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Expressions are obtained for critical diameters of particles limiting the regions of 
existence of the heterogeneous processes of combustion and extinction. 

The transition from combustion to extinction of a particle reacting with a gas by the 
rule 9~Ax(solid) + ~2A2(gas) § ~3A3(gas) in a heated oxidizer is related to an increase in 
heat liberation caused by reduction in particle size [I]. 

Analysis of ignition and extinction based on Frank-Kamenetskii's concepts [2, 3] and ne- 
glect of the effect of temperature on the transport coefficients and gas density reduces the 
accuracy of the results for the critical extinction condition and the degeneracy criterion. 

The present study will analyze ignition and extinction of a particle without use of the 
Frank-Kamenetskii transforms with and without consideration of the effect of temperature on 
thermophysical properties. 

Semenov's conditions 

dQc dQl (1) 
Qc='QI' dT dT 

where 

T, [ exp(E/RTO + dTn, +1 ]-1,  (2) 
Oc = qno~92* ~ ko Nu D.T~ +1 

QI=NU ~---~*(-~-.) n ( T 1 - T ~ ) ' d  (3) 

c h a r a c t e r i z e  the  c r i t i c a l  d i a m e t e r s  c o r r e s p o n d i n g  to  i g n i t i o n  and e x t i n c t i o n  of  a p a r t i c l e  in  
a hea t e d  o x i d i z e r .  

F i g u r e  1 shows c a l c u l a t e d  cu rves  f o r  a n t h r a c i t e  c o a l ,  r e a c t i n g  w i th  a tmosphe r i c  oxygen 
by the  r e a c t i o n  C + 02 § C02. P h y s i c a l  p r o p e r t i e s  a r e  t aken  from [2] .  The c a l c u l a t i o n s w e r e  
per fo rmed  f o r  an o x i d i z e r  c o n c e n t r a t i o n  in  the  a i r  nox2 = 0.23 and p r e s s u r e  P = l0  s Pa, expo-  
nen t  n = 0 .75 ,  Nu = 2. 

For a l a r g e  d i a m e t e r  p a r t i c l e  w i th  d = 180 ~m Qc and Q1 i n t e r s e c t ,  g i v i n g  a s t a b l e p o i n t  
c o r r e s p o n d i n g  to  combust ion .  With d e c r e a s e  i n  p a r t i c l e  r a d i u s  the  Qc and Q1 cu rves  change 
(shown by the  arrow i n  F ig .  1 ) ,  and f i n a l l y  a t  de = 43.4 um they  become t a n g e n t ,  and the  p a r -  
t i c l e  e x t i n g u i s h e s .  

The upper  p o r t i o n  o f  F ig .  1 i l l u s t r a t e s  t angency  of  Qc and Q1 a t  a c r i t i c a l  p a r t i c l e  d i -  
ameter  of d i = 127.8 ~m. 

Thus, at T2 = 1300 K all particles with d > di = 127.8 ~m ignite, burn and extinguish 
upon reaching de = 43.4 ~m. 

Without considering the dependence of p, D, I on temperature (n = 0) we will find the 
critical temperature and diameter of a particle corresponding to its ignition and extinction. 
For simplicity we assume D = 12/c202. 

Substituting Eqs. (2), (3) in Eq. (i) we obtain 

qnox~P~ [. exp(E/RTO q_ de2p~ ]-1__ Nu X~.. (T1--T~ 
ko --  ~2 Nu d (4) 
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exp (EliOT1) 
qno~P~ - ko 

dc~p~ ]-2 E exp (E/RT 0 Nu k~ 
"-~ ~,~'Nu J RT~k o "= (5) 

-- a system of equations in Tx and Ta. Using Eq. (4) to express the particle diameter 

d = Nu k~c~ (T~ -- T~) E 
c~9~ko [qnox z-- c2 (T1 - -  T~)] exp RT1 

and substituting the latter in Eq. (5), we obtain an equation relating T~ and Ta: 

(T1 _ T~)2 [ qn,ox~ - 1] 2 RT~qn.o~ [ qnom 1]=0 .  
kc~ (T~-- T~) Ec,,. [c~ (Tx - -  T~) 

The first root of Eq. (7) 

T1 = T~ -{- qnom 
c~ 

(6) 

(7) 

yields d : ~, corresponding to total occurrence of the reaction in the diffusion regime, not 
a physically realizable situation. 

We define two other roots by solution of an equation which follows from Eq. (7): 

Rqno~ - -  2 T~ . . . .  
T~ l q- Ec~ 2c~ ] c, 

in the form 

Here 

T ' i = (  l q -  R q n ~  T ~ + q n ~  ~ /~')  ] '  

T a t = (  lq-" Rqn~ )-~ [T~ q- qn~ (l q- ~/-~) ] ~c2 

(8)  

(9) 

4RT~ 4RT~e~ 
- - - -  _ - - ,  (lO) "7 = 1 E Eqno: 

where T~i is the particle temperature at which ignition occurs, and Txe is the extinction 
temperature. 

Equations (8)-(10) have meaning only for y > 0, i.e., at 

qn~ .( qn~ '~ 
= > 4 1 +c~T'-TI' 

which d i f f e r s  by qnox~/ciTa > i from ~ obta ined with use of the Frank-Kamenetski i  t ransform 
[i-3]. 

