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1----------------The Bur~~~'-~{ Mines investigated fou"r' simulated ----------------1
16.~ (Umlt: 200 -as) coal gob fires to obtain a more reliable data base

for defining the state of a seeded mine fire and to
evaluate the rerformance of various fire detectors.
The fires were conducted in a multiple-entry section
of the Bruceton Experimental ~Iine by heating
4.00l) to ::!l,OOO pounds of rubblized bituminous coal
to ignition and monitoring the temperature, gas
emiss:ons. and smoke under ventilated and sealed
combustion conditions. Product gas concentrations
depended upon the coal bed size. -coal temperature,
heating rate. and oxygen concentration or ventila­
ting condition but varied little after the fires were
sealed. Expressions are given that define the tem­
poral \'ariations of CO and 0, after sealing when
the coal tempe,ature decreased rapidly. The COl
CO, ratio is a more sensiti\-e fire indicator than the
CO't.O, ratio. although the latter 1S universally
used for detecting the incipient state of a coal fire.
In comparison, the J ones-Trickett ratio

CO, -+- ~CO - ~,~ H.
60,

is less reliable for this purpose, The best detector
for determining the state of a mine fire after it has
been sealed was a prototype submicrometer smoke
particulate sensor. Limitations of the various ·de­
tector systems are also discussed.1------------ -------------------117. Document Ana".... L 0-1010'-
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DIAGNOSTICS OF SEALED COAL MINE FIRES

by

J. M. Kuchta, 1 A. L. Furno, 2 L. E. Dolverny,3
M. J. Sopko,4 and C. D. Littan 5

ABSTRACT

The Bureau of Mines investigated
four simulated coal gob fires to obtain a
more reliable data base for defining the
state of a sealed mine fire and toevalu­
ate the performance of various fire de­
tectors. The fires were conducted in a
multiple-entry section' of - the Bruceton
Experimental Mine by heating 4.000 to
21.000 pounds of rubblized bitUMinous
coal to ignition and monitoring the tem~

perature. gas emissions. and smoke under
ventilated and sealed combustion con­
ditions. Product gas concentrations
depended upon the coal bed size. coal
temperature. heating rate. and oxygen
concentraiion o~ ventilating condition
but varied little after the fires were

sealed. Expressions are given that de­
fine the temporal variation of CO and 02
after sealing when the coal temperature
decreased rapidly. The CO/C02 ratio is a
more sensitive fire indicator than the
CO/t:.02 ratio. although the latter .is uni­
versally used for detecting the incipient
state of a coal fire. In comparison. the

. CO2 + 3/4 CO - 1/4 H2Jones-Tn.ckett ratio tl0
2

.

is less reliable for this purpose. The
best detector for determining the state
of a rnine fire after it has been sealed
was a prototype submicrometer smoke par­
ticulate sensor. Limitations of the var­
ious detector systems are also discussed.

INTRODUCTION

An uncontrolled fire in an under­
ground coal mine frequently can only be
attacked by sealing off the fire zone. or
the entire mine in th~more drastic situ­
ations. The sealing operation itself can
pose a high risk to the miners, although.
this risk can be greatly reduced by use
of the remote-sealing technique developed

1supervisory research chemist, retired.
2supervisory physical scientist.
3Research physicist.
4Che~ical engineer.
SSupervisory research physicist.

All authors are with Pittsburgh Research
Center, Bureau of Mines, Bruceton, Pa.

under a Bureau of Mines contract (11).6
Nevertheless. once a mine fire has~een
sealed. the problem then arises as to
when and under what conditions can the
sealed area be opened without the risk of
reignition or explosion. Thepossibility
always exists that restoration .of the
mine ventila~ion air may rekindle an ex­
tinguished fire. which in turn could ig­
nite pockets of flammable mine gas-air
mixtures that· have accumulated in the im­
mediate area. Reignitions have been
known to occur even after the mine fire
areas were flooded with water (10). Pru­
dent decisions in mine fire recovery and

~Jnderlined numbers in parentheses refer
to items in the list of references
at the end of this report.
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rescue operations are not always possibl~

because of the complexities of sealed
mine fires and the uncertainties of
available data for making such decisions.

The state of a coal mine fire is
normally determined by analysis of mine
air samplings taken inby and outby the
fire zone. If the fire is only in the
incipient stage, that is. self-heating
with no incandescence, the main gaseous
products are expected to be CO. CO2 , and
CH4 (~). If the fire is in a glowing or
flaming co~bustion stage. the products
will be mainly CO. CO2 • CH4 • and H2 •
Generally. the fire condition is predict­
able from the ratios of these gaseous
products and the consumed oxygen. In
either case. continuous Monitoring of the
mine air composition is necessary to de­
fine the transitory fire and explosion
conditions and to reveal any significant
trends. The Bureau has demonstrated the
utility of continuous-gas-monitoring sys­
tems in detecting spontaneous combustion
in a coal mine (1) and in facilitating
the sealing. reventilation, and recovery
of a mine fire area (3). However. these
and other field experiences indicated
that a reliable interpretation of mine
fire gas data requires not only a good
data base but also a broad understanding
of the diagnostics of sealed mine fires.

To develop improved guidelines for
fighting mine fires. the Bureau's ongoing

research has included both laboratory­
scale and full-scale fire studies. Of
particular interest in such studies have
been the variation of mine fire gas com­
positions with temperatures and propaga­
tion rates. effects of ventilation air.
response of the fire to sealing. and ef­
fects of scaling factors. Such informa­
tion has been documented for relatively
small tunnel-type fires in which Model
ducts were lined with coal (~). The
present work extends these data to full­
scale fires in which various size piles
of a bituminous coal (Pittsburgh seam)
were ignited to simulate a gob fire.
These experi~ents were conducted in the
Bureau's Experimental Mine at Bruceton.
Pa •• and monitored by a new remote in­
strumentationfacility which was equipped
with a video system and various data ac­
quisition systems. Mine fire temperature
and gas composition data were defined
temporally and spatially for four differ­
ent size coal rubble fires (2 to 10.5
tons) that were sealed after the burning
became fully developed. Different crite­
ria for predicting the initiation. propa­
gation. and extinction of such mine fires
are discussed. and performance data are
compared for thermal- and combustion­
product-type detectors. A more complete
report on the performance evaluation of
the fire detectors used was published in
1980 <.~).

