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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 a function of both air velocity and distance from belt surface to gallery 

Smoke obsc~ation 

‘Research chemist. 
2Research physicist. 
3Physical science t ~ h n i ~ a n .  
‘ S u ~ ~ ~  ~~h chem~t .  
P i t ~ b u r ~  Research Center, U.S. 
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has occurred, the developing fire begins to increase in 
intensity and, in many cases, will eventually ignite the 
conveyor belt. When the conveyor belt becomes involved 
in the fire, 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 wilt eventually ignite the coal roof and rib. 

nts the earliest impe 
e severe r e d u ~ o n  

iner safety because of 

CO, carbon dioxide (COa, 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 fire to spread to a 
wooden roof and the contributions of the fire involvement 
of the roof to the overall hazard were examined primarily 

the belt-to-roof 

refer to ite e l i t  of r e f e ~ n c ~  
P 



equal spaces on 76 - cm centers 

Section A- 

(Detail) 



coal and belt fire 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 thenno- 

were 31 cm from the tail pulley and about l5 cm 

e 

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 fxe. The 14 
timbers and 25 roof planks were nominal l5.4-cm-square 
by 23-m-long hardwood timbers and nominal 25-cm-thick 



and chemical cells for ~ntinuous on-line andysk of CO, 
CQ, and oxygen (03. 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 

gas 
1 mi 

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, 



(COJ level and column 5 the elapsed time available (St& 
in minutes after detection by the CO sensor and before 
the coal flaming will potentially ignite the conveyor belting. 
A negative time value for Atx indicates that the coal fire 

10-min and 4-min early-warning time to potential belt igni- 
tion, respectively. The overall success rate of the GO sen- 
sor criterion was about 88% (2 failures in 16 trials). 

Tablo l.-Coal lgnkion times (ta), CO alarm levels (Cod, and elapsed tlme8 (Atd for CO, smoke (D), 
and thermal sensors at various airflows (VJ 
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used sensors for fire 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 fire 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 

5 min to the best value of 44.5 min. 

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 GO 
sensors (column 5 of table 2), the time differences ranged 
from a low value of -2.9 rnin to a high value of 55.2 min 
(test 5)' with the total average of 28r: 18 min. All the time 
differences for smoke detectors were positive, ranging 



smoldering times. 

spread d o ~ ~ e ~  along the exposed belt surfaces. 

Table 2- ignttion times (far), CO alarm kveh  (Cod, and alarm times Itw - (tdd for CO, smoke (D), 
and thermal (l) sensors at various airflow8 (v3 

Test ve* tBIi CO,,' t BI - (t~:rnin 
PPm ico D T m/s min 
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fire growth. The belt fire heat release rates at the time of 
belt ignition (a,) and at the onset of belt flame spread 
(a,) at the local velocity (Vo) are given in columns 5 and 
6 of table 3, respectively, The fire growth-rate parameter 
for SBR conveyor belt frres (aSBR) during the time from 
belt ignition to start of belt flame spread is calculated from 

15 

er et o 

eac 

The e ~ e ~ e n t a l  heat release rates at 
ignition and belt flame spread (table 3), n 
airflow (Q/Vo), are given in columns 2 and 3 of table 4, 
respectively. The calculated belt fire growth values (aSB& 
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 3942 180 kJ/m 

e 
e 
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LOW AIRFLOW 

3 . . . . . . . . . . . . . . . . .  0.77 160 235 170 2. 
. . . . . . . . . . . . . . . . .  .75 159 207 270 4.7 

2 . . . . . . . . . . . . . . . .  .80 140 182 23 490 11 
14 ................ 0.76 141 254 22 710 6.1 
16 . . . . . . . . . . . . . . . .  0.75 145 205 41 380 5.6 
81A2. . . . . . . . . . . . . . .  0.76 28 24 20 250 15 

Av . . . . . . . . . . . . . .  0.77 It 0.02 1492 10 217228 28211 3782 198 7.4 2 4.7 

MEDIUM AIRFLOW 
7 . . . . . . . . . . . . . . . . .  1.5 163 184 40 450 20 
15 ................ 1.7 170 233 54 720 11 
782 . . . . . . . . . . . . . . . .  

