
Reduced flow rate  of p l a s m a - f o r m i n g  gas and reduced power  of the e lec t r i c  a rc  cause more  rapid equa l iza -  
tion of the heat  flux in the c ross  sect ions  of the r e a c t o r .  However ,  in that case the absolute value of the heat  
flux density and the f rac t ion  of the r e a c t o r  f i l led with high-enthalpy gas  a re  reduced.  

NOTATION 

N, e lec t r i c  power  of the p l a sma t rons ,  kW; G, flow ra te  of the p l a s m a - f o r m i n g  gas ,  k g / s e c ;  q, heat  flux 
density f r o m  the gas to the probe,  W/m2;  L, length of the r eac to r ,  m; ~, angle of inser t ion of the probe in the 
c ross  sect ion of the r eac to r ,  deg; h, range of the p l a s m a  jet ,  m; d, d i ame te r  of the anode channel, m; K, ex-  
pe r imenta l  coefficient  equal to 2.2; v l, v 2, l inear  veloci ty  of the total  flux and of the p l a sma  let ,  r e spec t ive ly ,  
m / s e c ;  p l, P 2, gas densi ty in the total flux and in the p l a s m a  jet ,  r e spec t ive ly ,  k g / m  3. 
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T H E R M O D Y N A M I C  P R O P E R T I E S  

A T  A T M O S P H E R I C  P R E S S U R E  

T .  S.  K h a s a n s h i n  

OF N O R M A L  P R O P Y L  A L C O H O L  

UDC 536.7:547.263 

Data f r o m  the l i t e ra tu re  on density,  speed of sound, and i sobar ic  specif ic  heat  a re  analyzed and 
approximated .  Isochoric  specif ic  heat  and adiabatic  and i so the rmal  compres s ion  coefficients  
a re  calculated for  no rma l  propyl  alcohol at a tmospher i c  p r e s s u r e  for  the t e m p e r a t u r e  range 
146.95-370.35~ 

The sys temat i za t ion  and compac t  p resen ta t ion  of informat ion (compress ion  of exper imenta l  data) on e x -  
pe r imenta l  studies of the the rmodynamic  p rope r t i e s  of aliphatic alcohols over  wide t e m p e r a t u r e  and p r e s s u r e  
ranges ,  and espec ia l ly  at a tmospher i c  p r e s s u r e ,  is a t a sk  of g rea t  p rac t ica l  impor tance .  

There  ex is t  only a few review a r t i c l e s  and handbooks [1-4] containing col lect ions of exper imenta l  data  on 
the density and i sobar ic  specif ic  heat  of n o r m a l  propyl  alcohol at a tmospher i c  p r e s s u r e ,  encompass ing  the t e m -  
pe ra tu re  range 253-363~ The mos t  complete  is handbook [3]. But it should be noted f i r s t ,  that  not all p r o p -  
e r t i e s  a re  p re sen ted  in those s tudies ,  and second, the col lected resu l t s  encompass  only the t ime per iod  up to 
1970. P rac t i ca l ly  no one had r epor t ed  data on the speed of sound prev ious ly .  The l i t e ra ture  contains no in-  
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T A B L E  1. C a l c u l a t e d  S p e c i f i c  V o l u m e  and D e n s i t y  of P r o p y l  A l -  
cohol  

T V p T v 0 

146,95 
153,15 
163,15 
173,15 
183.15 
193.15 
203,15 
213.15 
223,15 
233,15 
243.15 
253,15 

1,08356 
1,09050 
1,10132 
1,11188 
1,12237 
1,13288 
1,14348 
1,15418 
1,16499 
1,17589 
1,t8690 
1,19801 

0,92289 
0,91701 
0,90801 
0,89938 
0,89098 
0,88271 
0,87453 
0,86642 
0,85838 
0,85042 
0,84253 
0,83471 

263,15 
273,15 
283,15 
293,15 
298,15 
303,15 
313,15 
323,15 
333,15 
343,15 
353,15 
363,15 
370,35 

1,20926 
1,22068 
1,23234 
1,24432 
1,25047 
1,25674 
1,26971 
1,28335 
1,29779 
1,31312 
1,32943 
1,34674 
1,35982 

0,82695 
0,81922 
0,81147 
0,80365 
0,79970 
0,79571 
0,78758 
0,7792] 
0,77054 
0,76154 
0,75220 
0,74253 
0,73539 

formation on isochorie specific heat, and the presentation of adiabatic and isothermal compression coefficients 

is limited. 

