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Results  of experimental  and theoret ical  investigations of radiant-conductive heat t ransfer  
in a plane ammonia layer a re  presented. 

A number of theoret ical  and applied studies related with calculations of complex heat t ransfer  [1-5] 
and the solution of cer tain auxil iary problems pertinent to thermophysical  investigations a re  devoted to an 
investigation of heat t r ans fe r  in plane layers  of absorbent  media. At the same t ime there are  few exper i -  
mental studies along this line. 

Here we will present  an experimental  and theoret ical  examination of radiant-conductive heat t r ans -  
fer  in an approximation of one-dimensional  heat t ransfer  in a plane layer  of absorbent  gas. 

The physical scheme of the experiment amounts to the following, Two metal plates made in the form 
of thin disks a re  a r ranged in plane-paral le l  planes and form the layer  of investigated medium. The plates 
a re  maintained in an i so thermic  state, the upper plate being heated and the lower one being cooled (Fig. 1). 
The i so thermic i ty  of the plates and layer  in the planes of the parallel  plates is checked by means of the rmo-  
couples embedded in the plates and by special  n i c h r o m e - c o n s t a n t a n  thermocouples (diameter 0.06 mm) 
moving within the layer  (Fig. 1). This gave grounds to assume that the steady flow of heat throughout the 
layer  is one-dimensional .  The selection of the distance between plates which excludes free convection in 
the space between them was determined indirect ly f rom the resul ts  of measur ing the tempera ture  dis-  
tribution in the layer of a dia thermic medium (linear charac te r  of distribution) under various p ressure  con- 
ditions (from P ~ 40 mm Hg to P ~ 2 abs. atm). 

The position of the movable thermocouples relat ive to the bounding surfaces  was determined by a 
KM6 cathetometer .  The tempera ture  level of the heated plate was maintained by regulating the voltage 
supplied to the heater. The chamber  was prel iminar i ly  evacuated (~5 �9 10 -2 mm Hg) before filling with the 
investigated gas. 

The experimental  investigation amounted to measur ing the tempera ture  distribution of the gas (from 
the readings of the near-axia l  thermoconple) as a function of the optical thickness of the medium and of the 
t empera tu re  difference between plates. 

To conduct standard measurements  and to est imate the e r r o r s  due to i r radiat ion of the thermocouples,  
a diathermic medium (air) was enlisted in the f i rs t  study. In this case the process  of heat t ransfer  in the 
layer  is determined by molecular  heat conductivity. The solution of the equation of heat conductivity 

d (1) 
dy \ dzj ) 

T(0)=  r~, T(5)=7"z 

in the case of validity of the l inear charac te r  of the tempera ture  dependence of the coefficient of heat con- 
ductivity 

),. - -  a + b T  (2) 
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is writ ten 

Fig. i. Diagram of experimental device: 1) exterior 
cylindrical casing; 2) interior casing; 3) insulation of 
layers of glass fabric and stainless steel foil; 4) 
heater; 5) Plexiglas observation ports; 6) refrigerator 
(water); 7) lead to bacMng pump; 8) water inlet and 
outlet with rubber seals; 9) lead for thermocouples; 
10) conductor to heater; 11) outlets for gas; 12) ex- 
perimental plates forming the investigated gas layer; 
13) movable thermocoupies. 

A =  2 a  iT 1 - ~  (T,--TB)] +T~--~(T~--T~). 
b 

Figure  2 presents  the resul ts  of calculating the tempera ture  distribution (d = (T - T 2 ) / ( T  1 - T) )  in 
the layer  of air  at T 2 = 508~ 

The experimental resul ts ,  indicating good agreement  with the calculation, a re  also presented there. 
The slight divergence due to i r radiat ion of the bead of the thermoeouples owing to its small  size and low 
tempera ture  level proved to be insignificant. 

In the case of the absorbent  medium the indicated e r r o r  is apparently smal ler  owing to partial shield- 
ing of radiation of the heated surface by the medium. 

As an absorbent  medium we used gaseous ammonia NH a having good absorptivity. The absorption 
coefficient w is determined by the total emittanee of the layer,  and the processes  of heat t ransfer  by rad ia -  
tion a r e  considered in an approximation of a model of a gray medium. 

