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THEORETICAL AND EXPERIMENTAL RESEARCH ON OCCURRENCE
OF SPONTANEOUS COMBUSTION OF COAL SEAM
By

Toshiro ISOBE' and Kiyoshi HIGUCHI

ABSTRACT

Introducing the hypothesis that the cause
of spontaneous combustion of coal is depending
on the accumulation of heat produced by its
oxidation, the authors derived the equation
expressing the temperature change in a heap
of fine coal. To solve the equation, thermal
conductivity, specific heat and rate of heat
generation of fine coal (-48 mesh) were
measured at various temperatures in the range
20-65°C. The equation was solved numerically
and the volume of fine coal which would ignite
spontaneously was estimated as the function of
ambient temperature. Using 170 Kg of fine coal,
several experiments for confirmation were
conducted. At the ambient temperatures of 60°C
and 50°C, coal began to fire spontaneously
about 60 and 110 hours later respectively.

In addition to this, the measured
temperatures in the coal heap agreed with the
calculated ones comparatively well, If
more volume of fine coal were used, experimental
generation of spontaneous combustion from

a lower temperature should be possible also.

INTRODUCTION

Spontaneous combustion of coal takes

lProfessor, Dept. of Mining Engineering,
University of Hokkaido

zassistant Professor, Dept. of Mining
Engineering, University of Hokkaido

place at 30-40°C in practice. But the

temperatures considered in previous investigat-

ions have been almost restricted to higher ranges.
The purposes of this paper are:

(1) Theoretical analysis, that is the mathemat=
ical expression of the spontaneous
combustion process in a heap of fine coal.

(2) Numerical calculation of the temperature
change in the heap and the estimation of
the volumes of fine coal which will ignite
spontaneously from practical underground
temperatures,

(3) Experimental confirmation of the assumptions
adopted by producing spontaneous combustion
of coal not far from practical underground
temperature. This study would help basic
understanding of spontaneous combustion
phenomena and play an important role in
the development of the methods of
prevention, early detection and arrest of

spontaneous combustion of coal.

THEORETICAL APPROACH

The main cause of spontaneous combustion

is considered to be the accumulation of heat

in the coal heap and that the heat is generated
by combination of coal substance and oxygen.
Using the simplest model, (Fig. 1), thermal
balance and oxygen balance in the heap of fine
coal are investigated. In the following

investigation, it is assumed that temperature
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of coal particles and flowing air
around them are same in the small
element dLdS considered.

ds

___Jm upper section

_(ll lower section

air

Temperature at the upper section; T+-§JLdL{‘cI
Temperature at the lower section: rt'%}
Effective thermal conductivity of powdered
€031t e (cal-om™' sec ot deg*! )

Specific heat of air: 8y (cal- g-'deg™! )
Density of air: py (g » em=?)

Specific heat of coal: 5. (cal - g=' deg™! )
Density of coal: p, (g + em=? )

Flow rate of air: G(g sec™ em<? )
Porosity:e

Figl One dimensional model of the heap
of fine coal

Thermal Balance

In the one dimensional model as
shown in Fig.l,total heat quantity Q
(cal)accumulated in the small element
dLdS,1in a short time dt,can be express-
ed by equation(l).

Q =Sx pr uﬂ‘deS+S. pe(l—)dT dLdS

The heat flawing by thermal conduction
that puts into the element through the
lower section(q;) and gets out from it
through the upper section(q,) are

written as equation(2)and(3) respec-

tively.
T
Q== Qe G dSdl e (2)
P P (T+£dL)de: --------------- (3

The heat accumulation in the element
can be d.lcrihad by q= qQu.
q,_q_gz,w,u_dsg, ........................... 4)
Enthalpy of air flow at the lower
section(q) and at the upper section
(q)) are written as equation(5)and(6),

respectively.

q"nS; B T i8R llivmiiiaiieirisnsiinsisisiog (ﬁ)
T
q.’aS;G(T+ -a—ra.)ds s 6)

The heat accumulation in the element
can be described by qf~— g,.

