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I. INTRODUCTION

'HE admirable review by Markham, Beyer, and
Lindsay, ' * entitled Absorption of Solnds in

Ii/uids, gives experimental results mainly on liquids.
Since dispersion is scarcely established in liquids, these
authors perhaps rightly surmised that there was not
much to be gained by including velocity measurements
in their survey.

It is the object of the present author to supplement
the first review by describing techniques used in study-
ing the propagation of ultrasonics (mainly) and sound
in gases and vapors, the results attained and to say
something of the light which they throw on other
processes and applications in which vapors may be in-
volved. Since the prewar data are fairly completely
documented elsewhere this survey will only cover the
past fifteen years. Moreover, as the theory of relaxation
is well covered in the earlier Review, it is hoped that it
will be unnecessary to reproduce it here in full.

Analysis of Results

Apart from intrinsic interest in the results, or for the
purposes outlined in the final section of this report,
workers in this subject have been interested in the
equation of state of a vapor, to determine virial coeffi-
cients, for instance, or thermnO. yynamica relationships
connected therewith, particularly at low temperatures
or near the critical state; or else they have been looking
for single or multiple relaxations of the molecule, con-
nected with a lag in the transfer of translation into other
forms of energy, vibrational or rotational. Fortunately,
in many vapors, it is the former type which occurs and
that monotonically, so that the theory proposed by
Henry, ' Kneser, ' and others can be applied.

Elaborate and alternative forms of the single relaxa-
tion hypothesis are to be found in the paper' already
cited. It will be sufhcient for our purposes to state the
results to be expected from this hypothesis; thus:
If p is the pressure on the vapor, p the density, ~ the
pulsatance (co=2prf) and r the relaxation time, C„and
C, the usual specific heats, C„' the complex specific heat
appropriate to this case is defined by

C„'=Cg+C (1+icpr) ~,

wherein C» is the part associated with translation, C„
that associated with vibrations (or rotations). The

*References will be found in Sec. Xl, Bibliography, at the end
of the paper.

velocity of sound is given by

p C„+CPM'r'
V =- 1+(C —C)

"

p C 2+C 2pp2r2
(2)

When Uo is the low-frequency velocity, U„ the high-
frequency velocity and the mid-frequency value (Vp'
+p'(V„'—Vp')) occurs at a frequency f, the relation
between V and f is

also

(f/f-)'U2 U2

V P —V P 1+(f/f )P

1 C,

2m~ C»

If p the (amplitude) absorption per wavelength is
plotted against logf, a symmetrical curve is obtained,
of which the maximum p is given approximately by

pr R(C„Ci) t V„—
p„=- =~( —1 f.

2 Ci(R+C~) KVp )
(6)

If e/f', o. being the absorption per unit length, is
plotted against logf, the curve has the shape of the
velocity dispersion reversed reaching the classical value

(by interpolation of the viscosity coeKcient) at high
frequencies and lying 2y / Vpf higher at zero frequency.

As Herzfeld' has shown this quantity can also be
expressed as

0. 2m' C„—C„
C„v.

f' Vp C„.C.

If Uo is not determined, it may be deduced from an
assumed equation of state.

II. INTERFEROMETERS

Theory

The standard apparatus for ultrasonic work in gases
remains the Pierce' variable path interferometer, in
which the load on a quartz or other transducer due to
a gas column of varied length is made to infIuence the
anode current in the electronic tube coupled to the
transducer, Writing the particle velocity in the (plane)

and the ratio of specific heats peculiar to sound propa-
gation

C„+CyQPr

y = 1+R.
C P+C P~PrP
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progressive and retrogressive waves in the column
(extending along x from 0 to i) as

I3e axe—i(ra/ ()x)—
7

and

C~o.@~i(cot+Pe)
Q2

(P=2~/Z),

distances l„and l~,

DI, Dp, sinh2nlb
)

AI b Ap(, sinh2nl,
or

AI,
log, = 2n(l(, —i,).

AIg
(13)

p=-
cosh2nl —cos2Pl

(10)

sin2Pl

cosh 2al —cos2Pl
(10b)

At a resonance, where Pl is zero we And

with $0 as that at the quartz, we may deduce the pres-
sure amplitude by multiplying by the characteristic
impedance (pV) of the gas. Following Hubbard' we can
divide it into two parts, one dependent on and one
independent of frequency, thus,

po=~~(v'+ sQ). (~)

The factors are given by conditions at the source face i.e.

sinh 2+i

This suggests a simple way of deriving e from a series
of resonant and antiresonant peaks in the anode cur-
rent as the refiector is moved. Correction may of course
still be needed for diffraction effects.

Following this idea, many investigators have sought
to determine n from a straight line plot of AI against
l but the method is not to be adopted without considera-
tion of the conditions under which the operation of the
interferometer satisfies the underlying assumptions of
these equations (videinfra).

Before enunciating these, let us apply Eq. (8) to a
Axed column interferometer of resonant length in which
the standing wave ratio p,„/p;„ is determined by a
suitable detector, in place of observations on the
coupling circuit as l is changed.

Adding the particle velocities given by Eq. (8) with
the condition that at the reflector x=l, )=0, we have

sinh2~l
pmax= @&to

cosh 2o,l—1
(11a)

j—gr(~+iP) ([/(ct+ iP) (8—l) g (a+i/) (2: —l)](ird i —
(14)

Omitting the time factor and writing A=Ce ' we ob-
tain, for the velocity amplitude at the location z,

The minimum value occurs for a further increase of
length of X/4, to i', and is

slnh2eP
pmin=pl 50

cosh2nl' —1
(11b)

2pi ko
Ap=

sinh2o, l
(12)

(A discarded term involves o.9,2 as coeKcient. The latter
quantity is negligible in practical ultrasonics. )

The reaction on the driving circuit causes a propor-
tionate change in grid voltage as the path is lengthened.
This again results in a proportionate change in mean
anode current, I, the quantity that is measured. When
l is large, we can, in fact, consider the resistance of the
source to be constant. Thus if dI„B,I~ are the differ-
ences between the respective values of these quantities
at resonance and antiresonance, respectively, for two

The difference of these values may be read off from the
driving circuit to give us the value of n.

