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" FUEL__RESEARCH INSTITUTE OF SOUTH AFRICA,

REPORT NO, 9 OF 1950,

’ SPONTANEQUS HEATING OF COAL - SUMMARISED EXTRACTS FROM THE LITERATURE.
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1. Introduction:
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The problem created by the spontaneous heating of
coal has been receiving attention for more than 100 years
and many investigators have worked on problems directly or
indirectly associated with this phenonmenon,

The volume of literature on the subject ilg very
large indeed, and, in an effort to swmarize the findings of
the more recent workers in this field, the object has bewr ~
to provide present and future investigators at the Fuel Reseatch
Institute of South Africa with extracts which will be
reasonably comprehensive and up to date (literature up to
Jamiary, 1950, has been consulted),

Mn excellent review of the existing literature and
data on this subjeet was published in 1928 by Davis and ~
Reynolds 18) and the present report should be regarded as
being merely supplementary to thelr work, and entirely”
incomplete without it, = While studying %he more recent
literature it was found that many workers had covered more
or less the sane ground as their predecessors and had =
arrived at similar conclusions., It was deeided that sugh”
publications should not be excluded in drafting the present
report even if 1%t night lead to apparent repetltions of
statements contained in the report of Davis and Reynolds.

Frequent references are made in this report to
work done at the Institute and to reports that have been
written here,

Determination of the Relotive Tendency
of a Coal to Heatl Spontaneouslys

Aécording to Special Report No.5 of the DeSeI¢Ra =
Fuel Research 21) there was (in 1929) not yet a satisfactory
nethod available for determining the liability of a coal To
spontaneous combustion, and the impression gained from the
present survey of the literature is that in spite of = 7
substantial progress that has been made in recent years in
the understanding of all the phenomena involved, the probléen
has not been sinplified appreciably, - The ideai formula or
test for assigning to a eoal an absolute or relative
quantitative wvalue for its 1liability to spcentaneous
conbustion rust take into consideration such a number i
possible variables that it seems a task inpossible to achleve
at this stage, A statistical approachy as made in the "~
case of the report mentioned above 21), certainly holds out
pronise and is one to be commended,

The ra.nl{-/o.oveoouo
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' The rank of a coal is normally regarded as a falirly -~
rellabley general indication of itg relative tendency towsards
spontanedus conbustion, The lower the rank the more liable
the coal, Besides the usual proximate and ultimate analyses
the maximun inherent moisture content of a coal yields
evidence of its rank, Methods of deternining the maxirum -
Inherent moisture content of coals have been investigated and
deseribed by various workers 60),

It is stressed that ccal will not regaln its original
inherent moisture capacity after prolonged drying in atmospheres
of lower humidity than cbout 75%,

There is a close relationship between the maxirmum
inherent molsture econtent, and the internal surface and heat
of wetting characteristics, The determination of these
properties is well covered in a recent publication of the
BeCoUsRsA, 6) and in subseguent papers 5), 19), Values found
for the heat of wetting (methyl alechol) for British coals ™
ranged from about 1,2 to 25 cal,/gran of dry, ash-free coil,
(The 1iberation of heat per square metre of coal surface is
approxinmately 0,095 calories),

LR

, According to-Seott and Jones 57),'the inflection----
POint, of a coal (i.e, the temperature 2t which liberation
of carbon monoxide when heated in alr beconmes appreciable),
and its relation to the ignition.tem%erature is %robably
related o the tendeney of the coal towards spontaneous’
combugtion, An inflection point for anthracite (non=Iiable)
of 3760¢ onad for sub~biturminous ceal (definitely liable) of

121°C was found,

The oxidizability,content of volatile matter and’
ignition temperature of a’Georgian SSR coal were found to
characterize 1t as safey and yet numerous nine fires were
experienced, However, the low C and high H content inercase
the coals ability to absorb 0, Thus the coal is not
spontaneously inflammable, yet quite dangerous 13),

A Methods based on analytical data, e.g. hygroscopic
water, disposable hydrogen and oxygeﬂ‘ioéine value, ete., or
on beﬁaviour with oxldising agents cegs, Hy0,4 KMnO4, 03

ete, are unreliable for determining the spontaneous
inflammability‘of coal according to von Walther and
Bilelenberg 71),

The oxidising power of a coal which hag undergone’
a certain degree of weathering is a guide in this respec®.
The oxidising power is taken to be due to peroxides formed
and a knowledge of the peroxide content of an oxidlsed
coal is therefore helpful, Various workers have stulied”
this aspect and a more complete surmary of this phase of the
problem has been prepared at the Institute 28), The action
of eoal on a photographic plate in the dark described by
Haslam 31) is possibly related to this phenonenon as the
presence of oxygen in the surrounding atmosphere was found
to he essential for the action to take place,

The oxygeﬂ/...n...



-

3e

The oxygen absorption characteristics of coals hove
been studied by nany workers, Winnill 75) wag, undoubtclly,
the real pioncer in this respect, Sonie of his findings
were as followssm

i1 For coal contalning no pyrites the heat 1iboratgﬂ by
the ‘absorption of 1 ml, of oxygen (N.T,P.) i1s 2,1 calories,
and for pyritcs it 1ls 4,3 calories, .

2 Low ignition point is not, ipso facto, an indlcation
of 1iobility to spontonecous combustion, although these
phenonena very often run parsllel,

3, Low rank coals. liberate nore CO, on absorption of O
than higher rank coals,

4, (2) If the oxygen absorption capaclty of a coal |
(=60 nesh size) is below 200 ml, oxygen (N,T,P.) in 96 hrs,
(in an ctmosphcre of air) at 30°C the coal is regarded as not
liable to fire. Coals liable usually absorb well over 300 ml,

(b) If the absorption is between 200 and 300 nl, anl
the coal contains pyrites, some of which is in a flne stato
of division the conl is termed: "Suspected to be lisble to

Tirey porticularly if stored in warm climates,"

oK The oxygen content of a“coal isy by itselfy nc julle
to the zbsorbing capacity, e.g.

N b o A

% 0 in coal. ml, On absorbed by 100 gns., of coal in 94 hrs,

at 30°¢
8.93 623
8,63 133
8.25 453

———— e

Lategan 39) deternined the oxygen absorption and olso
'relative ignition point! characteristics of Witbonk conls and
conecluded that they were non=linble to gpontaneous ecoumbustion
under existing conditions of storage and transport,

More recently Schnidt and Elder 56) have conductasd
a series of very infornative cexperinments on the atmospheric
oxidation of o series of coking coals at tenperatures below
100°C,  They found that under thermostatic conditions:w

(a) the characteristic rates of oxldation of coals
increased with increasing volatile natter content.