Radiant-conductive heat t ransfer  in a plane layer  of a gray heat-conducting body is described by a 
nonlinear integral equation represent ing the formal  solution of the nonlinear integro-different ial  equation of 
energy 

d( )dT)  dE dy ~ -t- ~-y -- O, (4) 

T(0)=T~, T ( 5 ) = T  2. 
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Fig. 2. Dis t r ibu t ion  of d i m e n s i o n l e s s  t e m p e r a t u r e  J in a l aye r  of a d i a t h e r m i c  m e d i u m  (air): 
a) e x p e r i m e n t  (t = 235~ 1) so lu t ion  by (3) (a/b = 56.6); 2) solut ion at k - const .  

Fig.  3. Dis t r ibu t ion  of d i m e n s i o n l e s s  t e m p e r a t u r e  ~ in a l aye r  of an  a b s o r b e n t  NH 3 m e d i u m  
(P = 1 abs.  a tm,  6 = 12 mm):  a) e x p e r i m e n t  (01 = 0 .6 ;02= 1.0; Nk ,  ~ = 0.026; a / k ,  = - 0 . 3 4 7 ;  

b T , / 2 a  = - 1 . 9 3 ;  h 0 = 0.15); 1) solut ion of (5) under  the expe r imen ta l  condit ions;  2) the same ,  
fo r  k = cons t  (01 = 0.6; 02 = 1.0; b = 0; k = a at  t = 0~ h 0 = 0.15); 3) solut ion of (5) fo r  h 0 
= 0.30 under  the expe r imen ta l  condit ions.  

Here  E is the  h e m i s p h e r i c  dens i ty  of  the r e su l t an t  r ad ia t ion  flux, de t e rmined  in c o n f o r m i t y  with the r a d i a -  
t ing  s y s t e m  being cons ide red  by the i n t eg ra l  r e l a t ion  p resen ted  in [8]. 

On the a s s u m p t i o n  of a l inea r  c h a r a c t e r  of the t e m p e r a t u r e  dependence of the coeff ic ient  of m o l e c -  
u la r  heat  conduct ivi ty ,  the t e m p e r a t u r e  d i s t r ibu t ion  in the l a y e r  is de t e rmined  by solving the nonl inear  
in t eg ra l  re la t ion:  

ho 1 j'04 bT~ O(h)=a(h)+~-~  ( [ ) G ( h , [ )  d~--  2a~ 02(h), (5) 

0 

- - -  - - 2 h  + 04h(h) + O4)c2(h) , (6) ~(h)=e~ o~-o., h+ ~[ .~  ho FN- -5- U 
h o 

obtained f r o m  (4) by s u c c e s s i v e  in t eg ra t ion  with cons ide ra t ion  of the boundary  condit ions.  The g e o m e t r i c  
- o p t i c a l  p a r a m e t e r s  of r ad i a t ion  xl(h), x~(h), G(h, ~), and D, r e p r e s e n t i n g  funct ionals  of  the  opt ical  p r o p -  
e r t i e s  of the boundar i e s  A, R of the m e d i u m  h, h 0 and of the exponential  i n t eg ra l s  Kn, a r e  de te rmined  by: 

h R1 R2 
O (h, [) = / (3  ([) - -  K~ Ih - -  ~ : + ~ (K~ (ho - -  [) - - / ( 3  .~) ) + 2 ~ - -  Z~ (h) K~ ([) + 2 ~ -  Z~ (h)/(2 (ho - -  ~), (7) 

x ~ ( h ) = ~ - - -  -~o -3 l(~(h~ + 2R2Ks(h~176176 3---K~(h~ 1' (8) 

Z2 ([Z) = 2~ (hO) - -  [~  (t~ 0 - -  h) -~ ~0 3 - - -  ~4 (ho) -Ju 2/~ 11[~3 (ho) ~ -  --/~t~ (t~) - -  U ~ /~/~ (h~ ' (9) 

