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An equation is der ived for  the heat flux absorbed  by a fluidtzed bed in radia t ive  heat ing.  

Working f r o m  the analogy between the heating of a solid and the heating of a flutdized bed, we note 
that since the t e m p e r a t u r e  drop over  the height of the bed is smal l  in the case  of wel l -developed boiling, 
while Xef is a lways  la rge  [1, 2], the Blot number  for the fluidLzed bed is usual ly  l e s s  than 0.25, so that the 
fluidtzed bed can be c lass i f ied  as  a "thin" object  [3]. Fo r  thin objects  and ord inary  values of Atextr,  the 
t e m p e r a t u r e  drop within the object during the heating is slight, the object  is heated uni formly  over  i ts  th ick-  
ness  (over the height, in the case  of a fluidized bed), and the internal  heat  t r a n s f e r  in many  techno!ogical  
p r o c e s s e s  thus does not l imi t  the heating p r o c e s s . *  

In the rad ia t ive  heating of a fluidized bed, the decis ive  role  is thus played by radia t ive  heat  t r a n s f e r  
between the r ad ia to r  and the hea t -absorb ing  sur face  (the sur face  of the flutdized bed) .  

* This a s se r t i on  is c o r r e c t  except  for the case  of highly endothermic  p r o c e s s e s .  

F ig .  1. D iag ram used in der iving the equation 
for  the resu l tan t  t he rma l  radiat ion flux absorbed  
by the flutdtzed bed.  
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Fig.  2, Dependence of the resul tant  flux of 
thermal  radiation (kW/m 2) absorbed by the 
fluidized bed on the emiss iv i ty  of the r ad i a -  
tor and of the surface of the flutdtzed bed. 
Dashed lines) flax calculated f rom Eq.  (4); 
solid lines) flux calculated f rom Eq.  (14a). 
1, 2) Dependence on ~ ;  3, 4) dependence on 
e2, for H / D = 1 . 0  and 2.5,  respec t ive ly .  

In designing furnaces  with radiat ive or convec t ive - r ad ia t ive  heating of a bed, it is neces sa ry  to cal-  
culate the geometr ic  dimensions of the furnace (the ra t io  of the furnace diameter  to the distance f rom the 
radiat ing crown to the surface of the bed), under the assumption that all other pa ramete r s  (the tempera tures  
of the bed and the crown, the emiss iv i ty  of the surfaces ,  e tc . )  a re  governed by the technology of the p roces s .  
If the geometr ic  dimensions of the furnace are  chosen on the basis  of s t ructural  considerat ions,  it is neces -  
sa ry  to c a r r y  out a verifying calculation to determine whether the neces sa ry  amount of heat can be t r ans -  
fe r red  to the bed with the selected pa ramete r s  of the technological p rocess  or if it is neces sa ry  to de t e r -  
mine the tempera ture  of the crown. We therefore  need an equation which unambiguously gives us at least  
one of these p a r a m e t e r s .  

A furnace for the radiat ive heating of a fluidtzed bed is a closed system of several  g ray  objects s epa r -  
ated by a diathermic or absorbing medium which is in a state of radiative heat t r ans fe r .  We need to find 
an equation for the resul tant  radiat ion flux absorbed by the surface of the fluidized bed. Let us determine 
the flux of thermal  radiation from surface 1 to surface 2 (Fig. 1). 

The amount of heat incident on surface 2 from surface 1 is given by the following equaJcion for the 
case of a single reflection f rom each surface in the system: 

Qlin--~ , = Qlq?,2 -)- Ql%3rs%~ @ Q,%3rs%lr1%~_ -- Ql%or2%~r1%. 2 ~- Qiq~p_r2%3rs%2. (1) 

where Q1 =EiF1 is the heat flux associated with the radiation of surface I i tself .  Since the r e f r ac to ry  lining 
mater ia l s  used in pract ice  (chamotte, Dianas brick,  c h r o m e - m a g n e s i t e  brick,  high-alumina chamotte, 
e tc . ) ,  as  well as  the fluidized beds, have a high emiss iv i ty  (e =0o8-0.85) ,  we can neglect the heat fluxes 
ref lected f rom surfaces  1 and 2, corresponding to the third, fourth, and fifth t e rms  in Eq,  (1)o We the re -  
fore assume that the effective radiation of the crown and the surface of the fluidized bed is equal to the in- 
t r ins ic  radiat ion.  Calculations show that with et =e2 =0.8 the e r r o r  of this assumption does not exceed 5% 
for small values of H/D (I-I is the distance f rom the crown to the surface of the bed, and D is the furnace 
diameter) ,  and for the ra t ios  H/D = 1 . 0 - 4 . 0  used in pract ice  this e r r o r  does not exceed 1-2%. 

