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From the point of view of their use 1~1 supersonic wind tunnels 
in which it is desired to obtain a high Mach number without great 
expenditure of power, the substitution of the air by vapours having a 
low velocity of sound is of interest. 
methanes) suggest themselves for this. 

The freons (halogen-substituted 
It is shown that these vapours 

have ultrasonic relaxation times in the neighbourhood of IO-7 se0 
coupled with high-absorption coefficients in the ultrasonic range. 
Though this nay limit their usefulness when compsrlnon with the'forces 
on bodies in the atmosphere near sea-level is desired, the relaxation 
effects may be useful to similate conditions at high altitudes. 

It is shown that admixture of air, up to 10 per cent does not 
' change the relaxation time nor the absorption coefficient in freon. 

To obtain a ratio of specific heats to correspond to that of 
air at sea-level, a rare gas may be added to the freon, but the velocity 
of sound in the mixture is thereby raised and some of' the advantage in 
Mach number lost. 

-- 

1. Introduction -_-_.- - 

The substitution of the air in a supersonic wind-tunnel by a 
vapour which has a low velocity of sound, in order tnerein to attain a 
given &ach nticer at a smaller expenditure of power, has been considered 
on several occasions m the past fifteen years.',2,3~4,5 

The freons (or srctons as they se called 111 Britain), suggest 
themselves for this purpose since they arc inert non-poisonous and 
fairly readily obtainable on account of their use &n the refrigeration 
industry. We were asked to make mcasurcments of velocity of sound in 
some of these (notably freon 12, C C62F2) and to observe whether these 
values remamed~constant as the conditions of excitation changed, i.e., 
if either the frequency of the sound or the pressure or temperature was 
varied. Such a dispersion of the velocity would indicate a relaxation 
in the attainment-of thermal equlibrium, as between the different 
possible Internal energies (translation, vibration, rotation) of the 
molecules. (The theory of relaxation, in relation to sound waves is 
given 1n sn Appendix). 
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We have in addition measured the attenuation of the sound 
waves in the vapours. 

The experImenta method (whwh is described in more detail in 
8.2) involves the measurement of the wave-length and amplitude sbso 

7 
tion 

coefficient for ultrssonjc compressional waves of frequency (f)l Xc set 

"Q 
grox. in a gas at fixed temperature (T), but variable pressure 

P)G sznce it 1s well known (since early work on carbon daoxideb) that 
relaxation times are proportional to pressures an most gases. The 
velocities and absorpt]ons can then be plotted against the parameter 
f/p to give a single curve. A rise in velocaty from Its low-frequency 
(V,) to rts hrgh-frequency (V& at a certain value of this parameter, 
together wath high nttenuatlon at the same locataon 1s a certain 
andication of thermal relaxatron m the gas, which may lrmit the usefulness 
of this vapour as a substitute for aa.t- as a medium in which aerodynamic 
mouels sre tested. 

Por example, af a relaxation time 1.5 x IO-7 set in this freon 
1s confarmed It mosns that a shock taking place at a local I.4 = 2 
(v = 300 m/s) at a distance of0.05 mm from the surface of the model 
wouid be unrelaxed, as to Its hrgh-frequency components, in this distance, 
whereas a shock wave in air at N.T.P. would be unaffected m the 
corresponding trajectory (of. Kantrowltz2). 

Subsldlary problems an relatron to these substitute vapours 
concern the nearness of their crltlcal Points to the operating conditions. 
Whrle the velocity of sound II) at its lowest at the critical point the 
vapour IS then, of course, fsr from a perfect gas and this in itself may 
cause it to behave differently I.II the tunnel from atmospheric air. 

t/ith xegsrd to the varlatlon of flow field with y, van Doenhoff, 
Brasiow and Schvarteberg-/ have shown that, at a particular speed, variation 

> 

of y can be compensated by a change m the relative thiclmess of the 
model although a change in y from I.4 an aar to 1.13 m freon involves 
an almost neglag:lbly small change In the thickness/chord ratio. The 
speed range over Ihhlch neat freon is an adequate substitute for air is, 
however, llmlted and is m fact from low speeds up to about 1.2 times 
the speed of sound. 

