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UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT 

" 
A ampere kW kilowatt , 

cm centimeter kW/min kilowatt per minute 

cm/h centimeter per hour L/min liter per minute 

cm/s centimeter per second m meter 

gig gram per gram m/s meter per second 

g/m2 gram per meter squared m-1 inverse meter 

g/m2s gram per meter squared m2 square meter 
per second 

m2/g square meter per gram 
g/m3 gram per cubic meter 

m3/kJ cubic meter per kilojoule 
g/s gram per second 

m3/min cubic meter per minute 
h hour 

m3/s cubic meter per second 
J/g'K joule per gram per kelvin 

m4/kI quartic meter per kilojoule 
kg/m2 kilogram per square meter 

min minute 
kg/m3 kilogram per cubic meter 

mm millimeter 
kJ/g kilojoule per gram 

MW megawatt 
kI/(g·°C) kilojoule per gram per 

degree Celsius ppm part per million, 

kI/m kilojoule per meter s second 

kJ/(m's'°C) kilojoule per meter per second V volt 
per degree Celsius 

W watt 
kJ/m3 kilojoule per cubic meter 

°C degree Celsius 
kJ/s kilojoule per second 

Reference to specific products does not imply endorsement by the U.S. Bureau of Mines. 
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HAZARDS OF CONVEYOR BELT FIRES 

By Frank J. Perzak,1 Charles D. Litton,2 Kenneth E. Mura,3 and Charles P. Lazzara4 

ABSTRACT 

This report describes a U.S. Bureau of Mines study on the hazards of large-scale conveyor belt fIres 
in underground coal mines, as Ii function of both air velocity and distance from belt surface to gallery 
roof. The fIre hazards considered were smoke obscuration, toxic effects of carbon monoxide (CO), and 
elevated air temperatures downstream of the fIre. All of these hazards scale with the ratio of fIre 
intensity to ventilation airflow. These hazards were all found to be greater at the lower belt-to-roof 
distance, owing to the greater fIre intensities that resulted. The hazards of smoke obscuration and 
elevated CO levels were greater at lower air velocities. 

Smoke obscuration was found to be the earliest hazard, reaching critical levels before the stage of 
belt flame spread. Critical levels of CO and downstream air temperatures were not reached until the 
later stages of flame spread. Fire growth rates during rapid flame spread were much greater than 
rates measured during the early stages of belt burning. 

Data were analyzed to determine the early-warning capability of fIre sensors. Smoke sensors provided 
the earliest warning, followed closely by CO sensors. Thermal sensors did not exhibit any early warning 
capability. 

lResearch chemist. 
2Research physicist. 
3Physical science technician. 
4Supetvisoty research chemist. 
Pittsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA. 
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INTRODUCTION 

Conveyor belt entries in underground coal mines are 
areas where the risk of fife is high. About one-third of all 
reported coal mine fifes from 1978 to 1992 occurred in 
belt entries (1),5 These fifes typically originate from the 
contact of loose coal with overheated equipment, such as 
stuck idlers or slipping drive drums. The sustained contact 
of the loose coal with these hot objects produces smolder
ing of the coal that can be followed by ignition of the coal, 
producing open flame. Once the transition to coal flame 
has occurred, the developing fife begins to increase in 
intensity and, in many cases, will eventually ignite the 
conveyor belt. When the conveyor belt becomes involved 
in the fife, the fire intensity begins to increase at a more 
rapid rate. If the conveyor belt has poor flame resistance, 
the flames will begin to spread along the exposed surfaces 
of the belt and will eventually ignite the coal roof and rib. 

As the developing fife progresses from one stage to the 
next, the hazard level also increases. In terms of human 
safety, the hazards are primarily due to insufficient warn
ing time regarding the high levels of carbon monoxide 
(CO), other toxic gases, and smoke that are produced. 
During the latter stages of fife growth, heat generated by 
the fife also becomes a major concern. Of the smoke and 
gas hazards, it is generally recognized that smoke repre
sents the earliest inlpediment to miner safety because of 
the severe reduction in visibility. Significant visibility 
reductions can also occur during the burning of loose coal. 
As the fife progresses into stages of belt involvement and 
spreads to other combustibles within the belt entry, the 
concentrations of CO and other toxic gases increase to 
dangerous and potentially lethal levels. 

The stages of flame spread along the conveyor belt 
and to other combustibles have the greatest potential 
for property damage. Data on the magnitudes of these 

hazards, as well as the potential of the fife to spread to 
other combustibles, are scarce because of the size of the 
fifes and the scale of the experiments that must be per
formed to address these questions. Previous work (2) 
summarizes some of the interactive problems of combus
tion, detection, and fife growth in mine fifes. 

It is the intent of this report to provide some answers 
to these questions based on experiments conducted in a 
large-scale fife gallery. In these experiments, the levels of 
CO, carbon dioxide (C02), and heat produced during the 
stages of flame spread along the belt and along a wooden 
roof were studied and quantified. The earliest detection 
times by CO, smoke, and thermal sensors were studied at 
various airflows. The propensity of the fife to spread to a 
wooden roof and the contributions of the fife involvement 
of the roof to the overall hazard were examined primarily 
as a function of the air velocity and the belt-to-roof 
distance. A wooden roof was used in this study since it is 
easier to install than a coal roof and it is more easily 
ignited. The resulting data provide significant insight into 
the hazards of propagating mine fifes and their detection 
in conveyor belt entries, and the complex role that ventila
tion plays in the total process. 

In a previous U.S. Bureau of Mines (USBM) report 
(3), a series of large-scale experiments was described and 
the data were used to develop guidelines-for· the detection 
of fires in conveyor belt entries by CO and smoke sensors. 
The effectiveness of the developed guidelines are ad
dressed in a section entitled "Fire Detection," which pre
cedes the analysis of the test data of this report. The 
current data are analyzed primarily in terms of the hazards 
resulting from the various stages of flame spread and the 
effect of ventilation. This work was done as part of the 
USBM program to enhance mine safety. 

EXPERIMENTAL DESIGN 

FIRE GALLERY DESCRIPTION 

The large-scale experiments were conducted at the 
USBM's Lake Lynn Laboratory fife gallery. The above
ground fife gallery is a 27.4-m-Iong tunnel constructed of 
masonry block walls, a steel arch roof, and a concrete 
floor. The tunnel ventilation is provided by a 1.83-m
diam, 3,500 m3/min fan mounted in a 6.1-m-Iong tapered 

5Italic numbers in parentheses refer to items in the list of references 
preceding the appendixes. 

transition section. Ventilation flow can be adjusted by 
changing the pitch of the fan blades and/or by throttling 
the fan intake. A schematic of the fife gallery is shown in 
figure 1. The cross-sectional area of the tunnel is 7.53 m2• 

The interior walls and roof are covered with ceramic 
blanket insulation. All tunnel distances are measured from 
the junction of the fife tunnel and transition section, des
ignated as the O-m mark. A conveyor frame, approximate
ly 21.3 m long by 1.52 m wide, is centered in the tunnel. 
The frame has a O.46-m-diam tail pulley and O.13-m-diam 
troughed idler assemblies spaced at 1.23-m intervals. 



1 
: 

,I 

;, 

i: 

I 
I 

I 
i 

!I 

3 

Figure 1 

2.5 m 

See detail 

m 

6 heaters 
equal spaces on 7.6 - em centers 

3.8 cm 

Section A':/i. 

(Detail) 

Schemotic view of experimenI: coal pile, belting, and wood roof strru:ture in fire gallery, showing henter pipe igniten (stteUon 
A-~') in coal pile and the 1.4-m belt-to-roof separation. 

COAL PILE CONFIGURATION 

A coal pile flre, located just upstream and directly 
below the tail pulley, was the ignition source for the tests. 
The trapezoidal-shaped coal pile, measuring 0.41 m deep 
by 2.13 m long by 2.0 m wide, consisted of run-of-mine 
Pittsburgh coal (two different batches) or Sewickley nut 
coal (nominally 5 cm and smaller). The top surface of the 
coal pile was 1.5 m long (along the length of the conveyor 
structure) by 1.1 m wide. The coal flre was started with 

six electrical strip heaters placed inside seamless black 
pipes positioned 15 cm below the top surface of the coal 
pile. Each strip heater was 1.9 em wide by 103.5 em long, 
with a heated length of 943 em, and was rated at 2,100 W 
at 240 V. The black seamless pipe was 2.67 em OD by 
2.34 cm 1D by 101.6 cm long. The strip-pipe heaters were 
spaced with centers 7.6 cm apart except for the first heater 
spacing, which was 3.8 cm, as shown in figure 1. Stainless 
steel sheathed type K thermocouples were attached to 
three of the six pipes to monitor their temperatures. The 
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voltage to the strip heaters was controlled by two variable 
transformers, with three strip heaters on each transformer. 

The heater voltages were maintained as follows: 0 to 
30 min, 50 V; 30 to 45 min, 100 V; 45 to 120 min, 150 V; 
120 min to heater failure or shutoff, 200 V. In early tests, 
three heaters were connected in parallel on two separate 
3O-A circuits. Loss of only one heater through shorting 
would result in. losing half the heating power. Later tests 
used six heaters on separate 10-A circuits that allowed the 
remaining heaters to operate in the event of any individual 
heater failure. The heaters were turned off only after the 
coal and belt frre was well developed in the ignition area. 

The temperatures through the coal pile were deter
mined by thermocouples in the coal pile at the same 
height as the heaters. Five stainless steel sheathed type K 
thermocouples were positioned 15 cm below the belt-coal 
interface at several places. Three of the thermocouples 
were centered at 15, 31, and 122 cm from the last strip
pipe heater under the tail pulley. The other two thermo
couples were 31 cm from the tail pulley and about 15 cm 
from the side edges of the coal pile. 

CONVEYOR BELT AND BELT 
THERMOCOUPLE CONFIGURATION 

The conveyor belt was a styrene-butadiene rubber 
(SBR) belt that passed the Federal acceptance test (4) 
with a flameout time of less than 22 s. An average flame
out time of less than 1 min is sufficient to pass this test. 
The 1.07-m-wide, three-ply belt was about 11 mm thick, 
with a top cover thickness of 5 mm and a bottom cover 
thickness of about 2 mm. The belt weighed 14.0 kg/m2

• 

A 12.8-m length of the conveyor belting, with top cover 
side up, was placed on the gallery belt structure, stretched 
around the tail pulley and over the top and bottom idler 
pulleys, and fastened to the conveyor structure at its down
stream ends. The bottom strand of belting rested on top 
of the coal pile. The exposed area of the top belt's upper 
surface was about 6.52 m2• The distance from the bottom 
belt to the upper belt was about 0.46 m, and the distance 
from the top belt's upper surface to the wood roof was 
either 1.4 m (figure 1), or 0.80 m, measured from the cen
ter of the belt trough. The closer belt-to-roof separations 
were achieved by fIXing the wood roof height in the frre 
gallery and raising the conveyor structure and coal pile on 
0.61-m-high concrete blocks. 

Thermocouples were embedded just below the belt 
surfaces about 1.2 m apart along the upper and lower sur
faces of both the top and bottom strands of belting. Ad
ditionally, a O.64-cm-diam stainless steel sheathed thermo
couple was positioned at the coal-belt interface under the 
tail pulley. These thermocouples were used to determine 

the frre spread away from the ignition area and the flame 
spread rate along the belt. 

WOOD ROOF CONFIGURATION 

A wooden roof was used instead of a coal roof because 
it was easier to implement experimentally. Wood is more 
readily ignited than coal because of its lower surface 
ignition temperature and heat capacity, and thus it rep
resents a more severe hazard in a frre. Wood is also likely 
to be present in many mine areas where roof support is 
necessary. 

For these tests a timber-supported wood plank roof, 
7.62 m long by 1.8 m wide (13.72 m2), was constructed, 
starting about 0.92 m upstream of the tail pulley. The 
wood roof provided additional fuel during belt flame 
spread, which increased the severity of the rrre. The 14 
timbers and 25 roof planks were nominal 15.4-cm-square 
by 2.3-m-Iong hardwood timbers and nominal2.5-cm-thick 
by 30.5-cm-wide by 1.8-m-Iong red oak planks, respective
ly. Seven roof support timbers were spaced 1.3 m apart 
on each side of the conveyor structure for a distance of 
7.62 m (figure 1). 

TUNNEL AIRFLOW 

The airflow over the belt sample was adjusted prior to 
the start of a test to within 10% of the desired value, 0.76, 
1.52, or 4.06 mis, based on measurements made with a 
handheld anemometer. The measurements were taken at 
several locations along the length of the belt sample, 
between the top belt and wood roof, and the values were 
averaged. The airflow was also measured at about 12 
points near the exit plane of the tunnel. The average exit 
airflow was about 20% lower than the airflow over the 
belting because of the larger, unobstructed cross-sectional 
area near the exit. The average tunnel exit airflow is 
designated Ve, and the average airflow over the belt sam
ple is designated Vo. 

TUNNEL THERMOCOUPLES 
AND GAS-SAMPLING PROBES 

An array of 12 thermocouples was positioned over the 
tunnel cross section at 24.4 m to measure the exit gas 
temperatures. Type K 2O-gauge bare-bead thermocouples 
were placed through the top of the roof planks flush with 
the lower plank surface, 1.52 m apart along the centerline 
of the roof, starting with tqe frrst plank and ending with 
the last. Three air thermocouples were spaced 3.7 m apart 
and 5 cm below the wood roof along its centerline, starting 
at the frrst plank. Several type K thermocouples were 



spaced 6.1 m apart, 15 cm from the roof, starting at the 
gallery entrance (O.O-m position) and ending at the gallery 
exit (27.4 m). 