(b) the rate of oxidation decrcased rapldly as the
coal consumed oxygzen, being inversely proportional to the
4th root of the amount of oxygen consuned,

(¢) the rate was proportional to the 0,61 power of
the oxygen concentratlion in the gas phase.

(&) the logarithm of the amount (X) of oxygen
consumed veried linearly with the logerithn of the tinme (T)
of oxidation, ory expressed nothemoticallyse

Jog X = 1og C + b log T
or X = CTD |
W’h@r@/; il he
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. where C and b are constants, and the rate of reaction (R)
is given by the expressions=

_ e
R -%XT = cpr™T

They further found that the variation of oxidati “
rate with tenperature was approxinately as predi [ e
Arrhenius equations pproxinately as predicted by the

dInR _ B
K 1.986 T=

: ‘ Rl 4 E ;r’/ﬂ 1 «';
or 2,303 log 10 =Ee=— T J .EET_ o ,:1, b
where (TK51 and ('R? 1_9.85{( = =N °k

mhere o are reaction temperatures in 1vi

Ry and R, are reac i8n rates at the twg temperatures ?%§%§’ |

and (3K32,~respectively, and E is the energy of activation

In cal,/mol,

Values of E found for the tenperature range 30°¢

. 20 : , Y
to 9943% were about 11,000 cal,/moly, corresponding to a
factor of increase in the reaction.ra%e of about 1.7 for each
100¢ rise in temperature,

Also, for the coals tested, higher rates of
oxidation tenced to be compensated for by lower friabillties,
so that both these factors (opposing as they are) had to be
econsidered when agsessing the relative storing qualities of
coals,

According to Davis and Byrne 17) the tenperature
of preliminary drying of coal (in an inert gas) should not
exceed 140°C,  Such drying should not be extended over an
exeessive period, since the c¢olloidal nature of the coal
nay be altered, affecting its ability to absorb oxygen,

- In estimating the tendeney of coal to self=
inflarmation Oreshko 47% placed a 1 = granm coal sample in
a perforated nmetal cup suspended from a calibrated guartz
spiral, and heated in an electric furnace while a stream
of oxygen passed through, Weight changes of the sample
were deternined from the extension of the spiral while
tenmperatures were recorded with thernocouples, Results
were plotted, showing weight changes, temperaturec of sample
and temperature of furnacé for different rates of oxygen
feed and temperature rise;  The moximun and minimum i
temperature points of the welght curves did not change with
variations in physiecal factors (rate of heating, rate of =
0 feedy and size of coal) but depended only on %hefchemical
and physiecal nature of the coal, Since the minipmun .. .
temperature varied 1little for different coals, the .
naxirmnm tenperature could be utilised to characterize the
tendenicy of coals to self=inflarmation, The method was
nore complicated than the Erdmann method (Chem, Abs, 174
1705) but yielded more objeective results,

In studying/eesecess
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In studying the effect of oll~treatment on the
oxygen absorption capacity of coals Anbrose and Gaspari 1)
neasured the absorption by a nanonetric method and found the
riethod very satisfactory,

The tignition point! or trelative ignition point?
of coal is often used for asgsessing liability to spontaneous
copbustion 39), 18), 71), 21), The main objection against
this is that the ignition point lies far above the ordinary
tenmperatures where spontaneous conmbustion begins to assume™ 7
appreciable proportions, There has apparently been good progress
lately with improving nethods of determining ignition i
temperatures 58), 48), 36), but it is not knowm whether this has
been applied in %he field of the spontaneous combustion
investigation,

The adiabatic ecalorincter 1ls apparently the rost
promising tool available so far for determining the relative
tendencies of different coals to heat spontaneously as it~
sirmlates most closely the actual large scaley spontaneous
heating phenonena, Winmill has also pioneered this type of
investigation, and was followed by Davis and Byrne 16),

Very comprehenslve detalls about the spontaneous
Tiring characteristics of brown coaly, brown coal briquettes and
brown copl semi-coke, covering nalnly adiabatic calorimeter tests
on these substances have been described by von Walther and
Bielenberg 72) in 1927 and Rosin 54) in 1928,

g Workers in Jepan 7) treated the oxidation of ccal
ag a gas Peaction as followgsw

1
lmkl + a /%j_ = Ink, 4+ a (1/T2) =C

where k4 and k5 are velocity constants corresponding to the

abgolute temperature Ty and T, respectively,.while a and ..

Co

are characteristic constants of the reaction, The reaction
velocity is always proportional to the veloeity constant
and the following equation was derivedse

4 il a
In aﬁgm + 8/ = C, or %%L = (Ra ™ /8

where © 1s the characteristic curve of the cosl
and K = e}

47 can be calculated from the above equation by substituting
the experimental values of a and K, The time required to
fire spontaneously is calculated by the formula:-

and the value obtained will coincide with practical
experiences, The danger of spontaneous combustion in cosl
mines can be known in advance by tracing the curve shown

Y the formula 'gje /8 s6 .. o,

ACCOTdirlg/u seceene
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According to Makarov and Oreshko 42) the rate of
spontaneous heating V of coal as determined in an adizbatic
calorimeter is given by the parabolic equation:~

i 2
V =4 (b -m° 4 gt

1t

in which

I

t initial temperature
7/ = a constant = 12,3 % 10
and m and a- are the co-ordinates of the apex of the parabola.

The experimental value found for 'm! is ealled the
"eritical temperature of spontaneous heating of the coal,"
At temperaturcs below this 'eritical! point the rate of
heating, a*, is constent, being lower than a certain éritlcal
value, Above it the ra%o increases with temperature,

In further adiabatic calorimeter studies by the same’
authors 43) oxygen was supplied in amounts of 0,6 = 5419 c.ce
per gram per winutc at temperatures between 100 and 150%¢,
The spontanecous heating curves obeyed (within the limits of
experimental error) the cecquations:~

~A /Ry

W = a-+btyandw, = Coe .

where W = average velocity of spontancous heating, a, b and
C are constants, and t is the temperature of the coals The’
seeond equation expresses the relation w = §(T) better than the
first, and gives a theoretical cxplanation of the spontaneous
heating of the coal from the point of view of Semenovis theory
of explosive reactions, With a change of veloecity of the
oxygen supply A remains constant (= ~7008cale/mol,).

