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Kinet ics  of Coal Combustion: The Inf luence  of Oxygen Concentration 
on the  Burning-Out Times of S ingle  P a r t i c l e s  
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Department of Fue l  Technology and Chemical Engineering 
University of Shef f i e ld ,  England 

1. INTRODUCTION 

S ingle  p a r t i c l e s  of coa l  burn i n  two stages.  The f i r s t  is a v o l a t i l e  com- 
bus t ion  stage; and the  second, wi th  which t h i s  paper i s  pr imar i ly  concerned, i s  
burn-out of the  s o l i d  carbon res idue  l e f t  a f t e r  genera t ion  and combustion of t h e  
v o l a t i l e s .  Kine t ica l ly ,  t h i s  second, burn-out s t a g e  is a heterogeneous process in 
which oxygen r e a c t s  d i r ec t ly ,  at-and-with t h e  s o l i d  surface.  It has, therefore,  
been s tudied  extensively,  but a s  it were by proxy using r e l a t i v e l y  pure carbon i n  
p lace  of the  coa l ;  and the  v a l i d i t y  o f  ex t r apo la t ing  such r e s u l t s  d i r e c t l y  t o  coa l  
res idues  has genera l ly  been then taker, very much f o r  granted. Di rec t  work on coa l  
has, of course, been done i n  the  pas t  but t h e  r e s u l t s  (1-3) have genera l ly  been too  
few, and the  conditions too imprecise, f o r  k i n e t i c  s tud ies .  Fur ther  experiments 
have, thcrefore,  been ca r r i ed  out on s i n g l e  p a r t i c l e s  of coa l  under more p rec i se ly  
spec i f i ed  conditions, t o  check proposed k i n e t i c  equations. The f i r s t  r e s u l t s  ob- 
tained, described elsewhere (4,5), were concerned wi th  t h e  v a r i a t i o n  of burning 
time as a func t ion  of p a r t i c l e  diameter and coa l  rank, w i th  o the r  parameters such 
as oxygen concentration, temperature, and ambient ve loc i ty ,  kept constant.  The 
success of those f i r s t  experiments then encouraged extension of t h e  work t o  i n v e s t i -  
g a t e  the  influence of other parameters, and the  next  one chosen f o r  inves t iga t ion ,  
was the  oxygen concentration; t h i s  i s  of p a r t i c u l a r  i n t e r e s t  a s  it a l so  has d i r e c t  
bearing on the  assumed but disputed ( 6 )  order of r eac t ion  a t  t h e  s o l i d  surface.  
The objec t  of t h i s  present  paper is, therefore ,  t o  r epor t  t h e  r e s u l t s  of these  
f u r t h e r  experiments on the  inf luence  of oxygen concent ra t ion  on t h e  burn-out times 
of t h e  coal p a r t i c l e  residues,  together wi th  a comparison between t h e  experimental 
and predic ted  behaviour. 

2. THEORY 

As the  general, theory has been covered extensively i n  previous reviews and 
papers ( 4 ,  5, 7-9) only the  s a l i e n t  po in t s  w i l l  be quoted i n  summary here. 

The theory i s  based on t h e  o r i g i n a l  ana lys i s  by Nusselt  (10) i n  which he assum- 
ed t h a t  the  r a t e  con t ro l l i ng  process i n  t h e  r eac t ion  was t h e  r a t e  of d i f fus ion  of 
oxygen from the  mainstream t o  t h e  s o l i d  p a r t i c l e  surface,  through a boundary d i f -  
fu s ion  layer.  Reaction a t  t h e  s o l i d  sur face  was assumed t o  be instantaneous,  o r  
e f f e c t i v e l y  SO, and it w a s  a l s o  assumed t o  b e  f i r s t  order w i th  r e spec t  t o  the  
oxygen p a r t i a l  pressure adjacent t o  t h e  s o l i d  surface.  With these  l imi t ing  con- 
d i t i ons ,  Nusse ld  p red ic t ion  was t h a t  t he  t o t a l  burning time (tb) of a s o l i d  carbon 
sphere would be propor t iona l  t o  t h e  square of t h e  i n i t i a l  p a r t i c l e  diameter (do): 



thus  
‘I 

where % is  a p red ic t ab le  burning cons tan t  that i s  a func t ion  of temperature and 
oxygen p a r t i a l  pressure. 

Th i s  equation was t e s t e d  i n  t h e  previous experiments; i n  t he  f i r s t  i n s t ance  
(4) j u s t  as i t  s tands  using only a few coals, but subsequently(5) t he  number and 
rank range of  coa ls  w a s  increased  t o  determine t h e  inf luence  of coa l  rank. 
t h i s ,  burning times (of both v o l a t i l e s  and residues) of p a r t i c l e s  i n  the  s i z e  range 
4000 t o  300 microns were measured a s  a func t ion  of diameter.  The p a r t i c l e s  were 
burned in  a i r ,  between two s m a l l  hea t ing  c o i l s  of r e s i s t a n c e  w i r e ,  under r e l a t i v e -  
l y  quiescent ambient conditions,  a t  an e f f e c t i v e l y  constant temperature of about 
1000°C. I n  all, 10 coa l s  w e r e  u l t imate ly  tes ted ,  ranging in v o l a t i l e  percentage 
from 5 t o  40, and a l l  were found t o  obey t h e  eqn. (1). The value of the  burning 
cons tan t  KD had, of course,to be ad jus ted  t o  allow f o r  t h e  e f f e c t s  of v o l a t i l e  loss 
and swelling, but t hq  experimental values of t h e  burning constant, K, were found 
(5) t o  b e  i n  good agreement wi th  the following predic ted  r e l a t ionsh ip  between K and 