Chapman8 who has recently examined the presumed behaviour of 
models in substitute vapour tunnels in relation to full-scale flxht at 
high altitudes points out that the unportant parameter m this connexion 
is not the relsxatron tl*ne Itself but the product of it and the thermal 
capacity of the molecules in vibration. He shows that thermal capacity 
lag should be Important m boundary layers at combined low Reynolds 
number and hrgh Mach number, a condatlon which would be reallsed in very 
hxh altitude flight. Relaxation effects may be consaderable under these 
condrtions and In certain condatrons it may be possible to represent this 
in a tunnel using substitute gases whereas they could not be represented 
usmg am. Chapman grves figmes to support this conclusion. 

2. Apparatus and Mode of Operation -- 

The standard apparatus for ultrasonrc work ?.n gases remains 
the Plercey varaable-path interferometer, in which the load on a quartz 
or other transducer due to the statronsry wave pattern m a gas column 
1s made to influence the anode current an the electronic valve coupled 
to the transducer. 

The reaction on the drivang clrcult causes a proportlonate change 
in grid voltage as the Path is varied. 

. 
Thus gaan results in a oycllc 

change in mean anode current every half wave-length (h). 

There/ 



-3- 

There is a simple day of deriving the absorption coefficient 
a from a series of resonant and antiresonant peaks ( 61) m the anode 
current as the reflector is moved. 

We determine a from a straight line plot of log 61 against 
h but the method should not be adopted without consideration of the 
conditions of operation of the interferometer. 

A number of interferometers were constructed for this research. 
The ultmate form is shown in Fig. 1. The gland of the moving shaft 
carrying the reflector IS sealed by rubber packing and the screw moves 
the reflector by prossing up against it a small steel ball, thus ensuring 
the linear motion of the reflector. 

The accuracy of reading of the setting of the reflector is 
about 0.008 mm which corresponds to 0.2 II~SCO in velocity. The quarts 
crystal used is 2 inches diameter, about 1.016 MO/S in its fundamental 
frequency. The crystal is supported by three pins at nodal points. 
Temperature is measured by an iron-constantan thcrmooouple calibrated 
against ordinsry mcrowy and alcohol thermometers. The reflector is 
made of photographic plate glass , and the variation of anode current is 
measured by the sensitive galvanometer using a countepbalsnoe circuit. 
The sensitivity of the galvanometer is about IO-8 anp/div. 

The circuit diagram is shown in F1g. 2, the power supplies 
being accumulators. At each velocity measurement, frequency is measured 
by a heterodyne frequency meter. The frequency meter and oscillator 
are coupled by a resistance-buffer amplifier. To get the maximum 
sensitivity, the coupling of the main tank coil snd that of the grid 
turn is adjusted. When the coupling is reduced gradually, the 
oscillation stops at some pomt. The maximum sensitivity is obtained 
just before that point. 

In Fig. 3 the gas-hsndlmng system is shown. Ordinary vacuum 
grease is used as the lubricant of the taps but must be frequently 
renewed. The gas is caught by the solid carbon dioxide trap, traces 
of dissolved gases being removed by evacuation, then introduced into the 
reservou or the measuring vessel. Usually all systems are kept at high 
vacuum, and it is desxable to avoid keeping the gas standing for a long 
time. The pressure is read by an open type mercury manometer in 
conjunction with a barometer. The automtlc temperature control system 
1s sufficient to maintain the temperature within the range of I'C. 

3. Calculation of Results __- 

In order to standardise the apparatus, measurements were first 
made on dry am. 

The specific heat at constant volume IS calculated by the 
Planck-Einstein equation at various temperatures using spectroscopic 
data:- 

c vo = CR(hv/kT)a. ehV/kT/(eb/kT - I)' . ..(I) 

where v = (optical) frequency, c/s, h Planck's constant, k 
3oltsman's constant, R gas constant, and T absolute temperaturelO. 
For freon 12, the wave-numbers correspond&g to v values were taken 
from the Roman spectroscopic determinations of Classen" as 261.5, 
322, 435, 446, h57.5, 667.2, 922, 1099, 1162. 

Actual flow-calorimetric measurements of the specific heat 
of freon 12 have been made by 3ui'fington and Gilkeyl2. 

These/ 
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These values and those derived from equation (1) were then 
reduced for the second vlrial coeff'iclent B in 

Pv = RT + 3(T).p . ..(2) 

dB 
by the terms 2p --. Also 

dt 

a0 
cp - cv = R+2p-- 

dT 

Pa 
SO y(actua1) = y(idea3) 1 + 2 -- -- 

C, dT 

. ..(3) 

. ..(4) 

and V(actua1) = V(idea1) t + 2 g) 

+ p/C,. *dT. 