A gas-sampling probe was placed at 25.9 m, about 23.5 m 
downstream of the coal fire. The gas probe consisted of 
a nominal 5-cm-diam steel pipe with four inlet ports, 0.31 
cm in diam, spaced 48.8 cm apart along the 2.5-m vertical 
tunnel axis. The gas-sampling line was 103-cm-diam by 
about 18.3-m-long copper and polyethylene plastic tubing. 
The gases were drawn into the probe by a 17-L/min dis
placement pump and exhausted into infrared absorption 
and chemical cells for continuous on-line analysis of CO, 
COl! and oxygen (OJ. The various gas-specific analyzers 
were calibrated prior to each test and checked using grab 
samples during the test. The grab samples were analyzed 
by gas chromatography. 

In the earlier tests, tests 1 to 14, the smoke was sam
pled along with the gases and monitored using continuous 
pumped ionization smoke detectors. In later tests, tests 15 
and 16, a separate smoke-sampling probe was positioned 
near the gas probe at 24.4 m. The smoke probe consisted 
of a nominal2.54-cm-diam steel pipe with four inlet ports, 
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0.229-cm diam, spaced 48.8 cm apart. The smoke was 
drawn through a 102-cm-diam line 4.6 m long directly into 
a commercial ionization smoke detector. For all the tests, 
a commercial diffusion-convective ionization smoke detec
tor was located a nominal 0.43 m down from the roof at 
the 26.5-m tunnel position (0.91 m from the tunnel exit). 
The time for the smoke alarm was determined by averag
ing the alarm times of the two smoke detectors. 

DATA ACQUISITION 

The outputs of all the thermocouples and the gas and 
smoke analyzers were connected to two 48-channel micro
processors for transmission to a VAX computer for stor
age. The data were collected every 5 s and displayed on 
computer terminals. After the test, time-temperature, gas 
concentration, and smoke plots were retrieved from stor
age for analysis. 

During the tests, the times to coal smoke, coal flames, 
and belt flames were recorded. The experiments were 
also recorded on videotape, and strip-chart recordings 
were made of the gas analyzer outputs. 

RESULTS 

INITIAL COAL PILE SMOLDERING 
AND FIRE GROWTH RATES 

Because of the slow spread rate for coal smoldering and 
the good insulation properties of the coal, only the closest 
centered thermocouple, 15 cm downstream of the nearest 
heater, reached 200 °C in any of these tests. The propaga
tion rates for coal pile smoldering were less than 6 cm/h 
in this test series. As a result, the average time of smol
dering, measured from the time of first visible smoke until 
the time that flames were observed on the coal pile, was 
66.3 ± 18.4 min. 

An earlier USBM study presented data (equation 7 of 
reference 3) on the coal fire growth rates prior to ignition 
of the conveyor belt as a function of the air velocity. Coal 
fire growth rates measured during these tests were in good 
agreement with the previous data. 

FIRE DETECTION 

In this section, the results of previous work (3) for CO 
and smoke sensors are applied to these test data. To do 
this, the average gas and smoke concentrations measured 
23.5 m downstream of the coal fire are assumed to be the 
same as those measured by a sensor 305 m downstream of 

the fire where the gases and smoke are completely mixed. 
The cross-sectional area of the fire gallery is assumed 
constant at 7.53 m2

, and only the average air velocity (V.) 
in the fire gallery is changed. 

Using the nomographs for CO and smoke sensors at 
305-m spacing (figures 7 and 8, respectively, reference 3), 
column 4 of table 1 indicates the CO alarm (COJ level 
above ambient that should be used for each test at the 
various airflows. For airflows lower than 104m/s, the COA 

levels should be 10 ppm, or less. At higher airflows, the 
CO ... levels range from 5 to 7 ppm depending on the actual 
air velocity. The COA level for test 11 was 6 ppm, using 
the nomograph in figure 7 of reference 3; however, three 
of six electrical heaters shorted at 164 min. Therefore, 
only 5 ppm CO was achieved at 142.7 min. 

Coal Ignition 

Successful fue detection by sensors, using the criterion 
of reference 3, is detection of the small coal fue within 
14.25 min after flaming so that the conveyor belting has 
not yet been ignited. The elapsed times (t.t,d, from coal 
ignition time (tel) until sensor alarm time [(tJxl offset by 
14.25 min, were calculated from the experimental CO and 
smoke concentrations and the thermal sensor temperatures 
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in these tests. The averages from all these tests are also 
given in appendix E. The thermal detection time approxi
mately equals the thermal alarm time (t,JT since the sum 
of the transport time plus the thermal response time is less 
than 1/2 min. Thermal detector spacings are typically on 
the order of several meters. 

The coal ignition time is defined as the interval from 
the start of electrical heating until the occurrence of visible 
flaming above the coal pile. The coal ignition time can 
also be determined from the time when a sudden increase 
in the level of CO2 occurs simultaneously with a decrease 
in the CO level. Column 4 of table 1 gives the CO alarm 
(CO,J level and column 5 the elapsed time available (t.t,J 
in minutes after detection by the CO sensor and before 
the coal flaming will potentially ignite the conveyor belting. 
A negative time value for t.tx indicates that the coal fife 

was not detected prior to belt ignition (e.g., tests 1 and 
10). The larger the negative value, the poorer the system's 
performance. Conversely, a positive time difference indi
cates that the system was effective, and the larger the 
positive value, the better the system's performance. 

With the exception of two tests, all CO elapsed times in 
column 5 of table 1 were positive. The experimental over
all average CO alarm «t,Jco = 131±20 min, appendix E) 
occurred 27 ± 20 min before the overall average belt 
ignition (t8( = 158± 19 min, appendix E) with no signifi
cant effect (within one standard deviation) of airflow 
changes from 0.7 to 4.0 m/s. Tests 1 and 10 gave only a 
10-min and 4-min early-warning time to potential belt igni
tion, respectively. The overall success rate of the CO sen
sor criterion was about 88% (2 failures in 16 trials). 

Table 1.-Coallgnltlon time. (to), CO alarm level. (CO.,J, and elapsed time. (t.t,J for CO, smoke (0), 
and thermal (T) .ensors at varlou. airflows (y J 

Ve, ta, COA ' 
1 t.tx? min 

Test mls min ppm CO 0 T 

LOW AIRFLOW 

3 •••• ' •• 0"' •••••••• 0.68 147 10 44.5 63.4 -68.8 
4 ....... , ......... 0.73 130 10 14.7 63.7 -53.8 
8 ............... , . 0.67 153 10 38.5 29.4 NO 
9 ................. 0.67 128 10 14.5 19.9 NO 
12 ........ , ....... 0.74 133 10 16.5 39.0 -17.8 
14 ................ 0.62 128 10 24.1 33;6 ·~28;8 

16 ••••••••• , ••• I •• 0.64 138 10 32.3 52.3 -32.0 
Av ..... , ....... 0.68±0.04 137± 10 10 26±12 43±17 NAp 

MEDIUM AIRFLOW 

1 ....... , ......... 1.3 124 10 -3.7 19.9 -17.8 
7 ........ , ........ 1.4 139 10 21.4 24.4 -2.8 
15 ................ 1.2 156 10 41.2 53.7 -62.8 

Av ............. 1.3±0.1 140± 16 10 20±23 33±18 <-28 

HIGH AIRFLOW 

2 ................. 2.8 118 7 3.4 16.4 -12.8 
5 ............ , .... 3.1 111 6 9.5 5.5 NO 
6 ................. 3.7 123 5 7.6 13.6 -9.8 
10 ................ 3.4 122 6 -10.5 13.1 -88.8 
113 

••••••••••••.••• 3.5 152 35 23.6 13.6 NO 
13 ................ 2.7 134 7 15.4 22.4 -18.8 

Av ............. 3.2±0.4 127± 15 NAp 8.2±12 14±5 NAp 

Av over all airflows .......... 134± 13 NAp 18±16 30±19 NAp 

Av Arithmetic average and standard deviation. 
NAp Not applicable. 
NO Not detected because of early heater failure and lack of flame propagation on wood roof. 

leonstralnts on CO alarm levels using criterion of reference 3 at 305-m spacing. 

2Elapsed time from coal ignition until X sensor alarm time [(t.Jxl. offset by 14.25 min. Defined by t.tx " tel 
- (t.Jx + 14.25 min, where X is CO, 0, or T. 

~hree heaters failed at 164 mini using a COA value of 5 ppm gives the positive value. 
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The calculated elapsed times for smoke detection are 
similarly given in column 6 of table 1. The alarm times of 
the two smoke detectors were averaged to determine 
smoke alarm times. Detection of coal ignition occurred 
30 ± 19 min before belt ignition with little effect due to 
airflow changes from 0.7 to 4.0 m/s. The smoke sensors 
responded 12 min earlier, on the average, than the CO 
sensors and had a 100% success rate for meeting the cri
terion of reference 3. 

In addition, a similar analysis was made for point-type 
heat sensors (PTHS's), which are still the most widely 
used sensors for ftre detection along conveyor belt entries. 
Although PTHS's were not used in these tests, the down
stream air temperature near the roof of the tunnel at a 
distance of 7.6 m from the ftre origin was recorded every 
5 s. By using the standard minimum temperature of 
57.2 °C as the alarm point for a PTHS, it is possible to 
determine the time differences between coal ignition and 
thermal alarm times. The thermal alarm elapsed times 
with respect to coal ignition are given in column 7 of ta
ble 1. The PTHS was singularly ineffective compared with 
either the CO or the smoke sensors. All the elapsed times 
were negative, ranging from a low value of "not detected," 
for the belt ftres that did not grow, to the best value of 
-2.8 min. In contrast, 88% of the time differences for the 
CO sensors were positive, ranging from a low value of 
-10.5 min to the best value of 44.5 min. All the time 
differences for the smoke sensors were positive, ranging 
from a low value of 5.5 min to the best value of 63.7 min. 

The averaged sensor response times for both the CO 
and smoke alarms in table 1 varied inversely with the flow 
rate, as expected from simple contaminant dilution and 
mixing with air. On the average, the CO and smoke sen
sors downstream of the heated coal pile gave an early 
warning of the coal ftre breakout from the smoldering 
stage to flaming at both the low and medium airflows. At 
the low airflows, the CO sensors on the average gave 
about a 12-min (26 minus 14.25 min) warning of the coal 
ftre flaming, and the smoke sensors gave about a 29-min 
warning. At the high airflow, only the smoke sensors gave 
on the average an advance warning of the coal ftre flames. 
However, at the high airflow even the smoke sensors gave 
no warning of the incipient coal flame in two tests (5 and 
10). 

Belt Ignition 

Fire detection prior to conveyor belt ignition is one 
of the prime concerns in evaluating the available es
cape time from a mine ftre because of the possible rapid 
flame spread on the belt once the fIre reaches a criti
cal size. However, the exact time of belt ignition is not 
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known as precisely (± 5 min) as the time of coal ignition 
(±0.5 min), since abrupt changes in the CO2 and CO 
levels did not occur at belt ignition. Additionally, it was 
difftcult to visually determine the time of belt ignition 
because of smoke obscuration. 

The CO alarm time, referenced to the estimated belt 
ignition time (tBl), was calculated at the CO alarm levels 
given in column 4 of table 2, as was done for table 1. The 
resulting belt ignition times minus the sensor alarm times 
are given in columns 5, 6, and 7 of table 2 for CO, smoke, 
and thermal sensors, respectively. As in table 1, the ef
fectiveness of the detection system can be represented by 
large positive time differences. The CO sensors (except in 
test 1) and the smoke sensors were highly effective, where
as the thermal sensors were very ineffective. For the CO 
sensors (column 5 of table 2), the time differences ranged 
from a low value of - 2.9 min to a high value of 55.2 min 
(test 5), with the total average of 28 ± 18 min. All the time 
differences for smoke detectors were positive, ranging 
from a low value of 14.3 min (test 6) to a high value of 
78.4 min (test 4), with the total average of 4O±21 min. 
For the thermal sensor, the time differences were all nega
tive, ranging from a low value of "not detected" to a high 
value of -11 min. 

The effect of airflow on the elapsed time differences 
(flt,J in table 1 for CO and smoke is a trend toward 
shorter warning times at the higher airflows. The aver
aged times at each flow for the CO sensors in column 5 of 
table 1 were 26, 20, and 8.2 min at average exit airflows of 
0.68, 1.3, and 3.2 mis, respectively. The averaged values 
for the smoke sensors in column 6 of table 1 also show the 
same trend of shorter warning times with increasing air
flow and were 43, 33, and 14 min at exit airflows of 0.68, 
1.3, and 3.2 mis, respectively. However, from table 2, the 
time differences between CO and smoke sensor alarms 
and belt ignition show no dependence on the air velocity. 

Also from table 2, the average time that could be saved 
by replacing thermal sensors with CO sensors would be 
> 62 min, with the added benefIt that the fIre would be 
detected before the belt ignited. Replacing thermal 
sensors with smoke sensors would on the average result in 
a > 74-min time saving. There were four tests in which the 
ftre was detected by both the CO and the smoke sensors 
but not by the thermal sensors. In three of these tests 
(tests 8, 9, and 11) the coal ftre did not produce a belt 
flame spread because the heaters shorted out and the min
imum energy for producing a propagating belt flIe was not 
achieved during the 4-h test period. The remaining test 
(test 5) produced a belt flame spread that did not ignite 
the wood roof. 

The average time difference between the belt ignition 
and coal ignition was 24 ± 16 min in this study versus 
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17±9 min in the earlier study (using only the Rll data of 
table 4, reference 3), which used a different test config
uration. The previously mentioned 14.25-min time differ
ence between belt ignition and coal ignition included data 
from both non-tire-resistant belting and fIre-resistant poly
vinyl chloride and neoprene belting as well as the Rll-type 
(SBR) belting. The approximately 7-min longer time in
terval for belt ignition from the start of the flaming coal in 
this study is also partially due to the more deeply buried 
heaters (15 em versus 5 cm) and the smaller air gap be
tween the coal pile ~d belting (0 cm versus 5 to 10 cm), 
both of which would tend to increase the coal and belt 
smoldering times. 