To do 

KD 

where Cf is  the  f ixed  carbon percentage; and f i s  a swelling f a c t o r  whose,values 
were found by measurement t o  be: 
coa ls  of V.M. grea te r  than 10%. The b a s i s  of t h i s  p red ic t ion  was the  assumption 
t h a t  t h e  coa ls  f i r s t  l o s t  v o l a t i l e s  a t  constant diameter, and then swelled by the 
l i n e a r  f a c t o r  f .  Th i s  then provided a co r rec t ion  f a c t o r  t o  t h e  s o l i d  dens i ty  Q 
t h a t  appears i n  t h e  t h e o r e t i c a l  r e l a t i o n  fo r  % 

uni ty  f o r  coa l s  of V.M. less than 5%; and 1.5 for 

% = 1 J / 3 p ~ D ~ ( T / T ~ ) ~ * ~ ~ . l n ( l  - po) ( 3 4  

where p 
oxygen ?hrough n i t rogen;  T i s  the  absolu te  temperature; and po is t h e  ambient 
f r a c t i o n a l  oxygen concent ra t ion  (of value 0.21 f o r  a i r ) .  

i s  the  s.t.p. d e n s i t y  of air; Do is  t h e  s.t.p. d i f fus ion  coe f f i c i en t  of 

This  set of equations the re fo re  provided us  w i t h  r e l a t i o n s  between burning 
time, o r  burning constant, and the  two add i t iona l  var iab les :  oxygen concentration 
and temperature, t o  be checked by comparison wi th  measurement i n  f u r t h e r  experiments. 
Our choice of v a r i a b l e  f o r  t h e  experiments repor ted  he re  was the  f i r s t :  
oxygen concentration, f o r  t he  reasons ou t l ined  i n  t h e  Introduction. I n  doing this,  
w e  only used a s i n g l e  coa l  since,  as the q u a n t i t a t i v e  inf luence  of rank is given bY 
eqn. (2), w e  assumed t h a t  v a l i d a t i o n  on a s i n g l e  coa l  chosen a t  random should be 
s a t i s f ac to ry .  
a func t ion  of oxygen p a r t i a l  pressure,  using f i v e  d i f f e r e n t  s i z e s  of 
from t h e  s ing le  coa l ,  as described i n  t h e  sec t ion  following. 

t h a t  of 

The experiments were then c a r r i e d  out  by measuring burning time as 
p a r t i c l e  taken 
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3. EXPERLMENTAL 

I 

I 

I 

To burn t h e  p a r t i c l e s  i n  v a r i a b l e  but c o n t r o l l a b l e  oxygen atmospheres, a s m a l l  
combustion u n i t  w a s  used i n s i d e  a l a r g e  perspex (p lex ig lass )  box so t h a t  t h e  ambient 
atmosphere could be cont ro l led  a t  w i l l .  The combustion u n i t  was ,  i n  pr inciple ,  
t h a t  used i n  t h e  previous experiments (4 ,  5), i n  which t h e  coa l  p a r t i c l e s  were 
cemented t o  s i l i ca  f i b r e s  and held by these, can t i lever - fash ion ,  midway between 
two hor izonta l  heat ing elements of e l e c t r i c a l  r e s i s t a n c e  w i r e .  

The coal  used w a s  Winter (ex-Grimethorpe); a medium bituminous coal,  No. 7 of 
the set prepared and used previously (5), of analysis:  U l t i m a t e  - 84.0%C, 5.5%H, 
8.3%OJ 1.8%NJ 0.49.S (d.m.f. by Fereday and F l i n t  (11) equat ion);  Proximate - 36.0% 
V.M., 2.6% H20, 1.7% ash, 0.77% C02. 

The perspex box used t o  house t h e  combustion u n i t  had dimensions: 1.5 by 1.5 
f t .  i n  plan sect ion,  by 3 f t .  high, (6.75 cu. f t . ) .  The oxygen atmosphere i n s i d e  
could be adjusted a s  requi red  over t h e  range 3% t o  70% 0 2 .  
atmosphere, oxygen or ni t rogen  was metered i n  as required, and t h e  ana lys i s  then 
checked by Orsat. The reason f o r  making t h e  box so l a r g e  w a s  t h a t  t h e  oxygen de- 
p l e t i o n  during combustion of a p a r t i c l e  would not then be s i g n i f i c a n t ,  and t h e  
atmosphere could, therefore ,  be taken as being e f f e c t i v e l y  i n f i n i t e ,  with the  'main 
stream' o r  ambient oxygen concentrat ion cons tan t  during t h e  r e a c t i o n  thus meeting 
t h e  spec i f ied  boundary condi t ions required by t h e  t h e o r e t i c a l  ana lys i s .  In f a c t ,  
the  box was l a r g e  enough f o r  a number of p a r t i c l e s  t o  be burned without having to  
open and recharge the box f o r  each p a r t i c l e ,  and without  s i g n i f i c a n t  change i n  t h e  
box's atmosphere. 
mounted i n  t h e  box, and t o  each c a r r i a g e  could be a t tached  one s i l i c a  thread w i t h  
i t s  coa l  p a r t i c l e  cemented on ready f o r  burning. A f t e r  burning, t h e  oxygen concen- 
t r a t i o n  was checked by Orsat analysis .  

