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MODELLING THE COMBUSTION OF HIGH-ASH CONTENT 

SOLID FUEL IN CIRCULATING SYSTEMS 

E. P. Volkov, L. I. Zaichik, 
and V. A. Pershukov 

UDC 662.61 

We analyze the complete combustion of high-ash content fuel in circulating 
systems, based on the solution of the equation for the probability density 
distribution of particles by size and carbon content. 

The concept of the creation of ecologically clean methods of processing solid fuels has 
forced a reconsideration of the merits of traditional torch and bed methods of combustion. 
It has brought about the first plan for a system with multiple cycling of fuel and ash 
through external cyclones: furnaces with circulating fluidized or air-charged beds [1-4]. 
However, despite the significant practical achievements in creating furnaces with circulat- 
ing fluidized (or air-charged) beds, methods for calculating such devices have only just 
begun to be developed [5-11]. Naturally, therefore, further progress in realizing circula- 
ting systems of solid fuel combustion is linked to the development of methods to mathemati- 
cally model the relevant processes in these systems. In this work, we analyze certain mod- 
els of the complete combustion of high-ash content fuel as applied to furnaces with exter- 
nal loop circulation of solid material. 

i. To develop the theory for calculating circulating combustion systems, it is neces- 
sary to determine the character of the behavior of the ash in the process of complete fuel 
combustion. Depending on this character, one of the models of carbon particle structure is 
adopted. In the simplest case, it is assumed that there is complete separation of the ash 
from the solid carbon in fuel processing devices, which is called the "external ash" model. 
In this model, the ash has virtually no effect on coke combustion, and calculation of the 
fractional state of the fuel, number of circulation repetitions and other characteristics 
of the circulating system reduce to solving the equation for the density distribution by 
size of the carbon particles and the ash [i0]. The "segregated ash" model which circulates 
in the literature essentially leads to the same computational scheme as that for the carbon 
particles. Within the framework of this model, it is assumed that the ash is separated and 
falls out of the particles in the process of combustion. As a rule, this model is valid 
for low-ash content fuels. For calculating the combustion of high-ash content fuels, the 
"contracting fuel nucleus" ("progressive ash sheath") and the "volumetric reaction" models 
have gained wide currency. When using the first of these, it is assumed that diffusion 
resistance to the transport of oxidizer inside the unburned nucleus is infinitely large, 
and the heterogeneous chemical reaction takes place at the boundary between the constant- 
density nucleus and the ash sheath. The "contracting fuel nucleus" model is applied to low- 
porosity coal with ash which is capable of forming a stable shell. In the "volume reaction" 
model, it is assumed that combustion takes place throughout the entire volume of the particle 
(in which case its dimension remains unchanged). As a result, the volumetric concentration 
of carbon and the density of the particle are decreasing. This model is valid for coals with 
large amounts of volatiles: after their release, a highly porous structure is formed. In the 
general case, the outer radius of the particle R, the radius of the fuel nucleus r (the thick- 
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ness of the ash layer is R -- r), and the average volumetric carbon concentration in the nuc- 
leus ~ must all change in proportion to the degree of complete combustion. We use a kinetic 
equation for the density distribution of particles to describe the dynamics of change in the 
characteristics of a polydisperse system of combusting coal particles. The kinetic equation, 
which is written in terms of r, R, and the carbon content in the nucleus q = ~/@m, is: 

OP OvkP OiP ORP O~P = O. (1) 
at ~ ax~ + - -&-  + -YU + o---C 

The f u n c t i o n  P(R, r ,  q) d e t e r m i n e s  t h e  p r o b a b i l i t y  d e n s i t y  t h a t  t h e  p a r t i c l e s  have  c h a r -  
a c t e r i s t i c s  r ,  R, , ,  and Eq. (1 )  d e s c r i b e s  t h e  e v o l u t i o n  o f  t h e  p o l y d i s p e r s e  s y s t e m  o f  p a r -  
t i c l e s  in  t h e  Xk, r ,  R, ~ phase  s p a c e .  Th i s  d i f f e r s  f rom t h e  k i n e t i c  e q u a t i o n  f o r  p a r t i c l e  
distribution in terms of R, which is usually used in the theory of polydisperse systems (see, 
for example [12-15]). In the case considered here of high-ash content fuel combustion, the 
function P(R) is inadequate for the description of the evolution of the system, and the addi- 
tional variables r and N are introduced. 