Q'=qu'= -8 G—:-—i:dL dSdt (7))
The heat generated in the element by
the combination of coal particles with

oxygen (q'')can be descrived by equa~-
tion(8)
g'=r AHALAS divomsessissssssssssinsisesses(B)
where,r':Apparent reaction velocity
per unit volume of coal heap
(mol sec”lem?)
aH:Apparent heat of reaction
(cal nol-ll
The total heat(Q)expressed by
equation(l) should be equal to the sun
of the heat accumulation by thermal
conduction(Eq.(4)),by the enthalpy(Eq.
(7)) and by the heat generated in the
element (Eq.(8)).From the combination of
these four equations equation(9)can be
derived.
SUS7 Py ek Se p(1= )= 10
LT P—T))
The equation can be slnplifisd to equa-

tion(ll)by substituting equation(l0).

Sy prt48e pell—0) =5 pm trreressrsse (10)
S-P;%:i.gg S,G:I 4 AH v (11)

Conclusively,this equation is consider-
ed to be the basic equation which de-
scribes the heat balance in the heap of
fine coal concerningthe one dimensional
model,Same procedure brings about equa-
tion (l2)considered to the general three

dimensional model.
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—d.w (1o grad T)—div (S, GT)
+FJH (12)

Sn F-

Oxygen Balance

Substituting the temperature(T)
with the oxygen concentraition(C),same
derivation as shown above leads to equa-
tion(13),that is the equation of oxygen

balance.
D, HCGC.-'Pr)
m GM;SL
_?ﬁ_g RN 6 1. |
where, D,: Effective diffusion coeffi-
ciaat(cnz sec—l)

C:0xygen concentration (mol cﬁa)
Relating to the three dimensional model

yequation(l4) is applicable.

ac D, GC GC
b o dhr( Gloy grad—p! )-dlv -,i;__r'

w(14)

In this equation, the first term of
right members denotes oxygen consumption
by diffusion,the second and the third
terms denote the consumption by flow and

the consumption by reaction respectively.

Apparent reaction velocity(r')
1)=-06)

There are many reports stating
that the apparent reaction velocity of
the reaction between fine coal and
oxygen in the air can be closely ex-

pressed by Arrhenius’formula(Eq.(15)).

r'=Aa ,"ﬂ (15)
where A.:Apparent !ruquency Eactor
-3 -1
(mol ecm “sec )
EqtApparent activation energy
(cal mol 1)
R :Gas constant(l.98 cal deg—I
-1
mol )

T :Absolute temperature(K®)

Simplification of the equations

As derived above,general equations
describing the heat accumulation pro-

cess in the heap of fine coal are the

thermal balance equation(12),the oxygen
balance equation (l4)and the reaction
velocity equation(l5). By solving these
equations simultaneously under the
appropriate boundary and initial condi-
tions,the heating process in the heap
of fine coal could be obtained. Even
though using the electroniec computer,
the solving work needs a lot of time,
And futhermore a lot of experimental
works are necessary to obtain the values
of many unknown constants., Therefore
some simplifications of these equations
must be considered. At first,in order to
simplify equation(12),the heat trans-
portation by air flow is considered to
be ignored. This simplification should
be reasonable because spontaneous com-
busion usually occurs underground where
there 1s small amount of air leakage,
and because small amount of air flow is
thought to be enough to extend spon-
taneous combustion especially at low
temperature In such a case

equation(l2) becomes to equation(l6)

range.

Sm p-—=div (e grad T4+ AH ioveenes (16)

In addition to this simplification,
based upon the hypothesis that the oxy~-
gen consumption in the coal heap is not
80 much at low temperature range,the
lowering of oxygen concentration in the
heap of fine coal can be ignored. In
this case,oxygen concentration is con-
sidered to be unchanged throughout the
coal heap and the whole oxygen balance
equation(l4) can be ignored.

The simplest equation and constants

necessary to solve the differential

equation

By substituting equation(l5) into

the simplified equation(16) and using
-3

AgdH=A(cal cm 1).the simplest
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equation describing heating process in
the heap of fine coal may be written by
equation(17).

Su pn S =div (4 grad TY4 A KT co(AT)

To solve the equation and to make out
the heating process in the heap of fine
coal,volumetric specific heat(sm Dn)'
effective thermal conductivity( Ae).the
constant (A) and apparent activation
energy of the reaction are needed by all

MEASURMENT OF THE CONSTANTS

To know the above mentioned four

constants of fine coal heaps,following
experiments were conducted.Experimental
apparatus is shown schematically in Fig.
2.

