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We present the basic results from a theoretical investigation into the 
burning of a multifractional coke dust from an ash-rich fuel with a low 
initial density, In addition, we present the formulas to calculate the 
burnout factor, 

It was demons t ra ted  exper imenta l ly  in [1, 2] that in 
burn ing  the coke of a fuel of low init ial  densi ty (P0 < 
< 0.2 g / c m  3) that is r ich in ash, the surface of the 
active pores  within the par t ic le  is proport ional  to the 
ins tantaneous densi ty of the fuel.  If the par t ic le  under  
cons idera t ion  is spher ica l  in shape and if its sur face  
is equally access ib le  to a flow of oxygen, then without 
cons idera t ion  of the reduct ion of the carbon dioxide by 
the 'carbon and the volumetr ic  complete combust ion of 
the carbon monoxide (this is quite p e r m i s s i b l e  when 
burn ing  par t i c les  of smal l  d imens ions  [3]) the combus-  
t ion p rocess  is descr ibed  by the following sys tem of 
d imens ion less  equations [1]: 

0~1 b~yo( 1 ~ 1 )  = 0, 
0% 

O r I d~yo 2 Oyo = O. 

0 %  O~p ~ ~p O~p 

(1) 

For  the ini t ia l  and boundary condit ions 

0~1 = 0 ,  11--0, Y o = Y ( * ) = l w h e n % = 0 ,  ~ , = o  

f rom the sys tem of equations, (1) we derive the equation 

( 

+ 2 d ~  + b = ~ l ( l _ t l ) = 0 .  (2) 
, d ,  

The solution of (2) for the cor responding  boundary 
conditions makes it possible  to es tabl ish  the r e l a -  
t ionship between the mean  par t ic le  burnout  factor 

1 

= 3 s ~ 2 d ~  and the d imens ion less  t ime #o0, as well 
0 

as its re la t ionship  to the decis ive  p a r a m e t e r  b of the 
combust ion p rocess .  The re su l t s  f rom a numer ica l  
in tegra t ion  of (2) for the boundary conditionyo(%)]~=i= I 
(independent of cp 0) to values of ga 0 = 0.19 a re  p resen ted  
in [1] in the form of curves .  We see that (P0 = 0.19 
when b = 2, which cor responds  approximately  to ~? = 
= 0.5. 

To solve the problem within wider  l imi t s  of go 0 and 
b, we integrated Eq. (2), with cons idera t ion  of ex te r -  
nal  oxygen diffusion, on a Ura l -4  computer .  In this  

case,  the condition at  the outside boundary of the p a r -  
t ic le  is 

% ln(1--~l)b2 ~p=l -~- 3----~ (3) 

The problem was solved for the in terval  b = 0.5-100 
and e = 1 . 5 - ~  to va lues  of g0, cor responding to bu rn -  
ing rate  ~ = 0.9999. 

The average burnout  factor  ~ for the par t ic le  as a 
function of ga 0 and b when e = 3.5, der ived on the bas i s  
of in tegrat ing Eq. (2), is  shown in Fig.  1. We denote 

= F(6, b, ~o). (4) 

When b = 0, the burning  rate  for the par t ic le  is 
defined exclusively  by the kinet ics  of the p rocess ,  i .e . ,  
the burn ing  process  takes place within an in t rakinet ic  
regime (combust ion within the in t rakinet ic  region).  In 
this case the burnout  factor 

~l = 1 - -  exp ( - -  b ~ %). (5) 

F o r mu l a  (5) was der ived f rom the in tegra t ion  of the 
f i r s t  equation in sys tem (1) on the assumpt ion  that the 
burn ing  takes place in a medium with a constant  oxygen 
concentra t ion (Y0 = 1). 