The quantities r, R, ~ in (i) characterize the rate of change of the radius of the fuel 
nucleus, the particle radius, and the carbon content in the nucleus, as a result of combus- 
tion and possibly other processes as well: abrasion, fragmentation, and agglomeration. To 
simplify analysis, we limit our study of the combustion of carbon to the reaction C + 02 = 
CO 2 . In this case, the decrease in the carbon mass of a coal particle is described by 

dmc = _ 4 a t  ~ .M..c p~kz, (2) 
dt Mo, 

where  k 2 d e t e r m i n e s  t h e  e f f e c t i v e  r a t e  o f  c o m b u s t i o n ,  r e l a t i v e  t o  t h e  s u r f a c e  o f  t h e  com- 
b u s t i n g  n u c l e u s  and t h e  k i n e t i c s  c o n s i d e r e d  f o r  t h e  h e t e r o g e n e o u s  r e a c t i o n .  I t  a l s o  d e t e r -  
mines  t h e  d i f f u s i o n  r e s i s t a n c e  t o  t r a n s p o r t  o f  oxygen f rom t h e  s u r r o u n d i n g  medium to  t h e  
p a r t i c l e  s u r f a c e ,  and f rom t h e  o u t e r  s u r f a c e  t h r o u g h  t h e  ash  s h e a t h  t o  t h e  s u r f a c e  o f  t h e  
nucleus: 

k ~ = [  1 + 2r 2 (R - - r ) r  ] 
RD S------h + RDa " ( 3 ) 

Taking the internal reaction into account, the quantity a (the coefficient of the reac- 
tion gas-exchange) characterizes the combustion rate in the absence of diffusion retarda- 
tion. It is determined by 

= k (r + a), (4) 
where k = k0exp(-E/RgT), in accordance with an Arrhenius law. According to (4), the quantity 

is interpreted as the sum of the rates of surface k~r and internal kA combustion. In this 
case, the carbon concentration at the surface of the nucleus ~r takes into account the de- 
crease in reaction surface due to the presence of ash, and according to [16], the quantity 
A is equal to 

A = [cth(AB) 1/2 ~ (AB)-I/2], A = r~, B- -  Dh (5)  

It follows from (4), (5) that two limiting combustion regimes can exist: the surface 
(frontal) regime, when the combustion is localized in a thin layer, and a volume regime, 
when the combustion takes place uniformly throughout the particle. 

The regime of surface combustion is realized when (AB) z/z ~ i. Then A = (A/B) Zt~ and 
consequently, a = k~r + (koDk) I12 The rate of change of the radius of the nucleus, ac- 
cording to (2), (3), is determined by 

~= McpC ( 1 2r ~ + (R- - r ) r  )-~. 
Mo,Pc~ k ~  + (k~D~) x/~ + RDS------h RDa 

In the surface combustion regime, the density of the fuel nucleus and its carbon content 
are unchanging, that is, N = const. Therefore, the last term in (i) is not present. The 
regime of surface combustion corresponds to the complete combustion of the particle in ac- 
cordance with the "contracting fuel nucleus" model. Two particular limiting cases of this 
model are the "segregated ash" model (r = R), and the "conserved ash sheath" model (R = 
const). In these particular cases, the penultimate term in (i) can be neglected; in the 
general case, this term describes the change in particle dimension caused by abrasion or 
any other process. 
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The regime of volume combustion, when the density of the carbon decreases uniformly 
throughout the particle volume, is realized when the condition (AB) II 2 << i, 5 = A/3 >> ~r 
is satisfied. In this case, ~ = kro/3 and r = R. If the particle dimension is preserved 
during combustion (R = const), then (I) simplifies, since the derivatives with respect to 
r and R will drop out of the equation. According to (2), (3), the rate of change of carbon 
content is determined by 

4] = McpC le~ 
Mo, Pc 1 + 2k~Ri/3DSh 

The regime of volume reaction is usually realized at low temperatures, when the diffu- 
sion resistance to transport of oxygen to the particle surface does not play a significant 
role, that is, when the internal kinetic combustion law k Z = ~ = kro/3 is valid. 

Results of simulating the combustion of a fuel in circulating systems were presented 
in [9, i0], based on the solution to the kinetic equation for the probability density distri- 
bution of particles by size. The results pertain to the case of the surface regime of com- 
bustion, within the framework of the "outer ash" or "segregated ash" model. We examine the 
simulation of the complete combustion of a fuel on the basis of the solution to the kinetic 
equation within the framework of the "volume reaction" model, for an internal kinetic com- 
busion region. 

