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1. INTRODUCTION 

Coal p a r t i c l e s  burning i n  oxygen-vi t ia ted and enriched atmospheres, 
a t  about 1000°C, have been shown by Previous work ( 1 , 2 , 3 )  t o  burn i n  t h e  
expected two-stage process  of: v o l a t i l e s  combustion; fol lowed by burn-out 
of t h e  s o l i d  carbon r e s i d u e  remaining. The same work a l s o  showed t h a t  the  

by which t h e  burn-out t ime (t ) was d i r e c t l y  p r o p o r t i o n a l  t o  t h e  square of t h e  

p r e d i c t i o n  of t h e  res idue  beaavior  and experiment was genera l ly  found t o  be 
adequate t o  good (1 , 2) t h e r e  were s e v e r a l  quest ionable  p o i n t s  i n  t h e  theoretical!  
assumptions made i n  t h e  modified (5,6) Nussel t  theory used. These assumptions A 
cen tered  p r i n c i p a l l y  on the suggested behavicr  of t h e  p a r t i c l e s  on swel l ing ,  
and t h e  u l t i m a t e  e f f e c t  t h i s  could have on t t e  combustion behavior ,  p a r t i c u l a r l y '  
i f  t h e  p a r t i c l e s  formed hollow cenospheres (5,8). Severa l  ques t ions  were 
s e t  up by t h i s ,  a s  fol lows:  (1) How much d i d  t h e  p a r t i c l e s  swell? (2) Was 
t h i s  swel l ing  reasonably i s o t r o p i c ?  (3) Hob d i d  swel l ing  change with coa l  ' 
rank? (4) D i d  t h e  p a r t i c l e s  form cenospheres? (5) D i d  cenosphere formation, 
i f  any, a f f e c t  t h e  mechanism of burn-out, anc i f  so how would this a f f e c t  
t h e  t h e o r e t i c a l  ana lys i s?  (6) What in f luence  d i d  p a r t i c l e s  shape have 
on t h e  f i n a l  shape af ter  swel l ing ,  and t h e r e f o r e  on t h e  combustion behavior? 
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s o l i d  res idues  burned according t o  t h e  Nusse l t -pred ic ted  (4) "square-law" , I' 
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i n i t i a l  p a r t i c l e  diameter  (d f . However , al though t h e  agreement between 

A 

,1 To answer t h e s e  ques t ions  as f a r  a s  p o s s i b l e ,  a number o f  p a r t i c l e s  
from each of t h e  1 0  c o a l s  used i n  t h e  previous i n v e s t i g a t i o n s  (1 ,2 ,3)  were 
photographed during combustion, and it was found t h a t  reasonably s a t i s f a c t o r y  1 
answers t o  a l l  s ix q u e s t i o n s  were obtained w i t h ,  i n  a d d i t i o n ,  f u r t h e r  informatio, 
on s w e l l i n g  p r o p e r t i e s  o f  coa l  p a r t i c l e s .  

The purpose of t h i s  paper  i s  now t o  d e s c r i b e  t h e  photographic experiments ti 
1 c a r r i e d  o u t ,  t h e  r e s u l t s  obtained,  and t h e  answers t h a t  were provided,  by 

t h e s e ,  t o  t h e  ques t ions  given above. 

2 .  EXPERIMENTAL / 

Whilst t h e  c o a l  p a r t i c l e s  were burning, i n  t h e  combustion u n i t  descr ibed 

p i n  t h e  previous papers  (1,2,6), they  were photographed us ing  a continuously 
running camera adapted t o  take  i n t e r m i t t e n t  exposures. 

2 .1  
same as t h a t  descr ibed i n  t h e  first two p u b l i c a t i o n s  o f  t h i s  work (1,2). 
The p a r t i c l e s ,  i n  t h e  s i z e  range 0.5 t o  2 m.m., were cemented t o  f i n e  s i l i c a  

,, 
Combustion Uni t  - The method of burning t h e  p a r t i c l e s  was exac t ly  t h e  ' 
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t h i n i d s  w i t h  a high temperature cemeil 
between two hea t ing  c o i l s  made of e l e c t r i c a l  r e s i s t a n c e  wire  wound i n  f l a t  
s p i r a l s .  These c o i l s  were about 1.5 m.m. a c ros s ,  and mounted wi th  t h e i r  planes 
I ior izontal  about 1.5 m.m. apa r t .  The c o i l s  were hea ted  e l e c t r i c a l l y ,  t o  about 

and then  suspended, c a n t i l e v e r  fashion , 

1000°C. 

2.2 Py ro lys i s  U n i t  - For  a few experiments, c a r r i e d  out  on one coa l  a lone,  
tile combustion u n i t  descr ibed  above was enclosed i n  a b r a s s  box, with observa- 
t i o n  windows, t h a t  could be f lu shed  out  wi th  C02. This  made it poss ib l e  t o  
observe the  behavior, and measure the  swe l l ing  of p a r t i c l e s  j u s t  pyrolysing 
without  burning. . 
2 . 3  Opt ica l  Unit - To i l l umina te  t h e  p a r t i c l e s ,  a 36-watt c a r  headlamp bulb 
was placed  a t  the  f o c a l  p o i n t  of a IO-cm. f.1. l e n s  t o  produce a p a r a l l e l  
beam of  l i g h t .  The p a r t i c l e  combustion, o r  p y r o l y s i s , u n i t ,  w a s  p laced i n  
t h i s  p a r a l l e l  beam, about 20-cm. from t h e  f i rs t  l e n s ,  and about t h e  same 
d i s t ance  i r o m  a s i m i l a r  l e n s  which then  c rea t ed  a r e a l  image of t h e  burning 
p a r t i c l e  a t  about a one-to-one magnif icat ion.  This  image, t h e r e f o r e ,  could 
e x i s t  a l s o  a s  a r e a l  o b j e c t ,  we l l  c l e a r  of any hea t  source ,  that  could be 
magnified t o  any requi red  degree by a s u i t a b l e  shor t - focus  ob jec t ive  c lose  
t o  t h i s  r e a l  object .  The second image from t h i s  could then be p ro jec t ed  
onto a s c reen ,  o r  i n t o  a s u i t a b l e  camera. 

