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ON THE OPTIMAL TEMPERATURE PROFILE OF 

SELECTIVE GASES UNDER RADIANT HEAT 

TRANSFER 

Yu. A. 

and A. 

It is shown that a select ive gas t empera tu re  profile exists for which radiant  heat flux is a rnaxi- 
mum in the heating surface.  The mean, minimum, and maximum gas t empera tu res  are  de ter -  
mined. 

The paper [1] is devoted to the question of the influence of furance gas t empera tu re  profiles on the r e -  
sultant radiant  heat flux q in a heating surface.  The necess i ty  is shown there for taking account of the r e a l t e m -  
pera ture  field in evaluating the quantity q. Computations were executed taking the select ivi ty of the gas radia-  
tion into account.  It is shown here that there  exists  a t empera tu re  profile for which q is a maximum. For s im- 
plicity, we assume the lining to be absolutely black and adiabatic,  the heating surface nonselective,  and we simu- 
late the furnace geomet ry  by a plane layer .  The higher the emiss iv i ty  of the lining, the grea te r  the q since the 
intr insic  radiation of the lining is t ransmi t ted  bet ter  by a selective gas than the ref lected radiation containing 
the gas band in its spec t rum.  

Let Q1 be the intr insic  gas radiat ion on the heating surface and Q2 on the lining. The express ion for q 
has the form 

q -- --Q0, @ (1 - -  r)[Q~ @ D~ (l) Q0~ ]. (1) 

F r o m  the adiabatic condition of the lining, we have 

Qo2 - -  Q~ @ Di (1)Qo~ - rQ:D3 (l) -[- Qo.~_D2 (20 (2) 

and we obtain f rom (1) and (2) 

q = - - Q o ~ T ( l - - r )  Qi i - -r l__rD~(21)j  1--rD~_(2l) ~ 1 - - rD~(2 l )  " 

For a fixed mean gas t empera tu re ,  the coefficients of Q 1, Q2, and Q0t are  pract ica l ly  independent of Qi, Q2, and 
r.  Then, .if the coefficient of Q2 in (3) is g rea te r  than the coefficient of Qj, then it is energet ical ly  advantageous 
to organize the furnace heating scheme with the grea tes t  possible value of Q2, i.e., when the torch is directed 
to the crown (indirect mode): The condition for preference  of the indirect  over the direct  heating mode 

Df(I) ~ 1  + rD,;(I) D3(I) , (4) 
1 - -  rD. , .  ( 2 / )  1 - -  r D . ,  ( 2 l )  

follows f rom (3), and can be writ ten as 

r ~  I - -  D2  (l)  

D., (2/) -- D2 (l) D3 (1) 

(5) 
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F ig .  1. D i m e n s i o n l e s s  r e s u l t a n t  r a d i a n t  f lux on the  h e a t -  
ing  s u r f a c e  a s  a func t ion  of  the  d i m e n s i o n l e s s  c o o r d i n a t e  
of  the  c e n t e r  of  the  b u r n i n g  zone .  The  b u r n i n g  zone t h i ck -  
n e s s  i s  l / 2 .  

Fig .  2. D e p e n d e n c e  of  q / o ~  ~ on the  r e l a t i v e  t h i c k n e s s  of 
the  zone p r e s s e d  to  the  l in ing  fo r  the  c a s e  of  two h i g h -  
t e m p e r a t u r e  zones  p r e s s e d  to  the  l in ing  and the  he a t i ng  
s u r f a c e .  T o t a l  b u r n i n g  zone  t h i c k n e s s  is  1 / 2 .  

I t  i s  o b s e r v e d  tha t  the  i n d i r e c t  h e a t i n g  mode  can  be  e n e r g e t i c a l l y  a d v a n t a g e o u s  for  high r e f l e x i v i t i e s  of  the  h e a t -  
ing  s u r f a c e .  S t a r t i n g  wi th  a c e r t a i n  l = l 1, the  i n e q u a l i t y  (4) i s  not  s a t i s f i e d  so  tha t  for  l>  l 1 the  i n d i r e c t  hea t ing  
mode  i s  e n e r g e t i c a l l y  d i s a d v a n t a g e u u s  c o m p a r e d  to the  d i r e c t  mode  when the  t o r c h  i s  a p p l i e d  to the  h ea t i ng  s u r -  
f ace .  

In  the  a p p r o x i m a t i o n  of  an  e q u i v a l e n t l y - g r a y  g a s  

Di  (l) = D2 (l) = D~ (1) = 2E3 (To), 

w h e r e  z 0 i s  the o p t i c a l  t h i c k n e s s  of  the  l a y e r .  L e t  us  show tha t  in t h i s  c a s e  the  indErec t  hea t ing  mode  i s  a l w a y s  
e n e r g e t i c a l l y  m o r e  f a v o r a b l e  than  the  d i r e c t .  F r o m  the  obv ious  i n e q u a l i t i e s  

1 - -  2rE3 (2To) ~ 1 - -  2 tEn  (To), 1 > 2E3 (To) for T o > 0 
the r e  fo l lows  

1 - -  2rE3 (2To) :> 2E3 (To) [ 1 - -  2rE3 (To)]. 