Here y is the ratio of specific heats and V the velocity 
of sound. 

TABLE I 

Specific Heat of tieon 12 

_- --._ _ ._.____ ̂  ___-- - ..-. -_._ ._._ _-__ ___-.- .-.- _--_ -._. -- .-__.. _-__.-- 

T. From Spectroscopic Data From Calorimetric Data 
. .- . - - ----. ---^---4 -.--... ----...- - ----- 

C,(ideal) C,,( actual) Cv,(ldeal) Cvo(actua1) 
. ..- ____., ___- _.__ __ __.___ 1 ______ - _.__.___ -___ .__- ._..-_. - ---._----- 

293.80~ 15.22 Cal/mole 15.02 15.62 15.42 
290.6 15.12 14.92 15.52 15.32 
265.5 14.35 14.15 14.80 14.60 
253.3 13.97 13.77 14.45 14.25 
-----____- _---.-.. -- -.-- - 

II/ TABLE 



Second Vlrial Coefficient of Freon 12 

pv = RT + H(T)p. 
-.--I.-^ -.-- - ___ . 

! . T .___...._.___ _"!"L-.. 
I 
/ 

: 238.71OK 
i 244.2-r 

-637 cc/mole 
-604 

I 249.820 
: 255.380 

253.160 
: 310.94O 

-586 
-560 

The calculated values of S/RT are as follows:- 

/ 265.5' 
! 253.3' 

^I”.- _ _---- .___. _- 
S/BT ! _ _ _ _  ̂- --_ - - 

0.0096 ATM-' f 
0.0106 , 
0.0112 
0.0171 

t 

0.0206 

Approxuxitely, S/RT changes linesrly with temperature. 

~atmn TImA 

The relaxation time of energy transfer between translational 
and vlbratlonal states IS obtained from above data, using the equation 
(see Appendix). 

.j- = --_-* . ..(6 

Here fm 1s the relaxation frequency read-off from the centre of the 
'upcast' of the velocity against f/p curve and V and V, are 
llmltlng velocity at low and high frequencies respe&vely given by:- 

vo2 = ; (1 +‘-) 
VO 

I;RT 
v,” = --- 

3M 
. ..(7) 

N being the molecular weight. 

4* Results in Freon 12 

The measured and ideal values of velocity over the attalnable 
range of f/p are shown (at three temperatures) in Tables III, IV and V, 
and on the graphs Figs. 4, 5, 6 while Table VI gives the values of 
relaxation tlmss at the same temperatures, deduced from the graphs. 

III/ TABLE 
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TA3LFs III -- 

Ultrasonic Velocity of freon 12 at 250.6'~ 
__ , _ ..-.. ___l.n_.-l_l^y ,-,,-* ̂ .I" I~ _ll-~. ---I--,-..-----^.."+..--, 

1% Z/ATM v( actual) 
-...---.-.--f-".. .-_ .--~.....+- 

V(ideal) 1 
.--_.. -..-_- --_ -- ---- - 

f 
1 0.01 log 

MC/ATM m/see 
151.0 

152.6 q'sec 
j 0.15 0.28 152.5 154.5 155.4 153.7 

1 
j 

0.55 158.1, 158.9 
0.01 150.9 152.5 

j 0.13 $52.6 153.8 
! 0.67 160.3 160.6 
' 0.02 150.6 152.3 
j 0.30 155.2 156.1 

.T .WI .W --111 -__ I . . - -  . - - - - - - - .  

TA.ELE! IV --.- 

Ultrasomc Velocity of Freon 12 at 265.5'~ 
~_ I  -  __I_ . ^ - . . _ , ”  . - . _  W”^M -_-_ --_ 

; 1% f/P V(actua1) 
, 
-___ -------_-.-_I -------... j V(ideal) 

1 0.16 143.9 145.6 i 
i 0.35 145.9 147.0 
1 0.13 143.9 145.8 
i 0.24 144.6 146.0 
t 0.82 142.2 152.5 
j 0.02 142.9 145.3 
j O.lY 144.2 145.8 
! O.Oj 142.0 145.1 
f 

! 

