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I. INTRODUCTION 

Self-heat ing,  o r  spontaneous hea t ing ,  i s  a process  which r e s u l t s  i n  an  i n c r e a s e  
i n  temperature of a t he rma l ly - i so l a t ed  mass of c o a l  o r  o t h e r  combustible ma te r i a l .  
Th i s  phenomenon i s  caused by t h e  heat-generat ing chemical r e a c t i o n s  between t h e  
ox idan t  (oxygen) and t h e  f u e l  ( c o a l ) .  I f  t h e  generated hea t  i s  removed o r  absorbed 
by t h e  surrounding environment,  then only low temperature ox ida t ion  w i l l  occur .  
However, i f  nothing is done t o  change the cond i t ion  of the coa l  undergoing a 
se l f -hea t ing  process ,  spontaneous combustion w i l l  even tua l ly  occur .  

Self-heat ing i n  c o a l  has  been observed f o r  more then 100 yea r s  f o r  many c o a l s  
around the world. It is a problem t h a t  a f f e c t s  t h e  mining, t r a n s p o r t a t i o n ,  and 
s t o r a g e  of coa l  and c o n t r i b u t e s  t o  the  d e t e r i o r a t i o n  i n  its q u a l i t y .  Seve ra l  
comprehensive reviews have been w r i t t e n  on the f a c t o r s  t h a t  may c o n t r i b u t e  t o  the  
se l f -hea t ing  i n  c o a l  (1-8). These f a c t o r s  a r e  numerous and inc lude  i n t r i n s i c  
p r o p e r t i e s  such as rank,  hea t  o f  we t t ing ,  po ros i ty ,  exposed s u r f a c e  a r e a ,  a s h  
c o n t e n t ,  content  of p y r i t e s  and o the r  s u l f u r  con ta in ing  spec ie s ,  hardness ,  methane 
c o n t e n t ,  and thermal c o n d u c t i v i t y  of the c o a l .  Handling cond i t ions  t h a t  may 
c o n t r i b u t e  t o  c o a l  s e l f - h e a t i n g  inc lude  changes i n  moisture  con ten t  of t he  
surrounding environment,  l a r g e  v a r i a t i o n s  i n  the temperature when t h e  c o a l  i s  
shipped,  and t o  the movement of a i r  through the coa l .  

The purpose of t h i s  r e s e a r c h  w a s  t o  examine the  f a c t o r s  which may c o n t r i b u t e  t o  
the  se l f -hea t ing  of c o a l  i n  barges .  
barging information on 2283 barges  was used t o  he lp  i d e n t i f y  the  p r i n c i p a l  f a c t o r s  
con t r ibu t ing  t o  the  s e l f - h e a t i n g  of barged coa l .  
handl ing and barging t echn iques  designed t o  minimize the occurrence of s e l f -hea t ing  
were conducted. 

11. m-AL 

A d a t a  bank con ta in ing  a n a l y t i c a l  d a t a  and 

Barging s t u d i e s  t o  examine c o a l  

Two s e p a r a t e  ba rg ing  s t u d i e s  were c a r r i e d  ou t  over  a per iod of two summers. The 
s t u d i e s  took p l ace  on t h e  Ohio and Miss i s s ipp i  r i v e r s  and involved 15 barges  o f  coa l  
i n  t h e  f i r s t  s tudy  and 10 barges  i n  t h e  second tow. The work performed and t h e  
number of r e s e a r c h e r s  that  could accompany the tows were r e s t r i c t e d  by the  room 
a v a i l a b l e  on the  towboats,  t he  s a f e t y  cons ide ra t ions  du r ing  tow work by the  boat  
crew, and the  a v a i l a b i l i t y  of barges  f i l l e d  wi th  a p a r t i c u l a r  type o f  c o a l  and 
loaded i n  a p a r t i c u l a r  manner. 

The c o a l  s t u d i e d  i n  t h e  barging experiments was steam coa l  (h igh  v o l a t i l e  
bituminous) loaded a t  f o u r  d i f f e r e n t  r i v e r  po r t s .  
been mined i n  t h e  same g e n e r a l  a r e a  and had been crushed, s tockp i l ed ,  and handled by 
the same equipment. Consequently,  t he  c o a l  loaded a t  each po r t  had t h e  same gene ra l  
phys i ca l  and chemical p r o p e r t i e s ,  and exh ib i t ed  the  same gene ra l  behavior  toward 
self-hea t i n g  . 

The c o a l  loaded a t  each p o r t  had 

TWO d i f f e r e n t  l oad ing  schemes were used i n  the  s t u d i e s ,  s i n g l e  chu te  load ing  
and loading wi th  a " d i f f u s e r . "  The d i f f u s e r  i s  a device added t o  a normal c o a l  
chu te  which s p l i t s  t h e  f a l l i n g  s t ream of c o a l  i n t o  f i v e  s t reams.  
c o a l  i n  a p a t t e r n  of f i v e  rows of "cones" i n s t e a d  of a s i n g l e  row i n  the  c e n t e r  of 
t he  barge. The d i f f u s e r  was much more e f f e c t i v e  i n  prevent ing s i z e  seg rega t ion  o f  
t he  c o a l  which would minimize t h e  formation of channels  f o r  uneven a i r  f low through 
the c o a l  i n  t h e  barge.  