DESCRIPTION OF SEALED MINE FIRE TESTS

The four sealed mine fire tests were
performed in a multiple-entry section of
the Bruceton Experimental Mine. A per­
spective drawing of the mine test section
appears in figure 1. together with a de­
tailed drawing of the fire zone. The
multiple-entry section consisted of five
parallel rooms that were connected to a
cornmon intake airway and a common return
or exhaust airway; all rooms were cement
lined to protect against ignition of
the mine coal seam. A section of one
room (No.6) was modified to form a

circular-archshaped, tunnel and lined with
fire or insulating brick. This resulted
in a fire zone that measured 20 feet wide
at the floor, 5-1/3 feet high at the cen­
ter, and 28 feet long; total length
of a room passageway was approximately
200 feet with each coal pillar a nominal
90 feet long. Temporary stoppings were
erected at appropriate points to direct
the ventilating air into the fire zone
and to restrict the flow patterns of the
mine fire gases throughout the multiple­
entry test section (fig. 2).
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FIGURE 2•• Diagram of multiple.entry test section showing gas-sampling stations and ventilation stop·
pings in sealed mine fires.

Run-of-the-mine bituninous coal fron
the adjacent Bruceton Safety Research
Mine was used in these experiments.
Proximate and ultimate analyses of the
coal are given in table 1. The coal was
loaded in the fire zone to simulate a gob
pile of sone predetermined shape and
size. then ignited under a ventilating
condition to produce a fully developed
fire. and subsequently sealed for a week
or more. The mass of the coalbed ranged
from 4.000 to 21.000 pounds and was ig­
nited by II-inch-diameter ring heaters
and/or 48-inch elongated tube heaters
that were centrally positione'd in ,the
coalbed. generally near the top surface;
the number of heaters used in each fire

is given in table 2. Both slow and rapid
ignition conditions were investigated.
The first three fires (SCMF-I. 2. and 3)
involved relatively rapid ignition (5 to
6 hours) and coalbed sizes ranging from
4.000 to 16.500 pounds; the fourth fire
(SCMF-4) involved very slow ignition (65
hours) and a'2I.OOO-pound bed. Table 2
summarizes the different test conditions
used for the four fire scenarios. includ­
ing the tines for sealing and reopening
the mine test entry; the indicated shapes
for the coalbeds represent gross descrip­
tions of their actualgeonetrical config­
urations. The first fire provided
preliminary data for checking out the
instruT:lentation.
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TABLE 1. - Proximate and ~ltimate analyses of Bruceton Safety Mine
coal (Pittsburgh bituminous seam),! percent

I As received I Moisture free I Moisture and ash free
----------l--:..;;;:;,.....:~-=-P=-RO~X=:-:I==-MATEANALYS I S
Moisture •••••••••
Volatiles •••••••• ·
Fixed carbon •••••
As h•••••••••••••'.

Hydrogen•••••••••
Carbon ••••••••.••
Nitrogen •••••••••
Oxygen •••••••••••
Sulfur •.••...••••
Ash ••••....••••••

1.5 None
38.9 39.5
55.8 56.6
3.8 3.9

ULTIMATE ANALYSIS
5.6 5.5

79.7 81.0
1.8 1.8
7.9 6.6
1.2 1.2
3.8 3.9

None
41.1
58.9
None

5.7
84.3

1.9
6.9
1.2

None
lHeating value, 14,_500 Btu/1b (calculated from ultimate analysis).

TABLE 2. - Test conditions and scenarios for simulated coal mine
gob fires in Bruceton Experimental Mine

SCMF-l SCMF-2 SCMF-3 SCMF-4
Coal bed:

Sha pe .• .' ..••••••• lConica1 2Hemie11ipsoida1 2Rectangu1ar prism 2Rectangu1ar prism
Size ••••••• feet •• ~8 x 6-1/2 ~13 x 9 x 4-1/2 ~18 x 14 x 1-1/2 ~18 x 14 x 2-1/2
Mass ••••• pounds •• 4,000 8,400 16,500 21,000

Ventilation rate
before sealing

ft/min •• 100 100 100-200 50
Ignition source:

Ring heaters,
II-inch diameter 1 1 2 2

Tube heaters,
42-inch length,
12 inches apart 2 2 2 2

'Mine fire scenario,
-

hours:
, Ignition time .'••• 6 5 6 65
Sealing time ••••• 24 23 27 94
Reopening time ••• 387 313 190 427
Resealing time ••• None 316 None .None
2d reopening time None 529 None None

lOimensions refer to maximum base diameter and height of bed, respectively.
20imensions refer to maximum length, width, and height of bed, respectively.

Fire growth or decay was monitored
by temperature and combustion product
sensors. The coal temperatures were mea­
sured by a vertical array of thermocou­
ples at the center of' the coa1bed and by
a horizontal array at various distances
from the vertical axis of the bed; ther­
mocouples were equally spaced at 1- or

2-foot intervals, - depending upon the
-dimensions of the coa1bed. ~ine gas.tem­
peratures were also measured during the
fires. However, these data are not in­
cluded in this report since they dis­
played little variation with time at re-

o mote distances from the fire zone.



Mine Safety Appliance, MSA
model 802;

Beckman Instruments, model 855;
Edmont Wilson, model 60-620;
Taylor, Servomex, model OA. 272

Industries, model 865;
Industries, IRI model

6

The gaseous combustion products were
measured by an array of detectors at each
of the sampling stations shown in fig­
ure 2. Samples of the gases at each sta­
tion were taken at fixed time intervals
by programed sampling valves and analyzed
by specific detectors for CO, C02' CH4'
and 02; also, grab samples were peri­
odically taken for gas chromatographic
analyses to determine H2 formation and to
check reliability of the different ana­
lyzers. The various detectors or
analyzers that were used follow: 7

~

I

Beckman Instruments,
Infrared Industries,

702-054

Beckman
Infrared
702-053

model 865;
IRI model

co: Mine Safety Appliance, MSA Lira
model 300;

Infrared Industries, IRI model
702-002

In addition, submicrometer smoke
particulate concentrations were measured
in one of the fires (SCMF-4) to compare

FIGURE 3. - Smoldering cool combustion after 5 hours of heating in sealed mine fire SCMF-l.

7Reference to specific trade names is made for information only and does not imply
endorsement by the Bureau of Mines.