Hardy~ has pointed out that if the reflector is used
in a region so far from the source that X/4 is a small
fraction of l the difference between the two values of
pressure amplitude given in Eq. (11) allows simpli-
cation to

(P)A„——2A'[cosh{2n(x —i) }—cos{2P(x—i)}j. (15)

In a vapor n is usually small compared to P so that the
maxima and minima in Eq. (15), as the location x of
the detector is varied, are 2A cosh {n(x—l)} and
2A sinh{o. (x—i)};whence n and P can be determined.

Conditions under which e can be determined
from the Locus of Peaks

Hardy~ himself has stated the conditions under which
Eq. (13) is valid to be (a) 2pe)2. 5, where p is the ab-
sorption per wavelength and e the number of wave-
lengths elapsed between the source and the commence-
ment of measurement as 1 increases, and (b) DI/I(0. 03.
These conditions have been verified for a capillary tube
interferometer by Lawley. "When either of these condi-
tions is unful611ed the graph of loghI against l is not a
straight line.

Another condition, dificult to fulfil at low frequencies,
is that the sound waves in the tube shall be plane. If
the tube is wide enough, relative to the source diameter,
for a diffraction pattern to be set up in front of the
latter, one must consider how the wave form may
thereby be changed. Near the source, considered as a
disk of radius u, we have the Fresnel region of optics, in
which the intensity fiuctuates cyclically along the axis;
further out at a distance greater than about 2a/X, the
Fraunhofer region is found in which the central beam
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is fringed by "wings, " the 6rst minimum lying on a
cone of solid angle (0.61)2m%'/a'.

It is evident that such diffraction, since it is always
more or less present, will spoil the eGects of molecular
absorption such as may be taking place in the medium.
In a truly plane progressive wave such as occurs in a
pipe for wavelengths large compared to the diameter,
the amplitude will be given by foe *, but with diGrac-
tion, we must make the propagation constant complex.
Born' has attempted to introduce such a damping
factor into the equations of diBraction.

He shows that it is still possible to derive e from two
axial measurements of pressure amplitude P, and Pb
provided the stations are outside the Fresnel regime.
For example, at x and x+Bx the ratio

a
g(XX

sin —{g(a'+x') —x}
2

(16)

whence

sin —{Q(a'+(x+bx)') —(x+bx)) }
2

p, sin q/(x+bx)
Q.x= log—.

Pb Slil g/X

X,2=X'/{1—X'/X(P}. (18)

Here X is the wavelength for plane waves and Xp is a
function of the tube diameter d, and the mode:

&a =~d/bsrbI (19)

Here b~~ is the Mth root of the 6rst derivative of the
Bessel function of the erst kind of order E.For complex
modes b~~ is large and ) p is small. When ) =—Xp, X, is
infinite (at this wavelength the phase velocity is infinite
and energy can no longer be propagated in the mode).
Xp is known as the cut-off wavelength for the particular
mode.

if x is large compared to a and g is written for ma'/2X.
As far as the author knows, however, this formula

has not been applied by any experimenter. When dif-
fraction would take part of the central orb outside the
reflector, a loss correction for this cause based on simple
geometry, and under the assumption that all the energy
lies within the angle previously cited, is usually applied.

Even when diffraction loss is negligible another diK-
culty may be experienced in the form of satellite peaks
alongside the main ones as the column length is varied.
These may persist even after adjustment to parallelism
of source and reflector. The origin of these was first
suggested by Jatkar, ' a further theory was given by
Krasnooshkin, ' and an experimental confirmation by
Bell."The latter has shown that radial vibrations may
be set up in the interferometer tube, especially if the
supposed piston-like motion of the source should fail.

A characteristic property of these waves is the dis-
persion of their velocity propagation. Thus

In most experimental cases investigated X(&Xp. Then
Eq. (18) approximates to

2Xp'
(20)

Vg=v 1—
r &2~)

(21)

The absorption coefficient in the tube of radius r is

1 (%Pl ~

rV&2)
(22)

On the other hand, in unrestricted space for plane waves

co' (4 y —1 v')
e= — v

2pV3 E3 & C„j
(23)

If satellites are radial mode resonances their wave-
lengths must follow this law.

By finding the positions of satellites in a hydrogen
filled interferometer (its tube 1-in. in diameter and a
source of 250 kc/s X-cut quartz crystal), Bell" was able
to measure the satellite wavelengths and identify them
as cross modes in these formulas.

When these cross modes are present the observed
absorption will be in excess of the true absorption of the
gas by an amount due to the interference between
diGerent modes. The latter will be especially important
when the former is small, as in monatomic gases.

Pierce Types

These follow broadly the design of their originator.
The main requirements are the provision of a good
screw, means of adjusting the source and reflector
parallel, a container for the gas capable of withstanding
the pressure to be applied, and of being maintained at
the requisite temperature.

Double Crysta"t Types

Two crystals which are exactly matched as to fre-
quency face each other across an intervening column of
gas. The length I is varied by moving one of the crystals.
A voltage of Axed amplitude is applied to one. Then the
voltage developed at the other is measured and is found
to pass through maxima and minima, as the separation
changes, proportional to sinho. l and cosho, l, whence
again a and P.

Capillary Tlbe Types

These have been used (particularly by Lawley")
partly in an attempt to overcome some of the difficulties
mentioned above as to deviation from plane waves and
partly to test the validity of the formula of Kirchhoff"
which applies in this case. The velocity of propagation
is (slightly) reduced below the free-space value, V:
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Fio. 1. Square of sound velocity (continuous line) and absorp-
tion per wavelength (broken line) plotted against parameter fre-
quency/pressure in oxygen (Thater).

Oberst, 'r and others) with a view to deriving the ve-
locity of sound and absorption in the gas.

Reverberation times in chambers filled with vapor
have also been determined at sonic frequencies (Knud-
sen") to get the absorption coeKcient in the gas, after
allowing for that due to the walls.

Pulse methods are hardly used in vapors except at
low pressures because the usually small impedance of
the gas and long ringing time of the quartz requires
very long columns and short excitation times.

