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A new i n s t r u m e n t  and  t e c h n i q u e  fo r  d e t e r m i n i n g  the  t h e r m a l  c o n d u c t i v i t y  of l i qu id s  by  the  c o a x i a l  c y l i n d e r  
m e t h o d  a r e  d e s c r i b e d .  E x p e r i m e n t a l  v a l u e s  of the  t h e r m a l  c o n d u c t i v i t y ,  o b t a i n e d  o v e r  a b r o a d  t e m p e r a t u r e  
i n t e r v a l ,  a r e  c o m p a r e d  w i th  the  r e s u l t s  of  o t h e r  i n v e s t i g a t o r s .  

T h i s  p a p e r  p r e s e n t s  the  r e s u l t s  of an  e x p e r i m e n t a l  i n v e s t i g a t i o n  of the  t h e r m a l  c o n d u c t i v i t y  of t o luene ,  n - h e p t y l  
a l coho l ,  d i m e t h y l f o r m a m i d e ,  and  f o r m a m i d e .  

The  t h e r m a l  c o n d u c t i v i t y  of t o l u e n e  was  m e a s u r e d  by  the  a b s o l u t e  m e t h o d  of coax i a l  c y l i n d e r s  on the  t e m p e r a t u r e  
i n t e r v a l  2 0 - 2 0 0  ~ C, t h a t  of  the  o t h e r  l i q u i d s  on the  i n t e r v a l  2 0 - 1 6 0  ~ C. The  m e a s u r i n g  ce l l  of the  e x p e r i m e n t a l  
a p p a r a t u s  i s  s h o w n  in Fig.  1. I t  c o n s i s t s  of two, c o a x i a l l y  a r r a n g e d  c o p p e r  c y l i n d e r s  7 and  8. The  i n n e r  c y l i n d e r  8 i s  
180 m m  long  and  12.51 =e 0.003 m m  in d i a m e t e r .  A ho l e  3 m m  in d i a m e t e r  w a s  d r i l l e d  a long  the  ax i s  of the  c y l i n d e r  to  
a c c o m m o d a t e  an  e l e c t r i c  h e a t e r  9. T h i s  h e a t e r  is  m a d e  of n i c h r o m e  w i r e  0.15 m m  in d i a m e t e r  u n i f o r m l y  wound onto  a 
p o r c e l a i n  t ube .  It i s  i n s u l a t e d  f r o m  the  c y l i n d e r  by  a l a y e r  of f i b e r g l a s  and  f l u o r o p l a s t i c .  Two c o p p e r  l e a d s ,  0.18 m m  

in d i a m e t e r ,  w h o s e  r e s i s t a n c e  was  a c c u r a t e I y  m e a s u r e d ,  w e r e  s o l d e r e d  to the  e n d s  of the  h e a t e r .  

Fig.  1. D i a g r a m  of  m e a s u r i n g  ce l l .  

The  o u t e r  c y l i n d e r  7 h a s  an  i n s i d e  d i a m e t e r  of 14.09 i 0.005 m m .  The  w o r k i n g  s u r f a c e s  of  the  i n n e r  and  o u t e r  
c y l i n d e r s  w e r e  c h r o m e d  and p o l i s h e d .  C o a x i a l i t y  of the  c y l i n d e r s  was  a c h i e v e d  by  m e a n s  of s ix  t e x t o l i t e  s p a c e r s ,  
s e c u r e d  in b r a s s  s c r e w s  6, and two c e n t e r i n g  i n s e r t s ,  wh ich  w e r e  r e m o v e d  f r o m  the  a n n u l a r  gap 12 a f t e r  the  s c r e w s  
had  b e e n  t i g h t e n e d .  T he  u n i f o r m i t y  of the  gap was  c h e c k e d  wi th  a s p e c i a l  s e t  of g a u g e s .  The  e c c e n t r i c i t y  of the  
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cy l inders  did not exceed 0.015 mm.  F luoroplas t ic  r ings 0.23 mm thick were  placed over  the ends of the cyl inders ,  
against  which they were  compre s sed  by flanges 5 and 11. 