INITIAL STAGES OF BELT FIRE 
GROWTH AND HEAT RELEASE RATES 

For all practical purposes, the onset of signifIcant haz
ards does not occur in this test scenario until the conveyor 
belt has ignited. Once the belt has ignited, the fIre size 
begins to increase at a rapid rate, typically much faster 
than that of the initiating coal fIre. The conveyor belt 
burns locally in the vicinity of the small coal fIre until the 
total tire size is sufficient for belt flames to begin to 
spread downstream along the exposed belt surfaces. 

Table 2.-Belt Ignition times (tw), CO alarm levels (COAl, and alarm times [tm - (tAlx1 for CO, smoke (0), 
and thermal (l) sensors at various airflows (Ve) 

Ve, tBI, COA, 1 tBI - (tA)X,2 min 
Test 

m/s min ppm CO 0 T 

LOW AIRFLOW 

3 ............. 0.68 160 10 43.2 62.1 -70 
4 ............. 0.73 159 10 29.2 78.4 -39 
8 ............. 0.67 162 10 33.2 24.1 NO 
9 ............. 0.67 175 10 47.2 52.6 NO 
12 ............ 0.74 140 10 9.7 32.2 -32 
14 .•....•..... 0.62 141 10 22.8 32.3 -43 
16 ............ 0.64 145 10 25.0 45.0 -47 

Av ......... 0.68±0.04 155± 13 10 30±13 47±19 NAp 

MEDIUM AIRFLOW 

1 ••• j ••••••••• 1.3 139 10 -2.9 20.6 -17 
7 ............. 1.4 163 10 31.1 34.1 -17 
15 •• I ••••••••• 1.2 170 10 40.9 53.4 -63 

Av ......... 1.3±0.1 157± 16 10 23±23 36±16 -32±27 

HIGH AIRFLOW 

2 ............. 2.8 134 7 5.1 18.1 -11 
5 ............. 3.1 171 6 55.2 51.2 NO 
6 ............. 3.7 138 5 8.3 14.3 -24 
10 ............ 3.4 200 6 53.3 76.8 -25 
11 ••••••••• I •• 3.5 182 35 339.3 329.3 NO 
13 ............ 2.7 142 7 9.1 16.1 -25 

Av ......... 3.2±0.4 161 ±27 NAp 28±24 34±25 NAp 

Av over all airflows ••••• I •••••• 158± 19 NAp 28±18 40±21 NAp 

Av Arithmetic average and standard deviation, 
NAp Not applicable. 
NO Not detected because of early heater failure and lack of flame propagation on wood roof. 
lConstralnts on CO alarm levels using the criterion of reference 3 at 305-m spacing. 

2A1arm time relative to belt ignition = tBI - (t~x' where X Is CO, 0, or T. 

3 Three heaters failed at 164 min; using a COA value of 5 ppm gives the positive value. 



The times from the start of the test to belt ignition (tBl) 

and to the onset of spreading belt flames (tBFS) and the 
heat release rates at the time of belt ignition (OBI) and at 
the time of belt flame spread (OBFS)' averaged over 1 min, 
are given in table 3 for all of the tests that resulted in belt 
flame spread, including five tests from reference 3 (81A, 
78, 85, 80, and 83). The calculations of the fire intensity 
or the heat release rates (0) are described in appendix B, 
and their values are estimated using equation B-1.6 The 
time difference (tBFS - tBl) between belt ignition and the 
onset of spreading belt flames is the time period of belt 
fire growth. The belt fire heat release rates at the time of 
belt ignition (OBI) and at the onset of belt flame spread 
(OBFS) at the local velocity (Yo) are given in columns 5 and 
6 of table 3, respectively. The fire growth-rate parameter 
for SBR conveyor belt fires (CXSBJ during the time from 
belt ignition to start of belt flame spread is calculated from 

(1) 

and is given in column 7 of table 3. The burning rate of 
the conveyor belt during this growth stage should depend 
only upon the local air velocity, all other things being 
equal. Consequently, the belt fire growth rates observed 
in these experiments were added to those of the previous 
experiments (R11 data from reference 3, table 5) so that 
the database was expanded. The average values of the 
initial belt fire growth rates at each air velocity can be 
expressed as 

V 1.5 
cxSBR = 9.9 0 • (2) 

Figure 2 shows the experimental values of CXSBR' from col
umn 7 of table 3, and a plot of equation 2 at the local air 
velocities (Vo). 

The potentially greater fire hazards from larger values 
of the fire growth rates (CXSBJ, which occur at higher ve
locities (equation 2), are mitigated by larger heat losses at 
the higher airflows. Larger heat release rates are needed 
to spread belt flames at the higher air velocities. An 
estimate of the time (lltpRED) that a small, localized SBR 
belt fire will burn before sufficient energy heats a critical 
mass of belt and flames begin to spread can be determined 
as follows. Let the heat release rate be referenced to that 
at belt ignition time and defmed as 

~uation numbers with a B-preflX refer to equations in appendix B. 
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where t is any time after belt ignition. At the onset of belt 
flame spread, 

OSBR = 0BFS' (4) 

At each air velocity, 

The experimental heat release rates at the times of belt 
ignition and belt flame spread (table 3), normalized by the 
airflow (O/Vo), are given in columns 2 and 3 of table 4, 
respectively. The calculated belt fire growth values (CXSBJ 
from equation 2 are given in column 4; the experimental 
values are in column 5. The average heat release rates 
normalized by the airflow are 27±11 and 394±180 kJ/m 
at the times for belt ignition and belt flame spread, 
respectively. The predicted elapsed times (MpRED) for belt 
fire growth, from belt ignition to start of belt flame spread 
at each airflow, are given in column 2 of table 5 and were 
calculated by equation 5 as follows: 

(394 - 27). Vo .. 37.1 Vo -0.5 . 

9.9 Vo1.5 

(6) 

The experimental elapsed times (llt~ for belt fire 
growth, from belt ignition to the start of flame spread, are 
given in column 3 of table 5. 

Figure 2 
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Table 3.-Tlmes to belt Ignition and belt flame spread (tm and t~, their heat release rates (Om and 0JlllS), and Initial 
belt fire growth rates (cxsn.J at various local airflows (Vo) 

VO, tBI, tBFS'~ QBI' QBFS' CXsBR' 
1 

Test 
mls min min kW kW kWLmin 

LOW AIRFLOW 

3 ................. 0.77 160 235 20 170 2.0 

4 •••••••• I ••• I •••• 0.75 159 207 43 270 4.7 

12 ................ 0.80 140 182 23 490 11 
14 ................ 0.76 141 254 22 710 6.1 

16 • I ••••• I •••••••• 0.75 145 205 41 380 5.6 
81A2 ............... 0.76 2s 224 20 250 15 

Av ............... 0.77+0.02 149+10 217+28 28:t11 378:t 198 7.4:t4.7 

MEDIUM AIRFLOW 

7 ................. 1.5 163 184 40 450 20 
15 ................ 1.7 170 233 54 720 11 

. 2 
78 ................ 1.5 226 245 60 480 23 
852 ................ 1.5 2s 223 30 490 27 

Av .............. 1.6:t0.1 167:t5 209:t35 46:t 14 534:t 123 2O:t7 

HIGH AIRFLOW 

2 ................. 4.5 134 147 52 1,470 109 
5 ................. 3.8 171 199 NA 1,670 s60 
6 ............. ,., . 4.0 138 163 32 2,120 84 
10 ................ 3.9 200 224 22 710 29 
13 ................ 4.0 142 167 34 960 37 
802 ................ 4.1 220 236 95 1,320 79 

Av .............. 4.1:t0.2 157:t78 180:t31 47:t29 1,380:t500 66±3O 

832 ................ 6.1 25 37 3 -176 1,970 151 

Av Arithmetic average and standard deviation. 
NA Not available. 
1Belt fire growth rate from time of belt ignition until start of belt flame spread. Calculated by cxSBR = (QBFS - Q8I)/{tBFS - t8l)' 
20ata are from tables 4 and 5 of reference 3 and are not included in "average" values of t81 and tBFS• 

30ata calculated using equations 7 and 8 of reference 3 at time equal to 24.6 min. 

Table 4.-Experlmental heat release rates (Om and Q~, normalized by local velocity, 
and calculated and experimental fire growth rates (cxsn.J for SBR belting 

vo, Q8I/Vo, QBFS/VO' 
mls kJ/m kJ/m 

0.76 .......... 37 490 
1.6 ........... 30 340 
4.1 ........... 11 340 
6.12 .......... ~9 2:320 

Av ........ 27:t 11 394:t 180 

Av Arithmetic average and standard deviation. 
NAp Not applicable. 
1Fire growth size calculated from equation 2, cxSBR = 9.9 Vo

1.5. 

2Based on earlier fire test (reference 3). 

CXSBR' kW Imin 

Calculated1 Experimental 

7 7±5 
20 2O:t7 
82 66:t3O 

150 2143 

NAp NAp 
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Table 5.-Predicted and measured fire growth elapsed times (t.tPREJ) and t.t~ from belt 
Ignition until belt flame spread 

t.tEXP1V 
min 

0.76 ..................................... . 43 
29 
18 

58 
42 
23 

1.6 ...................................... . 
4.1 ...................................... . 

lCalculated from equation 6, t.tPRED = 37.1 Vo -0.5. 

The total time available to control and extinguish the 
belt fIre (tEX11NG) can be estimated by adding the predicted 
elapsed time from belt ignition until belt flame spread 
(equation 6) to the average alarm times of detection rela
tive to the time of belt ignition (column 5 or 6, table 2). 
The time between fIre detection and belt flame spread is 
an estimate of the time that could be used to control and 
extinguish the localized belt fIre before the spread of the 
flames. Once flame spread begins, the ability to control 
and extinguish the fIre signillcantly diminishes. On the 
average, the predicted times are lower than the measured 
times and provide some margin of safety for estimating the 
time available for frre extinguishment. The estimated 
tEX11NG using CO sensors is about 73 min at the 0.76-m/s 
airflow and about 46 min at 4.I-m/s airflow. The use of 
smoke sensors instead of CO sensors would increase the 
respective tEX11NG times to 90 min and 52 min. 

PRODUCTION OF CO AND SMOKE 

During the early stages of belt burning, appreciable 
levels of CO and smoke are released. As has been found 
in a previous study (3), the level of CO in parts per million 
and the optical density of smoke in inverse meters are lin
early related to the heat release rate (OS8IJ and inversely 
related to the local ventilation airflow via the following 
expressions: 

and 

BCD OSBR 
COppm = ---'V=o-Ao-- (7) 

(8) 

where BCD the production constant of CO, 
ppm o m3/kJ, 

BD = production constant of smoke, 
m- 1.m3/kJ, 

and Ao = tunnel cross-sectional area. 

CO Production 

The Boo (average) values and the maximum CO con
centrations from these experiments are given in table 6 at 
the two belt-to-roof separation distances and at the various 
airflows, assuming that Vo is approximately equal to V •. 
The Vo value varied during the belt burning, and its instan
taneous local value is not known, whereas the exit velocity 
was monitored during the test. The Boo (average) values 
in column 4 were determined during belt flame spread 
until the peak heat release rate occurred. During this 
time, the CO was produced almost exclusively by the con
veyor belt since the wood roof was not involved until belt 
flames reached the end of the belt sample. The COMA){ 
values in column 5 are I-min averaged maximum levels of 
CO obtained in each test. 

The data of table 6 indicate that the overall average 
Boo value for the frre-resistant SBR belting is 5.5 ± 3.0, in 
excellent agreement with the 5.7 value previously reported 
(3). However, the average values of Boo at each average 
velocity decreased as the air velocity increased (see 
equation C-15 in appendix C). The Boo also varied with 
the belt-to-roof distance (see table 6). A comparison of 
the maximum levels of CO (column 5 of table 6) shows an 
average value of 1,430 ppm at the low airflow and a value 
of 750 ppm at the high airflow for the l.4-m belt-t<rroof 
distance. The greatest CO concentration measured was 
4,090 ppm for test 14 at the 0.8-m belt-to-roof distance 
and at an airflow of 0.62 m/s. These measured CO values 
are based on burning a I2.8-m-Iong belt and, in some 
tests, the wood roof. Larger values can occur, especially 
for fuel-rich frres (see appendix C). 

Smoke Production 

During these experiments, no data were obtained for 
the optical density of the smoke produced. However, con
sidering the excellent agreement of the present data with 
the Boo values reported in reference 3, one expects the 
smoke-to-CO ratio to be approximately the same as that 
given in reference 3 during the early stage of belt burning. 
From reference 3 data, the production parameter for 
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smoke optical density (Bo) and the production parameter 
for CO (Bco) had a ratio of 

BD 
-- = 0.011. 
BCD 

(9) 

Assuming that this ratio remains constant, then the 
production parameter for smoke optical density would also 
be independent of air velocity. The critical level for 
visibility below which the probability of escape is marginal 
is about 3.7 m (5-6). The visibility, in meters, and optical 
density are related by 

Table 6.-C0 production constants (BOO> from burning SBR 
belting and maximum CO at two belt-to-roof separations (HwJ 

and various tunnel airflows (Ve) 

Test 

3 .... .. 
4 .... .. 
12 .... . 

Av .. . 
14 .... . 
16 .... . 

Av .. . 

