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As shown in [I, 2], a very promising method  of construct ing the 
entropy d iagrams for tmfami l inr  substances,  such as most  freons, is 

that  based on the speed of sound and densi ty.  

However ,  there  are no data on the speed of sound in fi'eons. The 
exis t ing  data  on the speed of sound in the superheated vapors of other 

substances usual ly  embrace  regions loca ted  e i ther  to the r ight -hand side or 
to the l e f t -hand  side of the m a x i m u m  in the saturated vapor (in speed 
of sound- tempera turecoord ina tes ) .  However ,  to get  a c lear  picture 

of the dependence  of the speed of sound on the parameters  of s ta te  

we need data  in both these regions at  the same t ime .  Accordingly,  we 

have  measured the speed of sound in saturated and superheated f r e o n - l l  
(CFaC1) vapor over a broad range of the parameters  of state.  

An apparatus for measur ing  the speed of sound in water  and m e r -  

cury vapor using standing waves in a resonator was described in [8, 4]. 

On the basis of this apparatus we designed a spec ia l  system for inves- 

t iga t ing  the speed of sound in saturated and superheated freon vapor. 

The t empera tu re  range was considerably  expanded,  the control  of the 
t empera ture  f ie ld  improved,  and the accuracy  of the tempera ture ,  

pressure, and frequency measurements  refined, The transducers,  the 

resonator,  the au toc lave  and the genera l  b lock  d iagram remained  
essent ia l ly  as before,  in order to cover a broad t empera tu re  range 

(from - 4 0  to +400 ~ C) the apparatus was divided into three sections: 

the first for operat ing at  t empera tures  from --40 to +20 '  C, rite second 

for 20 -200  ~ C~ and the third for 200-400  ~ C. In the first and third 

sections,  the au toc lave  conta in ing  the resonator was p laced  in a hori-  

zonta l  copper b lock  U/0 m m  long,  wi th  inside and outside d iamete r s  

of 100 and 150 m m ,  respec t ive ly .  Five d i f fe ren t ia l  thermocouples  
were posi t ioned along the Iength of the copper b lock  to monitor  the 
uni formi ty  of the t empera tu re  f ield.  

In the first sect ion,  the au toc lave  and the surrounding copper s leeve  

were surrounded by the rma l  insulat ion.  By means  of a spec ia l  funnel, 

l iqu id  nitrogen is in t roduced into the space  be tween  the insula t ion 

and the copper b lock  to obta in  nega t ive  tempera tures .  The temper -  

ature was regula ted  and equaI ized  by varying the amount  of ni t rogen 
introduced,  and also by means  of a series of e l e c t r i c  heaters  dis-  
tr ibuted along the l eng th  of the block.  In the third section,  one main  

and several  aux i l i a ry  e l ec t r i c  heaters ,  intended for equa l i z ing  the 

t empera ture  f ie ld ,  were wound along the l eng th  of the copper block.  
A layer  of asbestos served to insula te  the apparatus from the ambien t  
m e d i u m .  

In working wi th  the first and third sect ions,  the m a x i m u m  temper -  

ature d i f ference  be tween  dif ferent  points on the copper b lock did not 
exceed  0 . 1 - 0 . 2  ~ C. In the second sect ion,  the au toc lave  and resonator 

were arranged ve r t i c a l l y  and p laced  in an o i l  bath. The au toc lave  

t empera tu re  was equa l ized  by stirring the oil .  Each sect ion was mon i -  
tored by the f i l l ing  and pressure-measur ing  system. 

The t empera tu re  in the au toc lave  was measured with a p la t inum 
res is tance t he rmomete r  or a set of mercury  thermometers  graduated 

in 0 . 1  ~ C. Pressures below atmospher ic  were measured with a class 
0 .5  re ference  vacuum gauge  with a correc t ion  for ba romet r i c  pressure. 

Pressures above a tmospher ic  were measured  with a class 0 .05  MP-60 
plunger m a n o m e t e r  combined  with a re ference  manomete r .  The la t te r  

served to cover  the in te rva l  be tween adj acent  pressure values correspond- 

ing to two neighbor ing values  of the standard weights  of the plunger 
manome te r .  St ructural ly ,  the d i f fe ren t ia l  m a n o m e t e r  consisted of a 
chamber  with a v iewing  window connected  with the plunger m a n o m -  

me te r  and, inside the chamber ,  a class 0.3-5 reference manome te r  

connected  with the au toc lave .  Before the test substance was introduced,  
the ent i re  system was ca re fu l ly  flushed and evacua ted  to a pressure 
of 10 "z m m  Hg. 

The speed of sound was measured as tollows. By varying tire frequen- 
cy of the af osc i l la tor ,  we obta ined 10 -15  m a x i m a  on the osci l lograph,  
each  of which corresponded to a s tanding wave.  In our case,  the m e a -  

surements  were m a d e  pr inc ipa l !y  at f requencies  from 1000 to 2000 Hz. 

The frequency was measured with a C h Z - 4  frequency meter .  The 

speed of sound was de te rmined  from the formula 

2L/ 
= n ( 1 )  
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where c is the speed of sound in m/see ,  L is the distance between the 

speaker and the microphone diaphragms in m, f the frequency of the 

sound waves in Hz, and n the number of half-waves in the resonator. 