0.19 :t% 145.7 

j 0.02 I&:3 ::z 0.18 . 
__. __ .___-. . . _ .__"_ 1.^"---..--- 

TABLE V/ 
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TABLEV 

Ultrasonio Velocity of Freon 12 at 253.3'K 

% f/P 
I 

: j V(aotua1) / V(idea1) 

0.01 
0.10 
0. u, 
0.38 
0.70 
0.16 
0.49 
0.12 
0.08 
0.22 
0.35 
0.04 
0.02 
0.36 
0.64 
0.05 
0.35 
0.47 
0.02 
0.13 
0.41 
0.02 

I 

130.8 
139.6 
141.3 
142.2 
146.3 
138.6 
139.5 
138.3 

I :;zz . 
142.1 
138.4 
138.4 

I 142.5 

I :1;58.59 . 
141.3 
139.9 

i 138.4 139.1 

I 142.5 

/ t37.5 
138.2 

141.6 
141.8 
143.0 
143.5 
146.9 
140.7 
143.6 
140.8 
142.1 
142.6 
143.4 
141.2 
141.2 
143.8 
146.6 
141.1 
142.6 
141.9 
141.1 
141.3 
143.6 
140.2 
140.3 

TABLFVI -- 

Relaxation Time of Freon 12 

__ --.. 

I T i- 
I 

---- - __-_ -- -----. 
I 

1.70 x 10-7 : 

0.84 
1.00 i -..- 

VII/ TABLE 
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TABLF, VII 

Absorption Coefficient of Freon 12 at 29O'K 

.""-.--.-- - t 

log f/P a I 
:-- -- -. 

0.01 : 0.19 

i 
0.28 0.31 --I 

! 
0.13 0.21 
0.02 0.23 

i -- .--I- -.-__ --.Jz!!m_ __ 
cl 30 

1 

! 

Thecretxal Values 
(if T = 1.70 x 10-7) 

f 

.--- .- - - 

I _ ------ --iog?;^f/pj a- ---. 

/ 

I 

! 0.20 0.25 

i ;:g 0160 0.80 : 0.16 0.26 0.22 

* "T-.--..------~ LI_. --"- _ 

TABLE VIII 

Absorption Coefficient of Freon 12 at 265.59 
-nrc.P-l-rL r-_.-_- - _.-_--" 

I--- log f/P a -c_-.--. 

0.16 0.27 
0.35 

i z-0"; 
0.31 
0.29 

f 

I 

0:19 002 
0.03 0.13 
0.19 0.13 
0.18 0.19 

.--_-__---_ I----_ 

Theoretical Values 
(if T = 1.00 x 10-7) 

:-- __-.__-i_-l__-- 
I 

, 
/- .--_ 1% f/P a - 

j 0.00 0.20 0.13 0.19 
I 0.40 0.23 
i 0.60 0.80 0.21 0.25 

1.00 0.16 
- -I--~-... ~ ----.-*m-- 

I 

I 

TABLE IX/ 
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TABI. lx 

Absorption Coeffioient of Freon 12 at 253.3% 

__--. .-. .,. . ..-...........e-l.--.-- 

I log f/P 
j ---. -----7~i---. 

I 

0.01 
0.10 0:13 
o.u, 0.29 
0.03 : 0.15 
0.07 ! 0.17 
0.16 : 0.18 
0.28 0.21 
0.49 
0.57 E-2 
0.12 0:18 
0.08 : 0.13 
0.22 0.15 
0.35 
0.56 

0.18 
0.20 

0.04 0.20 I ___-_I-_-_-_-__-. 

Theoretical Values 
(if 7 = 0.84 x 10-7) 

.---- ---.-- 

1% f/P a 
i- -- 

1 
0.00 0.11 
0.20 0.17 
0.40 : 0.22 

! 0.60 * o.u, 

I 

0.80 0.22 
1.00 0.17 

---.l---"..---...* --___ ! 

Now Tables VII, VIII, IX give the absorption coefficients at 
the same three temperatures, together with the values which one would 
expect using the relaxation times of Table VI and equation (6). 

These results are plotted on Fig. 7. 