1.4 
1.4 
1.4 
1.4 
0.8 
0.8 
0.8 

Ve, Bco(av) 
m/. ppm 0 m3/kJ 

LOW AIRFLOW 

0.68 6.1 ±1.1 
0.73 S.4±2.1 
0.74 4.3± 1.0 
0.72±0.03 5.6± 1.1 
0.62 7.6±2.7 
0.64 13.3±6.6 
0.63±0.O1 10.5±4.0 

MEDIUM AIRFLOW 

COMAX' 
ppm 

600 
1,240 
2,440 
1 ,430 ± 900 
4,090 
2,810 
3,450 ± 900 

VIS(m) - ~ . (10) 7 1.4 
0.8 

1.4 4.1 ± 1.0 1,520 

Then, the critical level of optical density (DcRIT) becomes 

D > 0.8 - 022 -1 CRIT-- - . m 
3.7 

(11) 

With this information, the heat release rates at. this critical 
level of optical density (OCRIT) may be estimated at any 
flow using equation 8. At the time of belt ignition, the 
average heat release rate normalized by airflow (table 4, 
column 2) is 27 kJ 1m; the value of Bo can be calculated 
from equation 9 using an average Bco value for SBR belt
ing. Equation 8 for airflows from 0.76 to 6.1 mls becomes 
at the time of belt ignition 

DCRlTVoAo 
OCRIT = --=-

BD 
(12) 

The smoke production constants, critical heat release rates 
(OCRIT), co concentrations, and elapsed times from belt 
ignition until the occurrence of the critical optical density 
are given at 0.76-, 1.6-, and 4.1-m/s airflows in table 7. 
For all velocities, the critical level of optical density is 
reached approximately when the belt ignites and is exceed
ed very rapidly after ignition of the belt. The level of CO 
is about 15 to 19 ppm at the time of critical optical density 
and is approximately independent of airflow. By the time 
the belt heat release rate has reached the level necessary 
for belt flame spread (394 kJ 1m, column 3 of table 4), the 
estimated visibility using equations 8 and 10 is less than 
0.3 m. 

The relationships between production constants Bco and 
Bo and yields of CO (Yco) and smoke (Ys), respectively, 
are discussed in appendix D. These experimental CO and 
smoke yields are directly related by a constant factor, 2.1, 
whereas the literature value for several combustible solids 
is 2.3±0.4 (7). 

15 ..... 

2 .... .. 
5 .... .. 
6 .... .. 
10 .... . 

Av .. . 
13 

1.4 
1.4 
1.4 
1.4 
1.4 
0.8 

Overall av •• 

1.2 7.3±2.0 

HIGH AIRFLOW 

2.8 2.9±0.4 
3.1 3.7±0.2 
3.7 4.1 ±0.5 
3.4 3.1 ±0.4 
3.3±0.4 4.0±0.6 
2.7 2.7±0.7 

NAp 5.5±3.0 

Av Arithmetic average and standard deviation. 
NAp Not applicable. 

2,590 

630 
650 
640 

1,090 
750 ± 200 

1,320 

NAp 

Table 7.-Smoke production constants (Bo), critical heat 
release rates (QauJ, CO concentrations, and elapsed times 

from belt Ignition until critical optical density of 0.22 m-1 

VO' Bo' OCRIT' CO, fcarr - tBI, 

m/s m,l.m3/kJ kW ppm min 

0.76 ..... 0.060 21 15 <0.0 
1.6 ...... 0.054 47 19 0.18 
4.1 ...... 0.038 175 19 1.60 

BELT AND ROOF FLAME PROPAGATION 
AND BELT-TO-ROOF SEPARATION EFFECTS 

The data presented and analyzed thus far were gathered 
primarily during the initial stages of fIre growth prior to 
the onset of belt flame spread, when the belt-to-roof 
separation effects are minimal. Only those tests in which 
the coal fIre ignited the belt, resulting in belt flame 
propagation, will be considered here. Three tests of six
teen did not spread belt flames, two tests (tests 8 and 9) 
at 0.76 mls airflow and one test (test 11) at 4.1 mls air
flow. For these tests, the coal pile flames diminished after 
three of the six electrical heaters failed at about 162 to 
170 min. 

The subsequent stage of belt flame spread increases the 
hazard level dramatically because of the greater heat re
lease and fIre growth rates. The belt-to-roof separation 



i 
, j, 

I 

.t>, 

J 

distance, which affects these rates,is examined in the fol
lowing paragraphs. 

Tests 1 through 12 were conducted with a top belt-to
roof separation of 1.4 m, and tests 13 through 16 were 
conducted at a belt-to-roof separation of 0.8 m. As should 
be expected, the ignition of the wood roof by the burning 
belt was more difficult at the larger separation and at the 
highest airflows. 

At the l.4-m belt-to-roof separation and the highest air 
velocity (4.1 m/s), only test 10 resulted in a propagating 
roof flame spread. The flames started at about the 10th 
roof plank from the front, charred the next six planks, and 
destroyed the last nine roof planks. In test 2, roof flames 
lightly charred the last 13 roof planks; in test 5, flames 
flashed over the surface and slightly charred the last 
several roof planks. In test 6, only scorching and soot 
were observed on the last 11 roof planks. 

At both the intermediate airflow and the lowest airflow, 
all five tests, 1, 3, 4, 7, and 12, resulted in total roof 
destruction. In test 7, at an airflow of 1.4 mis, the wood 
roof flames flashed over 6 m of roof about 4 min after the 
belt flame spread began. The roof flames self-extinguished 
but after several minutes reignited; meanwhile, the belt 
flames had propagated to the end of the belt. The roof 
reignited at its downstream end, with flames that propa
gated against the airflow at a rate of 0.4 cm/s, destroying 
the roof. 

All four tests, 13, 14, 15, and 16, at the O.8-m belt-to
roof separation resulted in roof flame spreads and com
plete destruction of the roof planks. Tests 14 and 16 were 
at the O.76-m/s airflow; tests 13 and 15 were at the 4.1-
and 1.6-m/s airflows, respectively. 

One-minute average values of the maximum CO con
centrations and maximum heat release rates, average belt 
and roof flame spreads, and average fire growth rates 
during flame spread for all the tests except test 7 (see 
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above discussion) are summarized in table 8 at 0.76-, 1.6-, 
and 4.1-m/s airflows and two belt-to-roof separations. 
The heat release rates were calculated from the CO and 
CO2 concentrations using equation B-2 in appendix B. 
The rates for both belt and roof flame spread for each test 
are given in appendix C, table C-2. The smaller belt-to
roof separation (HBR = 0.8 m) resulted in (1) higher levels 
of CO, (2) larger heat release rates, (3) more rapid flame 
spread rates, both along the belt surface and along the 
roof, and (4) more rapid fire growth rates. 

For the three tests at the highest airflow for which 
there were no sustained roof flames (tests 2, 5, and 6), all 
of the fire hazard averaged values were lower (e.g., 
maximum CO = 640 ppm (table 6), OMAJ( = 4,800 kW (ta
ble C-3), belt flame spread = 0.75 cm/s (table C-2), and 
a FS = 280 kW /min) than the corresponding values for 
tests at the 4.1-m/s airflow that resulted in sustained roof 
flame spread. 

As the distance from the belt to the roof decreases, the 
resultant heat flux at the roof from the belt flame in
creases roughly inversely as the square of the distance. 
The increased heat flux results in a more rapid ignition of 
the roof surface. Also, once both belt and roof are burn
ing, there is a more rapid rate of fuel generation and 
consumption, resulting in higher heat release rates, larger 
CO levels, and faster flame spread rates. It is likely that 
the chosen belt-to-roof separation of 0.8 m is not optimum 
for maximizing either flame spread rates or heat release 
rates. Closer separation distances will not necessarily in
crease fire hazards since the heating and the spread rate 
of the burning fuel will eventually be limited by the de
creased oxygen. In the data reported in this section and 
displayed in table 8, however, it can be seen that a burn
ing conveyor belt represents a more hazardous condition 
at the 0.8-m belt-lo-roof separation than at the l.4-m 
separation. 

Table 8.-Maxlmum average CO concentrations (COy,u) and heat released (Qw,u), average belt and 
roof flame spreads, and fire growth rates «(X~ 

COMAX' 
1 

QMAX' 
1 Av flame spread 

2 
Vo, m/s HBR, m rate, cm/s (XFS' 

ppm kW kW/min 
Belt Roof 

0.76 ........ 1.4 1,400 2,100 0.66 0.96 37 
0.8 3,500 6,100 12.5 10.4 870 

1.6 ......... 1.4 1,500 2,800 1.0 3.6 210 
0.8 2,600 6,200 2.0 4.1 510 

4.1 ......... 1.4 750 5,800 0.86 1.0 410 
0.8 1,300 15,000 2.0 6.1 1,700 

11-min average maximum. 

:lAre growth rate during belt flame spread (see also appendix table C-4). 
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TEMPERATURE HAZARD 

As discussed in earlier sections, the levels of CO and 
smoke vary proportionally to the ratio (O/V tAo) times 
some constant (i.e., Bco for CO, or BD for smoke, in equa
tions 7 and 8, respectively). Similarly, there is a net flow 
of heat from the fIre, which can also be related to the fIre 
size. Hwang (8) found that the average increase in air 
temperature downstream of a fue can be related to the 
heat release rate (0) in kilowatts via 

where 

and 

TO = initial or ambient temperature, about 
18.3 °C, 

Po = air density at To, 1.2 kg/m3
, 

Co = heat capacity of air at To, 1.088 J/g·K, 

'Y convective heat transfer parameter, 

R. distance downstream of the fue. 

The tunnel or gallery airflow is assumed to be uniform, so 
the local velocity is equal to the average tunnel velocity. 
The parameter 'Y depends on the heat transfer coeffIcient 
h and can be expressed as (8) 

(14) 

where Ao = entry cross-sectional area, 7.53 m2 

and Po = entry perimeter, 11.5 m. 

A reasonable value of h for fully established turbulent 
flow is given by 

VO.8 

h = 7.4xl0-3 X _0_, 
do.2 

H 

(15) 

where dH is the hydraulic diameter of the given entry, de
fIned by 

4Ao 
dH = _. (16) 

Po 

Equation 14 therefore becomes 

-3 ° -0.20 

[ 

P 

]

1.2 

'Y (Po,Ao,Vo) = 4.3xl0 Ao Vo ' (17) 

which for this tunnel entry becomes 

"(Vo) := 7.2XlO-3VO-O.20 • (18) 

Substituting equation 17 (or equation 18) into equation 
13 gives 

which expresses the temperature rise in this entry at some 
distance downstream of the fue for a given velocity and 
heat release rate (kilowatts). 

Consequently, an air temperature hazard parameter can 
be written as 

-.e x 0.0043 r p~ )1.2 v~O.2 
BT = 0.77 e ~,(20) 

where the value of Br depends upon the distance from the 
fIre, entry perimeter length divided by area, wall rough
ness, and air velocity. The Br parameter is sensitive to air 
velocity, wall temperatures, and wall roughness because 
heat losses vary directly with the temperature difference 
between the gases and the entry walls, both through 
radiation and convection transfer. 

The maximum internal body temperature that a human 
can tolerate without medical consequences is generally 
accepted to be approximately 40 °C. Exposure to an 
ambient temperature of 40 °C will rapidly raise the normal 
body temperature (37.0 °C) to the hazardous level in an 
interval as short as 60 min for unacclimatized resting in
dividuals in a water-saturated environment (9). Higher 
ambient temperatures and increased physical activity such 
as may occur during escape will shorten the survival time 
period. 

The length of time at a fIXed location and air velocity 
that the entry is less, than 40 °C during a flIe can be cal
culated from equation 9 using the estimated heat release 
rate divided by the experimental flIe growth rate aFS (col
umn 3 of table 9). A typical mine entry has an ambient 
temperature of approximately 18°C. The calculated heat 
release rates (Q) to achieve the 22°C temperature rise to 
40 °C at three air velocities based on these tunnel param
eters at R. = 305 and 610m are given in columns 4 and 6 
of table 9, respectively. The times to increase entry tem
peratures are calculated by dividing the respective cal
culated 0 values (columns 4 or 6 in table 9) by the experi
mental a FS values (column 3 of table 9). The resulting 
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Table 9.-Flre growth rate. (O!~, heat release rate. (0), and time. (At) to achieve 40 ·C 
at 305 and 610 m from fire 

VO' m/s HBR, m 
O!FS' fl = 305 m fl = 610 m 

kW/min a,l MW At,2 min a,lMW At,2 min 

0.76 •........... 1.4 37 1.57 43 16.8 460 
0.8 870 1.57 2 16.8 19 

1.6 ............. 1.4 210 2.24 11 18.0 87 
0.8 510 2.24 4 18.0 35 

4.1 ...... , ...... 1.4 410 3.93 10 19.6 48 
0.8 1,700 3.93 2 19.6 13 

1a is the calculated heat release rate at fire source to achieve 40 • C at specified distance fl. 
2At = teRn' - tOFS' where tcRIT Is time at which temperature Is 40 ·C at specified distance fl and tOFS Is time of 

initial belt flame spread. 

times are given in columns 5 and 7 in table 9, respectively, 
for the three different air velocities and the two belt-to
roof separation distances, 1.4 and 0.8 m. 

The effect of a lower fIre growth rate (see a FS for HBR 
= 1.4 m compared with HOR = 0.8 m, at 0.76- and 4.1-m/s 
air velocities) is clearly evident, and the lower rate results 
in longer times to achieve 40 °C. However, even for the 
lower heat release rates at the larger belt-to-roof distance, 
the temperatures at some distance downstream of the fIre 
would still be intolerable. The calculated air temperature 
(equation 19) is still above 40 °C for t equal to 290 to 
460 m. For distances of 90 to 200 m downstream, the cal
culated air temperature is above 100 °C at the lower heat 
release rates. 