D = 1 - -  4Rx Rz/(3 2 (ho). (10) 
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The total radiant-conductive flux is determined by the following integral  relation: 

ho 

2 j'e~ a) = b (ho) + -~o (h) ~1 (ho, h) dh , 
0 

(ii) 

bT, ..2 02 1 J 4 N (0~ - -  02) q- 2) + A~ (ho) 04 - -  A z (ho) 024) b (ho) = -~o 2~- N (.tJl - -  ~-( , 

G 1 (he, h) --- K3 (h) --K:~ (h o - -  h) + 2A~ (h o) -AT,. K.,. (h) - -  2A z (he) . K2 (he - -  h), 

(12) 

(i3) 

A 1 (h o) == --D-\~AI( 1 - -  K~ (ho))(1--2RzK3(ho), ), A z (he)= ~ - ( 1 - - K ~ ( h o ) ) ( 1 - - 2 R 1 K z ( h o ) ) .  A2 (14) 

Integral equation (5) is solved numerical ly  by Newton's i terat ive method. In this case the l inear dis tr ibu-  
tion of tempera ture  0 = 01 + [h(01 - 02)/h0] was used as the initial approximation. 

Figure 3 presents  the results  of comparing the numerical  solution of Eq. (5), t ransformed to the fo rm 
0 = 0([), with the experiment in conformity with the measurements  of the tempera ture  distribution in the 
NH 3 layer  at P = 1 abs. arm of thickness 5 = 12 mm formed by two plates, of which the upper, heated plate 
radiates  well (stainless steel, A 2 = 0.85) and the lower, cooled plate ref lects  effectively (brass, A 1 = 0.15). 

The absorption spectrum of NHz has two Characteris t ic  regions in the 6 and 10 p range [9]. Accord -  
ing to Wein 's  displacement law this corresponds to a radiation peak of the upper plate at t empera tures  of 

"~ 
~500~ and ~300~ respectively.  In this connection the tempera ture  of the upper plate in the experiment 
was maintained at the level T 2 = 5 0 0 ~  ( T  1 = 290~ The total emittance of the layer  (e = 1 - exp (-~6)), 
determined in [10] as a function of T and pS, is equal to ~0.15. The optical thickness of the layer  h 0 = ~6 
= 0.15. In the tempera ture  being considered,  according to [11], 

a ----0.347, bT, _ 1.93, Nx.• = �9 L . ~  0.026. 
~, 2a 4% T, 3 

In this case the tempera ture  of the heated surface T ,  = T 2 is taken as the charac te r i s t i c  temperature .  
The sa t i s fac tory  agreement  between the experimental  measurement  and the resul ts  of the numerical  solu- 
tion confirm the validity of the hea t - t rans fe r  model described by integral  equation (5). 

Figure 3 also presents  the resul ts  of solving (5) for h 0 = 0.15, 01 = 0.6, 02 = 1.0, and ~ = a (t = 0~ 
b = 0). They attest  to the fundamental importance of taking the function ~ = ~(T) into account. 

The resul ts  of the solution of Eq. (5) for pa ramete r s  determined by the experimental  conditions but 
for h 0 -- 0.30 reflect  the essential  role of the optical density of the layer  of the medium in the tempera ture  
distribution. 

The mean- f ree  path of a photon 1 / ~  as applied to the experimental  conditions exceeds the dimen-  
sions of the layer,  but the process  of multiple ref lect ions f rom the surface of the lower plate slightly in-  
c reases  the effective dimensions of the layer  and therefore  increases  the probability of col l is ions  within 
the absorbent  medium. 

In connection with this, the effective heat conductivity as applied to cases  of low optical density 
should be analyzed with consideration of the real  values of the optical propert ies  of the boundaries of the 
investigated layer  of the medium. 

We can show that in the case of small  t empera ture  drops the expression for the effective heat con- 
ductivity can be represented in a closed form. 