5. Relaxation in Freon 12 - Air Mixtures 

In the operation of slrpersonio freon tunnels, it is the practice 
to isolate t&e4ws+ing s.ectibn;ah,an it is,neoessary to change the model. 
In this way some>freon is lostibut the majority remains. In this operation 

freon may become adulterated 
thought it advisable to make 
air (up to IO per cent by 

. 
(I) Velooits 

~The..actual-.~eloo~ty.~o.f.~ultrasonios in.freon 12 - Air mixtures 
are sho& in-Tab~e,~,Plher~the values were reduced to those of 20.6“C 
by using Sdeal gaslaw. See%% Fig: 8: . 
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TABI3 X 

Velocity of Ultrasonics z.n Air - Freon 12 mxtures at 
20.6% 

1% f/P (v)actud (V)ideal 
+..- _I-__-_ -- _I- -- --c- 

I.887 
',z dsec 

-T~y-iq&cr 
t-.-j 

0.092 
0.022 . 157.9 0.092 0.140 157.7 158.5 0.092 1 

1 

I 1.955 157.3 150.6 0.106 
0.010 

: 
150.0 159.1 0.106 

0.168 159.0 159.8 0.106 

9 j 1.940 158.5 159.8 0.123 
10 0.004 159.0 160.1 0.123 i 

-v---.--mI- - -..-..-.---- II _ - 

The dealized velocity of the ideal gss is obtained by the 
ssme method as before, using the second virlal coeffloient. Here, the 
second. virial coefficient of air is assumed to be eero, and that of the 
mixture 89 proportional to the mole fraction. The actual second virial 
coefficient of the mixture is unknown, and mey not be linesr in respect 
to the concentration, but in the present case the correction factor amounts 
to less that one per cent. The equation used is ss follows:- 

V ohs = 'ides.1 (i - 0.106 P (I - x)) . ..(7) 

where P is pressure m atmospheres, x concentration of air in mole 
fraction, and the numermal term 0.0106 is the second virial term for 
freon 12 reported in Tables I, II. The values so obtained are tabulated 
also in Table XI. 

_TABLEXI 

Luniting Velocity of Freon 12 
Air Mixtures at 20.6'~ 

1 
!X j v. ! V co [ 

i 0.106 0.092 i 170.4 171.6 m/set 

0.123 :i 172.9 

The limxting velocities of the mixture are calculated by the 
following equations 

RT 
vo" = ----_-------------- 

air x + Mfre (I - x) 
. ..(8a) 

M 
. 

RT R 
V," = --_______----------- , + _-_-_____--_-_---_---- . ..(b-tl) 

M air x+Mfre(l -xl i GC I a& x + q&., (I - 4 

where/ 
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where M . 
"Ir 

is the lnolecular weight of air, 28.97, 
weights o freon 12, Coai,., 

Mf e 
is the constant volume mo T 

the molecular 
ar specific 

heat of air wlthout vibration and equal to 4.9499 at 0°C. The temperature 
coefficient of the specific heat is less than 0.00017 per degree, and 
temperature correction of the specific heat of the air from O'C to 
20.6% is not necessary. The values so obtained of the limiting velocity 
are shown in Table XI. 

(2) Absorption 

Anip1itud.e absorpticr. coeffiolenk per wave length p of 
au-freon 12 mixtures at varz~~s concentrations are shown in Table XII 
and Fig. 9. As is see,. in tV,ls Fig., the absorption coefficient is not 

- sensitive to the variation of oonoentration. 

Absorption Coefficient of Freon 12 
Air !r'z:rtures at 20.6'~ 

.-.- .- .-.3-w -_-I- -- -_- --__ ---- ---. _- _- 
! No. 1% f/,P x Ampl. absorption coeff. 

per wave length 0 
.- _-__- -___- -~-- 

; I 
1.887 0.092 ---- 
0.022 0.092 0.16 
0.140 0.092 0.20 

6 1.955 0.106 0.15 

z 
0.010 0.106 0.15 
0.168 0.106 0.25 

9 1.940 0,:23 : 0.16 
10 o.oc& 0, [23 0.16 

."WIW..-.V -.--"* -Imv- --.. -.-_?*--- -Ic_.- 
( 

J 

The relaxation times are also obtained from the absorption 
data. The solid line m Pig. 9 shows the theoretical curve using the 
value of relaxation tuna 1.20 x 10-7. This 1s a little larger than 
the value izLdic;tcd by r~:. 8. 

From the velocity data, it could be expected that the 
velocity of sound of mixtue at very high and low frequency is expressed 
by the equation (8) in whj':h molecular weight and heat capacity at 
constant volume are both pr~porticnal to the mole fraotion. 