2. To calculate the complete combustion of high-ash particles in the volmme-reaction 
regime, it is necessary to give the relation between the inner surface o and the carbon con- 
tent ~. The relation o = Om~ has been chosen as the simplest dependence [17]. Using this 
relation, the equation describing the evolution of the combusting polydisperse system of 
particles in the internal kinetic region takes on the form 

o__f_P + _ oj__ p = o. ( 6 )  
at Ox~ &l 

The velocity v k in (6) depends on R and N, whicN determine the mass of the particle. 
However, the effect of q on v k is quite weak, compared to that of R for high-ash content 
fuel. Therefore, we assume that v k depends only on R. In assuming that all particles, in- 
dependent of size or carbon content, have the same temperature, the combustion intensity 
is made independent of both R and ~o Further, we assume that the grain-size distribution 
and concentration of carbon of fresh (primordial) fuel placed in the combustion chamber are 
not correlated : 

P~ (R, ~l) = P,~ (R) Pn~ Ol). 

Taking these assumptions into account, we represent the solution to (6) in the form 
P(R, ,~) = RR(R)PN(~), which is equivalent to assuming that the probability density distributions 
by size and carbon content of the fuel particles are independent. The functions P, PR, and 
PN are normalized in the following way: 

.f .I PdRd~l -= n, --~ aRaPdRd~l = % 
0 0 0 0 

l 1 ~ 4 1 

PR= 'o t'Pdrl' Pn= qo S --3 ~RaPdR' o S Pfl~l= 1. 

T a k i n g  i n t o  a c c o u n t  t h e  assumed fo rm f o r  P(R,  ~ ) ,  we o b t a i n  f rom (6)  t h e  f o l l o w i n g  
equation for the distribution of fuel particles according to size: 

OPR + Ov~Pn _ 0  (7) 
at ax~ 

and carbon content: 

O~Pn + OmV~P~ ~ OnP~ = 0 .  (8) 
Ot Oxk O~ 

The equation describing the change in oxygen concentration C as a result of convective 

transport and combustion, has the form 

aco + ocpu~ _ cpk~m < ~ > . (9) 
ot o& 
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We analyze the steady process of complete combustion of the fuel within the limits of 
the two simplest models widely used in the literature, which depict the motion of the par- 
ticles in the combustion chamber. These are the models of ideal mixing and ideal displace- 
ment. In both cases, the motion of the gas is assumed to be approximated by the model of 
ideal displacement. In the ideal mixing model, the characteristics of the particle are 
averaged over the entire volume of the combustion chamber, and thus are independent of the 
coordinates. (The particle characteristics consist of distribution by size and carbon con- 
tent, volumetric concentration, velocity, and temperature.) In the ideal displacement mod- 
el, the changein particle characteristics is considered in a one-dimensional approxima- 
tion, that is, in one direction only. 

In the ideal_mixing model, Eq. (7) for the distribution of particles in the combustion 
chamber by size PR(R) takes the form 

V~Pm (R) + V2PR~ (R) --V(R) Pn (R) = 0. ( t0 )  

The fractional composition of particles, trapped in the cyclones and returned to the 
combustion chamber (i.e., recycled fuel) is related to the grain-size distribution of the 
particles leaving !he ~ombustion chamber and entering the cyclones by the functional rela- 
tion V2PR2(R) = F[V(R)PR(R)]. We assume that this functional can be represented in the 
form F[f(R)] = ~(R)f(R), where ~(R) is a function describing the change in the distribution 
density of the particles by size as a result of separation in the cyclone. Then the solu- 
tion of (i0) has the form 

P~ (R) = .  VIPR, (R) 
[1 - -  �9 (R)I P (R) " (11)  

The change in oxygen mass wi th  h e i g h t  in  the  combustion chamber, accord ing  to (9 ) ,  i s  
desc r ibed  by 

dpCU . = --Cpkam~ ( ~ ).  (12) 
dx 

For an i so the rma l  combustion chamber, the  s o l u t i o n  of  (12) has the  form 

whence 

k a ~  < ~ > ) 
Cp = CoPoexp Uo x , 

Cp = - - ~ ! C p d x =  1- -exp (  n 
k~m~< n >h ~ Uo " (13) 

In the ideal mixing model, the equation for the distribution of carbon content (8) takes 
on the form 

~ - ,  d ~ > ,  - -  
~ n - - - - - d - ~ + ~ I V 1 P ~ , q - ~ 2 V ~ P ~ 2 - - r  ~ = 0. (14) 

If combustion does not take place in the cyclone, then there is no change in carbon 
content as a result of particle motion in the cyclone, and consequently, the distribution 
~f carbon content in the recycled fuel and in the combustion chamber are the same: P~2 = 
P~. In this case, (14) takes the form 

d~P~ ?>n + ? P ~ =  O. (15) 
dn 

Here, 

CoPo/Cp ~2V2 ~h 
= fl(1+K) ' K= %Vi ' fl= g 

The parameter K is equal to the ratio of the volumetric consumption of recycled and 
primordial fuel. It characterizes the number of times that the fuel cycles in the combus- 
tion chamber-cyclone system. The parameter ~ determines the ratio of the average stay 
time of the particle in the combustion chamber per cycle of motion in the circulating sys- 
tem h/V to the characteristic time of its complete combustion 6 -1 . 

