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The experimental  apparatus used for  determining the thermal  conductivity of toluene at t e m -  
pera tures  of 0-180~ and p re s su re s  of 0.098-49.0 MN/m 2 is described,  and some of the r e -  
sults are presented.  Computing relat ionships providing an excellent representa t ion of the 
experimental  data a re  derived. 

The thermal  conductivity of toluene was measured  by the heated-f i lament  method using the apparatus 
depicted in Fig. 1. In the exper iments  we used a measur ing  cell of the No. 3 type, the construct ion of which 
was descr ibed in full detail in [1]. The measur ing  cell 4 was placed in the autoclave 3, made of Khl7N13M2T 
steel .  In o rde r  to smooth out the t empera tu re  field of the autoclave and reduce the tempera ture  gradient 
along it, the autoclave was placed in a mass ive  copper  cyl inder  5, with a gap of 1 mm betweenthetwo,  the 
whole then being immersed  in the thermosta t t ing  liquid of the thermosta t  6 (TS-24 type), As thermostat t ing 
liquid we used spindle oil. In order  to eliminate the vibrat ion of the measur ing  cell during the operation of 
the thermosta t ,  the autoclave and copper  cyl inder  were fixed rigidly to the main wall. The tempera ture  in 
the thermosta t  was stabilized by means of a special ly manufactured thermal  regulator  coupled to a pulse-  
width modulator  based on the Gouy principle [2]. This stabil ization sys tem reduced the t empera tu re  f luc-  
tuations in the the rmos ta t  to ~0.005 deg in exper iments  up to 160~ at higher t empera tu res  the fluctuations 
increased  slightly to • deg. The t empera tu re  fluctuations within the autoclave were much smal le r  than 
those within the thermosta t  on account of the thermal  iner t ia  of the c o p p e r - c y l i n d e r - a i r - g a p - a u t o c l a v e  s y s -  
tem.  The tempera tu re  gradient along the measur ing  cell was monitored by means of a three- junct ion dif- 
ferential  thermocouple,  and in the exper iments  at 180 ~ never exceeded 0.1" 10-3deg/mm.  

The p res su re  in the autoclave was crea ted  by way of a bellows separat ing vesse l  9, using a hydraulic 
press ,  and was measured  with a piston manometer  1 of the MP-600 type (class 0.05). The position of the 
bellows in the separat ing vesse l  was checked by re fe rence  to  the motion of a acre  set in the bottom of the 
bellows, aided by an induction coil 8 and a secondary e lect ronic  inst rument  7 of the t~PID type. 

The experimental  value of the p res su re  was co r rec t ed  for  the effect of the rigidity of the bellows; 
this was determined by compar ing the readings of the piston manomete r  MP-600 with those of a standard 
c lass  0.4 manometer  13, which was only connected for  the cal ibrat ion purposes .  Low p res su res  (up to 
5 MN/m 2) were crea ted  in the autoclave by means of nitrogen, for  which purpose a special  line was p ro -  
vided, connecting the autoclave 3 through the expander 16 to the nitrogen cyl inder  11. 

The measur ing  cables were taken out of the h igh-p ressu re  zone through a gland seal extending into 

the low- tempera tu re  region. 

The autoclave and bellows separat ing vesse l  were filled with the tes t  liquid by means of the glass 
vesse l s  14 and 15 with the vacuum pump 2 connected. The rarefac t ion  created  by the vacuum pump, equal 
to 10 -2 mm Hg, ensured the reliable filling of the apparatus with liquid, without any air  bubbles being ad-  
mitted. The line joining the piston manomete r  1 to the separat ing vesse l  14 was also filled under vacuum. 
The product was removed f rom the apparatus through a special  valve. After  the removal  of the product, 
the apparatus was repeatedly washed with petroleum ether,  and then air ,  purified in a zeolite f i l ter  10 and 
heated to 300 ~ in an e lec t r ic  furnace 12, was blown through. 
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Fig. i. Arrangement of the experimental apparatus. 