Coal samples

Three coal samples were obtained
from the working faces of different coal
mines and pulverized to smaller than 48
mesh.Table 1 shows the results of pro-
ximate analysis of these samples and the
different treatments of these samples
are shown in table 2,

Approximately 3.0Kg of pulverized
coal sample is filled into the cylinder
and tightened by a vibrator as shown in

Fig.2.

Table 1 Technical analysis (percent)

o

Ar thermostatic bath

B: air inlet

C: air outlet

D1 stirrer

E: preheating copper pipe (dmm¢ ,30m)
Fi1 three way cock

Gr humidifier

Hi oxllndu of stainless steel
(inside dia 110mmg , height 600mm)

I: aluminum powder (+20mesh)

J1 cylinder of perforated stainless
steel plate (100 mm¢ )

K: powdered coal (-48 mesh)

L: thermocouple (Cu-Co, 0,32 mm ¢ )

M: vinyl chloride perforated pipe
(13 mmg )

Fig.2 MApparatus for the measurement of heat generation

in powdered coal

Aluminium powder(I) filled

sample Molsture | Ash. | Volatils Matter | Pized Carbon | Sulphux between the cylinder(H) and
1.0

drtan g e s 0.3 the perforated cylinder(J)

Taiheiyo 5.7 7.8 46.6 3

Ooyubari 0.9 3.6 3.7 0.2 plays two roles, to

+ moisture free base

Table 2 Treatments of Coal Samlpes

keep the same temperature
of outer surface of the
pile of fine coal as that

Pulverization
Sample and Sifting

Drying of pulverized coal

of the thermostatic bath(A)

gas. for 48 hours.

in purified nitrogen gas
Sample a in purified nitrogen at the temperature of 105°C

and to flow air or nitrogenthrough
the pile of fine coal.

in purified nitrogen gas

Sample b in the air at the temperature of 105°C
for 48 hours.
Sample ¢ in the air no drying
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Measurement of the effective

thermal conductivity

Flowing nitrogen through ‘the cyl-
inder,an electric current is sent to
nichrome wire wound on the vinyl chlo-
ride perforated pipe(M).After attain-
ment of the thermal stationary state,
the effective thermal conductivity of

the fine coal can be obtained by follow-
7)

Table 3 Effective Thermal Conductivity of Sample a
( cal:cm™ sec™\. deg™! )

Temperature Joban
¢ 2.4 x 10
60 *cC 2.6 x 1074

mean value 2.5 x 107

Table 4 Effective Thermal Conductivity of Sample b

(cal . cm™. sec~ldeg=')

ing equation

1 A b 15

¢= ———g_ In—
2t(Ta=THl " a
where,?a:temperuture of the inner

surface of the cylindrical
pile of fine coal

Tb:tanperatute of the outer
surface of the cylindrical
pile of fine coal

Temperature Joban Taihelyo Ooyubari
20°C 2.6% 10 =4 2.4 0 10-4 -
as5ec 2,3x 10 “4 2,4x 104 2.4 x,20°4
50°C 2.7x 10 =4 2.4x 10-* 2.2z 104
65°C 2,7% 10 =4 2,4x 104 2,31 10-4
mean value 2.6210 "4 2,4x10"" 2.3x10°*

Table 5 Effective Thermal Conductivity of Sample o

(cal.-cm-! sec deg ' )

1 :length of the cylindrical
pile of fine coal

q theat given by electric
current to nichrome wire

a !inside diameter of the

Temperature Joban Taiheiyo Ooyubari
20°c - - -
i5°C 2,85 107" 2,7x10°% -
s0°¢c 3.1x 107" 2782074 2.6 104
65°C 3.0n 10 2,6 x 107 2,6¢ 104

mean value 3.0x 2074 2.7 %10 2,610

cylindrical pile of fine
coal(13mm)

b ioutelde diameter of the
cylindrical pile of fine
coal(100mm)

In this measurement,values of Tl- Tb at
the positions of L2,L5 and L8 showed
good agreement,therefore it was con-
firmed that the cylindrical pile of
fine coal might be consldered as the
cylinder having infinite length and that
nitrogen diffused uniformely through the
fine coal pile. Results obtained are
shown in Tables 3,4 and 5.