Reproduced from
best available copy.
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the ~eli~bility of such ~easurements with
those of temperature and gaseous ~oQbus­

tion products for determining the state
of the mine fire. The smoke detector was
a prototype model developed by Litton.
Graybeal. and Hertzberg (8) and was spe­
cifically compared with~a CO detector.
I~ these comparisons an Ecolyzer detec­
tor (Series 2000) was used for low CO
concentrations (~SOO ppm) and IRI model
702-002 for high CO concentrations
()SOO ppm). The smoke emission that can
occur in such fires is shown in figure 3;
this photograph was taken during the
smoldering combustion stage of the SCMF-1
fire after Shours of heating. "

; ,,'

7

Signal outputs of the temperature.
gas. and smoke detec~ors were fed to a
data logger system in the mine test entry
and eventually to an instrument control
center above the mine. 'The remote data
control center was initially located in a
pair of field trailers (fig. 1) but later
installed in a laboratory building as a
more permanent facility. Figure 4 shows
the remote instrUment control facility.
which is' equipped with various gas ana­
lyzers. recorders. a computer printout
terminal. and other data acquisition
instrumentation; 'it .lso has a video
capability for observing the status of a
mine fire •

"
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FIGURE 4.• Remote instrument control center for sealed mine fires.
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EXPERIMENTAL RESULTS

Sustained fires were achieved in
each of the four fire scenarios described
in table 2. Reignition after re~pening

the sealed mine fires occurred only in
the initial scenario (SCMF-l). which was
primarily intended to serve as a "shake­
down test" of the monitoring systeos. A
brief description of each fire and the

Temperature Histories

SCMF-l.--This scenario involved the
smallest quantity of coal. a 4.000-pound
conical bed. and relatively early igni­
tion (6 hours) by the electrical resist­
ance heaters used in this work. Figure 5
shows the temperature histories obtained
at three levels on the vertical. cen­
tral axis of the conical coalbed. As
indicated by temperature measurements
closest to the top of the coalbed. the
bed temperature rose rapidly to nearly
6000 C prior to sealing (24 hours) and.
after leveling off. increased abruptly to
over 950 0 C because of apparent flaming
combusti.on. Temperatures at both this
location and the other bed locations
peaked only after the test entry had been
sealed for over 40 hours. Although these
temperatures subsequently decreased
sharply, they peaked again before the
entry was reopened at 387 hours; appar­
ently the sMoldering coal became inflamed
as a result of air leakage. which was
indicated by the gas analyses. Since the
middle and bottom coalbed temperatures
were still above 300 0 C when the Mine was
reopened. it is not surprising that the
temperature data indicated the coalbed
reignited upon being reventilated.

response of the various oonitoring sys­
tems is given herein. In all the fire
scenarios, the initial teMperature rises
prior to ignition should not be construed
as being due to self-heating of the coal
but rather to the external application of
heat.

1,000,.-----,----,----.,------,-----,---.,.----,

900

800

700

.;; 600
~
0::

240 320 400 480 560
TIME, hours

FIGURE 5.• Temperature histories at three lev·
els on vertical axis of con ical coal·
bed (4,000 pounds) for fire SCMF·l.
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700r--,------,--....,------,--....,-----,-------,

FIGURE 6•• Temperature histories at three lev­
els on vertical axis of ellipsoidal
coalbed· (8,400 paunds) for fire
SCMF-2.

SCMF-2.--The second scenario uti­
lized a shallow hemiellipsoidal coalbed
(8,400 pounds) that was roughly twice as
large in mass as that used in SCMF-l; it
had similar times for igniting (5 hours),
sealing (23 hours), and reopening

SCMF-4.--The final fire was also
made with a rectangular coalbed. It dif­
fered from SCMF-3 in that the bed was

(313 . hours). Temperature histories in
the central region of the coalbed for
this fire are shown in figure 6. As in
the initial fire, the coal bed tempera­
tures near the surface rose rapidly after
ignition and peaked (>600 0 C) at the time
of sealing or after sealing, depending
upon their location. However, in this
experiment, all three bed temperatures
eventually fell to below 100 0 C
-150 hours after sealing and did not
rise after reventilation of the test en­
try at 313 and 529 hours.

SCMF-3.--In this fire, the igniting
(6 hours) and sealing (27 hours) times
were essentially the same as in the
first two fires, but the reopening time
(190 hours) was much earlier and the
coalbed mass (16,500 pounds) and shape
(rectangular prism) were different. Fig­
ure 7 shows the temperature histories of
the coalbed for this fire, in which peak
temperatures were about 750 0 C. Although
the top thermocouple indicated some evi­
dence of reignition -70 hours after seal­
ing, the coalbed temperature remained
below 100 0 C after reventilation, similar
to the SCMF-2 fire.
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FIGURE 7. - Temperature histories at three levels on vertical axis of rectangular coalbed
(16,500 pounds) for fire SCMF-3.
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larger (21,000 pounds) and the igniting
(65 hours), sealing (94 hours), and re­
opening (427 hours) times were much
later. Prior to ignition. the maximum
temperature measured in· the coalbed was
approximately 70 0 C. near the surface
(fig. 8). The top and middle bed temper­
ature peaked at slightly over 800 0 and

550 0 C. respectively, before sealing.
Burning appeared to be sustained in the
middle of the bed for about 250 hours af­
ter the test was sealed. after which bed
temperatures fell to below 100 0 C and did
not rise after reventilation of the
entry.
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FIGURE 8•• Temperature histories at three levels on vertical axis of rectangular coalbed (21,000 pounds)
for fire SCMF·4.



Generally, the fires spread More.
rapidly horizontally than vertically down
through the coalbed. Also, the propaga­
tion tended to extend farther upstream
than downstream of the ignition
sources(s) apparently because of the
greater . availability of fresh oxygen at
the upstream end, particularly during the
ventilation stage, that is,· prior to
sealing; this assumes the ventilation air
becomes more vitiated in passing across
the burning coalbed. Figure 9 shows the
horizontal temperature histories obtained
at four upstream positions in SCMF-4.
Note that the .100 0 C level was reached
at the 6-foot horizontal station in
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FIGURE 9.• Temperature histories at four loco·
tions on horizontal axis of rectan­
gular coalbed for fire SCMF·4.
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approximately 85 hours, whereas in fig­
ure 8, this temperature was not realized
at the 2-foot vertical station until 95
hours had elapsed~ The other fires gave
a similar trend to that displayed by
SCMF-4.

Thernal Wave Velocities

Propagation of the fires after igni­
tion was greater with the larger coal­
beds, which were relatively shallow
(1-1/2 or 2-112 feet). This was largely
attributable to the greater bed ventila~

tion expected with the shallower beds and
the fact· that an additional ring heater
was used for their ignition. Table 3
sumnarizes .the average thermal wave ve­
locities that were deduced fron the
temperature-tine profiles found at,vari­
ous vertical (central axis) and horizon­
tal (najor axis) stations in the bed.
The downward thermal velocities at
100 0 and 200 0 C temperature levels were
between 0.25 and 0.55 inlhr for SCMF-l
and 2 and between 0.66 and 0.80 inlhr for
SCMF-3 and 4. These values roughly
approximated the Maximum linear burning
rates of the coalbeds. Generally, the
horizon.tal ther:mal wave rates were about.
four times greater than th~ vertical
rates, but the former could not be pre­
cisely defined for the conical or
ellipsoidal coalbeds (SCMF-l and 2). The
vertical rate data for these coal gob
fires were not greatly different from
those reported for small coal tunnel
fires (2); however, the horizontal rates
were m~ch lo~er than those found in the
tunnel fires because the latter involved
noticeably higher ventilation rates and
much lower radiative heat losses.
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TABLE 3. - Average thermal wave velocities along vertical and horizontal
axis of coalbed in sealed mine fires

