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DISTINCTIVE FEATURES OF THE PROPAGATION OF
SOUND WAVES IN A PERFECT GAS AT LOW PRESSURE

A. N. Volobuev and A. P. Tolstonogov UDC 530

The minimum possible pressure at which a sound wave can propagate in a perfect gas has been found based
on the dispersion relation. Using the molecular-kinetic theory it has been shown that this process can occur
with such a minimum density when a quarter of a wavelength fits into the distance between molecules. A cer-
tain analogy between the propagation of a sound wave under these conditions and the propagation of an
electromagnetic-energy quantum has been noted.

The propagation of sound waves at a low pressure is of interest in connection with various acoustic and heat-
exchange processes which accompany the motion of aircraft in the upper atmosphere.

When longitudinal mechanical wave packets propagate in gases, dispersion can occur, which leads to the
spreading of these packets. The dispersion of a wave is associated with the physical characteristics of a medium and
is determined by the parameter
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If we assume that ¢, in the gas at a very high frequency is determined by the adiabatic process of compres-
sion and rarefaction of the medium in the wave, then to calculate ¢, we can use the known Laplace formula for the
velocity of sound in the gas. As a result of this, we have

c.. =Vy% . @)

The velocity of sound at the zero frequency must be determined by the isothermal process; therefore, its value
can be found from the so-called "erroneous’ Newton formula

G :VE . €)

Consequently,
Co = COVy . (4
Having substituted formulas (2) and (3) into Eqg. (1), we have
0= Vy -1. ®)

Taking into account the relation between the adiabatic constant and the number of degrees of freedom of a

gas molecule y = 1*% we obtain
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s=yf1+2 -1=1, (©)

Thus, the dispersion parameter for the gas is the quantity which is inverse to i. For example, for a perfect monatomic
gas a i = 3 the digpersion parameter is & = 0.33. For the diatomic gas a relatively low temperatures (i = 5) we have
0 = 0.2, while a high temperatures (i = 7, the vibrational degrees of freedom are included) we have 6 = 0.14. In the
case of the polyatomic gas with an asymmetric molecule at relatively low temperatures (i = 6), the dispersion parame-
ter is & = 0.17.

The velocity of sound in the gas during the adiabatic process can be found from the formula

co=V/ %;E‘Ep' é , @

where the subscript S denotes the adiabatic process.
The velocity of sound in the gas during the isothermal process can be found from the formula

% :V@E@T , ©)

where the subscript T denotes the isothermal process.
In the general case [1] we have
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Consequently, the dependence of the velocity of sound on the frequency in the perfect gas has the form

C:\/a ;]2 jorcs ;7 a-jow) _ [P -jery) (10)
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The real value of the velocity of sound is the real part of Eqg. (10), which, with the use of Eq. (4), is repre-

sented as
22
_ 21l+wTy 11
Cr‘QCOT- (11)
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For a moving compressible gas the energy dissipation is determined by two parameters. the interna friction
in the gas and its volumetric expansion or compression. Therefore, apart from the usual viscosity u characterizing the
internal friction, we introduce the notion of the second viscosity (g, which characterizes the dissipation of energy in
compression or expansion of the moving gas.

In accordance with [1], the second viscosity depends on the sound frequency. Therefore, the second viscosity
during the isothermal process will be considered to be the characteristic of the gas; the modulus of the second viscos-
ity is equa to

Lot (- D= (y-1 =2, (12)

while in sign it is negative.
In accordance with the Stokes hypothesis [2], during the isothermal process we have

164



CI-/CO

115

1.10~

1.05

1.00 !
0 5 10

Fig. 1. Dependence of the relative velocity of sound in a rarefied gas on the
number of degrees of freedom of the gas molecules.

Z=-2u. (13

Only with condition (13) are the normal stresses in the gas equivalent to the pressure in the gas with the op-
posite sign.
Determining the relaxation time 1 from Eq. (12) and taking into account Eq. (13), we have

r:gg. (14)

Substitution of Eg. (14) into Eq. (11) gives

%:’\/§+§%§i(i+2)§/§+%§izé. (15)

The graph of the function c(i)/cg plotted for P/(uw) = 1 is shown in Fig. 1, from which it follows that at a
certain number of degrees of freedom there is a maximum in the wave velocity. Determining the first derivative of Eq.
(15) with respect to i and equating it to zero, we obtain that the maximum of the velocity is observed for

=g (16
For the perfect monoatomic gas we have i = 3; therefore, P/(uw) = 1. The graph is plotted precisely for this condition.
Since the gas molecules cannot have degrees of freedom less than three, the gas pressure entering into for-
mula (16) is the minimum possible a which the sound wave propagates. Thus, in Fig. 1 only the descending portion
of the curve has a physica meaning.
For the perfect monatomic gas the relation between the minimum pressure and the sound frequency has the

form

P=pw. a7)

Analysis of Eg. (17), performed on the basis of the molecular-kinetic theory, has confirmed the fact that the
pressure in the formula is the minimum possible. Taking into account the relation between the pressure and the root-
mean-square velocity of molecular motion and aso between the viscosity and the microparameters of the substance, we
find