Th i s  l o a d s  t h e  
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A second v a r i a b l e  monitored dur ing  the  s tudy  was the  e f f e c t  of  compacting c o a l  
Three methods of compacting c o a l  i n  barges  were s t u d i e d .  t o  minimize se l f -hea t ing .  

huo barges were l i g h t l y  compacted us ing  a "clam s h e l l "  bucket from a loading  crane  
and t h i s  l i g h t  compacting l e f t  vo ids  i n  the  ends of t h e  barges .  
s t u d i e d  d i d  not  compact the  c o a l  very  much but  simply l e v e l e d  the  t o p s  of the  cones 
of c o a l  produced dur ing  loading.  
leaves  l a r g e  voids  (3-10 f t . )  i n  t h e  ends of the barges .  Five barges  were prepared 
i n  t h i s  manner. 
e f f i c i e n t  method used. A smal l  "Bobcat" f ront-end l o a d e r  was h o i s t e d  i n t o  the  
barges  and used t o  move t h e  c o a l  around t o  f i l l  vo ids  i n  the corners  and s i d e s  of  
the barges. 
loader  i t s e l f  compacted the  c o a l  under the  rubber  t i res  of t h e  loader .  
were compacted wi th  the  front-end loader .  A s  a n  i l l u s t r a t i o n  of t h e  d i f f e r e n c e  i n  
compacting, t h e  c o a l  i n  barges  compacted w i t h  the  front-end l o a d e r  had a depth  of  
about  13.5 f t . ,  whereas t h e  c o a l  i n  "trimmed barges" had a depth  of about  15.5 f t .  
A l l  barges  i n  a tow had approximately the  same tonnage. 

A second method 

This  method i s  o f t e n  r e f e r r e d  t o  a s  "trimming" and 

The t h i r d  method of compacting s t u d i e d  i n  t h i s  p r o j e c t  was t h e  most 

The weight  of t h e  c o a l  i n  the  l o a d e r  bucket p l u s  the  weight  of t h e  
Eight  barges  

Daily temperature  measurements of the c o a l  i n  t h e  barges  were recorded  i n  order  
t o  have a record  of s e l f - h e a t i n g  r a t e s  f o r  d i f f e r e n t  c o a l s  and a t  d i f f e r e n t  
p o s i t i o n s  i n  a barge. Care w a s  taken t h a t  a r e p r e s e n t a t i v e  temperature  p r o f i l e  of  
the  barges  was obtained and recommendations f o r  temperature  measurements as 
presented i n  a r e p o r t  by the  Coal Expor te rs  Assoc ia t ionINat iona l  Coal A s s o c i a t i o n  
Task Force on Coal Handling, S torage  and T r a n s p o r t a t i o n  were used ( 9 ) .  Twenty-seven 
p o s i t i o n s  uniformly spaced down the  s i d e s  and c e n t e r  of  each barge were chosen f o r  
temperature  measurements and temperatures  were measured a t  depths  of 3 ,  6 ,  and 9 f t .  
a t  each p o s i t i o n .  The temperature  probes used were cons t ruc ted  from 114 i n .  I . D .  
galvanized s t e e l  pipe and f i t t e d  wi th  a metal  t i p  machined t o  a p o i n t  so that t h e  
probe could be pushed i n t o  the  c o a l .  
epoxy cement a t  t h r e e  114 i n .  h o l e s  d r i l l e d  a t  1 i n . ,  3 f t .  and 6 f t .  from the probe 
t i p .  The thermocouple wires were a t tached  t o  a n  Atk ins  Model 396585 D i g i t a l  Readout 
Meter with a th ree-pos i t ion  swi tch  f o r  reading  the  temperatures  a t  t h e  t h r e e  depths .  
The grobes were c a r e f u l l y  c a l i b r a t e d  before  u s e  and found t o  be a c c u r a t e  t o  w i t h i n  
+I-1 F. 
f o r  a minimum of 3 minutes before  any temperature  readings  were made. 