The measuring part of the apparatus was made on the usual potentiometrie principle. The internal 
resistance thermometer, which also served as a heater, was supplied from a 4TZhN-250 storage battery. 
The thermometer circuit incorporated a I ~2 standard coil taken from an electrical resistance of the R-321 
type (class 0.01). The electrical measurements were made with an R307 potentiometer and an M17/2 
mirror galvanometer. A current of I~5 mA was passed through the external resistance thermometer, the 
source of this being a heater battery of the 1.28-NVMTs-525 type (Deviz brand). The thermometer circuit 
incorporated a standard 10 ~ coil taken from an electrical resistance of the R-321 type (class 0.01), and 
the electrical measurements were made with the help of an R306 potentiometer and an M17/2 mirror gal- 
vanometer. In order to eliminate the effect of parasitic thermo-eml in the thermometric circuits, all the 
measurements were carried out with currents flowing in opposite directions. The current circuits were 
reversed by means of oil switches. 

In calculating the thermal conductivity, all the corrections associated with the heated-filament method 

were introduced; these were set out in detail in [1]. 

In the experiments we used toluene of the "Scintillation toluene - h igh purity" type, as standardized 
by the All-Union State Standard 1318-57 (p~0 = 0.8669, n~ = 1.4969). The thermal conductivity was measured 
along isotherms in steps of 4.9 MN/m 2 for two values of the temperature drop in the liquid layer and a 
criterion product GrPr < I000. Experiments were carried out both as the pressure was being raised to its 
maximum value and also as it was being reduced from the maximum to atmospheric pressure. Altogether 
173 experimental points were obtained. The maximum relative error in the experimental data was esti- 
mated at ~1.3%. The scatter in the experimental points was no greater than 0.8%. The results of our mea- 
surements of the thermal conductivity of toluene are presented in Table I. 
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Fig. 2. The p-tsect ions of the X-p- t -sur face of 
toluene (p in MN/m 2, t in ~ 1) k = 0.100; 2) 0.105; 
3) 0.110; 4) 0.115; 5) 0 .120 ;  6) 0.125; 7) 0.130; 8)0 .135;  
9) i . 1 4 0 .  

T A B L E  3. 
t u r e  and P r e s s u r e  

D e n s i t y  of To lue ne  ( k g / m  3) a s  a F u n c t i o n  of T e m p e r a -  

P, MN/m z 

t, ~ I 0,098 4,9 9,8 14,7 19,6 24,5 29,4 , 34,3 44,I 49,0 

873,0 
865,0 
856,7 
848,2 
839,6 
830,8 
821,7 
812,6 
803,2 
793,5 
783,5 
780, I 
763,5 
753,3 
743,1 
732 3 

i72111 

876, I 
868,2 
860,1 
851,8 
843,5 
835,0 
826,2 
817,5 
808,3 
798,9 
789,6 
785,7 
770,5 
760,8 
750,7 
740,7 
730,3 

[ 879,0 
871,3 
863,5 
855,4 
847,2 
838,7 
890,3 
821,8 
813,0 
804,0 
794,9 
791,2 
776,6 

�9 767,2 
757,7 
748, ! 
738,3 

882,0 1 885,2 
874,5 [ 877,6 
868,0 1 870,0 
858,7 1 862,1 
850,5 ] 849,3 t 
842,31 846,41 
834,1 1 838,5 
825,31 830,4 
S17,4 t 822,1 [ 
808,9 t 813,9 [ 
800,1 t 805,6 t 
797,0 l 799,7 t 
782,4 ] 788,5 ] 
773,31 779,7 I 
764,1 [ 770,8 I 
755,0 761,81 
745,5 752,6 

888,1 
880,7 
873,2 
865,8 
858,0 
850,3 
842,5 
834,7 
826,6 
818,5 
810,2 
801,9 
793,7 
785,2 
776,6 
767,7 
758,8 

39,2 

890,8 
883,6 
876,3 
869,0 
86t ,6 
854,2 
846,6 
838,9 
831,0 
823,0 
814,8 
806,5 
798,3 
790,0 
78I ,6 
773,0 
764,4 

20 
30 
40 
50 
60 
70 
80 
90 

J[ O0 
][10 
I20 
,I30 
140 
150 
160 
i[70 
180 

896,1 
889,3 
882,4 
875,4 
868, 
861,3 
854,1 
846,8 
839,3 
831,8 
824,2 
816,6 
808,8 
800,8 
792,5 
784,0 
775,5 