Dependence of the veloeity of spontaneous heating of ~
coal under adiabatic conditions on the veloelty of the oxygen
current ils given by

W :}V/(m + V)

4t 100°C the constant m = 0,15 ¢.c./gm, /min, and the
constant § = 0,36 gnm,/min,

The theoretical basis for this equation ils téken from
the adsorption theory of heterogeneous gas functions, Velocity
of spontaneous heating of coal increasés sharply in the reglon
of oxygen velocitics of from O -2 c,¢./gm, /min, At
velocitles of 2,5 - 5,15 e,c./gm, /min, the velocity of:
spontaneous heating is practically constant and is 96 - 97% of
1ts maximum value at the given temperature, This region of
velocities of the gas current is the most convenient for the
Investigation of spontancous heating processes of coal,

‘In experinents conducted by.Oreshko 46) oxXygen was
passed through a heat insulated pile of dry coal and the
temperature (8) measured, It was found that:-

-l /o
Rate of heating = %% = 0 @ /5o

L]

where t = time and C and A are constants, o &
The lower the initial temperature of the coal (40°C -~ 100°C)
the smaller is C, Approximate values of A found were:-

5y
D

/‘....O‘.
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2,7 kgl.Cal, 2t © < 80°¢C (approx,)
and ) n " n g ;785’00

Hence the mechanism of the oxidation suffers a
change when a toeuperature of about 80 - 85°C 1s excecded,

Other workers 12) employed a differential
thermocouple and photographic registration of thermal curves
by means of the Kurnskov pyrometcr, They noticed two
endothernal effceets in the heating curves of.coals, The
endothernal effcct of the removal of water was superimposcd
by an cxothermal effect of the oxidation of the coal, The
exothernal effect appearcd before the completion of the
second endothernal wave, l.c. the process of intensive _
oxidation began before all water had becn removed. completely,

Full details of an adiabatic calorimeter and tests
carried out in it are glven in a reccnt publiecation by
Elder and cowworkers 24), An interesting conclusion drawm
1s that both the behaviour in the adiabatic calorimeter and
the rate of oxygen consumption at 212°F in air arrange a
gserics of coals in the same order of tendency towards
spontancous hcating, The wellknown relation between rank
of a co2l and tondeney towards spontoncous heating was further
confirmed, and data for the increase in reaction rate with
increase 1n temporaturc, and dscrease in this rate with
increasc in oxysen already consumed by the coal were obtained.
The authors concluded that the rate of oxidation (of fresh
coal) was proportional to the oxygen concentration in the
reacting atmosphere raiscd to the pover 04,664 and to the
cube root of the (external) surface areae Ilineral cone
stituents or ash acted as incrt diluents and decreased the
relative tendency, The presence of apprecilable amounts of
moisture tended to reduce the relative tendency due to the’
high specific heat and latent heat of evaporation of water,
To eliminate theseeffects during experiments the coals were
therefore dried at 212°F in nitrogen before testing.

Ldiabatic calorimeter tests arc at precent belng
undertaken at the Fuel Research Institute and the results will
be combined and correlated with the results of "bunker" tests:
(which may be regarded as adiabatic calorimeter tests on a
semi=large scale, simulating practical conditions) carried
out at the Biuff, Durban, and oxygen absorption tests also
at present being conducted at the Institute,

3¢ Factors Promoting or Rebtarding
Spontaneous Heatling:

A. Physical Factors:

Hood 32) concluded that the factors most concerned in
the spontaneous heating of coal ares= temperature at time
of storage, freshness of coal surface, dissipation of heab
generated and access of oxygen,

- Winmill 75) was probably the first worker to
demonstrate that the amount of oxygen consumed by coal was
dependent on the slze or particle diameter, in other words, on
the external surface area which is proportional to the
reciprocal of the particle diameter for the same amount of
coal., His results, hovever, also demonstrated that this
was not a slmple direct relationship, but that at least a
certalin amount of internal surface must be avallable for
reacting rith the oxygen. As stated above Elder and cow
workers 24) concluded that the rate of oxidation was

approxXinately/eees e
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approximately proportional to the cube root of the external
surface area of the coal, Two very important factors to be
considered are therefore:-

1. The screén analysis of a coal, the amount of
fines present and the degree of segregation of these
fines,

2 The potential capacity of cogl to produce Ifines
on being handled, in other words, the friability,

The Fuel Research Institute has from time to time
carried out surveys of screen anslyses of various South
African coals, and screen anclyses on nuts exported are
regularly carried out, the results being available in the
Institutel!s records,

On the friability of South African coals there have
been two publications 70), 38); and further data will be
available soon when the final report on the weathering
characteristics of South African coals becomes avallable 29),

The internal surface avallable to the action of oxygen
is closely connected with such properties as rank, meXimum
dinherent moisture and heat of wetting, These propersies have
already been discusgsed above but.1lt may be added that the
National Chemical Laboratory of the C.S.I.R. is conducting
investigations of these properties on South African coals at
present,

The heat generated by the absorption of 1 ml, of
oxygen (N.T,P.) was found by Winmill 75? to be 2,1 calories for
coal and 4,3 calories for pyrites,

It is held by Turner and Sinkinson 69) that the
adsorption of carbondioxide by coal is on important factor
the production of the initial temperatures necessary For its

spontaneous combustion,

in

Blaskett 4) demonstraoted the potential heating effeet
of weter condensation on coal by passing air saturated with
water through a low rank coal for 4 minutes ~ the moisture
content increasgd from 5% to 63% -hile the temperature rose
from 20°C to 39%c, i

The same author believes that coal is more Iialy to
heat to the point of ilgnition if piled in hot weather than
if plled in cold weather, in fact a matter of a few degrees
difference may be significant, Further, if both COp and 05 -
are present, the CO, being much more readily adsorbed then Fhe
0oy would in conseqfience appreciably retard the rate of- :

oxidation of the cocl, and not merely serve as a diluent of
the oxygen, :

. The author believes that the tendeney to spontaneous
heating within a pile of stored coal can be assessed,
appreximately, by the expressions=

2
R H
a
where R = initizl rate of oxyzen consumption,
H = height of pile
and a = k/DS

Where/saeeses
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where k = thermal conductiviity of coal pile
"D = density of conl pile
S = sgpecific heat of coal pile,