The method of passing a beam of light athwart a
glass-sided column containing the Quid conveying plane
progressive waves, was frequently used at one time in
liquids especially for velocity. But this method had
received little attention by those interested in gases,
presumably because it requires high intensity at the
source to obtain a sufhcient change of density in the

-03
where v is the kinematic viscosity of the Quid, and v is
the thermal diGusivity.

Lawley, " Weston and Campbell' have verified the
validity of this formula, using gases of known viscosity
in tubes down to 1 mm diameter. The sources were
nickel needles maintained in magnetostriction oscilla-
tion and the reQectors brass pistons moved along
the tube.

With such frequencies and slightly wider tubes there
should be two sources of attenuation, given by Eqs. (22)
and (23). Lawley has shown that the two effects are
additive.

Hot Wire Types-

940-

r
900 ~

LO

f/& ac/s atmas

01

100

The hot-wire interferometer as usually practiced is
an example of a fixed-path instrument to which Eq.
(15) applies. It has been used by the author and a
colleague on vapors. "Where a nickel or platinum wire
of about 0.001 in. in diameter is set parallel to the wave
front it may have its change of resistance directly
proportioned to the velocity amplitude in a sound wave.
From a plot of maximal and minimal readings in the
vapor as the hot wire is moved between fixed reQector
and source, set at a separation to produce standing
waves, n and P may be obtained.

III. OTHER METHODS

It is possible, in theory, to make absorption measure-
ments in progressive (either spherical or plane) waves
if reQection from the walls and the end of the container
is prevented by layers of absorbent material. At one
time the radiation pressure on a vane, set at various
distances from the source, was much used for this
purpose. Now it is felt that its presence is liable to
return energy to the source and/or disturb the wave
front. Thus it is less used than formerly.

The Q of resonators filled with the gas have been
measured mostly at sonic frequencies (by Tucker, "

FIG. 2. Sound velocity and absorption per wavelength plotted
against frequency/pressure in hydrogen (Stewart).

sound fronts to diffract the light. Bommel" however
was able to apply the method.

IV. RESULTS AT VARYING PRESSURE

When the rise in velocity and peak in absorption
per wavelength, characteristic of a Quid having a single
relaxation and occurring at the relaxation pulsatance,
were first observed in carbon dioxide, it became ap-
parent from the work of Richards and Reid, " and
Railston and Richardson" at varying pressure in this
gas that it was possible to bring all results onto a single
curve, if they were plotted against the parameter fre-
quency/pressure.

It has indeed become common practice to assume
that this parameter will be relevant to the results in

any vapor and accordingly to make a series of measure-
ments at one or two frequencies over a range of pressure
going down (usually) below atmospheric. Examples of
the use of this procedure will be found in Figs. 1—4.

From the work of Schmidtmuller, 22 gases of the atmos-
phere show no dispersion at audio-frequencies or low
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ultra, sonic frequencies. However, recent results of
Thaler" show dry, CO2-free oxygen to have a relaxation
at f/p= 60 Mc/s atmos (Fig. 1). In nitrogen (Zmuda'4)
this effect occurs at 80 Mc/s atmos. Hydrogen and deu-
terium (Stewart and Stewart" and Rhodes" ) exhibit a
similar effect at about 15 Mc/s atmos (Fig. 2).

These are ascribed to a relaxation in the passage of
translational into rotational energy. The specjtfic heat
of vibrations in these gases would come into the picture
only at low sonic—almost infrasonic —frequencies.

Rare Gases

These show no dispersion which can be ascribed to
relaxation and their absorption is classical, i.e., that
given by Eq. (23).

When the pressure on a gas is greatly reduced, say to
a few cm Hg the attenuation of a sound wave becomes
very high. This in turn makes measurements of velocity
in an interferometer very diKcult and rather uncertain,

OI

00$
I

0'7 0 2. OS

fjp Hc/s atmos

FjG. 3. Absorption per wavelength plotted against frequency/
pressure in carbon dioxide, carbon disulhde, and ethylene oxide
{Angomu).

for reaction on the source fails after a few peaks and
one is wily-nily working very close to the source. Abbey
and Barlow, "using a loud-speaker fed from a 1000 cps
tone and a microphone in a tube, measured velocity to
a few mm Hg in the gases of air, carbon dioxide, and
methane. A tube correction based on Eq. (21) must be
applied and, unfortunately, has the greatest effect at
low pressures. Without it, there was no significant drift
of V with f, but after correction V* increased in all
cases as the pressure was reduced below 10 cm Hg.
(The term V* indicates velocity reduced to O'C where
Charles' law is assumed. ) Similar experiments have been
made by Maulard" and Caro and Martin. "Though the
former supported Abbey and Barlow, Caro and Martin
with a somewhat more refined apparatus were unable to
confirm this result (in air). They applied a tube correc-
tion 10 percent in excess of the Kirchhoff value (on the
basis of the estimates of previous workers). They found
the corrected velocity to agree with, the accepted value
for normal pressure. Zartman" recorded velocity and

absorption in air, nitrogen, hydrogen, and carbon
dioxide to 4.5 mm Hg and frequencies -', to 2 Mc/sec.

For a sufficiently high value of the product of sound
frequency and kinematic viscosity v, dispersion is
possible even in a monatomic gas, where relaxations are
not observed. The measured velocity is found to rise
with a "Reynolds number of vibrations, "a nondimen-
sional parameter defined as Vo2/oiv. Results in helium
have been obtained by Greenspan" at 1 Mc/s and
pressures to 0.1 mm Hg (to vary v) when the sound
frequency is only about twice the molecular collision
rate. Boyer" reported increases in velocity in argon,
nitrogen, oxygen, and air at very low pressures where
the wavelength approached the mean free path.

Parker, Adams, and Staveseth'4 measured absorption
in argon, nitrogen, and oxygen from 1 to 10 mm Hg
pressure. They used pulses from sources of about 60
kc/s to give a range of f/p of 5 to 50 Mc/s atmos In a. ll
three oi/f' was proportional to 1/p but the factor was
greater than the classical in the air gases.