Figure 3 shows 40 °C isotemperature lines calculated 
using equation 19 for positions at 300, 400, 500, and 600 m 
downstream from the fIre source as a function of heat re
lease rate and air velocity. The area above any constant 
position curve (e.g., t = 600 m) represents points that 
would have downstream air temperatures greater than 
40 °C along the increasing Y -coordinate for the same 
airflow, or along the decreasing X-coordinate for the same 
fIre size. For example, the experimental point shown at 
4.1 mis, 14,500 kW would result in temperatures above 
40 °C at the 500-m position, but temperatures would be 
less than 40 °C at the 6OO-m position unless the airflow 
were reduced to about 0.76 m/s. 

Experimental averaged values from table 8 are shown 
in fIgure 3 for the belt-to-roof separations at 0.8 and 
1.4 m. Two experimental values at 1.0- and 4.1-m/s air
flows are included from recent work7 in which two 15-m 
strands of Rll (SBR) conveyor belting were burned, with 
the top belt 1.3 m from a noncombustible roof. All of 
these fIre experiments indicate hazardous-to-life tempera
tures up to a distance of 305 m from the fIre source. For 

7Private communication. Mark Ryan, Fires, Explosions, and Ex
plosives Group, Pittsburgh Research Center, U.S. Bureau of Mines. 

the maximum heat release values, these hazardous tem
peratures can extend even up to distances as far as 500 m. 

Downstream roof gas temperatures at 27.4 m (tunnel 
exit) ranged from 650°C at the 0.76-m/s airflow for the 
belt-to-roof separation of 0.8 m to a low temperature of 
250°C at the 4.1-m/s airflow for the belt-to-roof separa
tion of 1.4 m. The roof gas temperatures are summarized 
in appendix table E. At the two lower airflows, significant 
rollback of combustion products occurred, as evident by 
high temperatures of upstream roof gas. Upstream roof 
gas temperatures at the O.O-m tunnel distance (2.7 m 
upwind of the coal pile) ranged from 800 °C at the 

Figure 3 

30 
Key 

3: ... Low roof (0.8 m) 
Z 25 0 High roof (1.3 m) 

x • High roof (1.4 m) 600m 
co: 
:=; 

g 20 
w 
t:t a: 15 
w 
(f) 
« w 10 -l 
W a: 

t:t 5 
w 
J: 

o 2 3 4 5 6 
AIR VELOCITY (Vol, m/s 

Calculated 40 "C' isotemperature lines at different heat 
release rates and air velocities. Maximum experim.entoJ heat 
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0.76-m/s airflow for the belt-to-roof separation distance of 
0.8 m to a low temperature of 20°C at the 4.1-m/s airflow 
for the belt-to-roof separation distance of 1.4 m. 

CO PEAK VALUES AND TOXIC HAZARDS 

Clearly, heat is one of the major life threats in conveyor 
belt flres with growth rates. at the magnitudes observed in 
these tests. However, CO is also a significant life threat 
because of its insidiou'S narcotic behavior in cumulative 
doses. 

The average maximum levels of CO measured in these 
experiments were presented in a previous section (column 3 
of table 8). While the absolute level of CO is important 
(1 %, or 10,000 ppm, is considered lethal in less than 10 
min), cumulative exposure to lower levels of CO over 
longer time periods can also be lethal. 

The toxic CO load from burning conveyor belts, wood, 
or coal can be the major agent causing human incapacita
tion, thus preventing escape. Exposed, unprotected per
sons poisoned by CO often pass through a narcotic sleep 
stage in which they have neither the desire nor the mo
tivation to escape. They soon become physically unable to 
escape and rapidly expire. The time (tINCAP) available for 
unaided escape can be calculated from the concentration 
of CO in the breathing air and the potential exposure time 
(10). The toxic CO load, based on animal studies, is about 
36,500 ppm· min, with a threshold value (no discernible 
toxic effect) of about 233 ppm. For example, the incapaci
tation toxic load for a 30-min exposure of 138 rats to a 
steady CO concentration of 1,778 ppm gives an experi
mental value for the toxic load of 43,500 ppm· min (11). 
This same nominal level of toxic load is incapacitating for 
the class of mammals (rats, baboons, or humans) appar
ently because of the narcotic effect of anemic hypoxia, 
which interferes with their escape skills through a common 
mechanism. 

The physical activity of the victim and the presence of 
other toxic agents and deleterious conditions (low oxygen 
levels, high CO2 levels, smoke, heat) determine the actual 
time to incapacitation at a flxed concentration of CO. The 
value 36,500 ppm· min is for incapacitation of an 
unprotected person at rest. 

The threshold CO level of 233 ppm was used as the 
safe lower limit for calculating the time available for an 
escape. The experimental CO maximum values, the time 
to the CO maximum from the start of heating the coal 
pile, and the shortest time in which an incapacitation 
dose of CO occurred are shown in columns 3, 4, and 5 of 

table 10, respectively, for all the experiments in which the 
belt and wood roof propagated flames. The tINCAP value is 
the experimental time from the start of heating the coal 
pile until the time-integrated concentration (adjusted with 
respect to the threshold value) equals the toxic incapacita
tion dose rate, or toxic load for CO, of 36,500 ppm· min. 
The tINCAP values can be calculated from the summation 
of the time-dependent CO levels as follows: 

~ = tINCAP 
:E [C(tJ - 233] Sti = 36,500 ppmomin, (21) 

~ = 0 

where the experimental concentration C( t) varies with time 
and only bracket [ ... ] values greater than zero are summed. 
The St period is the elapsed time between sample points 
and was 0.0833 min (5 s). Any exposure time longer than 
tINCAP would result in collapse of unprotected persons 
downwind of the flre. 

The time during which the CO concentration rises from 
233 ppm until an incapacitation dose occurs is dermed 
here as the experimentally determined critical time (tCRIT) 
and is given in column 6 of table 10. This time is the 
worst case under these limited fuel conditions. 

Greater CO levels are possible during flame spread for 
larger fuel loadings. These theoretical CO levels and tCRIT 
values are given in columns 7 and 8 of table 10, respective
ly. The theoretical values were derived assuming steady
state flame spread along a single strand of SBR belting. 
The value was then doubled to account for the two strands 
of belting used in conveyor systems. 

The average tINCAP is 240 ± 25 min and includes about 
160 min of coal smoldering and flaming, which gave an 
alarm at about the 10-ppm CO level in 131±20 min (see 
appendix E table). There were no statistically significant 
effects of airflow over the range of 0.75 to 4.5 mls during 
this early stage of flre development. 

The experimentally determined elapsed time (column 6 
of table 10) tCRIT during rapid belt flre growth from 233 
ppm until tINCAP averaged 42 ± 14 min, with no statistically 
significant effect of airflow at the 95% confidence level. 
Table 11 shows the average experimentally determined 
tCRIT values of table 10 for the three average airflow groups 
and two belt-to-roof distances. The belt-to-roof distance 
effect is signiflcant at the 95% confidence level, whereas 
the effect of airflow is not. 

Assuming CO levels remained constant, successful 
rescue of unprotected miners must occur within about 
three to four times the tCRIT time period. 
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Table 10.-Experlmental and theoretical CO maximum values, times to maximum concentrations, and experimental 
and theoretical times to Incapacitation (~ 

Experimental Theoretical 

Test 
Ve, 

COMAX' Time to COMAX' tINCAP, i taur,2 CO,3 taur,4 
m/s 

ppm min min min ppm min 

LOW AIRFLOW 

4 ............ 0.73 1,240 233 256 49 4,500 8.2 
12 ••••••• I ••• 0.74 2,440 202 229 45 4,500 8.1 
14 ••• ,.,. I ••• 0.62 4,090 263 279 27 4,000 9.1 
16 ......... , . 0.64 2,810 212 228 23 4,100 8.9 

MEDIUM AIRFLOW 

7 ............ 1.4 1,520 200 219 34 6,300 5.8 
15 ........... 1.2 2,590 244 256 22 5,900 6.2 

HIGH AIRFLOW 

2 ............ 2.8 630 168 203 56 6,600 5.5 
5 ............ 3.1 650 207 256 57 6,400 5.7 
6 ., .......... 3.7 640 173 232 60 5,800 6.3 
10 ........... 3.4 1,090 235 269 43 6,100 6.0 
13 ........... 2.7 1,320 177 211 43 6,700 5.5 

lExperimental time for incapacitation dose calculated from start of heating until Integrated CO level (36,500 ppm-min) 
of adsorbed toxic would cause incapacitation of an unprotected person at rest. 

2Time increment during rapid fire growth from time when CO is 233 ppm until integrated dose would cause incapac-
itation at tINCAP• 

lyheoretical CO concentrations calculated from appendix C, equation C-16, assuming air-limited belt burning. 
4Theoretical critical times for Incapacitation calculated by dividing Incapacitating dose, 36,500 ppm·min, byair-limlted 

belt-burning CO concentration (column 7). 

Table 11.-TIme elapsed, In minutes, from 233 ppm CO until 
occurrence of Incapacitation 

Ve, m/s 

0.68 .............. . 
1.3 ............... . 
3.1 ............... . 

HBR = 1.4 m 
47±2 
34 
54±8 

FIRE HAZARD PARAMETER 

HBR = 0.8 m 
25±3 
22 
43 

Inspection of equations 7, 8, and 19 reveals that the 
hazards of CO, smoke, and excessive temperature down
stream of the fIre can be scaled with the ratio of heat 
release rate to ventilation airflow rate [QFlruJ(VA)]. 
This ratio is dermed as the fIre hazard parameter (FHP) 
and represents a measure of the relative hazards. As the 
heat release rate increases for a fIxed airflow, the levels of 
CO, smoke, and temperature increase directly. For a fIxed 
heat release rate, these levels increase as the airflow de
creases. Based upon the data obtained from this series of 
tests, the production constant for CO varied with the ven
tilation airflow according to appendix equation C-1S. This 
means that the level of CO is a function of the FHP and 
the airflow. For smoke, it is assumed that a constant ratio 
of the smoke optical density to CO concentration is valid 
without any dependence on air velocity. 

For downstream air temperatures, the production con
stant for temperature at any distance R. was found to be 
affected by air velocity according to equation 20. Figure 4 
is a representation of the magnitude of the FHP necessary 

Figure 4 
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to produce critical levels of CO and smoke at any point 
downstream of the fire, and critical levels of temperature 
at 300 and 600 m downstream of the fire for this gallery 
with a cross-sectional area of 7.53 m2• The FHP necessary 
to result in a CO concentration of 1,500 ppm increases as 
the air velocity increases, rising from a value of 215 at 
0.76 mls to a value of 950 at 5 m/s. 

The shaded "smoke" area in figure 4 delineates the 
range of smoke· obscuration with about a 4-m visibility at 
its lowest edge to the critical l-m visibility at its upper 
edge. The 4-m visibility starts at an FHP value of about 
2 at 0.5 ml s airflow and increases to an FHP value of 10 
at 5 mls airflow. The upper edge of the smoke area, rep
resenting a critical visibility of 1 m, also increases with 
airflow. The smoke area coincides with the initial belt fire 
stage and begins approximately after the "coal fire only" 

stage is completed. Experimental maximum values of the 
FHP are also shown at three airflows. 

The data of figure 4 indicate that critical values of the 
FHP for smoke, CO, and temperature are exceeded at all 
distances less than 300 m downstream of the fire. Figure 4 
also indicates that critical values of the FHP are obtained 
only during the stage of belt flame spread for CO and 
temperature, while for smoke, critical values of the FHP 
occur during the early stage of belt burning. 

The life-threatening hazards of smoke obscuration and 
CO toxicity decreased as the airflow increased because 
dilution, provided by the ventilation, more than compen
sated for the increased fire growth rate under these test 
conditions. However, fire growth rates, both during the 
early stages of belt burning and during the stage of flame 
spread, increased with air velocity. 

CONCLUSIONS 

Fires that develop within conveyor belt entries can 
present signillcant hazards to underground personnel. The 
major hazards studied in this report were reductions in 
visibility due to smoke, elevated levels of CO that can 
result in incapacitation, and elevated temperatures that can 
produce intolerable levels of heat stress. Severe reductions 
in visibility resulted very quickly once the belt ignited. 
High CO and temperature levels were found to occur 
during the stages of flame spread along the surface of the 
conveyor belt and the wood roof. 

All of these hazards were found to scale with the ratio 
of heat release rate to ventilation airflow. The scaling 
parameters (called production constants) were also found 
to depend upon the ventilation air velocity. The ratio of 
heat release rate to volumetric ventilation airflow rate is 
termed the "fife hazard parameter" (FHP) , not only be
cause the hazards scale with this quantity, but also because 
the points of transition from one stage of fife development 
to the next scale with the same FHP parameter. 

As the initial coal fife grows, it eventually ignites the 
belt. At the time of belt ignition, the FHP is 3.6, and it in
creases to a value of 52 when sustained belt flame spread 
occurs. 

The elapsed times between the transitions from one 
stage of me development to the next depend upon the 
rates of fife growth within each stage. During the coal fife 
stage, the growth rates are slow, the net result being that 
the time from onset of flaming coal to the time of belt 
ignition increases as the air velocity increases. During the 
early stage of belt burning, the fife growth rates increase 
dramatically and there is a strong dependence of the fife 
growth rate on the air velocity, the result being that the 
time from belt ignition to the onset of belt flame spread 
decreases as the air velocity increases. During the stage of 
flame spread, the rates of fife growth increase again, ac
celerating the onset of critical levels of CO and heat down
stream of the fife. 

At low air velocities, the fifes tend to grow more slowly, 
but there is less dilution of contaminants. As the air ve
locity increases, the fifes tend to grow more rapidly, but 
there is much greater dilution of contaminants. The end 
result is that the time to incapacitation by CO, as meas
ured from the time of belt ignition, remains relatively 
constant, independent of the air velocity. For all the tests 
that resulted in flame spread, the time from belt ignition 
to incapacitation by CO averaged 85 min. 