As for thz relaxation times, it appears that the addition of 
air up to ten per CM", does not hive any referkable change in the 
numnrlcal vohes for pure 0.~3 '12. 

6, Pelaxatfons m lilivt'm~s of-~;~~~-l~ and Rare Gases I_- 

It is weil-known that el>ressions for the forces on models 
in supersonic wind-tunnels involve the ratio of specifio heats in the 
gas used (./). Now the value of y for air at N.T.P. is 1.41 whereas 
that for freon 12 is, as we have seen, 1.13 at low and 1.34 at high 
frequenoies, 

In order to get equvalenoe between an air and a freon tunnel, 
it hae been suggested that the freon should be mired with argon or 
helium (y = 1.6) to bring it up to atmospheric air conditions at 
N.T.P., although as Dean Chapman points out, this would not make the 
mixture simulate flight conditions in the stratosphere for which y is 
lower. 

W 
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Y?e have therefore measured ultrasonic relaxation in freon 12 
+ argon and freon 12 + helium mixtures. 

It is assumed (a) that in equation (5) the 'correction term' 
is to be multiplied by x the mole fraction of freon in the mixture, 
(b) the speciflo heats at low frequency and high are respectively 

co = Cofre + c, (1 - x); c, = 3Rx + qj (I - x) . ..(v) 

C, being the specific heat of the rare gas (2.98 oal/cleg/mol). (o) the 
limiting values of the velocity of sound in the mixture. 

p = ” , + If.. 
M ( > ci 

[M = Mfre.X+MH.(I -x)] . ..(I01 

The relaxation times for the mixture are plotted together with 
the specific heats against cxoentration on Fig. IO, using equation (6), 
and the velocities on Fig. 11. 

The values plotted are also shown in Tables XIII, XIV, XV, 
XVI, XVII. 

TABLE XIII 

Argon-Freon 12, x = 0.248, T = 291.5% 
- ---- 

r- 
-.-----( 

log f/P v( actual) 
_--^-_-- 

V(idee?) i 
--t 

0.09 238.9 m/set 239.4 m/set 
0.19 240.5 241.0 
0.15 237.9 238.4 i 
0.26 241.3 241.9 
0.26 239.2 239.8 
0.39 

2% z-i 

1 
! 0.53 I . 

/ \_. .I”--PIYL ..“----- .,...- - 

Argon-Freon 12, x = 0.488, T = 2v1.3°K 

1 log f/p f V(actua1) V(se4 - .-.. -..-..3 -- __ ---. --_~--_- : 

I 0.08 196.0 mf’sec 196.8 m/set 
j 0.16 196.6 197.4 
1 0.25 197.2 197.8 
1 
/ 

0.15 :;z 198.0 
0.26 . jv8.4 

Argon-Freon 12, x = 0.722, T = 288.6O~ 

.-- 

log f/P ___..___ v( actual) V( idedL ___--._-__--_- _.... ._ / 

0.08 170.6 m/set 171.8 m/set 1 
0.15 169.9 170.9 
0.21 172.6 173.5 

I 

0.27 171.6 172.5 ‘i 
2’ 

TABLFi XIV/ 
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nixIF XIV ------ 

llelum-Freon 12, x = 0.246, T = 291.7 

lOE f/P I (actual) V(ldea1) j -.-. -_------ ,_-___ ._- -..-I- _--... - .---_, -- 

0.06 319.5 ul/sec 320.4 D/SW 
0.24 319.5 320.1 
0.55 323.0 323.3 
0.13 322.0 322.7 I 
0.38 322.8 323.1 
0.71 325.8 326.1 i 

----. --..---..- __-. --_ ___ _--__-.------_b 

Iiolium->?reon 12, x = 0.496, T = 292.7 

__ _"_ _ __-__ .--. I.._ _..- - _"_... - _._- _--- _.. . . . -_-_-I 

I 1% f/P v( actual) V(ideal) 
I 

0.08 236.8 m/set 219.7 m/see 
-1 

0.22 219.5 220.2 
0.40 220.8 221.2 
0.15 219.7 ' 220.6 
0.32 221.1 221.8 
0.50 222.5 222.9 

- _ _ __ ____ -__. .- _ _- ___- _ -.-._.._ - __-.- ---- .-.-- -- 

Iiellum-tieon 12, x = 0.745, T = 292.7 

- ._.._. _-.__ _- . -_ ._.-_._ -. -__ _ __. __ ^._ _---.-_ ~- 
1 

1% f/P v( sctual) V(ideal) , .--___ --- --- __--.- __ . i 
I 
i 0.08 176.0 P+b2 177.2 nJsec 

176.0 
1 

0.19 177.1 
0.32 li9.L 180.1 j 
0.j2 179.4 

I 0.13 176. I 
0.23 178.9 

180.1 , 
177.2 
179.8 ! ! 