Height (nominal) Weight Thermal wave Thermal wave velocity, 1 in/hr
Test of bed, feet of coal, temperature, a C Downward Horizontal

pounds
SCMF-l 6-1/2 4,000 100 0.55 NA

200 .41 NA

SCMF-2 4-1/2 8,400 100 .25 NA
200 .40 NA

SCMF-3 1-1/2 16,500 100 .73 2.5
200 .66 2.4

SCMF-4 2-1/2 21,000 lOa .80 3.7
200 .78 3.5

NA Not available.
lAverage rates inferred from temperature measurement along central vertical axis

(downward) and major horizontal axis of the coalbed. Rates for SCMF-l and SCMF-2
achieved after sealing; rates for SCMF-3 and SCMF-4 achieved prior to sealing.
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FIGURE 10. - Product gas concentrations versus time
in fire zone (station 53) for fire 5CMF-l. Dashed por­

tion of CH 4 curve gi ves opproxi mote trend; do to were

ill-defined owing to electronic molfunction •.

Product Gas Analyses in Fire Zone

The main gaseous products evolved in
the mine fires were CO, CO2 , CH4 , and H2 •
Their formation and oxygen consumption in
the fire zone of each experiment are com­
pared in figures 10-13. These data were
obtained at the upstream end of the coal­
bed (station S3) and near the mine roof.
Corresponding data at the downstream end
or at other vertical sampling levels did
not differ greatly because of the high
degree of convective mixing that was in­
duced by the fires. Also, the CO, CO2 ,
CH4 , and 02 data largely represent con­
tinuous analyzer samples, while the H2
data refer to grab samples taken at regu­
lar time intervals; an. exception are the
SCMF-2 data which refer to grab samples
for all the gaaes because of an analyzer
malfunction. Although the continuous
analyzer and grab sample data for CO
agreed reasonably well, the former data
tended to be noticeably higher ()10 pct)
in many instances for CO 2 and CH4 • Sam­
pling uncertainties could account for
this discrepancy. The variations of the
mine fire gases are summarized in the
following paragraphs:
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Oxygen (O~).--Before the mine fires
were sealed, t e 02 concentration in the
fire zone decreased only slightly, from
20.9 percent to approximately 20 percent,
indicating the mine ventilation rate was
more than adequate to sustain burning of
each .coal bed. ,Most of this 02 reduction
occurred after the coalbeds were brought
to ignition. After sealing, the 02 con­
centrations fell sharply and tended to
level off at some minimum value, except
in the smallest size fire (SCMF-l), where
the 02 increased substantially ,after fal­
ling to a minimum (fig. 10).

FIGURE 12•• Product gas c6ncentrations versus time

in fi re zon e (s tat ion 53) for fi re 5CM F-3. Da shed por­
tjon of H

J
curve givesa,pproximate trend; data were

ill-define owing to electronic malfunction.

The minimum 02 after sealing was
about 5 percent in three of the fires
(SCMF-2, 3, and 4) but not less than
10 percent in the initial fire (SCMF-l).
Although the latter result was consist­
ent, since this fire was the smallest
(4,000 pounds of coal), the fact that the
subsequent 02 concentrations increased
substantially in this same fire indicated
that noticeable air leakage into the en­
try had occurred; air leakage after seal­
ing was also apparent in SCMF-2 (fig. 11)
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Methane (CH4 ). --This gas is ordi­
narily a major constituent of the gases
found in coals and is largely consumed as
a result of combustion, although its con­
centration level will vary with the coal
temperature. Thus, the CH4 emissions of
a given coal should largely depend upon
the temperature and loading density of
the coal. Because of the ventilation

stage of these fires was obviously due to
the great dilution of the combustion
products by the ventilating air. A dis­
cussion of the low-level CO emissions is
given later in this report.

Carbon Dioxide (C02 ).--Like CO, the
C02 emissions prior to sealing were
relatively small, although their levels
were much greater than that of CO. These
early data are discussed later together
with the corresponding CO data.

After sealing, the CO increased to
some maximum value and then tended to
level off as c6mbustion diminished to a
low and relatively constant rate. The
peak CO levels varied consistently with
the size of the burning coalbed, increas­
ing from about 1.2 percent to 3.5 percent
as the coalbed size was increased from
4,000 to 21,000 pounds. Air leakage into
the sealed entry appeared to have little
or no effect on the CO formation; the.
peak CO levels decreased during sealing
only in the two smallest fires (figs. lO­
ll) and these decreases were small. Gen­
erally, the CO formation varied with
the 02 consumption.

The CO2 concentrations peaked short­
ly after sealing and then decreased at a
relatively slow rate because of the
apparent air leakage. The peak CO2 lev­
els were much greater than the CO levels,
as would be expected in most coal mine
fires. Here, the peak C02 level in­
creased from about 7 percent to 10 per­
cent when the coalbed was increased from
4,000 pounds to 8,400 pounds or more. In
all four fires, the peak CO2 level sub­
sequently decreased by one-third or more,
indicative of air leakage effects. The
CO2 formation was generally consistent
with the O2 reduction.
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Furthermore, without any air leakage, the
sealed fires involving at least the larg­
er coalbeds (figs. 12 and 13) would have
been expected to consume practically all
of the initially available 02' Confirm­
ing evidence of air leakage was found in
examination of barometric pressure re­
cords, which correlated with many of the
small excursions of the O2 concentration
histories.

Carbon Monoxide (CO).--The early for­
mation prior to sealing was at a rela­
tively low level «0.10 percent) for each
fire and required the use of a more sen­
sitive range of the detector than those
used to obtain the data shown in fig­
ures 10-13. The low level of CO concen­
trations observed during the initial
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essentially the same at the 53 and 510
sampling locations. The main difference,
although small, was that the gas concen­
tration \ levels were observed somewhat
later at the remote station. Obviously,
a greater difference would be expected if
the data comparisons were made for sub­
stanttally shorter sampling time inter­
vals than used in these tests (-1 hour).
Remote-sampling data obtained in the oth­
er fires displayed similar trends to that
observed in SCMF-4.