We r e w r i t e  t h i s  l a s t  i n e q u a l i t y  in the  f o r m  

2E3(To) < 1 + r [2E3(To)] ~ . , (6) 
1 - -  r2E~ (2To) 1 - -  r2E3 (2To) 

wh ich  c o n t r a d i c t s  (4). T h e r e f o r e ,  the  i n d i r e c t  h e a t i n g  mode  can  be  e n e r g e t i c a l l y  m o r e  a d v a n t a g e o u s  than  the 
d i r e c t  mode  only  in  a s e l e c t i v e  m e d i u m ,  when  the  gas  r a d i a t i o n  is  c o n v e r t e d  into con t inuous  r a d i a t i o n  of the  
ing  which  e a s i l y  p a s s e s  t h r o u g h  the  ga s .  

The  q u e s t i o n  of the  o p t i m a l  t e m p e r a t u r e  p r o f i l e  in a s e l e c t i v e  gas  m e d i u m  i s  of g r e a t  i n t e r e s t .  I f  the  
t e m p e r a t u r e  of the  m e d i u m  has  no l o w e r  bound,  but  a m e a n  t e m p e r a t u r e  is  d e t e r m i n e d ,  then  the  s o l u t i o n  of  the  
v a r i a t i o n a l  p r o b l e m  f o r m u l a t e d  i s  e v i d e n t .  The  t e m p e r a t u r e  w i l l  be z e r o  e v e r y w h e r e ,  wi th  the  e x c e p t i o n  of  the  
a r e a  of  the  t o r c h ,  but  the  t o r c h  can  be l o c a t e d  a n y w h e r e  s i n c e  the  g a s  does  not  a b s o r b  r a d i a t i o n  a t  z e r o  t e m -  
p e r a t u r e .  I f  the  t e m p e r a t u r e  has  no u p p e r  bound,  t hen  the  s o l u t i o n  of  t h i s  p r o b l e m  wi l l  be in the  f o r m  of  a 6- 
func t ion .  The  p r o b l e m  of  a gas  wi th  a f ixed  m e a n  T and both u p p e r  and  lower  t e m p e r a t u r e  bounds  i s  of p r a c t i -  
c a l  i n t e r e s t .  I t  i s  c l e a r  f r o m  the n o n l i n e a r  d e p e n d e n c e  of the  r a d i a t i o n  f lux on the  t e m p e r a t u r e  t ha t  the  so lu t i on  
w i l l  have  the  f o r m  of  one o r  m o r e  zones  wi th  m a x i m u m  t e m p e r a t u r e ,  whi l e  the  t e m p e r a t u r e  of  the  r e s t  of the 
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Fig. 3. Dependence of q / e T  4 
on the relat ive thickness of the 
zone p ressed  to the lining for 
two burning zones.  Total burn-  
ing zone thickness is l/4. 

gas will take on a minimal value. As an i l lustrat ion,  we performed a computation by the method in [1] for a 
medium consist ing of a mixture of carbon dioxide, s team, and nitrogen with a carbon dioxide part ial  p ressu re  
of 0.12 aim, a s team part ia l  p re s su re  of 0.19 atm, and a total p ressu re  of 1 a tm for a layer thickness of l = 1.5 
m. The heating surface t empera tu re  was T i = 800~ the t empera tu re  of the burning zone was T m -- 2000~ 
while T = 1400~ The dimension of the burning zone was half the height of the layer  and its location varied.  

Resul ts  of computing the quantity q / o ~  4 a re  presented in Fig. 1 as a function of the coordinate of the cen- 
t e r  of the burning zone for different metal ref lexivi t ies .  It follows f rom Fig. 1 that if the torch is remote  f rom 
the lining or the heating surface,  its efficiency drops.  This suggests  dividing the burning zone into two and 
press ing  them to the wails. Under given constra ints  the t empera tu re  distribution in the form of two high tem- 
pera tures  zones pressed  to the lining and the heating surface is optimal for a definite rat io between the thick- 
nesses  of these zones. Indeed, if there  is just  one h igh- tempera ture  zone pressed  to the metal, then its upper 
part  will operate inefficiently since only a smal l  fract ion of the radiat ion reaches  the metal  because of self-  
absorpt ion of the radiat ion in the burning zone and a smal l  p~rt will reach  the lining because of radiation ab- 
sorpt ion in  the gas.  If  the h igh- tempera ture  zone is split into two and the upper part  is pressed to the lining, 
then the lining will a f te rwards  rece ive  more  energy  and reradia te  it in a continuous spec t rum to the hea t ingsur -  
face. The continuous lining radiat ion is absorbed considerably  more  weakly by a select ive gas than is the radia-  
tion produced by this gas, hence the flux in the metal  grows as compared  with the initial case .  Analogous 
reasoning can be per formed for the case when the h igh- tempera ture  zone is initially at the lining. It is hence 
c lear  that  the vers ion with a definite ra t io  between the th icknesses  of the h igh- tempera ture  zones squeezed to 
the sur faces  will be optimal. 