Measure ment of heat generation

When temperature of the whole cyl-
indrical pile of fine coal become uni-
form at the temperature of the thermo-
static bath,nitrogen stream will be
changed to air stream. In these experi-

ments,dry nitrogen and/or air were used for

dried coal sample a and b, and wet nitrogen (75%
relative humidity) and/or air were used for non-
dried sample ¢ using the humidifier(G) as shown
in Fig.2.

Oxygen in the air reacts with fine coal
and the temperature of the central part
of the cylindrical pile of fine coal
rises gradually. After several hours,it
attains a stationary state,and then the
temperature of the inner surface of the
cylinder is recorded. Basic equation
described at this stationary temperature
can be derived from equation(l7) for
cylindrical co-ordinates as follows.

"(%*Tl.“g%)“‘"ﬁ"" eoees (19)

here, rc:distanca from the axis of the
cylinder made of pulverized
coal

At low temperature ranges like 20-60°c,

the temperature ascending of the inner
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surface of the cylinder attains
several degrees at most,there-
fore the linear approximation
for the heat
is introduced.

generation term

A BF =0 4RT + ¢+ 4+ (20)

QO'RO tConstants
This approximation makes it
possible to obtain analytical
solution for equation(l19)and(20)

as follows.
°|+R|T=(0|+R¢TO) i

B} ()
o (e ()
(P /)
(el

where.Jo.Jl,Yo,YI:Belsel func=-

e (21)

tions
The temperature ascending
measured at the inner surface of
the cylinder and the calculated
heat generation based upon equa-
tion(21) are shown as following
tables.

Table 9 Heat Gennru(t.%lirl:‘ Ii{ gxxdntlon (cal-cm ~? gec™! )
>amp

Temperature Joban Taiheiyo Ooyubari
20°C 19 v10 -6 233 10"° -
3s°c 43 v10 "6 31x 106 50=10"~7
50°C 13 10 "% 911 106 10x10-%
65°C 37 210" 268 1078 26 x 10~F

Table 10 Temperature Rise at the Inner Surface of the Cylinder

(deg)
( Sample c )
Temperature Joban Taihelyo Ooyubari
20°c - - -
35°¢c 0.8 0.5 -
50°c 1.0 0.9 0.2
65°C 1.7 2.4 0.5

Table 11 Heat Generation by Oxydation (cal.cm-?sec~')

{ Sample c )

Temperature Joban Tailheiyo Ooyubari
20°c - = -
isec s 10-% 27 x 10" -
50°C §2x.10"8 48 x10-"¢ 10 x 10°%
65°C 83x 10-# 12 x10-% 220 107%

Table 6 Temperature Rise at the Inner

surface of the Cylinder

(deg )

( Sample a )
Temperature Joban
38t ¢ 1.8
60° C 6.5

Table 7 Heat Generation

( Sample a )
Temperature Joban
s° ¢ 70x 10°°
65° C 250% 107

by Oxydation ( cal-cm™ sec™ )

A few discussions on the results
obtained
(a) It has been already known that the

effective thermal conductivity of the
pile of fine coal and the thermal con-
ductivity of coal substance have higher
values at high temperature range than
those which are obtained at low temper-
ature range when they have been observ-
ed wide temperature range like 0-1000°c
8)9). 3,4and5,
the effective thermal conductivity of

However,as shown in Tables

fine coal cannot be seen as s function of
temperature in the narrow temperature
range as 20-65°c,therefore mean values
were used for the caluculation of the

Table 8 Temperature Rise at the Inner Surface of the Cylinder heat generation. In addition to