Estimates of the time from belt ignition to the time at 
which the heat release rate is sufficient-to produce a tem
perature in excess of 40 °C at 305 m downstream of the 
fife averaged 36 min, and the time decreased with air ve
locity from a value of 53 min at 0.76 mls to a value of 
22 min at 3.2 m/s. 

Estimates of the times to reach critical levels of 
visibility because of smoke obscuration indicated that these 
times tend to coincide closely with the time of belt 
ignition. Although the toxicological aspects of elevated 
levels of smoke are not well known, reduced visibility can 
signillcantly impact the evacuation of personnel. 

The data also reveal that the proximity of the roof to 
the surface of the conveyor belt plays a major role not 
only with regard to flame spread rates but also with regard 
to the potential of the belt fire to spread to the roof and 
the level of hazard that results. Data acquired at a belt-to
roof distance of 0.8 m indicated more rapid flame spread 
rates, greater heat release rates, and increased levels of 
CO than data obtained at a belt-to-roof distance of 1.4 m. 

Clearly, the transition of these fifes from one stage to 
the next represents increasing levels of hazard. The ques
tion naturally arises as to methods available to reduce or 
eliminate the probability that personnel will be exposed 
to these hazards. Conveyor belts with improved flame
resistant properties have be'en shown to signillcantly re
duce the potential for flame spread, thereby reducing the 
probability of exposure to the life-threatening hazards of 
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CO and heat, which were shown to occur during the stages 
of flame spread. 

Early-warning fire detection systems also have a strong 
impact on the probability of miners' exposure to these fire 
hazards. Application of previously developed criteria in 
reference 3 for the use of CO and smoke sensors for 
early-warning fire detectors in conveyor entries indicated 
that smoke sensors provided an average warning of 40 min 
before belt ignition and CO sensors an average warning of 
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28 min before belt ignition. Clearly, the efficient utiliza
tion of these times for evacuation and control of the devel
oping fire is essential in order to ensure the safety of the 
mine personnel, but the fact that sensors provided this 
early-warning capability is just as signillcant. It was also 
found that point-type heat sensors would provide no early 
warning capability, but would alarm on the average 34 min 
after the belt ignited. 
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Symbols 

1\0 

Br 
BFS 

BI 

Cs 
C(t) 

CI 

h 

MAIR 

M~EL 

M" FUEL 

DE 

o 
OBI> OBFS 

OeOAL,OSBR 

APPENDIX A.-LIST OF SYMBOLS AND ABBREVIATIONS 

entry cross-sectional area (7.53 m2 for this fire gallery), m2 

CO production constant, ppm· m3/kJ 
smoke production constant, m -1. m3/kJ 
air temperature hazard parameter, °C o m4/kJ 

subscript denoting belt flame spread 

subscript denoting belt ignition 

heat capacity of air, kJ I (g • 0c) 

smoke concentration, g/m3 

experimental concentration of CO with time, ppm 

subscript denoting coal ignition 

CO alarm level, ppm 

i-min average maximum level of CO, ppm 

smoke optical density, m-1 

critical smoke optical density (value 0.22 m -1) when visibility is about 3.7 m 

hydraulic diameter of entry, m 

belt-to-roof separation, m 

total heat of combustion of fuel, kJ I g 

actual heat of combustion (t7e· He), kJ/g 

heat of combustion for CO, kJ/g 

heat transfer coefficient, kJ I (m • s • 0c) 

stoichiometric yields of CO2 and CO, gig 

location on belt, m 

distance from fire, m 

average mass flux of air, g/s 

mass per unit of fuel surface, g/m2 

mass loss rate per unit of fuel surface area, g/m2s 

generation rates of fuel, CO, and CO2, g/s 

subscript denoting the stage when belt flame spread has reached end of sample 

perimeter, m 

heat release rate, kJ/s, kW, or MW 

heat release rates at time of belt ignition and belt flame spread, respectively 

heat release rates for coal and SBR belts, respectively 



QCRIT 

QEXlT 

QFIRE 

QMAX 

QOE 
:.., 

QTOTAL 

SrorAL 

T 

To 

TEXlT 

TMAX 

t 

(tJco, (tJD' (tJT 

tB1, tBFS, tel> to toE 

teRIT 

tEXTING 

tlNCAP 

tMAX,tM1N 

1. 

Vo 

Ve 

Vi 

W 

Xc 

YCO' Y s 

QCOAL> Q SBR 

QFS 

f:J 

critical heat release rate 

heat release rate at exit 

heat release rate of fIre 

maximum heat release rate 

heat release rate at time flames reach end of belting 

total heat release rate 

total burning surface area, m2 

subscript denoting local temperature, °C 

ambient temperature, °c 
tunnel exit air temperature 

maximum temperature 

time, s or min 

times from start of coalbed heating until detection alarm levels at 305 m (see reference 3) 

for CO, smoke (D), or thermal (T) rises, respectively 

times for various events referenced to start of heating the coal pile with electrical heaters 

time when hazard events such as optical obscuration, CO levels, or thermal levels become 

critical to health and compromise escape 

time available to extinguish or control a belt flame spread once the fIre is detected 

time to CO incapacitation based on an exposed dose rate of 36,500 ppm-min and a 

233-ppm threshold value 

times for maximum and minimum values, respectively 

time for visible smoke from heated coal pile, referenced to start of heating time 

average local airflow velocity, mls 
average tunnel exit airflow velocity, mls 
average flame spread rate, cm/s 

width of belt sample or wood roof, m 

carbon mass fraction, grams of carbon per gram of fuel 

CO or smoke yields, respectively, in grams of product per gram of fuel 

initial fIre growth-rate parameters of coal and SBR belts, respectively, kW Imin 

fIre growth rate during flame spread, kW Imin 

factor describing number of burning surfaces (1 for belt alone; 2 for belt and wood roof), 

dimensionless 

convective heat transfer parameter, m-1 

CO and CO2 produced by fIre, ppm 
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1J.°2 

IJ.T 

IJ.TAV 

IJ.tEXPTL 

IJ.tFS 

IJ.tPRED 

1J.1x 

611 

"Ie 

"IF 

'7 FUEL 

e 
P 

Po 

Abbreviations 

diam 

FlIP 

HRR 

ID 

OD 

PTHS 

R11 

SBR 

O2 consumed by fire, ppm 

temperature increase, °C 

average temperature increase above ambient temperature, °C 

experimental elapsed time from belt ignition to start of flame spread 

elapsed time during flame spread 

predicted elapsed time from belt ignition to start of flame spread 

elapsed time from coal ignition until sensor alarm (offset by 14.25 min) 

elapsed time between experimental sampling periods 

combustion efficiency, dimensionless 

fuel efficiency, dimensionless 

fraction of total fuel mass consumed 

specific smoke extinction coefficient, m2/g 

density of material, g/m3 

density of air, g/m3 

diameter 

fire hazard parameter (OFIRE/VA), kJ/m3 

heat release rate, or fire size, W or MW 

inside diameter 

outside diameter 

point-type heat sensor 

styrene-butadiene rubber belt, three-ply construction, 11 mm thick, 1.07 m wide 

styrene-butadiene rubber I 
I 
i' 
I 
i 
\ 
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APPENDIX B.-HEAT RELEASE RATES 

The heat release rates were calculated by three dif
ferent methods, using measurements of (1) the CO and 
CO2 produced, (2) the amount of O2 used, and (3) the 
temperature rise of the tunnel exit gases. When calculated 
on the basis of gas data, the resultant heat release rate is 
said to be the total, or actual, heat release rate (OTOT~' 

The heat release rates with calculation errors because 
of the use of a constant average linear airflow (Ve) were 
compared with heat release rates calculated by continuous 
measurements of mass flows during several fIre tests. All 
three methods depend on the average gaseous mass flow 
(grams per second of constituents, e.g., CO, CO2, °2, or 
NJ at the tunnel exit; however, only the linear airflow is 
measured by an anemometer. Nine bidirectional flow 
probes near the gas-sampling probe were used in several 
fIre tests to measure the tunnel exit gas velocities and 
temperatures across the exit plane and to allow estimates 
of the gaseous mass flow. The l-min averaged peak heat 
release rates, assuming a constant exit velocity, were about 
10% lower than the peak fIre sizes based on mass meas
urements up to about 6 MW at a nominal1.0-m/s airflow. 
The percentage errors were smaller at higher airflows, 
possibly because of increased turbulence and smaller fluc
tuations in the gas composition and temperatures. The 
assumption of constant linear exit velocity during these 
tests under these fuel-lean conditions did not introduce 
signiftcant errors (less than 10%). Corrections at the 
lowest airflows, when air reversals and exit gas dilutions by 
fresh ambient air are most likely, were not needed since 
these fIre tests were performed on calm days when the 
prevailing winds did not force air into the tunnel exit. 

CALCULATION OF TOTAL HEAT RELEASED 
USING COMBUSTION GASES CO AND CO2 

The fIrst method requires the total heat of combustion 
and the mass fraction of carbon in the fuel as well as the 
mass of CO and CO2 generated per second. The total 
heat release rate in kilowatts using the CO and CO2 pro
duced can be calculated from 

OTOTAL = [He.] x Meo keo 2 
2 

+ x Meo ' 
He - keoHeo] . 

keo 
(B-1) 

where He = total (net) heat of combustion of the 

and 

where 

anq 

fue~ kJ/g, 

Heo = heat of combustion of CO, 10.1 kJ Ig, 

keo2 = stoichiometric yield of CO2, gig, 

= 3.67 Xc, where Xc is the carbon mass 
fraction, 

keo = stoichiometric yield of CO, gig, 
= 2.33 Xc' 

Meo2 = generation rate of CO2 from the fIre, 
gis, 

= 1.97Xl0-3 V tAo L\C02, 

Meo = generation rate of CO from the fIre, 
gis, 

= 1.25xl0-3 V tAo L\CO, 

Ve = exit air velocity, mis, 

Ao = entry cross-sectional area, 7.53 m2, 

L\C02 = CO2 produced by fIre, ppm, 

L\CO = CO produced by fIre, ppm. 

Substitution of the above parameters (see also table 
B-1) into equation B-1 gives: 

[ 
-2 [ He ] OTOTAL = 1.48x 10 keo

2 

L\ CO2 
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Table B-1.-Values of parameters for combustibles used In experiments 

II! 

I: 

i; 

Ii 

Combustible He, kJ/g 

Pittsburgh coal 1 ....... 25.1 
Pittsburgh coal 2 .... , .. 30.9 
Sewickley coal ......... 30.0 
Belt 1 ................ 28.7 
Belt 2 ................ 27.3 
Red oak planks ........ 25.8 
Hardwood timbers ...... 27.4 

CALCULATION OF TOTAL HEAT RELEASED 
USING OXYGEN CONSUMED 

The second method assumes a constant heat release of 
13.1 kJ/g of oxygen consumed. This value is an average 
based on the combustion of various polymeric and natural 
carbonaceous materials in sufficient oxygen, at least about 
12% to 16% in air, and is described in references 12 and 
13. The total heat release rate in kilowatts can be calcu
lated from 

OTOTAL = 13.1 kJ/g x Mo , (B-3) 
2 

where Mo is the oxygen consumption rate (grams pel' 
second) frtm fire. The oxygen consumption rate is given 
by 

• -3 Mo
2 

= 1.43x10 Ve Ao /:). O2 , (B-4) 

where /:).02 is the oxygen used in parts pel' million. Equa
tion B-3 becomes, upon substitution of equation B-4 and 
the fixed parameters, 

OTOTAL = 0.141 Ve /:). O2, kW. (B-5) 

CALCULATION OF HEAT RELEASED 
USING EXIT GAS TEMPERATURES 

The third method assumes that the heat produced by 
combustion is used to raise the tunnel exit air temperature 

Xc,g/g keo2, g/g keo,g/g 

0.601 2.21 1.40 
0.743 2.73 1.73 
0.712 2.61 1.66 
0.638 2.34 1.49 
0.623 2.29 1.45 
0.429 1.57 1.00 
0.452 1.66 1.05 

(TEXIT) above ambient temperature (To) and that energy 
losses to the surrounding walls or steel belt support struc
ture can be neglected. This heat release rate will typically 
be lower than that calculated by the other two methods 
and can be calculated from 

where Co = heat capacity of air, 1.088XlO-3 

kJ/(go°C), 

Po = density of air, 1,200 g/m3, 

Substitution of these values into equation B-6gives 

OE)m = 9.83 Ve /:). T. (B-7) 

Only heat release rates calculated by method 1 were 
used in this report because of this method's high sensitivity 
during the early heating stages when the other two meth
od's results are at background levels. The heat release 
rates by all three methods agreed with each other. How
ever, method 3 gave the lowest values, as expected, be
cause of uncorrected heat losses to the surroundings. 
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APPENDIX C.-LIMITS ON HEAT RELEASE RATES 

The measured growth rates for heat release lead to 
large heat release rates when extrapolated to long time pe
riods. There are, however, at least two limitations on the 
growth rates for belt and wood roof fires that must be 
considered in a ventilated tunnel: the limits imposed by 
the amounts of fuel and of oxygen that are available for 
combustion. 

FUEL CONSUMPTION LIMITATION 

The limiting upper bound on the heat release rate due 
to fuel limitation may be calculated from the total mass 
flux of fuel (grams per square meter per second) multi
plied by the total burning area (SrorAD in square meters). 
The burning fuel is consumed at a rate dependent on the 
sample configuration (thickness, size, orientation, energy 
losses to surroundings, etc.), local oxygen availability, the 
radiant energy impinging on its surface, the local gas ve
locity and temperature, and especially the nature of the 
fuel. The fuel consumption limitation can be estimated 
from the total burning area for this simplified concurrent, 
flow-assisted flame spread as follows. 

