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A method is proposed to calculate the radiative heat exchange between two paral le l  infinite 
metal sur faces .  The result ing heat flow - calculated exactly - does not deviate by more  than 
10% f rom that calculated according to an approximation formula.  

We use the famil iar  Chris t iansen formula  to calculate the radiative heat exchange between two gray 
plane-paral le l  surfaces :  

4 4 
(T1--T2) (1) 

ql-~ = 

For  metal surfaces  exhibiting pronounced selectivi ty,  formula (1) may yield an e r r o r  of up to 200%. 

Several authors [1, 2] attempted to make provision for selectivity.  

As demonstrated in [3], the absorptivi ty a of a metallic surface at a t empera tu re  T 1 relat ive to the 
incident black radiation at a t empera tu re  T 2 may be regarded as equal to the emittance ~ of this surface at 
a t empera ture  T = ~ 2 .  The possible use and accuracy  of the relationship 

a = e(TT~E) (2) 

is governed by the validity of the Drnde formula for metals .  Equation (2) was initially used by Hottel [1] for 
two identical metals ,  and then extended to any pair  of metals .  The Hottel formula has the fo rm 

qu - el, + e-~ --1" 
Y 

It differs f rom (1) in that the emittance for the 

q3z 

Fig. 1. Integral tungsten emittance: 1) 
Worthing data; II) theoret ical  data based 
on the De Vos spectral  charac te r i s t i c s ;  
III) theoret ical  data based on the Riethof 
spectral  charac te r i s t i c s .  

(3) 

second surface was assumed equal to its absorptivity and 
equal to e~. Formula (3) was more exact than formula (1); 
the calculational e r r o r  which a r i ses  f rom the use of (3) 
reaches  25% [2]. 

If we proceed f rom the fact that because the absorpt ivi -  
ties of the two metal surfaces  are  not equal to their  emi t -  
tances,  although they remain constant on repeated reflection 
between the sur faces ,  the result ing formula  [4, 5] has the 
fo rm 

o (etaT-1~ - -  %a~lT 4) 
qt-~ = aTJ + a~ -~-  1 (4) 

The quantities ~1 and e 2 in (4) are  known; however,  it 
remains  unclear  what values to use for  al and a2; it is p re -  
c ise ly  for this reason that formula (4) has not yet found 
pract ical  application in engineering calculations.  

Translated f rom Inzhenerno-Fiz icheski i  Zhurnal, Vol. 16, No. 2, pp. 246-250, February ,  1969. Original 
ar t ic le  submmited April 15, 1968. 

�9 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of the publisher. A copy of this article is available from the publisher for $15.00. 

159 



q l 
I,, 

J 

a 

f 
~85 4~00 800 /200 

�9 2 
~ l  ~ "  �9 3 

n e ,,s 

~u 

A 7 
0 8 

~oo 22oo AT 

q 

. _ . _ I -  

0,8 800 & T 

Fig. 2. Comparison of cal- 
culation methods to com- 
pute the flow of radiation 
between two molybdenum 
surfaces (a), between a 
tungsten and a molybdenum 
surface (b), and between 
two tungsten surfaces (c): 

1-4) ql-2/qng; 5-8) qH/qng 
for  T 1 equal to 2000~ fo r  1 
and 5; 2800~ 2 and 6; 
3000~ for  3 and 7; 
1200~ for  4 and 8; AT 

= T 1 -T2~( .  

Proceeding  f r o m  the Hottel method (in which the value of a2 (Tz,n has been replaced  by e2(T)), in this 
pape r  the values  of both at and a2 in (4) have been rep laced  by et(~) and e2{T). As a resu l t  fo rmula  (4) a s -  
sumes  the following form:  

[eie~- ) T 4 - -  eoe-L T~) 
" 2(g) 

qi-2 = e - I  + e - L - -  1 (5) 
I (T)  2(T) 

The validi ty of this approach can be ver i f ied  by compar ing  the calculat ion of the resul t ing flow ql-2 ca lcu -  
lated according to fo rmula  (5) with the calculat ion c a r r i e d  out in the assumpt ion  that the su r faces  a r e  diffuse 
nongray emi t t e r s  (in the p re sence  of spec t r a l  radiat ion cha rac t e r i s t i c s )  according  to the fo rmula  

~i0 d~, - -  I~,r= ). (6) qng = e-i - ~  e - - I  __. l'(/~,r, 
= ~ , ,T t  ~.,T~ 

A calculat ion such as this ,  for  purposes  of compar i son  with the Hottel formula ,  was p e r f o r m e d  in [2], and 
he re  the integral  of (6) was wri t ten in finite d i f ferences  (for compute r  calculation) and p resen ted  in the 
fo rm 

q ~  ~ ~ , +  ~.'r - 1  

( + 
eg',r, +e~0~r---- ~:o.2 ' ~=o.2 

We did the calculat ion on a Vega compute r  and we chose the following wavelength divisions:  

I) 0 .3-3  wn, A)~=0.1 urn; 

2) 3 - 4  prn, h)~----0.2 pro; 

3) 3 -15  urn, A ~ =  0.5 ~m. 