The greatest uncertainty in the gas
analytical data was in the SCMF-l mine
fire,in which reliability of the data
was q'uestionable because of analyzer de-'
ficiencies. Table 4 summarizes the rela­
tive performance of the gas analyzers
used in the four fires. In SCMF-l, the
analyzers for monitoring CO, CO2 , and CH4
~uffered from the fact that their re­
sponse was nonlinear and affected by the
concentration of the background gases
that were present; also, one of the

rate, this gas wa~ barely detectable
prior to sealing. In the present experi­
ments,'the peak CH4 level increased from
about 1/2 percent to slightly over
2 percent when the ,coalbed weight in­
creased ,from 4,000 to '21,000 pourids.
These concentrations were substantially
below the lower limit of flaMMability of
CH4-air mixtures (5 percent). In fact,
the combined fuel emissions of CH4 , CO,
and H2 were never high enough to form a
flammable mixture in any of the fires.
This is not to imply that flammable mix­
tures would not form if larger heated
coalbeds were involved. Explosions are'
known to have occurred after some mine
fires.

Product Gas Analyses Beyond Fire Zone

Hydrogen (H 2 ).--Hydrogen is formed
primarily during the combustion of the
coal but was not detected until after
sealing because of dilution . by the air
ventilation. The peak H2 values were
nominally between 0.8 and 1.5 percent for
these fires and also decreased subse­
quently because of air leakage. The
air leakage effect was pronounced in the
smallest size fire (fig. 10), which was
consistent with the 02 data. As men­
tioned earlier, these data were obtained
solely by grab samples that were analyzed
by gas chromatography.

Corresponding gas samples' taken at
other locations in the sealed mine sec­
tion did not vary greatly froQ those
found in the fire zone. This can be ex­
plained by the fact the fire induced
great mixing of the mine gases upstream
and downstream of the fire zone. Flow
probe data indicated that flow reversal
in the fire zone occurred even prior to
sealing the fires and thereby effected a
high degree of mixing; air leakage into
the mine test section would also help the
mixing process. Figure 14 is based on
gas-sampling data obtained at one of the
most remote stations (510) from the fire
zone for the largest size fire (SCMF-4).
These data varied little from those
obtained in the fire zone (fig. 13). The
m~n~mum 02 level and peak CO, CO2 , CH4 "
and H2 (not shown in fig. 14) levels were



16

analyzers for monitoring 02 had a rather
slow response, which could present undue
constraints in programing the sampling
frequency. For these reasons, other ana­
lyzers were substituted in the larger
fires for monitoring these gases. Over­
all, the IRI analyzers for CO, CO2 , and
CH4 gave satisfactory performance; the
Beckman 02 analyzer also performed satis­
factorily. Accuracy of these analyzers
compared favorably with that obtained by
gas chromatographic (GC) analyses of se­
lected samples and indicated that such

analyzers should be suitable for field
use under similar mine fire conditions.
However, since the concentration range of
ea'ch analyzer was selected to include the
maximum concentration expected in these
mine fires, the reliability of each ana­
lyzer at very low concentrations in the
parts-per-rnillion range was not deter­
mined. No problems were encountered in
monitoring the H2 formation, which was
determined solely by GC analyses of grab
samples.

TABLE 4. - Relative performance of gas analyzers in sealed mine fires

Gas SCMF-l SCMF-2 SCMF-3 SCMF-4
CO ••••• MSA (Lira)-- IRI-- IRI--satisfactory. IRI--satisfactory.

nonlinear. satisfactory.
CO2 •••• Beckman--nonlinear. IRI-- IRI--satisfactory. IRI--satisfactory.

satisfactory.
CH4··· • Beckman--nonlinear. IRI-- IRI--satisfactory. IRI--satisfactory.

satisfactory.
H2· •••• GC--satisfactory. GC-- GC--satisfactory. GC-satisfactory.

satisfactory.
°2····· Taylor-- Taylor-- Beckman-- Beckman--

satisfactory. r.lalfunction. satisfactory. satisfactory.
MSA--slow response. Edmont Wilson--

satisfactory.

DISCUSSION

or

which upon integration yields

Rate of 02 Consumption where t is time and k is the reaction
rate constant. This implies that a semi­
log plot of 02 versus t should give a
straight line with a negative slope of k.
A change in the slope would reflect a
change in the rate-controlling step, as
governed by chemical or physical factors.

In the present simulated fires, the
02 reduction generally displayed an expo­
nential time dependence from the time the
fire was sealed until the 02 concentra­
tion began to level off at a minimum
value. The semilog plots of the 02 data
obtained in the fire zone for these fires
are given in figure 15. These data show
that the 02 depletion rate after seal­
ing was least for the smallest fire
(SCMF-l) and greatest for the two
intermediate-size fires (SCMF-2 and 3);
the data for the largest fire (SCMF-4)
fall in between. The low depletion rate

(1)

(3)

£n 02 = - k t + constant (2)

If the burning coal mass in a sealed
mine fire is relatively large compared
with the available oxygen, the rate of
reaction will be controlled by the oxygen
concentration (02) of the cine atmos­
phere. In such fires, the reaction
should follow a first-order rate law for

the rate of oxygen consumption (~~2)
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18.90 exp (-mt);
t< 30; m = 0.040
± 0.002 (5)

21.02 exp (-rot);
t< 20; m = 0.0185
± 0.0015 (4)

°2 = 18.47 exp (-mt);
t< 30; m = 0.0405
± 0.001 (6)

°2 = 18.17 exp (-mt);
t< 40; m = 0.024
± 0.001 (7)

SCMF-2

SCMF-1

SCMF-3

SCMF-4

Rate of CO Formation

The CO formation did not follow an
exponential time dependence like that ob­
served. for the 02 consumption, nor should
one expect such an agreement. Figure 16
shows a semi log plot of the CO versus
time observed in the fire zone after the
fires were sealed. As noted, the slopes
of the curves change greatly from the on­
set of sealing to the time the CO level
tends to be maximum. The changing slopes
are consistent with the fact that the
chemical kinetics will ·vary with great
variation in temperature or oxygen con­
centration, which in turn affects the
ratio of CO and CO2 products. In the
present experiments, both temperature and

(95-percent confidence level) drawn in
figure 15 up to the time where the 02
levels off:

where 02 is in volume percent, t is in
hours, and the coefficients before the
exponential terms represent the initial
02 concentrations, that is, the y-axis
intercepts in figure 15. The m coeffi­
cients represent the reaction rate con­
stants as reflected by the initial slopes
of the curves in figure 15 in units of
percentage per hour. Thus, in these
fires, the initial oxygen consumption
rates ranged from a mini~um 1.85 per­
cent initial concentration per hour
(SCMF-1) to a maximum of 4.05 percent per
hour (SCMF-3).

6010 20 30 40 50
TIME AFTER SEALING, hours

FIGURE 15.· 5emilo9plotsofthevariationof0 2
consumption with time in fire zone
(station 53) for sea led mine fires.