Curve I (Fig. 1) has been plotted on the bas i s  of 
formula  (5) for b = 1. Since the diffusion r e s i s t ance  in 
this case does not r e t a rd  the burning  p rocess ,  this 
curve is  si tuated somewhat higher than the c o r r e -  
sponding curve in which diffusion r e s i s t ance  has been 
taken into cons idera t ion .  Beginning f rom b = 1.5, the 
effect of oxygen diffusion does not exceed 5% [1]. When 
b = ~,  the burn ing  rate  for the par t ic le  is a function 
exclusively  of the in tensi ty  of the in terna l  and external  
oxygen diffusion. The burn ing  process  in this case 
takes place in the diffusion reg ime (in the diffusion 
region).  To der ive  an express ion  for the burnout  fac tor  
of the par t ic le  in the case of combust ion in the diffu- 
s ion region,  we proceed f rom the following fo rmulas  
for  the specific sur faces  of the burn ing  ra tes  [4]: 

Ks= ~Co (6) 
A A 

Nu~ D 

and 
1 

I f  s = - ~ Po - -  d r  
(7) 

F r o m  (6) and (7) (in the burn ing  of a par t ic le  in a 
medium with a constant  oxygen concentrat ion)  we ob- 
ta in  
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Beginning f rom b = 15, the effect of the kinet ic  
factors  is smal l  and the burn ing  p rocess  may be 
t rea ted ,  p rac t ica l ly  speaking, as taking place within 
the diffusion region.  This can be seen f rom Fig.  1. 

Let the dust sys tem contain par t i c les  ranging in 
d iamete r  f rom 0 to Area x. Here,  proceeding f rom the 
specified accuracy ,  we de te rmine  the d iamete r  of the 
l a rges t  @article in the mut t i f rac t ional  dust sys tem from 
the condition R(Ama x) = const.  Here R(A) expresses  
the law of m a s s  par t ic le  d is t r ibut ion  on the bas i s  of the 
d imens ions  of the par t i c les  in the mul t i f rac t iona l  s y s -  
tem. It is thus obvious that the individual  par t i c les  in 
the sys tem also exhibit  var ious  values for the decis ive  
p a r a m e t e r  in the combust ion p rocess ,  i . e . ,  b = 
= A(AkPo/4Di )1/~, which var ies  f rom 0 to bma x. 

The ini t ia l  densi ty  P0 of the fuel pa r t i c les  depends 
on the amount  of volati le subs tance  and the quantity of 
ash in the fuel.  In gr inding fuels containing rock inc lu -  
sions (e. g . ,  carbonates  in shales) ,  the value of P0 
mus t  be de te rmined  on the bas is  of that f rac t ion  of the 
ash which is not separa ted  f rom the fuel during the 
gr inding p rocess .  The value of R(A) mus t  also be 
de te rmined  in the light of this phenomenon. 

Let us a s sume  that at[ of the pa r t i c l e s  in the mu l t i -  
fractiorml dust sys tem burn  at a given ins tant  of t ime 
under  conditions of equal oxygen concent ra t ions  and 
equal t e m p e r a t u r e s .  We also a s sume  that for all  p a r t i -  
cles Akp0/Di = const  and e = const.  This makes it pos-  
sible to express  the burn ing  rate  for this  par t ic le  in 
t e r m s  of the burnout  factor for the l a rges t  par t ic le  in 
the sys tem [5]. 

On the bas i s  of (4) 

q?o max = F - 1  ( b . . . .  ~-max), } (9) 

r = F-1 (b, ~1), 

where  (P0 max and ~0, respec t ive ly  denotes the d imen-  
s ion less  t ime for par t ic les  of d i ame te r s  Area x and A 
Since 

_ 4D i~co z and qQ0-- 4D~c~ 
% m~ Po h ~  Po A 2 ' 

then ~o 0 = ~o 0 max/A~ = ~o 0 max / (b /bmax)  2 and on the 
bas i s  of formula  (9) 

( b )2F_~(b,~)" (10) F-l( b . . . .  ~max) = 

Bear ing  in mind that  b = A0bmax, 

b 2 

For  fixed values of bma x the las t  equation makes it 
poss ib le  to es tabl ish  the function ~ = N(~max,A0). 

The value of bma x defines the burn ing  reg ime for  
the la rges t  par t ic le  in the mul t i f rac t ional  dust sys tem.  
Fo r  la rge  bma x the effect of the kinetic fac tors  is 
smal l  and Eq. (11) with cons idera t ion  of (8) a s s u m e s  
the form 

1 1 - a ~ 2  

= Z~o~r-,(b, ~ .  (1~.) 