T o  make up t h e  requi red  

To take advantage of t h i s ,  a r a i l  car ry ing  18 c a r r i a g e s  was 

The p a r t i c l e s  on t h e  car r iages  were moved i n t o  p o s i t i o n  between t h e  c o i l s ,  as  
and when required, by means of a c o n t r o l  rod extending o u t s i d e  t h e  box. 
c o i l s  were l a r g e r  than those used previously. In place  of the 2-cm diameter f l a t  
s p i r a l s ,  wound from 18-gauge Nichrome resistance wire, t h e  new heaters were square 
elements, of f a c e  a rea  about 5 x 5 cm., made of Nichrome s t r i p .  This  s t r i p  was 
about 112 cm. wide, and w a s  wound wi th  112 cm. spacing on a 112 cm. thick former; 
t h e  gaps between t h e  set of s t r i p s  on one s i d e  of t h e  former were, of course, sub- 
s t a n t i a l l y  covered by t h e  r e t u r n  s t r i p s  on t h e  o ther  s i d e  s o  t h a t  t h e  whole face  
a rea  w a s  radiant .  The two heat ing units were then mounted hor izonta l ly  wi th  t h e i r  
faces  about 1.5 cm. apar t .  The heat ing was e l e c t r i c a l ,  as  before, cont ro l led  by a 
v a r i a b l e  transformer u n i t ;  w i t h  t h i s ,  element temperatures of up t o  1O6O0C, as 
measured by an o p t i c a l  pyrometer, could be reached. 

The heat ing 

Burning times were measured wi th  a s t o p  watch i n  p lace  of t h e  photocel l  and 
pen recorder u n i t s  used previously. The photocel l  w a s  abandoned because of l i g h t  
sh ie ld ing  and o ther  d i f f i c u l t i e s  experienced wi th  t h e  l a r g e r  heat ing elements. 
m e a n t  t h a t  very s h o r t  v o l a t i l e  burning times could not  be measured - those l a r g e r  
ones t h a t  were, w e r e  measured wi th  a second s t o p  watch. However, t h e  v o l a t i l e  
measurements t h a t  were made were found t o  e x h i b i t  such considerable  v a r i a b i l i t y  i n  
t h e  d i f f e r e n t  oxygen atmospheres t h a t  t h e i r  va lue  was g r e a t l y  reduced. 
ments were therefore  r e s t r i c t e d  t o  t h e  r e s i d u e  burning t i m e s  alone, using t h e  s t o p  
watch which w a s  found t o  be p e r f e c t l y  s a t i s f a c t o r y  f o r  these. 

This 

Most measure- 
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With t h i s  apparatus, the r e s i d u e  burning times were measured a t  d i f f e r e n t  
l eve l s  of oxygen concentration as t h e  p r i n c i p a l  var iab le ,  f o r  each of t h e  follow- 
ing p a r t i c l e  sizes: 1870; 1300; 928; 649; and 388 microns. The p a r t i c l e s  were 
derived from t h e  s i n g l e  coa l ,  and burned i n  e f f e c t i v e l y  i n f i n i t e  atmosphere, a t  an 
approximately constant temperature of 1000°C. 

4. RESULTS 

4.1 g u a l i t a t i v e  Behaviour -The  gene ra l  behaviour of t h e  p a r t i c l e s  was a s  observed 
before (4 ,  5): the  p a r t i c l e s  burned i n  two stages,  w i th  the  v o l a t i l e s  (when 
they burned a t  a l l )  i g n i t i n g  f i r s t  and burning wi th  the  c h a r a c t e r i s t i c  l u m i -  
nous, f l i cke r ing  f l a e ;  and t h i s  was then followed i n  the  burn-out s t a g e  by 
the much s t ead ie r  glow of r e s idue  combustion. The p a r t i c l e s  d i d  not  i g n i t e  
immediately; they required t i m e  to  heat up t o  ign i t ion ,  and t h i s  i g n i t i o n  time 
increased v i t h  decrease of oxygen concentration. 
liminary, but s i g n i f i c a n t  ox ida t ion  may be occurring, w i th  s i g n i f i c a n t  hea t  
generation, before t h e  v o l a t i l e s  i gn i t ed  i n  flaming combustion. This  requi res  
closer- inves t iga t ion .  

A s  i n  t h e  previous experiments, the  v o l a t i l e s  of t he  smaller p a r t i c l e s  o f t e n  
f a i l e d  t o  i g n i t e  because of their s m a l l  quant i ty  and t h i s  f a i l u r e  increased, as 
w a s  t o  be expected, as the oxygen was reduced. Where t h e  v o l a t i l e s  d id  i g n i t e  
in reduced oxygen, t h e  usual f r a c t i o n a l  l a g  i n  time between f i n i s h  of t he  
v o l a t i l e  flame and start of t h e  res idue  combustion was occas iona l ly  increased  
t o  a long delay ranging from two t o  t h i r t y  seconds. 
t r a t i o n s ,  below 6%, t h e  burning times a l so  s t a r t e d  t o  become very sca t te red ,  

This may ind ica t e  t h a t  pre- 

A t  the  low oxygen concen- 

and a t  3%, t he  p a r t i c l e s  f a i l e d  t o  i g n i t e  a t  a l l .  1 
\ 