Type J thermocouple wires were a t t a c h e d  w i t h  

A f t e r  i n s e r t i n g  t h e  probes i n  the c o a l  they were al lowed t o  e q u i l i b r a t e  

The movement of a i r  through t h e  c o a l  i n  t h e  barges  loaded and compacted by 
d i f f e r e n t  methods i s  c l o s e l y  r e l a t e d  t o  the  s e l f - h e a t i n g  t h a t  occurs .  
movement of a i r  through t h e  c o a l  a tracer gas ,  s u l f u r  hexaf luor ide ,  was r e l e a s e d  a t  
a depth  of 10 f t .  i n  some of  t h e  barges  and i ts  movement through the  c o a l  was 
monitored by measuring the concent ra t ion  of SF6 i n  gas  samples c o l l e c t e d  a t  
r e g u l a r  i n t e r v a l s .  
from the  bottom of t h e  barges  through 114 i n .  I . D .  s t e e l  p ipes  wi th  h o l e s  d r i l l e d  
near  the  bottom end of the  pipe. 
gas  c o l l e c t i o n  bulbs and immediately analyzed us ing  a gas  chromatograph s e t  up i n  
the  towboat. 
alumina (80-200 mesh) column connected t o  a Hewlett-Packasd Model 3390A Report ing 
I n t e g r a t o r  w a s  used f o r  the  a n a l y s i s .  

To fo l low the  

Bendix Model 44 A i r  Sampling Pumps were used t o  draw g a s  samples 

Gas samples  were c o l l e c t e d  i n  250 cc polypropylene 

A Carle Model 6500 gas  chromatograph w i t h  a n  8 f t .  x 1 / 8  i n .  a c t i v a t e d  

During t h e  course of  t h e  p r o j e c t ,  230 samples of c o a l  being t r a n s p o r t e d  by 
barge t o  p o r t s  i n  the  New Orleans area were obta ined  f o r  a n a l y s i s  a t  t h e  Western 
Kentucky Univers i ty  l a b o r a t o r y .  Moisture ,  a s h ,  v o l a t i l e  mat te r ,  carbon,  hydrogen, 
n i t rogen ,  s u l f u r  and c a l o r i f i c  va lues  were determined us ing  microcomputer-control led 
ins t rumenta t ion  from LECO Corporat ion i n  S t .  Joseph,  M I .  Forms of  s u l f u r ,  f r e e -  
swel l ing  index and Hardgrove g r i n d a b i l i t i e s  were determined u s i n g  ASTM methods D 
2492, D 720 and D 409, r e s p e c t i v e l y .  Fixed carbon and oxygen v a l u e s  were c a l c u l a t e d  
by d i f fe rence .  Transpor ta t ion  h i s t o r i e s  of t h e  barged c o a l s  were a l s o  obta ined .  
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111. BESULTS AND DISCUSSION 

I 

The se l f -hea t ing  of c o a l  i s  brought about  through ox ida t ion  of c o a l  su r f aces ,  
and the  amount of a i r  a v a i l a b l e  t o  the,  c o a l  i s  important .  
t he  c o a l  i s  a complex f a c t o r  t o  cons ide r  s i n c e  a i r  both provides  oxygen f o r  
ox ida t ion  of t he  c o a l  and d i s s i p a t e s  t he  h e a t  generated by the ox ida t ion  process .  
Condi t ions which permit  o n l y  a sma l l  amount o f  a i r  t o  come i n t o  c o n t a c t  w i th  t h e  
c o a l  w i l l  keep ox ida t ion  a t  a minimum and l i t t l e  o r  no se l f -hea t ing  w i l l  occu r .  A 
ve ry  h igh  flow r a t e  of a i r  provides  s u f f i c i e n t  oxygen f o r  t h e  ox ida t ion  process ,  but  
d i s s i p a t e s  heat  e f f i c i e n t l y .  In  between t h e s e  two l i m i t s  i s  a s t a t e  where t h e  a i r  
f low i s  s u f f i c i e n t  t o  promote ox ida t ion  o f  t he  c o a l  s u r f a c e s  but i s  not  s u f f i c i e n t  
t o  d i s s i p a t e  t h e  h e a t  produced by t h e  exothermic r e a c t i o n .  
produced w i l l  raise the temperature  of the  c o a l  and a c c e l e r a t e  t he  r a t e  of ox ida t ion  
u n t i l ,  u l t i m a t e l y ,  i g n i t i o n  of t he  c o a l  w i l l  occur (5 ,6 ,10,11) .  

The a i r  f low r a t e  through 

I n  t h i s  case t h e  heat  

A. Barge Loading and Compacting Methods 

The techniques employed i n  loading barges  wi th  c o a l  w i l l  a f f e c t  t he  a i r  flow 
r a t e  through t h e  coa l .  When coa l  i s  loaded from a s i n g l e  chute ,  t h e  r e s u l t i n g  
c o n i c a l  p i l e s  tend t o  have t h e  f i n e s  concentrated a t  t h e  c e n t e r  of t he  cone with 
l a r g e r  p a r t i c l e s  s eg rega ted  around the s u r f a c e  a t  t h e  base.  Quite o f t e n  a t  a point  
somewhere between the  o u t e r  edges o f  the cone and t h e  c e n t e r  t he  a i r  flow r a t e  i s  
s u f f i c i e n t  t o  i n i t i a t e  and support  heat ing.  The cone then a c t s  as a "chimney" t o  
draw a i r  from around t h e  base i n t o  the c e n t e r  t o  maintain the  hea t ing .  The simple 
process  of l e v e l i n g  the  cones  s e a l s  the c o a r s e r  c o a l  w i th  the  f i n e s  and r e s t r i c t s  
a i r  f low through t h e  c o a l .  Compacting t h e  l eve led  c o a l  f u r t h e r  l i m i t s  i t s  access  t o  
a i r  by reducing i n t e r p a r t i c l e  vo ids .  The r educ t ion  of t hese  voids  a l s o  r e s u l t s  i n  
a n  i n c r e a s e  i n  thermal c o n d u c t i v i t y  which h e l p s  d i s s i p a t e  any h e a t  produced. 