In the l imi t  r eg ime ,  when all of the par t ic les  in the 
sys tem bu rn  within the diffusion region,  Eq. (12) is 
addit ionally s implif ied:  

1 / 1 ) -  I [  / a / - ~ \ 2 ,  
~ - ~ V  - 1  nmax-t- 2 [ 1 - - / ]  / 1 - - n m a x ) ] =  

= A 0 2 { l ( 1 - - 1 ) - + e  •" ~-I [ 1 - - ( l ~ / - ~ ) 2 ] } .  (13' 

F igure  2 shows the burnout  factor for  a par t ic le  in 
the sys tem as a function of its re la t ive  d iamete r  for 
var ious  ~max and for three  values of bma x.  

f 
j l  

/ I f  
/ I 

~ _ _ ~ z o ~  ~; 

o o.o8 ~/6 02* o~  a~,o 04~ a56 % 

Fig.  1. Burnout  factor  ~ versus  d imens ion less  
t ime  ~o 0 at var ious values of b (e = 3.5). I) ~ - 

- exp q)0. 

The curves  for bma x = 5 a re  plotted according to 
Eq. (11). Since the combust ion takes place within the 
in t rak ine t ic  region when b -< 1.5, the re la t ive  par t ic le  
d iamete r  which defines the boundary between the i n t r a -  
kinetic and in te rmedia te  regions ,  is equal to A 0 kin = 
= 0.3. Pa r t i c l e s  with re la t ive  d imens ions  g rea t e r  than 
0.3 burn  in the in te rmedia te  regions .  In the in terval  of 
re la t ive  d imens ions  A 0 = 0 - A  0 kin the re la t ionship  be-  
tween ~ and A 0 is expressed  by means  of hor izontal  
s t ra ight  l ines ,  s ince when b = 0 the burn ing  rate  is 
independent of the external  par t ic le  d imens ions  (For -  
mula  (5)). 

The curves  for bma x = oo (dashed lines) a re  plotted 
according to Eq. (13). Each value of gmax cor responds  
to a specific l imi t  d iamete r  A 0 [im below which all of 
the par t ic les  a re  completely  burned.  On the bas i s  of 
Eq. (13) 

Ao Lira 

le -- i) ~Im~x + 1 -- 1 -- ~m~x 

= 1 + 1 

6 3~ 

(14) 

The curves  for bma x = 50 are  plotted according to 
Eq. (12). Obviously, A0kin = 0.03~ Since bma x > 15, 
in the in terval  of the re la t ive  d i ame te r s  A 0 = 0 .3-1 .0  
the par t ic les  bu rn  in the diffusion region.  Therefore ,  
beginning f rom A 0 = 0.3, the curves  for bma x = 50 
coincide with the curves  of pure diffusion combustion.  
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F o r  a m a t h e m a t i c a l  de sc r ip t i on  of the  quant i ta t ive 
r e l a t i onsh ips  governing the m a s s  d i s t r ibu t ion  of the 

a.4 

0.2 

006'I 
0.g 0..~ L?a 0.a *t o 

Fig .  2. Burnout  f ac to r  of p a r t i c l e s  
v e r s u s  the i r  r e l a t i v e  s i z e s  at  v a r -  

ious values  of ~max (e = 3.5). 

d i s p e r s e  m a t e r i a l  on the b a s i s  of the p a r t i c l e  d i m e n -  
s ions  we f requent ly  employ  the R o z i n - R a m m l e r  law. 
However ,  the va r ious  p r o p e r t i e s  of the ground m a t e -  
r i a l s  a r e  mos t  comple t e ly  d e s c r i b e d  by the n o r m a l -  
l oga r i t hmic  law 

A mo 
R (A)= 1 { 1--(I)  [ In ( - - ~ - ) ] } .  (15) 

Here  @(x) denotes  the Gauss i an  p robab i l i t y  in teg ra l  

~ exp - -  dL (I)(x)= V2~  
0 

In analyzing the burning p r o c e s s  of a m u l t i f r a c -  
t ional  fue l -dus t  s y s t e m ,  it is  be s t  to u se  the d i a m e t e r  
of the l a r g e s t  p a r t i c l e  in the  p lace  of the m a s s  median  
d i a m e t e r  of the s y s t e m  which f igu res  in f o rmu la  (15) 

The coeff ic ient  X is a function of the chosen value for  

R(Amax).  
Using the law e x p r e s s e d  by fo rmula  (16) fo r  the 

d i s t r ibu t ion  of the p a r t i c l e s  in the mul t i f r ae t iona l  s y s -  
t em,  we find the burnout  f ac to r  fo r  the dust  in the  
fo rm 