Triatomic Molecules

The notable dispersion of velocity in carboe dioxide
at 20 kc/s at atmospheric pressure was already noted
by Pierce. ' Since then it has been confirmed as a func-
tion of f/p by many workers. This is also true of
nitrous oxide In carbon . disulfide vapor the change in
velocity is not so marked. In both this and in ethylene
oxide, "plots of u against logf/p give bell-shaped curves
corresponding to single relaxation frequencies (for vi-
bration) of 465 kc/s. (Fig. 3). COS has a relaxation at
300 kc/s; SO2 at 1 Mc/s (Fricke" and Petralia").

Polyatomic Molecules (Organic Vapors)

Ammonia

SteiP' found a small dispersion of velocity in this gas
from 429 to 431 m/s. This has been confirmed by
Ozdoganao in the region log f/P 2 to 3.8.

CH

I I I

OS I'2.

g,1 f/P Mc/s atmos

Fzo. 4. Specific heats of vibration plotted against frequency/
pressure in carbon tetrachloride and chloroform {hogg, Hawks,
aed Lambert).
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Ethyl Ether

Slight dispersion (V*, 317 to 325 m/s) is evident,
n/f' is about 20 times classical, and the maximum ab-
sorption is at f/p = 1. . (Mat ta and Richardson, "
Nomoto, 4' and McConvrey et al4').

Propylerte

Telfair4' found no dispersion in this vapor at 12 Mc/s.

EthylerIe Oxide

Angona's" p, values are shown in I'ig. 3.

Dichlorethyleme

This occurs in two forms, i.e., cis and trarls. In both V
and 0. have been measured by Sette, Busala, and
Hubbard. 44 There is dispersion at f/p=2. 27 and 10.5
Mc/atmos. In both C„/R falls from 7.5 at 1 Mc/s to
3.5 at 100 Mc/s.

Ethylene Chloride arId EthyHdeee Chloride

Rao4' has found that these vapors have slight dis-
persion at f/p 100 and 60, respectively.

There is no dispersion to 1.8 Mc/s (V*=262 m/s)
(Railston")

Ethyl Iodi de

Here a slight dispersion (V* 151 to 154 m/s) is
evident (Railston4').

Ethyl Foredate

Pusat47 has measured velocities in this vapor and
reports a relaxation of 2&10 ' sec.

3xIethyl Alcohol

No dispersion is evident. (Railston").

Acetaldehyde

A number of workers, including Alexander and
Lambert 8 and Matta and Richardson, ' have reported
a marked dispersion in this vapor (V* 243 to 252 m/s).
Furthermore the maximum p at f/p=0. 3 Mc/s a,tmos.

Beezeee

Recently this vapor has been thoroughly tested by
Lambert and Rowlinson" and Cheng. " Its velocity,
reduced to O'C, rises from 181.0 to 197.0 rn/s with a
maximum of absorption, p, =3, at f/p=9 Mc/s. Cheng
determined o. by peak width at 30'C. He tried two re-
laxations at 4.4 and at 13 Mc/s atmos, but the fit of the
experiments to a single one at 9 Mc/s atmos looks
equally good. The other measurements were near 100'C.

In benzene n is 600 times classical at 100 kc/s and
23 times at 700 kc/s (Railston' ).

This vapor was shown by Quigley" to have a velocity
decreasing linearly with temperature below 0 C, at
atmospheric pressure. Eucken and Aybar, " and also
Telfair and Pielemeier53 found, at temperatures near
100'C, a dispersion region about 300 kc/s corresponding
to a relaxation of about 8X10 ~ sec.

I'erItaee amd Iso-I'erItarle

Here there is a gradual rise in U as the pressure is
increased to 100 kg/cm' (Kling, Nicolini, and Tinsot'4).

Carboe Tetrachloride artd Chloroform

In this instance CC14 at 80'C showed (1 m/s and
CHC13(2 m/s dispersion at atmospheric pressure, ac-
cording to Railston" (to 700 kc/s). Jatkar" found
similar results in CC14 at 97'C and CHCl3 at 134'C.
Fogg, Hanks, and Lambert" found, however, at 100'C
(varying the pressure), a change in velocity in CC14 in

the neighborhood of 2 Mc/s atmos. Hence they calculate
the specific heats of vibration and compare these with
values derived from spectroscopic data (Fig. 4). At
30'C Hubbard, Busala, and Sette" And these relaxa-
tions at 23.3 (CC14) and 27.3 (CHC13).

Halogen;Methame Deri valves

The velocities in a number of less common halogen-
substituted methanes have been examined by the last
two triumvirates. In CHHC1 a rise, near 1 Mc/s, occurs
at 100'C and at 30'C. In methylerte chloride (CH2C12)
the Oxford group find a single step at. 2.5 Mc/s atmos
but the Washington group claim a second rise at 105
Mc/s atmos. Methyl chloride, bromide, artd iodide have
single relaxations from 0.2 Mc/s atmos upwards; like-

wise, methyl fluoride CH3F at 0.05, fluoroform CHF3 at
0.30, methyleue fluoride CH2F2 at 2, carbom tetrafluoride

CF4 at 0.3 Mc/s, all at or near 100'C. Byers58 has values

of p in CF4 at 22'C which agree with his velocity results
to give a maximum at 0.48 Mc/s atmos. Sulfur hexa-

fluoride, according to O' Connor, " has a relaxation

which, at a temperature of 36'C, is located at 5.89)&10—~

sec as determined from velocity measurements at pres-
sures from atmospheric downwards. When 0.066 mole
fraction of helium was added this time was reduced

to 5.46)&10 ' sec.
The freoes can be regarded as substituted methanes,

containing both chlorine and fluorine, which have low

velocities combined with high absorptions and so have
some technical importance (vide infra) Miyahara.
and the author are experimenting on these. Freon-12

(CC12F2) has dispersion in the neighborhood of 1

Mc/s atmos where its absorption coefficient is as high

as 0.04 (u=0.2).
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The velocities in certain organic vapors will be found
listed in the papers of Jatkar. sa These have not been
included here, because the range of frequency was' in-
suKcient to determine whether dispersion existed and
the pressure remained atmospheric.

