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L I Q U I D S  

R A D I A T I O N  

UDC 536.22 

The t h e r m a l  conductivi t ies  of a n u m b e r  of organic  liquids a re  de te rmined  by a t r ans ien t  method 
under  i r r e g u l a r  t h e r m a l  condit ions.  

A grea t  deal of expe r imen ta l  work  has  been Carr ied  out in the last  few y e a r s  in connection with the in- 
fluence of radia t ion on the rma l -conduc t iv i ty  m e a s u r e m e n t s  in s e m i t r a n s p a r e n t  media ,  a ca tegory  including 
the m a j o r i t y  of l iquids.  M e a s u r e m e n t s  have mos t  f requent ly  been based  on the mos t  widely accepted  s t eady-  
s ta te  methods (plane l aye r s ,  coaxial  cyl inders ,  heated f i l aments ) .  Theore t i ca l  ana lys is  [1-5] and a cons ide r -  
able number  of expe r imen ta l  invest igat ions [3, 5-8] show that the influence of radiat ion e x p r e s s e s  i t se l f  as a 
dependence of the t h e r m a l  conductivity on the t h i c k n e s s  of the l ayer  used fo r  the m e a s u r e m e n t s .  The molecu-  
la r  t h e r m a l  conductivity is approx ima te ly  obtained on extrapolat ing this re la t ionship  to ze ro  l ayer  th ickness .  

The re  a re  ce r ta in  poss ib le  ways of e l iminat ing the effect of radia t ion on the r e su l t s  of t h e r m a l - c o n d u c -  
t iv i ty  m e a s u r e m e n t s ;  these  include the s o ' c a l l e d  t rans ien t  methods,  e spec ia l ly  those involving i r r e g u l a r  t h e r -  
m a l  condit ions.  These  methods a r e  mos t  f requent ly  rea l i zed  by the t rans ien t  heating of a me ta l  f i lament  im-  
m e r s e d  in the liquid, with s imul taneous  record ing  of i ts  t e m p e r a t u r e .  The use  of v e r y  thin f i laments  with a 
low intr insic  heat  capaci ty  enables  the t h e r m a l  conductivi t ies  to be m e a s u r e d  quite rapidly,  so that the region 
(layer) over  which the m e a s u r e m e n t  is c a r r i e d  out m a y  be re la t ive ly  smal l .  Fo r  a broad  c lass  of weakly ab-  
sorb ing  liquids, the th ickness  of this l ayer  m a y  be s m a l l e r  than the mean  f r ee  path of the photons c h a r a c t e r -  
izing in f r a red  radiat ion.  The radia t ive  mechan i sm of heat t r a n s f e r  may  then be a lmos t  en t i re ly  neglected,  and 
the value of the t h e r m a l  conductivity obtained under these  specif ic  conditions m a y  be identified with the molecu-  
l a r  t h e r m a l  conductivity.  T h e  influence of radia t ive  heat t r a n s f e r  then only appea r s  as a loss  of some  of the 
heat  f r o m t h e  su r face  of the hea te r  and f r o m  the in te r io r  of the layer  into which the t rans ien t  t e m p e r a t u r e  field 
pene t r a t e s .  The  total  extent of these  lo s ses  is smal l  in the case  of b r i e f  m e a s u r e m e n t s  and need not be taken 
into account.  

The c r i t e r ion  of " t r anspa rency"  as r ega rd s  t h e r m a l  radia t ion may  be wr i t t en  in the fo rm 

l >  I*, (1) 

where  

l = ~  1 Ou dv /~ au l* 
" ,, a , , ,  = 

In o rde r  to e s t ima te  l" it is sufficient  to l imit  cons idera t ion  to monochromat ic  radiat ion of f requency v 0 
cor responding  to the m a x i m u m  of the Planek dis t r ibut ion function at the pa r t i cu l a r  t e m p e r a t u r e .  In this case  
l = l /kv0,  and inequality (1) may  be e x p r e s s e d  in the f o r m  
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1 
t < k oa" (2) 

Thus,  subject  to the condition that the l ayer  should be  " t r anspa ren t "  with r e spec t  to in f r a red  radiat ion,  the 
choice of the per iod of m e a s u r e m e n t s  is de te rmined  by the p a r a m e t e r  1/k~0 a . _  F o r  example ,  the numer ica l  
value of the p a r a m e t e r  is 34 m s e c  fo r  toluene and 840 m s e c  for  CC14. 

