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R A D I A T I V E - - C O N D U C T I V E  H E A T  T R A N S F E R  

IN T E M P E R A T U R E - W A V E  C O N D I T I O N S  

S.  N .  K r a v c h u n  a n d  L .  P .  F t l l p p o v  UDC 536.37 

Relations descr ib ing  the rad ia t ive- -conduc t ive  heat t r a n s f e r  in plane t e m p e r a t u r e - w a v e  
conditions a r e  obtained. An analys is  is given of the effect of rad ia t ive  t r a n s f e r  on the 
m e a s u r e m e n t  of the t he rmophys i ca l  p rope r t i e s  of the m a t e r i a l  by the method of a r egu-  
l a r  t h e r m a l  mode of the th i rd  kind. 

In consider ing h e a t - t r a n s f e r  m e c h a n i s m s  in liquids and c o m p r e s s i b l e  g a s e s ,  the role  of the radia t ive  
t r a n s f e r  is an impor tan t  and l i t t le -s tudied  p rob lem.  It is known that  heat t r a n s f e r  by radiat ion may make a 
notable contribution to the heat conduction of a liquid even at room t e m p e r a t u r e ,  and its ro le  i n c r e a s e s  g r e a t -  
ly with I n c r e a s e  in t e m p e r a t u r e  [1]. To obtain informat ion on rad ia t ive  t r a n s f e r  f rom s t e a d y - s t a t e  expe r i -  
men t s ,  it is n e c e s s a r y  to make  m e a s u r e m e n t s  in cel ls  of different  s i ze ,  which is ve ry  t roub lesome .  The po-  
tent ia l  of nonsteady methods of invest igat ion is fundamental ly g r ea t e r � 9  In [2, 3], the ro le  of rad ia t ive  heat 
t r a n s f e r  in exper imen t s  on the probing of liquids by heat pulses  was invest igated;  it was showaa that in the 
ear ly  s tages  of this p roces s  radiant  energy t r a n s f e r  plays a sma l l  ro l e ,  and sueh exper iments  allow the pure  
heat conduction of liquids to be de te rmined .  In the presen t  work,  the question of rad ia t ive  heat t r a n s f e r  is 
invest igated in the context of liquid probing by plane t e m p e r a t u r e  waves ,  which is the main method of m e a -  
sur ing the t h e r m a l - a c t i v i t y  coefficient  [1]. 

A solution is obtained fo r  the p rob lem of the heat t r a n s f e r  in a per iodica l ly  heated plane l aye r  ( r ep r e -  
sented exper imenta l ly  as a meta l  foil) s i tuated in a s e m i t r a n s p a r e n t  medium.  The foil  const i tutes  an infinite 
plane yz ,  is s i tuated at the coordinate  origin ix = 0), and has a specu la r ly  ref lec t ing su r face .  The h e a t - t r a n s -  
f e r  equation of the foil in the medium,  taking radia t ion into account ,  is 

W _ cm OT~ 2~ OT (0) + 2q (0). (1) 
s s Ot Ox 

The radiant  energy  flux to an absorb ing ,  nonscat ter ing  medium whose optical  p rope r t i e s  a r e  independent of 
t e m p e r a t u r e  is given by the re la t ion  [4] 

q (x) = 2 (1 - -  R) an2T~ E 3 (czx) -f- 2RanZ~ ~ r 4 (~) E 2 (a (x + ~)) a~ 
0 

x 

0 x 

(2) 

where E3(~x ) and E2(o~x ) a r e  in tegroexponent ia l  functions [5]. 
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Fig. 1. Dependence of (H + F) /2  
on the Knudsen number for  dif-  
ferent  re f lec t ive  indices of the foil--  
sensor :  1) R = 0; 2) 0.5; 3) 1. 

