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T H E R M A L - C O N D U C T I V I T Y  M E A S U R E M E N T S  
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An approx imate  ana lys i s  is  given of the effect  of radia t ion on r e su l t s  of the rma l -conduc t iv i ty  
s tudies using m e a s u r e m e n t s  made dur ing the s tage of an i r r e g u l a r  t he rma l  r eg ime .  

In [1] a method was p re sen ted  for  rapid  (duration up to 15 msec)  m e a s u r e m e n t  of the t he rma l  conductivity 
of l iquids,  and it  was  noted that the ef fec t  of rad ian t  hea t  exchange on the m e a s u r e m e n t s  d e c r e a s e d  with de -  
c reas ing  durat ion of the m e a s u r e m e n t .  Since the t a sk  of m e a s u r i n g  molecu la r  t he rma l  conductivity is a c o m -  
plex met ro log ica l  p r o b l e m  for  a wide c lass  of weakly absorb ing  l iquids,  i t  is des i r ab le  to analyze  such m e a -  
su remen t s  fur ther .  

In nonsta t ionary  methods cha r ac t e r i z ed  by a m e a s u r e m e n t  t ime r ove r  the cour se  of  which the p robe  
t e m p e r a t u r e  f ield T(x,  r) r e m a i n s  local ized within the inner  por t ion of the volume of the spec imen  under  study 
c lose  to the h e a t e r ,  the liquids may  be c lass i f ied  by the degree  of thei r  " t r a n s p a r e n c y , "  ~ s i n g  the concept  of 

- -  , t /2 mean  f ree  path length of a photon l and diffusion length of the t e m p e r a t u r e  field l = (aT) . Thus ,  a medium 
is cons idered  s t rongly  absorb ing  if 

lll* (( 1, (1) 

while a medium is " t r an s pa ren t "  if  

5l* >) 1, (2) 

and f inal ly,  a med ium is  "g ray"  if the in te rmedia te  case  is  rea l ized .  

In e s s e n s e ,  Eqs.  (1) and (2) r e p r e s e n t  inequali t ies  fo r  the Knudsen number  wr i t t en  for  a photon gas.  I t  
is  known that the condition for  applicat ion of the Fou r i e r  law, by means  of which the concept  of t h e r m a l - c o n -  
ductivi ty coeff ic ient  is in t roduced,  is the r e q u i r e m e n t  of a smal l  Knudsen number .  F r o m  this it  follows that  
wr i t ing  the ene rgy  t r a n s f e r  equation for  the photon gas is p e r m i s s i b l e  only in case  (1) and thus only in that case  
is the concept  of r ad ia t ive  t h e r m a l  conductivity Xrad appl icable .  

As a ru l e ,  to ca lcula te  rad ia t ive  t h e r m a l  conductivity,  as was  demons t r a t ed  in [2], one can use  the con-  
cepts of the m o l e c u l a r - k i n e t i c  theory  of gases ;  the val idi ty  of an analogy between a gas of molecu les  and a pho-  
ton gas follows f r o m  the genera l i ty  of the energy  t r a n s f e r  p r o c e s s e s  - t r a n s f e r  by opposi te ly  d i rec ted  mot ions  
of c a r r i e r s .  Using the analogy with t he rm a l  conductivity of gases  to wr i t e  the rad ia t ive  t he rma l  conductivity 
in the f o r m  

1 C~v-f bra d = -~  

and cons ider ing  that  the hea t  capaci ty  of  a photon gas 

u Y 

finally we have 

= - -  T o ,  

3 

(the coefficient  of r e f r ac t ion  of the med ium is taken as unity). 

In the other  l imi t ing ca se ,  where  Eq. (2) is fulf i l led,  the concept of rad ia t ive  t he rma l  conductivity has  no 
sense.  The effect  of radiant  energy  t r a n s f e r  in this case  appea r s  only as a d i s tor t ing  f ac to r  produced by 
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rad iant  hea t  loss  f r o m  the hea t e r  su r face  and f r o m  the liquid volume in which a nonsta t ionary  t e m p e r a t u r e  
field is obse rved .  I t  is with evaluat ing the f ac to r  that the p r e s e n t  study will  be  concerned.  It  mus t  be  
noted h e r e  that  expe r imen ta l  methods  for  rapid  m e a s u r e m e n t ,  e .g . ,  of t h e r m a l  act ivi ty e = (pch)l/~ [3, 4] a r e  
c h a r a c t e r i z e d  by shor t  t ime ,  of the o r d e r  of 10 -4 sec ,  which ensu re s  fulf i l lment  of Eq. (2) for  the genera l  case 
of weakly absorb ing  liquids. 