2.4 Camera - The one used was a C o s s o r  35 m.m. Osci l loscope camera, with an 
adapta t ion  t o  provide inue rmi t t en t  exposures on cont inuously moving f i l m .  A 
glass screen was l i g h t l y  ground with abras ive  and p laced  a t  the end of the  
camera tube,  i n  t h e  same r e l a t i v e  pos i t i on  as t h a t  normally occupied by the  
Osci l loscope screen.  The p a r t i c l e  image provided by t h e  o p t i c a l  u n i t  was 
p ro jec t ed  onto t h i s  s c reen ,  a t  a n e t  magnif icat ion of about 5,  and L-his image 
was then photographed (from t h e  r eve r se  s ide)  by t h e  Osci l loscope camera. 
This  f i n a l  s tage  diminished t h e  image, bu t  t h e  o v e r a l l  magnif icat ion was s t i l l  
about 2 .  By t r i a l  and e r r o r  it was found t h a t  t h e  g l a s s  sc reen  could not  be 
too  l i g h t l y ,  o r  t o o  heavi ly  ground: i n  t h e  f i i - s t  i n s t a n c e  t h e  con t r a s t  
between image and surroundings was t o o  f a i n t ;  and i n  t h e  second, t oo  l i t t l e  
l i g h t  was I-eaching t h e  f i l m .  

2.5 Exposure Unit - Since the  35 m.m. recording s t r i p  was moving cont inuously,  
it would have b lur red  any time exposure t h a t  was o f  adequate dura t ion  t o  
a f f e c t  t he  emulsion used,  even a t  t h e  low speed of t r a v e r s e  involved.  (?he 
evuls ion  was on opaque record ing  paper ,  n o t  on t r anspa ren t  f i l m  s t r i p . )  A 
r o t a t i n g  glass p l a t e  was t h e r e f o r e  p laced  i n  the  p a r a l l e d  l i g h t  beam, between 
the  p a r t i c l e  and the  second l ens .  A s  t h e  p l a t e  r o t a t e d ,  it moved the  image 
formed a t  t h e  camera and, by a d j u s t i n g  t h e  r a t e  of r o t a t i o n ,  t h e  speed of 
motion o i  t h e  image and record ing  paper  could be matched (on t h e  same p r i n c i p l e  
a s  that  used by the  Eastax camera). This  produced a c l e a r  image and, by 
incn rpora i ing  a simple s h u t t e r ,  a s e r i e s  of s i n g l e  exposures could be taken. 
F i n a l l y ,  t h e  r o t a t i o n  was synchronized with t h e  camera by us ing  gears  and 
sp ind le s  o f  Meccano (a type  of E r rec to r  s e t )  t o  take  a d r ive  o f f  t h e  camera 
motor. Timing of t h e  frames was then obtained by t iming  a given number of 
revolu t ions  o€ t he  r o t a t i n g  p l a t e .  

2 .6  
i s  given i n  d c t a i l  i n  t h e  previous papers  (1,2,6). They were crushed and 
ground by harid i n  a p e s t l e  and mor ta r ,  and then  s ieved  mechanically using t h e  
complete sequelice of B r i t i s h  Standard s i eves  from 3/16'' t o  52 mesh (4760 t o  
295 m i  ct-oris) . 
wct-e almut 2 m.m. 

C o a l  P r e p a a t i o n  and Data - Information on gr inding  and s i e v i n g  the  c o a l s  

In these  photographic s t u d i e s ,  t h e  p a r t i c l e  s i z e s  mostly used 



Table  1 
Coal  Analyses  and Data 

(lA) Ul t ima te  Ana lys i s  (d .m.f  .] 
C H 0 N S  V ------ Coal 

(1) S t a n l l y d  
(Blaunhirwaun) 93 .00  3.35 1.59 1 .33  0.73 9.9 

(2) F ive  f t .  
(Deep Duffryn) 

(3) Two f t .  Nine 
-unknown- 

(4) Red Vein 
(Ci le ly)  

(5) Garw 
(Cwm T i l l e r y )  

(6) S i l k s t o n e  
(Elsecar )  

(7) Winter  
(Grime t h r  ope) 

(8) Cowpen 
(Northumberland) 

(9) High Hazel 
(Thorne) 

(10) Lor ra ine  
(Faulquemont) 

91.80 

91.20 

89 .70  

8 8 . 9 0  

86.90 

84.. 00 

82.70 

81.90 

79.25 

4.08 

4.35 

4.66 

4; 9 9  

5.79 

5.47 

5 . 4 0  

5 .57  

5.13 

2.32 

2.54 

3.55 

4.50 

5.50 

8.29 

9.60 

10.52 

14.16 

1.42 

1;65 

1.67 

1.33 

1.51. 

1.851 

1.8(1 

1 511 

0.9!1 

0.38 1 4 . 9  

0.26 28.8 

0.42 23.3 

0.28 30.6 

0.30 41.5 

0.39 39.3 

0.50 40.2 

0.43 40.7 

0.51 40.2 

(1B) Proximate  Ana lys i s  and Other Data 
B. S.  