Specific Volume and Density. The present study maizes use of experimental data on the density of liquid 
propanol at atmospheric pressure obtained at various times and contained in [1-3, 5-15]. The International 
Critical Tables [i] and Timmerman's handbook [2] present results over the temperature interval 273-303~ 
Density measurements were performed in the low temperature range in [7, 8, 12]. In the absence of reliable 
data in the interval from 303~ to the boiling point, experimental data on the saturation curve [3, 13-I 5] were 
used in the processing. Since the isothermal compressibility of alcohols is significantly greater than that of 
water, recalculation of density on the saturation curve to density at atmospheric pressure was performed with 
the expression 

to = to' exp [L3:r (0.101325 - -  PS)] (1) 

wi th  the  a s s u m p t i o n  tha t  o v e r  the p r e s s u r e  i n t e r v a l  f r o m  P s ,  the s a t u r a t i o n  p r e s s u r e ,  to a t m o s p h e r i c ,  the q u a n -  
t i t y  fiT is c o n s t a n t .  This  is  qu i te  p e r m i s s i b l e ,  s i n c e  the  p r e s s u r e  d i f f e r e n c e  is  l e s s  than  0.1 M P a ,  and the c o r -  
r e c t i o n  to the  d e n s i t y  does  not  e x c e e d  0.015%, The va lue s  of fiT a r e  t a k e n  f r o m  [6], in which  they  w e r e  e x p e r i -  
m e n t a l l y  d e t e r m i n e d  at  t e m p e r a t u r e s  of 283-363~ to an a c c u r a c y  of 1%. F o r  the f ina l  p r o c e s s i n g ,  s s e t  of r e -  
l i ab le  o r i g i n a l  e x p e r i m e n t a l  d a t a  [1-3,  12-15] was  c o l l e c t e d .  

To d e s c r i b e  the  t e m p e r a t u r e  dependence  of s p e c i f i c  vo lume  and d e n s i t y  at  a t m o s p h e r i c  p r e s s u r e  the  
equa t ion  

6 
~_~ ai.r~; 1 ~Y =: to ~ 6 

i=o ~ ai"g i 

(2) 

was  used ,  w h e r e  ~- = T / 1 0 0 0 ;  T is  t e m p e r a t u r e  h~ ~ by the M P S h T - 6 8  s t a n d a r d  s c a l e .  

C a l c u l a t i o n s  of the  c o e f f i c i e n t s  a i f o r  Eq.  (2) w e r e  p e r f o r m e d  by a " M i n s k - 3 2 "  c o m p u t e r  us ing  the m e t h o d  
of l e a s t  s q u a r e s .  The fo l lowing  v a l u e s  w e r e  ob ta ined :  a 0 = 0.210135586; a 1 = 0.192839148 �9 102; a 2 = 
- 0 .138755691  �9 103; a 3 = 0.102147830 �9 104; a 4 = - 0 . 3 0 4 5 6 7 5 3 1  �9 104; a 5 = 0.473538893 �9 104; a G = - 0 . 2 9 7 8 7 0 1 5 0 .  
104 . 

V a l u e s  of d e n s i t y  and s p e c i f i c  vo lume  fo r  the  r a n g e  f r o m  the  f r e e z i n g  po in t  (T = 146.95~ [3]) to  the  b o i l -  
ing p o i n t  (T = 370.35~ [3]) as  c a l c u l a t e d  by Eq.  (2) a r e  p r e s e n t e d  in Tab le  1. F i g u r e  l a  shows  the  d e v i a t i o n  of 
the  e x p e r i m e n s  va lue s  f r o m  those  c a l c u l a t e d  by Eq.  (2), t o g e t h e r  wi th  d e v i a t i o n s  of v a l u e s  f r o m  [5, 9], wh ich  
w e r e  not  c o n s i d e r e d  in  Eq.  (2). As  is  ev iden t  f r o m  the  f i gu re ,  Eq.  (2) d e s c r i b e s  the  m o s t  r e l i a b l e  r e s u l t s  of 
[1-3,  12, 14] wi th  an e r r o r  not  e x c e e d i n g  0.02% at  263-363~ and 0.03% below263~ which  g e n e r a l l y  c o r r e -  
s p o n d s  to  the e x p e r i m e n t a l  u n c e r t a i n t y  of the o r i g i n a l  a u t h o r s ,  so  tha t  i t  m a y  be a s s u m e d  tha t  th is  a g r e e m e n t  
be t ween  e x p e r i m e n t  and c a l c u l a t i o n  r e s u l t s  de f ines  the  a c c u r a c y  of the r e c o m m e n d e d  d e n s i t y  and s p e c i f i c  v o l -  
u m e  v a l u e s  (Table  1). 