To reduce the tendency of heating within the pile, 'R! and

tH! should be kept as small as possible while !a' should be
large,

'‘R! is dependent on the coal type, but its value is
increased with increase in fineness of the coal, with initial
storage temperature and with abundancy of the oxygen supply,

Ta! Appears to be mainly dependent on the specific
heat of the coal and hence on the moisture content, A higher
moisture content leads tc decrcecosed values of tatl while there
is an additional donger of condensation in drier parts. of the
pile,

the rate of flow/unit

The permeability K of a bed, 1l.e.
pressure gradient (cm,/scc,) is dependent on its porosity -
(vol;/wt;i according to the expressions:-
K = constant = i,3
) & m«m
So (L~ )2

where 8, is the specific surface/unit volume of solid, and l1s °
therefore proportional to 1, d being the diameter of particles.
Thus d

2 JaL

]

K = constant 5 Gl M B e,
@)

Loosely piled, uniformly sized coal shows a porosity

of something over 0,5, while, when well packed down =
would be less than 0.4, Wikh bhis range of . bhe

function =i shows a 3 to 4 fold variation, i.e. the
| (1 = )2

permeabllity of loosely packed coal can he reduced to
approximately % of its original value by packing down.

The thermal conductivity of a pile of coal increascs
with inecreasing apparent density.

With restricted alr supply ;ir—flow has a negligible
effect on heat dissipation (only about 1,400th of the heat
generated),

At a higher temperature the reaction rate falls off
more rapidly with time than at a lower temperature, and this
compensates, somewhat, for the increased reaction rate at
higher temperature,. .

According to Taylor 62) the rate at whieh an air
current has to move through a heap of cozl in order %o cause
spontaneous heating is of the order of 9 inches a day,

Dunningham and Grumell 22) maintain that the "selfe
heating of a coal heap i8eiceees...directly correlated to wind
pressure, - For the first step, the development of high
temperature in a mass of interior coal, wind is necessary,
H?atin% therefore occurs only on the sides exposed to prevailing
winds,

Winds are more responsible for alr movements through,
and heating in large cozl piles than is the stack effect,
according to Drewry 20),

Certaln/secesee
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Certain vitrains have been found to be unduly
susceptible to spontaneous heating, the theory being the
liberation of CHy caused by tremendous pressures accompanying
earth movements, resulting in the addition of oxygen to
restabilize the compounds, The other components of the coal
do not appear to be affected similarly 9).

The relationship between selfignition of coal beds
and their petrographic constitution has been investigate@ by
Pohl 52) who concludes that as a result of the high specific
ignition tempersture of fusain it can never be the cause of
fire when not in eontact with vitrain, ~The latter,
mdoubtedly, plays a very iluportant role, Fusaln may,
however, act as a catalyst due to 1ts fineness and high
absorbing power for oxygen. - Durain plays a part of gecondary
importance only. (See also under: B, Chemical Factors)

B, Chemical Factors:

The effeets of the concentration and availability of
oxygen, the possible rolé of the formetion of peroxides and the
part piayed by the weathering of coals on their spontaneous
heating have already been mentioned above and very little
remains to be added,

The concensus of opinion ig still that the role of
pyrites in this phenomenon is a minor one,

Barkley 3) states that in a coal pile rain or water
may inereasc the rate of oxidation of pyrites by supplying
the nececssary water and (or) washing off oxidation products.
The pyrites is also accused of disintegrating coal (thus
producing fresh surfaces) through being oxidised to bulkler
products,

Teichmann 65), working on samples of coal and
pyrites obtained from wvarious South African collieries
failed to debteet any marcasitc in his samples and founé
that moist oxygen at 105°¢, produced only a small amount of
oxidation over a period of six weeks, The rate of
oxldation of pure pyrites ig appreciably less than when
pyrites ig assoclated with coal,

Aceording to Davies 15) coal pyrites concentrates
are quite liable to spontaneous firing when in plles of over
10 £t. in height, Apparently there i1s a wvery marked
difference in the behaviour of pyrites from different
sources,  Some show no tendency to spontaneous firing or
disintegration on weathering, Other varietics break down
to powder within a few days, Some oxidise to the ferric
state and others to the ferrous state, The nature of
dmpurities, and particularly the physical form of thelr
associatlion with the pyrites may account for this
variation in behaviour,

It is also possible that bacteria which have been
ldentified in many mine drainage waters, and which are
responglible for the oxldation of sulfuritic materials, ine
eluding pyrites 6€), play an important part in the
phenomena mentioned above,

ACCOTdiﬂg/p XErE
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According to Taylor 62) there is no Justifiecation for
belleving that a low-sulphur coal would nccessarily store boetter
than .2 high=sulphur one,

The mixing of powdered pyrite with powderéd coal has been
shown to result in a retardation of oxygen absorption of the
mixture, |High ash in a sample has a gimilar dilutlng effect if
the ash is low in iron oxide, If the iron oxlde is high,
oxidation is promoted 11),

It has been demonstrated thatgby drying a eoal its
oxygen absorption capacity is reduced,™ Oxidatlon becomes more
rapid with increasing water content until a cartalp maxlmm is
reached, after which additional water has a retarding effcct 11),
In this connection it is interesting to compare the effesét of
water on the combustion of ecarbon at higher temperaturcs, ;Dried
carbon, even at incandescent heat burns slowly, yielding mainly
carbon monoxide, lloist carbon burns at o much lower temporature,
vielding mainly carbon dioxide 67),

The above should also be viewed in the 1ight of the 2
Inversion of the C0:COp 1liberation ratio ocecurring at 70 ~ 80°C,
CO» preponderating above thls temperature range, = The breskdown
of "the hydroperoxide (formed during the oxidetion =t low
temperature of coal in the presence of water vapour) a2t this
temperature is accompanied by a marked incresse in the rabe of
reaction of the coal with air or oxygen, and this phenoizenon 1s
of profound lmportonce in the whole problem of spontaneous
combustion 37), 35).