20

-u
';'-
"0,.
N

0 10

8

6

4
0

KEY
o SCMF - I
D SCMF-2
~ SCMF- 3
• SCMF-4

Expressions were derived from the
data in figure 14 to define the tem­
poral variation of the 02 concentration
for each fire after sealing. These
expressions are given oelow and repre­
sent the straignt lines of best fit

in SCMF-1 is most likely attributable to
the s~all size of this fire and the rela­
tively great amount of air leakage
that' occurred (see also fig. 10),
note that .the 02 concentration leveled
off at approximately 15 percent within
20 hours after sealing and did not fall
below 10 percent subsequently. The fact
that the 02 consumption rate in SCMF-4
was less than that observed in SCMF-2 and
3 is more difficult to explain since the
former fire was made with a larger coal­
bed. However, the SCMF-4 fire also in­
volved different ignition and presealing
conditions, a lower ventilation rate
(-50 versus 100 ft/min), a longer heating
time before ignition (65 versus 5 to
6 hours), and a longer burning time be­
fore sealing (29 versus 18 to 21 hours).
Apparently, these' differences were suf­
ficiently significant to result in less
complete or extensive burning of the
largest coalbed used, at least during the
early stage «( 30 hours) of the sealing
period.
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0.20 t m ; t< 35;
m = 0.70 ± 0.035 (0)

0.28 t m; t< 70;
m = 0.56 ± 0.02 (11)

0.120 t m; t< 35;
m = 0.85 ± 0.035 (9)
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SCMF-4 CO

SCMF-3 CO
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SCMF-l CO = 0.056 t m; t< 20;
m = 0.93 ± 0.11 (8)

FIGURE 17. - Log-log plots of the variation of CO
formation with time in fire zone
(station 53) for sealed mine fires.
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where CO is in volume-percent and t is in
hours. The form of these equations indi­
cates that the rate of CO formation could
not be predicted from the rate of oxygen
consumption, which varied exponentially
with time during roughly the same time
periods. Although' similar expressions
were not derived for the CO2 data, their
temporal dependence also was not an expo­
nential type; however, they were somewhat
more time dependent than the CO data;
that is, the m values in the above equa­
tions were slightly greater for the CO2
formation.

The best-fit expressions for de­
scribing the early CO variations after
sealing were simply a power function of
time. These are given below for time
periods that roughly correspond to those
used in defining the 02 consumption in
each fire (95-percent confidence level):
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FIGURE 16. - 5emilogpiotsofthevoriotionofCO
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(station 53) for sealed mine fires.
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oxygen concentration decreased drastical­
ly during sealing; in addition, the rate
of CO formation was complicated by the
fact that the surface area of burning was
continuously changing and not a con­
trolled variable in any of the fires.

A log-log plot of CO versus time was
found to describe these data best, as il­
lustrated in figure 17. The log-log
plots for each fire approximated a linear
dependence upon time between the instant
of sealing and the time at which the CO
formation peaked and leveled off. These
data show that the rate of CO formation
in the SCMF-l fire was practically the
same as in the SCMF-2 fire and somewhat
higher than in the SCMF-3 and 4 fires.
However, the level of CO formation gen­
erally increased with the size of the
coalbed, although the data were not en­
tirely consistent, particularly those in­
volving the largest coalbed (SCMF-4).
Under normal and uniform burning condi­
tions, the CO level would have been ex­
pected to be highest in SCMF-4 before and
after the sealing periods. Nevertheless,
these CO data are consistent with the
gross trends of the O2 data.



Ratios of Gaseous Products

The different stages of a coal mine
fire can be characterized by a knowledge
of the composition and relative ratios of
the gaseous products. In the incipient
or spontaneous co~bustion stage, slow re­
actions are initiated at near ambient
temperature «100 0 C) and the main oxida­
tion products are CO and C02 in rather
small concentrations, depending upon the
confinement. ~ith increasing tempera­
ture, both CO and CO 2 evolution increases
but the conversion to CO2 becomes in­
creasingly greater, particularly above
the autoignition temperature (~150° C),
where rapid oxidation occurs; H2 forma­
tion also becomes noticeable at these
temperatures. In the flaming combustion
stage the coal reaches a maximum tem­
perature of about 1,000 0 C accompanied by
peak levels of C02 and H2 • Although the
state of a coal mine fire can be ascer­
tained in theory from analyses of the
fire gases, the interpretation of the da­
ta is difficult in practice because of
mine air dilution effects. Therefore, it
is frequently more meaningful to rely up­
on the ratios of the various product
gases, which are not affected by air
dilution. Three different ratios were
compared in the present sealed 'fires:

CO/C02.--This ratio indicates the
completeness of the combustion or oxida­
tion and is defined in terms of volume­
percent concentrations of CO and C02 th~t

are formed. The ratio is «1 in a lean
coal-air fire and varies with coal tem­
perature and the oxygen concentration of
the atmosphere.

CO/~02 (CO index).--This ratio indi­
cates the amount of CO formed per unit
volume of 02 that is consumed or absorbed
and is defined in terms of volume-percent
concentrations. More specifically, it is
defined as follows:

where i and f refer to the 'initial and
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later or fina~ concentrations. The ratio
is strongly dependent upon, temperature
and is 0.1 or more above the autoignition
temper~ture (~150° C) of the coal. A re­
.cent report by Kuchta , Rowe, and Bur­
gess (6) characterizes the CO indexes for
many U:S. coals and their susceptibility
to spontaneous combustion at various
temperatures.

JT ratio.--

This ratio (JT) was developed by
Jones and Tricket (4) for determining
whether methane or coal dust has been in­
volved in a Mine explosion. It has also
been applied to the analysis of mine
fires, although it was not intended for
such complicated combustion conditions.
Each of the product gas concentrations is
in volume-percent. By this equation,
methane would' have a JT value of 0.5 for
complete combustion to C02; the values
for other' hydrocarb6ns would be greater
than 0.5, depending upon their H/C mole
ratio. In comparison, the JT value can
be 0.5 to 1.0 for coal and equal to or
greater than 1.0 for wood (7). Thus, a
ratio noticeably less than 0:5 in a ~oal
mine fire could be indicative of extin­
guishment or greatly reduced coal temper­
atures. Tunnel coal fiFe data by
Chaiken, Singer, and Lee (2) indicate
that the JT ratio tends to decrease
monotonically with temperature after
sealing. However, any extrapolation to
spontaneous combustion temperatures would
be rather tenuous.