The f i lament  placed in the t e s t  liquid is heated by an e lec t r i c  cu r ren t .  On using rec tangu la r  cur ren t  
pulses ,  c rea t ing  a s teady  t h e r m a l  flux q l  in unit length of the f i lament ,  the law of t e m p e r a t u r e  va r ia t ion  in 
the f i lament  is de te rmined  [10] by the re la t ionship  

AT= qt In 4at 
4a)~ - r ~ c  ' (3) 

va l id  fo r  f a i r ly  sma l t  va lues  of the p a r a m e t e r  rZc /4a t .  F r o m  Eq. (3) we der ive  an express ion  for  the t e m p e r a -  
tu re  inc rement  of the f i lament  between the instants  t and to: 

AT(t~ AT(t0)-- qz In _ t  . (4) 
4n~ t o 

The t h e r m a l  flux was genera ted  in a plat inum f i lament  (r  =2 p ) .  The type of f i lament  r egu la r ly  produced 
by indust ry  was ro l led  into a copper  sheath of 25-it rad ius .  In o rde r  to c r ea t e  a probe,  this was set  in a spe -  
cial g lass  base  (Fig.  1). The points of solder ing the f i lament  to the cu r ren t  lead and the contact  between the 
f i lament  and the base  w e r e  covered  with paraff in,  and then the base  and f i lament  were  i m m e r s e d  in a solution 
of ni t r ic  acid. Af ter  etching away the copper  sheath f r o m  the open pa r t s  of the f i lament  and washing in acetone,  
the probe  so p r e p a r e d  was placed in toluene in o rde r  to d isso lve  the paraff in .  The total  length of the open 
plat inum f i lament  was about 150 m m .  

The r e s i s t a n c e  of the f i lament  was incorpora ted  into a br idge circui t  (Fig. 2). Voltage pulses  of spe-  
cif ied ampli tude and length were  shaped by means  of a key based  on a KT-802 t r a n s i s t o r .  The pulse length 
was spec i f ied  by means  of a rec tangula r  pulse genera to r  G of the G5-6A type.  In o rde r  to "deeouple" the c i r -  
cuit f r o m  the ground, t r a n s f o r m e r  coupling was employed between the gene ra to r  output and the b a s e - e m i t t e r  
junction of the t r a n s i s t o r .  An S1-15 osc i l lograph was used  to indicate the s ignals  f rom the br idge diagonal.  
Between the gene ra to r  and the osc i l lograph was a delay line DL crea t ing  a t ime  displacement  between the 
t r ipping  of the osc i l lograph and the instant at which the vol tage pulse acted upon the br idge c i rcui t .  

Let us cons ider  the m e a s u r e m e n t  of the instantaneous values  of f i lament  r e s i s t ance  during t r ans ien t  
heating.  Before  the onset  of the m e a s u r e m e n t s  the br idge r e s i s t ances  w e r e  chosen in such a way that the fo l -  
lowing re la t ionship  was sat isf ied:  

]~I/R~o=:R2/R~ = I. (5) 

As soon as the pulse ope ra t e s ,  the f i lament  t e m p e r a t u r e  r i s e s  and the br idge c i rcui t  loses  balance.  Be-  
cause  of the delay line between the gene ra to r  and the osci l lograph,  the osc i l lograph s c r een  only r ecords  par t  
of the t e m p e r a t u r e  signal  f rom the f i lament .  When pulses  a r r i v e  per iod ica l ly  (at a f requency chosen subject  
to the condition that the t e m p e r a t u r e  field c rea ted  by the previous  pulse should vanish a lmos t  comple te ly  in the 

! 

i I'�84 .~ z 

Fig.  1. Exper imenta l  cell: 
1) cu r ren t  leads; 2) so lde r -  
ing points; 3) g lass  base;  4 )  
working par t  of f i lament ;  5) 
sect ion of f i lament  in copper  
sheath.  
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T A B L E  1. T h e r m a l  Conduc t iv i ty  of a N u m b e r  of O r g a n i c  L iqu ids  

I 2 0  ~  

Liquid and tempera- I 
ture range of I W/m-deg 

measurement exp. flit. 