Equation (15) links the distribution of carbon content in the combustion chamber and in 
the primordial fuel. Its solution, which satisfies the boundary condition PN (i) = 0 is 
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Fig. i. Calculation of mechanical underfiring, using the ideal mixing 
model: i) ~ = i; 2) ~ = 2; 3) a = ~. 

Fig. 2. Calculation of mechanical underfiring, using the models of 
ideal displacement and ideal mixing: i) K = 0; 2) K = 2; 3) K = I0. 

NI-~ ~ ~v (16) 

From (16), we determine the average carbon content in the fuel which is located in the 
combustion chamber : 

" - ~  <'~)1. (17) <~> = 1 + v  

From (17) it follows that the average carbon content in the combustion chamber does not 
depend on the distribution of carbon content in the primordial fuel particles, but is deter- 
mined solely by its average value. The mechanical underfiring of the fuel is determined by 
the amount of carbon loss with no particles trapped by the cyclone, and is related to the 
consumption of primordial fuel carbon in the combustion chamber, that is, 

q, = (~-----~) ~' ( 1 8 )  
<~>i 1 + ?  

By using (13), we obtain from (18) the following relation for determining mechanical 
under fir ing : 

= q~ ( 1 9 )  q~ a 

Expression (19) determines the dependence of q4 on the parameters ~, K, and the co- 
efficient of excess air ~ = McP0CoU0/Mo2PC~x<q>iu I. Figure 1 shows q~ as a function of the 
quantity (i + K)~, which characterizes the ratio of the average stay time of the particle 
in the combustion chamber to the characteristic time of complete combustion. Naturally, 
with growth in the coefficient of excess air, the value of the mechanical underfiring de- 
creases: for a + co, it follows from (19) that q4 = [i + (i + K)~] -I 

In the ideal displacement model, Eq. (7) for the distribution function of particles 
by size in the combustion chamber takes the form 

Ov~PR = O. (20)  

ax 
The solution to (20) is: 

Pe (R, x) = 
VaPm (R) 

[1 - -  * (R)] v~ (R, x) 

that is, essentially it coincides with (Ii), which was obtained in the ideal mixing model 
approximation, except that in the ideal displacement model, change in the distribution 
function PR by height in the combustion chamber can be taken into account. This change 
comes about as a consequence of the change in the rate of motion of the particles v x. 
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In this approximation, Eq. (8) for the distribution function for the carbon content 
takes the form 

O~VxPn ~p. &IP~ = O. (21 ) 
Ox &] 

Taking the relation q~V x = ~,0Vx0 into account, the solution to (21) is 

Pn(n, x) = eXp,o(eXl]), X---- ~ ~----~dx, (22)  
dv~ 

where  pno ( q )  i s  t h e  d i s t r i b u t i o n  f u n c t i o n  f o r  c a r b o n  c o n t e n t  in  t h e  p a r t i c l e s  f o r  x = 0, 
which is determined as a result of mixing primordial and recycled fuel at the entrance to 
the combustion chamber: 

Pno (~)) (PxV,P,. (~)) + (p~.V~P,~ O1) 
%V1 + %V~ 

If there is no combustion in the cyclone, then the distribution functions for carbon 
content in the recycled fuel and at the exit from the combustion chamber are the same, and 
consequent ly: 

. h ~ d x  p~ (~) = Pna (~l) + KeXhPno (eXh~) Xh = 
( 23 ) 

I + K  ' o j Vx 
A c c o r d i n g  t o  ( 2 2 ) ,  ( 2 3 ) ,  t h e  change  in  t h e  a v e r a g e  ca rb o n  c o n t e n t  in  t h e  f u e l  p a r t i c l e s  

with height "in the combustion chamber is described by 

exp (--X) ( ~ >, 
< ~1 > ---- exp (--X) < ~1 ) o = (24)  

1 + K - -  K exp (--Xh) 

Thus according to (22)-(24), in order to calculate the distribution function and the 
average value for the carbon content in the fuel, the dependence X(x) must be known. To- 
wards this end, we must determine the change with chamber height of the mass concentration 
of oxygen, which enters into the intensity of combustion [3. In the case when the change in 
temperature with height is insignificant, and the flow can be considered as approximately 
isothermal, the relation U = U 0 is valid. Then the mass concentration of the oxygen is 
related to the average carbon content by 

C 9 - - 1  I + K  ( ( T l > ~  
Co9o a -( -~ -~ [ , (25) 

which expresses the condition of the balance of C and 02 mass fluxes as a r e su l t  of com- 
bustion. 

