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I'he temperature dependence of the thermal conductivity of five 
liquid freons is experimentally investigated. An empirical relation 
for generalization of the obtained data is offered. The thermal 
conductivity of liquid Freons 11, 21, 114, aud 11,5 is calculated. 

In t h e r m o - p h y s i c s  the t h e r m a l  conduct iv i ty  of 
l iquid f r eons  is  on(: of the m o s t  i m p o r t a n t  cons t a n t s .  
I ts  e x p e r i m e n t a l  s tudy,  e x p e c i a l l y  o v e r  a wide r ange  
of t e m p e r a t u r e s ,  p r e s e n t s  g r e a t  d i f f i cu l t i e s .  F o r  this  
r e a s o n  i t  is  of e s p e c i a l  i n t e r e s t  for  hea t  computa t ions  
to obta in  da ta  on t h e r m a l  conduct iv i ty  by ca l cu la t ion .  
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Fig .  1. Computed  va lues  of t h e r m a l  con-  
duc t iv i ty  of l iquid f reons :  1) F r e o n  21; 

2) F r e o n  114; 3) F r e o n  115. 

To so lve  this  p r o b l e m  it  is  n e c e s s a r y  to have qui te  
r e l i a b l e  and w e l l - s u b s t a n t i a t e d  e x p e r i m e n t a l  data,  
s i nce  t he re  a r e  c o n s i d e r a b l e  d i v e r g e n c i e s  between 
the r e s u l t s  of the e x p e r i m e n t a l  i nves t i ga t i ons  of 
va r ious  a u t h o r s .  In this  connect ion  we made  m e a s u r e -  
men t s  of the t h e r m a l  conduc t iv i ty  and i ts  dependence  on 
t e m p e r a t u r e  for  l iquid F r e o n s  12(CF2C12) , 13(CF.~CI), 
22(CHF2CI), ll3(C2FaCL~ ) and 142(C2HsF2CI ). At  the 
p r e s e n t  t ime  these  s u b s t a n c e s  a r e  wide ly  used  in 
r e f r i g e r a t i o n ,  c h e m i s t r y ,  i n s t r u m e n t  making,  m e d i -  
cine, and o t h e r  b r a n c h e s  of the na t ional  economy.  Of 
p a r t i c u l a r  i n t e r e s t  i s  the use  of da t a  on the t h e r m a l  
conduc t iv i ty  of these  s u b s t a n c e s  in the des ign  of 
h e a t - e x c h a n g e  a p p a r a t u s  in power  i n s t a l l a t i ons  which 
u t i l i z e  the hea t  of g e o t h e r m a l  s o u r c e s .  

The e x p e r i m e n t s  w e r e  conducted  in an a p p a r a t u s  
based  on the c y l i n d r i c a l  b i c a l o r i m e t e r  p r i n c i p l e .  The 
m e a s u r i n g  a p p a r a t u s  was made  of two coax ia l  c o p p e r  
c y l i nde r s ,  be tween which the re  was a 0.77 m m  thick 
l a y e r  of t e s t  l iquid .  To m e a s u r e  the t e m p e r a t u r e  
d i f f e r e n c e s  within the l iquid l a y e r  and to g e n e r a t e  the 
hea t  flux, we used  a t r i p l e - j u n c t i o n  t h e r m o c o u p l e  and 
a h e a t e r  a long the axis  of the i nne r  c y l i n d e r .  The 
t h e r m o c o u p l e  Junct ions l oca t ed  in the i nne r  c y l i n d e r  

of the b i c a l o r i m e t e r  and the h e a t e r  w e r e  c o m p l e t e l y  
i s o l a t e d  f rom the t e s t  subs t ance  by m e a n s  of a th in-  
wa l l ed  c a p i l l a r y .  

The de s ign  of the b i c a l o r i m e t e r  inc luded p r o v i -  
s ion  fo r  p r e s s u r i z i n g ,  loading,  and evacua t ing  the 
t e s t  s p a c e .  

The ends  of the i n n e r  c y l i n d e r  w e r e  i s o l a t e d  with 
a l a y e r  of epoxy r e s i n  to r educe  s t r a y  hea t  f luxes .  
Hea t  r e l e a s e  at  the c y l i n d e r  ends was d e t e r m i n e d  in 
t es t s  with d r y  a i r .  