With this division the calculat ion e r r o r  is inc reased  slightly; however ,  as demons t ra ted  by our e s t ima te ,  it 
does not exceed 1%. 

160 



TABLE 1. The M o - M o  Sys t em 

T,,~ T~, ~ ~ ~ a, ! . . . .  (,h) ~ t q 

I i 

if}t,  
' I W/cm- I W/cmZ W/cm2 

2800 
2800 
2000 

2000 
1600 
1600 

2360 
2110 
1790 

0,262 
0,262 
0,212 

0,212 
0,164 
0,164 

0,242 
0,222 
0,189 

47,71 . 48,11 
40,64 41,34 
6,712 7,261 

42,49 
37,20 
5,963 

TABLE 2. The W - M o  Sys tem 

I J : 
T,, ~ r2, ~ T ,  ~ e1 i e~ at az qng, 2 q~'~' cH, W/cm W/ern z W/crn z 

2000 2360 
1600 2110 
1600 1790 

0 334 ! 
01334 0,212 0,164 
0,2831 0,164 

0,314 
0,295 
0,261 

0,240 
0,221 
0,188 

46,13 
53,96 
8,188 

45,45 
53,30 
8,084 

2800 
2800 
2000 

41,39 
47,42 

6,t~0 

TABLE 3. The W - W  Sys t em 

qng, r,, ~ r2, ~ T, ~ et e~ a, CaD W/clnzq'-=' W/cmzqH' W/cm z 

3000 

2000 

1200 

2600 
2200 
1400 
1O00 
900 

1600 
1400 
1200 
1000 

'2: 

2790 
2570 
2050 
1730 
1530 

1780 
1670 
1530 
1420 

1090 
960 

0,334 

0,262 

0,153 

0,312 
0,283 
0,182 
0,124 
0,098 

0,215 
0,182 
0,152 
0,124 

0,124 
0,098 

0,322 
0,311 
0,269 
0,230 
0,203 

0,238 
0,223 
0,203 
0,183 

0,134 
0,117 

43,40 
68,00 
86,21 
s6 01 
84,92 

8,965 
11,I0 
12,13 
12,62 

0,536 
0,781 

38,61 
61,34 
75,70 
70,71 
64,42 

7,520 
9,231 
9,922 

10,10 

0,436 
0,621 

42,90 
68,42 
87,40 
87,51 
84,21 

8,680 
10,71 
11,52 
11,94 

0,501 
0,712 

To work  with (6) we need  the s p e c t r a l  c h a r a c t e r i s t i c s  of the chosen  meta l  p a i r  ove r  the e n t i r e  w a v e -  
length  range .  

We caleulaLed the ql-2 va lues  for  two meta l  p a i r s :  m o l y b d e n u m - m o l y b d e n u m  and t u n g s t e n - m o l y b -  
denum;  a t e s t  cheek was then conducted  or_, the t u n g s t e n - t u n g s t e n  pa i r ,  and for  this  we used  the B r a n s t a e t t e r  
r e s u l t s  [2]. The m o l y b d e n u m  and t u n g s t e n  s p e c t r a l  c h a r a c t e r i s t i c s  w e r e  taken  f r o m  Riethof [6] and extended 
to X > 4 /~m with the Drude  f o r m u l a .  Since the ~ data  we re  de r ived  for  n o r m a l  r ad i a t i on ,  they w e r e  con -  
v e r t e d  a c c o r d i n g  to the f a m i l i a r  r e l a t i o n s h i p  be tween  h e m i s p h e r i c  and n o r m a l  e m i t t a n e e  [7]. 

We should note  that  in c o m p a r i n g  the magn i tudes  of the r e s u l t i n g  flows qng and q1-2, as ca l cu la t ed  a e -  
co rd ing  to (5) and (6), the abso lu te  a c e u r a e y  of the employed  s p e c t r a l e h a r a c t e r i s t i e s  is of no s ign i f i cance .  
What is i m p o r t a n t  in the ea l eu l a t i on  is the fact that  the vaIues  of the i n t eg ra l  h e m i s p h e r i c a l  e mi t t a nee  and 

the va lues  of at = al/~'T--7-TE~ anda2 = r (for (4) and (5)) a r e  ca l cu la t ed  f r o m  the s a m e  s p e c t r a l  c h a r -  
• 2J 

a c t e r i s t i c s  used  in the ca l cu l a t i on  with (6). 