Phenolic radicals are regaprded by Tronov 68) to be the
most readlly oxidizable parts of molecules comprising the humus
components of coals. He has advanced an explanation of the
mechanlsms involved in the low temperature attack of atmospheric
oxygen on these rodicals, and of the formation of the oxides of
(& S.I'bono

According to Tnylor 62) "the 1iability of a mixture of
coals is that of the most 1lable constituent under the conditions
prevailing; there seems to be a widemsprend belief that the
clreumstances cre aggravated by some kind of interaction hetween
the constituents of the mixture, but this is out of the question,"

Regarding the above remark about the dominating é7fect of
"the most liable constituent," Davis and Revnolds 18) eoncluded
that the behaviour of a sampie of coal could not be Tcomputed?
from that of the individual petrographic constltuents, although
they all contribute to self~heating in storage, A comvarable
position has been found to exist with regard to ignition
temperaturesi where small additions of o highly resctive coal to
a less reactive one has an effcet of lowering ~the ignition
temperature of the mixture out of proportion with the percentage
added 58),

"0pencast! coals appear to be particulsrly 1iable to
spontaneous combustion 53),  Chemical and (or) physicol

alterations of the coal substance related +o a certain degree of
sub-surface westhering may be the cause of this behaviour,

Iﬁ has/;","...
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This has been confirmed during oxygen absorpbtion tests earried
out at the Institute,
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It has been reported that selfignition is in
certain instances promoted by the presence of alkaline water
derived from weathered minerals of the covering rock layers
l4a), On the other hand it is held that a greater initial
concentration.of acid favours the development of marcasite in
preference to pyrite during formation 14b). (See also
Section 5, 'Prevention of Spontaneous Combustion!)

4, Dcterioration of Coal on Storage:

Contrary to widespread belief loss of calorific value
on storage 1s negligible, provided there has been no
spontaneous heating, I this occurs, obviously the coal can
deteriorate to any extent, depending on the extent of heating
or combustion that has occurred,

If heating 1s only slight such deterioration as is
practically appreciable ig limited to disintegration by
weathering and loss of ecking power, which occurs falrly rapidly
especially with small coal,

, The conseguent higher proportion of small coal and loss
of coking power causing a loss of coherence in the fire bed may
cause a-greater loss of unburnt material, but this should not
be confused with loss of calorific value 62),

An approximate indication of the amount of deterioration
(presumably in respect of calorific value) with time for
British coals is given by Taylor 63) as follows:e

Years of Storage. Percentage Deterioration,
i 0.8
3 2¢O °
5 o)
10 4,0
25 50

Deterioration on storage is dependent on the rank of the
coaly being the least and slowest for the high rank coals like
anthracite, and increasing in amount and rate towards the
lignite ranks, '

Hard coals deteriorate much less than soft ones, and
camnel coals are particularly durable in this respect,

Increased friability results from weathering, and this is
usually concentrated in the outer layers of a stack 63).

The coking value of a coking coal is very likely to be
destroyed completely in 3 years, and it is recommended that a
coal for coking purposes should never be stored for longer than
1 year 63)., The deterioration of a coking coal in storage is
accompanied by a marked increase in the breeze content of the
coke made from it 33).

According to Spooner and Mott 59), however, coals of over
86 per cent carbon content (Parr basis) (i.ee high rank coals)
are not liable to deterlorate on storage for periods of 6 months.
Sllkstone coal (carbon 85 - 86%, hydrozen 5.,7%) gives a harder
coke when coked in coke ovens after 5 months storage and this
coal can be stored for 11 months ags slack without any
deterioration to the coal,

The volatile matber content of coal is only slightiy
decreased by storage, Undue heating in a stack may, of
coursey result in excessive loss of volatile matter 33).

Both/-ootq
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Both the airdry moisture content and the oxvgen
content increase on storage of the coal, The rank of the
coal is an Important factor in determining the magnitude of
the increase 33),

A very informative contribution on the effects of storage,
without rise in temperature, has been made by Scarf and
co-workers 55), They concéntrated to a large extent on
the effect of size of the stored eoal on the rate of change

of its wvarious properties,

_ Parry and Goodman 50a) have shown that sub-

bituminous coal can be stored for long periods in closed bins
minimising moisture changes, without suffering much degradation,
If stored in the openy or in a ventilated bing degradation and
deterioration can be serious, however,

Barkley 3) quotes an average yearly heat loss of 0.1
percent for 'fircproofed! piles (storage period 14 months) as
against 0,9% for ‘'unfireproofed! piles (storage period 4= -
months) (In the case of the latter spontaneous heating had
oceurred in spots,) The coal tested was low~molgbure coal of
about 35% volatile matter,

The increase in surface moisture of coal stored in the
open may inercase by as much as 10% in bad weather, resulting
in a decrease in effective hecat generation of about 1%,

Even so the extra cost of providing extensive covered storage
for coal stocks is not justified 51),

5« Prevention of Spontaneous Combustion:

The liability of coal to spontaneous ignition i
very rclative and Indefinite conception and Iikeowls
prevention of spontaneous heating is usually not ac
the application of a single, simple formula, = The
complexity of the phenomena irvolved, is perhaps best
11lustrated by quoting Stoek and co-workers 61) 3w
"It 1s probably true that all varietics of bituminous conl
have been stored without fire resulting, and coually true that
all varieties of coal have fired when s%ored;”~

Taylor 62) statess= "It is wellknown thet anthracite,
dry steam coal and cannel are not liable to hont
spontaneously, While there are differences in the liability
of other coals to heat spontaneously, it is safer to resard.
them all as suspects for none can be reliably expected %o be
exempt from the danger, and such differences as there are
between them are not very marked in practice;™ '

The following data, cited by Lowry 40) illustrotes the
great importance of econditions of oxidations-

Observed rate of oxidation, i 3
Condition l:=~ Temperature of oxidation 60°p £4°p
Condition 2:= Size of coal particles ( 1 inch 18 mesh

( 2!:11 1 4_8 "

Condition 3:- Oxygen in air, %, 3.5 20,9
Condition 4:- Time since )cgarse coal 4 months, 12 hrs,

oxidation started)fine "o 2,9 days, 12 n

BS"/...Q.'(’Q
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By altering each of the conditions from the valuecs
stated in the middle eolumn to those stated in the third
column, the rate of oxlidation of a sample of coal would
reveal, approximately, a 3-fold inerease, so that all the
changes in conditions listed taken together could cause an -
8l=fold increase in the rate of oxidation, which would cverw
shadow in importance the comparatively small difference ‘
between different coals,

Coal is rendered absolutely safe by the execlusion of
all ventilation, but this is expensive, especlally when a
large amount of coal has to be kept in stock,  Generally, 1%
may be token for granted that the less the precautions thot
have to be taken against spontaneous heating, the less
expensive the storage of coal will be, In practice this
usually results in o compromise between amount spent on safety
measures taken, and risk run of experiencing spontaneous
heating,

Spontaneous heating and firing is not limited to
stored coal, but is quite common in underground workings,
often occurring in crushed or broken ecoal from pillars left
ag roof support or from roof coal or seams overlying a 7orizeCem
out seam, The prevention of spontaneous combustion by the
use of steel arches as road supports has becn deseribed by
MacGregor and Temperley 41).