The annular gap of the measu r ing  cell  was fil led with the tes t  liquid through thin-walled s ta in less  cap i l l a r i e s  4 
and holes 17 d r i l l ed  in the wall of the outer  cyl inder  7. The t empe ra tu r e  d i f fe rence  in the liquid l ayer  was measu red  
with a th ree - junc t ion  d i f ferent ia l  n i ch rome-eons t an tan  thermocouple  using the rmoeIee t rodes  0.15 mm in d iameter .  
Three  holes (13), 1.5 mm in d i ame te r  and 90 mm deep, were  dr i l l ed  in cyl inders  7 and 8 to r ece ive  the thermocouples .  
The thermoeouple  e l ec t rodes  and the hea te r  leads were  ca r r i ed  out of the autoclave through a gland 3. 

The measuring cell was suspended on insulators 15 from cover 16 of autoclave I0, which was made of 2Cr13 

steel. Cover 16 of the autoclave was secured by means of nut 2. The gap between the autoclave and the measuring 

ceils was about 2 mm. The autoclave was placed in the bath of a TS-24 constant-temperature apparatus and attached to 

its cover by means of a thin flanged cylinder i. The temperature in the TS-24 was maintained constant correct to 

• ~ C by means of a thermostat similar to that described in [i]. There was practically no fluctuation of the 

temperature at the surface of the outer cylinder 7, as monitored by the thermocouple inserted in channel 14. Dry 

spindle oil was used as the thermostating liquid. The necessary pressure was created in the apparatus by nitrogen. 

This relieved the pressure on the fluoroplastic rings. To eliminate convective nitrogen currents in the autoclave and at 

the ends of the measuring ceil, the cavities of the autoclave were filled with loose fiberglass. 

The hea te r  of the measu r ing  cel l  was powered by a group of ZhN-100 ba t te r ies .  The cu r ren t  in the heat c i rcu i t  
was de te rmined  f rom the vol tage drop a c r o s s  a R321 standard r e s i s t ance  coil.  The voltage drop ac ross  the coil and the 
e l e c t r i c  hea te r  was measu red  with a PPTV-1  potent iometer .  The thermocouple  emf  was measu red  with a R306 
potent iometer .  

The t he rma l  conductivity of the tes t  liquid was calculated f rom the equation 

IU In 
~,= d~ 

2n IAt  c ' 

where  A t c =  Arm - Att + At. 

(1) 

The d i f ferent ia l  thermoeouple  co r r ec t i on  At d depends on the posit ioning of the thermocouple  junctions and the 
t he rma l  conductivity of the cyl inder  ma te r i a l  and the test  liquid. In the expe r imen t s  the co r r ec t i on  Art at a 
t e m p e r a t u r e  of 30 ~ C was 0.18% of the calculated t e m p e r a t u r e  d i f fe rence  At c for toluene and 0.49 % for formamide .  
The co r r ec t i on  for the heat  l o s s e s  along the thermocouple  leads was negligibly smal l  and d i s regarded  in calculat ing 
the t he rma l  conductivity. 

To calculate  the co r rec t ion  At for the heat  l o s s e s  f rom the ends of the measu r ing  cell  we const ructed the heat 
balance equation for an e lement  of length dx. As the coordinate  or igin  we took a point on the axis of the cyl inders  at a 
dis tance l / 2  f rom the ends and as the r e f e r e n c e  t empe ra tu r e  we took the t e m p e r a t u r e  of the outer  cylinder:  

I d x - -  , - -  dx In d~ dx. (2) 

d~ 

The lef t -hand side of Eq. (2) d e t e r m i n e s  the amount of heat r e l ea sed  by an e l emen t  dx of the inner cyl inder ,  
while the r ight-hand side c h a r a c t e r i z e s  the amount of heat pass ing  through the c ross  sect ion of the cyl inder  in the 
d i rec t ion  of the end and t r anspor ted  by heat conduction through the l ayer  of ma te r i a l  invest igated.  