( Sample b) (deg) this,the measured effective
Temperature Joban Taiheiyo Ooyubari thermal conductivity values are
20°c 0.5 0;6 deo approximately same as the values
g::g ;:: g:g ::i appearing in other reports:?)
65°C 11.1 7.4 0.7 J 112) 5y the thermal conductivity
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of fine coal with no gas flow. This fact
means that the effect of the flow of
air and/or nitrogen on the heat flow is
considerably small in this experiment.
(b) Relations between the ambient tem-
perature and heat generation are shown in
Fig.3. As being able to be seen from
the figure,the reciprocals of the ab-
solute ambient temperatures and the heat
generations show fairly good linear cor-
relations.Therefore it is clear that the
relation between the ambient temperature
and the heat generation can be exprssed
by Arrhenius’ formula. Taking logarithms
of both side of equation(22),and using
the least squares methods,apparent ac-
tivation anersy(!a) and constant(A)
were determined as shown in Table 12.

|0-‘1- e Joban
o Taiheiyo

4 Oyubari

3

3

—— Dry coal and dry air
==-=- Both coal and air saturated
at 75% relative humidity

4 . o "

08550 35 20
Temperature (°C)

Fig.3 Heat generation in powdered coal

Heat generation (cllacn‘3scc'11

Heat generation -Aegp(--%_.) siaiea{2)

NUMERICAL CALCULATION OF THE TEM-

PERATURE CHANGE IN THE HEAP OF
FINE COAL AND ESTIMATION OF THE

VOLUMES OF FINE COAL WHICH WILL
IGRITE SPONTANEOUSLY
As derived before,temperature

change in the heap of fine coal is des-
cribed by equation(17). Therefore,whe-
ther spontaneous combusion occurs or
not in a coal heap will be forecasted
by the appearence of the hot spot whose
temperature exceeds ignition temperature
of coal,say 300°C or more. For the con-
venience of numerical calculation,
spherical co-ordinates are adopted for
the estimation of coal volumes which
will ignite spontaneously.Equation(17)

takes the form of equation(23) in this

ot va v K28

ridistance from the center of the
sphere
It 1s too difficult to obtain analy-
tical solusions of this equation owing
to the Arrhenions’ heat generation term,
therefore the approximate difference equa-
tion(24)was solved numerically instead

of equation(23)
Tumpi= T+ 40, (T2 =T wt Tacse

tor ()

L A
where, C,=§:;, C"S:H

Tm,u—r(nh.nk}
h:small increment of distance

kismall increment of time

Boundary and initial conditions

applied are as follows.

T(aurfuce.t)'T(surfnca.0).10. t29
S S &)

Table 12 Apparent Activation Energy (Eq) and Constant (A)
Treatment Sample Eq (Kcal:mol™') A (calecm*?gec™ )
Sample a Joban 10.13 1.5 10"
Joban 11.0 4.4 10::
il k4 O s i
Joban 5.5 2,41 10::
swine Jgmel £ 1

T=1T. , ¢t=0 sesssssss(26)

To:ambient temperature
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Almost all of
-ric specific heat of fine coal (Smf;)

constants except volumet

have been obtained and listed above.
As described in equation(lo),smF;
equals to sfPfE#scpc(l-E)isj
L.C.MCCABE and C.C.BOLEY
that specific heat of conl(sc) lies
between 0.2and 0.4(cal gt *c~ 1),
Density of coal(Pc) is known to be 1.2

reported

~1.5(5 en™Y) by the measurement using

water or helium. Specific heat of air
(Sf) is 0,24 (cal g-l ’c_l) and density

o

of alr is approximately 1.2:10'3(5 em”
whilst overlooking alittle change with

humidity. Table 13 shows calculated S.F;

as a function of porosityf for Joban
coal. As it can be seen from the table,
the values of the volumetric specific

heat of fine coal are expected to be
0.16-0.27 (cel g~ *¢™ly,
timation,0.23 (cal 3-1 °c—1) correspond-

From this es~-

ing porosity of 0.4 was used in the
following calculations.