Pohl 52) suggests that the method of exploltation may
be a contributory cause of underground fires, The
introduction of the long-wall method of wining with pneumatic
stowage has resulted in the eliminatjon of underground firocs
in certain cases,

Obviously certain types of coal would posess bevier
storing qualities than others, The two most important
characteristics to be considered are rank and friability.

Coals of relatively high rank are preferred on account of

their lower moisturc content, absorption of oxygen, slacking
tendencies and general deterioration on storage, These coals
are 2lso invariably the better cuality coals so thet the ratlo-
therms per cu,ft, (or per ton) of coal stored ig an opbimum,

Hard, dull, anthracitic, splint and cannel coals and
anthracite are safer to store than soft, bright, bituminous,
sub~bituminous and lignitic coals 64).

1%hough a high rank coal may be preferable this does
not, apparently, preeclude low-rank coals from being safely
stored, Parry 49) reports that "a large power plant in
Texas stores thousands of tons of lignite in open pits for
emergency use, An earthen pit 20 to 30 feet deep, wlth tizht
sidewalls, 1s filled with lignite and the top is Jevelled.
This is a very cheap method of storing reserve fuel,
Spontaneous combuction does not oceur because all air 1s
exeluded from bottorm and sides,"

F‘U.I"thor det{lils/w wways
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. Further detalls of the successful storage of sub=-
bituminous slack coal in open pits is provided by Goodman and
co~workers 50b),%

Larze coal deteriorates more slowly than a smaller
size of the same coal, duc to a smaller total exposed surface
in the case of the former, and from this point of view it is
therefore preferable to s%ore large coal 64),

The advantages of low friability, as a result of which
the formation of fines on handling is minimized, are self-
evident,

Tt has been demonstrated that safe storage of large
amounts of coal can be achieved by providing suitable and
adequate ventilation 22), but the weight of evidence seems %o -
be against this practice, and the other extreme, viz, exclusion
of all ventilation or reéuoing it to a minimum 1s usually
aimed at in modern installations, Whether ventilation is
resorted to or eliminated, the course adopted must be pursued
with the greatcest thoroughness,

Both deterioration and spontaneous ignition can be
avoided by under-wabter storage. At least one American plant
has facilities for storing as mueh as 300,000 tons of coal under
water 40), It is, however, a fairly expensive method of
storing 50b) and unless fines are removed before storage
drainage of the water on taking up the coal again 1s not very
satisfactory 3).

Both the rate of deterioration and the probability of
spontaneous ignition can be decreased by storing coal in '
compacted layerd  Coal can be laid dowmn in 2 - 4! layers by
spreading with a bulldozer,thus eliminating to a large extent
the segregation of sizes, By compacting, the bulk density of
broken coal can be increased from 45 - 50 1lbs, per cu.,ft, for
loosely piled coal to 65 1bs./cu.ft. 40).  The success of the °
method seems to indicate that the decreased avallability of =~
oxygen through decreased air circulation, more than compensates
for the increased area of fregh coal sur%aces caused by
breakage. Conpacting ecan also be done with a roller,

The prineiple of deecreased zir clreulation has been
further applicd in the usc of a layer of paper between layers
of eonnl, This method has proved successful where 1t was
necessary to store a coal that was especinlly sensitlve to
oxidation 40),. : '

Storage of coal in an open pit in the earth is similar
to storage under water, except that the use of the water is
avoilded, Segregation during laying of the coal should he
avolded and the coal should preferably be spread and compacted
with a bulldozer tractor, = The coal should be level on tep -

and RO/ e siansni

¥® . : . d g
According to a private communication received at the

Institute from the U,S.A.(see letter of 3rd March, 1950

in Secretary'!s file No, 4/7/1/2) the safc storage of sub-
bituminous coal (35 = 40 percent moisture) above grouﬂd,
without having to dig or construct expensive pltsy has now
been worked out, Piles of well over one=~hundred thousand
tons can be formed, provided that: (a) the coal is lald
down in layers and very well crushed and compacted (b) ~ 77
segregation of sizes is avoided, and (c) the angle of rise’
at the edges of the pile is helé between 17 and 20 degrees,

A report on the investigation and method recommended ig™
to be ilssued in the near future hy the U.S.Bureau of lMines.
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and not be higher than'the sides of the pit, The sides of
the pit should be in good condition and impervious, A
further precaution with such piles In g pit is to provide

a protective capping as deseribed hercunder 3),

Covering a large coal pile with a layer of very fine
coal (say 12" thick) and then with a layer of lump coal
(say nuts) to reduce subsequent erosion,forms an efficient aire
tight coating which inhibits spontaneous heating.

An asphalt coating is a very efficient means of
preventing the diffusion of air into the interior of a mass of
coal and has often served as a last resort to arrest
spontaneous heating, Any cracks developing in the coating ‘g
should, ofcourse, be mended so ag to maintain a perfect seal,

Cut-back asphalts, road tar and agphalt emulsions have
been used for capping coai piles, but Barkley 3) recommends the
latter as being superior to the others,

Other capping materials tried, but apparently with less
success, have bheen portland ccecment wi%h coal dust for the
aggrega%e, and even plaster of paris 3).

A capping is less liable to crack as a result of settling
of the pile if care is taken to compact the coal adequately
before the capping is applied,

The conclusions and recommendations of the many writers
on the subject is suitably summarized by Lowry 40) as followsim

L Storage arca should be level, firm, well drained, and
free of fences, plers, ete,

24 Decreased height of storage pileg results in decreased
probability of spontaneous ignition, since (a) the effective
resistance to heat flow is lower, so that the heat of oxidation-
can be dissipated with less rise in temperature, (b) lower piles
tend to decrease the amount of segregation of sizes when coal I
plled carelessly, and (e) it is easier to remove "hot spots" when
they occur,

3. Segregation of sizes should be avolded since many filres
oceur near the boundaries of zones of coarse ¢oal that apparently
act as chimneys for econducting alr into the pile.