A t  t h e  o the r  end of the sca l e ,  a t  high oxygen concentrations,  t h e  p a r t i c l e s  
showed increas ing  tendency t o  dec rep i t a t e  o r  explode. 
t h e  c o i l s  were already up t o  temperature before the  p a r t i c l e  was in se r t ed  (as  
was the  case i n  genera l  i n  t h e s e  experiments), or whether t he  p a r t i c l e  was 
already i n  pos i t ion  ( a s  i n  the previous experiments) before switching on  t h e  
hea t ing  current.  
before the  coal becomes s u f f i c i e n t l y  p l a s t i c ,  t h i s  suggests t h a t  t h e  v o l a t i l e s  
genera t ion  must be influenced, cont ra ry  t o  previous expectation, by t h e  ambient 
oxygen concentration. T h i s  would seem t o  imply t h a t  t h e  oxygen causes some 
s i g n i f i c a n t  and rap id  change i n  the cons t i t u t ion  of the  p o t e n t i a l  v o l a t i l e  
ma te r i a l  before generation, though how it should do t h i s  is by no m e a n s  c l e a r ;  
t h i s  a l s o  requi res  f u r t h e r  d e t a i l e d  study. 
behaviour i s  f a r  better understood, and more predic tab le ,  a s  described i n  the  
s e c t  ions following . 

This happened whether 

I f  d e c r e p i t a t i o n  i s  due t o  too rap id  genera t ion  of v o l a t i l e s  

1 
! 

I n  cont ras t ,  t he  genera l  res idue  

I 

burn-out of the  residues:  , 
4.2 Inf luence  of Oxygen Concentration - By combining eqns. (1) and (3b) w e  have for 

tb = ~(Cf / loO) / f ] .kdo/ ln( l  2 - po) 
I 

(4) I 

To t e s t  t h i s  equation, t h e  experimental da t a  obtained have, therefore ,  been 
presented i n  two graphs, Figs. 1 and 2. 
log lOl ln( l  - p,)], t o  show that t h e  s lopes  of t h e  l i n e s  obta ined  are,  w i th in  

Fig. 1 is a p l o t  of: l og lo tb  against  
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reason, c lose  t o  45", o r  -1. Fig. 2 is  t h e  a l t e r n a t i v e  p l o t  of t b  aga ins t  t he  
rec iproca l  of ln(1 - po), to  show t h a t  the  p l o t s  obtained a r e  again acceptably 
l i n e a r  and passing through t h e  or ig in .  Within t h e  l i m i t s  of accuracy of the 
measurements, t hese  p l o t s  are, therefore ,  considered t o  subs t an t i a t e  eqn. (4). 

Influence of P a r t i c l e  S ize  - From eqn. (4) it i s  c l e a r  t h a t  t h e  s lopes  of t h e  
l i n e s  i n  Fig. 2 (wr i t t en  as m) are r e l a t e d  t o  p a r t i c l e  s i z e  by 

4.3 

m = [(Cf /loo) If 1k.d: (5) 

This equation has i n  t u r n  been t e s t e d  by p l o t t i n g  (m)"' aga ins t  doJ as shown 
i n  Fig. 3. Here again the  p l o t  i s  reasonably l i nea r ,  and a l s o  passes through 
the  or ig in .  
ed t o  subs t an t i a t e  eqn. (5). 

Comparison wi th  P red ic t ion  - Now, the  s lope  of Fig.  3 (wr i t t en  a s  M) i s  an 
experimental quant i ty  whose value i s  predic ted  from t h e  appropr ia te  terms i n  
eqns. (3a) and (5), thus: 

Again wi th in  t h e  limits of accuracy of t h i s  p lo t ,  it is consider- 

4.4 

For the  Winter coal, Cf i s  60.7; f i s  1.5; and U i s  1.25. 
1.3 x 
(273OK) is  0.181 sq.cm/sec. 
(127390, as i n  the  previous experiments. With these  values,  t h e  ca l cu la t ed  
value of M2 is 225; w e  the re fo re  have for M(calc , )  a va lue  of 15, which is  
prec ise ly  the experimental va lue  obtained from t h e  s lope  of F ig .  3. This exac t  
agreement i s  c l e a r l y  f o r t u i t o u s ;  but w i th in  an e r r o r  of  5%, which i s  t h e  e s t i -  
pa t e  of t he  o v e r a l l  e r r o r  i n  both experimental and ca l cu la t ed  values, it is 
c l ea r  t h a t  agreement i s  s t i l l  sa t i s f ac to ry .  Since t h i s  agreement w a s  obtained 
by using the  rank-influence equation (2), t h i s  a l s o  supports t he  assumption 
macle t h a t  va l ida t ion  of t he  t e s t ed  equations using a s i n g l e  coal, but chosen 
a t  random, would probably be sa t i s f ac to ry .  

Burning Constant - This is  the  cons tan t  KD o r  K of eqn. (1). 
almost un iversa l ly  from measurements made i n  a i r ,  so t abu la t ed  va lues  (as i n  
Reviews 7, 8) a r e  given f o r  po = 0.21. 
i s  c l e a r  t ha t  

For a i r ,  Po i s  
g /cc ;  Do f o r  oxygen d i f fus ing  through n i t rogen  a t  temperature To 

The p a r t i c l e  temperature i s  taken a s  1000°C 

4.5 It is  ca lcu la ted  

From eqns. (l), (Z), (3), and ( 6 ) ,  it 

(7) 
2 K = M /h(l - po) 

2 
Hence wi th  a va lue  for:  

This i s  lower than 0.21; t h i s  g ives  a value f o r  K 
(though c lose  to)  the  value obta inea  i n  t h e  previous experiments (5) f o r  t h i s  
same coal (previous value: - 1095 sec/sq.cm) but t h i s  may be accounted f o r  
i n  p a r t  by the  d i f f e rence  b e p e e n  the  logarithmic term [ ln( l  - po)] and the  
f i r s t  term of i t s  expansion [pol  s ince  t h e  former has been used i n - t h i s  paper, 
but the  l a t t e r  was used i n  the  previous paper (5); t he  t h e o r e t i c a l  a l t e r n a t i v e s  
a re  compared i n  the  two eqns. (3b) and ( 3 c ) .  Use of t h e  f i r s t  term expansion 
as i n  eqn. (3c) i s  very cornon, and i s  genera l ly  accepted as being v a l i d  f o r  

M of 225; and f o r  ln(l - po) of 0.235 when po is 
of 957 sec/sq.cm. 