Substituting Eqs. (8) and (9) in Eq. (6) we find 

d. = .  Nu D (1--- ]/'~ -- 2RTdE) exp E (1 q- qno=RlciE) (ii) 

ko [1-b ]/-~-k- 2R (r~ -}- qnox#C2)/El R [T~ -t-(qnox2/2e~) (1--  /? ) l  
-- the critical diameter below which a particle will not ignite at a given temperature - and 

Nu D-(1 + V'? -- 2RTJE) '" E (1 + qno~R/c,E) 
de = ko[1 ~ ?  + 2R (T~+qno~/e,)/E] exp, R [T, -b(qnox~/2c~ ) (1 --}- V"~)] (12) 

- the critical diameter at which particle extinction occurs. 

It can easily be seen from the expressions for d i and d e that 

Then, correspondingly 

1 --  l f~ - -  2RTJE 
1 q- }fT~ q_ 2R (T~ q-qnoxJC~)/E 

1 - -  y~y -q- 2R (T~. -+- qno~/C~)/E ~ 

( ) ( k~ exp E << 1, b-~ueXp RT~ ;~ 1. 
D Nu RTx i e 
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Fig. I. Quantities Qc and Q1 vs particle temperature T (K) for 
anthracite at constant air temperature T2 = 1300 K and various 
diameters: i) 127.8 ~m; 2) 43.4; 3) 180. Q in W/m 2. 

Fig. 2. Critical diameters di, d e (m) and temperatures T, i and 
T: e (K) vs medium temperature: i, with consideration of temper- 
ature dependence of properties; 2, without such consideration. 

T i e =  T i n - - -  

where Tm = Tz + qnox2/C2,  

Consequently, ignition occurs in the kinetic reg~e, and extinction in the transitional re- 
gime. ~ approximate analysis will be useful for purposes of comparison with expressions 
available in the literature. At large actuation energies and corres~nd~gly low medi~tem- 
peratures 4RT2/E < i, 4RT~c2/Eqnox 2 < I, ~xa/Ec2 < i. Expanding ~y in a series, we obtain 

+ 

V,e__T2 = RT~ 1 +  ~ . (131 
E Ec2 

Then the critical ignition condition 

DN---~ R(T2~RT~/E  ) ~ - - - -  (14) Eqno~ 

coincides with that presented in [3], although calculation with Eqs. (13) and (14) yields sig- 
nificant errors as compared to the precise expressions (8), (ii), and (i0). 

In a similar manner we obtain for the extinction temperature and critical condition 

~ - - - -  (15) 
E c~E E ' 

'D NU exp [ R (Tm--J-'RTr~/E) c2RTr~ \ Tm] 
which a re  more c o r r e c t  than  the  e x p r e s s i o n s  i n  [1, 3] .  

With i n c r e a s e  i n  medium t e m p e r a t u r e  d i and de d e c r e a s e ,  wh i l e  T : i  and Txe i n c r e a s e ,  tend-. 
ing  r e s p e c t i v e l y  to  dy and T1y i t  Tay, which i s  d e f i n e d  from the  c o n d i t i o n  

y = 1 4RT~v 4RT~vc~ =0  

g Eqnox z 
in the form 

T~v_ - qnox~ ( / 1  + Ec~ 1). 
2c~ Rqnom 

At temperatures T2 > Tay the Qc and QI curves do not touch, i.e., degeneration occurs --the 
case considered thoroughly in [i]. 

Consideration of the effect of temperature on p, D, and X yields more realistic results, 
agreeing with experiment as to particle temperatures [4]. In this case the Semenov condi- 
tions take on the form 
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T,  [ exp(E/RT 0 + 
P3, ~ qnoxz ,_ ko 

[ exp (E/RTO 
ko -t- 

+, (n + 1)dc29,,T~, +~ ] Nu ~,**T? +z 
Nu ~,2,T7 +1 = dnox2qT~, +1 

Nu ~2,T7 +l = Nu,,, ,~*d ' ' ~ ,  ] (T1 - -  T2)' 

Nu~,2,T~ +1 J [ RTak o - + 

IT,-I-n(T,--T~)I + [. exp(EIRTO /~o -i 

(17) 

(18) dczp2,rn,+l -1. 
NU ~2,T~ +1 " 

From Eq. (17) we find 
%~.T?+Ic= (TI -- T=) E 

d = Nu 6~p2,koT~+r[.qn ox2 - -  as (T1 - -  T~)] exp - - - -  RT1 (19) 

which when substituted in Eq. (6)yields the equation 

[qno~--c2(T1-- T~)] {(T1-- T2)~- - (Tz -  T2) .nox~q _.}_ nox2qRT~ } = 0, (20) 
qn,o m c~ c2EI1--RTI(n--I-1)/E] 

which allows determination of Txi and Txe and then, with use of Eq. (19), d i and d e . 

In Fig. 2 the functions obtained by calculation with Eqs. (19) and (20) indicate the 
necessity of considering the effect of temperature on the transport coefficients and gas density. 

The calculation was performed for the same conditions and anthracite properties as the 
Qc and QI calculations. 

Approximate analysis with the assumption that 4ciRT~/qnox2E[l-RT~(n + I)/E] < 1 leads 
to Eqs. (13) and (15) for Txi and T~e, which produce large errors when used to determine crit- 
ical particle diameters. 

NOTATION 

T, temperature; d, particle diameter; X, thermal conductivity; c, specific heat; P, den- 
sity; D, diffusion coefficient; nox , oxidizer concentration; q, thermal effect of reaction 
per unit mass of oxidizer; E, activation energy; ko, preexponential factor; Q, specific ther- 
mal capacity; R, universal gas constant; ~, relative heat liberation; y, critical condition 
degeneration parameter; Nu, Nusselt number. Subscripts: i, particle; 2, gaseous oxidizer; 
c, chemical reaction; i, heat loss; m, maximum; i, ignition; e, extinction; *, at fixed tem- 
perature of T~ = 273 K. 
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