To find the radiat ive and conductive fluxes f rom the foil  su r face ,  it is neces sa ry  to know the t e m p e r -  
a ture  distr ibution in the medium,  which involves solving the conduct ive--radiat ive energy t r an s f e r  in the 
medium [4] 

~, OZT OT Oq O~<x<~.  
-T# a--g' 

(3) 

Under the action of a source  with a var iab le  component of power W = W 0 + W0ex p (2iwt), the t em p e ra tu r e  of 
the foil and the medium contains a component that var ies  per iodical ly  with t ime;  thus,  for  the fo i l ,  T1 = T1 + 
~ lexp  (2iwt). Consider the case  of smal l  t e m p e r a t u r e  pulsat ions.  The smal lness  condition ~ <<T is usually 
well sa t isf ied in the given exper iment ,  and T is a f rac t ion  of a degree .  This means that Eqs.  (1) and (3) can 
be l inear lzed  with respec t  to "~(x). ' 

The solution for  the constant component is taken in the fo rm T(x) = T1 = const ,  which sa t i s f ies  the equa- 
tion for  the constant component of the t e m p e r a t u r e  with boundary conditions T(0) = T(~) = T1. 

The method of success ive  approximation is used to solve Eq. (3) for  the amplitude of the t em p e ra tu r e  
pulsations ~(x). The ze ro  approximation adopted is the solution of Eq. (3) without taking radiat ion into ac -  
count (a solution of t empe ra tu r e -wave  type) 

~' (x) = ~', e~ 7- , (4) 

where  l = ~ is the damping length of the t e m p e r a t u r e  wave (the wave amplitude is decreased  by a fac-  
to r  of e at x = l) .  The s m a l l - p a r a m e t e r  coefficient  appearing in the in tegral  t e r m  of Eq. (3), which is neg-  
lected in the ze ro  approximation,  is taken to be the Blot number  Bi, which cha rac t e r i zes  the o rde r  of magni-  
tude of the ra t io  between the radiant  and conductive energy fluxes.  In the conditions of the given exper iment ,  
Bi  < 10 -2, which means that it is sufficient to  consider  the f i r s t  approximation in the solution; the second ap-  
proximation takes account in the solution of t e r m s  of h ig h e r -o rd e r  smal lness  -- of the o rde r  of (Bi) 2. 

Substituting Eq. (4) into the r ight-hand side of Eq. (3) for  the pulsational component of the t em pe ra tu r e  
gives 

6~7~(x)0x 2 pCp~. 2io~?'(x) = 8~ I ,  .. .. 2 7", exp (_ --f--x (l+i)) 

a/ (1 + R) "( I -- R) 7", exp (-- ax) "(i"'-- R) 7"!c~x Ei (__2" cuc)+ ~, 

x E ~ ( - - ~ )  + 7", i + i  ~,'~l + I + i - - - i - -  

�9 1 ' 

where Ell--~x) is the integral  index function of [5]. 
foil ,  given by Eq. (2), takes the fo rm 

(5) 

In this approximation,  the radiant  energy flux f rom the 
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Fig. 2. Dependence of F (1, 2, 3) and H (4, 5, 6) on the Knudsen num- 
ber  fo r  different  foil re f lec t ive  indices:  1, 4) R = 0; 2, 5) 0.5; 3, 6) 1. 

Fig. 3. Frequency dependence of the re la t ive  e r r o r  in the rmal -ac t iv i ty  
calculation due to neglecting energy t r a n s f e r ,  &b/b,  for  different  ab-  
sorpt ion coefficients:  1) a = 3.103 m-t ;  2) 104; 3) 3.104; 4) 105; 5) 3-105; 
6) 106; to ta l - re f lec t ion  coefficient  (R = 1). w/27r, Hz. 

((0)  = 4onZT~ 7", (1 - -  R) { 1 - -  al + (al) z arctg 1 
1 + a l  

+ i [al - -  (al) z In I f  2~(at) z + 2/al + 1 ]}. 