0 j '- 
~ c . f  = *q('l~ . . . .  b . . . .  AO ) dR(Ao) dAo = 

1 

1 

1 j" ~1~ . . . .  bmax, Ao) d(I)[ln(s176 dAo. 
= 2 -  dAo 

0 

(17) 

In tegra t ion  of e x p r e s s i o n  (17) y ie lds  the function 

~c.f  = ~(m0, bronx, ~max).  Some r e s u l t s  of the i n t e g r a -  
t ion of (18) a r e  shown in Fig .  3. Ana lys i s  of these  
functions p e r m i t s  us to e s t ab l i sh  c e r t a i n  ge ne ra l  quan-  
t i t a t ive  r e l a t i onsh ip s .  

W i t h  app roach  of the mul t i f r ac t iona l  dust  sy s t em in 
t e r m s  of i ts  g r a n u l a r  c h a r a c t e r i s t i c s  to a m o n o f r a c -  

/0 " - - - - " " " ' - ' ~  ~ I n l ~ V /  t 

o az a ,  o.8 0.8 g,o,,~,,o, 

Fig .  4. A(~,~?) v e r s u s  ~max (e = 3.5), bma x =25. 
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a2 

QO01 ~002 aO05 OOi 0.02 0.85 ~mx 
Fig. 3. Burnout factor of dust versus 

~max at various values of m 0 and bma x 

(e = 3.5, R(Ama x) = 0.001): a) bma  x = 
=~o; [1) m 0 = 0.7; 2) 0.8; 3) 0.9; 4) 1o0; 
5) 1.1]; b) bma x = 50 [1-5) the same] ;  

c) 25; d) 10; e) 5; f) 0. 

and to e x p r e s s  the n o r m a l - l o g a r i t h m i c  taws in t e r m s  
of the r e l a t i v e  p a r t i c l e  d imens ions .  F o r  th is  we give 
f o r mu la  (15) the fo rm 

R (A0) = 4 { 1 - -  �9 [ln(s }. (16) 
Z 

t ional  compos i t ion ,  which c o r r e s p o n d s  to an i n c r e a s e  
in the index of dust  homogenei ty ,  the curves  ~?c.f = 
= ~?(~max) approach  the ma x imum value of ~c.f m o r e  
s lowly.  The i n c r e a s e  in the p a r a m e t e r  bma x p roceeds  
in the same  d i rec t ion .  It is  obvious that  the s m a l l e r  
the value of bmax,  the  c l o s e r  the burning r eg ime  for  
the mul t i f r ac t iona t  dus t  to the burning r e g i m e  in the  
in t rak ine t i c  reg ion  (if bma  x = 0, then rTc.f = ~max).  
When bma x -< 10, the effect  of the mu t t i f r ac t iona l  dust  
on the  na ture  of the cu rves  ~?c.f = ~(~max) is i n s ign i -  
f icant .  

The p a r t i a l  volume of the oxygen at the beginning of 
the coke-burn ing  zone r00 on subsequent  burning of the 
vola t i le  subs tances  and the coke depends  on the o v e r -  
a l l  coeff ic ient  of exces s  a i r ,  a s  wel l  as  on the quanti ty 
and e l e m e n t a r y  composi t ion  of the vola t i le  subs tances .  
In the a s sumpt ion  that  the t h e o r e t i c a l  quant i t ies  of a i r  
needed for  the burning of the coke and the vo la t i l e  sub -  
s t ances  a r e  equal ,  r00 is  e x p r e s s e d  by the f o r m u l a  

1 [~v 
~o(1 - -  ~v) + ~v ro~, (18) r~176 1 + u  
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s ince  the coeff ic ient  for  the i n c r e a s e  in the  gas  volume 
= (f lvVc/~V ~ - 1 and the coeff ic ient  for  the excess  

a i r  in the coke-burn ing  zone e O  = (~ - fly)/(1 - fly). 
Cons ide r ing  that  the  ins tantaneous  p a r t i a l  volume of 

the oxygen in the coke-burn ing  zone is r e l a t e d  to the 
burnout f ac to r  for  the mul t i f r ac t ion  dus t  by the r e -  
la t ionship  r00 = r00(1 - Vc.f/~O), the t ime  for  the 
p r o c e s s  in the gene ra l  case  is  given by 