If the flame is spreading at a steady average rate Vr , 

the fmal position L to which the flame front has moved 
can be calculated during the time t that it takes to burn 
through the belt. An initial position 1..0 at some reference 
time to is chosen such that after time t the nre has just 
burned out. The total burning surface area (Sror~ can 
then be calculated from the following equation: 

STOTAL == f3 W (L - 10) '" f3 W Vf (t - to), (C-l) 

where W is the width of the belting or wood roof (1.07 m) 
and the factor 6 is used to describe the number of burning 
surfaces (neglecting burning on the back surfaces); 6 
equals 2 for both the belt and the wood roof, and 6 
equals 1 for the belt alone. 

The maximum burning surface can be estimated, and 
thus also its maximum heat release rate or fuel-limiting 
value, as follows. The belt and wood roof contain a flXed 
mass of fuel per unit of surface area (MS~R and MW~D' 
respectively, where the symbol, ", refers to a surface
related parameter). This mass of fuel per unit area is 
linearly related to the fuel.thickness. If a constant average 
value for the mass flux (M~EL) is assumed over a time 
interval, from t to to, and '1FUEL is the fraction of the total 
fuel mass consumed during the time period, then the total 
mass flux of fuel per unit surface area will be given by 

• /I • /I 
• /I (MSBR + M wOOD) '1FUEL 

MFUEL = (C-2) 
t - to 

The fuel-limited heat release rate (Q~~) is the prod
uct of mass flux, fuel surface area, and actual heat of com
bustion as 

LIMIT • /I 
QFUEL = M FUEL X STOTAL X (HdACIUAL' (C-3) 

(He)AcruAL can be calculated from the combustion ef
ficiency ("Ie) and the net heat of combustion (He) by the 
relation 

Substitution of the total surface area (equation Col), the 
mass flux (equation C-2), and the actual heat of combus
tion (equation C-4) into equation C-3 gives 

LIMIT /I /I 
GFUEL r::::2 W '1 FUEL (MSBR + MWOOD)'1e H e V f • (C-S) 

Assuming reasonable parameter values of '1 FUEL = 0.6, 
M:OR = 14.0 kg/m2, M:OOD == 21.1 kg/m2, and W 
= 1.07 m, the heat release rate in megawatts at the fuel 
consumption limit (equation C-S) becomes 

(C-6) 

where the velocity units for the average flame front are 
centimeters per second, and both belt and wood surfaces 
are included. For belting only, the expression is 

LIMIT 
GFUEL = 0.090 '1 e He V f' (C-7) 

Equations C-6 and C-7 represent the fuel consumption 
limitations on the. heat release rate (megawatts) for both 
belt and roof, and for belt only, respectively, as functions 
of the combustion efflciency and flame front velocities 
(centimeters per second). 

OXYGEN AVAILABILITY LIMITATION 

A stoichiometric ratio of fuel to air is that ratio cal
culated on the basis of conversion of fuel and oxygen to 

I 
i 

: ! 

I 
II 
I'i 
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the products CO2 and water (HP). If there is an excess 
of air available for combustion, then the combustion proc
ess is said to be fuel-lean. If there is an excess of fuel 
available for combustion, then the combustion process is 
said to be fuel-rich. The stoichiometric fuel-to-air mass 
ratio is 0.11 for SBR belting and 0.22 for wood. Assuming 
an average value of 0.12, the stoichiometric heat release 
rate will occur when 

MFUEL 
= 0.12. (C-8) 

MAIR 

The MFUBL is the average mass flux times the surface 
area, and MAIR is the average mass flux of air, which is 
equal to Po Vo Ao. The heat release rate can be expressed 
by 

LIMIT 
QAIR = 0.12 Po Vo Ao '1e He· (C-9) 

Substituting for Po and Ao, the heat release rate in 
megawatts at the stoichiometric limit (equation C-9) 
becomes 

LIMIT 
QAIR = 1.084 Vo '1 e He' (C-10) 

Heat release rates at both the fuel limit and stoichio
metric limit depend upon the combustion efficiency '1e, 
which was determined experimentally as follows: First, the 

heat release rates (Qo~ were determined using appendix 
equation B-2 at the time the flame front reaches the end 
of the belting. At this time the total surface area is as
sumed to be burning, and SrorAL equals 13.0 m2 for the 
belt and roof, or 6.5 m2 for the belt only. The mass fluxes 
were determined by dividing the mass of belting per unit 
surface area by the time of burning obtained from thermo
couple data. The combustion efficiency is then given by 

(C-ll) 

The data and resultant values of '1e are shown in ta
ble C-l. It was also found that a best fit of the aver
age values of '1 e at each velocity yielded the following 
expression: 

'1e = 1 - e-O
•24Vo (C-12) 

If equation C-6 is set equal to equation C-I0, then a 
limit flame front velocity can be determined, which repre
sents the flame front velocity necessary for the fires to 
burn at the stoichiometric-limited heat release rates. This 
value is given by 

V f = 2.4 Vo' (C-13) 

Table C-1.-Combustlon efficiency from mass flux estimates 

Test VOl OOE' (M~BL~MEAS' lie 
m/s MW g/m s 

LOW AIRFLOW 

3 • I ••••••••••• o.n 0.45 NA NA 
4 ............. 0.75 0.57 13.1 0.123 
12 ............ 0.74 1.23 19.9 0.174 
14 ••••••••• I •• 0.62 0.82 13.7 0.166 
16 ............ 0.75 1.45 20.6 0.199 

Av ....... , I. 0.73±0.06 0.90±0.42 16.8±4.0 0.165 

MEDIUM AIRFLOW 

7 ............. 1.5 1.90 16 0.334 
15 ............ 1.7 2.25 22.2 0.286 

Av ........ I. 1.6±0.1 2.08±0.25 19.1±4.4 0.310 

HIGH AIRFLOW 

2 • I ••••••••••• 4.5 3.60 127.6 0.699 
5 ............. 3.8 4.37 NA NA 
6 ............. 4.0 4.51 130.7 0.788 
10 ............ 3.9 7.n 45.6 ' 0.480 
13 ............ 4.0 7.90 39.5 0.565 

Av .......... 4.0±0.3 5.63±2.04 35.9±8.2 0.633 

Av Arithmetic average and standard deviation. 
NA Not available. 
1Uttle roof contribution at time when belt flame reached end of sample. 
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Flames that spread at a rate less than this estimated 
value can be expected to burn on the fuel-lean side, and 
flames that spread faster will eventually become fuel-rich. 
Table C-2 summarizes all the experimental belt and roof 
flame spreads along with their average values. Table C-3 
shows the results of the calculations for fuel- and 
stoichiometric-limited heat release rates from equations 
C-7 and C-lO, and the experimentally measured maximum 
heat release values. 

From equation C-13, the limit flame front velocities at 
0.76-, 1.6-, and 4.1-m/s air velocities are 1.8, 3.8, and 
9.8 cm/s, respectively. From table C-2, only two tests (14 
and 16) at an air velocity of 0.76 m/s resulted in flame 
front velocities in excess of the limit value. From table 
C-3, one of these tests (16) had a maximum heat release 
rate in excess of the stoichiometric limit value, indicating 
a fuel-rich condition. 

Table C-2.-8elt and roof flame spread rates and average flame spread rates 

Test HBR,m 
Rame spread, cm/s 

Belt Roof Vi 
f 

LOW AIRFLOW 

3 ............................ .. 1.4 0.61 0.51 0.56 
4 ............................ .. 1.4 0.61 0.86 0.74 
12 ............................ . 1.4 0.76 1.5 1.13 
14 ................•............ 0.8 13.2 15.2 14.2 
16 ............................ . 0.8 11.7 5.6 8.65 

MEDIUM AIRFLOW 

1 .............. ' ............... . 1.4 0.91 3.6 2.26 
7 ............................ .. 1.4 1.1 2- 0.41 1.07 
15 ............................ . 0.8 2.0 4.1 3.05 

HIGH AIRFLOW 

2 ............................. . 1.4 0.76 1.0 0.88 
5 ............................. . 1.4 0.71 3NP 0.71 
6 ............................. . 1.4 0.66 3NP 0.66 
10 ............................ . 1.4 0.86 1.0 0.93 
13 ............................ . 0.8 2.0 6.1 4.05 

lAverage of top belt and wood roof flame spreads. 
2Rashlng flame was extinguished and was followed by a final flame, which started at about 3 m and moved upstream. 
3Nonpropagating flames flashed over the surface and slightly charred the roof. 

3 
4 
12 
14 
16 

1 
7 
15 

2 
5 
6 
10 
13 

Table C-3.-local airflow over belting, calculated limited fuel and stoichiometric heat releases, 
and measured maximum heat release rates 

Test VO' m/s Q~~,MW QUMIT MW 
AIR ' Q~,MW 

LOW AiRFLOW 

........ ,., ....... 0.76 1.15 3.76 0.63 

.. , ...... , ........ 0.76 1.12 2.77 2.40 
........... , ..... 0.76 2.39 3.91 3.40 
................. 0.76 29.0 3.73 2.50 
................. 0.76 21.0 4.45 9.70 

MEDiUM AIRFLOW 

.................. 1.63 8.92 15.6 2.20 

.................. 1.52 4.39 15.0 3.30 
" ............... 1.68 10.7 14.2 6.20 

HIGH AiRFLOW 

•••••••••••• I ••••• 4.52 6.53 93.5 3.70 
•••• , •• , •••• I ••••• 3.76 5.18 66.1 4.95 
............ , ..... 4.06 6.39 94.7 5.65 .... ' ............ 3.91 5.54 55.5 8.70 
•••••••••• I " •••• 4.01 28.3 67.1 14.5 
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If the average flame spread rates are used, then it is 
possible to estimate the fuel-limited heat release rates and 
the air-limited heat release rates for both large and small 
belt-to-roof separations. These rates are shown in fig
ure C-1 and compared with the 1-min average peak values. 
Analysis of figure C-1 indicates two main effects: 

1. For rapid flame spread rates (tests 14 and 16, 
table C-3), at the lowest airflow (Vo = 0.76 m/s) and the 
low belt-to-roof separation (HBR = 0.8 m), the fuel-limited 
heat release rate exceeds the air-limited heat release rate. 
This means that the air limit represents the major con
straint on the value of the heat release rate. It also means 
that the fife spread has the potential to traverse into the 
region of fuel-rich combustion before adjusting to the lim
ited air supply. The danger of this is that the rate of CO 
production increases markedly in the fuel-rich combustion 
region (i.e., the area between the fuel and air limit curves 
in figure C-1). Test 16 did produce a peak heat release 
rate (HRR) in excess of the air limit value with a corre
sponding increase in CO production (test 16; maximum 
HRR = 9.7 MWj Boo = 13.3). For rapid flame spread 
rates, it is also clear that the tests were limited by the 
quantity of fuel available. 

2. For slower flame spread rates and the high belt-to
roof separation (HBR = 1.4 m), limiting heat release rates 
are due to the fuel available and pose the limiting con
straint. In these cases, the flame spread rate is sufficiently 
slow so that burnout of the trailing edge of the flame oc
curs, thus limiting the surface area available for combus
tion. For these tests, there was adequate fuel available to 
begin to approach the fuel limited value, as shown by the 
average maximum experimental values in figure C-1 for 
two belt-to-roof separation distances and at three air 
velocities. 

For fifes in which there is typically more than sufficient 
tunnel air to burn the fuel at the lean side of the stoichio
metric ratio, local air-fuel concentrations in the fife may 
still be occurring at the stoichiometric ratio. The flames 
tend to entrain the air at the rate necessary to sustain the 
combustion at or near the stoichiometric air-fuel ratio. 
For fires with heat release rates greater than the stoichio
metric limit, fuel-rich combustion definitely occurs, owing 
to the fact that external factors (e.g., ventilation) limit the 
quantity of air available for entrainment. 

The measured maximum heat release rates using ap
pendix B equation B-2 are given in column 5 of table C-3. 
The calculated heat release rate limits at both the fuel 
limit and the oxygen consumption limit are shown in col
umns 3 and 4, respectively. An average net heat of com
bustion of 27.3 kJ I g and the measured air velocity param
eters were used in the calculations as described above. 

Figure C-l 
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separations are given at three air ve1odiies. 

In table C-3, the fuel limit (column 3) provides the 
governing restraint on the maximum heat release rate for 
all the tests, except tests 14 and 16, which are air limited 
(column 4). The lowest value for the upper bounds gives 
the maximum attainable value theoretically possible for 
these tests. Only the peak measured values (column 5) in 
tests 5, 6, and 10 approached their maximum values of 
heat release rate and were, of course, fuel limited. For 
one high-air-velocity test (test 13), the measured maximum 
heat release rate is only 51% of the limit value based on 
fuel consumption. For all the tests at the lowest air 
velocity and the three tests at the intermediate velocity 
(tests 1, 7, and 15), the maximum measured heat release 
rates averaged only 27% af the fuel-limited values. This 
implies that the maximum heat release rate was limited by 
the fuel available and perhaps three to four times as much 
fuel would be needed to achieve the true limit conditions 
for this tunnel configuration. 

For tests 16 and 14 at a belt-to-roof separation of 
0.8 m, the fuel limits are 5 and 10 times higher than the 
air limits, respectively. These two tests could become fuel 
rich because of the rapid flame spread rates. The 
resulting fifes would burn on the rich side of the stoichio
metric ratio before experiencing the effects of reduced 
oxygen. For combustion on the rich side, the production 
of CO can increase by as much as a factor of 10, thus 
increasing the CO level to values that may be lethal in 
several breaths. 