The genera l  solution of the inhomogenous l inear  Eq. (5) may be wri t ten in quadra tures  [6]. The solution 
sat isfying the boundary conditions T (0) = 2"t and T(x) --- 0 as x --4- ,o yields  the following express ion  for the 
conductive heat flux f rom the foil 

(6) 

l [ ed 2 al In ( a l +  l + i ) ]  
- -  X OTox(O) ~ff't 1 + 8onZ~T~ 7"t ~ R 1 + 1 + al + i IT' i al " (7) 

Note that when R = 0 (an absolutely black wall) the p resence  of radiant  energy t r an s f e r  does not change 
the heat flux due to heat conduction in the f i r s t  approximation.  

Taking into account Eqs.  (6) and (7), the amplitude of the pulsations of the total  heat flux Q is 

where  

[QI = J _  x 07" (O)ox + q(O) [ ~ x  V'2-17'dl [ 1-~-Bi ~ H + F ]  , (8) 

H = (I --  R) [al--  (=/)2 In ]/2/(al) 2 ~- 2/al + 1 - -  R [al  -~- al 2al + (al) z - -  2al arctg 1 ] (9) 
(el) 2 + 2al + 2 ' al + 1 J ' 

F = ( I _ R )  [ l _ a l + ( a l ) 2 a r c t g  1 ] [ (a/)z --2a/arctg 1 ] 
T . +  a-----i- ~- Ral 1 + (al) 2 + 2al + 2 1 + a-----~ " (10) 

In Fig.  1, (H + F) /2  is shown as a function of a l  for  different  values of R. Analysis of these  curves 
leads to the following conclusions.  

1) F o r  a wall with a re f lec t ive  Index g r e a t e r  than ~0.5 ,  the energy flux due to radiation may exceed 
the radiant  flux through a t r ansparen t  medium. 

2) When a I ~10 ,  the emiss ivi ty  of the wall has pract ica l ly  no effect .  

3) The radiant  flux cannot exceed the radiant  flux in a t r anspa ren t  medium f rom an absolutely black 
wall. The upper l imit on the proport ion of radiat ion in the total  heat flux is Bi /2 .  

Note that analogous conclusions apply to steady radiant  heat t r a n s f e r  [1]. 
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The well-known l imit ing cases  follow f r o m  Eqs.  (8)-(10). 

For  a t r a n s p a r e n t  medium (a = 0), the rad ian t - f lux  ampl i tude is 

I~(0)1 = 4 ~ n ~  IT, I (1--  R) (11) 

(this fo rmula  co r re sponds  to the pulsat ions of the radia t ion f r o m  a foil su r f ace  in vacuum).  

In the other  l imit ing case  - -  a medium with l a rge  absorp t ion  (a - -  ~) - -  H = F = 2 / 3 a  l ,  and hence 

lT',l [1 ~_ 8_ ~n'TI a ] (12) Iql=~ 
l l v ' 2 -  [ ~ J 3  " 

This  fo rmula  co r re sponds  to the Rosse land approx imat ion ,  for  which it is poss ib le ,  without the need 
to solve the p rob lem of rad ia t lve-conduc t tve~  heat t r a n s f e r ,  to  so lve  the p rob lem of energy  t r a n s f e r  by heat 
conduction alone and to r ep l ace  the heat  conduction ~, by the effect ive value ~,* = ~ + ~, r  where  X r = 16n2aT3/3~ 
is the  so -ca l l ed  radiant  heat conduction. It is a l so  n e c e s s a r y  to a s s u m e  that  Bi = 0 in Eq. (8) and to take  into 
account that  l ~ ~ .  Phys ica l ly ,  this  means  that  at l a rge  a l  (large effect ive Knudsen number ) ,  radiant  heat 
t r a n s f e r  becomes  a local  p r o c e s s ,  and the v e c t o r - ~ i s  Linearly re la ted  to the t e m p e r a t u r e  gradient  (the g r a -  
dient approximat ion) .  