1 1., =
3Viemes = 3 PVm A, (18)
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where Vi_m-s = V3kT/m and Vi, = V8KT/(1m).
The rearrangements carried out give

3 —
E Vm_v =Av. (19)
Taking in accordance with [3] that Vijy = vg Co = icoo = i)\v, we determine that
Y V5 V5
\o16V5 -~ (20)

It is evident from the relation (20) obtained that the wave in the gas can propagate with such a minimum
density when a quarter of the wavelength fits into the distance between the molecules. It is obvious that a a lower
density the wave cannot appear. Therefore, Eg. (17) makes it possible to calculate the minimum pressure in the perfect
monatomic gas at which the sound wave can appear. A small deviation in Eq. (20) from the exact value (equa to
four) is apparently associated with the fact that formula (18) must involve the mean product AV and not the product
of the mean quantities VA [4].

Expression (17) can be considered as the equation for the minimum possible energy of thermal motion of
molecules E on the front of the sound wave occurring due to the compression of the medium in the wave and trans-
ferred by this wave. In this case, the above equation becomes fully identical, in its meaning, with the equation for the
guantum energy in gquantum mechanics E = hv. _

Indeed, from Eq. (17) it follows that P = 2nE/3 = pw. Thus, for the perfect gas we have

E=Fy=hov, (21)

where hg, = 3mu/n. Formula (21) determines the energy of the so-called "acoustic quantum.” This quantum cannot
possess a lower energy, since the number concentration of molecules is insufficient for organizing the wave process.
The analogy with an electromagnetic quantum becomes even more transparent if we note that

_ 3mu _ T[p7\Vm.V : B
5 = T = —n = myv = —75 Coo - (22)
For the Planck constant we can obtain the formula
h=2mmylc, (23

where c is the velocity of light in vacuum.

However, this analogy, just as any other, has its own limitations. First, in contrast to the Planck constant, its
sound analog is not constant and depends on the pressure, temperature, and number of the degrees of freedom of the
gas molecule. Second, the existence of the minimum possible energy of the electromagnetic quantum is based on quite
different processes associated with the properties of the vacuum rather than on the transfer of the minimum energy of
thermal motion by the wave, even though a certain external generality of the basic principles can be observed.

In closing, we evaluate the numerical value of hg, for air with i = 5. The minimum air pressure at which
sound propagates can be calculated from the formula P = 5uw/3. The dynamic air viscosity g a the given tempera
ture depends only dightly on the pressure. This is due to the constancy of the product of the density of the gas and
the mean free path of the molecule which enters into the expression for the gas viscosity. Actualy, the formula P =
5uw/'3 determines the largest height above the earth’s surface where the sound wave of the given frequency can

propagate.
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In accordance with [5], the air pressure becomes lower than that calculated from the formula P = 5puw/3 at
a height of about 95 km above the earth’s surface. As an example, the frequency of the sound wave is here taken to
be 1000 Hz. The air viscosity at this height is p = 13.210°° PaSec [5]. Sound waves with frequencies higher than
1000 Hz will not propagate at the indicated height since this requires a higher air pressure. Taking the frequency of
the sound wave to be 1000 Hz, we find the air pressure at this height P = 0.14 Pa, which corresponds to experimental
data [5]. At a height of 95 km, the air temperature is T = 200 K [5]. The number of molecules per unit volume of
the gas at this pressure and temperature is n = P/(KT) = 5.0710%° m™3, Consequently, for air as for the diatomic gas
we have hg, = iznu/ (3n) = 25mW(3n) = 6.8110 % JiSec, while the Planck constant is ten orders of magnitude smaller
than its acoustic analog.

Thus, as an aircraft approaches the upper atmosphere, the process of transfer of acoustic signals is impaired,
since it occurs due to the "acoustic quanta’ of a lower frequency, which is explained by a decrease in the upper fre-
quency limit of longitudinal mechanica waves appearing in the atmosphere.

NOTATION

Cwo, Cg, and ¢, velocities of sound at very high (infinite), very low (zero), and arbitrary frequencies; 8, disper-
sion parameter; y, adiabatic exponent; P, mean pressure of the gas; p, gas density; i, nhumber of degrees of freedom of
a gas molecule; T, absolute temperature of the gas; j, imaginary unit; w, cyclic frequency of the sound wave; T, re-
laxation time of the process; W, dynamic molecular viscosity of the gas; (g, second viscosity during the isothermal
process; A, mean free path of the gas molecules; Vi—n-s Vv, and V, root-mean-square, arithmetic mean, and arbitrary
velocities of the gas molecules; k, Boltzmann constant; m, mass of a single gas molecule; v, wave frequency; A, wave-
length in the gas; E, mean energy of thermal motion of the gas molecules on the sound-wave front; h and hg,, Planck
constant and its sound analog; n, number of molecules per unit volume of the gas; my, €ectron mass; I, Compton
waveength of the electron. Subscripts: r, real; m, maximum; sn, sound; C, Compton; r-m-s and m.v, root-mean-square
and mean vaues, €l, electron.
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