2 ................ 

. . . . . . . . . . . . . . . . .  

................. 

................ 
. . . . . . . . . . . . . . .  
. . . . . . . . . . . . . .  

3Data ~iculated using equations 7 and 8 of refer en^ 3 at time equal to 24.6 min. 
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‘Calculated from equatiQn 6, AtpRED = 37.1 V0-”, 

e a v ~ a b l e  to control 
can be estimated by a 

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). 

ction and belt flame spread is 
could be used to control and 

d belt fire before the spread of the 
flames. Once flame spread begins, the ability to control 
and extinguish the fue si&icantly diminishes. On the 

respective t-,, times to 90 min and 

e~ressions: 

The B, (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 V, is approximately equal to V,. 
The V, value 
taneous local 
was monitored during the test. The B, (average) values 
in column 4 were determined during belt flame spread 

ames reac 



eter 

(9 

density are related by 
0.8 
D 

VIS(m) = -. 

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

Test ve: 
rn Js . .  

. . . 1.4 0.7220. 

16 . ... . 0.8 0.64 13.326.6 2,810 
Av . . . 0.8 0.6320.01 10.524.0 3,4502900 

MEDIUM AIRFLOW 
7 . . . . . 1.4 1.4 4.121.0 1,520 
15 . . . . . 0.8 1.2 7.322.0 2,590 

2 . . . . . . 1.4 2.8 2.920.4 630 
5 . , . . . . 1.4 3.1 3.720.2 650 
6 . . . . . . 1.4 3.7 4.1 20.5 640 

3.120.4 1,090 10 . . . . . 1.4 3.4 

13 2.7 

HIGH AIRROW 

3.3 2 .O 0.6 



roof plank from the front, charred the next six planks9 and 
destroyed the last nine roof planks. In test 2, roof flames 
lightly charred the last l3 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, 
alI five tests, 1, 3, 4, 7, and 12, resulted in total roof 
destruction. In test 7, at an airflow of 1.4 m/s, the wood 

of the fire hazard averaged values were lower (e.g., 
maximum CO = 640 ppm (table 6), Q,, = 4,800 kW (ta- 
ble C-3), belt flame spread = 0.75 cm/s (table C-2); and 
am = 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- 
f the distance. 

Av flame spread 1 1 co-, v,, ~~S BR' 

. . *  . . . . .  

. . . . . . . . . 
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( - 1 x 0 .  V,-OM> 
A 

where To = initial or ambient temperature, about 
183 "C, 

which expresses the temperature rise in this entry at some 
distance downstream of the fke for a given velocity and po = air density at T, 1.2 kg/m3, 

heat release rate (kilowatts). 
C o ~ e q u e n ~ y ,  erat eter 

tte 
12 

fer 

of 
V,"" 

? (a) 

t 

eter of e- 



. . . . . . . . . . . .  

1.6 . . . . . . . . . . . . .  

4.1 . . . . . . . . . . . . .  
0.8 1,700 3.93 2 19.6 13 

'Q is the calculated heat release rate at fire source to achieve 40 ' C  at specified distance 1. 
'At = & - tBm, where & is time at which temperature is 40 'C at specified distance 1 and tBFs 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 fue growth rate (see as for H,, 

r e l e ~ e  rates at 

460 m. For distances of 90 to 200 m downstream, the cal- 
culated air temperature is above 100 "C at the lower heat 

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 t e m ~ r a t ~ e  of 

Low roof (0 8 mf 
High roof ( 1  3 m) 0 
High roof ( 1  4 m) 600 

500 

400 

300 

0 
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I.&, narcotic behavior 

experiments were presented in a previous section (column 3 
of table 8). While the absolute level of CO is important 
(l%, or 10,OOO 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- 

(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- 

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

The time during which the CO concentration rises from 
ose occurs is d e f ~ e  

larger fuel loadings. These theoretical CO levels and & 
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. 
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. . . . . . . . . . .  