In o r d e r  to  e s t a b l i s h  the  g e n e r a l  l aws  r e l a t i n g  the  t h e r m a l  c onduc t i v i t y  of t o luene  to  t e m p e r a t u r e  and 
p r e s s u r e ,  and to  d e r i v e  an a n a l y t i c a l  r e l a t i o n s h i p  of t he  k = f(p, t) t ype ,  we a n a l y z e d  the  e x p e r i m e n t a l  da t a  
and p lo t t ed  k - t ,  X - p  and p - t  s e c t i o n s  of the  h - p - t - s u r f a c e  of  t o l u e n e .  On a n a l y z i n g  the  r e s u l t a n t  s e c -  
t i o n s ,  we m a y  d r a w  the  fo l lowing  s i m p l e  c o n c l u s i o n :  The  t h e r m a l  c o n d u c t i v i t y  of t o lue ne  f a l l s  wi th  r i s i n g  
t e m p e r a t u r e  and i n c r e a s e s  wi th  r i s i n g  p r e s s u r e .  The  i s o t h e r m s  and i s o b a r s  of t h e r m a l  c onduc t i v i t y  c o n -  
s t i t u t e  s l i g h t l y  c u r v e d  l i n e s .  The  i s o b a r s  a r e  ben t  downward  t o w a r d  the  t e m p e r a t u r e  ax i s  and the  i s o t h e r m s  
upward ,  away  f r o m  the  p r e s s u r e  ax f s .  The  e f f ec t  of  p r e s s u r e  on the  t h e r m a l  conduc t iv i t y  i n c r e a s e s  wi th  
r i s i n g  p r e s s u r e .  Thus  at  20~ 

13 73 



-qee 

r 

-O, gO 

-o, go - -  

-4o21 
-a/5 

Fig .  3. 

8 ~  

7 

// 
~ 1 t  -o, o7 l 0 (p/~ooo) 

The  log X - l o g  (p/1000)  r e l a t i o n s h i p  
fo r  to luene:  1) 180~ 2) 160~ 3) 140; 4)120;  
5) 100; 6) 80; 7) 60; 8) 40; 9) 20~ I ) p = 0 . 9 8 ;  
II) p =49.0 MN/rn  2. 

and at 180~ 

OL ]av W" m z 
~ -  !t = 294,10 "~ -, 

m. deg. MN 

OL)av W. In z 
Off- t = 429.10 ~ m. deg. MN 

The  p - t  s ec t i ons  of the X - p - t - s u r f a c e  a r e  of p a r t i -  
c u l a r  i n t e r e s t ;  in t he se  s ec t i ons  the l ines  of cons tan t  
t h e r m a l  conduc t iv i ty  a r e  s t r a igh t ,  wi thin  the  l im i t s  of 
e x p e r i m e n t a l  e r r o r  (Fig.  2), and m a y  be d e s c r i b e d  by 
the equa t ion  

p = a -~ bt. (1) 

F o r  the c o e f f i c i e n t s  a and b we obta ined  the 
fo l lowing e x p r e s s i o n s  by the method  of l e a s t  s q u a r e s  

a = 40828k~--8153k+358 ,  (2) 

b = l l . 8 1 k ~ 0 . 7 9 9 3 .  (3) 

A f t e r  subs t i t u t ing  ( 2 ) a n d  (3) into (1), we obta in  
an  equa t ion  f o r  c a l cu l a t i ng  the t h e r m a l  conduc t iv i ty  
of  to luene  as  a funct ion  of t e m p e r a t u r e  and p r e s s u r e :  

~t,p = 0.0998 - -  0.000145/ 

+ V 0.209. lO-TP - 0.929. lO-St + 0.244. lO-4p @1.212.10 -3. (4) 

T a b l e  2 c o m p a r e s  the  e x p e r i m e n t a l  da ta  r e l a t i n g  
to the t h e r m a l  conduc t iv i ty  of to luene  with those  c a l -  
cu la ted  f r o m  Eq.  (4). The  dev ia t ions  a r e  no g r e a t e r  
than  1.0%. 

In order to extrapolate experimental data relating to the thermal conductivity of organic liquids at 
atmospheric pressure, the following well-known relationship ls often employed [3] 

[ Pt ~4/3 
~, = B \ T O N }  " (2) 

In order to use this equation for pressures above atmospheric, it is essential to possess p-p-t-data. 