The inne r  c y l i n d e r  was c e n t e r e d  a long the axis  of 
the o u t e r  c y l i n d e r  by six p o r c e l a i n  b r a d s ;  the cen -  
t e r ing  was  checked  by a s p e c i a l l y  s e l e c t e d  c a p i l l a r y  
of a p p r o p r i a t e  s i z e .  

The h e a t e r  was powered  by s ix  s t o r a g e  b a t t e r i e s ;  

a M17/1 m i r r o r  g a l v a n o m e t e r  was used  to m e a s u r e  
the cool ing r a t e .  

The b i c a l o r i m e t e r  was p laced  in a l iquid t h e r m o -  
s t a t  whe re  an a p p r o p r i a t e  pos i t i ve  o r  nega t ive  t e m p -  
e r a t u r e  was ma in t a ined .  A f t e r  the dev ice  was loaded 
and p r e s s u r i z e d ,  the h e a t e r  was swi tched on and the 
i nne r  c y l i n d e r  s lowly  hea ted  up. 
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Fig .  2. T h e r m a l  conduct iv i ty  of F r e o n  11: 
�9 a) a c c o r d i n g  to da t a  of M a l h o t r a  [15]; b) 

Markwood and Benning [15]; c} Dani lova  
[15]; d) C h e r n e e v a  [15]; e) Powel l  and 
Cha l lone r  [15]; f) R iede l  [15]; g) Plank 
[15]; h) W i d m e r  [16]; cont inuous l ine is  

in a c c o r d a n c e  with equation (2). 

The e x p e r i m e n t  cons i s t ed  of plot t ing the cool ing 
curve ,  ca l cu l a t i ng  the cool ing  r a t e  and f ina l ly  d e t e r -  
mining  the t h e r m a l  conduct iv i ty  f rom the f o r m u l a  

"Cc In D,[ C__~ ) 
Z,= 2aLc Dt I lq- - -M. (i) 
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The e x p e r i m e n t a l  a p p a r a t u s  was checked  with 
to luene.  The da t a  ob ta ined  in the t e m p e r a t u r e  r ange  
- 8 0  ~ to +90 ~ C (Table  1) a r e  in good a g r e e m e n t  with 
the m o s t  r e l i a b l e  va lues  [1, 2]. 

In a l l  the e x p e r i m e n t s  the quan t i t i e s  Gr  �9 P r  did  
not  exceed  the p e r m i s s i b l e  va lues .  T e s t s  a t  d i f f e r en t  
t e m p e r a t u r e  d r o p s  in the l a y e r  showed that  X d o e s  
not  depend on At, this  be ing  one m o r e  c o n f i r m a t i o n  
of the a b s e n c e  of convec t ion .  The a c c u r a c y  of the 
r e s u l t s  of m e a s u r i n g  the t h e r m a l  conduc t iv i ty  i s  
e s t i m a t e d  at  • 

Based  on a g e n e r a l i z a t i o n  of the ob ta ined  e x p e r i -  
men ta l  m a t e r i a l ,  i t  was e s t a b I i s h e d  that  the t e m p e r a -  
ture  dependence  of t h e r m a l  conduc t iv i ty  fo r  alI  the 
i nves t i ga t ed  f r e o n s  m a y  be r e p r e s e n t e d  as  fol lows:  

= Bp  n. :(2) 

In c o n t r a s t  to the we l l - known  P r e d v o d i t e l e v - V a r g a f t i k  
equat ion [1], which, when app l i ed  to the given case ,  
g ives  a c o n s i d e r a b I e  dev ia t ion  f r o m  the e x p e r i m e n t a l  
data,  on the a v e r a g e  +37%, r e l a t i o n  (2) g ives  the 
t h e r m a l  conduc t iv i ty  as  a funct ion of pn. 