Coal 
(1) S t a n l l y d  
(23’ Five f t .  
(3) Two f t .  Nine 
(4) Red Vein 
(5) Garw 
(6) S i l k s t o n e  
(7) Winter 
(8) Cowpen 
(9) High Haze l  

(10) Lor ra ine  

V& H&l Ash co 
7.9 1.3 2.9 &3 

1 2 . 6  0.9 3.9 0.26 
28.9 0.8 22.2 13.3 
20.5 1.0 1 . 6  0.04 
27.7 1.0 3.7 0.05 
39.6 1.3 1 .7  0.35 
3 6 . 0  2.6 1.7 0.77 
34.6 7.3 4.1 0.95 
36.7 5 . 1  1.0 0.0 
3 5 . 0  5.0 5.9 0.52 

s w .  No 
d c c .  

n.c.  1 .38  
1 1.40 
1 1 . 3 6  
61’2 1 . 3 4  
4 1.31 
4x2 1.28 
3 1 . 2 5  
1 1.27 
1 1.27 

11.c. 1.36 

&g c,, (_C,,/Cf) 

90 .1  2.9 0.03 

85.1 6.7 0.08 

71.2 20 .0  0.28 

76.7 1 3 . 0  0.17 

69.4 19 .5  0.28 

58.5 18.4 0.49 

60.7 23.3 0.38 

59.8 22.9 0.38 

59.3 22.6 0.38 

59.8 1 9 . 5  0.32 

M m ___.-  
0 . 8 7 1  3.06 
0.993 3.20 
1.150 3.15 
1 . 7 9 4  3 .01  
0.934 3.04 
0.690 3 .00  
0.848 3.06 
1.000 3.17 
0.941 3.04 
0.919 3 . 0 1  
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f u l l  
r e l a t i  on 

Tlic C O , ~  niialyses a r e  given i n  Table 1, which a l s o  
.ci.ticle size range, t h e  s i z e  coe f f i c i en t s  (M and m) i n  
ctweeii wcight (wo) and i n i t i a l  diameter (do) : 

m 
w = M.dO 
0 

gives  f o r  the 
t h e  empir ica l  

(1) 

method h e r e  El and ni a r e  empir ical  cons tan ts  determined experimental ly .  The 
01- determining M and m has  a l ready  been descr ibed (2) b u t ,  b r i e f l y ,  required 

-he weighing of groups of p a r t i c l e s  from a number of s i e v e  c u t s  t o  determine 
T~ (the mean weight pe r  p a r t i c l e )  a t  a given mean s i e v e  ape r tu re  a s  diameter ,  
I,. The b e s t  values  of M and m were then  determined by t h e  method of l e a s t  
squares. 

3. THEORY 

The "square-law" r e l a t i o n  r e f e r r e d  t o  i n  t h e  In t roduc t ion  w a s  f irst  
levived by Nussel t  (4) f o r  hea t  and mass t r a n s f e r  t o  and from a sphere. This 
theory ~ and necessary modif icat ions f o r  app l i ca t ion  t o  swel l ing  coa l  p a r t i c l e s ,  
ias  been adequately covered i n  the  previous papers  and pub l i ca t ions  (1-3,5,6) ; 
the purpose of t h i s  s ec t ion  i s  t o  i n d i c a t e  how t h e  theory  may be modified 
€u r the r  i f  needle- l ike  coa l  p a r t i c l e s  a r e  t r e a t e d  a s  cy l inde r s  i n s t ead  of 
;pIieres. \ 

For both systems t h e  approximation of s i n g l e  d i f f u s i o n  of oxygen 
through s t a t i o n a r y  n i t r o % n  i s  used. The Stephan flow (9) i s  a l s o  neglected 
s ince t h e  previous s t u d i s  (1,2) showed t h i s  t o  be a v a l i d  approximation 
For oxygen i n  a i r  and v i t i a t e d  a i r  atmospheres (though n o t  f o r  enr iched 
itmospheres ( 3 ) ) .  

The s t a r t i n g  po in t  f o r  both t h e o r i e s  (sphere and cy l inder )  i s  F i c k ' s  
Law f o r  d i f fus ion:  

1 

g = -D(dN/dr) 
1 

ihere  i s  the  number of  molecules d i f f u s i n g  across  u n i t  a r e a  i n  u n i t  time; 
D i s  the  d i f fus ion  c o e f f i c i e n t ;  and dN/dr is 
gradien t  a t  any d i s t ance  r from t h e  center  of 

The next  s t e p  i s  t o  wr i t e  t h e  cont inui ty  
d i f f e r e n t  f o r  each system. For  t h e  sphere we 

ulliilst f o r  the  cy l inder  
1 I 

a.gs = r.g 

t h e  oxygen concent ra t ion  
t h e  sphere. 

equat ion which i s  s l i g h t l y  
have : 

This makes the  d i f f e rence  i n  t h e  so lu t ions  f o r  6 
g and i n t e g r a t i n g ,  we have: 

s i n c e ,  on s u b s t i t u t i o n  f o r  
s 

sphere : 

cy1 .in de I -  : 

1 

-gs = D(No - Ns) / a 
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where t h e  s u b s c r i p t s  t o  N a r e  f o r  t h e  main stream values  and t h e  s o l i d  sur face  
va lues  respec t ive ly ;  a is t h e  p a r t i c l e  r a d i u s ;  and r i n  eqn. (4b) i s  t h e  
d i s t a n c e  at, which t h e  main stream'.value of-N is r e a c h d .  - I n  eqn. (4a) t h i s  
is  taken as i n f i n i t y ,  and t h e  te rn i - in  r vanishes .  In  eqn.. (4b) t h e  equation 
becomes meaningless, i f  r i s  taken as  Ynfinity.  
consider  t h e  equat ion f o r o t h e  mass t r a n s f e r  c o e f f i c i e n t  k. 

A l l  we can do then i s  t o  
This  is: 

1 

gs = -km0 - Ns) (5) 

But t h e  mass t r a n s f e r  c o e f f i c i e n t  i s  r e l a t e d  t o  t h e  Nussel t  number f o r  mass 
t r a n s f e r  by the  d e f i n i t i v e  group; 

Nu = k(2a) /D (6 )  

For t h e  sphere,  i t  can be shown from eqn. (4a) t h a t  i n  quiescent  condi t ions ,  
Nu t a k e s  t h e  value 2. Experimentally,  it has a l s o  been shown by d a t a  (10) 
quoted by Gruber and Erk (11) t h a t  Nu a l s o  tends t o  a cons tan t  va lue ,  of 
0.43, f o r  t h e  c y l i n d e r  i n  quiescent  ambient condi t ions.  If we assume t h a t  th3 
holds  general ly ,  w e  than  g e t  t h e  a l t e r n a t i v e  equat ion f o r  t h e  cy l inder :  