V. RESULTS AT VARIOUS TEMPERATURES

When temperature is varied, even on one of the more
perfect gases, it is difficult to correlate the results with
any chosen parameter. Mostly the attempt has been
made with carbon dioxide. The only results which
cover a sufficient range of frequency are those of
Penman" and Warner. " However, these are in dis-
agreement, as to the range of V: T, with the later ones
of Overbeck and Kendall62 who suspect that the earlier
samples of gas were not free from impurity. At about
100kc/s, the dispersive region, the velocity curve passes
through the same drop with rising temperature as with
rising pressure.

It is natural to attempt to plot against the parameter
f/T, T being the absolute temperature, but the result
is not very happy. Using Penman's and Warner's re-
sults, one can only say that the frequency corresponding
to the middle of the downcast increases with the tem-
perature in linear fashion.

Little work has been done at high temperatures in
the neighborhood of 1000'C. Only that of Sherratt and
GriKths" on carbon monoxide can be cited and they
used only two frequencies in the kilocycle gamut. The
major difhculty is that the source, magnetostrictive in
their case, must be kept cool so that it is almost im-
possible to avoid temperature gradients in the working
section; further attempts should be made.

Most of the work at very low temperatures has
been done by van Itterbeek and his colleagues. With
Mariens" he made measurements in carbon dioxide,
with van Paemal" in oxygen and deuterium, with van
Doninck" in mixtures of hydrogen, nitrogen, oxygen,
carbon monoxide, and helium, in carbon monoxide and
deuterium, "and with Lauwers" in ammonia at various
pressures. Most of these results are on velocity and they
have been used to estimate the second virial coefFicients
in the equation of state at low frequency. (See Sec.
VIII). A linear relationship between V and p is also
found by Schneider and Thiessen" in helium.

VI. MIXTURES OF VAPORS

Although it was known in a qualitative fashion that
the humidity of the atmosphere affected the attenua-
tion of sound therein, it was Knudsen who precisely
investigated the phenomenon at sonic frequencies in his
reverberation chamber. Pielemeier~' and Mokhtar and
Richardson" pursued the effect to ultrasonic fre-
quencies. Other adulterants, e.g., organic vapors in
oxygen, increase the attenuation even when at low
concentrations and usually, if the main gas shows a
maximum of absorption, this is pushed to higher fre-
quencies by the addition.

Possibly because there is no fundamental explanation
of the eGect, mixtures have been studied less frequently
of late, although van Itterbeek and van Doninck' have
studied mixtures of diatomic gases at low temperatures.
Angona" worked with mixtures of the three vapors
which he had studied separately. Sette and Hubbard, "
studying the effect of impurities on the dispersion curve
of carbon dioxide, found differences between light and
heavy water vapor. (See also Pielemeier and Byers, "
Knotzel, r4 and Petralia").

It should be noted that in none of these cases is a
chemical reaction concerned. However, Richards and
Reid' have studied the dissociation of nitrogen tetrox-
ide in the equilibrium X204 2NO2 by ultrasonic
methods. This was done in the hope of being able to
sort out the relaxing effect we have been discussing from
a purely chemical one. Both these lead to the same
ultrasonic effects, vis. , increase of velocity and absorp-
tion. These writers, contrary to Teeter, 7' think that it
should be possible, at least in gases for which the heat
of dissociation is large, to disentangle the two effects.
This would be particularly true if readings in the
dispersion range were made at various pressures and
temperature.

m/sec
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I"rc. 5. Sound velocity plotted against pressure for various tem-
peratures in carbon-dioxide (Parbrooh and Richardson)

VII. RESULTS NEAR THE CRITICAL STATE

After the construction and testing of the pioneer high-
pressure interferometer of Hodge and Hubbard, "
Herget, ' and Noury" measured carbon dioxide and
ethylene velocities at one frequency (266 kc/sec) to the
critical pressure (76 and 52 atmos, respectively) and
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FIG. 6. Absorption divided by square of frequency against
pressure at critical temperature in carbon dioxide (Purbrook and
Rechurdson).

found the sharp minimum characteristic of this point.
In the last few years both V and n have been determined
by Schneider "Anderson and Delsasso, "Parbrook and
Richardson, " and Teilsch and Tanseberger. " In these
gases the last authors used three frequencies and ex-
tended the range of pressure into the liquid phase. At
pressures above that corresponding to f//p=0. 1 there
is no dispersion of the velocity, but the minimum just
referred to is displaced with temperature (Fig. 5).

By selecting published values of the product pn (v

being the specific volume) which represents the square
of the isothermal velocity and dividing into the square
of the measured (adiabatic) velocity, it is possible to
exhibit deviations from the perfect gas law. At low
pressures this quotient is the ratio of specific heats for
these gases. (See Table I).

Schneider" first noted a very high value of the ab-
sorption at and near the critical point, which he ascribed
to a relaxation. However, if one tries parameters of n
and f, it proves to be n/f' which is relevant to the vapor
phase, as usual, whereas ce/f brings the author's results
into coincidence on the liquid side of transition (Fig. 6).
This strongly suggests, by its form, a scattering mecha-
nism such as one observes in the passage of light through

TABLE I. Values of ratio of specific heats.
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FIG. 7. Sound velocity and absorption coefficient at critical
pressure plotted against temperature in sulfur hexaQuoride
(Schneeder)

the thermodynamic relationships which are now re-
quired by physical chemists and chemical engineers. For
these it is necessary to have values over a detailed field
of pressure and temperature, such as those of Fig. 5, at
frequencies where dispersion is not evidenced. In part,
this detail must be precise enough to enable one to
measure gradients of the curves with accuracy.

To give examples, the velocity of sound may be
expressed, when e is the specific volume, as

a suspension of globular entities of size comparable to
the wavelength of the radiation.

Schneider" has studied other two-phase systems.
Sulfur hexafluoride ($,=45.6'C, p, =36 atmos) at 600
kc/s shows very well the sharp inflections —in opposite
senses —as the temperature rises along an isobar (Fig.
7). With Chynoweths' he measured both Ir and n
in zenon.