Taking into account  Eqs.  (6) and (7), Eq. (1) for  the foil  heat balance takes  the f o r m  

IV 0 _-- cm to~,i d- 2b t / '~  T,i (1 + Bi H) + 2b ]/'~- 7"1 (l ~- Bi F). 
$ $ 

Algebra ic  manipulat ions  in Eq. (13) yield the ampli tude of the foil  t e m p e r a t u r e  pulsa t ions ,  which is 
given by the express ion  

(13) 

IT , I = W~ V~ (14) 
Va~ d- 2db (1 ~- Bill) d- bZ [(l d- BiH)Z ~- (ld- Bi F~l 

Curves  of F and H a r e  shown in Fig .  2. Setting Bi = 0 or  H = F = 0 reduces  Eq. {14) to the fo rmula  obtained 
when no account is taken of radiant  energy  t r a n s f e r  [1]. 

In expe r imen ta l  de te rmina t ions  of the t h e r m a l  act ivi ty  of a medium by e lec t r i ca l  methods ,  the ampli tude 
of the t e m p e r a t u r e  pulsat ions I Tt I is m e a s u r e d .  The t h e r m a l  act ivi ty  can be calculated f r o m  Eq. (14) without 
taking radia t ion into account  if  the s e n s o r  (foil) p r o p e r t i e s ,  the power input W0, and the e l e c t r i c - c u r r e n t  f r e -  
quency w a r e  known. 

An es t ima te  of the contr ibution to the m e a s u r e d  value of b by radiant  energy t r a n s f e r  may be obtained by 
finding the d i f ference  (denoted by Ab) between the t h e r m a l  ac t iv i t ies  calculated f r o m  Eq. (14) with and without 
taking account of radia t ion.  Assuming  that  Ab <<b, it is s imple  to  find that  

b 2b . -bd  

To obtain a numer i ca l  e s t ima te  of the  ro le  of radia t ion,  consider  a typica l  c a se ,  a ma t e r i a l  with the  following 
the rmophys i ca l  and optical  p rope r t i e s  (toluene at 30~ ~, = 0.13 W / m . d e g ,  Cp = 1700 J / k g . d e g ,  p = 860 k g / m  3, 
n = 1.5. The senso r  is a s s um ed  to be ine r t i a less  (d = 0). 

Resul ts  of the calculat ions for  T -- 300~ a r e  shown in Fig.  3. At higher t e m p e r a t u r e s ,  if  the  t h e r m o -  
phys ica l  and optical  p rope r t i e s  a r e  l a rge ly  unchanged, the values of Ab/b in Fig.  3 mus t  be mult ipl ied by (~ /3 0 0 )  3. 

The mos t  notable fea tu re  of Fig.  3 is the sha rp  d e c r e a s e  in Ab/b  with i nc rea se  in f requency,  especia l ly  
in the low-frequency region.  This  is valid for  media  that  do not a b s o r b  radia t ion  s t rongly  (a ~ 105). Fo r  
s t rongly absorbing  media  (a >- 3.105) , the propor t ion  of radia t ion in the low-frequency region is cons iderably  
less  than for  t r a n s p a r e n t  and s e m i t r a n s p a r e n t  med ia ,  and the f requency dependence is exp re s sed  much m o r e  
weakly.  Es t imates  of the speci f ic  values of Ab/b lead to the  conclusion tha t ,  in the given method of inves t iga -  
ting weakly absorbing  and t r a n s p a r e n t  media ,  the nonsteady method of measu r ing  the  t h e r m a l  p rope r t i e s  of 
the m a t e r i a l  is considerably  p r e f e r a b l e  to the s t e a d y - s t a t e  method,  s ince the co r rec t ion  to the radiat ion for  
the nonsteady method in the exper imenta l ly  convenient  f requency range  (20-1000 Hz) is one to two o rde r s  of 
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magnitude less  at the s a m e  t e m p e r a t u r e s .  Phys ica l ly ,  this means  that ,  in per iodic  heating even at low f r e -  
quencies ,  t e m p e r a t u r e  d i f fe rences  a r e  produced c lose  to the s e n s o r  su r f ace  at  sma l l  d i s t ances ,  which a r e  dif-  
f icult  to r e a l i z e  in the s teady method (this r equ i r e s  too na r row  a gap: for  toluene at 30~ and 20 Hz, l = 27 p). 
T h e r e f o r e ,  the heat flux is much l a r g e r  with r e spec t  to the radiant  flux in the nonsteady method than in the 
s t e a d y - s t a t e  method,  and i n c r e a s e s  with f requency.  