1 

- gS = 0.215D(td 0 - Ns) / a (4cl 

which, c l e a r l y ,  d i f f e r e  from eqn. (4a) only by t h e  f a c t o r  0.215. From e i t h e r  
equat ion ,  we have t h a t  t h e  s p e c i f i c  r e a c t i o n  r a t e  i s  inverse ly  propor t iona l  
t o  t h e  rad ius .  I n t e g r a t i n g ,  as i n  t h e  previous analyses  f o r  t h e  sphere,  w e  
get f o r  t h e  v a r i a t i o n  of diameter with time: 

where K is  t h e  burning c o n s t a n t ,  given by (2,.5) 

(8 a) f o r  t h e  sphere Ks = e/ 3 fi Dopo(IC/TJ 0.75 

(8b) K = K / 0.215 = 4.65Ks and f o r  t h e  cy l inder  

s o  a cy l inder  of r a d i u s  a should s t i l l  burn according t o  a square l a w ,  b u t  
t ake  u p t 4  o r  5 t i m e l o n g e r  t o  burn out  than  a sphere. 

L S 

3. RESULTS 

3.1 
p a r t i c l e s  were burned (compared wi th  over a 1000 i n  t h e  previous to ta l -burn in  
t ime s t u d i e s ) .  The p a r t i c l e s  were mostly cubic  i n  nominal appearance, t h i s  
be ing  t h e  same p r i n c i p a l  b a s i s  of s e l e c t i o n  as i n  t h e  previous s t u d i e s ,  bu t  
a few were needle shaped p a r t i c l e s  s e l e c t e d  t o  study t h e  i n f l u e n c e  of shape. 

General Behavior - I n  t h e s e  photographic s t u d i e s ,  between 30 and 40 

The burning p a r t i c l e s  a l l  exhib i ted  t h e  c h a r a c t e r i s t i c  behavior of 
v o l a t i l e s  generat ion and combustion,with swel l ing  during t h e  v o l a t i l e s  combus 
phase; 
t h e  photographic r e c o r d s  and p l o t t i n g  t h e  square of t h e  diameter aga ins t  
frame number (as Time), t o  test eqn. (7), 
of p l o t s  obtained . 
t h e  Cowpen coal.  
by t h e  sudden rise and f a l l  of t h e  curve a t  t h e  s t a r t  of combustion. 
i n  a i r  i s  t h e r e f o r e  a two-stage process ;  
followed by a c o n t r a c t i o n .  

t h i s  was fol lowed by res idue  burn-out. Diameters were measured from 

t h e  Figures  1 and 2 show t h e  type 
F igure  1 i s  f o r  t h e  S t a n l l y d  a n t h r a c i t e ,  and Figure 2 f c  

I n  t h e  l a t t e r ,  t h e  e f f e c t  of swel l ing  is  c l e a r l y  i l l u s t r a t c  
SwelliI 

f i r s t  t h e r e  i s  a l a r g e  expansion, 
I n  C02 t h e r e  w a s  only expansion, no contract ion.  
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tlic end of tlic cont rac t ion ,  t h e  l i n e  i s  seen t o  f l a t t e n  out :  t h i s  i s  t h e  
idue  combustion. The curve of Fig.  2 i s  t y p i c a l  of a l l  t h e  bituminous 
Is .  wliatcver t h e i r  swel l ing number. 

Swell ing and Swelling Factor  - f - The i d e n t i f i c a t i o n  of t h e  peak i n  Fig.  2 
11 t h e  per iod  of v o l a t i l e s  generat ion was more or l e s s  s e l f - e v i d e n t ,  but  
t h e r  ~ p o s i t i v e  i d e n t i f i c a t i o n  w a s  provided by simultaneously record ing  t h e  
l i t  output  from the  p a r t i c l e  with a photocel l .  This technique had ,been 
d i n  t h e  previous s t u d i e s  (1,2) t o  determine t h e  t o t a l  burning t ime,  

l i t  had been found during those t h a t  t h e  per iod  of v o l a t i l e s  evolu t ion  
1 combustion c o r r e l a t e d  with a c h a r a c t e r i s t i c  t r a c e  i n  t h e  record  of t h e  
t o c e l l  output.  This t r a c e  was a random high frequency o s c i l l a t i o n  due t o  

f l i c k e r i n g  flame from t h e  v o l a t i l e s  combustion. I d e n t i f i c a t i o n  of t h i s  
i r a c t e r i s t i c  t r a c e ,  and comparison with t h e  photographs,showed t h a t  t h e  
T i c l e s  s t a r t e d  t o  swell a l i t t l e  i n  advance of t h e  s ta r t  o f  t h e  v o l a t i l e s  
ibustion; 
1 cont rac t ion  per iod;  and t h e  s t a r t  of t h e  res idue  combustion c o r r e l a t e d  
-1 with t h e  s t a r t  of t h e  f i n a l  l i n e a r  p o r t i o n  of t h e  p l o t  o f  Fig.  2 .  

t h e  v o l a t i l e s  continued t o  burn r i g h t  through t h e  main expansion 

With t h i s  p o s i t i v e  i d e n t i f i c a t i o n ,  measurements were t h e n  made of some 
*egmlar shaped p a r t i c l e s  t o  check t h e  degree of i so t ropism i n  t h e  swelling. 
? p a r t i c l e s  s e l e c t e d  f o r  t h i s  were q u i t e  long ,  rec tangular  or needle-shaped 
-titles: t h e  s e l e c t i o n  being based on t h e  assumption t h a t  i f  they broke 
1 - i s o t r o p i c a l l y ,  they would be t h e  most l i k e l y  t o  s w e l l  non- i so t ropica l ly .  

sely t h e  same propor t ion ,  a s  with s u b s t a n t i a l l y  a l l  t h e  o t h e r  p a r t i c l e s  
idied.  

th2 event ,  they swel led q u i t e  uniformly, a l l  dimensions changing i n  approxi- 