. . . . . . . . . . .  
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 . W  5.5 
5 . . . . . . . . . . . .  3.1 650 207 256 57 6,400 5.7 
6 . . . . . . . . . . . .  3.7 640 1 73 232 60 5.800 6.3 
10 . . . . . . . . . . .  3.4 1,090 235 269 43 6,100 6.0 
13 . . . . . . . . . . .  2.7 1,320 177 21 1 43 6,700 5.5 

of adsorbed toxic would cau 

?heoretical co ~n~ntrations 
?heoretical critical times for in 

CO con~n~%tion (column 7). 

1 .-Ti 

1.3 . . . . . . . . . . . . . . . .  
3.1 . . . . . . . . . . . . . . . .  

105 

.. 104 

CI - 40 *C at 600m 
40 *C at 300m 

Experimental maximum v5Iues 

E 
\ 
-T 
Y - 



a 

mcreases as 

at 5 m/s airflow. The upper edge of the smoke area, rep- 
resenting a critical visibfity of 1 m, also increases with 
airflow. The smoke area coincides with the initial belt fire 
stage and be& approximately after the "coal fire only" 

The life-threatening hazards of smoke obscuration and 
toxicity decreased as because 

compen- 
sated for the increased fire growth rate under these test 
conditions. However, frre growth rates, both during the 
early stages of belt burning and during the stage of flame 
spread, increased with air velocity. 

tion, provided by the v 

CONCLUSIONS 

Fires that develop within conveyor belt entries can 
der~ound p ~ r s o ~ e l  

gh CO and temperature levels were 
during the stages of flame spread along the surface of the 

belt and the wood roof. 
these hazards were f o ~ d  to scale with 

At low air velocities, the frres tend to grow more slowly, 
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subscript denoting belt ignition 

heat capacity of air, kJ/(g. "C) 

smoke concentration, g/m3 

experimental concentration of CO with time, ppm 

~ i b ~ t y  is about 3.7 

elt-to-roof s e p ~ a ~ o  



2 

2 

eat release rate at es reae 

subscript denoting local temperature, "C 

ambient temperature, "C 

tunnel exit air temperature 

maximum temperature 

time, s or min 
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P 

elapsed time between experimental sampling periods 

combustion efficiency, dimensionless 

fuel efficiency, dimensionless 

fraction of total fuel mass consumed 

specific smoke extinction coefficient, m2/g 

e 



methods depend on the average gaseous mass 
(grams per second of constituents, e.g., CO, CO, 0, or 
Na 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 

eat o - c -  ere 

= stoichiometric yield of C 

%a2 = generation rate of CO, from the fire, 

= 233X, 

gls, 

= 1.97~10-~ V& AC02, 

eters (see 



or co ble 

Belt 1 . . . . . . . . . . . . . . . .  
Belt2 . . . . . . . . . . . . . . . .  27.3 0.623 2.29 1.45 
Red oak planks ........ 25.8 0.429 1 .n 1 .oo 
Hardwood timbers . . . . . .  27.4 0.452 1.66 1.05 

USING OXYGEN CONSUMED 

The second method assumes a constant heat release of 
13.1 W/g of oxygen consumed. “his value is an average 
based on the combustion of various polymeric and natural 
carbonaceous materials in sufficient oxygen, at least about 

air, and is described in references 12 and 
at release rate in kilowatts 

= 1.43x10- 

(T-) above ~ b i ~ n t  temperature (To) and 
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 &om 

%OTAI. = % PO ve 4 AT> (B4 

- -3 - ere 

Po = 



.- 

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 (&- 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 

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

. (C-3) 

(&IAcNAL can be calculated from the combustion ef- 
ficiency ('13 and the net heat of combustion (K)  by the 
relation 



(C-8) 

The M- is the average mass flux times the surface 
area, and Mm is the average mass flux of ak, which is 
equal to p o  Vo A,,. The heat release rate can be expressed 

Q M &  = 0.12 PO Vo A0 ' IC  Hc. 

bY 

(C-9) 

C .  = 1. 