(talc 1 
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air  o r  v i t i a t e d  a i r .  Just how widely the  two terms d i f f e r  a t  enriched concen- 
t r a t ions ,  is shown by Fig. 4 i n  which t h e  logarithmic term is  p l o t t e d  aga ins t  
po. In v i t i a t e d  a i r  t h e  two are c l e a r l y  resonably comparable, but even in a i r  
i t s e l f  the d i f f e rence  amounts t o  near ly  1% (0;235 compared wi th  0.21). Use 
of t h e  Ln term i n  p lace  of po i n  t h e  previous experiments would therefore,  
reduce t h e  value of 1095 t o  978. 
new value  of 957 is w e l l  w i t h i n  5% but can i n  any case  b e  a t t r i b u t e d  t o  un- 
c e r t a i n t y  in the  p rec i se  temperature i n  t h e  two cases. Agreement, however, is  
regarded as acceptable. 

The s ign i f i cance  of t h e  logar i thmic  term also showed up i n  t h e  graphs of Figs.  
1, 2, and 3. To check t h e i r  s e n s i t i v i t y  t o  the f i r s t  expansion term i n  p lace  
of  t h e  f u l l  expression, similar p l o t s  were prepared (not reproduced) with po 
in  p lace  of l n (1  - po)- The p l o t s  were found t o  vary s i g n i f i c a n t l y  as follows: 
i n  equiva len t  Fig. 1, the  p l o t s  showed s l i g h t  but de tec tab le  curvature i n  s p i t e  
of the  f a i r l y  considerable scatter; i n  equivalent Fig. 2, convincingly s t r a i g h t  
lines could be run through the points,  but the p l o t s  then showed marked i n t e r -  
cep ts  on the  oxygen-function axis, and the displacements from t h e  o r i g i n  were 
found t o  be s t a t i s t i c a l l y  s i g n i f i c a n t ;  f i n a l l y ,  i n  equivalent Fig. 3, a s t r a i g h t  
l i n e  could again be run through t h e  points,  but again only wi th  a s t a t i s t i c a l l y  
s i g n i f i c a n t  in te rcept .  
by f a r  t h e  bes t  s u b s t a n t i a t i o n  of the  o r i g i n a l  Nusselt  ana lys i s  i n  terms of t h e  
d i f fus ion- f i lm theory of r eac t ion - ra t e  cont ro l .  What is ye t  undetermined, how- 
ever, a r e  the  limits of a p p l i c a b i l i t y  of the  Nusselt  equation and ana lys i s ;  t h i s  
i s  considered b r i e f l y  in t h e  next section. 

The fu r the r  d i f f e rence  between this,  and the  

This agreement w i t h  t he  logarithmic term thus provides 

5. DISCUSSION 

5.1 Reaction Order - As s t a t e d  in  the  Introduction, one of t h e  p r inc ipa l  reasons 
f o r  car ry ing  out  t h e  work described was t o  provide a more d i r e c t  check on the  
assumed order of r e a c t i o n  a t  t he  s o l i d  surface. Now, because of t h e  adjacent 
d i f f u s i o n  layer, t h a t  under t h e s e  quiescent conditions is ra te -cont ro l l ing ,  i t  
is only poss ib l e  t o  check t h e  sur face  order  of r eac t ion  ind i r ec t ly .  
w e  assume some appropr ia te  va lue  f o r  the sur face  order of r eac t ion  and then 
deduce what net, overa l l ,  o r  'g loba l '  o rder  of r eac t ion  should then follow. 
F i r s t  of all,  i n  choosing an order f o r  t h e  sur face  reaction, w e  have (7) two 
extreme l imi t ing  values: zero, when the  temperature is low enough f o r  the  
su r face  chemisorption sites t o  be f u l l y  sa tu ra t ed  a t  a l l  times; and (2) unity,  
when the  temperature is high enough for  t h e  sequence of chemisorption, followed 
by desorption, t o  be e f f e c t i v e l y  instantaneous. A t  intermediate temperatures 
the  r e a c t i o n  approximates t o  a f r a c t i a n a l  order. 
a l s o  t akes  place, t h e  lower l i m i t i n g  order  is then r a i s e d  from zero t o  112. 

Superimposed on t h i s  p a t t e r n  i s  t h e  oxygen supply by boundary l aye r  diffusion. 
Now, i n  t he  f i r s t  place, i f  t he  temperature i s  h igh  enough f o r  f i r s t  order 
r eac t ion  to p reva i l  then w e  get the burning time equation t h a t  combines both 
the  d i f fus iona l  and adsorp t ion  r e s i s t a n c e  (91, 

To do t h i s  

(1) 

I f  i n t e r n a l  or pore r eac t ion  

t b  = Kcdo (8) 

where Kc is the  high-temperature chemical burning constant;  and % is  the  
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I di f fus iona l  burning constant. 
l i n e a r  equation, o r  a square law equation, according t o  whether d i f f u s i o n  i s  
unimportant o r  dominant. 