The a v e r a g e  va lues  of the coef f i c ien t  B ca l c u l a t e d  
f r o m  the f o r m u l a  

B = X/O n, (3) 

a r e  as  fo l lows:  fo r  F r e o n s  12, 13, 22, 113, and 142, 
B .  104 = 4.197, 4.297, 5.997, 3.141, and 6.966, 
r e s p e c t i v e l y ;  the m a x i m u m  dev ia t ions  _+2XB = 1.38, 
1.33, 1.35, 0.41, and 0.79%. The value  of n, taken  
to be equal  to 2.00 for  a l l  f r eons ,  was found us ing  
c o o r d i n a t e s  log p and log k.  The dens i ty  of l iquid  
f r eons  was d e t e r m i n e d  on the b a s i s  of e x p e r i m e n t a l  
da t a  [3 -5 ] .  In equat ions  (2) and (3) k i s  g iven in 
W / e r a .  deg  and p in g / c m  a. 

Equat ion (2) was add i t i ona l ly  checked  by g e n e r a l -  
i za t ion  of e x p e r i m e n t a l  da t a  on the t h e r m a l  conduct i -  
vi ty of wa t e r ,  methane ,  e thane,  o x y g e n ,  n -p ropa ne ,  
and a m m o n i a  in the l iquid phase  obta ined  by va r ious  

i n v e s t i g a t o r s .  
Values  of the coe f f i c i en t  B fo r  the ind ica ted  l iqu ids  

for  X in W / m  �9 ~ and p in k g / m  a a r e  p r e s e n t e d  in 

Table  2. 
The ef fec t  of a s s o c i a t i o n  of w a t e r  was taken into 

account  in the coef f i c ien t  a us ing  the da t a  of [1]. 
The r e s u l t s  of a g e n e r a l i z a t i o n  for  11 l iqu ids  

m a k e s  i t  p o s s i b l e  to s t a t e  the fo l lowing conc lus ions :  
1. Coef f ic ien t  B in (2) is  p r a c t i c a l l y  independen t  

of t e m p e r a t u r e .  F o r  a given l iquid  i t s  value  r e m a i n s  
cons tan t  wi th in  the a c c u r a c y  l i m i t s  of the e x p e r i m e n t .  

2. Equat ion  (2) g ives  the change in t h e r m a l  con-  
duc t iv i ty  on the s a t u r a t i o n  l ine  wi thin  wide l i m i t s  of 
t e m p e r a t u r e ,  inc luding  the c r i t i c a i .  Thus ,  up to the 
c r i t i c a l  t e m p e r a t u r e  the r e s u l t s  of X m e a s u r e m e n t s  
a r e  d e s c r i b e d  fo r  n - p r o p a n e  [61 and fo r  w a t e r  [9]. 
The t h e r m a l  conduc t iv i ty  of oxygen and a m m o n i a  is  
g e n e r a l i z e d  by equat ion ~2) up to r = 0.95 to 0.97. 

Of p r a c t i c a l  i n t e r e s t  is the p o s s i b i l i t y  of computa t ion  
of the t h e r m a l  conduc t iv i ty  of f r e o n s  f r o m  the i r  c h e m -  
i e a l  f o r m u l a s � 9  The need  of such a method  i s  ev iden t  

Tab le  1 

T h e r m a l  Conduc t iv i ty  of Liquid F r e o n s  

k, W/m'deg for freons 

' t ,  ~  12 13 22 113 

--80 
--60 
--40 
--20 

0 
20 
40 
60 
70 
90 

0.III6 
0.1039 
0.0962 
0.0885 
0.0808 
0.0731 
0.0654 
0.0577 
0.0530 
0.0418 

0.0984 
0.0882 
0.0780 
0.0678 
0.0545 

0.1385 
0.1283 
0.1181 
0.1079 
0.0977 
0.0875 
0.0773 
0.0646 
0.0545 

O. ~67 
0.0822 
0.0777 
0.0732 
0.0687 
0:0664 
0.0619 

I 142 

[0.1264 
IO.1186 
10.1106 
0.1027 
0.0948 
0.0869 
0.0790 
0.07ll 
0.0568 
0.056I 

