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A method is p roposed  for  the calculat ion of the su r face  t e m p e r a t u r e  of carbon pa r t i c l e s  bu rn -  
ing in a fluidized bed agi ta ted by  a mix tu re  of oxygen and nitrogen; the method is based  on the 
analogy between the p r o c e s s e s  of heat  and m a s s  t r ans fe r .  

One of the bas ic  p a r a m e t e r s  cha r ac t e r i z i ng  the combust ion of carbon in a f luidized bed is the su r face  
t e m p e r a t u r e  of the burning carbon pa r t i c l e s ,  T w . The value o f T  w de te rmines  the aggrega te  s ta te  (l iquid or  
solid) of the ashes  forming  in the combust ion of carbon pa r t i c l e s  and is the bas ic  fac tor  in the design of r e a c -  
to r s  using "liquid" or  , d r y ,  ash  r emova l .  Neve r the l e s s ,  the p re sen t ly  avai lab le  models  of the p roce s s  [1-3] 
do not include the calculat ion of the so l id -phase  t empe ra tu r e .  Only in [4] is an outline s cheme  proposed  for 
the calculat ion of the t e m p e r a t u r e  of  carbon pa r t i c l e s  burning in a fluidized bed; this s cheme  is based  on a two- 
phase  model  of the fluidized bed [5]. However ,  no numer i ca l  calculat ion of T w was poss ib le  in [4] because  the 
calculat ions r e q u i r e  quanti t ies that a r e  difficult to de te rmine ,  such as the hea t -  and m a s s - t r a n s f e r  coefficients  
between the gas bubbles and the dense phase  of the fluidized bed and the gas - s o l i d  t r a n s f e r  coeff icients  in the 
dense phase itself.  

It is a s sumed  that the heat  l iberat ion is local ized on the su r face  of the burning solid phase,  the oxidation 
r a t e  at the su r face  is infinitely l a rge ,  and the reac t ion  product  is ca rbon  dioxide, CO 2. 

The overa l l  s ize  of the fluidized bed cons idered  is much l a rge r  than the fluidized pa r t i c l e s  of  which it is 
composed .  The d ec r ea s e  in the m a s s  of the ca rbon  in the bed due to combust ion is rep len i shed  by fur ther  sup-  
ply of  fuel. It is a s s um ed  that the t ime  for the incoming par t i c les  to be heated to the t e m p e r a t u r e  at which 
intensive heat  l iberat ion begins  on the su r face  is much less  than the total  combust ion t ime,  so that the concen-  
t ra t ion  of nonreact ing  pa r t i c l e s  is sma l l ,  and the whole solid phase  of the fluidized bed may  be r e g a r d e d  as 
burning. 

Consider  a suff icient ly smal l  " e l emen ta ry"  a r e a  of  the g a s - s o l i d  in ter face  dSp (Fig. 1). In a coordinate  
s y s t e m  fixed in this  in ter face ,  the conse rva t ion  equations for  the m a s s  and energy  fluxes a r e  of  the f o r m  

rng = m c , ( 1 )  

rneh~ ~ q ~ q~ ---- rnc Qc ~ mc h~ . (2) 

In Eq. (1) the equali ty of the m a s s  f luxes m c  and m g  of the solid and gas phases  at the in ter face  is taken into 
account; in Eq. (2), the to ta l  heat  l ibera t ion f r o m  dSp due to convect ive and conductive hea t  f luxes m g h ~  and q 
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Fig. 1. "E lemen ta ry"  combust ion sur face .  
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in the gas phase,  and also the heat l iberat ion qw due to the conductive flux in the solid phase,  a re  r e l a t ed  to the 
mass  flow ra t e  of oxygen m o u n d  the heat l iberat ion per g ram of oxygen QobY the s to ichiometr ic  re la t ions  

mc = kmo,  Qc = qo/k .  (3) 

To es t imate  qw, note that for a constant mass  flow ra te  of combustion (m C =const) 

q~ = m c ( n ~ -  a~) (4) 
and hence 

qw/tnc qc = (hE - h~)lQc << 1, (5) 

since the specif ic  heat r equ i r ed  to r a i s e  carbon to the cha rac te r i s t i c  combustion t empera tu re  T w= 1000-2000~ 
is h~ - h I =0 5-1 0 kca l /g ,  which is significantly less  than the heat of combustion QC ~ 8 kcal /g .  In accordance  
with Eq. (5), an es t imate  may be fo rmed  of the value of qw in Eq. (2). Taking Eq. (4) as a f i r s t  approximation 
for qw and using Eqs. (1) and (3), an express ion  is obtained for the gas enthalpy h ~ a t  the par t ic le  surface:  

kh~ = kl~ -q-, Qo - -  q/m o �9 (6 )  

In accordance  vcith Eq. (6), the surfaee  t empera tu re  of the burning par t ic les  is determined by the the rmal  effect  
of the oxidation QO and the ra t io  between the conductive heat t r ans fe r  to the gas phase and the flux of oxidizing 
agent in the direct ion toward the par t ic le  sur face  q / m  O. 