So far as we know, the literature contains no such data for toluene. We therefore made an attempt at ob- 

taining p-p-t-data for toluene by calculation. For calculating the density of toluene as a function of tem- 
perature and pressure, we used the law of corresponding states in its most general form 

:~ = F(qD, % (6) 

The computing method was as follows. First we verified the law of corresponding states at atmos- 
pheric pressure for several aromatic hydrocarbons: benzene, m-xylene, p-xylene, o-xylene, and toluene; 
we did likewise for n-hexane and n-heptane. We then found the P/Pcr = fi( T/Tcr) relationship. The critical 
parameters Per and Tcr were taken from [4] and the density data from [5]. In generalized coordinates, the 
data relating to m-xylene, toluene, n-heptane, and n-hexane lay on a single common curve. Those relating 
to benzene, o-xylene, and p-xylene, however, deviated seriously from this curve. We then verified the law 
of corresponding states for n-hexane [6], n-heptane [7], and m-xylene [8] over the pressure range 0.098-49 
MN/m 2 and the temperature range 20-200~ As at atmospheric pressure, the densities of these com- 
pounds lay accurately on the generalized curves, the deviations never exceeding ~0.5%. 

Subsequently we took m-xylene as standard substance, since reliable experimental data regarding the 
p-p-t-relationship were available for this compound [8]. in addition to this, m-xylene and toluene have 
neighboring values of the Hirseb-felder and Guldberg similarity criteria. 

Using the experimental data, we plotted the isochoric, isobaric, and isothermal sections of the sur- 
face of state of m-xylene, and matched the data in these sections. Since the density values were only given 
up to 20 MN/m 2 in [8], we extrapolated the density of m-xylene to a pressure of 49 MN/m 2. 
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Then the smoothed experimental data taken from the curves of the isobaric section were expressed 

in generalized coordinates ~ = P/Per- ~ = P/Per along the isotherms v = T/Tcr. For m-xylene we took the 
following values of the critical parameters: Per = 3.43 MN/m 2, Tcr = 619.13~ Pcr = 285 kg/m 3. 

Assuming that the law of corresponding states was valid for m-xylene and toluene, for specified values 
of v and �9 we found q~ = P/Per, and then oalculated the reference values of the density of toluene, from which 
we plotted the isobaric, isothermal, and isochoric sections of the p-p-t-surface. For toluene we took the 
following criticM parameters: Per = 3.92 MN/m2; Tcr = 593.93~ Per = 289 kg/m 3. 

The calculated densities of toluene for various temperatures and pressures are presented in Table 3. 

The resultant data enabled us to calculate the isothermal compressibility of toluene PT = (i/v0)(Sv 
/0p) t = 25 o, the value of which agreed closely with the data of [9]. 

We see from Fig. 3 that the coefficient B and the power index n associated with thep/1000inEq. (5) 
are not constant but depend on the temperature. With increasing pressure the isobars become curved, par- 
ticularly in the high-temperature region. Only at atmospheric pressure iw (81og X/01ogp)p = const. How- 
ever, for the whole of the pressure range studied the isotherms are straight lines, n = (01og X/81ogp) t 
being consta~nt for these. With increasing temperature n diminishes, as a result of which the isotherms ap- 
proach one another in the region close to the solid state, Analysis of the experimental data, expressed 
in terms of the isotherms in Fig. 3, yields the following expression for n: 

n = 3.252 -- 5.03.10"3t. 

The coefficient B changes very little with temperature; its value may be regarded as constant and 
equal to B = 0.2070. 

Then the computing equation for calculating the thermal conductivity of toluene in terms of the den- 
sity over a wide range of variation of the determining parameters may be written in the following way: 

[ Ptp t 3'2~-5"~176 ~,t,p = 0.2070 \ -~ -~- ]  (7) 

Table  2 c o m p a r e s  the exper imen ta l  data  re la t ing  to the t h e r m a l  conductivity of toluene with those  ca l -  
culated by means  of Eq. (7). The deviations never  exceed 1.0%. 

P 
nB 
Gr 
Pr 
k 

P 
t 

T 
B, a, b, n 
7r 

T 

PT 
v 

NOTATION 

t s  the density;  
~s the r e f r ac t i ve  index; 
is  the Grashof  c r i te r ion ;  
is  the Prand t l  c r i t e r ion ;  
is the t h e r m a l  conductivity; 
~s the p r e s s u r e ;  
i s  the t e m p e r a t u r e ;  
~s the absolute  t e m p e r a t u r e ;  
a r e  the e m p i r i c a l  coeff icients;  
is  the reduced  p r e s s u r e ;  
is  the reduced density'; 
is  the reduced t e m p e r a t u r e ;  
is t h e  i so the rma l  compress ib i l i ty ;  
is the specif ic  vo lume.  

2. 
3. 
4. 

5. 
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