The expression for the density of a radiant-conductive heat flux is writ ten as: 

q = - -  L• dT _ E (h) (15) 
dh 

or (after integration and consideration of the boundary conditions) as 

ho 

q = --~,• T1- -T2  f E ( h )  dh. (16) 
ho 

0 
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Using the e x p r e s s i o n  fo r  the h e m i s p h e r i c a l  dens i ty  of the r e su l t an t  r ad ia t ion  in [8] and in tegra t ing  it by 
par t s ,  we r e p r e s e n t  (16) in the fol lowing fo rm:  

ho ho 

q = - -  ~• T 1 -  T z 2 G (h, ~) - -  d ~ dh. 
h o h o , d~ 

0 0 

(17) 

Sett ing dE~ (~) - -  dE~ (h) 
d~ dh 

medium)  and )~• T1 - - T z  
• 

-- const ( l inear  c h a r a c t e r  of the rad ia t ion  d i s t r ibu t ion  in the l aye r  of absorben t  

)~ dT 
- - ,  we obtain: 
dy 

ho ho 

0 0 

(18) 

o r  

H e r e  

dT 
q = -  L drcly 163• % raF (• 10'I' R2) d---y" 

ho ho 

F (• R~, R2) = ~ ho d ~ dh 

0 0 

(19) 

_ 3 1 (ho)) (~(ho)R~ + 

1 (1 - -  2R~K3 (h o)) I (~ _ 2~2K3(h0)), A~(ho) Z A~ (ho) = ~ -  = . 

(20) 

(21) 

Thus  the e x p r e s s i o n  fo r  the ef fec t ive  heat  conduct iv i ty  

X ef ~ ~' + 16o0_ Ta F (• R1, t72) 
3x 

(22) 

r e f l e c t s ,  bes ides  the opt ica l  t h i ckness  of the medium,  the effect  of the opt ical  p r o p e r t i e s  of the rad ia t ing  
boundar ies .  

When Rt = tt 2 = 0 the r e s u l t s  of ca lcu la t ions  by  (20) a g r e e  with s i m i l a r  ca lcu la t ions  made  in [6] on 
the  a s s u m p t i o n  of a suf f ic ien t ly  l a r g e  opt ica l  th ickness  of the l ayer .  

An ana lys i s  of the expe r imen ta l  r e s u l t s  on de t e rmina t ion  of  the coeff ic ients  of heat  conduct iv i ty  of 
dropping  l iquids [6] ind ica tes  a subs tan t ia l  effect  of r e e m i s s i o n  in the inves t iga ted  media.  In this con n e c -  
tion, the de t e rmina t i on  of the coeff ic ient  of effect ive  heat  conduct ivi ty ,  which within a smal l  t e m p e r a t u r e  
in t e rva l  in an  abso rben t  and r e f r a c t i n g  med ium is wr i t t en  as  

16 n 2 
)~ef = a + bT + - -  �9 - - a o T F 3 ( •  R1, R2) , (23) 

3 • 

a c q u i r e s  spec ia l  impor t ance .  The r e s u l t s  of ca lcu la t ing  the r ad i an t - conduc t ive  heat  flux (q - - ~ e f ( A T / 5 ) )  
with cons ide ra t i on  of (23) with r e s p e c t  to the a v e r a g e  t e m p e r a t u r e  value of the med ium (T = ~') a g r e e  well 
with the n u m e r i c a l  ca lcu la t ions  by (11). 

= (T - T2)/(T 1 - T2) , 
0 = T i / T  , 
N = N ~ , x ( a / ~ ) ;  

N)~,~ = ~,X/4cr0Ta, 

N O T A T I O N  

a r e  the d i m e n s i o n l e s s  t e m p e r a t u r e s ;  

is a d i m e n s i o n l e s s  r a d i a t i o n - c o n d u c t i o n  p a r a m e t e r ;  
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1 

0 

A i, Ri 
= q/(70 T4 

E 0 = ~0 T4 
5 
• 
h 0=)(6, h = ~ y  

= y / 6  = h / h  o. 

I,,_ I d~ 
F 

is an exponential integral ;  

a r e  the absorp tance  and re f l ec tance  of the g ray  bounding sur faces ;  
is the d imensionless  radiant -conduct ive  flux; 
is the densi ty  of equi l ibr ium radiation;  
is  the thickness  of the l ayer  of the medium; 
is  the absorpt ion  coefficient;  
a r e  the optical  thickness  and depth of the l ayer ,  respect ive ly ;  

S u b s c r i p t s  

i = 1, 2 is  the numerat ion  of the boundaries ;  
* is  the subsc r ip t  of the cha r ac t e r i s t i c  p a r a m e t e r .  
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