Then we have 
1- -2  

Qinc, = EzFz (%2 -}- (P13 %2r~) �9 

Surface 3, absorbing some of the radiant energy incident on it from surface I, also radiates to surface 2. 
Using the ~ ssumption above, we can write the following equation for the flux of thermal radiation incident 
on surface 2 from surface 3, again for the ease of single reflections: 

Qinc la-2 = E3F3 (%~. :~ %~%2r3). 

Analogously, for the flux f rom surface 2 onto lateral  surface 3, again for single ref lect ions,  we have 

9 - - 2  1 

Now taking into account n ref lect ions of the energy f rom surface 3, we write the flux f rom surface 1 
to surface 2 as  
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/z=N 

' - ~  = (%3 5 )  ] �9 
(2) 

n=N 

Here  E1Flqh 2 is the flux incident on surface  2 without re f l ec t ions ,  and E1Fl~013q~32 ~ ( ~ - i r  n) is  the 

flux f rom surface  1 to surface  2 as  a resu l t  of the n-th re f lec t ion  from surface  3 (N is  an arbi trar i ly  large 
number) .  

Analogous ly ,  we can write  the flux which returns  to surface  1 after the n-th  ref lect ion  f rom surface  
3: 

n~N 
1--I 

Qinc = qh3q~31 . ~  (%na-t r~). 
tt--I 

Part  of the energy  incident on surface  3 f rom surface  1 is  absorbed by surface  3 in each ref lect ion  from it .  
This part of  the energy  is  

z-3 ' ~ E1Fz~13 (1 - -  r3) (p3~3 - '  r ~. Oabs = EzFzqh3 (I - - & )  + E1Flq~ r~q~33 ( l - -r3)  -r- " " 3, 

n=N 
1~3 l - -  f 3 ~ - '~  i . n _  1 r n" 

Qabs = E1Flch3" r 3 X . . . i  \"P33 3).  

Defining 

we have 

A - - / ' 8  R3, 
T 3 

n~N 

We obvious ly  have 
1--2 1--1 QI--3 

n=N n=N n=N 

e lFlq)13q)32  E (" tl'33n-1 r~) ~- elflq)lsq)31 .~a (q)3V I Fj) -~ E1Flq)13R 3 ~ (q)~31 r~) = E f t ( h a  
t~l  n~[ n~l 

and thus 

n=N 

Z hnn-1 r n) = 1 
w33 ~ %~ 4- (Pa 4- R3 

n=l  

(3) 

Substituting (3) into (2) and carrying  out some  s imple  manipulat ions ,  we find 

Q~r-~ = E f ~  (r q- qg~3cPvz ) 

The flux from surface  3 to surface  2 after  the n-th ref lect ion  from surface  3 is 

3--2 1 n rn~ 
Q [nc = E3F3 (~32 -}" %~r~%~ -}- r ~ �9 �9 q- ~pa.~p33 al, 

n~.N 
3--2 Q inc = E3F3~p32 ~.~ (%~ r~). 

Analogous ly ,  the flux from surface  3 to surface  1, with the n- th  ref lect ion  taken into account ,  i s  

tz~N 
3--1 

Qinc = E~F3%e Z (%~ r~). 
rt~0 

(4) 

(5) 
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The  absorbed e n e r g y  i s  

We note that 

Q~abas = EaF3% a (1 - -  r3) q- E~F~(hsra%a (1 - -  r3) q- . . .  

�9 . - +  E3F3(I r "  n n-- |  
- -  3](pa3r3 , 

n=N 
3--3 

Qabs --= EaFa(1 - - r3)  ' ~  (mn+l t.n~ A.a "r~ 3~" 
n~0 

O b v i o u s l y ,  we have  

o r  

n=N n~ N 

,'~3~ -3/-- \ r~ / r3%~ "~3a a~" 

r ~  0 n~O 

Q~nc ~ q- Q]n-c t q- Q3ab-~s = EaF 3 

and thus 

n~N n----N n=N 

' n r n 

n~0  n----0 n=0 

n=N 
Z . ~ =  1 

(%~r3) (hz + (Pot + Rfrsq)a3 
n~O 

We t h e n  h a v e  

3-2 (h~ Qinc = E3F3 
%~ + %, + R:3%3 

The  f lux  f r o m  s u r f a c e  2 to  s u r f a c e  2 a s  a r e s u l t  of  the  n - t h  r e f l e c t i o n  f r o m  s u r f a c e  3 i s  

2-o 2 ~(P~ar3%ara% L : ~-l Qinc = EsF2q)~ra%s + E F 2 r-k " '"  q-~E3F~va3 ra(p~,%~ 

or  

n=N 
2--2 Z 

Analogously, the flux from surface 2 to surface I as a result of the n-th reflection from surface 3 is 

n~N 

Q~nc~-1 = ~-zF~%3%1~" ~ (%3~-1 r3).. 