f r o m  the c o n s i d e r a b l e  n u m b e r  of new c h e m i c a l  c o m -  
pounds,  p a r t i c u l a r l y  f r eons ,  the r a p i d  d e v e l o p m e n t  
Of which c o n s i d e r a b l y  o u t s t r i p s  the p o s s i b i l i t i e s  of 
e x p e r i m e n t a l  d e t e r m i n a t i o n  of X. B e s i d e s ,  not e v e r y  
new subs t ance  i s  p r o m i s i n g  and m e r i t s  s p e c i a l  study,  
and, in  this  s ense ,  the i nd i ca t ed  computa t ion  method  

is  e s p e c i a l l y  n e c e s s a r y .  
Le t  us r e p r e s e n t  the coef f i c ien t  B in (2) by analogy 

with the P r e d v o d i t e l e v - V a r g a f t i k  equat ion [1] in the 

f o r m  

B = A%n -1V-':~. (4) 

In this  f o r m u l a  the va lues  of A and Cp a r e  r e f e r r e d  
to the s a m e  r e duc e d  t e m p e r a t u r e  r = 0.65 which fo r  
a l l  f r eons  is  c lo se  to the n o r m a l  bo i l ing  point,  w h e r e  
da t a  on the Cp of l iqu ids  a r e  ve ry  p r e c i s e .  

The va lues  of cons tan t  A obta ined  fo r  f ive f r e o n s  
f r o m  the f o r m u l a  

A = Bn p?,'. %1 (5) 

a r e  as  fol lows:  fo r  F r e o n s  12, 13, tiff, 113, and 
142, A .  10 a =  4.592, 4.706, 4.787, 3.680,  and 5.223, 
r e s p e c t i v e l y ;  Cp= 0.904, 0.858, 1.107, 0.975, and 
1.239 J / g  �9 deg at  r = 0.65. The spec i f i c  hea t  of 
f r eons  at  r = 0.65 was  taken in a c c o r d a n c e  with the 
e x p e r i m e n t a l  da t a  of [10-12] .  

An a n a l y s i s  of these  da t a  shows that  cons tan t  A in 
(5) i s  not f ixed  fo r  a l l  the l iqu ids ,  but  depends  on 
the s t r u c t u r e  of the f r eon  m o l e c u l e .  The l a t t e r  is  
c o m p o s e d  of a t o m s .  Thus,  if we a s c r i b e  to the ind i -  
vidual  a toms  def in i te  va lues  of the cons tan t  A, the 
m o l e c u l a r  cons tan t  wi l l  be equal  to the sum of the 
a tomic  cons tan t s  

A = X~ A~. ( 6 )  
I 

For carbon, chlorine, and fluorine atoms A R �9 
�9 103 = -6.41, 2,75, and 2.75, respectively; for 

hydrogen A R �9 103 =- 2.95 at q = 1 and 3.26 at q = 3. 

in the calculation of the atomic constants from the 

above-cited data, values of A were taken into account 

for Freons 22, 113, and 142; and the value of the 

molecular constant for Freon 12, inasmuch as the 

available data on Cp for Freon 12 are more precise 

[i0] than for Freon 13. 
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Table  2 

Substance 

Water 
Methane 
Ethane 
Oxygen 
Ammonia 
n-Propane 

G e n e r a l i z a t i o n  of E x p e r i m e n t a l  Da ta  Using  Equat ion (2) 

Temperature, *C 

0 to 340 
--173to-103 
--173to-2 
--200to- 130 
-b 20toq- 120 

+40t~>{-96.8 (crit) 

5.369. I0 -4  
7.257.10-'7 
5.862. I0 -v 
3. 245. I 0- '  
2.588. I 0-~ 
3.687.10 - s  

:~aB, % 

1.1(--8.2 at*C) 
0,4 
1.4 
0,7 
1.1 
1.0 

n Reference 

2.06 [ ] 
2.00 161 
1.85 [6. 71 
1.53 161 
0,50 161 

The p r o p o s e d  method was used  to compute  the 
t h e r m a l  conduc t iv i ty  of F r e o n s  l l (CFC13)  , 21(CHFClz) , 
114(C2F4C12) , and a new and excep t iona l ly  p r o m i s i n g  
l iquid,  F r e o n  115(C2F5C1 ). 

We wil l  i l l u s t r a t e  the ca l cu la t ion  of the cons tan t  
A and coef f i c ien t  B on the example  of F r e o n s  115 and 
11. 