It may be noted that other critical transitions are
found in helium at temperatures of a few degrees abso-
lute. For example, when the gas turns to liquid Hel and
again in the transition HeI to HeII (liquid), Atkins and
Chase, ' van Itterbeek, "Lacam, " and Noury" And a
continuous rise of velocity in argon (at 950 kc/s) and
nitrogen along isothermals. In methane, however,
I.acam77 notes a dispersion at high pressures —he goes to
900 atmos —which is the opposite to that at low pres-
sures; the velocities at 3 and 5 Mc/s lie below those for
900 kc/s both at 25'C and 50'C. These French investi-
gators are working well above the critical point, so that
the inQections noted above are not to be anticipated.

VIII. DERIVATION OF THERMODYNAMIC RELATIONS

Now that quite detailed and precise measurements of
the velocity of sound in vapors are available the ques-
tion arises whether they can be used to derive some of

Pressure (atmos. )
Gas Temp. 1 30 40 $0 60

CO2 38'C 1.29 1.30 1.32 1.33 1.35
C02 31.'C 1.29 1.31 1.32 1.35 1.40
CO2 26.5'C 1.29 1.32 1.34 1.37 1.50
C2H4 18.7'C 1.25 1.30 1.31 1.35 1.43

70 80

1.45 1.66
1,68 2.78
2.68 5.45
2.15 3.30

(24)

(Hardy, Telfair, and Pielemeier"). When the slope
along an isothermal goes to zero, as at the critical point,
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we are left with the second term. From this (Bp/BT)„
can be calculated, given C„ from other experiments.

The velocity of sound may also be expressed in terms
of entropy S, as V'= —v'(Bp/Bv)e, which has the ad-
vantage of having entropy as independent variable. Or,
in terms of pressure and temperature,

00&—

l00
I

i&5 &oO 2oO K
I I I

(BG)' (O'G)

Egp j EgT'j
le'2

O'G O'G Jt' O'G

gp' BT' &Bp BTj

(25)

The independent variables herein are pressure and
temperature and this is convenient for deriving tables
of Gibbs' function G.

These examples are given to show the possibilities of
applying acoustic measurements to the compiling of
thermodynamic tables.

The velocity of sound can also be expressed by using
the molecular weight Mfl thus

(26)

To determine the second virial coeKcient 8 of a gas near
its condensation point from plots of velocity as a func-
tion of pressure at various temperatures, van Itterbeek
and Keesom" used the equation of state of Kamerlingh
Onnes, viz, pm= RT(1+B/z).

Equation (26) then becomes

S
V=V*] 1+

RTj
(27)

T dB d 8
X=B+— +

h dT 2h(h+1) dT'
with h= C„/R.

B=a+bT '+cT 4+dT '+eT '. (28)

To find the coefficients a- -e, several test values of 8
can be computed from Berthelot's equation

9 RT, ( 6T,'i
B= (1—

128 p, ( T' j (29)

(the suffixes refer to the critical point) and combined
with values of X from the experiments. Figure 8 shows
the results for oxygen; X and 8 are plotted against T '.

Plots of V against p are usually straight lines and, for
diferent temperatures, these can be extrapolated to
zero pressure to give tj"*. This can be checked against
its value based on the ideal y (for p= 0). The slopes of
these lines enable X to be determined for diGerent
temperatures, against which it is plotted. Van Itterbeek
and Paemel, 5~ for their measurements in oxygen at low
temperatures, tried an expansion for 8 in the form

0I—

O'IS
lt lo 8

7 xl0

FIG. 8. Virial coefIIcients in oxygen: 8 and X versus reciprocal
of absolute temperature (vs Itterbeek et al.). S on block stands
for X.

A number of the workers already quoted, e.g., van
Itterbeek et al.~—"and Lambert et al"" used this
method of computing.

IX. SHOCK WAVES IN VAPORS

The shock waves initiated when a gas impinges on an
obstacle at a speed U near or above the velocity of
sound are intense sound waves. It is no longer possible
to consider the density as constant, therefore, Ber-
noulli's equation must be modified accordingly and the
ratio of the specific heats, p, enters into the equations
connecting pressure, temperature, and density as well
as the Mach number, M= U/V.

At low velocities, forces on a body of chord c are a
function uniquely determined by the Reynolds number
Re= Ucp/p, p being the viscosity and p the density of
the ambient Quid. To suit experimental convenience we
can alter the values of velocity, etc. provided we keep
the Reynolds number the same. There is, however, no
point in changing from one gas to another without
changing the pressure since all gases have about the
same value of p. At speeds where the compressibility
of the air has to be taken into account the Mach number
of the Qow enters as a second similarity parameter. It
is obvious here that the substitution of air by a vapor
having a low value of tj" will result in the same Mach
number for lower power. The power expended in a
wind tunnel of cross section A can be written kpAU',
where k is the power factor of the tunnel and depends on
the tunnel design. To keep the tunnel area/model size
the same, A/c' must be constant. It can easily be shown
that if this is done, for constant Re and M, the power
varies as g V'/yp.

The suggestion has been made by Smelt" and others
that one of the chloro-Quorine derivatives of methane
(known in the refrigerating industry as freons or
arctons) or one of the hexafluorides should form the
substitute vapor. In them the velocities are less than
half that in air and they are inert and nontoxic withal.
In fact, high-speed tunnels of this type using freon-12
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(CCisFs) are in operation in the United States and in

England. Certain questions arise, however, as to the
exact correspondence of fields of Qow even when the
Reynolds number and Mach number are correct. The
principal questions are:

(1) Does the change in 7 significantly alter the flow
field and, if it does, can a correction be Inade for this?

(2) Is the equation of state of the same form'?

(3) Will the vapor condense due to the lowering of
temperature in an expansion.

With regard to the variation of Qow field with y,
von DoenhoG, Braslow, and Schwartzberg" have shown

that, at a particular speed, variation of y can be com-
pensated by a change in the relative thickness of the
model. This is true even though a change in y from 1.4
in air to 1.13 in freon, involves an almost negligibly
small change in the thickness of the chord ratio. The
speed range over which freon is an adequate substitute
for air is, however, limited and is, in fact, from low

speeds to about 1.2 times the speed of sound.
If the relaxation time differs from that of air the

whole Qow pattern may be altered. The work of
Miyahara and the author referred. to in Sec. VI is
pertinent. If the relaxation time in freon 12, 1.5&10—~

sec, is confirmed it means that a shock taking place at
a local 3II=2 (V=300 m/sec) at a distance of 1/20 mm
in front of the nose would be completely relaxed in this
distance, whereas the shock front in air would be
scarcely affected in the corresponding passage. One
would think this must affect the local pressure on
the model.