Resul ts  of computing such a vers ion a re  represented  in Fig. 2 for the conditions of the Previous example 
with different relat ionships between the lengths of these zones. Plotted along the horizontal  axis is the rat io z 
between the length of the burning zone p r e s s e d t o t h e  lining, and the total length of the burning zones. The maxi- 
mum of the flux to the heating surface is obtained for, the value z = z0, where z 0 depends on many pa rame te r s .  
Results  analogous to Fig. 2, but with a total h igh- tempera ture  zone width of l/4 are  presented in Fig. 3 for T = 
1600~ Tm = 2200~ and T 1 = 1000~ The remaining pa rame te r s  are  the same as in the preceding vers ions .  
It is seen that the maximums of the curves  differ somewhat f rom the resul ts  in Fig. 2 for the same values of r .  

The possible advantage of the combined heating (crown and direct ,  jointly) is mentioned in [2., 3]. 

The es t imate  of the contribution of the heat conduction for the moving medium, which we performed by 
standard methods,  does not a l ter  the general  conclusion. 

N O T A T I O N  

q, resul tant  radiant  heat flux at the heating surface;  Q1, Q2, flux of intr insic gas radiation on the heating 
surface and the lining, respec t ive ly ;  r ,  reflexivity of the heating sur face ;  Q01, Q02, intr insic radiation fluxes 
of the heating surface and the lining; l, layer  thickness;  D l, D 2, D3, t r ansmiss iv i ty  of the gas layer for radia-  
tion of the heating surface ,  lining, and layer  of the same gas;  E 3, integral exponential function of third o rder ;  
T-~ mean gas t empera tu re ;  Ti, heating surface t empera tu re ;  Tin, maximum tempera tu re ;  u, S tefan-  Boltzmann 
constant;  y, coordinate of the layer  measured  f rom the lining. 
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C A L C U L A T I O N  O F  E F F E C T I V E  T H E R M A L  R A D I A T I O N  

A B S O R P T I O N  C O E F F I C I E N T  O F  A C A V I T Y  W I T H  

D I F F U S E L Y  R E F L E C T I N G  W A L L S  

S .  B .  K i s e l e v  UDC 536.3 

The s y s t e m  of in tegra l  equations of rad ia t ion  heat  exchange in a c losed cavi ty  is solved nu- 
m e r i c a l l y .  

One of the bas ic  r e q u i r e m e n t s  of  a c a l o r i m e t e r  for rad ian t  heat  fluxes is the total  absorp t ion  of al l  r ad i a -  
t ion incident on i ts  en t rance  opening, independently of the spec t r a l  composi t ion  and d i rec t ion  of the radiat ion.  
The mos t  effect ive  method of inc reas ing  the absorp t ion  of radia t ion is the use of cav i t ies  of different  conf igura-  
t ions to col lec t  the radia t ion.  The g e o m e t r y  of a cavi ty  can be changed so as  to make its radia t ion c h a r a c t e r -  
i s t ics  approach  those of a b lack  body as  c lose ly  as  poss ib le .  The actual  c h a r a c t e r i s t i c s  of the cavi ty  can be de-  
t e rmined  e i ther  expe r imen ta l l y  or  theore t i ca l ly ,  but the expe r imen ta l  a r r a n g e m e n t s  for de te rmin ing  the ab-  
so rp tance  of a cavi ty  a r e  so  complex  that  only the theore t i ca l  solution of this p rob l em is p rac t i ca l .  

The effect ive  t h e r m a l  rad ia t ion  absorp t ion  coeff icient  of a cavi ty  of any configurat ion is defined as  the 
r a t i o  

Qref (I) serf= 1 - - ~ ,  

where  

is the re f l ec ted  heat ,  and 

A r 

i = l  A i A o 

(2) 

Qin = .1% (r0) dAo (3) 
Ao 

is the incident heat.  H e r e  ~i(ri)  is an unknown function cha rac t e r i z i ng  the flux densi ty  of effect ive radia t ion  
f r o m  the i - th  zone of the cavi ty  su r face  (the subsc r ip t  o r e f e r s  to the opening); fi (ri) is a known function which 
c h a r a c t e r i z e s  the s e l f - r ad i a t i on  of the cavi ty  su r face .  

In o rde r  to find the unknown function ~i( r i ) ,  and consequently to de t e rmine  the radia t ion  c h a r a c t e r i s t i c s  
of the cavi ty ,  it is n e c e s s a r y  to solve the radia t ion  hea t -exchange  p rob lem in a c losed cavi ty .  By using the gen- 
e r a l i zed  zonal method this  p rob lem is reduced  to the solution of a s y s t e m  of in tegra l  equations of the fo rm [1] 

N 

r (r3 = g ~ ( r 3 +  ~ ~ f g j ( r j ) K ~ j d A j  (i = 1, 2 . . . . .  N) ,  (4) 
/=1 A 1 

Trans l a t ed  f r o m  Inzhene rno -F iz i chesk i i  Zhurnal ,  Vol. 39, No. 1, pp. 113-117, July,  1980. Original  a r t i c l e  
submit ted  May 28, 1979. 
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