After  t r ans fo rma t ions  we obtain a s econd -o rde r  ord inary  l inear  d i f ferent ia l  equation: 

dZt 
- - - - A t  + B = 0,  ( 3 )  

dx ~ 

where  
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The solut ion of Eq. 

A = d~ 
~%c.~ In d-~- 

(3) with boundary condit ions 

IU 
; B - - m  

~,copFl 

~=o, d~=o; 
dx 

X - -  
l d~/ 2~,p~pt -}- 3~'t F t - ~ - ~  t" 4 -  

2 dx Xco p F In ~ ~.copF (5 
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Fn ~fi6~ (t --tcp) 

:) 
~fib 

has the form 
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+ 

(4) 

The f i rs t  t e rm  of Eq. 
heat losses ,  and the second the magnitude of the cor rec t ion  At. 

(4) cha rac te r i zes  the t empera tu re  at the surface of the inner  cyl inder  in the absence of 

90 ~ ~ 0 30 60 X 
0 

fool. # 

Fig. 2. Relative cor rec t ion  for heat losses  f rom the ends as 
a function of the length of the cyl inders .  

The graphs in Fig. 2 r ep re sen t  the rat io At/At c and the length of the cyl inder l for the measur ing  cei ls  used in 
our r e sea r ch  (1 = 180 ram, dl= 12.51 mm) and in [2] (l = 120 mm, da = 13.99 mm). Curves 1 and 2 were constructed for 
formamide,  and curves  3 and 4 for toluene. To check the accuracy of the co r rec t ion  At we conducted special  
exper iments  on measur ing  cells  with different  th icknesses  of the end r ings  and l/d rat ios .  The good agreement  (within 
the l imi t s  of exper imenta l  accuracy) of the data obtained in these exper iments  indicates  the accuracy of the absolute 
value of the cor rec t ion  introduced. In our exper iments  (at x = 0) the cor rec t ion  for toluene did not exceed 1% and that 
for formamide 0.33%. 

Considerable attention was paid to the quest ion of e l iminat ing convective heat t r ans fe r  in the tes t  liquid. In a 
ver t ica l  cyl indr ical  layer,  convection may take place at large t empera ture  gradients  in both the axial and radial  
d i rect ions .  As calculat ions and special  m e a s u r e m e n t s  showed, the t empera tu re  gradient  along the length of the inner  
cyl inder  was inconsiderable  and in the exper iments  did not exceed 1 �9 10 -4 deg /mm.  
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T a b l e  1. E x p e r i m e n t a l  D a t a  o n  t h e  T h e r m a l  C o n d u c t i v i t y  o f  t h e  L i q u i d s  

I n v e s t i g a t e d  

t, ~ 

26.0 
31.2 
44,5 
45,3 
45.4 
47.7 
56.7 
64.6 
77. I 
97.6 

114.8 
126.2 
145.6 
154.5 
165.5 
173.9 
184.7 
192.2 
201.7 

21.6 
25.4 
38.0 
39.0 
40.6 
59.3 
61.0 
76.8 
77,3 
80,3 
84.0 

Toluene 

h, W/m �9 deg 

0,134 
0,132 
0.129 
0.130 
0.129 
0.129 
0.127 
0,125 
0.122 
O.l l6  
0, I12 
0.109 
0,105 
0,I02 
O, lOl 
0.098 
0,096 
0,094 
0.092 
0,1351 
0.132] 
0.130 I 
0.130 I 
0.1291 
o.1261 
0.124f 
o,12o1 
0.120 
0.120 
0.1191 

n-Heptyl alcohol Dimetb Iformamide 

t, ~ r ~ X,W/m �9 deg 

35.5 0. t51 
66.4 0:145 
87.8 0.143 

108.4 0.136 
146.7 0.130 
162.9 0,126 
163.1 0.126 
24,6 0.151~ 
31.3 0.150 l 
32.7 0.150[ 
43.6 0.1461 
52.6 0.146} 
62.1 0.144| 
79.4 0.1411 
89.8 0.138 I 
94.2 0.138j 