Swelling dctcrminat ions were then  carried out  on s e l e c t e d  p a r t i c l e s  of 
L t h e  c o a l s  t o  determine t h e i r  average swel l ing  f a c t o r s .  The s w e l l i n g  
: tor ,  f ,  w a s  def ined a s  t h e  r a t i o  (ds/dJ , d 
xmeter, and d 
3 values  of tais r a t i o ,  f ,  a r e  summarized i n  Table 2 f o r  t h e  t e n  c o a l s .  
1 be seen,  t h e  s c a t t e r  i s  q u i t e  wide f o r  any given c o a l ,  b u t  t h e  average 

<. swel l ing  numbers. This r e s u l t  was q u i t e  unexpected, and it r a i s e s  i n  
? s t i o n  t h e  meaning of such q u a n t i t i e s  a s  B.S. swel l ing  number. The d i f fe rence  
tween swel l ing  f a c t o r  and number i s  obviously dependent on t h e  d i f f e r e n t  
Jer imental  condi t ions i n  t h e  methods of measurement. I n  c o n t r a s t  t o  t h e  
21l ing- fac tor  measurements on s i n g l e ,  uncons t r ic ted  p a r t i c l e s ,  a s  descr ibed 
w e ,  Swelling Number t e s t s  a r e  made on groups of p a r t i c l e s  under some degree 
c o n s t r i c t i o n ,  and a r e ,  t h e r e f o r e ,  p a r t l y  a b l e ,  and p a r t l y  forced  t o  swel l  

t o  each o ther .  I n i t i a l l y ,  a t  low v o l a t i l e  content  i n  t h e  bituminous range,  
e re  i s  l i t t l e  loss,  and t h e r e f o r e  l i t t l e  increase  i n  p o r o s i t y .  However, 
t h e  v o l a t i l e  content  (and l o s s )  i n c r e a s e s ,  t h e r e  is  more and more space 
ad jo in ing  p a r t i c l e s  f o r  o t h e r s  t o  swel l  i n t o ,  thus  producing t h e  charac te r -  

being t h e  i n i t i a l ,  co ld  
being t h e  diameter a t  t h e  s t a g t  of t h e  r e s i d u e  combustion. 

As 

very c l o s e  t o  1.5 f o r  a l l  t h e  bituminous c o a l s  used,  i r r e s p e c t i v e  of the  

t i c  inver ted  'U' curve of t n e  swel l ing  or caking index a g a i n s t  c o a l  rank. 

3 Residue Burn-Out - Study of t h e  res idue  burn-out was t h e  most c r u c i a l  
m t  examined. 
ameter a s  the p a r t i c l e  burned out .  S i n n a t t  and o t h e r s  (7,8) had shown 
ny years  ago t h a t  c o a l  p a r t i c l e s  carbonizing i n  n e u t r a l  or reducing atmospheres 
Ll form hollow s h e l l s ,  genera l ly  known as cenospheres,  t h e  optimum tempera- 
r n  of formation being between 600 and 70OoC. If such a change occurred t o  
c s i n g l e  p a r t i c l e s  before t h e  res idue  combustion, then t h e  theory of t h e  
s s e l t  a n a l y s i s ,  or any o t h e r  s i m i l a r  a n a l y s i s ,  would be q u i t e  inappl ica lbe  

The p a r t i c u l a r  p o i n t  of i n t e r e s t  here  was i n  t h e  change of 



s ince  these  depend on t h e  assumption of r eac t ion  a t  t h e  exposed nominal 
o r  s u p e r f i c i a l  su r f ace ,  a lone ;  a l s o  t h e  i n t e g r a l  of the  burning rate depends 
on t h e  f u r t h e r  assumption of uniform p a r t i c l e  dens i ty ,  r i g h t  down t o  zero 
r ad ius .  

This  was i n  essence t h e  b a s i s  of Ornings c r i t i c i s m  (12) of one of t he  
previous papers  ( 2 ) .  
f i n i t e  rad ius  a s  t h e  lower l i m i t ,  and no t  t o  zero r ad ius .  However, t h e  
experimental  r e s u l t s  do not  suppor t  t h e  expec ta t ions  based on t h e  cenosphere 
formation,  bu t  they do suppor t  t h e  r e s u l t s  based on the  o r i g i n a l  assumption 
of uniform dens i ty  r i g h t  down t o  zero r ad ius .  
Fig.  2 show qu i t e  c l e a r l y  t h a t  t h e  r!esults obey eqn. . ( lo ) .  This means t h a t  
t h e  r a t e  of burning ( W d t )  i s  p ropor t iona l  t o  t h e  rad ius  o r  diameter ,  down 
t o  q u i t e  small  r a d i i .  Few p a r t i c l e s  could be followed r i g h t  down t o  zero 
r ad ius  because of t h e  d i f f i c u l t y  of measuring l ~ s s  than one mi l l imet re  on the  
record ing  s t r i p s ,  bu t  most could be followed t o  between 70 and 90% l o s s  of 
mass, s o  t h e  agreement found over t h e  measured I-ange j u s t i f i e d  ex t rapola t ion  
t o  burn-out.  

E x p l i c i t l y  he mentioned t h e  need t o  i n t e g r a t e  t o  Some 

The curves of t h e  type  of 

The s lope  of t h e  burn-out s e c t i o n  of t h e  curves i s  given by eqn. (7) as 
1 / K .  As a check'on t h e  magnitudes t o  be expected,  these  were ca l cu la t ed  f o r  
many of t h e  p a r t i c l e s ,  and t h e  va lues  found ranged from 1000 t o  2000 sq.cm./sei 
i n  good genera l  agreement wi th  t h e  va lues  previously repor ted  (2). 
f u r t h e r  subs t an t i a t ion  of t h e  conclusion t h a t  t he  p a r t i c l e s  a r e  of  uniform 
dens i ty  r i g h t  t o  t h e  cen te r .  Because of t h e  Val-iation i n  the behavior of 
s i n g l e  p a r t i c l e s ,  t h e  s c a t t e r  was about t h e  samc: as t h a t  found f o r  t h e  t o t a l  ' 

burning-time measurements made previous ly ,  bu t  because of t h e  much smaller  numl 
of measurements made, t hese  a d d i t i o n a l  va lues  have l e s s  meaning and prec is ion  
compared with the  prev ious ly  determined values .  