In this connection a method other than acoustical
for measuring relaxation times was suggested by Kan-
trowitz. ""It consists in measuring with a Pitot tube
the total pressure head in a jet of gas debouching from
a reservoir. One wouM expect this to equal the pressure
inside the reservoir, provided there are no losses in
turbulence, etc. But, if the gas is stopped more suddenly
at the nose of the Pitot tube than the time required for
the energy adjustments we have been discussing, the
pressure registered by the Pitot manometer will be
diferent for the compression will take place as though
vibrational.

Proximity of conditions in the working Quid to the
critical state affect both questions (2) and (3). Assum-

ing, say, van der Waals' equation, it would be possible
to make some modifications of the thermodynamic
expressions for the pressures and temperatures in terms
of the constants a and b of that equation, but a general
formula o'f correction would be difficult to obtain. It has
been estimated that the temperature at the surface of
a model, where the velocity is highest, is y ' times the
stream temperature. This sets a limit to the tempera-
ture at which a tunnel containing a vapor can be
operated to avoid condensation. Also, as Fig. 5 shows,

there is a disadvantage in power consumption if one

works near the critical state. In such an instance V
and p are rapidly changing.

This eliminates carbon tetrafluoride (one which has
been suggested), but we are making sound measure-
ments on the hexaQuorides of sulfur, selenium, and
tellurium which look promising.

It is difficult to say precisely what the high absorption
coefficient in these vapors (as compared to air) signifies
in this application. It must, one would think, have an
effect on the devolution of the shock wave front.

It should be possible to measure changes in wave
front thickness due to such relaxations by a schlieren
method. This has been attempted by Hubbard, Kan-
kovsky, and Thaler'~ with intense ultrasonic waves in

carbon dioxide, while Hornig et a/." '" have been

taking shadow photographs of the density in pulsed
shock fronts progressing along a tube filled with nitrogen
or oxygen in an attempt to correlate these densities
with some assumed relaxations in heat capacity. Present

day optical techniques do not seem suKciently de-

veloped to base precise conclusions on the photographs.

X. ACKNOWLEDGMENT

The author is indebted to Assistant Professor V.
Miyahara for assistance in checking the numerical data
and references.

XL MBLIOGRAPHY

' Markham, Beyer, and Lindsay, Revs. Modern Phys. 23, 353
(1951).' P. M. S. Henry, Proc. Cambridge Phil. Soc. 28, 249 (1932).

'H. O. Kneser, Ann. Physik 11, 761 (1931}.
4 K. F. Herzfeld, J. Acoust. Soc. Am. 13, 33 {1941}.
s G. W. Pierce, Proc. Am. Acad. Arts Sci. 60, 271 (1925).
J. C. Hubbard, Phys. Rev. 38, 1011 (1931).

r H. C. Hardy, J. Acoust. Soc. Am. 15, 91 (1943).
s H. Born, Z. Physik. 120, 383 (1942).' S. K. K. Jatkar, J. Indian Inst. Sci. A21, 455 (1938).
"P. E. Krasnooshkin, J. Phys. Ll.S.S.R. 7, 80 (1942); Phys.

Rev. 6S, 190 (1944)."J.F. W. Bell, Proc. Phys. Soc. (London) B63, 958 (1950).
's L. E. Lawley, Proc. Phys. Soc. (London) 865, 181 (1952);

867, 65 (1954).
'3 C. R, Kirchho6, Ann. Physik. 134, 177 (1868).
'4 D. E. Weston and I. D. Campbell, Proc. Phys. Soc. (London)

B66, 695 and 769 (1953).
I 'K. Matta and E. G. Richardson, J. Acoust. Soc. Am. 23, 58

(1951).
"W. S. Tucker, Phil. Mag. 34, 217 (1943); 36, 473 (1945).
'7 H. Oberst, Akust. Z. S, 27 (1940).
's V. O. Knudsen, J. Acoust. Soc. Am. 5, 112 (1933).
"H. Bommel. Helv. Phys. Acta. 16, 423 (1943).' W. T. Richards and J.A. Reid, J. Chem. Phys. 2, 193 (1934}.
' W. Railston and E. G. Richardson, Proc. Phys. Soc. (London)

B47, 533 (1935).
22 N. Schmidtmuller, Akust. Z. 3, 115 {1938).
2' W. J. Thaler, J. Acoust. Soc. Am. 24, 15 (1952).
24 A. J. Zmuda, J. Acoust. Soc. Am. 23, 472 (1951).
2'Ener, Gabrysh, and Hubbard, J. Acoust. Soc. Am. 24, 474

(1952)."E. S. Stewart and J. L. Stewart, J. Acoust. Soc. Am. 24, 194
(1952)."J.E. Rhodes, Phys. Rev. 70, 932 (1946).

2' R. H. Abbey and C. E. Barlow, Australian J. Sci. Research
A1, 175 (1948); AS, 223 (1952).

s' J. Maulard, Compt. rend. 229, 25 (1949).
3'D. E. Caro and L. H. Martin, Proc, Phys. Soc. (London)

866, 760 (1953).