From (22), (23), and (25) we obtain the following: 

dX 
---- I - -  A [1 - -  exp (--X)], 

dXo 
(26)  

Xo=~ 8o dx, A = .  (I§ 
o 0 V~ g[1 +K--Kexp ( - -XO]  

The solution of (26), satisfying boundary condition X = 0 at X 0 = 0, is 

1 In [ A +  (1 - -  A) exp X] = Xo. (27)  
1 - - A  

~odx 
The q u a n t i t y  X0h = 0 j - - ~ -  x can be i d e n t i f i e d  w i t h  t h e  p a r a m e t e r  fl, which c h a r a c t e r i z e s  

t h e  p r o c e s s  o f  c o m p l e t e  c o m b u s t i o n  o f  t he  p a r t i c l e s  in  t h e  i d e a l  mix ing  model a p p r o x i m a t i o n .  
Then,  a c c o r d i n g  t o  ( 2 7 ) ,  t h e  q u a n t i t y  X h i s  d e t e r m i n e d  by 

1 
l ~ - l n / A  + (1 A) exp Xh] = f~. (28)  

Mechanical underfiring of the fuel due to loss in the cyclone, with average carbon 
content in the particles equal to the value at the exit from the combustion chamber, is found 
from 

( ~] > h exp (--Xh) 
q~= ( ~ > l  1 + K - - K e x p ( - - X h )  (29)  
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The solid lines in Fig. 2 show q4 as a function of ~, constructed according to (28), (29) 
for different circulation numbers K. It is evident, that with growth in ~ and K, the mechan- 
ical underfiring is decreased, since the stay time of the fuel in the combustion chamber is 
increased. The effect of the coefficient of excess air ~ on q4 is naturally the same as that 
in Fig. ! for the ideal mixing model: for ~ + ~ (A + 0), it follows from (28) and (29) that 
q~ = exp(- ~)[i + K - Kexp(--~)] -I. The dashed lines in Fig. 2 show the values of q4 computed 
from (19). The values of q4, obtained according to the model of ideal displacement and ideal 
mixing, give lower and upper bounds, respectively, on the mechanical underfiring which is val- 
id under realistic conditions for the motion of particles in the combustion chamber. 

NOTATION 

t, time; Vk, particle velocity; ~m, maximum volumetric concentration of carbon in the 
primordial fuel; p, gas density; C, mass concentration of oxygen in the gas; M C, MO2, molec- 
ular masses of carbon and oxygen; D, Da, Dk, coefficients of diffusion of the oxygen in sur- 
rounding medium, the ash sheath, and in the nucleus; Sh, Sherwood number; E, activation 
energy; T, temperature; o, inner surface of the carbon per unit volume; Om, maximum inner 
surface of the carbon in a primordial fuel; m C = 4~RSPc~/3, mass of the carbon in a particle; 
PC, density of the carbon; ~ = McCpkom/MO2PC, combustion intensity; ~0 = MCC0p0k~ n, 
number of particles per unit volume; ~, volumetric concentration of particles in space; U, 

I=4 
velocity of the gas; h, height of the combustion chamber; V~=-f ~RSv~PRdR , average par- 

I 

ticle velocity; <0>= I~P~d~ average carbon content in the particles; ~(R) rate of par- 
0 ' 

~ 4  3 - d  , t i c l e  t r a n s p o r t  f rom t h e  c o m b u s t i o n  chamber ;  ~=oI~nRP,~ R v o l u m e t r i c  c o n c e n t r a t i o n  o f  t h e  

1 
p a r t i c l e s  in  t h e  c o m b u s t i o n  chamber ;  <~-)=/0~]P, d~ , a v e r a g e  c a r b o n  c o n t e n t  in  t h e  f u e l  l o c a -  

l ~ 4  
t e d  in  t h e  c o m b u s t i o n  chamber ;  V=--0f -~nRaVPRdR, a v e r a g e  r a t e  o f  p a r t i c l e  t r a n s p o r t  f rom t h e  

c o m b u s t i o n  chamber .  I n d i c e s :  O, p a r a m e t e r s  a t  t h e  e n t r a n c e  t o  t h e  c o m b u s t i o n  chamber  (x  = 0 ) ;  
1 denotes particles of primordial fuel; 2, those of recycled fuel. 
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