For  two iden t ica l  m e t a l s  we can  s impl i fy  (5) to a s s u m e  the fol lowing form:  

o [e,T~ -- ezT~l, (8) q*-~ = ') --s 

where 

g l ( l f T ~ a  } ~ 1 3 2 ( 0 2  ) == ,~, 

The r e s u l t s  of the c a l c u l a t i o n  for  m o l y b d e n u m - m o l y b d e n u m  and t u n g s t e n - m o l y b d e n u m  s y s t e m s  a r e  
shown in Tab les  1 and 2, r e s p e c t i v e l y .  We then ca l cu l a t ed  the t u n g s t e n - t u n g s t e n  pa i r .  Since the De Vos 
t u n g s t e n  s p e c t r a l  c h a r a c t e r i s t i c s  w e r e  used  in [2], we ca l cu la t ed  the h e m i s p h e r i c a l  t u n g s t e n  e mi t t anee  on 
the ba s i s  of the eX va lues  g iven in [8]. 
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The resu l t s  f r o m t h e  calculat ion of s t for  tungsten and the compar i son  of these  values with the Worthing 
[9] and Riethof [6] data a re  shown in Fig. 1. The calculat ion of the resul t ing  flow ql-2 with the use  of the 
above-c i ted  s t values obtained f r o m  the De Vos spec t r a l  c h a r a c t e r i s t i c s  for  % is s u m m a r i z e d  in Table 3. 

To evaluate  the e r r o r s  assoc ia ted  with the r ep lacemen t  of the integral  by a finite sum,  we calculated 
the sum ql-z at s eve ra l  cha r ac t e r i s t i c  points according to fo rmula  (7),with a division of AX = 0.025 #m. 
The e r r o r  did not exceed 1%. 

It is in teres t ing to compare  the resul t ing heat  flows qng obtained through the use of the spec t r a l  c h a r -  
ae t e r i s t i e s  f r o m  (6) with the flows qH and ql-2 obtained f rom (3) and (5), r e spec t ive ly .  The resu l t s  of such 
a compar i son  for  the M o - M o ,  W - M o ,  and W - W  s y s t e m s  a re  shown in Fig. 2a, b, c. 

T 
q 
a 

s 

(r -- 5 .67 .10  -12 
I 
X 

qH 

N O T A T I O N  

Is the su r face  t e m p e r a t u r e ,  ~ 
is the resul t ing radia t ive  heat  flow between two p l ane -pa ra l l e l  su r f aces ,  W/cm2; 
is the su r face  absorpt ivi ty ;  
is the su r face  emit tance;  
~s the S t e f an -Bo l t zmann  constant ,  W / c m  2 �9 ~ 
is the spec t r a l  blackbody radiat ion intensity,  W/pm. em2; 
is the wavelength,  pm; 
ts the heat  flow calculated according to the Hottel formula .  

1. 
2. 

3, 
4. 

5. 
6. 

7o 

8. 
9. 

LITERATURE CITED 

W.H. McAdams,  Heat T r a n s m i s s i o n  [Russian t rans la t ion] ,  Metal lurgizdat ,  Moscow (1961), p. 115. 
" T h e r m o e m i s s i v e  convers ion  of energy, ' !  in: Symposium Mater ia ls  [in Russian],  Vol. 1, Atomizdat ,  
Moscow (1964). 
E. Ecker t ,  Forschung auf dem Gebiete des Ingenierwesens ,  7, 265 (1936). 
V. L. Isachenko,  V. A. Osipova, and A. S. Sukomel, Heat T r a n s f e r  [in Russian],  Izd. t~nergiya, Moscow 
- Leningrad (1965). 
S.N.  Shorin, Heat T r a n s f e r  [in Russian],  Izd. Vysshaya Shkola (1964). 
T. Riethof, B. D. Acchione, and E. R. Branyan,  Tempera tu re :  Its Measurement  and Control in Science 
and Industry,  Vol. 3, Pa r t  2, Applied Methods and Ins t ruments ,  Reinholds Publ. Corp. ,  New York; 
Chapman and Hall,  Ltd., London (1962), p. 515. 
E. R~ Ecke r t  and R. M. Drake,  Theory  of Heat and Mass T r a n s f e r  [Russian t rans la t ion] ,  Gosenergoizdat  
(1961). 
I . C . D e  Vos, Physica ,  20, 690 (1954). 
G. Ribo, Optical P y r o m e t r y  [Russian t rans la t ion] ,  GTTI  (1934). 

162 


