
1500 37.15 37.20 37.60 41.19 55.35
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