Toluene (20--90 ~ 0,1291 0,132 
Carbon telxaehloride , " 

(20--70 oC) 

Isoamyl alcohol 
(20--90 ~C) O, 134 O, 135 ] 

~,26~ - ~,2 o'~xp. 
~2ooexp 

% 

--2,3 

--5,7 
m3,3 

--0,7 

d~, 1 

• 1 o',deg "1 

exp. J lit. 

2,0 1,9 

2,5 2,1 
2,3 1,8 

0,8 1,0 

d~__ * 1{)4 , 

d T  

W/m, deg 2 

exp. lit. 

2,6 2,5 

2,4 2,2 
2,7 2,2 

1,0 1,3 

i 

DL 

-I5[ 

F i g .  2. A r r a n g e m e n t  
of the  a p p a r a t u s .  

p a u s e  b e t w e e n  the  p u l s e s  - 0 .2 -0 .5  Hz), by  v a r y i n g  the  r e s i s t a n c e  R 1 the  b e g i n n i n g  of  t h e  s i g n a l  r e c o r d e d  on t h e  
o s c i l l o g r a p h  s c r e e n  m a y  be  m a d e  to  c o i n c i d e  wi th  i t s  z e r o  l i ne .  I t  fo l lows  f r o m  (5) tha t  in t h i s  c a s e  R 1 =Ri( t ) ,  
i . e . ,  the  v a l u e  of R 1 c o i n c i d e s  wi th  the  r e s i s t a n c e  of the  f i l a m e n t  a t  t he  ins t an t  of t i m e  t ( d e l a y  t i m e ) .  F o r  a 
m o r e  r e l i a b l e  i n d i c a t i o n  of t he  b r i d g e  b a l a n c e  at  t he  m a x i m u m  s e n s i t i v i t y  of the  o s c i l l o g r a p h ,  the  b e a m  t r a v e l -  
ing  t i m e  was  r e s t r i c t e d  to 50 p s e c .  The  i n d e t e r m i n a c y  of the  i nd i ca t i on  of t he  " i n s t a n t a n e o u s "  b r i d g e  b a l a n c e  
was  g o v e r n e d  by  the  m i n i m u m  s t ep  t h r o u g h  which  the  r e s i s t a n c e  R 1 cou ld  be  v a r i e d  (0.01 ~2) ( R - 5 1 7 M  r e s i s t a n c e  
box) .  F r o m  the  v a l u e  of  the  e l e c t r i c a l  s i g n a l  c o r r e s p o n d i n g  to  the  m i n i m u m  s t ep  the  v a l u e  o f  R 1 was  d e t e r -  
m i n e d  to  an  e r r o r  of no g r e a t e r  t han  0.003 ~2, i . e . ,  no m o r e  than  0.5% of t he  t o t a l  d i s b a l a n c e  r e s i s t a n c e .  

F r o m  m e a s u r e m e n t s  of  Ri(t) f o r  the  r e l a x a t i o n  t i m e s  t o and t we m a y  c o n v e r t  Eq.  (4) into a compu t ing  
r e l a t i o n s h i p  fo r  d e t e r m i n i n g  ~ :  

16.~/ tg (p ' (6) 
t 

tg ~ = ARJln -~0 (ARi = Ri(0 - -  Rm0)). 

The  r e s u l t s  of the  e x p e r i m e n t s  w e r e  e x p r e s s e d  in the  f o r m  of a r e l a t i o n s h i p  b e t w e e n  AR i and In( t / t0)  , d e t e r -  
m i n i n g  t a n  ~p. The  d e l a y  t i m e s  in the  e x p e r i m e n t s  w e r e  t o =3 m s e c ,  t =5,  10, 15 m s e c ,  f o r  a vo l t a ge  p u l s e  length  
of 15.5 m s e c .  T h e  e x p e r i m e n t a l  p o i n t s  gave  a good r e p r o d u c t i o n  of a l i n e a r  r e l a t i o n s h i p  (the m a x i m u m  d e v i a -  
t i on  of  the  po in t s  f r o m  the  s t r a i g h t  l ine  was  no g r e a t e r  t han  0.5%), which  i n d i c a t e d  due s a t i s f a c t i o n  of the  l o g a -  
r i t h m i c  law (3). The  t e s t  tube  con ta in ing  the  l iquid u n d e r  c o n s i d e r a t i o n  (with the  p r o b e  i n s e r t e d  into it) was  
p l a c e d  in  a TS-16A t h e r m o s t a t .  The  m a x i m u m  h e a t i n g  of the  f i l a m e n t  in  the  p u l s e  was  no g r e a t e r  than  2.5~ 
The  l iqu ids  w e r e  of  the  a n a l y t i c a l l y  and c h e m i c a l l y  p u r e  t y p e s .  