4, Preferably coal should not be piled in hot weather since
many fires apparently are due to this cause,

5 Coals from different sources should not be stored in a
common plle,

6o A shipment of coal that is especially wet should not be
piled with other coal,

o Care should be teken to keep out extraneous material,
which may cause fires, even in anthracite, which is not ordinarily
subject to spontaneous lgnition, ©

8, AfJGer/totlout

o - N

® . : |
The only other two remedies that remain in cases when

uncontrollable spontaneous heating is occurring in a plle of
coal is complete flooding, or removal of the hot coal from the
seat of trouble and cooling it,
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8e After storage the temperature of a plie should be
determined regularly by means of thermometers in previously
installed pipes, or by thrusting dowm iron rods and feeling
the rods on withdrawal, The extremely local nature of "hot
spots" makes 1t necessary to test at points on 10~ to 20xfoot
centres; 1if temperatures of 140 to 150°F are found, dangor is
impending, and the temperature of the coal necar these points
should be taken on 5-foot centersy even so, it is possible

to miss "hot spots," and combustiﬂle gas indicators have been
used successfully for their deteetion,

e If ¢oal at o temperature above 150°F is found it
should be dug out and used immediately or wet down thoroughly
and repiled by itself, Water should be sprayed on the large
piles only as 2o last resort,

10, The following heights of storage piles are
recommended as safe: fine coal qver 18 percent volatil
matter, up to 4 yardsy; large coal over 18 percent vola a
mattery up to 6 yardss fine coal below 18 percent volatile
matter, up to 6 yards; and large coal below 18 percent
volatiie natter, up to 8 yards.,"

Regarding 8 abovey it may be added that temperabures
should also be token at different depths from the surface
at the same spot, and all temperatures should be recorded so
as to be able to follow the trend of temperature verictions 44).

The design of an armoured thermometer, especilally
suitable for testing temperatures in coal dumps has becn
described in the literature 2),

Neturally all sources of external heat, e.g,
steamplipes, chimneys, etc., should be avoided in coal piles.

To combat wind effccets in assisting snontaneous
combustion in'a pile of coal it is recommended that the
stack should be bulilt up so that its longer sgide .is in the
direction of the wind 44),

Coal that has once heated and then cooled is safer
to store than the same coal freshly wrought 64),

Sized coaly with fines removed, will give much
less trouble from heating thaen unsized coal, the relatively
small amount of coal surface developing only a small smounk
of heat which can be readily dissipated, Coal of one size
Ls better than o mixture of sizes, and sized eoal should not
be stored on a foundation of fine eoal 61).

Bins, bunkers and silos can provide safe storage
places provide& they are frece from air lesks, ‘The discharge’
chute of ~ bunker requires particular attention for air loaks,
When emptying thHeél, all old coal from corners, ete,, should be
cleaned out before charging with fresh coal 33.

_ ) Spontancous combustion in open heaps of coal not
exceeding about 200 long tons is very rore indeed, but this
?OO ton 1imlt is considerably reduced if the coal is stored
in a bunker providing air leokage from the sides and (or)
bottom 62),

Fires hove/vee ewells
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Fires have been put out by expelling alr from the
pile with carbon dioxide gas used in frozen or liguid form,
The air nust be kept out of the pile long enough to allow
appreciable cooling, or heating may re-~develop after
disappearance of the carbon dioxide, For gsome conditions
the use of carhon dioxide may provide a delay in the burning 3).
The use of ecarbon dioxide is, howevery not attractive,
gcononmically,

Flue gases have been suggested and tried as a means
of maintaining an inent atmosphere in a mass of coal, but
no details are avallable 62),

Reverting again to the question of height of plles
Taylor states 62): "Limiting the height of a coal stack is
often suggested,' (as a preventive measure) "and eight feet
is perhaps one of the lower cormonly suggested limits.  But
it is by no means safe, It represents a conpromise between
geononmie use of the stocking site and a reduced likelihood
of spontaneous combustion; all that can be sald of 1t 1s
that it is better than ten feet or twelve feet, It is
possible; but not certain that four feet is a safe limlbs
five feet is note"

~ As mentioned earlier, Blaskett 4) suggests a formula
for assessing the relative tendency to spontaneous heating
within a pile of coal, In his formula this tendency is
proportional to the square of the helght of the pille
indieating again the necessity of avoiding appreciable heights
when stacking coal where access of alr is unavoidable,

Special circunstances may, however, bring about that
the 'safe height! is exceeded to an appreciable extent, In
this connection Taylor, e.g., states 63):- "A crane and grab
is not ohly’useful as a rapi& neans of stacking coal; it
enables the seat of trouble to be got at most quickly, On
this account the mere possession of a crane and grab influences
the safe heilght of stacking." .

The sarie author also describes the bullding up of
stacks of coal in stages or layers, c.ge. a 5! layer of coal
is laid doym, and at 9= monthly intervals further 141 layers
are added,® * The oxygen absorbing capneity of a layer of
coal 1s reduced to a very low level during the 9 nonths of
exposure to 2ir, so that the "safe height" 1s considerably
inereased,

Spontaneous combustion usually oceurs within four
weeks to four months after stacking. A-coal that is eight
months old can be regarded as safe if there is no heabting in
the heap, or if what heating there is is not incressing 30},

In fair sized closed bunkers it is nuch better to
charge the bunker from a number of openings in the cover than
from a single one, Legs trimming is required, and
sggregaﬁion is reduced by eliminating the formation of a
single large conlcal heap. Similarly, if the bunkers are

Of the/ﬁ"’o.

Convenient schemes and plant for laying down
stocks of coal are illustrated by Pope 53) and
Goodman and co-workers 50b),.
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of the self~enptying type, withdrawal should preferably be
done fron a nunber of outiets, and the bottoms should slope
at an angle of not less than 45° with the horizontal 51),

Regarding the export of South African coal there are
several reports dealing with cases of reputed spontaneous
combustion and investigations thercof 25a).