This c l e a r l y  has l imi t s , respec t ive ly ,of  a 

A t  the  other  extreme of low temperatures, when t h e  r e a c t i o n  order  i s  zero, t h e  
burning t i m e  equat ion i s  l i n e a r  only (9) 

tb - Ktdo (9) 

where K i  i s  t h e  low-temperature chemical burning constant .  

A t  in termediate  temperatures t h e  burning time i s  propor t iona l  t o  some inter- 
mediate power of the diameter, do, where n l i es  between 1 and 2. 
fore,  obvious t h a t  determinat ion of the power index n i n  any burning t i m e  
experiments w i l l  g ive  a c l e a r  guide t o  t h e  r e l a t i v e  importance of t h e  three  
f a c t o r s  considered: (i) r a t e  of d i f fus ion;  (ii) r a t e  of chemisorption; and 
( i i i )  r a t e  of oxide-film decomposition. 
q u i t e  unambiguous i n  implying t h a t  the  r a t e  of boundary layer  d i f f u s i o n  dominates 
the  reac t ion  control :  and t h e  s i g n i f i c a n t  coro l la ry  of t h i s  i s  t h a t  the  sur face  
rate-of-adsorpt ion r e a c t i o n  must be f i r s t  order.  

I n  concluding t h a t  the  r e a c t i o n  i n  our experiments was i n  t h e  high temperature 
region, and d i f f u s i o n  control led,  w e  have a l toge ther  three confirmatory poin ts  
provided by the  experimental r e s u l t s .  (1) The f i r s t  i s  t h e  'square-law' 
agreement i l l u s t r a t e d  by the square-root p l o t  of Fig. 3 ;  i f  t h e  addi t iona l  
chemical t e r m  i n  eqn. 8 - Kcdo - w a s  a l s o  important, the l i n e  would be curved 
w i t h  a tendency t o  an i n t e r c e p t  on the t axis .  Other checks such as p l o t t i n g  
( t  /d  ) agains t  do confirmed t h a t  Kc was negl ig ib le  under t h e  condi t ions of 
experiment. W e  a l s o  have t h e  agreement between t b  and t h e  oxygen func t ion  
l n ( 1  - po). Since Kc i s  inversely proport ional  t o  po (9), then i f  t h i s  was 
important t h e  p l o t  of t b  aga ins t  l / p o  would not have been so poor i n  comparison 
with the p l o t  of Fig. 2 aga ins t  l/ln(l - po), as discussed i n  sec. 4.5. 
There is  f i n a l l y  t h e  e x c e l l e n t  agreement between t h e  experimental and ca lcu la ted  
values  of the burning constant  (wr i t ten  as  K ins tead  o f  KD a f t e r  cor rec t ion  f o r  
coa l  rank and swel l ing by eqn. 2) as  described i n  sec. 4.5. 

Since t h e  r e a c t i o n  i s  ev ident ly  d i f f u s i o n  control led,  i t  follows t h a t  the  sur face  
reac t ion  must be f i r s t  order. 

n It is, there-  

I n  par t icu lar ,  a value of 2 f o r  n i s  

b o  
(2) 

(3) 

5.2 Boundary Layer Thickness - A secondary poin t  of i n t e r e s t  t h a t  a l s o  emerges from 
t h i s  i s  a r e f l e x i o n  on t h e  quest ion of boundary layer  thickness .  
ing heat and mass t r a n s f e r  t o  spheres it i s  almost un iversa l  t o  use Nusselt's 
concept of t h e - e f f e c t i v e  or  ' f i c t i t i o u s '  boundary layer  thickness .  I f  t h e  
oxygen concentrat ion a t  t h e  s o l i d  sur face  of t h e  p a r t i c l e  of r a d i u s , a , i s  zero, 
i t s  value a t  any o ther  radius , r , f rom t h e  center  of the  p a r t i c l e  is  given 
approximately by 

I n  c a l c u l a t -  

Since p rises t o  t h e  main-stream va lue  po only when r becomes i n f i n i t e ,  the  
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r ea l ,  phys ica l  boundary l aye r  must c l e a r l y  be of i n f i n i t e  thickness i f  it is  
defined as the  d is tance  requi red  f o r  p t o  reach the  main-stream value. I f ,  
however, (following Nusselt  (10)) t h e  r e a l  behavfour ind ica ted  by eqn. (10) 
i s  replaced by an equiva len t  behaviour such t h a t  p i s  a s s k d  t o  r i s e  l i n e a r l y  
t o  po and then t o  remain constant w i th  r, the  main stream value i s  then reached 
a t  the  Nusselt f i c t i t i o u s  f i l m  thickness a t  r = 2a, o r  one rad ius  out  from the  
su r face  of the p a r t i c l e .  It should be rea l i sed ,  however, t h a t  a t  r = 2a, 
p = po/2 (from eqn. 10 ) ;  i n  o ther  words, the  actual,  phys ica l  rise i n  p is only 
ha l f  t h e  f i c t i t i o u s  value. This can be represented i n  another way by r e l a t i n g  
the  f i c t i t i o u s  f i lm  th ickness  t o  a def inable  r ea l ,  o r  phys ica l  f i l m  thickness. 
This can be defined wi th  phys ica l  realism as the  d is tance  wi th in  which p rises 
to,  say, 999. of the main stream va lue  ( t h i s  is a standard so lu t ion  to  continuum 
problems i n  which some re l evan t  parameter reaches i t s  l imi t ing  va lue  only a t  
i n f i n i t y ) .  We then have t h a t ,  wr i t i ng  the boundary l aye r  thickness a s  8, 