Figure C-2 shows the regions where it is probable that 
fifes will become fuel rich, based on rates of belt and 
wood roof flame spread and the ventilating air velocity. 
The upper region (1) represents those flame spread rates 
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that have a high probability of producing fuel-rich flres, 
while the lower region (2) represents spread rates that 
have a low probability of producing fuel-rich flres at the 
given air velocities. Using equation C-lO for the air limit, 
the curve separating the two regions as a function of the 
velocity is written in terms of the flre hazard parameter 
(FHP) as 

o LIMIT 

FHP.f:IT iii AIR = 3.93 x 103 (1 - e -o.24V
o ). (C-14) 

VoAo 

Using the average CO production constants from ta
ble 6 in the main text, it is found that Boo varies with air 
velocity according to the expression 

B - 9 1 -0.35 Vo 
CO - • e (C-15) 

The levels of CO that would result at the 
stoichiometric-limited heat release rate can be estimated 
from the product of equations C-14 and C-1S. The result 
is given by 

CO
ppm 

= 3.6 X 104 • e -0.35 Vo (1- e -O.24Vo), (C-16) 

and plotted in flgure C-3 along with theincapacitation 30-
min dose at 1,500 ppm and the lethal 10-min level of 
10,000 ppm. Near lethal concentrations of CO, 5,000 to 
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7,000 ppm, are approached at air velocities from 1 to 
3 mis, respectively, even for flres that are not burning on 
the fuel-rich side of the stoichiometric fuel-ta-air ratio. 

Fuel-rich fires represent a much greater flre hazard 
because of the increase in CO production that occurs. 
The analysis presented above for this belt and roof con
flguration (flgure 1 in the main text) demonstrates the 
possibility of fuel-rich flres in conveyor belt entries. The 
magnitude of the flre hazard can be quantified using the 
FHP, which is defmed as the heat release rate divided by 
the product of the air velocity times the cross-sectional 
gallery area. In assessing the magnitude of the hazard, 
time is a critical component, and the stoichiometric limit 
on the heat release rate is a convenient reference point 
since for larger flres, fuel-rich combustion begins to occur. 
One way to assess the times to reach this stoichiometric 
limit is through the use of the flre growth rate measured 
during flame spread. A second way to assess these times 
is through the use of the measured flame front velocities. 
This latter approach also provides insight into the surface 
area that must be involved in order to produce this limit 
heat release rate. 

Table C-4 presents the data for flre growth rates meas
ured during the stage of flame spread (QFS) in terms of 
the heat release rates measured at the onset of flame 
spread (OBFS)' the heat release rate measured when flames 
reach the end of the belting and roof (OoS>, and the time 
that elapses during this stage of fife growth (l\tFS)' The 

i: I, 
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fire growth rates are given in column 6. Note that at the 
lower belt-to-roof distance of 0.8 m, the fire growth rates 
increase dramatically in a manner similar to the flame 
front velocities. 

From table 4 in the main text, the ratio of heat release 
rate to ventilation air velocity at the onset of belt flame 
spread has an average. value of 394, or in terms of the 
FlIP value, 52.0 kJ/m3. The FlIP value at the stoichio
metric limit of heat release rate is given by equation C-14. 

The average times to reach this stoichiometric li.rp.it are 
given by 

AIR Vo Ao AIR 
t LIMIT = --. - (FHP LIMIT - FHP BFS)' (C-17) 

Cl:FS 

The average flame front velocities may also be used to 
determine these average times from the expression 

AIR Vo Ao (AIR ) 
t LIMIT = '. FlIP LIMIT - FHP BFS • • /1 

60 '1C MFUELHdVf)AV 

(C-18) 

Table C-4.-£lapsed times between start of belt flame spread and time belt flame reaches sample end, heat release rates 
at the respective times, and fire growth rate during elapsed time period 

Test HBR, m ll.tFS, OOE' OBFS' OtFS' 
1 

min kW kW kW/mln 

LOW AIRFLOW 

3 ••• I •••••••••••••• 1.4 14 450 170 20.0 
4 • I •••••• I ••••••• I. 1.4 13 570 270 23.1 
12 ................. 1.4 11 1,230 490 67.3 

Av ............... 1.4 13 750 ± 420 310±160 37±27 
14 . . . ~ . . . . . . . . . . . . . 0.8 0.5 820 490 660 
16 ................. 0.8 1 1,450 380 1,070 

Av; .............. 0.8 1 1,140+450 440±78 870 ± 290 

MEDIUM AIRFLOW 

7 .................. 1.4 7 1,900 450 207 
15 "" I ••••••••• •••• 

0.8 3 2,250 720 510 

HIGH AIRFLOW 

2 .................. 1.4 10 3,600 1,470 213 
5 .................. 1.4 8 4,370 1,670 338 
6 .................. 1.4 8 4,510 2,120 299 
10 I ••••••••••••• • •• 1.4 9 7,nO 710 784 

Av ............... 1.4 9±1 5,060 ± 1,850 1 ,490 ± 590 409 ± 260 
13 ................. 0.8 4 7,900 960 1,735 

Av Arithmetlo average and standard deviation. 
lBelt fire growth rate from time of belt Ignition until start of belt flame spread. Caloulated by OtFS = (OOE - OBFS)/ll.tFS• 

Table C-5 compares the average times to reach the 
stoichiometric limit for heat release rate using the two 
above equations for both roof-to-belt separations. From 
table C-5, the two methods of computing the time to reach 
the stoichiometric limit on heat release rate compare fa
vorably. Column 5 of table C-5 represents the length of 
belting needed to achieve this limit on the heat release 
rate. Inspection of equations C-17 and C-18 indicate that 
the fire growth rate can be expressed by 

Table C-5.-T1mes to achieve air-limited stoichiometric heat 
release rate from average fire growth ratea and flame spread 
rates and minimum length of belt sample required at various 

airflows and belt-w..roof separations 

Yo' HBR, 
tLIMrr,l min 

LM1N, 
mls m Equation Equation m 

0-17 0-18 

0.76 ...... 1.4 94 91 45 
0.8 4 6.5 45 

1.6 ....... 1.4 70 63 87 

(C-19) 0.8 28 48 87 
4.1 ....... 1.4 182 217 121 

0.8 43 50 121 

2 

A slower belt flame spread rate and/or smaller mass 
flux rate and/or lower heat of combustion can thus be 
shown to directly affect the fue growth rate Cl:FS' Slower 
fire growth rates can readily be achieved by belts that do 
not propagate flame spread (e.g., Vt = 0). 

lAverage time to reaoh air limited stolohiometrio heat release 
rate oaloulated by equation 0-17 or 0-18. 

2Average minimum length of belt to aohleve air-limited stol
ohiometrlo heat release rate for 1-m-wide belt sample. 
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APPENDIX D.-RELATIONSHIPS BETWEEN PRODUCTION 
CONSTANTS FOR CO AND SMOKE AND THEIR YIELDS 

The production constant for CO (Bco) is deflned from 
the equation 

COppm = Beo • (O/YoAo), (0-1) 

where CO = measured concentration of CO, ppm, 

and 

o = measured values of heat release rate, 
kW, 

Yo = air velocity, mis, 

Ao = cross-sectional area of tunnel, m2• 

The concentration. of CO is also related to the yield 
of CO (Yeo), fuel (MFUELI grams per second) by the 
expression 

(0-2) 

where 800 is a constant with units of parts per million per 
cubic meter per gram used to convert the CO mass con
centration to parts per million. 

The mass loss rate of the fuel is related to the heat 
release rate (0) by the expression 

where 

and 

(0-3) 

He = total heat of combustion of the fue~ 
kJ/g, 

'1 e = combustion effIciency. 

Combining equations 0-1 through 0-3 results in the 
following expression for the yield of CO as a function of 
the CO production constant: 

Yeo = 1.25xlO-
3 

• Beo • '1e • He. (0-4) 

The smoke optical density (BDJ inverse meters) is related 
to the concentration of CO (parts per million), see equa
tion 9 in the main text, by the expression 

BD = 0.011 • Beo. (0-5) 

The smoke optical density is deflned by the expression 

BD = 0.65 • e • Cs, (0-6) 

where the parameter e is called the speciflc extinction 
coeffIcient with units of square meters per gram, and Cs is 
the smoke concentration (grams per cubic meter). 

As for CO, the smoke concentration Cs is related to the 
smoke yield Ys (grams per gram) by the expression 

Combining equations 0-2 through 0-7 yields the 
following expression for the smoke yield: 

Ys = Yeo· 13.5/e. (0-8) 

The literature data for e suggest values of 7.9 (14)1 or 5.1 
(15). Assuming an average value of 6.5 for e, then 

Ys = 2.1 • Yeo· (0-9) 

Equations 0-4 and 0-9 can then be used to estimate 
the yields of CO and smoke, respectively, from the meas
ured values of Beo (table 6 in the main text) and the 
measured values of '1e from table C-l. The result is 
shown in table 0-1. These data are in good agreement 
with the yields reported (15) for a range of synthetic 
polymers. The factor 2.1 in equation 0-9 is in excellent 
agreement with the value of 2.3 reported (7). 

1ltalic numbers in parentheses refer to items in the list of references 
preceding the appendixes. 
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Table D-1.-Estlmates of CO and smoke yields 

Test Beo 'Ie Yeo,g/g 

LOW AIRFLOW 

3 ............. 6.1 0.1651 0.035 
4 ............. 6.4 0.123 0.028 
12 ............ 4.3 0.174 0.026 
14 ............ 7.6 0.166 0.044 
16 ............ 13.3 0.199 0.093 

Av ......... 7.5±3.4 0.165±0.027 0.045 ± 0.028 

MEDIUM AIRFLOW 

7 ...... " ..... 4.1 0.334 0.048 
15 ............ 7.3 0.286 0.073 

Av ......... 5.7±2.3 0.310±0.034 0.061 ±0.O18 

HIGH AIRFLOW 

2 ............. 2.9 0.699 0.071 
5 ............. 3.7 0.633 0.082 
6 ............. 4.1 0.788 0.113 
10 .... , i.' .•.. 3.1 0.480 0.052 
13 ............ 2.7 0.565 0.053 

Av ......... 3.3±0.6 0.633±0.119 0.074±0.025 

Av Arlthmetlo average and standard deviation. 
1Average value of 'Ie from table C-1. 

Ys, g/g 

0.074 
0.058 
0.055 
0.093 
0.195 
0.095 ± 0.058 

0.101 
0.154 
0.128±0.037 

0.149 
0.172 
0.238 
0.109 
0.112 
0.156±0.053 
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The times from the start of heating the coalbed until 
the occurrence of significant events are summarized in 
table E-i for all pertinent tests at 0.76-, 1.6-, and 4.i-m/s 
airflows. The event times are averaged for several tests 
over the total airflow range where it is appropriate and at 
the given airflows. Their standard deviations are also 
given unless there was only one test. The (tJD' (tJco, 
and (tJT average alarm times for smoke, CO, and tem
perature, respectively, are measured and based on the 
criteria of reference 3 for detectors spaced at intervals of 

305 m for the gas sensors and at about a 6-m interval for 
the thermal sensor. 

The maximum temperatures, CO levels and heat release 
rates are averaged over a time interval of 1 min in ta
ble E-2. The belt and wood roof flame spreads and heat 
release values are averaged during the flame travel over 
the last few meters of sample. The CXCQAL and CXSBR values 
are independent of HBR levels during this initial fire 
growth stage. 

Table E-1.-Summary of events at three airflow. 

Event time, min Vo = 0.76 m/s Vo = 1.6 m/s Vo = 4.1 m/s Av valuesl 

1s .................. . 
(tA)D ............... . 
(tAlco··············· . 
to ................ .. 
tBl ••...•........•..• 
tBFS ................ . 

(tAlT ................ . 
toB···· ............. . 

62±5 
108± 16 
125± 13 
137±10 
155±13 
221 ±20 

>201 
242± 11 

IAv values independent of airflow Vo for all 16 tests. 

70±5 
121 ± 16 
134±20 
14O± 16 
157± 16 
173± 16 
189±22 
179±18 

73±6 
127±26 
133±26 
127± 15 
161 ±27 
170±27 

>182 
193±35 

68±7 
119±20 
131 ±20 
135± 14 
158± 19 
200±33 

>201 
205±33 

Table E-2.-Maxlmum and average value. of .. Iected parameter. at three airflow. 
and two belt-to-roof .. paratlon. 

Parameter Vg = 0.76 m/s Vg = 1.6 m/s VQ = 4.1 m/s 

T MAX for roof at 0.0 m,1 • c: 
HBR = 1.4 m ............... 750±4O 610 20±6 
HBR = 0.8 m ............ , .. 8OO±100 640 24 

T MAX for roof at 27.4 m,2 ·c: 
HBR = 1.4 m ............... 490± 150 480 2sa±50 
HBR = 0.8 m ., ............. 650± 130 520 590 

COMAX' ppm: 
HBR = 1.4 m , .............. 1,400±900 1,500 750 ± 200 
HBR = 0.8 m ............... 3,500 ± 900 2,600 1,300 

Belt flame spread, em/s: 
HBR = 1.4 m ............... 0.66±0.09 1.0±0.1 0.86 
HBR = 0.8 m ............... 12.5± 1.1 2.0 2.0 

Roof flame spread, om/s: 
HBR = 1.4 m , .............. 1.0±0.5 3.6 1.0 
HBR = 0.8 m ............... 10.4±6.7 4.1 6.1 

QMAX' MW: 
HBR = 1.4 m ............... 2.1 ± 1.4 2.8±0.5 5.8±2.1 
HBR = 0.8 m ...... , ........ 6.1 6.2 15 

ctcoAL, kW/mln ............... 2.0 2.9 3.8 

CXsBR' kW/mln ................. 7.1±4.9 20±7 66±3O 

O!FS' kW/min: 
HBR = 1.4 m ............. . . 37 2.07 410 
HBR = 0.8 m ............... 870 510 1,740 

lRoof temperature measured at fire gallery entrance (reference 0.0 m) about 2.7 m upwind of coal pile. 
2Roof temperature at fire gallery exit (position 27.4 m). 
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