A c c o r d i n g  to the c h e m i c a l  f o r m u l a  fo r  F r e o n  
115(C2F5C1 ) and equat ion (6) 

.4 = \~A R = x.A~:-i !/. A,: -I- z Act -t-q.AH = 2.(--6.41)-L- 

' i- (I-I-5).2.75 3 .68 .10 - : ' ,  

for Freon II(CFCI3) 

A = - -  6.4l .i-(1 -i- 3). 2.75 = 4.59.10 --a. 

A c c o r d i n g  to (4) we have,  r e s p e c t i v e l y :  fo r  F r e o n  115 

B = 3.32. I0 

and for Freon 11 

B = 4.00 �9 10 

The value of n was taken as  equal  to 2.00. The 
hea t  c a p a c i t y  at  z = 0.65 was found f rom da t a  taken 
f rom [10, 11, 13]. The dens i t y  of F r e o n  11 was ob-  
ta ined f r o m  the da ta  of [11]; the dens i ty  of F r e o n  115 
and p a r t i a l l y  of F r e o n  1!4  was ca l cu l a t ed  by the 
method of t h e r m o d y n a m i c  s i m i l a r i t y  [13], us ing  
Bubushyan ' s  da t a  as  a s t anda rd ,  f r om the dens i ty  
of F r e o n  113 [14]; the dens i ty  of F r e o n  21 and p a r t i a l l y  
of F r e o n  114 was ob ta ined  f rom da t a  in [3, 10]. 

The  t h e r m a l  conduct iv i ty  of F r e o n  21 and F r e o n  
114 was p a r t i a l l y  inves t iga ted ,  a lbe i t  within a s m a l l  
r ange  of t e m p e r a t u r e  ( -20  ~ to +20" C). The t h e r m a l  
conduct iv i ty  of F r e o n  115 has  not  ye t  been i n v e s t i -  
ga ted .  

Since the g r e a t e s t  amount  of e x p e r i m e n t a l  da t a  
r e l a t e s  to the t h e r m a l  conduct iv i ty  of F r e o n  11, this  
subs t ance  was s e l e c t e d  as  a s t a n d a r d  fo r  checking  
the reliability of the computed values (Fig. 1). 

The results of computing the thermal conductivity 
of Freon 11, as may be seen from Fig. 2, do not 
confirm the experimental data of Malhotra, Markwood, 
and Benning and partially of Danilova. 

The data of Riedel, Plank, and Widmer are in 
good agreement with our data. The divergence from 
the data of Cherneeva, Powell, and Challoner amounts 
to no more than 5-7%. 

S a t i s f a c t o r y  a g r e e m e n t  between the obta ined  da ta  
and the m o s t  r e l i a b l e  e x p e r i m e n t a l  r e s u l t s  i nd ica t e s  
the r e l i a b i l i t y  of the computed  va lues  of the t h e r m a l  
conduct iv i ty  of the a bove - ind i c a t e d  f r eons .  

The a b o v e - c i t e d  va lues  of the a tomic  cons tan t s  
w e r e  obta ined  for  f r eons  which a r e  d e r i v a t i v e s  of 
a homologous  s e r i e s  of methane  hyd roca rbons ,  having 
in the m o l e c u l e s  only s ing le  va lence  bonds between 
ad jacen t  ca rbon  a toms .  Thus,  double and t r i p l e  bonds, 
and spe c i a l  loca t ions  of the indiv idual  a toms  and 
groups  in the molecu le ,  r e q u i r e  the in t roduc t ion  of 
s u p p l e m e n t a r y  bond i n c r e m e n t s  and c o r r e c t i o n s .  

NOTATIONS 

},--thermal conductivity; C c and C0--total heat 
capacities of inner cylinder and layer of test liquid; 
D 2 and Dr--outside diameter of layer and inner cylin- 
der, respectively; m--cooling rate; M--correction 
for system heat loss; B--constant coefficient for 
given liquid; n--exponent; A--molecular constant of 
liquid; AR--atomic constant; x, y, z, q--number of 
atoms of carbon, fluorine, chlorine, and hydrogen 
in the freon molecule; p--density of liquid; p--mol- 
ecular mass. 
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