Table 13 Relation between Porosity(e)
and Specific Heat (Sm pm)

e 1—s Sm pm (calig='+C-")
0.3 0.7 0.27
0.4 0.6 0.23
0.5 0.5 0.20
0.6 0.4 0.16

Several results of calculation

Under the hypothesis that required
quantity of oxgen for reaction with fine
coal is supplied from nowhere,Fig.4
shows the possibility of self ignition
of the spherical aﬁaped pile of Joban
fine coal from the ambient temperature
of 40%°c., Fig.5 shows the relation be-
tween the quantity of the spherical
shaped pile of fine coal and the tempera
-ture rise of the central part of the
sphere. It can be seen from the figure

that some amount of fine coal is neces-

m} BN 0T !
e 0302 wetvay
- A et vt
i Wem 3 Eandy u
.l.-.'l‘ Seftn 200 wifw
. o
©
i o
: 1
E. Tow
4 1
ol e bl [y ooe ™ 1908 { min)
Time

Fig.4 Computed temperature-time curves

sary for the occurence of spontaneous
combustion from an ambient temperature,
and that even though at very low ambient
temperature,enough volume of fine coal
may lead to spontaneous combustion. As

a result of the repeat of same calcula-
tion for different coal samples,rela-
tions between ambient temperature and
volume of fine coal which would ignite
spontaneously were obtained as shown in
Fig.6., Three lines in the figure indicate
the smallest volume of fine coal which
may ignite spontaneously from the arbi-

trary ambient temperature,

100 JOBAN '.I‘.-!U'C <
Dia=200cm
8 250
gznn
- e Dia=B0cm
gg ﬁxn
5 § ! Dia=0cm
5§ & 100
il
E 50 Dia=40em
- —
o o 20 Dia=20em

1000 2000 3000 4000 5000 6000 7000 (min.)
Time

Fig.5 Computed np time curves for different
diameter powdered coal sphere i1 =20%C)
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To ascertain the utility of the

2001 mathematical expression and the measured
* *r“l“ values obtained in this study,a few ex-
*® Joban
't:m-uo periments were performed.The heap of

fine coal investigated had a cylindrical
form as shown in Fig.7 and its volume

4
29

corresponded to about 170Kg of fine coal
. After making temperature difference
between the thermostatic chamber A and

5§88
223

100
320} 04t B,air held water vapour corresponding to
i (o 90% relative humidity will be flowing
N[OI

of outlets were installed as shown in

into the container of fine coal.

To ascertain the uniform diffusion of
'+ the air throughout the pile of fine

coal,seven air inlets and same number

waight (Kg)
volume (m?)
[dianeter (cm)g

0 10 20 0 40 S0 &0 Fig.8 and the structure of air inlet is
Surface temperature of powdered shown in Fig.9. Fig.1l0 shows the posi-
SR i) tions of thermocouples to measure tem-
Fig.6 Relations between surface temperature of powdered perature change in the coal pile,.

coal sphere and volume of powdered coal which will
ignite spontanecusly

A _FEW EXPERIMENTS ON SPONTANEOUS
COMBUSTION OF FINE COAL

v ®' Alr Inlet
4,l!]!!!L*" Fig.8 Layout of Air Inlet

pipe of vinyl
chloride
glass filter

A,B: Thermostatic chamber G: Water
C: Flowmeter H: Container of powdered coal i bottom plate
D1,D2: Preheating copper pipe (565mm » 870mm) | | of container
(10mmg x 20m) It thermocouple IA
E: Humidistat J: Needle regulater Air or Nitrogen gas
F: Glass filter K: Junction
L,M: Manometer Fig.9 Structure of Air Inlet

Fig.7 Equipment of spontaneous combustion

The Aus. LLM.M. lllawarra Branch, Ignitions, Explosions and Fires in Coal Mines Symposium, May 1981



T.ISOBE and K.HIGUCHI

8170

Fig.1l0 Positions of thermocouples
in powdered coal

The initial and boundary conditions
used for the experiment and calculation
were same as that were used to solve the
equation(25)and(26). To set up the ini-
tial condition experimentally,whole con=
tainer of fine coal was filled with

_nitrogen and the temperature of the
thermostatic chamber B was set at an
ambient temperature. Temperature change

in the heap of fine coal is described

by equation (27)
8"1"131" ]

aT
S.p.—-—=j (3r'+r Sy o T vene(27)

d
"o~ 40
fugd
D8y~ 30
Nar . measured value
gL (average of thermocouples
"‘.'E 20 No.6 and No.7)
LEH
10

e ~ -
1000 2000 000 4000 5000 6000 700D BO0O (min)
0 40 &0 1ot (he)