A comparison of t h e  temperatures  o f  c o a l  i n  ba rges  compacted by two d i f f e r e n t  
methods i s  given i n  Tab le  1. The barge number used i n  t h e  t a b l e  r e p r e s e n t s  the 
o r d e r  i n  which t h e  ba rges  were loaded.  A l l  t he  barges  were loaded a t  the  sane p o r t  
and w i t h  the same type of c o a l .  The temperatures  r epor t ed  a r e  those of t h e  coal  i n  
the  barges  p r i o r  t o  unloading when the ambient temperature  was 90°F. The average 
temperature  i s  t h e  ave rage  of 81 i n d i v i d u a l  readings f o r  each barge ( 2 7  p o s i t i o n s  
and depths  of 3,  6 ,  and 9 f t . ) .  A t  p o r t s  i n  the New Orleans a r e a ,  t he  temperature  
of c o a l  being exported h a s  t o  be below 105'F before  i t  can be loaded onto 
ocean-going v e s s e l s .  A s  can  be seen  from t h e  d a t a  the re  i s  a dramatic  d i f f e r e n c e  
between the r e s u l t s  ob ta ined  f o r  t he  two methods of compacting c o a l ,  w i th  nea r ly  
one-third of t h e  temperature  r ead ings  above 105'F f o r  t h e  l i g h t l y  compacted coal .  
From these  examples one can conclude t h a t  compacting c o a l  i n  barges  o f f e r s  
cons ide rab le  p r o t e c t i o n  a g a i n s t  s e l f -hea t ing .  

Table 2 shows temperatures  o f  c o a l  i n  barges  loaded by two d i f f e r e n t  methods. 
A l l  t h e  barges were loaded  a t  t h e  same p o r t  and wi th  t h e  same type of c o a l .  
barge numbers a g a i n  refer t o  t h e  order  of l oad ing  t h e  barges and the  average 
temperatures  a r e  the  a v e r a  e of t h e  81 readings taken p r i o r  t o  unloading when t h e  
ambient temperature w a s  90 F. 
loaded by two d i f f e r e n t  methods shows a n  avcrage of 91.3'F f o r  t h e  barges  loaded 
with t h e  d i f f u s e r ,  whereas  the  barges  loaded wi th  the  s i n g l e  chu te  have a n  average 
temperature of 95.2'F. The d i f f e r e n c e  i n  average temperatures  can be a t t r i b u t e d  
t o  t h e  f a c t  t h a t  l oad ing  wi th  t h e  d i f f u s e r  produces an  even d i s t r i b u t i o n  of coa l  
p a r t i c l e s ,  whereas t h e  s i n g l e  chu te  load ing  method y i e l d s  a segregated mass of c o a l  
p a r t i c l e s .  
through the  c o a l  which r e s u l t s  i n  l e s s  s e l f -hea t ing .  

The 

B 
A comparison of t h e  temperatures  f o r  t he  barges  

The even d i s t r i b u t i o n  of p a r t i c l e s  y i e l d s  a more uniform a i r  flow 

The h e a t i n g  t h a t  took p l ace  i n  s e v e r a l  of the barges  was " t r igge red"  by the 
occurrence of a heavy r a i n  on t h e  n i n t h  day a f t e r  t he  i n i t i a l  barges  were loaded. 
t he  morning fo l lowing  t h e  r a i n  a uniform l a y e r  of warm coa l  was noted i n  the barges  

On 
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whi le  making temperature and gas  f low measurements. 
a t  a dep th  of about  6 i nches ,  but  l a t e r  moved t o  a depth of 3 f e e t  by t h e  end o f  t h e  
day. It i s  be l i eved  t h a t  t h e  l a y e r  of w a r m  c o a l  was caused by the  water from t h e  
r a i n  pe rco la t ing  down through t h e  coa l .  
which was obvious by the h ighe r  temperature  readings obtained on the  days fo l lowing  
t h e  r a i n .  
p re sen t  and the  r a i n f a l l  simply i n i t i a t e d  se l f -hea t ing  i n  the  barges .  

This  l a y e r  was f i r s t  apparent  

T h i s  t r i g g e r e d  se l f -hea t ing  i n  t h e  c o a l ,  

It should be noted t h a t  t h e  cond i t ions  f o r  s e l f -hea t ing  were a l r e a d y  

Barge 
No. 