Formamide 
54.0 - 0,352 
83.2 0.348 

109.5 0.341 

151.0 1 0.341 43.2 0.351[ 
52.3 0.347J 

32.3 
69.8 

106.9 
143.1 
26.9 
41.0 
42.3 
60.1 
60.4 
80.6 

h, W/m �9 deg 

0.186 
O. 176 
0.166 
O. 156 
0.1851 
0.182 I 
o.182( 
0.1771 
o.1761 
0.1701 

The bracketed data were obtained on the apparatus described in [ 2 ]. 
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The t e m p e r a t u r e  gradient  in the l aye r  of tes t  l iquid is usually se lec ted  f rom the condition G r P r  -< 1000. In a 
number  of s tudies  [3-5] made in recen t  y e a r s  it has been shown that in smal l  cy l indr ica l  gaps (6 = 1 - 4  mm) convection 
takes  p lace  at G r P r  va lues  considerably  g r e a t e r  than 1000. This is conf i rmed by our special  exper iments ,  in which no 
convect ion was detected at G r P r  = 1750. In our invest igat ions  of the thermal  conductivity of toluene, n-heptyl  alcohol, 
d imethy l formamide ,  and formamide ,  the values  of G r P r  did not exceed 600, and the t e m p e r a t u r e  gradient  in the l ayer  
was 1 .2-1 .8  deg. 

The co r r ec t i on  for the change in the l inear  d imensions  of the measu r ing  cel l  in the expe r imen t s  at 200 ~ C was 
about 0.3%. 

Since p rob lems  of rad ia t ive  heat t r ans fe r  in l iquids have not been ve ry  thoroughly studied, we did not introduce 
co r r ec t i ons  for radiat ion.  

As the calculat ions  showed, in our expe r imen t s  the total  e r r o r  in calculat ing the co r r ec t ions  did not exceed 
• 

Below, we p resen t  the r e su l t s  of an invest igat ion of the the rmal  conductivity of toluene, n-heptyl  alcohol, 
d imethy l formamide ,  and fo rmamide  on the types of apparatus desc r ibed  in this  paper  and in [2]. An e r r o r  analysis  
showed that the max imum e r r o r  in m e a s u r i n g  the t he rma l  conductivity of the l iquids invest igated does not exceed +1%. 

In recen t  y e a r s  alone, the re  have been at leas t  ten studies of the the rmal  conductivity of toluene [2, 3, 5, 6-14].  
This is because  toluene can be successfu l ly  employed as a s tandard in ins t rument  tes t ing and re l a t ive  methods of 
measu r ing  the rmal  conductivity. However,  the d i s c r epanc i e s  among even the r ecen t  exper imenta l  data are  quite la rge ,  
and at t e m p e r a t u r e s  above the boil ing point the the rmal  conductivity of toluene is a lmost  uninvest igated.  Therefore ,  
the accumulat ion of re l iab le  exper imenta l  m a t e r i a l  and the extension of the region of invest igat ion of the the rmal  
conductivity of toluene a re  urgent  tasks.  

As the tes t  liquid we se lec ted  toluene f rom the Khar 'kov Chemical  Reagent Plant  designated "toluene, 
scint i l la t ion.  Special pur i ty"  (Soviet s tandard GOST 1318-57). 

In the exper iments  up to the boil ing point the p r e s s u r e  in the apparatus was kept equal to 0.4 MN/m 2 and at 
h igher  t e m p e r a t u r e s  s eve ra l  MN/m 2 above sa tura t ion p r e s s u r e .  A p r e s s u r e  co r rec t ion  was not introduced in 
calcula t ing the t he rma l  conductivity of the toluene.  

Table i p r e sen t s  the r e su l t s  of an expe r imen ta l  invest igat ion of the the rmal  conductivity of toluene. It also 
includes the exper imenta l  data on the t he rma l  conductivity of n-heptyl  alcohol, d imethyl formamide ,  and formamide .  
On the t empe ra tu r e  interval  invest igated,  the t he rma l  conductivity of these  l iquids is desc r ibed  by the equation 

;~t -- ~,3o [1 - -  a (t - -  30)l. (5) 

Values of X30 and a and of p20 and n~  for the l iquids invest igated a re  p resen ted  in Table 2. The deviat ion of our 
exper imenta l  data f rom the values  calculated f rom Eq. (5) does not exceed 1%. 