The e s t i m a t e s  of i n t e r e s t  h e r e  will  be made within the f r a m e w o r k  of the one-d imens iona l  p rob lem;  i .e . ,  
we a s s u m e  that  the liquid under  study occupies  a s e m i s p a c e  on the boundary of which is located a h e a t e r  with 
ze ro  in t r ins ic  hea t  capaci ty .  Beginning at  t ime r = 0 the hea t e r  c r ea t e s  a constant t h e r m a l  flux pe r  unit s u r -  
face  q0. 

We will a s s u m e  fu r the r  that  the t e m p e r a t u r e  field d is t r ibut ion around the hea t e r  T(x,  r) is defined e s s e n -  
t ial ly by mo lecu l a r  t he rm a l  conductivity,  with rad iant  effects  appear ing  only as  a smal l  pe r tu rba t ion  t. Then 
in accordance  with [5] 

T ( x ,  "~) = qo x l /2 ier fc  x 2 (ax) 1/2 (3) 

The h e a t e r  t e m p e r a t u r e  (x = 0) 

T (0, "r) = 2qo__ Ii2 (4) 
8~  112 

Hence for  known T(0,  r ) ,  r and q0 the t h e r m a l  act ivi ty  can be de te rmined ,  so that  fo r  a known value of volume 
heat  capaci ty  the t he rma l - conduc t iv i t ycoe f f i c i en t  can a lso  be de te rmined .  Turning  to an evaluat ion of radiant  
e f fec t s ,  we will  ini t ial ly cons ider  the ef fec t  of radia t ion f r o m  the hea t e r  sur face .  In the approximat ion  of a 
blackbody the rad iant  flux pe r  unit  su r face  will  be 

q rad= aT4" 

Up to the moment  of measu remen t  this flux is compensated by an influx of energy f rom the surrounding 
m e d i u m ;  h o w e v e r ,  beg inn ing  at r = 0 the h e a t e r  t e m p e r a t u r e  i n c r e a s e s  and an addit ional  radiant  f lux  6qra d i s  
emitted f rom its surface.  Given T ( 0 ,  r) << To this incremental  flux can be wri t ten in the fo rm 

6q rad= 4r T (0, ~) (5) 

or ,  with considerat ion of Eq. (4), 

8~T3~ ~1,'2. (6) 
~q rad = - ' - ~ 2 -  

Thus ,  the co r rec t ion  t mus t  sa t i s fy  the equation 

Ot 02t 
- -  a - -  

Or Ox 2 

with init ial  and boundary conditions t(0, x) = 0; t ( r ,  ~) = 0; Xat/3Xlx= 0 = - 6 q r a d .  The s o l u t i o n o f t h i s p r o b l e m  
for  the coordinate  x = 0; i . e . ,  the co r rec t ion  to the hea t e r  t e m p e r a t u r e  has  the f o r m  

t (0, x) - -  4q~ ~2 T. (7) 

- -  = 2~1 .~ ~1/2. (8) 

We will  now turn to an evaluat ion of the second fac to r ,  rad iant  ene rgy  loss  f r o m  the liquid volume heated  
during the m e a s u r e m e n t  p r o c e s s .  It  is known [6] that  the volume radia t ion coeff icient ,  defining the intensi ty 
of monochromat i c  radia t ion f r o m  a unit volume of m a t t e r  into a unit solid angle is defined by the expres s ion  

I~ = k__~ U (v, To). 
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The integral  value of the volume radiat ion intensity 

4~ 

I = ~ J" l,,dv&Q = 4kn2aT~, 
0 0 

where  k = kvU(u, To)du/SU(u,  T0)du is the average  value of the absorpt ion coefficient.  
0 0 

In analogy with Eq. (5), the additional the rmal  flux upon hea te r  switch-on has the fo rm 

( O l )  T(x,  T). 
6q (x, r ) =  - ~  r=ro (9) 

F r o m  the physical  viewpoint,  upon fulf i l lment of Eq. (2), Eq. (9) de termines  the intensity of heat drains 
dis t r ibuted within the volume. 
the fo rm 

o r ,  using Eq. (3) or  Eq. (9): 

Consequently,  the equation defining the t empera tu re  cor rec t ion  is wri t ten  in 

Ot Ozt 1 
- -  = a - -  5 q  ( x ,  r )  
Or Ox 2 pc 

= a ra/2 ierfc (10) 
Or Ox 2 pce ~ ) - - ~  r=r0 2V'a~ 

with initial and boundary conditions t(0, x) = 0, t(v, oo) = 0, Ot/~xff, 0) = 0. 