The  a b s o r b e d  f lux  i s  

o r  

We  o b v i o u s l y  h a v e  

2--3 Qabs = E.F~. (1 --  rs) %3 + EzF2%ara(Paa (1 - -  ra) q- . . .  q- EzF2~pza (I - -  ra . . . .  ' rg-' 

, ~ N  
n--I n = e:,%3R3 . (%3 r3). 

2-3 
-}- Qabs = E~F:p23. 

Substituting (7)-(9) into (10), and carrying out certain simplifications, we find 

n=N 

Z n--I n ] (%3 r3)= 
%2 + ~,1 § Ra 

and  t h u s  

2-2 (Psa%s 
Qinc ---- E2F~ %~ § %1 + R3 " 

(6) 

(7) 

(8) 

(9) 

(to) 
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Taking into account the  radiat ion f rom surface  2 to i tself  (q~2 ~ 0), we have 

Q~ne ~ E~F~ %~. "~ q~3~ + R~ (ii) 

Accordingly, the total heat flux incident on surface 2 as a result of radiative heat transfer in a system of 

three surfaces filled with a transparent medium, with the n-th reflection from the lateral surface taken into 
account, is 

1--2 , 2 - 9  3--2 
Q2tnc -= Q~nc "5-Qinc + Qinc, 

( ,  %~%~ ) ( ~%~ ) ~%2 (12) 

Noting that the specific flux is E2[nc =Qfinc/F2, and that we have d ~ l / ~  2 =FI/F~ and ~ / ~ 2  =F3/F2 ,  we find, 
f rom the r ec ip roc i ty  rule for  angular coeff icients ,  

The resu l tan t  flux at surface  2 is 

ERz --= E.qnce ~ --  E~, 

so we have 

If 

[ ( %3q%~ %~ ) + E2(~9,.,_ + q%s%~ ) E3 ~2_3 -] e~--E 2 . (14) 
ER2= E1 qh,. -~- (~32 - -  q~81 ~ )~3 ~12 ~32 ~ %1 ~ Rs , %2 -? %1 ~- R3r3(ps3 

F 1 : F . ,  t h e n  qh~ = q~21; % 1  = q)se; qO-2s = q)13- 

Assuming ~2 =0, we find 

[ ( ~3%~ ) +E" %"3%2 ' ER2= E1 qh2-: 2%~--R~ - 2q%~+R~ 

If r 3 =1, then E 3 =0, and the equation for ER2 becomes  

ER2 = a,. E~ 2 " 2 

If r 3 =O, then 

q~23 ] 8., _ E2" 
E3 2% 2 -~_ par3%8 - (14a) 

- - )  -- E~.. (14b) 

ERz = e~ (Elq%2 :- E3qD23) --  E2. (14e) 

We have thus der ived quite simple equations for  the specific flux of thermal  radiat ion absorbed by the 
fluidized bed during radiat ive  heating.  

If the sys tem is filled with an absorbing medium, its influence can be taken into account by a p ro -  
cedure  analogous to that of [4]. 

It  is in teres t ing  to compare  the fluxes calculated f rom Eq.  (14a) with those calculated f rom the equa- 
tions of [4]. 

Table 1 shows the fluxes calculated f rom both equations for  a sys tem of a c i rcu la r  cyl inder  for  the 
values T 1 =1223~ T 2 =573~ T 3 =773~ and e3 =0.8  for  twovalues  of H/D,  1 .0  and 2.5;  and for  T 1 =1673~K, 
T 2 =973~ and T3=1373~ with the same values of H/D and with EI and e2 var ied f rom 0.1 to 1 .0 .  Figure  
2 shows a curve of the resu l tan t  heat flux as a function of the emiss iv i ty  el and the emiss iv i ty  of the hea t -  
absorbing surface ,  e2. The numer ica l  value of the emiss iv i ty  of the surface of a flu[dized bed can be de t e r -  
mined f rom the equation given in [5]. 

In conclusion, we should point out that the calculations ca r r i ed  out on the basis  of these equations 
agree  sa t i s fac tor i ly  with the exper imental  data of [6-8]. For  example,  with el =e3=0.8 ,  ~2=0.9, Tl = 
1223~ T 2 =575~ T 3 =7730K, and HfD =1 .0  and 1.55, the specific fluxes found in the exper iments  of [8] 
a re  22.6 and 14.7 kW/m 2, while those calculated f rom Eq.  (14a) a re  20.9 and 15.1 kW/m 2. 
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N O T A T I O N  
i - - k  Qinct , flux of thermal  radiat ion f rom surface i to surface  k, with a single ref lect ion f rom each su r -  

taken into account; Q}-~k, the same,  with an infinite number  of ref lec t ions  taken into face in the sys tem 
account; ~ k ,  angular coefficient  f rom surface i to surface  k; r i, re f lec t iv i ty  of surface i; s emiss iv i ty  
of surface  i; Qi, heat flux of intr insic  radiat ion of surface i; E i, in t r insic  radiat ion of surface i; F b a rea  
of surface  i .  
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