Fig.1l Computed and Measured Temperature inPowdered Coal

Container which was filled with Nitrogen Gas

to 0.23 and that about six days are nec~-
essary to set up the initial condition,
that means whole coal pile 18 in same
temperature, As soon as the initial con~-
dition 18 established,it is commenced to
flow air into the container of fine coal.
Observing the oxgen concentration of
outlet air flow,the quantity of air flow
whs regulated as precisely as possible.
Heating process in the container of fine
is described by equation (28),

aT T .1 8T T -
Sn b =t (G4 g b ) +AeRE
vikvatay)

Numerical solutions under the above

coal

mentioned conditions for the ambient
50%°c¢, 40%c and
30*c and each experimental result cor-

temperatures of 60" c,

responding each ambient temperature is
shown in the following figures,

300 2,30+ 10" col o™ guc™ deg”™
A 224010 col omi" sec™

5 Mo

U asg) EreSSkedma :

x Sules022ecdd 5T #
where, z:distance in the derection of 4 o //

a

the axis 1 //

s 150 /// 1
It was considered that the effective thermal E ”,/”/, A
conductivity is homogeneous for all directions. e 100 /'4_5/
Fig.11l shows computed and measured temperature !S‘-_-"""—‘ No1S.14

changes in the container of fine coal as a
function of SBFL, It can be seen from

the figure that sumu very close

J‘“’Eﬁ 0 I T

6 20 30 40 ET1F’$ %0 (]

Fig.12 Computed Temperature = Time Curves
(Tg=60°C)
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300 5
230
-
(1]
.
= 200
-5 1501 6 1'-
: S
- Gt
g 4
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Fig.19 Comparison between Computed and
Measured Temperatures
In the experriments at the ambient

temperature of 60°c and 50°c,fine coal
began to fire spontaneously within about
60 and 110 hours later respectively
In the case of the ambient temperature

of 40°c,the maximum temperature in the
container attained 81.4°c but the spon-
taneous combustion phenomenon was not
obtained. Main reasons of this result
were considered that the volume of fine
coal used was so close to the minimum
possible volume of spontaneous combus-
tion that unconsidered factors like
lowering of oxygen concentration of the
air and disuniformity of the diffusion
and so forth might play a hindering
~role on ignition.

Provided the temperatures below 80°c
were concerned,the calculated temper-
atures and measured ones approximately
agreed each other as being able to be
seen in Fig.19.

The, main causes of the disagreement
of the calculated temperatures and
measured ones above B0°¢c should be the
endothermic effect of water evaporation
from coal,the degradation of coal
particles and the decrease of oxygen

concentration in the air and so forth,
Thegse factors were ignored in this
study. If more volume of fine coal

shouldbe used,generation of spontaneous

combusion from lower temperature
would be also possible experimentally,
because at temperatures in the range of
20-65°c,thermal conductivity,specific
heat and constants of the Arrhenius’

formula remain without any changes,

CONCLUSION
(1) The mathematical expression of

spontaneous combusion process in the
heap of fine coal was conducted.

(2) To solve the simplified basic
equation(l7),necessary constants were
obtained for three kinds of coal samples
having a size of under 48 mesh.

(3) Using spherical co-ordinates
numerical calculations related with
temperature change in the sphere of fine
coal and the estimation of the volumes
of fine coal which will ignite sponta-
neously from pratical underground tem-
peratures were conducted.

(4) To confirm the utility of the
mathematical expression and the constant
values obtained in this study,experi-
mental generation of spontaneous com-
busion were performed.

(5) In the experiment using 170Kg
of fine coal at the ambient temperature
of 60 °c,fin

60 hours later from the commencement of

coal began to fire about

air flow. At the ambient temperature of
50°c,it began to fire after about 110
hours later

(6) Provided temperatures below 80°c
were concerned,the calculated temper-
ature changes and measured ones are well
in agreement with each other.

(7) 1f more volume of fine coal
were used,experimental generation
of spontaneous combustion from the lower

temperatures should be also possible.
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DISCUSSION

R. WATSON (United States Bureau of Mines):
On examining the paper, it was not immediately
obvious what the effect of particle size would
have on the time for ignition of coal in a
particular experiment; would it be a very
drastic effect? In the experiments apparently
coal of a given particle size distribution was

used. Is this correct?

