
E X P E R I M E N T A L  S T U D Y  C O N C E R N I N G  T H E  

C O N T R I B U T I O N  OF T H E  R A D I A T I V E  

C O M P O N E N T  T O  T H E  E F F E C T I V E  T H E R M A L  

C O N D U C T I V I T Y  O F  T O L U E N E  

V.  Z .  G e l l e r ,  I .  A .  P a r a m o n o v ,  
a n d  V.  V .  S l y u s a r e v  

UDC 536.22 

The coax ia l - cy l inde r s  method was used  in an exper imenta l  study concerning the contribution 
of the radia t ive  component  to the effect ive t he rma l  conductivity of toluene. It has been found 
that this contr ibution b e c o m e s  quite significant  at  high t e m p e r a t u r e s .  

The widely used  re la t ive  methods  of m e a s u r i n g  the t he rma l  conductivity (X) of liquids and gases  r e -  
quire that the t h e rm a l  conductivity of s tandard  r e f e r ence  subs tances  be known exact ly  and over  a sufficiently 
wide range of s ta te  va r i ab l e s .  Toluene is one such substance,  by vir tue  of i ts  ve ry  favorable  phys icochemi -  
cat  p r o p e r t i e s .  Recommendat ions  per ta in ing  to the use of toluene as a s tandard r e f e r ence  liquid have been 
made in [1-4]. 

Many studies concerning the t he rm a l  conductivity of toluene a r e  surveyed  and d iscussed  in [3, 4]. 
The values of ~ obtained by var ious  authors  often differ  f rom one another ,  especia l ly  a t  high t empe ra tu r e s ,  
by an amount  much l a r g e r  than the overa l l  e r r o r  in each case ,  making it  difficult to genera l ize  all  the pub-  
l ished data and to r e c o m m e n d  the c o r r e c t  va lues .  One source  of these d i sc repanc ies  is the radia t ive  com-  
ponent of heat  t r a n s m i s s i o n  through fluids which a r e  s emi t r ans lucen t  to in f ra red  radiat ion.  

It is to be noted that the effect ive t he rma l  conductivity,  which one m e a s u r e s  for  plane l aye r s  [5-7] 
or  cyl indr ical  l aye r s  [8] of the tes t  fluid, depends r a t h e r  in t r ica te ly  on both the physica l  and the optical  
p r o p e r t i e s  as  well  as on the geome t ry  of both the fluid l ayer  and the boundary su r f aces .  Special t es t s  
p e r f o r m e d  by the p l a n e - l a y e r  method [6] and the hot -wire  method [9] in the appropr ia te  appara tus  have 
yielded re la t ions  between the rad ia t ive  component  of the effect ive t he rma l  conductivity and the thickness of 
the fluid tes t  l aye r .  Never the le s s ,  the informat ion  avai lable  today is quite s c a r c e  and the p rob lem requ i re s  
a fu r the r  thorough exper imen ta l  as  well  as theore t ica l  ana lys i s .  

In view of this ,  the au thors  have made an exper imenta l  study concerning the re la t ion between the e f -  
fect ive  t h e r m a l  conductivity of toluene and the width of the tes t  gap, over  the t e m p e r a t u r e  range f rom - 4 0  
to +200~ in an appara tus  designed for  the coax ia l -cy l inders  method of m e a s u r e m e n t .  A set  of six i n t e r -  
changeable cyl inders  with di f ferent  d i a m e t e r s  17.728, 17.203, 16.799, 16.191, 15.610, 14.799+ 0.003 m m  
made it  poss ib le  to vary  the th ickness  of the tes t  l ayer  f rom 0.1 to 1.6 m m .  The dimensions  of these 
cyl inders  were  inspected under  a model  UIM-21 mic roscope  with a =L0.002 m m  prec i s ion .  The inside di-  
a m e t e r  of the outer  cyl inder  was 17.944 i 0.005 ram, as  m e a s u r e d  with a specia l  dial indicator  at  40 loca-  
tions along its  height and around its  c i r cumfe rence ,  with an e r r o r  not exceeding :L0.002 m m .  All cy l inders  
had been made of ref ined copper ,  with the i r  act ive  su r faces  carefu l ly  polished and subsequently chrome 
plated.  