. ( poAmax(I + ~ )  ao-{- - -  

4[~ CoreD 
1 - -  ~ - ]  x 

~qrnax 

�9 \ d~o ] 
0 

(19) 

We denote 

4{I coD 

and 

A(~, u ) =  
( (1 -t-x) ao-t- l__~v x 

m 

~max 

• ( / ,  
,~ (%--'qr dq)o : 

so that 

= V(A~.~)A(~, ~). (20) 

Depending on the burning r e g i m e ,  the function A ( a ,  
~1) may  have va r ious  f o r m s .  Thus,  for  example ,  in the 
burning of the  l a r g e s t  p a r t i c l e  in the diffusion reg ion  

A(a, ~l)= (1-[-~) Cr 1--[3 v )  x 

3m 

~max 

"Vl-  ox 
• d ~ . ~ .  (21) 

0~0--  ~]c.f 
t 
0 

F i g u r e  4 shows A(c~,V) as  a function of the burnout  
f ac to r  ~max of the l a r g e s t  p a r t i c l e  (or of the r e l a t i v e  
d i a m e t e r  Cmax of the unburned core) ,  p lo t ted  f rom the 
r e s u l t s  of the in tegra t ion  of e x p r e s s i o n  (21) when 
bma  x = 25. It deve lops  that  A(c~,~?) is  a s t rong  function 
of the e x c e s s - a i r  coeff ic ient .  In f i r s t  app rox ima t ion  
A(o~,~) ~ oz~) z. T h e  index of dust  homogenei ty  has a 
r e l a t i ve ly  weak effect  on A(c~,~?), p a r t i c u l a r l y  in the 
case  of high e x c e s s - a i r  coef f ic ien ts .  

F o r  high values  of bma x > 25, beginning f rom 
~?max -- 0.25 and n O > 1.5, the r e l a t ionsh ip  between 

A(c~,~?) and Cmax is app rox ima ted  by the r e c t i l i n e a r  
r e l a t ionsh ip  (Fig .  4) 

A (a, ~1)= 
9 9 

(22) 

The r e s u l t s  de r ived  he re  can be u sed  to analyze  the 
effect of individual  p a r a m e t e r s  (in p a r t i c u l a r ,  the 
e x c e s s - a i r  coeff ic ient ,  t e m p e r a t u r e ,  f ineness  of fuel 
gr inding) on the p r o c e s s  of burning a s h - r i c h  coke fuel 
dust ,  a s  wel l  a s  to eva lua te  the  burning r a t e .  

NOTATION 

p is the density of the fuels inthe particle; e = Nug/ 

/2m; ~? and ~ are the local and mean burnout factors 

for the particle; ~max is the mean burnout factor of 
the largest particle in multifractional dust system; 

~c.f is the burnout factor of eoked multifractional dust; 
m = Di/D; r is the time; fi is the stoichiometric coef- 
ficient; A is the specific active pore surface in the 
particle; k is the burning-rate constant; c is the oxy- 
gen concentration at a given point; e 0 is the initial con- 

centration of oxygen in the surroundings; Y0 is the 
relative concentration of oxygen; D and D i are the 
coefficients of outside and inside diffusion of oxygen; 
6 and A are the instantaneous and outside particle 
diameters; 50 is the diameter of unburned core in the 

diffusion region; r is the relative instantaneous par- 

ticle diameter; Area x is the diameter of largest parti- 
cle in the system; A 0 is the relative particle diameter; 

Cmax is the relative diameter of the unburned core in 
the diffusion region; A s is the mass median diameter 

of polyfraetional dust system; k = Amax/As; ~0 = 
= 4fleoDir/A2po is the dimensionless time; b is the 
determining parameter for burning; NUg is the diffu- 
sion Nusselt number; m 0 is the index of dust uniform- 

ity; ~ is the total coefficient of excess air; fiv is the 
relative volatile content in the fuel; V ~ is the theo- 

retical amount of air necessary for complete fuel burn- 

out; V c is the amount of fuel burnout products; r00 is 
the partial volume of oxygen in the initial region of 

coke burning; r O is the partial volume of oxygen at 
2 

the beginning of burning. 
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