As  f o r  the r e s u l t s  of o t h e r  a u t h o r s ,  the d e v i a t i o n s ,  a s  would  be e x p e c t e d ,  a r e  m o r e  s i g n i f i c a n t ,  s i n c e  t h e s e  
r e s u l t s  a r e  of r e l a t i v e l y  low a c c u r a c y  and show l a r g e  s y s t e m a t i c  d i v e r g e n c e s  f r o m  the  o t h e r  da t a  a n a l y z e d ,  
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Fig. 1. Comparison of calculated values of density (a), speed of sound 
(b), i sothermal  compress ion  coefficient (c} with data of other authors: 
a) 6p = ( p [ i ] - p [ a v ] }  100/p[av] ;  % ( 1 - [ 1 2 ] ;  2 - [ 1 4 ] ;  3 - [ 3 ] ;  4 - [ 2 ] ;  
5 -  [13]; 6 - [11; 7 - [151; 8 -  [9]; 9 - [5]}; b} 6W = (W[il -W[av]} 
100/W[av]; % ( 1 - [ 2 1 ] ;  2 -  [29]; 3 - [ 2 4 ] ;  4 -  [30]; 5 - [ 7 ] ;  6 - [ 1 7 ] ;  
7 -  [20]; 8 - [27]; 9 - [25]; 10 - [28]; 11 - [18]; 1 2 -  [22, 26]; 1 3 -  [31]); 
c) 6/3 T = (fiT[i] - fiT[av]) 100/fiT[av];  % (1 - [16]; 2 - [39]; 3 - [37]; 
4 -  [381). 

apparently produced by the varying purity of the alcohols studied (which was often not indicated). As an example, 
the results  of [5-8, 10-11] lie sys temat ica l ly  above the present  calculated values by average amounts of 0.1, 0.2, 
0.25, 0.5, 0.2, and 0.15%, respect ively,  while the data of [9] are  low, the deviation increasing with tempera ture  
until it reaches  0.22% at 363~ 

One should note the good agreement  within -~ 0.01% of the calculated density value at 298.15~ and the most  
reliable data f rom [3, 14]. 

Speed of Sound. A large number  of studies have dealt with the speed of sound in propanol [17-31]. Bas ic -  
ally, results  were obtained over the tempera ture  range 273-363~ There are also a number  of studies in which 
the speed of sound was measured  in alcohols with a high water  content. When resul ts  are compared  the dif fer-  
ences in speed reach as high as 10 m / s e e  or  more .  Today these studies are  of his tor ic  in teres t  and will not be 
considered further .  At t empera tures  below 273~ the speed of sound was measured  only in [7, 29]. In [7] the 
tempera ture  range studied was 128-275~ at f requencies  of 1-52.5 MHz. It was established that beginning at 
173~ the speed of sound is frequency-dependent,  i.e., d ispers ion occurs .  The la t ter  exists even in the low ab- 
sorpt ion frequency range (1, 3, and 5 MHz). The value of the dispersion step in the curve of speed of sound 
versus  frequency at 1 and 3 MHz is 0.12% at 173~ reaching 1.4% with decrease  in tempera ture  to 148~ Since 
determination of rite speed of sound at ze ro  frequency at t empera tures  of 148-173~ is pract ical ly  impossible,  
the present  study employed data obtained at 1 MHz in its data base. However, since the data of [7] are unique 
for  this tempera ture  range, a graph of the function W = ~o(F) for  t empera tures  of 173, 163, 158, and 148~ was 
used to est imate the possible effect of d ispers ion on the speed of sound when the lat ter  was reduced to ze ro  
frequency (to the frequency where the corresponding curves becomes horizontal).  With consideration of these 
es t imates ,  the speed of sound values corresponding to these t empera tu res  and 1-MHz frequency were given 
lower weighting in the calculations.  