TAdLIz xv --I_. 

Relaxation Time of tine Mutares 

Argon-Freon 12 
--_. .- ---- _.-_ - _^ -- __ _^I._ ___---.._ _.____- 

x T T 
.-- _-_-_- __I_--_c- -- --- i 

I.000 290. Pi; 1.70 x 10s7 set 
0.722 2e8.6' 1.23 
0.488 291.3~ j 1.26 
0.&8 291.5' 1.51 

Ilellum-Freon 12 
_-__ _.--._ - __---_ -..- ---- 

1 x -+-ZL -.--.L-. 
_ -̂ 

. 
1.000 290.6% 1.70 x 10-7 set 
o.71+5 292.70 0.88 

I 
0.496 : 292.7O 
o.z+6 291.7 I 0”:;; i 

--- --_-_-- -.--. -___-- .-.. “_._ _ - i 
TABLEXVI/ 
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TADLEXVI 

Calculated Values of Speclflc Heat and Ratio of 
Speclflc Heat of the Mmture of ikeon 12 end 

Inert Gas at 290.6% 
.--- .-..---- ----- --_--.___ _ 
I 8 
, c,( actual) 
t...-X---- YO -i 

1 A75 
14.92 

f 0:50 
11.94 :::a 1 

1 0.25 
a.95 
5.97 

1.222 1 

1 0.00 2.98 
I.333 i 
1.667 --^--_I~ 

TdtiI;E XVII ----- 

Calculated Values of Velocity of Sound at Low 
Frequency of' the Mixtures 

Argon-tieon 12 
-- - ---. _--. --.-I-. 

V,(actual) 

A.,, :65.7 140.6 m/se0 

0.50 193.4 
0.25 2j0.4 
0.00 317.7 

: _____-_._-- --.- 

Helium-Freon 12 
--- ..-. -- -.-- -------.- 

x : Vo(actual) 

A.75 : 
148.6 m/set 
173.6 

0.50 216.2 
0.25 310.2 
0.00 100.3 
0.18 362.4 

7. Freon 11 (CCe3F) 

Veloolty snd absorption have been measured in this vapour. 

Ultrasonic Ve.l.oclty m Freon 11 at 292.7Yi 

/ .  - -  - . . _  I I _  _” -  -_--l_---_.- - - - - - I  

~ log f/p V(actua1) V(ldeal) ' 

0.21 145.1 m/set 0.20 145.0 ;;U:; dsec i ,, 

0.34 146.5 148.1 0. ?I 145.a 147.3 I 
0.22 145.2 147.3 
0.14 143.2 146.5 .- ----_ ---__ J 

Relsxatlon Time of Freon 11: T = 1.5 x 10m7 set at 292.7'K 

TABLTC XIX/ 
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TABTE XIX --- 

-...L-.LI-.-....*-- -.---_- I. 

log f/P a ‘! 
- -. -- - -- --I.-__ -_. 

0.21 0.17 
0.20 0.18 
0.34 0.12 
0.34 0.22 
0.21 0.15 
0.21 0.16 

Theoretical Values 

i 

" ..._-_we" _.-_---. I -,-_ 
log f/p a 

! 

_ .-._.  ̂ --r^-.. - ._-_- 
0.00 

1 
0.13 1 

j 

0.30 0.18 t 
0.51 0.22 
0.70 0.22 

1 

0.90 
i 

L-. 
0.18 1 

_.’ 

Classen" 
Using the fundamental frequencies for this molecule given by 

, i.e., in wave-numbers - 241, 349.5, 398, 535.2, 847, 1085 cm-‘, 
we derive for the heat capacity at this temperature C;, = 6.407, 
R = 12.73 cal/mole/deg. 

Then using the values af sewnd virxit coefficient quoted 
by Huschfelder, McClure and Weeks,13 we obtain a correction for gas 
imperfection. 

V(actual) = V(idea1) (1 - 0.024~) at 292.?K 

v - lL~3.1 m/set 
V z i 153.7 m/set 

The experunental results are plotted on Figs. 12, 13. 