To calculate q / m  O it will now be shown that for constant enthalpy of the gas at the burn ing-par t ic le  su r -  
face 

h~ = const, (7) 

which is the case ,  as follows f rom Eq. (12), below, the enthalpy and oxygen-concentra t ion profi les  a re  analo- 
gous: 

H =  h~--h~ Co 
= c T  = c.  (8) 

In fact,  taking into account that h~, h 1, and c~  a re  constant and that the re  is no chemical  reac t ion  in the 
gas phase,  the equations descr ibing the var~tation in H and C are  identical:  

0(H; C) q-u~ 0(H; C) +uy 0(H; C) +uz 0(H; C), = - - 1  div[pDgrad(H; C)] (9) 
Ot Ox Oy Oz p 

(it is assumed that the Lewis number  Le = a / D  = 1) and the boundary conditions at the par t ic le  surface  Sp and at 
the sur face  of fluidtzing-agent input to the bed S t a re  

His p = c l s  v = O ,  H I s , = C l s , =  1. (10) 

Turning to the boundary conditions at the r e a c t o r  "shel l ,"  note that,  for r e a c t o r s  of an overa l l  s ize much l a rge r  
than the par t ic les  of which they a re  composed,  the shell  surface  is negligibly small  in compar ison with the 
sol id-phase sur face ,  and so the conditions at the shell  have l i t t le effect on the gas pa rame te r s .  As a resu l t ,  
H and C are  descr ibed  by the same equations - Eqs. (9) - with the same boundary conditions - Eqs. (10) - and 
so sa t is fy  Eq. (8). 

Taking Eq. (8) into account,  q / m  O takes the fo rm 

q _ --pOOh&/On _ h ~ - - h  i (11) 
m o oD OCo/On c A 

Substituting Eq. (11) into Eq. (6) for  h~, and using the re la t ions  c ~ = l / ( 1  +N) and h ~=c~)h ~+(1 -  1 1 c~))hN, the fol-  
lowing equation is obtained: 

h~ (1 ~ N + k) = h~ + Nh~ + kh~ ~ Qo. (12) 

As follows f rom Eq. (12), the enthalpy of the gas at the par t ic le  sur face  is constant  - as assumed in Eq. (7) - 
and equal to the enthalpy of the products  in the s to ichiometr ic  combustion of carbon in the fluidizing-agent mix-  
ture.  

Likewise,  the composi t ion of the products  at the par t ic le  sur face ,  determined f rom the conditions at the 
gas - par t ic le  in ter face  
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m o = p D  OCo/On , rngc~ - -  pD:OCN/On = 0, (13) 

rngC~o" - -  pDOcco ' /On  = m o + rn c 

and the similari ty of the concentration profiles 

c o = c N - c ~  = ~o , - -Cco , . ,  (14) 
C~ 1 te Cw 

C N CN COt 

which follows from the same considerations as the similari ty of the enthalpy and oxygen-concentration profiles 
in Eq. (8), is also constant and corresponds to stoiehiometry: 

c ~ = N / ( l + N + k ) ,  C~o , = ( l + k ) / ( l + N + k ) .  (15) 

The temperature  at the particle surface is then the temperature  T st of stoiehiometric combustion of car -  
bon in the fluidizing-agent mixture: 

T w T st = ; ( 1 6 )  

in deriving Eq. (16), no constraints are placed on the character  of the fluidizing-agent flow and the motion of 
the solid phase. 

Thus, under the given assumptions with regard to the oxidation mechanism, it is found that the surface 
temperature  of the burning particles is constant over the height of the fluidized bed, is determined by param- 
eters independent of the presence of gas bubbles and the intensity of solid-phase agitation, and is equal to the 
temperature of stoichiometric combustion of the fuel in the fluidizing gas mixture. 

N O T A T I O N  

T, temperature; S1, surface of fluidizing-agent input; Sp, dSp, total and "elementary" areas of gas - so l id  
interface; n, external normal to dSp; m, mass flux; q, qw, conductive heat flows to the gas and solid phase; Q, 
specific heat liberation; h, enthalpy; H, dimensionless enthalpy; c, concentration; C, dimensionless concentra- 
tion; k, stoichiometric carbon-oxygen weight ratio; N, ni t rogen-oxygen weight rat io in incoming gas mixture; 
p,  u x, Uy, Uz, density and velocity components of gas; D, diffusion coefficients; a, thermal diffusivity. Indices: 
1, fluidized-bed inlet; w, solid-phase surface; g, gas; C, carbon; O, oxygen; N, nitrogen; CO2, carbon dioxide. 
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