Table 2. Cha rac t e r i s t i c s  of the Liquids Investigated 

Liquid 

Toluene 
n-Heptyl alcohol 
Dimeth ylformamide 
Formamide 

o20 

0.8670 
0.8236 
0.9459 
1.1360 

2o 
n D 

1.4969 
1.4249 
1.4305 
1.4480 

~-~0, W/m �9 deg 

0.1328 
0,152 
0.185 
0.355 

1 
g" 1On' deg 

1.84 
1.28 
1.38 
0 .39 

We have compared  our expe r imen ta l  data on toluene with the data  of other  inves t iga tors .  Thus, Ziebland 's  data 
[7] at a t e m p e r a t u r e  of 20 ~ are  in good ag reemen t  with our own, while at 112 ~ C the d i sc repancy  r eaches  4.2%. It 
should be noted that e l s ewhere  [8] Ziebland and Burton p re sen t  va lues  for the the rmal  conductivity of toluene at three 
t e m p e r a t u r e s  which, within the l imi t s  of accuracy  of the exper iment ,  coincide with our data. Good agreement  (up to 
+1%) is observed  between our data and the data  p resen ted  in [5, 6, 9-12] .  The data of [14] are  lower than ours  by, on 
the average ,  2%. 
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The the rma l  conductivity of n-heptyl  alcohol was invest igated in [15, 16] on the t empe ra tu r e  in terval  30-100 ~ C. 
These data a re  7.5% higher  than our own. 

Our va lues  for the t he rma l  conductivity of d imethy l formamide  are,  on the average,  5.2 % higher  than those obtained 
in [17]. As far  as we know, nothing has been published on the the rmal  conductivity of formamide.  

N O T A T I O N  

is the t he rma l  conductivity, W/m"  d e g  
I is the cu r ren t  i n the  hea te r  c i rcui t ,  A 
U is the voltage drop ac ros s  the heat, V 
dl is the outside d i ame te r  of the inner cyl inder ,  mm 
d 2 is the inside d i ame te r  of outer  cylinder,  mm 
l is the length of the cyl inder ,  m 
At c is the calculated t e m p e r a t u r e  di f ference,  deg 
At m is the measu red  t e m p e r a t u r e  di f ference,  deg 
At d is the thermocouple  cor rec t ion ,  deg 
At is the co r r ec t i on  for heat l o s se s  from ends of measu r ing  cell ,  deg 
F r  is the surface  a rea  of the f luoroplas t ic  r ing,  m 2 
Ftex  is the c r o s s - s e c t i o n a l  a rea  of the cen te r ing  space r s ,  m 2 
F is the c r o s s - s e c t i o n a l  a r ea  of the inner cyl inder ,  m ~ 
5 is the thickness  of the l ayer  of tes t  liquid, m 
5fl is the th ickness  of the f luoroplas t ic  r ing,  m 
5fi b is the th ickness  of the l ayer  of f ibe rg las  at the ends of the cyl inder ,  m 
t c o  p is the t he rma l  conductivi ty of copper ,  W/m �9 deg 
kfl is the t he rma l  conductivity of f luoroplas t ic ,  W/m �9 deg 
~fib is the t he rma l  conductivi ty of f ibe rg las ,  W / m  . deg 
~tex is the t he rma l  conductivity of textol i te ,  W / m  �9 deg 
x is the dis tance from the cen ter  of the cyl inder  to the locat ion of the thermocouple ,  m; 
Gr is the Grashof  number 
Pr  is the Prandtl  number  

is the t e m p e r a t u r e  coeff icient  of thermal  conductivity, deg -~- 
t w is  the t e m p e r a t u r e  of the autoclave wall, ~ 
p20 is the density 

n~ is the index of r e f r ac t ion  
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