The CO/C02' CO/~02' and JT'ratios
derived from three of the present mine
fire experiments are shown in the com­
posite plots of figures 18 (SCMF-2),
19 (SCMF-3), and 20 (SQIT-4). Some spe­
cific values before and after sealing are
given ,in table 5. Grab sample data were
used in, all cases for the sake of con­
sistency and because they were the only
available data for hydrogen, which is
necessary for calculating JT ratios.
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c
TABLE 5. - CO/C02' CO/~02' and Jones-Trickett (JT) ratios for sealed mine fires
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CO/ CO2 CO/~02 JT ratio 1

SCMF-l :
At sealing ...................................................................................... 0.15 0.09 0.68
At reopeni'ng .................. . '.............................................................. .34 .21 .74

SCMF-2 :
At sealing ..................................................................................... • 11 .08 .70
At reopen!ng .............................................................................. '. .. .30 .15 .60

SCMF-3:
At sealing ...................................................................................... .09 .07 .69
At reopening .................................................................................. .40 .18 .55

SCMF-4:
At sealing ..................................................................................... .17 .11 .77
At reopening .................................................................................. .52 .18 .48

CO + 3/4 CO - 1/4 H
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FIGURE 18.•.CO/CO 2, COl~O 2/ and Jones­
Trickett (JT) ratios in fire SCMF·2.

FIGURE 19.• CO/C0 2, CO/~02, and Jones­
Trickett (JT) ral ios in fire SCMF-3.
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The JT ratios are least meaningful
during the early stage of a coal fire;
therefore. they are not extrapolated to
the time of ignition in the accompanying
figures. The JT values were approximate­
ly 0.7 to 0.8 at the time of sealin~ and
decreased or remained relatively constant
during the sealing period; the decrease
was slightly More noticeable in the larg­
er fires (figs. 19 and 20). The, fact
that the JT ratio was unusually high
(0.74) at reopening of the SCMF-l fire
was not unexpected since reignition
occurred in this unextinguished fire
scenario. Although the JT ratios de­
creased after sealing in most of the
fires. they still reMained relatively
high compared with those reported in the
small-scale coal tunnel fires (2), where
the ratios decreased to nearly zero after
sealing. Obviously. the composition of
the fire ~ases after sealing varied much
more in the tunnel fires in which combus­
tion conditions were supposedly more
ideal before and after sealing. However.
a near-zero JT ratio is unrealistic after
sealing unless one assumes the CO 'and CO2
combustion products disappear or are
small relative to the H2 formation (equa­
tion 13). Thus. the present data are
more characteristic of what is expected
in a real sealed mine fire situation.

The maximum or equilibrium CO/~02

values after sealing were between 0.15
and 0.20 as compared with corresponding
CO/C02 values between 0.30 and 0.50.
Since the CO/C02 ratio was noticeably
more time dependent than the CO/~02 ra­
tio. it was a more sensitive criterion
for determining the status of the coal
mine fires. This observation is consist­
ent with that su~~ested earlier (5).
Nevertheless. since the currently avaIl­
able CO2 field detectors are less sensi­
tive than CO detectors, the latter are
superior for early detection of the ini­
tiationor extinction of such fires •
Field results from monitoring a spontane­
ous combustion condition at the Somerset
Mine in Colorado (1) support this conclu-

'sion and the need to obtain the ~as sam­
ples as close as possible to the fire
source.

0.3
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0 . 1u
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0
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u .2 Reopening

FIGURE 20.. CO/CO 2, CO/LiD 2/ and Jones­
Trickett (JT) ratios in fire SCMF-4.

As observed in laboratory experi­
ments. the CO/C02 and CO/~02 ratios in
these fires were sensitive to the coalbed
temperature and increased almost linearly
with time from the onset of i~nition to
at least the time of sealin~. or when
oxygen reduction became a lim1tin~ fac­
tor. Prior to sealing. both ratios rose
steeply and were generally below 0.1
except for the CO/C02. ratios of the
SCMF-l and 4 fires. which yielded values

/up to 0.15 and 0.17. respectively •.at the
( time of sealing. After sealing. these

ratios rose less steeply because of the
increasing oxygen reduction. However.
whereas the CO/~02'ratios leveled' off at
a maximum. value, the CO/C02 ratios', con­
tinued to increase somewhat 'depending
upon the size of the fire; this' is most
evident in.comparing the data for'SCMF-2

. (fig. 18) with those.. for SCMF-3 (fig. 19)'
and SCMF-4 (fig. 20).
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Nevertheless, both sets of data indicate
that the extinction of such fires occurs
when the JT ratio falls below about 0.5.

Snoke Particulate Formation

Subnicrorneter smoke particulate sen­
sors were denonstrated to be one of the
nost reliable oeans of monitoring a
sealed coal mine fire. Such sensors do
not necessarily provide the earliest de­
tection of CO emission by a coal mass,
but they are sufficiently sensitive to
detect snoldering combustion and are su­
perior to gas-rnonitoring rnethods for de­
terrnining the status of a coal mine fire
after it has been sealed.

Figure 21 conpares the variation of
smoke particulates and CO with time that
was observed in the SCMF-4 fire at the S7
station, 125 feet from the center of the
coalbed and 1/2 foot frorn the roof. The

co

FIGURE 21. - Variation of CO and smoke particu­
late concentrations with time in
fi re 5CMF·4 at a station (57) 125
feet from the center of coalbed.

CO data prior to sealing were obtained by
an Ecolyzer monitor and those after seal­
ing by GC analysis of grab samples.
Three significant trends are refl~cted by
the curves in this figure. Fi~st, it is
apparent that both CO and smoke particu­
late formation were barely detectable
during the initial 50 hours of heating;
second, they increased exponentially dur­
ing the combustion prior to sealing.
Essentially, both conbustion product sen­
sors used here were equally sensitive in
detecting snoldering and flarning cornbus­
tion. Third, peak CO and smoke particu­
late concentrations occurred shortly af­
ter the fire was sealed; subsequently,
the snoke particulates decreased whereas
the CO reoained relatively constant for
the duration of the sealing period.
Thus, a subnicrometer smoke particulate
sensor should be nore reliable than a CO
sensor for detecting extinction of a
sealed coal mine fire. Data obtained at
other monitoring stations gave similar
trends, although CO enission was general­
ly detectable before the onset of smoke
emission.

The snoke generation can be related
to the tenperature of the reacting coal,
but such correlations for sealed mine
fires are complicated by the changing
combustion conditions and their effect on
the rate and nature of the particulate
formation. 'In the SCMF-4 fire (fig. 21),
the particulate concentration was not
sensitive to temperature during most of
the preheat period before ignition; the
rnaximum temperature attained at any loca­
tion in the coalbed after initial
50 hours of heating was less than 150 0 C.
Subsequently, the rate of particulate
formation becarne sensitive to temperature
as the temperature increased to produce
flaming cornbustion, but the rate de­
creased after sealing since the tempera­
ture decreased. The semilog plot in fig­
ure 22 shows that the smoke particulate
formation after sealing correlates rough­
ly with the varying temperature of the
coalbed. The decreased particulate con­
centration after sealing is not only a
result of decreasing tenperature but also
reflects the effect of any agglomera­
tion of the submicrometer particulates;
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furthe~ore, the size and/or number of
smoke particles can vary when the chemi­
cal kinetics changes to produce smoke
by char formation or other incomplete

combustion reaction. The effects of these
uncertainties are more fully discussed by
Litton, Hertzberg, and Furno (~).