This  i s  

4. DISCUSSION 

4.1 General - With t h e  d a t a  a v a i l a b l e ,  t h e r e  i:; l i t t l e  more t h a t  can usefu l ly  
be added t o  comments a l r eady  made on t h e  f o r e g o n g  r e s u l t s .  To our mind these  
e s t a b l i s h  t h a t  t h e  p a r t i c l e s  u sua l ly  swel l  i s o t - o p i c a l l y ,  with a swel l ing  
f a c t o r  t h a t  is remarkably cons t an t  over a wide I-ange of coa l  rank (10 t o  40% V 
This  a lone is thought t o  be a p o i n t  of cons iderable  i n t e r e s t  and importance. 
There was g rea t e r  s c a t t e r  i n  t h e  swel l ing  f a c t o r ,  f ,  between p a r t i c l e s  of 
t h e  same coa l  than t h e r e  was between t h e  average va lues  f o r  d i f f e r e n t  coals .  
This  suggests  t h a t  u s e f u l  a t t e n t i o n  could we l l  lie d i r ec t ed  towards pure 
maceral behavior a s  t h i s  might conceivably be respons ib le  f o r  t he  v a r i a t i o n s  
found. 
though it i s  always p o s s i b l e  t h a t  t h e  peak swel l ing  was a condi t ion of t rue  
cenosphere formation,  wi th  d e s t r u c t i o n  of t h e  cenospheres as t h e  temperature 
rose  above t h e  optimum f o r  t h e i r  formation. 
always r ea l i zed  t h a t  t r u e  cenosphere formation does not  genera l ly  take place 
i n  oxid iz ing  atmospheres above 1000°C. 
worth f u r t h e r  i nves t iga t ion .  
in f luence  of shape f a c t o r .  

4.2 
f i r s t  necessary t o  determine what shapes t h e  p a r t i c l e s  have. 
information on mass and d iameter  given i n  Table 2 ,  considerable  information 
can be obtained as t o  t h e  most probable shapes of the  p a r t i c l e s .  
masddiameter  da t a  i s  c o r r e l a t e d  by eqn. (1). 
coal  d e n s i t i e s ,  (Table 1), t h e  d a t a  a r e  converted t o  a volume/diameter co r re l a  
Let us  now consider a number of r egu la r  shapes a s  follows: 

The p a r t i c l e s  ev iden t ly  do no t  form cenospheres under these  condi t ions 

I n  this connection, i t  is not  

This  aga in  i s  thought t o  be a po in t  
The only p o i n t  no t  y e t  considered is t h e  

Determination of Shape - To d iscuss  t h e  inf luence  of shape,  it is 
With t h e  

The 
If we d iv ide  through by the 

(1) cube of s i d e  
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l+Y 

(2) splicli,c o€ d iane te r  do; (3) c&$nder of diameter do and l eng th  do ; 
(4) r e c t d i g i l d r  block of length  do . (i) wi th  square cross sec t ion  of 
s i d e  d,: ( i i )  with rec tangular  c ros s  sec t ion  o f  s i d e s  do and d z y ;  (5) 
spl~el’oids. i n  both forms: (i) ob la t e  and ( i i )  p r o l a t e ,  wi th  minor axes of 
Length do <uid major of l eng th  dleX.  
t o  tlie dinlensions with a mul t ip ly ing  f a c t o r ,  F ,  a s  i n  t h e  Table following: 

These a l l  have volumes t h a t  can be r e l a t e d  

3. (A) 

3. 

1. 
2.  
3. 
4. 
5. 
6 .  
7. 
8.  
9. 
10. 

Table 3 

P a r t i c l e  Shape F a c t o r , . F  

Regular Shapes 

Volume 

1. Cube 
2. Sphere 
3. Cylinder 
4. Rectangular block 

(i) r egu la r  
( i i )  i r r e g u l a r  

5. Spheroid 
(i) ob la t e  
( i i )  p r o l a t e  

(B) 

S t a n l l y d  
Five E t .  
Two f t .  Nine 
Red Vein 
Garw 
S i lks tone  , 

Winter 
Cowpen 
High Hazel 
Lorraine. 

Coal Data 
(x + Y) 
0.06 
0.20 
0.15 
0.01 
0.04 
0.00 
0.06 
0.17 
0.04 
0.01 

F 

0.63 
0.708 
0.845 
0.592 
0.713 
0.54 
0 .674  
0.787 
0.735 
0.675 

d3+X 
d3+xt y 

K (calc] 

2680 
1 7 2 5  
1365 
1500 
1335 
1 0 8 0  
1 0 9 5  
1055 
1075 
1165 

Factor  (F) 

1 
0.524 
0.7855 

1 
1 

0.524  
0.524 

K(expt) K(calc)/K(expt) 

2125 1.26 
1 2 9 0  1.34 
1470 0.93 
1 4 7 5  1.02 
1 6 1 0  0.95 
1110 0.97 
1 1 2 5  0.97 
1 0 6 0  1.00 
1450 0.74 

992 1.07 

From this it can be seen t h a t  t he  cube and rec tangular  blocks have F f a c t o r s  
of u n i t y ;  t he  sphere and sphero ids ,  values  of 0.524; and t h e  cy l inder  i s  
in te rmedia te ,  a t  0.7855. For the  da t a  quoted, t h e  p a r t i c l e s  chosen were those  
t h a t ,  by eye ,  looked c l o s e s t  t o  cubes, s o  we expected t o  f i n d  F f a c t o r s  c lose  
t o  uni ty .  I n  f a c t ,  a s  Table 3 shows, the  va lues  ind ica t ed  t h a t  t he  shapes 
approximated more c lose ly  t o  something between t h e  spheroid and the  cy l inder  
than t o  a cube o r  rec tangular  block. Table 3 a l s o  g ives  t h e  experimental 
and ca l cu la t ed  values  of K obtained previously (2) ; t h e r e  seems t o  be no 
c o r r e l a t i o n  between t h e  (x+y) exponent d i f f e rence ,  o r  t h e  F f a c t o r s .  We 
thcrcfoi-c conclude t h a t  t r e a t i n g  t h e  p a r t i c l e s  as spheres  was an adequate 
cippi-oximntion t o  r e a l i t y ,  t he  more s o  a s  t he  p a r t i c l e s  d e f i n i t e l y  derived a 
more r o u n d c d  shape as they swel led,  i n  s p i t e  of t he  genera l  r e t e n t i o n  o f  
t hc i  1- or ~ g ~ n a . 1  shape. The f i n a l  d i f f e rence  between t h e  c a l c u l a t e d  and 
c . u l ) c ~ r i m c n t d  va lues  of K i s  most probably due t o  random s c a t t e r .  Any 
( - 1  I J ~ C I -  pi’nct ical  i d e n t i f i c a t i o n  w i t h  shape w i l l  r equ i r e  more p r e c i s e  experiments 
tliLtri those repoi-tcd here. 