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

-0.24 vo (C-Q 
v c = l - e  

cienc 

LOW A I R ~ O W  
. . . . . . . . . . . . .  
............. 
. . . . . . . . . . . .  
. . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  
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verag 

Flame spread, cm/s 

Belt Roof v,' Test HBR* 

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 ............................. 

7 .............................. 

.............................. 2 f .4 0.76 1 .o 0.88 .............................. 5 1.4 0.71 'NP 0.71 

.............................. 
............................. 

UMIT 
RIEL ' 

. . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  
7 . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  



means that the air 
straint on the value of the heat release rate. It also means 
that the fire 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 

BR = 1.4 m), limiting 

velouties. 

W 30 
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attainable value t h e o r e t i ~ y  possible for 



-0. 
= 3.93 x - e  

-0. * 

Immediately dangerous to 
life ond health 
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2 

0 1 2 3 4 5 
AIR VELOCITY (VJ9 m/s 



start of belt flame spread and time belt flame reaches sample end, heat release 18 
at the respecthn, times, and fire growth rate during elapsed time period 

%El QBFS* 
mtn KMI kW Test HBR: 

.- 
LOW AJRFLOW 

.................. 

.................. 
. . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . .  

................ 

7 .................. 1.4 7 1,900 450 ,207 
15 ................. 0.8 3 2,250 720 510 

HIGH AJRFLOW 

.................. 

.................. 
................ 
. . . . . . . . . . . . . . .  

m time of belt ignition until 

ate rea 



Vo = air velocity, m/s, 

4 = cross-sectional area of tunnel m2. and 

The concentration-of CO is also related to the yield 
of CO (Ym), fuel (Mm=, grams per second) by the 
e~ress ion 

e s  e e  

ere 
coe~cient with units of square meters per 
the smoke concentration (grams per cubic meter). 

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

or 5. 

'Italic n u r n ~ ~  in ~ ~ n t h ~  rrfer to item in the list of ~ f e ~ n ~  
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3 . . . . . . . . . . . . .  
12 . . . . . . . . . . . .  
14 . . . . . . . . . . . .  7.6 0.166 0.044 0.093 

. . . . . . . . . . . . .  

EDIUM AIRFLOW 

7 ............. 4.1 0.334 0.048 0.701 
15 . . . . . . . . . . . .  7.3 0.286 0.073 0.154 

Av . . . . . . . . .  5.722.3 0.310~0.034 0.061 20.018 0.12820.037 

HIGH AIRFLOW 

2 ............. 2.9 0.699 0.071 0.149 
5 . . . . . . . . . . . . .  3.7 0.633 0.082 0.172 
6 . . . . . . . . . . . . .  4.1 0.788 0.1 13 0.238 
10 . . . . . . . . . . . .  3.1 0.480 0.052 0.109 
13 . . . . . . . . . . . .  2.7 0.565 0.053 ’ 0.1 72 

~~ . . . . . . . . .  3.3~0.6 0.633+0.119 0.07420.025 0 . 1 ~ ~ 0 . ~  



perature, respectively, are measured and based on the 
criteria of reference 3 for detectors spaced at intervals of 

e last few meters 

growth stage. 

Tabla E-l;-Surnnury of .vents at throe airno 

Event time, min V, = 0.76 m/s V, = 1.6 m/s V, = 4.1 m/s Av values' 
ts . . . . . . . . . . . . . . . . . . .  6225 7055 7326 68+7 
(tJD . . . . . . . . . . . . . . . .  1082 16 121 2 16 ' 127226 llQ+20 
(t& . . . . . . . . . . . . . . . .  1252 13 134220 133226 131 +20 

. . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . .  
. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

U.OF 

USGPO 6 0 ~ 1 ~ 2 ~ , 0 3 2  