CONCLUSIONS

The simulated coal gob fires show
that such fires have relatively low prop­
agation rates and that the criteria for'
their initiation, propagation, or extinc­
tion can vary with the ventilating and
sealing conditions. Temperature data in
the present fires 'indicate that the ther-:­
mal wave velocities are nominally less
than 1 in/hr into the coalbed and about
fourfold greater across the longitudinal
surface of the bed. The main fire gases
are CO, .C02 , CH4 , and H2 , and their form­
ation is a function of the_size and tem­
perature of the coalbed, as well as the
oxygen concentration or ventilating con­
dition in the mine. Under a sealed con­
dition, the 02 consumption rate tends to

follow an exponential decay until the
coal temperature becoI:les drastically re­
duced, but the corresponding rate of CO
formation does not display the same de­
pendency on time or. temperature.

Generally, theCa/C02 ratio is a
more sensitive indicator than the CO/602
ratio for determining the state of a coal
mine fire, since the former is more sen­
sitive to temperature. However, the
CO/602 ratio is more widely used for ear­
ly detection of a coal fire in the in­
cipient stage, largely because the sensi­
tivity of available CO field sensors
is greater than that of the CO2 sen­
sors. Neither ratio provides much useful
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information after a mine fire has been
sealed since the ratios vary little after
most of the available oxygen in the
sealed system has been consumed. In
comparison t the Jones-Trickett ratio is a
less meaningful value t although a value
less than about 0.5 may be indicative of
fire extinction.

A submicrometer smoke partic~~ate

sensor appears to be suitable for detect­
ing a coal fire when the coal has been
heated to at least about 1500 C. This
type of sensor is superior to any thermal
or gaseous combustion product sensor in
detecting extinction of a sealed mine
fire at some remote distance from the
fire zone. Its advantage is that the
smoke particulate concentration in a
sealed fire environment decreases. with
decreasing temperature t whereas the gase­
ous combustion product concentration re­
mains relatively constant throughout the
sealing period. The response time of
such detection systems depends upon their
spatial location and proximity to the
fire zone t the intensity and amount of

combustion t and the convection produced
by the fire t air leakage t or ventilating
flow.

Future research should be conducted
to extend these mine fire data to condi­
tions of greater oxygen depletion t before
and after sealing t which would result in
greater detectable changes in the mine
gas compositions at various stations in
the mine. These data would provide a
better opportunity to calculate mass bal­
ances from gas-sampling data (ventilation
condition) and to predict the variation
of combustion product gas ratios and
smoke particulate concentrations with
oxygen depletion (ventilated and sealed
conditions). The oxygen depletion effect
should relate to the coal mass effect t

which appeared to be noticeable in this
work on the combustion product gas ratios
after sealing. In addition t research is
needed to exploit the cited advantage of
CO2 analyzers for predicting smoldering
cocbustion and to investigate the practi­
cal merits of nitrogen-inerting systems
in sealed coal mine fires.



25

REFERENCES

1. Burgess, D. and H. H. Hayden. Car­
bon Monoxide Index Monitoring Sys­
teM in an Underground Coal Mine.
Trans. AIME, v. 260, 1976, p. 312.

2. Chaiken, R. F., J. M; Singer, and
C. K. Lee. Model Coal Tunnel
Fires in Ventilation Flow. Bu­
Mines RI 8355, 1979, 32 pp.

3. Dalverny, 1. E., Z. J. Fink, and
J. P. WeinheiMer. Continuous Mon­
itoring Using Tube Bundles at the
Joanne Mine Fire. BuMines TPR 92,
1975, 12 pp.

4. Jones, J. H., and J; C. Trick~tt.

SOMe Observations on the Examina­
tion of Gases Resulting FroM Ex­
plosions in Collieries. Trans.
Inst. Min. Eng., v. 114, 1954-55,
pp. 768-791.

5. Kuchta, J. M., M. Hertzberg,
R. Cato, -C. D. Litton, D. Burgess,
and R. W. Van Dolah. Criteria of
Incipient Combustion in Coal
Mines. 15th Synp. (Internat.) on
Combustion, The Combustion Insti­
tute, Toyko, Japan, Aug 25-31,
1974, p. 127.

6. Kuchta, J. M. , V. R. Rowe, and
D. S. Burgess. Spontaneous Com-
bustion Suscept i bili ty of U.S.
Coals. BuMines RI 8474, 1980,
37 pp.

7. Lee, C. K., R. F. Chaiken,
J. M. Singer, and M. C. Harris.
Behavior of Wood Fires in .Model
Tunnels Under Forced Ventilation

..:rU.S GOVERNMENT PRINTING OFFICE .1982·505·002/02

Flow. Tests With Untreated Wood.
BuMines RI 8450, 1980; 58 pp.

8. Litton, C. D., L. Graybeal~ and
M. Hertzherg. Submicrorneter Par­
ticle Detector and Size Analyzer.
Pev. Sci. Instr., v. 50, July
1979, p. 817.

9. Litton, C. D., M. Hertzberg, and
A. 1. Furno. The Gro~lth, Struc­
ture and Detectability of Fires
in Mines and Tunnels. 18th
Symp. (Internat.) on Combus­
tion, The Combustion Institute,
Ontario, Canada, Aug. 19, 1980,
pp. 633-639.

10. Mitchell, D. W., and F. A. Burns.
Interpreting the State of a Mine
Fire. MSHA IR 1103, 1979, 18 pp.

11. Monaghan, D. A. , A. R. Guzdar,
and D. R. Berry. Final Technical
Report. Joanne Mine, ReMote Seal­
ing Operation (Foster-MillerAs­
sociates), BuMines Open File Re­
port 55-77, contract HO 144044,
1975, 169 pp. Copies available
fron National Technical Informa­
t ion Service. Springf ield, Va.,
PB 265 545/AS. Available for ref­
erence at Bureau of Mines facili­
ties in Denver, Colo., Twin Cities
Minn., Bruceton and Pittsburgh,
Pa., Spokane, Wash.; at the De­
partment of Energy library in Mor­
gantown, W. Va.; and at the
National Library of Natural Re­
sources, U.S. Department of the
Interior, Washington, D.C •

INT.-SU.OF MINE5,PGH.,P'A. 25857