The equation for  the Laplace t r ans fo rm t'(p, x) = L[ t f f ,  x)] has the fo rm 

a ~ - - p t  = pc8 ~ r=ro -2  p ~ exp - -  x 

With considerat ion of the boundary conditions, the solution of Eq. (11) is wri t ten  as: 

"{(p, X)-- qo dI 1 (1  q- ] / / - P ~ x ) e x p  (--VaP---~x) 

(11) 

(12) 

Since the measu red  quantity is the t empera tu re  of the boundary, in Eq. (12) we may set  x = 0. Then 

t'(p, x ) =  qo ( dl ) 1 
pce ~ r=r. 4P ~12 

Per fo rming  the r e v e r s e  Laplace  t r an s fo rm ,  we obtain 

T3/2 

pce , / r=r ,  3V'~- ' 

f rom which it  f.ollows that the re la t ive  e r r o r  in the de terminat ion  of thermal  activity has the fo rm 

8 fn2(rr~x. (13) 
--U = T pc 

Thus Eqs. (8) and (13) define the amount of e r r o r  in determinat ion of thermal  activity produced by ne- 
g l e e t o f r a d t a n t e f f e e t s .  In e s sence ,  the evaluations p resen ted  re f l ec t  the effect  of radiant  heat  exchange on the 
thermal  conductivity which en te r s  into the express ion  for  thermal  activity.  Considering that 6e/e = i/2 5hr 
fo r  the e r r o r  in thermal  conductivity measu remen t  we have 

5~ 4nl/2 aT~ 
- -  r 1 /~ ,  ( 1 4 )  

e 

6L 16 ~n~(rT~ 
-- 3 -  pc "c. (15) 
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TABLE 1. T h e r m a l  Conductivity 
of a Number  of Organic  Liquids 

Thermal conduc- 
Liquid t iv it)', W/m. d e g 

I 
Benzene ] 0,146 
Butyl acetate ] 0,139 
Dichlorethane 0,132 
Dioxane 0,170 
Methylene chloride 0,136 

Evaluat ions of Eqs.  (14) and (15) obtained for  the p lanar  case  may ,  as a f i r s t  approx imat ion ,  be applied to the 
case  of a t e m p e r a t u r e  f ield with cyl indr ica l  s y m m e t r y ,  and in p a r t i c u l a r ,  to the r e su l t s  of [1]. 

The c h a r a c t e r i s t i c  pecul ia r i ty  of Eqs.  (14) and (15), which define the effect  of radia t ion on the r e su l t  of 
t h e r m a l  conductivity m e a s u r e m e n t s  a t  high Knudsen n u m b e r s ,  is the i r  t ime  dependence:  The effect  of radia t ion 
d e c r e a s e s  with reduct ion in the durat ion of the m e a s u r e m e n t  p r o c e s s .  F o r  br ie f  m e a s u r e m e n t  t imes  the effect  
is e x t r e m e l y  low. Fo r  example ,  at r = 10 -3 sec  for  a hypothet ical  s e m i t r a n s p a r e n t  liquid with k = 104 m -1 
(such ava lue  c h a r a c t e r i z e s  the c lass  of weakly absorb ing  liquids sufficiently accura te ly)  the total  value of the 
e r r o r s  defined by Eqs.  (14) and (15) is l e s s  than 0.1% at  T O = 300~ 

In connection with this ,  the methods for  rapid  m e a s u r e m e n t  of s e m i t r a n s p a r e n t  media  take on specia l  
s ignif icance an means  of d i r ec t  m e a s u r e m e n t  of mo lecu l a r  t he rma l  conductivity.  

In p a r t i c u l a r ,  following the expe r imen ta l  method of [7], which is c h a r a c t e r i z e d  by high accuracy  of r e l a -  
t ive m e a s u r e m e n t  ( e r ro r  not g r e a t e r  than 1%) the t h e r m a l  conductivity of a number  of s e m i t r a n s p a r e n t  liquids 
was  studied (see Table  1); m e a s u r e m e n t s  w e r e  p e r f o r m e d  at  a t e m p e r a t u r e  of 20~ The study used pla t inum 
f i laments  1/~m in d i ame te r ;  m e a s u r e m e n t  pulse durat ion compr i sed  1 m s e c .  Chemical ly  pure  grade toluol 
was used  as a r e f e r ence .  In accordance  with the r ecommenda t ions  of [8] i ts  t he rma l  conductivity with con- 
s idera t ion  of the radia t ion co r rec t ion  was taken as 0.132 W / m .  deg. 

/- is the 
l* is the 
C v is the 
v is the 
k is the 
T O is the 
r is the 
T(x,  T) is the 
cr is  the 
q0 is the 
a is the 
e is the 
t is  the 
I v is the 
U(v, To) is the 
a2 is the 
n is the 

N O T A T I O N  

m e a n - f r e e p a t h  length of photon; 
diffusion length of t e m p e r a t u r e  field; 
hea t  capaci ty  of photon gas; 
veloci ty  of light; 
t h e r m a l  conductivity; 
t e m p e r a t u r e  of medium;  
t ime;  
t e m p e r a t u r e  field dis t r ibut ion about hea te r ;  
S t e f an -  Bol tzmann constant;  
speci f ic  hea t  flux; 
t h e r m a l  dfffusivity;  
t he rm a l  act ivi ty;  
t e m p e r a t u r e  f ield pe r tu rba t ion  by radiant  effects ;  
volume coeff icient  of radia t ion at f requency v; 
P lanck  function; 
solid angle; 
index of r e f r ac t ion  of medium.  