The  r e s u l t s  of the  i n v e s t i g a t i o n s  into the  t h e r m a l  conduc t iv i ty  of a n u m b e r  of l iqu ids  a r e  p r e s e n t e d  in 
T a b l e  1. 

i 

The m a i n  e r r o r  in the  m e a s u r e m e n t s  was  due to a p p a r a t u s  e r r o r s  in m e a s u r i n g  the  q u a n t i t i e s  i n d i c a t e d  
in Eq.  (4); to t h e s e  m u s t  be a d d e d  a n u m b e r  of e r r o r s  due to d i f f e r e n c e s  b e t w e e n  the  r e a l  p h y s i c a l  m o d e l  and  
t h e ~ i d e a l i z e d  m o d e l  c o r r e s p o n d i n g  to  the  so lu t i on  of Eq.  (3). The  m a x i m u m  a p p a r a t u s  e r r o r  equa l s  

A)~ 2 Au~ A/ As A tg 

)~ u 0 l a tg q~ 
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For  measur ing  the voltage we used a cer t i f ied Shch1412 digital vol tmeter  (reading e r r o r  0.03%, scale 
e r r o r  0.02%). We measured  the static voltage in the voltage source,  which exceeded u 0 by an amount equal to 
the voltage drop in the internal  res i s tance  of the source  and the t r ans i s to r .  The total extent of the lat ter  dis-  
c repancies  was ve ry  slight (not more  than 1% of u0); never theless ,  it was taken into account when calculating 
u 0. The t ime required to form the pulse in the load was less than 5 p sec; the constancy of the pulse amplitude 
and its reproducibi l i ty  were  solely determined by the voltage source,  hardly  depending at all on the pa ramete r s  
of the t rans i s to r ,  which operated under saturat ion conditions. Allowing for  the foregoing factors ,  the e r r o r  in 
measur ing  the voltage Au 0/u 0 = 0.2%. 

For  measur ing  the length of the fi lament we used an MIM-7 microscope;  the measur ing  e r r o r  A l / l  = 0.7%. 

The t empera tu re  coefficient of the res is tance  of the fi lament mater ia l  was measured  in a thermosta t  of 
the TS-16 A type. The fi lament was i m m e r s e d  in Vaseline oil, the tempera ture  of the lat ter  being measured  
to within 0.1~ The e r r o r  in measur ing  ~ was A c d ~ =  0.5%. 

The e r r o r  associa ted with tan ~ is determined by the part ial  e r r o r s  involved in measur ing  the de layt ime 
and the instantaneous values of the r e s i s t ances .  The delay line was cal ibrated with a f requency me te r  of the 
TF1417/3M1 type, the calibrating e r r o r  being no g rea t e r  than 0.3%. The e r r o r  in measur ing  the res i s tance  
was d iscussed ear l ie r .  The resultant  maximum e r r o r  was Atan q~/tanq~=1%. 

The e r r o r  associa ted with the change in thermal  flux during the pulsed heating of the filament was small,  
subject to the sat isfact ion of condition (5), and was not taken into account. 

The maximum apparatus e r r o r  was accordingly 2.6%. 

Among the sources  of e r r o r  due to the difference between the idealized and physical measur ing  models,  
the e r r o r s  associa ted with the finite length of the filament, the limited volume of liquid, convection, and radia-  
tion f rom the surface of the fi lament a re  negligibly small .  The e r r o r  associa ted with neglect of the intrinsic 
heat capaci ty of the fi lament may be appreciable;  however, an est imate based on the arguments  of [11] indicates 
that under the conditions envisaged the upper limit should be 0.5%. 