Comparison of speed of sound values of the various authors reveals  that the major i ty  agree within 0.1- 
0.2%. The most  reliable are  the measurements  of [24, 29-30]. However it should be noted that the resul ts  of 
[29, 30], obtained by the same method, agree with each other  where their  ranges overlap within 0.08-0.09%, 
with the measurement  accuracy  being es t imated at 0.01%. The cause of this divergence was not explained. It 
should be kept in mind that [29, 30] do not direct ly  presen t  experimental  data, but offer coefficients for  a third 
degree polynomial in tempera ture ,  constructed by the authors oll the basis  of experimental  data. 
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TABLE 2. Calculated Values of Thermodynamic Properties of 

Propy]  Alcohol  

7 Cp C V ~S .I0~ ' ]ST '10~ W 

146,95 
153,I5 
163,15 
173,15 
183,15 
193,15 
203,15 
213,15 
223,15 
233,15 
243,15 
253.15 
263,15 
273,15 
283,15 
293,15 
298,15 
303,15 
313,15 
323,I5 
333,15 
343,i5 
353,15 
363,15 
370,35 

1,7663 
1,7721 
1,7827 
1,7957 
1,8120 
1,8321 
1,8564 
1,8853 
1,9192 
1,9586 
2,0040 
2,0561 
2,1156 
2,1832 
2,2595 
2,3450 
2,3913 
2,4400 
2,5444 
2,6573 
2,7773 
2,9621 
3,0281 
3,1503 
3,2322 

1,3450 
1,3737 
1,4082 
1,4338 
!,4558 
1,4781 
1,5033 
1,5332 
1,5688 
1,6106 
1,6587 
1,7131 
1,7736 
1,8398 
1,9115 
1,9885 
2,0288 
2,0703 
2,1567 
2,2472 
2,3412 
2,4379 
2,5364 
2,6351 
2,7051 

31,85 
33,19 
35,47 
37,89 
40,48 
43,24 
46,19 
49,34 
52,68 
56,25 
60,04 
64,07 
68,37 
72,97 
77,89 
83,19 
86,00 
88,92 
95,17 

102,04 
109,66 
118,20 
127,87 
138,95 
148,01 

I 41,83 
42,82 
44,90 
47,46 
50,38 
53,60 
57,04 
60,67 
64,45 
68,40 
72,54 
76,90 
81,56 
86,59 
92,O7 
98,10 

101,36 
104,80 
112,28 
120,67 
130,10 
140,71 
152,66 
166,12 
176,86 

1844,4 
1812,6 
1762,2 
1713,0 
1665,1 
1618,6 
1573,4 
1529,5 
1487,0 
1445,9 
1406,0 
1367,4 
1329,9 
1293,4 
1257,8 
1223,0 
1205,9 
1188,8 
1155,0 
1121,5 
1087,9 
1054,0 
t019,6 
984,5 
958,5 

Data from [7, 20-31] were processed with the equation 

4 
V/= ~ c~T ~, (3) 

i.~,.O 

where  c o = 0.261864027 - 104; c i = - 0 . 4 4 5 5 9 7 8 9 7  �9 104; c 2 = - 0 . 1 3 5 5 8 8 1 7 2  �9 105; c 3 = 0.665899463 �9 105; c 4 = 
-0 .814726249  �9 105. Dev ia t ions  of the o r ig ina l  da ta  f r o m  the  va lue  g iven  by Eq.  (3) a r e  shown in F ig .  l b ,  f r o m  
which it is  ev iden t  tha t  the dev ia t ions  l ie e s s e n t i a l l y  wi th in  the r a nge  of m e a s u r e m e n t  u n c e r t a i n t y  of the  va r i ous  
s t u d i e s .  Since in [7] sound  d i s p e r s i o n  was o b s e r v e d  at low t e m p e r a t u r e s ,  the a c c u r a c y  of the speed  of sound c a l -  
cu la t ions  below 173~ can be e s t i m a t e d  a t  0.5-0.8%. 