1 

- 

2 

3 

4 

5 

TABLE 1 

Coal Temperatures i n  Barges Compacted by Di f f e ren t  Methods 

Method of Loading Days i n  Average Maximum Number o f  Temp 
and Compacting* Barge Temp (OF) Temp (OF) Readings >105OF 

d i f f u s e r  loaded and 11 105 133 23 
l i g h t l y  compacted 

d i f f u s e r  loaded and 11 102 126 25 
l i g h t l y  compacted 

d i f f u s e r  loaded and 11 92 115 1 
wel l  compacted 

d i f f u s e r  loaded and 10 91 104 0 
w e l l  compacted 

d i f f u s e r  loaded and 10 91 102 0 
w e l l  compacted 

--------_-_--___--______________________----------------------------------------_ 
* Ligh t ly  compacted - wi th  a clam s h e l l  bucket.  
Well compacted - with a Bobcat l o a d e r .  

TABLE 2 

Coal Temperatures i n  Barges Loaded by D i f f e r e n t  Methods 

Barge Days i n  Average Maximum Number of Temp 
- No. Method o f  Loading* Barge Temp ( F) Temp (OF) Readings >105'F 

3 d i f f u s e r  loaded 11 92 115 1 

4 d i f f u s e r  loaded 10 91 104 0 

5 d i f f u s e r  loaded 10 91 102 0 

6 s i n g l e  chu te  loaded 10 97 112 1 1  

7 s i n g l e  chu te  loaded 9 97 111 12 

a s i n g l e  chu te  loaded 9 95 111 3 

9 s i n g l e  chu te  loaded 9 97 119 9 

10 s i n g l e  chu te  loaded 9 90 102 0 

____________-___________________________----------------------------------------- 
* A l l  barges  were w e l l  compacted wi th  a Bobcat l oade r .  
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B. Air Flow S t u d i e s  

Sondreal and Ellman ( 1 2 )  s t u d i e d  a i r  f low through p i l e s  o f  North Dakota l i g n i t e  
and assumed t h a t  a i r  convec t ion  through t h e  l i g n i t e  was u n i d i r e c t i o n a l  and only due 
t o  p re s su re  g r a d i e n t s  induced by t h e  wind. 
convect ion r e s u l t i n g  from thermal g r a d i e n t s  were n e g l i g i b l e .  
a l s o  assumed t h a t  a i r  movement through barges  was p r imar i ly  due t o  p re s su re  
g r a d i e n t s  induced by t h e  appa ren t  wind c rea t ed  by t h e  moving barges  and t h a t  n a t u r a l  
convect ion was minimal.  The raw d a t a  from the  gas  flow s t u d i e s  i n d i c a t e d  the re  were 
d e f i n i t e  flow p a t t e r n s  i n  the  barges  s tud ied .  
concen t r a t ions  t aken  a t  d i f f e r e n t  t imes and a t  d i f f e r e n t  d i s t a n c e s  away from the  
po in t  of i n j e c t i o n ,  and w a s  too complicated t o  present  and t r y  t o  exp la in  i n  raw 
form. 
percent  r educ t ion  i n  SF6 concen t r a t ion  a t  each po in t  i n  t h e  barges  where mul t ip l e  
sampling was  done. Two, and sometimes t h r e e ,  samples were withdrawn from each of 
t h e  sampling p o s i t i o n s  down t h e  middle of each barge.  
SF was then p l o t t e d  a g a i n s t  t ime i n t e r v a l s  between sampling and t h e  bes t  
f i t t i n g  l i n e  was  used t o  determine a co r rec t ion  f a c t o r  f o r  SF6 f low r a t e s  a t  
va r ious  time i n t e r v a l s .  The r a w  d a t a  were then m u l t i p l i e d  by t h e  c o r r e c t i o n  
f a c t o r s  t o  produce a d i s t r i b u t i o n  p a t t e r n  r ep resen ted  by t h e  contour  maps shown 
i n  Figures  1 and 2 .  
concen t r a t ion  of SF a r e  r e l a t i v e .  

They a l s o  assumed t h a t  n a t u r a l  
I n  t h i s  work i t  was 

However, t h e  d a t a  r ep resen ted  

A c o r r e c t i o n  f o r  t h e  t r a c e r  gas  f low r a t e  was determined by c a l c u l a t i n g  the  

The percent  reduct ion i n  

The numbers used i n  each of t h e  f i g u r e s  t o  r ep resen t  t he  

6 
The contour maps shown i n  F igu res  1 and 2 i l l u s t r a t e  va r ious  a i r  f low p a t t e r n s  

i n  the barges .  
from a s i n g l e  chu te .  
f l ow of t r a c e r  g a s ,  whereas the  contour  map f o r  barge 6 shows an uneven l a t e r a l  
f low. 
s i z e  than the c o a l  i n  barge 6. 
i nc rease  i n  t h e  r a t e  o f  s e l f - h e a t i n g  i n  t h e  c o a l  a s  was i l l u s t r a t e d  i n  Table 2 .  