An additional source of e r r o r  may be nonuniformity in the filament diameter .  However, study of a large 
number of samples  with different lengths of the etched sections (1-15 cm) showed that the res is t iv i ty  of the 
filament was reproduced to the same accuracy  as the length measurement ,  and this source of e r r o r  was there -  
fore  also omitted. 

Thus, the maximum e r r o r  commit ted in measur ing  the thermal  conductivity is AX/X =3.1% ~ 3~c. The 
sca t te r  in the experimental  values of the thermal  conductivity is, in general ,  no grea te r  than 2% and for m e a -  
surements  with a single probe, 1%. 

Table 1 includes the measured  thermal  conductivities of two weakly absorbing liquids (toluene and carbon 
tetrachloride)  and two s t ronger  absorbents  (eyelohexane and isoamyl alcohol). The distinction is made on a 
qualitative basis .  In part icular ,  s t rongly absorbing liquids include those for  which the absorption spec t ra  are  
based on an uncontrollable thickness of the layer of liquid (flattened drop). 

It is well known that toluene and carbon te t rachlor ide  are  among the most  comprehensively studied liq- 
uids and a re  often used as s tandards .  The thermal  conductivities and tempera ture  coefficients of the thermal  
conductivities of these liquids d~/dT �9 1/~ at 20~ a re  given in Table 1 on the basis of resul ts  presented in the 
monograph [12], which cor re la tes  the data of a large number of r e sea rch  workers .  For  toluene the effect of 
radiation is taken into account, i.e., the data reflect  the molecular  thermal  conductivity to a fa i r  degree of r e -  
liability. Cyclohexane and isoamyl alcohol have been less studied; in this case the table represents  the r e -  
sults presented in [13]. 

Our own experimental  values of the thermal  conductivity at 20~ are  lower than the published values for 
all the liquids studied, and have different relative "underestimation" coefficients (Xt i t -hexD)/Xli  t.  Allowing 
for  the fact that in the case of liquids studied here,  the e r r o r  in order  of increasing the rmalconduc t iv i ty  was 
no g rea te r  than 1%, we may justifiably speak of a corre la t ion  between (Xl i t -Xexp) /~ l i  t and the degree of ab- 
sorption of the thermal  radiation; for  weakly absorbing liquids the relat ive underest imate  of the experimental  
data by compar ison with the resul ts  of s teady-s ta te  measurements  was g rea te r  than for s t rongly absorbing liq- 
uids (for toluene without the radiat ion cor rec t ion  (X l i t -  X exp)/X lit" 100% = 3.7%). 

It is interest ing to compare  the data relat ing to the derivative d~ /dT.  The experimental  values of the 
derivative (except for the measurements  in isoamyl alcohol) exceed the values calculated from published data, 
which, as a l ready indicated, were  obtained by s teady-s ta te  measurements .  It is well known that for s teady-  
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state measurements the influence of radiation increases with increasing temperature  of the liquid, and the 
overestimated dh/dT derived from our own measurements confirms that this influence is reduced or entirely 
eliminated under the conditions envisaged. As regards the measurements in isoamyl alcohol, the indeter- 
minacy of the published data should be taken into account as well as the measuring e r ro r  for comparison pur- 
poses. In particular,  according to [14] for isoamyl alcohol d t / d T  =1.0 �9 10 -4 W/m "deg 2, in satisfactory agree-  
ment with our own data. 

N O T A T I O N  

~, mean free path of a photon; l*, diffusion length of the temperature field; kv, absorption coefficient for 
radiation of frequency v ; u, volumetric density of  radiant energy; t, time; a, thermal diffusivity of the liquid; 
g l ,  thermal  flux per unit length of filament; T, filament temperature;  AT, filament temperature difference; 
k, thermal conductivity of the liquid; r, filament radius; c, Euler 's  constant; R1, R2, R3, resistance in bridge 
circuit; Rio, initial resis tance of filament; Ri(t) , resistance of filament at t ime t; u0, voltage pulse amplitude; 
l ,  length of filament; ~, temperature  coefficient of the resistance of the filament material .  Indices: exp, ex- 
perimental  values; lit., published values. 
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