I s o b a r i c  Specif ic  Heat .  The b r o a d e s t  s tud i e s  of i s o b a r i c  speci f ic  heat  in p ropano l ,  e n c o m p a s s i n g  the t e m -  
p e r a t u r e  r ange  of 154-361 ~ w e r e  c a r r i e d  out in [32], in  which 48 e x p e r i m e n t a l  po in ts  w e r e  obta ined,  with a c -  
c u r a c y  e s t i m a t e d  at  0 .1-0.15% by the au tho r s .  The re  a l so  ex i s t  a n u m b e r  of s tud ies  [2, 20, 33-35],  in  which Cp  
was  s tud ied  ove r  a n a r r o w e r  t e m p e r a t u r e  i n t e r v a l ,  and with l e s s  a c c u r a c y  (0.5-1.5%). The va lues  of C p  p r e -  
s en t ed  in [3] for the freezing and boiling points and at 298.15~ have an accuracy of the order of • 

Preliminary analysis of the available material resulted in the data of [2, 3, 32, 33, 35] being used for the 
final processing, with values from [32.] being assigned greater weight. Since [32] presented values of isobaric 
specific heat on the boundary curve C~, these were recalculated to atmospheric pressure, the required cor- 
rection not exceeding 0.01%. 

The approximation equation for Cp has the form 

6 
Cp = ~ bv~ i, (4) 

i=0 

in which b 0 = - 0 . 1 7 5 0 2 2 3 5 0  �9 10/; b i = 0.985731021 " 102; b 2 = - 0 . 1 1 4 1 7 7 4 2 4  �9 104; b 3 = 0.694611721 " 104; b 4 = 
-0 .234156895  �9 105; b 5 = 0.419466257 �9 105; b 6 = - 0 . 3 0 8 1 1 1 4 9 8  �9 105. Equa t ion  (4) d e s c r i b e s  the o r ig ina l  data  
with an e r r o r  not  exceed ing  the m e a s u r e m e n t  e r r o r  of the o r ig ina l  s t ud i e s ,  with the excep t ion  of a s ing le  point  
at  298.15~ [3], in  which  the dev ia t ion  is 1.93% with an e s t i m a t e d  m e a s u r e m e n t  a c c u r a c y  of 0.9%. C o n s i d e r i n g  
that  the ca l cu l a t ed  Cp va lues  ag ree  with the m o s t  r e l i a b l e  d a b  of [32] at  147-361~ wi th in  • 0.2%, while  above 
361~ they ag ree  (with data  of o ther  au thors )  wi th in  • we m a y  a s s u m e  that  the ca l cu l a t ed  C p  va lues  have 
the s a m e  a c c u r a c y .  

The equa t ions  ob ta ined  fo r  spec i f i c  vo lume ,  spe e d  of sound,  and  i s o b a r i c  spec i f i c  heat  we re  used  to c a l -  
cu la te  the i socho r i c  spec i f i c  heat ,  and ad iaba t i c  and  i s o t h e r m a l  expans ion  coef f ic ien t s  with the r e l a t i o n s h i p s  
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presented in [36]. The calculated values of W, Cp, C V, ~S, and fiT are presented in Table 2. Figure Ic com- 
pares calculated fit values with experimental data of [16, 37, 38] and experimental fiT values from [39], ob- 
tained from speed of sound measurements. As is evident from the figure, the divergence does not exceed 2%, 
except for the data of [38], for which the divergence is 12.6 and 5.3% at temperatures of 293 and 303~ respec- 
tively. The calculated ~S agree with the calculated results of [39] within 1%, the results of that study for both 
flS and fiT lying below the present values. 

As for the temperature dependence of the thermal expansion coefficient a = (i/v)(dv/dT) p the results of 
the present calculations show that this value increases with approach to the freezing point. This unique phenom- 
enon was first noted in [12], in which the authors proposed that such an anomaly in the behavior of o~ was ap- 
parently related to a change in the structure of liquid alcohols near the freezing point. 

NOTATION 

T, temperature, ~ v, specific volume, cm3/g; p, p ', liquid density at atmospheric pressure and on sat- 
uration curve, g/era3; W, speed of sound, m/sec; C V, Cp, isochoric and isobaric specific heats, kJ/(kg �9 ~ 
flS, fiT, adiabatic and isothermal compression coefficients, I/MPa; Ps, saturation pressure, MPa; o~, ther- 
mal expansion coefficient, I/~ F, frequency, MHz. 
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