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1. Introduction

Extended thermodynamics (ET) [1] is a
phenomenological theory which can describe a
nonequilibrium phenomena with evident
spatio-temporal changes of physical quantities
beyond the assumption of local equilibrium.
Recently ET theory for rarefied polyatomic gases
and also dense gases is established [2]. The purpose
of the present paper is to make clear the validity
and feature of this theory through studying the
propagation of sound wave. The dispersion relation
is derived and compared with experimental data and
those by Navier-Stokes Fourier theory (NSF) [3]
which is based on the assumption of local
equilibrium.

2. Basic equations

We study rarefied polyatomic gases with the
equations of state for the pressure p=apT and the
specific internal energy &=¢&(T), where p and
T are the mass density and the temperature,
respectively, and a=k,/m with k, and m
being the Boltzmann constant and the mass of a
molecule.

We assume that a nonequilibrium state can be
characterized by 14  independent  fields
u=(p,v,,T,S_;.,11(=S,/3),q,) (i,j=1,2,3) , where
vi, S<»,ITand g;are the velocity, symmetric trace
part of viscous stress, dynamic pressure and heat
flux, respectively. Here the summation convention
is adopted. Let us consider the linearized system in
the neighborhood of a constant equilibrium state
uo =(p00,0,75,0,0,0). The system for perturbed
fields u are expressed as follows:
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where ¢, x; andc, “are, respectively, time, position
and the dlmensmnless specific heat defined by
(de/dT);-;, /a. The value of ¢, can be estimated
by experimental data or statistical mechanical study
[4]. The relaxation times 75,7 andz, are related
to the shear viscosity 4, bulk viscosity v and
heat conductivity x as follows:
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3. Dispersion relation for sound wave

Let us consider a plane harmonic wave
propagating in x, -direction with frequency
and complex wave number Kk such that
u=w exp(i(wt-kx,)) where w is a constant
amplitude vector. We assume a longitudinal wave:

v S 0 0 q
vi=0] S,.=0-52 0 | ¢g=0|.
0 0 0 =812 0

Then the dispersion relation is obtained as follows:
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where z=k/w, Q=150 ,7, =7,/7s, Tps=7Tn/Ts
and the sound velocity in equilibrium defined by
co =+Jaly(1+1/¢,") With the help of the
experimental data on wx,vandx , we can, in
principle, estimate the temperature dependence of
7, and 7, . However, at present, as we have the
reliable data only on 4 and x [5], we adopt
@=v/u as an adjustable parameter.

4. Comparison with experimental data

From the dispersion relation we study the
phase velocity v,, and attenuation factor & which
are calculated as v, (@)= w/Re(k)=1/Re(z) and
a(w) = —Im(k) = —wIm(z) for hydrogen, deuterium
and hydrogen deuteride gases. The predictions by
ET are compared with experimental data and those
by NSF.

For normal hydrogen (n-H,), the dependence
of the dimensionless phase velocity v, /c,and
dimensionless attenuation factor c¢,T¢a on the
reduced frequency €2 are shown in Fig. 1. We see the
experimental data on the phase velocity at
T,=273.5, 2968[K] by Rhodes [6] and on the
attenuation factor at 7,=293[K] by Sluijter et al.
[5], and the theoretical predictions by ET and NSF
atT,=293[K]. We evaluate ¢,”=2.45,c,=1300[m/s],
1=8.82[uPas], x=182[mW/(m-K)], 7, =146,
and moreover we estimate the relaxation times as
T3Py =8.82[s-yPa] and r,p,=12.8s-xPa] where
P, 1s the pressure at the reference equilibrium state.

In the region with small Q the predictions by
ET and NSF coincide with each other and ¢ is
selected as 37 to fit these results with the
experimental data. Therefore v=326[s-uPa] ,
7,,=144 and 7,p,=1270[s-uPa] When Q
becomes large the prediction by the ET theory is
evidently superior to that by the NSF theory. The
difference between the two theories emerges around
Q=10". Furthermore the ET theory shows good
fitting with experimental dataup to Q=10".

For other temperature and for other gases the
details are shown in the paper [7].

5. Summary and concluding remarks

We have seen clearly that the recent theory of
ET is consistent with the experimental data even in
the high frequency range where NSF is no more
valid. We have also evaluated the bulk viscosity and
the relaxation times.

Although the comparisons with the
experimental data are entirely-focused on rarefied
diatomic gases, the consistency strongly convinces
us of the validity of the present theory not only for
polyatomic gases, but also for dense gases.
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Fig. 1 Dependence of the dimensionless phase velocity
(upper) and dimensionless attenuation factor (lower)
on the reduced frequency € for n-H,. The squares
and triangles in upper figure are the experimental data
of phase velocity at 7,=273.5and296.8[K] ,
respectively, by Rhodes [6] and the circles in the lower
figure are those at 7,=293[K] by Sluijter et al.[5].
The solid and dashed lines are, respectively,
predictions by the ET and NSF theories
at 293[K] and ¢ is selected as 37.
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