As a l ready  noted, in s teady methods to d e t e r m i n e  the f rac t ion  of the energy t r a n s f e r r e d  by radia t ion,  it 
is n e c e s s a r y  to va ry  the gap between the p la tes  producing the heat  flux through the s amp le  m a t e r i a l ,  which in-  
volves ve ry  g r e a t  compl ica t ion both of the appara tus  and of the exper imen t  i t se l f  in the case  of exper iments  at 
high t e m p e r a t u r e s .  In the nonsteady method,  the f rac t ion  of radiant  energy may be de te rmined ,  in p r inc ip le ,  
by varying the f requency.  This  is only poss ib le  in p r ac t i ce  in the low-IR region ,  where  the f rac t ion  of radiant  
energy is of a m e a s u r a b l e  s i ze .  Special  measu r ing  equipment mus t  be developed for  such an exper imen t .  In 
the avai lab le  appara tus  at f requenc ies  above 20 Hz, radia t ion may only be detected at high t e m p e r a t u r e s .  

N O T A T I O N  

h, heat conduction of the medium;  p ,  densi ty of the medium;  Cp, speci f ic  heat at constant p r e s s u r e ;  b = 
hCpp, coefficient  of t h e r m a l  act ivi ty  of medium;  c,  spec i f ic  heat of foil ma te r i a l ;  m,  fo i l - - s enso r  m a s s ;  s ,  

foil su r f ace  a r e a  (one side}; W, power  input to foil  by e l ec t r i ca l  heating; ~ ,  angular  f requency of a cu r r en t  
heating foil; x,  y ,  z,  r ec tangu la r  coordinates ;  T (x), t e m p e r a t u r e  of medium; 7r, mean t e m p e r a t u r e  of medium; 
T(x), complex ampli tude of t e m p e r a t u r e  pulsat ions of medium; T l, foil t e m p e r a t u r e ;  Ti ,  mean foil t e m p e r -  
a ture ;  T 1 , complex ampli tude of t e m p e r a t u r e  pulsat ions of foil; q(x), radiant  energy  flux in medium; Q, r a d i a -  
t i v e - c o n d u c t i v e  energy  flux f r o m  foil  su r face ;  l ,  damping length of t e m p e r a t u r e  wave; o, Stefan--Bol tzmann 
constant;  n, r e f r a c t i v e  index of medium;  a ,  absorp t ion  coefficient  of medium;  Bi = 4~n~T~/,/X, Blot number ;  i ,  
imag ina ry  unity; R,  re f l ec t ive  index of foil su r face ;  d = cm4-~',x/s, p a r a m e t e r  cha rac te r i z ing  hea t - ine r t i a  p r o -  
pe r t i e s  of foil .  
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This pape r  p re sen t s  r e su l t s  of an exper imenta l  invest igat ion of the c h a r a c t e r i s t i c s  of a 
two-component  heat pipe,  operat ing with a mix tu re  of water  and ethanol.  

A number  of r epo r t s  [1-7] have been published dealing with theore t i ca l  and exper imen ta l  invest igat ions 
of heat pipes in which a liquid mix tu re  is used as the h e a t - t r a n s f e r  agent.  In t e re s t  in two-component  heat pipes 
a r i s e s  mainly  f r o m  the following causes :  
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