The coaling appliances at Unlon ports are notorilous
for the anount of breakage caused to coal handled by then 25b)
and this factor is certainly not to be ignored where cases
of spontaneous heating of South African export coals have
ocecurred,

Furtherrnore, the spontaneous heating that might occur,
€sge in a shipts cargo,will in the majority of cases probably
be negligible, provided the interval of time between the time
of commencement of loading the eoal into the veesel, and offe
loading at the destination ig reduced to a minimum, ~ Thus
the abnormally long delay in completing the loading of a
vessel was probably one of the contributing factors in a case
of spontaneous heating recently experienced at Lourenco
Marques 27).%

Tests ecarried out by the Institute on board ship in
1944 revealed that spontaneous combustion was appreciably
reduced by sealing a hold full of coal instead of wentilating
it in the usual manner, . The Tecommendations made in the
report deseribing these tests 26) have, however, apparently
not yet been put into practice, The findings of the British
DeS.IsR, 21) yield ample support to the view that there seems
to be scope for improvement in the practice of shipping coal,

: Other more or less artificial methods of tcuring?
coal (or brown~coal coke) of its 1llability to spontaneous
combustion have been suggested, and some of these methods
are actually being practiced, They include: =

A. Three/........“

;1 Inadequate trimming of the conlesal heap of
coal formed in a hold during loading operationg is
probably another contributory cause of spontaneous
heating experienced in the coal export trade,

It has been observed that the tendenecy is to trim
as little as possible, with the result that
segregation of different sizes is appreeiable,.
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A, Threc methods recommended by Rosin 54)
for brown~coal coke, Viz,:=

| (1) Artificial alteration of the brown-coal
coke by treatment with air at controlled temperaturée
whereby its affinity towards oxygen is largely reduced,®

(ii) Saturation with carbon dloxide,  When
this is afterwards exchanged for alr very 1little heating
results,

(1i1) Treatment of coal with magnesium or
ammonium chloride,

(Other chemicals found by Russian workers to reduce,
considerably, the amount of oxygen absorbed by ecogl are:
SFgy CaClp, Ca(lCO5), and-sodium silicate 3),

Be The Fleigsner mecthod for drying lignite 23) is
a remedy against the disintegration of the lignlte on ™~
exposure to- the atmosphere and hence against spontaneous
conbustion, The drying 1s effected by a treatment in -
saturated steanm at about 15 atmospheres pressure (i,c. 200°C).
The cooling hes to be carefully controlled to overcore the
risk of spontanecous ignition at this stage, The final
product is reported to be much less liable to spontaneous
combustion than the original material,

C. Dedusting and dustproofing of coal has many
advantages, amongst them also the lessening of 1iablliity
to spontaneous cowbustion, Numerous literature references
to thls proecess will be found in Chemistry of Coal
Utilization 40), and others are listed by Wilkens 74) &nd
Walters 73). The principle underlying dustprooflng is
the spraying of non~drying agents like petroleum oll, ofl
emilsions ete, (possibly also solutions of hygroscopic salts
or other substances) to agglomerate and fix the dust
particles, Clogging of pores and filming of the surfaces
Tesults in reduced ability of the coal to react with
atmospheric oxygen,

According to Ambrose and Gaspari 1) the greatcst
effect is obtained by the first %4 - 1 gallon of oil uscd per
ton of coal, There is very little advantage in using more
than 2 gallon/ton, 8izes below about 10 mesh cannot be
treated economically as they require too much oil,

D. Aceording to 01lin 45) the carbon dioxide
liberated under moist conditions by a mixbture of aliminium
sulphate and calcium carbonate 13 quite effeetive in °
conmbating spontanecous combusgtion, The dosage is 1.5 1b./ton
of coal (~2'" glack) costing 3.5 cents/ton-treated, - - -

E. B‘.t‘ique‘b‘bi"lg/. wov

. . .
According to a private communication received ab
the Institute this treatuent is actually applied with
success to. certain Polish export coals which are
particularly 1iable to spontaneous combustion,

The sane treatment in the 'Jalousie! apparatus has
also been deseribed by Jappelt 34),
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Ee Briquetting fine coal with a weather proof blnder
i1s & very effective means of combating spontaneous conbustion,
e,8e The active surface of a brown coal dust was estinated
to be 350 sq, metres/kg., whereas that of the briquette nade
from the dust was 0,07 sg. metres/kg, Such briguettes are
not 1liable to spontaneous conmbustion 10),.

6, Sorie Data on Costs and Econortics:

Very useful guldance in respect of the cost of ‘
constructing storage space for different quantities of coal "
and under diffecrent conditions is provided in Fuel Efficicney
Bulletin No, 49, 44), and further details on the econstruction
of open pits are given by Goodman and co-workers 50b), =
According to these authors water-~tight concrete storage pits
varying in capacity from 6,000 tons to 13,000 tons normally
cost from 13,000 dollars to 29,000 dollars.

According to Parry 49) it costs 20 - 50 cents/ton in the
UeSelhs tO store coal under waber,

Barkley 3) considers asphalt ermulsions (40% water) to
be superior to all other materials for providing air-tight ™
coverings to piles of coal, The material costs 6 - 12 cents/
(U.S.) gallon, and a galion will treat about 1 to 2 square
yards of surface to a thickness of 1L " to %"; For larger plles

this would be eguivalent to about 0.1l to 0,2 gallon/ton, The
total cost for capping will depend on the dimensions of the
pile, and night range from a fow cents up to 10 cents/ton.’
One 52,000 ton pile was covered at a total cost (labour and
materials) of about 24 cents/ton.

According to Taylor 62) the cost when using road tar’
should not exceed 6d./ton and nay even be less than 3d,, while
as much as 15% of the cost may be recoverable in the fuel
value of the tar when picked up with the coal,

The Minlstry of Fuel and Power 44) recommends that:

"As deterioration is most marked in the earlier period of
storage stored coal should not be used while fresh supplics’
are avallable, In this way loss is kept to a minirmm bécauvse
a new Jot of fresh coal is not continually being exposed,
Also, second handling of the coal is reduced, Over a long
period, however, coal may deteriorate congsiderably in size,
forming a large proportion of dust, . It is thus usually
advisable to take coal from stock every five years or so and
replace with fresh coal."

There would be two exceptions to the abovey viz, (a)
where total exclusion of air was provided for, e.g. storage
under water, in airtight bins, under an airtight tar L
capping, ete, In such cases tThe quality of the cozl wotld be
assured for much longer periocds and, economically, it would
be desirable to store longer, 1f possible, (b) in the case of
coking coal it would probably be necessary to use the coal =
within, say, one year, on account of the loss’of coking power,
unless exclusion of air is agaln provided for,

C. C. LA GRANGE, .
SENIOR RESEARCH OFFIGER. -

PRETORIA. _
12th April, 1950,
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