Barge 3 w a s  loaded with the  d i f f u s e r ,  whereas barge 6 was loaded 
The contour  map f o r  barge 3 shows a r e l a t i v e l y  even l a t e r a l  

The c o a l  i n  barge 3 w a s  more evenly d i spe r sed  and less segregated by p a r t i c l e  
The uneven a i r  f l ow i n  barge 6 r e s u l t e d  i n  an 

The movement o f  t h e  t r a c e r  gas  away from t h e  po in t  of i n j e c t i o n  i n  each of t h e  
barges  p r e s e n t s  a n  i n t e r e s t i n g  p a t t e r n .  
decreased between the  i n j e c t i o n  po in t  and the  s t e r n  (back) of each barge,  while  i t  
i nc reased  between the  i n j e c t i o n  po in t  and the  bow ( f r o n t )  of t he  barges.  
p rev ious ly  mentioned, i t  w a s  assumed t h a t  a i r  movement through the  coal  i n  barges 
w a s  pr imari ly  due t o  p r e s s u r e  g r a d i e n t s  induced by the appa ren t  wind c rea t ed  by the 
moving barges .  The con tour  maps given i n  Figures  1 and 2 i l l u s t r a t e  the h o r i z o n t a l  
movement o f  t h e  t r a c e r  g a s  and support  t h i s  assumption. 
would push the t r a c e r  g a s  r a p i d l y  away from the p o i n t  of i n j e c t i o n  and toward the  
back of t h e  barge.  
t h e  coal  was  compacted i n  the  barges .  

The r e l a t i v e  concen t r a t ion  of SF6 
, 

A s  

A i r  f low through t h e  c o a l  

The r a t e  of d i s s i p a t i o n  of t h e  t r a c e r  gas depended on how w e l l  

S u l f u r  hexa f luo r ide  has  a d e n s i t y  approximately f i v e  t imes a s  g r e a t  a s  t h a t  of 
a i r .  Because of t h i s ,  SF w i l l  f low to,  and accumulate i n ,  a r e a s  where t h e  a i r  
f low is  minimal. 6 t he re  is l i t t l e  a i r  f low through t h e  f i r s t  25 o r  so f e e t  o f  each barge.  
s t r o n g  evidence t h a t  shows the most f r equen t  a rea  o f  t he  barge i n  which se l f -hea t ing  
begins  i s  the f irst  25 f e e t  of t h e  barge. 
examinat ion of d a t a  from over  600 barges (8). 
t h e  Same s e c t i o n  of t h e  barge where se l f -hea t ing  begins  i s  a very important  
obse rva t ion .  
t h e r e  i s  a s u f f i c i e n t  supp ly  of a i r  t o  provide enough oxygen f o r  t h e  slow ox ida t ion  
of the c o a l ,  but  n o t  enough a i r  t o  c a r r y  away the  hea t  produced i n  t h i s  ox ida t ion .  
More impor t an t ly ,  i t  i s  probably t h e  uneven a i r  f low throughout t h e  barge t h a t  
provides  the  c o n d i t i o n s  f o r  t he  i n i t i a t i o n  of s e l f -hea t ing .  

6 The accumulat ion of SF i n  the f r o n t  of t he  barges  i n d i c a t e s  
There is 

This has  been observed during t h e  
The f a c t  t h a t  SF6 accumulated i n  

This  i n d i c a t e s  t h a t  s e l f -hea t ing  i n  barges  is l i k e l y  t o  begin where 

The da ta  from the  g a s  flow s t u d i e s  w a s  used t o  determine the  r e l a t i v e  gas  flow 
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r a t e  through t h e  barges .  The pe rcen t  r educ t ion  i n  t r a c e r  gas  was p l o t t e d  a g a i n s t  



t h e  t ime i n t e r v a l  between sampling f o r  t h e  p o i n t s  i n  t h e  barges  where m u l t i p l e  
sampling was done. 
s lopes  t h a t  a r e  equa l  t o  t h e  r e l a t i v e  gas  f low r a t e s  i n  each of t h e  barges .  
l i s t s  t h e  r e l a t i v e  gas  f low r a t e s  obtained f o r  t h e  va r ious  loading and compacting 
methods used i n  t h i s  s tudy.  