The const ruct ion of our tes t  cel l  is shown in Fig.  1. An inner  cyl inder  4 is cen te red  re la t ive  to the 
outer  cyl inder  3 by means  of porce la in  pins mounted into m i c r o m e t e r  s c r ews .  The eccent r ic i ty  is m e a -  
sured  with a se t  of spec ia l  f e e l e r  gages  and under  the model  UIM-21 mic roscope ,  before  and a f t e r  a tes t .  
The tes t  gap is he rme t i ca l ly  c losed at  both ends of the cel l  by means  of 0.3 m m  thick Teflon i n se r t s  2, 
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Fig. 1. Construction of the 
test  cell. 
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Fig. 2. Departure  (%) of test  val-  
ues for the thermal  conductivity of 
water  f rom those values r e c o m -  
mended by the authors  of [4], at a 
gap width: 1) 0.371 mm; 2) 1.167 
mm; 3) 1.573 mm. 

sealed with tight flanges 1 of stainless steel.  Into an axial 4 mm (di- 
ameter)  hole dri l led in each inner cylinder is inser ted the e lec t r ic  
heater  5 bif i larly wound on a porcelain tube and insulated f rom the 
cyl inder  wall by a hea t - res i s tan t  varnish and a Teflon coating. Current  
and potential leads to the heater  are  brought out f rom the test zone 
through a capi l lary tube 12. The temperature  drop ac ros s  the layer  
and the reference  tempera ture  of the thermal  conductivity measurement  
are  determined with a three-junct ion differential thermocouple and an 
absolute copper -cons tan tau  thermocouple,  both preca l ibra ted  and em-  
bedded in respect ive  sheaths 6 and 7 of stainless steel. The gap is 
filled with the test fluid, poured in under vacuum along capi l lar ies  9 
and 10 through holes specially dri l led in the outer cylinder.  

The test  cell was placed in a b r a s s  beaker  8, all inside an auto- 
clave 11. The test  p r e s su re  was produced with compressed  nitrogen 
through a dis t r ibutor  vessel  connected to the autoclave chamber,  so 
that ra ther  thin Teflon inser t s  sufficed for hermet ica l ly  sealing the 
test  gap and reducing the heat leakage f rom an inner cylinder.  

The test  cell was thermosta t ic ized  in a liquid thermosta t  with 
white spir i t  and grade PMS-100 silicone fluid. Tempera ture  fluctua- 

lions inside the thermosta t  did not exceed -~0.005~ and there were no sensible temperature  variat ions at 
the surface of the outer cylinder.  The axial tempera ture  gradient was 5 .10  -5 deg /mm at the maximum 
test t empera ture .  

The heater  in the test  cell  was energized f rom a model U-1199 stable d i r ec t - cu r r en t  source.  Direc t -  
current  potent iometers ,  model R37-1 c lass  0.01 and model R-348 c lass  0.002, were used in measurements  
of the heater  power and the tempera ture .  

The effective thermal  conductivity of toluene was measured  at gap widths 0.108, 0.371, 0.573, 0.877, 
1.167, and 1.573 mm over the tempera ture  range f rom -40  to +200~ yielding more  than 170 test  points. 
In o rder  to eliminate heat convection, the tests  were per formed at two to four different temperature  drops 
ac ros s  the layer  and as many different values of the product  G r .  P r  < 1200. The resul ts  were then numer i -  
cally cor rec ted  for heat leakage at the cylinder end-faces ,  for  the thermocouple mountings, for the eccen-  
t r ic i ty  between cyl inders ,  and for  thermal ly  produced variat ions in the dimensions of the test  cell, all to-  
gether not exceeding 2.5%. An e r r o r  analysis  has shown that the maximum relat ive e r r o r  of these test  

d a t a  is • (the measurement  e r r o r  with a gap ~i = 0.108 mm wide was -~2.5 to 13.0%). The resul ts  of 
thermal  conductivity measurements  for toluene a re  shown in Table 1. For  gap widths 5 = 0.371, 1.167, 
and 1.573 mm are  also shown data pertaining to the thermal  conductivity of water  over  the 40-180~ tem-  
pera ture  range. The departure  of the test  values for  water  f rom those recommended in [4] is shown in 
Fig.  2. 