The distance L was determined from the speed of sound in air, The 

air was first passed through silica gel to remove traces of moisture. The 

distance L was then found to be 553 ram. This value was aIso used in 

the calculations. The speed of sound in air was calculated from the 

formula c = 20. 0067 T 1/z. The distance L was also measured directly 

and found to be 551.5 mm. The values of f/n obtained at different 
frequencies were averaged. The maximum deviation may be 1% and 

sometimes slightly more. However, as a rule the mean deviation does 

not exceed 0 .3 -0 .5%.  In order to obtain thermodyfiamic equilibrium, 

before the measurements were made the temperature in the autoclave 

was kept constant to within 0.1 ~ C for 20-80 rain. The f r eon- l l  was 

subjected to a chromatographic analysis. No impurities were found. 

The speed of sound was measured on the apparatus for the tempera- 

ture interval from --40 to +200 ~ C and on the pressure interval from 

0.05 to 48 kg/cm z. Altogether 200 experimental  points were recorded. 

Measurements of the speed of sound only in the superheated vapor were 

made along the isotherms. Graphic interpolation was used in analyzing 

the data. The mean deviation was 0.4~ From a previously obtained 

theoretical formula [5], we calculated values of the speed of sound 

in the saturated vapor which coincided with the measured values cor- 

rect to 1%. The results for saturated vapor are presented in Table 1, 

those for superheated vapor in Table 2. 

The results were used to ca lcula te  the entropy of freon-11 by the 
method described in [1]. It was found that the starting points of the 
isentropes for freons cannot be taken on the saturation line, as reeom- 

"]7able 3 

Values of the Entropy S ( td /kgf .  deg) for F reon- l l  on Iso- 

bars p (kgf/cm 2) as a Function of the Temperature t (~ 

t S t S t S 
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IO.O 0.8493 
20.0 0.8689 
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70.0 0.9596 
80.0 0.9773 
90.0 0.9946 
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30.0 0.8355 
40.0 0.8550 
50.0 0.8735 
60.0 0.8905 
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90.0 0.9428 
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t0.0 0.9767 

t20.0 0.0934 
t30.0 1.0086 
140.0 t.0230 
I50.0 1.0369 
160.0 1.0491 
165.0 1.0550 

p = t . 5 4 6  
35.61 0.8187 
40.0 0.8260 
50.0 0.8455 
60.0 0.86~0 
70.0 0.8812 
8O.O 0.8980 
90.0 0.9142 

t00.0 0.9309 
1t0.0 0.9465 
t20.0 0.9626 
t30.0 0.9774 
t40.0 0.9920 
t45.0 0.9995 

p = 2 . 2 4 0  
47.67 0.8146 
50.0 0.8190 
60.0 0.8380 
70.0 0.8562 
80.0 0.8735 
90.0 0.8902 

100.0 0.9066 
ltO.O 0.9220 
I20.0 0.9375 
130.0 0.9530 
t40.0 0.9680 
t50.0 0.9830 
t60.0 0.9974 

p = 3 . 5 1 5  

63.50 0.8133 
70.0 0.8266 
80,0 0.8466 
9 0.0 0.8650 

t00.0 0.8832 
t t 0 .0  0.8993 
t20.0 0.9160 
130.0 0.93t5 
140.0 0.9470 
t50,0 9.9814 
160.0 /0 .9757 
t70.0 [ 0.9895 
t75.0 / 0.9961 

p = 5 . 6 2 4  

82.11 0.8129 
90.0 0.8280 

100.0 0,8466 
t10.0 0.8654 
120.0 0.8820 
t30.0 0.8980 
t40.0 0.9141 
150.0 0.9300 
160.0 0.9450 
170.0 0.9600 
t80.0 0.9745 
t90.0 0.9886 
t95.0 0.9960 

p ~ 7 . 8  

97.2 0.8130 
100.0 0.8186 
1t0.0 0.8386 
120.0 0.8576 
t30.0 0.8750 
140.0 0.8922 
150.0 O.908O 
t09.0 0.9235 
t70.0 0.9384 
t80.0 0.9528 

p = 1 0 . 5 4 5  

t i l .O  0.8129 
t20.0 0.8313 
130.0 0.8500 
140.0 0.8675 
150,0 0.8886 
I60.0 0,8995 
t79.0 0.9159 
180.0 0.9297 
190.0 0.9437 
t95.0 0.9504 

p ~ 1 4 . 0 6 0  

t25.61 0.812t 
t30.0 0.8204 
t40.0 0.8381 
150.0 0.8548 
160.0 0.8705 
170.0 0.8855 