A l i n e a r  r eg res s ion  of t h e  d a t a  i n  each of t hese  p l o t s  y i e lded  
Table 3 

TABLE 3 

R e l a t i v e  Gas Flow Rates  i n  Barges 

Loading Method Compacting Method 
R e l a t i v e  Gas 

Flow Rate 

Di f fuse r  loaded Well compacted wi th  Bobcat l oade r  0.096 

S ing le  chute  loaded Well compacted wi th  Bobcat l oade r  0.39 

Di f fuse r  loaded L igh t ly  compacted wi th  clam s h e l l  bucket 0.66 

S ing le  chute  loaded Trimmed wi th  small  dozer  1.39 

C. Chemical and Phys ica l  P r o p e r t i e s  of Barged Coals 

A comparison o f  t he  mean values  o f  t h e  va r ious  chemical and phys ica l  p r o p e r t i e s  
of two types of c o a l  s t u d i e d  i n  the barging experiments i s  g iven  i n  Table  4 .  
barges of c o a l  were loaded a t  one r i v e r  p o r t  and had a low p o t e n t i a l  f o r  
s e l f -hea t ing  a s  i s  i l l u s t r a t e d  i n  t h e  t a b l e .  
r i v e r  p o r t  and had a r e l a t i v e l y  high p o t e n t i a l  f o r  s e l f -hea t ing .  
i n t e r e s t i n g  d i f f e r e n c e s  between the two types  of c o a l  can  be noted.  The type  of 
c o a l  w i th  the  h ighe r  p o t e n t i a l  f o r  s e l f -hea t ing  e x h i b i t s  a lower carbon c o n t e n t ,  a 
lower hydrogen con ten t ,  and h ighe r  n i t r o g e n ,  s u l f u r ,  and oxygen con ten t s .  The c o a l  
type wi th  the  h ighe r  s e l f - h e a t i n g  p o t e n t i a l  has  a h ighe r  s u l f a t e  s u l f u r  c o n t e n t ,  a 
lower f r ee - swe l l ing  index,  and a lower hea t ing  va lue .  
a r e  i n d i c a t o r s  t h a t  t h e  c o a l  has  undergone "weathering" (13).  What is no t  known 
about  t hese  p a r t i c u l a r  barges  of coa l ,  however, i s  whether t he  apparent  weather ing 
of the c o a l  i s  due t o  a long s t o c k p i l e  s t o r a g e  o r  t o  t h e  inhe ren t  p rope r ty  of t h e  
c o a l  t o  undergo weather ing (ox ida t ion )  r a p i d l y .  

Five 

Ten barges  were loaded a t  a d i f f e r e n t  
A number of 

These l a t t e r  t h r e e  p r o p e r t i e s  

The computer-based d a t a  bank e s t a b l i s h e d  a s  p a r t  o f  t h i s  p r o j e c t  has  made i t  
p o s s i b l e  t o  examine the  behavior  of c o a l s  du r ing  barging ope ra t ions .  
information i n  t h e  d a t a  bank has  been used t o  determine t h e  g e n e r a l  c h a r a c t e r i s t i c s  
of c o a l  t h a t  undergoes se l f -hea t ing  and t h e  average r a t e  of s e l f -hea t ing  du r ing  
barging,  t he  d e t e r i o r a t i o n  i n  rhe q u a l i t y  of barged c o a l ,  and t h e  r e l a t i v e  
importance of va r ious  f a c t o r s  t h a t  c o n t r i b u t e  t o  s e l f - h e a t i n g  i n  barged c o a l  (8). 
S t a t i s t i c a l  a n a l y s i s  of t h e  information i n  the  d a t a  bank has  been c a r r i e d  o u t  using 
t h e  SAS package developed by the  SAS I n s t i t u t e ,  Inc . ,  Cary,  North Caro l ina .  

In  p a r t i c u l a r ,  

Most of t h e  barges  of expor t  c o a l  included i n  the  d a t a  bank have temperature  
measurements t h a t  were taken a t  the time t h e  c o a l  was unloaded from t h e  barges .  
This information along wi th  t h e  ex tens ive  a n a l y t i c a l  d a t a  c o l l e c t e d  on samples of 
t h e  barged coa l  makes i t  p o s s i b l e  f o r  one t o  compare t h e  chemical and phys ica l  
c h a r a c t e r i s t i c s  of c o a l s  t h a t  do,  and do n o t ,  undergo s e l f - h e a t i n g  du r ing  barging.  
For t h i s  p a r t i c u l a r  comparison, i t  was a r b i t r a r i l y  decided t o  compare ba rges  of c o a l  
w i th  a maximum temperature  r ead ing  l e s s  t han  10°F above ambient temperature  (low 
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p o t e n t i a l )  w i th  ba rges  that  had a maximum temperature  r ead ing  200F or more above 
ambient temperature  (h igh  p o t e n t i a l ) .  
t o  gene ra t e  the  l a s t  two columns of d a t a  l i s t e d  i n  Table 4 .  
w e l l  w i th  t h a t  ob ta ined  i n  t h e  barging s tudy .  
f o r  s e l f -hea t ing  had lower carbon and hydrogen c o n t e n t s ,  lower f r ee - swe l l ing  
indexes,  and lower h e a t i n g  values .  These c o a l s  a l s o  had h ighe r  n i t rogen ,  s u l f u r ,  
oxygen, and s u l f a t e  s u l f u r  con ten t s .  Th i s  information i n d i c a t e s  that c o a l s  w i th  
c h a r a c t e r i s t i c s  of weathered c o a l s  have h ighe r  p o t e n t i a l s  for se l f -hea t ing .  

