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ACTION OF QUANTUM EFFECTS ON THERMAL CONDUCTIVITY
OF LIGHT GASES (HELIUM-3, HELIUM-4, AND HYDROGEN)

A. G. Shashkov and T. N. Abramenko ' UDC 536.23

Expressions are found for quantum corrections considering symmetry effects expressed in
terms of collision integrals, and their contribution to the thermal-conductivity coefficient of
gases is calculated. It is shown that quantum effects for light gases are insignificant at
temperatures above 20°K.

The study of gas transfer properties at low temperatures and high pressures is of practical interest
because of the use of the phenomenon of superconductivity in many scientific and industrial fields, Experimental
study of such properties is complicated by large material expenditures, the limited number of objects for
study (isotopes of helium and hydrogen), and severe methodological difficulties.

The literature offers isolated experimental data on the transfer properties of helium-3, helium-4, hydro-~
gen, and their mixtures at low temperatures, usually at atmospheric pressure.

Together with the experimental methods of studying transfer properties, there exist two theoretical
approaches to describing such properties. The first of these is the thermodynamic approach, based on the
quantum theory of irreversible transfer phenomena {1], in which one initially establishes linear phenomeno-
logical relationships between the Fourier components of the corresponding flux densities 1(P) (g; w) and the
forces acting on the equilibrium system X(p)(q; w) in the form

1"(q; 0) =L (; X" (¢ o),

where LPP'(q; w) are kinetic coefficients; I(p)(q; w) = [dxeldX [ dtelwt « 1(p) (x, t}. Then general formulas are
found for LPP' (d; w) commencing from a microscopic (quantum mechanical) description of the macroscopic
system. Finally the values of these quantities are calculated as functions of temperature.

In particular, for the thermal-conductivity coefficient the relationship [2]
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may be obtained, where [3=(kT)'1; t, time; I(x, t) = e'thI(x, 0). Equation (1) is valid for both classical and
gquantum systems.

The viscosity coefficient is determined from the expression
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§ 2,
p’i*, g; characterize the momentum and position of the i-th particle; rij=di=dj; gp(rij) is the intermolecular
interaction potential; V, volume;
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The correlation functions &g are defined in the general form:
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Expanding the correlation functions in a series and limiting ourselves to the case of binary collisions, it may
be shown [3] that Eq. (2) coincides with the analogous equation obtained by Chapman—Enskog theory [4].

The second approach to describing transfer properties at low temperatures is connected with solving the
classical Boltzmann equation. Uehling and Uhlenbeck offered an intuitive generalization of the classical Boltz-
mann equation to the quantum case (i.e., a correction to the Boltzmann equation in the presence of quantum
effects). Such a description with the limitations p*>»#/T and kT »H/r permits the particles to be considered
classical, i.e., simultaneously possessing a coordinate and quasimomentum. Quantum effects are produced by
the symmetry properties of the multiparticle wave function characterizing the wavelike propagation of a per-
turbation, and are statistical in nature.

A number of studies have considered the influence of quantum effects on transfer properties [4~-10]. In
particular, it was demonstrated in [4] that "at room temperature diffraction effects reach a measurable mag-
nitude in helium and hydrogen but are insignificant in heavy gases. At low temperatures quantum corrections
produced by these effects become significant for helium and hydrogen, and are completely detectable in heavy
gases also. Symmetry effects become significant only at very high densities or very low temperatures.”

A numerical evaluation of the contribution of quantum effects to the thermal conductivity and viscosity of
light gases is of interest. Such an evaluation permits establishment of the temperature range in which the
behavior of transfer properties will differ significantly from classical behavior.

Solution of the Boltzmann equation by the Chapman—Enskog method leads to an equation for the thermal
conductivity and viscosity coefficients in the form [4]
A = 250, T (16Q% )11 o nh® QumkT)=22 8] = Ay (1 = &),
n = 5T (8Q% )11 & nh® @amkT) 2 8(7] = ny(1 - &,).

The quantities €\ and &, which consider the contributions of symmetry effects to the thermal-conduc-
tivity and viscosity coefficients are determined by the equations
g, = a2 nd3 6, (3)
£y = 72 n 51, @
We express 6;\1) and 6(771) in terms of standard collision integrals.
In the first approximation
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¥ =1%%2ukT; ¥, a quantum number characterizing the relative kinetic energy in paired collisions; Q(n), effec-
tive section.

It can be shown that

?,(2.2)&:
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6%) =-—0.598, independent of temperature.
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TABLE 1. Quantum Corrections to Helium-4 ThennaI-Conduct1V1ty
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Fig. 1. Temperature dependence of quantities € [a 1) /g, Hy,
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Fig. 2. Comparison of theoretical and experimental results on
thermal conductivity of he11um-4 1) data of [11}; 2) [12]; 3) [13];
4) [14]; 5) [15]; 6) [16]. A 10 W/m'°K T, °K.

Using Eqgs. (3), (4) with collision integrals for the Lennard-Jones (12-6) potential [17] the values of the
quantum corrections to thermal conductivity and viscosity of gases were calculated. Their temperature depen-
dence is shown in Fig. 1a. The hypothetical quantum correction considering symmetry effects for the thermal-
conductivity coefficient of hydrogen below 20.28°K is also presented to illustrate the effect of molecular welght
on the magnitude of the quantum correction. For p=1 atm the symmetry effects are insignificant, since )»/l' <1
(Fig. 1b), and become apparent at p=10 atm and higher.
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As is evident from Fig. la, diffraction effects, characterized by the ratio Mo become quite small at
temperatures above 20°K. Table 1 shows the temperature dependence ofthe quantityé, % = —7”37;}“_-100, where
ve
Ac is the thermal-conductivity coefficient calculated by classical theory and Aq is the same quantity determined
by quantum theory. It is evident that with growth in temperature quantum effects produce an ever smaller con-
tribution to thermal conductivity and become practically insignificant at p=1 atm above 20°K.

A comparison of theory with experimental results on thermal conductivity of helium-4 at p=1 atm are
presented in Fig. 2. The theoretical results were obtained by Chapman~—Enskog theory with consideration of
quantum effects, with the calculations using the Lennard~Jones potential.

In conclusion, we must note that the transfer properties of light gases and their mixtures at very low
temperatures and high pressures have in fact not been studied, and in that case it is impossible to give a
numerical evaluation of the influence of quantum effects.

NOTATION

fi =h/27, Planck's constant; k, Boltzmann's constant; cy, heat capacity of gas; T, temperature; A, ther-
mal-conductivity coefficient; n, numerical gas molecule density; m, mass of molecule; g, diameter; I, mean
molecular free path length; Q(z 2), collision integral; 9{*-9*, reduced collision mtegral A, de Broglie wave-
length; u, reduced mass of molecule; p*, momentum; T, free path time; r, intermolecular distance.
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