T. ISOBE (Hokkaido University, Japan): Yes,
it is. After crushing, the coal sample was
screened to make even the size of particles.

A.P. BUGDEN (Anglo American Corporation of
South Africa Ltd.): Powdered coal of a rather
fixed particle size was used?

T. ISOBE: The particle size was fixed at -48
mesh, because the larger the particle size, the
more difficult it is to make ignition in the
experimental apparatus.

R. WATSON: What would be the effect of increas-
ing the particle size on the time of ignition
of the coal in a given configuration.

T. ISOBE: There are two opposite effects of
increasing the particle size, namely, one is
the smaller the particle size is the larger is
the cumulative surface area generated, there-
fore the ignition may be accelerated, the other
is that small size coal powder piling hinders
the air flow through itself, by this reason
there exists less oxygen supply and it restrains
temperature from rising, And the larger the
quantity of coal the lower will be the ignition
temperature. An attempt is to be made to start
the spontaneous combustion from a lower temper-
ature, e.g., lower than 30°C. But in this case
both numerical calculations and experimental
results have not yet geen gained.

J. CUDMORE (Australian Coal Industry Research

Laboratories Ltd.): The effect of increasing
particle size would tend to increase the time

at which the onset of spontaneous combustion
occurs. However particle size and effective
surface area are only some of the factors which
make a significant contribution to the promotion
of the complex problem of spontaneous combustion.

R. WATSON: Does a small increase in particle
size drastically change the possibility of
ignition or is it just a nominal effect.

J. CUDMORE: 1In plotting the surface area of coal
against particle size there is a dramatic increase
in surface area with decrease in size. As ment-
ioned previously particle size is an important
factor in the promotion of spontaneous combustion.

R. WATSON: The U.S.B.M. recently did an
experiment to determine whether or mot oxygen
self rescuers containing potasium superoxide
would serve as a spontaneous combustion source

if stimulated with water; they generate heat
under these conditions. Some kinetic parameters
for coal were derived based on small scale
laboratory experiments with powdered coal. Then
a much simplified theoretical calculation similar
to this was done to determine the time for
ignition based on the given heat source at the
centre of the sphere. The theoretical
calculations just assumed a homogenous block of
coal but used the same basic kinetic parameters
derived from powdered coal. The theoretical
calculation for the ignition time corresponded
almost exactly with the experimentally

observed time and that kind of led to the thought
that maybe the particle size effect for this type
of reaction is not as strong as generally

supposed.

A.J, HARCRAVES (B.H.P, Steel Division Collieries):

Will more testing of spontaneous combustion be
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undertaken in your apparatus with coal of diff-
erent granulometry? Already -48 mesh is used -
will both smaller coal and larger coal to be
used in future experiments?

T, ISOBE: It is planned now. The Japanese coal
mining industry was shrinking year by year and
with it spontaneous combustion as a disaster
risk in coal mines. Research was diminishing
year by year influenced by this circumstance of
the coal industry but in recent years, as a
result of the oil crisis, the coal industry is
vitalised again. Recently, many investigations
on spontaneous combustion of coal have been res-
umed. Considering such a tendency, Dr. Higuchi,
who has been in Australia more than one year,
has commenced to experiment again on various
kinds of coal at various size ranges. These
further researches will commence this year or
next year, probably in the laboratories of
Hokkaido University.

K. BUNCH: (Dept. Mineral Resources): What forms
of sulphur were present in the coal used? Would
the forms of sulphur have had any effect on the
time of ignition?

T. ISOBE: The form of sulphur present in the coal
was pyrite and of course it is inorganic sulphur.

K. BUNCH: What effect does the sulphur have?

T. ISOBE: The influeénce of inorganic sulphur, of
pyrite, is supposed to be one of the causes of
spontaneous combustion, but in this research its
influence is neglected. About 30 years ago a
very noted researcher in Japan said that
pyrite in Oyubari coal has a strong influence

to accelerate spontaneous combustion phenomena.
But this was denied by other researchers.

For this reason the effect of pyrite in

these phenomena is neglected.
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