1o 
2. 
3. 
4. 

5. 
6.  
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L I M I T I N G  P O T E N T I A L I T I E S  O F  M I C R O C A L O R I M E T E R S  

L .  I .  A n a t y c h u k  a n d  O. Y a .  L u s t e  UDC 536.62 

An analysis  is made of the l imit ing values of the minimum detectable power for  conductive m i c r o -  
ca lo r ime te r s  with the rmoelas t i c  conver te r s .  

1 .  S t a t e m e n t  o f  t h e  P r o b l e m  

Since any energy convers ion is connected with heat  r e l e a s e ,  the universa l  cha rac t e r  of the information 
obtained as a resu l t  of measu remen t s  of thermal  p r o c e s s e s  dictates  the wide distr ibution of m i c r o c a l o r i m e t r i c  
methods in investigations of the thermodynamics  and kinetics of physical ,  chemical ,  and biological p r o c e s s e s ,  
including manufacturing p r o c e s s e s ,  in medicine and other  fields.  Rather  sensi t ive and high-speed apparatus 
fo r  general  and special  purposes  have been developed to these ends. 

The individual p a r a m e t e r s  and cha rac te r i s t i c s  of m i c r o c a l o r i m e t e r s  and the problems  of the design and 
optimization of the construct ions have been d iscussed  in a number  of r epor t s  [1-18]. Up to now, however ,  dif-  
f e ren t  and frequently contradic tory  concepts have been used in choosing the main p a r a m e t e r s  charac te r iz ing  
the re la t ive  potential i t ies of m a c r o c a l o r i m e t e r s .  In this connection, in the light of the modern  theory of m e a -  
sur ing devices  [19-22], it  is des i rable  to s t a r t  f rom an analysis  of the noise a r i s ing  p r imar i l y  as a consequence 
of thermodynamic  fluctuations. Such an approach was taken in [6] for  i so thermal  and in [14] for  continuous- 
flow m i c r o c a l o r i m e t e r s .  The resu l t s  of these r epor t s  provide an es t imate  of the minimum detectable power,  
but the in ter re la t ionship  between this p a r a m e t e r  and the energe t ic  eff iciency of the measur ing  conver te r  being 
used and with the speed of response  and accuracy  of the ins t rument  r equ i res  fu r ther  investigation. 

In the p resen t  r epo r t  an analysis  is made of the minimum detectable power for  conductive m i c r o c a l o r i m -  
e t e r s ,  the connection between this p a r a m e t e r  and the speed of response  is invest igated,  and the l imiting 
potential i t ies  of m i c r o c a l o r i m e t e r s ,  l imited by thermodynamic  fluctuations both in the ins t rument  i tself  and 
in the record ing  appara tus ,  a re  de termined.  

The analysis  of the l imit ing potent ial i t ies  of a conductive m i c r o c a l o r i m e t e r  was ca r r i ed  out for  a model 
(Fig. 1) which contains the following: A reac t ion  chamber  where  the t h e r m a l  power W t, which v a r i e s  with 
t ime, is  r e l e a se d  a f t e r  being measured ;  a conve r t e r  of t h e r m a l  energy  into a r ecordab le  signal, consist ing of 
a t he rmoe la s t i c  ba t te ry ,  f o r  example~ a t he rm o s t a t  f o r  the t e m p e r a t u r e  T in which the reac t ion  chamber  and 
the conve r t e r  a re  placed; a r e c o r d e r  of the m i c r o c a l o r i m e t e r  signal with an input r e s i s t ance  Rr,  consist ing 
of a l inear  m e a s u r e m e n t  sys tem such as a m i r r o r  ga lvanometer  of photogalvanometr ic  ampl i f ier .  

The calculations were  made with allowance for  the following l imitat ions which occur  in m i c r o c a l o r i m -  
e t e r s .  

1) The heat  capacity of the conver t e r  is fa r  less  than the heat  capacity of the react ion chamber  fi l led 
with the tes t  substance.  This  l imitat ion means  that the re la t ion 

~o >> ~0 (1) 

between the t ime constant r l  of the conver t e r  i t se l f  and the t ime constant r ~ of a conver te r  having a heat  capac-  
ity negligibly smal l  in compar ison  with the heat  capacity of the react ion chamber  is valid. Since 

l 2 Cl  (2) 
r = ~_-~, t o =  us 
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