Table 4 

Values of the Entropy S (kJ/kgf.  deg) for F reon- l l  onIso- 

chores v (mS/kgf) as a Function of theTemperature  t(~ 

t S 

v=2.0826 

--35.0 0.8657 
--30.0 0.8750 
--20.0 0.8939 
--10.0 0.9127 

0 0.9305 
I0.0 0.9478 
20.0 0.9553 
30.0 0.9820 
4{1.0 0.9985 
50.0 1.0145 
60.0 1.0305 
70.0 1.0457 
75.0 1.0530 

v = I . 0 9 2 4 9  
--22.56 0.8498 
--26.0 0.8549 
- - t0 ,0  0.8746 

0 0.8930 
t0.0 0.9095 
20.0 0.9263 
30.0 0.9433 
40.0 0.9600 
50.0 0.9775 
60.0 O.9940 
70.0 t.0100 
80.0 1.0262 
90.0 1.0417 
96.0 1.0490 

v = 0 . 5 7 4 0 9  
--8.44 0.8358 

0 0.8520 
10.0 0.8696 
20.0 0.8857 
30.0 0.90t7 
40.0 0.9175 
50.0 0.9333 
60.0 0.9495 
70.0 0.9657 
80.0 0.9820 
99.0 0.9982 

t00.0 t.0124 
110.0 t .0262 
120.0 i.0390 
t30.0 1.05t5 

v = 0 . 3 9 4 0 5  
0.67 0.8305 

10.0 0.8482 
20,0 0.8670 
80.0 0.8840 
40.0 0.9004 
50.0 0.9157 
60.0 0.9311 
70.0 0.9470 
80.0 0.9624 
90.0 0.9777 

100.0 0.9926 
ilO.O 1.0065 
I20.0 t.0196 
190.0 1.0320 
140.0 t.0443 
t45.0 t.0570 

t S 

v = 0 . 2 7 0 5 6  

t0.56 0.8251 
20.0 0.8420 
30.0 0.8586 
40.0 0.875t 
50.0 0.8916 
60.0 0.9082 
70.0 0.9250 
80.0 0.9406 
90.0 0.9570 

iO0.O 0.9720 
t10.0 0.9865 
t20.0 t.O01O 
130.0 t .0 t36  
t40.0 t.0265 
150.0 1.0395 
i60.0 1.0505 

v=O,179(a2 

22.33 0.8200 
30.0 0.8935 
40.0 0.8500 
50.0 0.8658 
60.0 0.88t8 
70.0 0.8978 
80.0 0.9t40 
90.0 0.9295 

lO0.O 0.9450 
t10.0 0.9596 
t20.0 0.9743 
130.0 0.9880 
140.0 1.0018 

v = 0 . i 1 7 7 4  

35.61 0.8t67 
40.0 0.8247 
50,0 0.84t6 
60.0 0.8585 
70.0 0.8743 
80.0 0.8900 
90.0 0.9055 

100.0 0.9205 
ItO.O 0.9355 
t20.0 0.9497 
130.0 0.9643 
140.0 0.9776 
150.0 0.9915 
160.0 0.9985 

v ~ 0 . 0 8 2 7 8  
47.67 0.8t46 
50.0 0.8t85 
60.0 0.8356 
70.O 0.8524 
80.0 0.8086 
90.0 0.8833 

100.0 0.8990 
1t0.0 0.9t36 
120.0 0.9282 
130.0 0.9430 
140.0 0.9566 
150.0 0.9708 
f60.0 0.9844 
t70.0 0.9975 

t S 

v = 0 . 0 5 4 2 6  

63.50 0.8133 
70.0 0.8250 
80.0 0.8417 
90.0 0,8578 

t00.0 0.8723 
ilO.O 0.8869 
t20.0 0.9013 
130.0 0.9154 
140.0 0.9297 
150.0 0.9442 
160.0 0.9583 
t70.0 0.9721 
180.0 0.9854 
190.0 0.9985 

v = 0 . 0 3 4 4 9  

82.11 0.8t29 
90.0 0,8256 

100.0 0,8420 
i10.0 0.8575 
t20.0 0.8724 
130.0 0.8870 
140.0 0.9017 
150.0 0.9159 
t80.0 0.9296 
t70.(~ 0.9431 
i80.0 0.9588 

v = 0 . 0 2 4 9 0  

97.2 0.8t36 
100.0 0.8170 
1t0.0 0.83i6 
120.0 0.8457 
t30.0 0.8598 
140.0 0.874t 
150.0 0.8884 
t00.0 0.9026 
170.0 0.9103 
180.0 0.9300 
190.0 0.9425 
I95.0 0.9485 

v =0 .01840  

lli.O 0.8129 
120.0 0.8270 
130.0 0.8420 
140.0 0.8565 
t50.0 0 8695 
160,0 0.8820 
165.0 0.8877 

mended in [1], since, in t-s coordinates, the saturation line is too 

steep. Therefore, as starting points, it was necessary to take values 

of the entropy on one of the isobars. It is simplest to do this for the 

isobar corresponding to the lowest pressure; in this case, the gas is dose  

to perfect and the entropy calculation presents no difficulties. As start- 

ing values we took the entropy values on the 0. 0708 kg/cm z isobar [6]. 

From the data on the speed of sound and density data taken from [6] 

we calculated values of the entropy for pressures up to 14 kg/cm s. The 

results are presented in Tables 3 and 4. The calculated values of the 

entropy differ from the known values [6] by not more  than 0.8~ over 

the entire region of the parameters of state. 
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