'OoS( f i c t i t i o u s )  '(physical) = lOOa 3 

The s igni f icance  of t h i s  becomes immediately apparent when considering the  
behaviour of d u s t  flames s i n c e  the  i n t e r p a r t i c l e  d i s t ance  a t  a s to ich iometr ic  
concentration i s  genera l ly  of the order only of 30 p a r t i c l e  diameters. 
means t h a t  i n  r ea l ,  physical  terms, a s  opposed to  f i c t i t i o u s  fi lm-thickness 
terms, most of t he  oxygen i s  already wel l  i n s ide  the  boundary layer  of one 
p a r t i c l e  o r  another in the  flame. It i s  c lear ,  therefore,  t h a t  d i r e c t  ex t ra -  
po la t ion  of the r e s u l t s  i n  t h i s  paper t o  p a r t i c l e s  i n  dust flames should b e  made 
wi th  caution. 

Now, i n  addi t ion  t o  the  po in t s  made above, a fu r the r  complication t h a t  emerges 
i s  the  addi t iona l  inadequacy of t he  f i c t i t i o u s  f i lm  concept, even for  purposes 
of ca lcu la t ion ,  over t he  range of oxygen concentraiions used i n  our experiments. 
Because our range was high, and t h e  oxygen function l n ( 1  - po) could not be 
approximated by po (as  shown i n  Fig. 4) ,  it means t h a t  eqn. (10)-which i s  also 
based on the  same approximation of po f o r  l n ( l  - po) - is  a l so  inadequate to 
descr ibe  the  behaviour of t h e  oxygen concentration over our f u l l  experimental 
range. 
i t  i s  so  complex a s  t o  be va lue le s s  as it is then e a s i e r  t o  so lve  the  i n i t i a l  
d i f f e r e n t i a l  equation and n o t  t o  bother about t he  ' shor t  c u t '  of using an e f -  
f e c t i v e  o r  f i c t i t i o u s  f i l m  thickness.  

Range of Appl icabi l i ty  - The f i n a l  po in t  t o  be considered a s  a consequence of 
these  r e s u l t s  i s  t h e i r  range of app l i cab i l i t y :  
c a t i o n  i s  of p a r t i c u l a r  importance. 

Now, what w e  have e s t ab l i shed  so f a r  is t h a t  the  s o l i d  sur face  r eac t ion  is  f i r s t  
order a t  a temperature a s  low as 1000°C. This, however, was unexpected, being 
abaut 200° lower than the  expected value of the  'higher c r i t i c a l  temperature'. 
This was estimated, by assessment (7) of the  ava i l ab le  l i t e r a t u r e ,  a t  1200°C. 
Below tha t ,  through t h e  t r a n s i t i o n  range down t o  800"C, t he  r eac t ion  order was 
expected t o  drop progress ive ly  from uni ty  t o  zero. 
apparent cont rad ic t ion  would appear t o  be a consequence of t he  inf luence  of the 

This 

An e f f e c t i v e  f i l m  th ickness  can s t i l l  be defined, but t he  expression for 

5.3 
t he  temperature range of appl i -  

The explanation f o r  t h i s  



t 
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ambient gas  v e l o c i t y  on t h e  boundary layer  thickness. 
ve loc i ty  i s  t o  promote such increased speed of mixing of the ambient gases that  
t h e  thickness  of the boundary layer,  however defined, i s  progress ive ly  reduced. 
I n i t i a l l y ,  t h i s  must s teepen t h e  oxygen concentrat ion gradient ,  with t h e  r e s u l t  
tha t  both oxygen t ransfer ,  and therefore  r e a c t i o n  rate, a r e  increased. This 
increase can proceed j u s t  so fa r ,  up t o  t h e  poin t  t h a t  t h e  rate of chemisorption 
exceeds the  r a t e  of reac t ion ,  and a t  that  point  t h e  coverage of the s o l i d  
surface by t h e  chemisorbed f i l m  must increase ;  t h e  s y f a c e  r e a c t i o n  order  then 
becomes f rac t iona l ,  and can drop progressively t o  zero as t h e  ambient v e l o c i t y  
a l so  increases. This means t h a t  t h e  t r a n s i t i o n  range of temperature between t h e  
two extreme r e a c t i o n  condi t ions i s  v e l o c i t y  dependent. This dependence i s  shown 
very c l e a r l y  by t h e  s i n g l e  sphere experiments of Tu, Davis, and Hot te l  (12), but 
t h e  a n a l y t i c a l  funct ion r e l a t i n g  the  two i s  s t i l l  unknown. 

It would therefore  seem t h a t  previously published experiments t h a t  were assessed 
a s  showing a f i r s t  order  r e a c t i o n  only down t o  12OO0C, cannot y e t  be d i r e c t l y  
cor re la ted  w i t h  t h e  r e s u l t s  of our experiments because the  previous ones were 
c a r r i e d  out  i n  flowing systems, w h i l s t  ours  were i n  e f f e c t i v e l y  quiescent systems. 
The increased f i l m  thickness  t h a t  must have e x i s t e d  i n  our experiments can 
account q u a l i t a t i v e l y  f o r  t h e  f i r s t  order r e a c t i o n  down a s  low as 1000°C, but  
t h i s  i n t e r - r e l a t i o n  between temperature and v e l o c i t y  is now, i n  our opinion, t h e  
most outstanding problem of the combustion system r e q u i r i n g  t o  be resolved by 
fu ture  work. 