With these  g u i d e l i n e s  the  d a t a  bank was used 
These d a t a  compare very 

The c o a l s  w i th  the  h ighe r  p o t e n t i a l  

TABLE 4 

C h a r a c t e r i s t i c s  of Coals i n  Barging Study and Data Bank 
With Low and High P o t e n t i a l s  f o r  Self-Heating 

Parameter* 

Moisture,  as-received (%)  
Ash, dry (%) 
Vola tile Matter (%) 
Fixed Carbon ( % I  
Heating Value ( B t u / l b )  
Carbon (%)  
Hydrogen (%) 
Nitrogen (%) 
Sul fu r  (%)  
Oxygen (%)  
P y r i t i c  Su l fu r  ( X )  
S u l f a t e  Su l fu r  (%) 
Organic Su l fu r  (%) 
H / C  A t o m  Rat io  
O / C  A t o m  Ra t io  
Free-Swelling Index 
Hardgrove G r i n d a b i l i t y  
Average Barge Temp (OF) 
Average Barge Temp (OF) 

Barging Study** 
Low Po ten t .  High Po ten t .  

14.16 13.43 
9.04 11.94 

39.49 39.13 
60.45 60.72 
14,650 14,309 
81.65 80.24 
5.41 5.31 
1.70 1.82 
2.07 2.31 
9.17 10.32 
1.57 1.48 
0.03 0.16 
0.45 0.66 
0.794 0.797 
0.082 0.095 
3.3 1.7 

39.0 44.1 
87 96 
95 114 

Data Bank*** 
Low Potent .  High Potent .  

14.16 
8.38 

41.96 
58.05 
14,582 
81.09 
5.43 
1.69 
1.62 
9.18 
1.12 
0.14 
0.95 
0.798 
0.084 
2.38 

43.6 
74.5 
81.4 

14.05 
9.23 

41.55 
58.48 
14,562 
80.27 
5.26 
1.73 
1.86 
9.54 
1.14 
0.22 
0.67 
0.782 
0.091 
1.88 

47.9 
84.9 
108 

................................................................................... 
* A l l  values  a r e  r e p o r t e d  on a d ry ,  ash-free b a s i s  un le s s  otherwise noted and a l l  

temperatures  r e f e r  t o  t h e  temperature  o f  t h e  c o a l  a t  t h e  time of unloading. 

** Barging Study -- a f i f t e e n  barge tow wi th  f i v e  ba rges  having a low p o t e n t i a l  f o r  
self-heat ing (maximum barge temperature  l e s s  t han  10°F above t h e  ambient 
temperature)  and t e n  barges  having a h igh  p o t e n t i a l  f o r  s e l f -hea t ing  (maximum 
temperature g r e a t e r  t han  10°F above t h e  ambient temperature) .  

temperature  l e s s  t h a n  10°F above the  ambient temperature)  and 100 barges  wi th  
a high p o t e n t i a l  f o r  s e l f -hea t ing  (maximum barge temperature  g r e a t e r  than 20°F 
above ambient t empera tu re ) .  

*** Data Bank -- 127 barges w i t h  a low p o t e n t i a l  f o r  s e l f -hea t ing  (maximum barge 

IV. CONCLUSIONS 

I n  conclusion,  t h e r e  a r e  s e v e r a l  recommendations t h a t  can be made wi th  regard 
t o  p ro tec t ing  c o a l  from se l f -hea t ing  du r ing  barging.  
t h e  barge is impor t an t ,  and a method t h a t  d i s p e r s e s  t h e  c o a l  more evenly through the 
barge and minimizes s e g r e g a t i o n  of the p a r t i c l e s  of c o a l  w i l l  reduce the amount of 
s e l f -hea t ing .  

The method o f  l oad ing  c o a l  i n  

Level ing and thoroughly compacting t h e  c o a l  i n  the  barge reduces 
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self-heat ing.  F i n a l l y ,  c o a l s  w i t h  c h a r a c t e r i s t i c s  similar t o  those  of weathered 
c o a l s  appear t o  undergo se l f -hea t ing  more r e a d i l y  than c o a l s  without  t h e s e  
c h a r a c t e r i s t i c s .  
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Relative Concentration of Tracer Gas 

a = 1-10 p = 10-20 = 20-30 = 30-130 

(- marks ind ica te  sampling points;  0 ind ica tes  gas in jec t lon  point) 

Figure 1. Gas f l o w  pattern i n  barge No. 3. 

Relative Concentration of Tracer Gas 

0-5 = 5-15 a = 15-30 = 30-58 = 50-380 

(- marks ind ica te  sampling points;  0 k d i c a t e s  gas in jec t ion  point) 

Figure 2. Gas f l o w  pattern i n  barge No. 6 .  
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