4 .3  Inf luence  of Shape - Although determinat ion of shape d i d  not  provide 
any f u r t h e r  p r a c t i c a l  i n t e r p r e t a t i o n  of t h e  a v a i l a b l e  d a t a ,  t h e  f a c t o r  of 
shape can, neve r the l e s s ,  be use fu l ly  considered and discussed i n  general .  
Shape may b e . p a r t l y  a func t ion  of t h e  inhe ren t  phys ica l  p rope r t i e s  of a given 
coa l  t h a t  con t ro l  t he  shape on breakage, bu t  Perry (13) has shown t h a t  i t  i s  
a l s o  dependent on t h e  type of gr inder  used. Perry r epor t ed  t h a t  a d i s c  m i l l  
produced lamel la r  shapes w h i l s t  those from a hammer mill were polyhedral ,  
tending t o  cubical .  With decreas ing  p a r t i c l e  s i z e ,  t he  l ame l l a r  shapes tended 
t o  vanish,  and even t h e  d i s c  m i l l  produced s u b s t a n t i a l l y  polyhedral  shapes 
a t  very small s i z e s .  I n  our experiments,  t h e  p a r t i c l e s  were crushed by 
hand, i n  a p e s t l e  and mortar  and, a s  descr ibed above, t h e i r  shapes seemed 
t o  approximate m o s t  c l o s e l y  t o  spheroids  and cy l inders .  

I n  inf luenc ing  combustion behavior ,  w e  might expect t h a t ,  broadly 
speaking,  t h e  smal le r  t h e  r ad ius  of curva ture  of any p a r t  of t h e  p a r t i c l e  
su r face ,  t h e  f a s t e r  t h a t  a r e a  would be l i k e l y  t o  r e a c t ,  s ince  t h e  boundary 
l a y e r  above t h a t  p a r t  should be a l i t t l e  th inner .  It i s  d i f f i c u l t  t o  say 
f o r  c e r t a i n ,  however, from a s tudy of t h e  photographs,  t h a t  t h i s  does or does 
not  occur;  i r r e g u l a r i t i e s  i n  t h e  shapes of t h e  p a r t i c l e s  a r e  maintained f o r  
qu i t e  an apprec iab le  l e n g t h  of  time - as long  as 1 0  o r  20 seconds - but  most 
of t h e  p a r t i c l e s  appeared t o  have been reduced t o  good zpproximations t o  
spheres  by the  time they  were h a l f  burned. The photographs i n  some ins tances  
were misleading as t h e  a sh  would occasional ly  remain a s  a f a i r l y  coherent ,  
though f r a g i l e ,  t r a c e r y ,  i n  t h e  cen te r  of which the  glowing, shr inking  sphere 
could be c l e a r l y  seen by eye ,  though t h e  photographs showed only t h e  barely 
changing ou t l ine  of t h e  ash .  This  w a s  genera l ly  t h e  case with t h e  high-ash 
Two Ft .  Nine coa l ,  bu t  occas iona l ly  happened d i t h  t h e  o thers .  

What we would sugges t ,  from both t h e  v i s u a l  and photographic s tud ie s  
of t h e  p a r t i c l e s ,  i s  t h a t  r e a c t i o n  i s  i n  f a c t  f a s t e s t  a t  exposed p ro jec t ions ,  
and sharp ly  curving su r faces .  T h i s  means t h a t  shapes l i k e  cubes,  p ro l a t e  
sphero ids ,  and polyhedra l  shapes i n  genera l  w i l l  be reduced approximately 
t o  spheres  by t h e  t i m e  they  a r e  h a l f  burned. 
r ec t angu la r  blocks of near  uniform c ross - sec t ion  would the re fo re  burn down 
f i r s t  t o  something approaching p r o l a t e  sphero ids ,  and thence again would 
reduce t o  spheres.  This  means t h a t  excess  ma te r i a l  might burn of f  f a i r l y  
r ap id ly ,  and the  o v e r a l l  behavior would then  approximate t o  spheres  of diamet 
equal  t o  t h e  cube s i d e ,  t h e  s h o r t e r  s i d e  of t h e  rec tangular  block,  o r  t he  
minor diameter o f  t h e  p r o l a t e  spheroids .  
most l i k e l y  t o  determine whether or no t  a given p a r t i c l e  would remain on, o r  
pass  through, a given s i e v e  mesh, it may we l l  s u b s t a n t i a t e  and j u s t i f y  the  
success fu l  use of t h e  s i e v e  mesh dimension i n  spec i fy ing  t h e  p a r t i c l e  diamete 
t o  be used i n  t h e  combustion ca l cu la t ions .  

Short  cy l inde r s  and s h o r t  

Since these  a r e  t h e  dimensions 

Other shapes such a s  need le s ,  long  cy l inde r s ,  long  r egu la r  b locks ,  or 
p r o l a t e  spheroids  wi th  a b i g  r a t i o  of major t o  minor a x i s  would be expected 
t o  burn a t  r a t e s  r a t h e r  c l o s e r  t o  those expected o f  r egu la r  cy l inders .  The 
square l a w  r e l a t i o n  of eqn. (7) should s t i l l  ob ta in ,  bu t  t h e  burning r a t e s  
and o v e r a l l  burning t i m e s  should be r a t h e r  longer .  
t e s t e d  q u a n t i t a t i v e l y  but  it could q u i t e  poss ib ly  account f o r  some of t he  
s c a t t e r  i n  burning t imes found a t  any p a r t i c u l a r  given diameter.  