SOUN 0 I N VAPORS

"D.F. Zartman, J. Acoust. Soc. Am. 21, 171 (1949).
"M. Greenspan, J. Acoust. Soc. Am. 22, 568 (1950)."R.A. Boyer, J. Acoust. Soc. Am. 23, 176 (1951).
"Parker, Adams, and Stavseth, J. Acoust. Soc. Am. 25, 263

(1953).
35 F. A. Angona, J. Acoust. Soc. Am. 25, 1116 (1953)."E.F. Fricke, J. Acoust. Soc. Am. 12, 245 (1940)."S. Petralia, Nuovo cimento. 9, 352, 818 (1952);10, 817 (1953)."O. Steil, Z. Phys. Chem. 831, 343 (1936).
39 I. Ozdogan, J. Acoust. Soc. Amer. 24, 541 (1953)."I.Ozdogan, Rev. fac. sci. univ. Istanbul 15, 164 (1950).
' Nomoto, Ikeda, and Kishemota, J. Phys. Soc. Japan 7, 117

(1952).
~ McConvrey, Parke, and Ubbelohde, Proc. Roy. Soc. (London)

A223, 115 (1952).
4' D. Telfair, J. Chem. Phys. 10, 167 (1942).
'4 Sette, Busala, and Hubbard, J. Chem. Phys. 20, 1899 (1952).
4' T. S. Rao, J. Acoust. Soc. Am. (to be published).
4s W. Railston, J. Acoust. Soc. Am. 11, 107 (1939).
"N. Pusat, Rev. fac. sci univ. Istanbul 17A, 46 (1952).
4s E. A. Alexander and J. D. Lambert, Proc. Roy. Soc. (London)

A179, 499 (1942).
4' J. D. Lambert and J. S. Rowlinson, Proc. Roy. Soc. (London)

A204) 424 (1950)."L.M. Cheng, J. Chem. Phys. 19, 693 (1951)."T.H. Quigley, Phys. Rev. 67, 298 (1945).
as A. Eucken and S. Aybar, Z. phys. Chem. 8461 195 (1940).
"D. Telfair and W. H. Pielemeier, Rev. Sci. Instr. 13, 122

(1942).
'" Kling, Nicolini, and Tinsot, Compt. rend. 234, 708 (1952)."S. K. K. Jatkar and D. Lakshiminaravan, J. Indian Inst. Sci.

23A, 1 (1946); 28A, 1 (1948).
"Fogg, Hanks, and Lambert, Proc. Roy. Soc. (London) A219,

409 (1953).
'r Hubbard, Busala, and Sette, J. Acoust. Soc. Am. (to be

published) ~

"W. H. Byers, J. Chem. Phys. 11, 348 (1943).I C. L. O' Connor, J. Acoust. Soc. Am. 26, 361 (1954).
"H. L. Penman, Proc. Phys. Soc. 47, 543 (1935).
~' G. W. Warner, J. Acoust. Soc. Am. 9, 30 (1937).
"C. J. Overbeck and H. C. Kendall, J. Acoust. Soc. Am. 13,

26 (1941).
's C. G. Sherratt and E. Griffiths, Proc. Roy. Soc. (London)

A147, 292 (1934).
'4 A. van Itterbeek and P. Mariens, Physica&t 5, 153 (1938);

7, 909 (1940).
"A. van Itterbeek and O. van Paemel, Physica. 5, 593, 845

(1938).
A. van Itterbeek and W. van Doninck, Proc. Phys. Soc. 862,

62 (1949).

'~ A. van Itterbeek and W. van Doninck, Physica 10,480 (1943),"A. van Itterbeek and L. Lauwers, Physica 12, 241 (1946).' W. G. Schneider and J. G. Thiessen, Can. J. Research A28,
509 (1950).

~ W. H. Pielemeier, J. Acoust. Soc. Am. 10, 313 (1939).
7' M. Mokhtar and E. G. Richardson, Proc. Roy. Soc. (London)

8184, 117 {1945).
7'D. Sette and J. C. Hubbard, J. Acoust. Soc. Am. 25, 994

(1953).
7' W. H. Pielemeier and W. H. Byers, J. Acoust. Soc. Am. 17,

22 (1943).
r' H. and L. Knotzel, Ann. Physik, 2, 393 (1948).
~' S. Petralia, Nuovo cimento. 11, 570 (1953).
~' W. T. Richards and J. A. Reid, J. Chem. Phys. 1, 114, 737

(1933).
~' C. K. Teeter, J. Chem. Phys. 1, 251 (1933).
~8 A. H. Hodge and J. C. Hubbard, J. Chem. Phys. 5, 974, 9/8

(1937).
9 C. M. Herget, J. Chem. Phys. 8, 537 (1946).

ss J. Noury. Compt. rend. 233, 377 (1946); 234, 303 (1946).' W. G. Schneider, Can. J. Chem. 18, 1300 (1950).
8' N. S. Anderson and L. P. Dalsasso, J. Acoust. Soc. Am. 23,

423 (1951).
"H. D. Parbrook and E. G. Richardson, Proc. Phys. Soc.

(London) 865, 437 (1952).
"H. Teilsch and H. Tanseberger, Z. Physik 137, 256 (1954).
"W. G. Schneider, Can. J. Chem. 29, 243 (1951).
8 A. Chynoweth and W. G. Schneider, J. Chem. Phys. 19,

1566 (1951);20, 1777 (1952)."K. R. Atkins and C. E. Chase, Proc. Phys. Soc. (London)
A64, 826 (1951).

"A. van Itterbeek and G. Forrez, Physica 20, 133 (1954).' A. Lacam, J. Phys. 14, 426 (1953).
O' A. Lacam and J. Noury, Compt. rend. 236, 362 (1953).
"Hardy, Telfair, and Pielemeier, J. Acoust. Soc. Am. 13, 226

(1942).
9~A. van Itterbeek and .W. H. Keesom, Commun. Kamer-

lingh Onnes Lab. Univ. Leiden 209a (1930).
"R.Smelt, R. A. E. Report Aero. 2081 (1945).

von Doenhof7, Brasbow, and Schwartzberg, Natl. Advisory
Comm. Aeronaut. Tech. Note 3000 (1954).

'5 A. Kantrowitz, J. Chem. Phys. 14, 150 {1946).
"W. GriKth, J. Appl. Phys. 21, 1319 (1950).
9~Hubbard, Fitzpatrick, Kankovsky, and Thaler, Phys. Rev.

74, 107 {1948}.
as D. F. Hornig, Phys. Rev. 72, 179 (1947).
99 G. R. Cowan and D. F. Hornig, J. Chem. Phys. 18, 1008

(1950).
Greene, Cowan, and Hornig, J. Chem. Phys. 19, 427 (1951).