An analysis  of the test  data has shown that the effective thermal  conductivity of toluene has different 
values when measured  in gaps of different widths; also that these differences become la rge r  at  higher 
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Fig.  3. Effective thermal  con-  
ductivity X (W/m- deg) of toluene, 
as a function of the gap width 6 
(mm): a) coaxia l -cyl inders  
method; b) hot-wire  method at 
a tempera ture  of (~ 1) 0; 2) 
20; 3) 40; 4) 60; 5) 80; 6) 100; 
7) 120; 8) 140; 9) 160; i0) 180; 
11) 200. 

tempera tures .  On the other hand, the thermal  conductivity of water  (whose thermal  absorptivity is ra ther  
high) remains  the same,  within test  accuracy ,  over the entire range of test  t empera tures  and regard less  
of the gap width, while in sa t i s fac tory  agreement  with recommended values [4]. 

The said differences in test  values for the thermal  conductivity of toluene can, obviously, be only 
due to heat radiation. Since the radiation cha rac t e r i s t i c s  of the liquid and of the active cylinder surfaces  
were identical here,  hence these data on the effective thermal  conductivity of toluene should be regarded 
as reflect ing a dependence on the gap width. In o rde r  to eliminate the effect of the radiative component, 
we have plotted in Fig. 3 i so therms  of the effective thermal  conductivity for toluene, as a function of the 
gap width, and have extrapolated them to a zero  laye r thickness so as to establish what, evidently, should 
be regarded  as the t rue "molecular"  thermal  conductivity. The values of thermal  conductivity thus found 
over  the temperature  range f rom - 4 0  to +200~ within a • accuracy ,  may be approximated by the fol-  
lowing equation: 

~0 = 0 .1373-  0.03062 (t/100} + 0.00232 (t/100) 2. (1) 

The thermal  conductivity of toluene was also measured  by the hot-wire  method over  the 0-160~ 
tempera ture  range and in gaps 5 = 0.5, 0.675, and 0.90 mm wide, as shown in Fig. 3 [9]. An analysis  has 
revealed that the values of thermal  conductivity obtained by the hot-wire method and by the coaxial -cyl in-  
ders  method with the same gap widths differ respect ively  by an amount not exceeding the overall  e r r o r s  of 
both methods.  

On the basis  of the data thus obtained, an equation has been derived descr ibing the effective thermal  
conductivity of toluene as a function of the gap width: 

~,~ = }~o + [0,0037 + 0.0031 (t/100) - -  0.0003 (t/100) 2] 6 - -  0.00168. (2) 

An extrapolation of the test curves  to a zero  gap width has made it possible to est imate the radiative 
component in the effective thermal  conductivity of toluene. Thus, at  the maximum test  temperature  of 
200~ and at the gap width 5 = 1.573 mm this component contributed approximately 14%. Therefore ,  the 
effect of radiation appears  quite substantial and must  be taken into account in any study concerning the 
thermal  conductivity of fluids semitranslucent  to inf rared radiation. 

N O T A T I O N  

k 
t 
Gr 
P r  - 

is the thermal  conductivity; 
i s  the  t e m p e r a t u r e ;  

is the Grashof  number;  
is the Prandt l  number . ;  
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5 is the layer  thickness;  
A?~ is the deviation; 

0 is the thermal  conductivity in a gap 5 = O; 
h 5 is the effective thermal  conductivity. 

1, 
2. 
3. 
4. 

5, 

6. 
7. 
8. 
9. 
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