8. Freon 22. (CIIC&F*) 

Only velocity has been measured m this vapour. 

TABLE XX 

Ultrasomc Velocity in Freon 22 at 290.0°K 

^ .__- ------_ ._ 

lo@; f/P V(actua1) 
..-----___- 

0.01 179.0 m/set 
0.02 : 178.4 

-_ 

0.11 i j79.7 
0.32 : 183.3 
0.04 178.3 
0.21 180.3 
0.39 182.9 
0.01 178.7 
0.01 178.7 
0.32 181.0 

1 0.01 0.11 179.7 179.6 I 

I 

i Zi 
183.1 I 
ma.0 

Relaxation Tune 1.3 x IO-? set at 290.0°K 
Calculated/ 
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Calculated Values of Ideal Velocity 

v, = 181.2 m/set 
v, = 192.8 m/m 

Those values are calculated using the value of Cv, found in the 
llteraturellt. It is strange that the low-frequency calculated velocity 
is far higher than the experimental one. 

9. Freon 13. (CF3C.8) 

Only veloclty,has been measured in this vapour at 291.2% 
and at values of log f/p m the neighbourhood of 0.02, when the 
velocity was 164.5 qlsec. 

The second virlal coefficient was calculated from critical 
data and specific heat from spectroscopic data, the wave-numbers beug 
350, 4751 8, j60, 781.7, 1105, 1212 cm-'. 

Calculated Values of Ideal Velocity -- _- 

v. = 165.5 m/set 
v, = 175.8 m/set 

Again, the experunental value is smaller than the theoretical 
low-frequency value. 
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AFPhhDIX -- 

Relaxation --- 

This change in the velocity of sound with frequency has been 
explained by Herzfeld and Rice in terms of a delay in the change of 
translational energy into vibrational energy of the molecules as the 
wave is propagated. When the tune period of vibration becomes comparable 
with this "relaxation time" or "mean life of e sound quantum" the 
molecules become stiffer to the vibration (to use the expressive phrase 
of Hubbard) with a consequent absorption of energy and rise in y, 
the ratio of specific heats. 

Let E, be the actual energy and ST the energy which the 
molecules would have if at equilibrium at temp. T, and suppose that 

dE 
-2 = 
dt 

; (ET - Ex) 

where P is the period of relaxation of the vibrational energy. If the 
gas is subject to adiabatic variations of temperature of frequency 50/27x 

T = T, + Tqelut 

E T = E. + C, T,eiot 

C, being the specific heat of vibrations. Substituting and solving, we 
find 

E, = E, + C, T,, (1 + iwfl):)-'eiwt. 

If the total specific heat be regarded as made up of two 
P 

arts, 
due to vibration and C, due to translation (.t rotation . 

C, 

C' = C, + Cw (1 + iw.O)-' . ..(I) 

wherein C, is the part associated with translation, Chl, that 
associated with vibrations (or rotations). The velocity of sound is 
given by 

. ..(2) 

and the ratio of specifik heats peculiar to sound propagation. 
2 ii,. :. . 

.t '_, . '1. I c, + C,4P 
y = , + p& ------------- I . ..(j) 

,. ; .',. , 'C i($ ~"+. c,a w? Ta 

;he high-frequency velocity 
V, )) occurs at a frequency 

______-_ 1~ = -__-_-_---_ o..(4) 
e. ':v ,a.&~‘~& 

co 
* '1' += (f/f$ 

, '"_/A _ '.i : 
also/ 
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also 

1 % fm = --- * -- 
27ZT 

1 c ; V= -va$ 
T = -w-e l ___---_---- ---e-m 0, . 

2Kfm l+vo” - 3v," v  - v  = 
co 0 

) 

. ..(5) 

. ..(6) 

If p the (amplitude) absorption per wavelength 1s plotted against 
log f, a symmetrxal curve is obtained, of which the maximum /+, is 
given approxmately by 

VC R (Cr - C,) 
hII= - --__-___-_." . . ..(7) 

2’3 (R+C,) 

If a/fe, a being the absorption per unit length, is plotted against 
1% f, the curve has the shape of the velocity dispersion reversed 
reaching the classical value (by interpolation of the viscosity 
coefficient) at high frequencies and lying 2/+,/fmVo higher at zero 
frequency. 
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