F i n a l l y ,  t h e r e  a r e  shapes l i k e  ob la t e  sphero ids ,  f l a t  rec tangular  p l a t e ?  
and lamel lae .  
t h e o r e t i c a l l y  O r  experimental ly ,  bu t  our expec ta t ion  is  t h a t  they would very 
l i k e l y  burn i n  from t h e  edges r a t h e r  f a s t ,  g iv ing  burning t imes many times i I  
excess  of expec ta t ion  on t h e  b a s i s  of e i t h e r  t h e  t o t a l  mass involved,  o r  on 

This  expectat ion was nevc 

The behavior of t hese  has  y e t  t o  be inves t iga t ed  e i t h e r  



s i eve  dinmetep. It i s  a l s o  l i k e l y  t o  be sharp ly  .dependent on t h e  o r i e n t a t i o n  
o f  tlie p lane  or f l a t t e r  sur face  t o  t h e  ho r i zon ta l  o r  v e r t i c a l  a s  t h i s  could 
s t rong ly  inf luence  t h e  n a t u r a l  convection cu r ren t s . and  t h e r e f o r e  t h e  boundary 
l a? , e r  th ickness .  Th i s ,  however, is  an a r e a  of i n v e s t i g a t i o n  still  open t o  
s tudy.  

5 .  CONCLUSIONS 

The conclusions t h a t  may be drawn from t h i s  s tudy a r e  i n  answer t o  t h e  
ques t ions  s e t  out  i n  t h e  In t roduct ion .  

(1) P a r t i c l e s  s w e l l  o r  no t  according t o  coa l  rank. P a r t i c l e s  from a n t h r a c i t e s  
(under 5% V.M.) swel l  neg l ig ib ly  or n o t  a t  a l l .  
c o a l s ,  on t h e  o ther  hand, (g rea t e r  than  I.O%V.M.) swel l  i n  a i r  by a n e t  f a c t o r  
of about 1 .5 ,  t h i s  f a c t o r  being s u b s t a n t i a l l y  independent of coa l  rank. 

(2) The swel l ing process  i s  i n  two s t ages :  f irst  an expansion t o  2 o r  3 
t imes t h e  o r i g i n a l  diameter ,  followed by a cont rac t ion  down t o  t h e  f i n a l  
diameter of 1.5 times the  o r i g i n a l  diameter. 
a t  t h e  end of the  f i r s t  s t age ;  t h e r e  i s  no cont rac  i o n  which presumably, 
t h e r e f o r e ,  i s  condi t ioned by t h e  presence of oxygen. 

(3) In swel l ing ,  t h e  process  w a s  reasonably i s o t r o p i c ,  and apparent ly  uniform 
throughout ,  with no cenosphere formation. 

(4) I n  burn-out, t h e  p a r t i c l e s  ev ident ly  burned uniformly a t  t h e  exposed 
su r face  only. There w a s  no evidence o f  i n t e r n a l  burning (as i s  only t o  be 
expected wi th  b'oundary-layer d i f f u s i o n  con t ro l  of t he  r e a c t i o n ) .  
diameters  t i lerefore  dimished wi th  time q u i t e  r egu la r ly  according t o  t h e  
equat ion  : 

P a r t i c l e s  from bituminous 

In  Cog, t h e  swel l ing  f i n i s h e s  

The 

d2 = d2 - t / K  

w i t h  va lues  of the  burning cons tan t  K i n  agreement with those  obtained 
previous ly  from s t u d i e s  of t h e  " in tegra ted"  o r  t o t a l  burning times. 

(5) 
o the r  than  maybe t o  inc rease  t h e  s c a t t e r  i n  t h e  burning t imes.  
any such e f f e c t  w i l l  almost c e r t a i n l y  r equ i r e  more accura te  s t u d i e s ,  us ing  
more p r e c i s e l y  spec i f i ed  m a t e r i a l s ,  both wi th  regard t o  composition a s  wel l  
as shape. 

F i n a l l y ,  shape appeared t o  have no de tec t ab le  e f f e c t  on the  burning r a t e s ,  
Detect ion of 
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Table 2 

Values of Swell ing F a c t o r ,  E [dJdA 

C% V.M. % Iralues of f 

1. S t a n l l y d  93.0 9.9 :.,1,1 
2.  Five f t .  91.8 14.9 1..5, 1.25, 1 . 9  
3 .  Two f t .  Nine 91.2 28.8 IL.1 ,  1 .25 ,  2.2 

89.7 23.3 1 . 7 5 ,  1 . 6 ,  1 . 7  4. Red Vein 

5. Garw 88.9 30.6 1 .8 .  1 .6 .  1 . 4  
1 . 7 ,  1 . 9 ,  1 .7  

1 . 9 ;  1 . 5 '  
6. S i lks tone  86.9 41.5 1.8, 1.4 

84.0  39.3 1.3, 1.1, 1 . 6  7 .  Winter 

8.  Cowpen 82.7 40.2 1 . 6 ,  1 .5 ,  1 .9  
81.9 40.7 1.4, 1.5. 1 . 4  9 .  High Hazel 

1 . 9 ,  2.0 

1.8; 1 . 6 ;  1 . 7  
79 .3  40.2 1.3,  1 .5 ,  1 .5  

1.8,  1 . 6  
10. Lorraine 

Mean (fl 

1 
1.55 
1.48 
1 . 7 2  

1.64 

1 . 6  
1.58 

1 . 6 7  
1 .56 

1 .54  
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Figure 1 - Variation of diameter squared with t i m e  of burning 
anthracite  par t i c l e  (Stanllyd) 
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~ j ~ , ~ ~  2 - Variation of diameter-squared w i t h  timc of IJurning 
bituminous coal  par t i c l e  (Cowpen) 