The e f f e c t  of ambient 

6. CONCLUSIONS 

For-coal  p a r t i c l e s  i n s i d e  t h e  s i z e  range 350 microns t o  2 m.m., burning i n  
v i t i a t e d  and enriched O2 atmospheres (3% to  70%), a t  about 1000°C, under quiescent 
ambient conditions, t h e  combustion behaviour was found t o  be as  follows: 

(1) Qual i ta t ive  behaviour was, i n  general, s imi la r  t o  t h a t  observed previously 
w i t h  coal  p a r t i c l e s  burning i n  a i r ;  f o r  p a r t i c l e s  l a r g e  enough, combustion proceded 
i n  two sequent ia l  s tages:  
res idue  combustion. 

(i) v o l a t i l e  evolut ion and combustion; followed by ( i i )  

(2) P a r t i c l e s  be low 1 m.m. tended t o  produce too s m a l l  a quant i ty  of v o l a t i l e s  
f o r  t h e i r  combustion, because of low l i m i t  requirements. The frequency of t h i s  
combustion f a i l u r e  tended t o  increase  as the oxygen concentrat ion w a s  reduced. 
3% oxygen, even t h e  res idues  f a i l e d  t o  ign i te .  A t  high oxygen concentrat ions the  
p a r t i c l e s  ign i ted  and burned s a t i s f a c t o r i l y ,  but  they showed increas ing  tendency t o  
d e c r e p i t a t e  o r  explode. 

A t  

(3) Quant i ta t ive ly ,  only t h e  res idue  combustion was examined i n  d e t a i l .  Burn- 
ing times of the  res idues  ( tb)  were found experimentally t o  obey t h e  r e l a t i o n  p r e d i c t -  
ed from the  Nusselt d i f f u s i o n  theory of r e a c t i o n  control :  

where po i s  t h e  ambient oxygen concentrat ion;  and m is a p r e d i c t a b l e  constant. 
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(4) The r e s u l t s  a l s o  
between the  constant m and 

', 

! 
i 

showed good agreement w i t h  t h e  following predic ted  r e l a t i o n  
t h e  init ial  p a r t i c l e  diameter G: 

2 2  m = I d o  

i where M i s  another p red ic t ab le  cons tan t .  

( 5 )  The experimental va lue  of t h e  second constant M w a s  a lso  found t o  be in  good 
agreement w i t h  the predic ted  value,  as ca lcu la ted  from t h e  r e l a t i o n  

0 -75 . .  3 = [(cf/l0o)/f] ~ / 3  p D, (T/T,) 

where Cf is the  f ixed  carbon of the  coal;  f is the  swelling f a c t o r  (of value 1.5 f o r  
bituminous coa l s ) ;  @ i s  the  s o l i d  p a r t i c l e  density;  Qo i s  t h e  s.t.p. density of a i r ;  
Do is the  s.t.p. c o e f f i c i e n t  of oxygen d i f fus ing  through n i t rogen;  T i s  the  absolute 
temperature and To is the  r e fe rence  temperature of 273°K. The predic ted  and experi-  
mental va lues  of M2 were in f a c t  i den t i ca l ,  a t  225;  although this exact agreement was 
f o r t u i t o u s  it is  s t i l l  e n t i r e l y  s a t i s f a c t o r y  wi th in  the expected limits of e r ro r ,  

(6) The burning cons tan t  K i n  the  Nusselt  square-law equation 

was a l so  calculated,  being g iven  by 

2 K = M /ln(l - po) I 

The va lue  was 957 c.g.s. un i t s ,  and t h i s  is in  adequate agreement wi th  values obtained 
previously f o r  t h i s  same coa l  under s imi l a r  (though not  i den t i ca l )  experimental con- 
d i t ions .  

(7) This genera l  agreement wi th  pred ic t ion  the re fo re  subs t an t i a t e s  t h e  primary 
assumption of t he  t h e o r e t i c a l  ana lys i s :  
p a r t i c l e  su r face  with r e spec t  t o  oxygen concent ra t ion  i s  unity.  
the  r e s u l t s  t h a t  the r a t e  of d i f f u s i o n  i s  the  slow s t e p  t h a t  dominates the  reac t ion  
ra te ,  and t h a t  the  importance of  t he  chemisorption process i s  neg l ig ib l e  under the  
conditions of experiment. There is background evidence from other -previous  experi-  
ments, however, ind ica t ing  t h a t  t h i s  i s  t r u e  only f o r  t h e  f u l l y  quiescent system; 
and tha t ,  i n  a ve loc i ty  f i e l d  a t  these temperatures, the chemisorption process i s  
l i k e l y  t o  become s ign i f i can t ,  and increas ingly  so with  increas ing  ve loc i ty .  
now the outstanding po in t  r equ i r ing  inves t iga t ion  in any subsequent work. 

t h a t  t he  order  of r eac t ion  a t  the s o l i d  
It a l s o  follows from 

This is  

4 

f 
The work described i n  t h i s  paper formed a p a r t  of a genera l  program of research 
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VdUeS of log,[ Ine(l-h)] 

FIG I - Double logarithmic plot of burning time, tb.0gainsl 
the oxygen p r t d  pressure function, lnJ-& 

FIG 2- Llneor plot of burning tune, t b  ,agoinst the reciprocal of the oxygw, dartlol preSSure 
function Ine( I-PO ) 
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Values of Initial particle dlometer do(mccrons) 

FIG 3- Variation of square root of fig 2 slopes (m)  as a function 
of initial diameter of particle (do)  
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Values of oxygen penentage (IOOp, 

FIG. 4-Voriaticm of oxygen function In&-pO) 
with oxygen putial pressure po. 
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